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Hamamu P.B. X0XJIOBA

TIPEIVICJIOBUE

Hazpanwe 5710ji KHEFE RakeTcs ¢ IepBOTro B3INIAJa TPOTHBO-
PeYMBEIM: Be[b TEDMUH <(HEJWHCHHASA ONTHKA» ACCONMHUPYETCA C
MOIIHEIM JIA3€PHEIM HBIyYeHHEM, CONeD/KAlAM OTPOMHOE KOJIHYe-
CTBO (OTOHOB, M 37eCh, Ka3aldoCh OH, HeT HAKAKOMN HEOOXOIMMOCTH
YIUTHBATE (OTOHHYI CTPYKTYDY cBeta. llefcTBHTeNBHO, mOmaBisf-
0MasA 9acTh S¢QexToB HeamHeidHOW (KakK, BIpodeM, W JMHEHHOMN)
ONTHKH LPEKPACHO ONMCHBAETCSH HOJYKJIACCHYCCKOH Teopmeil H3Iy-
9eBHs, B KOTOPOM 3I€KTPOMATHHTHOE IIOJe IONUMHACTCH KIACCHIe-
CKEM ypaBHeHMAM MakcBensa ¥ IMIb HOBEJeHMEe BEImECTBA ABIA-
€TCA KBAHTOBEIM.

Opmako, HEKOTODHE ONTHIECKHE ABICHUSA TPYOHO WIH HEBO3-
MOKHO TPaKTOBaTh C IOMONBI0 KJACCHYECKWX IPEeACTABICHHH,
U II0CIEe[0BATENbHAA TEODUA MOJNKHA ONMCHBATL M aTOMBl, # CBET,
HCXONfi M3 UPHHIWIOB KBAaHTOBOM MeXammru. Hpome Toro, marisp-
HEle (OTOHHLIE NPENCTABICHHA OYeHb YHOOGHH A KAaueCTBEHHOIO
OIUCAHMA M KIACCAPUKANME MHOTMX ONTHIECKHX dPQeKTOB. Hanpn-
Mep, 3¢QeKT yIBOGHWA HIW CJHOKEHHSA YaCTOTH CBETA OpHE ero pac-
OPOCTPAHEHNY Yepe3 HPO3PaYHHN KPHCTAII MOKHO CUHTATH Pe3YJb-
TaTOM MHOJKECTBA BIeMEHTAPHEIX LPOIECCOB, B KAaKAOM M3 KOTOPHIX
mBa ¢OTOHA NAJAOMETo CBeTa CAMBAIOTCA B ONUH POTOH C cyMMapHOi
oHeprueir um vacroroit. BoaMoskenm, oueBmpmHO, M obparHE# mpomece
pacmaza majlaloIiero Ha KpUCTaia $oToHa Ha Hmapy (OTOHOB C MEHB-
myuMa >HepTHAME. Takwe HPomeccH 06BACHAIOT ABICHHE napamempu-
%eckoz0 paccesnus cwera. Ilpm rombunayuonrnom pacceanuu (adpdext
Pamana) nagaromuit goron npespamaerca B $OTOH ¢ MeHbIIeH wacTo-
TOH, HABHBAEGMOH CMOKCOGHM, ¥ B KBAHT BOBOYKICHHA BemeCTBa
(manpumep, gomom B ciyuae KouaeGaTempHOTO Bo30ysxaenun)., Hpome
TOro, (OTOR NAJAImEro CBeTa MOKeT OGBeIHHETHCH € TeILTOBHM
(GoHOHOM W HpEBPATHTBCA B ammucmokcos $OTOH ¢ GomXpmiedt TacTo-
Toit. Ilpm mByxdoTomHOM Wormomenmu mBa doToHA Tapmalomero ceera
OPEeBPAMAITCA B BO30YKICHHO® COCTOSHHE ATOMA, MOJEKYIH MIH
kpucramna. O6paTro, BO3GY)KICHHKH aTOM MO’KeT HEpefiTH B OCHOB-
HOe COCTOAHME, M3;Iy4HB Hapy (oTOHOB.

B macrosmeit xmure ma MHO:KecTBa adexToB Henamme#rHONH omTH-
KH, o0HapYKeHHHX 3a nociefnue 20 et PaccMaTpPHBAIOTCA, B OCHOB-
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HOM, JIHWMIb fABIACHUA, CBA3AHHBIE C H3JIy4eHHeM (POTOHOB IapaMd
(mapel OZHOBPEMEHHO BO3HHKAMAX (OTOHOB MBI JIA KPATKOCTH
Gymem wHasmBarh «Oudoronammy). Wsnywenue ¢oToHoB mapamu
(a Taxke TpoifkaMu, 4YETBEPKAMH H T. J[.) TECHO CBABAHO C ONTHYECKO
HEJIMHEHHOCTHIO0 BelIeCTBa, H B HeM Hauboxee APKO NPOABIATCA KBaH-
TOBBIE CBOHCTBA cBera. ME 0GCYZMM TaK:Ke U «KIACCHUCCKUID dddert
epynnuposku GOTOHOB, He CBABAHHBIA € IHHOHHOCTHIO BEIECTBA W HE
Tpefyomuil 11sa 06bACHeHHA KBaHToBaHAA moxa (dddert Bpayma—
Teucca). 9Ta rpymumpoBka — MOUTH cAyvailHas, TapH (QOTOHOB
B 00HYHOM CBeTe BCTPEUAIOTCA BCEro B JIBa pasa dyamie, 4eM B XaOTH-
YeCKOM IYAaCCOHOBCKOM IOTOKE IIECYHHOK (9TO IPEBHINIEHHE CBA3aHO
¢ BOJHOBOM MpHpofoll cBeta). 3aMeTHM, 4T0 JABYX(POTOHHOE HOTIO-
meHne, Hao60pPOT, TPHBOMHUT K PABHOMEDHOMY DACIipe/ieieHdo (oro-
HOB B IPOINENIIeM 4epes3 BEIeCTBO cBeTe (DeKT anmuzpynnuposki),
& B JIa3epaX HeJIMHEMHOCTh pabodero BemecTBa (deKT HACHIMEHHA)
pacupefesnser (QOTOHB XaOTHYCCKH..

Kpome ABgenmii mapaMeTpudecKoro paccesHHS H JIBYXPOTOHHOTO
pacmaja, HaONOJABIMMXCA yiKe B Ja3epHYH JHOXY ONTHKH, Oudo-
TOHBL JOJKHLI M3JYUaThCSA TaKyke WM IPH [JABHO M3BECTHOM CIOHTAH-
HOM KoMOMHAIMOHHOM pacCeaHmM cBeTa. Ilak ©ymer mokasaHo B
9TO# KHATE, aHTHCTOKCOBH (POTOHBI NpU HUSKHX TeMIepaTypax pac-
CeMBaIOUIeTo BEINeCTBA WBIYYAOTCA JUNIHP B IIape €O CTOKCOBEIMA.
K oaromy spderry HemocpeCTBeHHO TPHMEIKAET YeTHPEX(POTOHHOE
W0 cunepnrapamempuyieckoe paccegHHe, ONTHYAIOMEeCH OT Tpex-
$OTOHHOTO TmapaMEeTPHIECKOTO PACCeSAHMSA yd4acTHEM B 2JAeMEHTaPHOM
aKTe [[BYX (OTOHOB HaKaukd. ME PaccMOTDHM TaK;ke HEKOTODHE 0CO-
Gernocty 3dPeKTa paccCesHAA CBETA HA ROAAPUMOHAX, 3aREMAIOIEro
OPOME;RYTOYHOE TIOJNOJKEHWe ME'KIY HapaMeTpHYecKHM paccesgHHeM
u KOMOHHAIMOHHHIM DpacCesAHHEM Ha Koae0aHMAX HOHOB B peIIeTKe
KpHCTawia. ITH KoJeGaHHA CONPOBOKIAITCA KOJICGAHUAMEA DISKTPO-
MATHUTHOTO NoJAA BHYTpPH Kpuctanna. [Hoaspsurom — 210 KBaHT
MaKPOCKOIUIECKOTO (YCPeNHEHHOTO) IWOJA, T.e. PHomon ¢ cpede,
H T03TOMY pacCeAHUe CBeTa HAa MOJMAPHUTOHAX, & TAKIKE TPeX- H 4eTH-
pexgoToHHOEC IapaMeTPHYeCcKoe paccegHHe, eCTeCTBEHHO HAa3HBaTh
pacceanuem ceema na ceeme ¢ éeupecmee (MocieqHee IOMONHEHNE OTIA-
w4eT €ro OT PacceanUsn ceema Ha céeme 6 6aKyyme — UPE3BHIYARHO
canabom b eme He HaGxfogaBIIeMcs dH@eKTe PEAATABACTCKON KBAHTOBOM
BIEKTPOJHHAMUKH). .

IMapamerpuaeckoe paccesnme paeT YHAKAIBHYIO BO3MOKHOCTE
(H3TOTOBJICHHAY ABYX(POTOHHEIX COCTOAHHMH IWOJSA U, KpPOMe TOrO,
OTIN9AeTCH PANOM APYTHX mHTepeCHHX ocobennocreii. Cumexrtp pac-
CeAHHOr0 CBETA IOYTH CIIIOIIHOM OT PAagHOYaCTOT [0 9ACTOTH HaKad-
ru. Manydenme mpomexofur He He3aBMCHMO OTACALHHIME aToMaMH,
a KOTePEHTHO BCeM 06 pasoM, 910 NPHBOJUT K FOBOIHHO PE3KOIL Hamtpas-
JeHHOCTH M3AYydeHus BIepex, BAOAb jnyua Harauwku. (DOTOHH omHoi
IapH pPasaeralTca o[ ONpeNeJNeHHHIMH MAaJHMH yriaMu Jpyr K



PENUCIOBUE 9

APYry M K TyYy HAKauKH, B COOTBETCTBHHM C 3aKOHOM COXPaHEHHA
HMUYJIbCA IPH B3AUMOJEACTBAU TPeX HOTOHOB.

PaccmarpuBaeMsie B kuUTe DPQEKTH 3aCTY:KABAIOT H3ydeHHA HE
TOIBKO B KAa4eCTBE HEKHX (IKBOTUICCKAX» HPOABICHUA KBAHTOBOTO
XapakKTepa cBera W HeaumHedHOCTH BemectBa., OHHU ysxe HaunId pALR
ToJie3nHX nmpuMedenut. IlapamMerpunaeckoe paccesHue aBisercsa oCHO-
BOHl HOBOTO CHEKTPOCKONWYECKOr'0 METOlA W3MEDEHNA JIHHEeHHHX M
HeTHHEHHEX OUTHYeCKMX HapaMeTpoB KpucraimoB. Ilpm mommoit
HMOYJILCHOH HaKadKe OHO HEPEeXOAUT B JOCTATOUHO HHTCHCHBHYIO
nApaAMEMPULECKYIO CECDIAIOMUHECYCHYUIO, KOTOPAA CHY/AKUT UCTOYHH~
KOM IJIaBHO IepecTpamBaeMHX L0 dwacrore Koporkux (mo 1072 ¢)
AMIYJAbCOB ¢BETA. 3aMETHM, YTO MHTEHCHMBHOCTH CHOHTAHHOIO TpPEeX-
$OTOHHOr0 IIAPAMETPUYECKOT0 pACCeAHUS UPOMOPHHUOHAILHA HHTEH-
CHBHOCTH HaKauKM, U MOSTOMY ee HAOIIOfeHNe BO3MOIKHO B ¢ HOMONIBIO
HeJIA3ePHLIX HCTOYHMKOB HAKAYKM, B OTIWYNME OT YeTHPEXHOTOHHOTO
paccesHHA, IPONOPHUOHAABLHOIO KBAJAPATy HAKAYKHM, H OT Tmapamer-
PUYeCKOH CBePXJIOMHUHECHEHIUY, IO OIPEJeIeHHI0 SaBHCAmMEd oT
HAKAYKM CBEPXJIHHEHNO (IKCHOHeHIMAILHO).

C Touk¥ 3peHusa TPHRIANHON HeIUHEHHOH onTuKm dpdeKT mapa-
MOTPHUECKOT0 PACCeAHUA ABIACTCA MCTOYHWKOM ITYMOB, OTpaRUvH-
BaOIUX YYBCTBUTENHHOCTH IAPAMETPUYECKAX YCHIHUTeIeH m mpeof-
pasoBareieil 94acTOThl CBeTa M NPeJeJNbHYI CTAGHIBHOCTE HWapaMe-
TPpUYeCKUX redeparopoB cBera. Onmako KBaHTOBHE IODYME MOTYT,
B NPHWHNOUIE, HAHTY DOJe3HOe HPHMEHeHWe B METPOJOTHY CBETa, CTaTh
OCHOBO# «KBaHTOBO# (oToMmerpmm». Ilapamerpuwecknii’npeobpasosa-
TEJIb 9aCTOTH ABAAETCH ONHOBPEMEHHO a0COMIOTHHM (He TPeGYIOmuUM Ka-
JnOpOBKN) H3MepHUTeNeM APKocTH cBeta. KpoMe Toro, oJlHOBpeMEHHOCTD
¥ HaIPaBleHHOCTh BHJeTa (JOTOHOB B IApaxX IpPH IapAMETPHICCKOM.
PaCcessiHWH [O3BOJIAET OCYMIECTBUTH DTAJOHHEHK remepatrop ¢oTo-
HOB, M3JIYYaIIINil W3BECTHOE THCIO (OTOHOB. :

Haxrorern, paccMaTpuBaeMbie AIBIEHHA HMEIOT OImpefieleHHYI0 DBPH~ -
CTHYECKYI0 H MeNaTOTHIeCKYI0 IeHHOCTH. OHA HpelocTaBaAIOT BO3MOK- -
HOCTh M3YHYeHHA Ha HATAAAHOM ') HpuMepe HepelATHBMCICKOH KBaH-
TOBOM BJIEKTPOJIAHAMUKY M OCBOCHMA MHOTHX Ba:KHHX IOHATHI T€ope-
THYecKo# ¢msukm — Qymruwi#t [puna, uyKTyanuoHHO-IUCCHTIATHE=
HO# TeopeMBl ¥ T. I. XOTS HEDOCPEJACTEEHHAA TeMa KHUTH JOBOIBHO
Y3Ka, HDOOYTHO 3aTpParmBactcsi ROCTATOYHO MIHPORUM KPYr MeTomMuL~
CKMX BONPCCOB TEOPHH B3AMMOJIEHCTBHA CBeTa M BemecTBa. UToGH
3aMHTEPECOBATD YUTATEN A, HEPEUNCINM HEKOTOPHIE U3 HAX B yMBIILIEH-
HO mapajokcansHOB ¢opme: Mosker Iu packadeHHoe HpPO3padHOE
BEIIECTBO M3IydaTh cBeT? MojkHo Ju ¢ moMompio 3akoHa Hupxroda
onucarh a¢derr Bpayna—Tsucca? Mosker am B TenmoBoM K3l ydeHAR
CYIeCTBOBATH He PABHBI HYNI0 CpeHMA KYO DIEKTPHUeCKOTO HOJH?

1) BamermM, WIO mapaMeTpMYeCKoe [accesBUe JeIKo Babnojaercs HeBo-
OPY JKCHHEIM TIJ1a30M IPM MONIEOCTN HaKaukM mopsaaka 0,1 Br B pujie Komrueof-
PasHOi pagyrm. '
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MoskHO 1u H3MEPHTH APKOCTH (GIAYKTYaOH# dJIEKTPOMarHATHOTO
BAKYYMa H c/lelaTh HCTOYHHK CBeTA ¢ W3BECTHBIM YHCJIOM BELIETEB-
mux ¢oroHoB? HoppeampyioT Jm CTOKCOBH M QHTUCTOKCOBHI KOMIIO-
HEHTH IPH KOMOUHATMOHHOM pacceanuad cpera? Boamoixuo am cocro-
fiHMe IONA ¢ OIpPeleleHHON dHepruefl W HEOHPEeNeIeHHEIM YHCJIOM
¢dorono? Ha Bce aTEm BONpPOCH HWAe JAKTCA NOMOKHTEIbHEE OT-
BETHI. ,

B nacroameii kumre mnemaerca NOMBITKA (IO-BHXEMOMY, IEpPBAas)
CHCTeMATHYIOCKOTO ONWUCAHUA MNePeTNCICHHEIX BHIIe H HEKOTOPHX
6rus3kux ¥ HEM dPdexroB. MHadue KEmry MomxHo 6bLIo O HA3BATh
«BBelene B KBaHTOBYW Heiumueinyw onruky». Hamo cKasars,
YT0 B H3BECTHHIX MOHOTpamAX mo KBaHTOBOM omThHKe [1—4] ocHOB-
HOe BHHUMaHHe YIedAeTcs CTATHCTHKe CBOOOHOro mosxs 0e3 ydera
HeJINHeHHOCTH BemecTBa, IPHBOAAMEN K KOppelAInd pPasHOIaCTOT-
HBEIX KOMIOHEHT mois. IIpu paccMoTpennn CTaTHCTHRY Aa3¢ PHOTO M3IY-
wennn [4—6] yamTBIBaeTCA TONBKO OJMH U3 HeJMHEHHHKX 3PPEKTOB —
apdexT nacHmenusa, CralWIN3HPYOMWA aMIIETYNY KoaeGaHmit.
HKparkoe ommcaHme mapaMeTpHmYecKoro pACCEAHUA HMEETCHA JHUINL B
xaure Axmanmosa u Uupkmua [7], mocBamenuo#t B ocHOBHOM npeoG-
PAa30BaHHIO CTATHCTHKH CBEeTa 3a CYeT BHEIHY;KJCHHHIX HeJHHEAHHIX
adpexrTos,

OcHOBHOE BHHMAaHHE 3jeCh yAeasercd (EHOMEHOJIOTHICCKOMY
ONINMCAHHMI) PeaTbHO HAGTIONAeMEIX ONTHYeCKUX ABJICHWHA H CBAZAM
Me:KIy He3aBHCHMO H3MEHAeMBIMHM BeJIHMYAHAMMA, B YaCTHOCTH, CBA-
8AM THIA 3aKoHAa Hupxroda. YcraHoBieHme TAKHX CBA3CH MO3BO-
JisIeT TpH MOJEIBLHBHIX BREITACHEHHAX OrPAaHWINTHCA BHHYMARICHHEMA
spderTaMH M HOJYKIACCHYECKHMH TeODHAMH. B KHHre paccMaTpH-
BawTCA JHMb HpocTefline KAYeCTBEHHHIE MHKDPOMONENH, IOACHAN0-
mye CMBICT ¥ IOPANKKA BeJIMYAH (EeHOMEHOJIOIHMYECKHX IIAaPaMETPOB.
Bonxee peranbHBIe pacdersl PasiMYHBIX ONTHYCCKAX MHKPO-H MaKpo-
napaMeTpoB Mo;KHO HAalTm B MoHOrpadmax [8—17], Bumepmmx 3a
mocliefHue MOJITOPA JEeCATHIETHA M HOCBANICHHKX  B3amMojeii-
CTBHIO CBeTa C BelllecTBOM. B KadecTBe 00mero BBogHOro Kypca, oxBa-
THIBAIOINET0 KBAHTOBYI0O ONTHKY H MHOroQGOTOHHBIE IIPOLECCHI, MOKHO
pexomenjioBars kuury [18].

ABTOD cCTpeMWICA HBIOMHTH MaTepWal HA (IPOMERYTOTHOM»
(Mexny y9eGHEM W MoHOTpadHISCKWM) YPOBHE M CHEIaTh €ro MOCTYI-
HEIM CTYHEHTaM, TOJBKO YTO WM3YYHBUIMM OCHOBH KBAaHTOBOH Mexa-
HHKA, I QUSHKAM-DKCIePHMEHTATOPAM, ycuesmuM mX 3a0mirhb. Boan-
IIMHCTBO fBICHUH ONWCHIBACTCA € HOMOMBI0 HECKOJIBKHX MoOjeliei,
HaguHAsg ¢ mpocreiimux. Iwpra wHagWHAETCA ¢ BBOJHOHM TIJIABH,
B KOTOPOil IPHBORATCA YHOPOIEHHOe KA4eCTBEHHOE OMCAHAe MapaMerT-
PHYECKOT0 W IOJIAPHTOHHOrO PACCESHHI, a TAKsKe KPATKAE HCTOPHKO-
oubnuorpaguueckue ceemennsn. Iasiee, B riase 2 gawores peobxonu-
MEIe CBeleHNA N3 KBAHTOBOM MeXaHWKW U CTATUCTHKE. B riase 3 oum-
CHBaeTcsa Iepexon OT KIacCHYeCKOM K KBAHTOBOH 3JIeKTPOJUHAMHKE.
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Taaee 4 m 5 mocBAmEHH COOTBETCTBEHHO OHO- U ABYX(OTOHHOMY
TeIUIOBOMY HBIYYeHHIO. 3eCh YCTAHOBICHH JOBOJBHO 0GINHE COOT-
HONICHHs MEKAY CHOHTAHHKIMU M BEIHY)KIeHHHIMA dPfextamm, Ha-
3BaHHHE 0606wennbmu sakonamu Kupzreoa. AHamormumme CooT-
HOIIEHWsI MCHOJB3YIOTCA ¥ B CIENYIOMHUX ABYX IJIaBaX, MOCBAMEHHKX
opomeccaM Heyumpyroro paccesnma. B raase 6 mapamerpmueckoe
U DOXAPHUTOHHOE pacCegHHWe paccMaTpmBalIcA 0(olee NOAPoOHO,
9eM B rnase 1. I'maBa 7 comepmur (eHOMEHOIOTHYECKOE OMUCAHEE
9eTHPeXPOTOHHOrO (THIepIapaMeTPUYeCKOr0) PACCESHHA M CBABAH-
HOTO ¢ HHM KOIeDPEeHTHOT0 KOMOMHAIMOHHOrO pacceanma. Hakomern,
B IIpunomennn ompemenserca cmeKrpaabHas QyEKnma I'phHa Is
HOJs B aHM30TPONHONA Toriomalomeil cpeje.

Hacroamas xnura ocHoBaHAa Ha HCCIEOBAHHAX, IPOBONEBIIMXCS
aBTOPOM Ha Kadefpe BOJHOBHX NOIECCOB (U3HIECKOTO (HaKyIbTETA
MTI'Y. ABTopy mocYacTimBHIOCH MHOTO JieT paoTaTh HOJ PYKOBOM-
CTBOM BHJAIOMEIrocs YYeHOTO H 00aATeNbHOTO deloBeKa — Pema
Buxroposmua Xoxmosa, Koropuii Bmecte ¢ C. A. AXMaHOBBIM Co3MaJ
mMKoNy HejuHeiHO# ontukd B MockosckoM yHuBepcmtere. P. B, Xox-
J0B UPoABIAN GoNbmod mATepec K «POTOHHEMY sdderram HeJlHHEH-
HOW ONTMKA W HepBHE INIAHB DTOM KHUIM NOXYYHIH ero ofobpemue.

ABTrop xoTen Gu BEIpasurs upmsHateasHocts H. Y. Hasapopoii,
I'. B. Benruny, B. C. luenposckomy, II. II. Kpunpagy, A. H. Ile-
EnHy, B. @. IlonkoBamkoBy, B. B. ®aneesy m ppyrmMm corpyn-
HEKaM KageAphl BOJHOBHIX IIPOIECCOB 3a HOMOHIb ¥ IO[EPKKY.
ABrop Gmaromaper taxswe II. B. Emorumy, fI.B. 3eapgoBmuy,
I0. A. Unsnrckomy u P. JI. CrpaTonosudy, mpocMOTpeBmEM PYKo-
OECh KHATH K CAeIaBIMM IeHHEE 3amedanmua. HakoHer, aBTOp
XoTea OB IepeNOKATh 9aCTh BHHH 33 HOABJCHHe HA CBeT eme OXHOM
kEurm Ha B. B. Bparmuckoro, mo MHENmATHBE KOTODOTO OHa GHLIA
HaNKCaHa. 3
H. H. Kaviuxo-



HEKOTOPHLIE OBO3HAYEHWA

A — ceuenme oGpa3ma miIm Jyda
% — KoaQduIHeAT HOIJIOMEeHns
€ — BOKTOD IOJSPH3ANUE HIeKTPH-
TECKOTO MONA
E — HanpsKeHHOCTH 3JIEKTPUIECKO-
TO I0JIA
& — smeprHA
F — nnotHOCTh WOTOKA $OTOROB
F — woapdunuent upeoGpasosagus
6 — dynaxuua Tpuma
% — xospdunment yCmwieHMS IR
nepefadn
H — uanpsa;xenHOCTD
mond
F — TaMUILTOHHAH
j — INIOTHOCTH TOKa
! — panuma oGpasna
"L — pumBa HOPMEPOBOYHOTO o06BeMa
M — qucno MOIeRya
N — amcno QOTOHOB B OTHOE wMopje
JA® — paBroBecuoe 9ucio ¢QOTOHOB
B Moze
P — ronspmaaius, BepoOATHOCTE
&P — MomHEOCTSH

.

MATHHUTHOTO

§ — SAPKOCTh MJIH WHTERCHBHOCTH
cBeTa

& — omeparop pacceAHuA

1 — IPYNNOBasg CROPOCTH

U — MaTpuna paccesHus
9% — omepaTop 3BOJIONHHA

v — o0beM OJHOII MOJH B IPOCTPAH-
crBe (v = 8m3/L3)

V — o6pem obpasna

?¥ — sHEpPTHA BO3MYIICHHA

W — moror doronos

A — BonHOBafA paccTpoiika

7 — KBaHTOBaA 3(PeKTHBHOCTH

¢ — yroxn paccesmmsn

v — 4acrora B cM™!

T — OIePaTOP I[POEKTHPOBAHUA HA
IJIOCKOCTH, TePIEHNUKYAAPHYIO
BOJIHOBOMY BeKTODY

p — YromI MeKAYy TpyunnoBoil u da-
30BOIl CKOpPOCTAMM

% — KBajDaTHIHAS BOCIPHIMTH-
BOCTh, XaPAKTePHCTHICCKA
$yHRINA

2 — TemecHHIl yrox



TFITABAT1
PACCEAHHNE CBETA HA CBETE B BEI[ECTBE

B vroit raase paercA mpeaBapuTeIbHOE KAYECTBEHHOE M IO BO3-
MOKHOCTH HAIVIAHOE ONMCAHAE OCHOBHEIX CBOIICTB mapameTpmde-
cKoro (Tpex- M 4eTHPexXOTOHHOTO) ¥ HOJAAPHUTOHHOTO PACCEAHHN CBe-
ra (§8§ 1.1—1.3), a Tarke mpHBOMUTCA KpaTKAasg HCTOPHA OTKPHITHA
9THX ¥ HeKOTODHX Gamskux MHorodoToHHHX sdderton (§ 1.4). Bosee
HofipoGHOe (EeHOMEHOJOTHIECKOe pACCMOTPEHHE IPOIECCOB pACCes-
HEA cofepKuTca B rraBax 6 u 7.

