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bopuc BacuiaseBud bokyTh
(27.10.1926 — 15.03.1993)

III MexayHapoaHas Hay4YHast KOHGepeHuus

MMPOBJEMBbI B3AUMO/JEVCTBUS U3JTYUEHUSI
C BEIIECTBOM

(ITocesamaercs 85-nernio
co aus poxaeHus: b.B. bokyrs)

9-11 HosOps 2011 r.

I'omean, beaapycsn

Kondepennus nocpsiena 85-neturo co aHs poxnaeHus b.B. bokyrs —
BBIJIAIOINIETOCA OEJIOPYCCKOTro (PU3MKa W OpraHM3aTopa HayKH, aKaJeMHUKa
AH BCCP, pekropa ['omMenbCckoro TrocyJapCTBEHHOTO YHUBEPCUTETA
(1973—-1989 ronsi), nmaypeara I'ocymapcrBenHoit npemun CCCP, aBTopa
6osnee 200 HayuHbIX paboT, B TOM yucie 3 moHorpadguit u 20 uzodpereHuil.
Kondepenuuss paborana mo HampaBjieHHUsIM, B pa3BUTHE KOTOpbix b.B.
BokyTp BHEC CYIIECTBEHHBINM BKJIA/: HEJIMHEWHAS ONTUKA, KPUCTAJUIOOINTHKA,
¢usnka JnazepoB, TEOpPHUS DJICKTPOMATHETH3MA, Ja3epHbIE TEXHOJIOTUH,
aKyCTOOITHKA.






INPOI'PAMMHBIY KOMUTET
bopucesnu Hukonait AnekcanapoBud, akaaeMUK (MpeaceaTeb)
PoraueB Anexkcanap BragumupoBud, 4wieH-Kopp. (3aM. MpeaceaaTess)
CeparokoB AHatonmuii Hukonaesuu, uneH-kopp. (3aM. mpeaceaaTes)
Amnanacesud I[laBen AHnpeeBUY, akaJeMHK
AdanacreB AHaTonuil AlleKCcaHApOBUY, YICH-KOPP.
bapxosckuit Jleonnn MateeBud, mpodeccop
benbiit Bragumup Hukonaesuy, mpodeccop
Bopomait Esrenuii CemenoBuu, npodeccop
I'onuapenko Anapent MapkoBud, akaieMUuK
. Jloctanko Anatoimi IlaBnoBu4, akageMHuK
. Kazak Hukomait CtanuciiaBoBu4, akageMHUK
. KoncrantunoBa Anuca ®@enopoBHa, npodeccop (Poccusi)
. Makcumenko Hukomnait BacunseBuy, mpodeccop
. MpmkuH Hukonaii KoHcTaHTUMHOBHUY, aKaJeMUK
. OpnoBu4 BasnieHTHH AHTOHOBHUY, aKaJIEMUK
. IIneckaueBckuii FOpuit MuxainoBud, 4ieH-KOpp.
. Peapko BceceBonona IletpoBuy, uneH-kopp.
. Cemuenko Urops BanentunoBuu, mpodeccop
. Cuxsona Apu, npodeccop (PunIIHINN)
. TpetbsixoB Cepreit AnaronbeBud, mpodeccop (PunistHIMN)
. XarkeBuu AHatonuii ['puropseBud, mpodeccop
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OPI'AHM3AIIMOHHBIA KOMUTET
1. Jemunpenko Oner MuxainoBuu,
npopektop no HayuyHor padore YO «I'TY um. ®. CkopuHb»
(mpencenaTeb)
2. XaxoMmoB Cepreil AHaTOJIbEBUY,
npopektop no yueoHoit padore YO «I'TY um. @. CkopuHb»
(3aM. mmpeacenares)
3. Huxwuriok FOpuii BanepseBuu,
nekaH ¢pusnueckoro daxkynprera YO «I'TY um. @. CKopuHBD»
(3aM. mmpeacenares)
4. JeproxxkkoBa Oxcana MuxaijioBHa,
3aMECTHUTENb JAeKaHa Guznueckoro GaxynpTera
YO «ITY um. ®@. CkopuHbD) 110 HayKe (Y4EHBIH CEKpPETaph)
5. Kosanenko Imutpuii JIeonnnosuy,
3aMECTHUTENb JeKaHa Gpuanyeckoro Gakynbrera
YO «ITY um. ®@. CxopunbD) (CEKpeTapb)
6. bopaycos Cepreit BaneHTuHoBUY,
npodeccop kadeapsl 3MEKTPOHHON TeXHUKHU U TexHojoruu YO «bI'YUP»
7. AnemkeBnd Hukonait AnexcanapoBud,
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3apenytonii kadeapoit ontuku YO «I'TY um. @. CKopuHBDY
8. Amngpee Buktop BacuibeBuy,

3aBeyroni Kadeapoi TeopeTudeckon Gu3uKu

YO «ITY um. ®@. CkopuHbD)
9. JleBuyk Bukrop Jmutpuesuu,

3apenytonuid kadeapoit ACOU YO «I'TY um. ®@. CKopuHBD»
10. MpiukoBen Bukrop HukonaeBuy,

3aBeyromui kKadeapoi paanopu3nuKu 1 AIEKTPOHUKU

YO «ITY um. ®@. CkopuHbD)
11. epmneB EBrennii bopucosuy,

3aBenytomuid kadeapoit odment huzuku YO «I'TY um. @. CkopuHbD»

CEKIIMA KOH®EPEHIINHU

1. «OnTHKa M AKYCTHKA KPUCTAJLIOB

(HeMHEeHAs ONTHUKA, TUPOTPOINUS B ONTUKE U aKYCTUKE KPUCTAJIJIOB)

IIpencenarenu:

CeparokoB AHatonmuii Hukonaesud, dieH-Kopp.

[leneneBuu Bacunumii BacunseBud, mpodeccop

2. «Teopusi pyHaaMeHTAILHBIX B3aMMOAEHCTBHI

(omexTpociadble  CBOWCTBA MUKPOYACTHI], DJICKTPOJAMHAMHYECKHE U
aJ]pOHHBIE MPOIECCHI B3aUMOICHCTBUS, TPABUTALIHS)

IIpencenarenu:

Tumommun Cepreit UBanoBuu, npodeccop

Maxkcumenko Hukomait BacunseBud, mpodeccop

3. «HoBbIe MaTepHuaIbl U TEXHOJIOT MM

(pusuka 7nazepoB W JIa3epHBIE TEXHOJOTHMH, HWOHHO-TyYEBBIE W
MJIa3MEHHbIE  TEXHOJOTuH, (OPMUPOBAHHWE CTPYKTYphl M  CBOMCTBA
HOKPBITHH)

IIpencenarenu:

Poraues Anekcannap BragumupoBud, 4dieH-KOpp.

Bopomait Esrenunit CemenoBuu, rpodeccop

4. «KABTOMATH3AIMSA HAYYHBIX HCCJICI0BAHUIT»

(MHCTpYMEHTBI M METOJIbl aBTOMATHU3AIlMM HAyYHBIX MCCIIEIOBaHUIM,
MOJICTUPOBAHME CHUCTEM M TMPOILIECCOB, MOJEIUpOBaHUE U 00paboTKa
n300pakeHu, crpareruss  (GopmupoBaHus  0o0pazoBaTEIbLHO-HAYYHOU
uHdocpenn)

IIpencenarenu:

Hemunenko Oner MuxaiiinoBud, mpodeccop

JleBuyk Bukrop JMutpueBnd, 10UEHT



HOPAAOK PABOTbI KOH®EPEHIINU

9 HosiOps 2011 r.

9%_13% _ perucrparus yaacTHHKOB
(ITY um. ®@. Cxopunsl, yi. CoBerckas, 102, kopryc Ne5, doiie 1 aTaxa)

14" — Bo3nOKEHHE LIBETOB K MeMOpHaibHOIl jocke b.B.BokyTs
(ITY um. @. Cxopunsbl, yi. Coerckas, 102, kopmyc Ne5)

14-17% — orkpbITHE KOH(DEPEHINH, IUICHAPHOE 3aCEAHNE
(ITY um. @. Cxopunsl, yi. Coerckas, 108, kopmyc Nel, akToBbIN 3ai1)

18" — xondepenImonHbIit yxuH (yu. Iecuna, 4)

10 Hos10pn 2011 r.

9%"_12" _ paGora cexuwuit
Cekuyua «Onmuka u aKyCmuka Kpucmasioe
Ayn. 2-24, xopnyc 5, yin. Coerckas, 102
Cekuyua «Teopusa pynoamenmanvHwvix 63aumoo0eicmeuily
3an 3aceganuii ['TY ayx. 1-20, kopnyc 4, yin. Coerckas, 104
Cexuusa «Hogble mamepuaivl u mexHoa02uuy
3an 3acenanuii ['TY (UurtansHbii 3am), kopoyc 4, yin. CoBerckas, 104
Cexkuua «Aemomamu3ayus HAYYHBIX UCC1E00BAHUTL)
Ayn. 4-10, xopnyc 5, yin. Coerckas, 102

122013% _ CTEHJIOBbBIE TOKJIAIbI
BricraBounsbii 3ai, kopnyc Ne 4, I'TY um. @. CKOpUHBL.

13"-14" — o06enennblit nepepsiB

14%_15% _ paboTta cexiui
Cekuyua «Onmuka u aKyCmuka Kpucmasiioe»
Ayn. 2-24, xopnyc 5, yin. Coerckas, 102
Cekuyua «Teopusa pynoamenmanvHwvix 63aumooeicmeuily
3an 3aceganuii I'TY ayxa. 1-20, kopnyc 4, yin. Coerckas, 104
Cexuusa «Hogble mamepuanvl u mexHoa02uuy
3an 3acenanuii ['TY (UurtaneHbli 3am), kopoyc 4, yin. Coerckas, 104
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Cexyua «Aemomamu3ayusa HAyUHbIX UCCAEO06AHUIL)
Ayn. 4-10, xopnyc 5, yin. Coerckasi, 102

14"-16" — o6cyxnenne pesynbTaToB KoH(EPEHIHH
16" — skckypcus B JBOPLOBO-TIAPKOBBIN aHCAMOIb PyMSHIEBBIX M

ITackeBuuen
(Coop y xopriyca Ne 5 I'TY um. @. Cropusns yi. CoBerckasi,102)

11 HosiOps1 2011 r.

12°-13" — nocewenue naGoparopuit Gusmeckoro Gaxyaprera
(ITY um. ®@. Cxopunsl yi. Coserckas, 104, 102, kopryca No 4, No 5)

PETI'JIAMEHT
JlokJiaipl Ha MIJIEHAPHOM 3aCENaHUN — 10 20 MUHYT
Jloxy1agpl M1 COOOIICHUS HA CEKITHMAX — 10 10 MunHyT
VYyacTre B TUCKYCCUAX — 710 5 MUHYT

WWW crpanuna: http://gsu.by/Bokut2011/



IHNJIEHAPHOE 3ACEJAHUE

I. PoraueB A.B., pexrop VYO «l'oMenbckuii TrocygapCTBEHHBIN
yHUBepcuTeT nMeHH PpaHiucka CKOPUHBD.

OTkpbITHE KOHDEPEHIUH.

2. Kazak H.C. THY «Uucruryr ¢uszuku umenu b.M. CrenanoBa»
HAH benapycu.

bokyTte b.B. — uenoBek, naTpuor, y4eHbIi.

3. Opaosuu B.A., npencenarens Hayunoro coBeta bPO®U, nupekrtop
HNcnonnurensHOM qupekuuu, r. MUHCK.

BriHyX/1eHHOe KOMOMHAIIMOHHOE pPAcCesHUE B KpHUCTaUiaxX: MOCJIEIHHE
JOCTUKEHUS U IEPCIIEKTUBBI IPAKTUYECKOTO UCTIOIb30BAHUS.

4. PoraueB A.B., pexkrop VYO «l'oMenbCckuid TrocygapCTBEHHBIN
yHUBEpcUTET UMeHU PpaHiucka CKOPUHBID».

[I1a3MoXUMHYECKU CHUHTE3, CTPYKTypa H CBOHCTBa (HOpPMHUPYEMBIX
HaHOKOMITIO3ULIHOHHBIX CJIOEB.

5. Larsson M. Stockholm University, Stockholm, Sweden.

Free electron laser research in molecular physics.

6. Amnapees B.B., Makcumenko H.B. VYO «I'omensckuit
roCyJapCTBEHHbIN yHUBEPCUTET UMeHH DpaHicka CKOpUHBD).

[TonApu3yeMoCcTh JIEMEHTAPHBIX YaCTULl B TEOPETUKOIOJIEBOM MOAXOJIE.

7. KoncrantunoBa A.d., TI'onoBuna T.I'., EBaunmenxko E.A.,
Ha6aroB b.B., KoncrantunoB K.K. Uuctutyt kpuctamnorpapuun um. A.B.
yonukoBa PAH, Poccusi.

[Toryomaronme ONTUYECKH aKTUBHBIE KPUCTAJIIBI MOHOKIMHHOTO KJacca
2.

8. CepawkoB A.H. YO «I'omenbCKuil rocy1apCTBEHHbIA YHUBEPCUTET
uMeHu Ppanurcka CKOPUHBDY.

MuHuManbHas peATUBUCTCKAS TEOPUS TPABUTALIMOHHOTO TIOJIS.

9. beawnii B.H., Kazak H.C., Xuao H.A. THY «Uucturyr ¢usuku
umenu b.1. CrenanoBay.

CoBpeMeHHbIE TEHACHIIMH B Pa3BUTUHU JIMHEWUHON W HEJIMHEWUHON ONTUKHU
KBa3n0e311(PPaKIIMOHHBIX CBETOBBIX MYYKOB.

10. Cemuenko MW.B., XaxomoB C.A. VYO «I'oMmenbckuii
rOCyJapCTBEHHBIN YHUBEPCUTET UMEHU D. CKOPUHBD).

DNEKTPOMAarHUTHBIE BOJIHBI B HCKYCCTBEHHBIX U MPUPOIHBIX CIIUPAIBHO-
CTPYKTYpPUPOBAHHBIX CHUCTEMAX C ONTUMAJIBHBIMU ITApAMETPAMMU.

11. Viarbitskaya S.A., Dujardin E., Girard C. NanoSciences Group,
CEMES/CNRS UPR 8011, 29 rue Jeanne Marvig, 31055 Toulouse Cedex 4,
France.

Self-assembled nanoplasmonics.



CEKLIUSA «OIITUKA U AKYCTUKA KPUCTAJIJIOB»

ITpencenarenu — CepatokoB A.H., [llenenesuu B.B.

K.H. Apumnnos’, B.B. Hesnax’, H.H. JlagpentheBa’, A.C. lynapénox’

1I/IHCTnTyT TexHudeckoi akyctukn HAH benapycu, Buteock, benapych
2Be.uopyccmm HALMOHAIbHBINA TeXHHYECKUM YHUBepcurer, MUHCK,
beaapycnh
‘MucTuryr ontuku armocepsi um.B.E. 3yesa CO PAH, Tomck, Poccus

BJIVSIHUE BY ®EPHBIX 'A30B HA IIIUPUHY JIASEPHBIX JIMHUM
MEPEXO/IA 10°0-00°1 MOJIEKYJIBI CO,

Hcrnonb30BaHMEe ONTUYECKUX METOAOB JUArHOCTHKUA aTMocdepbl |
HarpeThIX Ta3000pa3HbIX MPOYKTOB CrOPAHUS TOIUIMB C IIEJIbI0 ONPEACICHUS
KoHIeHTpanuu mojekyn CO, W UX TemIepaTyphl, pacdeT XapaKTepUCTUK
MOIIHBIX TexHoJornyecknux CO,-mazepoB TpeOyeT 3HAHUS 3HAYCHU
CHEKTPOCKOMUYECKUX MapaMeTPoOB JJIsi COOTBETCTBYIOIIMX JIMHUI MOJIEKYIIbI
CO, u wux TemmepaTypHbix 3aBucumocteii [l]. B paborax [2-4]
NPEICTABJICHBl MOJy4eHHbIE MHOTOYMCICHHBIE JKCIEPUMEHTAJIbHbIE U
TEOPETUYECKUE JAaHHBIE MO CTOJKHOBUTEIHLHOMY YIIMPEHUIO CHEKTPaJIbHBIX
JMHUN pa3IMYHbIX MOJEKYN U, B TO K€ BpeMs, OTMEYAETCs, YTO Al 3ajad,
CBSI3aHHBIX C OMPEJIEICHUEM CIEKTPOCKOMUYECKUX MapaMeTpoB IJIsi JIMHUM
pa3IMYHbIX mepexonoB Moiekyisl CO,, Bce emé OCTaoTcs HepelIeHHbIMU
[4].

Jl7is pacdyeTa CTOJKHOBUTENbHBIX IIUPUH JIMHUN TMOTJIOMIEHHUST MOJIEKYJIbI
CO, Av; B razosoii cMecu CO:M npu naBnenuun Ps u temmneparype 1
OOBIYHO UCIONB3YIOT (PopMyITy

AV, =7co,-co, (éco2 +b,,8,)P+/300/T, (1)
TAC Yo, co, — CTOIKHOBHTEIbHAS LIMPHHA JIMHUM 32 CYET CTOJIKHOBCHMii

monekyn CO, mexay codoit mpu nasinenuu 1 Top u temneparype 300 K, unu
KO (DUITMEHT CTOJKHOBUTEIBHOTO CaMOymHUpeHus s Moyiekyisl COy;
by =V co,-m / Yco,-co, ~— OTHOCHUTCIBHBIH  KOO(PQUUHUCHT  yoapHOro

VIIUPEHUs JTUHUU norjomenus Mojaekyn CO, KOMIOHEHTON ra30BOi CMECH
M; 7co,-y — YAapHas MIMPHHA JMHUU HOrIOMICHUS MoeKyisl CO, 3a cyer

cronkHoBeHU#T Mosekyn CO, ¢ mornekymamu win aroMamu M; Eq, , &y, —
noma CO, u M B cmecu. XoTs aBTOp paOOTHI [5], MpeaoKuBIINK HOpMyTy
(1), mpoBomuMn M3MepeHMs UMpHHBI MM P20 mepexoma 10°0-00°1 B
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guctoM CO, u B O6uHapHbIx cMmecax CO,:N,=1:1 u CO,:He=1:1 merogom
ONTOAKYCTUYECKOW CIIEKTPOCKONMU TOJBKO IMpPU OAHOM TemmepaTrype
T = 298 K, 0OpuUHATO CUHUTaTh, YTO TMOJYYEHHBIE OTHOCUTEJIbHBIE
koa(p¢uumenTsl ynapHoro ywupenust by =0,73 u by, =0,64 HensMeHHbI

npu 000 Temmeparype. OTCYTCTBHE TEeMIEPATYPHBIX 3aBUCHUMOCTEH Yy

K03 GULIMEHTOB by, u by,  IPOTHUBOPEUUT  CYLIECTBYIOLIUM

NPEACTABJICHUSM O MEXaHW3MaxX YJIApHOTO YITUPEHUS CIIEKTPaIbHBIX JTMHUN
(cM., HanpumMmep, [2]).

[lens HacTOsIIEH PabOTH — ONMPENETUTh OTHOCUTEIbHBIE KOI(PPUIITHEHTHI
CTOJIKHOBUTEJILHOTO  VIIMPECHUS  JIMHUU MOTJIONMICHUs  Tepexoja
10°0-00°1 monexyasr CO, 6ydepubivu razamu He, N, u N,O B jquamna3sose
temneparyp 300-700 K.

Mertoarka OCHOBaHAa Ha U3MEPEHUSIX C MOMOIIBI0 CTAOUIM3UPOBAHHOTO
no yactore mepectpanBaemoro CO;-nazepa KodhPUIIUEHTOB MOTJIOMICHUS
(KIT) Ha HeHTpaJbHBIX YacTOTax JMHMH R-BerBu mepexoma 10°0-00°1 B
guctoM CO, u B OunHapaeix cmecix CO,:He, CO;:N, u CO,:N,O
C COOTHOLICHMUSIMU KOMIIOHECHT PCO2 : Py, =1:Y npm naBnenusix Pc = Py =

= 100 Top, obecrieynBarOMINX JOPEHIIEBCKNE KOHTYPbI JIMHUI MOTJIOMICHUSI.
3HaYeHUs OTHOCUTENBHBIX KOA(P(OUIIMEHTOB CTOJKHOBUTEIBHOIO YIIMPEHUS
TuHUKM Oy(QepHBIMU Ta3aMu by ONIPEACISUIMCH U3 BBIPAKESHUS

Aco, [Cco,-u =1+ 1Dy (2)

Bori6op nuHMi R-BeTBU 0OOYCIOBJEH TEM, YTO MPH PacCMaTPUBAEMBIX B
paboTe JaBlIEHUSIX U TEeMIlepaTypax MOXKHO mpeHeOpeub Bkiagamu B KII Ha
UX LEHTPAIBbHBIX YacTOTAaX JUHUW MOTJIOLICHUS JPYTMX, BBILIEIEKAIINX
nepexonoB Mosekyiibl COs.

OkcnepuMeHTaiabHas ycraHoBka s u3Mmepenust KII B rasax Oblia
OpraHuM30BaHa MO JBYXJIYYEBOM KOMIIEHCAIMOHHOW CXEME€ Ha JIMHUIX
reHepaluuu CTAOMIM3UPOBAHHOTO o 4acToTe CO,-nazepa,
IepecTpauBaeMoro IO JIMHHAM OCHOBHBIX Ja3epHBIX mepexomgoB 00°1—
[10°0,02°0].;;. JlonroBpeMeHHas HeCTAGHIBHOCTD YaCTOTHI TeHEPALIHH JIa3epa
HEe TpeBbiana BeaudruHbl 0,5 MI'T OTHOCUTENBHO LEHTPAIBHON YaCTOTHI
JUHUM T€HEPALMU, PE3OHAHCHOW LEHTPAIBHONW YacTOTE JIMHUM MOTJIONIEHHUS,
NO3BOJISASL, MPH  PEATM3YEMBIX JKCIEPUMEHTAIBHO IIMPUHAX JIMHUU
IOIJVIONIEHUS, C BBICOKOM TOYHOCTBIO CuUMTarh, 4Yro wu3MepeHus KII
IPOBOJMIIMCHh Ha HEHTPAJIBHBIX YACTOTAX JMHMH noryionieHus. [lorpemHocTtp
olnpeneneHus naBieHus rasa cocrasisuia Ap =+0,5 Top. Temnepatypa rasza B
U3MEPUTEIBHON KIOBETE TMOJJIepKUBajach ¢ ToyHocThio AT = =+0,4°
(mmamazoH 293 K <T <420 K) u AT ==£0,9° (nnanazon 470 K <T <700 K).

Xapakrep TEMIEPAaTyPHBIX U3MEHCHUIl KOOQQUUHUCHTOB by, U by, Il

muHun nornomeHuss 10R22 wmmmroctpupyer pucyHok 1. BuagHo, uto 1o
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Temreparypel ~ 550 K koodduuueHt b, NpakTHYSCKH HE MCHSCTCS, YTO

corjlacyeTcs ¢ pe3yJibTaTaMu padoThl [6], a gaibline HAOIIOAAETCS €ro IBHOE
ysemuuenue. g koapdunuenta b,  HeOombllas  3aBHUCHUMOCTb

HaOJo1aeTcs u B uHTepBajue temneparyp 300-550 K. Takum oOpazom,

M3MEPECHHsl OJHO-3HAYHO II0Ka3blBAIOT, YTO KOXPHIMEHTBI by, U b,

ABJIAIOTCS (DYHKIMSMU TEMIEpaTypbl, IPUUYEM PA3IMYHBIMU. JTO O3HAYAET, YTO
HIMPOKO Hcmoib3yemas ¢opmyna (1) mpu Temmeparypax 7 > 550 K
OKa3bIBAETCSA HEKOPPEKTHOM. st MOIIHBIX TEXHOJOTMUYECKUX
anekTpopaspsaauabix  CO,-mazepoB, paboOTalOIIMX B  PEeKUME OBICTpOH
MPOKAYKH, ONTHUMAJbHBIMU OKAa3bIBAIOTCS AKTUBHBIE CpEAbl, B KOTOPBIX
coaepxkanue Mojekysl CO, HaMHOro MeHble, yeM Moiekys N, u aromoB He.
Cocrap T1akux cmecer CO,:Ny:He =1:(5+22):(5+22). Ilpm mnomydyeHuu
MaKCUMaJIbHOM MOIIHOCTH TeMIlepaTypa aKTUBHOM Cpejbl B TaKUX Ja3epax
nocturaetr BesmuuH 1 = 600-700 K. IIpocTeie OLEHKH MOKa3bIBAIOT, YTO
BEJMYMHBI CTOJIKHOBUTEIbHBIX IIUPUH JUHUN ycuneHus takux CO,-na3epos,
nosryueHHsie 1mo ¢opmyne (1) u ¢ UCMONAb30BAaHUEM PE3YJILTATOB HACTOSIICH
paboThI, MOT'YT paznuuarhcs 6omnbie yeMm Ha 100 %.

1.2 ¢

(S

0 : : : : !
250 350 450 550 650 750
T.K
PucyHok 1 — 3aBHCHMOCTH OTHOCUTEIILHBIX KOI(P(MUIIMEHTOB CTOJKHOBUTEIBHOTO

ymupenus uHuu noraomeHus 10R22 monekynsl CO, monekynamu N, (1) u
aromamu He (2) ot Temmneparypsl

Ha pucyHKe 2 mpeicTaBlIeHBI TeMICPaTypHbIe KOdXPOUUHUCHTEL by , JUIs

muaui R10, R22 v R32 B auana3zone temmeparyp 300-700 K. Bunno, uto
TEeMIIepaTypHbIE 3aBUCUMOCTH OTHOCHUTEIBHBIX KO3()(PHUIIMEHTOB CTOIKHOBH-
TEJIBHOTO YIIMPEHHs! NaHHBIX JMHUH OydepHbiM rasom NoO by ,(J,T) ¢

TOYHOCTBIO OO0 IOIPpCHIHOCTU HU3MCPCHUA MOKHO CHUTATh OJWMHAKOBBIMH U
IMPAKTHUYICCKHU JIMHEHHBIMH. MOKHO MpCAIIoJIOKUTh, YTO B HCCICIOBAHHOM
AUAIIa30HC HN3MCHCHUS BpPaAllATCIbHOIO KBAHTOBOT'O YHCJIA AHAJIOTUYHBIC
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TeMIEepaTypHble 3aBUCUMOCTH OYIyT U Ui OCTAJIbHBIX JUHUN, U OHU MOTYT
OBITH ANMPOKCHMMHUPOBAHBI CIEAYIOUIEH 3aBUCHMOCTBIO OT TEMIIEpaTyphI

by o(J,T)=by o(J,T =300K)+7.25*107*(T - 300). (3)

leO

1OR22

10R32

1.1 A

0.9 A

250 350 450 550 650 750
T K
PI/ICYHOK 2 - TCMHCpaTypHBIC 3aBUCUMOCTH OTHOCHUTCJIbHBIX

KO3 (PUITUEHTOB CTOJKHOBUTEIHHOTO YIIUPEHUS JIMHUHN TTOTJIOMICHUS
10R10 (o), 10R22(A) u 10R32(0) monekynbl CO, monekynamu N,O

OnpezneneHHple ¢ MOMOUIBIO BbIpakeHUs (2) mo mu3mepeHHbIM KII mpu
temneparype T = (300+0,3) K u maBnenun 100 Top 3nauenus by,

muaui ¢ J = 8, 10, 16, 22, 26-38 npeacrtasieHbl Ha pucyHke 3. U3 atoro
pUCYHKa BHJHO, 4YTO B HCCICAOBAHHOM JHana3oHe H3MEHEHUs
BpalllaTeJIbHOrO0 KBAHTOBOro yucia J = 8 — 38 BenanuuHa Kodpduiuenta
by,o MEHsETCs CI1abo.

leO

Pucynok 3 — 3aBUCHUMOCTb OTHOCUTEIILHOTO KoddpuiiueHTa
CTOJIKHOBHTEJIBHOTO YIIUPEHUS b, , OT BpAlaTEIbHOr0 KBAHTOBOTO YHcia J

s maumit R-setn nepexona 10°0—-00°1 monexynsr CO, mpu Temmeparype T
= (300+0,3)K
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Taxke ObLIM TIpOBeIEHBI pacueThl ymupeHus auHuN CO, naBlieHHEM
N,O ¢ WCHOIB30BaHWEM IONYIMIUPHYCCKON METOMMKH, BKIIOYAIOIICH
pa3jMYHBIC TIONPAaBKH, CBS3aHHBIC C OTKJIOHECHHWEM OT NPHOIMKCHUS
Annepcona-Tcao-Kapuarra (ATC), u onucannoit B pabore [7]. Ha pucynke
4 Npe/CTaBICHBl PACCYMTAHHBIC WINUPUHBI JIMHUA Yo v, B JMAIA30HE

M3MEHEHMS BpalllaTelIbHOrO KBaHTOBOro yucia J or 0 go 80 mpu cpeanem
-1

kBagpaTuuyHoM oTkioHeHun (0,0045 cm™ /atm. BumgHo xoporee coriacue

pacCUMTAHHBIX U UBMEPEHHBIX JTAaHHBIX.

0,12 4
CO, N0

0,11 4 A v3vepeHus
= pacyér

0,10

o R i

/aT™M

-1

0,07

YCOZ—NZO’CM

0,06

0,05

0,04

0 20 40 60 80

BpaLuaTeanoe KBaHTOBO€ YHUCJIO

Pucynok 4 — BeruuciaeHHbie 1 U3MepeHHbIC KO PUITUEHTHI YIIUPEHUS
mHni CO, naBaenneM N,O

Takum oOpa3oM, 1Jis IMHUHN MOTJIONIEHUsT R-BETBH TMepexonaa 10°0-00°1
mousiekyisl CO, ompeneneHbl OTHOCUTEIbHbIE KOI(PPUIHUEHTH YIAPHOTO
ywupeHust by,, by, u by, OypepubiMu rasamu Np, He m NyO u nx

TEMIICPATYPHbIC 3aBUCUMOCTHU. Y CTAQHOBJICHO, YTO KOIQUUUCHTEL by, , by,

u by, o ABISIOTCS (QYHKIUSIMU TEMIICPATYPEI rasa.
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H.H. JlaBpentwheBa; mon oOmel penakmuein K.M. ®upcoBa. — Tomck:
NznatensctBOo NHCTHTYTA otk atMocdepsl CO PAH, 2006. — 308 c.

3. L.S. Rothman, D. Jacquemart, A. Barbe, et al // J. Quant. Spectrosc.
Radiat. Transfer. — 2005. — Vol. 96. — P. 139-204.
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P.M. Bypo6eno, H.B. Ucaes, A.I'. Ky3bmuu, B.B. Kypbuitok

KueBckuilt HauMoHaILHbIH YHUBepcuTeT MMeHU Tapaca llleBuenko,
Kues, Ykpauna

®OTOAKYCTUUYECKUI AHAJIU3 HEOJJHOPOJHBIX
CYBMUKPOHHBIX ITOJIYITPOBOAHUKOBBIX CTPYKTYP:
UMITYJIbCHBIN PEJKUM OBJIYUYEHMUS

BBenenue

OCHOBOIl COBPEMEHHOW MHUKpO-, HAHO- U ONTODJIEKTPOHUKHU SIBIISIOTCS
MaTepuaidbl y KOTOPbIX B COOTBETCTBUM C TEXHOJOTMUYECKUMH YCIOBUIMHU
M3MEHEHBI CBOICTBA MOBEPXHOCTHOTO ciosl. K TakuM cTpyKkTypam B IEPBYIO
ouepeb OTHOCSATCS MOJTyTIPOBOTHUKOBBIE MaTepHuaibl C
MOIU(PUIUPOBAHHBIM TPUIOBEPXHOCTHBIM CIIOEM. AKTYyaldbHBIMH SBIISIOTCS
3a/layd pa3BUTHUS METOJOB HEPA3PYLIAIONIETO KOHTPOJI TaKUX CTPYKTYP.
[lepcieKTUBHBIMU C 3TOM TOYKH SBISIOTCS METOABI, B OCHOBE KOTOPBIX
aexut (dortoakyctuueckoe (PA) mpeobpasoBanue — QopMupoBaHHE B
oOpasiie Mmojel ynpyrux HampspkeHuil (nedopmanmii) npu ero oOJydeHUH
HECTallMOHAPHBIM (MOJYJIMPOBAHHBIM) 3JIEKTPOMArHUTHBIM H3IyuyeHueMm. B
knaccuyeckod DA B KkauecTBe  BO30YXKIAIOLIEr0,  HUCHOJB3YETCS
NEePUOJUYECKH MOAYJIMPOBAHHOE U3JIYyYEHHE C YacTOTOM MOIYJIALHU
o =2n/T, T — nepuon monynauuu. VccnenoBanue npunoBepXHOCTHBIX CJIOEB
CyOMHMKPOHHOM TOJIIMHBI C TOMOIIbIO TAaKOro TMOAXO0Ja CBSI3aHHO C
TEXHUYECKUMU TpyAHOCTAMH [l]. IlepcnekTUBHBIM, ¢ 3TOM TOYKH 3pEHUS,
ABJIIETCSI MCIONB30BAaHME B KauecTBE BO30YXKAAIOUIErO0 HMMITYJIbCHOTO
U3IyYEHHUs] ¢ HAHOCEKYHHOM JJIMTENbHOCTRI0 uMnyibca. [Ipu 3ToM pasmep
o0JacTH  JOKAJM3allMy TEIUIOBOM DHEPrud CPaBHUM C  TOJIIUHOM
MOIU(PUIUPOBAHHOTO CJIOSL.
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Pacuer TemneparypHbIX MOJIeH

OaHuM H3 OCHOBHBIX MeXxaHU3MOB ¢opmupoBanus @OA curHama B
TBEPIBIX TeJlax MPU UX OOJyYEeHUH BUIUMBIM CBETOM sBJsieTcs (oToTep-
mudecknii (OT) mMexaHu3M — TOTJIOMICHHAs] YHEPTUs AJIEKTPOMArHUTHOTO
M3IIy4EHUS IEPEXOAUT B TEIIOBYIO.

PaccmotrpuM ¢opmupoBaHue TEMIEPATYpPHBIX MOJIEH B HEOAHOPOIHOM
IJaCTUHE TpU €€ OOJy4eHUH UMIYJIbCHBIM JIa3€pHBIM HU3Iy4YECHHEM.
[InacTuHa MMeeT MpaBUIIbHYIO T€OMETPUUYECKYI0 (POpMY — MPSIMOYTOIBHBIN
napajulesIenuIes, ero TOMIKUHA /;, JUINHA ¥ HIMPUHA COOTBETCTBEHHO /[, U [,
Ha nimactune umeercs o6iacth MoauduKaum (3alITpuxoBaHHas 00J1acTh Ha
pucynke 1). [Ins ynpouieHus ananusa OyeM CUUTaTh, YTO IJIACTUHA UMEET
CJIOUCTYIO CTPYKTYpPY, TOJIIMHA MOAU(MUIIMPOBAHHOTO ciog [ (pucyHok 1).
BriGepem cuctemy KOOpAMHAT, KaK MTOKa3aHO Ha pUCYHKE 1.

Oy

Ox

Pucynok 1 — I'eomeTpus 3agaun

Jns  pacuera 1moned NPOCTPAHCTBEHHO-BPEMEHHOIO pacCHpeleIICHUS

TEMIIEPATYPHBIX MOJEH UCIIONB3YEM YPABHEHHUE TEIJIOMPOBOIHOCTH:
oTr(r,t) = . ~

p=— == V(KA VIE.0)+1,(1-R)aexp(-az)gf (5). (1
A€ ¢ U p — TEIIOEMKOCTh W IUIOTHOCTh CpPEIbl COOTBETCTBEHHO; K —
KO((UITMEHT TETUIONPOBOIHOCTH; [y — MHTEHCUBHOCTD TAAOIETO W3ITYyYCHNS;
R — k03 dUImeHT oTpakeHUs: OT MOBEPXHOCTH 00pasia; a — Kodh UIMEeHT
MOIJIOLICHUS CBETa B CTPYKType; g(f) — 3aBUCUMOCTh MHTEHCUBHOCTH OT
BpeMeHU; f (p) — pacnpeiesieHne MHTEHCUBHOCTH B CBETOBOM ITyUKe.

Bynem cuntarh, 4TO MHTEHCUBHOCTH paclipeiesieHa 1o 3akony ['aycca:

- - = \2 2
f)~exp((5-5,) [p*). @)
b — paguyc QOKYCHPOBKH Jiyda, IPU STOM OH 3HAUMUTEJILHO MEHbIIIE pa3Mepa
MoauduimpoBaHHoW 007acTh. JIyd HaXOAUTHCS WM B MOAUDUITMPOBAHHOU

o0nacTu, WJIM B OJHOPOJHOW O0JACTH IIJIACTHHBI, TO €CTh BCS DHEPrus
TETUIOBOT'O BO3MYIIIEHUSI aKKYMYJIUPYETCS B TIpejiesiax OfHOU u3 obnacteil. B

c
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TaKOM CJIy4ae YpaBHEHHS TETUIOMPOBOJHOCTA MOXKHO 3aIHCaTh CIICAYIOIIIM
o0pazom:

oT (F,t) _ @ (D( )8T(rt)j D)2 @0 ZT(r £,

Ot
82T( 1), L(1-R)a ’ ©)
r -
+D(z) -exp(—az)-g(t)-f (P)
cp
raes D — koahGUIMeHT TeMnepaTyponpoBOAHOCTH.
b =250 mxm, [ = 0.4 MM, 1 =7=20 HC
420
AT, K
390 \
360 \\
330
300
0,0 0,5 1,0 1,5 2,0 2,5
lp-p,|, MEM 2, MK

Pucynok 2 — Pacnipenenenue TemMmneparypsl B 00J1acTu
Moaudukanuu (cjaeBa) U 3aBUCUMOCTb TEMITEpaTyphl OT TTyOUHBI B IIECHTPE
(p—p,=0) obmactu 00rydeHus (cripaBa)

Ha pucynke 2 rpaduuecku mNpencTaBiIC€Hbl pPE3yibTaThl PEIICHUS
ypaBHeHHs (3) METOAOM CETOK i MOAuUIIMPOBaHHON obyactu. BumHo,
YTO pacIpeeseHUe TEMIIEPATypPhl BIOJIb OCU Z IIpu P — P, =0, UMEET TaKyro

xe (GopMy, Kak U ISl OJHOMEPHOIO cliydasi, IpOaHaIM3UPOBAHHOTO B [2],
YTO TMO3BOJISIET CYUTATh, YTO TeMIlepaTypa B o0Opaslle pacrpejerneHa 3a
3aKOHOM:
T(F’t)leD(Zat)'f(ﬁ)a (4)
rae Tip(z, t) OMHOMEPHOE pacIpeaesieHue TeMIepaTypbl BIOJb OCH Z B
obnactTu MoAaupUKAUU TPU TeX K€ TEIIOPU3NYECKUX MapaMeTpax M
TOJIILIUHE CJOA.
Pacuer mosieit ynpyrux cMeeHui
JI1s1 pacyera nosie CMEEHUI UCIIONIb3YEM YPAaBHEHUE TEPMOYIIPYTOCTH:
ou, 0%u, oT

L=C —L 4+ —, 5
P o ox,ox, 7 o, ©)

IZi€ il — BEKTOP yIpPyrux cMeleHui, Cyjy — MOy YIIPYTUX TOCTOSHHBIX.

j“ij = Cijkl al?l ) (6)
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T
rie  «, — Marpuua Kod(QQHUIMEHTOB TEIUIOBOTO DPACIIUMPEHMA; I

M30TPOIMMHOTO TBEPAOro Teja (MM KpHUCTaula ¢ KyOMYECKOW penieTKOM)

T

a, =0 0,,, 0, — KoOOOPUIHUEHT JTUHEHHOTO PaCIIMPEHHUS.

VYpaBuenue (5) 1l Kpuctaia ¢ KyOMYECKON pEenIeTKoOM B MpaBUIIbHOM
CUCTEME KOOPJIMHAT MOKHO MepenucaTh B BUE:

pﬁ=yAﬁ+(l+u)grad(div1])—(3l+Zu)aTﬁT , (7)
rae A u u — napameTrpsl Jlame.
B aTom ypaBHeHuU Tepmoympyras cujia B oOpasiie

=(3A+2u)a, VT =(31+2u)a, (2—Te; Nij. (®)
/4

—

HopmanbHyto F. ¥ paananpHyro F,; KOMIIOHEHTBI CHIIBI F MOXHO

MIPEICTaBUThH B CICAYIOLIEM BUJEC:
=(3A+2u)0; 0T )0z = (3A+2u)a, f(P)OT,, [0z,
=(3A+2u)a,V,T =(3A+2u)a,T,,V , f(P),

€CIIM PaJINyC CBETOBOTO IIATHA 3HAYUTEIBHO OONBIIE XapaKTEPHOW JITMHBI
1
noryionmeHus cera (b >>o B pacdyeTax HCIHONb30Bajoch b= 250 MkwM,

=0,2 MKk™m), TO F, >> ‘Fﬁ‘ .

PaccmoTpuM cmerienue Bioiab ocu Z. B mepBomM mpubIMKEHHH B 3TOM
ciliydae TpeHeOpexkeM paJuaibHbIMU cMemeHusMu. Toraga ypaBHenue (7)
MOYKHO TIepenucaTh B BUJE:

O’u B , 0°u. _2A+43uoT

: _ ’ 9
o U o p oz ©)
rme 0’ =(A+2u)/p — KBagpaT CKOPOCTH 3ByKa. OTO YpaBHEHHE
AHAIM3UPOBAJIOCH JIETAJBLHO B [3], ¥ MOJIy4€HO pENICHUE:
U, 2i+3uZchm L Jsm( a,(s—1))-b,(s)ds xcos(a,z) (10)

m=0 n=0 m 0

C COOTBECTCTBCHHO BBCI{éHHBIMI/I TaM 00O03HAYEHUSIMHU.
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- = = B OJIHOPOJHOI 00IaCTH B 00J1aCTH MOAUDUKAITIN

Pucynok 3 — CMmerieHre nmoBepxHOCTH B 001aCTH MOAU(DUKAITUM
(crutoirHas TMHUS) U B OHOPOAHON 00sacTh (ITyHKTUPHAS JTUHUA)
CTPYKTYpBbI, 3aBUCHMOCTb CMEIIICHU I TTOBEPXHOCTH OT BPeMEHH!

B IIEHTpe BO30yxaeHus (p —p, =0)

YuuteiBas TOT ()aKT, UTO TPEXMEPHOE pacIipeaeeHue TEMIIEPATYPhl IIPH
WCCIICIOBAHUN TPUIIOBEPXHOCTHBIX CJIOEB CYOMHUKPOHHOM TOJIIHUHBI TIPH
KCIIOJIb30BAHUH UMIYJILCHOTO U3JIYUYE€HUSI C HAHOCEKYHIHOM JIUTEIbHOCTBIO
umnyisca (7~ 10 HC) MOXET OBITh MpEJCTaBICHO B BHAC (4) BBIpaXeHUE
(10), MmoxHO MOAU(DUIIPOBATD:

t

" :%f(ﬁ)iicm @y Jsin(uam (s—t))-bn(s)dsxcos(amz)- (11)

m=0 n=0 am 0

Ha pucynke 3 mpecTaBiieHO CMEIIICHHE TOBEPXHOCTH B KOHIIE JICHCTBHSI
uMITyibca ¢t =7 =20 HC ¥ 3aBHCUMOCTH CMEIICHHS ITOBEPXHOCTH OT BPEMCHHU
B LeHTpe oOmactu oOmyueHus (p—p,=0) nnd OmXHOPOJHOM O0JIACTH H

obnactu moauburkauuu. BuaHo, yTo Hanuuyue MoAMGUKALNK MaTepuasa
MPUBOJUT K U3MeHeHUI0 ¢hopmbl DA curHana.

DKCIepUMEHTAJIbHO HCCIICIOBAHUE CMEIICHUM TTOBEPXHOCTH MOXKHO
peann30BaTh, UCIONB3Yysl UHTEPGHEPEHINOHHYIO [4] WK 1eIeKIIMOHHYIO [5]
METOJIUKY perucTpanuu (OTOaKyCTUUECKOTO CUTHAIA.

BoIBOABI

B pabore mnpencraBieHbl pe3yibTaThl YHUCICHHOTO MOACITUPOBAHUS
MPOIIECCOB (POTOTEPMUUECKOTO M (POTOAKYCTHYECKOTO MPeoOpa3oBaHUs B
MOJICJIbHOM HEOJAHOPOJHOM CTpPyKType. PaccMoOTpeH cilyyail CHJIBHOIO
norjomeHus ceera. [lokazano, uro @A curHan oraMyaeTcs Mpu 00IydeHUU
OJTHOPOJTHOM M HEOJHOPOAHOM 00sacTeil. DTO JaeT BO3MOKHOCTh, UCTIONB3YS
JAHHBIN MOJXO0/T MCCJIEI0BATh HEOJHOPOJIHBIC CyOMUKpPOHHBIE
MOJTYNPOBOJHUKOBBIE CTPYKTYPBHI.
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A.A. TI'oayOkoB, B.A. MakapoB

MexayHapOIHBIN JIa3ePHbIN HEHTP,
MockoBcKuUil rocyaiapcTBeHHbIN YHUBepcuTeT uMmeHu M.B. JlomoHocoBa,
MockBa, Poccusn

K -CHEKTPOCKOIVS JWHENHBIX U HEJTMHEMHBIX
ONTHYECKHX CBOMCTB OTHOMEPHO HEOJJHOPOTHBIX
MOTJIOIIATOIIAX CPE/T

BBenenue

Haxoxnenue u KOHTPOJIb MPOCTPAHCTBEHHBIX 3aBUCUMOCTEH KOMIOHEHT
TEH30POB JIMHEMHOM M HEJIMHEHMHBIX ONTHYECKUX BOCIPUUMYUBOCTEN
OJTHOMEPHO HEOAHOPOJHBIX CTPYKTYp, B TOM YHCJIE MHOTOCIONHBIX CHUCTEM,
CTAaHOBHUTCA Bc€ OoJjiee aKTyaJbHOM TMpakTudeckon 3amaudeit [1, 2]. s
JUHEWHBIX Cpell CYLIECTBYIOT pa3lMYHblE METOAbl €€ pewmeHusd [1, 3-6].
OnHako BO3MOXXHOCTH HMCTOJb30BaHUS pa3padOTaHHBIX METOAOB MO Pa3HBIM
OpUYMHAM CUJIBHO OTpaHUYeHbl (M3-3a MpeHeOpexeHus mnorjiomeHueM [3]
WM YaCTOTHOM NHCHEpPCUEN B IIMPOKOM JHANA30HE 4YacToT [4] wim u3-3a
UCIIOJIh30BaHUS MPOCTEUIIMX MOJEIel Takod aucrepcuu [S] u ap.), audo
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OHM TIPUMEHHUMBI TOJBKO JJIs c1ab0 HeomHOpomaHbIX cpea [1, 6]. Meroasl,
npeasiaraBIiuecss sl HaXOXACHUS Tpoduisi KBagpaTUYHOW ONTHYECKOU
BOCIIPUUMYHMBOCTH, JTMOO TPeOYIOT pa3pylieHus uccieayemoro odpasma [7],
a0 TPUMEHUMBI TOJIBKO JJIi HE TMOIJIOMIAIONIUX CPell C OJHOPOIHBIMU
JUHEHHBIMU JUAJIEKTpUUYECKUMU cBoucTBamu [8, 9]. HMHorma Taxxke

UCIIOJIb3YIOT pa3UYHbIE alpUOPHBIE MPEANONIOKEHHSI O (POpME HMCKOMBIX
A(2)
npoduieii KOMIOHEHT TEH30pa y (z) M U3 DKCIIEPUMEHTAIBHBIX U3MEPEHUI

HaXOJAT JIMIIb 3HAYEHUSI HECKOJbKUX MOATOHOYHBIX MAapaMeTPOB, KOTOPHIE
AT HaWwiydiiee coriacue ¢ skcrnepuMeHToM [10]. s HemuHEHHBIX cpelt
C KyOM4ecKol HEIMHEHHOCThIO PEIICHUE TaKOro TUIa 3a7a4 BOOOIIE TOJIBKO
HauuHaetrcs [11].

1. K-CneKTpocKonusl JUHEHHON TUIIEKTPHYECKOH NMPOHHUIAEeMOCTH
OJJTHOMEPHO HEOJHOPOAHOH Cpeabl

B pabGorax [12, 13] BmepBele Oblla JOKa3aHa BO3MOXKHOCTH
OJIHO3HAYHOTO  BOCCTAHOBJICHUS ~ KOOPAMHATHOW  3aBUCHUMOCTH  BCEX
KOMIIOHEHT  TEH30pa JIMHEMHOW  JUDJIEKTPUYECKOM  IPOHULIAEMOCTH
NOIJIONIAIONIEH OJHOMEPHO HEOJHOPOJHON IUIACTUHKHU, Cpelda KOTOpO
obnagaer moboi cumMmeTpueit (kpome kiaccoB 1, 2 u m). BoccranoBieHue
OCYIIIECTBUMO, B TOM YHCJIE U B O0JaCTH CHJIBHOM YaCTOTHOW IHUCIEPCUU
Cpelbl, €cilM B HEKOTOPOM JAMana3oHe YIVIOB MaJeHus p— MU §-

NOJIIPU30BAHHBIX IIJIOCKUX MOHOXPOMAaTHYECKMX BOJH M3BECTHBI HX
KO3 GULIHEHTHI OTPaKEHUS OT MJIACTUHKHU U MPOXOXKIAeHUS uepe3 Hee. B [12,
14] ObUT MOPEensIOKEH aJrOPUTM BOCCTAHOBJICHUSI KOMIIOHEHT TEH30pa
IUBIEKTPUYECKON MPOHULIAEMOCTH, OCHOBAHHBIN HA MIOMCKE €AMHCTBEHHOIO
HYJICBOTO MUHMMyMa (PYHKIIMOHAJA CIeuaibHOro Buaa. IPHEKTUBHOCTD
€ro MCIOJb30BaHUS HA MPUMEPE BOCCTAHOBJIEHUSI HECKOJIBKUX OJHOPOAHBIX
¥ HEOJHOPOJHBIX Tpoduiei B YHCJIEHHOM JKCIIEpUMEHTE Oblia
nokazana B [14]. B pabore [15] mpennoxkennass B [12] meroguka Obuia
DKCIEPUMEHTANIBHO pEaIM30BaHa JUII BOCCTAHOBJIEHHS CIHEKTPaJIbHOU
3aBUCMMOCTH JIMHEWHOU AUAJIEKTPUYECKOM NPOHULIAEMOCTH OJHOPOAHOMN
IJIACTUHBI B TEPArepLiOBOM IHANa30HE YaCTOT.

2. Haxo:xnenue npopuis KyOn4ecKkou HeJIMHEeNHOU
BOCIIPUMMYHBOCTH

PesynbraTel pabotel [12] Obutn 006001eHbI B [16, 17] Ha OmHOMEpPHO
HEOJHOPOJHBIE Cpelbl ¢ KyOuueckod HenmuHenWHocThio. B [16] ObutO
IOKa3aHO, YTO €CIM Ccpeia o0JagaeT IUIOCKOCTBIO CUMMETpUH M,
NEPEeNeHAUKYISIPHOM €€ MOBEPXHOCTH, TO MPOCTPAHCTBEHHBIM MPOPUIIb

A(3)

KOMIIOHECHTBI (z,0,-o,0,0) TEH30pa  KyOMYEeCKOW  HEIMHEWHOU

X yyyy
BOCIIPUUMYHNBOCTH  MOIKCT OBITH OAHO3HAYHO BOCCTAHOBJICH. Takoe
BOCCTAHOBJICHUC MOKHO ITPOBCCTHU 110 UBMCPCHHBIM B HCKOTOPOM AHUAIIA30HE
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VIJIOB TAJICHUSI aMIUTUTYIHBIM KOMILUIEKCHBIM KO3 (dUITMEHTaM OTpaKeHHUs,
MPOXOXKIAEHUS M TPeoOpa30BaHUs S -TIOJSIPU30BAHHOM TIJIOCKOM CHUTHAIBHOU
MOHOXPOMAaTHUYE€CKOW BOJIHBI B JIBE€ HOBBIE BOJIHBI, PACITPOCTPAHSAIOLINECS 1O
00€ CTOpPOHBI OT IUJIACTUHKW. OJTH JIB€ BOJIHBI BO3HHUKAIOT B PE3yJbTaTe
HEJMHEWHOI0 B3aWMMOJEUCTBUA CHUTHAJILHOM BOJHBEI C MOIIHOM IUIOCKOH
BOJIHOM, HOpMAallbHO TMajaroiied Ha IiacTuHky. I[lpemnnoxeHusii B [16]

A (3)
aJTOPUTM BOCCTAHOBJICHUS y (z,0,—®,0,0) OCHOBaH Ha TOMCKE CIUHCT-
BCHHOTO HYJEBOI0O MHUHUMYMa CIICIIHAJIbHBIM 00pa3oM MMOCTPOSHHOIO
dbynkuuonana. s cpen, oOmamaronux MOMOJHUTEIBHO OChIO CUMMETPHUU

2, 4, 6. wm oo, MNEPHECHIUKYJIIPHOM IOBEPXHOCTH IUJIACTUHKH,

z? z
pa3pabotaHHbiM B [16] crocoOoM MOXET ObITh BOCCTAHOBIEH MPOGUIL U

HCCJICAOBAHA YaCTOTHAaA JHUCIICPCUA OKOJIO TpPETHU BCCX HCE3ABUCHMBIX
A3

KOMILUIEKCHBIX ~KOMIIOHEHT TeH3opa Y . B [17] Oswla mgoka3zaHa
BO3MOXXHOCTh M MPEUIOKEH aJTOPUTM OJHO3HAYHOTO BOCCTAHOBJICHHS
o (3) .
KOOPJMHATHOM 3aBUCHUMOCTH KOMITIOHEHT Xy (2, 05,0,,— 05, 0;)

(3) . (3) .
ZW(Zaa)23a)25_a)3ﬂa)3)a Zyyyy(z’za)3_a)l’_a)l’a)3’a)3) 2
A3)
(3) . 1o
Xy (2,205 — 0,;~@, ,00;,0;) KOMIUICKCHBIX TEH30pOB ) (z,0;0',—0,®)
A3
" ¥y (z2o0-0" -0 0,0), ONKCHIBAIOIINX 4eThIpex(poToHHOE

B3aMMO/JICICTBUE CBETOBBIX BOJH B OJHOMEPHO HEOJHOPOAHOW MJIACTHUHKE,
cpema KOTopoi 00J1ajaeT MIOCKOCTHIO CUMMETPUH M ) MEPHEHAUKYISIPHON

ee noBepxHocTH. g cpen, obmagaronux JOMOIHUTEIBHO OCbI0 CHMMETPHUH
2, 4., 6, um oo mnpennoxeHHbIM B [17] cmocoboM MokeT ObITh

zd z

BOCCTAHOBJICHO OKOJIO TISATOM YacCTU BCEX HE3aBUCUMBIX KOMIIOHEHT
YKa3aHHBIX BBILIE TEH30POB.

3. K -CcreKTpoCKONus KBAAPATHYHON HEJIHHEHHOCTH

B noknmanze npemiokeHo Ba METOAA OJHO3HAYHOI'O BOCCTAHOBJICHUS

A(2)

npopuiell KOMIIOHEHT KOMIUJIEKCHBIX TEH30poB ) (z,0,t®,;0,,tw,)
KBaJpaTUYHOM BOCIHPUUMYUBOCTU CpPEBI, JIMHEWHBIE CBOWCTBA KOTOPOU

A

OIUCBHIBAIOTCA IHArOHAJIBHBIM TEH30pOM &(z,®), MPOU3BOIBLHO 3aBUCALIUM

OT KOOPAMHATHI z U 4acTOThl. OHU BKIIIOYAIOT JIOMOJIHUTEIbHBIE U3MEPEHUS
WHTEHCUBHOCTH BOJIH PA3HOCTHOW WJIA CYMMAapPHOM 4acCTOThI, TEHEPUPYEMBIX
B CIIEHHUAJbHBIX YCIIOBUSAX C MCIOJIB30BAHUEM MCCIECAYEMOW M ITAIIOHHOU
MJIACTHH, YTO MO3BOJIIET O0OHTUCH O€3 CIOXKHBIX (ha30BhIX M3MepeHuid. O0a
METO/Ia OCHOBaHbl Ha PEIIEHUM HHTErpajbHbIX ypaBHeHU Dpearosbma
IIEPBOr'0 POJa C U3BECTHOM IIPABOU YaCThIO.
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[lepBbIii METO MCHOJIB3YET HEKOJUIMHEAPHOE B3aMMOJICHCTBUE BOJIHBI C
4acTOTOM @, HOPMaJIbHO MAAAOLIEN Ha IJIOCKONAPAJUIEIbHYIO IIACTUHKY,

U BOJIHBI C YaCTOTOU @, , NAJAOIICH HA HEE IO HEKOTOPBIM yrioM « . s
A(2)

OJTHO3HAYHOI'O0 BOCCTAHOBJICHUSI KOMIIOHEHT TeH30pa ¥ (z,0, +®,;®,,®,)

HE00X0IMMO B HEKOTOPOM JHANa30HE YIJIOB MaJ€HUs BOJIHBI C YaCTOTOU @,

MU3MEPUTh KOMIUIEKCHYIO aMIUIUTYAy OTPaXCHHOH OT TUIACTHHKH BOJHBI
CyMMapHOM 4YacTOThl. AHaJOTMYHO MOXKHO OJHO3HAYHO BOCCTAHOBUTH H
A(2)
npopuin KOMIOHEHT TeH3opa ) (z,0,—®,;®,,—®,), ONHCHIBAIOIIETO
reHEpaIi0 PAa3HOCTHOW YacTOThl. MeHsis IJIOCKOCTH TaJeHUsS BOJH
OCHOBHOT'O U3My4yeHHs M (MJM) HUX MOJAPU3ALMNI0 MOXKHO OJIHO3HAYHO
2
BOCCTAHOBHUTH KOOPJHHATHBIE 3aBHCUMOCTH BCEX KOMIOHEHT (kpome y ')
KOMILUIEKCHBIX TEH30pOB KBaIpaTUIHON BOCIIPUUMYHUBOCTH
A(2)
x (z,0,t0,;0,r0,).
Opnako mepBbli MeTOJ Malod()(PEeKTUBEH MPU HAXOKACHUU Mpoduiiei
A(2)
KOMIIOHEHT TeH3opa ¥ (z,0,—®,;0,,—®,), ecii |®, — o, |<< @, . B aTom
cJlydae BOJIHA Pa3HOCTHOW YAaCTOTHI paCIpOCTPaHSAETCA OT IUIACTUHKU B BUJE
OJJTHOPOJHOW BOJIHBI TOJBKO €CIU @,sina <|®, —®, |, T.€. TOIbKO HpH

Majdblx . M3-3a MajocTH Juara3oHa yrioB NajeHUs, TPH KOTOPBIX
BO3MO)XHO M3MEPATHh aMIUIUTYIy OTPaKEHHON BOJHBI Pa3HOCTHOW YaCTOTHI,
IPAKTUYECKH HepeaabHO O0ECIeUNUTh Pa3yMHYIO TOYHOCTH BOCCTAHOBJICHHS
npoduiis KBaApPaTHIHOW BOCIPUUMYHMBOCTH. C JIPyro CTOPOHBI, HKMEHHO
TaKoe COOTHOIICHHE YacTOT BO3HUKAET BO MHOTHX IMPAKTHYECCKH BaXKHBIX
PHIOKCHHSX, HAIPUMEp, MPU TCHEPAIMU TEPpareprioBbIX BOJH METOIaMH
HEJIMHEUHOW ONTHUKH.

B stom cnydae sddexkTuBHEE HCTIONB30BaTh BTOPOM METOJ HAXOXKICHUS
KOOPJAMHATHOM 3aBHCHUMOCTH Pa3IMYHBIX KOMITIOHEHT (B TOM YHCIIE H

2 .
KOMIIOHEHTEI 22 KOMIIJIEKCHBIX TEH30POB KBaJIpaTUYHON

BOCIIPUMMYHUBOCTU. B HeM wucnonb3yercss ogHa OurapmMoHUYecKas BOJHA
OCHOBHOT'O U3IIy4EHUS (obpazoBanHas JIBYMSI KOJUIMHEAPHO
pPacIpOCTPAHAIOIMMHUCS BOJHAMH C 4acTOTaMU @, U @, ), NaJaroIas nox

YIJIOM ¢ Ha IUIOCKONApAJUIENbHYK0 IUIACTUHKY. B Takoll cxeme yroi
OTPAKEHHUSI WJIM NPOXOXKAEHUS 4YEepe3 IUIACTUHKY BOJHBI PA3HOCTHOU (U
CyMMapHO#) 4YacTOThl Bcerjga paBeH o . Jlig peann3alnu 3TOr0 METOJa
JOCTaTOYHO B HEKOTOPOM JHMAIla30HE VYIJIOB MNaJEHUS «Q HU3MEPUTH
KOMIUIEKCHYIO aMIUIUTYy OTPAKEHHOM OT IUIACTUHKU BOJHBI Pa3HOCTHOMU
(cyMMapHOi) 4YacTOThl. MeEHsS TUIOCKOCTh TaJeHus OWTrapMOHHYECKOU
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BOJIHBI U (WJIM) MOJSPU3AIMI0 00pa3yIoUX €€ MOHOXPOMAaTHUYECKUX BOJH,
MOKHO BOCCTaHaBJIMBaTh MPO(YUIM PA3NUYHBIX KOMIIOHEHT TEH30pa
KBaIPaTUYHON HEJIMHEHHOW BOCHPUUMUYUBOCTH TMPH JHOOOM COOTHOIICHHUH
4acTOT @, U @,. BTOpol MeTOo MO3BOJIAET B Cpelax, CUMMETPUS KOTOPBIX
mm2, 3m, 4mm, Omm UMM oom BOCCTAHABIWMBATh NPOGUIN BCEX
A(2)
KOMIIOHEHT TE€H30poB ) (z,w,t®,;m,,*®,). B cpenax C
cummetpuei 3, 4, 6 WM 00 MOXHO HAUTH KOOPAUHATHBIE 3aBUCUMOCTH BCEX

HE3aBUCHUMBIX KOMIIOHEHT ITUX TCH30pPOB, KpoMeE KOMIIOHEHT

X2, x2(2) n oyl

BOCCTAHOBUTH MEPBbIM MeTogoM. C NIpyroil CTOPOHBI, NOCIECIHUN HE
2
MO3BONAET BOCCTAHABIMBATH MPO(UIs KOMIOHEHTH y ')

ZZ

(z). 3ameTuM, YTO 3TH TPU KOMIIOHEHTHI MOXKHO

(z) B KpucCTamax

BCEX KJIACCOB WM MPEAEIBbHBIX IPYIIT CAMMETPHH, T.€. PEIJI0KEHHBIE METOBI
B3aMMHO JOIOJHSIOT Ipyr Apyra. X cOBMECTHOE MCIIOIB30BaHUE ITO3BOJISIET

A(2)
HAaXOJUTh BCE€ KOMIIOHEHTHI TEH30pa y (z,0,+®,;0,,®,) B OTHOMEPHO
HEOJHOPOJHBIX CPelaxX, UMEIOIIUX JII0OOYI0 CUMMETPHIO, KpoMe KJ1accoB 1, 2

U m. AHQIOTMYHOE  YTBEPXKICHHE  CHpPAaBEMJIMBO I TEH30pa
A(2)

¥ (z,0,-w,;0,,-0,), ecin |®, —®, | cpaBHUMa ¢ ®,. MeHsd 4acTOThI
®, u (WmWm) @,, MOXKHO HAXOAUTh MPO(QUIM KOMIIOHEHT TEH30pa
A (2)

¥ (z,0,*®,;0,,t®w,) Ha pa3HBIX YacTOTaX, U, CIEAOBATEIBLHO, UCCIIEA0BATH
YAaCTOTHYIO JIHCHEPCUI0 KBAAPATUYHOM BOCIPUMMYUBOCTH Pa3IUYHBIX
4acTe Cpeapl, YTO MOYKHO HMCIIOJNb30BaTh JJII HEPA3PYyLIAOUIETO KOHTPOJIS
BHYTPEHHEU CTPYKTYPBI Pa3JIMYHbIX YCTPOUCTB.