§ 1.1. Iapamerpudeckoe pacceanue (IIP)

Tlpn mpoxo:xmenunu Jyy9a cBeTa depes IPO3padHOe ONHOPOJHOE Be-
OeCTBO — ras, GMCTYI0 JKUJKOCTh HIHW COBePINEHHHH KPHCTAII —
meGonpInas 9acTh CBETOBOM 9HEPTAU PACCEHBAETCH BO BCE CTOPOHE H3-
3a ATOMHOM CTPYKTYpEHL BeIlecTBa. IIpw HM3KHX TeMuepaTypax @ IpH
HeydYeTe KBAHTOBHIX (IYKTyanu# aToOMbl HEHNOJBEXKHBI, ¥ CBeT IpPH
paccessHUM W3MEHAET JHMINb HAXDABIEHHE PacIpOCTpaHeHHus (Ympyroe
paccesiHMe), a IPH BEICOKON TeMumepaType TemIoBOe JBUIKEHHE ATO-
MOB MOJYJMpPYeT PaCCeMBAEMBIA CBET, M H03TOMY H3MEHAETCH HE TOJIb-
KO HAIpaBjieHHe, HO M JacToTa cBera (Heympyroe paccesume). B pe-
3yaAbTaTe JaCTOTHHIA CIEKTP PaCCesHHOT0 CBeTAa MOBTOPAET CO CHBH-
TOM B ONTMYECKYI0O 00JNACTh CIEKTD TEIJIOBOTO JBI)KEHUSA BEMIECTBA.
Hanpumep, npu o6sranoM KoMOunanuonHoM paccesnnn (HP) cmextp
PACCEAHHOTO CBeTa COCTOMT U3 HECKOADKMX AUCKPETHHX KOMIOHEHT,
OTCTOSIMAX 0T JACTOTH HAJAIOWETo ¢BeTa Ha BeIWIHHY, PABHYIO da-
CTOTE OJHOTO W3 HOPMAJIBHHX KoJefaHuil aToM0B B Moiexymxe. Hak
npasuio, npu HP wactoTumid ¢IBUT He mpeBHINIAET HECKOABKHX IPO-
LEeHTOB.

Coexrp IIP. Xapakrtepnasn ocoGemuocts 1P — cmimommuoil cumextp
PacCcessHHOTO HM3IYYeHHUs, KOTOPHE MOKeT ¢ HeGONBIINMH Hepephi-
BAMU 3aHHMATH BECh MHTEPBAJ OT PAfMOTIACTOT TO FACTOTH IATATOIHE-
ro cBeTa (HAKAYKM), OpUIeM CBET ¢ JAHHON JacCTOTOH ), H3IYyTAETCS
BEMIeCTBOM B oONpejlelleHHOM HaupaBiexun (puc. 1), saBucaAmem oT
JUcIepCHM MOKA3aTeNd NpedoMAeRuA n (®) COINIACHO ClefyIomeMy
YPABHEHHIO:

ky + By = R, (1)

rae K, — BOJHOBOW BeKTOp HAGIIOaeMOTO PaCCesHHOTO CBeTa, paB-
HBEIH IO BeJaudumee n;0,/c = 2nn,/M, (Ay— HAMHA BOJIHH B BaKyyMe),
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F; — BONHOBOM BEKTOD HaKA4YKW, a K, — BOJIHOBOM BEKTOp TaK Ha-
3HBAaEeMOHM Z040cmol BOJHE, wuHMelOMEe# YacToTy Oy = Wz3— 0.
ITockoapky mmmyiane ¢oTomHoB B cpefie paBeH fik (A — mocroanHas
Ilnaexa), To ypaBHeHHe (1), KOTOpPOE OTHOCHTCA K CIYIa0 TpexdoToH-
soro IIP, Mo:xHO mETEpIpeTHPOBATH KaK 3aKOH COXPaHEHMA EMIYIbca
Ipu B3aMMOJedCTBEM TpeX (oToHOB. Er0o HASHBAIOT TAKKe YCIOBHEM

RPOCMPAHCMBEHHO020 CUHIDOHUSMA
W,
LUZ\ M//,
@ |\ %

HIN YCAOBMEM CoTIacoBaHUA (a-
30BHIX CKOPOCTeH.

B caygae dwermpexdorTomHOTO
IIP (unm rumepmapaMeTpHIECKOTO

C_-- =T~ paccesnuss — I'lIP) B mpasywo
C - =273 vacTh (1) cremyer moGaButs kg —
P N\ BOJHOBO® BEKTOp BTOPOTO majamo-

‘K \ mMero Jyda CBeTa, KOTOPHIHM MOKeT
HEMeTh Ipyroe HaIpaBleHHe H da-

cToTy. 10T HddeKT MHTEpHPETH-
PYeTcs Kak pesyabpTaT B3amMojeii-
cTBHA 4YeTHpex (oroHOoB. ETo Be-
JNYRHA TPONOPUMOHAIBHA HPO-
U3BEeHHIO  MHTEHCUBHOCTEH JBYX
najaomux Jydeil.

Puc. 1. |OrepeHTHOE paccedHme cBeTa.
Ilanamomuit cniepa Ha BeINECTBO CBET YaCTHU-
HO OTparKaeTCsA 0T BOJHOBHIX PPOHTOR (IYHK-
THPHBIE JIMHHN) «X0JOCTONH» BOMHEI, Gerymeit
CBEpXY, ¥ B Pe3yabTaTe BOPABO BBEPX Dac-

cenBaerca ¢iIabas «cUrHAIbHAA» (HabIomae-
Mas) BOJHA ¢ YACTOTOH 0wy = W3 — g M BOJ-
HOBBHIM BeKTOpOM kg = k3 — k,. XoIlocThE
BOJIHE CYHIECTBYIOT B BEMIECTBE W3-3a TEILIO-
BHX WM KBaHTOBBIX (IyKTyaumii, m OHH
MOTYT OBITH, HaupuMep, 3BYKOBHIMHU I CBe-
TOBBIMA. B TOcHenHeM caydae IIPOUCXOIUT
«paccesgHne CBeTa HA CBETE».

Nrax, IIP o6bscaserca pac-
nazioM OFHOro HMIM JBYX (OTOHOB
nafiaomero ¢BeTa Ha napy ¢oro-
HOB C M3MEGHEHHBIMH YaCTOTAMH M
HanpaBJieHdsMHu. EjpuHCTBERHOE
OTpaHWYeHWe HAa TACTOTH ¥ Ha-

npaBieHus — ypasueume (1) aB-,
JAeTCA NIOBOJBPHO MATKHM, YTO M IPUBOAKT K KBa3WHENPEPHIBHOMY
cuexrpy IIP.

Wnrencusuocts IIP, xak # Apyrox MHOTOPOTOHHHX ONTHICCKAX
ABJEHUH, MOKHO OUIDPEeNeJHTh depe3 HeAMHEHHOCTb peakmuu (OTHIIHE-
Ka) BelmecTBa HAa CBETOBOE JJIEKTPHICCKOE I0Je:

P (E) = yWE + y®E* 4+ y®E% 4 . . ., (2)

rae P — monApusanus, T. e. NMOOJNBHHN MOMEHT efWHHIN o0beMa
BemecTBa. JlmHeliHas moaspusyeMocTh Y1) ompefleisieT IOKa3aTelb
IpeJOMIeHNS, & KBAAPATAIHAA HOJApHE3yeMocTh ¥», KoTopas mmeer
3aMETHYI0 BeJINYHHY TOJHKO B Ihe30KPHUCTAIIAX, HPABOIMT, HOMIMO
Tpexdoronnoro IIP, kK ymBoenuio YacTOTH cBeTa W K JAPYTHEM aHAJO-
rogHEM sddextaM Henamueitnoi onturu. Hy6uieckasn moaapusyemocrs
%™ ommcriBaer yTpoeHme YactoTh cBeta mw 'TIP. Jtw e menmueiinsie
napaMeTphl BeIECTBa OUpefies AI0T 3PderT HapaMeTpHIeCKOTO YCHAeHAA
MHTEHCHBHOCTH CBeTa, KOTODHHA NPWBEN K COZTAHHI0 BayKHOTO THIA
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mepecTpauBaeMHX II0 9acToTe Ja3epoB — IapameTpHYeCKHX TeHepa-
TOPOB CBETa.

C pammoduswaecKoit TOUKM 3PEHHS PACCeAHHHN CBET — 3TO COO-
C¢TBeHHEIe IIYMH HapaMeTpuieckoro ycmiamreis. Cmenudmea onrH-
YecKOTo JHANa30oHa MPOABIAETCA 37[eCh JHUIIb B 3aMeHe IyMOBOH TeM-
mepatypsl 7', ompemessiomed IIyMH pajuoycCHAMTeNe#, HA DHEPTHIO
KBaHTa fi®,, HelICeHHYIO HA NOCTOAHHYI0 DoasnMaHa %, ¥ B ¢MHOTOMO-
JIOBOCTU» ONTHIECKHX cucTeM. VHorfja 910 ABIeHWe HA3HIBAIOT «Iapa-
MeTPHUECKOM JIOMUHECIEHI[MeH» NI eme <«OITHIeCKHM NapaMeTpu-
geCKHUM LIYMOMY, «IapaMeTPpUIeCKAM paciiellIeHneM 9acTOTH CBeTad.

Caemyer saMeTuTh, uro sdderr tpexdorornoro IIP ssusercsa 3a-
MeTHHIM B OYKBaJbHOM CMHCIE CI0Ba — IPH MOIMHOCTH HajaloINero
cutero csera 0,1 Br semeHOo-enTo-KpacHOe ¢cBeUeHME KPHCTAJLIa HHAO-
6aTa AUTHA IerKo BENHO HEBOOPY/KEHHBIM IJIa30M. 3elIeHOMY cBede-
HHIO B TaHHOM CIY9ae COOTBETCTBYIOT X0JOCTHE JaCTOTH )y, JEKALIMe
B madppaxpacaom (MK) nuamasone. Ilo mepe npubimxennsa o, k cob-
CTBeHHHIM 9acTOTaM Kpucrajuimieckodl pemerku IIP mempepniBHO mme-
pexonut B o6rgHoe HP Ha Kore6aHMAX MOHOB peMIETKH KpPHCTAJia.
IIpomeskyTounmil crydail moaydImJ Ha3BaHHe <paccegHHEe CBeTa HA
IO APATOHAXY.

Korepenrnoe paccesnwme. ¥Yciopue (1) mpuBopmT K HampaBIeHHO-
CTH PacCesSHHEIX BOJH JaHHOH YacTOTH, KOTOPAs MOKET MMeTh MeCTO,
JIMIOL eCAH OTHe]bHHE M3IYdaloliie HIeMEeHTH BelmecTBa cdasmpoBa-
HHI, KOTePEHTHH. OTa IPOCTPAHCTBEHHAA KOT€DEHTHOCTH ABJIAETCH
pesyabTaTOM HEJOKAJBHOCTH paccemBaiomeld HeoJHOPOIHOCTH, T. €.
pesyIbTaTOM PACIPOCTPAHEHUA XOJOCTOH BOJHEHL.

HKoreperTHOCTH CBOWCTBeHHA M ADYTHM BHJAM pacCesHHS, €CIH
0HO IPOMCXOMMT HA KOJNJICKTHBHHX BO30Y:KAeHHAX BEWeCTBA, MMEIO-
MuX HeHYJIEeBYI0 CKOpOCTh paciupocrpanenusa. Hampumep, pacceanue
MangeasmraMa — Bpunniosna sABAfeTcs pe3yIbTaToM paCCesHHA
majlalomero cBeTa Ha 3BYKOBEX Boamax. OHO TakKe IOJIMHACTCA
ypasreruo (1), ecin B HeM moHEMATh N0J Ky, BOJIHOBOM BEKTOD 3BYKa.

Oramamey IIP asasercsa ommHaKOBas Hpupofa obewx BOJH — pac-
cemBapIel (xomocToit) u HaGmogaeMol (CHTHAJIBHOMN), KX paBHONIPAB-
HOCTh. Hpome Toro, B oTimime OT 3BYKa CBeTOBAaA X0JOCTasA BOJHA
MOKET pacIpOCTPaHAThCA 0e3 3aTyXaHHA Ha PacCTOAHAE HOPAIKA H
Gonee 1 cM BHYTpH BelecTBa, T. e. IiepeceKaTh Bech ofpaser] m BHXO-
OUTH 9epe3 ero HOBEPXHOCTh B BaKyyM.

CremyeT mog4epKHYTH, 9TO IPH KOTePEHTHOM DaCCeAHWE CKJIIa/(hl-
BAOTCA aMILINTY/IH DAPIEAJIHHEIX BOJH, H3TYIaeMEIX 0TI bHEIMH MO-
Jeryaamu ofpasia, a MODTOMY WHTEHCUBHOCTH DAcCeAHAA C NaHHOMU
9acToTO# W B JaHHOM HampaBieHuu mpounopumoHaxsaa M?, rae M —
9ucyI0 MOJEKYJI, ocBemaeMux Hakagkoit. Kpome KorepentrOTO pacces-
HEA, EMEeT MecTo HeHAmpaBIeHHOe, HEKOTepeHTHOE paccesdHme Ha
OTHeJIBHHX MoIeKydax, mpomopumoHaxeHoe M. Takoe paccesnme,
Ipam KoTopoM (JOTOH HAKAYKA NpeBpaImaeTcda B PpeaylbTate B3aEMO-
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JecTBHA ¢ OTAeJAbHHIMM MOJCKyJaMu B Hapy QoToHOB, MH 6ylaeM Ha-
3BIBATH MPEXHOMOHHBIM PEACC6CKUM, TAK KAK OHO aHAJNOTHYHO OOBIIHO-
MY peNeeBCKOMY DacCCesHHIO, mPu KoTOpoM (OTOH HAKAYKA LpeBpa-
maeTcs B oAuH GOTOH ¢ APYTHM HALpaBIEHHEM pacupocTpanesna. Cy-
MECTByeT ellie suneppeneesckoe paccesHme, IPM KOTOPOM JBa (oToHa
HaKaYK{ OPEeBPamiatoTCs B OfUH (OTOH ¢ NBOMHOW YaCTOTOI.

HyneBnie daykryamun sakyyma. B cryuae pacceamms Ha 3ByKe
OnTHIeCKaA HEOZHOPOJHOCTH LOMABISIETCS B pesyabTaTe TeIJIOBOTO
nemzeHnA BemecTBa. Ho orkyma B mpospasmom Kpucraiie 6epyrcs
paccemBapImue CBETOBHE BOJXHHE, OTBercTBenmble 3a IIP? Mx wmerou-
HHKOM MOTO On OHTH TemmoBoe wamydenme (TW) oxpysmatomux me-
IpPO3pAYHHIX HA YACTOTE (O, OpPEIMETOB — CTeH, BO3/AyXa,... WuTeH-
cuBaocts TVl Ha wacrore © mpm remmeparype 7 mpomopiuoHalIbHA
¢dynrmun Ilnanka

N (@) = (¢ — 1) (xz—f%—z—g;—) (3)

rne C, == 2nhic/n = 1,4388 cm- K — rtak masmBaeMas BTOPAasI HOCTO A~
Hasg uanyuenus. OfHaKko upn A, = 1 MKM H KOMHATHO TeMIepaTrype
2~ 580m N ~ 1072, 1ar wro mus obwacuesns [IP meobxomuivo wme-
H0JMb30BATh KBAHTOBYIO T€ODHI0 M3JYYeHHA, COMJIACHO KOTOPOH cron-
TaHHbE OGPEKTH MOMKHO DPACCUMTHBATH, MpubaBiaf kK GymEKIumE (3),
HMEIOmed CMBICI CpeJHeT0 YMcia (OTOHOB B OJHOI Mojle, eIMHMILY:

N (Z) = (2) + 1= — 4 (— 2). (4)

JlIf MATAATHOCTH MOKHO IIOJIAraTh, UTO DT eMHUIEA 06YCAOBJIECHA
HyJxeBME QUYKTYalHAME BaKyyMa, BaNOJHAOMEAME DBceeleHnyro.
Onmnakxo oTM KBaHTOBHE (QIYKTYamuWH XOJIOCTOIO IIONSA He CRABHBAIOT-
CA XpPH AHTHCTOKCOBOM (w; > ®g) paccesumu. [locreoBatenbHoe
OLHCAHWE PABJUIHA B CTOKCOBOM M AHTHCTOKCOBOM DACCESHHH BO3-
MO;KHO JHIIL B paMKaX KBaHTOBOW TeopmHU CBera.

dddertnBran vTemueparypa IIP. Paccesmme Manmmemxpmrrama —
Bpunnoona BrsBano Momynsmumedl maNeRTpmUecKoil IpoHETAEMO-
cri &€ = 1 - 4y TemmoBo# 3BYKOBOH BomHOH, MMeIEil aMILTATY-
my Q, 3a cder ynpyroonTuueckoil koncrants dy(V/9Q. Ipu IIP poan
9TO# KOHCTAHTH, HApymMAalomedl NPHHIAN CYTepHO3UIUA CBETO-
BHX BOJH B BeecTBe, HIPaeT KBAJPATHIHAA IOJIAPUIYEMOCTD
A® = 9yW/0E,. Ilycrs aMIIHTYAB DIEKTPHYECKOT0 HOJSA B BOJHE
HaKaYKK U B XOJIOCTO# BoJiHe paBHH L, u F,, Tor/la B Bemecrse B TOU-
Ke 7 BOZHHKHeT IOJAPH3anusA HA HabIogaeMoi TacToTe

Py (1) = Y@ By Ey¢ithska)-r, (5)

Crporo rosops, moxspmsyemocts y(® ABIAETCA TEH30DOM TPETBHETO
paHra (Tak Kak OHa CBA3KIBAET TPH BEKTODPA), OMHAKO B DTOH IIaBe ML
He 6yeM yIHTHBAThH BEKTOPHYIO IPHPOAY DIEKTPOMATHATHOTO IO,
3aMeTHM, OJHAKO, 9TO TEH3OPH TPEThEIO DAHTA MMEIOT 3aMETHYIO Be-
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AWYPHY JHIIL B HEIeHTPOCHMMETPHIHHIX cpefax. Ilpm oTcyTcTBHE
TDOCTOAHHOM BHeNIHe! CUJIbl DTHM CBOXCTBOM 00JaaioT nNpe30KpuCTAal-
JB, M 1o3TOMY 10 cux mop Tpexdorornoe IIP maGmomamocs nmmms
B HHX.

W3 ypaBuennit MaxcBesla clemyer, YTo LOJSApHU3AIMU, OCI[HIIH-
pywomas ¢ 9acToToil »; W HMelomad aMmauTyay P,, maxydaer BonHy
¢ AMILIATYHOH

1/2
Ey=2mioe | dz PP, (6)

©
_l/g

rie [ — Tonmmua o6pasua (KOTOPHH, Kaxk 37eCh IPeJmoiaaTaercs,.
wMeeT GopMy IAOCKOIO CI0A) U 22 — BOJHOBOI BEKTOD IIOJsIPH3AIH,
paBusiit corsiacHo (0) ks — K, (B s70i1 riaBe Mpl upeHeGperaem Koad--
¢unuentamu nopsgka exmumuer). M3 (6) caemyer, 910 cmraanm mmeer
MAKCHMAXbHYI AMONUTYAY UpPH BHIIOJHEHHH L YCIOBMA LPOCTPAH-
CTBeHHOTO cuuxpoHusma (1) Aag TpoRoNbHEIX KOMHOHEHT BOJHOBHIX
BEKTODOB (B CJIyUYae CIOA YCAOBHE CHHXPOHH3MA [JIA HOMEePEYHHX KOM-
TIOHEHT BOJHOBELX BEKTODPOB JIOMIKHO BBHIIOTHATHCHA CTPOTO), IPH DTOM
HoJe DPOLOPIMOHAIBHO I:

E, = 2niw,c 1Py, (7)

Ilpu HeTOYHOM CHHXPOHM3ME HPOJOJBHHEX KOMIOHEHT BMecto [ ¢m-
IypEpPYeT «JINHA KOTePeHTHOCTH):

2 .
Ih= S dz e A = s—m—é—l/%—’/a ) 8y
/2
A = A (kl) = klz + k?z -_ kgz. (9)

[lpu s3ajgaHHBIX BeKTOpax Ky, k3 YCIOBHA ®y = g — ®; U I0Neped-
HOTO CHHXPOHM3MA OLPEHCHAI0T X0J0CTO BOXHOBOR BEKTOp Ky € TOU-
HOCTBIO [0 3HAKA ero MPOeKIMH Ha OCh Z.

YrofH MCOOIbL30BATH IPABWJIO KBaHTOBanuA (4), Halo mepeittn or
aMImIuTyn mojgedt ¥ dmcay goromoB rRa Mopy N ~ [|E|%/fw. B pe-
syawTate m3 (0) — (8) Haxonmm umciao (GOTOHOB HA MOy CHpaBa OT
CJIOS:

Ny=§ (k) (N, + 1), (10):
F = B2 = 4n’c20,0.)2] B,

3pnecyr N, — 4mciio pealbHHX XOJOCTHX (OTOHOB, Hajalomux Ha 00—
paser cjieBa B HampapJieHHH F,. dta ¢op yaa mpu N,>1 onmcrBaer
BHEY KA HHBI 0@derT BrunTamua dacto oM. Dynkmua § (k) ompene~
Afer pHepreTWIeCKui KosddunuerT mpeobpasoBaHAA XOMOCTHX BOJH
B curmaxbuble. Ilycrs Ay = Ay == 243 = 1 MmrM, ¢ = 1078 CTC,.
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A =0, =1 cM 1 HHTEHCEBHOCTH HAKAIKHE

Sy= 5| Es|* (1)
pasua 1 Br/em?, Torma
.?:QLC)E(%)E:&WS. (12)

-JTa ONEHKa NOKasHBaeT, 4T0 >PPeKTHBHOE MpeospasoBaHme YaCTOTH
apu TpexPOTOHHEIX HPOLECCAX B HBE30KPHCTAJIAX BO3MOYKHO JHIND
AIp¥ MHTCHCHBHOCTYM HAKAYKH HODPAJKA COTEH MeraBaTT HAa KBaJpaT-
HBHI CAaHTHMeTp, W0JydaeMoil B HMIOYJBCHEX Ja3epax.

IIpr N, =0 (1. e. B oTCyTCTBHE Ha «BXOJE» peanrbHOE XOIOCTOM
Boasn) gopmyna (10) onncrsaer IIP. B sroym cayuae coriacuo oIeH-
Ke (12) wmenmo paccesHHBX (oTOHOB Ha Moxy paBmo Ny == 3.107%,
‘Oupenenny ¢ momompio (3) odderTHBHYO WM APKOCTHYIO TeMIepa-
“TYPY PacCesHHOT0 B HampaBJeHHH K, cBeTa CIeNyIOUAM 00pa3oM:

h_.(l)l Cz
[ = — == . 13
Tos (kn) = — A+ UN) Mgy (13)

Taxkmy obpasoM, asgdexTHBHAA Temmeparypa — 3T0 TEeMIepaTypa
PABHOBECHOT'0 IVIAHKOBCKOTO HOJIAI, AMEIOIEro TaAK0e jKe YHCI0 (OTOo-
HOB Ha MOy C YacToTOM ;. M3 (12) u (13) cenyer, uto B HanpapIennn
CHHXPOHH3MA &y == 17 m Tsp =800 K. Ecam e A; = 0,5 MrM,
To remmeparypa Oynmer 1600 K, uro coorsercrsyer yske BmoaHe 3a-
METHOM HpPOCTHIM TJIa30M BeJHYHHE.

Yueno horonos na mony u ApkoctTs cBera. Kak cBAsaHs wmcxo ¢o-
"TOHOB B MoJie Hiin 3¢ eKTUBHAA TeMIepaTypa ¢ HEIOCpPe[CTBeHHO HAa-
GII0TaeMEIME BeJIMYNHAME, HANPAMED, ¢ APKOCTHIO CBETAa WM ¢ IHC-
JIOM HMIIYJICOB B CeKYHAY W Ha BEIXOZe (JOTODIEKTPOHHOTO YMHORH-
renst (DIY)? Ilomarme mo0ds MpE OTCYTCTBHE PEATBHOTO 0GBHEMHOTO
Pes3oHaTOpa BBOLUTCA C TIOMOMIBI0 MBICICHHOTO BHIIEJEGHHSA B IPO-
CTpaHCTBe mapasnrejennue/ia co croposamu Ly, L,, L, uw o6bemom L3,
‘0XBATHIBAIOIIETO HHTEpecyIomyIo Hac obaacrs nonn. Jlasee peambnoe
OpocTpaHCTBeHHOE pacupefenerne moas FE () (B ¢uxcupoBaHHBIH
MOMEHT BpeMEHM) 3aMeHAETCH HAa HEPHOTMICCKYI0 QYHKUHMIO Epep (79
¢ mepuogiom L, Brons ocu z, Ly Bioas y u L, BHoxs z. Buyrpm L3
moye Epepy = F, a pasnuune peagbHOrO I OepHOAWIEeCKOTO HOJNA BHE
L? He mMeer 3madenms.

Ilepumopmueckyo ¢ynxmnmo 0T, MOKHO pasio:RuTh B psag Dypee
(Tpmyem ona colepyRUT AMIIB TapMOHUKM, KPATHHE BeIHIRHE 2n/Ly),
fI09TOMY HepPHOAMYECKOe II0Je MOKHO HPE[CTABUTH B BHME TPOAHOMA
CYMMEHL:

E(r)= % Eyete, (14)
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[7fe MEI BBeJM BOJIHOBOU BEKTOD

2 2% 27t
p={T= Tt} (15)

I, 'L,

nla:'-o, j:1, i 2,. ..

TaxkmM o6pasoM, pacupefeseHume IOAA B IPOCTPAHCTBe Teleph 3a-
HaeTcsA He HeIPePHBHHM MHOKeCTBOM duceldl E (7*), a CIeTHHIM MHOKe-
c1BoM Ly, TPOHYMEPOBAHHBIM IEJHIME YHCJIAMH Mg DBerropn &
0o0pasymoT k—npocmpancmeo KOTOpOo€e pas0uBaeTCs yCIOBUEM nepno-
nudHoCcTH (15) Ha sAweiikm mam modw ¢ «obbemom» (21)3/L L L, = v.

YdareM Temeps 3aBHCHMOCTH LOJA OT Bpemenu. W3 ypaBHemm
MaxcBeana caepyer (§ 3.1), 9ro ecam B L® HeT «HMCTOYHHKOBY HIH
(CTOKOBY IOJA, TO

|, (t) = EPe " 1 E)eH (16)

e R R |

— cobcTBenHan Yacrora Monsl. Homuuexcusie wmena ESY apasmorea
AMILIATYRAMHA OOJA B MoJe.

Ilycre geTekTop «BMUT» BOJNHH C ONHOH HojApH3aldeil, mpmHAJ-
IeKamed KaKoMy-To 00beMy B R-IPOCTPAHCTBE, COfep KaIeMy MHOTO
Mox,

re

A% = KAk AR = ® Ao AQ/c3 S>> . (18)

3mece Aw — momoca dactor HetekTopa m  AQ =sin ¢ A8 Ag —
ero yriaoeas ameprypa. Beemem oGosnadenme

Ag = A%%k/v = goa Ao AQ (19)

I8 9uCia MOJ, KOTOPEe «BHAMTY JEeTEKTOP.

Ilycrs B Raskmoit Mome mmeercda o N (oTOHOB, TOrHa LIOTHOCTE
doronos B momte Gymer NL™3, mrorHOCTS mOTOKAa (OTOHOB B MOmE —
eNL™3 = F u cropocrs c4eta $OTOHOB —

W =1 FA cos & Ag, (20¥

rge 1 — kBaHTOBas addextuBHOCTE DIY, A — ero mlomans =
¥ — yrox‘nanenua ¢oronos Ha moBepxHOocTh PIY. Ecam mabamopae-
MBIe MOMHL COZepsKaT HeoAMHAKOBOe IMCI0 POTOHOB ¥ KBAHTOBAA 3f-
dexTHBHOCTH Tak;ke HepaBHOMepHA, To BMecto (20) cremyer, oueBHA-
HO, OHCATH

P = 3 { 44 qaF cos B (21)
kE A
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Yerpemuym LP K GeCKOHEYHOCTH, TOTA MOMKHO IepeiTy ot CYMMHDOBa-
HES K HHTeTPHPOBAHUIO IO IPaBHIY

3
=0 ve
0 47t

lim k szv‘lgdkf(k)z © Sdm Sde(co,Q), (22)

-1 B pesyasrare (21) npuanmaer Bujx (A = A cos 9):
W= {d4, {do(dQ N 8nsc = a4, dodQnSeaiio,  (23)

I7le MBI BBeJIM HOBYIO BeIWIHHY —CREKMPAAbHYI0 APKOCMb N3TyYeHu
Sen, PaBHYIO sHeprum, OepeHOCUMON  9epe3 eNWHHUIY HOBepXHOCTH
-ACTEKTOPA 3a EIMHANY BPEMeHHM B eJJHHHYHBIX CIEKTPAJBHOM HHTED-
‘Balle H TeleCHOM yIye. OJTa BeIHUYMHA YaCTO HA3HIBAETCH IPOCTO
MHTEHCHBHOCTBIO, €e pas3MepHOCTH bpr/(c-cm?-cp-I'm).

B umormomaromeil, naznydaomeil I paccemBapuei cpeje APKOCTH U YHCIO
«pOTOHOB 3ABHCAT H OT LPOCTPAHCTBEHEOR KOOD/IHHATHL Sea=. (k, ), tme nog ¥
-ClefiyeT HOHUMATh KOODIAMHATY UeHTPA ofbema kpaHToBaHmA L. 31ech KOOPHH-
HaTa 00 OCH 2z ONpeAeNeHa JWUIb C TOTHOCTHIO 10 «Hypbe-Heompeae e HHOCTHY:

Ly n
6x~—l_—LT'=—_I_—6—kx, (24)

17ie 8k, — HHTEPBAJT MEMY COCCTHIME MOJAMH, T. e. dyuruus S (k, 7) nocrogH-
Ha B npejleslaX OffHOM AYelKH ¢ 06beMoM vL? = 8n? B mecTHMepHOM PAZ0BOM mpo-
-crpagerse 7 X k. Ecam Ha mytm [ Boas HanmpasieHus k U3NY9IeHN A, OTIOILe-
HHA H paccessHUA HET, TO

S (k, r) =S (k, r+ lk) (25)

~- APKOCTh CBeTa B JaHHOM HAIPABICHHI HE YMeHbIIAeTCH Ipna ynajJdeHHHd oOT

UCTOYHMKA CBeTA BJ0Nb 3TOr0 HaumpasieHus (I = k/k).
B ¢oToMeTpHu APKOCTH HPHAATO CYATATH CBOHCTBOM HMCTOYHMKA CBETA (a me
OPOCTPAHCTBA), T. €. PYHKNHeH KOODIMHATH 7 4, UPHHANIEHAEIT TIOBEPXHOCTH

rena. B To sxe BpeMs npm paccMOTpeHMM nepeHOCA CBOTOBOIl SHEPIHMH B MyTHEIX
‘CpefjaxX MCHONb3yeTcs HOHATHE NWHTEHCHBHOCTH CBeTA B HPOM3BOJBHOH TOUKe
Tpocrparcrsa . 1lo cymecTBy 5Td HOHATAA COBHANAKT («IPKOCTD IOBEPXHOCTHY
-IePeHoCHTCA B AO6YI0 TOUKY IYCTOTO HPOCTPAHCTEA COTIACHO (25)), I MH 6yneM
TOBOPHTL O «APKOCTH CBeTa B TOYKe 7». CTporoe crarHeTHyecKoe ompepesieHHe
sApKrocti Gymer famo Hmke (cM. (3.2.8)). VHTeHCHBHOCTHIO ME 6yXeM HA3ZHBATH
BeAMINAY S = AocN/L3, xapaKTepH3YIOM YO IIOTHOCTE TOTOKA 9HEPTHH B OJHOK
Mofie.

Wrax, cornacuo (19) u (23) cuekrpanbHas APKOCTH CBeTa W UHCIO
fOTOHOB B MOJie CBA3aHH COOTHOLICHHEM

See=hogeaN/L} = NSEX  (SE = hiw®/8n°c?), (26)

Ecau mopcraButs ciopa pacnpefernenue Ilnamka (3), T0 MB momydmm
Apkocts TU (opHo#t momapusamuu) abcomoTHO YepHOTO Tena. Hoad-
puIEeHT OPONOPIHOHANBLHOCTH B (26) MOKHO Ha3BaTh CHEKTpalIbHOL
ApKoCTBIO Paykryanuil Bakyyma. Takymo spkocts GyheT mMers pab-
HOBeCHO€ M3IYUeHMe, ecim B gopmyrae Ilnamka saMeHHT: J4° Ha elm-
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wmuny. HafimeMm sgderTuBHy0 «TeMHeparypy BaKyyMa», T. €. TeMIe-
PaTypy PaBHOBECHOI'O M3IyYeHHJ, HMEIOMero mo oxuoMy ¢oToHY Ha
Mony (mpwm mammoi dactore). Ilo ompepmenenmio A (Thas) = 1, ¥ u3
A3) upm A =1 mum cienyer Tpax = Cy/AIn 2 ~ 2.10* K.

MEBorga yno6HO OTHOCMTH BHEDPIHI0 H3IYYEHHA K EIHHHYHOMY
WMHTePBaNY OAdH BojxH. O9eBUIHO, WMEeT MECTO CBA3D

Son = 27“;_50)9. (27)

dw
Sm=}—dT

Coraxacuo (26), (27) «apkocTs Bakyyma» mpu A — 1 wEm paBHa

S = 5oL —0,5955 Br/(A-ent - cp), (28)

e C; = 4n%ic® — rak HasbBaeMas MePBAA HOCTOSHHAA M3IyUeHHA.

B Joromerpum uCHONB3YIOTCA TaKyKe HHTETPAJbHEIC BeJIMYMHH,

«CofepIKaImpme Menee Jeranbpyio nagopmanun. Ecan mmpuHa cmerTpa

H3TYy9eHHA MeHbIIe II0JOCH HPOIYCKAaHHA TeTeKTOpa, TO HOCHeHHHﬁ
M3MEPAET

So={ do Sug. (29)
DTa BeIMYHHA HA3BIBAETCsA APKOCTHIO. ViHTerpan
d= | dQcos® Seo (30)

'MOJKHO HA3BaTh CHEKTPAJBHO! OCBEMEHHOCTBIO (MM CHEKTPaJbHOU
. «CBETUMOCTHIO), & HHTErpa

SzSdmdQ cos ¥ Sye (31)

— mpocTo ocBemeHHOCTHIO (cBeTuMocThI0). Hakomen, ecam merextop
nepexBaTHBaeT BCce H3JIy4YeHHEe, TO H3MepAeTCHA MOIIHOCTH (HJIH CHJIa
cBeTa) MCTOTHUKA

P = dodQdA, Seq. (32)
Muorga ymo0HO MCIONTH30BaTh TaKue 0003HATEHUS:
ds dp d¥€
Soe= Goag = dogrdA, — dodQdd di ’ (33)

Thoe & — mosHAA dHEpPrusA, NepeHOCUMAasi depe3 KaKyoo-ImOo ILIoC-

KOCTb.
fApkocrs IIP. Cormacuo (10), (11) u (26)

Son= SINF = ReSolon®Ssla. (34)

Momuocrs, paccesannas B efMHHYHBE COEKTPAJBHHI B YIIOBOH HWH~
TepBais, B Acos ¥; pas 6oxsime Sy B NPOHOPIHOHANIBHA MOITHOCTH
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HAKAYKA:
gbmg ~ kchf)@?@gleigaa; (35)

e Py = S3A; — MOMHOCTh B A, — CeUeHH® JyYa HAKAYKH (0, =
=~ 0). Orcrona maxommm, uro AuddepeHnHaIBHAS BEpPOATHOCTH npe-
BpameHU:A OTOHA HAKAYKHA B (JOTOH ¢ YaCTOTOH ), M HANPABIEHEEM ky
B Opefiellax eMHUYHKX AHTEPBANOB upH ¥, << 1 paBHa
0 Pu0 -5 .3 9
Poo= P = ficT5wymewgy 4,
Wy Az (36):
(208 Rey2l%

Wy ~ 41077 am1.cp™t
1/vefvs

Pro =
Hlocnennas onenka cRelana RIS Tex ske YCAOBHH, UTO T (12). Beegem
TAK/Ke AUQPPePEeRNUANBHE MOTOK CHTHAIBHHX (OTOHOB, MMEIONHE
pasMepHOCTE cp~i:

P,
Weo = ﬁ(ﬁf = 3030y A Ps. (37)

Hapamerpuueckan cmepxmoMunecmenmms. Jlo cumXx mop MM me
yuuTHBAIH 00paTHOIO BIMARMS CHIHAIBHOH BOMHEL HA XOJO0CIYIO.
HiA mocnepnei Takie UMEIOT MeCTO COOTHOMEHHSA (5), (6) ¢ mepecras-
JeHHHIMH HHAekcamu 1, 2. BwMmecre Tarue cooTHomenms obpasymnor
chCTeMy IHHEMHBIX AudepeHnuanbHHX YpaBHEHHIH, KOTOpHE OmH-
CHIBAJOT B3aMMHOE YCH/ICHME CHTCHRJIBHOH M XOJOCTOH BOJH mOo Mepe
HX PacHpocTpaHeHHA B HEJAHHEHHOM cloe. JTa CHCTEMA JETKO PelraetT-
s, IPH 3TOM KOd(YPUOEEHT IPeoGpPA3OBAHUA OKAIHBAETCHA pPaBHBIM

sh2l V2 — A%
Fumpr LVE_FR (38)
TTe noKasatenpb ycumuaerus [} onpepenen B (10). Ecam ma caoit, kpome
HaKavKd, mafaeT claboe HEKOTEPeHTHOEe MBIYYeHHE ¢ UHCIAMH (OTO-

HOB B Mofiax N, To camoit Gyaer msiayuars no Ny $oToHOB, IIe

Ne=GNi + Fr (N +1) = (39)

=Gk (N +2) + Fu (Ni + Y2) — Yz, (40)

Gr=Fr+1 (41)

(B, = —Fk,, 0 = 0; — o). Us (39) ciaenyer, uro cmoHTAHHHe T

BHHAYKICHENE 9(Q(eKTH TeCHO CBA3AHE W OLMCHBAIOTCA ORHOM (op-
myaoit. DopMyIE Takoro THIA MBI 6yZeM Ha3HBaTh 06OGmEHHNM 3a-
ronoM Hupxroga (O3K).

3amernm, wTo B cury (41) HHTEHCHBHOCTH CIIOHTAHHOTO H3IYyYeHHA
MO}KHO y4ecTh B KIACCHYECKHX (opMyiax noGaBileHueM o (OTOHOB
HA BXQJl CHTHAJBHOTO Karada, 1 — ~ — Ha BXOX XO0JOCTOTO M BHYH-
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“TaHAEM O OTOHOB M3 YMCIAa CHUIHaJALHHX (OTOHOB Ha BhIXome. Ha-
ampuMep, npu o ==1/2 DomyuaeMm cummerpmunyio $opmyay (40). dro
JpaBuio ABIAeTCsa 06o0menneM (4), H OHO TaKsKe CHpaBeAIHBO JUIIb
JJIA CTOKCOBHIX YacToT,

Ilycrs namaromee mome orcyrcrsyer (N; =0, Ha Bxome — Ba-
KyyM), Torna no (39) B kaskoil BEIXoxHOIH Moze Gyner no F x doToHOB.
B nampaBleHEAX H Ha 9aCTOTaX, YAOBIETBOPAKIIUX YCIOBHIO CHH-
xpormsma (1), manydenme Gymer MawKCHMBIBHHIM, H €CJIM MOILHOCTH
HAKAYKA WIH TOJNMHUHA CI0A AOCTAaTOYHO Beawkd (rak uro Bl>1),
0 N Gymer saBucets ot E; 1 I 3KCIOHEHI[HAIBHO:

Ni. = sh? Bl ~ e®l/4, (42)

-JT0 ABIeHHe LOIYYHIO HABZBAHUE NADAMEMPULECKOL COEPIAIOMUHEC-
Yenyuu (IO AHAIOTHH CO COEPIAIOMUHECYeHYUel, — YCHIEHHHM CIOH-
“TAHHLIM M3AYyYeHHeM B ONTHYECKHX KBRHTOBHIX YCHJIUTENAX ¢ MHBOP-
<cHell HaceleHHOCTEH).

@opmyan (13), (34) naa sPPerTHBHON TeMIepaTypH H APKOCTH
‘M3IYIeHHA OCTRIOTCA B CHIE H B CIyIae CBEPXIIOMHHECHEHIHH, €CId
B HAX HCIOJB30BATL HCUPaBIeHHHI Koaddumuent npeobpasoBanmsa

{38) (mam samenuTs B (8) A/2 Ha ) A¥4 — P? m Bocmoamb30BaTHCA dop-
Mynoi sin iz = ish z). IIpg s1oM ecam, naupmmep, §F = 10, To
Ty =~ hoF/xw ~ 10° K.

Caenyer 3aMeTHTDb, YTO MOJIENH IIOCKOTO CIOA HMEET CMEICI JJA
©ONHCAHUA CBEPXIIOMAHECHSHINN JTUINb B y3KOM KOHYyCe HanpaBIeHM
BRONB JTy4Ya HAKAYKH, YOOBAETBODAmMUX ycaoBuio &; <& a/l (¥; —
YIanl pacceAHnA XA CHTHAJIBHON H XOIOCTOH BOJH, T. €, YT MEKRY
k; u ky, a — pagmyc qyda Hakauku). Ecam ¢ momompio 3epkan cos-
Jiate 00paTHY0 CBA3b, TO YCHIHTEIh NPEBPATATCA B HapaMeTpHye-
CKuil remepaTop csera. Hymneprie pykTyanum IpH 5TOM BHIIOIHSIOT
POIb «3aTPaBKU», BHILIBAIOMEH aBTOKOIe6aHnA.

Hepecrpoeausie kpussie. [IponopnmonanbuocTs nuTeHcHBHOCTH I1P
{c maumoii 4acroToil M HampaBieHHEM) (PYHKIUE CHHXPOHH3MA» I
{cm. (8)) ompenemseT XOBOIBHO CBOEOOPA3HYI0 KOHYCHYIO CTPYKTYPY
PaCCesIHHOTO IOJA, HAMOMHUHAWOINYI0 CTPYKTYDY YepeHKOBCKOTO M3-
Jiydenusa. Ycaosme cmuxpoHmaMa A = 0, KoTopoe MOKHO TPaKTO-
BaTh KaK CIeJCTBHE 3a8KOHOB COXDAHEHUSI DHEPTHH H HMIYALCA OPH
B3aUMONEHCTEHN TPeX (OTOHOB, OlpefeiasieT B f,-pocTpancrse (T. .
B OpocTpaHCTBe, 00pa30BAHHOM BO3MOKHBIMHU BOJHOBHIMEH BEKTODa-
MH CHTHAJa) (TOBePXHOCTh CHHXDPOHM3MA», Ha KOTOPOH H3TyuyeHme
MAKCAMAIBHO.

B onTmyecku HBOTPONHHIX Cpefax CHHXDOHH3M BOBMOJKEH, JHIIb
©CIIH MEKIY JaCTOTAMH ©; M Oy HMEETCS YUACTOK ¢ aHOMAaJbHON AuC-
Tepcueit nokasarens npenomiaenusn (dn/do << 0), Tak Kak B DPOTHB-
HoOM cay4dae k; + k, < k; W3-3a HopMaabHO# Amcmepcmu. B wacrHO-
'CTH, AaHOMAJIbHAA JUCHEPCHUS MOKeT OBITh BEI3BaH& DE3OHAHCOM daCTO-
TH CBeTa ¢ COOCTBEHHEIME KOJeOQHUSAME KPHCTAIIMIECKON PeImeTKH.
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Yacrora »tux Komebammit v, = wu/2nc aemur B MK-quamazonme m
HMeET NOPANOK COTEH UAU HECKOJLKHUX THICAY 0GPATHHIX CAHTHMETpPOB.
Hacrora HaKauKm OGEIYHO COOTBETCTBYET BHAMMOK o06aacTm CHeKTpa
(vg ~ 2:10% em™1, Ay = v31 =~ 0,5 MKM), TaK 9TO CHHXPOHH3M B H30-
TPOIHEIX KPHCTRJIAX HMEET MECTO JHIIb B Y3KOM HHTepBaje JACTOT,
OPUMHKRIOMHAX K TaCTOTe HAKAYKU. Pe30HaHC X0JI0CTOH YaCTOTH ¢ wa-
CTOTAMHU DEINeTKU LPUBOAUT, KpPoMe YBedmuyenwus k,, K MOTIOMEHUIO
cBera Ha jamne 1/a,, MHOTO MeHbinell pasMepoB paccemBaomed 00-
JacTH /, ® B pesyabTaTe X0Z0CTHE POTOHH MPAKTHIECKH HE M3IYIal0T-
cs1. JTOT caydaii Mu 6yaeM oTHOCHTH e K 1IP, a K KOMOHHATIHOHHOMY
paccesinnio (KP) ma moasapuromax (moppobmee cm. § 1.2 m ta. 6).

Onmako B ABYIPETOMIANIIMX KPHCTANIAX CHHXPOHIEM BOZMOKEH
H B ClydYae, KOIJa BCe TPH YacTOTH NPHHAIEKAT OHOMY <OKHY)
IPOBPAYHOCTH, JEKALIEMY MEKAY DEIIeTOUYHBIMU W dIeKTPOHHEMK
(vu ~ 10° em™) wacroramm. B TaKEX KpmCTalIAX MOHOXpOMATHUe-
CKUl Iajlaommit cBeT Bo30y:RAaeT ABe BOMHE, OTAWYAIIIHECH CKOPO-
CTBIO PACIPOCTPAHEHHA c/n (T. e. AuuHOHE BonHm n/v = 2n/k) m =Ha-
HpaBIeHHeM HOMAPUBANAN DHEKTPHULCKOTO HOJA € OTHOCHTEIBHO KPH-
CTaNI0TpaguIecKuX 0Ceil KpucTalia.

B caywae opmoocHmiX KpmeTanaios Boxma ¢ modem ek, mepreHn-
KYJAPHHIM OCH KPHCTadla €, HasbiBaeTcsa 0OBIKHOBeHHOH (n == n°),

0%
5 063
LiNbO,
@ =90°, =207
T 081 g
/ 99 4y=gu6
0" i i [\/1\ 1

! L
F 2 15 10 a8 07 g6 45 045
Ay, r1im ‘

Puc. 2. Casb mempy yriom paccesaHAs M NIHHON BOJHE! CHIHANA TDW DASIWYHHX NIMHAX
BOJIH HAKAYKH.

a BTOPAsA, HE3ABHCHMasA BOJHA, Y KOTOPOH € W € KOMIUIAHADHEHI, —
HeoOBIKHOBeHHO# (n = n°). B GoabmmHCTBE NHE3OKPHCTAIIOB, HC-
nONb3yeMBIX B NPUKAaAHO# HeamueitHo#t omrmke, n° (w) > n° (o)
H BO3MOMKHH JiBa THIa cEBXxponmama: ki + ks = ki m kS + ks =
= k3. B mepBoM ciydae MOBEPXHOCTH CHHXDOHH3Ma HMEET 0Ch CHM-
MeTPHH BIONL K, U OIDefeNseT IepPecTPoednyio KDPHBYH o, (9,),
rpe 9, — yrom paccesnms, T.e.yroa mexny Ky u kg Ha pue. 2 uso-
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Opasxensl 3apucaMoctu A, (¥,) nnsa mmobara nutusa mpm kg | € Aaa
PasIMYHEX AJINH BOIH Hakauku. M3 rpagukxos cregyer, urto Ipm
Ay =T 0,52 MEM BoaMoOsKeH HeOOXOJHMBIA [AA CBepXJIIOMEAHECTeHIUN
KolmuHeapHH# cmpxpoHusM (#; = ¥, = 0). Ecau nanpasnenms &,
U € COCTABIAIT YTOX 0.3, MeHbnnit 90°, To KOIINHEeaPHEH CHEXPOHEBM
uMeeTcA W UpHd GONBIINX AAAHAX BOJTH HAKAYKH.

I[Mpu ypanexmwmm k; OT DOBEPXHOCTH CHHXPOHH3MA (GYHROES Iy

sinz .
OHICTPO YMEHBNIAETCHA IO BaKOHY ——— == sinc x, THe &= [A/2,
x

A = A (k,). Haiigem gacrornyio mupuny Ao mepectpoedioil KpuBO#
IpHN W3MEHeHHH ; H3 ycloBua [A = 2m. 3aBmemmocts A (@,) OpHm
MaJoM HBMEHEHWW ();, KaK LHpPaBHIO0, MOKHO CUATATH AUHEHHOM:

dA
A (o) = z5- (01— 1),

(43)
o8 _ Ok Oy, 1

oy Aoy dwy Uy Uy

e u = do/dk — rpynnoBas CKOPOCTE, W MH npuuaim U; << 1.
Orcrona

2 | dA

Aoy =~ [ For

-1 2n {
~ =), 44
~Ta—Tl (‘1 ui) (44)

TaxuMm 06pasoM, MAPHHEA CHEKTPa, H3AYIaeMOT0 B TAHHOM HaIpaBie-
HHH, OLIPeJeNseTCA B3aWMHBIM 3aLasibIBAHUEM T; — T, X0JOCTOH I
CHTHAJNBHON BOJIH HAa [JIWHe BaammojeiicTBuA [. AHamormduo ompeje-
JAeTCA YIJIOBasg MUPHHA TMEPecTPOeYHOH KDPUBOI:

Aﬁlzﬂl A |71 _ s

| 38, ~ T8 (% <<1). (45)

B mumoGare mutusa upu Ay = 0,48 mxm, A, = 0,67 mkm n I =1 cm
IIMPHHLL HIMEIT CAefyloIMue TOPAAKM Beawumus: Av; ~ 8 cm™,
A%, ~ 0,5,

Harerpansume unrencmsuocrn P, Ilpomssesenne sddextnBHOM
MAPHHEL cHeKTpa (44) Ha mABasKAH [uddepeHuHaIBHYI0 BEPOATHOCTD
paccesnus (36) mpn A = 0 gaeT BepOATHOCTH PACCEAHUH B eJUBUY-
HHil TeJeCHHH YIoa B JaHHOM HANDAaBICHUH:

m3 2
P — ZROROL g 407 ep1, (46)

24| uzl — u;l |
Taxo#l ke MOPAOK BeIMYHHK EMeeT W BEPOATHOCTH pacmaja goToHa
HaKaYKH HA CTOKCOB (oToH m PouoH mpu obobunoM HP B Komuencm-
POBAHHHIX CPENAX. JaMETHM, 4TO B (40) BeTHYHHH ) 5 B Uy 5, & TAKIKE
y ABAAKTCA QyRKImAME yraa paccesuums &, ms-3a cBasm A = 0.
B HeKoTOpHX «BHPOMEIEeHHHX» HANPABICHUAX U, == U,, B Pg pesko
Bo3pacraer. B »THX HanmpaBJIeHHAX KDYTH3HA HepecTpoedHoll Kpm-
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Boit | dw,/dV; | > oo u auHeiinas ammpokcEManuA GyHEHmA A (0.»
HEXOCTATOYHA.

Wz puc. 2 BunHo, 4TO BCe pacCeAHHOE H3NYYEHHE BUIMOTO AUala—
30H& COCPEIOTOYEHO B MOBOJBHO Y3KOM KOHYC® ¢ PACTBODPOM IOPAXKa
HECKONBKHX TPafycoB (9T0 DPeSYIAbTAT MAaJIOTO OTAHYHA n° OT nf).
OHepTHA, H3IYyIaeMaA BHYTPH 5TOTO KOHYCAa HA HAHHON YaCTOTE O,
npu ¥; = 0 nponopruonanprHa WHTETPATLY

i ¢ . 2 4ﬂ2lk2
S o, S a0, sin ,15 ~ 7 (47y
0 0

(Mb1 mcmonnsoBanm (45) ®m cBABb ky sin ¥, = k, sin ¥,, caeayomyo
H3 YCIOBHA mouepedHoro cuuxpoumsma). Mz (47) m (36) maxoamm Be-
POATHOCTL PACCeAHHA B eNUHHYHHI CHeKTPAJLHHI HuTepBad (He—
33BHCHMO OT HANUDABIEHNA):

Py =kl 2no,0,y/c?)?,
Py, = (2n)"hey®l AR ~ 10710 mmL, (48)

O1ciona mpm Hakauke ¢ MOIMHOCTBIO Pz =1 Br (W, = 3-1018 1}
CIeKTPAJbHAA MOIHOCTH CHTHAJA& COCTABIAET

Py, = APy Py/Ay ~ 5-10711 Br/mm. (49y

Iomuasa BepoATHOCTH pacmafa (OTOHA HaKauKH Ha OYTH [ mpm Haam-
9uH CHHXPOHH3MAa BO BceM mHTepBame 4actoT (0 — wg Gymer HMeTh
TOPAROK
s
P =\ do,Py ~ el ~ 1077 (50)

0

Hcnonp3oBanHan 3[ech UACANMSUDPOBAHHAS MOJENhL Hpeqmojaraer
IpPo3PavHHl X ONTHYECKH OJHOPOAHEIA KpHUCTaNLl, 6e3TPaHHIHEIA B IO~
TIePeYHOM CEYEHHH, ¥ MOHOXDOMATHYECKYI0 ILIOCKYI0 BOJHY HaKay-
ku. Ilpn mapymwennn s1ux ycmopmi gopmyna (8), onmcrBaomas fe-
TATBHY0 I3CTOTHO-YINIOBYIO Popmy cHoekrpa, Gymer HeBepHa. Hampm-
Mep, eCIH PacxXoguMoCTh Hakauku A®,; muoro Gomeme A%, (cMm. (45)),
TO yIrioBaA MHPHHA H3ITY9IeHHA ¢ NAHHOH 4acToTOH OyHeT mMeTH Lo-
panok Alg, a HHTEHCHBHOCTH HB3IYYCHHUSA B HAPABICHHM CHHXDOHH3-
Ma Oyzer mpomopumonanbHa He %, a llr, Tne dauna kozepenmrocmu
HMeeT MOPAROK A

Megp ~ [ 28 s

LZKOI‘ l Aﬁ:i’ ﬁzAﬁ‘s . (51)’
ABanoruvHo, HEIPO3PAYHOCTh KPHCTAIIA HA XO0JOCTOH 4actoTe Hpu-
BoOMUT K 3amene ! B Popmynax (44), (45) na gnmuy npoGera XoaocToro
gorona: lyo ~ 1/a,, rHe a, — xoapduiment moraomennsn. OGHYHO
TPH 3TOM Uy < Uy, TAK 9TO U3 (44) mpu 3amene [ Ha [, cieqyer Aw;, ~
~ 1/oau, = 1/7, THe T — BpeMs yKMU3TII TOAAPUTOHA.
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CYI]IGCTBGHHO, UTO YMeHbINeHHe AJWHBEI KOTepEeHTHOCTH He MeHAeT

mwromazu cuekTpaibHoil amEnm § do I3 mn § d9 I, nponopmmomams-
HOli JUIHHe KDHCTAJUIa, M IO9TOMY HHTETPAIbHEE COOTHOMeHHS (46),
(48), (49) ocrarorca B cuxe.