3ak/oueHue

Takum o0pa3zoM, B MOCIAEAHUE OBl JOCTUTHYT 3HAYUTEIBHBINA TTPOrPecc
B 00JacCTH CIHEKTPOCKOITMU OJHOMEPHO HEOJHOPOAHBIX JIMHEHHBIX U
HEJIMHENHBIX CPEJ, CBUACTEIBCTBYIOMIMN O MPUHIMUITHAILHON BO3MOKHOCTH
OJHO3HAYHOI'O ONPEIECIICHUS MO JaHHBIM 3JKCIEPUMEHTA KOOPAUHATHBIX
3aBUCUMOCTE KOMIIOHEHT KOMILIEKCHBIX T€H30pPOB ONTUYECKUX BOCIIPUUM-
YUBOCTEW Takux cpeld. lIpemnoxeHHsle B AOKIaAe METOABI OJHO3HAYHOIO
BOCCTAHOBJICHUS npoduist KOMITOHEHT TEH30pa KBaJIpaTUYHOMN

A(2)

HeJMHeHHocTH ¥  (z,0, T w,;®,,f®w,) TNpUMEHUMBl JIs Cpelbl C
MPOU3BOJBLHOM YAaCTOTHOM JUCIEPCUEH, €CIIh CYIIECTBYET CHCTEMa
KOOpAMHAT, B KOTOPOM TEH30p €€ JIMHEWHOM JIHUIJICKTPUYECKOU
NPOHUILIAEMOCTH SIBJISIETCSI HAaroHajdbHbIM. OHHU BKJIIOYAIOT TPU CEPUH
U3MEPEHU MHTEHCUBHOCTHM BOJH Ha CYMMapHOMl (Pa3HOCTHOW) 4YacTOTE,
TEHEPUPYEMBIX B CHELUAIIBHBIX YCIOBUSIX C UCIIOIb30BAHUEM HUCCIIETYEMOM U
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JNOMOJIHUTEILHON JTAJOHHOM IIJIACTHUH, 4YTO IIO3BOJIIET OOOUTHCHL 0€3
CIIOXKHBIX (ha30BBIX U3MEPEHUN. MEHsI 4acTOThl @, U (WIH) @, TMAJAIOIIUX

BOJIH, MOXHO  BOCCTaHAaBIMBAaTh MNPOPUIM  KOMIIOHEHT TEH30pOB
A (2)

¥ (z,o,tw,;0,,tw,) 1pu  pa3NUUYHBIX 3HAYEHHUSIX  YACTOTHBIX
apryMEHTOB, W, CIJEIOBATEIbHO, HCCIEA0BATh YAaCTOTHYK JUCIIEPCUIO
KBaJIpATUYHOM BOCIIPUMMYMBOCTH Pa3lIMYHbIX yacTten cpensl. [lociennee, B
YaCTHOCTH, MOXET OBbITh HCIIONB30BAHO JUId 3aJad HEpa3pyLIaroIIero
KOHTPOJISI BHYTPEHHEN CTPYKTYPBI PA3JIUYHBIX YCTPOUCTB.
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E.A. I'op6ay, B.B. llleneneBuu

YO «Mo3bIpcKHH rOCyIapCTBEHHbIN MeJaroriyecKuil YHUBepCcuTer
umenu WU.II. Hlamsakuna», Mo3bipb, beaapycs

3ABUCUMOCTH JUPPAKIIMOHHOM YOPOEKTUBHOCTHU
I'OJIOT'PAMM, 3AIIMCAHHBIX B KYBUYECKHUX I'MPOTPOIIHbBIX
OOTOPE®PAKTUBHBIX IIBE3OKPUCTAJIVIAX, OT YIJIA
BPOI'TA U TOJIIIUHBI KPUCTAJLJIA

[Ipennonoxum, 4To B KyOnueckoMm (oTopedpakTUBHOM THPOTPOIMHOM
kpucrtamuie cpesa (110) 3ammcaHa IpONyCKaromas  HEHAKJIOHHAs
rojiorpadudeckas pemeTka.

Hccnenyem 3aBUCHUMOCTh JUQPPaKIUOHHOW 3A(D(PEKTUBHOCTH  ITOMU
rojorpauueckoil pemeTrkd OT yria bparra W TOMIMHBI KyOMYEeCKOTo
doropedpaxruBHOro ruporponnoro kpucramia BSO cpesa (110), monaras,
YTO ONTUYECKas AaKTUBHOCTh YUYWUTHIBACTCA M TMIPH 3alHUCH, W TpH
CUMTHIBAHHH.

B sTOM cityuae ypaBHEHUS CBS3aHHBIX BOJH MOTYT OBITH IIPEJICTABICHBI B
CJIEIYIOIIEM BUJIE:

dR . _i . _i
L=a R, +ieKkS, +iek,S,,

dZ P I

dR, . -id . i

— =-0o R, +1e7k,S +1e kS,

dz ?

dS 1
L —iek,R, +ie"x,R, + o S

dz L 27N ol

dSll s 8 R + Rt R S

E—le K,R +1e"k,R, —a S ,

rie R, R, S, S, — KOMIUICKCHbIE NPOCKIMU BEKTOPHBIX aAMILTHTY/L

onmopHoii R u mnpeaMeTHOM S CBETOBBIX BOJH, PacHpOCTPaHSIOLINXCS
BHYTPU THPOTPOIHOrO CJIOS, Ha HampaBl€HUE, TMEPHECHANKYISPHOE
IUIOCKOCTH MajeHus (), ¥ Ha HampaBICHUSA BEKTOPOB €, U €, JIEXKAIIUX B
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mwiockoctu nanenus (||); o, = , 0L — yICIIbHOE BpalleHNUE IUIOCKOCTH

cCosQ,
noJsipu3anuu, @) — yroa bparra; «,,K,, K, — ko3¢ppunueHTsl [1], 3aBucamme
OT JJIEKTPUYECKOr0O IOJs NMPOCTPaHCTBEHHBIX 3apsanoB (E ), yrima bporra
(o), 3HaUeHUs (POTOYNPYTUX MOCTOSHHBIX (P> Pis» Pis» Pas)» KOIPOUIU-
€HTOB yInpyroctu (c,,, €,,, C,,), JIEKTpooNnTHYECKOro kodp¢uuuenra (1,,),
NBE303JIEKTPUUECKOro  Kodpduuuenta (e,,), MoKa3aTeyls peJoMIICHUS

KpucTtaiuia (n), a Takke yJIeJbHOrO BpallleHUs MJIOCKOCTH MOJSIpU3aiuu (o).
B ciydgae muddy3moHHOro pexmmMa B3aUMOJCUCTBHS CBETOBBIX BOJH C
poropedpaktuBHbM KpuctamwioM (E, = 0) ammiuTyna 31€KTpU4eCKOro noss

MIPOCTPAHCTBEHHBIX 3apsIIOB UMEET BUJ [2]

ELE,
E =m—-
SC ED+Eq
k,TK 2 211
rue ED: B ’Eq: eNA ,KZ—TE,AZ_L,mZ#f(Z),LI/IIZ
e g,e.K A 2sin @, I,

— MHTEHCHBHOCTH MHTep(epupyromux cBeroBblx BomH, [, =1 +1,, f(z) -
MOAYJIUpYIOIast QO yHKITHSI.

Mopaynupyronryto (pyHKIIUIO JJIs1 POU3BOJILHON MOJIIPU3AIIUU OTIOPHOU 1
MPEAMETHON BOJIH MOYKHO IIPEACTABUTH B BUJIE [3]

f(z) = \/[(B +A)cosu+(D+C)cos v +[(B—A)sinu+(D—-C)sinv], (2)

e A= (TR +1)(Ts +1)C082 Or — Pg ’ B= (TR _IXTS _1)0082 Pr — P ’
a 2 a 2
C= (TR +1)(Ts _I)Sil’l2 Pr — Pg ’ D= (TR _IXTS +1)Sin2 Pr — Ps ’
a 2 a 2
a=2y{ i) u=| L d (v, vy
COS(, COSQq
1 1
V= + O%d_(WR +V,), Tz, Tq — OUIMOTHIHOCTH

COS(P, COSQq
OIIOPHOM U NPEIAMETHOU BOJH, Y., W — a3UMYThI IOIAPU3ALUHA ITUX BOJH,
@y, @ — YINIBI, O0Opa3OBaHHbIE BOJHOBBIMH BEKTOpPaMU OIOPHOH H

IIpEeAMETHOM BOJH C HOpPMajibl0 K TpaHULE pasgena  AByX Cped,
HAIpPaBJICHHON BHYTPb PETUCTPUPYIOLIEN CPEBI.

B ciyuae, xorja onopHas ¥ IpeIMeTHas BOJIHBI JJMHEHHO NOJIIPU30BaHbI
B IUIOCKOCTH majgeHus (y, =y, =y, =0, ¢, =— 0, =0¢,, 17, =7, =0),
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4rod

umeeM f(z)=cos’ @, —sin’ ¢,cos| ———— | [4]. Ecim e omopHas wu
Acoso,
npeaMeTHasT  BOJHBI  JIMHCWHO  MOJSAPU30BaHbI B IUIOCKOCTH,
NepHeHIUKYISIPHOMI MJIOCKOCTHU naJeHus (Y =y =V, =90°,
4nad

P =— Qg =0,, T, =T, =0), f(2) =cos’ @, +sin’ @, cos
Acoso,

Yurem koapduuuentsl Dpenens ans mnpenomiaeHHOM BonHbl. s
IpaHUIIbI BO3AYX — KpucTaul KodhduineHTs Openens uMeroT Bu [S]

2sin @, cosQ,
T, =— ’

sin(@, +¢,)

2sin@, cosQ,

1, =

~sin(p, +¢,)cos (¢, = ¢,)

. [ sing,
(plzarcsm( - ),

3)

rae @, —yrol HajgeHus, @, —yroil IpeIOMIICHHUS, N — IIOKa3aTelb

MpeIOMIICHUST KyOr4ecKoro ¢oTopeppakTUBHOIO THPOTPOITHOIO KpUCTAJLIA.
Jljis rpaHulbl KpUCTaILT — BO3AyX KO3(ppuimentsl OpeHens MoryT ObITh
IPEJICTABIIEHBI CIEAYIOLIMM 00pa3oM
2sin @, COs @
— 0 1
TLZ - » T

B 2sin @, cos @,
. 12
sin(p, +¢,)

_ , 4
sin(p, +¢, ) cos (@, — ) @

re ¢, — yroJa najgeHus, ¢, — yroj IpeJoMICHHUS.

B pacuerax Takyke y4UTHIBA€TCS BIMSIHUE MMHE303JICKTPHUIECKOro 3 dexTa
Ha 3HauYeHue AU(paKkunoHHON 3P (HEKTUBHOCTH.

Cucrema nuddepeHnuanbabix ypaBHeHuit (1) pemanacs metogom PyHre-
KytTel. Pesynbrarsl pemenus ¢ yaetom dopmyn Openenst (3) u (4) no3Bomsitor

st
ROY

HccnenyeM 3aBUCUMOCTh IUPPAKIUOHHON 3(P(HEKTUBHOCTH TOJIOTPAMM
or yria bparra uw  TommumHBL  KyOmdeckoro  (QoropedpakTUBHOTO
ruporponHoro kpucramia BSO cpesa (1 10), korma onTHdecKas akTUBHOCTh
YUHUTBIBAETCS U MPH 3alKUCH, U TPU CUUTHIBAHUU.

B pacuerax wucnonb3dyem —cieayioumue 3HadeHUs  (OTOYyHpPYTrHx
HOCTOSIHHBIX ~ p,, =-0,16, p,=-013, p,;=-012, p,=-0,015,

ornpeaeUTh TU(PaKkInoHHY0 3PPEKTUBHOCTE TOIOrPAMMBI 1) =

KO (QUINEHTOB ympy-rocTH ¢, = 12,96 -10' H/™?, ¢, =2,99-10" H/?,

¢, =2,45-10" H/m? [6], ANEKTPOONTUYECKOTO kodhuirenTa
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r, =—5-10"" M/B, mpe3odnexTpu-ueckoro kodhdurmenta e, = 1,12 Ku/m’

M TIOKa3aTessl NpeoMIICHUsSI Kpuctamia n=2.54, a Takxke yAEeJIbHOTO

BpalieHus Iutockoctr mossipuszanuu - o = 0,38 pag/mm.  KoHIeHTpaLuio

o 22 -3
akuenTopos N, B kpuctamwie BSO npuaumaem paBaoi 107m ~.

Ha  pucynke 1  mpeacTaBiieHbl  MOBEPXHOCTH  3aBUCHMOCTH
AU(GpakMOHHON 3(dekTUBHOCTH 1 0T yria bparra ¢p ¥ TONIIUHEI

kpuctajuia d B ciyyae, KOrja ONOpHas W MpeIMETHash BOJHBI JIMHEHHO
HOJAPU30BaHbI B INIOCKOCTHU HaxeHus y, = 0°.

N3 pucynka 1 BHIHO, YTO y4Ye€T ONTUYECKOW AKTUBHOCTH MPUBOJUT
K 3HAYUTEIbHOMY MU3MEHEHHUIO MMOBEPXHOCTHU n((po,d). IIpu yrne bparra 45°

B CJIy4ae OTCYTCTBUS ONTHUYECKOM AaKTUBHOCTH 3HA4YEHUE AUDPAKIIMOHHOMN
3¢ (PEeKTUBHOCTH paBHO HYIIIO MPH JIFOOOU ToIMHE KpucTtaywa (npsmas AB),
a B Ciy4yae ydyeTa ONTHYECKOW AKTUBHOCTU TPH 3allUCH W CUUTHIBAHUU
Ha0oAaeTcs 00JacTh TOJMIIMH, Uil KOTOPBIX 3HaueHHe AU(PaKiHOHHON
b (PEKTUBHOCTH 3HAUYUTEIHHO OTINYACTCS OT HYJIS.

Ha  pucynke 2  mpeAcCTaBlieHbl  MOBEPXHOCTH  3aBUCHMOCTH
AU(pakMOoHHON 3(ddexTuBHOCTH 1 0T yria bparra @¢ ¥ TONIIUHEI

kpuctaula d B ciydae, KOrja OINOpHas W TpeIMETHas BOJHBI JMHEHHO
MOJIIPU30BAaHBl B IIJIOCKOCTH, IEPIEHIUKYJISIPHOH TUIOCKOCTH MaJACHUS
v, =90°. Ilpu ¢, =const B cilyyae OTCYTCTBHUS ONTUYECKON aKTUBHOCTHU

KpHUBBIC n(d) MOHOTOHHO BO3pacTaloT, a IIPH y4eTe ONTHICCKOH aKTUBHOCTH
HaOJII0/TaI0TCA JIBA MAKCUMYMa.

W -
) Q\\ :
A
R
R \\\\\\\\\\\\‘}‘\
Y
R
S

it
o

* " 40 2 "
®,, Tpan 50 0 d, Mm

a)

Pucynok 1 — 3aBucumocts qudpakiinoHHoN 3pPpekTuBHOCTH
OT TONMHBI Kpucrawia d u yrina bparra @ (y, =0°):

a) — OIITUYCCKAA aKTUBHOCTb HC YUHUTHIBACTCA,
6) — OIITHUYCCKAA aKTUBHOCTDb YUUTBIBACTCA IIPU 3AIMUCU U CHUTBIBAHU N
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3
x 10 4
Gooi=t T - x10 .
n B :
S :
. o, Z
a4 .
e
e, :
G 14~ N
3 ) SRR “:'l‘t"..“:‘:\\\\\\
’"‘"‘l’ 3 .&\\
&
() -k 0 2
2 102 10
®,, 'paj 40 50 0 2 d, mm 40 ¥ d
’ 2
0 ®,, T'pan 50 0 » MM

Pucynok 2 — 3aBucumoctb 1udpakiinoHHON 3 PpekTuBHOCTH
OT TONMHBI Kpucraia d u yrina bparra @ (y, =90°):

a) — OIITHYCCKAA aKTUBHOCTb HC YUHUTBIBACTCA,
6) — OIITHUYCCKAA aKTUBHOCTD YUUTBIBACTCA IIPU 3AIIUCU U CHUTBIBAHU N

W3 ananuza pucyHka 2 cJeayeT, 4TO ONTHYeCKas aKTUBHOCTh OKa3bIBAET
CYILECTBEHHOE BJIMSIHUE HA 3HAUYCHUS TUPPAKIIMOHHONU 3PHEKTUBHOCTHU, YTO
HEOOXOJIUMO YUUTHIBATh MPU MPUMEHEHUH (HOTOPEPPAKTUBHBIX KPUCTAILIOB
B UHTEp(DEpOMETPUH.

[lomyueHHble pe3yabTaThl MOTYT OBITh HCIOJIB30BAHBI VISl ONpEeIeHUs
ONTUMAJbHBIX TOJIIUH KPUCTaJIa U YIJIoB bparra npu Haaum4uu onTUYECKOn
AKTUBHOCTH MPH 3aMKUCH U CYUTHIBAHUU T'OJIOTPaAMM.
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H.A. I'ycak

NHCTUTYT NOBBIIIEHUS KBAIU(PUKALMM U NEPEeNOArOTOBKH KaJApPOB
110 HOBBIM HANIPABJICHUAM PA3BUTHSA TEXHHUKHU, TEXHOJIOIUH H
3xkoHOMUKU BHTY, Munck, beinapycso

BJIMAHUE BPEMEHU BKJIIOYEHWSA BHEIITHEI'O
IJEKTPUYECKOTI'O I10JIS1 HA 3BOJIIOLHUIO PEHIETOK
INPOCTPAHCTBEHHOI'O 3APAJIA
B ®OTOPE®PAKTHUBHbBIX KPUCTAJIJIAX

B  pabGore [1] BmepBele OBLIO  TOXYYEHO  OOBIKHOBEHHOE
muddepeHnnanbHOEe YpaBHEHUE YETBEPTOrO MOPSIIKA, HA OCHOBE KOTOPOTO B
[2] nano oOmsicHenue sddekra, nmpeackazannoro H.B. Kyxrtapessim [3].
Cytb 3ddexra coctout B caeayromeM. [Ipu nHanmmuuu B poTopedpakTuBHOM
KPUCTaJJIe BHEUIHErO0 MOCTOSHHOIO 3JEKTPUYECKOro MOJS 3apsi PeleTKH,
BO30Y>KIaeMOil CcTos4Yell CBETOBOW BOJHOW, B TMpollecce Tmepexona K
CTallMOHAPHOMY COCTOSIHUIO COBEPIIAET KOJICOAHUSI.

B tedenue nmonroro BpeMeHu 3TOT 3((EKT He mojaaBajcs MOHUMAHMUIO.
[Ipennpunsaras B [4] mnombiTka JaTh €My OOBSCHEHHE TMpHUBeENa, Kak
0Ka3aJoCh, K HECOOTBETCTBUIO MAaTEMaTHYECKOrO0 OMUCAaHUS (U3HMUECKOM
CyIIHOCTH siBjicHUs. B [4] paccmaTpuBaeTcs ynpouieHHas MOAEb 3aJjaud U
JUI BEJIMYUHBI, HE aKKyMYJIMPOBABIICH BKJIaJbl BCEX peajbHBIX YYACTHUKOB
mporecca, IOMYy4YeHO YpaBHEHHE BTOPOTO TOpsAJKa, OOIIee pelleHHe
KOTOPOT'O COACPXHUT HadyalbHbIe 3HAYCHHS KaK 3TOM BEJIMYHMHBI, TaK U €€
MIEPBOM MPOU3BOJHOM, 3apaHEE HEU3BECTHOM.

JlJis KOPpEeKTHOr0 OMUCAHUS yKa3aHHOro 3(dekTa, KOTOpoe BCKPHIBAIO
Obl MEXaHHM3M OCYIIECTBJICHUS KOJeOaHUs 3apsfa, HaM IMOTPEOOBAIOCh HE
TOJIbKO TPEACTaBUTh AJICKBATHYIO (PU3UYECKYI0 MOJENb Ipolecca, HO U
c(hopMyIUpOBaTh MOJHOCTHIO KOHTPOJIMPYEMOE HadallbHOE yclioBue. Takas
nporpaMma Oblla peanu3oBaHa B paborax [1, 2], rae paccMoTpeHue
CTPOUTCSI MOJI OJUH KOHKPETHBIA BHUJ Takoro ycioBus. B nmaHHol pabote
NEPEXOIHON MPOIIECC MCCIEAYETCsl MPU IPYroM BHJI€ HAYAIBHOI'O YCIIOBHS,
KOTOPBIN, Ha MEPBBIN B3IJISI, HCKIIOUYAET BO3MOXKHOCTh KOjeOaHus 3apsija.

CornacHo [1, 2], npu HaTUYUM CTOSAYEN CBETOBOM BOJIHOW M MTOCTOSHHOTO
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BHEIIHETO 3JIEKTPUYECKOrO MOJIsl B KPUCTAIIE BO3HUKAIOT YETHIPE PEIICTKU:
penieTka cBoOOAHBIX HocuTenel (1) u 3apsna (3), KOTopble TPOCTPAHCTBEHHO
3a7al0TCsI CTOSYEM CBETOBOM BOJHOM, M JIB€ aHAJOTMYHBIC JOIMOJIHUTEIbHBIC
pewietku (2) u (4), UHULMUPYEMbIE BHEUIHMM IIOJEM U CABUHYTHIE Ha
YETBEpPTh IME€pHUOJIa OTHOCUTEIBHO TEpPBBIX [JBYX. IIpocTpaHCTBEHHBIE
Oe3pa3MepHbIE aMIUIUTYIbl 7, 3TUX peweTok (p =1,2,3,4) noquuHsroTcs

CJEAYIOIINM YPaBHEHUSIM:

m=B-"2" L —em,), (1)
T, Ty T7Tp
. m, m, 1
my, =——=+———/(cm +m,), (2)
T, Ty, Tp
. 1
my = =" 4 —(m, —cm,), 3)
TM TD
. 1
My =—"% 4 —(cm, +m,), @)
TM TD

rae 7,,Ty ,Tp — HEKOTOPbIE XapaKTEpHbIE BpEMEHA KPHUCTaJIa, KOTOPbIE
YUCJIEHHO MOTYT pacrnojlaraTbCsi B OFPOMHOM JIMANa30HE 3HAYCHUU, B U ¢ —
MTOCTOSTHHBIE MOJIOKUTETIbHBIE BEJINYUHBI, IPOIMOPLMOHATIBHBIE
MHTEHCUBHOCTA CBETa W BEJIMYMHE BHEIIHETO DSJIEKTPUYECKOIO IOJIA,

COOTBETCTBCHHO, /1, — IEPBbIC IIPOU3BO/IHBIC 110 BPEMCHH /.

OTta cucteMa ypaBHEHHMH MO3BOJISIET IEPEUTH K APYrOl CUCTEME, KaXK10€
YpaBHEHUE KOTOPOM OTHOCUTCA TOJIBKO K OJHOM IiepeMeHHou. HoBas
CHUCTEMA UMEET BUJ:

9 2

eoee 2 (1Y} 1 2 C [ 2 . 1
mp+—m,+| —+ +— |mpt———mp+ m,=C,, (5)
T, T, TyuT, Tph T.TyT, TyT,
rac
1 1 1 1
— =t —t—,
T, T, T, Tp
(6)
B B cB
C1: 2 . C2:O’ C3:— u C4:—_
TyT, T.7T,Th T.TyTp

Kaxmoe u3 4eThipex MOJyYEHHBIX YPaBHEHUM SIBISIETCS OOBIKHOBEHHBIM
muddepeHraNbHbIM YPAaBHEHUEM YETBEPTOrO MOpSAIKA C IMOCTOSHHBIMU
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kodppunrentamu. OHU OTIMYAIOTCA APYr OT Apyra JUIIb 3HAYCHUSIMU
IIPaBOU 4acCTH.

M3 (5) BHOHO, YTO B CTAallMOHAPHOM COCTOSHWM BEIUYUHBI 711,
IIPUHUMAIOT 3HAYEHUS

TyT TyT
c __ c __ c _ M"r c __ M

m; =t B, m;=0, mj = B, m,=c ~B. (7)
TD TD

Craumonapueie coctosiHug npu B = 0 u B # ( OyneMm Ha3bIBaTh

HEBO30YXKJIEHHbIM W  BO30OYXICHHBIM  COCTOSHHEM, COOTBETCTBEHHO.
B BO30YKIICHHOM COCTOSIHUU MOCTOSIHHAs my OKa3bIBaeTCs

MPONOPILMOHATILHON HE TOJIBKO B, HO U c.

[lepexon W3 ONHOrO CTAlMOHAPHOI'O COCTOSIHUSA B JIPYTOE€ OMMCHIBAETCS
pEUICHUSMHU OJHOPOJHOrO ypaBHeHUs (5) mpu B = (. DT peuieHus B
ciaydyae ¢ # 0 KaueCTBEHHO OTJIMYAKOTCA OT peumeHuid npu ¢ = 0. B camom
JieJI€, €CIM DJIEMEHTAPHOE PELICHUE TAKOTO YPABHEHHS UCKATh B BUJIE

4
m,=a, -exp(—;),

(8)
IZle a, — NPOU3BOJIbHAsA IOCTOSHHAS, TO ISl HEU3BECTHOM BEJIMUYUHBI T
NOJy4aeM aireOpandeckoe ypaBHEHHUE

2
Lz_il+ L)< iz 9)
o, T 1,1y, T, ) T

DTO ypaBHEHHE UMEET ABE Mapbl KOMIUIEKCHO COMPSDKEHHBIX KOPHEH
2

B e T L I e . (10)
T3 2\t. 1p 4z, 1, T,Ty,

u
111 1( 1 T
LTI e e S (11)
T,y 2\T. Tp 4\ 7. 71, T,Ty

IIpu ¢ = 0 3T KOPHU CTAHOBATCS ABAXKIbI BBIPOKICHHBIMU WM JEHCT-
BUTEJIbHBIMU I1OJIOKUTEIbHBIMU

1

- 2
T, 27, 4. 1.7,

11 1

_L1ry

(12)

IPU JIFOOBIX COOTHOILIEHUSIX MEXY BpEMEHAMHU T, ,T,, U T .

HNHTEepecHO OTMETUTB, YTO KOpHU (12) monydaroTcs v npu pacCMOTPEHUU

ypaBHEHUs BTOPOIO NOPsAKa

o 1 . 1
mp+—m,+ m, =0, (13)
T TyT,

c
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KOTOPOE SIBJIIETCS CIPABEJIMBBIM UL  7; W M3 B CIy4ae OTCYTCTBUS
ANEKTPUYECKOTr0 ToJis, Korga m, = my= 0 [5].

UYeTbIpe JIMHEWHO HE3aBUCUMBIX pelICHUs BUJA (8) MO3BOJIAIOT MOIYYUTh
o0urue pemeHus: ypaBHeHu# (5), yIOBIETBOPSAIONINE HAYaIbHBIM YCIOBHSIM.
OOpaTtuM BHUMaHHE Ha TO, YTO 3/IeCh B KAaue€CTBE HAUYAJIBHBIX YCJIOBHIA
BBICTYNAET JIMIIb 3HAYEHUs BCeX (PYyHKUMI m, npu ¢ = 0. DTUX HaYaIbHBIX
YCIIOBUU JOCTATOYHO [JIsi OAHO3HAYHOTO HAXOXIEHUS Ko3(h(PUIIMEHTOB
PA3JIOKEHUSI M1, 1I0 YACTHBIM PELICHUSM. DTO CBSI3aHO C TEM, YTO (DYHKIIHMH
m,, ABISIFOTCSl B3aMMOCBS3aHHBIMU coriacHo ypaBHeHusM (1)—(4). CynsOy
OJTHOM peIIeTKH HENb35l OTJIETUTh OT CYAbObI OCTATbHBIX TPEX.

B pabote [2] mpocnexkeHo, Kak Mpy HYJIEBBIX HaYaJbHBIX YCIOBUAX AJIS
BCEX M, OCYLIECTBIIIETCS IEPEXOJ CHCTEMBI B BO30YKICHHOE COCTOSIHHE.
PaccMoTpuM Temnepp 3BOJIOLMIO CUCTEMBI ITPU IPYTUX HAYAIbHBIX YCIOBHUSIX.
IIycte B#0, a ¢=0 B TedyeHue noaroro BpeMeHu. CiegoBaTesibHO, 3aja4a
paccMaTpHUBAaETCs MPU HAYAJIbHBIX YCIOBUSX

m,=m;, my=m;, m,=m, =0. (14)

3aTeM B MOMEHT BpPEMEHH ! = () BKJIIOYAETCS BHEIIHEE DJIEKTPUUECKOE
none (¢ # (). 3apanee He SCHO, Kak OyJeT TMepexoauTh CHUCTEMA
B BO30YXICHHOE COCTOSHHE, IIOCKOJIBKY M, W mM; YK€ HaXOIATCs

B BO30Y)KJIEHHOM COCTOSIHUH.
Pemenust ypaBHeHuit (5) MOXKHO 3aMUcCaTh B BUJIE

. 4 t 4 t
m,=m, I—Zap[exp —— |t my=>a,,exp| —— |, (15)
(=1 7, (=1 7y

rne p=13,4,a
4 4 4 4
zaw :Zazz :zasz :Oazau =1. (16)
=1 =1 =1 =1

ITockombky Bce (GYHKUMM M1, SIBISIOTCS ACUCTBUTENBHBIMU, TO I
J1000r0 p JAOKHBI BBITIOJIHATHCS PABEHCTBA
* *

=a,,. (17)

Cormacao ypaBHeHusMm (1)—(4) xoadpdumuentor d

a,=a,.,da

pl> ™ p4

pt € DasHBIMH

3HAYEHUSIMU p TAKKE CBI3aHBI MEXKITY COOOM

as, Ty
a,, = 1- \ 18
Y1t T, (18)
a,, =t ima,,, (19)
1
a,, = +;a3€, (20)
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r7€ BEePXHHE M HWXXHUE 3HAKH TMEpea I OTBEYAI0T COOTBETCTBYIOIIUM
3HakaM nepen i B (10) u (11).
N3 coornomenuii (16)—(20) nmomyyaroTcs CIeAyOUMEe YPABHEHUS:

’ r
ay +az, =0, 21)
! ! " "
a a a a
3,1 + 3,2 _ 3,1, _ 3,2, — O, (2 2)
7 12 7 [P
C
" "o
2
14 144 !/ !/
a a a a C
31 + 32 31 32 — (24)
. o' Tl 21
1 2 1 2 M

JJI1  OIIpElCIICHUS JIEUCTBUTEIbHBIX W MHUMBIX 4YacTeu Koa(b@HuHeHTOB
— 4 - I _ ' . I
ay, =04y +iay, U a4y, =da;, +1a;, 4YEepe3 mapamMeTp ¢ U T,,, a TaKKe

. L -l -1 . gl
NeMCTBUTENbHBIE U MHUMBIE YAaCTH KOMIUICKCHBIX KOpHEH 7, =17, +i7|

b
-1 -1 . 1
T, =75 +IT,
JloBeeM BBIUMCIIEHUS 10 OKOHYATEILHBIX BBIPAXXEHHWH Ha IIPUMEpPE
KpUCTaJLIA, JJIsi KOTOPOTo

tp <<(r,7y). (25)
Tornma xopau (10) u (11) garoT npuMepHO CleayroIIee:
/
T1/=TD,T1//=T—D;Té :ﬂ(l+czlré/:—r—2. (26)
c Tp c

B atom cityuae Beipaxenus (15) mpruoOpeTaroT B

c ct . ct t ct . ct t
m, =mf<1-——|| —ccos— —sin— |exp —— |+| ccos— —sin— |exp| —— ||t (27)
I+c 4! 4! 4! §) §) (5
¢ c ct . ct t ct . ct t
m, = m; || cos=— —csin— |exp| —— |+| —cos— —csin— |exp| —— || (28)
I+c T, T, T, 7, 7, T,
e . ct t
my =mg| 1+csin—exp| —— ||, (29)
%) %)
, ct 4
m, =m,| 1—cos—exp| —— || (30)
%) %)

N3 Beipaxkenunii (27) u (29) caeayer, 4To B HaYaJbHBIH MOMEHT BPEMEHU
pemietkd 1 u 3 mpeObiBanu B BO30YXKICHHOM CTAIlMOHAPHOM COCTOSTHUU.
BxitoueHHME TOCTOSIHHOTO JJIEKTPUYECKOrO IOJS BBIBOAUT HX M3 3TOrO
cocTosiHUA. OHAKO B KOHILE IMPOIECCA OHU OIATh BO3BPALIAIOTCSA K CBOUM
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MCXOIHBIM COCTOSIHUSIM, YCIIEB COBEPIIUTH HEKOTOPOE YHUCIIO KOJeOaHWi,
OIpe/eNsieMoe BEJIMYUHOW TOJsl. 3apaHee HE ObLIO M3BECTHO, YTO TAaKOW
PSKUM TIOBEACHHUS OTHUX PENICTOK MPOSBHUTCSA TPH JAaHHBIX HadajJbHBIX
YCIIOBHSIX.

Yro kacaercs pemieTok 2 U 4, TO OHM KaueCTBEHHO BEIyT ceOs Tak ke,
KakK ¥ MPH HYJEBBIX HAYaJbHBIX ycloBHsX. OHU 3apokiaroTcs mpu ¢t = 0 u
gyepe3 KoJeOaTeIbHbIN POIECC IEPEXO/IIT B CBOM CTAI[MOHAPHBIC COCTOSTHHS
m,=0,m, =m,.

Takum oOpasoMm, B pJaHHOM paboTe TIOKa3aHO, 4YTO BHEIIHEE
AIIEKTPUUYECKOE oI, MPHIOKEHHOE K (POoTOpePpakKTUBHOMY KpUCTAILTY, B
KOTOpOM C(hOpPMHUPOBaHA pEIIeTKa MPOCTPAHCTBEHHOTO 3apsiia C MOMOIIBIO
CTOSYEH CBETOBOM BOJHBI, BBIBOJUT OJTY pPEHIETKY W3 CTAI[MOHAPHOTO
COCTOSIHHSI ITyTEM OCYIIIECTBIICHUS KOJIeOaHUs 3aps/a U BO3BPAIAET ee yepes
OIpeIeICHHOE BPEMsI B UCXOJHOE COCTOSIHHE. JTO TOJIE CO3JAeT U JOMOIHU-
TEJBHYIO PEIIETKY 3apsla, TakXKe IMPETEPIEeBAIONIeTO 10 CTAIMOHAPHOTO
COCTOSIHUS CTAaIUI0 KOJIEOaHM.
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B.W. JamkeBuy, P.B. Uyakos, II.A. Ananacesu4, B.A. OpJsioBnu

I'HY «Ancrutyr ¢pusnku nmenn b.U.Crenanosa» HAH benapycu,
MuHck, benapycs

KOJIBHEBBIE BKP-JIABEPBI HA KPUCTAJIJIAX KI'B

B noknane mpuBomsTcs pe3ynbraThl paspadoTku aByx BKP-mazepos c
TPEX3E€pKaJbHBIMU KOJBLEBBIMU pe3oHaTopaMu U Kpuctamuiamu KI'B B
KaueCcTBE AaKTUBHOM cpeapl. lIpenBapuresnbHble HCCIIEIOBAaHUS BBISBUIM
pa3BUTUE JIBYHAIPABJICHHOM T'E€HEPAUM CTOKCOBOI'O  M3JIyYEHHUS C
UCIIOJIb30BAHUEM OJHOYACTOTHOW Hakauku. M3imydeHue Hakadyku Co
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CIIEKTPAJIIbHOW IIIMPUHOM, TUITMYHOM JJIS1 TBEPAOTENBHBIX JIA3€POB, MTO3BOJISUIO
obecrieunth ycroiuuByio BKP-renepanuio TOnbko B OJJHOM HaIpaBICHUHU.
OOCyXIaroTCs yCIIOBUSI pealn3allii TaKoW oJHOHampaBjieHHOU. [lepBoiil u3
pazpabotrannubix BKP-mazepoB reHepupyer Oe3zomacHoe JJIi  3pEHUS
u3lydeHue Ha jymmHe BojaHbI 1538 HM. OH BKIIIOYAET B ceOs TpU KpuUcTasia
JTJTAHOMN 22 MM, pacIoOJOXEHHBIX B TpeX IUIeUaxX JIa3epPHOrO
pe30HaToOpa JJIMHOU ~9 cm. Ilpu BO30OYXKIE€HUM MHOTOMOJIOBBIM
nznydeHuem Nd:AUI nazepa C aKTUBHOM MOYJISIMEH TOOPOTHOCTH,
paboTtarolnieM Ha JJMHE BOJHBI 1351 am, stor BKP-nazep
o0ecreuynBaeT yCTOWUMBYIO OJHOHAMpPABJICHHYIO TEHEpalMi0 Ha JUIMHE
BOJIHBI 1-0i1 CTOKCOBOM KOMIOHEHTHI 0€3 MCIOJB30BaHUS JOMOJHUTEIBHBIX
ONTUYECKUX TUCKPUMHUHATOPOB. OH MPOU3BOAUT UMIYJIbCHI JIIUTEIBHOCTBIO
15 Hc, snepruein 7 mJIx npu sddextuBHOCTH TpeodpazoBanus 20 %. Bo
BTopoM BKP-nazepe wucnons3yercs OAWMH KpUCTaLUl JUJIMHOM 65 MM,
HaXOJAIIUKICS B pe3oHaTtope JuHOoM ~60 cM. OH BO30YXIaeTCsa UMITYJIbCaMU
BTOpOil TapMoHuKH kKomMepueckoro Nd: AUD™ nazepa nnutenbHOCTHIO 15 HC.
B pexunme opHoHampasiieHHOM reHepauuu 31oT BKP-mazep mpousBoaut
UMIyJIbcbl ¢ sHeprued cBeime 80 wmJx npu  sddexTuBHOCTH
npeodpazoBanuss 50 % B Onu3kuidl K AUGPAKIHOHHO-OIPAHUYECHHOMY
CTOKCOBBIM Ny4OK Ha JiauHe BOiHbI 559 HM. KonbueBas reomerpus
pe3oHaTopa oOecrneurBaeT BBICOKYIO CTaOMJIBHOCTH paboThl Ja3epa, IMpu
KOTOPOl OTHOCHUTENbHASA JUCIEPCHUS SHEPTUl UMITYJIbCOB TOJIBKO Ha 0,2 %
MPEBBIIIAET TUCIEPCHUIO0 UMITYJILCOB UCTOYHMKA Hakauku (2,0 %).
C.H. JoBbinenko, U.U. ’KosHepeBu4

Bbenopycckuii rocynapcrBeHHblil yHuBepcurer, MuHck, beaapyce

IMMPEOBPA30OBAHUE CBETOBOI'O U3JIYUEHUS
CJIOUCTOMU CTPYKTYPOM

B Hacrosmiee Bpemsi oTpeOHOCTH Jla3epHOM (PU3UKH, ONITOANEKTPOHUKH,
TEIEKOMMYHUKAIITUOHHBIX CHUCTEM, CEHCOPHBIX CHUCTEM B OHOJIOTUH U
MEIUIIMHE ONpEACNSIOT 3HAYUTEIbHBIM HMHTEPEC K HCCIEIOBAHUSIM
TOHKOCJIONHOM onTuku. Oco0oe BHUMaHHE HCCIIENOBATENCH MPUBIEKAIOT
CJIOUCTBIE CpEIbl, COIEpXka-IIHUE TOHKHE METAUIMYECKUE TIUIeHKU. [l
OPOXOJAIIET0 U OTPAXKEHHOIO CBETA METAJUIOAUAIECKTPUUYECKUE CIIOUCTHIE
CTPYKTYpbl oOecrneunBaloT 3(PPeK-TUBHYIO OTCEYKY OOKOBBIX IMOJIOC, YTO
ompejeNnser MX NpPUMEHEHHE B  acTpPO-HOMUYECKMX mpubopax u
MUKpPOCKONUU. B HacTosiiee BpemMst UCCAEA0BAHbl METAIUIOAUAIEKTPUYECKUE
CJIOMCTBIE CTPYKTYPBI C OTHOCUTENILHO HEOOJIBIITUM KOJIMYECTBOM CJIOEB (CM.,
Hanpumep, [1-3]). IIpu 3ToM onpeeneHsl TUCIIEP-CUOHHBIE XapaKTEPUCTUKH
COOCTBEHHBIX IUIOCKMX AJIGKTPOMArHUTHBIX BOJIH, MOJACPKUBAEMBIX
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METAJUIMYECKON IUICHKOW, PACHOJIOKEHHOW Ha TMOMJIOXKKE W IOKPBITON
TOHKMM  3alllATHBIM  CJIIOEM  JHUAJIEKTPUKA; IIOKa3aHa BO3MOXXHOCTb
CYILIECTBOBAHUS JIBYX THIOB MOJ (paJMAallMOHHBIX U TYHEIbHOCBA3AHHBIX) B
METAJUTOAUDIIEKTPUUECKUX CTPYKTypax, NPOAHAIU3UPOBAHBI HX CBOWCTBA.
B HacrosmeM cooliieHnn ucciaeaoBaHo NPONyCKaHWEe CIOMCTON CTPYKTYPHI,
COCTOSIIIEN U3 OJAHOMEPHOrO (POTOHHOTO KpUcCTaUia ¢ JAePEeKTaMu B BHUJC
METAJUIMYECKUX CJIOEB, PABHOMEPHO paCHpPEEIEHHBIX [0 TOJIIUHE
CTPYKTYPBI.

Hcnonb3yss mnomydeHHble B pabore [4] BbIpaXeHUs, MO3BOJISIONINE
UCCIIEA0BAaTh MPOMYCKATENbHYI0 CIIOCOOHOCTh OJHOMEPHOr0 (POTOHHOTO
KpUCTaJUIa C YIOPSIOYEHHBIM PACIIONOKEHHEM AePEKTHBIX CIOEB, a TaKkKe
YYUTHIBAsI KOMIUIEKCHOCTh MOKA3aTelsl MPEJOMIICHUSI MeTasuia 5], HaliieHbl
KOPPEKTHBIE COOTHOILIEHMS, MO3BOJSIOIINE U3YYUTh ONTHYECKUE CBOKCTBA
METAJUTOIUDIIEKTPUUECKUX CTPYKTYpP C IMPOU3BOJIBHBIM KOJIMYECTBOM CIIOEB.
Ha ocHOBe 3TOro mpoBeAEHO YHMCIEHHOE MOJEINPOBAHHE HECOBEPLIEHHOTO
OJTHOMEPHOr0 (OTOHHOrO KpHUCTAIIA, XapaKTEPU3yeMOro CIeAYIOIUMU
napameTpamu: dJeMEHTapHas syeiKka OJHOMEPHOro (POTOHHOIO KPHUCTalia,
MpEACTaBJICHHOT0 Ha pUCYHKe 1,a oOpa3oBaHa JBYMsI JUAJNIEKTPUKAMU C
MOKa3aTeIsIMU MPEJIOMJIEHUS N = 2 (OKUCh UUPKOHUS), np = 1,45 (mmaBieHbIN
kBapr)) u TomuuHamMu d; = 36 HM, d; = 50 HM COOTBETCTBEHHO; YHCIIO
AJIEMEHTAPHBIX siueeK sl PoToHHOrO Kpuctamwia 6e3 nedexroB Ny = 22; ais
Metauimueckux cioeB n3 = 0,5, k3 = 2,04, nnsg CTpyKTyphl € AByMs
METAJUTMYECKUMH CIOAMH (PUCYHOK 1,0) TONIIMHA METAUIMYECKOrO CIOs
d; = 6HM, a KOJIMYECTBO JJIEMEHTApHbIX sueek Ny = 7, IJs CTPYKTYpbI
C TpEMs METAUIMYECKUMU CIOSIMU (PUCYHOK |,B) TONIMHA METAJUIMYECKOTO
cinos d; = 4HM, a KOJIMYECTBO AJIEMEHTAPHBIX siueek N3 = 5.

a)

n m

~

(dy+dy) N, +d,
0)
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(di+dy) Ns+d; (di+dy)Ns+d; (di+dy)Ns+d;  (di+dy) (N3 +1)

Pucynok 1 — cxemaruueckoe mpecTaBlIeHUE CIOUCTBIX CTPYKTYD:
a) — OJHOMEPHBIN (POTOHHBINA KpUCTAILT 0€3 METAUTMYECKUX 1e(PEKTOB;
0) — c nedekTamMu B BUAE JBYX METAJUIMYECKUX TOHKHUX CIIOCB;
B) — ¢ AedeKTaMu B BUJIE€ TPEX METAUIMYECKUX TOHKHUX CIIOEB

CriexTpanbHble 3aBUCUMOCTH TIPOITYCKATENIbHONW CITOCOOHOCTH OIHOMEPHOTO
(OTOHHOTO KpUCTalIa, KaK C HATMYUEM METaJUIMYECKUX CIIOEB, TaK U MPHU UX
OTCYTCTBUH, IPEICTABIICHBI HA PUCYHKE 2.

a) 0)
— Ts T
T i — IS
08 g 0.6 — Tp
0,71 0,5+
0,6 0.4
0,5
- = ]
041 0.3
0,31 0,2
0.2 0,11
0,1+ 00
0,0 ]
'0,1 T T T T 1 '011 T T T T 1
240 260 280 300 320 340 240 260 280 300 320 340
A.nm A,nm

B)
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Pucynok 2 — 3aBUCHMOCTb MPOITYCKATEIbHOW CTOCOOHOCTH CJIOMCTON
CTPYKTYpPBI OT JJIMHBI BOJIHBIL:
a) — CIIOMCTas CTPYKTypa C TPEMs METAJUIMYECKUMHU CIIOSIMH;
0) — cioucras CTpyKTypa ¢ IByMs METAUNIMYECKUM CIIOEM;
B) — CJIOUCTAasl CTPYKTypa 0€3 METAUINYECKUX CIIOEB

Kak BHIHO M3 pucyHKa 2,B, B CIIEKTPE NPOIYCKaHUS OJHOMEPHOIO
¢boToHHOr0 KpHUCTauila 0e3 MeTaUTMYeCKuX Je(EeKTOB  CyIIecTBYET
3ampenieHHas 30Ha B jAuanazoHe ot 255 HM gpo 315 um. Hamuuwe
METAJUTMYECKUX e(PEKTOB B OJHOMEPHOM (DOTOHHOM KPHUCTAJIE OMpPEesieT
MOSIBJICHUE MUKOB MPOMYCKaHUs B 3alpelleHHONW 30He (PUCYHOK 2,a,0): AJis
CTPYKTYpbl ¢ nedekTaMu B BHJE JBYX METAJUIMYECKUX CJIOEB JIBa IHKa
MpONyCKaHUs Ha JJIMHAaX BOJH 287 HM U 292 HM; 1 CTPYKTYphl C
aedekTaMu B BHJE TPEX METAUIMYECKUX CJIOEB TPH IMHKA MPOIYCKaHUs Ha
nmHax BojmH 281 Hwm, 287 HM u 295 uM. Ilpuuem, kak ciegyer wu3
pe3ysnbTaToOB  pacuera, MpoIycKaTelbHas CIOCOOHOCTh  OJHOMEPHOM
(OTOHHOIN CTPYKTYpBHI C AePEeKTaMH B BUJI€ TOHKUX METAJUIMYECKHX CJIOEB
OOJbIIIE Y CTPYKTYPHI C OOJBIIMM KOJUYECTBOM JedeKkToB. JIjis TMHUKOB,
MOSIBJISIIONIUXCS. B 3alPEIICHHONW 30HE OAHOMEpPHON (DOTOHHOM CTPYKTYpbI
NpU HAMYUU I€PEKTOB B BUJIE METAIMYECKUX TOHKUX CJIOEB, XapaKTEPHO
pa3ianyue MPOIyCKATEeIbHON CIIOCOOHOCTU ISl M3MYUYEHUS! S-TIOJSPU3ALNU 1
p-nonspu3auuu. Tak Ha pUCYHKE 2a, COOTBETCTBYIOIIEMY CJIOWUCTOU
CTPYKTYpE C TpeMs TOHKMMH METAJUIMYECKUMU CIIOSIMH, BHUJIHO, YTO IS
NYKa MPOMyCKaHus Ha JIIMHE BOJIHBI 281 HM MpomycKaTelbHasi ClIOCOOHOCTh
CTPYKTYpbl UIsl M3JIydeHus s-nojspu3zauuu paBHa Ty = 0,69, a aud
p-nossipusanuu T, = 0,36; 11 nUKa IPOMYCKaHKWs HA JJIMHE BOJIHBI 287 HM:
Ts = 0,44, T, = 0,52; nng nuka OpomycKaHWs Ha JJIMHE BOJHBL 295 HM:
Ts = 0,74, T, = 0,46; ananorn4Ho u3 pucyHka 2,0, COOTBETCTBYIOLIETO
CJIOMCTOW CTPYKTYpPE € ABYMSI TOHKUMH METAJUIMYECKUMU CIOAMHM, IS NHUKA
nponyckanuss Ha jumHe BoiHbl 287 mm: T, = 0,13, T, = 0,28; mua nuka
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IIpoIycKaHus Ha anuHe BoiHbl 292 um: T, = 0,36, T, = 0,19. Tak xe pucy-
HOK 2 JEMOHCTPUPYIOT HW3MEHEHUE JHala30Ha 3allpEeuIeHHONW 30HBI C
BBEJECHHUEM B CTPYKTYPY METAUIMYECKUX TOHKHUX CJI0€B. Tak sl CTPYKTYpbI
C TpEMsI METAJUTMYECKMMHU CIIOSIMU JIMAIIa30H 3alpPEIICHHBIX 30H ¢ 245 HM 10
278 uM u ¢ 297 uM 1o 330 HM; ) CTPYKTYphl C JBYMSI METAUIMYECKUMU
CJIOSIMU AWana3oH 3anmpenieHHbIX 30H ¢ 240 HM 110 285 HM u ¢ 295 um 1o 325
HM.

Takum o00pa3oMm, BBeI€HHUE B OJHOMEPHBIH (POTOHHBIM KPUCTAILT
1e(deKTOB B BHUJAE TOHKUX METAUIMYECKUX CIIOEB OMPEEISECT MOSBICHUE B
3alpEIICHHONM 30HE CIIEKTpa MPOIYCKaHUs IHKOB IPONYCKAaTEIbHOU
CIIOCOOHOCTH, MPUYEM KOJMYECTBO MUKOB 3aBUCUT OT KOJMYECTBA CIIOEB.
[IponyckaTenbHas CIIOCOOHOCTBH CJIOMCTOM CTPYKTYpPBHI C AedeKTaMu B BUJE
TOHKMX METAJUIMYECKUX CJIIOEB B 3alpPEIICHHON 30HE OJHOMEPHOIO
(OTOHHOTO KpHUCTaia pa3uyHa g HM3IIyYCeHHS S-TOJSIpU3alUM U P-
nonsipuzanuu. C BBeIEHMEM B OJJHOMEPHYIO (DOTOHHYIO CTPYKTYpPY 1e(DEKTOB
B BHJIE TOHKMX METALUIMYECKUX CJIOEB MU3MEHSETCS AMana3oH 3alpelieHHON
30HBI: JIJIMHA BOJIHBI COOTBETCTBYIOIIAS HM)KHEN T'paHUIIE YMEHBIIAETCS, a
JUTMHA BOJIHBI COOTBETCTBYIOLIAs BEPXHEHN I'PAHUIIE YBEIMYUBAETCA, IPUUEM
IUIS CTPYKTYPbl C OOJIBIIMM KOJMYECTBOM TOHKHX METAUTMYECKHX CIIOEB
BEJIMYMHA U3MEHEHUS OosblIIe. [ToryueHHbIE 3aBUCUMOCTH
IPONYCKATEIbHOM  CHOCOOHOCTH  CIIOUCTOM  CTPYKTYPhl €  TOHKHUMH
METAUIMYECKUMH CJIOSIMH  OT JUIMHBI BOJIHBI MOXKHO HCIIOJb30BATh IpU
KOHCTPYHUPOBAHUU y3KOMOJOCHBIX GUIbTPoB B YD obnacTu.
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A.B. KykoBckuii, A.B. TloasikoB
Bbenopycckuii rocynapcrBeHHblil yHuBepceurer, Munck, beiapycs

BJIMSTHUE HEJIMHEHHBIX Y®®EKTOB B BOJIOKOHHOM
CBETOBOJIE HA UH®OPMAIIMOHHBIE TAPAMETPBI
JIMHAMUWYECKHUX 3AIIOMUHAIOIIUX YCTPOUCTB
HA OCHOBE DWDM-TEXHOJIOT'MA

Bonokonno-ontuueckue undopmarmonnsie cucteMsl (BOUC) 3anumaror
JOMHUHUPYIOILEE TMOJOKEHUU CpPeld YCTPOMCTB, MpeAHa3HAYCHHBIX JIJIs
BBICOKOCKOPOCTHOM Tepefayn u 00pabOTKM MOTOKOB JIaHHBIX. B Hacrosiiee
BpeMsi  aKTyaJbHOW  fBJIAETCS  3a/Jadya IPOMEXKYTOYHOTO  XpaHEHHS
ONTUYECKON HMHPoOpMalUK B LHUGPPOBOM M aHAIOTOBOM BHJE, HaIpUMED,
MOCTYTAOIIEH € a’pOKOCMHYECKUX HOCHUTEJIEeH MpH Jia3epHO-JIOKALIMOHHOM
30HAMPOBAHUM, [JIsI TOCJIEAYIOIIEro BBOAAa JToW uHOpManuu B
BBIYMCIIUTENbHBIE CTPYK-TYpPbl, B YAaCTHOCTH, B BBIYMCIUTEIbHBIN KaHal
cynepkomnbiorepa «CKU® K1000-2». CyiiecTByronye B HaCTOSIIEE BpeMs
uHTEephEeNChl ANEKTPOHHBIX KOMIIBIOTEPOB HE IO3BOJIAIOT OCYIIECTBIISTH
HEIMOCPEICTBEHHBIN BBOJ JaHHBIX CYOHAHOCEKYHIHOTO AuamnasoHa. [lns stux
nejael  pa3pabaTbIBalOTCSA — CHEUAIM3UPOBAHHBIE  OBICTPOJCHCTBYIOIINE
OydepHble 3allOMUHAIONINE YCTPOMCTBA, IMO3BOJSIONIME H30€kKaTh MOTEPh
ONTUYECKOU MHMOPMAIIUK TIPH €€ TOoceayIoIIei 00paboTke.

OCHOBHBIM ~ CHOCOOOM  TIOBBIIIEHHS  MPOMYCKHOM  CIOCOOHOCTH
ONTOBOJIOKOHHBIX ~ MH(OPMAIIMOHHBIX KaHAJIOB  SIBISIETCA  TEXHOJIOTHS
IJIOTHOT'O CIIEKTPaJIbHOrO (4acToTHOrO) MYJIbTUILIEKCUPOBAHUS
(YIULIOTHEHUS) KaHAJIOB C pa3Aei€HUEM [0 JJUHAM BOJIH, MOJTYYUBLICH
HazBanue DWDM-texnonoruu (dense wavelength division multiplexing).
OKOHOMHYHOCTE DWDM-cuctem ¢ OONBIION CyMMapHOH CKOPOCTBIO
nepenadyd JaHHBIX B 3HAYUTENBHOM CTENEHM 3aBUCHUT OT 3((PEKTUBHOCTH
UCIIOJIb30BaHUsl paboyero cmekTpa [Jis Mmepefadyd HHPOpMalUHU, OT
YBEJIMYEHUSI TaK Ha3bIBa€MOH crieKTpaibHON 3dexktuBHOCTH. CAenatb 3TO
MOXXHO JIByMsI MYyTSIMU: YMEHBUIUTh CHEKTPAJIbHBIM HWHTEPBAT MEXIY
KaHallaMd ¥ YBEJIMYUTh KaHAJbHYIO CKOPOCTh B (4TO CBsi3aHO C
YMEHBIIEHUEM TAaKTOBOI'O MHTEpPBAJia U, COOTBETCTBEHHO, MJIUTEIHLHOCTHIO
UH(OPMAITMOHHBIX UMITYJIbCOB).

Jlo Tex mop, Mmoka ONnTUYeCcKas MOIIHOCTh B BOJIOKOHHOM cBeToBojie (BC)
HeBeNMKa (HECKOIbKO MBT), BOJOKHO MOMET CUMTAThCA JIMHEWMHON Cpeaou,
TO €CTh MNOTepU M TMOKa3aTelb MPEIOMJICHHUS BOJIOKHA HE 3aBUCST OT
MOIIHOCTH curHaia. OJHAaKO BHEIPEHUE TEXHOJOTHMH CIEKTPaJIbHOTO
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ymotHeHuss WDM/DWDM, xotopasi BeAeT K 3HAaYUTEIHLHOMY BO3PAaCTaHHIO
BBoAMMONM B BC MOIIHOCTH, a Tak)ke€ MOBBILICHUE CKOPOCTHU IEpenadyu 0
10 T'6ut/c m Beimie TpeOyeT yuera HeauHeHHbIX 3PdekroB B BC mpu
nccienosannu BOUC.

OmauM u3 OcCHOBHBEIX KoMIoHeHTOB BOMC saBnseTrcss BOJOKOHHO-
ONTUYECKOE JIMHAMHUYECKOoe 3anmoMuHawomme ycrporctBo (BO3Y)
PEreHEPaTUBHOIO THUIIA, KOTOPOE MOXET HCIOJb30BAThCS B KAdyeCTBE
OBICTPOACHCTBYIOIIEH NMHAMHYECKOW OydepHON MaMsAThU B ONTHYECKHUX
poleccopax, OINTOBOJOKOHHBIX JIMHUSIX CBA3W; TMPHU  HCCIEIOBAHUU
OBICTPONPOTEKAIOIIMX MPOIECCOB JIsi 3alMCH, XpaHeHUus U o00paboTke
MOCTYMAIOMKUX C OONBIION CKOPOCThIO HMHGOPMAIMOHHBIX IOJEH M T.II.
Hocronnctom BO/JI3VY siBnsiercs TO, 4TO 3anmuch HHPOPMALIMOHHOTO MOTOKA
B HUX OCYIIECTBJISIETCS B PealbHOM MaciiTabe BpEMEHH, a XpaHEHUE TaHHBIX
B IU(POBOM U aHAJOroBoil ¢GopMe BO3MOXKHO B TEUYCHHE BPEMEHH,
HEOOXOUMOro il uX mocieayromei o0pabdorku. Kpome Toro, B Takux
ONTOBOJIOKOHHBIX CHUCTEMAax CYIIECTBYET BO3MOXKHOCTb OpraHu3aluv I0
OJTHOMY CBETOBOJY OJHOBPEMEHHO HECKOJIbKUX MH(OPMAIIMOHHBIX KaHAJIOB,
ucnoinb3yst DWDM-TexHonoruro.

JUis MUHUMU3alMM BIUSHUS HENMUHEHHBIX A()(PEeKToB ObUIM BHIOpaHBI
CIEAYIOIINE MapamMeTphsl [JJs BOJOKOHHO-OINTHYECKOIO 3alOMUHAIOUIETO
yctporictBa. [lpumensitace DWDM-texuonorust ¢ k = 8, 16, 32 undop-
MAI[MOHHBIMU KaHaJaMHW, UMEBIIMMHU MeEKKaHalnbHbIM uHTEepBan 100 [T
B kauectBe JMHUU 3aJIepKKU HCIIOIL30BAJICS KOMOUHUPOBAHHBIA CBETOBO/I
C KOppEeKIMeW XpOoMaTH4YeCKOM nucrepcuu, coctosmuid u3 20 km
CTaHJIAPTHOT'O OJHOMOJIOBOT'O BOJIOKHA (mucrepcust 16,5 mc/HM-KM Ha A =
1550 HM) W 5 KM KOMIEHCHPYIOLIETO BOJIOKHA (JUCIEPCUS MUHYC
66 nc/umM-kM Ha A = 1550 HM), B pe3yabTaTe 4ero CpenHsisi XpoMaTHYeCcKas
IOUCIIEPCHS HA BCEM Y4YacTKE BOJIOKOHHOIO CBETOBOAA cocTaBisna Dy, =
0,05 nc/am-km. TlomspuzarmoHnHas MoJoBasi AUCIEpCUsl paBHsIACH Dpyp =
0,1 ric/km"’ 2 notepu — oo = 0,25 nb/kmM. B xaduecTBe MCTOYHUKOB W3IIyUCHUSI
UCIIOIb30BAIIMCH JIA3€PHI, COMJIACOBAHHBIE C OTPE3KAMU BOJIOKHA, HA KOTOPBIX
chopmupoBanbl OparroBckue pemietku (DFB). Hcnonp3oBanue pemnieTok
MO3BOJISIET THUOKO BapbHUpOBATh [JIMHY BOJIHBI JIA3€pHOM TEHEpaluv B
npenenax KOHTypa YCWJIEHUSI aKTHUBHOM cCpenbl Jas3epa, 00ecneduTh
CTaOWJILHOCTh TE€HEPAIlMW, YMEHBIIUTh IIUPUHY Ja3epHOM  JIMHUH,
peanu3zoBath ee  mepecTporiky. DFB-mazepsl  o0namanmm  BBICOKOMA
TeMIIepaTypHON CTAOMJIBHOCTBIO U B OKPECTHOCTSX paboyel JJIMHBI BOJHBI
1,55 MKM Tipu psSIMON MOIYJIILIMM CO CKOpocThio Oonee 10 I'Out/c, umenu
MOIIHOCTh u3NyueHUss Py=2—4 MBT Ha OAWH CHEKTPaJbHBIM KaHAIl H
IUPUHY JHUHUM TeHepanuu He Oonee 0,01 am. B stoM  ciyuae
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JOMUHHPYIOLIUM HEJIMHENHBIM apdexTom SABJISIETCSA ¢azoBas
apTomonyJssiuus (SPM).

@da30Basi aBTOMOJYJISALIMS BO3HUKAET BCJIEACTBUE TOrO, YTO MOKAa3aTElb
PEIOMJIEHUS BOJIOKHA COZIEPKUT HEJIMHENHO-3aBUCUMYO oT
MHTEHCUBHOCTH KOMIIOHEHTY, KOTOpasi BbI3bIBACT CMeElIeHUE (asbl,
OPOIMOPLUOHATBHOE MHTEHCHUBHOCTH uMnyieca. Ilo »a3Toii  mpuumHe
pa3iMyYHbIe COCTABISIONIME HMITYJIbCAa MPETEPIEeBAIOT pa3ivyHble (ha3oBbIE
CMEIIeHUs, O0yCJIaBiMBasi W3MEHEHUE JIMHEHHOW YaCTOTHOM MOIYJISAIINU
(J/TYM) umnynbcoB BHE 3aBUCUMOCTH OT ux Qopmbl. M3menenune JIUM
UMITYJIbCOB B CBOKO OYEPEADb MPUBOAUT K YBEIUUYEHUIO UX JJIUTEIBbHOCTU U3-
3a pucrnepcuu. Takum obpasoMm, SPM monuduuupyer BIUsSHUE AUCIEPCUU
Ha paclIUpeHHe uMIyJabca. Tak Kak 3ToT dpdekt wusmenenus JIUM
IPONOPIMOHATIEH MOIIHOCTU TNepeaaBaeMoro curuaina, SPM 6osee ourytum
B CHCTEMAaX, MCIONb3YIOIIMX BBICOKME MOIIHOCTH mnepenadn. [losTomy
BbI3BaHHbIE SPM wu3smenenune JIUM oka3bpiBaeT BJIMSHUE Ha paCIIMPEHUE
UMITYJIbCA BCIIE/ICTBUE JUCIEPCUU U B CBS3H C 3THM JIOJDKHO YUYUTBIBATHCA B
CUCTEMaX C BBICOKUMH OWUTOBBIMU CKOPOCTSIMH, KOTOpBIE YK€ 00JaJaroT
3HAYUTEIbHBIMHA OrPAHUYEHUSIMH U3-3a TUCIIEPCUH.