§ 1.2. Paccesinne Ba nomipnronax (PII)

Honapurosn n 3akon pucnepcun. ITo mepe mpuGmmxenna wacro-
TH CHTCHaJa () K 9aCTOTe HAKAYKH (3 XOJOCTasl JACTOTA M, OpHOIm-
maeress K COOGCTBEHHREIM 9acTOTaM KPHCTANIHIECKOH DeIIeTKH Gy,
PACHOJIOJKOHHEIM B JHa-
naszoge 102—103 cm™i. =00 .
Ilpu arou IIP mepexomur w;| j// 9 g
HeIpPepHBHO B PacCeAHEe 2 s 2
Ha mouaspmrouax (PII),

a NpE TOYHOM COBUAjE-
HUA ©, ¢ ONHOH m3 da-
€TOT My — B KoMOMHAIm-
omnoe paccesnme (KP) na
onruaeckux goronax.llo-
JISIPATOH—3TO KBAHT CMe-
INQHHBIX DASKTPOMATHAT-
HO-MeXaHAYeCKAX BOIH,
BO3HBHKAIOMHAX B HOH-
HHX KpHUCTAAIaX Npu
manennn Ha sux VH-cBe-
Ta !). SIexTpHIecKoe Io-
Jie cBeTOBOI BOJHEI IIPH
® ~ Gy PeBOHAHCHO Pac- , - h
Kau@BaeT  3apAKeHHEe 0 Al2 70 5000 g

HOHBl PENIeTKH, KOTODHIE
B CBOX QUepeAb u3jayda- PHc. 3. Jlucnepcus csera k (@) B MK-oGnactn (cruto-
for cser. B peayIbTaTe iu-Hme JIMHUHE HA JIeBOM I'padure) u GyEKIUA & (0,,%)=
=|ky — k (03 — ©p) | (QOYHKTUDPHBIE JMHMM).
rPynmoBasA CKOPOCTH BOJM-  mowkn mepecevenna TPaguros h u k COOTBETCTBYIOT
HbBI U pe3KO YMeHbLHiaeTcAa YCHOBMIO CHHXPOHU3MA M OHNpeNeNAIoT HaljlomaeMyio
(HO‘IT]?I IO HYJAs DU TOU-  SABUCHMOCTE VTiIA PacCeAHuA OT 4ACTOTH Oy (@4) (Hpa-
HOM pe30HaHCE), a ee Betf Tpaguk).
$az0Baa CKOPOCTH CcTAHO-
BHTCA HEMOHOTOHHOH QyHKIMEH 9acTOTH (TaK Ha3kBaeMas aHOMAJbHA A
aucnepcusa). Dymxmma u (0) =do/dk w n(0) =ke/o omHO-
3HaYHO CBA3AHBI C 32KOHOM JHCIEDCHH ODOJIAPHUTOHOB, T. €. 3aBHCH-
MocTEIO O (k) (pme. 3). Bemenctsme 3akona COXpaHeBAs HMIYIbCA OPH
PaccesHHHE CBA3b , (k,) ompenenser mo GopMyraM TPHTOHOMETPHH
Habai0faeMyI0 mEePEeCTPOeIHYI0 KPHBY @, (T)).

*) YacTo mONAPHTOHOM (WM (CBETOBKCHTOHOM») HASHBAIT TAKKe CMeINaH-
HEE Bo30y:meddA B 0GIACTH DICKTPOHHBIX YacTOT.
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Taxum o6pasom, spdert PIl nosodser u3yuars fuHaMUKy pelier—
KH B TPYAHO JOCTYIHOH ANA M3ydUeHHWA OPYTuME MeTofamu o0gacT
k-mpocrpancrBa (meHtp 30HHN DBpmmmiosHa).

Crasnenne IIP u PII. B yem oTimyue paccefiHUsI HA MOIAPRTOHAX
U DapaMeTpH4ecKOTo paccesinmsA (T. e. paccesHusi Ha GOTOHAX B cpe-
re)? Benk monsitusa moAApUTOHA M POTOHA B Cpefie O CYIMECTBY MISH-
THYHE,

Mo;xB0 nx ¢opMaNpHO pasrpaHUYMBATh, NPUHAB, HAIPHMEp, 4T0 B clydae:
doronos Gomee 50% DdDHEPIUI BO3OYMOCHAA COMEPIKUTCA B IOMEPEYHOM HIEKTPO-
MarHUTHOM I110le. I/IJIH, TaK KaK 3KCIHepVMEHaIbHO yl{OﬁHee I/IBMepHTI/x rpynno-
BYI0 CKODOCTH, MOHHNO HA3HAYMTL TPaHHUIY YCJIOBUMEM 3aMelJeHUA c/u = n
- odn/dw, cramem, B 3 uau 10 pas. Paccesnme Ha $OTOHAX ¥ MOIAPWTOHAX.

MOHHO, KpPOME TOro, OTIn4YaTh IO MEXaHH3MY HCIMHeHHOMH HNONAPU3yeMOCTH.
Bonusu cOGCTBEHHHX 9acToOT pellieTKN K 4YHnCTO B.TIeRTpOHHOIuI HEPEe30HAHCHOII He-

anHeliroCcTH xg) J00aBusAeTcA DPE3OHAHCHAS CMeIIaHHAA (DIIEKTPOHHO-KOTe0a=~

TelnHAA) HEAUHEHHOCTH X(p2e)3’ CBA3AHHASN € B3aWMOjeHcTBHEM MKy Komefa~

HUAMHA aTOMOB B IIeJIOM I IBHKeHZEM DICKTPOHOB (BTOI HeIWHEIHOCTHIO 06y-
cioBieHo u ofmumoe KP ma Goaplnle yrakw Ha 9acToTax ) = Mg — )

Haxoner, yacto nox «iapaMerpudecKuMy TOHUMAIOT UPOCTO PacCesHHEe HA NOaA~
PHTOHAX ¢BepXHel» BeTBH (cM. pic. 3).

OnHako HaM UPEACTABIAETCH IeNeco00pasHbM COXPAHenne CIeII~
anpHoro Tepmuua AaA I1P wa ocHOBaHUM KpHTepHs HPO3DPAYHOCTH
ofpasma RIA X0J0CTOH BOMEH: oyl << 1 (ycmoBua a4l << 1, Kak
IPaBUIO, B 9KCHEPHMEHTAaX BHIOJHATCH). B oroM caydae curaamrn—
HBIe I XOJIOCTHIe BOJIHB PABHOTIPABHEI, U OHH MPOXOAAT Yepes obpaselr
0e3 ocmabaenusi, T. €. OHH ABAATCA OOmMUMH Bo36VKIeHUAME BCETo
OPOCTPAHCTBA KaK BHYTPH, Tak u BHe obpasma. B pesyianrate muten-
cuprocrs IIP B orauume ot PIl He MoaskHa 3aBHCETH HEDOCPE/[CTBEHHO
(uepes ¢yurnmio IInanra (1.1.3)) or Temueparyput 06pasia nasse Ipn
Rw, << «T. Kpurepnit npospavynoctu yrRoben m AnA pasrpaHEIeHHA
getripexdoronnoro IIP (I'lIP) u runmeprombunanmonnoTOo pacceaHus
pa nonapuroHax (§ 1.3). Ilpm mamem ompejienenmm Tpanmpa MeRIY
1P u PII saBucur or ycaoBuii sKcuepumenta — ot pasmepos obpas-
na # KoouumeHTa WOIIOMEHHsS (3aBHCAIMETO B CBOIO OYepexh OT
TeMIePATYPEH). :

Ilpepmaraemoe pasrpasmuenme IIP u PII ompaspamo meoGmunBMIE
CTaTHCTHUECKUMHU CBOMCTBAMHE CBeTa, M3iaydaeMoro obpasmom upu IIP.
Harx ormedanoch B IpeAucHoBHH, KOPPEIHPOBAHHEE (II0 HAmpaBie-
HYI0, 9acTOTe W BPeMEHH W3NYyYeHHUA) MAPH CUTHAIBHEX H XOJOCTHX
doronoB («GuQOTOHE) MOTYT HPEACTaBAATH MHTEPEC ¢ NPHAKIALHOM
TOYKA 3PEHMA A CO3JAHUA STAJIOHHOTO TEHepaTropa (OTOHOB H
abcomornoit kKamubposkm DAY (§ 6.4). BosmosrHocTs alconoTHOTO K3~
MepeHuA APKOCTH CBeTa IPHU CPaBHEHHH NPeobGPasoBAHHOIO IO YACTO-
Te HBAYHYEHHA C DPACCEAHHHM Take O0YCIOBIEHA TPO3PATHOCTHIO
o6pasma Ha X0JIO0CTOi dacrTore.

Wnrencusrocte PII. Cornacuo mamemy onpepenenmio npu PII ma-
Japlee W3BHE XOIO0CTOe M3NYyYeHHe He HPOHHKAEeT BIAy(h KPUCTAILIA



§ 1.2 PACCEAHUE HA IIOJIAPUTOHAX (PII) 28

m3-3a cuapHOTOo moriomennss B VK-oGmactm. Opnako npm oyl > 1
BHYTpH KpPHCTALIA CYMIECTBYeT MIAHKOBCKOE PABHOBECHOE M3ITyYeHHE,
CBABAHHOE C TEIJIOBHIMH KOJe6aumAMEH HOHOB. JT10 mose E, «GpeTcan
¢ monem makauku E, 3a cyer KBagpatmyunoil Heammeiwmoctm (%) m mo--
posjaer moaspmsaruio (cM. (1.1.5)), Kotopas u ABAACTCA HCTOYHEKOM
nabuogaemoro umoad pacceaHmsa. B cTokcoBoM cayuae K paBHo--
BECHOMY THCAY (OTOHOB 4, OUATH 0OABIAAETCA e[UHANA, YIUTHBAIO-
mas QAYKTYanud BHYTPEKPHCTAIIHYIECKOTO (OJAPUTOHHOTO Ba-
kyyma». Tarum o6pasom, PIl o6pacuserca gayRryanusaMu X0I0CTOTO
mOSA BHYTPH paccemBamomiero Bemecrsa, a 1P — cmapyxum. B mpo-
MERYTOUROM CAYUYae IOAYIpO3padnoro o0pasma MHTEHCHBHOCTH pac-
CesIHHSI BaBHCHUT OT ABYX TemMIepaTyp—o0pasuma H Iajaioniero ImoJjAd..

PIl ynoGuo oumceBaTh (eHOMEHOJOTHICSCKH, €CAHM BBeCTH IpHpa-
TieHue [U3AeKTPHYECKOH poHunaeMocTn Ae Ha 4acToTe CHrHaja, IO-
SIBAAIOMEECA NpH BRIYeHUU Hakadku. Hak merxo moxasats (§ 6.6),
Ae B cayuae ol >>1 umeeT caeAyOmMui BRI

4(2)
Ae (01, Foy) = 4t | Ey |2 [X(3) + _ﬂ_‘iz__:l , 1)

n2 — e ()

tae ny, =c| Iy — By {/0,. Yepes sTor mapaMeTp MOKHO BHPA3SHTE KaK
BHIHYKIEHHE a(peKT mapaMeTpudecKoro YCHJEHHA CHTHAJA, TaK H
maTencuerocTh P, B § 6.6 6yner noxasano, 910 xosddurument pac-
ceanusa (cm. (1.1.37)) pasen

Woa (ky) = —Ag; (7 + 1),V/A, (2)

rie V — paccemBaromuil o6beM m MHEMad dacTh Ae; oTpumaTelbHa,
9TO COOTBETCTBYET 3PPeKTy HmapaMeTPHIeCKOT0 M KOMOMHATIMOHI.OTO
VCHIIGHHA B CTOKCOBOM ofmactn.
Yacroruo-yraoeoii cnektp PII. B pesonanmcuoit o6macru nuneiinas
W HelmHEeHHAA HOMSAPU3YEMOCTH HCUBITHBAKT CHIBHYIO JUCIEPCUIO
BUja
X ~ (o — wy — iy /2)7 (3)

(3mec» y — mumpmHA pesoHaHca), MooToMy QyHknma Wee (k;), ompe--
nensieman gopmyxamu (1), (2), mMeeT TOBOTBHO CHOKHEIH BHA.

Ileproe caaraemoe B (1) maer Bmaam, wmpomopumoHambpbir (3"
¥ BaMETHBIA HODTOMY JHMITHF B HEHOCPEACTBEHHON OmmsocTm K peso-—
HaHCY (W, ~ Oy = ). ITO ciaraeMoe COOTBETCTBYeT OOHYHOMY
HP ma «mexammgeckom» (unm «kymomnosckom» [8]) domome ¢ wacroroit
®,, ¥ OHO ONMCHBACT MAaKCHMYM paccesHus, He 3aBUCAmMHUI 0T Ha--
npaBiaeHuA Habuogenua. Takum 06pasoM, B 92aCTOTHO-YITIOBOM CIEKT-
pe MoyRHA HaOMOMATLCA TOPHBOHTAJNBHAA NpAMaA IHHUA («uepe-
MBUKa») (puc. 4), 9TO W MMeeT MecTo B HKCIepHMeHTe.

Ho, ¢ gpyroii cropousl, mouATHE MEXaHHIECKOT0 JOHOHA ABIACT--
¢s1 Mjeanusanuei (Upurofuol nums B o6aactu ke > w,/c, TAe MOKHO-
upeneSpeds B3aauMofeficTBHEM KOMEGAHMIT MOHOE C HOUEPETHHIM HIEKT-
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POMAaTHATHHIM IIOJIEM), M TO0STOMY 00JacTH IepEeMHYKH HE COOTBeT-
-CTBYIOT peaJibHHE BO30Y)KREeHAA BEIECTBA.

IIpoTEBOpeune B TeoOpHH paspemIaeTcs OPH ydeTe BTOPOTO CIarae-
moro B (1), KoTOpoe B TOYHOCTH KOMIGHCHDPYET HepBoe B 0GIacTH
amepeMurarE (§ 6.6). IxcmepmMeHTANBHEIE ;Ke DEPEeMEIYKH 00BACHAIOTCS
paccesHreM Ha 180° u oTpaKeHHsAME BaKaYKM M CHTHAJA HA TPAHAX

KPHCTaJIA.

HopManbuas ¥ aHoMaibHaA gucoepcua. YdUeT COBMECTHOTO mei-
-cTBHS 00OHMX ciaraeMuix B (1) paspemaer eme oguH nmapagokc. Ecin

@,

%
Puc. 4, HopmanbHHI [(BBEepXY) u
~-AHOMAJbHEIT THOHR  HaOKIONAEMBIX
AMCHEePCHMOBHBIX KPWBEHIX.
Paccesame npum Ogq = 0°, 0y = wy
(OYHKTHDHAA JHHUA) MOKET HaOXI0~
.JaTeCA 3a cUer OTpamKeHuMA Ha 180°

HaKAaYKA WM CUrHAJIAa Ha TPaHAX
KpHCTAJLIA.

HCIOb30BaTh 0GEIHOE BRPasKeHue I
BOJIHOBOTO BEKTOpa B 06JacTd OOTIO-
MeHnA:
W, — O
(_f_k_z_)2=8' ((1)2)~ B 3 2 3 .
(@, — @)* + 7 14
(4)
cirefyoliee U3 yCIOBMA MIHEMYMa 3HAa-
MeHaTeJdsa BTOPOrO CJIaraeMoro, T0 Be-
amamHA Ky GymeT orpaHMYeHA H YCIIO-
BH® CHHXPOHH3Ma OyfeT BHIOOIHATHCH
JUIIBb A MAaJHX YIJIOB PAacCesHHS.
Ilpu aTOoM mepecTpoedHass KpHBas
4, (), xax u pymxmusa k, (w,), B 06-
JIaCTH Pe30HAHCA COLEPKHT YUacTOK C
«QaHOMAJBHOIY pucmepcmeii (CM. puc. 4).
B oskcmepmmenre ixe amcmepchs
0GEIYHO MMeeT «<HOPMaJILHEIH» BAJT, COOT-
BercTByIomuii cBas: (4) mpm v = 0, =
JIMIb HOKOTOpHE KOJXe0aHUsd JaI0T aHO-
MaIbHYI0 JHCOEPCHI0 IIePeCTPOCYHHIX
kpupuX. OGa THDA HabAIORAaeMHX pe3o-
HAQHCOB ONWCHBAKTCA Qopmyaoir (1)
OpH PasJAYHEIX COOTHONICHHSX MEKAY
PE30HAHCHO! M HePEe30HAHCHOI JacTAME
KBagpaTHuHoil monsapmayemoctu. Ora-

-3EIBA@TCH, 9T0 KoXeGaHmsa, He axtuBHHE B 06srunoM HP npu &, ~ 90°,
MOTYT OPOABIATHCA B PacceAHdu Ha Majgnie yriau (¥ < 5°) 8a cuer

A

B BHJE (AHOMAJBHOTO» M3THOA H JOKANBHOTO YIIHPEHHS IHepe-

crpoedHoil kpusoi. Itm MI-aktupHbie KojeGaHuUsA He HAiOT BRIATa
B %®, m cormacHo (1), (2) M cooTsercrayer KoaPUNMMEEHT paccesHHS

Wea= —;—(./V‘z 1)@ Im
1

1
— & (wy)

®)

2

iy

"EMelomui MaKCEMYM npm ofwuHoil cBsasm (4). Brpamenume (5) mMme-
T ACHHN (UBMUeCKHH CMbicj — TemaoBsle Quykryamum MHK-mons
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BHYTPH KDHCTalla, OpomopumoHanbuse (cM. (4.2.16))
1
(Ez)(,)k ~ N5 Im

s, i
né—- 4 ((1)2)

(6)

mpeolpasynTca B BHAUMYI0 00JaCTh 3a CUeT KBRAPATWUHON HOJApH~
syemoct %%, 06yCIOBIEHHOM BICKTPOHHOH HOIMHEHHOCTHIO WM CO-
cegHEMM IO 4YacToTe Kome0aHMaME pemeTkd. B mocaenneM ciydae-
MO’KHO IDOBECTH aHaloruwio ¢ pesoHancom Depmu, npm KoTopoM cia-
6oe romebanme «UPOABIACTCA» 38 CUET BIAUMOJEHCTREA ¢ OIM3KEM 1O
YacTOTé CHABHBIM (OOBIYHO BTOT TePMHUH HMPUMEHAIT B CIydae, KOTHA
caaboe Koxe0apme ABIsercA ABYXQOHOHHEIM H €r0 4acrora paBHA
op + ou-). Popmyna (6) morasmBaer, wro PII mosBoaser msmMepATh.
Hé TOJNBKO 3aKOH AWCIEePCHH DOIAPHTOHOE (IO NOJNOKEHWI0 MAKCH-
MYMa DaccesHHA B YETHIPeXMEPHOM w/-IPOCTPaHCTBE), HO M MX Bpe-
MA JRUBHE T (AU pauHy mpolera ut), cBasanHoe ¢ &” (@) (mo mupnae-
MaKCHMYyMa).

Cxepyer oTMeTHTh, 9T0 Xapakrtep HabaogaeMoil mucuepcm:m (Hop--
MaJbHHH II¥ aHOMAJIBHKI) MOKET 3aBHCETH TAKIKe M OT SKCTIEPUMEH--
TaIBHOH DpOmexypsl. KCan HSMEDPATH HOJNOKEHUE MAKCHMYMOB HH-
TEHCUBHOCTH DPaCCesSHHS ©) . B 3aBHCHMOCTH OT YACTOTH IPH Pa3iuI~
HHX yraax paccegama Oy, To GyHEmEA op - (0,) gase opm ¥ = 0
coraacHo (6) 6ymer MMeTh «HODMAaJBHEIA» BHj ABYX OTTAIKHBAIOIUX-
ca runeplou.

3ddert auneapnzanun. Denomenonormueckme Gopmyan (1), (2)
OUICHBAIOT elne ofuH >PherT. YiKe B MePBHX dKCIEPHMEHTAX MO Hal-
aonennno [IP B xpucranmax xuobara autua OHI0 3aMEYeHO HMCIO3HO-
BeHHe pPaccesHMA mpu OpubAMKEeHWH XO0JO0CTOM 9acTOTH K o0Jjacrth
NHK-normomenus (v, ~ 1400 cm™). Bruio ecrecTBeHHEHM OGBACHHUTD.
9TO ABIEHHE OTPHUNATEXBHKM BIHAHHOM 3aTYXaHUA X0J0CTOH BOJ-
HE Ha 3(PQPeKTHBHOCTH IapaMeTpmieckoro BzamMmopeiictsusa. OmHako
coriacHo QAYKTYanuOHHO-FUCCHUATHBHON Teopeme (§ 2.4) mpm yme-
JF9eHNA NOTIOIEHNA PACTYT U IYKTyauuu, TaK YT0 FOJKHO MPOUC-
XOMUThH JUINL ymMUDPeHHe HePecTpoedHoil KpusBoi o, (¢;) mpu coxpa-
HeHUY WHTETPaIbHOM (10 o, nan V) HHTEHCHBHOCTH. 3TO ABJICHHE O~
cuizaerca popmyaoit (6). HefictBurenbno, B naibHeNmNIX sKCoePAMEH-
1aX O6BLIO B3aMEUYEHO BOCCTAHOBICHHE PAaCCeAHHMA IIOCIe «IPOBAay-
Ha "acrore 1400 cm~!, xora @, mpoxomxano pacru. Ceituac yiKe sACHO,
uTO ' «mpoBanm» o0BACHAETCA HHTeD(epeHImeld MeRIY SJIeKTPOHHOMR

(2) = . .
xP BJIEKTP OHHO-KOefaTeabHOI x;i’s HENAHEWHOCTAMY, TPABOMIA--

meil K «IMHeapHU3anum» BOCHPHMMIEBOCTH Kpmeramia (X&) -+ xége)g, =

= 0) nHa ompepmeieHHHX uwacTorax. Taxme ke «IPOBAJLD Ha IMEPe-
CTPOEUHEIX KPHUBHIX HAGNIOQI0TCA BOIMSE MHOTHX PEMIeTOYHHX pPe30--
HaHCOB @ . IT0T 3))eKT aHATOTHYCH IPOXOKIACHHIO Yepe3 HyJb JH--
HEHOM /IM9IeKTPUYECKOR NMPONE10eMOCTE HAa 9acTOTAX IIPOJOMBHEIX
pe3onancos.
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§ 1.3. Yernipexdoronnoe paccesnne n HeluneHasA CHEKTPOCKOMAA

B GonpmmHCTBE CIyYaeB BeleCTBO — rasH, JKUAKOCTH, CTERJA,
MEHTPOCHMMETPUIHEIE KDPHCTANIL — He HMEeT BHIEJIeHHOTO IIOJAp-
HOTO HaUPABIEHHUSA, IOITOMY MAKDPOCKONMYECKAsA KBafpaTHIHAA MOIS-
pusyemMocTh paBHa HyIw U TpexdoToHHbe 3QQEKTH, BRIAWNUAA mapa-
Merpudeckoe (IIP) u monsapuronnoe (PIT) pacceanne, HeBO3MOKHEL WK
HMET HUYTOKHYK BeIWUHHY (3a CUYeT MAaTHMTHHX B3aUMOxeHCTBHIL).
Onnaxo B CIexyoIleM IOPAJKe TEOPUH BO3MYMEHHA IO AaMILIATYHE
HaKaYKY NOABJIANICA IeTHpexQoroHnse >ddeKTsl, KoTOpHe Henome-
HOJIOTUYECKH OIMMCHIBAIOTCA Kybuueckoll mossapuayemoctsio- ). ITa
BeTHYAHA CBABEIBACT YOTHIPE HOJSPHBIX BEKTOPA U ABJIACTCA TEH30POM
9eTBEPTOTO PaHra, Ha CYIMECTBOBAaHHME KOTOPOTO CHMMETDHA CPesH He
‘HakaanbBaeT o0INUX 3aLPETOB.

Kax un B crygae IIP u PII, werrpexdoTonnsie saeMenTapHEE TPO-
T(ECCH YI00HO KIacCHPUIUPOBATh Ha OCHOBAHMH KPHTePHA WPO3pad-
HOCTHA (II0 OTHONIEHMI0O K OZHOPOTOHHEIM TPOIeccaM, T.e. BIePBOM
-IOpAKe 0 MHTCHCHBHOCTH Tafaiomero monas). Hybnueckas moasapu-
-8YeMOCTh ABIAETCA (PYHKIHMER TpeX HEe3aBUCHMBLIX UACTOTHEIX apry-
MEHTOB, U B 3RBHCHMOCTH 0T COOTHOWIEHHH MEKKY JTHMHM TacTOTAMHU
1 coberBeHHEIME (GOPOBCKIME) YaCTOTAMHE MOJEKYJ MOJKHO PasJmduaTh
JAOBOJIEHO MHOTO HPOIECCOB MY, KaK HPUHATO TOBOPHUTH, MEPEXOIOB.
Ha puc. 5 pasaununsie MmEOrogoTOHHENE MepeX0E H306askeHs Tpadu-
wecku. Bumo, 410 BCe mepexoH AeMATCA Ha qBa KIacca — OJHHA M3~
MEHAIOT COCTOARNE ¥ MOJeKYJEl, H MOJs, a qpyrue (HassBaeMue napa-
MeTPUIeCKUMH HJIU KOTePEeHTHHMH) — TOABKO moasd. Ha asmke moms-
Pu3yeMocTell HemapaMeTpPMIECKUM nr-(QOTOHHHM mepexomgaM COOTBeT-
CTBYIOT MHHMEIe dactm ¥(2"™H,

I'mmepuapamerpuueckoe paccesune (I'TIP). B ostom cayduae mo
‘OIPE/IeNEHNI0 BEIIEeCTBO MPO3PavyH0 HA BCeX YACTOTAX, OTHOCAIMUXCH
K nmpomeccy paccesuua. ['IIP uanm pacceanme cBera Ha cBere (IocTe-
HO#l TePMHUH €CTECTBEHHO OPUMEHATH U K Tpexdoronnomy IIP) mo:xHO
HHTePOPETHPOBATE KaK pesyabTaT pachajga ABYX (OTOHOB HaxkadKH
Ha 1mapy QOTOHOB ¢ HAPYTHMH YAaCTOTAMH, HANPABIACHHAMH M LOJApPH-
-saguamu. IIpu oTOM ROJIKHB BHIONHATHCA 3aKOHB COXPAHEHUA:

©) + 0y = 03 + 04, ky -+ k= k; + By (1)

Kax mpasumo, HCOOAB3YHT BHDOKIEHHYI0 HaKadKy (03 = G4
ks =I,), upu 3TOM paccesHHe NOMKHO HalbmOZATBCA W B aHTHCTOK-
'coBOM ofxactu. Ycmopue (1) BMecTe ¢ juemepcyeit moKasaTelds Ipe-
JIOMJICHHA ONPEHeIAeT YaCTOTHO-YIAOBOI CIEKTD PACCeAHHOTO CBETa.
Ecnm npene6peus nmueitnoit gucuepcueii, o (1) ompepgenser moBepx-
-HOCTh CHHXPOHH3MA B BHfe SJIUICOWA BDameHHA C DPaCCTOAHHEM
Meuny poxycamu [ kg - k, | Ilpu ks || k4 cBeT paccenBaeTcA TOIBKO
-Buepen, upu kK3 = — k,; pacceAHHe H30TPOIHOE U YIpyToe.
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Nuarencusuocts I'TIP merxo omennTs ¢ MOMOmMBIO COOTHOIMEHMIR, 0=
ayueHEHNx B § 1.1, ecnu B HEX cpenaTh saMeHy

xB > YO By Ao kyy A+ by — kg — kg (2)

B mepeoM HemcuesaolmeM upuOnumskenns wurencupHOCTh I'TIP mpo-
OOPUMOHANBHA KBaJpary WHTEHCHBHOCTH Hakadkm (S; ~ §3S5,),

T —o—

LA

. 1
) 8) g d) £)

K)

) 3) v)