Ha ocHOoBe pa3paboTaHHOW MaTeMaTHYECKOW MOJIENU MPOBEICHO
UCCIIEJOBAHUE JMUHAMUKH M3MEHEHUS [UIMTEIBHOCTH LHUPKYJIUPYIOIINX
UMITYJIbCOB B BOJIOKOHHO-ONTHYECKOM 3allOMHHAIOIIEM YCTPOWCTBE B 3aBHU-
CUMOCTH OT YHMCJIa CIIEKTPAJIbHBIX KAHAJIOB U CKOPOCTH 3alUCU UHGOpMaLIUH
C yudeToM jaucnepcuoHHbIX cBoiictTB BC wu ¢a3oBoit aBTOMOAYISALNY.
Y cTaHOBIEHO, YTO JUIUTEIILHOCTh HH(GOPMALIMOHHBIX UMITYJICOB B MPOIIECCE
UUPKYJSIMA BHA4YaJle YMEHBIIAETCS, a 3aTeéM yBeJnuuBaercs. J(aHHBIN
abdext oOBACHSETCS ciaeayrmuM o0pa3oM. HMIynbebl, H3TydaeMble
NOJIyIPOBOJHUKOBBIMU ~ Jla3epaMH € HEMOCPEACTBEHHOM MOIYJISILHEMN,
IPEICTABISIIOT CO00M YacTOTHO-MOJYJIMPOBaHHBIE MMITYJbCHI. [lockonbKy
JUIs CTAaHJIapTHOTO OJHOMOJOBOIO BOJIOKHA [IJIsl JUIMH BOJH, OOJBIIMX
1,3 MKkM mapaMeTp OUCIEPCHU TPYNIIOBOM CKOPOCTHM MEHBIIE HYJII U
BbI3BaHHOE SPM usMenenue JIUM monoXKUTENIbHO, TO PEUUPKYIUPYIOLINAEC
UMITYJbChl CHauyaJla T[OJBEPraloTCA CXATHUIO, a 3aTE€M PpaCLIUPEHHIO.
Hanubiil 3¢ dexT yBenmuyuBaeTcsi ¢ yBeIMUYCHUEM IepeaBaeMoi MOITHOCTH
(T.e. yBeIMYEHHUEM 4YHCIa HWHPOPMALMOHHBIX  KaHAJOB), MO3TOMY
HAOJIOaeTCsl YBEJIMYEHHE CTENEHM HayalbHOTO CXKaTUSl M CKOPOCTH
NOCJIEYIOIIETO PACIIUPEHHS] UMITYJIbCOB C YBEIMYECHUEM I€pEaaBacMOoM
MOIIIHOCTH.

OaHuM U3 KPUTEPHUEB, O KOTOPHIM OIEHUBAIOTCS WH(OpPMAIMOHHBIE
napametpel BOJI3Y, saBngercs ycnoBue t/71;<0,6, T — UINTENBHOCTH

MH()OPMAIIMOHHBIX HMMITYJIbCOB Ha BXOJE pEILIAIOINIEer0 yCcTpoicTBa, 1; —
BEJIMYMHA TAKTOBOI'O MHTEpBaia. Torga BIUSHUEM MEKCHMBOJBHBIX MOMEX
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MOXKHO npeHeOpeub. [IpoBeaeHHbIE pacyeThl MOKa3ajid, YTO MPHU HCIIOIb30-
BAaHUU TOJIbKO aMIUIMTYJHON pEreHepalry U KOMIIEHCAIMU JTUCIEPCUU IS
k =32 BpeMs XxpaHeHHUsS UH(POPMALMK OLEHUBAETCS BEIMUUHAMU fypy = 62 MC
(B =2,5T06ur/c) u ty, =20 mc (B = 10 I'6ut/c); nHPOpMaLnOHHAST EMKOCTh
coctaBisier W= 1,2 M6 (B = 2,5 I'oéut/c) u W,=4,8 M6 (B=10 I'6ut/c), npu
ATOM BpeMsl IIOCIIEOBATEIbHOIrO CUMTHIBAHUS Bcel uHGOpMalnnu He
npeBbimiaet 120 mkc. [lanpHeliliee yBelqnueHUEe BPEMEHU XPAHEHUSI CBSI3aHO
C HCHOJIb30BAaHUEM CHEHHUAIBHBIX METOJOB ONTHYECKON pEreHepanuu
MH(OPMAIITMOHHBIX HMITYJIbCOB MO (QopMe, IIUTEIBLHOCTH U BPEMEHHOMY
MOJIOXKEHUIO.

B.A. KosTyn-Ky:xemns', P.A. JIpinny’, A.H. Ionsisuna’

Yo «I'poaHeHCcKHM roCy1apCTBEHHBINH YHUBEPCUTET
umenu Auxku Kynaiasn, I'poano, benapycs
'THY «Aucrutyr ¢pusuxn nmenn B.M. Crenanosa» HAH Bexnapycn,
MuHck, benapych

JOKAJIMBALIUS U PACCESIHUE DJIEKTPOMATHUTHOT' O
W3JYUEHMS B YOOPSJTOUYEHHBIX AHCAMBJISIX
KOHEYHBIX IWJINHPOB

PacnpocTtpaneHue u paccessHUE JJIEKTPOMArHUTHOTO M3Iy4YeHHUS B
IPOCTPAHCTBEHHO YHOPSA0YEHHBIX CTPYKTYpax peCTaBIsET
3HAUUTENbHBIA MHTEpEC sl aKTyaldbHBIX 3a/ay (DOTOHMKU U PaguoPU3UKH.
Cpean Takux CTPYKTYp TMEpPCIEKTUBHBIMHU SIBIISIIOTCS  YIOPSIOYCHHBIE
CUCTEMbl OJIMHAKOBO OPUEHTHPOBAHHBIX ILMJIMHIPOB KOHEUHOW JJIUHBI,
KOTOpbIE€ OyZeM Janblile Ha3bIBaTh YIOPSIA0YEHHBIMU CUCTEMaMU LIMJIMHIPOB
(YCLI). Hanpumep, U3BE€CTHO, YTO HAHOMIOPUCTHIC TOHKUE TIJIEHKU C COTOBOM
CTPYKTYpoH, c(hOpMHpPOBAHHBIE DJEKTPOXUMUYECKHUM  aHOAMPOBAHUEM
aIIOMUHUS, 00J1a1aI0T CBOMCTBAMU CIIEKTPAJILHON U YTJI0BOM CEJIEKTUBHOCTH
[1,2]. Hcnons3oBaHHWE 3IEKTPOAMHAMUYECKH CBSI3aHHBIX AJAHIPOB
KOHEYHOM JUIMHBI SIBISIETCA Takxke 3(PPEKTUBHBIM CIOCOOOM YIPaBICHUS
AuarpaMMaMiy  HampaBJICHHOCTH U3MydyaTeled Uil TeparepueBoro u
MUKPOBOJIHOBOT'O JTUANIa30HOB [3].

HauGonee BaXHBIMM MNPUYMHAMHU, BBI3BIBAIOIIMMH CYIIECTBEHHYIO
TpaHC(HOPMAIIMIO CHEKTPATbHBIX W YIJIOBBIX XapaKTEPUCTUK U3ITydyaeMon
paavalnuu, SBISIIOTCS MHOTOKpaTHOE paccessHue U 3(PQGeKT ycueHus
JIOKAJIbHBIX MMOJeil. BoisiBneHne ocoOeHHOCTEN (HOpMHUpPOBaHUS BHYTPEHHUX
noJjiel CrocoOCTBYET pa3pabOTKe CIOCOOOB YIPaBIEHHUS CIEKTPATbHBIMU U
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pacceuBatonumu cBoiictBamu Y ClL] 3a cyeT ueneHanpaBieHHOr0 BRIOOpa UX
CTPYKTYPHBIX ITapaMETPOB.

- Hanpasncre B Hacrosimeit pabote Mbl paccMOTpesu
mabmonenns  @HCAMOJIb U3 KOHEYHOTO YUCJIa OJIMHAKOBBIX
KPYTOBBIX LMWIMHIPOB (T.H. MYJBTUMED),
OPUEHTHUPOBAHHBIX  BJOJb  HAMpPaBJICHUS
nagarouero ceera. lllects ntmamHApPOB
pacro-JararoTcs CUMMETPUYHO o
OKPYXHOCTH auameTpoM D = 2R, 1eHTp
KOTOpOW  ompeae-yiiercss  MOJIOKEHUEM
LHEHTPAJIBHOIO0 LWIMHApPA (CM. PUCYHOK ).
Takoii THUN MyJIbTHUMEpa BOCIIPOU3BOAUT

[ ‘ ‘ | ‘ ‘ ‘ ‘ ] TOMOJIOTHUIO  BJIEMEHTApPHBIX  SYE€eK  JJis

MManatomas BosHa CHUCTEM C COTOBOM CTPYKTYpOM.

Prcyrok 1 — MysTimMep Ha ©0a3e ¢Qopmanusma o0OBEeMHOro

13 OMHAKOBBIX LIWIHHIPOB MHTErpajbHOro ypaBHeHus [4, 5] Mbl

pazpaboTtayii  MOJeNlb  B3aMMOJACHCTBUS

AIIEKTPOMArHUTHON BOJIHBI C MYJIbTUMEPOM.

OcnoBoit meroga VIEF ciyXuT HWHTErpalibHO€ ypaBHEeHUE MakcBesia,

COTJIACHO KOTOPOMY HAMpPsHKEHHOCTh 3JEKTPUYECKOro MOJsl B JIHOOOW TOYKe
MPOCTPAHCTBA ONpEAeIsieTCs Kak:

E(r)) = Eo(ry) + K/(4n) J[] [m*(r2) — 1]E()G(r1,1)d°rs

rie E oOo3nauaer momHOe mone B paccmarpuBaeMor Touke, Eo — mosne
nanaronied BonHbl, G — auanmHas ¢yHkuus [puHA, M — KOMIUIEKCHBIN
OTHOCHUTEJIbHBIN TTOKA3aTelb MPEJIOMIICHUS, K — BOJTHOBOM BEKTOP MAAAOLIEH
BOJIHBI. YMCIIEHHOE PEIIEHUE ATOT0 YPaBHEHHMS MO3BOJIAET ONPEACIIUTh IOJIe
B JIFO0OM TOYKE MCCIIEyEMOro MPOCTPAHCTBA (B TOM YKCJIE€ BHYTPH YaCTHUIIBI
U B OMIDKHEH OT Hee 30HE), a TaKXKEe aMIUIMTyAHble (YHKIIUU pacCesHus,
dakTopsl 23PHEKTUBHOCTH PACCESHUS, TTOTIIOMICHUS u ocyiabneHus [4,
5]

Pacyer nmarpamm HampaBiaeHHOCTH X(6) W3 aMIUIMTYIHBIX (GYHKIIMH
paccesiHus, Si(6), S>(6), COOTBETCTBYIOMMUX OPTOTOHATBHBIM TOJIIPU3AIUSIM
MaIaI0IIeTO CBETA, MPOBOAMIICS C UCIIOIb30BAHUEM COOTHOUICHUN:

x(6) = 1S(OF/ 70’ p)Oscar
(O = 12(S(O)+SAO)),
S(O)F = [Re S{O)+ImSA( )",
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rae dakrop 3pdextuBHOCTH paccessHUus s, U TUPPAKIIMOHHBIA MapaMeTp
Papy = md(D)/A COOTBETCTBYIOT paccMaTpUBaeMOMY OOBEKTYy, T.€.
OTJICTIbHOMY LUIUHPY WK MYJIbTUMEDY.

JlnarpaMMbl HAalIPaBJICHHOCTH U KapTUHBI pacTIpeIeICHUS OISl BHYTPH U
BOJIM3U MYJIbTUMEPA AHATU3UPOBAIIUCH JJIsl PA3IUYHBIX Pa3MEpPOB LIUIMHAPOB
U MYJbTUMEPOB, a TaKXe ISl PA3IUYHBIX MO JAUDIEKTPUUECKUM CBONCTBaM
MatepuasnoB. C UCIMOIB30BAHUEM ATOM MOJIENTH U3YYaIUCh KaK MpsAMbIe, TaKk
Y MHBEPCHBIC TUAICKTPUUECKUE CUCTEMBI C COTOBOM CTPYKTYpPOH.

Ha pucynke 2 njs mpumepa NpeacTaBlICHbl KapTUHBI paclpeieieHus
BHYTPEHHEro M OJNMXKHEro oyl g OJMHOYHOIO IIIMHApA U3
OPraHMYEeCKOr0 CTEKJa, HaxXOJALIErocs B BO3AyXe B IOJE IUIOCKOM
AIIEKTPOMArHUTHON BOJIHBI, KOTOpasi pacpoCTpaHsAeTCs BAOIb OCU Z, UMEET
CAMHUYHYIO aMIUTUTYIY Eo = 1 u nmonspuszoBaHa BIOJb OCH Y.
W3meHenue 1BeTa OT YEpPHOro K OEJIOMy Ha PHUCYHKE COOTBETCTBYET
YBEJIMYEHUIO aMIUIUTYbI JIOKAIBHOTO MOJIS.

Kak BuAHO W3 puCyHKa, paclpeiesieHle BHYTPEHHEro U OJIMKHEro MmoJis
3aBUCUT OT OPHUEHTALMM DBJICKTPUYECKOTO BEKTOpa NaJarolleld BOJIHBI
OTHOCHUTEJILHOTO paccMaTprBaeMoro cedeHusi. OOLIMM SBJISETCS HEMOHOTOHHOE
M3MEHEHUE WHTEHCUBHOCTU TOJII MO JJIMHE UWJIMHIpA B HPUTPAHUYHOM
00J1acTH, a TaKXKe CMEILIEHHE «TOPSIUMX IMSATEH» B MEepeaHIo noiaycdepy, rae
orrommenue k = |E[*/|E,[* 1ocTHraeT MaKCHMAIbHBIX 3HAUCHHUH Ky = 0,8.

F |
0

a

Pucynok 2 — Kaptunsl pactipeiesieHus MoJisl B IIEHTPATbHBIX CEUEHUSIX
IUIMHPA U3 opranuyeckoro crekia: ceuenue ZOY (a), ZOX (0).
Jmuua nunmaapa 1500 am, guametp 100 HM,

JUTMHA BOJHBI n3iydeHus 600 Hm

[Ipn oObenMHEHUH TUIMHAPOB B MYJBTHUMEP TOMOJOTUSI BHYTPEHHETO U
OmxHeTo 1oy u3MeHseTcss. O0IacTh «ropsSYUX MATEH» CMEIIAeTCsS BHYTPb
MyJIbTUMEPA U 10 HAIIPABJICHUIO K IJIOCKOCTH BXOJIa B HETO M3NyueHus. Uem
MEHBIIIE AUAMETP OKPY>KHOCTU, Ha KOTOPOM PACIIOJIOKEHBI MUIUHIPHI, TEM
0oJiee OTHOPOIHBIM CTAHOBHUTCS BHYTPEHHEE IMOJIe (CM. PUCYHOK 3).
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Pucynok 3 — Kaptunsl pactipeiesieHust OJMKHETO MOJs B LEHTPATbHOM
ceuennn XOY g mynstumepoB ¢ R = 100 aMm (a) u R = 140 um (0).
JInmmHa BomHBI nagaroiiero uinydeHus 600 HM, JIMHA KaKI0T0 HUJIMHIPA U3
oprannueckoro crekia / = 1500 um, quametp d = 100 M

OTMeUEeHHBIE U3MEHEHUS B XapaKTEPE PACIPEACICHUS BHYTPEHHETO MO
HaxoJsT CBOE OTpPaKEHHE B TpaHCPOpMALlUM AHArPaMM HaNpaBJIECHHOCTH
PacCesHHOI0 U3J1y4YECHHUH.

Hanpumep, B paccmarpuBaeMoM ciy4yae, Kak BUJIHO M3 PUCYHKa 4,
O0BbEAMHEHHE LWIMHAPOB B MYJIBTUMEP MPUBOAUT K 3HAUYUTEIBHOMY

YCUJICHUTO WHTCHCUBHOCTHU paccesiHus BIIEPE]T OTHOCHUTEJIBHO
WHTCHCUBHOCTU PACCESHHMS B HAMNpaBJICHWHU, OOpPATHOM HaIPaBJICHUIO
pactpocTpaHeHus  Majaromiero  u3nydenus.  HaOmiomaetcss — Takke

CYUIECTBEHHOE YIJIOBOE€ CMEIIEHUE OOKOBBIX JIENECTKOB B JUarpaMme
HaIpaBJICHHOCTU. V3MeHeHHne pacCTOSHUU MEeXAy LWIMHAPAMU B
mynbTuMmepe oT 140 M no 100 HM mnposiBisieTcss TJaBHBIM 00pa3oM B
HE3HAYUTEIBHOM YMEHBIIEHUHM CTENEHW BBITAHyTOCTH JIH M u3MeHeHuu
WHTEHCUBHOCTHU paccesiHus B OOKOBBIX JIEMIECTKAaX.

10°

10* E

T WS
{ E—YA/
R L B

—+— — [Humuuap u3 opranudeckoro crekna, d = 100 um, / = 1500 am, 4 = 600 HM
—a— — MynbTHMep U3 opranuueckoro crekia, R = 140 um, 4 = 600 um
—— — MynbTrMep U3 opranuueckoro crekia, R = 100 um, 4 = 600 Hm

Pucynok 4 — Jluarpammbl HampaBJAeHHOCTH I OTAebHOro nuiuHapa (1),
mynbTHMepa ¢ paguycoM 100 am (2) u 140um (3). ivHa BOJIHBI MaJal0IETO
n3iydeHus 600 HM, JJIMHA KaK10r0 HUJIMH/IPA U3 OPTAaHUYECKOr0 CTEKIA
1500 am, tnametp — 100 HM
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OCHOBHOW MPUYMHOM YCTAHOBJICHHBIX OCOOCHHOCTEW HM3MEHEHUS
XapaKTe-pUCTUK paccessHUus B OMMKHEW M JajbHEH 30Hax SBISIOTCS, IO-
BUJIUMOMY, KOJUIEKTHBHBIC SJIEKTPOIMHAMUYECKUE B3aUMOJCHCTBUS U SPPEKTHI
(POTOHHOTO OrpaHUYEHHUS], BHI3BAHHBIE IPOCTPAHCTBEHHBIM YMOPSAOYECHUEM
LMJIMH]IPOB.

CrenyeT OTMETUTB, YTO, B CUJTy 3aBUCHUMOCTH XapaKTEPUCTUK PACCESIHUS
OT  OTHOCHUTENBHBIX  Pa3MEPHBIX  MApaMETPOB,  COOTBETCTBYIOLIEE
MacIITaOMpPOBAHUE TMO3BOJSIET PACTIPOCTPAHUTH MOMYyYECHHBIE PE3yJbTAThl U
Ha MHUKpOBOJHOBYIO oOnacTh. Hampumep, mpuBeneHHbIE HAa pUCYHKax 2—4
JAHHBIE, OJWHAKOBO CIIPAaBEJIMBBl KakK ISl JUIMHBI BOJIHBI ONTHYECKOIrO
nuama3zoHa 600 HM mpu pasmepax muwmHApa [ = 1500 HM, d = 100 HM H
paauycax OKpy>KHOCTH MyJbTuMepoB 100 HM u 140 HM, Tak W AJs JJIMHBI
BOJIHBI 6 cM mpu pasMmepax muiauHapa [ = 15 cm, d = 1 cMm u paamycax
OKPYXHOCTHU MYJIbTUMEPOB 1 cMm 1 1,4 cm.
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IIpy MonenMpoBaHUM PACHPOCTPAHEHUS CBETJIBIX INPOCTPAHCTBEHHBIX
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COJIUTOHOB B HEJIMHEWHOW cpeqie 0OBIYHO MCIOB3YIOT HYJIEBbIE TPAaHUYHBIC
ycioBud. B aToMm ciyuyae Ha rpaHuIiax uccienyeMoi o0JacTy 3HaYeHUs OIS
CBETOBOI'0 M3JIy4Y€HHMs TOoJlaraloT paBHbIM HymO. [Ipu rcnonb30BaHUM TaKUX
IPaHUYHBIX YCJIOBUH CYUTAETCS, UYTO MPU JOCTHKEHUHU DJIEKTPOMArHUTHOM
BOJIHOM TpaHUILIbl BEIYMCIUTEILHOTO OKHA MPOUCXOIUT €€ OTpakeHHUE KakK OT
MeTajula, TEM CaMbIM BO3HHMKA€T HEXelaTeJIbHOE B3aMMOJCHCTBHE
NajalolMX M OTPAXEHHBIX BOJH, a 3HAYMUT, NOSBISIIOTCA HCKAKECHUS
JICUCTBUTEIBHOW  KapTUHBI  PacCHpOCTPAaHEHUS CBETOBOIO  H3IIyYEHHUS.
Crnengyer OTMETHUTh, UTO MPHU UCIIOJIB30BAHUU HYJEBBIX TPAHUYHBIX YCJIOBHIA
BO3HUKAIOT MPOOJEMBI, CBSI3aHHBbIE C HEOOXOAMMOCTBHIO HCIOJIB30BAHUS
0O0JIBIIOr0 BEIYMCIUTENBHOIO OKHA U C 3aTpaTaMi BPEMEHHU Ha CUET.

Jns  Toro, 4ToObl NPEOAOJETh HSTHU TPYAHOCTH, HCIONb3YIOTCS
CIELHANIbHBIE TpPaHUYHBIE YCJIOBHS, C TOMOIIBIO KOTOPBIX MOXHO
MOJIETUPOBATH PACIPOCTPAHEHUE CBETOBOTO U3NyUeHHUs 0€3 HexKelaTeIbHOro
MOSIBJICHUS BOJIHBI, OTPAKEHHOM OT I'paHMI] UCCIIeayeMOI 00IacTH.

Cnegyer OTMETUTb, YTO JaHHas IMpoOJjemMa akTyalbHa TakXke Ipu
MOJIETUPOBAHUU PACIPOCTPAHEHUs] TEMHBIX MPOCTPAHCTBEHHBIX COJUTOHOB,
TaK Kak B OTOM Clly4ae MOJIETMPOBAHHE C  HMCIOJIb30BAHHEM
ACUMIITOTUYECKUX TPAHUYHBIX YCIIOBUHM Takke TpeOyeT OONbIINX pa3MepoB
UCCIIETyeMOM 00JIaCTH.

N3BecTHO, UTO MOJAETUPOBAHUE PACTPOCTPAHEHUSI CBETOBOI'O U3ITyUYCHHUS
B OeCKOHEYHOH oOjacTu TpeOyeT HCIOJIh30BAHUS BBIYMCIUTEILHOIO OKHA
KOHEYHBIX pa3MEPOB, TO3TOMY MPUXOAUTCS BBOJUTH I'PAaHUYHBIE YCIOBUS HA
(PUKTUBHBIX TPAHUIIAX.

enpto HacTosimiel paboOTHI SIBISIETCS CpPaBHEHUE MOJIETUPOBAHUS
pacupoCTpaHEHUsT OAHOMEPHBIX TEMHBIX MPOCTPAHCTBEHHBIX COJMTOHOB B
cpene Keppa 6e3 u ¢ ucnonb3oBaHUEM I'PaHUYHBIX YCIOBUH.

[lepBonauanbHO croco0 pELIUTD npobsieMy OTpaxeHus
AIIEKTPOMArHUTHBIX BOJIH OT BBIYMCIUTEIBHOW 00MacTH ObLI CBS3aH C
UCIIOJIb30BAHUEM TMOIVIOMIAIOMINX TpaHUYHbIX yciaoBud [1-3]. Ilpum stom
IpeloTBpaIleHUEe OTPAKEHUSI OT TPAHUIl BBIYMCIUTEIFHOTO OKHA CBS3aHO CO
BCTaBKOW MCKYCCTBEHHOM IMOTJIONIAIOIIEH 00J1acTH, KOTOpas caMa 1o cebe He
CO371a€T OTPaKCHUS M €€ TONIIUHBI JTOCTAaTOYHO, YTOOBI BIIUTATh B ce0s BCE
najaromee wuznydeHue. K coxaneHuto, He Bcerga YCJIOBHS BBEICHHS
MOTJIOUIAIONIMX TPAHUI] BBIMOIHIIOTCA JUJIS KaXKJ0W HOBOW 3aJa4dl U, €CJH
OHA Ja)ke pelleHa YCHEIIHO, A00aBJEHUE TOMOJIHUTEIbHBIX PE3ylIbTaTOB B
BBIYMCIIUTENBHYIO 30HY TpeOyeT Oosbllero BpeMEeHU cYETa U OOJbIIETO
00BbéMa maMsaTH KoMIbloTepa [4].

OTUX HEynoOCTB MOXHO H30€XaTh MPU HMCIOJB30BAHUHU MPO3PAUYHBIX
rpannudbeix  yciaoBuid  (IITY) [4, 5], NO3BONSIOMIMX UMHUTHUPOBATH
HECYILECTBYIOIINE TPAaHUIIbl, KOTOpble HE OTpPaXaloT BO3MYIICHHUE, a
MO3BOJISIIOT €My KakK Obl MPONTH OecpensiTCTBEHHO.
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Paccmorpum opgnomepubiii ((1+1)-D [6]) cBeTOBOMl Ny4OK, KOTOPBIN
pacIpoCTpaHsIeTCs] B KEPPOBCKOW CpeJlie BIOJb OCH z U AU(dparupyer TOIbKO
M0 HampaBJieHUIO x. JIJig onrMcaHus SBOMIOIMU OrMOAaroeil CBETOBOrO MyyKa
OylIeM HCToJib30BaTh Clienylollee HeluHeiHoe ypaBHeHue lllpeaunrepa [6]
B 0e3pa3MepHBIX MEPEMEHHBIX

2

Ou 10 u 2

I—+—-—— i‘u‘ u=0, (1)
0z 20x

IJIe 3HAKH «+» U «—» BBIOMPAFOTCS COOTBETCTBEHHO JIJISI CBETJIBIX M TEMHBIX

COJIMTOHOB.
Nmes neno ¢ moriomaromen cpeion, ClIeayeT YYUTbIBaTh, YTO BOJHOBOU

BEKTOpP k SBISICTCS KOMIUJIEKCHBIM M €0 MOXKHO MPEICTaBUTh B
Buje [7]

—

k =k +ik,, (2)
I7I€ JEUCTBUTENbHASA 4YacTb Kk, ONpENENsieT HAIpaBICHUE U CKOPOCTb

pacripoctpaneHus (ha3oBoro (ppoHTa BOJIHBI, @ MHUMAasl 4acTh l;z — 3aTyXaHHue
¥ HaIpaBJIeHHEe MaKCUMaJIbHOTO U3MEHEHHS aMILTUTY bl BOIHEIL. JlokaibHOe
M3MEHEHHE OrmbaroIell CBETOBOTO MOJsl (pacIlyIbIBaHKUE 32 CUET AUPPAKIIHH
i ¢GokycupoBka 3a cueT rddexkra Keppa) dopmaabHO MOKHO OMHUCATh C
MOMOIIIBI0 MHHMOH 4YacTH TMPOEKIIMH BOJHOBOTO BEKTOpa Ha OCh X,
MPEJCTABIIASA 3Ty MPOCKITUIO B BHUJIC

kx :kxl +ikx2‘ (3)

CornacHo [5], ecnu geicTBUTENbHAS YaCTh K, SIBJIETCS MOJIOKUTEIBLHOM,

TO BKJIaJ B TOJHOE M3MEHEHUE SHEPruy Ha MPaBOW T'PaHMIIEC JODKEH OBIThH
OTPHIIATENILHBIM, T. €. JHEPrus W3IYYEHUS MOXET TOJBKO BBITEKATh W3
npobsieMHOM  00JacTH. DTO Ba)XXHOE CBOMCTBO YYWUTHIBACTCS  IMPH
MOJICIIUPOBaHUHU.  XOTS  COPMYIUPOBAaHHOE BBIIIE  YCIOBUE  PE3KO
OIPaHUYMBAET TIOTOK CBETOBOTO W3JIyYCHHS, OTPAXCHHBIM OT TPAHUIIBI
BBIUMCIUTEIBHOTO OKHA, KOJWYECTBO OJHEPrUU, KOTOPOE BBITEKACT U3
BBIYMCIUTEIBHOTO OKHA, SBIISIETCS 3aBUCSILIUM OT 3HAUYEHUS BEIUYUHBI k.

Eciu BenuumHa mocienHEero BbIOpaHa ONTUMANbHO, TO KOI(P(GUIHEHT
OTpakeHUsI Ha TrpaHulle OyneT HMMETh MHHUMAaJbHOE 3HadeHue. Takum
o0pa3zoM, BakHOW ocoOeHHOCThIO anmroput™a [II'Y sBnsercs ompeneneHue
ONTUMAJIBHOIO 3HaY€eHUs k., .

CymHocTe ucnonb3oBanus 1II'Y npu MoaenmpoBaHUM paclpOCTPAHEHUS
CBETOBOTO W3Iy4yeHHUs (DOPMUPYET OKCIOHCHIIMAIBHOE TOBEICHUE TIOJIS
BONM3M rpaHuiisl [4, 5]. Tak kak U AecTBUTENbHAS YaCTh, U MHHMAas 4acTh

kx U3MECHAKOTCA, TO JOJZKHO H3MCHATHCA kx n MCXKAY MaraMu

pacnpocTpaneHus. B cBsi3u ¢ 3TUM coriacHo [4, 5]
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n+l _  n+l _ik.h

um _um—le o ’ (4)
n
Z’tm—l

rae k, BBIUHCISAETCA W3 MNPEABLAYINEro MHiara 4epe3 OTHOLICHHE
u

N

m—2

[Ipu »TomM g Toro, 4ToOBl M30€XKATh OTPAKEHUS B HCCICIYEMYIO
00J1aCTh, IEUCTBUTEIbHAS YaCTh KOMIIJIEKCHOTO BEKTOpA 3JIEKTPOMArHUTHON

BOJIHBI JIOJDKHA OBITh HEOTPULATENIbHON. OJTO YCIOBUE J[ENaeT TpaHUlly

MpPO3pavyHOM W  TIO3BOJISIET CBETOBOM DJHEPrUU  OCTABUTH  0OJACTh

MOJIEJIMPOBAHUS.
PaccmoTrpum pacmpocTpaHeHHE CBETOBBIX NMY4YkoB B cpene Keppa 6e3

y4€Ta ¥ C Y4ETOM MPO3PAUYHBIX TPAHUYHBIX YCIOBHUHU.
Ha pucynke l,a u 1,0 mokasansl mpoduiib BXOAHOM OTHOCHUTEIHHOU

WHTEHCUBHOCTU TayccoBa myuka [8] (kpuBas 1), mpoduim OTHOCHUTEIBHOU
MHTEHCUBHOCTH T'ayCCOBBIX IYYKOB, PaclpocTpaHstomuxca noa yriaom 0,4°,
Ha BbIxoZe U3 cpeabl Keppa tommuuon 15 mm 6e3 yuéra (kpuBas 2 Ha
pucynke 1,a u kpuBas 3 Ha pucynke 1,0) u ¢ yuérom III'Y (kpuBas 2 Ha

pucyske 1,0).

- 1
0.8t !
= 1
0.6 [
N ] []
— 1 A
0.4 !
I
0.2 ,:'

—1050 0 150 -%0 0
X, MKM

Pucynok 1 — a) npoduian OTHOCUTENTFHON MHTEHCUBHOCTH rayCcOBa ITy4Ka:
Ha BXojie B cpeny (kpuBas 1), Ha BbIxoze u3 cpenbl Keppa Tommmnoin 15 mm
C Y4ETOM HYJEBBIX TPAHUYHBIX YCIOBUM (KpuBad 2);
0) mpodusi OTHOCUTEJILHOW HMHTEHCUBHOCTH IayCCOBA My4Ka: Ha BXOJIE B Cpey
(xpuBas 1), Ha BbIxojie u3 cpeanl Keppa Tonmunoit 15 MM ¢ yuérom
u 6e3 yuéra [II'Y (xkpuBasi 2 1 3 COOTBETCTBEHHO);
B), T') pacnpe/ielIeHue HHTEHCUBHOCTH CBETOBOI'O MTy4Ka B KEPPOBCKOMU cpefie
ToyHou 15 MM ¢ yuétoM u 6e3 yuéra I1I'Y coorBeTCTBEHHO

Ha pucynke 1,B moka3zaHo pacmpeieieHHue MHTEHCUBHOCTU CBETOBOIO
nydka B KeppoBckoil cpene ¢ yu€tom III'Y, a Ha pucynke 1,r — 0e3 yuéra.
IIpu anamuze pucyHka 1 O4YEBHUAHO TMPEUMYIIECTBO MCIOIb30BAHUS
MPO3PAYHBIX TPAHUYHBIX YCJIOBHH, TaK Kak 0€3 UX ydéTa PH OJTHUX U TEX XKE
YCIIOBUSIX MOJIEIMpoBaHue, He BKIovarouiee [11'Y, noka3piBaeT MCKaKeHUE

KapTHHBI paCIpPOCTPAHEHUSI CBETOBOIO U3JIYUEHUS.
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Ha pucynke 2,a mokazaHbl nOpoduib BXOJHOM OTHOCHUTEIHHOM
WHTEHCUBHOCTU TEMHOTO coiuToHa [6] (kpuBas 1) m mpoduib BBIXOIHOU
OTHOCHUTEIBHON MHTEHCUBHOCTU TEMHOI'O COJIMTOHA, PACIIPOCTPAHSIOIIETOCS
nox yrioMm 0.4° B cpeae Keppa Tonmunoi 15 mm ¢ yuérom I1I'Y (kpuBas 2).

Ha pucynke 2,0 moka3aHO pachpeeleHue HWHTEHCUBHOCTH TEMHOTO
COIMTOHA, pacmpocTpaHnsouierocs 1oy yrnom 0,4° Kk HOpMaaM K rpaHMIe
KEPPOBCKOM cpebl ¢ yuéroMm I1T'Y.

Ha pucynke 2,B mokazaHbl Npo(uId OTHOCUTEIbHOW HHTEHCHUBHOCTH
CBETOBOr0 Myyka ¢ orubaromieil B Bujae GyHkuuu ['aycca, Mojenupyromme
pacrnpoctpanenue TémMHoro conuroHa [9] B cpene Keppa tommuuon 15 mm
c yuérom III'Y u 6e3 ux yuéra (kpuBasi 2 1 3 COOTBETCTBEHHO).
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Pucynok 2 — a) npoduian OTHOCUTENbHON HHTEHCUBHOCTH
TEMHOTI'O COJIMTOHA: Ha BXOJIe B cpeAy (kpuBas 1), Ha BeIxoze u3 cpeanl Keppa
tonuHou 15 MM ¢ yuérom III'Y (kpuBas 2);
0) pacnpenefieHue UHTEHCUBHOCTH TEMHOT'O COJTMTOHA B KEPPOBCKOM cpefie
TommuHou 15 MM ¢ yuérom IV
B) MpO(UIIM OTHOCUTEIbHON MHTEHCUBHOCTU CBETOBOIO MTy4YKa C Orudaroiei
B BH/JIE rayccoBa pacnpeiesieHus: Ha BXo/ie B cpeny (kpuBas 1),
Ha BbIxoJie U3 cpeabl Keppa Tomumuoit 15 MM ¢ yuérom u 6e3 yuéra [1I'Y
(kpuBas 2 1 3 COOTBETCTBEHHO)

B Tabmuue 1 mpenctaBiieHbl pe3yibTaThl, KOTOPbIE MOKa3bIBAlOT, BO
CKOJIbKO pa3 yMEHbIIAeTcsl HccienyemMas o0JlacTb W BO CKOJIBKO a3
YMEHBIIIAETCA BpeEMsI CU€Ta, €Clii UCIob30BaTh [II'Y mims mopenvupoBaHus
pacrpoCTpaHEHUs TayccoBa My4Ka, TEMHOIO COJIMTOHA M CBETOBOIO ITy4YKa C
orubaromieit B Buae (pynkium ['aycca (TémHoro comutoHa) B cpenae Keppa
tommuuHor 15 mMm. [Ipu 3TOM, Kak BHAHO M3 TaOIUIEI 1 111 MOIEIMPOBAHUS
TEMHBIX TPOCTPAHCTBEHHBIX COMUTOHOB, Y4€T III'Y okaspiBaeT Oobliioe
BJIMSIHUE HA BPEMS, IOTPAYEHHOE Ha CUET.

[IpoBenen ananmu3 >PQPEKTUBHOCTH MPO3PAYHBIX TPAHUYHBIX YCJIOBHIA
IIPU MOJIEJIMPOBAHUM PACIPOCTPAHEHUS] TEMHBIX COIUTOHOB B cpene Keppa.
[IpuMeHeHre MPO3payHbIX TPAHUYHBIX YCIOBUM TaET BO3MOMXKHOCTh CYILIECT-
BEHHO COKpPaTUTh BBIYUCIHUTENBHBIE 3aTpaTbl 3a CYET YMEHBIICHUS
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pacu€TtHoil obnactu. [Ipu ucmnonb30BaHUM MPO3PAYHBIX TPAHUYHBIX YCIOBUH
MOKET OBITh YMEHBIICHO BBHIUMCIUTEILHOE OKHO, @ 3HAYUT U KOMIIBIOTEPHOE

BpEMSI.
Tabmura 1
CBeTOBOI My40K
ITyuoxk I"ayccoB my4ok TEémHbINA comMTOH | ¢ orubaroiei B BUje
¢dbyukiuu [Naycca
TI0JIE, MKM | BpeMs, C | IIOJIE, MKM | BpeMsi, C | ITOJIe, MKM | BpeMs, C
be3 III'Y 300 1,38 800 17,42 360 7,63
CIIy 150 0,14 150 0,42 270 6,23
VYmenbiienne | B2 pa3a | B99pa3 | BS,7pa3 | B41,5pa3 | B [,3pa3 | B 1,2 pa3
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I'.B. Kyaak', A.T. Marseepa', B.I'. I'ynenes’

Yo «MoO3BIPCKHUI TOCYAAPCTBEHHBbIN MEeAAroru4eCKMi YHUBEPCUTET
umenu U.II. Ilamsaxkuna», Mo3sips, beaapyce
'THY «Aucturyr ¢pusuxn nmenn B.1. Crenanosa» HAH Benapycn,
MuHck, benapycs

OOTOPE®PAKTUBHBIE I'OJIOTPAOUYECKHUE PEHIETKHA
B KPUCTAJIJVIAX CWIVIEHUTOB IIPU IMOPAKIIMU CBETA
HA YJIBTPA3BYKE B PEXKUME PAMAHA-HATA

B pab6orte [1] paccmoTpena nocneaoBaTeabHasi TEOpUsl TUPPAKIUU CBETa
Ha YJbTPa3ByKE B TUPOTPOIMHBIX KyOMUECKUX KpUCTaUiax B pexume Pamana-
Hara. IlpuBeneHa cucrema CBSI3aHHBIX 3aLECIULIOIIMXCS YPABHEHHUM,
omuchIBaromas akycroontuueckyio (AO) nudpakiuioo B THPOTPOIHBIX
cpenax. IlomydeHo pelleHME CHUCTEMBbl YpPaBHEHUW CBSI3aHHBIX BOJH
B peXHUME CcJIaboro akyCTOONTUYECKOr0 B3aUMOICUCTBUS TpU AUGPAKIIUUA HA
MPOJOJIbHBIX M CABUTOBBIX YIbTpa3BYKOBbIX (Y3) BomHax. B pabore [2]
AKCIIEPUMEHTANBHO HuccienoBal ¢oropedpaktuBubii (OP) sddext npu
UHTEephEpPeHIIMY CBETOBBIX IYYKOB OJMHAKOBOM 4YaCTOThI, MOJYyYEHHBIX
B pe3ynbTaTe paMaH-HaTOBCko AO audpakiiuu Ha CTOSYUX Y3 BOJIHAX.

B nacrosmieit pabote mcciieloBaHbl 0COOCHHOCTH 3aIMCH M CUUTHIBAHUS
®P pemieTok, 3amUCaHHBIX B THUPOTPOIHBIX KyOMYECKMX KpUCTaJIax
CUJUICHUTOB B  pPEXUME cJaboro akycTo- ©  3JIEKTPOOTHYECKOTo
B3aUMOJCHUCTBUS. UYUMCIEHHBIE pacyeTbl MPOBEAECHBI [JIs1 KPUCTAJUIOB
cuJiKata BUCMYTa (Bi12510y).

[Ipeanonoxxum, YTO BAOJNb Kpuctamwiorpaduueckorr ocu [001] wumm
HaIpaBJICHUN <110>, KOTOpBIE JUIA AaKyCTHUYECKUX BOJIH  SIBIISIFOTCS

POJIOJIbHBIMU WJIM TIONEPEUYHBIMU HOPMAJIIMH, PAaCIPOCTPAHACTCS TJIOCKas
V3 Bomma. V3 BomHa c Bekropom cMemtenus U = U, expli(Kx — Q1))
(K =Q/v, 2 — nukamveckas 49acToTa, v-CKOPOCTh YJIbTpa3ByKa) CO3/acT
NEepUOJUYECKOE B TIPOCTPAHCTBE W BPEMEHU  pacnpeesieHUe
TUDJIEKTPUYECKOM  MPOHULIAEMOCTH Agl.j = —gzPl.jk,U PP Vi ( e —
JIMDIICKTPUYECKasl MPOHUIIACMOCTh HEBO3MYILIEHHOrO KpucTamia, b, —
KOMIIOHEHTBl TEH30pa (OTOYNPYrUX MOCTOSHHBIX, U,, — KOMIIOHEHTHI

TeH3opa aedopmaruii. CBeToBass BOJHA C aMIUTUTYIOM A W a3UMyTOM
NOJIPU3aLUM |  pPaclHpoCTpaHsieTcss mox yriaoM ¢ K ocu Z. llpm
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o 2
BelMosiHeHUU ycnosuih  [1] [A,/nA" <<1 (I — mmHa obnactu AO
B3aUMOJIEHCTBUA, A, — JJIMHA CBETOBOM BOJHBI B BaKyyMe, n — I10Ka3aTejb

npejoMiieHus: cpenbl, A — mmHa Y3 BOJHBI) HabmomaeTcs Audpakius
Pamana-Hara.

OO11ee pelieHre CUCTEMBI 3aleIUISIIONINXCS] YPAaBHEHU I CBSI3aHHBIX BOJIH
B TUPOTPOITHON Cpe/ie MOYKHO MOJYYUTh JUIIb YUCICHHBIMUA MeTojaamu [1].
B pexume cnaboro AQO B3aUMOJICUCTBHS CYIIECTBEHHBI JIMIb JBa
nudparnpoBaHHBIX nopsiaka. [Ipu 3ToM B cucteMe ypaBHEHUHN CYIIECTBEHHBI
UL J1Ba IU(PPArUpOBAHHBIX TOPSAIKA C KOMIUIEKCHBIMU aMILTATYIaMH
A4y, By, A.,, B,,, 111 KOTOPBIX CUCTEMY YPAaBHEHMI CBSI3aHHBIX BOJIH MOXHO

IPEICTaBUTh B BUJE JIBYX BEKTOPHO-MATPUYHBIX YPABHECHUN:

d—A:SZ+QZ§,d—B:FZ+DZ§, (1)
dz dz
rne  A=(4,,4,,,4,), B=(B,,B.;,B,,) (r— cumBom omepaunum

TpaHCIOHUPOBaHUA); MaTpulbl P,QO,Fu D UMeT BUL:

- A, —x
S=| x -—i5 0 |, D=|—-y, A 0 |

X 0 —iA -x 0 iA |

2)
p—iA  x X —(p +id) X - X
O=| x p-iA  x | F=| -2 —(p+id)  —x |
X X  p—il —X X —(p+iA)

Tae . —(7m PHL/Zl COS(pL/ZI /ov’, y= (7m3pad’/2l cosp 21, /o0’ ,
A= ( } ”311’/ 22, cosqo)E (7m r? /2, COS(p)Ee (0 — IUIOTHOCTH
Kpuctamia, [, — HMHTEHCHUBHOCTb Y3 BOJHBL, L — (a3oBas CKOPOCTb

yIBTPa3ByKa, O — IMMapaMeTp YIEIbHOrO BpamieHws, E° — HanpsHKeHHOCTh

BHEIIHETO 3JIEKTPUYECKOTO TOJIS).
HaubGonpmmit uaTepec mis 3anucu OP pemeTok mOpencTaBisiOT JIBE
r€OMETPUH AO B3aUMOJAECUCTBUSA: 1) BOJTHOBOM BEKTOp MaJIarOLIEH CBETOBOM

BOJHBI K, H[l 10 a BOJIHOBOM BEKTOP ITPOJOJIBHON aKyCTUYECKON BOJIHBI K u
BHEIIIHEE DJIEKTPHUECKoe Tmoje E° MapaluieNbHbl OCH [110]; 2) BOJIHOBOM

BEKTOp MAJarollel CBETOBOM BOJHBI kOH[l 10], a BOJHOBOM BEKTOpP

—

MPOIOJIBHON aKycTUYecKoi BoMHBI K ¥ BHEIIHEE dJeKTpuueckoe moine E°
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napanensEsl ocu [001]. JIna mepBoii reomerpunm AO B3amMoJeHCTBHS B
CUCTEME YypPAaBHEHUN CBA3aHHBIX BOJIH OTJIMYHBIMM OT HYJS CIELyeT
op _ o _ ap _
HOJIOKUTE p = = (2P11 +P,+P, +2P44)/2, p =P, p" =(py—prn)2,
7’ =r,; nana BTOpOHl TEOMETPUM OTJIMYHBIMH OT HyNs SBJISIOTCS
o _ o _ o _
py =R, pl =R, 0T =y,

s OIIPENECIECHUS KOMILJIEKCHBIX BEKTOPHBIX aMIUIUTY ]
audparupoBaHHBIX BOJIH VCIIO/Ib3YEM PUOJIMKEHUS:

X << P> X << P, ) << p ¥ TpaHUYHbIC YCIOBHS ;l(z =0)=(A4cosy,0,0),
B(z=0)=(A4siny,0,0)’. Boipaxkenue I KOMILUIEKCHBIX BEKTOPHBIX

aMIUTUTY T AU(pParupoBaHHbBIX BOJIH Ha BBIXOAHOW rpaHu z =/ oOiactu AO
B3aMMOJICUCTBUSI 1aIOTCSl COOTHOILICHUSIMU:

E, = Al [;(“ cosy &, +(x, + x)siny &, ]sin c(plexpi(k, 7 -at).  (3)

Pacnpenenenne HMHTEHCMBHOCTM CBe€Ta B O0JACTH  IEpEeCEUYEHUS
audparupoBaHHBIX CBETOBBIX MTYYKOB JA€TCS COOTHOIICHUEM:

I =1,+I,|mexp(2iKx)/2+c.c.],

m=|(p?) +(p?) coso) (P2 + ()] . “)

rac 10 — MHTCHCUBHOCTH IMaJaroumiero csera, m — AMIUIMTYJa MOAYJIALIUA

UHTEp(DEPEHIIMOHHON KApTHUHBI, CHUMBOJI «*» O3HAa4aeT KOMILJIEKCHOE
CONPSKEHUE.

Takum 00pazom, MpU MPHIIOKEHUU BHEIIHETO AJIEKTPUUYECKOro moist E°
BJIOJIb HANpaBJICHUs PACIPOCTpaHEHHUS Y3 BOJHBI 3a CYeT JpeidoBOro
MEXaHM3Ma HEJIMHENHOCTH BO3HHUKAET MPOCTPAHCTBEHHO-INIEPUOIUYECKOE

mojie MpOCTpaHCTBeHHOro 3apama E* = E*iiexp(2iKx), tne K = Kni
(7 — €eIMHUYHBIA BEKTOp, NapajuieIbHbI BOJHOBOMY BEKTOpPY Y3 BOJIHBI).
[Tone mpocTpaHCcTBEHHOTO 3apsiina E° sBIsSeTCS KOMIUICKCHON BEIMYMHON
[3], 0 ectv E* =mE, (E, —iE°)/[E°+i(E, +E )], Tne nuddysuonnoe
none E,=KkyT/e E, (kg — nocrosHHas bomenmana, 7' — aOcomroTHas
TEeMIIEpaTypa, e — 3apsi AEKTPOHA; MpeAesIbHOE MOJe MPOCTPAHCTBEHHOIO
sapsina B, =eN /&g K (g9 — mudriekTpuveckas NPOHUIAEMOCTh Bakyyma,
Na — KOHLIEHTpALMS aKIETITOPOB).

B cBoto ouepenb, mose mpocTpaHCTBEHHOIO 3aps/ia U3-3a JIEKTPUUYECKOT0o
apdekra TPUBOAUT K BO3HUKHOBEHUIO MOMAYJSILUUA JTAAICKTPUUIECKOM

v 2
npoHuiaeMocty (poropedpakTUBHON PELIETKH): Ag;’ ==&, B
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ITpouiecc cuuthiBanust OP Takxke onuchIBaeTCsa CUCTEMOMN ypaBHeHU (1),
omHako B Heil ciemyer momarath A=(A4,,A4.,,A,),B=(B,,B.,,B_,).
[Ipenmonaraercs, YTO TMOCJIE 3alHUCH PEHIETKA HAYMHAETCS IMPOIIecC
audpakuuy (CUUTHIBAHUS) CTAallMOHAPHOW (QoTOopepakKTUBHON pEIIETKH,

c nepuoaoM A/2. Ilpu 3TOM 37€MEHTHI MaTPUIL-KOIDPHUIIMEHTOB CHUCTEMBbI

A€ N
ypaBHeHud (1) momydaroTcss CBOpauMBaHUEM TEH30poB Ag ,A¢
C BEKTOpaMU MOIApU3aluu  €,,€,,. IlomydeHHas cucremMa ypaBHEHUMU
pemaercs ¢ NPUBJICYEHUM TEX K€ TpaHUYHBbIX ycinoBuu. g mepsou
reoMeTpun cuutbiBaHus PP cregyer B OTIMYHBIX OT HYJS 3JIEMEHTax
MaTpUI-KO3P(ULIIMEHTOB, MOJIYYEHHOM CHUCTEMbl YPaBHEHHUH BBINOJIHUTH

HOJCTAaHOBKH: Sjj (s, =iy, S =8y = i}(;a Siy =Sy =i2y);
9i (9, =9n =9 =p; fi (Ju=fn=fs=p) d;j = 0 (i,j=1+3);

Ui BTOPOM T€OMETpPUM CUUThIBaHUA [P crnenyer momoxkute: s; (s)3 =iy 4

S33 = il;)§ g (4 =qn =43 = —p+id,, ¢ =45 = i;(;, Qi3 =G =iy
Ji (fi=In=1s =p+iA¢, Jio = fa :i;(;, Jiz =1 Zil¢); dj = 0
(i,j=1+3). 3pmecp cmenyer nonokuTh A= —(7m3r41 /22, cos 2¢)Ee,
X = —(7m3r41 /22, cos 2§0)E“.

OTHOCUTENbHBIE MHTEHCUBHOCTU AU(PPArupoOBaHHBIX BOJMH 1., =1,,/1

(Ip4 =1r_ — MHTEHCHUBHOCTb CBETA BO BTOPOM JAU(PPAKLIMOHHOM MoOpsake, [
— WHTEHCHUBHOCTH IaJalOLIEr0 CBETA) MJIi NEPBOM M BTOPOM T€OMETPUH

CUHUTBIBaAHUA JAKOTCs COOTBETCTBEHHO COOTHOIICHUSIMMU.

2
e = X ? I*sinc(pl), 1, =%[l—sin(2y/)cos(2pl)]. (5)

N3 BeipaxkeHuit (5) caeayer, 4TO OTHOCUTEIbHASI MHTEHCUBHOCTD JIJIsI IEPBOM
reOMETPUM CYUTHIBAHUS 3aBUCUT OT a3uMyTa MOJISPU3ALMU TaJaroIIeTro
CBETa W/, a JIJIs BTOPOM F'€OMETPUU TaKasi 3aBUCUMOCTh OTCYTCTBYET.
3aBUCUMOCTD 1>+ OT TOJIIUHBI PEMIETKH [ M BEJIMYMHBI HANPSHKEHHOCTH
BHEIIHETO DJJIEKTPUYECKOro Mot £, U1 IEpBOM TE€OMETPUU «3AIUCH-
CUUTHIBAHUEY» TOJOrPadUUECKON PEIIETKH MpecTaBieHa Ha pucyHke 1,a. U3
pPUCYHKA CJIEAYeT, YTO JJII BTOPOM T€OMETPUH TUPPAKIIUK 7)o+ HE 3aBUCHUT OT
TOJIIMHBI KpUCTaUIa (€CJM HE YUYUTHIBATH MOIJIONICHUE CBETA) U U3MEHSETCS
IPUMEPHO MO KBaJAPAaTHOMY 3aKOHY C YBEIMYCHUEM HANPSHKECHHOCTH E,.
[Ipeanonaraercs, 4To majaroIias CBEToBask BOJIHA UMeET s- (W = T/2) uiu p-
(v = m) nonspuzanuto. [lpu asumyre nomspuzanuu (y = w/4) xapaktep
3aBUCHUMOCTH 1)+ OT [ u E, aHajlOruyeH, NpUBEACHHOMY Ha pUCyHKe 1,0.
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[Ipu BO3pacTaHMM HMHTEHCHUBHOCTH YJbTpPa3ByKa MPOUCXOIUT MEPEXO] B
pexxuMm  cuwibHOro  AQO  B3aMMOJEWCTBUA UM HMHJEKC  MOAYJISIIUU
m (m < 1) Ha4yHeT 3aBUCETH OT 3 HEKTUBHBIX (OTOYNPYTHX MOCTOSHHEIX F;.

Ha pucynke 1,6 mpezacTaBiieHa 3aBUCUMOCTb OTHOCUTENIbHOM MHTEHCUBHOCTH
B +2-M auddepeHInanIbHOM TOPSAKE 177+ OT TOMIIMHBI ToJorpaduueckoit
pelmeTKu | ¥ HAnpsHKEHHOCTH BHELIHETO JJIEKTpUYecKoro moyst £, s

S-TIOJIIPU30BAHHOI'O CUMUTBIBAIOIIETO CBETA W BTOPOM TIE€OMETPUM 3aIUCH-
CUMTBHIBAHUS TroJjorpaguueckoil pemerku. M3 pucynka cregyer, 4To
OTHOCUTENbHAS MHTEHCUBHOCThH OCHMJUIMPYET MPHU YBEJIMYEHUH TOJIIUHBI /
M BO3pacTaeT NPUMEPHO IO KBAJPaTHOMY 3aKOHY C YBEIUYECHUEM
HaIPSHKEHHOCTH BHELIHETO DJIEKTPUYECKOro o E, .

a 3]

3

3 4 =
1 E., kB/cm

2
E,, kB/em

Pucynok 1 — 3aBucumocts 3¢ HEeKTUBHOCTH AUPPAKIIUU 77, OT TOIIIMHBI
rojorpaguyecKoi pemeTky / U HanpsLKEHHOCTH BHEUTHETO 3JIEKTPHUYECKOT0
nons E, s nepsoii (a) u BTopoi (0) reomerpun cuuteiBanus I'P
(ho=0,63 MrmM, f= 10 MI'1, Na=2-10* M, T= 300K, r4; = 5-10"%m/B,
p=3.8cM", Bi|xSiOx)

3akmouenne. B pexume gudpaknum Pamana-Hata cBeta Ha
yIbTPa3ByKE BO3MOJKHA PETMCTpALMs YNbTPa3sByKa, PacIpOCTPAHAIOLIETOCH
BJOJIb OCH [OOI] u [110] THPOTPOITHOrO KyOM4eCKOro KpUCTaJlla CHIUIEHUTA.

[Ipu sToM nans 3aBUCUMOCTH A(P(HEKTUBHOCTU AUPPAKUUM OT TONIIUHBI
KpUCTAJUIa ¥ HANPSHKEHHOCTH BHEIIHETO YJIEKTPUYECKOrO MOJIs CYIIECTBEHHO
OTJUYAIOTCS ISl ABYX T€OMETPUM CUMTHIBAHUA rojorpaduyecKor pereTKu.
Jlis mepBoii TeoMeTpuU HaAOMIOAAEeTCs 3aBUCHUMOCTh 1o+ OT a3uMyTa
HOJISIPU3ALIK CBETA Y, a JIJIsl BTOPOM — OHA OTCYTCTBYET.

Jluteparypa
1. Kynak, I''B. OcHOBBI aKyCTOONTHUKH THPOTPONHBIX KPHUCTAIIOB /
I'.B. Kynak. — Munck: U3a. neatp bI'Y. —2005. — 127 c.
2. bepexnoit, A.A. Uccnenoranune doropedpaktupHoro sddexra mpu
aKyCTOONTHYECKOM B3aUMOJICMCTBUM B KpUCTAJUIaX CUJIMKaTa BHUCMyTa. /
A.A. Bepexuoit, T.H. [llepctuena // Ont. u crnexktp. — 1989. — T. 67. — Ne 6.
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—C. 1313-1319.

3. IlerpoB, M.II. ®oTopedpakTUBHBIC KPUCTAIIIBI B KOTEPEHTHOM ONTHKE
/ MLIL TletpoB, C.1. CrenanoB, A.B. Xomenko. — C.-I16. : Hayka, 1992. —
320 c.

C.H. Kypuakuna, B.H. beusrii, H.C. Ka3zak

I'HY «Ancruryr ¢puznku nmenn b.U. Crenanosa» HAH benapycnu,
MuHck, berapycs

I'EHEPALIUA CYHEPIIO3UIIMHU BECCEJIEBBIX IVIASMOHOB
B METAJUVIOAUDJIEKTPUYECKUX CTPYKTYPAX

B mnocnegnee Bpems mnpoOjema TEeHEpalud IUIA3MOHOB Ha TpaHMUIIE
pasnena  «AUAIEKTPUK-METAUD»  IPUBJIEKAaeT  BHUMAaHUE  MHOIHX
UCCIIEOBATENIEd B CBSI3M C IMEPCIEKTUBAMU MX UCIOJIb30BAHUSA B
MUKPOCKOIIMM BBICOKOIO pa3pelICHHs, a TAKXKE B CHUCTEMAX ONTHYECKOU
cessu  [1, 2]. Ilpm »o>TOM, Kak mpaBWJIO, AaBTOPbl OrPAaHUYHUBAKOTCS
M1a3MOHAMU, BO3HUKAIOMIMMU MPU BO30YKIEHUH IIJIOCKUMHU BOJHAMU WJIH
rayccoBeiMu mydkamu [3, 4]. B pabore [5] paccMOTpeHBI OCOOCHHOCTHU
reHepanuy eTMHUYHbIX OecceneBbix miasMoHoB (bIT) TH nonsipuzoBanHbIMU
OecceneBbiMu cBeToBbIMM myukamu (BCII). B Hacrosmem coobmeHuu
aHAIIM3UPYIOTCSI OCOOCHHOCTH TeHepaluu cyneprno3unuu bIl.

Paccmorpum BekTopHblid TH mnonspuzoBannbiil BCII, maparomumii Ha
TPaHUIlY pas3leNa «IUIIEKTPUK — MeTalu». M3 penieHuil ypaBHEHUM
MakcBenmna  cieayer, 4UTO  [ONEPEYHbIE  KOMIIOHEHTBI  BEKTOPOB
AIIEKTPUYECKOW W MAarHUTHOM HaIpsHKeHHOCTH (HOpMHUpPYyeMOoro BOJM3U
IPaHUIIBI TOBEPX-HOCTHOTO OecceieBa MyyKa OMpeaeIII0TCS BBIPAKEHUSIMU:

TH

~ 4 . X - e
E ,(R)=x% Jg expli(m -1+ ﬂcl,zz]ki[Jm_l(qP)e+ —J,,..(gp)exp(Rip)é |

LW

(1)
. n A , . L N=
H,2(R) === expli(m—Do* y,,(9)z]J,_(gp)e. +J,,.,(gp) exp(2ip)é_],

rie R=(p,p,z) — UUIUHIPUYECKHUE KOOPIUHATHI C OCBIO Z, OPTOTOHAIBHON
IOBEPXHOCTH pazflena ABYX Cpel, g — HapaMeTp KOHYCHOCTH (IolepeydHast

2 2 2 2
COCTaBJIAIOLIAsl BOJIHOBOIO BEKTOPA), ¢~ — X, =ky&,,, &,=N;,, &

JTUAJIEKTPUYECKasi TPOHUIIAEMOCTh, MHIEKC 1 (2) COOTBETCTBYET MmapameTpam
AM3JeKTpuKa (Meramna), k, =w/c, J,(qp) — ¢yHkuusa beccens m-ro

nopsinka, €, =(é, tie,)/ V2. Kax cienyer u3 (1) ¢ ydeToM TrpaHUYHBIX
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yCIIOBUM, BO30YKJIEHHUE OecceNneBbIX IIa3MOHOB BO3MOXKHO IPH BBIMOJ-
HEHUHU YCIIOBHUSI:

L2080 o e a) )

s

2:(9)& 312 _322
Kak BugHO U3 (2), MOBEpXHOCTHBIA OeccelieB MIIa3MOH CYIIECTBYET MpPH
ycnoBusX &(m)/ & <0, ‘82‘>81. JlucniepcuoHHOE ypaBHEHHE (2) MO BUILY
COBIAJAET C COOTBETCTBYIOIIMM BBIPAKEHHUEM JJIsi TTOBEPXHOCTHBIX BOJIH B
MJIOCKOBOJIHOBOM TpuOivkeHu. OJIHAKO, B OTJIMYUE OT IUIOCKUX BOJIH,
JaHHOE JUCIIEPCMOHHOE YypaBHEHHUE CBS3bIBAET YACTOTYy C MapaMeTpoM
koHycHocTu BCII:

3)

PaccMoTpuM Temepr 3HEpreTudeckue MOTOKH, (opMHUpyeMble BOJIU3H
rpaHULBl pa3lena JOUAJIEKTpUKa W Mmerauia cyneprnosuuuern N TH
MOJISIPU30BAHHBIX 0ECCENEeBhIX IIJITA3MOHOB C PAaBHBIMH aMIUIUTYJaMH U

dazamu. [IpuHuMas BO BHHUMaHHE ONpEACIICHUE §=(c/ 87‘[)Re(Exﬁ*),

[IOJy4YaeM, 4YTO BEKTOp YMoBa-IIOMHTHMHra B JUAJIEKTPUKE NPEACTABUM
B BUJI€ CYMMBbI MOTOKOB, popmupyeMbix KaxxasiM BII He3aBucumo, a Takxke
MOTOKA, SIBJISIFOIIETOCS PE3yJIbTATOM UX UHTEPPEPEHIIUU:

N

_ () int

P I;:Sz,(/),p T Sz PP (4)

Pacuer moka3piBaeT, 4TO B MeTa/ule BOJM3M TpPaHUIBl pasziena ¢

OUDJIEKTPUKOM OTJIIMYHBIMU OT HYJIA OKa3bIBAKOTCSA CICAYIOIINE KOMIIOHEHTHI
BekTOpa YMoBa-lIloliHTHHrA:

ot =3 > g exp( 2t "“f” sin(Amg)F " (p). ()
I=1n= 1

n;tl
n>l

2 .
Sél) - é‘AITH‘ n, sm 7/1(1)F2(l) (p)exp (_ 2;((1")2)’ (6a)

Sj;t IZ;'Z;'C”] lnc‘ exp(— 2Z(In)Z)COS(Am§D)[Sm71(1)F (ln)(p)Jrsmyl( v " (p )]’ (6b)
n#l,
n>l

inf cn 2 . . — . —(n
Spt IZ} Z} : | inc exp(—2x(,n)z)s1n(Amgo) [_ Sin 71(1)F3(l )(p)+sm 71(n)F3( l)(p)]' (7)

n#l,

n>[
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3/1eCch BBEICHBI CIIEYIOIE 0003HAYCHHUS:

I o (C](z)p)JnH (Q(n)p) +J (q(l)p)']mH (Q(n),o)

F™(p)= 5

Fz(l)(p): ) 1 (2) 13 1(n) ’

m
Fz(l)(p) = q—(']m (q(l)p))z,
(D

Jm(q(l)p)(']m—l (Q(n)P) —J i (Q(n)P))

F(p)= :

Xyt Xy . A AT o .
(n) = 5 A () = 5 s 4y = ;”1 S Y4y -

[Ipu stom wuaekcwl [, n (I, n = I1...N) o0o3nauator BII, Bxomsmiue
B CYNEPIIO3HUIIHIO, ¥, — YOI KOHYCHOCTH [-Tro GecceneBa CBETOBOIO My4YKa

CYNEpHo3uuuu, Am=m, —m MHIEKC «l» yKka3pIBaeT mapameTpsl

"
JIUDIJIEKTPUKA.

Kak cmenyer wu3 coorHomenut (5)—(7), ecmu  oOpa3syromiue
CYNepro3uLni0 OecceNeBbl IJIAa3MOHBI  XapaKTEPU3YIOTCS  pa3IM4YHBIMU
napameTpamu ¢, a TaKXKe pPazIMYHBIMU TOMOJOTUYECKUMU
3apsgamu, TO BceiaenctBue wuHTepdpepennuu bIl renepupyembie BOJIM3H
MOBEPXHOCTU pasjielia JHEPreTUYECKHe IOTOKH COAEepXKAaT KOMIIOHEHTY,
NEePHEHIUKYSIPHYIO yKa3aHHOW MOBEPXHOCTU paszaena. Kpome Toro, kak
noKasbplBaeT pacuer (pucyHok 1), mone, reHepupyemoe OecceleBbIMU
IUIa3MOHAMM C TOIOJIOTUYECKUMHU 3apsaMu m,,m, pa3IMYHbIMU Kak I10
aOCOJMIOTHOMY  3HAY€HHMIO, TaK ©U 1O  3HAKy, XapaKTepU3yeTcs
CYIIECTBOBAaHUEM  UEpeAyloIIuxcsa  obiacteil ¢ IPOTHUBOIOJIOKHO
HaIpaBJIEHHBIMU a3UMYTAJILHBIMU PHEPreTUYECKUMU nmoTokamu. [Ipu sTom B
NpUOCEeBOM 00JacTU HAOJMIOAAIOTCS  SIPKO  BBIPAXKEHHBIE MaKCUMYMBbI
CYOMUKpPOHHOI'O pa3Mepa, YUCI0 KOTOPBIX OKA3bIBAETCS PABHBIM M = My, + M,
(pucyHoK 2,a). OTMETHM, 4TO, KaK MOKa3bIBAE€T pacyueT, CTPYKTypa IOJs He
W3MEHSETCS IPU yJaJeHUU OT TPaHUIlbl pa3zeia, YTO CBUIETENbCTBYET O €ro
KkBa3u0e3a1PaKIMOHHON TPUpOIE.

Takum 00pa3oM, Cymeprno3uius ABYX IIa3MOHOB C TOIOJOTMYECKUMHU
3apsaMu, pa3IMYHbBIMU Kak MO aOCONMIOTHOMY 3HAYEHHIO, TaK W MO 3HAKY,
MO3BOJIIET (POPMUPOBATH BOJM3U TMOBEPXHOCTH KBa3uOe3aupaKkiinOHHbBIN
«MYJBTUILIA3MOH» C MaKCUMyMamMu CyOMHKpPOHHOTo pasmepa. FEro
OTJIMYUTEBPHOM  OCOOEHHOCTBIO, Kak ciuenyer u3 (7), sABisIeTcA
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CYIIECTBOBaHUE KaK a3MMYTaJbHOTO, TaK W PAAHAILHOTO DHEPreTHUECKUX
MOTOKOB (pucyHOK 2,0). JlaHHBIE «MYJIBTHUILIA3MOHBD) OeccelieBa THIIA
MPENICTABIISIOT MHTEPEC Ui MAHUITYJMPOBAHUS MUKpPO- M HaHOYACTHUIIAMH,
30H/IMPOBAHUS OMOIOTMYECKHUX KIJIETOK, B TEHHOW HH)KCHEPHH.

B

110" —

IS

-110°

=1
of

X']U HM

Pucynok 1 — AsuMyraiibHasi KOMIIOHEHTa BekTopa Y MoBa-IloliHTHHTa
CBETOBOTO OIS, POPMUPYEMOTO BHYTPHU cpelibl 13 = 1(BO3ayX)

CyHeprosuIueil IByX 6ecceseBbIX mIasMoHoB ¢ g =1.04-10"m,

reHEPUPOBAHHBIX OECCEEBBIMU CBETOBBIMHU ITYYKAMM
¢ wmHo# BonHbl A = 0,63 MKM B cTpykType «crekio (n =1,51) —

TOJICTBIH CIIOH cepedpa — Bo3ayx», z=A/3; m; =1, m,=-2

0 100 200 00 400 A00

0 100 200 200 400 00

Pucynok 2 — JIBymepHoe pacripesiesieHue MOAYJIeH a3uMyTalbHOM (a)
U paguaabHOM (0) KOMIIOHEHT BekTopa Y MoBa-IloifHTHHIa CBETOBOTO TOJIA,
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dopmupyemoro BHYTpH cpensl 13 =1 (Bo3myx) cyneprosunuei aAByx GecceseBbIx
ITa3MOHOB € ¢ = 1.04-10" M, FeHEPUPOBAHHBIX OECCEICBBIMU CBETOBBIMH ITyYKaMH
¢ muHOM BOJHBI A = 0,63 MKM B cTpyKType «cTekio (7 = 1,51) — toncreii cnoi

cepebpa — Bo3ayx». z=A/3; m; =1, m,=-2
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I'.C. Mutiopuu', B.B. Ceupuznosa’®, A.H. Ceprioxos’

'yo «beJIopycCKHUH TOProBO-3KOHOMHUYECKUUA YHUBEPCUTET
NoTpeduTeNbCKOM Koonepauun», I'omenn, beaapycb
?YO «ToMeabckuii rocy1apcTBeHHbIi YHHBEPCHTET

nMeHu Ppanuucka Cxkopunb», 'omenn, besapycb

TEPMOOITHYECKOE BO3BYK/IEHUE 3BYKA B
T'MPOTPOITHOM JIBYXCJIOMHUKE ITPU BCTPEUYHOM
B3AUMOJIEMCTBUU DJIEKTPOMATHUTHBIX BOJIH

[Ipu B3aMMOAEHCTBUU BCTPEUHBIX AIIEKTPOMArHUTHBIX BOJH B IOTIJIO-
MIAIONIEeH Ccpe/le UMEET MECTO SIBJICHHWE TYHHEJIbHOW mHTepdepeHunu [1-5],
OPUBOJAIIEE K PE3KOMY BO3pacTaHUIO KOdPPUIHEHTA TPO3PAYHOCTH CPEIbI
U TI03BOJISIIOIEE YIPAaBJATh SHEPreTUUECKUMH IMapaMeTpaMu HUHTepdepeH-
[IMOHHOTO MOJIsl BHYTpU cios. B pabote [2] sxcriepuMeHTalIbHO, UCCIIEI0BAHO
SBJICHHE TYHHEIHbHOM 3J€KTPOMArHUTHOW HHTEp(EepeHLINH B
METAJUIMYECKUX TIUIEHKaX TUTaHAa MpPH B3aUMOJEHUCTBUU JABYX BCTPEUHBIX
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CBETOBBIX TIYYKOB, M OBUIO TIOKa3aHO, 4YTO BeIWYMHA Kod(DduimreHTa
IPO3PavYHOCTH CYUIECTBEHHO 3aBUCUT OT HWHTEHCHUBHOCTH BCTPEYHBIX
CBETOBBIX IIYYKOB, pa3HOCTH uX (a3, TMOosIpu3alud BOJH, a TaKxKe
JUCCUTIATUBHBIX CBOMCTB 0oOpa3ua. BiusHue BHENTHEr0 MArHUTHOTO MO Ha
3¢(HEeKTUBHOCTh  YIpaBiIeHUS  HMHTEPPEPEHIIMOHHBIM  TMOTOKOM B
HaMarHM4€HHOW MOTJIOMIAONIEH IJIACTUHKE U3Y4YEHO B cTaThe [6]. ABTOpHI
[7] uccrnenoBanu BO30YKIACHUE YIbTpa- U THUIEPAKYCTHUECKUX KOJIeOaHUU B
NOTJIOIIAONIMX KOHAEHCHUPOBAHHBIX CpEax MHpPH HMIYJIbCHOM HarpeBe HX
MHTEePGEPEHIIMOHHBIM TOTOKOM KOTE€PEHTHOTO H3JIyYEHUS M IPEIIOKUIH
METO/I OIIPEIeNICHUs] CKOPOCTH U 3aTyXaHHUsI 3ByKa B 00OpasIie.

VYkazanHble 3()@eKThl B MOTJIOMAIONIUX €CTECTBEHHO TMPOTPOIHBIX WITU
MAarHMTOAaKTUBHBIX  Cpelax  JOKHBI ~ HMETh  psii  OCOOEHHOCTEH,
OOyCIIOBJICHHBIX BO3HUKHOBEHHEM B Cpellax C MPOCTPAaHCTBEHHOU
Aucriepcuei TOHKHX ONTHYeCKUX d(QeKToB, Hampumep, CBI3aHHBIX C
IPOSIBJIEHUEM €CTECTBEHHOIO MJIM MarHUTHOTO LIUPKYJISIPHOrO Auxpousma. B
paborax [8, 9] mokazaHO, YTO €CTECTBEHHass W BBIHYXKAeHHas (dddexT
®dapajnesi) TUPOTpOIHS HCCIeayeMoro olOpaslia CYIIECTBEHHO BIUSET Ha
MexaHu3M dopmupoBanus ¢oroakyctudeckoro (PA) curnana. B vactHocTH,
M3MEHSIS BEJIMYMHY peallbHOM 4acTH MapaMeTpa T'Mpalk, OTBETCTBEHHOM 3a
YVAENbHOE BpAUIEHHE IUIOCKOCTU TMOJISIPU3ALMUA CBETOBOW BOJHBI, MOXHO
JO0OUTHCS YBEIMUEHHS HA HECKOJIBKO MOPSAKOB aMILTUTYy bl DA curHana npu
HEU3MEHHON HAIpPSHYKEHHOCTH TMOJI B3aUMOJEHCTBYIOIIMX CBETOBBIX BOJIH.
UccnenoBannto dhopmupoBanus GHoToePICKIIMOHHOTO OTKIMKA B YCJIOBHSIX
TYHHEJIHHOU 3JIEKTPOMArHUTHON MHTEphEPEHIIUH B U30TPOITHO-TUPOTPOITHON
cpene nocsiieHa padota [10].

Cnegyer OTMETUTb, 4YTO SBJIIEHHE TYHHEIbHOM UHTEepdepeHInn
IpOSIBIISIETCA TaKXke W JUIsl aKkycTHyeckux BoiH. Hampumep, B pabote [11]
UCCJe10BaHa UHTEPPEPEHIINsT BCTPEUHBIX MPOAOJIBHBIX aKyCTUYECKUX BOJH
B OJHOMEPHOW CJIOMCTOM Cpelle M IOKa3aHa BO3MOYKHOCTb ONPEACIICHUS
NOJIOKEHUSI  e(PEKTHOrO  ClIosl. DKCIEPUMEHTAIbHOE MOATBEP)KICHHE
SBJICHUSI TYHHEJIbHOM HMHTEPPEPEeHIIMU aKyCTUYECKHMX BOJH Ha 4YacToTax
v ~10° —10° Iy mposexneno B [12].

PaccmorpuMm Huke ocobennoctn DA mpeoOpa3zoBaHus B MOTJIOMIAIOIICH
TUPOTPONHONW  JBYXCJIOMHOW CpeAe TMpHU BCTPEYHOM B3aUMOJAECHUCTBUH
ANIEKTPOMArHUTHBIX BOJH IPOWU3BOJBHOM NOJSIpU3alMsd B paMKax METOJa
razoMukpodonnoi peructpanuu @A curnana. MCTOUHUKOM TETUIOBBIX BOJIH
OyJIeM CUuTaTh MJIOTHOCTH MOIIHOCTU JUCCUIAIIUU PHEPTUU COOCTBEHHBIX
BOJIH B 00pasiie, KOTOPYIO OINpEAECIUM Ha OCHOBE TOYHOI'O PELICHUS Tpa-
HUYHOU 33724y 3JIEKTPOJIUHAMUKH.
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HYCTB ABC IIJIOCKUEC MOHOXPOMATUYCCKUC ITPOU3BOJIbHO IMOJIAPU30BAHHBIC
QJICKTPOMATIHUTHBIC BOJIHBI C HAYAJIbHBIMHA q)aSaMI/I Qon Q

E, (?,t) _ Eoei[(léf—wt)ﬂpo]’

FIO (7’ t) _ Floei[(EF—wt)+¢0]’

4 (1)
E(F,t) _ Eei[(—kf—a)t)ﬂpo]’

2
ﬁ(?’t)zHef[(—Ef—wr)ﬂpo]’ )

pacnpoCTpaHssiCh HABCTPEUYy APYT APYry, HOpMaIbHO MaJal0T K MOBEPXHOCTHU
JBYXCJIOMHOTO o00pasiia, COCTABJICHHOTO M3 M30TPOIHBIX THPOTPOIMHBIX
MaTEepUaJioB, W, PACIIOJIOKEHHOTO BHYTpH mpo3pauHoit @A sueriku [13] (cwm.

pucyHok 1). B ypaBHeHHSX kz(a)/c)n n — BOJIHOBOW BEKTOp, ® —
UUKIMYECKAss YacToTa, n — I[OKa3aTelb HPEJIOMJIEHUS, 7 — BOJHOBAs
HOpMaJlb.
I .
& S1 5, b
D E/\‘ B+
1+ - 1 Bgv-, — 1 o
Ey»To I © ,
[ EI— E17 E“_
E; By ‘
- EA+ EM E’3+ E3+ E,T
E’ E
E, 4 B, 3- -
n Ty Moy i3

Pucynok 1 — Cxema BCTpeYHOr0 B3aUMOJEHCTBUS ABYX
AJIEKTPOMArHUTHBIX BOJIH B ITOIVIOLIAOIIEM THPOTPOITHOM JIBYXCIIOMHUKE,
Pacnoio’)KEHHOM B IIUJIMHAPUYECKON (OTOaKYCTHUECKON sSTUeiKke,

d;, d>— TONIMHBI TUPOTPOMHBIX KOMIIOHEHTOB ABYXCIOMHHKA

C uWCcrnonb30BaHUEM PE3YJIbTATOB pELICHUS TPAaHUYHOW 3aJa4ud U C
y4yeToM BeIpakeHus s Q. [14],

E,

a) 14
L= | €
O 877[

i +i7/”(l77+*lrl+ —K.C.):l
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IMOCJIC HCCJIOKHBIX, XOTA U I'POMO3IAKHUX BBILII/ICJ'ICHI/II\/'I, IMOJIYYUM BBIPAKCHUA

UL CKOPOCTH OOBEMHOM JUCCHUMAIMM DSHEPTUU B KaXKIOM
TUPOTPOITHOTO TOIJIONIAIOIIETO ABYXCIOMHUKA!

0=0,+0,,0.=(0.+0" ) +0. +(0. +0"" )",

rac
(Qi )” =R, exp( )+ S, exp(oc+ )

0 1o 2 o[22
(Q.)" =V. exp(= B.x)+ W, exp(B.x),

2 2
(Qfl " )”[ =X, cos(—a) gl’xj exp(ir -0 7/1”xj ,
c c

B (4)—(7) 0603Ha4eHO:
R. = Ny e[ +{el| +2Re(e,,l. Joos(p, — 0}
S, = Ndele +{en] +2Re(el.s,. oos(p, — ).
T, =2N,, fep.| Re(BY ) +[e,. " + Rel4® )+ [Relef.e, ) + Rele .. o, -
V, = Ny den|” +{eb] +2Re(e, el Jeos(p, — 0)}.
}

Xy =2N,, ﬂgzli‘z RG(A( ) ‘€3+‘ +Re(B ) [Rele3.6% )+ Rel 6565, ) feoslp,

N, =2 g'{g;" +y”] Jj =12
i 4 NG A A R R
4r \/g

)
W, = N, {er.|” +{e.] + 2Re(e).éy. )cos(p, — )
)

CJIOC

3)

4)
)

(6)

(7)

o)

-)}.

®opmyinbl (5) u (7) ompenenstoT UHTEPPEPEHIIOHHBIE COCTABIISIONINE

JHUCCUIIALIMUA SHEPTUU B KAXKJIOM CJIOE.

)Iaﬂee BBIITOJIHUM PCIICHUC CUCTCMbI YPABHCHUA TCIIJIOIMIPOBOAHOCTH IJIA

KaXJ10M 00s1acTH (hOTOAKYCTUUECKON STUCHKHU

2
0 7;_ 1 aT:_ 1 Q”(]+eigt),—d1 <x<0;
ox' B ot 2k

S1
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oO°T I oT I

oO’T 1 {ﬁ = B,, —oo(x{—d,;

ox® B, at B: = By, dy{x(+0,
NpUHUMAsi B Kauye€CTBE IJIOTHOCTA MOIIHOCTH TEIUIOBBIX HCTOYHUKOB
BEJIMUYUHY JYCCHIIalMHU DHEPrUU (Q)” = (Q . )” +(Q_ )”,
)" =,)" +(0_)", uro nosBomser  HaiiTh  pacmpejeneHHe

TEMIIEpaTypHBIX MOJIEH B HCCIEAYEMOM 00pa3Le.

Pemienne cucrembl ypaBHEHMH TEMJIONPOBOAHOCTH (8) ¢ ydeToMm
IPAaHUYHBIX YCJIOBUM TO3BOJSIET HAWTH KOMIUIEKCHYIO  aMIUIUTYy
TEMIIEpaTYpHOrO IOJII Ha TIpPaHULE THUPOTPONHBIA JBYXCIOMHUK —
JIeTeKTOPHBIH Ta3 (x =—d):

Qi = (Elieli + EZiQZi + E3193J_r + E4194J_r + QJ_rHHT)a )

1
A
IIPU 3TOM

Oi ( Sz)(rli —])771;1 +2(S—])(S+r1i)§2_l _2(S+I)(S_rii)§2’

Oi ( S2)(I/ii+1)r]1i+2(S_I)(S_I/ii)§2_l_2(S+I)(S+I/ii)§27
Qi ((S+I)(I+rzi)§2 —(S—])(]+r2i)§2_l +2(Sr2i _1)7721)5
6, = 25((s + INI 41, )8, ~ (s = INI =1 )& =2(sr,. = st

g _ 210 @) — (0 )" {l(s - )& + (s + )&, ]+ asfor ™ (@,)]"
k o

—(s—1)eE - (s+IV&E, 5, = —1)e™E, —&7'E"),

A= (SO +1)S1 + (SO _1)S2’ é/ = eXp(GS/d/) 771+ = eXp(_ aidl)’

k,o ko o )i
— _ 0~0 _ 2752 _ + _ +

Uz+—eXP(_ﬁid2)=So—k—=S—ks—sa’ii— =
o, o, o}

sl sl

GSZ

HHT

B yparenun (9) unen 0, yuurbIBaeT MHTEP(EPEHIMOHHBIE BKJIAbI
Ka)XI0ro €104 B IUCCHUIIALUIO DHEPIWM, a Napel BenuuuH £, £, u £,
E,, ompenenstor co0oil cyMMapHble aMIUIUTYJIbl BOJH B IEPBOM U
BTOPOM CJIOSIX.
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XapakrtepHble ocobeHHOCTH (popmupoBanusi GA curHana npu BCTPEUHOM
B3aMMO/JICHCTBUM CBETOBBIX BOJIH B ECTECBEHHO-TUPOTPONHOM JIBYXCIOMHHUKE
B 3aBUCUMOCTH OT HMHTEHCUBHOCTEW B3aMMOJECHCTBYIOIIMX ITYYKOB [y, I,
4acTOThl MOAYJSAIMU () MaJalollero U3Iy4eHHUs, Pa3HOCTH HadalbHBIX (a3
A@ W JEWCTBUTENBHOW 4YacTH )’ MmapaMeTpa THpalWd NPEACTABICHBI Ha
pUCyHKax 2-5.

* o
o o

g
o

tevrverp b lirarany

aMpAuTYAQ PA CUurHOAGQ, OTH. ea.

©
o

LI U I L
0.0 2.0 - . 6.0
o I, 10 " Br/m2
PI/IcyHOK 2 — 3aBHCHUMOCTbH AMIIIIUTYOBI @A curnana oT ”HTEHCUBHOCTH /| 0
IIpA PpA3JINIHBIX 3HAYCHHUAX PA3HOCTU HAYAJIbHBIX (1)213 Agp
B3aHMOIIeﬁCTBy10H1HX CBCTOBBIX ITYYKOB

1-Ap=0°,2-Ap =45",3—-Ap =90°

15.0

10.0

bl
o

OMpAUTYAQ PA CUMrHAAO, OTH. €A

IIlII|Iil[|ll[||II[IIIII|III|

<
o

LI L L B O I |

0.0 40 ., 80 12.0
IO , 10 Bt/m2

Pucynok 3 — 3aBucumocts amMrmutyasl @A curnana g ot 4eHCTBUTEIBHOM
4acTu ' TUpAIMU IPU Pa3IMuHbIX 3HAYEHUSX Pa3HOCTH HadyalbHBIX (a3
(t,=+1,7=0,5=39)
1-Ap =0paod, 2—Ap =7/4 pao
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aMnAuTyA0 PA CUMHAAQ, OTH. eA.
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Pucynok 4 — 3aBucumocts aMuTyasl @A curnana g ot e CTBUTEIBHOM
4acTu ' TUpAIMU IPU Pa3IMuHbIX 3HAYEHUSAX Pa3HOCTH HadyalbHBIX (a3
(t,=-1,7=0,5=39)
1-Ap =0pao, 2—Ap = /4 pao

4.0

QMNAUTYAD WA CUFHOAQ, OTH. €A,
r w
o [a]

©

prrvr g b by
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Pucynok 5 — 3aBucumocts amMmutyasl @A curnana g ot 4eHCTBUTEIBHOM
4acTu ' TUpAIMU IPU Pa3InyHbIX 3HAYEHUSAX Pa3HOCTH HadyalbHBIX (a3
(r =0, s=30)
1-Ap =0pao, tr,=-1,2—-Ap =r/4 pao, t,=-1,3—Ap =0pao,
7, =+1,4—-Ap =7r/4 pao, 7, = +1

AHaJIN3 pe3yJIbTAaTOB

AHaM3 TIONY4EHHOI'O BBIPAXKEHHS BBIIOJIHUM Uil TUPOTPONHON
CTPYKTYpbI, OOpa30BaHHOW KyOMYECKMM KpPHUCTAJIOM TepMaHaTa BHCMYTa
Bi,,GeO,, U BBIPE3aHHOI'O BJIOJb ONTHYECKOW OCHU OJHOOCHBIM KPHUCTAJIOM

rnomara qutus LilO,. 1IoCTOAHHBIMU B pacuyeTax NMPUHUMAIIUCH CIETYIOLIUE
rmapaMeTpsbl:

d =510"m,d,=1-10"m, 1 =5,5-10"m, & =6,53, &/ =1-107,
g =361, 60 =25-10", p, =9200ke/m>, c, =356,15 [oc/x-K,
p,, =4500ke/ 2’ , ¢, =200 [Joc/x-K, k, =0,6285 Bm/m-K,
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k, =46,09 Bm/m-K.

Ha rpaduke 3aBucumoct ammiautyabsl @A OTKIMKA, OT HHTEHCUBHOCTHU
Iy omHOW M3 B3aUMOJEUCTBYIIMX BOJH (PUCYHOK 2) oOHapykeH 3(¢eKT
MOJTHOTO TO/AABJICHUSI CUTHANA, MPUYEM CABUT TOYKH, MUHUMYyMa OIMpe/e-
J5I€TCs Pa3HOCTBIO HAYANBHBIX (a3 A@ = ¢ — ¢, BCTPEYHBIX CBETOBBIX BOJIH.

Becbma cymiecTBeHHO BIMSHHE NapaMeTpa ¥, , OTBETCTBEHHOrO 3a

YAEIbHOE BpalleHUE IUIOCKOCTH MOJisipyu3aiuu, Ha BeanunHy DA curhana,
Py U3MEHEHUM A@ W COCTOSHHE MOJIAPU3ALMNU B3aUMOJCHCTBYIOIINX MOJ

(pucynok 3, 4), ipu 3toM S = 3,9). YBenuueHUE OTHOIICHUS TEIIOBBIX
MMIIETAHCOB KOMITIOHEHTOB THPOTPOIHOM CJIOUCTOM CTPYKTYypbl (S = 30)
OPUBOJUT K YMEHBUICHUIO aMIUMTyabl DA curHama v HU3MEHSET BUJ
GbyHKIIMOHATBHOM 3aBUCUMOCTH (pUCYHOK 5). Kak ciemayer u3 mpuBeaeHHBIX
rpa¢ukoB (pucyHok 3-5), ammmryna DA curHasa B 3aBUCUMOCTH OT
napaMeTpa y, MOXET BO3pacTaTh Ha HECKOJIBKO MOPSIKOB.

SIBneHuss TyHHEJIbHOW HHTEPPEPEeHIIMU BCTPEUYHBIX BOJH Pa3IMYHOM
(duznuecKkoil mpUPOIBI MPEACTABISET UHTEPEC HE TOJBKO C TEOPETUYECKOU
TOYKHM 3pEHUs, HO UMEET TaK k€ U MpuKiIaaHou acnekT. Ha ocHoBe addexra
TYHHEJIbHOW MHTEPPEPEeHIIMH TPEAJIOKEH CHOoco0 TMepeaayud MOTOKOB
SHEPruM 4epe3 CWJIbHO Torjomamnme cpeasl [15], Ha mnopsaku
MNOBBIIAIOIMNKN 3)PEKTUBHOCTH MEepejadyu CUTHAIOB B PaJiMO- U ONMTHYECKUX
KaHajlaX C 3HAYUTEIbHBIMH 3aTyxaHusmMu. B [16] mnpenioxkeH crocod
MHJYKIIMOHHOTO HarpeBa M3AENHI U3 AJIEKTPONPOBOAHBIX MaTEpHUasOB, II€
UCIIOJIb30BaHUE TyHHENbHOM MHTepdepenunn ypennuubaeT KIIJ[ narpesa B
CpPaBHEHUHM C OOBIYHBIM UHAYKIIMOHHBIM HarpeBoMm Ha 50 — 100 %.

Eme ogHuM BaXHBIM HAaNpaBlIEHUEM TEXHUYECKOrO0 MPUMEHEHHS
TYHHEJIbHOW HMHTEPPEPEHIIMM BCTPEUHBIX BOJIH SIBJSIETCS CIOCOO CHHTE3a
rojlorpaMMbl  JIJTMHHOBOJIHOBOTO  mpuOmmxenust  [17].  Yka3zaHHble
rojorpaMMbl MOTYT HMMETh pa3Mepbl JIUHBI BOJMHBL U 3(PHEKTUBHO
npeoOpa3oBbBIBATh MOIOBYIO CTPYKTYpY JJIEKTpOMarHutHoro nmond. B
YaCTHOCTH, NO/I00HbBIE AIEKTPOMAarHUTHbBIE uHTEephEepeHIIMOHHBIE
npeoOpa3oBaTesid  MOTYT  HCHOJb-30BaThCA B KauyeCcTBE  AHTEHH
HarpaBJieHHOro usiyuyenus B CBY nuanasone.

besycnoBHo, oOHapyxkeHune sddexra momaBiaeHUs (HOTOAKYCTUUECKOTO
CUTHaJa, a Takke crnocod 3PGEeKTUBHOrO YIPABJICHUS aAMILIATYAHO-
(a30BbIMU  XapaKTEPUCTHKAMH PE3YJIbTUPYIOIIETO OTKIMKAa MOTYT Jieub
B OCHOBY pa3paOOTKH HOBBIX MeTO/OB [18] mazepHoii (oroakycTudeckon
AUArHOCTHKKA  (YHKUMOHAJIBHBIX M KOHCTPYKIMOHHBIX  CTPYKTYp
U MaTepualioB, a TaKkKe CO3JaHUs DIEMEHTHOM 0a3bl aKyCTOOITHUKH,
KBAHTOBOMW U ONTHYECKON JIEKTPOHUKH, BKIIOYAsl HAHODJIEKTPOHUKY.

3akJroueHue
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Takum o6pa3oMm, B paboTe uccieoBaHa TEPMOONTUYECKAs TeHEepalus
3ByKa B TIOTJIOIIAIOIIEM THUPOTPONHOM JBYXCJIOMHUKE MpPU BCTPEUHOM
B3aMMOJICMCTBUM DJIETPOMArHUTHBIX BOJH. OOHapyxkeH 3(Q(exT moIHoro
MOJIaBJICHUs]  BENUYUHBI  (DOTOAKYCTMUECKOTO CHUTHajla B  YCIIOBHUSX
TYHHEJIHHOU 3JIEKTPOMArHUTHOW UHTEPPEPEHIINH.

[lokazaHa BO3MOXHOCTH YINPABICHUS aMIUTUTYAHO-(A30BBIMU Xapak-
TEPUCTUKAMU (POTOAKYCTMUECKOIO CHUTHaja, OCHOBAaHHAas Ha HM3MEHEHUU
BEJIMYUHBI  YJEJIbHOIO BpalleHUs IUIOCKOCTH TMOJSpU3alUU, Pa3HOCTH
HavyaJdbHBIX ()a3 U COCTOSHUSA MOJSIPU3ALNU B3aUMOJICUCTBYIOIINX CBETOBBIX
BOJIH B IMOTJIOMIAIOIIEN €CTECTBEHHO TUPOTPOITHOM JIBYXCJIOMHOU CpEJIE.

PaGora BeIMONHEHAa TpU  YaCTUYHOM  (DUHAHCOBOW  MOJJEPIKKE
['ocymapcTBEHHOM KOMIUIEKCHOW IIPOTPaMMBbl  HAy4YHBIX HMCCIIEIOBAaHUMN
Pecny6smuku benapyck «®@otonnka 3.03%.
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‘Uuctutyt sinepHoii pusuxu umenn I'.Y. Byakepa CO PAH,
HoBocudupck, Poccust

CUWIBHBIE KUPAJIBHBIE CBOMCTBA METAMATEPHAJIOB,
CO3JAHHBIX HA OCHOBE CIIMPAJIBHBIX 9JIEMEHTOB,
B TEPATEPIIOBOM /IMAITA3OHE

BBenenue

[IpyHuMnanesHas HOBM3HA W HAyYyHOE 3HAYEHUE CO3JIaHUs MeTamare-
pUAJIOB W3 TPEXMEPHBIX O00JI0YEK, (POPMUPYEMBIX U3 HANPSHKECHHBIX
HaHOIUIEHOK [1—4], 3akimoyaeTcss B MEPeXOAE€ OT JABYMEPHBIX 3JIEMEHTOB-

pPE30HATOPOB K TPEXMEPHBIM, MPEUU3UOHHOCTH Pa3MEPOB PE30HATOPOB
(BIJIOTh 10 aTOMApHOrO YPOBHsS) C XapaKTepHbIMU pa3MepaMu OT
MUKPOMETPOB 10 HAHOMETPOB, pa3HOOOpa3uu BO3MOXKHBIX (opM U
MaTepHuajoB 3JIEMEHTOB-PE30HATOPOB (IUANEKTPUKU, METAIUIbI, MOIYIPO-
BoAaHUKH). [IpuHiun ¢op-mMupoBaHus 0OOJOYKM W3 HAMPSKEHHOW IJICHKU
HILTIOCTPUPYET PHCYHOK 1.

1

PactanyTein

cnon \

Cxarblid cnoi CenekTneHoe

~ TpaeneHue
XEPTBEHHOMO
crnos

*epTBeHHbIn
crnou

Pucynok 1 — Cxema cBopaunBaHus Pucynok 2 — ®ororpadus
JIBYXCJIIOWHOM HANPSHYKEHHOW TIJIEHKH MAacCHBa CIIUpaJIe
IIpU €€ OTCOEAMHEHUU OT MOJIOKKH. (kBagpaTHas ceTka
OtcoennHeHHas OT MOJJIOKKH IJICHKA Ha (OTO — HETaTUBHBII (POTOPE3UCT
u3rubaeTcs Mnoja JeiCTBUEM MOMEHTA 13 MOJMMEPHOr0 Marepuania,
cuil M, BBI3BaHHOTO BHYTPEHHUMU TOJIIMHA OKOJIO 1 MKM)
HaIPSOKEHUSIMU

B PaCTAAHYTOM H CXKAaTOM CJI0AX

C mnoMombl0 TPEXMEPHBIX KOHCTPYKLHH  000J0YEK-pe30HATOPOB
AIIEKTPOMArHUTHBIA OTKJIMK MeTaMmarepuala 3aJaeTcsi BO BCEX Tpex
U3MEPEHUSIX, YTO SIBJIIETCS HOBBIM IIAroM B 00JIACTH MeTaMmaTepHasioB IS
TI'u aunanasoHa ¥ MO3BOJIAET CO3/laBaTh MeTaMaTepHallbl C TPUHIUIIHAIBHO
HOBBIMHU CBOWCTBaMHU. [laHHAsi TEXHOJIOTHSI B HACTOSILEE BpPEMsl SIBIISIETCS
€AMHCTBEHHON HAHOTEXHOJIOTHEH, KOTOpash MOXET O00EeCHeYuTbh MacCOBOE
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¢opmupoBanue TIL-mMeTamaTepranoB Ha OCHOBE TIJIAJIKUX PE30HAHCHBIX
TPEXMEPHBIX CIIHUpajeii, B TOM YHCiie 00bEeMHBIX METaMaTePUAIIOB.

1. CompaabHasi MoaeJb MOJIEKYJ BelleCTBA NPHUMEHUTEJIBHO K
HCKYCCTBEHHOM CTPYKTYpe ¢ 00JbII0H KHPAJIbHOCTHIO

ITpu paccCMOTpPEHUH AIEKTPOMArHUTHOU MOJIEJIN OOBIYHOM
(HEKHpaJbHOM) Cpeabl MPEaIonararoT, YTO OHa OMNUCHIBAET CBOMCTBA
CIUIOIIHOW cpeapl. KupanbHble K€ CBOWCTBA CBS3aHbl C MPOSBICHUEM
TUCKPETHOW CTPYKTYphI cpeibl. JIMHEHHbIE pa3Mepbl CIUpPAId MOTYT OBITh
MaJIbIMU 10 CPaBHEHUIO C JUIMHON BOJHBI, a JJIMHA MPOBOJIOKU, U3 KOTOPOH
U3rOTOBJIEHA CIHpaldb, MOXET OBITh TMOpsAKAa JJIUHBI BOJHBI, YTO
o0ecreunBaeT yCJIOBHUE pe3oHaHca. B 3TOM ciyyae KHpaJbHOCThH YXKE HE
ABJISICTCS MaJOW BEJIMYMHOM U CBOMCTBA KHUPAIBHOW CpEAbl MOTYT
KapAWHAIBHO OTJIMYAThCS OT CBOMCTB 3€pKAJIbHO CUMMETPUYHOW CpEJIbl HE
TOJIBKO 32 CYET HaKOIUIeHUs Majoro s¢@dexra, Kak B SBJICHUH ONTUYECKON
aKTUBHOCTH [5-9].

[Ipy wW3y4yeHUM HCKYCCTBEHHBIX AHU30TPOIHBIX CTPYKTYp C OCOOBIMU
CBOICTBaMH, TaK Ha3bIBAEMbIX METaMaTE€pPUAJIOB, BAXKEH HE TOJILKO (eHOME-
HOJIOTUYECKUHN TIOAXO0JI, 0a3UPYIOIIMIICS HA OCHOBHBIX (PM3MUYECKUX TOJIOKEHUSIX:
3aKOHE COXpPAHEHHUS JHEPruu JJIEKTPOMArHUTHOrO TMOJs, MPUHIIUIIE
CUMMETpUM KHHeTH4YeckuX koddpduuuentoB Ounzarepa-Kazumupa, yuere
KpucTtamorpagu-4yeckoil cummeTpun cpenbl. Ilpu aHanmuze CBOWMCTB
METaMaTepUuaJioB BO3PACTAET POJIb MHUKPOTEOPUHM, KOTOpas IMO3BOJSET
paccMaTpuBaTh KOHKPETHBIE MEXaHHU3Mbl PE30OHAHCHOTO BO30YXACHUS
AIIEMEHTOB CTPYKTYPBL.

B mHacrosimiee BpeMsi HaOmogaeTcs sBHAs TEHACHIUS K CO3JaHUIO
M HCCIENOBAaHUIO MeTamMarepuanoB i Tl AwanaszoHa, MOCKOJIbKY
B HacTosiee BpeMs TexHuka T1'11 1uana3oHa akTUBHO Pa3BUBAETCA U BMECTE
C TEM AacCOPTUMEHT DJJEKTPOMAarHUTHBIX CBOWCTB  CYIIECTBYIOIIMX
MaTepuajoB B 3TOM JAHana3oHe O4YeHb HeOorar, Hampumep, OTCYTCTBYIOT
matepuaibl ¢ O3((PEKTUBHBIMU HETUHEUHBIMH, KHPAJIbHBIMU M Jp.
CBOMCTBaMH, IIMPOKO HCHOJb3YEMbIE B ONTHYECKOM nauanas3one. [loaTtomy
KOHIICTII[MSI METaMaTepuagoB ocoOeHHO BocTpeboBana B T1' 11 nuamnasoHe.

Hamu OIIPENEIIEHO KOMIIJIEKCHOE BXOJHOE COIIPOTUBJICHUE
OJHOBUTKOBOW CITUPaJIU

/ =

6X

= [P (1)

U
Il & a(ll)me

rae U = E h — HanpsbKeHHEe Ha KOHLAX CIUpaly, s — war cnupany, [ — cunia
TOKa B CHUpalM, j — MHHUMas €IuWHULA, &, U M, — DJIEeKTpUYecKas H

11
MarauTHass MMOCTOAHHBLIC COOTBCTCTBCHHO, 7 — paauycC CIIMpAJIH, OC( )me —

KOMIIOHEHTa IICEBJOTEH30pa, XapaKTEPHU3YIOLIETO KHUpaAJbHbIE CBOMCTBA
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ciupanu, wuHAEKC 1 obo3HayaeT ock OX, OPUEHTHUPOBAHHYIO BJIOJIbH OCU
cnupanu. Toraa koapduuueHT ocnabieHus Mojs BHYTPH MeETajia T MOXET
OBITH HAIKCaH B Cleayrome dhopme:

0Pt )

rae S,, — IUIOIAAb CEYEHUs NMPOBOJHUKA, ¥ — Yrol IMOAbEMa CIUPAIH, p —
YAENBHOE COIPOTUBIIEHUE TPOBOJHHUKA.
MOoXHO OnpeAEANTh UUPKYJISPHBIN AUXPOU3M CTPYKTYPBI
p=1tL-T (3)
2T +T
rne Tr u 7. — xodpPUIIMEHTH MPOXOKACHUS MPABOl U JIEBOM LIUPKYISPHO
MOJISIPU30BAaHHBIX BOJIH.

2. CpaBHeHHE JHKCIHEPHMEHTAJIBHBIX Pe3yJbTATOB W YHMCJICHHOIO
MO EeJIMPOBAHUS

OKCIIEpUMEHTaJbHAsl pealn3alusl ONMCAHHBIX METaMaTepualioB Ha
OCHOBE CHHUpajlell sl TEeparepuoBOro IHana3oHa BO3MOXKHA C ITOMOIIbIO
HEIAaBHO Ppa3BUTOIO0 POCCUUCKMUMU YYEHBIMH MeToAa TouHoro 3D
HaHOCTPYKTypupoBanus [ 1 —4].

B Uuctutyre ¢usuku nomynpoBogHukoB CO PAH 0wt M3roToBIEHBI
00pasiibl, KOTOpbIE MPEACTABISIOT COO0M KBAJIPATHYIO PEIIETKY U3 CIIUpajei,
3aKpPENJIEHHBIX Ha IOMJIOKKE CETKOW M3 PE3UCTa, CIUPATIU MPUIIETAIOT K
MOMJIOKKE M PE3UCTY B LEHTPE, OCTalbHAs 4acTh CIHUPAIM HAXOAUTCA B
BO3/1yX€e (PUCYHOK 2).

[TapaMeTpbl OJIOCKH B Pa3BEPHYTOM COCTOSIHUM CIEAYIOIIME: JIUHA — 77
MKM, mupuHa — 6 MkM. [lonocku cremaHbl W3 YETHIPEXCIOWHOW IUICHKU
Ing,GagsAs/GaAs/Ti/Au  (16/40/3/65um), B cpemHell yacTu CHOUpPab
oOpareHa K TOMJIOKKEe CTOpoHOM Ing,GaggAs. Yronm moabema cnupaim —
52-53 rpanyca, nuametrp — 11 mxm. Ilepuon crpyktypsl 84 MKM.

Hcnons3yeMblii  yron mnoabeMa CHUpaid, paBHbIA 52-53°, sABisercs
ONTUMAJbHBIM JIJIsl MOTY4YeHHUsI 00pa30B C MAKCUMAJILHBIMUA THPOTPOITHBIMH
CBOICTBaMH, Kak nmokaszaHo B [10, 11].

OOpa3iibl U3roTOBJIEHBI C Pa3HBIMU pa3MEPAMHU — MAKCUMAaJIbHBIN 2 CM Ha
3 cm. Tlognoxkka GaAs HenerupoBaHHasi, TOMMMHA TOMI0KKHA 400 MKM.

B Uucruryre sanepHoir ¢usuku CO PAH Obutn  mpoBeseHBI
AKCIIEPUMEHTANIbHBIE HCCIEAOBaHUS CBOMCTB M3TOTOBJICHHBIX OOpPa3lloB,
pe3ynbTaThl KOTOPBIX MPUBEAEHBI Ha pucyHkax 3, 5. Ha pucyHkax 4-6
MPUBEAEHBl  PE3yNbTaTbl  YHUCIEHHONO  MOJEJIMPOBAHUS  CBOWCTB
HMCKYCCTBEHHOM aHU30TPOMHOU CTPYKTYPHI.
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HaGnronarens cMOTpUT HaBCTpEUy BOJIHE,
MOJIOKUTEILHBIN OTCYET yIJia — 1Mo
4acoBOM CTpeJKe

3akJoueHue
Ha mpumepe oOpasmia mpoBeleHO YHCIEHHOE MOJCIUPOBAHHE CBOMCTB
HMCKYCCTBEHHON KHPaJIbHOW CTPYKTYpPBI, & TAKXKE CPaBHEHHE C IKCIIEPUMECH-
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TaJbHBIMU PE3YJIbTaTaMHU B3aUMOJICHCTBUS CTPYKTYPHI C JIEKTPOMArHUTHBIM
n3nyuyeHneM B TI 11 nuamnasone.

B pesynbraTte cpaBHEHHUS SKCIEPUMEHTAIBHBIX IPAPUKOB U Pe3yIbTaTOB
MOJICIMPOBAHUSI MOXHO CJeJaTh BBIBOJA, 4YTO TMPEJIOKEHHAs MOJEIb
YIOBJIETBOPUTEIILHO OIKUCHIBAET CBOWCTBA HMCKYCCTBEHHOH CTPYKTYpHI C
OOJBIION KHUpaJbHOCTHIO. MakcuMmanbHble 3HA4YeHUs yria I[OBOPOTa
MJIOCKOCTHU MOJSIPU3ALMU BOJTHBI U LIUPKYJSIPHOTO JUXPOU3MA, PACCUUTAHHbIE
Ha OCHOBAaHHMM MPEIJIOKEHHOW MOJEIH, COOTBETCTBYIOT HAOJIOJaeMbIM B
sKcriepuMeHTe.  YacToTHas  3aBUCUMOCTh  PAaCCUMTAHHBIX  BEJIUYUH,
XapaKTepu3yIOIIUX KUpaldbHbIE CBOWCTBAa Cpeabl, BOJIM3M pPE30HAHCA
Ka4ECTBEHHO COrJIACYETCA C IKCIIEPUMEHTAJIbHBIMU JaHHbIMH [12].

Pabora BeimomHena mpu (¢GUHAHCOBOM ToAAepKke bemopycckoro
pecniyosmkanckoro Qgonna ¢gyHmaameHTanbHbIX uccienoBanuii (bPOOU) —
npoekt Ne  ®10P-230, Poccuiickoro ¢onaa dyHIaMEHTaIBHBIX
uccnegopanuit (POD®U) — mpoektsr 08-02-01434, 09-02-12303-odu_wMm,
10-02-90050-ben_a, mporpammel Cubupckoro otaenenus PAH -
MHTErpallMOHHBIA MEXIUCIUILUIMHAPHBIA TPOEKT No24.
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H.N. CracbkoB, 1.B. UBamkeBu4

YO «MoruieBckr# rocy1apcTBeHHbI YHUBEPCUTET
umenn A.A. Kyremosa», Mormwiesn, beaapych

CIHHEKTPAJIBHAA SJJIMIICOMETPHUSA ITOJTYITPOBOJHUKOBBIX
CJIOEB HA OJHOOCHBIX HOJJIOKKAX

[Iupokoe IIPUMEHEHUE B OIITO- 51 MUKPODJIEKTPOHUKE
IOJIYIIPOBOJHUKOBBIX ~ CJO€B, KOTOpPbIE€ HAHOCATCS Ha  OJHOOCHBIE
IUDIIEKTPUYECKUE ITOJII0KKH, COIPSKEHO C HEO00XOAMMOCTBIO

COBEPIICHCTBOBAHUS ONTUYECKUX METOAOB KOHTPOJISI UX TTapaMeTPOB.

B namHolt  pabore  pa3pabarhiBaeTCs ~ METOJ  CIEKTpaIbHOM
JUTUTICOMETPUM  JUIS  ONPEACIICHUS TONIIWHBI KPEMHUEBOTO CJIOS M
IapaMeTPOB  MEPEXOJAHOM  30HBI  CHUCTEMbl  MOHOKPHUCTAJUIMYECKUU
KPEMHHUEBBIM cJio (cSi) — OJHOOCHAs AMAJICKTPUYECKas TMOJJIOKKA U3
candupa (Al,O3). Ota cTpyKTypa MoMydusIa MUPOKOE pacIpOCTPaHESHHE IS
M3TOTOBJICHUSI HHTETPATbHBIX MUKPOCXEM, CBETOJMUOOB H T.]I.

B paGore [1] Obu1 mpeaIoKEH METOJ OIpeaeTeHUs] OpUCHTALNU
ONTUYECKOM OCH OJHOOCHOW TIOJJIOKKH, OCHOBAaHHBIH Ha 00paboTKe
AKCIEPUMEHTANBHBIX JOaHHbIX tg¥(a) u cosA(o), MOMYYEHHBIX MYTEM
BpallleHUs1 OTHOOCHOTO 00pasiia OTHOCUTEIBHO OCH, MEPIEHIUKYIISIPHON €Tro
noBepxHocTH (0° < a <360°). [Ans nmonydeHusl CIEKTPOB MOJISIPU3ALMOHHBIX
VIJIOB HCIIOJB30BAJICS ABTOMATHU3UPOBAHHBIA CIEKTPAIbHBIN SJUTUIICOMETP
ES-2 ¢ GunapHOi Momynsiueld COCTOSHHS MoJisspu3aiuu cBeta [2]. JlaHHbIN
METO/1 MO3BOJISIET ONMPEAEIUTh yroil O Mexay BEeKTOPOM ONTHYECKON OCU € U
HOPMQJIBIO K TOMJIOKKE M Yroia Ao MexIy MNpOeKUUEW BEKTOpa € Ha
MJIOCKOCTh TO/JIOKKH W HEKOTOPHIM PENEpHBIM BEKTOPOM a, JICKAINM B
ATOM IUIOCKOCTU. B pe3ynbrare NpUMEHEHHUsS 3TOr0 METOJA IS MJIACTHUHBI
MOHOKpHcTauia candupa ObUH onpeaenensl yribl 0 = 58° u Ao = 105°.

Pemiennie o00OpaTHOM 3ajauM  CHEKTPAIbHOM  DJUIMIICOMETPUU IS
UCCIIETyeMbIX 00pa3oB 0a3MpoBaJIOCH HAa OCHOBHOM ypaBHEHHHU IS
ONTUYECKOW MOJIEIH, KOTOpash BKJIOUasia M30TPOIHBIA cioi ¢Si (ny, ki, hy),
nepexogHoit cmoit (ny, kp, hy) m omHoocHyro momioxky AlLO; (n, ne),
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ONTUYECKass OCh €, KOTOPOM JIEKHUT B IUIOCKOCTU MAJICHHS HU3IYyYEHHS U
COCTaBJIISICT YroJl 6 ¢ HOpMaJIbIO K TpaHulle paszjena (PUCyHOK 1).

¢
No=1

Y > y

h, N; =n, - ik,
v
<> h, N, =n, - ik,

N,, N.
0
v

Pucynok 1 — Ontudeckas Moielb ucciieryemMoro oopasia

Jannas monens Obuta BbIOpaHa M3-32 TOTO, YTO MEXAY can@upoBoil
MOJJIOKKOH U CJIOEM MOHOKPUCTALIMYECKOTO KPEMHHSI CYIIECTBYET Iepe-
XOIHOM CJIOM, OTJIMYAKOIIMKCI MO CBOMCTBAM OT MOHOKPHCTAJUIMYECKOIO,
BO3HUKHOBEHHUE KOTOPOrO OOYCIOBJICHO pa3iuyueM (PU3NKO-XUMUYECKUX
CBOMCTB KpeMHUsI U candupoBOil MOMIOKKU [3]. MBI MpPearnoaoKuan, 9To
ONTUYECKUE XaPAKTEPUCTUKU CJIOSI KPEMHUS U carndupa MOKHO ONPEACIUTh
HE3aBHUCHUMO 0 UX CIIEKTpaM MOJSPU3AIlMOHHBIX yrioB. brarogaps satomy 10
napa-MeTpuueckas 3ajlada CBOJUTCA K ONPENENICHUIO JIMIIb YeThIpeX
BakHenmux napameTpoB (h, ny, ky u hy) ctpykrypst ¢Si — ALO;.

OCHOBHOE ypaBHEHHUE DJUIMIICOMETPUU JJii BBHIOPAaHHOW MOJIENTU HMMEET
BU [4]:

. R
tg¥e™ =2, (1)
RS
rie
~2p ~i2B
S.P | .S.P ) SSP | 5P |
= ) = )
P 1 4 PSP -2B, 14+ 5PrsP -2,
1 13 € Iy I, €

£ = Ncosp —n, P = Nicos @ — Ny,
! NOcosq0+771’ ol Nfcosq0+NO771’

s _M =M o N§771 _N%nz

I, =

- s 12 D
n+mn, N§771 - N%nz
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s _ N<2> (1, - 773)(Nc2>772 +774)S§ +(n, -1, )(singsS, - 77483)((N<2>772 +773)Sin§091 _(N<2>772773 ‘Hﬁ )S3)
23 . . 9
Nc2> (n, + 773)(Nc2>772 +774)S§ +(17, +1,)(SingS, - 77483)((N<2>772 +773)Sm§091 _(N<2>T72773 ‘Hﬁ )S3)

P _ Nc2>(772 - 773)(Nc2>772 _774)85 +(1, +1,)(SingsS, - 77483)((N<2>772 _773)Sin§ag1 _(N<2>T72773 _774% )S3)
23 . . 9
Nc2>(772 +773)(N<2>772 + 774)85 +(1, +1,)(SI0gAS; - 77483)((N<2>772 +773)Sm§091 _(N<2>772773 ‘Hﬁ )S3)

n = (N2 = Nisin’p) 2,
n, = (N2 = Nisinp) 2,
_ —singg, + (NA(Nq, -sin*p(N2 + (N2 = N2)(1 - 52))))”
4
n, = (N? —Nisin’p)”,
B, = 2mh, A(N> = NZsin’)”,

3

B, = 27h,A(N] = Nlsin® )",
g, =N, —(N;=N)S{, q,=(N;-N])S,S,,

S, =cosB, S, =sinB cosy, S,=sinb siny, y :g.

CHauana ObUTH OIpeeeHbl AUCIIEPCUOHHBIE 3aBUCUMOCTHU TMOKa3aTesen
MpEJIOMJICHUSI  OOBIKHOBEHHBIX 1N, ¢  HEOOBIKHOBEHHBIX N, JIyueu
MOHOKpucTaiia candupa. s 3Toro ObutM momy4deHbl CeKTphl tgW.(LA) u
cosAc(A) candupoBoil MOAIOKKH MPHU yIIIe MagAeHUs u3nydeHus ¢ = 65°. Ilpu
ATOM HaXOAWJIOCh TaKOE MOJOXKEeHUE o0paslia, P KOTOPOM €ro ONTHYeCKas
OCh JIGKUT B IIJIOCKOCTH TaJieHusl u3inydeHus. YpaBHenue (1) mig hy=0 u
h,=0 coaepxuT BCero JWIlb JIBE HEU3BECTHbIE (PYHKIHUH No(A) U ne(A) u
peliaeTcss METOJOM HaWMEHBIIUX KBaapaToB. [lpu 3TOM nucnepcHOHHbBIE
3aBUCHUMOCTH Ny(A) U ne(A) onuceiBarorcsa popmynamu Komum

0,€

0,€
5 i A

N3 Bcex BO3MOXKHBIX MApPaMETPOB dge, Doe, Coe BHIOMPAINCH TaKHE, MIPH
KOTOPBIX (PYHKIIMOHAJI HEBS3KU

n, (A)=a, +

o’ = iZ(Aei Ay )2 +(\Pei _\Pi)z (2)
m;

ObT1 MUHUMAIBHBIM (A, Ve, A;, Wi — U3MepeHHbIE W paCCUUTAHHBIC
MOJISIPU3AIMOHHBIE YTJIbI COOTBETCTBEHHO, M — YUCJO 3KCIEPUMEHTAIBHBIX
TOYEK B cnekTpe). Ha pucyHke 2 mpeacTaBieHbl MOJIYYEHHBIE 3aBUCUMOCTH
no(A) 1 ne(A) MoHOKpHCTa/Ia candupa. ITH TaHHBIE XOPOIIO COTJIACYIOTCS C
W3BECTHBIMHU.
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1.75
500 600 700 800 900 1x10 3

A
Pucynok 2 — PaccuutanHble JUCIEPCUOHHBIC 3aBUCUMOCTH No(A) U Ne(A)
MOHOKpHCTaJLIA carndupa

Cnekrpanbhbie 3aBUCUMOCTH tgW.(A) u cosAc(A) (puCyHOK 3) CHCTEMBI
cSi — ALO; 6puTM M3MepeHbl Npu yrie najeHus uziaydeHus ¢ =70°. Ilpu
TOM 00pasel] pacroiarajicsi Takke, KaK W MpPH MCCIEIOBAHUM YUCTOTO
cannpupa. CHexTpbl MoKa3zaTenss MNPEJOMIIEHUS MOHOKPUCTALIMYECKOTO
kpeMmHus N,(A) onpeeneHbl HaMU paHee MPU UCCIIEA0BAHUM TOJCTHIX (3 MM)
minactud  [5]. OHM XOpoLIO CcOorjacyrTcs € H3BECTHBIMH. llapamerpsr
MEPEXOTHOTO CJIoS Ny, Kk, hy m Tommuuy cmost ¢Si h; onpenensnu MeToaoM
HaWMMEHBIINX KBaApaToB. M3 TMONYy4YEHHBIX pPEIICHUU, BBHIOMpAINCh TaKue,
P KOTOPBIX (PYHKIMOHAT HEBS3KHU (2) ObLT MUHHMAJbHBIM. Pe3ynbraThl
pacyeToB JBYX 00Pa3IlOB C pa3HOW TOJIIMHOMN CJIOS KpeMHUS Ha cargupoBoi
MOJJIOKKE TIpe/icTaBieHbl B Tabmue. Ha pucynke 3 mpencraBieHbl SKCIepy-
MEHTaJbHbIE U paccunTaHHble crieKTphl tgW (L) u cosA(L) nis o6pasia Ne 1.

Tabmura 1
[TapameTpsl O6pazen No 1 O6pazerr No 2
n, 3,722 3,752
ky 0,0418 0,0385
h,, HM 46 56
h;, HM 250 543

N3 nannabix Tabmunel 1 BUIHO, 4TO Ha TpaHuie pazaena c¢Si — Al,Os
CYIIECTBYET MEPEXOJHBIM CJIIOH TOMIMHOW ~ 50 HM, MO ONTHUYECKUM
CBOMCTBAM OTJIMYHBIM OT MOHOKPUCTAIUIMYECKOTO KPEMHMUSL.
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Pucynok 3 — DkcneprumeHTalbHbIe (KpUBbIE 1) 1 paccuuTaHHbIe (KpUBBIE 2)
cnektpsl tg¥(A) u cosA(L) nis cucremsl cSi— AlOs.
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'YO «Moruesckwmii rocy1apCTBEHHbIH YHUBEPCUTET
umenn A.A. Kyinemosa», Mormwies, beaapych
'Y BIIO «BeopyccKko-poccuiicKnii yHUBEpCHTET»,
Moruues, beiaapych

O MPOBJIEME IEPEXOJHOI'O CJIOSI B CIEKTPAJIBHOM
IJVIMIICOMETPUN

Jlis pemieHusi oOpaTHBIX ONTHYECKUX 3ajlady HEoOXOoauMa arpuopHas
uH(popMaIus 0 AUCHEPCHOHHBIX XapaKTEPUCTUKAX MaTEPHUAJIOB, BXOJSAILIUX
B HUCCIEAYEMYIO CTPYKTYpy. OTH XapaKTEpPUCTUKU MOTYT OBbITh OMpejie-
JIEHBl CPEACTBAMM CIEKTPaJIbHOM JJUIMIICOMETPUM B IIPEABAPUTEIIBHBIX
skcnepuMeHTax. OCHOBHOE YpPaBHEHHE DILTUIICOMETPUH

tg¥e™ = %
s
COZIEPXUT, C OAHON CTOPOHBI, U3MEPSIEMBbIE MOJsApU3alMOHHbIE YTkl ¥ u A
Opy  3aJaHHBIX yIVIax TMaAeHus @, a C Jpyrod — aMIUIMTYJIHbIE
K03((ULUEHTBl OTpaxkeHUs R, U Ry p U § NOJSIPU30BAHHOIO H3IY4YECHMS,
paccuMTaHHbIE HA OCHOBAHMHU BBIOPAHHOW MOJENM HCCIeAyeMOro odpasla.
Onnako B OOBIYHBIX YCJOBHMSIX Ha TOBEPXHOCTH MAaTepUajoB Bceraa
IPUCYTCTBYIOT CYOBOJIHOBBIE MEPEXOHBIE CJIOU C TOJIIIUHON MHOT'O MEHBIIIE
JUIMHBL  BOJMHBI U3NMydyeHHs: (d <<A) MU HEU3BECTHBIMU OMNTUYECKUMU
XapaKTEPUCTUKAMHU. DTH CJIOM MOI'YT OKa3aTh CYIIECTBEHHOE BIIMSHUE Ha
pelieHrue OOpaTHBIX DJUIMIICOMETPUYECKUX 3aJad IO CHEKTPOCKOMUHU
MOJIJIOKEK, a IO3TOMY HX HEOOXOIMMO YYUTHIBATb B MOJIETH CPEbl,
3aKJIaJbIBAEMOA B MPSAMYIO JJUIMIICOMETPUYECKYIO 3ajlady B IpOLECCE
MUHHUMU3ALUHU EJIeBON QyHKIIUHU.
K HacTosmieMy BpeMEHH B JJUIMICOMETPUU HCIOIB3YETCA HECKOJIBKO
MOJIEJIEN IEPEXOAHOIO MOBEPXHOCTHOT'O CJIOS:
1) OgnopoaHblii cioi Ha nmoaJoxke [1]:
Rp _ ROlp +R12pe_216 .1+R01sRlzse_2i6

- -2i8 -2i5 *
R 1+ ROlpRIZpe Ry + Ry e

(1
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2) DBeckOHEYHO TOHKHUU CJIOM OPHUEHTHUPOBAHHBIX IUIIONEH C JABYMS
napaMeTpaMu ), U )y Ha IOMIOKKE (OCh ) IMEPHEHIUKYIIPHA TPAHULIE
paszena AByX Cpej, Xy — INIOCKOCTh MaJACHUS U3IydeHus) [2].

3) DbeckoHEYHO TOHKMWA MPOBOMALIMKA CIOW C MOJSIPU3YEMOCTHIO
B BEPTUKAJIbHOM HANpAaBICHUU ¢, MU BBICOKOYACTOTHOW IPOBOJUMOCTD
B TOPU30HTAILHOM HAIpPaBJICHUU f; = f, Ha MOIOKKE [3].

4) Mogens cnosi C TPOU3BOJIBHOM &(y), MOJy4E€HHass METOJIOM
MHTETPAJIbHBIX YPAaBHEHUM

R, _(0,6.-0.6)0,+0),  k20.(,~c)p%. @

R, (o, +o_¢)o,-0.) (0,6 + G_8+)2(G+ +o_ )

rae £, & — AUDICKTPUYECKUE MPOHUIIAEMOCTH Cpell TIOJ U HaJ CJIOEM,
ko=2nA, o =N,cosp; wm o.=Nycosp, — mapaMeTpbl, XapaKTEPHUIYIOIIHE
MpeJIOMJICHHE CBETa Ha rpaHUIlaxX pasznena, ff=singy u

) -e)e(y)—5)
J =k, jw -0 dy .

5) DbeckoHEYHO TOHKMWA CJIOM OpUEHTHPOBAHHBIX JUIIONEH C
HOJISIPU3YEMOCTBIO B BEPTUKAJIBHOM HAIPABICHUHM «, Ha MOMIOXKKe [4].
B aT0li Mozmenu cuuTaeTcs, UTO MPU MAJAECHUU U3 CPEAbl C KOMIUIEKCHBIM
IoKaszareneM npesnoMieHus N, =n,—ik, Ton yrioMm ¢, Ha Cpelgy c

nokasareneMm mpenomiieHuss N, =n, —ik, s- TOJISIPU30BAHHOIO H3IY4YECHMUS

(E|jz) mumony mEepexogHOro Cj0si OPUEHTHPYIOTCS B IJIOCKOCTH pasjeia
Cpell Xz, a UX CBSI3aHHBIC 3apsi/ibl HE pa3pbiBaloT mnoje E,. B Takom ciydae
aMIUTUTYIHBIA KO3 (OUIIMEHT OTpaKEHUS UMEET BUJT
_ Nycosp,— N, cosp,

R. =
> N,cosp, + N, cosop,

3)

B nagaromeM Ha rpaHunly pasznena p- HNOJSIPU30BAHHOM — M3JIyYEHHH

(E € Xy) MOXHO BBIIENUTh TAHT€HLIHANbHYIO Ey ¥ HOPMAJBHYIO E,

—

coctrapisitomue nois E. Ilone E, mpuBOAUT K MOJSIpU3ALMM JBYX Cpel —
MOSIBJICHUIO TOHKOT'O JIBOMHOTO CJIOS CBSI3aHHBIX 3aps0B Ha TpaHHUIIC pasjielia
(utockoctu  xz). B aroM ciyyae 00pa3oBaBIIMMCS CIOW  HENb3A
OXapaKTEepU30BaTh MAKPOCKOMMYECKUMU NapaMeTpamu ny, k;, d . O6o3Hauum

yepes «, IMOIAPU3YyeMOCTh JIBOMHOro ciog. Torma amMniaMTyIHBIA
KO3 (ULIMEHT OTpaKeHUs1 MPUHUMAET BUJ [3]
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N, cosgp, — N,cos¢, + 1'2—7TocyN§N2 sin” @,
R, = A (3a)
P 27 '
N, cosg, + N, cos ¢, —iTayNgNZ sin® @,

ITpu a,<<A un3 (3a) u (3) noxy4yaem

R R
£ = E_p +2ia, 2TﬂNgN2 sin” @,

N N

N, cosg,(N, cosp, + N, cose,) . @)
(N, cosp, — N, cos@, )(N, cosp, + N, cosg, )’

Ecmu ¢o= 0, To R,/R,=-1. TIpu ¢o=90" R,/R,= 1. Tlepoe cnaraemoe B (4)
R

(kak u B (2)) PTO OTHOIIEHHE RTP JUTST TIOMJIOKKH 0e3 TepeXOoHOro

s
MOBEPXHOCTHOTO cJosi. BripaxkeHue (4) mepexoauT B COOTBETCTBYIOIIEE
BbIpakeHue u3 [2], eciiu y,=0. B oTiamuum OT mnsTHIapaMeTpU4YECKOro
BbIpaxkeHuss (1) Bolpaxenus (4) um (2) comepkar JHIIbL TPU HEU3BECTHBIX
napamerpa a, (wm J) ,n;, k. IlockonbKy ycnex pelieHus: oOpaTHON 3aJa4u
AJUIMIICOMETPUM HAMNPSIMYIO CBSI3aH C YHCJIOM IapamMeTpoB Mojeiu &())
HCCIIETyEMON Cpefbl, Uil MEPEXOAHOr0 CJIosi HEOOXOoauMa YHHUBEpCaabHas
MOJIEJIb ¢ MUHUMAJIbHBIM YHUCJIOM TapaMmeTpoB. B stom mmane mogaens (4)
Oonee npeanourutensHa. [Ipu 3ananssx ¢y, Ny, A,w,, A, mapamerp o, IBHO

BeIpakaeTcst depe3 N,. Ilo ¢usmueckomy cmeicay a, <0 u sABiaseTcs

JNEUCTBUTEIBHBIM YHUCJIOM, HMMEIOIIUM pasMEpPHOCTb JUIMHBL. Tak Kak
OTHOWICHHE R,/R; KOMIUIEKCHO, TO B OOEM Cilydae o, =, +iQ,,.

Mapamerp IV, nerxo onpenensercs 10 MUHIMANEHOMY 3HAUECHHIO Oy2.

PaznuuHoe BAMSIHME HEOAHOPOJHBIX TMOBEPXHOCTHBIX CJIOEB Ha
MHTEHCUBHOCTU OTPakK€HHOro cseTa R, (3) u R, (3a) NOIMMEPHBIX IUIEHOK
OBLJIO 3KCIEPUMEHTAILHO JO0Ka3aHo B padbore [5] mpu mpoBepKe U3BECTHOTO

_ p2 <0
coornomenus R, = Rg, xorna ¢, =45".