Puc. 5. VenoBHOe M300pasienne HeKOTOPHIX 3(P(PeKTOB HeJIHMHeHHOH ONTHKH B BHAe DIeMEH-
TAPHBIX MHOTOQOTOHHBIX IIPOLECCOB.
TopusonranbHble JHHAM COOTBETCTBYIOT DHEPTETHYECKHM YDOBHAM MOJEKYJ, TOYKH —— Ha-
YaJdbHBIM COCTOSHHUAM, CTPelku — (QoroHaM. Crpeiika, HanpaBieHHAs BBepX, H300pasiaer
norjgomenue $oTOHA, a HATpaBIeHHAsS BHM3 — MBIYYEHWE; CIIOHTAHHOEe WMaIyueHme H300pa-
aercsa TOHKHMHM cTpenxamu. IIpomeces a, me, 4, ¥, 4 — [apaMeTpHUYeCKHe, OHM TIPHBOJAT
K KBAaHTOBOH KOPPEIANMM MeMAY Da3HOUYACTOTHHIMM KOMIOHEHTAMH IIOJNA (3TOT ke dPPeKT
AaeT pBYX(OTOHHOE MBNYUEHHe 2, 8, e); a, o — HAPAMETPHUECKOE M T'HIePIADAMETPHUECKOe
bacceanms; 6, 6, 1 — CTOKCOBO, AHTHUCTOKCOBO ¥ KOTEPEHTHOe KOMOMHANHOHHBIE PACCeAHMA;
& ~— BHHYKJIEHHbIE, CIOHTAHHEIC I CIOHTAaHHO-BHIHY:KJeHHHEe ABYX(OTOHHbIE Iepexoupl;, 6 —
KacKagHbil mepexon; e — WATepQepeHInA OFHO- M NBYXPOTOHHOTO IEPeXOJ0B, KOTOPAS IIpH-
BONKT K MOABJIEHUIO ¥ HOJA TPeTbero MOMEHTa; g —— THIEPKOMOMHAIMOHHOE DACCESHHE; ¥
N 4 — OQHO- N OBYX(OTOHHAA pPe30HAHCHAA (IyopecHeHINA,

a)

7)

/

M HO03TOMY JiIs1 ero HaOMIOjeHHs Haj0 HCOOIb30BATh HMIYILCHYIO
u (nau) cPOKYCHPOBAHHYI0 HaKadyKy. B caydae OYeHb MOMHOH Ha-
Kaukd Ha0moflaeTca 4eTHpex(pOTOHHAA IapaMeTPHYeCKas CBEPXIIO-
MUHECIIEHIM A, HalDaBJIeHHadA, B OCHOBHOM, BIiepe) U IePeKPHBAINas

mo4uTtn 6e3 TWepepEBOB Bech CHEKTDP BILIOTH 1O JBOMHON YaCTOTHL Ha-
Ka4Kd.
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- KRackagnoe I'llP. B nemeHTpoCHMMeTPHYHBIX KpPHCTAIIAX KBa-
PaTHdHOe II0 MHTeHCHBHOCTH HAKAYKHA PACCEAHHE MOYKET MMeTh MEeCTO
TaKjKe U 32 CYeT ABYXCTYMEHYATHX (KACKaiHHEIX) IPOIECCOB, IPH KO-
TopHiX cBer o6sraroro ITP o Brxoma M3 KpuCTadia B3aumMOFeHCTBYeT
¢ HaKa4KoIl emge pas:

W3~ O+ @, O3 + 0> @ 3)

Taxoit mponecc nerxo mabmopats B ciydae BOMAHOTO CHHXPOHU3MA,
Korjga

k3= k2 + k;, Ii)a “}‘ ki = kh (4)

KOTOPHIA BHIOJHAETCA JUIIb B MCKIWIUTENLHHX Caydaax. OpHaKo,
B npuanune, Kackaguoe I'l1P Mosker uMeTs 3aMeTHYI0 BeIWUmAY & IPH
HEeCHHXPOHHOM HEPBOM dTalle I CHHXDOHHOM BTOPOM (mam HaoGopor).
Tarue mpomeccr NPHBOAAT K NPUHOUIHAILHOMY OFpPAHHUCHHIO YYB-
CTBUTEJILHOCTH TPeX(OoTOHBHX upeofpazoBaTeiaedl JacTOTH U KBAHTO-
BHIX c4eTyrKoB. OTMETHEM, 9T0 POIEL BTOPOH HaKaUKH MOJKET BEIIOJ-
HATH aKYCTHYCCKaA BOJHA.

nuepromonnannonnoe paccesnwe (FKP) [186]. Ky6uueckas Boc-
OpUAMYNBOCTE cpefb uMeeT mopAnok ¥ ~ y My, rme y — xybudec-
Kasd THIEPIOJAPU3YEeMOCTh OTHENbHOM MOXeKydsu M, — KOHIeHT-
panusa Molexyan. Ilpu coBnagenuu co0CTBEHHBIX YaCTOT BEMECTBA My
(KONMEKTHBHEIX HIM MHAMBHIYATBHHIX) C dacToTaMu (OTOHOB HENI-
HeHHOCTH BENIECTBA PE3KO BO3pacTaer.

Tax, 1pr @y — @y, THNE ©, — YaCTOTa MOJIEKYIAPHHX KOJTeGaHMil,
I'MIP nenpeprniBHO mepexomur B I'KP. 9ror addert, xoropsii muorga
Ha3RBRT TAKXKEe TPeXQOTOHHHM PAMAHOBCKEM paccesHmeM, o6BAc-
HAETCA PacIajoM ABYX (IOTOHOB HAKAYKH Ha CTOKCOB (OTOH € UacTO-
TOl ©; = 203 — ®u ¥ $OHOH ¢ YacToTORl ®,. Ecam konebanusa sjep
B MOJIeKyJe COIPOBOKNAIOTCA H3MEHEHWEM JUIOABHOTO MOMEHTAa, TO
noxao HabmionaThea I'RP ma monspurore, mponopuuoraibHoe MHE-
Moit wacrm (cp. (1.2.1)) Benmumnsr

3)2
et =ty 40 ], 6)

ng — &% (0,)

re ¥ — moMAPM3YEMOCTh MATOTO MOPALKA IO HOJIIO.

Wsnyvenne ondoromor npn KP. Ecim o, - oz + o4, 1o TIIP
HEIPEPHIBHO mepexofuT B komOmEanmonHoe paccesunme (KP). Kombn-
HAIMOHHHH Pe30HaHC KyGMUeCKOH MOMsAPH3yeMOCTH OMUCHBACT, KPOME
KP, eme psax ApYrux MHTEPECHHIX ABIEHHI, HaOpuAMeD, 00pamies-
noe HP, npm koropom maGnionaercst He paccesnme, a COOTBETCTBYIO-
ot BRHYKIEHHH 5PdeKT YCUIeHHA CTOKCOBON BOJIHHL HAM ocaal-
JeHMA AHTHCTOKCOBOH. Ilpyrum mpuMmepoM HABIAETCA pPe3oHAHCHOE
npeoGpa3oBanme 9aCTOTH 205 — O, — ©; (BEHYKICHHO® K02epeHm~
Hoe aumucmorcoso paccesnue — HAPC), Kotopoe cay:uT oCHOBOI
TAK Ha3HIBaeMoil arkmueroii cnekmpockonuu [139].
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ITH BHIHYIKICHHEE 9(QeKTH MOMKHO ONUCHBATH ¢ HOMOIIBIO OLY -
KJIACcCHYeCKOil Teopum manydeHusa. HBaHToBasg onmTmka mpemCkasH-~
BaeT HOBYW, eme He 00HapysKeHHYI0 ocobeHHocts KP moj Maammm
yriaamp, ODPH KOTOPHIX BHINIOJIHAETCA YCIOBHe cuuxpommsma (1).
B § 7.3 noxasrBaercs, 9ro mpu ey S>> %7 aHTHCTOKCOBH (OTOHEL H3-
JYYRI0TCA TOJNBKO OJIHOBPEMEHHO CO CTOKCOBHIME. JTOT 3QHeRT MOKHO
HHTePUPEeTHPOBaTh Kak pesoHancHoe ['TIP,

Pesonanenmaa momunecnennua. Bosmosken eme ogmm THI ojHO-
KPaTHOTO pe30HaHCA KyOWYeCKOR MmONAPU3YeMOCTH: IPH (g ~ O,
rae fiwy — 9HEPTHA BO30YIKIEHHA HIEKTPOHA B aTOMe WIH MOIEKY.Ie.
Ilpu sToM ofHOBpEMEHHO BO3DACTaeT W JWHEHHAA BOCIPHAMYUBOCTD,
U peleeBCKOe paccesHue, 9TO MPHBOJNUT K DE3OHAHCHOU AIOMUHECYEH-
yuu [13]. ’

YdeT pe3oHaHCHON KyOuYeCKOil IOAAPU3YeMOCTH IIO3BOJAET OLM-
caTh 2eKTH HACHINEHUA W H3AYYCHAA map QOTOHOB ¢ 4acTOTAMH

W, = 0y =03 — 90, 0 =203 — 0, = @z + 0, (6)

Opnaro, rax u mpu PII, xomoctre goToHE 6EICTPO IepenorIomanTCa,
U 003TOMY OGU(POTOHEI MOI'YT H3.IYYaThCA JHUITH MOBEPXHOCTHHMHE CJIO -
mu o6pasna. B crepyonmux mopsAgkax TeopHu BOSMYIMEHHA IOSIBISET-
cA H3TydeHWe Ha YacTOTax ®wg =+ 20 m T. 1. AHanormumeie sQderTH
FeHepauuy BHCHIUX KOMIOHEHT HabmI0al0TCsa Py BuHYxHeHHoM KP.
Wsnyuenne qacTorst @; B (6) Moskmo cumrarh pesymeratom I'KP ma
3JEKTPOHHOM BOBOYIKIEHNN.

OrmeTuM, wro oOn4mmil 5PPeKT HACHIMEHHA, TAKKe OUMCHBAE-
MBIA B TMePBOM UpUOMMKEHHH KyOWYeCKO# MOMADPHBYEeMOCTBIO, HC-
TONB3YETCA B ONHOM M8 BaPHAHTOB 0e300nnaeposckoli CHEKTPOCKO-
IUH — TaK HAa3BBaeMo# cnekmpockonuu nacwiyenus [12],

Heyxdoronnan pesonancuas momanecnenmus. Hakowen, deTBepTsiil
THII PE30HAHCA KYOMYECKOH MOTAPUIYEMOCTH UMEET MECTO IPH 2() g~
~ ay. Hpu aroM Habuarogaercss RBYX(OTOHHOe MOTIOmMEHAE HAKAYKH,
a TarkKe MOKHO Habmoparbea pesoHancHoe I'TIP u nanywenme Oum-
poToroB. McmonbaoBanne upH HAOMIOREHNH BYX(HOTOHHOIO IOTI0ME-
HUA B rasax cToA4eid BOAHH Hakauku (k3 = —Jk,) nabaBasaeT or gou-
NJIEPOBCKOTO YIIUPEHUA CHEKTPaibBHX JuHmit [12). Amagormamerit
-o(eRT CyReHHA NMHHE JOMKeH HaGMIOKATHCA M MPH BYX(POTOHHOI
De30HAHCHOH JIIOMHMHECUEBIAN B Ciyyae OAM3KUX 4acTOT oy U ®g.
HyBCTBETEIBPHOCTE BTOTO BapHAHTA 0E3NONMILIEPOBCKOI CHEKTPOCKO-
OUU MOsKeT OHITh IOBHINEHA ¢ NOMONIBI JETEKTOPA COBLAJEHMIA.

Heauneiinas cnewrpockonus. W3 H3I03KEHHOTO SCHO, 4TO M3Me-
peHume TPeXMepPHOH YaCTOTHOH pucumepcHu KyOmdeckol moasapusye-
Moctn ¥y, @3, ©4) AaeT OGMHEPHY0 CIEKTPOCKOMTYECKYIO MHPOD-
Maunw. BuGop tuna pesonanca m tuma sdexra — CLOHTAHHOTO MM
BEIHY/K/IEHHOT0 — II03BOJIAET ONTHMHBUPOBATH Da3pelmleHHe I TyB-
CTBUTEIBHOCTE MeTofa. VHTepecHEe IPHMEDPH BHEYKIEHHBIX OJHO-
U JBYXDe30HAHCHHX Kybmaeckmx s¢dexToB Habawogammech B mmapax
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meouno-Tamroufupx Metamios (15]. Kak u B ammeitmoi cmexTpo-
CKOIWH, MOYKHO HCIOJAb30BAaTh pPeakTHBHEE (PazoBuie) dddexTs, onu-
CHIBa@MbI¢ eHCTBUTENbHOH dacTbio ¥, a TakKe H3MeHeHHe TMOJApPHU-
3amUM BHIXO/HHIX IOJIeHl OpPH Pe30HAHCE.

§ 1.4. Muorodorounne apderTsr —
HCTOPHKO-Gnémuorpaduieckuii ouepr

IpuBenennuit HUKe 0630p JAHTEPATYPH HE NPETEHAYET HA IOJHO-
TY ¥ COJeP/KAT B OCHOBHOM JIHIIE CCHIIKH Ha DePBHE U IOCIENHUE pa-
Gorer u o63opu. Ero mennr — pmarb ofmee mpejacraBnenne o6 HCTOPUH
HCCHENOBAHAA CIOHTAHHHX MHOTO(OTOHHEX dhPeKTOB.

Kameuuniii (zonazepnbiit) Bek. Jlepsuil gyxdoronustii spdexr —
pelleeBCKOe paccesinne CONHEYHOTO CBeTa B BO3jyXe J0gd Habimoja-
I MUJIIZOHH JeT Hazam B Bupe ronyGoro mpera wefa. Jamerum, oj-
HaKo, YTO YIPYTroe PelleeBCKOe PACCEAHUE CBETA ABASETCHA MXHCHHEIM
aperrom. Jlpyrof pmaBHO H3BeCTHHU omtwiecKumit aPderr — doro-
JIIOMEHECIEHOUI0 — B IPOCTEHHNIAX CAYIafAgX MOIKHO OOBACHUTH Kac-
KagHHM TPeX(OTOHHHM HPOMECCOM W3 — Oy + ©y (0GHYHO dHEprUA
fio, Tepaerca GesEI3TyJaTeNbHO M HAET HA HATPEB BemecTBa). XoTa
HCTOPHA H3ITYIeHUA (OTONIOMUHECIEHIINH HAYaAack MHOTO BEKOB Ha-
say, 3akoH Crokca (w; < ®3) TOAYIUI OGBACHEHHE JUIIb MOCHE II0-
ABIIGHUA KBAHTOBO# TEOPHH H NOHATHH (OTOHA U SHEPTETHIECKUX
YpOBHeil.

B 1926 r. Bapunop u JIéBmHH sKCUEPHMEHTANBHO HCCISHOBAIH
IepBoe HEIWHEHHO-ONTHYECKOe ABICHHE, HA3HEBaeMoe Temeps 5¢-
QEKTOM HACHIIGHHA ¥ CBABAHHOE ¢ H3MEHEHHEM HACETeHHOCTEH yPOB-
Beil (6ubamorpadmio cM. B [19]). BasumoB mpepmpumsm B 1928 r.
TePOMYECKYI0 WO TeM BpEMeHAM LONHTKY O0HADPY/RHTDH HApPYIICHHE
OPUHIANA CYHEPHOBMIWY LPH ILepeceueHwn Jy4yeid cBeTa — T. €.,
10 COBPEMEHHOH TePMUHOIOTHH, PACCESHAE CBETAa Ha CBeTC B BaKyyMe.
Ilupoxo m3BECTHE ¥ HKCIEPUMEHTH BaBUIOBA ¢ COTP., HPOBEICHHEIE
B 30-x rogax, B KOTOPHX BH3YadsHO HAOIOpanuch QIYKTYanHHl HH-
TEHCUBHOCTH CRETA.

IlepBriit «macroAmuily ABYX(POTOHHEI HeTUHEHHHN 3PPerT —
KOMOMHAOUOHHOE HIHM PAMAHOBCKOE paccesaHme — ORI 06HapyIKeH
B 1928 r. ogroBpemenuo Jlangcoeprom mw MaupensmramoMm u Pamanom
u Kpmmranom (mogpo6Hasa MCTOPHA 5TOTO OTKPHTHUA omucaua B [201).
Horepentnoe paccesHme HAa TENIOBHX AKYCTHYECKHX BOJTHAX IIPE.-
ckasann Bpunmrosr (1922 r.) u Maugensmram (1926 r.) u o6HapyRma
T'poce (1930 r.). KBanTOBYIO TEOPHIO HTOTO SIBIEHEA paccMoTpen Tamm
(1930 r.).

B 1929 r. Meitep-I'ennept pacemMoTpena BO3MOMKHOCTSH HBYX(OTOH-
HOTO CIOHTaHHOTO maxydenus [21] (ccharu Ha mocaepyomue paGoTh
B TOM Hanpasieruu cm. B [16]). DxcmepnMenTanbHo ogHOBPEMeHHOE
H3AyIeHNe [ABYX ONTHYeCKHX (POTOHOB OHIO OGHADY:KEHO IHIUG B
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B 1965 r. Jlaiinexecom u ap. [22] Meromom coBnaneruit doTooTcueTOB.
CraTucTH9eCKHE CBOMCTBA CIOHTAHHHIX ABYX(OTOHHHIX HoJdeil GHIH
paccmorpens HegasHo CoxomosrM [178]. METepecHEMu ocoGenHoCTA-
MH JOJKHO ofnagarh malydeHme nByX($oroHHOro mazepa (cM., Ha-
mpumep, [179, 1801). Hackagnme nByxdoTonHbEe mMEpeXoms, npd KOTO-
PHX HEOJHOBDPEMEHHOCTh M3IYIeHNA HOTOHOB B IApax OIpeeldseTcs
BpeMeHeM KU3HH IPOMEKYTOTHOTO COCTOAHUA, UMEIOT MHOTO (0Jb-
My BepOATHOCTH. TaKkWe mepexopmsl B OUTHYECKOM gUama3oHe Hal-
mopanuck Kayaem B 1966 r. [23] u BnocnencTBun ncnonb3oBaancs s
OIpEeNeNeHUsA TPAHUN IPUMEHAMOCTH MOJYKJIACCHYECKON TeopHm m3-
nydenus (GuGamorpaguio cm. B [23a, G]). B y-amamasone xackammsie
mepexoasl Onnm obuapyskensl eme B 1947 r. Bpemgm u Heituem [24],
M celiyac OHHM HIMPOKO HCUOJIB3YIOTCA B SILEPHON Pusnre I8 MCCIE]0-
BaHHA IPOMEIKYTOYHHIX COCTOAHHI (METO; Y — Y-KOppeIAnun).

B penrtrenosckom guanasone HeyUPYToe pacCesiime caeta o0HAPY-
#ul eme B 1923 r. KHomuron. B 1934 r. Teiitmep m Hopuxeiim [25]
BRUHCIAIA BePOATHOCTH ABOMHOIO sddexra Hommrona, npm KoTopoM
doTOH HaKaYKM IPH B3AUMOJEHCTBUN CO CBOGONHEIM HIEKTPOHOM Ipe-
BpamaeTca B jiBa POTOHA. ITOT Ipouece aHAJIOTHYEH TPEXPOTORHOMY
PeIeeBCKOMY WM — NPH YYeTe OTHAYM DIEKTPOHA — KOMOHHAIIMOH-
HOMY pacceAnuio u oTamyaerca oT IIP HeKorepenTHOCTBIO BKIAOB
oTneabunx paccensawmux yactull. Horepentrnoe IIP B pertrenorcrom
mEamasoHe Onto ofHapysreno aums B 1971 r. AfisenGeprepom m Max-
romom {26].

B npormsomomosxmoit — pammouacTOTHOM — o06aacTH  CIeKTpa
MHOTO(OTOHHOE HOIIOMIEHHe HA BPAIMATEILHBHIX YPOBHAX rasos Hal-
aronanu 03 u I'paéuep B 1950 r. [27]. MuoskecTBO pasaMYHBIX BHI-
HYRIEHHBX MHOToQoTOHHHX »P(exToB B pajUofmamazoHe BCKODE
0B1710 0GHADYIREHO HA 366MAHOBCKUX IOAYPOBHAX B TBEPIHIX SICKTPOH-
HEIX mapaMaTHeTHKaX. B NBYXYDPOBHEBHIX CHHHOBHEIX CHCTeMaX Gia-
rojlaps MaJocTd SHepIWH (OTOHOB YAalnoch HaOJIONATh TaKWe SBIe-
HHS, KaKk pamMaHOBCKoe ycuienue (28], ynsoenume [29] m yrpoenue wa-
crota [30], maruxsanToBoe mormomenume [31]. Kackagroe yngsoenume
[32] u Brrumranme [33}g9acrorst HaGarogamoCh Ha TpeX CIHHOBHIX HOJ-
YPOBHAX OCHOBHOTO cocrosgumsa pyOmua. Ha Bpamarensmmx u cmm-
HOBHIX MBYXYDOBHEBHIX CHCTEMAX HCCIEAOBAICA 9(EKT «yCHAeHHA
npu nackmennm» [34—36]. CooTBeTcTByIOmEUE €My CIOHTaHHEE 3§-
PexrTH HabII0aiUCh M033Ke B ONTHYECKOM pumanazoHe [142].

B 50-e roppt B ¢BABM ¢ MOABIEHWEM HMapaMATHUTHHIX H IAPAaMeT-
pryeckux yeunurenein CBYU-guanasona Bo3HMKIa 3ajava 0 mpenesib-
HOH YyBCTBUTEIBHOCTH TaKHX yCcTpoiicTB. HBaHTOBHE MIyMBI 1pPOC-
Tellllefl MOJENM HAPAMETPHYECKOTO YCUIHTENA OHIM DPacCMOTPEHH
B 1961 r. Jlromcenmom u ap. [37] (cm. Tarixe [3]). B a1o0it paGore me-
CIeI0BAJIOCH U3MEHEHIE BO BPEMEHHM COCTOAHUA ABYX MOJ 00BHEMHOIO
pe3oHaTopa B Ciydae TRaPMOHHIECKON MONYIAIUN HAKAUKOH [UIICKT-
PUYeCKO IPONUMIAEMOCTH CpEfHl, 3amONHAIOMEeNR pesoHaTtop, W Onia
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gionyyena ¢gopmyaa (cp. (1.1.39))
Ny () =G @) N, (0) + F (1) IN,(0) + 1], {1)
F (@) = F (t) — 1 = shyt.

B cepepmne 50-x ropgoB GhiIE BEUIONHEHH MEPBHE DKCIIEPEMEHTHI,
B KOTOPEIX HTpaja POJdb KOoppeasnus HHTEHCUBHOCTeil cBera (T. e.
9MeTBEPTHIT MOMEHT IOJA HIH KOTEPEHTHOCTH BTOPOTO WOPHANKA)
M KOTOpEIe MOBTOMY MOKHO OTHECTH K KBaHTOBoi# omrmke. Doppecrep
¢ corp. [38] B 1955 r. Habaronan BEYETaHKE YACTOTH CBeTa IPH POTO-
apdexre '), a Bpayn um Tauce [39] B caegyromem rony oGHApPYREIN
KODPpenAnui0 UHTeHCHBHOCTEH CBeTa B JBYX TOYKAX IIPOCTPAHCTBA
(§ 4.7). Oru ABNeHHA MeIiU B OCHOBY HOBOTO HAUDABIEHWA CIEKTPO-
exonmm [164, 165].

Jlazepnniii Bex. ITepsrit sxcuepument @pankena u gp. [40] mo
YIOBOGHUIO FacTOTH cBeTa moao:kua B 1961 r. magano masepmoii Beau-
"eitnolt outukn. [lo omTudeckuM MHOTOKBAHTOBHIM IEpPEXOTAM HMEET-
¢a obmupHag Oubamorpagumieckas aureparypa (mampmmep, [7, 9—
18]), u MB1 nanee ocranOBUMCS, B OCHOBHOM, TONBKO Ha paGoTax, cBs-
38HHHX ¢ H3Ny9eHHeM GuPOTOBOB.

B 1964 r. Po6up [41] paccmorpen mpsmoe m kackajgmoe I'[IP
B Cpe/le ¢ OUTHYCCKOA HeIMHEHHOCTRIO, HCX0/A U3 2(heKTUBHOM dHED-
run sosmymenusn Y HE? + y®FEY (Kpautopeii mym», Bo3HHKAIOMIMT
B Cpefle ¢ MOAYyJAMpPyeMO#l HpoHMmaeMmocThio, a Takme [IIP B cpege
€ Ky0uuecKoil HeIUHEHHOCTRI0 ObM mccaegoBausr Hpomaem B 1964 r.
[42]. T'puuGepr u Kpamep 8 1966 r. [43] npoBenn aHaIOTHIO MEKTY
paccesHmeM CBeTa Ha CBeTe B BAKYYMe 3& CUeT BUPTYAIBLHOTO POHIe-
HU HIEKTPOH-TOBUTPOHHKX AP U B TBEP/OM Telle 34 C4eT BEPTYalb-
HEIX 3JIeKTPOHOB M ABIPOK. Tak Kak WIMpPAHA «3amPEMEHHOH 30HL
Bakyyma (2me® -~ 1 MaB) muoro Goabine 3ampeimenHOH 30HH IMOIY-
mpopoiEuKoB (~ 1 3B), 10 caemyer oRERATE PE3KOr0 YBeIMUeHHA
BEPOATHOCTH YeTHPeX(POTOHHHX IPOIECCOB B BEMECTBE 1O CPABHEHHIO
€ BaKyyMoMm. :

TpexdoTonnoe wbapamerpuueckoe paccesnme. IlepBas umcaeHHasm
OLleHKa HHTeHCHBHOCTH T1pexoronmoro [P B mbezorpmcrammax
(§ 1.1), cnenannas asropom B 1967 r. [44], nama meoxmumanno 60an-
WY BeawunHy ¢ aderTuBHOM Temmeparypoir ~ 10° K (em. (1.1.13))
Jame IpU Hakadke MOIMHOCTHIO 1 Bt, um 6HI0 HEIOHATHO, mOYEMY
odeKT He GLLI 3aMedeH pPaHbIIE B ODKCOEPHMEHTAX II0 BHUMTAHWIO
YacTOTHL U IO MapaMeTPUUECKOMY ycuieHU0. B pesyabraTe pKcHepH-
MEHTATOPH, K KOTOPHM o0pamaJics asTop, He BEePUIH B PealbHOCTD
STUX TAWHCTBEHUHEIX KBAHTOBHIX TIYMOB, U OHM GBI OGHADYKEHEH
B Mocrosckom yuusepcurere [45] caywaiiHo B Xoje sKCIepHMEHTOB
¢ MapaMeTpPHYeCKHM TeHepaTopoM cBera. B tom ke 1967 r. IIP Grimno

1) Pazrmunme nHTepnperanuu storo addekra cm. B [38a].
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He3aBucHMo o0Hapyskeno XapuccoM ¢ cotp. [46] B Crendopacrom yHm-
pepcnrere u Mergu u Mappowm [47] 8 Hopreanckom yausepcurere. -

B nepsmx akcmepummeHTanbHuIXx pabGorax [45—47] mamydenue
TPAKTOBAJOCh HE KaK Pe3ylbTaT PacCesAHHA, a KaK IIyMOBOe H3Jyde-
HHE IapaMeTPHYeCKOTO YCHIHTENA (0TMETHM, 9TO 3[IeCh TaKKe CIOH-
TaHHBA 3QeKrT OHA 00HADY/KEH I033He COOTBETCTBYWINETO €My BHI-
HYKZeHHOTO Ipoliecca ycunenus). OHAKO ecid UCKIIHTH CAYYAH
MeraBaTTHEHIX HaKadeK, TO coraacHo ouenke (1.1.12) gaxrudecrmit
K03PPULNHeHT YCUIeHHA CUTHAIa & upu ydere HemsOe;KHEIX IMOTEPh
Oyper MeHBINE eJUHUIIEI, U TOBOPHUTH O (IIYMaX YCHIUTEIA» HE MMeeT
cmuicaa. C gpyroil cropons!, aramorus ¢ paccessmeM MawmjensmTa-
Ma — DpmanaosHa Ha 3BYKOBHEIX XOJOCTHIX BOJHAX II03BOJIAET pac-
cmarpuBarh 9dgert 1P Kak peaynbTar paccesHus HA CBETOBHIX XO0JO0-
CTEIX BONHAX. 3aMeTuM, 410 npu G ~ 1 HekoiIuneapHOe paccedHHTe
(¥1,5 5= 0) uMeer Ty ’Ke MHTEHCHBHOCTH, YTO B KOJIMHEAPHOE.

TepMun «mapaMerpuuecKoe pacCesnme» ObLT BIEPBHE HCHOJIb30-
BaH B [47a]. [lpyrue aBTOpH OPEMEHANN Ha3BAHUA TapaMeTPHICCKA
AIOMOHECIeHIIHA WJIH (BIyopecUeHDHsA, OUTHIECKH mapaMeTpmue-
CRUA ITyM, HapaMeTpUUecKoe PACINEIJIeHHE YaCTOTH ¢BeTa n np. Ha-
710, BOpodeM, 3amMeTurh, 910 3ddexrt I1P Bce-raku He coBcem obnraHoe
paccesHEe, eT0 MOKHO ONPEEeNHUTH TAaKMKe KaK Pe3yIbTaT HeAuieli~
noli dugppaxyun. TepMmmu paccesnume mojgpasymeBaeT HeOOpaTHMbIMR
nponece, CONPOBOKAIMUACS YBeIUTICHHEM DHTPONHH SIeKTPoMar-
HHATHOTO WOJA, B To BpeMsa Kak IIP MOKHO OIHCHBATH ¢ IIOMOMIbLIO
aexTUBHOrO rammiabToHHAHA (T7i. 6), oupesensIomero 06paTUMYIO
9BOMIOIMI0 3aMKHYTOH cmctemul. B [181] pacemorpena BosmoskmOCTD
YaCTHIHOTO BOCCTAHOBJIEHHS KOTEPEHTHOW HAKAYKM W3 HOJA pacces-
HHA ¢ TOMOINBI0 BTOPOTO MBE3OKDPUCTALIA.

Hanbneiimue skcmepuments no IIP ommcanwr B paGorax [48—861.
Ormermm pabory BeitnGepra [61], 8 KoTopoil 1A Hakauky HCIOIB30-
Bazach pryrHas jdamma. Yemaa m Barmgoan [80] maGmioganm pac-
CefiHme Ha BCTPEYHOH Xoaoctoil BoaHe. Bepuxem um Beitufepr [60]
HCCIEHOBANIM METOJ0M COBHAJeHHE (POTOOTCICTOB OXHOBPEMEHHOCTE
W3IYYEHHs CUTHAIBHHEIX M X0JOCTHX (oToHOB. B cepum pabor Ilemm-
Ha ¢ corp. [57, 71, 76—78, 81—85] sddexrn IIP 1 paccesnma Ha mo-
aapuronax (PII) wmcmoxmp3omammes A  oupepeneHmsa gUCIEPCHH
AuHEHHON W KBaApaTWdHO# NONAPH3YEMOCTEH pANa KPHCTAINOR
B NK-numanasoune, pusa uamepennmsa Kod(pPHUITHEHTA IIOTIOIMEHUS, IS
8HAJIHM32 HECTeXHMOMETPHYHOCTH X COCTaBa, a TAKKe JIf HCCACIoBa-
HEA (a30BHIX NEPEXOnoB U caabHX ABYX(YOHOHHEIX BO3OYHSIEHM]IA.
B pa6ore Kpunnaua u asropa [53] IIP 6510 06HADY:KeHO BH3YaNBHO,
4 6p1a oTMedeHa ¢Basb 1P u PII. OgHOoBpeMeHHO 2TH BHIH paccegHHAA
nabmioganuck B paGore [57]. IlapameTpmueckas CBeDPXJIIOMHHECLEH-
aumA Habmioganack B paborax [62, 67, 69, 72].

Teopus IIP passmpamack B paborax [87—99]. ®enomenonormye-
CKOe ommcanme, oxmarwiBamomee u IIP, m PII, pgamo B [57, 71, 971
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Binsanne moraomenna XomocToll BOMHLI ECCHEAOBANOCH Takxe B [89,
94). Hecrammorapras mapaMeTpHYecKas CBEPXIIOMAHOCIUOHIHA pac-
cmarpuBaiack Hazaposoil u asropom [96].

Craructura mons npu IIP m B3amMHAaA Koppenanas cHTHANBHEIX
H X0I0CTHX (0TOHOB maydaiach 3enwpgosmuem [90] m Moamoy [95].
B [99] 6bim0 mpeanoeHo MCHOAB30BaTh 3Ty KOPPOIANHAIO AJAA CO3ja-
HAS STAJOHHEIX HCTOUHHMKOB CBETA ¢ H3BECTHHIMA MOMEHTAME PHIIETA
H H3BECTHHIM YHCJIOM (POTOHOB, & TakK:Ke ANA abCOMOTHON KamuGpos-
krn DAY (§ 6.4). B [99, 187] uccaexyercs BO3MOMHOCTD HCOOAB30BA-
o 1P pgna aGcomroTHOTrO M3MepeHHA APKOCTH CBeTa IO OTHOINCHHIO
enrHAN/ITyM upu upeobpasosanunm 4acToTH (§ 6.4).

B psape paGor (cm., mampumep, [100,-1011) 65110 mpomomxeno uc-
CJIe0BAHUE BPEMEHHOM DBOJIOIUA CTATHCTURI TOJA B paMKax JBYX-
mopoBo#i Mopenu Jlouceana u ap. {37].

Jdpyreze Bupwl pacceannsa. Buepsoie paccesnme Ha HOJAPHTOHAX
(PII) mabaomganocs B kpneranne Goeduaa ramaua Tenpn m Xondmia-
aom B 1965 r. [102], na nea roga pamsme ITP. 3amerum, uro B 1966 r.
opu uccaeposannu PI1 B oxmen muuka (103] 6mma cpemama meymaw-
HaA NMONHTKA O0HAPY)RUTH PAccesHHe Ha MOIAPHUTOHAX BepXHeil BeT-
BU [UCIePCHOHHON KpuBo# (T. e. mo Hameil repmuuomorum IIP, xo-
T0DPOE B HTOM KpHCTaJae ypaloch obmapysmuts aumb B 1975r. [79]).
OGaop obmuproit aureparypsr mo PII mommo waiitm B [104, 105].

Kax otmewamock B [44], kpome xorepemrHoro I1P 3a cyer makpo-
€KOIMYECKON KBAJPATHYHON momsapuayemocTu %P, MOMKHO NMeTh
MecTO MOYTH M30TPOLHOS HEKOTEPEHTHOE PACCeAHNE HA (PIYKTYAmHAX
HJIOTHOCTH ¥ OPUEHTAIMH OTHEAbHHX YACTUN CPemsl, 00Jajaromux
KBaipaTHiIHO#i runepuonsapusyemocteio P. Teopusa Taxkoro rpexdorTon-
HOTO PEJIEEBCKOTO PACCeAHHA HA OTAENBHBIX MOJEKYI2X WA MHKDO-
HEOJHOPOFHOCTAX , KOTOPOE aHANOTHIHO [iBoiiHOMY addexty Hommroma
[25], paccmarpusanace Coxromoscrnm [106] m Bapamoso#t m 3eirs-
nosmuem (98], Coorsercrsyromuit sremepument onucad B (1071, Hecun-
xpounoe (k, + k; — k3 5= 0) paccesnne BOSMOKHO W B OJHOPOTHOM
o0pasne 3a cuer KpaeBnx oddexrtos [88, 98, 108, 182]. B curom-
Hoii cpesie upu ¥ = ( BosMoskHO TpexdoToHHOE paccesmue Marmenb-
mrama — Bpuamawoona, mpu KoTopoM PoTOH HAKAYKHM PACIAZACTCHA HA
ABa QOTOHA U AKyCTHIECKHR (OHOH ¢ FacToToit £ M BOJTHOBHIM BEKTO-
pom K:

Wy = 0 F 0, + R, kg =k +k, + K. (2)

CooTBeTCTBYIOMUH BHHYKICHHHI Iponecc, IPU KOTOPOM aKyCTHIe-
CKafd BOJHA CO3[aeTCA BHEUITHMM NCTOYHAKOM, ORI pacemorped B [109],
3amedy, 4ro ecan B (2) momoskuth Q = 0, a mox K moHmMaTh ojmm
H3 BERTOPOB 00paTHOH pemieTKU KpucTanaa, 10 (2) 6yeT oumcHBaThH
Tpex@oTOHHOE GPEITOBCKOE PACCEsHUE PEHTTeHOBCKHX BOJXH mam IIP
¢ yyacEwes BeKTopa oGpaTHoit pemetkn [26].
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OpHoBpeMeHHO ¢ paccesiHHeM (HPOOHHIX» JOTOHOB ¢ YACTOTAME ()
H 0, = 03 = (Q < @;) BemecTBo H3IyuaeT CBET ¢ WACTOTAMH
204 = Q, 6Am3KEME K TAcTOTe BTOPOil FAPMOHUKE HAKaYKH (THIEp-
perseeBcKoe WM TrEnepKoMOmHamWuoHHOE pacceamme — I'KP). 9ro
ABNeHUe OBLNO IpejckasaHo HeazasmcuMmo Bepcomom [110], Kemmxom
(111), Jlu [112] B 1964 r. m AxmamoBrM u aBTOpoM [113] B 1965 r.
Ono 6x1mo o6mapysxeHo Meitkepom u np. [114] B 1965 r. U3 mocuen-
aux pabor mo I'KP yrasxem [115—117, 186], B xoToprIx MOKHO Haii-
T OGoaee moxapobuyo Gubamorpadmio. Buuyrnesmoe I'KP mabarona-
an Jrenposexmii ¢ corp. [118] u Haitzep ¢ corp. [119] (em. Tarsxe [174]).

Tinepnapamerpuueckoe paccesune. I'TIP mmu wetspexdororHOe
napaMeTpHYECKoe paccesHne (eT0 HABEIBAIOT TaK:ke paccesHmeM CBeTa
Ha cBeTe B BEINECTBE), KOTOPOe ya0GHO ONMCHBATE ¢ HOMOMBI0 KYyOm-
deckoit moasipusyemoctr [41, 42, 89], suepsre 6r0 3aduKcupoBaHo
I'punGeprom m np. B KpHcramne cyabduma xamgmms B 1968 r. [120].
Hanpreiimme sxcnepuMenth ommcadil B [124—125]. AmrmeroxcoBu
KBaHTOBHE IDYMH mpeo0pasoBareneil wactoTsl (T. e. KackajgHoe L'IIP
B mbe3okpucraniax — cM. § 7.1) usygaamcs reopermuecku 8 paborax
[41, 129—133] m okcmepumenTadpHo B [126—128].

Kax ormewamoce B § 1.3, I'lIP npu nsmenennn uactots Habaionae-
MOTO CHTHala HempepeiBHo Xepexomut B I'HP umm B worepemrHoe
rombunammonnoe paccesrne (HKP), xoropoe 6muto of6mapyixeno
Tepxpionom [134] B mepsrIX sKCcHmEpUMEHTANBHBIX HWCCIETOBAHAAX
BEIHYK/IEHAOTO KOMOWHAIIMOHHOTO PAcCeAHus B BHjle HAIPaBIeHHOTO
1m0 06pa3yomuM KOHYCa aHTHCTOKCOBA M3JYUEHUsI. Y TJIH IIpemMyIne-
CTBEHHOTO PACCeAHNA aHTHCTOKCOBEIX KOMIOHEHT B CJIydae Magoil pac-
XOUMOCTH HAKAYKM XOPOINO COTIACYIOTCHA ¢ yCaoBHEeM dYeThipexdo-
TOHHOTO cuHXpoHH3Ma (6mbaumorpaduio cm. B [135); B oroit pabore
naerca obbAcHeHHe HAOMIONAEMEIX MHOTHA OTKIOHEHHUH OT OOLIMHBIX
yCaoBUi CHMXPOHmSMA, a TakKike o0CYKIATCA TPHYMHH HeHM30TPOH-
socrn Bucmmx KomMmoHeHT HKP). o cux mop KKP mabmogamocs
B BBIHYJKJIEHHOM De/KEMe IPH HAKAYKe MOIMHKIMH WMITYJIRCHEIME Ja-
sepamu. B cmomrannom peyxume sdpdext KKP xpappatmden mo ma-
Kauke ¥ obwsacHAercs [136] ksauToBMME (AyKTyammAME CTOKCOBA
mONA, a TAaK)Ke TOLTOBHIME WM KBAHTOBHIMHA (AYKTYaOHAMA MOJEKYI
(§ 7.2). B 1977 r. B pabore [137] 6bt0 Teoperwdeckn moxaszaHo, UTO
cuontangoe HKP B ciyuae Huskoit Temmepatypsi 06pasna cOmPOBO-
gaercaA um3nydenueM Gudoronor (§ 7.3).

Cuoonrannomy HKP coorserctyer BHmyskumenmbii asddert peso-
HAHCHOTO HPeo0pasoBaHus YaCTOTH 203 — @y —> O, O3 — M1 ~ O,
HaWleINuif Ba)KHBE CIEKTPOCKONNIECKHC HMPHUIOKEHNA (MOTO[ aKTHUB-
Hoil cuexTpockomuu uiu KAPC). Buepsrie ero mpmvennnm Meitkep
u Tepxbion 8 1965 r. [138] (em. 0630p [139]).

B 1974 r. Xappuc u Maitnc [140] npepnosxuiau nemonnsoBats npy-
TOif BApHAHT PE3OHAHCHOTO IPeofPasoBaHHUA IACTOTH — IPH ABYX-
$oTORHOM pe30HAHCEe HAKAYKH C DMEKTPOHHBIM TIEPEXOIOM 2@5 o=
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+ @y ®;, 203~ ©u — AIA TeHePanu:m YJIABTPadHOIETOBOrO
(YO®) nanyuenus (mogpobuee cm. [15—17]). Pamee aror BhEYxmeH-
Heii sPderT 6an o6Hapymen B pagrogmanasone [30]. Coorsercryio-
MU COOHTAHHEIA Hpomece (puc. I, 1), KOTOPHIH MOYKHO Ha3BaTh ABYX-
$oTonHON pesomamcHON (uayopecileHimeil, eme He HAGIOTAICH.

Haxownern, upn 0ga0)0OTOHHEOM Pe30HAHCE HAKATKH ¢ HIeKTPOHHEIM
mepexomoM Wz ~ M, HMEeT MECTO Pe30HAHCHAsA IOMUHECISHIIHA,
nceaenoBasmasacsa Bymgom eme B 1905 r. B BrcmuX npubamkeHnAX o0
HHTEHCHBHOCTH HAKAYKH CAeIyeT yIMTHBATH dPPeKTH HaCHIMeHHA,
pacmemnenus pesoHanca m I'HP ma smexrpommoM mepexome w; =
= 205 — o, (pEc. 5, k) wiam, 970 TO sKe camoe, pesomancHoe LIIP,
paccmorperntoe Momxmoy B 1969 r. [175] m CoromoBekum B 1970 .
t141]. dxcuepumenransuo stu addertn Buepsure uccaenosann lyna
u ap. [142]. Cennrn ma manbueiimue paboTs u Golee mogpPoOHOE oMU~
cagme cM. B [13, 15—17, 176]. OrMernM, 970 COOTBETCTBYIOIAN BHI-
HYXnennsii sddert uccaeposanca pausine B 60-x rogax B pagwogna-~
mazome [34—36].



TIABA2

HEHOTOPLIE CBENEHIA 13 KBAHTOBOU
MEXAHUKU N CTATUCTUYECKON OUN3NKN

B aroil rase naetcs KpaTkas cBOgKa HEKOTOPHX MOHATHI M (op-
MaJbHBIX OPABUJ BBIYUCIEHNMI KBAHTOBOM MeXaHWKH M CTATHCTHKH,
KOTOPHIe IOHANO00ATCS B qalbHeMIIeM i ONMCaHNA IPOIeCCOB HBIY-
9eHUA U PaccesHusA cBeTa BelmecTBoM. B § 2.1 maerca penent mepexo-
7la 0T KJIACCHICCKUX YPaBHEHUH JBHKEHUA K KBAHTOBEIM H 06CYRIaeT-
Cs1 CBA3D HAGAOMaeMBIX M BHAMCAAeMHX Beamdny. B § 2.2 pBomsrcs
yno6usie obosmauenns [mpaka H reomerpmdeckas HHTEPIpeTAIHSA
KBaHTOBO Mexammkm. B § 2.3 paccmarpuBaroTea mpejpcrapieHue
‘B3aUMOJEVCTBHA M TeOPHA BO3MYINeHHN. § 2.4 mocBAmMeEH Ba)kHOM 3a-
KOHOMEPHOCTH CTATHCTHIeCKOH (UBMKH, HasHBaeMOl (JIyKTYyaqnoOHHO-
nuccnnaTueHol Teopemoit (®JIT). Haromemn, B § 2.5 BBonATeH moHA-
THSI pellaKcalUM U TePMOCTATA M BBRIBONUTCHA HpOCTelilliee KMHeTHYe-
CKOe ypaBHEeHHe, OTJIHMYAIINEeCa 0T JUHAMUYCCKUX YpaBHeEHH ydeToM
B3aMMOJIEUCTBUA ¢ TEPMOCTATOM. ITO B3aMMOJECHCTBHE IPUBOLAT K 3a-
TYXaHWI0 WM TeINIOBHIM IIyMaM, Koropwsie Ipum 7 == 0 nobaBasiorcs
K KBQHTOBLIM NIYMaM.

§ 2.1. lepexox or KaaccHYECKOro ONMCAHHSA K KBAKTOBOMY

KeanToBanme ypaBresmii gBumerns. IlycTh maM W3BeCTHH Kiac-
cHieCKUe YpaBHeHMs J(BIJKEHHS paccMaTpuBaeMoil cmcremsl. Hampn-
Mep, KiaccHdeckas AMHAMUKA OJHOMEPHOTO JHHEWHOTO OCIMIIATOpA
onpenensaeTcs BTOPHM 3akoHoM HproToHA:

m§ = —kq + F (2). (1)

IIpomenypa mepexojia K KBaHTOBOH JHHAMHKe BKIOYAeT CieIyIOIIAe
9eTHpe OCHOBHEIX HTala.

1. Bmbop mambomee ymobmoit cucremer roopumuart {g; ()}, ompe-
HeaAMmMuX BMecTe co ckopoctsiMu {(; (I} cocrosnme cmcTeMH (T. e.
JaIuX IOJHYI MHPOPMANHIo O CHCTEME).

2. Top6op ¢ynrnmn Jlarpamma £ (g, ¢, 1), npuBogAmei npn ne-
MOJB30BAHUN CHCTEMH ypaBHeHmH Jlarpamma

d 0¥ oL
T =0 @)
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R MCXONHHM YpaBHEHMAM HABmKeHnA. Tak, Jerko OpPOBepHTH, UTO
ypasuenunio (1) cooTBeTcTBYeT JarpaHKuMaH
1. 1 ,
L=~ mg®— 5 k¢* + gl (t). 3)

3. 3aMena mepeMeHHHX — Iepexox K 0006meHHHIM (KaHOHmYe-
cxnm) mumyabeam {p; (1)} (BMecTo cropocreii) u HaXoeHMe QYHKINH

Famnaproma mo ¢gopmynam

0L .
Pi= 75— H (p, Q7t)EZpi9i_$' (4)
¢ B
B cayuae rapMOHHYECKOTO OCHMIIATOPa 3 (3) HaxomuMm
o 7 p2 ! qu
p=imng, :%‘;‘T—QF(t). (5)

B moBHX mepeMeHHHIX ypaBHeHus (2) mepexomar B ypasHemusa l'a-

MUAJIBRTOHA
. 05 . 0.5 )
W= P= TG (6)

Ypasuennsa (6) mM03BOJSAT COCTABUTE ypaBHEHNE ABHKEHHA NIO-
foit yHHaMmIecKOH mepeMeHHOM (HaskBaeMOd B KBaHTOBOH MeXaHUKe
nabaodaemol. BeIMIMHON), T. €. IPOU3BOJBHOE QYHRIHM 00606IMeH-
HEIX KOOpjEHAT U mMuyabcos [ (¢, p, ©):

daf of

e (b.mrypHme ckobrm (cro6ru Ilyaccoma) o603HaYalOT CIAEAYIOMYIO
olIePanuIo:
_ (e _ e of
e = >-4 ( 09; Op; 09, Op; ) ®)
1

(3mech BCE IepeMeHHBIe GEPYTCs B OMUH M TOT K€ MOMEHT BPEMEHM).
Hanpumep, cropocth msMeHeHMA TaMuiabToHMaHa (D) paBHa

a7 0 ;

dat ot = —qF. (9)

4. Jlepexon oT oOBIYHON adTeOpH K airebpe HEKOMMYTHMDYIOMMX
BeJIWYMH, B KOTOPO#

fg—gf =1If, gl 0. (10)

Pasnmocts (10), koropas HassBaeTcd KOMMYTaTOPOM HJIH IepecTaHo-
BOYHBIM COOTHOIIeHHeM HalbamxaeMuX | U g, ompepeisercs Claeayio-

H{AM: ITPABILIOM:
[f, gl = in {f, g}. (11)



§ 2.1] TEPEXO[l OT KIIACCHMYECKOTO OfNCAHUA 45

Hanpuawmep,
g1 pl= iR, 1 (g, P =i 5L . (12)
J

Coraacro (7) m (11) KBauTOBOEe ypaBHeHHe JBHIKEHUH IIPOM3BOJIH-
HOHW HabamogaeMol MOYKHO 3allcaTh B CJIeNYIOIeM BHUIE, HAa3bIBAeMOM
ypapuenunem leiisentepra:

d 1
1 ). (13)
IIpm mepexome K HEKOMMYTAaTHBHON ajrebpe mpowspeneHuws Habamo-
MaeMHX MOJRHH ORITH cuMMmeTpmaoBaHul: fg — (fg + gf)/2. Halinem,
nampuMep, KoMMyratop omepatopos ¢ m p2 Us (11) u (8) cumemyer
g%, p?l = 4 ihgp — 2 ik (gp -+ pg). Kak Jerko nmposepurb, Takue sKe
mepecTaHOBOTHHE COOTHOUIGHMS HMEIOT MECTO [Jd OIepaTopoB yM-
nosrenus Ha ¢ u muddepernupoBanna — i%d/0q Mo OTHOMIEHUIO K IIPO-
n3BONBHOH QyHKIHH Y (g).

BriGop npegcraBaenna. [lpn pemennn fuHaMEIeCKAX 32139 B KBaH-
TOBOM MeXaBWKe MOJKHO WCIOJb30BaTh pasaudHble npedcmasieHus,
roropsre HocaT nmena Ulpenunurepa, Ieitzenbepra u Jupara. Ilepexox
OT OIHOTO M3 DTHX TPENCTaBIeHHHA K NPYTOMY aHAJOTHYCH B HEKOTO-
poii cTemeHH IepeXoAy OT HEMOABIMIKHOM CHCTEMBI KOOpPIUHAT K Bpa-
maomeica cucTeMe B Kiaccuieckoil Mexammke. llpemcrasnenme Hu-
para, KOTOpOe Ha3HBaercsa TaksKe IPeJICTaBIeHHEM B3amMOMefCTBHA,
Gymer paccMoTpeHo mose, B § 2.3.

B Gonee marmsanmoM m 6IMBKOM K KJIacCHKe Ipencrasienmu I'eii-
seHGepra 3aja9a CBOXUTCS K pPelmeHnIo ypaBHeHwmil ['eiizentepra ¢ yde-
TOM HEKOMMYTATHBHOCTH HEKOTODHIX IlepeMeHHHX. B pesyanrare

uHTepecywinue Hac sexmanusl f(t), g (f),. . . B IPONBBOJIHHKI MOMEHT
BpeMeHH ! BHIPAKATCHA 4epe3 HATaJIbHEE YCJIOBUA, M OCTAETCS JIUINE
yepeprHHTh 3T pemenns, monaras [(fy), & (f),. . . cIydaliHmMu Be-
ANTHHAMA.

B mpepcrasiaennn Ulpepmurepa pumaMumra CHCTEME Taks;ke OIIpe-
nejisercs raMuJbTOHHAHOM, OMHAKO HM3MeHeHMe COCTOSAHHS CO Bpeme-
HeM OIMCHIBAeTCA He ¢ moMomnbio Habopa ¢yuriui f (), g (), . . ., a
¢ TOMOINBIO BOTHOBOM PyHRINT P (g, {), ROTOpAsk YIOBIETBOPAET YPas-
weranio Hlpemmuarepa

ih 2 = Jarp, (14)

rae Hm Temeph ABAAETCA JUHEHHHEIM 0IepaTopoM, IIPeodpasyolnuMm
BOIHOBYI0 (QYHKIMIO [0 ONpeeNeHHHKM NOpaBmiaM (KOTODHE MOYKHO
BEIBECTH M3 KOMMYTamuoHHEIX cootHoumenwit (12)). Oneparop I'amuas-
ToHa Hm m gapyrue omeparopsl B mpexpcraiennn Hlpepxmurepa moryr
3aBUCETH OT BPEMEHH JUIIb ABHO, T. €. IPH HaJluIud 3aaHHEX BHEII-
vux cun F (t). Cease mesmpy Hmm m # 6ymer paccmorpeHa B § 2.2,
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CpaBuenne Teopum u skcmepumenta. OcraeTcss BHIACHHTH HETPH-
BUANBHEI BOIPOC 0 B3aMMOCBSASH BHUYHCIAEMBIX H M3MeDseMBIX Beln-
4nH. B KBaHTOBOW MexaHMKe MOCTYIMPYETCH, YTO € HKCIEPHMEHTAIb-
HBIMM YHCJNAMM HaJ0 CpPaBHEBATL He caMy INepeMeHHne f, g, .. .,
a JQumb YCpeTHeHHLIe 3HAYeHWs, KOTOphle Mu Oymexs o0603HadaTh
C TOMOINBI YIAOBHX cKOGOK <f), {g), ... Omepaius ycpemneHms
TpPOH3BOAUTCA He ¢ TNOMOIIbI0 BeINEeCTBEHHHIX (YHKNui pacmpefe-
JeHUs, Kak 9TO fledaeTcsa B OGBIYHON TeopMM BepOATHOCTEH, a ¢ IMOo-
MOTIBI0 KOMILGKCHBIX BOJHOBEIX (QYHRIUI II0 CIeNyIONieMy NpaBuiy;

= dgw* (gto) F (1) ¥ (qt) = | dgw* (g1) fn (1) ¥ (1), (15)

re f (1) cumTaeTcs JNMHEHHBIM ONEPATOPOM, TPeoOPA3YIOMUM PacHo-
JOKEHHYI0 cupaBa QYHRIUIO 1.

Havampnas poamoBas ¢ymrmma B (15) cumraercs H3BECTHOH —
TPe/N0NaraeTCs, 9TO (MCTOYHUKY (POTOHOB (HJM BIEKTPOHOB, aTOMOB,
MOJIEKYI,...) <H3TOTABIHMBAET» HMX B B3afaHHOM coctosHmu v (¢,),
BaBHCHIEM OT CBOHCTB meTOUHHKA. Ilpyras gactb ai06oil skemepu-
MEHTAQJIBHOM YCTAHOBRKE — «HETERTOPY — olpeneliser, Kakyl HMeH-
HO JJMHAMUYeCKYI0 NepeMellHyi0 Haao BHOpaTh B RadecTBe HabIIOTae-
MOIi BEJINYWHHI [, 8 TaK)Ke MOMEHT BPEMEHH L. JBONIONUs CHCTEMBI OT 1,
1o t onpenenserca ypasgenuamu Hlpexnurepa wmm TeitzenGepra, 1. e.
BHeMHEME cHIaMu F (f) 1 BHYTPeHHAMH CBOCTBAMU CaMOIl CHCTEMSI,
saflaBaeMBIMI ee raMirsronumanom H (i).