B npannoii pabGore Ha mnpuMepe MOTYIPOBOAHUKOBBIX IMOJIOKEK
paccMmatpuBaetrcss 3(PGEeKTUBHOCTh (DUIBTPALIMU BO3MYIINAIOIIETO BIIMSHUS
€CTECTBEHHBIX TMOBEPXHOCTHBIX CJIOEB IMPU OIMNPEACICHUH CIEKTPOB
mokaszaresied  mpenomieHust npy(A) u  moryomeHus kx(4)  merogom
CIIEKTPAJIbHOU IJUIUIICOMETPUH.

Kpemuuersie (Si) mmactunel KJIb-12 oOpabatsiBanucek B OydepHOM
TpaBuUTele TMociae UUIM(MOBKM U MOMUPOBKU. WM3MepeHuss CHEeKTpOB
HOJISIPU3AIMOHHBIX YIJIOB 1g Wo(0g, A) ¥ cosA.(py, 1) IpH yriax nagenus 65° u
70° (380 uM <1 < 1000 HM) THX MJIACTHH OCYIIECTBIUIN HA CIIEKTPAIbHOM
ammuricomeTpe ES-2 ¢ OuHapHOM MOAyIsIIMe COCTOSIHUS MOJsipu3aiuu [6].
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Haubonee pacnpocTpaHEHHBIM M YHHBEPCAIBbHBIM CIIOCOOOM PpEIICHUS
00paTHOM 3a/Ja4u IIUTUIICOMETPHUH SBJISICTCS METO/T HAMMEHBIIINX KBaJAPaTOB.
B wHem crpourcs (QyHKUMOHAN WM IiedeBas  (QYHKIUS HEBSI3KU
JKCIEpUMEHTANBHBIX 1g ¥, (4), cosA,(1) u Teoperuueckux tg ¥i(lx;),

cosA,(4,x;) CIEKTpagbHBIX 3aBUCHMOCTEH. OTOT METOJ HCIIONb30BaH B

HacTosIe padore.

Panee meromom MHoOroyrioBou aiurncoMmerpun (A =632,8 HM) ObLIO
YCTAHOBJIEHO [4], 4YTO NOpH ONPEAEIECHUS ONTUYECKUX XapaKTEPUCTHUK
minactud K/Ib12 moBepXHOCTHBI MOXHO y4ecThb B paMkax Mmozenen (1)
c mapamerpamu n; = 1,456; ky = 0; d = 3,88 HM u (4) ¢ mapameTpoMm
o, = (1,756 —i5,2 - 107) uMm.

Jlns  cpaBHeHUs d3(PGEKTUBHOCTH pacCMaTPUBAEMBIX MOEICH TIpU
HCKJIIOUCHUM BIIUSHUS TEPEXOJAHBIX CJIOEB Ha MapaMeTpbl MOMJIOKEK MbI
BBITIOJIHWJIM CJEAYIOIIME pacyeTol. B m3MepeHHBIX cniektpax tg¥.(po, 4) u
cosde(py, A) npu yriae mamenus 70° Ha oCHOBaHHUU Mozeld (2) ObUI yYTEH
HEOJIHOPOJIHBIN MOBEPXHOCTHBIN cyioil Ha mimactuHax K/b12 u paccumTansl
ux ontudeckue GyHkuu ny(4) u kr(1).

Ha pucynke 1 mnpeacraBieHbl HU3MEpEHHbIE (TOUYKU fe WIM ce) U
paccurTaHHble M0 BblpakeHUAM (1) (kpuBsbie £s unu cs) u (4) (KpuBbI€ fa WU
ca) CIEKTPBI MOSPHU3AIUOHHBIX YIIOB (@o= 65°) KpeMHHEBOH IJIACTHUHBI.
CnekTpsl TOJSIPU3ALMOHHBIX YTJIOB, pACCYUTAHHBIE O (2), MPAKTUYECKU HE
OTJIMYAIOTCA OT OJKCIEPUMEHTAJIbHBIX M HA PUCYHKE HE IMPUBEICHBI.
Ontuueckue GyHKIUU ny(A) u k(1) momjokek st BCeX OOCYXKIIaeMbIX
Mozeneil ObLIM OJWHAKOBBIMHU, a COOTBETCTBYIOIIME IMapaMeTphl CJIOEB
YKa3aHbl BBILIE.

0.3

0.28

0.24
400 600 800 1x10°
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-0.99

—0.996[~

—-0.998
400 600 800 1x10

Pucynok 1 — CreKkTphl MOIspU3aliiOHHBIX YIIIOB 12 (1)
u cosA(2) KIIB12 (po= 65°)

Kak Bugum, Tpu pazmuuHbix moaenu (1, 2, 4) TOHKOro NOBEpXHOCTHOIO
CJIOSl Ha TO/JIOKKE MPUBOAAT K MPAKTUUECKU OJMHAKOBBIM crieKTpam tg F(4)
1 cosA(4), KOTOpbIE XapaKTEPHBI JIJisi KpeMHUeBou mactTunbl KJIb12.

Takum 00pa3oM, TEXHHKAa UWHTETPAIbHBIX YpaBHEHUU TO3BOJIMIIA
MOJIyYUTh DILTUIICOMETPUUECKYIO (DYHKIHIO (2), B KOTOPOH MEPEXOIHOM CIOM
MPOM3BOJILHOTO MPOQPMIIS AUIIEKTPUUECKOW MPOHUILIAEMOCTH, KaKk U B (4),
YYUTBIBAETCS BCETO OJJHUM KOMILUIEKCHBIM MTapaMeTPOM, UMEIOLIUM MOPSIOK
O(d/X). Hukakue 3IIuncoMeTpruuecKue U3MEPEHHUsI He MOTYT JaTh OoJbliie
uHpOpMaMU O MEPEXOJHOM CJO€, YeM Ta, KOTOpas COACPKHUTCA B €ro
UHTErpajbHbIX XapaKTEPUCTUKAX J WU ¢,. DTO, B YaCTHOCTH, O3HAYAET, UTO
OpU peuieHWd OOpaTHBIX BJUIMIICOMETPUYECKUX 3a7ad BCErla MOXKHO
UCIOJb30BATh  MPOCTEUINYID MOJENIb MEPEXOAHOrO CJIOS C  OJHUM
MapaMeTpoOM, KOTOPbIA 3aBHUCUT OT TOJIIMHBI M MOKA3aTENs] MPEIOMIIEHUS.
OTU JBE XapaKTEPUCTUKH O0OECIEYMBAIOT JI000E€ 3HAUYEHHE KOMIUIEKCHOTO
UHTerpasna J, KakoMy Obl peaibHOMY MEPEXOHOMY CIIOI0 TOJIIMHBI d << A
OH HE COOTBETCTBOBaJ. J[JI1 CHEKTPAJIbHOW SIUTUIICOMETPUM CYLIECTBEHHO
TaK)K€ TO, YTO BBUJY MAaJOCTH MHTETPAIbHBIX XAPAaKTEPUCTUK J U @, UX
AUCTiepcuell MOXKHO TMpeHeOpeub, WHauye, IOoKa3aTeldb IPEJIOMIICHUS B
YKa3aHHOM BBIIE MPOCTEWIIEN Monaenu nepexogHoro ciios (1) MoxHO
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CUUTATh TMOCTOSHHBIM. CIeayeT BBIJICIUTh XapaKTEPHYI0 OCOOCHHOCTH
mozaemu (1). OHa He sABISETCS NPUOIMAKEHHON B OTJIIMUUM OT Mojenel (4) u
(2), a TO3TOMY MOKET OBITh HCIIOJb30BaHA MPU HCCIICIOBAHUU TOJJIOKEK C
TOJICTBIMU OJTHOPOJIHBIMH CJIOSIMH.
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PE3OHAHCHOE OTPAKEHUE KOI'EPEHTHOI'O
N3JIYUYEHHUS MIOBEPXHOCTHBIM CJIOEM
HEJMHEMHOHN ONITUYECKOM CPE1bI

[IpobiieMmam B3aUMOJACHCTBHS JIa3€PHOrO H3NIYYEHUSI C IUJIAHAPHOU
NOBEPXHOCTBIO TOJYNPOBOAHUKOBBIX CIIOUCTBIX CTPYKTYp B IMOCJIEAHEE
BpeMs yjAeleHO Oonbllioe BHUMaHue. Bo MHoroMm 5310 ompezeneHo
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NEPCIEKTUBON CO3/JaHUsI AKTUBHBIX OTpa)kaTeje u onTUYeCKUX GUILTPOB B
TOHKOIUICHOYHOM HCIIOJIHEHHM Il TNPUMEHEHUus npu pa3paboTke u
COBEPIICHCTBOBAHUM KOMIAKTHBIX YCTPOWCTB YIPABICHUS IOTOKAMU
KOI€PEHTHOIrO0 M3iydeHus. lcnonp3oBaHHE MOIyNPOBOJHUKOBBIX HaHO-
CTPYKTYp, OOpa30BaHHBIX KBAHTOBBIMM TOYKaMH, OTKPBIBAET OCOObIE
Bo3MOkHOCTU [1]. TexHomoruu QopMHUpOBaHHS TaKUX HAHOCTPYKTYP
MO3BOJISIOT JTOCTUYb BBICOKOW CTENEHHM KOHUEHTPALIMM AKTUBHBIX IIEHTPOB,
TakuM o0pa3oMm, MOJ0OHBIE MaTepHaibl TMpPU  B3aUMOJECUCTBUU C
KOIE€PEHTHBIM  HM3JyYEHHMEM  MOXKHO  paccMaTpuBaTh KakK  IUIOTHbBIE
pe3oHaHCHbIE cpeabl. Kpome TOro, mis 3JIEMEHTOB TaKUX HAHOCTPYKTYpP
XapaKTepHbl OOJBIINE JUIOJBHBIE MOMEHTBI, CBSI3AHHBIE C IKCUTOHHBIMU
nepexojjaMi — WX BEJIMYMHA COCTaBJISIET HECKOJBKO necsaTkoB Jlebait [2].
Byayun CKOMIIOHOBaHHBIMU B JECATOK M OOjee CTpaT TaKue CTPYKTYpbI
CIIOCOOHBI 00pa30BaTh CYOMUKPOHHYIO IUIAHAPHYIO TUIEHKY C BBIPAXKEHHBIM
HENMHENHBIM OTKIMKOM [3]. Ilpm uX B3aUMOJEWCTBUM C KOI€PEHTHBIM
U3JIyYEHUEM B BBIPAKEHUH, OIMCBHIBAIOIIEM OTpPaXEHHbIE (IIPOLLIEIIINE)
Ny4Kd  CBETA, OKAa3blBA€TCid  CYLIECTBEHHOW  JOINOJHUTENbHAS K
(peHeneBCKOMY  OTpaKe€HUIO  (MPEJIOMJICHUIO) KOMIIOHEHTa, KOTOpas
00yCJIOBJIEHAa pe30HAHCHOM IMOBEPXHOCTHOM MOJISIpU3aIIUCH.

B wuccinegoBaHuM, pe3ysbTaTbl KOTOPOTO IMOJOXEHBI B  OCHOBY
HACTOSIIETO COOOIIEHHUs, CTAaBWJIACh 3a/lauya IPOBECTH OLIEHKY BIIMSHUS
NOBEPXHOCTHOW  MOJSIPU30BAHHOCTH HA  HEJIMHEHHYIO  3aBUCUMOCTH
OTPa)KEHHS CBETA T'PAHUYHBIM TOHKHM CJIOEM IUIOTHOM PE30HAHCHOM CPEBbl,
00pa30BaHHOM MOIYIPOBOJAHMKOBOM HAHOCTPYKTYPOM Ha KBAaHTOBBIX TOUKAX.
OpUIrMHAIbHOCTh HCCIEIOBAHUS COCTOMT B  OJHOBPEMEHHOM  Y4YETE
HECKOJIbKUX JIOMOJHUTENBHBIX (PAKTOPOB, OIPEACIAIOMINX HEJINHEHHYIO
pEAKIMIO CJI0SI HAa HW3IYYEHHE, — KBAa3UPE30HAHCHOW NOJIPU3YEMOCTH
AKTUBHBIX LIEHTPOB W JUIIOJIb-JAUIOIBHOIO B3aUMOAEHCTBUSA B YCIOBHSIX
HEOJHOPOJHOI0 YIIMPEHUS PE30HAHCA MOIJIOIIEHUS, KOTOPOE AOCTATOYHO
TUIIAYHO JJIA PsAJla KBAHTOBO-PAa3MEPHBIX CTPYKTYp [1].

CuuTaercs, YTO TOHKUW TOBEPXHOCTHBIM CJIOM Ha OCHOBE MOJYIPO-
BOAHUKOBBIX CTPYKTYp pa3leiisieT ONTHYECKUE Cpelbl C JMHEUHBIMU
OUANEKTPUYECKUMHU TMPOHUUAEMOCTSIMU & U &. PaccrosHue Mexay
PE30HAHCHBIMU YacTULAMU B TOHKOM CJIO€ MPEANOAraercs JOCTATOYHO
00JBIIUM BO H30€kKaHUE MEPEKPBITUSA MX JJIEKTPOHHBIX OpOWTanei, Toraa
MOXXHO COXPaHHUTh TPAAULHUOHHOE ONUCAHUE B3aWUMOJIECHCTBUS aTOMAapHBIX
IUIOJIEd B KBaHTOBOpasMepHou cTpykType [4]. HopmansbHO maparomiee Ha
TPAaHUYHBIN CJIOM MOJIE C AMIUIMTYJ0M E; mMpearogaracM ImioCKOBOJHOBBIM U
KBa3HCTAalMOHAPHBIM, T.€., OTHOCHTEJIBHO MEJIEHHO MEHSIOMUMCS 3a
IPOMEKYTKH BPEMEHHU, CpPaBHUMbBIE C TIEPUOJOM CBETOBOrO KOJIeOaHUSI.
B3anmoneiicTBue BellecTBa T'PAHULBI C MOJEM JIA3EPHOIO M3ITyYEHUS
(c Hecymed dYacToTod @ = 2mc/A) ONUCHIBAETCA  aAHAJIOTUYHO
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MoauGUUIHUPOBAHHON  cucTeMol  ypaBHeHUM  MakcBemna-bioxa  ans
KBa3UCTAIIMOHAPHBIX  KOMIUIEKCHBIX aMIUIATYJ —mpoxojsmeid (E) w
OTpakxeHHOW BOJH (FE,) W BEpPOSTHOCTHBIX IEPEMEHHBIX PE30HAHCHOTO
OTKJIMKA CPEJibl — MOJISIPU30BAHHOCTHU O(f, ) U Pa3HOCTHU 3aCENEHHOCTH n(f, @)
YPOBHEH SKCUTOHHOTO TIePeX0/ia, OTHECEHHBIX K OJTHOMY aTOMY:

e g N [ B a2 |

e e ey

0 +Ti2(l+iA)p:%nE', n +%(n—n0):—2—‘t;_l(p*E'+pE'*), (1)
E'= ! E+iﬂ<p> , E=E-E, A=(0-a,)T.
1-27 Aa N(n, —(n))/3 3¢, ' ’ ’

3/1ecCh [ — CpeaHUN NUIOJbHBIA MOMEHT aKTUBHBIX YaCTHUII, — KX 00bEMHAas
IJIOTHOCTb, 1o — HA4aJbHOE 3HAYCHUE PA3HOCTHU Hacen€HHoctu, 1, u T, —

BpEMEHA MPOJOJBHONM U IIONEPEYHOM peslakcaluu (COOTBETCTBYIOLIUE
BPEMEHU MEK30HHOM pejlaKkcali U OJHOPOJHON IIMPUHE JUHUHU, 0OpaTHOM
75), A — HOpMHpOBaHHasi OTCTPOMKA YacCTOThl 30HIUPYIOLIETO IOJS
OTHOCHUTEJIBHO LIEHTPA (W, PE3OHAHCHOU CIIEKTPAJIbHOM JIMHUU ITOIJIOICHUS

(umu, mpu  y4€Te HEOJHOPOJHOrO YUIMPEHUS, OTHOCUTEIbHO IIEHTPOB
CIIMHOBBIX TMAaKETOB, MMEIOMIMX pa30poc MO yacToTaM MmupuHON 1/77%;).
Tonmmuua cnos / cuuTanach 3HAYUTENBHO MEHbBIIEH JIMHBI BOJHBI A,
MOATOMY YpaBHEHUS CBsi3u nonier E, E, u E; B (1) 3anucadbl B IpUOIMKECHUN
0c000 TOHKOI'O CJIOSi HA OCHOBE HCIOJb3YEMBIX NMPU PEUICHUHU YpPaBHEHHIM
MakcBemia TrpaHUYHBIX ycloBUM. Mcmonb30BaHHE B YpPaBHEHHSIX CBSI3U
NEePEMEHHOMN MOJSPU30BAHHOCTH 03HAYAET YUYET KOMIOHEHTHI HEJIMHEHHOTO
OTKJIMKa BEIECTBA T'PAHUYHOrO CJIOS, CBA3AHHOM C CBEPXU3IYyYECHUEM
aHcaMOJsl aKTUBHBIX YacCTHUIl, 00pa3yloIIUX €ro cpeay. YTIIOBbIE CKOOKH B
0003HAYEHUH MaTepHaJbHBIX MEPEMEHHBIX O3HA4YaloT YCPEIHEHHUE [0
pa3dbpocy 4acToOT, BEI3BAHHOE HEOJHOPOAHBIM YIIUPEeHHEM. BripaxeHue aiis
MOJIIPU30BAHHOCTH  COJEPXKUT  COCTABJISIOUIYI0,  KOTOPOM  OOBIYHO
YUHUTHIBACTCS KBa3UpE30HAHCHAS KOMITOHEHTa MOJISIPU3YEMOCTH,
CYILECTBEHHAs MPU HAIMYUU BO30YXIAEMbIX BHEIIHUM IOJEM YacTOTHl @
Nepexo/ioB, OJNM3KUX K pe3oHaHCHOMY. [Ipu 3TOM oOKa3bIBaeTCs 3HAUMMBIM
napaMeTp Aa — pa3HOCTh MOJSIPU3YEMOCTEH B OCHOBHOM M BO30YKIEHHOM
cocTossHUM aToma. [loCKONbKY paccMaTpUBAIOTCS IJIOTHBIE PE30HAHCHBIC
cpenbl cuctema (1) mpeobpa3oBaHa C ydyeTOM BIUSHHS JIOKAJIbHBIX IOJCH,
CO3/1aBa€MbIX JAUMOJIBHBIMUA aTOMaMH, T.0. JE€HCTBYIOIIEE Ha aTOMbI IJICHKU
cBeToBoe moie E'(f) comepxut mompaBKy JlopeHna, koTopas paccuMTaHa
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B TIPUOIMKEHUU CPEHETO TOJISI U COMCPYKUT TOJIBKO JUHAMUYHYIO PE30HAHCHYIO
COCTaBJISIOLLLYO.

OTAMYUTENTbHON 3aKOHOMEPHOCTBIO pEeaKkIuu 0co00 TOHKOTO CJIOs Ha
BO3JICCTBUE PE30HAHCHOIO W3JIIYyYCHHS, TPAJAUIMOHHO pacCMaTpUBAEMOM B
paMKax MOIOOHBIX MOJENIeH, SBISIETCS ONTHYECKas OMCTaOMIbHOCTh. EE
AHAIU3UPYIOT JIJI1 CTAIlMOHAPHOW 3a7a4yu, KOrJa MHTEHCUBHOCThH U3Ty4YEHUS,
30HIMPYIOLIEr0 TPAaHUYHBIM CJIOW, W3MEHSETCA KpanHEe MEIJIEHHO II0
CPaBHEHMIO C BpEMEHAMHU PEJIAKCAIMU JBYXYPOBHEBOW CHUCTEMBI U MOATOMY
€€ MOXXHO CYUTaTh HENPEPHIBHOW BO BPEMEHHU. IJTO O3HAYAET, YTO MPHU
JAHHOM 3HAY€HUM aMIUIMTYAbI pUjokeHHoro noius E(t) = Ey B cpene cios
YCTaHABJIMBAETCS paBHOBECHE, XapakTepPU3yeMoe ONpeICICHHBIMU
3HAYCHUSMHU MaTepHUaIbHBIX MEPEMEHHBIX. THTEHCUBHOCTU MPUIIOKEHHOTO
(Y) u npomen-mero moneit (X) ynoOHO HOPMUPOBATH MO MOIIHOCTH TOJIA,
HACBHIIIAOIIETO TOrJIomeHue: Y = ,u\/ﬁEg / h, X= ,u\/ﬁ \Es\z /h, 3nech Es
— PaBHOBECHAs aMIUIMTyJa IPOLIEANIEr0 B cJod noisd. B cramuoHapHOM
npuOmmkeHuu cucteMbl (1) CBsI3b 3TUX HMHTEHCHUBHOCTEM W TONA C
MHTEHCUBHOCTHIO Y BBIPA3UTCS CICIYIOIMIMMH COOTHOIIEHUSIMH:

2 2
4LYZ:)(' 1+K‘0 L—VF +K‘§X' R iyl
(1+n) L+ e
2
w NI
2 2 ' :—T
X:[(I—KOJ/F) —|—(K‘07/K) :IX’ KO goch I
2)
g(@y=a,) ;4 A-BX' .
k= 1+A122+)§' do'y,, F=fmg(wlz—%)da)lz.

3necy rayccoa (ynkuus g (w,— @',) omnucelBaeT  pa3dpoc YacToT
CIMHOBBIX IIaKETOB @', BOJU3M LEHTPAJIbHOM 4YacTOThl pPE30HAHCA

HOIJIOIICHUS (), B =2rAag,h / 1’ T, —apameTp PE30HAHCHOM
HemMHeHocTH  pedpakumu, y=c/3wo(l+ #) — HOPMUPOBAHHBIN
KO3 PUITUEHT B JIOKAJTHHOM JIOPEHIIEBCKOM MOMPABKE, Ky — HEHACHIIIICHHBIN
MIOKa3aTelb IMOIJIOMICHUS, N = \J€,/& — OTHOCHTEIbHBIN

KO3 (ULIMEHT MPETOMIICHUSI.

N3 coorHOmeHUN (2) MOXXHO HEMOCPEACTBEHHO BBIPA3UTh MPOMYCKa-
TenbHYI0 criocoOHocTh ciost X(Y), a Takke ero 3(h(eKTUBHOE OTpaKeHue
R(Y), B 3aBUCUMOCTH OT UHTEHCUBHOCTH, OCHOBBIBASICh Ha BBIPAYKEHUHU:

[r+ux,(K—ryF)} +x2[F/(n+1)+ rK]

T/ )R R ) kT
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rae  r= (17 - 1)/ (17 + 1) — (peHeneBCKUN aMIUTUTYAHbIA  KO3(hUIIMEHT

OTpakeHUs. 3aKOHOMEPHOCTH XOJia YKa3aHHBIX 3aBUCUMOCTEH YI00HO
OLICHUTh, HUCIOJIB3Ys Mapamerpudeckuid pacuér (2), (3), To ecTb, monaras
OJIHYy M3 NMEPEMEHHBIX BeIWUYMH (X') JMHENHO HapacTaroUMM apaMeTPOM.
[IpuBeneHHbIE  HWKE  PE3yJIbTaTbl  BBIYUCICHUM  MOJNYyYEHBl IS
KO3 ULIMEHTOB MCIOIb3yeMONU MOJIETH, 3HAUEHUSI KOTOPBIX NMEPEKPHIBAIIICH
C Juana3oHOM IapaMeTPOB KBAHTOBOPA3MEPHBIX CTPYKTYp, B OCHOBHOM,
U3BECTHBIX U3 JIaHHBIX, NpUBeAeHHBbIX B [1, 2]. Cynd mo 3aBUCHUMOCTSM Ha
PUCYHKE, BEJIMYMHBI PE30HAHCHOrO KOI(PPUIMEHTa OTpaKCHUS BBIIIE
(peHeeBCKOro 3Ha4eHus1, OJHAKO, IO Mepe HACHIIIEHUS MOTJIOUIEHUS B CJIOE
UX 3HAYCHMS CHIDKAIOTCS, NpHOIMkKasch K (QpeHeneBckod BenuuuHe. B
onpeniesieHHoW oOjacTu 3HadeHuil Y, rae ¢aszoBble BKIAIBI OIMYKHETO
JUTIOJILHOTO B3aMMOJECUCTBUS U (haKTOpa CIEKTPAIBLHOTO YIIMPEHUS JTUHUU
CPaBHUMBI, HEJIMHEHHOW XApAKTEPUCTUKE OTPAXKEHUS NIPU IIOKA3ATENe
NOIJIONIEHUsI  BBIIIE MOporoBoro 3HaueHusi (xp~ 1,5) cBoiicTBeHHA
OucTabuiabHOCTh. Torna mnpu IUKIMYECKOM HW3MEHEHUM HMHTEHCHUBHOCTH
BHEIIHETO  CHUTHAJA  CTAallMOHAPHBIM  OTKIMK  CTPYKTYpPbl  JOJDKEH
JEMOHCTPUPOBATh THUCTepe3nc. PaccrosHMe MeXIy TOYKaMH IOBOPOTA
KPUBBIX, I'JI€ BO3MOXKHbI TUCTEPE3UCHBIE U3MEHEHUS OTPAXKEHUS, 3aBUCUT OT
BEJIMYMHBI YaCTOTHOM OTCTPOMKH (pUCYHOK 1,a,0) U mapameTpa HEIMHEHHOM
pebpakuuu B (pucyHok 1,B,r). OrTMmerum jajnee, YTO B clydae
HEOJAHOPOJHOrO  yIIMpeHus (pucyHok 1,a,B) THCTEpe3nC  JIOJKEH
HaOMI0AAaThCS TIPH OOJBIINX 3HAYEHUAX MOIIHOCTH BHEIIHEro curHana. J{is
HACBIIICHUE TIOTJIOIIEHUs] B MOJOOHBIX Cpelax OOBIYHO HEO0OXOJUMO
OOnpIIee  3HAYEHUE MOIIHOCTH, YEeM TMPU  OJHOPOJAHOM  YIIMPEHHUH
(mocnegHeMy COOTBETCTBYIOT —(parmMeHTsl 0,r). Torama 3aBUCHUMOCTH
pa3MepoB METIU TUCTEpe3rca OT OTCTPOMKKM A W mapaMerpa [ OKa3bIBaeTCs
0oJiee BbIPAKEHHOM.

R

0.51

0.4+
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PI/ICYHOK 1 — 3aBHUCHUMOCTD PE30HAHCHOTI'O OTPAKCHUA OT YPOBHA
HOpMHpOBaHHOﬁ HHTCHCHUBHOCTH IMPUJIOKCHHOI'O ITOJIA
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(Ha pparmMeHTax a,6 MyHKTUPOM yKa3aHbl HallPaBJICHUSI
TUCTEPE3UCHBIX CKAUYKOB)
k=22, =0,1,A=0,1 (xpuBas 1), 0,5 (2), 1,0 (3), 2,0 (4), (a,6);
x=1,8, =0 (1), 0,05 (2), 0,08 (3), 0,10 (4), A=0,5 (8,2); y=0,15,
A=1,2510"m, n=3.6, T, =1-10"¢, T,=1-10"2c, T/ T*,=3 (a,8)

Pacuer coorHomenuss (2) coBmectHo c (3) nas (UKCUPOBAHHBIX
3HaUYCHUN Y Kak aireOpanyveckoro ypaBHEHUs OTHOCUTENnbHO X' 1yid psana
3HAQYEHUM OTCTPOMKHM A [aeT JUCHEPCHOHHYIO 3aBHCUMOCTh R(A,Y).
Pe3ynpTaThl aHanu3a 3¢ dexkra pe30HaHCHOTO OTPAKEHHUsI CBETA MJIAHAPHBIMU
KBaHTOBO-Pa3MEPHBIMHU CTPYKTYpaMH HaWAyT MPUMEHEHHE MpHU pa3padboTKe
HEJIMHEHHBIX OTpa)kaTejeil, aKTUBHBIX TMOKPHITUM U OE3bIHEPLHOHHBIX
YaCTOTHBIX (PMIIBTPOB B MACCHUBHBIX YCTPOMCTBAX YNMPABICHUS] KOTEPEHTHBIM
U3JIyYEHUEM.
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BrinmonHeHo omucaHue KPUCTALIMYECKOTO PACIICTUICHUS MYJIbTHILJIETOB
4+
nona U™ B Cs,UClg [1] ¢ momomnipto MOAHGUIIMPOBAHHOTO TaMUJIbTOHHAHA
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KPUCTALTMYECKOr0 TMOJs [2], MOJydeHHOTO B MPUOJIUKEHUM AaHOMAJIBHO
CUJIBHOTO KOH(PUTYPAIMOHHOTO B3auMoJeicTBUsA. Ha OCHOBE BBINOTHEHHBIX
pacueToB BIIEPBbIC ONMPE/ICNCHBI TapaMeTpbl KoBanenTHocTH 11t UM —CI.
Jlis  onMcaHus IITapKOBCKOW CTPYKTYpbl MYJIBTHUILUIETOB OOBIYHO
UCIIOJIb3YIOT TaMUJIbTOHHAH KPUCTAUIMYECKOrO TOJs, TMOJIy4eHHBbId B
npuOIMKEHUU cI1aboro KOH(PUTrypaliMOHHOTro B3auMoaeicTaus [3]:

H, =sz§c§, (1)
,q

N
k , kN Ak
rae B, — mapamerpel Kpucrammueckoro momst; C, —Z;cq(Qi,(p[) -
1=

chepruueckuii TEH30p paHra k, JAEHUCTBYIONIMM Ha YIJIOBBIE IEPEMEHHBIC
f-2IEKTPOHOB.

Bonee neranpbHO BiausiHuE BO30YKIEHHBIX KOHPUTYpALIMH MOXKHO Y4E€CTh
B MPUOIMKEHUH TPOMEKYTOUHOTO KOH(PUTYPAIMOHHOTO B3aWMOCHCTBUSI.
B sToM npubnmkeHHH raMuJIbTOHMAH KPUCTAJUIMYECKOrO IMOJISI UMEET BT

[4]:
H, =Y B\ +(E,+E,-2E%)Gch . (2)
k /

q

rae E,, E, — oHeprus MyJbTUILIETOB,; E}‘i — HEHTp TskecTH >Hepruu 5 f ™

KOH(Urypalnuu; (G, — HapaMeTpbl, 00yCIOBICHHBIC MEKKOH(HTypaIlIOHHBIM

B3aMOJICHICTBUEM.

~

IlosiBneHMe JHMHEWHOM 3aBUCHUMOCTH MapaMeTPOB qu OT DJHEpPruu

MYJIBTUIIETOB OOBSICHSAETCS Pa3HOM CTENEHbIO CMEIIMBAHUS BO30YKIEHHBIX
KOH(UTYpallUii ¢ BBICOKO U HU3KO JICKAIIUMHU MYJIbTUILIETAMHU.

WNnorpa BiusiHue BO30YKIEHHBIX KOH(MUTypalluii HACTOJIBKO CHIIBHOE,
4YTO JUId AaJE€KBAaTHOTO ONUCAHMS IITAPKOBCKOW CTPYKTYpbl HEO0OXOIUMO
UCIIOJIb30BaTh TaMUJIBTOHMAH KPUCTALIMYECKOTO IMOJS B MPUOIMKEHUH
CUJIBHOT'O KOH(PUTYPALIMOHHOTO B3aUMOEHCTBUS [4]:

2 2
H,=Y B§+ A + A
' k,q A_EJ A-FE,

—k
By

Gr|Ch, (3)

rae A —sHeprus Bo30yXIEHHON KOH(DUTYpaLIUH.
Crnenyet 3aMeTUTh, uTO opMyia (3) cupaBeIMBa, €CIIM ONPEISISIONINAMN
< ~k
BKJIAJ] B IapaMeTpbl MEKKOH()HUIYPAMOHHOTO B3aMMOJICHCTBHUS (5, JaeT

JUIIb OJIHA BO30YXKIEHHAsi KOH(Urypalus WU HECKOJIBKO BO30YXICHHBIX
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KoH(QuUrypauuit ¢ Onau3kuMu 3HadeHusMu dHeprun A. Ecmu ke
BO30Y>KIEHHbIE KOH(QUTypallud HMMEIOT CYIIECTBEHHO pa3HbIE SHEPrHH, TO
3¢ (deKTUBHBIN TraMUIIBTOHUAH UMEET Oosiee CIOKHBIN B [2]:
Al A, s
b — L |Gi(d)+

H,=Y% B;‘ +
k.q

4)
A A -
+ 4 |G ()it
~ A, -E, A -E, /()G

Cl Cl

OTMeTuM, 4YTO 3aluCh TraMWJIbTOHHAaHa B QopMme (4) sSBISIETCAS caMoiu
oOIel: TaMUJITOHWAH KPUCTAUIMYECKOTO TMOJS B MPHUOJMKEHUHU Ci1aboro

v ~k _
KOH(UrypannonHoro Bzanmozeictsus (1) monyyaercst us (4) mpu G, (d) =0
u G; (¢)=0; ramunproHuan (3) momy4aercss u3 (4) OpU OIUHAKOBBIX
3HAQUYEHUSAX SHepruum A, = A ; raMWIbTOHHAH KPUCTAJUIMYECKOrO IO B
dopme (2) nomyuaercs us (3) npu yciosun E, <<A.
) ~k
OOBIYHO ONpeNeNAONINi BKIa] B IapaMeTpbl (7, Nal0T KOH(Urypauuu

IPOTUBONONOKHON deTHOocTH 571" "'6d W KOHQUIypauuuM ¢ IEPEHOCOM
3apsana. Ho mockombky Cs,UClg obnamaeT KyOWUYecKOM CHUMMETpPUEH, TO

A AN, s
d__ 4 d G;‘ (d), cooTBercTByrOmEe KOH(HTYparuu
MPOTUBOMOJIO)KHOW YETHOCTH, PABHO HYJIO W B 3TOM CiIy4ae HEOOXOIUMO
YYUTBIBATh TOJIBKO BKJIaJ OT MPOILIECCOB C TEPEHOCOM 3apsna [4]:

cjJaracmMoc

G (c) =T (b)C" (0,,0,), (5)
b
riae

~ 5
T(b) = —[27/;, + 3y§f];
28
~ 3
T4(b) zﬁ[?mff w2 ]; ©6)

o 13
T(b) ~ 2—8[27/;, ~32 ],

3nech y, (i=0,7) — napaMeTpbl KOBAIEHTHOCTH.

Panee ramuibToHHMaH (4) OBUI YCHENIHO NPUMEHEH K OMHCAHUIO
IITAPKOBCKOM  CTPYKTYpbl  PA3IMUHBIX  KPUCTAUIMYECKUX  CHUCTEM,
3+ 3+ 4+
aKTUBUpOBaHHBIX MoHaMH Pr’ u Tm’ [5-8]. i mona U™ HoBas Teopus
- 4+
TECTUPOBAIOCH TOIBKO sl cucteMbl ZrS104: U™ [9]. [Ipeacrasiser uaTepec
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MOBEPUTH I11€JIECOOOPA3HOCTh TPUMEHEHUsI HOBOM TEOpPHH, I JAPYTHX
CUCTEM, AaKTUBUPOBAHHBIX HMOHOM-AKTUHOUIOM U*. Jlasx cucrem ¢
KyOMYeCcKOM  CHUMMETPHUEH  KOJMYECTBO  BaphbUPYEMBIX  IapaMeTpOB
MUHUMAJIbHO, TIOTOMY KPHCTaUIbl THUMAa AJIbIACOJUTOB  HaumOolee
0JIarONPUSATHBI JJIs1 TECTUPOBAHUS MUKPOCKOTTUYECKUX MOJICIICH.

B npubnmkenun ciaaboro xkoHpuUrypanumoHHoro B3aumopeiicteus (1) B
Ka4eCTBE BAPHUPYEMBIX BBICTYMAIOT CIECIYIOIIME MapaMeTpbl KPUCTAIUIMYECKOrO
TOJIS: B(f =8484 cm! u Bg’=1164 cm CpenHeKBaipaTUYHOE OTKIIOHECHUE

TEOPETUYECKUX 3HAUCHUN SHEPrUU OT DKCIEPUMEHTAIBHBIX B ATOM CIIydae
cocraBmsier 132.5 cm™.

Jliss  ynydiieHuss TOYHOCTHU OINHCAaHUs ObUIM BBINOJHEHBI pacyeThl B
NPUOIMKEHUN TPOMEKYTOUHOTO (2) U cuiibHOTrO (3) KOH(MUTYpaAIMOHHOTO
B3aUMOJICHCTBHS, HO CYILLIECTBEHHO YIIy4IIUTh OMMCaHNE
DKCIIEPUMEHTANbHBIX JAaHHBIX HE YyAaloCh, IOITOMY pacueTbl ObLIN
BBITIOJIHEHBI C MIOMOIIbIO TaMIJIbTOHUAHA (4), TOy4eHHOT0 B MPUOIMKEHUH
aHOMAaJIbHO CHJIBHOTO KOH(UTYpallMOHHOTrO B3aumojeicTBus. [IpumeneHnue
raMuwibTOHHaHa (4) TMO3BOJAWJIO 3HAYUTENIBHO  YIYYIIUTh ONHUCAHHUE
IITAPKOBCKOH  CTPYKTyphl ~ MyibTummeToB uoHa U B Cs,UCIq.
CpenHekBaipaTUYHOE OTKJIOHEHHUE YMEHBIIUIOCh Ha 81 % Mo cpaBHEHUIO C
npuOIMKEeHUEM  claboro  KOHQPUTY-pallMOHHOTO  B3aUMOJCHCTBHUS |
coctaBmio 25.1 em. Haunyuiiee onuvcanue JOCTUTAETCS MPU CIAETYIOMIMX
3HAYEHUSIX BapbUPYEMBIX NAPaMETPOB: B, = 6983 cM B)=

10591 em, ¥, =-0,0535, y,=0,0269, A =8516 cm™', A= 14796 cM™
A_,=121693 cM™. TlonydeHHbIe TAKUM 0OPa30M Napa-MeTpbl KOBAICHTHOCTH
YZIOBIICTBOPUTENIBHO COINIACYIOTCs ¢ mapamerpamu ¥, = -0,0447 u y =

0,0213, moNydeHHBIMH MIS KpHCTammMueckoil cucremsl ZrSiO,U*™ [9].
Takum  00pa3oM, 1O OSKCHEPUMEHTAIBHBIM  JIaHHBIM  ONTHYECKOM
CIIEKTPOCKONUU MOKHO ONPEAENATh NMapaMeTpbl KOBAJICHTHOCTH, KOTOpPbIE
OOBIYHO MOJYYaIOT B 3KCIMEPUMEHTAX IO ABOMHOMY 3JIEKTPOHHO-SEPHOMY
PE30HAHCY WJIM PACCUUTHIBAIOT C TOMOIIBIO MUKPOCKOMUYECKUX MOJIEIIEH.
BrinonHeHHbIE pacyeThl MO3BOJSIIOT YTBEPXKAATh, YTO € ITOMOILIBIO
raMUJIbTOHHAaHA (4) MOXKHO NOJIyYUTh KOPPEKTHOE ONHMCAHHUE IITAaPKOBCKOW
CTPYKTYpbl KPHUCTAUIMYECKUX CHCTEM, aKTHBMpOBaHHbIX moHamu U'". B
NnoJib3y TMPUMEHEHUS TaMWIbTOHHWAHA (4) CBUIETEIBCTBYET 3aMETHOE
YMEHBIIIEHUE CPEJHEKBAAPATUYHOIO OTKIOHEHHS! TEOPETHYECKUX 3HAYEHUM
DHEPIUM YPOBHENW OT SKCHEPUMEHTAIbHBIX IPU ONHUCAHWUU IITAPKOBCKOU
CTPYKTYpbl MYJbTHUIUIETOB M XOPOILIEE COrJACUE ONPEAECICHHBIX IIPU TaAKOM
OMMCAaHWU TapaMETPOB KOBAJIEHTHOCTM C NapaMeTpaMH KOBAJEHTHOCTH,
MOTyYEHHBIMH JUI IPYTHX CHCTEM, AKTHBHPOBAHHBIX HoHOM U™,

Jluteparypa
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BE3ABBEPAITMOHHOE INPUBJINKEHHUE
JIJI1 BECCEJIb-TAYCCOBBIX IYUKOB B HEJIMHEHHOM CPEJIE
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BBenenue

KBa3zube3audpakiimoHHbIE CBETOBbIE IMYYKH HMEIOT ONTHUMAJIbHYIO
MPOCTPAHCTBEHHYIO (GOpMY ISl MPAKTUYECKOrO0 MPUMEHEHHS IJIi MHOTHX
3a71a4 HEJIMHEMHOW ONTHKU, U B YAaCTHOCTU MPHU HEJIMHEHUHO-ONTUYECKOM
npeoOpazoBanuu yactor [1, 2]. JIns ux onucaHus UCIONb3YIOTCS OecceneBbl
My4KH, KOTOpbIE SIBISIOTCS Oe3nMu(paKkiMOHHBIE MO BCEM CBOEH JJIMHE.
PeanbHble Tydkd MOXHO CYUTaTh Oe3qu(PpaKIIMOHHBIMU TOJBKO Ha
HeOompion nuHe. [loaromy, Ooliee TOUHOE MPECTABICHUE TAKUX MYyYKOB —
beccenb-I'ayccoBbl myuyku, SBISIONIMMUCS pEHICHUE MapaboIM4YecKOro
YpaBHEHHS.

[Ipn pacnpocTpaHeHHH CBETOBOI'O Iydka B KyOMYECKH HEJIMHEHHOMN
cpelle BO3HMKAET HEJMMHEWHas 100aBKa K MOKa3aTeNio MPEIOMIICHUS CPEJibl,
KOTOpasi MPUBOJUT K BO3HHUKHOBEHUIO HEJIMHEMHOIO SBJIEHUSA, KOTOPOE
Ha3bIBACTCs camMoBO3AcucTBHUEM. [[J1s1 onmmcaHus caMoBo3aeicTBUsA beccenb-
["ayccoBbIX B HACTOSIIEE BPEMS MCIONB3YIOT YUCIEHHBIE METO/IbI, KOTOPbHIE
HaJlaraloT ONpPEACIICHHbIE OrPAaHWYEHHUS Ha OINHCAaHHUS SBICHUW W HE
o0JaaroT o0IHOCTRIO [3].

ITpn pacrpocTpaHEHUHU MOIIIHOT O Ja3epHOro ny4Ka B
caMopOKyCcHpyIOIlIell  cpelie MNPUBOJUT K HM3MEHEHHUIO IOKa3aTens
npesomiieHus: cpeapl. HennHeliHas no0aBka K IMOKa3aTeNI0 MPETIOMIICHHS
MPONOPIMOHATbHA KBaApaTy aMIUIATYIbl mydka. [losTomy mpu MomHocTH
My4yka, HE HAMHOTO OOJbIlle KPUTHYECKOM MOIIHOCTH CaMO(OKYCHPOBKH,
OCHOBHOE BIIMSIHUE Ha TOKa3aTellb MPEJOMJICHUsI cpelbl OyAeT OKa3bIBaTh
neHTpaibHbii  ropd beccenb-l'ayccoBoro myuka. IloatoMmy Ha pinuHe
0e31u(paKkIMOHHOTIO PAaCIPOCTPAHEHHS MTYYKa, T/I€ OH COXpaHsAeT OecceneBy
dbopmy, MOXHO C XOPOIINM NPUOIMKEHUEM HCMO0JIb30BATh
0e3ab0epanonHoe nmpubamxeHus. T.e. paznaraeM HEJIMHEWHYIO T0OaBKY B
psaa Teinopa 10 KBaIpaTUYHBIX YWICHOB Pa3lIoXKeHU [4].

1. Perrenne ypaBHeHust

Jns  onucaHus CaMOBO3JACHMCTBHUSL CBETOBBIX IIY4KOB, B Cpele C
KyOMUYeCKOW HEIMHEWHOCTHIO, HCMOJb3yeM HEJIMHEHHOe mnapaboamdecKoe
YpaBHEHHUE [JIs1 aMIUIMTYJbl CBETOBOrO BekTOopa U B UWIMHAPUYECKON
cucteMme (7, ¢, z) caenyrouiero suaa [4]:

2
5U+15_U_2ik0‘2_g+kgmU\2U=o. (1)

or* ror

3necy B — kodpduumeHT HemuHEMHOCTH cpeabl. lIpenmonoxkum, 4TO Ha
IPAHULIE HEJIMHEWHOMN Cpelbl z =0 UMEEeTCs IIy4OK BUA:

U(z=0)=J,(5r)exp] - ’”—22 : (2)

Wo
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rae 6 =2,4/r,, r,— paaMyc HEHTpaIbHOrO MakcuMyMa OeccereBa mydka, w, —
paauyc CBETOBOTO IISITHA TayCCOBOro Mydka. PenieHne HEIMHEWHOro
ypaBuenus (1) umem B popme beccenb-I"ayccoBoro myuxa.

U = J,((a()+ ib(z)r)exp{ - p() i)~ (Z)—z"’;gg’z) .0

rne J,— beccenp-I'ayccoBas QyHKIUs HyneBOro nopsiaka, w(z)— paauyc

rayc-coBoro myuka, R(z)— paamyc KpuBH3HBI (pa3oBOro ()poHTa rayccoBOro
myJKa.

Vcnonbsyst cBoifctBo GecceneBbix dynxuuit [S] J,(x+iy)=J,(x—iy),
MOJyYUuM, YTO TMPU PpA3JOKEHUW B psig  Teumopa Moayss KBajpara
aMIUTUTYABl CBETOBOTO BEKTOpa ‘U ‘2 70 KBaJPaTHYHBIX WICHOB Pa3JI0KCHHUS,

BKJIFOUHUTENILHO, UMEET BU:
2 2
2 a —b 2 -
‘ =l-—-= . 4)
2 w
[loncraisaa (2—4) B ucxogHoe ypaBHEHUs (1) moimydyum cuctemy LIECTH
OOBIKHOBEHHBIX AH((DepeHINATBHBIX YPaBHEHUN JIJIs1 TApaMETPOB MydKa

da__a_ 2 db__2a b dp_1_ab
dz R kw’ dz  kw’ R’ dz R k,~
dg _ _ 22—a2+b2—@e_2”, @23, (5)
dz k,w 2 dz R
dR __ 4 b B((l ) —2p+ B —2p.
Rdz  kw' R2 2 w?

2. AHa/IU3 pe3yJibTATOB pelleHu i
UucneHHbIN cYET CUCTEMBI (5) MOKa3bIBAET, UTO KPUTUUECKAS] MOIIHOCTh
camodokycuposku (P, ) beccenp-I'ayccoporo myuka Oonpiie 4vem y

KpyroBoro rayccosoro. Hampumep npu pasmepax nydka w,=7,=1 MM u

MJIOCKOM  HaudanbHOM  (ha3oBOM  (pOHTE  KpUTHUYECKass  MOIIHOCThb
caMOopOKyCHUpPOBKHM TOUTH B 2,4 pasza Oojbllie, 4eM AJii YUCTO rayCCOBOTO
my4ka. IIpg MOMIHOCTH TIy4Ka MEHbBIIC KPUTHYECKOH MomHoctH F,

MOMEPEYHbIA pa3Mep CBETOBOrO MSATHA Ja3epHOro my4yka (w) cHadaia
YMEHBIIAETCA, a IOTOM NYyYOK pacxXoguTcs U ero ¢opMa CTaHOBUTCS
KOJIbLIEBOM (CM. pucyHOK 1,a). JlaHHOe ToOBeAeHHE MydKa CBS3aHA C TEM,
YTO TMPU PaCIpOCTpaHEHHH OecceneBa Mydyka B Cpele HaOomaeTcs
MOCTOSIHHAS TepeKauka CBETOBOM SHEPruM M3 LEHTPAJHLHOrO MaKCUMyMa
mydyka B XBOCTOBBIE MaKCHUMyMbI. Tak Kak rayccoBa (QyHKIHS OBICTPO
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crajjaeTe K HYJII0 Ha Kpasx Iyuka, oOpaTHas MepeKkadyka CBETOBOW SHEPIUH
K LEHTPaJbHOMY MAaKCHUMyMy HE KOMIIEHCUPYET IEpPEKauyKh OT LIEHTpa,
Y IIy4OK IIPEBPAILAETCS B KOJIBLIEBOU.

a

1 —
W

Hy

0.5—

0 ' | ' | ' | ' |

0 2 4 6 8
z

Pucynok 1 — M3MeHeHuHe nomnepeyHoro pasmepa w rayccoBOM MOJIbI
beccenb-I'ayccoBoro nmyuka B HETMHEMHOMN Cpee

a) MOLUHOCTb Iy4Ka MeHble F,

6) MOLIHOCTB Iy4Ka paBHa F, , B) MOIIHOCTS Iy4ka Gonbie F, .
Havanpnslii pasmep w, =1 MM

Ilpy MOIIHOCTH My4Ka paBHOW F, HaOI01aeTCs KBa3UBOJIHOBO/IHBIN

pexuM pacrpoctpaHeHus. [lonepeuHslii pa3mep rayccoBOW COCTaBIISIOLIEH
W UCIBIThIBae IMepuoauyueckue konedanus (cMm. pucyHok 1,0). Ilpu

MOIIHOCTSX ~ paBHOM ¥ Oombme F, HauMuus  caMO(pOKYCHPOBKH

MPEMATCTBYET IIEPEKAayKd DHEPIMU U3 LEHTPAIBHOIO MaKCMMyMa B
XBOCTOBBIE MAaKCHMYMbl M NY4YOK NIPU PACHPOCTPAHEHUU B HEIMHEUHOU
cpele COXpaHsAeT LEeHTpalbHbIM MakcuMyM. llepekauka osHeprum oOT
XBOCTOBBIX MAaKCUMOB K IIEHTPJIbHOMY MPUBOAUT K UX OBICTpOMY
VICUYE3HOBEHMUIO.

Ecmu  wmomHOCTh myuka OOJbIIE KPUTHUYECKOM PKp HaOJIrOqaeTcs

camockatusi mydyka. llomepeunbie pa3mepbl w rayccoBod (DYyHKIHIA
OCHWUIMPYS. YMEHBIIAIOTCS A0 HyJIa (CM. pUCYHOK [,B), mpu 3TOM
WHTEHCUBHOCTD B IIEHTPE My4YKa CTPEMUTCS K OECKOHEUHOCTH.
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3akio4yenune

Anamu3 pacmpoctpaHeHust beccenp-I'ayccoBa myuka B KyOMuUecKH
HEJMHEWHON cpene B 0e3a00epallmOHHOM NPUOIMIKEHHH TOKa3all, YTo
caMO()OKYCUpPOBKa MPUBOJIUT K YBEIMUYCHHUIO JUIMHHBI O€31u(paKIiimoHHOrO
pacnpocTpaHeHus OecceineBa Iydka. A TMpPUH MOIIHOCTH Iy4Ka paBHOMN
KPUTUYECKOM, LEHTPAIbHBIN MAaKCHUMyM COXpaHSETCs Ha BCEU [UIMHE W
My4OK HE MpEeBpaIIaeTcsi B KOJIbIIEBOM.
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TEPMOOIITUYECKHUE ABEPPAIINU B KBASUHEIIPEPBIBHOM
TBEPAOTEJIbBHOM BKP-JIASEPE
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HccnenoBaHo ¢ akUEHTUPOBAHMEM Ha TemIOBble 3((EKTh BHYTPH
KOMOMHAIIMOHHO-aKTUBHOM CpeAbl MPeoOpa3oBaHUE YACTOTHI H3IIyYCHHS
umnyiascHoro  Nd:AWIT na3zepa  BBICOKOM  CcpeaHEld  MOIIHOCTH B
CreKTpaibHbIi nuama3on 1,2—1,6 mkm B BKP-na3epe na nurpare 6apus. Ha
OCHOBE  DKCIEPUMEHTAIbHO HW3MEPEHHBIX  3aBUCHUMOCTEW  BBIXOIHOU
MOIIIHOCTH OT MOIIHOCTH HAaKa4kKh W KPUTEPHS YCTOMYMBOCTH PE30HATOPA
Jazepa Tpou3BencHa oreHkKa A(PGeKTUBHOTO (POKYCHOTO pacCTOSHUE
TEPMOJIMH3bI, BO3HUKAIOIIEH BCIIEJCTBUE IUCCUIIAIIMM SHEPrMM KOMOHWHA-
[IMOHHOM KOJIe0aTeNbHOM MOJBI B TEIUIO MPHU IeHepaluu NEepBOM, BTOPOU U
TPEThEN CTOKCOBBIX KOMIIOHEHT. YCTAaHOBJIEHO, 4YTO ONTHYECKAs CHUiIa
TEpPMONIMH3BI MPEBBIIACT 6 M IPH CpeaHeid MOIHOCTH Hakauku 40 BT.
Meroanka mpoOHOro mydyka COBMECTHO C MPOLIEAYPOH UHUCIEHHON pPEKOH-
CTPYKLMH, BBIIOJHEHHOW MOCPEICTBOM WHTETPUPOBAHUSI HECTALIMOHAPHOIO
YpaBHEHUSI TEIUIONMPOBOJHOCTH M MapaKkCHAIbHOTO BOJHOBOIO YpPaBHEHUS,
BBISIBUJIA ~ JUHAMHUKY  MHAYUMPOBAHHBIX  HCKaXEHUH,  XapaKTepHOM
OCOOCHHOCTBIO KOTOPBIX SIBJISIETCS HAJIM4YWME ONTHYECKUX aleppanuii
BBICOKOrOo mnopsiaka. [locpencTBOM —pasiioKeHUsT PEKOHCTPYMPOBAHHOIO
dazoBoro mpodusis MpoOHOro mydka B psAnx mo mnonuHomam llepHuke u
OPUMEHEHUS CIENUalbHOW TeoMeTpurd (OKYCUPOBKM IydKa HaKayKH
peanu3oBaHa YacTU4YHAas KOMIICHCALUS HCKAKEHUW B  yCTOMYHUBOMU
koH(puryparun BKP-pesonatopa. Coobmaercsi o TeHepaluu H3ITydeHUs
MIEPBOM, BTOPOU U TPETHEW CTOKCOBBIX KOMIIOHEHT C BBIXOJHON MOIIHOCTBIO
17, 9,5 m 5,5 BT, 4TO COOTBETCTBYET KBAaHTOBOU 3(PGHEKTUBHOCTHU
npeobpazoBanus 32, 21 u 13 %.

B.A. IOpesuu', E.B. Tumomenko’, }0.B. ¥Opepny'

'YO «Moruesckwuii rocy1apCcTBEHHbIH YHUBEPCUTET
umenn A.A. Kynemosa», Mormwiesn, beaapych
’YO «MorunneBcknii roCy1apCTBEHHbI YHUBEPCUTET MPOAOBOJIbCTBH,
Moruiues, beaapych

JANHAMUKA U3JIYUYEHUSA B CTPYKTYPAX
N3 KBAHTOBbBIX TOYEK ITPU YUYETE
JIUTIOJIb-AUINOJBbHOIO B3AUMOJIEUCTBUS

KBaHTOBOpa3MepHBIC  TOMYIPOBOJHUKOBBIC OOpa3oBaHUS, KOTOpPHIE
VKJIAJbIBAIOTCA B HECKOJBKO CTpaT HAHOMETPOBOro maciitaba, Omaromaps
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(OpMUPOBAHUIO SKCUTOHHBIX IHEPreTUYECKUX 30H MOXHO paccMaTpUBATh B
KaueCTBE IUIOTHBIX Pe30HAHCHBIX cpel [1]. CTpyKTypHBIE 3IEMEHTBI TaKHX
TOHKMX CJIOEB, MCIOJB3YEMBIX B JIA3EPHOM ONTHUKE B  KAYECTBE
TEHEPUPYIOIIMX KOTEPEHTHOE H3IIyYeHHE OOBEKTOB, XapaKTEPHU3YIOTCSA
OOJBIIMMHU  3HAYEHUSMH  JUIOJBHBIX  MOMEHTOB,  OOYCIOBJICHHBIX
AKCUTOHHBIMU mepexogamu [2]. CyOMHUKpPOHHBIE U HAHOMETPOBBIE CJIOM Ha
OCHOBE TMOJOOHBIX CpeJl ¢ BBIPAKCHHOW PE30HAHCHOW peakiueld Ha ToJie
KOT€PEHTHOI'0 H3JIy4€HHUS B OINPECICHHBIX YCIOBHUSX 00JaaloT CHUIIBbHOM
PE30HAHCHOW  HETMHEWHOCThIO, TpPH OSTOM BO3MOXKHO HAOIIOJCHUE
KOT€PEHTHBIX ONTHYECKUX 3(P¢ekToB. B BBICOKOW CTEMEHH 3HAYUMBIM
OPEACTABISICTCS BKJIAJ B JCHUCTBYIOIIEE BHYTPU KBAaHTOBOPA3MEPHOU
CTPYKTYpbI CBETOBOE NOJIE JIOKAJIBHOIO IMOJSI AaTOMAapHBIX OUIIONEH M €ro
BO3JICHICTBUE HA TUHAMUKY U3IIy4EHUS B CUCTEME.

[Ipu ycioBUM OTHOCUTENBHO OOJBIION BETMUUHBI JUMOJIBHBIX MOMEHTOB
(akTOpoM, CHOCOOHBIM CHIFPATh 3HAYMMYIO pOJIb, BBICTYMAET pa3Ivyuue
MOJIAPU3YEMOCTEH YacTHI] B OCHOBHOM M BO30YXIEHHOM COCTOSHUSX [3].
®da3zoBbiii  3pdeKkT, O0OYyCIOBIECHHBIM  PE30HAHCHOM  COCTABJISIIONICH
JIOKaJIbHOIO TOJIA, IpW 3TOM Bo3pactaeT. [losTomy B KauyecTBe OIHOM U3
3aJlay MPEJICTABICHHOIO0 B COOOILIEHUH MCCIEAOBAHUS CTABUJICA aHAIHU3 €ro
BJIMSHUS HAa YCTOMYMBOCTH HSHEProoOMEHAa BHYTPH MOJIYMPOBOIHUKOBBIX
CTPYKTYp B XOJI€ T€HEpalUUM HU3Iy4YEHHUs. YUYET HEOAHOPOAHOIO YUIUPEHUS
CIEKTPAJIbHBIX JIMHUI YCUJIEHUS, XApaKTEPHOrO ISl MOJyHIPOBOAHUKOBBIX
CTPYKTYp M3 KBAHTOBBIX TOYEK [4], TpEACTAaBIsAECT BTOPYIO CTOPOHY
OPUTMHAIBHOCTH MOJIX0/1a K U3YYEHHIO PE3OHAHCHON AUHAMUKH U3ITy4YECHUS.

JluHamuyeckas MOZAENb MOJTYIPOBOJIHUKOBOIO Jla3epa, B paMKax KOTOPOH
M3ydaJscsi JHEProoOMEeH MEXIy U3TydaeMbIM CBETOBBIM moJieM FE(f) Hecylen
4acTOTBl @ W CPEAOW, OCHOBBIBAJach Ha TPAAULUHUOHHO HCIOJb3yEMOU
cocpeoToueHHOM OamaHcHOM cxeme. Cpena, OAHAKO, MPEACTaBISET
CTPYKTYpY M3 HECKOJBKHX CTpaT, OOpa30BaHHBIX KBAHTOBBIMH TOYKAMHU.
B oroil cxeme neucTByromias Ha AaKTUBHBIE LEHTPbl W ONPEACISAIOIIAst
HEJIMHEHWHBIN OTKIMK aMIUIMTyAa TMJIOCKOBOJIHOBOro mojs E'(f) BKIOYAET
XApaKTEPHYIO MpHU YYETE BIHSHUSA AUIOJIb-IUNOIBHOIO B3aUMOAECHCTBUS
JIOKaJbHYIO MTONPaBKY:

i
E'(t)=E(t) + —P(r). (1)
3g,

BenuunHel aMmimTya  TOJNEM M PE30HAHCHOM  MOBEPXHOCTHOU
NOJIIPU30BAaHHOCTU P(f) yCpEeIHEHBI MO JUIMHE YCHUJIMBAIOLIETO 3JIEMEHTA U
KBa3HCTAallMOHAPHBI (TO €CThb OTHOCUTEIBHO HW3MEHSIOTCS MEIJIEHHO 3a
BpeMsi, CPaBHHUMOE C IEpUOJOM CBETOBOro koiebanus). llpencraBienue
PE30HAHCHOW MOJISPU30BAHHOCTU B BhIpaKeHUH (1) moMuMoO mpsiMoil pe3o-
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HaHCHOM KOMIIOHEHTHBI COOCPIKUT TAaKXKC KBAa3UPC30HAHCHYIO
COCTABJAIOIIYHO:

P(t) = |u,|N{p(t,0)) + i 27mg ,Aa N((n(t, @)) —n, JE (¢). 2)

E€ mpucyrcTBHEM YUYTEHO XapaKTepH3yeMoe BEIWYMHOU Aol paznudue
MOJSIPU3YyeMOCTH  Ha  YPOBHAX TMepexoda, uTo JaéT BO3MOXKHOCTH
paccMaTpUBaTh PE30HAHCHYIO HEJIMHEHHYI pedpakiuio. B Beipaxenue (2)
BXOJIAT BEPOSTHOCTHBIC TIEPEMEHHBIC CIEKTPAJbHBIX  COCTaBIISIOIINX
MOJSIPU30BAaHHOCTU  P(f,0) U  PA3HOCTHM  HACENEHHOCTEW  YpOBHEH
pe3oHaHCHOro mnepexona n(f,w) (MHBEpCHOW 3acel€éHHOCTH). X auHamuka
OIpeesieTcs KBAaHTOBOMEXaHUYECKUMHU YpaBHECHUSMHU MaTPUIIbI
TUIOTHOCTH, |,,| — MOYJIb MATPUYHOIO 3JIEMEHTA JIMIIOJBLHOTO MOMEHTA, N —

00BbEMHAS TJIOTHOCTh PE30HAHCHBIX YACTHUIl, 1) — HayalbHOE 3HAUYCHHE
WHBEPCHOM 3aCENEHHOCTU. YTIIOBBIE CKOOKM B O003HAYEHUM MaTepUaIbHBIX
MEPEMEHHBIX O3HAYalOT YCpEeJHEHHE MO0 pa3dpocy dYacToT, BBI3BAHHOE
HEOJHOPOJHBIM yIIUpeHHueM. B pe3ynpTare aamadaThuuecKoro HCKIIYEeHUs
YaCTOTHBIX KOMIIOHEHT MOJSIPU30BAHHOCTH P (HOPMYIUPYIOTCS CKOPOCTHBIE
YpaBHEHMS, 3alIMCAHHBIE JJI1 MEPEMEHHBIX HOPMHPOBAHHOW KOMIUJIEKCHOU
aMIUIMTYABl J€UCTByIOMIETO 10N A(T) W CHEKTPAIbHBIX KOMIIOHEHT
MHBEPCHOM 3acenéHHOCTH 71(7,0) (MOcineaHss B HalIed MOCTAaHOBKE 3aJayu
paccMaTpHUBaETCs KaK KOHIIEHTPALUS SKCUTOHOB):

dd _ L{<n> + L lsn) 1+ [(on) + B((n) _no)]}A _BRdm)

dr T, 30 30 dr
dn_ _oaldT o g
dr 1+(8+A)’ ()= 1+(5+A)2dA’ )
<5n>zj(5+A)g(A)ndAa 52(0)_0)0)/77 Az(a)o_a)lz)/V-

1+(5+AY

B cucreme (3) ammiutyna A(t) HOpMHUpOBaHAa MO aMIUIUTYIE ACHCT-
BYIOIIETO OIS, COOTBETCTBYIOMIEH Hachimennio: A =|u,|E'\[z, [y /h, Bpems
T — 0 BPEMEHH JKH3HH SKCUTOHOB: T =1/7T ; COOTBETCTBEHHO HOPMHPOBAHbI
OCTaJIbHbIC BPEMEHHBIC MapamMeTphbl, BEIMYMHA OJHOTO M3 OCHOBHBIX TaKHX
mapaMeTpoB — BpeMs JKu3HU (OTOHA B PE30HATOPE, COJEpIKAIIEM
TEHEPUPYIOIIYIO CTPYKTYPY, 75 — TMOMHMO TIOT€pb Ha U3JIyYEHUE U
MIOTJIONICHUS TIPeAyCMaTpPUBaeT YUET 3HAaUCHU Kod(PUIlMeHTa 3aroTHEHUS
pe3oHaTOpa M TmapaMeTrpa ONTUYECKOro orpaHudeHus o, g(A) — QyHKuus
rayccoBa pachpefesieHuss o pa3dpocy 4YacToT @i, ¢ aucnepcuen 1/7,
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XapaKTepHU3yIolell HEOHOPOIHOE YIIMPEHUE BOINU3H LIEHTpa pe30HaHca (.
Cucrema (3) comepXKUT TakKe MApaMETPbl: OJHOPOAHAs LIMPUHA
PE30HAHCHOM JMHUU TOTJIOUIEHUS ), MapaMeTp aMIUIMTYAHO-(a30BOM CBS3U

B= Z”Aahygo/‘ﬂlz

YCHJIMBAIOILLIETO 3JIEMEHTa, A — JUIMHA BOJHBI U3JIy4E€HUs), ONpeaesieMbli
TOKOM HAaKayKd CKOPOCTHOM IapamMerp O, €ro BEJIWYMHA XAPAKTEPU3YET
INPEBBILIEHUE TOKA HAKAYKHW HaJ ITOPOrOBBIM YPOBHEM (TIOPOTOBBIA YPOBEHB
YCUJICHUSI ONPEAENAETCS PABEHCTBOM I10KA3aTeNsl YCUJICHUS B LEHTPE JIMHUU

’ HOopMUpyOmui kodhduiment R = A2n/ (I — nnuna

2 o
K = |ty,| @pNI / YRE,C CYyMMapHBIM MOTEPSM U3JIydEHHUS B JIA3EPHON CXEME).