IIpm m3yvennmm paccessHHA CBeTa BENIECTBOM DIEKTPOMATHUTIIOR
moJie, BOOOHIe TOBOPA, HAJ0 KBAHTOBATD M CUMTATH TaCTHIO 4CUCTEMED.
ITpu sTom 4 (1,) sajaer HawaiabHBle CBOWCTBA 06pasHa M IaJaiomiero
Ha obpasen usayuennsa. OpHaro wacto 63 GOJLUION MOrPeIIHOCTH
MOMHO WoJXaraTh magaiomee Ioge (WM 4acTh HTOTO MOJA — HaKAdRY)
RIIACCUYECKUM TOJeM (JleTePMUHMPOBAHHBIM WK CJHYYaWHBIM € 3a-
DaHHOH RJIaccHYecKol cTaTMCTHKON Ha BXofe). B sTom mpubiauskeHmnn
BJIHAHUE HAaKAUKM YYATHBAETCH A00aBIEHHEM IMEePEMEHHOTO BO3MY-
eHyus B TaMIJIBTOHHAH, KOTOPHIA MPH DTOM CTAHOBUTCS 3aBUCAIIUM
AIBHO OT BPEeMEHH.

Crporo roBops, «eTeKTOp» Beerna OKaskBaeT o0paTHoe BIHAHIIE
Ha «CHCTeMy», & «CHCTeMay — Ha (HMCTOYHHEKY. 1l09TOMY IOJ «cmeTe-
MOM» CHeoBano 6H MOHMMATh BCI0 BKCHEPUMEHTaJbHYK YCTAaHOBKY,
BrII04YaA «Haba0TaTeds ! Ira fpeBHAsa funocoderasg mpobaema pasge-
neHns o6berTa U cybberTa npmobpera ocobyio 0CTPOTY B KBAITOBOM
mMexanuke. OfHaKO IOpPasuTeNbHBle YCIEXH KBAaHTOBLIX PAacyeroB ILo-
KasuBalor, 9T0 /10 CHX IOpP BCeIfa yAaBaJOCh HPOBECTH TPANHUILL Me-
JKIY HUCTOYHHKOM, cHCTeMOH M JeTeRTOopoM u BHGpate  (f4), # (1)
u [ () Tak, 9TO TeopeTHUeCKHMe mpefcKazanus no gopmyre (15) co-
TJIacymoTcsa ¢ HabIIONeHAAMI.

JEcNepuMeRTANbHAA TIpONEAYpA. OJKCIePHMeHTAJbHOe 3HAYeHHe
{F (1) oxen OUpemedsiercss apuPMeTHIECKHM YCpegHeHHeM 10 HeKOTO-
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pomy wmeny N oT/e bHBX HAOIIOXEHNI f;, IPOM3BOJUMEIX B HAEHTHI-
HBEIX YCIOBHAX U IPW ONUHAKOBEIX § — {y:

N
<f(t)>3KCH=TtV—Zf‘i’ (16)

=1

¥ aJleKBAaTHasg DKCOEPHMEHTY TeopHsa mgoiLKHA A8BaTh {fPsxen —
opu N — oco.

KBanroBas Teopus (Kak M TeOPHA BEPOATHOCTEH HIM CTaTHCTHIE-
crasa QU3MKA) He mperTeHAyeT B obIMeM caydae Ha HOpeJCKa3zaHme pe-
3yABTaTa OTHAENHHOTO U3MEPEHHA, OHA JHLID II03BOJNAET PAaCCIATHBATE
cpename 1o aucambiao seamamsaw supa <>, ™, g™,. .. Habop
momenmos {f"* (t)) cayuaiinodt ¢ysrmmu f (1) W3BECTHHM 00pasoM OII-
pefenser naomuocmb pachpedesenus P (f, t) (nam ee gypre-obpas
v (1, t), Ha3pIBaeMBIA XapaKkTepUCTHIECKOH (yHEmumei), T. €. ompe-
HeJasieT MOJHYI CTATHCTHIECKYI0 HHPOPMATHIO 0 BenrwdnHe f/ B MOMEHT
BpeMeHn I.

Ecanm sonnoBas ¢yurnus cucrems | () — cobcmeennas fiynryus
(§ 2.2) omeparopa f(2), 1. e. f(2) Y(to) = fo ()P (Lo), vme fo (2) —

0o0BIYHAA MM, KaK TOBOPAT, «C-9MCI0Basy QYHRIUA, TO coraacHo (15)
gy =1, P )=38Ilf—1@®L (17)

¥ TMOPTOMY DPe3yJabTaThl OTHeNBHEIX HAGII0MeHNil TOKHE COBOANATh:
f: = /.. B mporusHOM caydae umena f; 6ynyT QAYRTYApPOBaThH CO CTa-
THCTHKOM, crpeMameiica npu Goabmmx N ® Teopermieckoil. Tarmm
o6pasoM, pesyabrar OXHOTO OTAEABHOTO M3MEPeHHA f; MOMKHO IIpea-
CKa3aTh, JUIIb €CIAN HAM YIaJ0Ch «HIPATOTOBUTHY CHCTEMY B COOCTBEH-
HOM COCTOSTHMH omepaTtopa f.

Wrak, 4uTobn mepefiTH OT KJIACCHIECKOHl TeOPHMM K KBaHTOBOIH,
B npepcrapiennn [eiizenGepra Hajmo IPoOcTO paccMaTpHBaTh JUHAME-
YecKHe IepeMeHHEe CHCTeMH ¢, p, f,. .. B KJIAcCHIeCKHX ypaBHe-
HEAX [BHMKeHHd CIYYalHBEIME ¥ HEKOMMYTHDPYIOIMMMY BeJINUMHaMH,
a caMyu ypaBHEHHA — CTOXacTHYecKHMu. Pemenme aTmx ypaBHeHHH
ompejenseT HeKOTOpoe IIpeobpasoBaHmMe CcIydIaiHOH HepeMeHHOMR
7 (ty) — 7 (1), B KOTOpPOM BpeMs MI'paeT poJb IapaMerpa NpeobpasoBa-
uug. Oramdde oT RAACCHIECKON TEOPHM CAYIafHEIX IPOIECCOB IIPO-
ABJIAETCH IHIIBY B MCIIOJb30BAHME HEKOMMYTATHBHOH anre6pe H
B mpouexype yepenmenusa (15), roTopas mpomsBoguTca ¢ MOMOINBIO
RoMIZIeRCHON Qymrmumy P (£,).

C apyroit To4xum 3peHMA, MOKHO CUNTATh, ITO PEaJBHBIA «HCTOY-
HUK» KBAHTOBHX O0DBEKTOB 3ajaer He HAYaNbHYH Y-QYHKIMIO, & Ha-
ganeaple MoMeHTEI <" (o) g™ (fy) . . . > = Cpm... (KOTODHE B CAY-
Yae paccesHHs CBETa MOKHO ‘M3MEPHTh TeM Ke «IeTeKTOpoM», yopas
«o0paseny u posmymawmue noas). [Ipm stom BojgHOBag QyHKIMA
I Ipomejypa yCpeaHeHMs BHIANAT M3 ONNMCAaHAA, ¥ HaA0 JAHIE
BHIPA3UTH ¢ NHOMOIBI0 ypapHeHms l'eiisemfepra HabamopaeMbe
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nepeMeHHHe Hepes Ha‘IanI:HBIe 3HadYeHaud.
F()=DKf (o) g (Fo)s - -} = DUnm- - - (tMo) () €™ (t) o - ., (18)

TAK 9TO B ¢JIy9ae aJleKBaTHOH TeOPHH Pe3yIbTaTh H3MepeHuil yioBIer-
BOPSAIOT CBASH

<.f (t)>3HcII :ZUmn... (t, tO) Com... (19)

Ha6op rosdpumuentos U, . MoxHO Ha3BaTh MATpPHIEH PACCEAHHA,

§ 2.2, Coosrravenna JRupaka m reoveTpnueiKas
RETEPOPETANNA KBAKTOBONH MeXannKm

@ynKiun Kak BeKTopbl. PaccMoTpHM HeIPepHBHYIO §YHRIIIIO
VP (), apTyMeHT KOTOPOl M3MeHFeTcs B OTPaHMYeHHOM HHTEDBAJIe
sHavenmit, Mul MoskeM CKOIB YrOfHO TOYHO 3amaTh 3Ty (QYHKIHIO
¢ HOMOIIBI0 HpOHyMepOBaHHOI‘O mabopa uz N wwmcen: Y, = ¢ (qg,)
(=1, 2,. .., N), pasbup mHTepBal W3MeHEHHSA ¢ HA NOCTATOTHO
Goasmoe SHCITO OTPe3xoB. BymeMm cumrTaTh, 9TO TH IHCAA ABJIAIOTCH
JIeKapTOBBIMI KOMIOHEHTaMH HEROTOPOTO pajguyca-BeKktopa B N-mep-
HoM mpocTpaHctBe. (OBG03HATMM DTOT BEKTOD CHMBOJOM |1) =
= {{;,. . ., Py}. Ecam ¢ (¢) — KommiercHas (yHRIUA, HaM IIOHA-
poburca 2N umcen m usmepenmii. Oyurmun §* (¢) Gymer cooTserct-
BOBaTh KOMIIJIEKCHO-COIIPAMKEHHBIM BEKTOD, KOTOPHI MBI 0003HATIMM
wepes P | == [Y>*. Pasamummim ymrumam ¢ (¢), ¢ (¢),. . . Gyayr
COOTBETCTBOBATh PasiMdHEe HalOPH YUCEJ, T. €. PA3JIHIHEE BEKTO-
PH B 3TOM IIPOCTPAHCTBE, Ha3HBAEGMOM THIBGEPTOBHIM.

Yucro

N
D W = (P | @d = (@|P>* (1a)

n=1
Ha30BeM CKAIAPHBIM IpOU3BejeHHeM BeKTOPOB |Y> w {¢ |. Ecam or-
Ra3aThCd OT JUCKPETHOCTH TIePEMEHHOH ¢, To Hajo CIMTaTh Halle BOOG6-
paxtaeMoe IPOCTPaHCTBO GecroneurnomepHBM (N — oo), u (la) me-
pexomur B

Cdgv* () g (@)= yie. (16)

Bynem nasmBath JIMHOH HJIN HOPMON BeKTopa | 1> KOpeHb KBajpar-
HHBIIT M3 cymMul (mHTETpamna):

<‘P|1P>—‘—‘Zl¢nl?

OPpTH KOODIMHATHHIX OCel B IMibGEPTOBOM IIPOCTPAHCTBE TaKiKe SB-
JA0TCA  BEKTOpaMu: | gy, . . ., | gy> wam, wopoue, | 1>,...,] ND.
Yciopre IX OPTOTOHAJBHOCTH M HOPMHPOBAHHOCTH HMEeT € JIel YIONITi

(2)
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BHI:
nln'> = 8up (3a)
HIM, B cjaydae HelpePHBHOM IepeMeHHOH,
gl¢>=108(—4q), (36)

rie O (x) — pgeavra-pynrnusa wupaka, oTaMIHAs OT HYIA JMIIE IpPH
z = 0. Cucrema op10B | ) cocraBisger, Kak TOBOPAT, 6a3lc IPOCTPAT-
crBa. oMuonenrTa pmamnoro sexropa | 1Y) BRoab KAKOW-1MG0 KoopIH-
HaTHOM OCH PaBHA CKAJAPHOMY IpousBeneHunio |{> ma OpT OT BTOMH
ocH, T. e.

P = <0 ). (4)
Urar, nmponsBoJbHBM KBagpaTHU4HO WHTETPHPYEMHM (QYHKIIHAM MBI
OOCTaBMJIM B COOTBETCTBHE BEKTOPH, KOTODBIE MOMKHO IIPEJICTABHTH
B BUjle B3BEMIGHHOH CYMMEl GAaBHCHBIX BEKTODOB:

;¢>:%‘,|n><n|¢>. (5)

Ilpeopazopanna ¢dynrmuii n Ternsopsi. Ilycrs ¢ymrmmm ¥ u ¢
CBA3aHBl KaKHM-1160 JIMHENHHM Ipeo0pasoBaHMeM, HamnpumMep, WH-
TerpajbHEIM U JuddepeHnAaIbHbM:

¢ (g} = f (q), ?:—ihgd?- (6)

B runp6epToBoM mpocTpanCcTBe 3TY CBA3b (YHRIMIT 0603HATMM BEKTOP-
HBIM PaBeHCTBOM 1)

W =7 | o, m

COTJIACHO KOTOPOMY OIepaTopaM, COBEePIIAIOIIAM JHHeHHEe IIpeod-
pasoBanus QyHKOui, B THILOEPTOBOM IPOCTPAHCTBE COOTBETCTBYIOT
TEH30DH, U3MEHAOINNe IJIMHL M HANPABICHUA BeKTopoB. OIpejesnm
obparHME K [ Tersop f~! paBeHcTBOM

Loy =171,
n3 kotoporo caenyer ff~1 = I, rue I o6o3Hauaer ToskmeCTBEHHOE IIPe-

obpasopanme. Ompenennm Tak:ke sPMHTOBO-CONPAKeHHbN K [ omepa-
Top f* paBeHCTBOM

W l=Af 1oy =< If*

(B mocienHeM BHPa)KeHMHA OIEPATOD MIH TeH30D JeHCTBYET «HAaJeBOY).
Vuuo:ruM BexTop (7) Ha Kakof-1u60 HpYTro# BeKTOp:

Gl = - {F1oy=< 1 F 1o, 8)

1) B macrosmem maparpade omeparTopsl OYAYT BHIENATECH TOJYKHPHEIM
mprdTOoM.
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3T0 YMCJIO HasHBaeTCH MaTpUIHHM 3i1eMeHTOM oueparopa f. Coraac-
Ho (1) m (8)
Gifle*={fl oy lw=<e |+ 0. (3a)

KommonemTn mpeo6pasoBaHHOTO BeKTOpa VP, paBHB <{n [{P) =
=<n | f | ¢> nin, ¢ yieroMm npedcmasaenus (),

nfp>= Z<"\f|"\<nlﬁp> ©)

Tarm oGpasoM, 9ToGH M0 umcaaM ,, 3afa0mEM QYHKIL ¢ (g),
HaliTw uncaa 1, T. €. mpeo6pasosanHyio QyErmuio v (¢), HaZo 3HATH
N? ancen <n | [ | n> = [,,, oOpasyowux Marpuany. 9ra MaTPUIA
npedcmasasiem otepatop f B gamaoM Gasuce | ny. O6parHo, a6k N2
9yces OMpeNensioT HEeKOTOPHIH omeparop; HalpuMep, M3 KOMIOHEHT
IBYX BEKTOPOB MORITO o0pasoBarh omeparop (HaswBaeMblf duadoi )

1o IPaBUAY

el fIn)=<n|ey|n (10
THE fop = (pimpnr. Ouneparop-guaty ¢ mMarpuneir (10) ymo6uo o6oszma-
9UTH TaK:

F=1e>l (11)

YacTHeiM clyuaeM [IHajHOTO omepaTopa siBisgercA omeparop P, =

=| ¢p<¢ |, Koropsli, pelictBys Ha JI000i BeKTOp, BHIENAET €T0
KOMIOHEHTY BJIOJNh «HAIPABIEHUs» | @):

Py [P> = o> <o [, (12)

U T03TOMY HasmiBaeTca npoeryuonubin (mpu yexosmu {p | gD = 1).
Pasznosxenne egmuunpl. BekTopHasA cyMMa BceX KOMIOHEHT BeK-
TOpa COCTAaBJIAET CHOBA TOT jKe BEKTOD, T. 6.

9> = 20 <n o> ={Z|n> <l ).
ITo ¢BOMCTBO Ga3MCHHX BEKTOPOB MOKHO 3aIACATDH TaK:
I:Z[n}(n] nan qu|q>(q], (13)

rae I — eAMHNYHEI OHEpPaTOp ¢ MATPHYHBIMU daeMeHTAMH O, WIH
8 (g — ¢'). Pasencrso (13) massiBaeTcs pastoxwernuerm eduruysl, 1 OHO
03HAUaeT, 4TO CHCTeMA OASHCHEIX BEKTOPOB (OPTOB) | ) ABIsAETCS
HOJHOM, T. e. JOCTAaTOYHOR s HpeJCTaBIeHHA JIOGOTO BEeKTOpA WIn
TeH30pa.

3aMeTHM, 4T0 pasioenue (J) MH MOKeM Tellephb JeTKO IOJYYATEH,
nofieficTBoBas Ha | > eMEAIHHIM omeparopoM ¢ yderom (13). lamee,
VMHOKHUM TIPOM3BONBHEIA oIlepaTop cieBa u cipaBa Ha I, Torga co-
raacuo (13)

F= 3w 7105 | = S| o' (14)
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9TO PABEHCTBO ABIAEGTCA PAaslOKEHHeM omeparopa mo AmapamM, CO-
CTaBJIEeHHLM U3 0pTOB flagHoro 6asmca. [ByM mocaxenopatesbHBIM OIe—
panusaM f g cooTBeTcTBYET TPETHH OLIEPATOP, ABIAOMUCH (IIPOU3~
BeJleHHeM» OmepaTopoB: fg = h; ero MarpmyHble dieMenTH oIpefe-
JSAI0TCA N[O OGHYHOMY NPaBMIY YMHOREHHMS KBalDAaTHRMX MATpPUIL

hawe = (| Fg [0’y =2 <n [ £ |0 < g | > (15)

nman cornacuo (13) h = f I g = DNl nd> <{n| g. Herommyrmpyrommm
omepaiuaM (HampuMep, yMHO:xenue P (¢) Ha ¢ n guddepennmpopamme
o/dq «ue paBuoy nudGepeHNUPOBAHAI0 U YMHO/KEHHAIO) COOTBETCTBYIOT
HEeKOMMYTHPYIOMHE MaTDUIH.

Paznuunpie npemcrasiaenus. B o6paHOM IpOCTPAaHCTBE MPH IIOBO-
poTe CHCTeMbl JeKapTOBBIX KOOPIHUHAT Ha KAROM-TO YroJ KOMIIOINEHTEL
BEKTOPOB U TEH30DPOB UBMEHAWTCA. B THARGEPTOBOM IIPOCTPAHCTBE
aHaJorM9Has mponelaypa Na3HBaeTCA W3MEHeHNeM IPeICTABICHUSA
nau Gasuca.

Bcepoamoskunie Gasuchl (CHCTeMB KOODIWHAT) MOMKHO KJIACCH(PH-
OUPOBaTh € MHOMOMILI0 ONEPATOPOB, He N3MEHAWIUX HaIPaBIeHUs
opros. Ompepenum co6CTBeHHBIE BEKTOPH M COOCTBEHHBIC SHAUCHMS
omeparopa PaBEHCTBOM

f l’lnbn> = fn I‘pn>1 (16)

rae wmmere » = 1,. .., /N HyMepyeT pasiHuHble COOCTBEHHBIC QYHK-
nuu-eKTOpHl. HaGop wumcenr f, (cpems KOTODHIX MOI'YT GBITH OjuHA-
KOBEIE) COCTaBIIsieT cnekmp NaHHOTO omeparopa. Yciosme (16) ompe-
Heafer JHMING «HampapjieHue» CoOCTBEHHHX BEKTOPOB, H MBI MO:EeM
momonHUTEAbHO mOoTpeGoBath, uToGh (P, | {,> = 1. Jlerko noxasars,
qr0 ecin f — BPMHUTOB (CaMOCONPAKEHHEHIN) omeparop (1. e. f == f+),

T0 Habop ero coGeTBenmmIX (YHRUUE |1P,> = | 7> cocTaBaser mo.-
HYI0 OPTOTGHAJNBHYIO CHCTEMY:
’ \l -
<n|n>=6n‘n’1 len><nl:1- (11)

n

(B ciyuae BEIPOKAEHIBIX COOCTBEHHBIX 3HAYCHHMH MOYKHO ¢ HOMOIILIO
anropurma IIMmara cocTaBUTE OPTOTOHAJNbHHE CYNePIO3UINA BEK-
T0pon | h,).

C moMompIo pAasTHINBIX HPMHTOBHIX OIEPATOPOB MH MOsKeM OMpe-
MelInTh MHOJKECTBO DaBHONPABHHX 6asmcoB rmiapbeproBa MIpPOCTPAH-
crBa. JJIfi YKOHOMUHM CHMBOJIOB WHOTHa YHoOHO 0003HAYMTH BCE TPH
THIIA BeJIUIMH — OTepaTop, ero 6as3Wc W CHeKTp — oAHOL OGYKBOIH,
rak uro (16) mpumumaer suma: f|f> = f| f>. 3amernm, uTO HEPPMHU-
TOBBl OHEPATOPH IIOPOKAIOT HEOPTOTOHANLHEIE 6a3HMCH, KOTOPHE
TAKMKE MOJKHO HCIOJB30BATh JJIA IIPEACTABICHMSA BEKTOPOB M OIePa-
TopoB (cMm. Hpuaosrenme u § 3.3).
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Jlerko mpoBepmTB, 4TO MAaTPHIA NAHHOTO OIepaTopa B COGCTBEH-
HOM UPEACTaBIeHHH QUAroHajlibHa M €e BIeMEeHTH COBNANalT ¢ ¢ob-
crennbMn  sHavenmamu, (14) wnpummmaer Bum f = X f | /D<F I
Orcona caepyer, 4To f

E=XF1D Gl FUE)=XF@ DL (18)

Ynoberso obosnavenmit /lmpaxa HamGosee SAPKO MPOABIAETCA IIPH
PasioKeHNM JaHHOTO BEKTOPA (WM TeH30Da) N0 PasAMIHHIM HPEHCTaB-
JeHmAM; BIA 3TOTO HaJo UPOCTO NPHOHCATHL CreBa (M B cIydae TeH-
30pa cupaBa) eIMHHIY B BHAe CYMMBI IPOeKIUOHHHX aman (13):

Imp>=§.lf><f|w>=§lg><gl¢>:...,

19)
1 \! ’ ’ (
F=21D1 =2 1e><e|fle<g l=...
7 gg’
OnpepesTuM, Kak CBsA3aHB IPOEKIAN OZHOTO M TOTO Ke BEKTOpPA
B JBYX pasnuuHHX Gasucax |z) m | m>, 06pasoBaHNEX HEKOMMYTH-
DPYOIEMY OHepaTopaMu ¢ JHCKPeTHHMM cmekTpamu. OUATh, MCHOOIH-
3ya pasnomenme epuHHNEI (17), Jerko Haxomum
, \ N
|y = A n|md<m|p>. (20)
m
Ha6op umcen <n | m) aHAJOTMYeH HAUPABIAWINEM KOCHHYCAM
M JBYX JEKapTOBHX CHCTeM KOOPAHHar. JTOT HaGOp MOKHO pac-
HOJIO/KUThL B BUe MaTPUIBl, KOTODPYIO Mbl oGosHawuMm G6ykBoi U. OG-
pPaTHOMY IIpeoGpa30BaHUIO COOTBeTCTBYeT Marpuma %7+ ¢ KoMmomes-
Tamu <{m | ny. Uz (17) cremyer

Am|ndy<n|m'> = dmm, D1 [m)<m|n"y = dnp.

Tarum o6pasom, MaTpuma mnpeobpasoBanuusa Gasuca yHumapha:
WW = Ww+ = 1.

Marpuma U oupenmeinsier Tak;we 3aKOH TIPeoGPAZOBAHUA KOMIIO-
HEHT OLePaTOPOB HPH CMEHE IIPeJICTABICHUA:

(n|Fln'>= Z nlmym| flm'> <m/{n'>. (21)

mm

‘CKHJIHPI)I He H3MEeHAKTCA UPH 3aMeHe fasuca:

C@lp> =A< n><r > =X p|md<m | ). (22)

SaMernmM, Wro MaTpuna IpeoGpasoBaHus 6Gasmca ompefedeHa C IIO-
MOINBI0 MHAEKCOB ABYX Da3iMIHHX 0AasucOB, I HOBTOMY OHA B 0GmeM
caydae (Korja, HaIpumMmep, OfMH 0as3nc — JUCKPETHHIH, a ApPYyroil —
HeIIPePHBHHI) He IpejcTaBiser KaKoro-ruGo omeparopa.
Yuurapusie npeodpazopanua. PaccMorpmM cayuail, Korma Memiy
WHAGKCAME 7 M M MOKHO YCTaHOBATH B3aWMHO ORHO3HATHOE COOT-
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BeTcTBHE (9TOT caydail Haubosee GIUB0K K HOBOPOTAM JEKAPTOBLIX
xoopauuat). Ilpm »ToM MORHO Hojarath, 9TO ITOBOPAUMBAETCsA He
cHCTeMa KOOPAMHAT | m) — | n) OTHOCHTEIBHO HEHmOJBHKHBIX BEK-
TOPOB | ), a, Ha060pOT, BEKTOPH ITOBOPAYMBAIOTCA Ha KAKOH-TO YTOJ
OTHOCHTEIBHO OPTOB: |¢p)» — [ ’'>. lloBOpOTY BEKTOPOB MOKHO IIO-
CTaBUTH B COOTBETCTBUE HEKOTOPHIH OIleparop:

19> =% [y>, W' =<y %" (23)

YroOh CRaJAPH TPH BPaIleHHAX BEKTOPOB OCTABaJIMCH HHBapH-
AHTHHMH, omepaTop % HMoiReH OBITH YHHTapPHBIM:

@ 19D =<e | U U |y>=<o |V, UU=1.

Ilycrs | @) = f | ¢); morpeGosas, wrobst | ©'> = f' |¢'>, Mu mony-
guM 33aKOH H3MEHEHWA ONepaTopOB IPH YHHTaPHOM IpeobpasoBaHHn’

ff=U%U. (24)

1lpu orom ecitu fg = h,om f'g’ = h'.

Bce BBemennnle BHIUE OUpeNeIeHAA W COOTHOMEHUA WMEIOT 9UCTO
MareMaTHIeCKNA XapakTep, ¥ OTIIMYAIOTCA OT OOBIUHON JUHeHHOH ai-
re6pel ® TEOPWM MAaTpPHI JMIIb O00OBHAYEHUAMH, HCIOIB3YIOITAMHE
aCHMMeTDHYHEE YIJIOBBe CKOGKHM. 3aMeTuM, 9YTO 3TOT (OpPMaaM3M,
YCTAHABJAMBAIIIMA OHO3HAYHOE COOTBETCTBHE ME/RAY (QYHKIMAME
¥ omepamUAMHA HaJ HUMH, C OfHO{ CTOPOHBI, H BEKTOPaAMU M MaTpHIlA-
MH, C JApyroi, 63 TPY/a IePeHOCHTCS HA (YHKIIH HECKOIbKUX ITepe-
menrnx. Hampumep, ecam ¢ = 1 (x, y), TO Hago IPOCTO MepPeHYMepo-
BaTh B J000M HODAJKe Y3JIB KOOPAMHATHOH CETKH HA ILIOCKOCTH
{zy) B NpUHATH 32 KOMIIOHEHTH BEKTODa |\) wHCIa

P (zyn) =<, Y @y) =<2 1, .- P (@vyy) = KV [

{pasMepHOCTh IIPOCTPAHCTBA LPHM YABOGHHM UMCIa II@PEMEHHBIX BO3-
BOJNMTCH B KBajpar).