MHuMast yacTh ypaBHEHUS ISl aMITUTYAbl COACPXKUT JIBE€ KOMIIOHEHTHI,
TaKXXe OIMKCHIBAIOIINE HeluHeiHble (a3oBbie dPdekThl. [IpucyrcTByeT, BO-
MEePBBIX, AMCICPCHOHHAS KOMIIOHEHTA, KOTOpas IPOMOPLHOHATBHA (&) U

O03HA4Ya€T BO3MOXKHOCTbH 3aTSTMBAHUS YaCTOTHI F€HEPALUU K LEHTPY JMHUHU
0 Mepe  HapacTaHus  HHTEHCUBHOCTH, BO-BTOPBIX, HEJIUHEHHO-
pedpakTUBHAs KOMIIOHEHTa, MNPOMOPIMOHANbHAS PE30HAHCHOM BapHalluu
MHBEPCHUM M O3HAyawuas, B CYLIIHOCTH, YYET M3BECTHOIO SIBJICHUS
CHEKTPAJbHOTO YIIUPEHUsI JUHUU, 3(PPEKTUBHOCTH KOTOPOTO B CHCTEMAaX
KBAaHTOBBIX TOYEK OLIEHHUBAETCs, Hampumep, B [5]. Ilapamerp amrmmumrygHo-
(a30BOi1 CBSI3M TOr/Aa MPOMOPLHOHANIEH H3BECTHOMY (akTopy Xenpu. B
YCJIOBUSAX 3HAYMMOCTU CIIEKTPAJIBHOIO YIIMPEHUS JIMHUM YCUJICHUE B

KBaHTOBOPa3MEPHOU CTPYKTYype npuoodpeTaeT JTUHAMUYHYIO
MOJIYJIALIMOHHYIO COCTaBJISIIOIIYIO0, KOTOpasi JIMHEMHO 3aBUCHUT OT CKOPOCTH
U3MEHEHUS KOHIIEHTPAIUH SKCUTOHOB c KodhpuueHToM,

IPONOPIMOHATBHBIM MapaMeTpy f.

PacueTHbIli aHaNM3 MPOLIECCOB M3IIYyYEHUSI OCHOBBIBAICS HA YHCIECHHOM
WHTETPUPOBAHUM KHMHETUYEeCKOoN cucteMbl (3) metogom Pynre-Kyrra, Obutn
OIIPE/ICIICHbI 3aBHCHMOCTH MHTEHCHBHOCTH AeiicTByromero moms S = |A(7) 2
HavanpHble ycIOBUS COOTBETCTBOBAJIM  BBINOJHEHHID aAMIUIMTYIHOTO
YCIOBHsSL TeHepauuu — mpejnonaranocs, 4to (n(r=0))=1; npu srom
HavyaneHas Bemu-umHa S(r =0) Ha HECKONBKO TMOpPSIKOB MEHBIIE
PaBHOBECHOI'O 3HAYEHUA — TO €CTh JUIsl HaYallbHOI'O 3Tana, B CYIIHOCTH,
pemiasach  3ajaya  ycwieHHss ~ crmaboro  curHaiga.  XoJ ~— KPHUBBIX,
WJUTIOCTPUPYIOIIUX pelieHuss (3) AJid MHTEHCHUBHOCTH B 3TOM JHANa30HE
HayaJbHBIX 3HA4YEHUM S, HE 3aBHUCEN OT UX BbIOOpa. HemocpencTBeHHO
paccuMThIBalach BEJIMUMHA UHTEHCUBHOCTHU U3iTydaeMoro nosst So(7) = S[(1 —
kR<n>)* + (kR<n>)*]. Ha PUCYHKE NPOUJUTIOCTPUPOBAHBI JIBA OCHOBHBIX
BapHaHTa BO3MOXKHBIX PEUICHUN HEJIMHEWHON CHUCTEMBI (3): MEpPEeXOaHbIA K
YCTAHOBHUBILIEMYCSI PEXUMY C HENPEPHIBHOW MOIIHOCTBIO (PUCYHOK 1,a) H
aBTOKOJICOATEIbHBIN (perynsipHbIil) B BUJIE MEPUOANYECKOU
MOCJIEIOBATEIbHOCTH HE3aTyXaIOIMUX UMITYJIbCOB (PUCYHOK 1,0,B).
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Pucynok 1 — BpemeHHas1 pa3BEpTKa HHTEHCUBHOCTH U3Iy4aeMOr0 OIS
(Ha pparmeHTax 6’'u ¢’ 3aBUCUMOCTH MPUBEACHBI C OOJIBIINM pa3pelICHUEM,
BPEMEHHAS I1IKaJIa COOTBETCTBYET HAHOCEKYH/1aM )
a=16,0=05(),a=1,72,6=04(6), a=1,7,6=0,33(8); 5 =2,
tp=5nc, 7,=1ue, y=1-10%c", k=0,13, 6=0,04, y7 =03, A = 1,25 - 10°m

1]

—

s

n

1

[}

OCHOBHBIM (PaKTOpPOM pa3BUTHS aBTOKOJIEOATEIHLHOTO PEKMMA CIIECTYET
CUMTATh pa3iMuvMe BpEMEH perakcalMyd B KaHalaX HAKaukd W TeHEpaluu B
YCIIOBUAX JEHCTBUS JOMOIHUTEIBHBIX HEMUHEUHBIX 2P (HEKTOB, XapaKTepPHBIX
IUIsl PE30HAHCHOTO B3aUMOJEHUCTBUS U U3MEHSIOIINX YCIOBUSI YCTOMYMBOCTH
HPHEProoOMEHa B JIa3epHBIX cucTeMax. YacToTra clieJoBaHus, ATUTEIbHOCTh U
CKBa)XHOCTb HMMITYJILCOB B PEJaKCallMOHHBIX aBTOKOJE€OATENbHBIX CEPUsX, B
[[eJOM, 3aBHCENla OT COOTHOLIEHHUS TMapaMeTpOB, OMPEICISIONMNX Ko3(-
¢unrenTsl B ypaBHeHUAX (3). Macmrad sIBIEHUMH COOTBETCTBOBAJ Xapak-
TEPUCTUKAM pEajbHbIX JIa3€pOB, M3BECTHBIX, HAPUMEDP, MO JAHHBIM [4, 5],
Ha OCHOBE KOTOPBIX W paccuutaHbl Kodhduimentsl (3). OTMeTHM, 4YTO
JUTUTENILHOCTh 00pa3ylolIuX CEpUI0 UMIYJIHLCOB MOXET JOCTUraTh JOJeH
NUKOCEKYHIbl,  NEPUOJ]  CIEJOBAHUS  UMIYJIbCOB  COOTBETCTBYET
cyOHaHOCEKYHIHOMY auarna3ony. GakTop HEOJHOPOIHOIO YUIUPEHUS JIMHUU
r€HEpallMl CYIIECTBEHHO CKa3bIBA€TCSl B YBEIWYEHUU CKBAXHOCTH U
YMEHBIIEHUN JUIMTEIBHOCTH HMIYJIBCOB IO OTHOLWIEHHID K CIy4aro
OJTHOPOJHOI'O YIIIUPEHUS.

KayecTBEHHO YCTOMYHMBOCTBH PETYJSIPHOTO pEKMMa MOXHO OLIEHUTHh Ha
OCHOBE JIMHEWHOT0 aHanu3a cucteMsl (3). B npeneOpexeHrnu HEeOTHOPOAHBIM
VIIUPEHUEM JTOT AHAJIA3 OTHOCHUTEIBHO HECIOXKEH M MPEACTABISCT
CaMOCTOAITENIbHYIO — 3ajauy. llpencraBisiercss BaxkHBIM, UYTO  PEXUM
U3ITyYEHHUsI, KOTOPbIA OOBIYHO JOCTUTAETCA 32 CUET CUHXPOHU3UPOBAHHBIX C
CUCTEMOM HAaKayKu MOIYJMPYIOUIUX YCTPONCTB, YCIOXKHSIOMMNX CXEMY
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npudopa, MOXKHO B OMPENENEHHBIX YCIOBUSIX PEAM30BaTh MPHU MOCTOSHHOM
TOKE HAaKayKU.
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CEKIUSA «TEOPUA OYHAAMEHTAJIBHBIX
B3AUMOJAEUCTBUN»

ITpencenarens — Tumomun C.H., Makcumenko H.B.

B.B. Anapees, B.1O. I'agpuin

YO «I'oMeIbCKMH roCy1apCTBEHHBIH YHUBEPCUTET
nMeHu Ppanuucka Cxopunbi», 'omenn, besapycb

BBIYUCJ/IEHUE HINPUH PACIHHA/LI BEKTOPHBIX BO3OHOB
METOJAOM BA3ZUCHBIX CIIMHOPOB

BBenenue

Ilens naHHOM CTAaThbU — MPOJEMOHCTPUPOBATH, KAK C MOMOIIBI0 METOAA
0a3MCHBIX CHUHOPOB 0€3 BBIYMUCICHHS IIMYpoB Matpull [[upaka MOXKHO
BBIYUCIISATh HAOJIOaeMbl€ BEJIMYMHBI  MPOIECCOB  B3aWMOJICUCTBHS C
ydgactiueMm (¢epMuoHOB. B KkauecTBe mpuMepa, PacCMOTPUM IIPOIIECCHI
pacriajia BEKTOpPHBIX 0030HOB B JIENTOHHYIO Mapy. M3ydeHue 3Tux mporeccon
NPEJCTABIACT HMHTEPEC C TOYKU 3PEHUS W3BJICYEHUS TaKUX MapaMeTpOB
CrangaptHoit Mogemn (CM), kak yron BaitHOepra—Camama, KOHCTaHTBI
B3aMOJICCTBUS U AP.

1. Kunemaruka pacnaga 1 — 2

Jlyist pacyeToB HaOJIO/IaEMBIX PACCMOTPHUM IPOIIECC pacmaja BEKTOPHOTO

06030Ha Maccel M B mapy JnentoHoB B(p,o)— (kl,ﬂuk1 ) + l_(kz,lkz) B CUCTEME
nmoKost Me3oHa. Toraa 4-uMITyJIbChl O030HOB U JISITOHOB 3aIUIIIYTCS B BUJIE:
p’u = (M)O)ODO)D

- - . . (1)
kl'=(E,,| k|sin@,0, k |cosB), ki =(E,,—|k|sin0,0,—|k|cosb),

a BEKTOpa moyspusanuu &’ 0030HAa paBHEBI
-\ P

g,=(0,0,0,1), &, = (o,/ﬁ,i/ (70 2)

JUISL TIPOAOJIBHOM TOJIAPU3ALUH (0 = O) Y TONEPEYHON MoJsipu3auuu o ==l
BEKTOPHOT'0 0030HA COOTBETCTBEHHO. I3 3aKOHOB COXpaHEHMSI CIEAYET, UTO
2
2 2 2 2 2 2
qz_(M +m; ml) 5 M”+mp, —m;,
|k |"= 5 —m,, E1,2: . (3)
4M 2M
HaGmonaemass BemmumHa — aud@epeHipanbHas [MIMUPUHA pacrajaa
06o030Ha dI" umeer Bun [1]:
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. _ 1 k|

Mt 3 M2

rae 77 , — MaTPUYHBINA DJIEeMEHT, SBHBIM BUJ KOTOPOro HalIeM I10 IIpaBujIaM
ﬂ“k] J“kz ?

|75, [sin0dode, (4)

Deitnmana g CM.
2. Pacuer MaTpH4HOro jieMenTa B(p,0)—> [ (kl,/”t,q ) + l_(kz,/”tkz)
B Husmem mnopsake Tteopuu BO3MylleHUM auarpamma  DeliHMaHa

pacnaza BEKTOpHOro 0030Ha n300pakeHa Ha pUCyHKe 1.
ks

ko

Pucynok 1 — {uarpamma ®eitnmana 1711 pacraga BEeKTOpHOro 6030Ha

Ucxons u3 mpaBun deitHmana [2], 3amuineM oO0Iee BBIPAXEHUE IS
aMILINTY B pacnana B(p,o) — 1 (kl,ﬂuk1 ) + l_(kz,ﬂuk2 )

1
T/ljl Ay =N 4ma "/7/1“ (k,m,)é, { Z gpa)pj|ul“ (ky,m,) . (5)
p=—1

KoHcTaHThl B3auMozeiicTBus B (5) 3aBucaT ot copra 6o030Ha (Z°, W*) u

I+ o
KOHCYHOI'O COCTOAHUA, w, = Tys — IIPOCKIIMOHHBIN OIICPATOP. Brruuciaenue

Ty ., TpPOBEIEM C MOMOLIbIO MeTona OasucHeix cnuHopoB (MBC) [3].
N3noxum kpatko ocHOBHbIE cooTHOIEeHUust MBC.

Crnunop dupaka W) (p»s,) [4] mnst maccusroro depmuona (A = 1) u

antudepmuona (A=-1) ¢ 4-UMOyIbCOM p U MPOU3BOJIBHBIM BEKTOPOM
HOJISPU3ALUY s, MOXKET ObITh 3anMcan B BuIE [1]:

W (ps,)= ¢ ;jbm(l(ijsﬂ ) U, (B1); ©)

rae u,(b,)— OasucHbli cnuHOp. s OGe3maccoBoro 0a3MCHOrO CIMHOpA

CHpaBeJIJII/IBbI COOTHOIIICHMUA:
b—‘uz(b-l)zo’ b]”_z(b_l) :ul(b]), (7)

ma_(b)=8, u (b)), ou (b)=5, u,b,),
rne b,=2b,=(1,0,0,4) U 7, =2n, =(0,1,i,0) — BEKTOpa M30TPOIHOH TETPAIbI.
4 4 A A P P P

Jis  BDKS—nonspu3aiiioHHBIX ~ COCTOSHHUH  KOHEYHBIX  (DEPMHOHOB
(arTH(EpMHOHOB) cooTHOIIEHUE (6) mpumeT BUL [1]:

110



%+Am
VVAA( ):—Np Y (bfl)- 8
P mu , ( )

C nomouipto ypaBHeHu# (7) ompeaenum JeWcTBue maTpuubl /[upaka Ha
0e3MaccoBbIi 0a3MCHBIN CITUHOP:

7 u, (b)) =bu (b )~ Ay u,(by). 9

Hcnons3ys cooTHomeHue (9), HETPYIHO NOMYYNUTh JEUCTBHE U ABYX MaTPHULL
Jlupaka Ha 6€3MacCOBbIN 0a3UCHBINA CIIUHOD:

vy u, (b)) = (bl i, il i u, (b))~ ABF T, — T, b, (b ). (10)

BaxHbIM  CBOMCTBOM 0€3MacCOBBIX 0a3WCHBIX CIHUHOPOB  SIBJISIETCS
COOTHOLLIEHUE ITOJTHOTHI:

S u, (b Vi, (b)) =1. (11)

A,A=—1
CHI/IHOprle HpOI/ISBGI[eHI/ISI 6a3I/ICHBIX CHI/IHOpOB 3a1aK0TCA COOTHOIICHUSIMU .
@, (bo)u, (b)) =5, e ,. (12)

CootHourenus (6), (9) u (12) u cocrapmsitor ocHory MBC.
C nomormeto MBC paccuuraem 7, ,  (cM. (5)) B TepMHHAX CKAISPHBIX

MPOU3BEACHUM (PU3MYECKUX M H30TPOIHOU TETPajbl BEKTOPOB, MCIOJIB3YS
cootHoteHus (8)-(12):

_Jam
J - )Wk -b)
{7, Xe, b)), i W b)Yk M, 6, o+

He, bk 71, ) ~(e, 7, Nk -b)mg, 8, +H k7L, e, b))~

_(kz ) [;—1 )(80_ ' ﬁ%z )} n/llg—lkz 541%2 B (86 . [;_1 )mW’Zglk 25&"1’_]%2 :|

T/‘L;‘C-Z/‘Lkl =

(b Xe, b+ i, Xe, it Wk -b)

(13)

JI1st ipoAosIbHOM TToMsipU3ali BeipakeHue (13) ¢ yueToM cooTHoLIeHuM (2)
MOJTYyYUM

0 4o
12 = \/EE > >
E, +k(E,—E,)cos6 —k” cos” 0

|:5lkl Ky j’kz (mlg_gkz - m2glk2 )kSll’lQ —
(14)

-5, _, (g, (k(E,—E)cosO+EE,—k*>cos20)+mm,g, )
=y 8~y 2 T & 1 mn,g;,

[TomoGHBIM ke 00pa30M /IS MOMEPEYHBIX MOJISIPU3AIUA:
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—2m0r o

}Zla}%z = 2 2
\/ElEz +k(E,—E)cosO —k” cos” 0

[%_%k{(a+Ez)z%2+a(El—E2—zkcos9)} g, sinb- . (15)

~25,

k|

. 50,—,% (m,(E, +kcos Q)g—zkz +m,(E, —kcos Q)g/% ) :|

3. Pacuer HaOmM0gaeMbIx npouecca B(p,o) >/ (kl,/”t,q ) + l_(kz,/”tkz)

Hcnonp3yss MeTom Oa3WCHBIX CIHHOPOB, paccurTaeM HabIo1aemMbie
BEJIMYUHBI JIs1 Tporecca Z°—[1 . B 3TOM ciy4ae KOHCTAHTBI CBSI3H
JAKOTCSI BBIPAXKECHUSMU:

— Iy g2
w S
g )t g, = (16)
Sy Cy Ciy

C yuyerom cooTHolIeHUs (3) U TOro, UTO m, = m, =m, UMEEM

(17)

Ucnonszys (4), (14) u (15), ycpenssis mo CIUHOBBIM COCTOSHUSIM Z°-0030HA
U CYMMHPYS IO KOHEYHBIM CIIMHOBBIM COCTOSHHSIM (DEPMHOHOB TOITYYUM
o0111ee BhIpaKeHUE ISl IMUPUHBI pacraaa:

2 + 2 M20 +2 2 _2 2 m2
ir =G, St gty Eiion L am® M7 sin0dode,  (18)

242 7
IJI€ BEKTOPHAS U aKCUAJIbHAS! KOHCTAHTHI CBS3U OIPEAEIIEHBI IOCPEACTBOM
8y, =8, (gt 8,), 84y =8, (2. —8g,), (19)
a G, — kxoHcranta ®epmu, KOTOpas CBA3aHHA C IOCTOSHHOM TOHKOWU

CTPYKTYPBI @ COOTHOUIEHUEM

2M>:. s 2M3stcr
a=G,—~" =G, ——" 20
F \/571_ F \/Eﬂ' ( )

Jlns pacriaga Z°-6030Ha B Mapy KBapK—aHTUKBAPK BBIYMCIICHUS aHAJIOTUYHbI:

2

[g;,q + gj,q]M;() _|:4gj,q _2g;,q:|m

dl =G " |k |sin0dOde 21
F 4\/2—7[2 | k| ® (21)
r71€ KOHCTaHThI B3aUMOJEHUCTBHUS 33JaF0TCS COOTHOLLIEHUSIMH
g, = SWCW(—% +25,), 8, = —%SWCW (22)

b

I KBApPKOB C 3apsIOM ‘%
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8v.q :SWCW(_%+% Sy ) g~ _%SWCW (23)

I KBApKOB C 3apsIOM ‘% ‘ [2].

Jns mpouecca W — FVF KOHCTAHThI CBSI3U JAKOTCS BBIPAXKECHUSIMU:
— 0 — 1
g =Y, &= \/ESW .
C y4éroM TOro, 4To Macca HEMTPUHO paBHA HYJIIO, YCPEIHSS O CIUHOBBIM
COCTOSIHUSIM W *-0030Ha U CYMMHPYsI IO KOHEUHBIM CIIMHOBBIM COCTOSHUSIM
(epMHOHOB, MOIY4YHM OOILIEe BhIPAKEHHE JIsl IIMPUHBI pacnaja:

(24)

2 2 2 _ a2 Y
(2MW*4;315])\/([T ﬂzMW+) sinf@dOdo . (25)
Wt

dr =G,

B cnyuae pacniama 6030HOB, KOT/la BCE JICITOHBI 0€3MaCcCOBBIE, UMEEM
- M., .

k=2

D)

, m=m, =0 (26)

u BeipaxkeHus (18) u (25) cBoauTcs k

[g;,l +gj,1]

dF:GFWM;O Sll’l@d@d@’ (27)
ar =G, a8 s G640
=~ Yr 8\/2_71'2 40 SN ¢ (28)

3

=G, —~—

242 7*
s Z° u W*-0030HOB COOTBETCTBEHHO. WHTEerpupys JaHHbIE BhIpaKEHUE
M0 TEJECHOMY YIUIy, IOJyYUM MOJIHYIO IIUPUHY pacnaga Z° u W*-0030HOB
COOTBCTCTBCHHO:

ar sin 0d0d ¢ (29)

3

M
FZGF—ZO ; j > 29
6\/57z'|:g 1 T8 ,1] (29)

Ve
r=G,—%-|g2 +g* |, 30
3\/§ﬁ|:g 4 g,q} ( )

Ve

r=G,—% . 31
6\/571’ 1)

[Tonyuennbie BeipaxeHus (29), (30) coBmagalrOT ¢ COOTBETCTBYIOIIMMHU
OTBETaMU, MPUBEJACHHBIMU B pabore [2], YTO MOATBEPKIAET MPABUIHLHOCTD
METOJMKH pacueTa MaTPUYHBIX 3JIEMEHTOB ¢ nmomoiibio MBC.
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E.A. Jeii

YO «I'oMeIbCKHH roCy1apCTBEHHBIH YHUBEPCUTET
nmMeHu @Ppanunucka Cropunbsi», 'omens, beaapycb

OBOBIIEHUE METOJIA HYMEPOBA N YNCJIEHHOE
PEHIEHUE CTAIIMOHAPHOI'O YPABHEHMSA IHPEJIUHI'EPA

BBenenue

N3ydyeHune CBSI3aHHBIX COCTOSHUK B 3aJadyaX KBAaHTOBOM MEXAaHUKH BO
MHOTHX CJIydasx TpeOyeT YHCIEHHOrO PEeHIeHHUS OJHOMEPHOTO YPaBHECHUS
penunrepa [1]

n d’y
— o Vv x) = Ey(x) (1)
2m dx
WK paguaibHoro ypasHeHus [llpennarepa
n*d’ R Il +1
P Z v D =B, a0 =Y. @
2m dr 2m r
O06a BapuaHTa ypaBHEHHS OyJieM B JaIbHEUIIIEM OMUCHIBATh 001IeH (Hopmoit
y''= f(x) =gy (x)—ey(x) A3)

C I'PaHUYHBIMH YCJIOBUAMUA
w(xmin) =0; yw(xmax)=0. 4)

JIJisi 4UCIIEHHOTO pelIeHUs 3aja4yu Ha coOcTBeHHBbIE 3HaueHus (3)—(4)
00acTh M3MEHEHHUs apryMeHTa [xmin, xmax]| pa3genuM Ha N OTpe3KOB
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c maroM h=(xmax—-xmin)/N, Tak uro X, =xmin+ih, i=0..N,

v,=vy(x;), g =g(x). B rpaHnunbix TOuKax Y,=y(x,)=0;
vy =Ww(xy,)=0. Ucnons3ys psn Teinopa B OKPECTHOCTH X;, Ul BTOPOU

MPOU3BOIHON MOKHO TTOJIYYHUTh BBIPAKECHUE
2 4

1 h h
"x)=—, 2wty )+ =y P )+ —py P+ . (5
W (xl) hz (l//l—l l//l WHI) 12 W (xz) 36OW (xl) ( )

[Ipy 4MCIEHHOM DPELIEHUH YYUTBIBAETCS TOJBKO MEPBOE ciaraemoe (5),
2
YTO MPUBOAUT K MorpeurHoct nopsaka O(h”).

ITpouienypa Hymeposa [2—4] 3akitoyaeTcs B y4eTe BTOPOrO CJIaraeéMoro
B (5) myTeM BBIpaKEHHUSI €ro 4epe3 ' Ha OCHOBE MCXOIHOIO YPAaBHEHUS.

N3 (3) nnst yeTBepTOM MPOU3BOJHON MOTy4aeM

4 2 2 n 4
v (x)=(gy —ey), =1 )(X,-)=hl—2( = f +f"”)+ﬁf( (%) + ... (6)

ITogctanoBka (6) B (5) AaeT YMCICHHYIO AaNIMPOKCUMAIIMIO BTOPOM
o o 4
MIPOU3BOIHOM C JIOKAJIBHOM MOTPEnTHOCTRIO nopsika O(h™).

Ha mnpaktuke wmeton HymepoBa wucnonb3yercss B JBYX pa3IUYHBIX
dbopmax:

a) JUIsl peajn3aliii MOOYEePEIHOTO BBIYMCICHUSI COOCTBEHHBIX 3HAYEHUM
METOAOM TMPHUCTpeNKu; O) [ MOJydeHUs MATPUYHOM 3ajaud  Ha
COOCTBEHHBIE 3HAYEHUS M MPUOIMKEHHOI0 pacyeTa cpasdy OOJbIIOro yucia
DHEPreTUYECKUX YPOBHEN.

B nmannoit paboTre mnpemsiokeHO 0000IIeHWEe MaTPUYHOIO0 BapuaHTa
metoaa HymepoBa, ucrnosnb3yroliee KOHEYHO-Pa3HOCTHYIO alMPOKCUMAIINIO
BTOpOl TPOM3BOJHOM C MPOU3BOJIBHBIM YETHBIM TMOPSAKOM TOYHOCTH.
[lomyuensl oOmMe pacyeTHble (OpPMYIBl JJIs1 TPOU3BOJIBLHOTO YETHOIO
nopsaka P, BBIMOJHEHO YMCIEHHOE HCcienoBaHue 3(PPEKTUBHOCTH METO/a
Ha TMpUMEpPe BBIYUCICHUS CIEKTpa OJHOMEPHOTO TapMOHUYECKOIO
ocuwUIsiTopa U noreHuuana Bynca-CakcoHa, Moka3aHo, YTO MPAaKTUYECKUI
MOPSAIOK TOYHOCTH COOTBETCTBYET TEOPETUUECKOU OIICHKE.

1. OO6GoOmennbie coortHomenusi HymepoBa jaasi  pemeHust
ogHoMepHoro ypasHenus lllpeaunrepa

JlJi1 yucIeHHOro perieHus OyJeM UCIONb30BaTh LIEHTPAIbHbIE KOHEYHO-
pPa3HOCTHBIE AaIMPOKCUMAIIMU BTOPOWM MPOM3BOJHON BOJHOBOM (PYHKIWH,
MMEIOIIre 00U BUI [5]

1 p/2
? chl//,-+k +0(h"),
k=—p/2
(7)

rne C_,,,, C_,h5--Cy, Gy, C,..C sy, C )y — HEONPEIENEHHBIE KOO~

y''(x;) =
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¢unuenTel. BceneacTBue CHUMMETPUM LIEHTPAIbHBIX KOHEYHO-Pa3HOCTHBIX
BBIPQKCHHH cripaBemBel pasencrea C_ , =C, 5, ...C; =C).

Jlis ToNmyyeHHs] YUCIEHHBIX 3HAUYCHUH KO3(PPUIMEHTOB HCIOIb3yEeM
pa3jokKeHUE CETOYHBIX 3HAYCHW BOJHOBOM GyHKUUM, BXomamux B (7),
B psin Teinopa B ¢popme Jlarpanika Jjis y3/10B X k=—-p/2.p/2

i+k o
(Mfww+wm3(a+wm4
a 3 4!

» p+l p+2
+ (kh) y P +% e +%Wp+2 (Si)s G elxisxy,l
s p+1l p+2!

Vi =W (x, +kh) =y, + khy, + e

(8)

ITocne cymMmupoBanus Bcex ypaBHEHHH (8), YMHOXEHHBIX Ha
KO3 ULIHEHTHI C, , TOTy4aeM

p/2 1 p/2 p/2 1 p/2
ZCkl//Hk h ZC l//1+_ ZCk 2' ZCk l//z

k— -p/2 k=—p/2 k=—p/2 k=—p/2
h pl2 h2 pl2 hp—Z pl2

YCk Wy (:Zij% (:ZCkp%
3 k=—p/2 3' k=—p/2 p! k=—p/2

hp—l ( Ifc j p+1) ( z j (p+2) (9)
+ (+2) 4
(p+1)! k=—p/2k Vi ( +2)' k= p/zk Vi

" ( lf kp 4 (p 4)(5 )j
L0 + +
(p+M 50"
O0603Ha4YMB MOIYYEHHBIE CYMMBbI
p/2
2. Ck, (10)
k=—p/2

noiydyaem cucteMy (p + 1) nuHEHBIX ypaBHeHUM i pacuera Kodddu-
nueHtoB C,

c,=0;, 0,=0;, 0,=2;, 0,=0;, 0,=0;,.. o,=0. (11)

p
Boruncnennblie 3HaueHus KO3 PUIMEHTOB MpUBeAeHBI B Tabuie 1.
Tabmuma 1 — 3HaveHus KOXPPHUIMEHTOB ISl I[EHTPAIBHBIX KOHEYHO-

Pa3HOCTHBIX ANNPOKCHUMAlW BTOPOM MPOWU3BOJHOM YETHBIX MOPAIKOB P =
2..12

P C() C_] = C] C_2 = C2 C_3 = C3 C_4 = C4 C_5 = C5 C_6 = C6
2 -2 1
4 |-5/2 4/3 -1/12
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6 |-49/18 3/2 -3/20 1/90

8 |-205/72 8/5 -1/5 8/315 -1/560

10 | -5269/1800 | 5/3 -5/21 5/126 -5/1008 | 1/3150

12 | -5369/1800 | 12/7 -15/56 | 10/189 |-1/112 2/1925 |-1/16632

C yuetrom (9) u BBIYHCICHHBIX KO3(PduiMeHToB BbIpaxkeHue (7) s
KOHEYHO-PAa3HOCTHOW amnnpoOKCHUMAaIlMA BTOPOW IPOU3BOJHOU OT BOJIHOBOM

(GYHKIINH B 1-M y3JIe CeTKU ¢ TouHOCThI0 O(/” ) mpuHUMaeT B

v =L §ey " ( Sc jv/(’”z’ it ( Sk Yo, )j (12)
e k:—p/Zk e (p+2)! k——p/Zk l (p+H\ =02
B mnpennmaraemom wmetome mponeaypa HymepoBa o0oOmraercs myTem

y4yeTa CJlaraéMoro, CoAepXkaliero Mnpou3BoJHYyI0 (p + 2)-ro mnopsaka
(p+2) _

v, = f(x)”), ¢ MOMOILBIO KOHEYHO-PA3HOCTHOM ATMPOKCUMAIUH
SO = SD, S+ 0. (13)
k— p/2

HCTIONIB3YIOIIE Te€ JKe€ y3Jbl ceTku, uto u (4). Jnsg HaxoxaeHus
HEOIPEJENEeHHbIX Ko3(ppuuueHToB D, aHaIOrMYHBIM 00pa3oM MOIy4aeM

CHUCTEMY JIMHENHBIX YPABHEHUHN

~

6, =pl, (14)

rae 6, 0003HaueHbl Takue e cyMMbl, 4To U B (10), HO ¢ Ko3pduEeHTaMU

6,=0, 6,=0;, 6,=0;, 6,=0;

D, . BeruncieHHble 3Ha4eHUS KOOQGUIUEHTOB IPUBEAEHBI B Ta0IMLE 2.

Tabmuma 2 — 3HadeHuss KO3(Q(OUIMEHTOB MJisI UEHTPAIbHBIX KOHEUHO-
Pa3HOCTHBIX anmnpokcumanui P-it mpon3BogHOM

P D() D_] = D] D_2 = D2 D_3 = D3 D_4 = D4 D_5 = D5 D-6 = D6
2 -2 1
4 6 -4 1
6 -20 15 -6 1
8 70 -56 28 -8 1
10 -252 210 -120 45 -10 1
12 924 -792 495 -220 66 -12 1

B pesynprare miis (p + 2)-i npon3BoIHOM B IpaBoil yactu (12) nomydyaem

h? == k=p/2

v = e =L S, G " 2),( 5D kﬂ”jf(“”(é) (15)

[loncraBisaa (15) B (12) m paccmarpuBasi nanee BCE BHYTPEHHUE Y3JIbl
i=1..N—-1, npuxoguM K CHUCTEME JUHEWHBIX YpPaBHEHUN OTHOCUTEIBHO
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HEU3BECTHBIX 3HAYEHUH VW ,,W,,..,\/, ,, IPEICTABIAIONIEN cO00i KOHEYHO-

pPa3HOCTHYIO ammnpokcuManuio ypaBHeHus: lpenunrepa mo o600IIEeHHOMY
merony HymepoBa ¢ nmopsiaikoM ToyHOCTH (p + 2):

p/2 Ck Gp+2 B
g/z {— 5 + kang +6;,08; }WHI{ =

p/2 o, .
- gk Z/2{([9 i ;)'Dk " 5](’0}%”{ . O(hp 2)
= !

Cucrema OmHOpPOAHBIX ypaBHeHHil (16) o00pa3yer 000OIIEHHYIO
MaTPUYIHYIO 33J1a4y Ha COOCTBEHHBIC 3HAYCHHUSI

Ay =eBy, (17)

KOTOpasi MOKET ObITh pelleHa CTAaHJAPTHBIMU METOJAAMU BBIYMCIUTEIBHON
JUHEWHOU anreOpsl [6].

s ciydast P = 2 (cranmaptabiii meton HymepoBa) 3Hauenus: koaddu-
nuentos C | =1, C,=-2, C, =1, D, =1, D, =-2, D, =1 u cucrema (16)

MPUHUMAET BU/I, COBIAIAIONINI C U3BECTHBIM B JIUTeparype [2, 3]

1,8 {g g)j 1, 8u (1 o 1 )
h2 12 lljl h2 12g1 l//l h2 12 lzlljl—l 121// 12Wi+1 s

i=1.N-1. (18)

4
[lorpemHOCTh anmpOKCUMALIMY B JAHHOM CITy4ae UMEET MOPSAIOK O(h )

(16)

Paccmotrpum panee cioyuait P = 4. IIpu stom Ha ocHoBanuu (11) u (14)
noiaydyaeM 3HaueHus koddpduumenro D , =1, D , =-4, D,=6, D, =4,
D,=1, C,=-1/12, C,=16/12, C, =-30/12, C, =16/12, C, =-1/12,

Y CUCTEMA CETOYHBIX ypaBHEeHUH (16) nmeer Bu

( 1 _gl._zj +(_ 16 +4gi_1) +( 30 L84 ) .
1212 90 Vi 1272 90 )V T\ q2m2 T oo Vi

16 4g,., L/ 2)
+| - L — 202y, = 19

- 901//1 9OW 9OW1 90Wi+1 90Wi+2 :

[TorpemHOCTh anpPOKCUMALIMU B 3TOM CIIy4ae UMEET MOPSA0K O(h6).

2. Pe3yabrarbl YMCJICHHBIX PacdyeToB 10 O0O0IIEHHOMY METOLY
Hymeposa

[IporpamMmmuasi peanmuszanus o6oOmeHHoro wetoga HymepoBa s
P = 2..12 Bemonuena B cucreme Matlab. B kadecTtBe TecToBOIl 3amaun
pPacCMOTPEHO YMCIIEHHOE pelleHHe OAaHoMepHOro ypaBHeHus Ilpenunrepa
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C MOTEHIMAJIOM TapMOHHUYECKOro ocuuiusitopa. B cucreme egunun 7 =1,
m = 0,5 morennuan mmeeT Bun V(x, y)=x2/2, a TOYHBIE COOCTBEHHBIC
g =k+1/2, k=0,1..
YUCJIEHHOTO PeIIeHUs i1 nmepBbiXx SO ypoBHEH MNpUBEAEHBI B TA0OMIlE 3 1JIs

kinaccudyeckoro meroga HymepoBa (P=2) u 0000meHHOro wmeroaa ¢
nopsiaikoMm P =4..12 (xmin = -20, xmax = 20, h =0,05, N = 800).

S3HAYCHUA OHCPIrUn 3HaYeHHusd MMOTrpCIIHOCTHU

Tabmuua 3 — IlorpemHocTh pacdyeTa YpPOBHEH SHEPruM  OJHOMEPHOTO
FapMOHMYECKOr0 OCHWJUIATOpa Uil Kiaccudeckoro mertona Hymeposa
(P =2) u 06061menHoro MeTona ¢ mopsiakom P =4..12

k P=2 P=4 P=6 P=38 P=10 P=12

0 | -7.8e-005 | -6.5e-008 | -9.1e-011 4.7e-013 -7.7¢-012 | 1.7e-010
5 | -4.8e-003 | -1.5e-005 | -6.2¢-008 -3.1e-010 -9.5e-012 | 1.7e-010
10 | -1.7e-002 | -1.0e-004 | -7.6e-007 -6.6e-009 -7.1e-011 1.7e-010
15| -3.8e-002 | -3.2e-004 | -3.5e-006 -4.4e-008 -6.2e-010 | 1.7e-010
20 | -6.6e-002 | -7.4e-004 | -1.1e-005 -1.8e-007 -3.2e-009 | 1.2e-010
25| -1.0e-001 | -1.4e-003 -2.5e-005 -5.2e-007 -1.1e-008 | -9.3e-011
30 | -1.5e-001 | -2.4e-003 -5.2e-005 -1.3e-006 -3.3e-008 | -7.5e-010
35| -2.0e-001 | -3.8e-003 -9.5e-005 -2.7¢-006 -8.2e-008 | -2.5e-009
40 | -2.6e-001 | -5.7e-003 -1.6e-004 -5.1e-006 -1.8e-007 | -6.4e-009
45 | -3.3e-001 | -8.0e-003 -2.5e-004 -9.1e-006 -3.6e-007 | -1.4e-008
50 | -4.0e-001 | -1.1e-002 | -3.8e-004 -1.5e-005 -6.6e-007 | -3.0e-008

ITo pesynpraTam TpeX NOCIEAOBATENIBHBIX PACUYETOB JIA KOJIMYECTBA
maroB N, 2N, 4N (to ectb, mia BemuumHbl mara h, h/2, h/4) moxno
OTNPENICNTUTh MPAKTUUYECKUM TMOPSAOK CXOAMMOCTH YHCICHHOIO METOja P.
[Ipeanonaras, 94To Mpu JOCTATOYHO OOJILIIOM KoJMuecTBE N MOrpemHoCTh B
BBIYMCIIEHUH COOCTBEHHOTO 3HAUYEHUsI IIpornopiroHanbHa N—P, momydaem

(N) (2N)
P =log .
2| SN _ @N)

[Ipumenss sty dopMyily Al OLEHKHA SPHEPreTUUECKUX YPOBHEW rapmo-
HUYECKOr0 OCLUMIUIATOpPA, II0Jy4aeM 3HA4Y€HHUsA IIPAKTUYECKOrO IOpsaKa

(20)

CXOAMMOCTH P 1 pa3lIMyHbIX 3HAYEHUN TMOpsaKa anmpokcumarnuu P
BTOpOil mpou3BoHOM B ypaBHeHuu lllpenunrepa (tabnuua 4).

Tabmumna 4 — IlpakTHdeckuil MOPSIOK CXOAUMOCTU OOOOIIIEHHOI'O0 METOja
HymMmepoBa npu uncieHHOM peleHun ogqHoMepHoro ypasHenus lllpennnrepa
C MOTEHLIMAJIOM FapMOHUYECKOT 0 OCIIUIUIATOpA

K|P=2|P=4|P=6|P=8|P=10| P=12
1 2 3 4 5 6 7
0| 2,01 | 3,95 | 588 | 7,79 | 9,67 11,53
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51203 | 394 | 586 | 7,75 | 9,62 11,46
10| 2,04 | 3,93 | 5,83 | 7,71 9,56 11,39
15] 2,05 | 391 | 5,79 | 7,66 | 9,50 11,31
Oxonuanue Tadiunel 4
1 2 3 4 5 6 7
20| 2,07 | 3,90 | 5,76 | 7,60 | 9,43 11,23
251 2,09 | 3,89 | 5,72 | 7,55 | 9,35 11,14
30| 2,11 | 3,88 | 5,69 | 7,49 | 9,28 11,04
35 2,13 | 3,88 | 5,66 | 7,44 | 9,20 10,94
40 | 2,15 | 3,87 | 5,63 | 7,38 | 9,12 10,84
45| 2,18 | 3,87 | 5,60 | 7,33 | 9,04 10,74
50| 2,20 | 3,88 | 5,58 | 7,28 | 8,97 10,64
Takum o0O0Opa3oMm, NPaKTUYECKUN MOPSAOK CXOIUMOCTH Pa3IUYHBIX
BapUaHTOB 00001IEHHOT O MeToaa Hymeposa COOTBETCTBYET

TEOPETUYECKOMY 3HAYEHHUIO.

O606mennbiii Metog HymepoBa ucronb3oBaH Takke I YUCICHHOTO
pemieHus paguanbHoro ypaBHeHus Ipenunrepa (2) ¢ moreHuuanom Bynca-
Cakcona npu [ =0

V(r) = a ach;
I1+D (1+D)

B tabnuue 5 npuBeneHbl 3HaUCHUS! YPOBHEN SHEPTUU, BBIYUCIECHHbBIE TTPU
h=0,02, rmin = 0, rmax = 16, a Take TOYHBIC 3HaAUCHUS U3 PabOTHI [7].

5

D=eU"?; q=-50, b=7, =3 21)

Tabmuua 5 — Pe3ynbTaThl YMCIEHHOTO PEIICHUS pauaibHOTO ypaBHEHUS
HIpemunrepa ¢ norenumanom Bynca-Cakcona 06001meHHbpM MeTooM Hymeposa

k

Ek,motm [7]

P=4

P=28

P=12

01N N bW~ O

—_ e
W= o P

49.45778_8728083
48.14843_0420006
46.29075_3 954466
43.9683 1_843 1814
41 .23260_7772 180
38.12278_5096728

34.672313205700

49.45778-8728498
48.14843-0429375
46.29075-4022469
43.9683 1-87 15399
41.2326(;8632046
38.12278-7218323

34.672317735643

49.45778-8728080
48.14843-0420003
46.29075-3954461
43.9683 1-843 1808
41 .23260-7772 172
38.12278-5096719

34.672313205691

49.45778-8728089
48.14843-0420012
46.29075-3954471
43.9683 1-843 1818
41 .23260-7772 183
38.12278-5096730

34.672313205700
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30.912247487909
26.87344;8916060
22.5886(;2257693
18.09468-8282124
13.43686-9040250

-8.676081670737
-3.908232481206

30.912256172372
26.87346-4221039
22.58862-7440000
18.09472-7358668
13.43692-6555547

-8.676162029944
-3.908338092841

30.912247487908
26.87344;8916078
22.5886(;2257756
18.09468_8282276
13.43686_9040560

-8.676081671305
-3.908232482150

30.912247487909
26.87344;89 16058
22.5886(;2257691
18.09468-8282121
13.43686-9040246

-8.676081670731
-3.908232481201

3akioyenune

B pabote npeasiokeH HOBBIM 3PPEKTUBHBIN METO YMCICHHOTO PEIICHUs
ypaBHeHus Illpeaunrepa st CBSI3aHHBIX COCTOSIHMM, OCHOBAHHBIM Ha
0000menun Meroaa HymepoBa ¢ HCMOIb30BAaHUEM KOHEYHO-Pa3HOCTHBIX
OPOU3BOJIHBIX  BBICHIMX MOPSAKOB TOYHOCTU. [lomydeHsl pacueTHbIE
dopmMynbl 7S OPOM3BOJIBHOTO YETHOrOo TMopsaka P,  BbIUKCIEHBI
kodpdunnentsl 11 P = 2..12. BpinmoiaHeHo mpakTUyecKoe HCCieI0BaHUE
BBIYUCIUTENIbHON J(P(EKTUBHOCTH METOJa Ha TMPUMEpPE OJHOMEPHOIO
rapMOHHUYECKOro ocIMuIATOpa U norenuunana Bynca-Cakcona.

[IpuBeneHHbIE pe3yabTaThl MOATBEPKIAIOT CYIIECTBEHHOE YMEHbIIICHHE
NOTPEIIHOCTA  YHUCJIEHHOTO  pEeUIeHUs  CTAIlMOHAPHOTO  YpPaBHEHHS
Hlpenunrepa npu UCHoJIb30BaHMU 000011IeHHOT0 MeToga Hymepoaa.
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T.IL Kenonukuna, C.A. Jlykamesuy, B.®. Illos0x

YO «I'oMeIbCKMH roCy1apCTBEHHbIH YHUBEPCUTET
nMeHu @Ppannucka Cropunbsi», 'omens, beaapycb

PEJSITUBUCTCKASA TPAKTOBKA ITOHATHUA DOHEPT' A
B KYPCE OBIIENA ®U3UKU

[TorsiTHe SHEpruwM SBISETCS OXHUM W3 HambOojee (QyHIaMEHTaIbHBIX
NOHS-THH B (PU3MKE, a 3aKOH COXpaHEHUs] — OJHUM M3 OCHOBHBIX 3aKOHOB
TIPHPOJIBI.

EcTecTBeHHO, YTO TPaKTOBKE JaHHOIO MOHATHUS B Kypce oOmiel pusnke
JIOJKHO OBITH yieleHO ocoboe BHMMaHuE. VIcXons U3 3TOro, Mbl CUUTAEM,
yT0 Hambojee TiIyOOKHEe W YETKHE TMPEJACTaBICHUS 00 HIHEPrHUU MOXKHO
co37aTh Ha 6a3e PeIITUBUCTCKUX IpeAcTaBIeHUH [1].

Ha ocHoBe aHanm3a pe3yJbTaTOB AKCIEPUMEHTA (JIBUKCHUE YaCTHIl B
YCKOPHUTENSAX U T.J.) BBOAUTCS IMOHSITHE O PEISTUBUCTCKON Macce

m
_ 0
m = ————= (1)
1-V / 2
C
Uu peJ'IHTI/IBI/ICTCKOM I/IMHYJ'IBCC

— R my

P=myv=—"2__. (2)

2
1V / i
c
ITonHas SHeprus Tena BBOAUTCS MO OMpeeIeHHIO
E=mc’. (3)

OHeprusi TMOKOs (MHAY€ BHYTPEHHsSI JHEPrusi) MPEICTaBIsIeT COOOM
DHEPIrUI0 Teja B COOTBETCTBYIOLIEH CHUCTEME OTCYETa, OTHOCHUTEJIBHO
KOTOPOU TEJIO IIOKOUTCS:

E =mc’. 4)
Toraga KHHETUYECKAS SHEPTUS
, 2 my’
K=E-E, =mc (1— 1—\%2)= . (5)

1+,/1—\%2

B nepenstuBrcTckoM nmpubimkeHnu (v << ¢) KHHETUYECKas SHEPrus
2
my
K=——-. (6)
2
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3aMeTUM, YTO MOJ «TEJIOM» Mbl IOHUMAEM HE JIEMEHTAPHYIO YaCTUILY, a
COBOKYITHOCTbh YaCTHII, KaXJasi U3 KOTOPbIX, B CBOK OYEPE]lb, MOXKET UMETh
ITPOU3BOJIBHYIO CIIOKHYEO CTPYKTYPY. BHYTpEHHSISI SHEpPIrusi CUCTEMBI HEB3aUMO-
JNEUCTBYIOIIMX YaCTHI (MI€aIbHbIN ra3) paBHA CYMME UX MOJHBIX YHEPTUM:

EO =2XFE =2F +2K =2E +K, , (7)
i i i i eHymp
1 (S 1 (0)) K@Hymp IOHMMAETCA CyMMapHas KHUHETUYeCKas DHEprus
Xa0TUYECKOTO IBUKEHUS YACTHUILL, U3 KOTOPBIX COCTOUT TEJIO.

[To anHamorum MOXKHO 3aIllMCaTh BBIPAXKEHUE i1 BHYTPEHHEW DHEPrUu

CHUCTEMBI B3aUMOJIEHUCTBYIOIIMNX YaCTHII:

Egucm = ZEOi + Kgﬂymp + Usnymp’ (8)

rac 1moxa U IMOHUMACTCA CyYMMaApPHas SHCPIUAd BBaHMOHCﬁCTBHH JaCTHUIL

anymp
MEXIy co0oil. Pa3bueHne sHepruu CUCTEMBI Ha TPH CllaraeMble HE SIBIISETCS
OJTHO3HAYHOM OIepamueil U 3aBUCHUT OT XapakTepa 3ajadu. Tak, Mpu HU3KUX
TeMIepaTypax, Korjaa He BO30YXKIarTcs KojeOaTeabHbIE CTENEHH CBOOOIBI
MOJICKYJI Ta3a, SHEPrus JABIKEHHUS W B3aUMOJCHCTBHS aTOMOB MOJICKYJI
BXOIUT B XF, , a IpU MOBBILIEHUN TEMIIEPATYPbl 3TH CTEIEHU CBOOOMBI MBI

yXKe BKIOUWIA B K u U To ke OTHOCUTCSA U K BHYTPUATOMHBIM U
GHYmMp GHYmMp

BHYTPHUSAJIEPHBIM CTENEHAM CBoOOABL. [lodTOMy, KCTaTh, HEBO3MOXKHO
BBIJICTIUTh W3 BCEW DHEPrUM cllaraeéMoe, KOTOpoe MOXHO ObIJI0 Obl Ha3BaTh
«TEIUIOBOW)» DHEPIUEH.

N3 (4) u (8) cienyer, 4TO Macca MOKOSL CUCTEMBbI YaCTHIL

cucm

my, = =2Xm, +Am, 9)

rae Am — Ae(eKT MacChI

K +U
Am — 8HYmMp Cz 8HYMp ) (1 O)

B 3aBucuMocTH OT 3HaKa HPHEPrHUM B3aMMOACHCTBUSA JEePEKT MacChl
MOXKET OBITh MOJIOKUTEIBHBIM UJIA OTPHUIATEIIHBIM.

[Iyrem »sneMmeHTapHoro mnpeoOpa3oBaHusi BbIpaxkeHus (1) mnomydaem
COOTHOILIEHUE MEXKIY IHEPrUer U UMITYJIbCOM TEJA:

E’=E; +p’c’. (11)

HuddepeHunpyst 3T0 BbIpaKeHUE, MOIYYUM MOCIIE COKPAILICHU:

a’E:a’EO‘/l—V%2 +vdp (12)

B ClIydac, KOrja BHYTPCHHAA OHCPIUA TCJIa HC MCHACTCA, UMCEM !

dE:dszdngvdtzﬁdi_ (13)
t
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ITo onpenenenuro BenuunHa 04 = Sdl IpeJCTaBIIsAET COOON JCMEHTap-
Hyto pabory. Urak, npu E, =const pabora cuia paBHa H3MCHCHHUIO
KUHETUYECKON SHEPTUU:

oA =dK . (14)

B npubmmkeHurn HBIOTOHOBCKOM MEXaHMKH CYIIECTBYIOT KOHCEpBa-
TUBHBIE CHJIbI, Pa00OTa KOTOPBIX HE 3aBUCUT OT (hOPMBI TPACKTOPUH, T.€.

§3d1 -0,
DOneMeHTapHass  paboTa  KOHCEPBATHUBHBIX CHUJ  €CTh  TOJHBIN

muddepentinan HEKOTOpod (YHKIIMM COCTOSHUS, KOTOpash Ha3bIBaeTCS
MOTEHUMAIBHON SHEPTUEN B3aUMOJIEMCTBUS MEK]Y YACTAMU CUCTEMBI:

5AK0HC = _dU . (1 5)
N3 Beipaxenuii (14) u (15) cnegyer
W =K+U = const, (16)

T.€. MOJIHAsI MEXaHUYECKasl PHEPrusi 3aMKHYTOM KOHCEPBATUBHOM CUCTEMBbI
COXpaHsEeTCS.

Oco6o cnepyeT oOpaTuTh BHUMAHHUE Ha TOT (DAKT, YTO 3aKOH COXPAHEHUS
sHepruu B Buae (16) cmpaBemivB JMIIb B MPUOJMKEHUM HBIOTOHOBCKOM
MEXaHUKU. B Teopun OTHOCHUTENHLHOCTH B OOIIEM cCllydae HEBO3MOXKHO W3
SHEPrUU CUCTEMbI OJHO3HAUHBIM OOpPa30M BBIAEIUTH ClIAraeMoe, KOTOPOE
MO’KHO OBbLJIO OBbI Ha3BaTh MOTEHIIMATBHON SHEPTrUei.

H3meHeHre MONHON 3HEpruu Teja (CUCTEMbl YacTHI[) MPOXOAUT Kak 3a
CUYET U3MEHEHHUsI DSHEPruu MOKOs, TaK W 3a CUeT M3MEHEHMs umnyibsca. He
OyZeT JUIIHUM 3aMETUTh, UYTO MMIIYJIbC MEHSETCA HE TOJBKO TMpH
U3MEHEHUU CKOPOCTU TeJla, HO U MPU M3MEHEHUU €r0 MAcChl MOKOS U TEM
CaMbIM — €r0 BHYTpEHHEN SHEPrUH.

BuyTpeHHss sHeprus Tena MeHseTcss npu ero aedopMaiy — npu 3TOM
coBepiaercs padora. Ho pabora coBepiiaercs v Mpu U3MEHEHUU UMITYJIbCa
TeJaa 3a CYET MU3MEHEHHUs ero ckopocTh. C Ipyroil CTOpOHbI, BHYTPEHHIOIO
SHEPTUIO TeJa MOXKHO U3MEPUTH MyTEM TEIIO00OMEHa; MepeaHHas IpU 3TOM
IpoIecce SHEPrusi Ha3bIBACTCS KOMMYECTBOM TEmIOThl o . Ho kak yxe

TOBOPUJIOCH BBIIIE, TPU 3TOM U3MEHSAETCS U UMITYJIbC TENA.

Hrtak, MBI HE MOXEM OAHO3HAYHO PEMIMTH BOIPOC O TOM, KaKoe M3
claraeMbIX B MPaBOW 4acTu paBeHCTBA (12) XapaKTepu3yeT TEIIOOOMEH, a
kakoe pabdoty. TouHee, U TO, U JPyroe B paBHOW MEpPEe OTHOCUTCS K 00€HM
cnaraeMbiM. (Clen0BaTEIbHO, BIIOJIHE OJHO3HAYHBIA CMBICI MMEET JIMIIb
U3MEHEHUE MOJIHOM 3Hepruu. UTo KacaeTcs MOHATUM paboThl U KOJIMYECTBA
TEIUIOTHI, TO pas3ieneHue dE Ha ciaraemMpie 04 w 60 MOXET OBITh

BBIMIOJIHEHO, BOOOIIE TOBOPS, pa3HbIMU crioco0amMu. Takum 00pa3oM Mbl
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BHOBB yOexaaeMcsi B OeccoepKaTeIbHOCTH TEPMUHA «TEIJIOBAsl SHEPTUS »,
KOTOPBIH €I11€ HEPEAKO UCII0NIb3YETCS B JINTEPATYPE.
Ecnu coxpanuth, corinacHo BbipakeHuto (13), 3a BeMYMHON Vdp cMBbICH

AJIEMEHTAPHON pabOThI U B TOM ClIydae, KOT/aa UMITYJIbC MEHSETCS HE TOJIBKO
3a CYET U3MEHEHUs CKOPOCTH, HO U 3a CYET M3MEHEHUs MAaCChl MOKOs, U IO
ONPEIEICHUIO HAa3BaTh BEIIMYMHY

(@:m%m—@é:@%m—@é (17)

AIIEMEHTAPHBIM KOJIMYECTBOM TEIJIOTHI, TO BhIpaykeHHe (12) mpuMeT BUn:
00 + 04 =dE | (18)

D10 U ecTh HambOosee obmiast ¢popMa MEpPBOro Hayaaa TEPMOIUHAMUKH.
N3 nHero crnemyer oOmast ¢GoOpMyIMpOBKa 3aKOHA COXPAHEHUS DHEPIruu:
B 3aMKHYTOU (04 = 0) u agmabaTuyecku wu3oimpoBaHHOM (00 = 0) cucreme
NojHas 3Heprus coxpansiercs ( E = const).

3akoH mpeoOpa3oBaHUs BBIPAKECHUS I KOJIMYECTBA TEIUIOTH (17) Obu1
npenanoxeH [lnankoMm. B Takom Buie UM MOJB30BAIMCh OJWHINTEWH [2] U 1€
bpoiine [3]. B nocnennee Bpemss OtT ' Mémnep [4] BBIABUHYIN UJIEHO, UTO
HY>KHO TOJIb30BaThCS IPYTUM 3aKOHOM:

Q= QO

! i/.
C2
YuuTpiBass ~ pacCMOTPEHHYIO  BBIIIE  HEOJAHO3HAYHOCTH  CaMOro
OMpeNIeSICHUs]  TIOHATHS KOJIMYECTBA TEIJIOTHI, MOXXHO OBbUIO OBl U HE
BO3paXKaTh MPOTUB MpeajaracMod TpakToBKM. HO HHMKak Henb3d
COTJIaCUThCSI ¢ MHEHUEM MéErepa, uto BeipaxeHue (17) «omuboaHo.
PaccMoTpuM TemnoByr MammuHy, paboTaromyto mo 1nukiay Kapso.
[Tone3nas pabota B COOTBETCTBYIOIIEH CUCTEME OTCUETA

0
0 _ o 2
A =0/ 1-—" |, (19)
T
rae 1, » T, TeMnepaTypbl HarpeBaTess U XOIOAuIbHUKA. B cucreme orcuera,
JABUKYIIEHCS BAOIb OCH abCLIMCC CO CKOPOCTBIO V, HUMEEM COOTBETCTBEHHO:

T.
A=0|1-2 . (20)
1

N3 Beipaxkenuit (16) u (17) BugHO, 9yTO paboTa W KOJIMYECTBO TEIJIOTHI
npeoOpasyroTcsi OIMHAKOBO.
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[TonoxkuM, 4TO MOPIIEHb NEPEMEIIAETCS BAOJIb OCU OPAUHAT. Y YUTHIBAS,

9TO MOMepevHas cuma 3, = Sg NI VZZ , @ TIONepeyHast KOOpAMHATA Y = Y,
UMEEM:
A= f\sdy jsody 1- v 2= 1- v 2, (21)

YTO COBMAJAET C 3aKOHOM npeo6pa3OBaHI/m (17).
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B.H. Kammaii, FO.A. I'pumeuxkun

YO «I'oMeIbCKHi TOCy1apCTBEHHBINH YHUBEPCUTET
nmMeHu @Ppanunucka Cropunbsi», 'omens, beaapycb

®OPM-PAKTOPBI PEJIITUBUCTCKUX CBSA3AHHBIX
CHUCTEM JIBYX CKAJIAPHBIX YACTHI]
C MOTEHIAAJIOM OTHOBO30HHOT O OBMEHA

B  pabGore  HalijeHbl  YHCIEHHBIE  PEIICHUS  PEISATUBUCTCKUX
MHTETpaJbHbIX ypaBHeHUN KBaHTOBOW Teopuu nossd (KTII), onuceiBarommx
CBSI3aHHBIC § -COCTOSIHMS JIBYX CKaJsipHBIX 4dactul [l, 2], c
NOTEHI[MAJIOM OJIH00030HHOrO oOmeHa [2]. IlomydyeHHble pelieHHus 3aTem
UCIIOJIb3YIOTCS JJI1 HAXOXKIAEHUs 3HaueHUW ympyrux ¢opm-pakrtopoB [3] u
dbopM-pakTopoB aHHUTWIIALINY [4] CUCTEMBI IByX YaCTHII.

B umnynscHom npeacrtaBnenuun (UII) nByxuactuunsie ypaBHeHus KTII
JUIA  BOJNHOBBIX (QYHKUMH CBSI3aHHBIX §-COCTOSHHA (W, ) HMEIOT

caenayromuit Bu [S]:

22 7 ' ' '
"[/(./)(w’ %) ZEG(./)(W’Z),ld% V(%: X )l//(_j)(wa X )3 (1)
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rae uHiaeke j=1,2,3,4 COOTBETCTBYET YETHIPEM BapUAHTAM YPABHEHHUI,
MOJMYy-4YEHHBIX B KBasunoreHuuaibHoM mnoaxoxae KTII: j=1 (j=3) —
ypaBHenue JloryHoBa-TaBxenunaze (MomuduuupoBanHoe), j=2 (j=4) —

ypaBHenue KanpimeBckoro (MmomuduiupoBanHoe). B ypaBHenun (1)
BEIMUMHA ) — OBICTPOTA, CBS3aHHAS C MMITYJIbCOM p YaCTHI[bI MAacChl m

COOTHOILIEHUEM p=msinh ¥, BEJIMYHHA W CBSI3aHA C DHEPIUEU CUCTEMBI

nByX vactull 2E cooTHomeHueMm 2E =2mcosw, A >0 — KOHCTaHTa CBS3H,
V(x, x") — penaru-BucTckuid norenuuan, G ,(w,y) — dynkuun I'puna (OT)

j -r0 ypaBHEHHUs, uMeronue Bun [1, 2]:
Gy (w, 1) = [cosh2 % —cos? w]_l ; Goy(w, 1) = [2 cosh y(cosh y —cos w)]_l ;
2)
G, (W, y)=cosh )([cosh2 % —cos? w]_l ; Guy(w, )= [Z(COSh)( —Cos W):|_l .
[lapruaneHplii  TOTEHIMAT  OMHOOO30HHOTO oOMeHa V(y,x') B
chepruueCcKu-CUMMETPUYHOM cllydyae uMeeT GopMy

n_ 1, (cosh(y+y")—cosa
— 2
Viex)=y n(cosh(x_x,)_cow : 3)

rJ€ BEIMYMHA o CBS3aHA C MAacCod 4 CKaIIPHOTO OOMEHHOro 0o030Ha

COOTHOIIIEHUEM [2]
cosa=1—u*/2m*, 4)

Hns  onpeneneHuss ynpyrux ¢GopM-(pakTopoB HEOOXOIAMMO 3HAHHE
BOJIHOBBIX (DYHKIIUN B PEJIAITUBUCTCKOM KOH(PUTYPAIMOHHOM MPEICTABICHUH
(PKII). CoorBerctBytomue (1) ypaBHenust ans BoaHOBBIX (pyHkiui B PKII
UMEIOT CIEayIomui BU [6]:

W, w,r)= _’li dr'G,,(w,r,r" W (', (w,r'), (5)

rae r — mMoxynb paauyc-Bekropa B PKII, a dyukuun v, (w,r), G, (w,r,1'),

V(r) cBszanbl ¢ cooTBeTcTBytomuMu ¢(ynkuusmu B UII cnenyrommmu

npeoOpa3oBaHUAMMU:
Vi (w,r)= ,idrSin(lmr)l//(j) W, 2), (6)
, -2 % . . ,
G(.I-)(W,l",l" ) = ﬁ ,([' d% Sln(%ml") G(_j) (Wa Z)Sln(lmr )J (7)
Vg, x)= T drsin(ymr)V (r)sin( y'mr). (8)
0
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Boruucnenne unterpanoB mis @I (7) gaer ciaeayrollde BBIPAXKEHUS B
PKII (mbI BBemu o003HaueHuss K" =K@ =msin2w, K@ =K® =2msinw) [6]:

G, (w,r,r") =G, (w,r =)= G, (w,r +717), 9)
rae
_ —1 sinh(7/2—-w)mr =1 cosh(z/2—w)mr |
Gy (wor)= K" sinhzmr/2 G (w,1) = K®  coshmmr/2
dmcosw)” 1 sinh(z—w)mr —1 sinh(z — w)mr
G, (w,r)= ( ) ( ) s Gy (w,r) ( ) .

coshrmr/2 K% sinhzmr K@ sinhzmr

[IpeoOpazoBanue, oopatHoe (8), maet motenuuan ¥ (r) B PKII [2]

_ cosh(zr —oa)mr
V)= rsinhzmr (10)

Pemenuss wunterpambHbix ypaBHeHud B PKII Halinensl meronom
cocTaBHbIX KBajapatryp [aycca [7] mocie 3ameHbl OE€CKOHEYHOIro Ipeaena
MHTETPUPOBAHUS JIOCTATOUHO OOJIBIION BETUYMHOM, a pelIeHus YpaBHEHHI
B UII — wmetomom xkBaapatyp YeObimeBa [7, 8] mocine mNpuUBEICHUS
noJry0eCKOHEUHOI'0 MHTEpBajia HUHTETPUPOBaHUs K UHTEepBaTy [—1;1] 3ameHoM
nepeMeHHod  y=-In[(1-x)/2]. Tlpumenenme MeToma KBaapaTyp K

MHTErpajibHbIM ypaBHEHUsIM (1) 1 (5) 1a€t oAHOPOAHBIE CUCTEMBI TUHEHHBIX
anreOpanyecKruX ypaBHEHHUH, KOTOPbIC MbI IMPEJICTABUM B CIICIYIOIIEH O0Ien
mmst UIT u PKIT dopme My =A""w, rme wy — BEKTOp, COCTaBICHHBIA H3
3HAYEHUH BOJIHOBOM (DYHKIIMU B Y3JIOBBIX TOYKaX KBaJApaTypHOU (HOpMYIIbl,
M — wMarpuia, NOJYYEHHAass U3 SAIpa HHTETPAIBHOIO YpPaBHEHHUS.
HaxoxxneHre coOCTBEHHBIX 3HAUCHUN JIMHEHHOU anreOpandyecKoil CHUCTEMBI
[7, 8] nmaer 3HAYEHUsT KOHCTAHTHI CBSI3U A JUIsl KOHKPETHOI'O 3HAYCHUS
napamerpa w (WM 3Ha4YeHUs HSHepruu 2FE =2mcosw). IlapamnensHoe
pemienue ypaBaenui B UII u B PKII nmo3Bonsier KOHTpOJIUPOBAaTH TOYHOCTh
MoJTy4aeMbIX COOCTBEHHBIX 3HadeHuil. Ha pucynkax 1, 2 mpuBeaeH CHEKTp
COOCTBEHHBIX 3HaueHUW sHepruu npu p=m=1 u npu p=0.1m=0.1.
Pe3ynbraThl YuCIEHHBIX PaCYETOB COOCTBEHHBIX 3HAUCHUN /I YPAaBHECHUU B
PKII u B UII coBnagarT ¢ TOYHOCTHIO A0 10 U BhIE WIsI HAMMEHBIIETO
COOCTBEHHOI'O 3HAY€HUs A, C TOYHOCTHIO 70 107° H BBIIIE I BTOPOrO M
TPETHEro MO BETUYUHE COOCTBEHHOro 3HaueHus. [lo aHanorum ¢ KBaHTOBOU
MEXaHUKOU OyZieM Ha3bIBaTh COCTOSIHHE COOTBETCTBYIOIIEE MUHUMAJIHLHOMY
COOCTBEHHOMY 3HAUYE€HHUIO KOHCTAHTHI CBSI3U OCHOBHBIM COCTOsIHUEM (n=0),
a CIeNYIIUM II0 BEIUYUHE 3HAYEHUSIM — N-bIMH BO30Y:KI€HHBIMH
COCTOSIHUAMM, (HauuHas ¢ n=1). Pe3ynbTaTbl YMCIEHHBIX Pacy€TOB IS
BOJIHOBbIX (yHKUMN mna u=m=1, 2E=1 npuBenensl Ha pucyHke 3. Ha
PUCYHKE BHJJHO, YTO YKCJIO HYJEH BOJHOBOM (yHKIMU mpu r#0 paBHO
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MNOPSAKOBOMY HOMEpPY BO30YKIEHHOIO COCTOSHUS ()1 OCHOBHOT'O
COCTOSIHUS HYJIEN HET).

2E 2——— - 2E 2

- J=1
- J=2
1.5; 1.9 LA | =3
a) b) —_ = j:
1r 1! N
AN
0.5 0.5} A
N
A : AN A
0 6 0 10 15
Pucynok 1 — CniekTp sHEepruu CBA3aHHBIX COCTOIHUM Ay p=0.1m=0.1:
a) OCHOBHBIE COCTOSIHUS, b) IEpBBIe BO30OYKICHHBIE COCTOSIHUS
2E 2 2E 2 .
- J=1
. — - j=2
1.5¢ 1.5} :
a) by |V [ =3
- .= J=4
1t 1t
0.5} \\ 0.5 \
Ll N : , \
0 2 10 15 4 0 20 100 150 4
Pucynok 2 — CnekTp Heprum CBsI3aHHBIX COCTOSIHUMN i u=m=1:
a) OCHOBHBIE COCTOSIHUS, b) TIepBbIe BO30YK/IE€HHBIE COCTOSHUS
W1 ' T
v 08} -
0.8}:: !
e 06} :
a i b E
) 0.6 i ) 04l |
04 02t .:I
0.2} oL r
. r_ 2 i . .
0 4 8 12 "0 4 8 12

Pucynok 3 — BonHoBbie byHkIuu it u=m=1, 2E=1:
a) OCHOBHBIE COCTOSIHUS, b) mepBble BO30YKIEHHbBIE COCTOSTHUS
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3nanue BonHOBBIX ¢yHkuui B PKII u B UIl u cnekrpa coOCTBEHHBIX
3HAQYEHUM DHHEPruu TMO3BOJIET ONPENENIUTh TAKHE XAPaKTEPUCTHUKHU
CBS3aHHOM cucTeMbl Kak (opM-GaKkTOpbl YOPYroro paccesHus M
AHHUTWIISILIU Y.

PenstuBuctckuii ynpyruéi Qopm-pakTop CHUCTEMBbl JBYX CKaJIAPHBIX
JacTHI] OBbLI MTOTy4YeH B paboTe [3] Ha OCHOBAaHUM TaMUJIbTOHUAHA

H(x) ==2,¢7(0)@, (x)A(x) = 2,03 (), (x) A(x), (I1)

rae ¢,(x), A(x) — OCeCCIIMHOBBIE TIONSI, z, — KOHCTAHTHI CBsi3U. B ciydae

12
§ -BOJIH BBIp@KEHME I ypyroro ¢popm-paxropa F; (x,) umeer Bun [3]:
4 (z,+z,) % , siny mr

msinh y, gdr r

()= v, (w.r)F, (12)

roe y, — OBICTPOTAa OTHOCUTEIHLHOI'O JBHKCHUS YaCTHUIl, HAXOASAIIUXCS B

COCTO-SIHHUU paccesiHusA. Pe3ynpTaThl UYHMCICHHBIX pacyeToB s (GopM-
¢daktopoB (12) mpu 3HAYEHUSX MHApaMmeTpoB z,+z,=1, u=m=1, 2E=1
npuBeAeHbl Ha pucyHKax 4 u 5. Ha pucyHnkax BuaHO, 4TO (HopM-GhaKTophl,
KaK ¥ BOJIHOBbIC (D)YHKIIMHU JIJI TIEPBOTO BO30YKIEHHOTO COCTOSHUSI UMEIOT
OJIUH HOJb (pu r# 0 ), AJI1 BTOPOro BO30YKIEHHOTO COCTOSIHUS — JBa HYJIA.
YucneHHbIE pacyeThl MOKAa3bIBAIOT, YTO JJIsI BCEX PacCMAaTPUBACMBIX 31€Ch |

yucio Hyine GopM-pakTopa Kak M BOJHOBOM (YHKIIMKM PaBHO MOPSIKOBOMY
HOMEpY BO30YKIEHHOTO COCTOSTHUSA (/151 OCHOBHOI'O COCTOSIHMSI HYJIEH HET).

F

F12.

rj:f:I
0 1 2 3 4 5 0 1 2 3 4 5

Pucynok 4 — Yapyrue dhopMm-paxtopsl pu p=m=1:
a) OCHOBHBIE COCTOSIHUS, b) TIepBbIe BO30YK/IEHHBIE COCTOSHUS
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2 3 4 0
Pucynok 5 — Yapyrue dpopm-dpaxrops i1 j=1 (a), j=2 (b)
npu y =0.5m=0.5: cruioniHas JMHUS — OCHOBHBIE COCTOSIHU S,

HITPUXOBAA JINHUA — IICPBLIC BO36Y)KIIéHHBIC COCTOsIHU A,
IIYHKTHUPHAs JIMHUSA — BTOPBIC B036Y)KIIéHHBIC COCTOsIHUA

Breipaxxenne nns ¢GopM-(pakTopoB aHHUTHIISIIIUUA CBSI3aHHOM CHUCTEMBI
JIBYX CKQJIAPHBIX 9acTHll f , (2E) umeer Bup [4]:

0

4V59£&S

J,QE)= (13)

rJe BeJMurHa S 3aBUCHUT OT BHUJA cUCTeMbl yactull [4] (Oymem mosarath
S =1). Ha pucynkax 6 u 7 npuBeA€HbI pe3yJIbTaThl YACICHHBIX PACYETOB JJIS

gdxx%AWx)

BbIpaxkeHui (13) npu y=m=1unpu u=0.1m=0.1.

" —a1 "
b —- = '.
BOO-Eh _____ 3 800! ||
:, . o J:4 \
2 00! §' b) oo}
400} % 400}
200/ 200/
0 05 1 15 226 o 05 1 15 2°%

Pucynok 6 — ®opM-pakTopbl aHHUTHIISIIUU p=m=1:
a) OCHOBHBIE COCTOSIHUS, b) mepBble BO30YKIEHHBIE COCTOSTHUS
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f 1 B f
|l — - j=2 1!
300¢ 1 R [ =3 300}

a) \I'.]llll' . J=4 b) '1

L 200}
100+t
e 0 .
0 1 22E T 1 22E

Pucynok 7 — ®opMm-dpakTopsl aHHUTHISAIUU 4 =0.1m=0.1:
a) OCHOBHBIE COCTOsIHUS, b) mepBble BO30YKIEHHBIE COCTOSTHUS

[Ipn BBIUKMCICHUN UHTErpaioB B BhIpakeHusx (12) u (13) Obum
UCIIOJb30BaHbl TE€ K€ KBaJpaTypHbie (OPMYJbI, YTO WU TPH PEIICHUU
UHTErpaibHbIX YpaBHEHUH (5) U (1) COOTBETCTBEHHO.

Takum oOpazom, B paboTe TMOJYYEHbl YHUCJICHHBIE  pELICHUS
PEISITUBUCTCKUX MHTETPAJIbHBIX YPABHCHUN B MMITYJILCHOM IPE/ICTaBICHUM
U B PEISITUBUCTCKOM KOH(UTYPAlIMOHHOM TMPEIACTABICHUHN, OMUCHIBAIOIINX
CBSI3aHHBIE COCTOSIHMSI CUCTEMBI JIBYX CKAJISIPHBIX YaCTHUIl C MOTCHIIUAIOM
0JIHO0030HHOTO 0OMeHa. HalifieH ciekTp sHepruu CBsi3aHHBIX cocTosHui. Ha
OCHOBAaHUM TIOJIYYEHHBIX PEIICHUN BBIYUCICHBI (PopM-(PaKkTOpsl ympyroro
paccesiHUsS W AHHUTHWISIIUW JBYXYaCTUYHOW cucTeMbl. OOHapy»KeHO, 4YTO
YUCII0 HyJed ynpyrux ¢popMm-(pakropos F{,(y,) COBIANAET C YUCIOM HyJEH

BOJIHOBBIX (DYHKLMH v\ (W,7).
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AJL Kynm
PecnyO/iMKaHCKMA MHCTUTYT BbICIIEH MIK0JIbI, MUHCK, Besrapych

JIBYXYPOBHEBAS CTPYKTYPA ®YHIAMEHTAJIBHBIX
®U3UYECKUX B3AUMOJIEVNCTBUIA

Hayunas meopus — 5T0O BHyTPEHHE HENPOTUBOPEUYUBAS CUCTEMA 3HAHUM,
B 0000méHHON (¢dopMe pacKkphiBalomias CYyIIHOCTHBIE CBOMCTBA U
3aKOHOMEpHBIE CBSI3UM OIpPEACIEHHON MNpPeIMETHOW 001acTH, U KOTopas
IPEeIOCTaBIsET HAM OMNHUCAaHHE, OOBSCHEHHE W TMPEJCKa3aHUE HMMEIOLIUX
MECTO B A3TOM oOsacTu siBIeHUW. B CTpykTypy Teopuu BXOAST cucTeMma
NOHATUM, OTHOLIECHUHN, YTBEPXKIECHUM, KOTOPbIE HAXOUAT CBOE OTPAKEHUE B
onpeaeI€HHOM MaTeMAaTUYECKOM anrmapare, [3].

BaxxHOCTh 17151 Halllero aHayv3a MPEJCTaBIACT 001ACmb Oeucmeumens-
Hocmu (M domeH, [7]), KOTOpasi ONMHUCHIBAETCS TEOpPUEN. ITO LIEIOCTHBIMN,
3aBEPIIEHHBINA, BBIIEICHHBIN (parMeHT (PU3MUECKON peanbHOCTHU, KOTOPHIM
OpPraHMYECKU BIIHCAH B LEJIOCTHYIO (PU3UUECKYIO PEATbHOCTh, UMEET CBS3H U
OTHOIIEHUs C apyrumMu e€ obnactsamu. OOnacTh AEHCTBUTEIBHOCTU — 3TO
peasbHbI ONMHUCHIBAEMBI HaMu OOBEKT, B TO BpPEMS KaK TEOpUs, — ITO
CO3/1aHHAsl HaMU HUJiealibHAs CTPYKTYpa, OTpa’karolias SBJICHHS, OOBEKTHI,
MPOLIECCHI, OTHOIICHUS, CBSI3U JTAaHHOW 00JACTHU JEHCTBUTEIBLHOCTH. Teopus
CYILIECTBYET B HALLIEM CO3HAHUH.

YuuteiBasg 3TH COOOpaKeHUs, MPOAHATU3UPYEM COBPEMEHHbBIE TEOPETH-
YECKUE MPEACTABICHUS 0 dbyHIaMeHTaIbHBIX buznuecKux
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B3aUMOJICHCTBHUSIX. Bospmém B KayecTBe IIEPBOIO npumepa
INeKMpOMacHUmHoe 83aumoodeticmseue. AHAIU3UPYsSd €ro TEOPETUUYECKOE
OMKMCaHue, MOXKHO MPHUATH K BBIBOJY O TOM, YTO OHO IMPEACTABICHO JABYMS
duznuecKuMu TEOPUSIMH, Klaccuyeckou u K8aHmMoBou
anekmpoounamuxkamu. OONACTAMH ONUCAHUS JTHUX TEOPUM SIBIISIOTCH,
COOTBETCTBEHHO, DJIEKTPOMArHUTHBIE MPOIECChl B MaKpo- U MHKpoMupe. B
TUX o00JacTaX (U3UYECKON JeWCTBUTENBLHOCTH, SBJICHHUS OTJIAYAIOTCS
MacimtabaMM Y MMEIOT Ppa3IMYHbI  KayecTBEHHBIM xapaktep. Tak,
HarpuMep, B 00JJaCTU MUKPOMHPA 3THU SBJICHUS SBJSIOTCS KBAHTOBAaHHBIMU.
3necy peub UAET 00 HWHOM TOHUMAHUM CHJI, crocoda (Qu3nIecKoro
JBUKEHUSI, CBOMCTBAX 3apPsHKEHHBIX OOBEKTOB U T.I.

OpHako, BMECTE€ C TE€M, HECMOTps Ha, MOPOH, 3HAUYUTEJbHBIC OTIMYMUS
SBJICHUM, OOBEKTOB, MPOIIECCOB MAaKpO- U MHUKPOMHpA, OHH OTHOCATCS K
OJTHOMY KIJIACCy, — KJIACCy OJJEKTPOMAarHUTHBIX SIBJICHUH U, B IIEJIOM,
MPEACTaBISIIOT  coOoii  Oonee  oOmryro  00JacTh  JICHCTBUTEIBLHOCTH,
o0JaaroIIy0 O0MKUMU JUIsl 000MX YPOBHEH onucaHus GU3NUECKUX SBICHUN
CBOICTBaMH, — JJIEKTPOMAarHUTHOMY B3auMoOJeicTBUIO. TakuMm oOpa3oM, B
00JacTH OMHCAHUSA BJIEKTPOMArHUTHOIO B3aUMOJEUCTBUS MPHUCYTCTBYIOT
¢usznueckue ABE TEOPUHU, KOTOPHIE OMHUCHIBAIOT JBAa YPOBHSA (PU3UUECKOM
peabHOCTH, JBE CBs3aHHBIE €€ 00JlacTH, MpUHAJJIeKAIIHe K Oosee oOmen
00J1aCcTH, IPEICTABIISIIONICH JIEKTPOMAarHuTHOE B3aMOJICHCTBUE.

MoxHO TOKa3aTh, YTO TEOPUHU, OIMMCHIBAIOLIME YKa3aHHbIE MaKpO- U
MUKPOYPOBHH 3JIEKTPOMAarHUTHOTO B3aMMOJICUCTBUS, CBSI3aHbl OTHOLLIEHUEM
COOTBETCTBHUA B TOM CMbIciie, 0 KoTopoM rosopui emé H. bop, [1]. C Touku
3pEHUs COBPEMEHHBIX MPEJCTABICHUN CYIIHOCTh TaKOM CBS3M 3aKJIIOUAETCS
B CIEOYIONIEM: O08e MmMeopul, CEA3aHHble OMHOUEHUEM COOMBEemCmaUs,
ABNAIOMCSL CAMOCMOAMENbHbIMU, obnadarouumu coOCMEeHHbIMU
MamemamuyecKumMy annapamamu, A3blKamu, ONUCAmenbHbIMU MOOeIAMU U
MeopemuyecKuMU CXemamu, COO0epHCamenbHblMU Yacmamu U OOMEHAMU,
cmpykmypamu. Bmecme ¢ mem, smu meopuu umerom oOWYI0 epaHuyy, Ha
ymo  yKaszvléaem CMbIKOBKA UX  OOMEHO8 U  ACUMIMOMUYECKoe
coomeemcmeue MamemMamuyeckux annapamos 8 NO2CPAHUYHbIX
obnacmax  Oeuticmeus.  A3bik,  MoOOenu  ONUCLIBAEMBIX  AGIEHUL,
Mamemamu4ecKuil annapam Ho8ol meopuu, Npu ONnpeoeéHHbIX 2PAHUYHbBIX
VCI0BUAX, NEepexoosam K COOMBEemMCmEYIoOWUM 31eMeHmam meopuu cmapotl.
Meswcoy meopuamu cywecmeyem npeemMcmeeHHaAs C8:A3b, 4mo MNO0360.J5em
UCNONIb308AMb  NOHAMUS, MameMamuyecKui annapam,  Memooolo2UI0
cmapou meopuu 6 coszoanuu meopuu Hoeou, [3], [2], [4] IlpumeHuUB 31U
MIPECTABICHUS K aHAIM3Y CBS3M YKa3aHHBIX TEOPUM, MbI MPUIILIN K BHIBOAY
O TOM, 4TO JaHHbIEC TEOPUU HAXOJATCS B OTHOIIEHUU COOTBETCTBUS, [5].

[Ipomomkas cBoWl aHamu3 B OOJACTh CUILHO2O 63AUMOOEUCMBUs, MbI
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OOHapy>XMBaeM aHAJOTHYHYI0O KapTUHY. B 3Tol oO0jacTu Takke HMEIOT
MECTO JiIBa YPOBHS (PU3NYECKOW pEaJbHOCTH, HU3KOIHEPreTUUECKUN U
BBICOKOHEPIr€TUUYECKHUIA, KOTOpbIE O CHIBAOTCS K8aHmMogou
Me300UHAMUKOU u Keammosou xpomoounamuxou. Ilepas Teopus
OMEPUPYET SACPHBIMU CUJIAMHU, UMEIONIMMHU ME30HHBIM XapakTep, a BTOpas
NPEACTABIIET HAM KBAPKOBO-TJIFOOHHYIO MOJEb CHJIBHOT'O B3aUMO/ICICTBUAL.
VY aanoce mokaszaTrh, YTO 3THU TE€OPUHU, MOAOOHO KJIACCHMUECKOM M KBAHTOBOM
ANEKTPOAMHAMUKAM, HAXOHSITCSI B OTHONIEHMHM COOTBETCTBUS, [6]. IlpaBaa,
TaM €CTh CBOM HIOAHCHI B IUIAHE AJE€KBATHOCTH TEOPETUUYECKOTO OMHUCAHUS
ATUX B3aUMOJICUCTBUS, Ha YTO yKa3blBaeTcs B pabore [6], HO Hamuuue
YKa3aHHOMW CBSI3U MEXAY JaHHBIMHM TE€OPHS HE MOJJIEKUT COMHEHMIO0. MTak, B
00JacTH  CWJIBHOIO  B3aMMOJCHCTBUS MbI  HAONIOJaeM TakKXke €ero
JIBYXYPOBHEBYIO CTPYKTYPY, MPUUEM Kak B (PU3MIECKOU PEATTbHOCTH, TaK U B
€€ TEOPETUUYECKOM OIUCAHUU.

B obnactu craboco e63aumoodeticmeusi Takke MOXKHO BECTH pPeyb O
BBICOKO H HHM3KODHEPreTHUYecKux oO0JacTsix (U3NYECKOW peasbHOCTH.
HuskosnepreTuueckass 00JacTb  MPEACTaBlIEHa  YEThIPEX(HEPMUOHHBIM
B3aMMOJICHCTBUEM, KOTOPOE IPOUCXOIUT, TOBOPSA C JOCTATOYHOW JOJIEH
npuOIMKEHUs A TeX MaciiTaboB, B OJHOM TOUYKE, C y4acTHEM YEeThIPEX
aieMeHTapHbIX yacTull (hepmuonoB). Ero onmucanue npeactasui J. Gepmu,
YTO BIIOCIEJACTBUU TPUBEIO K CO3MaHUI0 OOOOIMIEHHONW MOJETH JTUX
B3aMMOJICHCTBUM, TOMYyUMBIICH HAa3BaHUE UemblpEXPEePMUOHHOU meopuu
cnabwix 3aumooeticmeuti. ITa Teopus BamuaHa 1o rpanunsl 100 B
(107'° cm). B obmacT Goree BBICOKHX SHEPTHil HEOOXOANMO yKe PUMEHSTh
MOJIENIb C MTPOMEKYTOYHBIMU 0030HAMHU, MOCKOJIBKY B3aUMOJICHCTBUE B ATOM
00JacTM HOCUT YK€ OOMEHHBIH, a He TOYeUHbIH xapakrep. [JoctaTouHo
pa3BUTON TeOpUEHl, ONMHMCHIBAIOIICH cIab0e B3aWMOJICUCTBHE SIBISETCS YHH-
dukanmonnas meopus Baunbepea-Canrama (TouHee €€ 4acTb, ONUCHIBAIOIIAS
cinaboe B3auMoeiicTBHE). bbUIo MoKa3aHo, 4TO YeTHIPEXPEPMHUOHHAS TEOPHS
u Teopus BalinOepra-Camama HaxoJATCs B OTHOIIEHHH COOTBETCTBHA, [5].
To ectp u B obOmactu ci1aboOro B3aUMOJACHCTBHS MBI MMEEM JEJ0 C €ro
JIBYXYpPOBHEBOW CTPYKTYpOHM M ONMUCAHUEM, MPEACTABICHHBIM JByMs
KOPPECTIOHIUPYIOIUMHU TEOPUSIMH.

Htak, BBIPUCOBBIBAETCA JOCTATOYHO OMpENENIEHHAs TeHIeHu. Bee Tpu
(GyHIaMeHTaIbHBIX B3aUMOJICUCTBUSA: FIEKTPOMArHUTHOE, CUIILHOE U cllaboe
UMEIOT IByXYPOBHEBYIO CTPYKTYPY, Kak B 00J1acTU (PU3NUECKON peaIbHOCTH,
Tak W B o0OiacTu onucaHus 3TUX sBiIeHuM. KakoBa xe cuTyamus c
rpaBUTALIMOHHBIM B3aumojeicTBrUeM? B HacTrosdilnee Bpemsi U3BECTHO, UYTO B
00JacT TpaBUTALIMOHHOTO B3aUMOJCHCTBUS CYIIECTBYET JIMIIb OJHA
BalMAHAs TEOpus, — O3TO obwas meopus omHocumervHocmu. OIHAKO,
CPaBHHBAs 3TO B3aHUMOJIEVCTBUE C OCTAIBHBIMU MO PA3IMYHBIM MapameTpam,
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MBI UMEEM BCE€ OCHOBAHMS YTBEpXkJaTh, UTO U B JTOM O0JIACTH JOJIKHA
CYIIIECTBOBAThH MOAOOHOI0 pojia CHMMETPUsI, TO €CTh U 3TO B3aUMOJICHCTBUE
MOXET UMETh JBYXYPOBHEBYIO CTPYKTYPY M ONMHUCHIBATHCS ABYMSI TEOPUSIMH,
CBSI3AaHHBIMU MPUHIIMUIIOM COOTBETCTBUSI.

To ecTb MeTOAOJOrMYECKUM aHaIU3 TEOpUM, ONMUCHIBaIOMIMX (yHIa-
MEHTaJbHbIE (U3NUYECKHME B3aUMOJECHCTBUS, JOCTATOYHO OMPEIEIEHHO
yKa3bIBa€T HAM Ha CYIIECTBOBAHMUE B 00JACTH KaXXJIOT0 M3 B3aMMOJCHCTBUN
IBYX KoppecmoHaupyrommx Teopuil. Hamo ckazate, uto (QuinKu
OCYIIECTBISUIA TOJOOHBIE TOMBITKH CO37aTh TAaKyl BTOPYHO TEOPHUIO, IS
rpaBUTALIMU, HEOJHOKPATHO. JTO, B YaCTHOCTHU, MHOTOYHUCIICHHBIE BEPCUHU
KBAHTOBBIX T€OpUM rpaBuTanuu. K coxxajieHuo, OHM MOKa HE BBIACPKUBAIOT
IPOBEPKY «HA TPOYHOCTH», XOTSI MHOTHE€ TpeOOBaHUs TMPHUHIIUIIA
COOTBETCTBUSA INIpU CO3JAaHUU HITUX Teopui, no otHomeHuto k OTO,
BBITTOJTHSIFOTCSI.

Crnenyer OTMETHTh, YTO (DU3MKH, CO3/1aBas YKa3aHHYI) HOBYIO TEOPHIO
rpaBUTallMM, B  1IE€JIOM, HaxoAarcsi Ha BepHoM nyth. OpHaxo,
NPEJCTABICHHBIN BBIIIE METOJOJIOTMYECKUN aHAIU3 PACIIUPAECT TPaHUIIbI
Hay4yHOro moucka. OH ycTaHaBiIMBaeT Oojiee TOUHBbIC TPeOOBaHHUS K HOBOU
TEOpUU, UCXOJd W3 MPUHLMIIA COOTBETCTBUSA. Kpome TOro, oH pacimupsier
00JacTh Takoro moucka. Benb HOBas Teopust MOXKET HAXOJIUTHCS HE TOJIBKO
«CHU3Y», B KBAHTOBOW 001acTH (PU3UYECKUX SIBICHUMN (MM B MUKPOMUDE), —
OHA MOKET HaXOAUTHCS U «CBEPXY», B MEraMUpe, KOTOPBIN MOKAa YTO OYEHb
cnabo ucciaenoBaH. KoHeuHO, HEb3s MOJHOCTHIO MCKIIOYUTh BO3MOXKHOCTH
CYIIECTBOBAHUSA B OOJACTH TPABUTALIMOHHOTO B3aUMOJEHUCTBUS M OJHOMN
TEOPUH, UCXOAS U3 CHEIU(PUKH TpaBUTALMHU, WM JaXe TPEX (I MUKPO-,
MaKpo- U Meramupa). To ecTh i1 HaC OTKPBHIBAIOTCS pa3HbIe BO3MOXHOCTH,
C pa3HOM BEPOATHOCTBHIO WX peanu3ainuu. HamOonbiiass BEpOSTHOCTb IS
HACTOAIIETO BPEMEHHU, — 3TO BBIXOJ B 00JIACTh KBaHTOBO-TPABUTAIIMOHHBIX
SABJICHUM, C TOCTPOCHUEM ISl HUX TEOPUHU, HAXOMSIIEHCS B OTHOUICHUU
COOT-BETCTBHS C OOIIEH Teopueil OTHOCUTEILHOCTH, a 3HAYUT OTBEUAIOIIEH
BCeM TpeOOBAaHUSAM IMPHUHIUIIA COOTBETCTBUSI B MPOIIECCE CO3/IaHUS HOBOU
TEOPUHU.
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C.M. Kytmnl, H.B. MakcnMenko’

'®uaman TOYBIIO «bpAHCKUN roCy1apCTBEHHBIN YHUBEPCUTET
umenn akagemuka WU.I'. IlerpoBckoro», HoBo3biokoB, Poccus
?YO «ToMeabcKkuii rocy1apcTBeH bl YHHBEPCHTET
uMeHu @Ppannucka Cxropunsl, I'omens, benrapycs

QJIEKTPOMATI'HUTHBIE XAPAKTEPUCTUKHN ME30HOB
B HEPEJIITUBUCTCKOI KBAPKOBOH MOJEJIU

Beenenue

[TonsspuzyeMocTH 3JIEMEHTApHBIX YaCTHI[ BBOASATCA 1 (EHOMEHO-
JIOTUYECKOTO yuyeTa BIMSHUS CTPYKTYpPhl YacTUIl Ha UX JBYX(OTOHHBIC
B3aUMOJICUCTBUS TIPU HUBKUX DHEPTHUSX U SIBISIOTCS MCTOYHUKOM JIOMOJ-
HUTEJIbHOW WH(OpMAIINK, TOJy4aeMOi U3 JaHHBIX MO YIPYTOMY PACCESHHIO
ATUX dYacTull. YUucieHHas OlLEHKa JJIEKTPOMAarHUTHBIX MOJISIPU3YEMOCTEH
AJIEMEHTAPHBIX YACTUI] KOCBEHHO IO3BOJISIET CYAUTh O XapaKTepe B3auMO-
NIEUCTBUSI MEXAY YaCTUIIaMH, 00Pa3yIOIIUMHU COCTaBHYIO CUCTEMY.

B  macrosimee BpemMss UMeEETCA  JOCTATOYHO  OOJIBIIOE  YHCJIIO
TEOPETUYECKUX PACUYETOB IJICKTPUUYECKUX MOJSPU3YEMOCTEN 3apsSKEHHBIX
aJJpOHOB, B TOM 4YMCJi€ U Me30HOB. Cpeilu HUX MOXKHO OTMETUTh PACUEThl C
UCIIOIb30BaHNEM A((PEKTUBHBIX JarpaHxuaHoB [1—6], anreOpsl TOkOB [7],
TaKXK€ TOJIS-PU3YEMOCTH HYKJIOHOB M 7 — ME30HOB BBIUUCISUINCH B
HEPEJIITUBUCTCKOW KBapKoBOM mojenau [8—15], HO 3TM pacyeThl ObUTM HE
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BIIOJIHE I1OCJIEIOBATENIbHBI MM TPOBOAUIUCH He st KX/[-MOTHBUpPOBaHHBIX
MOTEHIINAJIOB.

[lenpto maHHON pPaOOTHI SBISETCS BBIYMCICHUE CTAaTHYECKOM W
00O0OIIIEHHON  DNEKTPUYECKON  MOJSPU3YEMOCTH  3apSKEHHBIX  KAOHOB,
KOTOPBIE PACCMATPUBAIOTCS KAK HEPEISITUBUCTCKAS CUCTEMA JIBYX TOUEYHBIX
CIIMHOPHBIX KBAapKOB C MOTEHUMAJIOM, UMEIOUIUM JIMHEMHOE MOBEJCHHUE Ha
OOJIBIINX PACCTOSAHUSIX U KYJIOHOBCKOE MOBEJICHUE Ha MaJIbIX PACCTOSHUSX.

MeToauKa OLEHKH YIEKTPUYECKON MOJIAPU3YEMOCTH

B sTOM paznesne Mbl M3I0KUM OOLIYI0 METOJIMKY OLIEHKH CTaTHYEeCKOM
ANEKTPUYECKON TMOJSAPU3YEMOCTH CBA3AHHOM cucteMbl [16], Koropas
BKJIFOYAET IMOJIYYEHUE HUKHEN U BEPXHENU TPAHULBI JIJIS TAHHOW BEJIMYHUHBI.

Paccmorpum ypaBHEeHUE

H|®) = E|®) (1.1)
C onepaTtopoM I aMHIIBTOHA, COCTOAIIMM U3 CYMMBI JABYX OIIEPATOPOB:

H=H,+AH, (1.2)

rne H, — omepatop 'amuiabToHa ‘“HEBO3MYVIIEHHOM cucTeMbl, a AH —
0 °

HEeKoTOpasi Majasi JoOaBka (orepaTtop Bo3mylleHus). bynem mpeamnonarath
TaKX€e, 4YTO B OTCYTCTBHUE Bo3MylIeHuil (1.1) umeer Bua:

Hly,)=¢,lw,), n=0,1,2.. (1.3)

CormacHo cCTalMoOHApHOW TEOPUU BO3MYIIECHHH, 3HAUYCHHE T00aBOYHOM
DHEPIUHU K SHEPIMH OCHOBHOI'O COCTOSIHMS &, UIIEM B BUJE psja:

E=¢,+ AeV + As® + .. (1.4)

CooTBeTCTBEHHO BOJTHOBAs (YHKIIUS TaK)Ke MPEICTABISACTCS B BUIE psijia
10 TTapaMeTpy MaJIOCTH, BXoasmeMy B AH :

D) =y, +| Ay + .. (1.5)

B tom ciyuae, korga g, < &...<¢&,, HAXOUM, YTO 3HAYCHHUC 1100aBOYHOI

sueprun Ag'” Haxonmres B naTepBane [16]:

LSA(Q(Z) SM

, 1.6
£y~ & Be,— A4 (1.6)

A€ BBCIACHBI 0003HaYEHU

A= <l//o ‘AI:U:IOA[:I“//0>’

B:<‘//0 ‘Aﬁz“//0>’
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C =(y,|AH

wo). (1.7)

CrnenoBatesibHO, I HAXOXKJICHUS rpaHull HHTepBana (1.6) HeobxoanuMo
ONpEACIUTh BOJHOBYIO (YHKIIMIO OCHOBHOTO COCTOSIHUSL y,, a TakKke

SHEPrUU OCHOBHOI'O M TIEPBOTO PaJaMaIbHO-BO30YKIEHHOIO COCTOsHHU. B
OTJIMYHE OT Ciydas, KOrja HEeoOXOAMMO HaXOXKJICHHE TOYHOIO 3HAYCHUS

2 o
Ae'? | B HameM ciydae He TpeOyeTcs IOJIHOIO PElICHHs HEBO3MYICHHOMN
3a/1a4H.

[TorpaBka Ae? x DHEPruM OCHOBHOI'O COCTOSIHUSI CBSA3aHHOW CHCTEMBI,
KOrJla pojib BO3MYIIEHHSI UTPACT BHEUIHEE CTAI[MOHAPHOE IOJIE HAMPSKEH-
HOCThIO E, CBs3aHa C DJIEKTPUUYECKOW CTATUUYECKOW MOJISIPU3YEMOCTBIO
CUCTEMBI (, COOTHOLICHUEM:

As® :—%EZ. (1.8)

OTMeTuM, 4TO B Ciy4ae, €CIM OCHOBHOE COCTOSHHE |W,) SBISCTCS
1
chepruuecKu-cuMMeTpUYHbIM, 3Hadenne Ag' paBHO HyImO, T.e.
1
AeV =C =0. (1.9)

Ucnone3ys (1.6) u (1.9), HaxomuM, YTO 3HAYEHHUE CTATUYECKOU
DIIEKTPUYECKOU MOJIPU3YEMOCTH ¢, HAXOJUTCS B UHTEPBAJIE:

237 ,

2

B < B (1.10)
A-Bg, g — &,

Crarunydeckasi moJisipu3yeMocTb KAOHOB

B kadecTBe (peHOMEHOJIOTHYECKON BOJHOBON (PYHKIIMH MBI MCITOJIB3yeM
BOJIHOBYIO (PYHKIHMIO MOJEIH C JMHEWHBIM 3allMpaHUeM W KYJIOHOBCKUM
MOBEAECHUEM Ha MaJIbIX pacCcToAHuAX [17]:

l//(r):NeXp[—a-r% -p-rl,a :§1/2-,u-a,,8 = u-b, (2.1)

rie a, b — mapameTpbl JMHEWMHOW M KYyJIOHOBCKOM YacTedl mNOTeHIuala
COOTBETCTBEHHO, u — IPUBEJACHHAs Macca JBYX4aCTUYHON CUCTEMBI.

VYpaBuenue llpeaunrepa s paauaibHONM YacTH BOJHOBOW (DYHKIIUM
MMEET CIECAYOLIUN BUI:

iz 4 (rz M) + [2 w(E-U(r)) - &jl)}enz (r)=0,
rodr r

rje TOTEHIMAN B3aWMMOJCHCTBUS MEXIYy KBapKaMU B JaHHOM CJy4ae
BbIOMpaeTcs B Buae [17]:

I I
U(r)=ar—é+L4/2,u-abr2 —(l+§) 2—ar 2 +c, (2.2)
roI+1 4\ u

dr
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KOTOpBIM yYMUTBHIBAET ACHUMITOTHYECKYl0O cBoOoay B KXJI Ha Mambix
PaCCTOSIHUSIX U JIMHEWHBIM POCT IOTEHLHANA C YBEJIWYEHUEM PACCTOSHUSA
MEXKY KBAPKOM U AaHTUKBAPKOM.

Jns dukcanuy 3HAYEHUM NapamMeTpoB MOTEHIMAjIa MBI HCIOIb3yeM
DKCIIEPUMEHTAJIbHbIE 3HAYEHHUS MacC, KOHCTAaHT JIENTOHHBIX pacnagoB H
CPEOHEKBAAPATUYHOIO paanyca 3apsyKEHHBIX KAOHOB. LISl XapakTEepUCTUK

+
K~ —Me30HOB MBI UCTIOJIb3YEM clieiyronue 3HaueHus [18, 19]:

ME =493,677+0,016M>B,
[ =160,60+14MoB,

(1), = (034005’

Haunbonee Onu3koe omucaHwe JTUX JaHHBIX HaOMOMaeTcs TIpU
CJICTYIOITNX 3HAYCHUSAX MTapaMeTpPOB:

a=02I5B*:b=135c=0,3715B,
m, =m,=0,05/5B.

Maccol u,d,s — KBAapKOB CUWTAIOTCS OJMHAKOBBIMHU, T.C. HapyIICHHE

SU(3)-cuMMeTpur HE YUYUTHIBAETCS.

YucrieHHbIE pacyeThl C UCIOIb30BAaHWEM HANJECHHBIX TApaMETPOB IPUBO-
IST Hac K CIEIyIOIIEMY HWHTEpBaldy Uil CTaTUYECKOH MOJIIPU3YyEMOCTH
3apsKEHHBIX KAOHOB:

0,013-10* g’ < & <5380-10 o’
NJINn

al’ =(2,6965+2,6835)-107 g’

JIns  OUEHKM TOJSIPU3YEMOCTH  KCIIOIB30BAJICS  HEPEJSITUBUCTCKUI
OIIEPATOP IIEKTPUUECKOTO TUMOJIBHOIO B3aUMOIECTBUSL:

L .
DE = 5(81 —&,)(FE),
II€ e, — ONEPATOPHl 3apsna KBAPKOB, JCHCTBYIOIIME HA 3ABUCAILYIO OT

YVHUTAPHOTO CIIUHA YacTh BOJHOBOH (DYHKIMH, KOTOpble jisi K™ -Me30HOB
UMEIOT BUJ [8]:

e () = (%)Hf Tuby-[sLu) 2.3)
PE (&) = (%)Uﬁ Tsdy—lds M), (2.4)

rae u,S — aHTUKBApKH.
IIpu pacueTax TakKe HUCIOJIB30BAIOCH CIEAYIOLIEE COOTHOLICHUE:
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2
_°
5

3KCH€pI/IMCHTaHBHO HU3MEpsACMasd KOMIITOHOBCKas IOJBIPU3YCMOCTDH K*-
MC30HOB B paMKax )IaHHOI\/JI MOACTIN UMCCT CIICAYIOIICC 3HAYCHHUC!

a . =(6,0525+2,6835)- 10~ e’

(K*|(e, —e,)*|K*) (2.5)

3axkioyenune

B nanHoif paboTe B pamMKax HEpEISTUBUCTCKOW KBAapKOBOM MOJENHU C
MOTEHI[MAJIOM, UMEIOIINM JIMHEWHOE MOBEICHUE Ha OONBIINX PACCTOSIHUSAX U
KYJIOHOBCKOE IOBEJIEHUE Ha MaJIbIX PACCTOSHMSAX, PACCUMTAHbI CTaTUYECKas
U 0000IIeHHas! JIEKTPUUYECKHUE MOJSAPU3YEMOCTH 3apSKEHHBIX KAaOHOB Kak
CBSI3aHHOM CHCTEMBI JIByX TOYEYHBIX CIMHOPHBIX KBapkoB. I[lomyueHHoe
3HAYEHHUE CTATHUYECKOM MOJISPU3YEMOCTH KOPPEIUPYET C COOTBETCTBYIOIIUM
3HaUYCHUEM, IMOJy4YeHHbIM B pabore [8] B paMKax HEPEIITUBUCTCKON
KBapKOBOM MOJENM C OCUMJUIATOPHBIMU cuiamMu. B TO ke Bpems, 3TOT
pe3ynbTaT TPEBBIIACT 3HAYCHUSA, MONy4YeHHbIe B pabore [21] B pamkax
KUpPAJLHON  MEepTypOAaTUBHOM TEOpPUHM, OCHOBAaHHOM Ha IOCTPOCHHUU
3¢(deKTUBHOrO  JarpaHXuaHa B3aUMOJACIHCTBHS  aJpPOHOB, pE3yJbTaT,
MOJly4YeHHBIA HAa OCHOBE anreOpsl TOKOB [7], 3HaueHUE, MOJYyYEHHOE Ha
OCHOBE KHpaJIbHOIO JarpaHkhaHa [5], a Takke pe3ysbTaT, MOJIYYEHHBIA B
PEISATUBUCTCKON raMUIIBTOHOBOM JUHAMMKE [22], HO OKa3bIBA€TCA MEHBIIIE,
4yeM pe3yJibTaT, MolydeHHbI B padbore [23]. Takum oOpa3om, B HAacTOAIIEE
BpPEMSI UMEETCS PACXOXKACHUE B PA3IMUYHBIX TEOPETHUYECKUX MPEACKAZAHUIX
noJisIpu3yeMocT KaoHoB. [loaTomMy, B CBSI3M C IUIAHUPOBAHUEM B
OmmkadimieM — OyaylieM  HOBBIX — OKCIIEPUMEHTOB IO  M3MEPEHUIO
MOJIAPU3YEMOCTE ME30HOB C 0oJjiee BBICOKOM CTENMEeHbIO TOYHOCTH [25],
3ajlaya 1O BBIYUCICHUIO 3THUX MOJSIPU3YEMOCTEH MNPHUOOPETaeT HOBBIM
uHTepec. M XOTS OCHOBHOM YINOpP B MPEACTOAIIMX SKCIEPUMEHTAIbHBIX
UCCIIEOBAHUAX JENACTCd Ha H3y4YEHUE NOJIPU3YEMOCTEN T-ME30HOB,
OJTHAKO B 3THUX JKCIEPUMEHTAX BIIEPBBIE IJIAHUPYETCA M3MEPUTH TAKXKE U
NOJIIPU3YEMOCTH KaOHOB.
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E.M. Oscumok', O.B. Bexo', B.M. Peabkos’

Yo «MoO3BIPCKHUI TOCYAAPCTBEHHBbIN MEAAroru4eCKuil YHUBEPCUTET
umenu WU.II. Hlamaxkuna», Mo3bipb, beaapycs
'THY «Aucturyr ¢pusuxn nmenn B.M. Crenanosa» HAH Benapycn,
MuHck, benapycs

HOJYTPYIIIBI MIOJIJIEPA PAHTI'A 1 N 2

1. O napamerpusanum JuHeiHoi rpynnsl GL(4,C)

N3BeCTHO, 4TO B NOJSIPU3ALMOHHONW ONTHUKE BAXKHEUILIYIO POJIb UIPAOT
marpunbl Miromiepa [1]. BaxhHoe mnoamMHOXecTBO wmatpull Mrioiepa
0o0pa3yloT TpyNIoBYK CTPYKTypy, u3zomopduyro rpymnmne Jlopenma [2]-[8].
Taxxe nmeeTcs BaXKHBIN KJIacC BBIPOXKIEHHBIX MAaTpULl MIoJiepa ¢ HyJI€BbIM
ONpENEIUTENIEM, JI1 OMNUCAHUS IOCJIEIHUX HEBO3MOXKHO HCIOJIb30BATh
TEOpPETUKO-TPyNIoBbie MeToAbl. OCHOBHAas 3ajada HACTOSIIEH padoThl —
chopMmynmupoBaTh OOIIUN MOAXOJ K HCCIICIOBAHUIO BBIPOXKICHHBIX MATPHIL
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Miromiepa ¥ A€TalbHO OCTAHOBUTHCA HA OMUCAHUM HEKOTOPBIX MHOXECTB
TaKUX MaTpPHII.

[Tockonbky maTpuubl Mromiepa — 3TO BELIECTBEHHbIE 4 x 4-MaTpULIbI,
NEUCTBYIOIIME Ha BEIIECTBEHHBbIM 4-MepHbI BekTop CTOKCca, TO 1A
UCCJIEOBAHUSI MHOXKECTBA BCEX BO3MOXHBIX MaTpull Mroiepa MOXKHO
UCIOJIb30BATh MapaMeTpU3alio 4-MEepHbIX MATPUIl, MOJyYaEMYIO Ha OCHOBE
npuMeHeHus 6azuca maTpull Jlupaka u pa3Butyro B padotax [9]-[12]. byaem
UCIIOJIh30BaTh CHOUHOPHBIM Oaszuc. Ilpm sToM mpousBoibHas 4-mepHas
MaTpuia (C KOMIUIEKCHBIMU 3JIEMEHTAMU ) 33]1a€TCS COrJIaCHO

k,+ko n,+noc _K N.

- Y ’ (11)
ly2+loc my+mo| |[L M
3dKOH YMHOKCHHUA IIPCACTABHUM B BUAC CIICAYIOIINX COOTHOIIICHHUM
— 4 ! _ ! !
k" =k, ky+K'K+7'o[,+n'l,  m" =mym,+m'm+/,n +1'n,
n",=k,n,+k'n+p'gm,+n"m, [" =1 ky+1'K+m'yl, +m'l,
k"= k+k'k,+ik'xk+n,1+n"/[ +in'x1,
m’=p/m+m’ m+im'<xm+/ n+1'n,+il'xn,
n"=fon+k'n+ik'xn+n, m+n'm,+in"xm,
=7 k+1"k, +ilU'xk+m, 1+m' [, +im’xl. (1.2)

YtoObl TOJYyYUTh MHOXKECTBO BEIIECTBEHHBIX MATPHUIl JOCTAaTOUYHO
noTpedoBaTh, YTOOBI KOMITIOHEHTHI mapameTpoB (k, m, [, n) ¢ uHIAEKCOM 2

ObUTM YHCTO MHHUMBIMH, @& BCE€ OCTajbHbIE KOMIIOHEHTHI OBUIA BEIIECT-
BCHHBIMU. BBIpOXAEHHBIMM MaTpuriaMu Miroiiepa Ha3bIBAlOT MaTPHIIBI
Miriomiepa C HyJE€BBIM ONPEACIUTENIEM; MHOXKECTBA TaKHWX MaTpUllaMm
00Jaal0T CTPYKTYpOW MONMYrpymHIl (3JI€MEHThl MHOXKECTBA MOXKHO TIepe-
MHOXaTbh, HO OOpaTHBIE AJIEMEHTHI HE CYIIECTBYIOT). Cpeau BBIPOXKICHHBIX
Matpul] Mrossiepa MOXKHO BBIICIUTh MOJAKJIACCHI, OCHOBBIBASICh HA MOHSITUU
paHra MaTpuilbl: KJacCc MaTpuIl C paHroM 3, ¢ paHrom 2, ¢ panrom 1. Huxe
MOJIYYMM ONHUCAHHE HEKOTOPBIX KJIACCOB BBIPOXKICHHBIX MaTpull Mroiepa
c panrom 1 u 2.
2. O0mmii aHa U3 BO3MOKHBIX MoAMHOKecTB B GL(4.C)

[Ipeanonoxkum, dYTO HEKOTOpPbIE HHTEPECHBIE NOATPYNNObl (MU
NOJAMHOXXECTBA) MATPHUI] MOXXHO IOJY4YUTh, HAaKIaJAblBasg Ha IMapaMeTpPbl
MaTpPUL JONOJHUTEIBHBIE YCIOBUS JINHEWNHOW 3aBUCUMOCTH

AK+Bm+Cn+D1=0, ak,+pBm,+sn,+tl, =0. (2.1)

B nannHoil pabote OyayT nmpoaHaaIu3upOBaHbl HEKOTOPHIE BOZMOYKHOCTH C
OJIHUM He3aBUCUMBIM BekTOpoM (BapuaHT I(K)):
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n=A4Kk, n, =ak,,
m = BK, m, =B k,, (2.2)
1=DK, [y=tk,.
MoxHO paccMmaTpuBaTh BapUAHTHI, OCHOBAHHBIE HA JPYTHUX BEKTOpax:
m, n, L.
3. OnuH He3aBUCUMBIN BeKTOp: BapuaHT I(K)
Ilycts

n=Ak, m=BKk, 1=DKk, ny=ak,, m,=B%k, [,=tk,. (3.1)
DopMyJbl YMHOKEHHUS TTapamMeTpoB (1.2) npuHUMAIOT BU
k, =k, k, +k'k +at k' ok, + AD K'k,
m"o= P> kk,+ B> K' Kk +ta |’y k, + DAK'K,
n,=a kk,+Akk+ap k' k,+ ABK'K,
l,=tk,k,+ DK k+ pt 'k, + BD KKk,
K'=f'k+Kk' k,+ik'xk+aD k,k + Ao K'k, +iAD k' xKk,
m"= BB k'k+BBK k,+iB* k'xk+14dkk+Dak'k,+iDAK'xK,
n"=Ar  k+ak'k,+idk'xk+aB kk+ AP k' k,+iAB k' xKk,
"=t k' k+DK%, +iDK'xk+ BD k,k+BtKk' k,+iBDKk'xk.

Tpebyem BbImoaHEHUs cooTHomeHUW (3.1) AId  IMITPUXOBAHHBIX
MapaMeTpPOB, OTCIO/IA CIEAYET CUCTEMA YPABHEHHUM

a(l+B)=a(+at), AQ+B)=a(+A4D), (B°+ta)=Ll+at),
(B> +DA)=B(1+A4D), t(+pB)=t(1+at), D(1+B)=t(1+A4D),
(A+aB)=A(1+aD), (a+ApP)=A(1+ Ax), A(l+B)=A(1+AD),
(BB+tA)=B(+aD), (BB+Da)=B(+Aa), (B’+AD)=B(l1+A4D),
(t+ pD)=D(+aD), (D+Bt)=D(+ Aa), DA+ B)=D(+AD). (3.2)
Cucrema (3.2) uMeeT, NpeXkae BCEro, TPUBUAIBHOE PEUIEHHUE:
A=B=D=0, a=p=t=0,

ATOMY OTBEYAET pelieHue 1
K 0

; 3.3a
0 O (3-32)

n=0, m=0, [=0, Gz‘

MPUBOJUM BBIPOKEHUE MJI BEIIECTBEHHOW MaTpuilbl Mromiepa paHra 2
(yuutsiBaeM k, = ik,)

145



ky+k, k+k, 0 O
k—k, k~k 0 0

M = 10 2 003 0 o det M, , =k; -k +k; —k; . (3.3b)
0 0 00

TpeOys BoimonHeHus paseHcTBa det M, , =0, npuxomauMm K 2-MEpHBIM

Matpuiiam Mrojuiepa panra 1.
[Ipeamnonoxxum Tenepb, 4TO TOJIBKO YETHIPE MapaMeTpa paBHbI HYJIIO:

A=0, a=0, D=0, t=0 — n=0,/7/=0,
p*=p, B*=B, BB=B, B =B,
otkyna noiydaem 3 =+1, B=+1. Takum oOpa3om, uMeeM perieHne 2:
n=0, 1=0, m=+Kk, n,=0, [,=0, m,=+k,, (3.4)
k,+ko
0 k,+ko

Tenepr mpenmnonaraem, 4to Bce mapameTpel A, ¢, D, ¢ OTIMYHBI OT
Hyns. Ilpu sTom ypaBHeHus (3.2) npuHUMArOT BHJA (OCTaBISIEM TOJIBKO
HE3aBHCUMBbIE YPABHEHUA):

[ =+at, A(+B)=a(+ A4D),
(B +ta)=B(+at), (B*+DA)=p(+4D),
D(+B)=t(1+ AD),
B=AD, (a+A4P)=A(+ Ax) , B=AD,
(BB+t4)=B(+aD), (BB +Da)=B(1+ Aa), (B> + AD) = B(1+ AD),
(t+ pD)=D(1+aD), (D+Bt)=D(1+Aa), B=AD. (3.5)
Wckmrounm u3 ypaBaenuii B u [ (B=AD, f=at):
A1+ AD)=a(+A4D), AD(1+ AD)=oat 1+ AD), D(1+ 4D)=t(1+ AD),
a(l+At)=A(1+ Aa), td+aD)=D(+aD), a(l+ At)= A(l+ Axx) ,
tl+aD)=D(+aD), t=a. (3.6)
VcKTIounM 13 9TUX paBHeHu# ¢ (B=AD, f=a’, t=a):
A(1+ AD)=a(1+ AD), AD(1+ AD)=a’ (1+ AD), D(1+ AD) = a(1+ AD),
a(l+Aa)=A(+ Ax) , a(l+aD)=D(+aD),
a(l+ Aa)=A(1+ Ax) , a(l+aD)=D(+aD). (3.7)
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[Tycte 1+ AD # 0, Torma u3 (3.7) cnenyetr oo = A, D= A, D=c¢ . Takum
obpazom, a = A, B=A", f=A4%, D=A, t= A, n nmeeM pemenue 3
n=4Ak, m=4k, 1=4Kk,
K AK‘

n,=Ak,, mozAsz, l,=Ak,, GZAK LK

(3.8)

OTO peumieHHe HE HHTEPECHO C TIPYNINOBOM TOYKUA 3PEHUSA, IMOCKOJIBKY
MPEACTABISIET MHOXECTBO BBIPOKICHHBIX 4-MEpPHBIX MaTpHULl C PAaHTOM 2.
OTa BO3MOXHOCTb MOXET OBITh HHTEPECHAa B KOHTEKCTE OMUCAHHS
MPOCTENIINX BBIPOKICHHBIX MaTpull Mromiepa ¢ panrom 2. IIpu paBeHcTBe
HYJIIO OINpeAeNuTeiss 2-MepHoro 0oka K uMeeM BBIPOKACHHBbIE 4-MepHbIE
MaTpullbl paHra 1.
Teneps, myctb 1+ AD =0, torma u3 (3.7) cienyer
1

D=——. (1—%)(1+Aa):0, (1+Aa)(1—%)20,

(1—%)(1+Aa):0, (1+Aa)(1—%):0.

EcTh 1Be BO3BMOXXHOCTHU:

1
I+ da)=0=a=—, (1-H=0=a=4.
A A
COOTBETCTBEHHO IOJTy4aeM J[Ba PEIICHUSL.
Pemienue 4:
1 1 1 1
a:__JD:__a t:__)B:_la =5
A A A P="
1 1
IIZAk, nO:_ZkO’ m=—k, m():?ko,
k, +ko —Ak, + AkG
=Lk, =-Lg, G=| BT A X
A A ~A'(k, +kG) Ak, -k&

DTO BBIPOKIAEHHBIE MATPHULBI, TOCKOIBKY CTPOKH 3 U 4 mOJIy4aroTcsl U3 CTPOK
1 u 2 ymHOokeHueM Ha —A'. DTa BO3MOKHOCTH TAKKE MOMKET OBITH
MHTEPECHA B KOHTEKCTE OINKCAHUS BBIPOXKICHHBIX MaTpull Miouepa ¢
panrom 2 (k, = ik,).

Penienue 3:
1
a:A,D:—Z, t=A, B=-1, p=A4°,
n=A4k, n,=Ak,, m=-k, mozAsz,
1 k, +ko Ak, +ko)
I=——k, [=4k,, G= N ) N (3.10)
Ak, — A ko Ak,-ko
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OTO BBIPOXKACHHBIE MATPHUIIBI, MOCKOIbKY CTONOIBI 3 U 4 moiydyaroTcs u3
ctoi6rioB 1 u 2 ymHOXeHHEeM Ha A. OJTa BO3MOXXHOCTb MOXET OBITh
MHTEpECHAa B KOHTEKCTE OIUCAHUS BBIPOXKICHHBIX MaTpull Mroiepa ¢
panrom 2 (k, = ik,).

Ocranock uUcCiIenoBaTh Clydail IByX paBHBIX HYJIO mapameTpoB. IlycTh
A=0, a=0:

B=p, B*=p, tl+B)=t, D(I+B)=t,
BB=B, BB=B, B =B,

t+pD=D, D+ Bt=D, D(+B)=D.
VY 3TOM CUCTEMBI €CTh J1Ba PELICHMUS:
{=0,B=0,t=D}; {f=+1,B=+1,D=0,t=0}.

CoOOTBETCTBEHHO, MTOIy4YaeM pelieHue 6:
A=0, a=0, =0, B=0,t=D, n=0, n,=0,

m=0, m,=0, 1=Dk, I, =Dk,,
|k 0 |k oK 0 |KK 0
DK o/ DK’ ollDK 0o |DKK o

OTO BBIPOXKIIEHHBIE MaTPUIIbl, MOCKOJBKY CTONOIB 3 M 4 Hy/neBble. JTa
BO3MOXXHOCTb TaK)X€ MOXKET OBbITh HMHTEpPECHa B KOHTEKCTE OMUCAHUS
IPOCTENIINX BBIPOKIAEHHBIX MaTpuLl Miojuiepa ¢ panrom 2. Bropoii BapuaHT
OPUBOAUT K YK€ HailaeHHoMY peuteHuto 1. Teneps nycte D=0, t=0:

af=0, AQ+B)=a, p’=p, B =p,
aB=0, a+AB=A(+Aa),  AB=0,
BB=B, BB=B(+A4a), B’=B.

OTta cucTeMa NPUBOJNT K YK€ HalJIeHHbIM petieHusM (3.3) u (3.4).
4. O cTpykTrype nojayrpynnsl Marpun MroJuiepa ¢ paarom 1
PaccMorpum neranpHO cilydail BBIPOXKIECHHBIX MaTpull Mrojuiepa ¢
panrom 1. HMcxoaum W3 SIBHOTO  BBIPAXKEHHUS JJIS1  BBIPOXKICHHOM
BEILECTBEHHON MaTpuubl Mromiepa panra 2 (yauTsiBaeM k, = ik,)

ky+k, k+k, 0 O

k—k, k~k 0 0
M= 2 0 : (4.1)

0 0 00

0 0 00

Ecmun ompenenurtens 2-MepHOW MATpPUIBI PaBEH HYIIO, TO TOIy4aeM
BBIPOXKJICHHYIO MaTpully Mrosuiepa panra 1:

k—k, = u(k,+k),  k,—k, = uk +k), (4.2)

OTCIO/Ia CJIEYIOT PaBEHCTBA
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1+ u° 11—’ 1-u° 1+ u
= k, — ks, , k, = k, —

k k, . 4.3
1 2u 2u 2 2u 0 2u 3 (4.3)
BBenem o0o3HaueHUs
k,+k, =4, k,—k, =B, 4.4)
Toraa Matpuiia Mrojuiepa npuMeT B (ClIeIuM 3a 0JI0KoM 2 X 2)
_ ko + K, p (ky—=ksy) _ A u'B . 4.5)
ulk,+ky)  k,—k, uA B

O6mas matpuria Mrosiepa 13 3TOro kiacca JeucTByer Ha 4-Bexktop CTokca
COTJIACHO

B
S' =AS,+—=S, ' =pAS,+BS,,
U

1 1
(S') =(S) = A2 (1-pu?)S; + 2AB(;— u) S,S, + Bz(? ~-1S.  (4.6)

3aMeTuM, 4YTO MPU ATOM BBIIOJIHSIETCA PAaBEHCTBO (CBOMCTBO YAaCTUYHO

MOJISIPU30BAHHOIO CBETA)
2

S| >o0. 4.7)

2

1-u

(5 (8" =| Af1-4’ S, + B

OueBuIHO, UTO HEOOXOIMMO HAKJIAIbIBATH OTPAHUYCHHE

u <+l (4.8)
I[Ipuy p=x1 mnomyyaeM BBINOJIHEHHBIM YCJIOBUE TMOJHOW MOJSPU3ALIUT
(S'))* =(S')* =0. OrmeTuM, 4T0 U3 06mKX HOPMYII, B YACTHOCTH, CIEAYIOT

MaTpuilbl Mrosuiepa Ayl OMHOPOAHBIX UACAIBHBIX JIMNHEWHBIX MOJISIPU3ATOPOB
(em. [1, c. 318])):

I £1 0 O
1 1 11 1 0 O
A=—, B=—, u=x1, M=— 4.9)
2 2 210 0 0 O
O 0 0 0
Haitgem 3akoH yMHOXEHUSI MaTpull Buaa (4.5):
A! HI—IB! A /J_IB B (A!A+HI—IBIHA) (A,/J_IB‘F/J,_IB,B) (4 10)
WA B |lud B | |(WAA+Bud) (WA'u'B+BB)| '
T. €. A"=AA+u " uB4, B'=p'u' AB+BB
4.11)
u
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" _ ,U,A,A'FB,/JA _H,ZA,A-FIUCUB,A_ ,

AA+p " uB4 pAA+uB'A

9

i Ap'B+y' "BB_ yAB+uBB ' AA+uB'4 1 4.12)
pu' AB+BB P AB+puuBB ulAA+uuBA

Ectp eme oaHO HeoOxomumoe TpeOOBaHUE, KOTOPOMY  JTOJDKHBI

YJIOBJICTBOPATh MaTpUIlbl Mrojuiepa: 3HaK HYJICBOH KOMITOHCHTHI 4-BEKTOpa

Crtokca He MOXeT ObITh oTpuIaTesbHbIM. CoryacHo (4.6) umeem

B
Y L
S' =4S, +—S,>0, S =uAS,+BS,.
U
O‘IGBI/II[HO, 49TO 3TO YCJIOBHUC CYHICCTBCHHO 3dBUCHUT OT CBOMCTB HAYaJILHOI'O

nyuyka. Hampumep, ecium y HagampHoro mydyka S, >0, To BbIOHpas

IMOJIOKUTCIIbHBIMHA BCC TPpHU IHapaMeTpa

A>0, B>0, u>0, (4.13)

MBI HE OyJleM B pe3yibTaTe IOCJIeA0BATEILHOIO KOMOMHUPOBAHUS TaKHX
AJIEMEHTOB BBIXOJIMTH 3a MPEEIIbl 3TOI0 MHOKECTBA MIOJJIEPOBCKUX MATPHII,
npu 3toM Beeraa S’y = 0. B cBoro ouepens, ecnu y HaganbHOro myuka S, <0,

TO UMCEM JIBA MMOJIOKHUTCIIbHBIX ITapaMETpa

A>0, B>0, u<O0, (4.14)

B pe3yJIbTaTe MOCje0BaTEIbHOTO0 KOMOMHUPOBAHHUSI TAKUX SJIEMEHTOB MbI HE
OyZieM BBIXOJIUTH 3a TIPEACIIbl 3TOr0 MHOXXECTBA MIOJUIEPOBCKUX MATPHIL; IIPH
stoM Becerma S/, <0. T. e. ecTp ABa Ki1acca ONTUYECKUX DJIEMEHTOB C ILNIABHO
MEHSIIOIIMMM XapakTepuctukamMu A, B, p. Matpuisl Mromiepa uaeaabHbIX

noJsIpu3aTopoB (4.9) ABIAIOTCS NPEICTABUTENSIMU 3TUX ABYX KJIACCOB.
[loHSTHO, YTO BO3MOXHBI JIBa AHAJIOTMYHBIX BapHaHTa BBIPOKICHHBIX

matpuil Mrosuiepa ¢ paaroM 1, 3pPeKTUBHO NEHCTBYIOMIMX HA KOMITIOHEHTaX

4-gextopoB Crokca (S,,S,) u (S§,,S,). AHanOrMYHBIA JOIOIHUTENLHBIA

aHaJgu3 HEOOXOAMM M I BCEX JPYrMX MHOXECTB wmaTpull Miosuiepa
(BBIpOXKIIEHHBIX WM HeT). Hanmpumep, CHMMETPUUYHBIM PacCMOTPEHHOMY
BapuadnT I(m) He mnpencraBiseTr WHTEpeca B KOHTEKCTe (Qopmanuzma
Mronnepa, TOCKOJIBKY MOCi€ OEUCTBHS Takux maTpull 4-sektop CTokca
noJryqaiicsi Obl BpeMEHU-TT0JJOOHBIM.
5. O cTrpykrype nojayrpynnbsl MaTpun MroJuiepa ¢ panrom 2.
O6patumMmcs K
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ky+k, k+k, 0 O
ki —k, ky~k, 0 0

M = 10 ? 00 ’ 0 o ke =kl +k; —k; #0. (5.1)
0 0 00

OTta MaTpula IeiMCTBYET Ha KOMIOHEHTHI 4-BekTopa CTOKCa COrJIacHO
Sy =(ky +ky)S, +(k, +k,)S,, S\ =k —k)S, +(k,—k)S,, (5.2)
S'\—S" = (S0 =87 (k] +k; -kl —k})+
+28,S, (kk, + k) +4(Sy +S7) (kok, +k k) . (5.3)
C ucnonb3oBaHUEM 0003HAUEHU
A=k, +ki -k’ -k}, B=4(kk, +kk,),C = (kk,+kk,)
npeablayllee paBEeHCTBO MPUHUMAET BU/]T
S' 2 —S"*=(A+ B)S; +2CS,S, +(B—A)S’. (5.4)
[lommyyeHHOE COOTHOIIIEHHE YKAa3bIBAE€T HA TO, YTO HE BCE MATPHUIIBI 3TOTO
MHOKECTBAa MOT'YT pacCMaTPUBAThCS KaK MPUTOJIHBIE B KaYE€CTBE MIOJIJIEPOB-
CKUX. MoXHO ucnpoOoOBaTh Apyrod MyTh: B rpynmne npeodpasoBaHuit (5.2)
€CTh TpU HETPUBUAIBHBIE MOATPYIIIBI, U JOBOJBHO JIETKO PEIIUTH BOMPOC
O MPUTOJAHOCTH ATUX MOATPYIH B KAYECTBE (2-MEPHBIX) MIOJJIEPOBCKHUX.
IlepBas nmoarpynna:
(k,=0,k, =0) k,=Dch B, k,=Dsh p,
S',=Dch BS,+Dsh S, S''=Dsh BS,+DchpS,,
S' =S =D(S; -5}). (5.5)
Ona BMOJHE MPUTOJIHA JJIsI OMUCAHUS 2-MEPHBIX MIOJJIEPOBCKUX MAaTpPHIIL.
HauGomnee mpocToil BapuaHT MOATPYIIbI BOZHUKAET npu D = +1.
Bropas noarpynmna:
(k,=0,k, =0) k, =D ch A, k,=Dsh A,

S',=D(ch A+sh 1)S, =De**S,,S' =D (ch—ch 1)S, =De*S,,
S' -8 =D (™S, —e"S),(S; = 87). (5.6a)

OTH MaTpubl IPUTOJAHBI JIA  OIMHCAHMA  MIOJUICPOBCKHUX, XOTA
C JOBOJIBHO HEOOBIYHLIMU CBOMCTBAMU (HYCTB IJE1 IIPOCTOTHI OIIPECACIINTCIIb

D? =+1):
S' =e™S,, S'\=e?S, §'V-8 =S —eS’, (S:=8); (5.6b)

IpU YBEJIMYECHUH TOJOKUTEIBHBIX A WHTEHCHUBHOCTH IUJIABHO pacTeT, a
CTEINEeHb MOJSPU3AIMHU TIABHO CTpEMUTCS K Hymo. [Ipu orpunatenbHbix A,

4 2 2
HO B IMpelaenax e A > S//S,, MHTEHCHBHOCTb CBETa IaJaeT, a CTECIECHb
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4 2 2
MOJSPU3AIMKA  PACTET, JOCTUrasi MaKCUMyMma IpH e A =5//S,. To ects

MAaTpULBI C TAKOM CTPYKTYpOM NPUIOAHBI Ui 3adaHus maTpull Mrosuepa,
TOJIBKO €CJIH

2
—ln(S—Ozjsl<+oo. (5.6¢)
1

B obmiem cnyuyae orpanuuenue (5.6¢) HE COBMECTHUMO C TJIOOATBHOM
CTPYKTYPOW OTOM NOATPyNIbL. JIEWCTBUTENBHO, 3aKOH YMHOXECHUS
abenespiit: A" =A1"+ 1, u ycnoBue (5.6¢) oueBUIHO OymeT HAPYIIATHCS MPH
YMHOXXEHHUH (C OTPULIATENIbHBIMA W JOCTaTOYHO OOJBIIMMHU IO MOIYJIIO
3HAUYECHUSIMU MApaMETPOB) DIEMEHTOB 3TOH rpynnbl. OJHAKO OYEBUIHO, YTO
CYIIECTBYET BIIOJIHE HHTEpIIpeTHpyeMas moarpymnma mnpu Bcex A €[0,+00),
BUJIUMO UMEHHO €€ 3/IeChb U MOXKHO paccMaTpUBaTh Kak MPEACTaBISIONIYIO
WHTEpEC ISl MOJSIPU3AIMOHHON ONTHKHU. TpeThs moArpynna:

(k,=0,k, =0) ky,=Dcosa, k, =Dsinc,

S'y=D(cosa §,+sina §,), S| =D(-sina §,+cosa §,),
' =8\ =D| (S; - S})cos2a+2S,S,sin2a |. (5.9)

DOTO BBIPAXKEHHE MOXET OBITh KakK TOJIOKHUTEIBHBIM, TaK W
OTPUIIATEJIBHBIM. OJTO YKa3bIBA€T, YTO BCA MOATPYIIA B IEJIOM HE MOXKET
paccMaTpuBaThCAd KaK MPUTOJHAs [JI1 3aJaHusd MOATPYHIBl  MaTpPHIL
Mromnepa. Kpome Toro, xomnonenra S'; MOXET OBITh KakK IOJOKHMTENBHO,

TaK U OTPUILIATEIBHOU, YTO TAKKE HECOBMECTUMO C MHTEPHPETALMEN TAKUX
npeoOpa3oBaHU KaK MIOJIJICPOBCKHUX.

OrMeTuM, 4YTO B paboTe WHCCleAOBaHA TOJBLKO HEOOJNbIIAsl 4YacTh
BBIPOXKIACHHBIX MaTpul] Mrojuiepa B paMKax CTPYKTYpP MOy PYIIIL.
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SPINORS OF THE LORENTZ GROUP
AND JONES FORMALISM FOR A PARTLY POLARIZED LIGHT

Introduction

153



The main line of evolution in theoretical methods of polarization optics
seems to be quite independent of that in relativistic symmetry methods,
developed, for example, in particle physics. In the paper a technique
of working with the Lorentz is used, the systematic construction of that was
given by Fedorov [1], also see a quaternionic approach [2]. This technique is
specified for looking at the problems of light polarization optics in the frames
of vector Stokes-Mueller and spinor Jones formalism.

Remembering on great differences between properties of isotropic and
time-like vectors in Special Relativity we should expect the same principal
differences in describing polarized and partly polarized light. So below we
will be considering these two cases separately: a polarized light and a partly
polarized light. In particular, substantial differences will be revealed when
turning to spinor techniques — also see [4]. Let us start with some basic
definitions concerning the polarization of the light (at this we have used [3],
though it might be another from many). For the Stokes vector of the partly
polarized light we have

S“=,I pn), S S =1*(1-p*=>0, (1)
where [/ is a general intensity, p is a degree of polarization which runs within
[0,1] interval: 0< p <1, n stands for any 3-vector. Behavior of Stokes 4-

vectors for polarized and partly polarized light under acting optics devices
may be considered as isomorphic to behavior of respectively isotropic and
time-like vectors with respect to Lorentz group in Special Relativity. This
simple observation leads to many consequences, some of them will be
discussed below.

1. Spinor representation of Stokes 4-vector for a completely polarized
light

Let start with the well-known relations between 2-rank bi-spinors and
simplest tensors. Bi-spinor of second rank U =% ®¥ can be resolved into

scalar @, vector ®@,; pseudoscalar D, pseudovector ¢,, and antisymmetric

tensor @ ,
U=YQVY = [—iCD +y" @, +ic”® , +y°D +i7/b7/5cf)b]E_1 ; (2)
let us refer all consideration to the spinor basis
S KO R & A
. e o T T 4
a ndl; o
—_a b —b__a . 2
- 0 0
abzl o —Gg O b ’EZZG 2 3)
4 0 c's'—o0’ 5 0 —ioc

Inverse to (2) relations look
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1 1
®, =7 SplEy UL, &, =4—l.Sp [Ey’y, U1,

. _ 1 1
CD:iSp[EU], ®=—_SplEyU], @, =-—SplEc,Ul. (&)
l

First, we are interested in two vectors obtained from spinors:
D, =&, =&y, @ =& =&y,
D, =i(E'n+Eny), @y=—(En,+EM,);
for pseudovector, scalar and pseudoscalar H,=0, §,=0, P,=0,
®;=0, D=0, ® =0; and for antisymmetric tensor

o =§[<5151 —EEN (- nmy) 1,

o =%[<5151 —E2E—(n —nm) 1,

o =—%[(§1§1 YEEY 0],
o = —4%.[(&5151 FEE) —m +1m,) 1,

O ==L ], O = [EE -],
Collecting results together:
£
yp

we see that to have real vector and tensor one should impose additional
restriction: let it be

77:+i02§* = 771.=+§2*’772=—§1*; (5)

Y="|, ¥Y®¥ = @=0,d=0, $,=0, &, 20, &, =0,

which results in
O, =—(E' E"+EEM)<0, O, =(£'E"-£2EY),
CDI=(§] 52*4_52 51*)’ q)zzl-(gl 52*_62 gl*)’
O = [(§1 ¢ -8 ENH(E" & 8" ¢,

O =€ 6 -8 ) (T - ),

o~ =—%[<5‘ Elb B E) 4 (E" EN Y EM)],
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o7 = ‘4%-[(51 E LY EN) (£ ET +EY Y],
cDO3 :_é(él 52 _52* 51*)’ (D12 :_%[51 52 +§2* 51*] (6)

There exists alternative additional restriction:
n=-ic’§ = np=-&", n=+&", (7)
which results in
D, =('E"+E7EN) >0, D =—(E1E"-E7 8T,
D =—(& ET+EET),  @,=-i(EET-E7EN);
O = [(§1 6 -8 ENH(E" & -8 ¢,
1

OF = [(€ -8 E) (€ g g €N,

o~ =—%[<5‘ Elb B E) 4 (E" EN Y EM)],
o7 = ‘4%-[(51 E LY EN) (£ ET +EY Y],
O o—l(f g, AP e[ EHE L ®

The last case (7)—(8) seems to be appropriate to describe Stokes 4-vector
and determine Stokes 2-rank tensor:

®Y = §,#0, 8, %0,

o mn

v L
n=-io’ &

S, =& &"+&7&7)>0,  S,=—(& &7 -85,
S] :_(él 52*4_52 51*)’ Sz =—i(§1 52*_62 §1*),

d =S =2[EE - ) ET £ ¢ ),

b =St = [ E -8 8- £ - M),
@ =S =o€ E) (T ET ),
B =St = [(E € HE ) - £ ),
QST (EE G, B =St (£ E+ETED. O

Let us calculate the main invariant — it turns to equal to zero:
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S8 —S,8,=0, (10)
so S, may be considered as a Stokes 4-vector for a completely polarized light.

In turn, 4-tensor S , being constructed from Jones bi-spinor W, is
a Stokes 2-rank tensor. Let us calculate two invariants for §, :

1 1
11=—55m"5mn=a2—b2=0, IZ:Zg §PS™ =0, (11)

abmn

Finally, let us specify Stokes 4-vector and 4-tensor in parameters
(M,N,A=a-p):

N ei(x
+M &7
—M e

N e—i(x
S,=M*+N*, S,=M?-N*,

S, =—2MN cos(a - ), S, =2MN sin(a - ),

, YoV = S,#0, § #0,

and

1 : : 1
a =S" :—E(NZ sin2a —M?*sin2),b' =S* :+§(N2 cos2o —M?* cos2),

1 1 . :
a’=8" :_E(Nz cos2o +M?cos2f), b’ =S :—E(N2 sin2a +M*sin2),

@ =8”=+NMsin(a+B), b’ =S"=-NMcos(a+pB). (12)

Two vectors a,b are determined by 4 parameters N,M,«, , additional
identities hold
C(NP+ MY
4
therefore the quantities a,b depend in fact upon 4 independent parameters
N,M,p—-a,p +a; whereas Stokes 4-vector depends upon only three ones
N,M,p-«.

Instead of Stokes 4-tensor S, one may introduce a complex Stokes 3-

aZ :bZ

, ab=0;

vector s=a+i b with the components
s, +is, =—i E°E? s, —is, =+i E'E', s =—i E'EY (13)
The quantity s transforms as a vector under complex rotation group
SO(3.C), isomorphic to Lorentz group Lt. The later permits to introduce
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additionally to Jones spinor and Mueller vector formalisms one other
technique based on the use of complex 3-vector

1 l-(NZeZi(X _MZeZiﬁ)
s=a+ib=——- (N +M**"); (14)
2 : i(a+p)
—2i NM e
evidently this complex vector is isotropic s> =0, the later condition provide
us with two additional condition, so s depends on 4 parameters.

2. On possible Jones 4-spinor for a partly polarized light
Now let us examine else one possibility

E || [¥Emy —&mp &g +gigr
Sl |_[rem —gm g8 +gEr (15)
A R T M A T
n| |+ET| [Hmany e —mE Amgr

¥ ®(—iP) =

Corresponding 4-vector is determined by
1 * * * *
D, ZE[(UQUQ +nm)+(EET +EE7) >0,
1

O, = —5[(772772 _771'771*)"‘(_5252* + 5151*)]3

@, =%[(mn§ P —(EET +EEM)],

O, = L[ )+ (-EE + EE .

We readily derive ’
OO, =nm; &' +nym; EET +nn; S8+ EET (16)
Let us demonstrate that this vector is time-like. With the notation
£ Nle: ’ n = Mle: ’ (17)
N,e™ M, e™
we get

OO =N'M?+N;M;+2NM, N,M, cos[(n, —n,)—(m, —m,)];
therefore
(NM,—N,M,)> <®; -0 —D; —D’ <(N,M, + N,M,)" . (18)

This means that we have ground to consider 4-vector ®_ as Stokes
4-vector S :
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(NM,-N,M,)* <S; -S* <(N,M,+N,M,)*, (19)
and two 2-spinors (15) as making up a Jones bi-spinor corresponding a partly

polarized light.

It remains to find explicit form for corresponding (real) Stokes 4-
tensor S, :

O =T+ ) - &+ E ),

O = (&} + )+ (7 +nE )],

O = (&} £ )+ (™ g

@ Z%[ (&' =&n) - (& +mEM) 1,

@ =L [(@ni )0 ane.

O = [ - )~ (n,g™ +n ),

- 1
s'=a' +ib :%(51772* +&n), st =dltib’ =——(Eny - &),

. i * %
s*=a +ib’ 2—5(52772_51771); (20)

besides this complex 3-vector is not isotropic: 8> =—1 (&'n" — &) =0,
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B3AUMOJIEVICTBUE HEUTPOHOB C PASMHOXAIOIIIEN
CPEJIOM B MOJEJIU POKJIEHWS U TUBEJN C JUCKPETHBIM
BPEMEHEM KW3HU NOKOJIEHUSI HEUTPOHOB

[TonsiTHE BpPEMEHHM KWU3HHU IIOKOJIEHUS HEUTPOHOB Thox — OJAHO U3
OCHOBHBIX MOHSTUW, HWCHOJB3YEMBIX MPHU ONUCAHUU B3aUMOJEUCTBUSA
HEUTPOHOB C Pa3MHOXKAIOLIEH CPEAOW, B TOM YHCIIE U B SIAECPHOM PEAKTOPE.
OHO ecTecTBEHHBIM OOpa3OoM CBSI3aHO C MOJICTBI0O POXKICHUSA U THOeNn
YacTHI[ C JUCKPETHBIM BPEMEHEM >KU3HM NOKoNeHUs yactull. [loaTomy mpu
pELIEHWH 3aJay, CBS3aHHBIX C IPEBPALICHUEM YaCTHI, IPEICTABISAETCS
BO3MOXXHBIM HCIIOJIb30BaTh YK€ W3BECTHBIA MaTeMaTH4YeCKuil (popmanusm,
U3JIO)KEHHBIN BO MHOTUX MOHOTpadusx (cM., Haripumep, [1, 2]).

B ¢usuke B3auMOAEHCTBUS HEUTPOHOB C pa3MHOXKAIOLIEH Cpenoi,
OJTHaKO, YacTO HEOOXOJUMO YYHUTHIBATH OOpa3yloIIUecs MpU ITOM
3ama3/IblBaloOlIE€ HEUTPOHBI, KOTOPHIE MPUBOJAT K BPEMEHHOW 3aBUCUMOCTHU
BPEMEHU JKU3HU MOKOJEHUS HEUTPOHOB Thox (CM., Hampumep, [3, 4]). Tak,
OpyU  ONMCAaHWM TEPEXOJHBIX IMPOLECCOB B  SIEPHOM PEAKTOPE B
npuOIMKEHUN OFAHOW TPYMIbI 3ama3[bIBAIOIINX HEHTPOHOB BpEMsS KU3HU
IIOKOJIEHUS] HEUTPOHOB

Tnox(t) = Tur + Brsar{[l - exp(_t/rsan)] s (1)

IJ€ Tyr — BPEMS )KU3HU MTHOBEHHOI'O HEUTPOHA, Ty — CPEAHEE BPEMSI )KU3HU
[ TpyHN 3ama3JbIBaloOIiX HEUTPOHOB OOBENMHEHHBIX B OMHY U [ = D f; —
CYMMAapHBIN BBIXO/]I 3aM1a3AbIBAIOIINX HEUTPOHOB.

[Ipn Manbix BpeMeHax (f << Ts;) BPEMS KU3HU NOKOJIICHUS HEUTPOHOB
IPAKTUYECKH TMOCTOSHHO U PABHO Thox <~ Tyr. AHAJOTMYHO MPH OOJIBIIHMX
BpeMeHax (f >> Ty;) BpEMS KU3HU IIOKOJEHUS HEUTPOHOB TaKKe
MPAKTUYECKH MOCTOSIHHO U PABHO Tuox ~ Tyr T PTsan. B ATUX ClIydasix MOXXHO
UCIIOJIb30BAaTh CTaHJAPTHYI0 MOJENb POXKACHUS W THOENU C MOCTOSHHBIM
JIUCKPETHBIM BPEMEHEM JKU3HU NTOKOJIEHUS YACTULL.

OngHako B MHTEPECHBIX B MMPAKTUYECKOM OTHOIIEHWH CIy4yasx HaJo
UCIOJb30BaTh JUIsI BPEMEHU OJKU3HU IIOKOJICHUS HEUTPOHOB TOYHOE
BBIPAKEHUE Tyox (1). [IO3TOMY OCHOBHAs 11€b HAcTOALIEH PaOOThl — pa3BUTh
dbopMai3M 111 OMMCAHUS B3aMMOACHCTBUS HEUTPOHOB C Pa3MHOMKAIOIICH
Cpeaoil Ha OCHOBE BPEMEHU KU3HU MOKOJIEHUS HEUTPOHOB Tyox (1).

CHauana HaJIo paccMOTpeTh (opMaliu3M HEOJHOPOJHOIO Ipolecca
poXxaeHuss MU TUOeTu 4YacTUll C HENpephIBHBIM BpeMEHEM, a 3aTeM
aJalTUpOBaTh €ro Il ONUCAHMUSA TAKOro K€ IpoLecca, HO C JUCKPETHBIM
M 3aBUCAIIMM OT BPEMEHM BPEMEHEM JKA3HU IIOKOJIEHUS HEUTPOHOB.
B pamkax ykazaHHoro Qopmanu3Ma CpeiHee YMCIO 4YacTHIl JaeTcs

dopmyroii (2) [1, 5]
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M (1) = exp( [[A(7) — p(2)]d7), )

r7ie IPYU OTCYTCTBUU MUTPAITMOHHBIX MPOIECCOB Ay(f) = A(f)n u py(f) = Wt)n
SIBJISIFOTCSI MTHOBEHHBIMHM 3aBUCAIIMMHU OT YHCJIA YacTHI[ B CHUCTEME 7
WHTCHCUBHOCTSAMH POXKACHUS U THOEIIH.

Hetpynno nokasate [6,7], uTo BemmunHa A(f) — W(f) 1Ji1 MTHOBEHHBIX U
3ama3/IbIBAIONINX HEUTPOHOB UMEET BUJT

MO = @] = PlTsrs MO — () ]san = P/Tsan 4)

OBOJIOLIMS BO BpPEMEHHM YKCIA MIHOBEHHBIX U 3amla3/IbIBalOLINAX
HEUTPOHOB ONMUCHIBAETCS QyHKIHUEH

[MD) — (@®)]ws = p[1 + B — exp(—#/Tzan)) V[ Tur + BTaan(1 — €Xp(—#/Tsan))],  (5)

IZI€ YUCIUTENb WIPAET pOJIb PEAKTUBHOCTH, a 3HAMEHATENIb — BPEMEHHU
AKU3HU MOKOJICHUSI HEUTPOHOB Ty (1).

Hac unTepecyer nporiecc, onuchiBaeMblid popMysioit (5), X0TsI B KAUeCTBE
PEaKTUBHOCTH P B (5) MOXKET BBICTYyHATh U Jpyras GyHKIUS, B 3aBUCUMOCTH
OT paccMmarpuBaeMoil 3amauu. Kak MOXHO TPHOIMKEHHO PpPaCCUMTHIBATDH
uHTerpai B M(¢) (2) nokasaHO HUXKE.

Bpemsi u3HU MOKOJEHUSI HEUTPOHOB Thox (1) cpaBHHTENBHO Maio. Ilo
aOCONIOTHOM BENIMYHMHE Ty, BapbUpyeTcs mpuMmepHo o ~107 mo ~107 c.
BennunHa By, JUIA TAKMX HYKIMA0B Kak > U, *’Pu menbine 0,1 c. [TosTomy
B (1) BpemMs Bcerga ropas3go OOJbIIE COOTBETCTBYIOIIETO BPEMEHHU >KU3HU
MOKOJIEHUSI HEUTPOHOB ¢ >> Tyyo(f) . OUEBUAHO, YTO B UHTETpAJIAX TUMA

J(O)= [y (s)ds ey + Bro (1—exp(—s/., )], 6)

rae y(s) moka mpou3BOsibHAS (DYHKIMS, HA BPEMEHHOM HMHTEpBaJie PaBHOM
BPEMEHU JKWU3HU TIOKOJICHUS HEUTpoHAa (QYHKUMS W(S) MPAKTUUYECKH HE
MEHSIETCSI M €€ MOXXHO BBIHECTH 3a 3HAaK HHTerpaja. BaXHO TOJNBKO
MPOKBAHTOBATh BPEMEHHYIO KTy TI0 BPEMEHHU IKU3HU TOKOJICHUS
HEUTPOHOB Tyo(f) (1). OxaszbiBaercsi, 4Tto s Tho(?) (1) 3TO caenathb
HETPY/IHO.

JIJisi KpaTKOCTH BBEIEM O0O3HAYCHUS d = Tyr + PTsan, & = PTsan, € = Taan,
T.C.

Toocf) =a —be™ . (7)

Torna npobseMa CBOAUTCS K BBIYUCICHUIO TAOJIWYHOTO HHTETpaia
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fds a—be™"'“)=(c/a)ln[(ae'’ ¢ —b)/(a—b)]. (8)
0

[To noruke Bemei, Bpems ¢ B (8) JOMKHO OBITh TaKUM, YTOOBI 71(f) OBLIO
uenbiM uucioM. HeTpyaHo mokaszaTh, 4To MJig 1Lejoro yucia n(t,) = n
COOTBETCTBYIOIIIEE BpeMs 7, OYJET BhIpakaThCs (opMYyJIIoit

t,=c - In{[(a — b)e" + b)/a}. 9)
®opmyn (8), (9) BHoNHE OCTATOYHO JMJII TOTO, YTOOBI IPOKBAHTOBATH
BPEMEHHYIO KTy [0 BPEMEHU KU3HU MOKOJICHUSI HEUTPOHOB.

Haitnem BbIpa’keHuEe Mg pa3HOCTH ABYX LEIbIX 3HAYCHUU n(ty) = n; U
n(t,) = n,. OHO paBHO

n(ty) — n(t,) = (c/a)ln[exp(ny — ny)alcl. (10)
Ecimu nmonoxuts ¢, = t — 1, TO n(ty) — n(t,) = 1, T.e. YUCIO TMOKOJCHUU
HeﬁTpOHOB OT BpEMEHM {; - 1 OO0 BPEMCHHU fx M3MCHUIIOCH Ha 1, kak u

JIOJKHO OBITh.
PaszHoCTh MEX1Iy BpeMeHaMu f#; W f;_ 1, OYEBUAHO, JOIDKHO JaTh BPEeMs
KHU3HU k-TO TTOKOJICHUS HEUTPOHOB Tyo(t) = T

—ti_1 = cIn{[(a — b)e"* + b)/[ (a — b)e* V" + b} . (11)

Ha acumnroruke npu Gonbmiux k Tx = a, 4To corynacyercs ¢ hopmyroi (9).
BemuuuHbl  # _ 1, t; W T; CBA3AHBI MEXKIY COOOM PEKYppPEHTHBIMU
COOTHOILICHUSIMU
=11+ 7T . (12)

ITosTomMy, Kak M clenoBano 0XUAATh, MOJHOE BPEMs f,, COOTBETCTBYIOIIECE
LEeJOMY YMCIy H, PaBHO CyYMME BpPEMEH MOKOJIEHUW HEUTPOHOB,
YKJIQJIBIBAIOIIUXCSI BO BpEMEHHOM HHTepBaje 0 — ¢,

=31 . (13)
k=1
Bcnenctsue atoro unrerpani J(s) (6) MOXXHO pa30UTh Ha CYMMY MHTEIPAJIOB
J(t,)= Yy (s)ds/[r,, + Bt (1—exp(=s/T,, )], (14)
k=1

r7€, KaK YIOMUHAJIOCh BBILIE, § >> f; — f.1. [loaTomy uHTerpan (14) MmoxHo
npeoOpazoBaTh B sy

J(t,) ~ ki_lw(< t,>) . (15)
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rae <> — nobas BpEMEHHas TOYKAa BHYTPHM HHTEpBANA fi — fr. MOXHO
[10Ka3aTh, YTO JY4YIIMM 3HAYEHUEM SIBJSIETCS MPOCTO CPEAHEE 3HAYECHUE
BPEMEHHOTO UHTEpBana <t;> = (fy1 + ty)/2.

B kadectBe mnpuMepa NPaKTUYECKOI'O MCIIOIB30BAHUSA HACTOSIIETO
MAaTEMaTUYECKOr0  ammapara  pacCMOTPUM  MPOLECC  Pa3MHOXKEHUS
MTHOBEHHBIX HEUTPOHOB B MOAKPUTHYECKOM COOpKE C Y4YETOM BIHSIHUS
3ama3ApIBAIOIINX HEUTPOHOB HA BpPEMs JKU3HU IIOKOJICHUS HEUTPOHOB. B

aTOM ciydae B (6) dbyukius y(t) = p =—p|, a psaa
=1

T.€. J(ty) = — |pjn. Torma cpenHee KOIMUECTBO POXKICHHBIX HEUTPOHOB OyJET
JaBaThCsl U3BECTHOU (POopMYJIIOit

M(t)= iexp(—‘p‘n) = 1/‘p‘ : (17)

Hpyroe neno, uto dopmyna (17) nns M(¢) = 1/|p| oOb9HO mOMyUYaeTCs
B IMPEANOJIOKEHUN IIOCTOSIHCTBA BPEMEHU JKM3HU IIOKOJEHHUS HEUTPOHOB
Thox = const. ITo rpydoe npeamnonoxenue. Kpome Toro, B peaqbHOM TOIUIUBE
peakTopa OGBIYHO IPHCYTCTBYIOT HECKOIBKO JCNAIIMXCA HYKIHAOB — U,
%py, *'Pu u *'Am. ITosToMy nmaxe Takas, Ha HEPBBIM B3IJISI, NMPOCTas
3a7a4a, KakK OILIEHKAa CpEJHEro 4Yuciaa POXKIACHHBIX B IOAKPUTHUYECKON
CHUCTEME HEUTPOHOB HA CAMOM JIEJI€ OKa3bIBACTCS CIIOKHOM.

Pa3BuBaemMblii B HacTodleld padOTe MOAXOA MO3BOJIAET PEIIUTh U 3TY
YCIIOXKHEHHYIO 3a7ady. Tak ero MOXXHO NMPUMEHHUTh U i JII0OOro umucia
IPYI 3aI1a3/bIBAIOMINX HEUTPOHOB U I PEATIbBHOTO PEAKTOPHOI'0 TOIJIIMBA C
pPa3IMYHON KOHLICHTpPALMEW MACIAIUMXCA HYKIMAOB, KOTOpPAas 3aBUCHUT OT
BBIT'OPAHUSI TOIUIMBA U U3BECTHA ISl TOIJIMBA PEAIbHBIX PEAKTOPOB.

Jlannas pabora MpOBOJIUTCS B HACTOALIEE BpeMs IJiA ABYX ACIALIUXCS
HYKJIUI0B U, *Pu u mectu IPyIN 3ana3JblBalOlIMX HEUTPOHOB, HO ITa
3a/laya MOKET OBbITh pellieHa TOJIbKO YHCIEHHBIM METOJIOM.
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E.C. Tumomun, C.A. TuMomuH

YO «I'oMeJIbCKMH TOCyIapCTBEHHbIH TEXHUYECKUN YHUBEPCUTET
umenn I1.O. Cyxoro», 'omeanb, benapych

CIIMHOBAS CTPYKTYPA HYKJVIOHA:
COCTOSHHME U ITEPCIIEKTHUBbBI

[lepBpie sKCHEpUMEHTHl MO TiyOOKoHeynpyromy paccessHuio (I'HP)
[OJIPU30BAHHBIX JJIEKTPOHOB ¢ FE,=10-16 I>B Ha mnonipu3oBaHHBIX

nporoHax Owpun mpoBenenbl B SLAC (E80 m E130) [1, 2] BO BTOpOI
nosioBuHe 70-X ToJI0B MPOLLJIOro BeKa. Pe3ynpTaTsl M3MEPEHUN CHUHOBOM
ctpykTypHoii Qpynkmun (CP) g’ B obnactu 0,1 < x <0,5 yIOBJIETBOPUTENHHO

corjacoBbIBAIMCH ¢ ipaBuiioM cymM (I1C) Dnnmuca-JIxadde
1
" =[g(x,0%)dx=017+0,05
0

U C MpeacTtabieHusMA KBapk-naproHHod wmoxaenu (KIIM) o cnuHoBoOM

CTPYKTYpE HYKJIOHA: BKJIaJl KBAPKOB M aHTUKBapKoB A2=1 (42=0,6 ¢ yueTom

peNATUBUCTCKUX (D PEKTOB), MOISIpU3aIMs CTPAaHHBIX KBapKOB AS5=0.
Okcnepument EMC [3] mo up-I'HP ¢ E, =120-200 I'sB m3mepsin gl B

Oonee mupokoM auanazoHe nepemenHoit x ot 0,01 go 0,7 ¢ mpoaBUKEHHEM
B 00J1aCTh MaJIbIX X. Pe3ynbTaThl OKa3zaauch mapajokcaibHbIMU: 42 Maio (B
npeaenax norpemHoctu ~0), A4S ~ —0,2 u, kak cneacrsue, [IC Dmnuca-
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Jxadde cunbHO HapymieHo. Tak BO3HUK «CIMHOBOWM Kpu3uc». Cpasy ObuIn
OPEANPUHATHL  yCUIIMA TI0 OOBACHEHUIO JaHHOM CHUTyallud, KOTOpbIE
OTJINYAINUCH TOCTATOUYHBIM pazHooOpa3zueM. OCHOBHBIMU ObLIM JIBE BEPCHUHU.

l. AkcuanpHas TaOOHHAs aHoMaids. M3MepsieMblil aKCHAJIbHBIA 3apsif
[IPOTOHA a, ACHUCTBUTEIBHO MaJl U3-3a BKJIaJa TJIFOOHHOW aHOMAJIUU

(Q)

ay(Q*)=AZ —n, === Ag(x,0°).

[Ipu sTOM TMIOOHHAs monspuzanus Ag [OODKHA HMETh OO0JbIlIoe

TIOJIOKUTEINbHOE 3HaUeHne Ag~2 npu Q°=5 5B

2. B A2 npoucxonut KoMIIEHCAIIMS BKJIa/1a BaJCHTHBIX KBAPKOB OOJIBIIION
10 BEJIMYMHE OTPULIATENBHON NoJsIpu3anuen 4S cTpaHHOrO MOpA.

beun m apyrue nonxonsl. Hampumep, B Mogenu Ckupma 42 = 0 Bcerna,
MTOCKOJIBKY CITUH IIEJTMKOM UMEET OpOUTaTBHYIO IPUPOY [4].

ITepen HoBbIM TOKONEHHEM 3KkcnepuMmeHTOB B SLAC (E142, 143, 154,
155), CERN (SMC), DESY (HERMES) cTosiu cnenyromue 3agadu:

MOATBEPAUTH (WM ONPOBEPTHYTH) pe3ysibTatel EMC;
usMeputh gl',g’ u nposeputs I1C Brepkena;
U3MEPUTH Ag.

Pe3ynpTaThl BCEX ASTUX SKCIEPUMEHTOB COINIACYIOTCA MEXIYy COOOMH,
U COBPEMEHHOE COCTOSIHME MpoOJieMbl CIIMHA HYKIOHa [5, 6, 7] cocTouT
B CJIEIYIOLIEM.

KBapku u anTukBapku (42) HecyT He Ooyiee TpPETH CHUHA HYKJIOHA;
Au>0, Ad<O0; A;l~0, Ad <0 Y, CJEIOBATEIIbHO, apOMAaTOBAast CUMMETPHUS
MOps HapyLIaeTcs (AL_t # Ac_l). Xapaktep moBeneHuss AS(x) MeHseTcs
(AS(x)>0 u AS(x)<0 B onpeaeIcHHON YaCTU KUHEMATUUEeCKON 00J1acTH),
HO NEpBbIA MOMEHT A4S BCe-Taku OTPHUIATENbHBIA, XOTS 3HAUYECHHUE CYIIe-
ctBeHHO MeHble (~ —8 %+ —10 %), yuem B EMC. IIpaBuno cymm Dminca-
Jxadde napymeno, a [IC boepkena BeinonHseTcs ¢ TOUHOCTHIO 8—10 %.

[Tonsipuzamnus rmooHoB Ag usmepstiace COMPASS, SMC, HERMES,
B askcniepumenTax PHENIX u STAR na pp-xkommaitnepe RHIC. [{annbie
MMEIOT HEOJIHO3HAUHBIA XapaKTep u3-3a OOJbIIMX MorpemHocTeid. B to xe
BpPEMSI MOYKHO CKa3aTh ONPEEIEHHO, YTO MNOJSPU3ALUS [IIFOOHOB HE SABJISIETCS
CcTONB GOJIBIION, KaK IIPEAIIONaranock, u [Ag| <0,3.

[TopToMy rumore3a axkCHaJdbHOM aHOMAIUM SKCIEPUMEHTAIBHO HE
MOATBEPKAAETCS.

I'me octanpHas yacTh criMHa HykjioHa? IIpaBuio cymMm 1 HYKJIIOHHOIO
CIIHA UMEET BUJ]

1
:5A2+Ag+L" +L,.

N | —
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1
Ecim 42 ~ 3 U Ag UMEET JOCTATOYHO Majo€ 3Ha4Y€HUE, TO OCTABLIAACS

4acTh CMHMHA HYKJIOHA JOJDKHA MPUXOAUTHCS Ha OpOUTAIBHBIE YIJIOBBIE
MOMEHTBl KBapKkoB (L,) um rmooHOB (Lg). WHpopmauuo O HUX MOXHO
noyunth U3 Generalized Parton Distributions (GPD) B 3KCKIIO3UBHBIX
mpolieccax IIyOOKO BUPTYalIbHOIO KOMMTOHOBCKOro paccesaus (DVCS)u
IIyOOKO BUPTYaJILHOT'O JIEKTPOPOXKICHHUS BEKTOPHBIX Me30HOB (DVMP).

Oro nnanupyercsi Ha COMPASS-II [8]. HoBble naHHBIE, TJIaBHBIM
o0pa3oM U3 NOJYMHKIIIO3UBHBIX CHUHOBBIX acummerpuii or COMPASS,
NO3BOJIAT ONPEIEIIUTh BKJIAJIbl PA3JIMYHBIX KBAPKOBBIX apOMATOB.

[TporpamMma uccnenoBanuii Ha Electron-lon Collider (EIC) [9] Bkmrogaer
usMepenus Ag(x,0°) nns x <005, pacmpeneneHHs MOPCKHX KBapKOB.
OkcnepuMmeHTaigbHbie nporpammbl, mogooHsie COMPASS, RHIC, JLab, EIC

U TEOPETUYECKUE YCIEXU IO3BOJIAT 3HAYUTEIBLHO NPOABUHYTHCSA K [OJIHOMY
NIOHUMAaHUIO CIIMHOBOM CTPYKTYPbI HYKJIOHA.
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C.I'. lyasbra

YO «I'oMeIbCKHH roCy1apCTBEHHBIH YHUBEPCUTET
nmMeHu @panunucka Ckopunbsi», 'omens, beaapycb

INPOTPAMMHBIE KOMIVIEKCHI 1JIA ®U3UKHU BBICOKHUX
SHEPI'Uii: COBPEMEHHOE COCTOSIHUE U IEPCIIEKTUBBI

®du3nka BBICOKMX HHEPruil HE pa3 pokaaia IUIOAOTBOPHBIE HIEH U
pemieHuss B cdepe KOMIBIOTEpHBIX TexHonorui. [lepBbiii mpooOpa3
COBPEMEHHOT0 MHTEpHETa OBbLI CO3JaH [JIsl PELICHUs] KOMMYHHKAIIMOHHBIX
npobiem B Oombinoi opranusaruu [IEPH (OKenesa). Texnomoruum GRID,
KOTOpbIE ceiiyac MPUMEHSIIOTCA AJIsl peleHus 3a7a4 00padoTKU HHPOpMALIUU
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B 3kcnepuMeHTax LHC, MOryT OTKpbITh HOBBIH ATall B Pa3BUTUHA HHTEPHETA.

Eme B cepenune 80-x romoB B @B Obuia perieHa npobdiemMa co3maHus
MalIMHHO-HE3aBUCUMOT0o (hopMara JJisd pa3aM4yHbIX HAOOpPOB JaHHBIX. Peub
uaeT o nakere ynpasieHus namsateio ZEBRA u o dopmarax daitnoB RZ u
FZ [1]. Ha ocHoBe 53THX MalIMHHO-HE3aBUCUMBIX (OPMATOB XpaHEHUS
JaHHBIX ObUT co3/1aH (opMat AJisd MPOrpaMMHBIX MAHUITYJIALMI C JaHHBIMU —
«column wise N-tupley (CWN), ¢ nOOMOIIBIO KOTOPOrO JIOCTUTajach
MaKcUMajbHasi THOKOCTh B OIHUCAHUU JAHHBIX M 3(P(EKTUBHOCTb HUX
00paboTKH.

[Ipoekr LHC npenbsBun HoBble TpeOOBaHHUS K MOPOrPAaMMHOMY
obecrieueHnto skcnepuMenta U BMmecte ¢ mpoektom LHC B 90-x romax
BO3HUK IPOEKT HOBOI'O MPOrPaMMHOr0 KOMIIJIEKCa Ha OCHOBE OOBEKTHO-
OpUEHTUPOBaHHOM TexHHKH mporpammupoBanus (OOII). HoBblli kommiekc
nporpamMM  Obul  Ha3BaH  «dpoarimBopkom» ROOT [2] (framework,
koHcTpykuusi). B mpouecce coszganuss ROOT mnpomen myTe OT OOHOrO
«bpoiMBOpKa», J0 COBpeMEHHOro Habopa 60-tu  «(dpIUMBOPKOBY,
oO0bemuHEHHBIX B 19 kareropuit. B moHsaTtuu «GpiaMBOpKa» HECIOKHO
YBUJETh CIEIMaIN3UPOBAHHBIE KOMIIOHEHTHI, MOHATHE O KOTOPHIX B Ooiee
Y3KOM cMbIciie pa3BuBaiock B DELPHI

Ilepexonq or OOIl K KOMIIOHEHTHO-OPUEHTHPOBAHHOMY IIPOrPAMMH-
POBAHUIO AHAJIIOTUYEH MEPeXoqy OT PYUHBIX OpyAHM Tpylda K MEpBbIM
MexaHu3MaM. KOMIOHEHT — 3TO 3aMKHYTHIM MeXaHHU3M, HabOp HMHKAICYy-
JMPOBAHHBIX OOBEKTOB, B3aMMOJICUCTBYIOIIMX MEXIy co0oi 0e3 ydacTus
OporpaMMHCTa JUIsl pElIeHUs 3aJaHHONW IPOrpaMMHCTOM KOMILIEKCHOM
3aJlauu.

Ognumu u3 nepBbiXx KOHCTpykiuid B ROOT co3maHbl KOHCTPYKUHH
«ROOT-paiin» (PD) u «ROOT-nepeso» (PJI).

Kouctpykius P® pemaer mnpobieMy XpaHEHUs  Pa3HOPOIHOM
uHopMaluu B apXUTEKTypHO-He3aBUcUMOM ¢opmare: moboit ROOT-
O00BEKT, KOTOpBIA HacienyeT oT enuHoro mpapoautens TObject, MoxeT
CIIY>KUTh DJIEMEHTOM KOJUIEKIIMU U OBITh COXpaHEeHHBIM B PD.

[Ipouiecc HakorieHus wHopmanuu B @BD HOCUT HE OJHOPA3OBBIH, a
MOCTETNEHHbIN XapakTep. JleTekTop MNpou3BOAMUT Chipble AaHHbIE. [larnee
paboTaloT MPOrpaMMbl NEPBUYHOM PEKOHCTPYKIMU, B pE3yJbTaTe Yero
nonydatorcss DST (Data Summary Table):  coObITHS, BEpIIUHBI, TPEKH,
BTOPUYHBIEC BEPIIMHBI U, BO3MOXKHO, TUIIBl KOHEUHBIX YacTull. [Ipumenenue
kputepueB orbopa mpespamaer DST B mini- u micro-DST. DST — sto
OompIass TabauIa ¢ HE(QPUKCUPOBAHHBIM YHCJIOM CTPOK U C U3MEHSIEMBIM
(B mpouecce HaKOIUICHUS HMHQpOpMalMMU) 4yucioM cTojiluoB. CTpoka 3Toi
TaOMUIBl TIPEACTaBIIICT €000 OmHO coObiTue. TOT Qakr, YTO YHCIIO
CTONIOIIOB TaKke He (PMKCUPOBAHO, HECIIOKHO peann3oBaTh Ha C++. OxHako,
CJIelyeT OTMETHUTh, UYTO OOBEKT C HE(PUKCHUPOBAHHBIM YHCJIOM CTOJOIIOB
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(CWN) 6wt co3man P. bpanom eme B 1985 romy cpenctBamu s3bIKa
FORTRAN [1].

B makere ROOT wupess N-tuple peanusyercss B koHcTpykuuu PJ[. PJ]
COCTOMT U3 BeTBed. BeTBUM MOryT comepkarh Ipyrue BETBU WA JIUCThI —
nanuble. Kaxnyio BeTBb OOCIyXHBaeT OTIENbHBIN Oydep mamsatu. ITO
MO3BOJIAIET OBICTPO CUMTHIBATH TOJBKO HYXHYIO HHGPOPMALMIO ISt
MHOXecTBa coObITHI. B pesynbraTe pemiena mnpodiemMa 3(pQpexTuBHOrO
goctyna K jgaHHeIM. PJI — ocHOBHOW ¢opmaT XpaHEHUS JaHHBIX B
skcnepumentax LHC.

Cnoco0 xpaHeHusl U U3BJICUYEHUSI MHPOPMAIIUU — 3TO OCHOBA MPOIIECCOB
nepepabotku wuHbopmanuun B DPBD. Crhepyomwuii 3Tan B CO3laHUU
IpOrpaMMHOr0 KOMIUIeKca Jioboro skcrepumenta B ®BD — moctpoenue
IporpamMMBbl, periaroie obmue mnpodseMbl mpolecca MpeoOpa3oBaHUs
uHpopmanuu.

OcHoBHOI 00beKT 1151 kogupoBanusi B @B — coowiTHe. PaccMmaTpuBaroT
coObITHs peanbHbie 1 MoHTe-Kapmo-coObiTus (cMoemupoBaHHbIC COOBITHS).
[lepBoe coOBITHE TIPEACTABISET OTKIMK JETEKTOpa Ha aKT KECTKOIo
CTONKHOBEeHHMSI yactull. MoHTe-Kapno-coosiTre coaep uT HHGOPMALUIO
O COOBITMM Ha YpOBHE TeHeparopa (B KOTOpOM 3ajoKeHa BCS H3BECTHAas
B Hacrosiee Bpems (usuka), 00 OTKIMKE AETEKTOPOB, MOJIYyYEeHHOM
C MOMOIIBIO MPOrpaMM MOJeIrpoBanus. Ha 3Toi ctaauu npepmnonaraercs,
YTO OTKJIMK JAETEKTOpoB OT MoHTe-Kapno-coObITHS U OT peaibHOro0 COOBITHS
JOJDKHBI  COBIAJATh, €CIM MPEALIESCTBYIOIIUE 3Tanbl MOJIETUPOBAHUS
BBIMIOJIHEHBI MPABWJIBHO (B IPOTUBHOM CiIydae MOJEIU KOPPEKTUPYIOTCS Ha
OCHOBE XOpOIIO H3y4YeHHBIX IpoueccoB). [lanee oOpaboTka OTKIMKa
JETEKTOpa Ha  COOBITUS  BBINOJHAETCS C  IOMOIIBIO  MPOrpamMm
PEKOHCTPYKIIMH, KOTOpBIE cOo37at0Tcsi Ha ocHOBe MonTe-Kapio-coowrTuii. Ha
dTare  PEKOHCTPYKIIMU  COOBITHS  JOMOJHAIOTCA  wHOpMmanmenn o
PEKOHCTPYUPO-BAaHHBIX TPEKaX, BEpIIMHAX, TUIAX YacTull, HHopmaluen o
pa3pelleHny AeTEKTOpa, O MEPTBBIX 30HAX U T. .

Htak, B mpouecce mnoctpoeHus Monte-Kapno-coosiTie npoxonut 4
CTAHJAPTHBIX CTaJMU: T€HEPUPOBAHUE COOBITHUS (B OCHOBE COBPEMEHHBIX
reHeparopoB jexar nporpammbel PYTHIA [3] u HERWIG [4],
paziauyaroniecs MoAeIMu (parMeHTallud MapTOHOB), MOJAEIMPOBAHUE
orkiuka aetekropa (mporpammbl GEANT3 [1] u GEANT4 [5]), To ecth
onn(poBKa JETEKTOPa, PEKOHCTPYKIUS COOBITUA M aHaIU3 COOBITHH.
CobbITHE, MPOXO/s Yepe3 3TU CTaTUU MPeoOdpa3oBaHusl, HAKAIIIUBAET HOBBIC
Koiekuuu  uHpopManuu. He3aBucuMblii MOTOK JAaHHBIX CBSI3aH C
uH(popmalmen 0 reoMeTpuM JIETEKTOPOB, KOTOpask MCIOIB3YEeTCs Ha ATamax
oLM(pPOBKH, PEKOHCTPYKIIMU U aHAJIN3A.

He cMorps Ha pasHooOpa3ue MPOUCXOASIIETO MNpeoOpa3oBaHUS
uH(popMaIuu, UMEeTCsl ONpe/iesieHHas KECTKasi CTPYKTypa MPOLIECCOB 3TUX
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npeoOpazoBanuii. C npyroil CTOPOHBI, pa3HOOOpa3HBIC JaHHBIE COOBITHS
MOXKHO  3amucaTb B  KECTKO  ONpEJCICHHBIM HAO0Op  KOJUIEKIIUH,
pa3pabOoTaHHBIX B IPAKTUKE PA3BUTHUS AITOPUTMUYECKUX S3BIKOB.

[Ipouieccel  mpenctaBieHuss  wHPopManwmu W TpeoOpa3oOBaHUs
uH(popMaIuK, ONUCAaHHBIC BBINIE, PEHIAIOTCS HE3aBUCUMO B  KaXKIOM
coBpeMeHHOM »H7KcriepuMente no ®BD. K coxanenuio, HET eiie oO0IIero
«GbpIMBOpKa», Ha OCHOBE KOTOPOTO MOXHO OBIJIO ObI CO37aBaTh MIPOrpaMMBbl
JUIA  HOBBIX  3KCHEepuUMEHTOB. (OueBUIHO, UYTO CO3JaHHE  OOIIEeTo
«pparMBOpKa» I PA3NUYHBIX IKCIIEPUMEHTOB — 3ajJlaya aKTyalibHas. B3sTh
XOTsi OBl TMpolecC PEKOHCTPYKUHUU COOBITHS. [ Kakaoro HOBOTO
AKCIIEPUMEHTa MPOrpaMMbl MUIIYTCS «C HYJs». Mcmoib30BaHHE TOTOBBIX
pa3paboToK 3aTpyaHAETCS TeM, YTO OHHM HalKHCaHbl B paMKaxX pa3HBIX
IporpaMM, B paMKax pa3HbIX KCIEPUMEHTOB M HE 00J1aJjal0T CBOWCTBOM
rMOKOCTH JIsi TIEpeHoca B Jpyrue cpelbl, Ha Jpyrue ¢opMarbl JaHHBIX H,
HAKOHEIl, Ha JIPYTUe aJrOpUTMUYECKUE SI3bIKU.

Ot mpoOiaeMbl  OCTpO  OOO3HAYMIIMCHL B MPOIECCE  CO3JaHUS
IPOrpaMMHOr0 KOMILIEKCA ISl MpoeKTa auHerHoro koimanaepa ILC [6]. ILC
—  MEXpEeTrMOHalbHbII ~ MHUpOBOW  mpoekT. PazpabarbiBaeTcs  Tpu
MEeXpernoHanbHbie KoHIenuu nerekropa: SID (Silicon Detector, CIIA),
LDC (Large Detector Concept, EBpona), GLD (Global Detector, A3zmus).
BMecTte ¢ pa3BuTHEM TPOEKTOB €O BTOpoM MOJOBUHBI 90-X romoB
CO3/IaBaJMCh  IPOrpaMMHBIE  KOMIUIEKCHI  LIEMOYKH  MOJEIMPOBAHUS:
reHeparop — oOHU(GPOBKA — PEKOHCTPYKLUMS — aHaiuu3. BbIixogHas
uHopMaIus KaXXAOro Impolecca IMOAAaeTCs Ha BXOJA IMOCIEIYIOIIETO
nporecca. CpaBHEHHE IaHHBIX MPOMEKYTOYHBIX CTaAUN MOJEIUPOBAHMUS
3aTPYJHEHO, YTO 3aTPyAHSECT cpaBHEHUE KoHUenuuil mpoektos ILC.

B 2002 roay BhINOJIHEH MEPBBIM AT YHU(PUKAIIMK MPOrpaMM — CO37aH
naket nporpamMMm LCIO (Linear Collider Input-Output) [6]. [1o unee aBTopoB
PEKOMEHIOBAJIOCH BBITIOJIHUTH BBOJA-BBIBOJI BO BCEX MpPOrpaMMax B €IUHOM
dopmare LCIO. B xaxmoit mnporpamme HEOOXOAWMO OBbUIO cenaTh
unrepdeiic B LCIO-bopmar. Yke k 2003 romy OOJBIIMHCTBO TPYIIII
pa3paboOTYMKOB MPOrPaMM BBITIOJIHUIIO 3TH PEKOMEHIALIUH.

Hins  Toro d4toObl YHMPUUUPOBATH U CKPBITh OT TOJb30BATENS
npuUMeHseMbld (QopMaT AaHHBIX, JOCTYN K JaHHBIM HHKAMCYIUPYETCSA C
MOMOIIBI0 a0CTpakTHOrO MHTEpdeiica. ITOT nHTepdeiic BIMOMHAET padboTy
pacno3HaBaHUs KOHKPETHOro Qopmarta JaHHBIX M IMpeoOpa3oBaHUE €ro K
dopmary LCIO. Ao6ctpaktHeie kimacchl LCWriter m LCReader um wux
Hacnequuku — LCEventListener, LCRunListener — mnpeacTaBisitoT
aOCTpaKTHBIN HHTEpPENc, B KOTOPOM pealii30BaHO pacrno3HaBaHue (hopmara
JAHHBIX U BBI30OB JJISi YTCHUA-3AIHCHU ONPEIEICHHBIX (HE aOCTPaKTHBIX)
METO/IOB ISl paboThl C KOHKPETHBIM (opMaToM JaHHBIX. AOCTpaKTHBIE
metozsl kiaaccoB LCEventListener 1 LCRunListener He uMmeroT peanuzainuu B
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nakere LCIO. Ilpennonaraercs, 4Tto 3TH METOIbl OYyIyT peaqu30BaHbl B
JIPYroM TIaKeTe, KOTOPBIM CONEPKHUT MPOIECCOPhl 00pabOTKU COOBITHH.
AlGctpaktHbeiii  uHTepderic LCIO comepkuT aOCTpakTHBIE KOJUICKIIUU
LCEvent, LCCollection, xotopwsie peamusytorcss B LCIO (memp LCIO —
OMMCAaHWE JAHHBIX U MPOILECCOB UTeHUs-3anucK). Pa3znen peamm3zamuu LCIO
(implementation) COAEPKUT KECTKUM W OrpPaHUYECHHBIM HAOOp KOJUICKILIHM,
KOTOPBIX JOCTaTOYHO JUIS ONHCaHMS JIIOOBIX JIAHHBIX Ha BCEX JTamax
oopabotkn  coObitust: (1) obmme  komneknuu  —  LCEventlmpl,
LCCollectionVec, LCObjectVec, (2) komnekuuu sl MOACIUPOBAHUS —
MCParticle, SimCalorimeterHit, = SimTrackerHit, RawCalorimeterHit,
TrackerRawData, (3) xomneknuun s pekoHcrpykumu —  Cluster,
CalorimeterHit, TrackerHit, Track, RecoParticle, (4) pacuupenusie
kosutekiuu s monb3oBatenss — LCGenericObject, LCFloatVec, LCIntVec.
Bce xomnexknuu Hacnenytor LCObject u  0oOBeIUHSIOTCS B KauyecTBE
anemeHToB BekTopa koswiekiuu LCCollectionVec. B cBowo ouepenp
LCCollectionVec 00bequustorcs B kowtekiuto B kiiacce LCEvent.

OnuH u3 alOCTpakTHBIX MeTOA0B B abOctpakTHOM kiacce LCEvent —
meton, godasisronui kowieknuio: «addCollection(LCCollectionVec) = 0x».
On peanmuzoBan B LCEventImpl u mo6aBisieT KOWIEKITMIO K KapTe KOJUIEKITUN
(onmement otor kaptel — kojuiekius LCCollectionVec ¢ yHUKaIbHBIM
UMEHEM ).

Tak ycTpoeHO pOJOBOE MPOrpaMMHUPOBAHHUE ISl ONHMCAHUS JaHHBIX B
nakete LCIO. OHO mO3BOISIET YETKO OIPEAeIUTh KECTKyI (persistent)
9acTh: BHIBI ()OPMATOB JAHHBIX, THUITBI KOJUICKITUH, IMPUCITOCOOICHHBIX IS
OIH(PPOBKH U PEKOHCTPYKIIMH KOHKPETHBIX YacTel JeTEeKTOopa.

LCIO — 6a3oBas yacTh oOuIel KOHCTPYKIIUU, OTHOCSIIAACS K YTEHUIO U
3anucu coObiTus. s popmara nanusix SIO (Simple Input-Output — nepBbiit
u3 peaym3oBanHbiX B LCIO (opmaToB maHHBIX) co3/aHbl (HE aOCTPaKTHBIC)
metonasl SIOReader u SIOWriter. IlepBbiii — uyuTaeT CcoOBITHS IS
nocJieyromne 00padboTKM, BTOPOW — 3amMChIBaeT 00pabOTaHHOE COOBITHE.
Takum o0pa3zom, mmeercss BO3MOXHOCTH BKIOYUTH B SIOReader BbI30B
nonuMop(HbIX 00pabaTeiBaronX (QYyHKIIMHI, KOTOpble UMEHYIOT Listeners. B
LCIO co3man abctpakthHeiii  uHTepdercHbii kimacc LCEventListener,
KOTOpBIN MpencTaBisieT co0oil uHTepdeic miss o0paOOTYMKOB KOJIICKIITUH
coObITUs. DTOT abcTpakTHBIA Kiacc He peanms3oBaH B LCIO. On conmepxkar
aoctpaktHbie MeToabl «processEvent() = O» u  «modifyEvent() = O».
Peammzammss  kimacca «LCEventListener» — 3agaya BTOpoW  4YacTu
nporpamMHoro ILC-kommiekca — MARLIN [6]. B makere MARLIN »sra
peayM3aiys BBINOJHEHA B BHJIE TaK HAa3bIBAEMBIX IPOIIECCOPOB COOBITHI
(Processor).

UroObl moHsATh, kKak paboraer LCIO, HeoOxomaumo HaWTH, TIE
BBI3BIBAIOTCS MOJIMMOpP(HBIE MOJIb30BaTEIbCKUE METOAbl «processEvent()» u
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«modifyEvent()», peamuzoBanusie B MARLIN-nponeccopax. Mx BbI30B
BeiTionHseTcsT B kiacce SIOReader, TouHee B MeTOnE, OCYIIECTBISIOINIEM
yreaue mnotoka gaHHBIX SIOReader::readStream(). DOrtor wmerom —
BEJIMKOJICTIHBIN 00pa3el] poA0BOro MporpaMMHUPOBAHUSL.

Utak, 3amada oOpabOTKU COOBITHS, A00ABJICHUS HOBBIX KOJIICKIIUH,
npeoOpa3oBaHusl JaHHBIX pEIIAeTCsl B IOJIb30BATENBCKUX IPOIECCOpPaXx,
COCTaBIIAIOMINX OCHOBY BTOporo nakera — MARLIN. Mmeercst abcTpakTHBIN
kimacc MARLIN::Processor. meercs MeHemxep mnpoLECCOPOB, KOTOPBIU
MO3BOJIIET aBTOMATUYECKH 3alyCKaThb MHOXECTBO IOJIb30BATEIbCKUX
IPOILECCOPOB M YUTATh YIPABJSAIOUIME TEKCTOBbIE (Qaiibl (B KOTOPBIX,
B YAaCTHOCTH, MOXKHO YyKa3aTh aKTHBHBIE MPOIECCOPBI, MapaMeTpbl U T.J.).
Kaxnprit mponeccop Hacneayer LCEventListener.

Paccmorpum  yctpoiicteo MARLIN Ha npumepe peaind3aluud
IPOIECCOPOB OLM(PPOBKHU CUIMKOHOBOrO Tpekkepa B makete SiliconDigi [7,
8]

[lepBeiii  mporeccop HitMapProcessor mpeBpamaeT TreHepaTOpHOE
coObITHE B MojaenupoBaHHbIe XuThl (simHits) u nanee — B “Hit multi map”
(HMM), kotopas nipeacraiieHa ctangaptHor st C++ STL-mynbTu-kapToii
[layerName, hits] u o6o3HayaeT cpaboTaBiie B COOBITUU JIDHEPHI,
KOOpAMHATHl W HAMPABICHUS XUTOB. ITO MpeoOpa3oBaHWE BHIMOIHSET
HitMapProcessor::processEvent().

Hanee HMM mnoctymaet Ha Bxoj mpoieccopy DigiSimProcessor. 3agaua
DigiSimProcessor — MoanGuIUpOBaTh MOJEIUPOBAHHBIE XUTHI U IPEBPATUTH
UX B CUTHAJI 3JIEKTPOHMKH. DTO — MHOTrolIaroBwli mporecc. g Hayana
HMM npeobpasytorcs B «Temporary Hit Map» (THM), npeacraistoniyto
KapTy C Y4YETOM T'€OMETpUHU siUeeK (CHUIMKOHOBBIX MHUKCEIEH U CTPHUIIOB)
[CellID, hit]. lna peamuzanum mporeccopa DigiSimProcessor mpemioxeHo
BBECTHU TaK Ha3blBaeMble MOAM(UKATOPHI, KOTOpbIE Moay4atoT Ha Bxoa THM
U Ha BbIXoj/ie AatoT Moauduimpoannyo kapty THM. Moaudukatopsr — 310
anamor MARLIN-nporieccopoB. Ilpomec-cop DigiSimProcessor comepkut
BBI30B BCEX WJIM YacTU MOAU(UKATOPOB, B 3aBUCUMOCTU OT YIPABISIOLUIUX
MHCTPYKIIMH Tonb30oBaTenss. Ha Bxoge mepBoro moaudukaTtopa HMeEeM
HavyanbHyto THM. Ha Beixone mocneaHero moaudukaTopa vMeeM KOHEUHYIO
THM. W nocnennsisi 3amaua mpoieccopa DigiSimProcessor — 3ammcaThb
koHeuHyro THM B Bune crangapraoit LCIO-komnexkuun TrackerRawData u
n00aBUTHh €€ B COOBITHE. DTa KOJUICKIMS B JABYX IIEJIBIX YHCIAX KOAUPYET
TOYHBIA aJpec JJIEKTPOHHOTO CHUTHaNa (aapec MUKCEIs WM CTpUNa) Hu
amruTyny curnana. I[pomeccop DigiSimProcessor B cBonx moaudukaTtopax
peanusyer AETaIbHYIO busndecKyro KapTUHY pEeBpAILICHUS
MOJICTUPOBAHHOIO XHTa B CHUTHAJl JJIEKTPOHUKH, JOOABIISET IIYMBI
AIIEKTPOHUKU B COOTBETCTBUU C MapaMeTpPaMH.

Takum oOpa3oMm, pOAOBOE MPOrPpaMMHUPOBAHUE IMO3BOJSIET CO3/ATh
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ruOKy10, JETKOBECHYI0, 0€30nacHyI0 U 3PPEKTUBHYIO TPOrpaMMy, B KOTOPOH
pa3BUTHE OTACIBHBIX YacTe CTAHOBUTCS TIPOCTBIM U HE3aBUCUMBIM
nporeccoM. Ilapagokc pomoBOro MporpaMMHUPOBAHUS 3aKIIOYACTCS B TOM,
yT0 TUOKOCTH NpOrpaMMmbl  oOecreuumBaeTcs  Ojarogaps  TOYHOMY
OTIpEJIeTICHUIO JKECTKOM (persistent) dYacTu Koja Kak B BHUJE aOCTPaKTHBIX
uHTEepPEelicoB, TaK M B BUJE KOHKPETHBIX (DOPMATOB JAHHBIX, KOHKPETHBIX
KOJUICKITMI JMaHHBIX IS 3aJaHHBIX MOAJIETEKTOPOB M moja3anad. [TockombKy
HaOOp TMONJIETEKTOPOB M IMOA3aJa4d YHUBEPCAIHLHO KIACCU(DUIHMPYIOTCS B
COBPEMEHHBIX JKCIIEpU-MEHTax, TO onucaHHbll I[LC-KOMIUIEKC MOXKET
COCTaBUTh 0a3zy i1 MOCTpOeHUs OOIIeld MPOrpaMMHONW KOHCTPYKIIMHU ISt
Oynymux sxcrepumMenToB B OBD.
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