Ceazp ¢ Pusuxoii. Dusmyeckoe cojep:xaHme 3TOr0 (GopMaIU3Ma
VCTAaHABAMBAETCA IMOCTYJaTaMy KBaHTOBOH MeXaHMKH, CTaBAULEMI
B COOTBETCTBHE KJIACCHUCCKUM IMapaMerpaM obbekTa HabJMOIeHHA ¢, D,
f (g, p),. .. oneparopst ¢, P, f (g, P),. .. OcHOBHYIO pOJNb HTpaeT
«mocryaar mamepenusy (2.1.15), cBaspiBaomui pe3yIbTaTEH MHOTOKPAT-
HEX H3MepeHMil BeJWuMHH f; B CHCTeMaX ¢ HAEHTHYHOM MCTOpHel
€ MaATPHUHKIM 9JIeMEHTOM oIepaTopa [, BHIUHCIEHHBIM C TOMOINLIO
BoTHOBOM QyHKIME 1 (¢t); IpH ATOM B CIydae ¢-NPEJICTABIEHUA OIIe-
paTop KaHOHMYECKOTO MMIyabca P upuauMaercs B Bmae (6), a meii-
CTBHE 0HepPaTopa KOOPAUHATH ¢ CBOAMTCH K YMHOKEHUIO Ha 9YHCJIO 4.
B cmay ceolictsa mEBapranTHOCTH (21) CpejiHie BeJIUYMHB MOKHO Pac-
CUMTEBATE B JI06G0M Npe/ICTABICHHH, B TOM YHCIe — B COOCTBEHHOM:

KF>=IFI =D ful<n| 9= 2 <plm) | Flm’> | $),
(25)
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rae f, = <n| f | > — cobcreenunie suauenus f. Ilpm pasmosxeHnnm
110 HempepslBHEIM GasmcaM (T. e. 1o GasmcaM, NpHHAIe;KAIAM ole-
paropaM C HeIIPePHBHEIM CIEKTPOM COGCTBEHIBIX 3HadeHuil) cyMmm-
pOBaHWe 3aMeIsIeTCHd MITerPHPOBAHKEM; HALPIMEp,

=\ aricriwrr =l dacalr1e>dg <’ v

Moskuo crasarh, 9TO KBAHTOBAaA MeXaHHKa B obImeM ciaydae mpef-
CKRashBaerT JHINL IDIOTHOCTH pacmpefpenenus P (f) pesynnTaToB mame-
penus:

>=D0P (1) wm {afp (i,

rie coraacuo (25) P (f) pagHa RBagpaTy MOAYIA IPOCKIUH BEKTOPa
COCTOSHHS CHCTEMH |y == | > ma «Hampasiaenue» |/>:

P =<0 =LPp, Pr=1[ <1 (26)

Mo:xuo caurarh, 4T0 IpOeRLMOHHBIH omepatop | f> <{f; | coorsercr-
Byer HabmromaeMoit ocoboro popma — ee cpemmee P (f;) ects Haceaewn-
nocmo V) cocrosaHusA | fiD>, T. €. OTHOCHTEIBHOE YuCJI0 cHCTeM (B KBaH-
TOBOM aHcaMOJe TO:;RIEeCTBeHHEX H3MePeHHil), NAIMMX IPH HU3Mepe-
HAW BeJMYUHBl [ YacTHOE 3HATENHe fi.

Wrak, ecou m3BecTHO, YTO BEKTOP COCTOSIHUS CHCTEMLI paBeH | »,
TO ILIOTHOCTh pacnpefleleddsa pesylIbraToB H3MePeHHs KaKoU-inbo
pennmuuHbl [ paBHa «cpemaemMy» (P> oT omepaTopa IPOEKTHPOBaHUA
ua wanpasienne | f>. Kcam Bewrop | > mapamnienen ogHoMY u3 co6-
CTBEIHHX BEKTOpPOB Habawopaemoit f, mampmmep, |f>, to P (f) =
=6 (f — fp)-

Iycrs, manpumep, BEKTOP COCTOSHAS | » 3agaH B KOODINHATHOM
mpencrasirenmn: P (q) = <g |¢{)>, TOIHa IIOTHOCTH pacupeleneHus
MMIYIbCa MO/KHO HaliTh o Gopmyde

P(p)=<{|p><pl >=\qu<p|q><ql >‘ 1que‘*p‘”hlb (@)

(21)
rpe mociefmee paBeHcTBo cieayer u3 (em. 3], c. 71) {(p ¢ =
—exp(— ipg/h)/V 2nk. Ws cpaBHeHUS ILIOTHOCTH PACHPeeTeHUT KO-
opauuaTtel P(q), paBHO# B cOGCTBEHHOM NpeICTaBAeHHT TIPocTo ¢ (gq) |2,
¢ P (p) nmo (27) clefiyer OPUHIUI HEeONPeSeNeHHOCTH Ag?Ap? > R4
I AEcHepcuil pacnpepesieHHi KOODAWHATH W HMIIYJIHCA.

BpeMH kax mapamerp. MoMeHT HM3MepeHUS ¢ B HePeIATHBHCTCKOM
KBaNTOBOM MeXaHMKe WIpaeT pOAb IapaMeTpa pacHpeesieHuss Be-
posaTHOCTej, oT KoToporo B upexncraBiennsm Hlpepmmrepa sapumcmr
BekTOp cocroguusa | (t)> =|¢>, a B upegcrasiennn 'efizenGepra —

1y JTOT TEPMHUE HCHOAB3YIOT OOBIYHO B ciyuae, Koifla Habmwojaevada f AB-
Jsercs dHepruei.
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§ 2.9] OBO3HAUEHHA TUPAKA

omeparop HaGIwIaeMoil f (¢) U, caefoBaTelbHo, COOCTBeHHBE BEKTOPHL
| (1)> m maoTHOCTE pacmpeeIeHMs:

P, ) =11 fm@> P =1<{t]|fOD»PF (28)
B gactmocrn (cp. (2.1.15)),
F @AY =<t fu @) [ =L F @)1 (29)

HamoMHAM, 9TO IPU 3KCOEPHEMEHTAIBHOM OIpeJeXeHHMH CpPeIHNX
BEIIMYMH HaJo B o0lIeM ciydae Kaykuoe M3MepeHHe IPOMBBOAMTL Haj
HOBBIMM» CHCTeMaM#, NPUTCOTOBJEHHBIMH B HJIEHTHYHHIX YCJIOBHAX.
Ecau ;ke MBE IIpOM3BOANM [Ba HaM GOJblIee 9HCIO0 M3MePeHWi HaJ{ 011~
WO M TOU Ke CHUCTEMOH, TO MEI OJKHB YI€CTh BO3MOKHOE BO3BMYIe-
HHe cHCTeMH JerekTopamu. Hias sToro Hajgo Xo6aBUTh B raMUIbTOHHAH
monxopsamue caaraembie, COrIacHo OPTOMOKCAIBHOM TEOPUM H3Mepe-
HEH JeTeKTop, MOKa3aBINuif, YTO BeJiMvuuHA f paBHa f;, mpeBpaimaer
HCXOMHKIH BeKTOp coctosmus | > B | f> (Tak HasHBaeMaf «PeiyRLUsA
BOJHOBOTO ITakeray). Tarkoil METEKTOP ONHOBPEMEHHO CIY/RUT «HCTOY-
HIKOMY, M3TOTABIMBAIONIM CHCTEeME B 4ucToM cocrosuuu | f>. Wma-
4e, oOpaTHOE MefCTBHe IETEKTOPA Ha CHCTeMY COOTBETCTBYET HIPOeK-
rmonnomy omeparopy |/ {fy |

C npyroit CTOpOHBI, ABa M3MEePeHMA MOTYT M He BAUATH APYI Ha
ApyTa, HABDAMep, eCiil TaMHJIBTOHHAH BaamMmojelicraus ¥ cucremsl
¢ KaKUM-An60 JeTeKTOPOM KOMMYTHPYET ¢ BEJHIMHOM f, TO COTIACHO
ypasuennio Deiizenbepra (2.1.13) sror merekrop me Biamser Ha f () H,
ceIoBaTeTbHO, HA MOKAa3aHMA IPYTUX METeKTOPOB, M3MepAnmUx f
(tak HassIBaeMble HeBO3Myllabouine usmepenns) [177].

Vsmenenne BOTHOBOH (YHKIME BO BpeMeHH (B COOTBETCTBHN
¢ ypasueruem lpeaunrepa (2.1.14)) MoskHO TpeACTaBUTL KAK ABUIe-
HHe BekTopa |¢> B rmapbepTOBOM IIPOCTPAHCTBE, COCTOAILNEe M3 HE-
TpepPHIBHOI MOCIET0BATENBHOCTH IIOBOPOTOB (IJIMHA BEKTOpa IIPH ITOM
we Mmemserca: <t |{> = 1). C apyro# CTOPOHHK, HMOBOPOT BEKTOPOB
B rUiIs6epTOBOM IIPOCTPAHCTBE OIMCHIBACTCH (JEHCTBHEMY OIEPATOPOB.
Takmm 06pa3oM, Mbl IONOILIN K IOHATHIO OIePaTOPa BOIIOLMN

{ t> =% (t1 tO) ‘ t0>7 (30)

KoTopHit coriacro (2.1.14) noiseH YAOBIETBOPATH OLEPATOPHOMY

(HY = UH) ypasuenuio
ih Y= ()Y, Ut to) =1, (31)

a TakIKe — I COXPaHeHUs HOPMHPOBKH — YCIOBHIO YHHTaPHOCTH.

OGpatuM BHMMaHWEe Ha TO, 9T0 SABHAsg 3aBUCHMOCTb OIEPATOPa
amepruy B mpeacrasiemmu Illpemmmrepa oT BpeMemM — Pe3yabTaTt
meiicTBHA IepPeMeHHON BHemHedl (kIaccmueckol) cmianl. B cmydae
H30aHpoBanHOi cucTems Hm (1) = F (1) = const, m (31) wmmeer
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dopMaTpHOE peIIeHHe

U = expl— i H (t — t,)/hl. (32)

C xpyroii, refisen6eproBeKOil, TOUKN 3PEHUS, B IPOIECCE BBOTIOMAR
U3MEHAITCA He BERTODHl COCTOSHMSA, a OIEPATOPHL:

FO)=U" (4 to) fm (t) U (t:to) (33)

Ilycts # = const u &,, }, (¢,) = | n) — coGcTBenHbIe BHAYCHHS

n BeRTOPH #, Torja
%nn' = énnr’l exp [— ‘%n (t _ tO)/k]’

(34)
Yo (1) = | ny exp [— i&, (¢ — t,)/R],
Tar 4ro coraacuo (19)
F()y= 2 ™ explion (i —to)), (35)
fnn' = [an @™,  Ony = (& — gn’)ﬁ%
I7ie MBL BBeJIW omeparopsl ¢""' = |n) {n’ |, mepepojsmue cucreMy

C YPOBHA n’' Ha YypPOBeHb n M 0GHajaiomue CBoiCTBaMK
o2 [3) = [1) <2[3> = 1) 85, V0% = U6, (36)
Omnpenemmym Tak:xe gypre-o6pas f (©) relizenGeproBckoro omeparopa:

foy=gz\dtenr @), fo)={docor@), @7

TOrjla CcOriacHo {35)

[ ()= 2! ™0 (0 4 opy)- (38)
nn’

Kpantosble pynkmur roppenantu. B KBaHTOBOH CTaTMCTHUECKOMR
fusmre, Kpome «omHOBpPeMeHHEIX» ¢ynrmuit (29), paccmarpuBarorcs
TaK:ke CpeJlHHe OT NMPOU3BeJeHNs HECKOJNBKHUX HaGIIOHaeMBIX, B3ATHX
B oIpefieJieHHOH MOCIe0BaTeNBPHOCTH W B DA3HBIE MOMEHTH BPEeMEHH,
HaOpUMep:

S (g (1> =<t | f (1) g () | 1o (39}

3amermM, 4r0 QYHKIMA Koppeasmuu (39) ompegereHa ¢ IOMOMBIO
reiizen6eproBCKUX BeJINYMH, W e HeJIb3sg HENOCDPEJCTBeHHO BHIPA3UTDH
4epes IIPeJWHTePOBCKHE (YHKIUM W ONePaTopH.

Cyemannble COCTOAHHA W MaTpMila MAOTHOCTH. JneadbHELF
CMCTOUNHEKY B CAydae MHOTOKPATHEIX W3MePEHUM ¢ HOBEIMU CHCTEMaME
TOJKeH N3TOTABIMBATHL WX B ONMHAKOBBIX COCTOAHUAX |i,>. MosxkHo
B KadecTe IpHUMepa YKa3aTh CIEAYIOIMHU CHocoG M3TOTOBIEHMA aTo-
MOB B COCTOSIHMAX, MPHHAAJeRamMuX JUCKPeTHOMY cnektpy. Cmepsa
aTOM NePeBOAUTCA B OCHOBHOE cocToAHne | () ¢ MOMOIIBI0 X0JOHOTO
TepMOCTaTa, & IOTOM HOABEPraercs [EHCTBHI) CHILHOTO HKOTepeRT-
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HOTO TOJA ¢ OIIpefelieHHON aMIIHTYIOH, MIHTeNHHOCTRI0 I 9aCTOTOM,
paBHO¥ oxHOM w3 G0POBCKUX YaCTOT aTOMAa Gjo (IOJE B KOTEPEHTHOM
COCTOSTHAM MOJKHO, B NPHHINIE, HPUTOTOBUTH ¢ HMOMOIIBIO JIasepa).
B peayarraTte arom mepepommTesa B cocrosdmme Bupa o | 0> 4 B | 1D
¢ M3BeCTHHIMH KoopHmueHTaMu «, [}, 3aBHCAINMMH OT IIapaMeTpPOB
oJA.

Ongunaro OOBIYHO MCTOYHHWK ABIAAETCH MAKPOCKOIMIECHKHM YCTpOii-
©TBOM ¢ OTPOMHBIM IHCJIOM BO3OYIKIEHHHIX CTeleHeil cBOOOIH, W ITO-
DTOMY BEKTOPH | fo>; QUYRTyHPYIOT OT pasa K pasy (i — HOMep Hc-
opiTaHusa). B peayunprate morazanmg perertopa f; = {tol f () | to»
HCOHITHBAIOT MOMOMHETEIbHEE QIIYKTYAIlun, ROTOPhIe MORHO OINCATE,
BBeJA BEPOATHOCTH HU3TOTOBIEHUS TOTO MWW MHOTO COCTOSHUS 0.
B Tarmx caydasx coOCTOAHHE CHCTEME HASHIBAIOT CMEULGHMBM (B OT-
JIgame OT PaccMaTpPHUBABIIMXCA JO CHX IIOP HUCMBL COCTOAHME ¢ OI-
peeeHHOA BOJHOBON (QyHRIMEIT).

Boxee crporo Hamo paccMarpuBaTh oOHIYIO BONHOBY dyHEDMIO | D
crucreMsl B HcTounmia. Ilycrs muTepecymomas Hac cuerema A B3a-
mMomeicTByeT miam B3amMmoneiicTBoBala ¢ Apyroid cmeremoli B (ma-
OpUMep, ¢ TepMOCTaTOM HIN HCTOYHHKOM), TOTHA OTAENBHON BOJIHOBOM
¢yarnmu pasa A me cymecrsyer. Jlerko mokasaTh, uTO BCe CBOI-
crBa A MOJKHO 3ajaTh C IIOMOINBI0 HEROTOPOTO omeparopa, HashiBae-
MOTO 0REPAMOPOM A0 MHOCMU (MITA CMAMUCMUYECKUM OREPAMOPOM).
IIycrs mabmiomaemas f otHocmTcst K cumecreme A, W HAc HHTEpecyer
> = f|>. Pasnommm BerTop | > m0 COGCTBEHHBRIM BEKTOPaM
[rN> = |n >| N) rarux-nubo omepaTopos (HampuMep, TaMuIbTOHHA-
aoB Ha u Hp, ornocamuxcs coorBeTcTBeHH0 K cucremam A u B),
TOTZIA

{f>= %_,:IN,< [nNY aN | FIn'N YN | > ==
= 3 fun <N | EnN>=Spa(fe), (40)

rjie MH ONpefeIHJH MATPUITY ILIOTHOCTH, CHcTeMH A
pn:n—;:%]<n'N| >< | nND (41)

(Sp o3HagaeT cyMMy gMaroHaJbHEX JIEMEHTOB). JTOH MaTpHIeE COOT-
BOTCTBYET oIeparop

.oz;;m > IN>=Spa| > | (42)

IIpu f = I m3 (40) ciexyer yciaoBHe HOPMHEDPOBKH Spa p = 1.
Tarum o6pasom, mis BHUNCHeHHH HabaoOfaeMbix cucTeMu A HeT
HeoGX0MMOCTH 3HATH BOIHOBYI0 (YHKONIO BCEH BaMKHYTOH CHCTEMBI
(koTopasd MOKeT BaBucerThb OT GOJBIIOTO 4HCJIA HE HHTEPECYIOIMX
HAC NePeMeHHEIX # COJeps:Kath m30HTOTHyI0 MHYOPManmo), a mocTa-
TOYHO ONMPemeNNTh JHUIMb MAaTpuiy IaotHocTH cmcremk A. I[lomaras,
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910 cmcTema B mMeer 60Jibloe UMCJIO HEPEMEHHHIX W ABAETCH TEPMO-
¢TAaTOM, MH TIPHXOIMM K IOHATHI0O KBaHTOBoro amcambma I'm66ea,
B KOTOPOM MaTpPHIa IIOTHOCTH {MATOHAJIbHA B OHEPTETHIECKOM Ipef-
CTaBICHUN:

Pnn’ — OnnZ7t exp (— Bégn)v (43)
Z=Dlexp(—B&,), p=1/xT.

Nrak, B caydae cMeHNIaHHHIX COCTOSHMIL, OIMCHBAGMEX MaTpHIeh
IJTOTHOCTH, HabroaeMele BHIRCIAAIOTCS M0 npauay (mEgexe A omy-

CRaeM):
() = Splf (1) p (t)] = Sp [fm (2) p (D). (44)

B coorBercTBEM ¢ oONpemeleHmeM CTATHCTHYECKHE omeparop (Kak
n BoiaHoBaa (yHruuMA) B mpexcrasienun llpenmurepa szaBucut oF
BpeMeHHM, a B ImpenctaBienmn ['efisenGepra me sasucur. Dynrnona
Koppeasanun BMecto (39) oumpepessercsa Temephb QopMysaoil

() g () =Splf(t) g (') p (Ll (45)

Marpuny mioTHOCTH YXOOHO HCIOJIB30BaTh W IS ONWCAHMA IACTHX
COCTOAHMII, IIPR ITOM

p=p"=]>Cl (46)

§ 2.3. llpepcraBaenue B3amMO[eHCTBNA M TeOpUsA BO3MYILECHHH

HYCTB B I'aMIJbhTOHNaHE CI/ICTGMBI:MOH-QHO BOHIIE€JIATHE MaJJdyYI 4YacTh:
W=+ V', V< Ho T (1)

Oneprug BO3MyImeHus 7Y Mo;KkeT GHITh, HAIpuMep, sHEPTHedl B3amMo-
meficTBusA ¢1a60 CBA3aHHBIX TONCHCTEM — MOJEKYJ B KPHCTaJIe WK

DIEKTPOHOB B MeTallte; IpH aT1oM o = NF{,; m ?” He BaBUCHT OT Bpe-
mernn. B npyrom tume 3amay 7 — [omoJHHUTeNbHAS YHOPIHA CHCTEMEE
BO BHeHIHeM (T. €. 3a[[aHHOM, KJIaCCHYECKOM) IT0J€, CTRTHIeCKOM HJIH
IlepeMeHHOM. B IociaenHem ciydae dHEPTHA CHCTeMBl He IIOCTOAHHA:
H = H (1).

Hpencrapaenne BzammopeiictBua. [Ipm ycrosmw (1) ymoGmo wue-
MOJb30BaTh IIPEJCTaBACHEE B3AUMOIEUCTBHA (ero HA3HIBAIOT TaKIKe
npepcraBrenneM /lmpaka), ROTOpoe 3aHMMAET MPOMEKYTOIHOE II0JI0-
meHue Me:xny npencrasienmamm Hlpepwmurepa m DeiisemGepra.

Omnpegesnm ciepBa YHATAPHBIH 0IEpaTop «HeBO3MYIIeHHOH» BBO-
JIIOTAY ‘

Uy = exp [— iHY (& — t,)/A], (2)
rre ty — QuKCUpoBaHHKY MoMmeHT Bpemenu. C IOMOMBIO TOTO OIe-

parTopa ompenesuM OUepaTOPhl I BEKTOD COCTOAHUA CHCTEMH B IIpej-
CTaBJeHMM B3ANMOMEHCTBHA (MH MX 6yZeM OTIMYATh BEPXHUM HHIOK-
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com «O») gepes mpepmurepoBckue Beamuwnm fI (¢), |£> crepyomum
obpasom:

() = Us @) Upy 1= US| . (3)

DTo KaHoHHYeckoe IpeoGpasosamme ymmrapHo: Ul = I. Omepa-
T0p U, yHOBIETBOpPALT YPABHEHMIO

inlly = Ho Uy Ug (L) = I. (3a)

C Apyroi cTopoHH, reiisenGeproscrue omneparops ) fI (1) m Ha-
JaIPHHH BEKTOP cOCTOAHUSA | ¢, > BHPa/RAIOTCA deped MIpeAMHTepOB-
CKHe OIepaTopPhl M BEKTOPH G IIOMOIBI0 NOJHOTO (TOIHOIO) OIIepaTopa
3BOJIIOINN:

ff)y=uUr Mm@ U, |t =U{O. (4)
Omueparop 2BONIOHUH OUPEeeH yPaBHeHUEM
iR = %, U () = 1. (4a)

Ws cpasmennsa (3) u (4) MoykHO HaliTn cBABH npexcraBienmit Hu-
parka u lefizembepra:

@) =8/1r@®8 15°=8It (9)

TIe MEl ONPENeJNIHN eme OjiUH YHMTAPHHI omepatop §, Ha3HBaeMHI
omeparopoM paccesnus (npd t-— t, = oo):

= UFU, kS = P"S. . (5a)

3neck dHepTHSA BOBMYINEHHS B IpejcTaBieHMH BsauMmopgeicTsus 27°
ompenengeTcsa no mpasmry (3), a ypaBHeHme is § HaXOQUTCHA ¢ IHO-
mompio (3a) u (4a) ciremyiomum obpasom:

il U = USH™ U — " USU = U P U,

CpaBuenme (3) m (4) norasmisaer, 9ro reiizenbeprosckme omepa-
TOPH B HYJEBOM HOPANKe Teopud BoamymeHmsa (korma 27 =0, U =
= Yy, § = I) coBOAgAOT ¢ JMPAKOBCKAMHA:

ro=re+7110 4+ ..
Huddepernupys (3), maiigem ¢ momompio (3a) ypaBHEHHS JBHKeHHA

JJsA omepaToPOB M BEKTOPOB COCTOAHHA B IPeACTABICHUH B3aMMO-
JefcTBHA:

dfo 610 1 ur

a = o T ] ()
d|ty0 1,
g =w V10" (7)

1) Mu mHOrga GymeM OTMedaTh OHEpaTOpH B HpefcTaBieHunE IeiizenGepra
nggercoM «D». ‘



60 HEKOTOPBIE CBEJIEHNA M3 KBAHTOBOV MEXAHHKU 1. 2

OTciofia JTeTKo HaiiTH M ypaBHeHHe A MaTPHIE IIOTHOCTH (2.2.42)
B TIpPeACTaBIeHMN B3aMMOJEHCTBHUSA:
’ dp® 1 o o

= =~ weh 7 (®)
TakuM 06pasom, B IpecTaBIeHNA B3auMOZeHCTBUA ONEPATOPH 3aBH-
CAT OT BpeMeHH «TPMBHAIBHOY, 6e3 yieTa BO3MYIleHN s, KOTOPO® BIH-
seT JHIOb Ha IBIReHME BEKTODPOB.

Npyrue npencrapaenua. Mosxmo, Hao6opor, mepeHecTH TPHBH-
QJIbHYIO 3aBHCHMOCTL OT BPEMeHH Ha BEKTOD cocToAHMA. TaKoe mpex-
cTaBjeHne o6pasyeTcs U3 UIPeUHIePOBCKOTO ¢ IIOMOMIBI0 YHHTAPHOTO
omeparopa

+ +
R =UYs = UeSUs - (%)
Ananornano (3) wau (4) nmeem
) +
=B UE = Uef T Uy,
|2Y = Z* |ty =Uo|t0d,

df, af' 1 ’ ’ il
—dt_zﬁ—‘!_—iﬁ[f’% — #y 1,

(10)

. d|t>, JH | ’
[4 T::%O It>.

Wnorga yuno6HO HMCIIONB30BaTh IPECTABICHHEE (MEIICHHO-MeHAI0-
muxca ammantyy (G = $+US):

o= §US = Gfr@,

. |t>MES+it>:@|t0>, (11)
M M 1 om0
T =" Tl 7

WUrak, nuHaMEKY KBaHTOBOH CHCTEMB MOKHO OOHCHIBATH B pa3-
JUIHEIX DKBUBAJEHTHHIX IIPEACTaBIEHUAX, CBASAHHHX YHATADHEIME
mpeodpasoBaAHNAME:

I = YU = YUof*Ug = R R* =SS, (12)
‘t>=%|to>=%o|t>0=-ﬁlt>l:$‘t>M- (13)

B § 3.3 st mpeoGpasoBanuA 6yayT pacCMOTPEHH HA IPOCTOM P UMepe
JHHEHHOTO OCIUIAATOPA, BO3OY/KIaeMOr0 KAaCCHIeCKOH HepeMeHHOM
cuiroit.

HamoMHyM, 9TO IPH CMeHe IPeCTAaBIeHHA BEKTOPHEIE H TEH30p-
Hble paBeHcTBa Thma | ¢ = f |V, | = gh coxpamsior cBolf Bumf,
W IO3TOMY B HAX MOJKHO He NHCATh MHIEKCH NpencTapjieHuil (3To He
OTHOCHTCA K PABEHCTBAM MY ollepaTopaMH, B3ATHMU B PasindHbe
MOMEHTHL BPEMEHH WJIH CONep:KaiyMn TPOU3BONHEE IO BPEMEHH OT
omeparopoB). YHMTapHLEE IPeo6pasoBanud COXPaHAIT TAKAe U CKa-



§ 2.3] IPEJCTABIEHNE B3AHMONENCTBUA 61

JAApHHE BeJHTYHHE, HAIPUMED, «IIHHHY BEKTOPOB, MaTPHYHHE 3Je-
MEHTH H IIIYPH TEH30POB.
3ameTum, 910 omeparop #, kommyrupyer ¢ U,, u moaromy

11 M I + ’ .
= , o = o = Uo HoUo; (14)
oneparopst Uy, U ompenemeHH dYepes MpeFHHTEPOBCKEE OHEPATOpPHL
i m
o H gg
Teopus Bosmyurenuii naa omepaTopa paccesnma. BymeM ucraTh
0IlepaTop § ¢ MOMOMBI TEOPHH BOBMYIMEHHIL:

§= 2 §™, sM—pm (15)
m=0

ITopcranoska sroro psajga B (Da) maer

it g(m) g0 S(m_l) (16).
rak 4910 nIpm m > 1
tm—1

[4
§™ty= (inym (at, . .. Sdt POt ... PO (). (1T)
tO

O6GosHaunm
PV (t) =V B >0)=1, 0(x<<0) =0, 0@, — &) = O,

TOTHa
i

8™ = (ifiym dty ... At Bya. - . By, m P - . Py
b (18,

§U = (—ihym { dty. . At 8oy B iy D1 P
to

(s mocmegmem pasemcrse (18) M cpemamm TepecTamoBKY (f;, i),

(239 tm-1), - - .). Momuo yGepurses, aro (18) ymosaersopser ycaoBu-
AM YHATapHOCTH Omeparopa §:
8(1) + 8(1)+ — 0, 8(2) _{__ 8(2)+ . 8(1)2 — 0, L (19)

Dopmyaa (18) maer ajaropuT™ s OUpemeSeHUA NSHCTBHA BO3MYIle-
Hns Ha Habaopaemsre pexmgmun. Ilampuwmep, mopcrasus (18) B (5),
MBI BHIpa3UM HPOMBBOJNBHHI omepaTop B Ipencrapienum [eiisenGep-
ra Uepes HEBO3MYINEHHEE OIEPaTOPhl CHCTEMEL:

fom (1 z £, (20)

]c(m) S(P)+f08(m—10) Sdtl S
XO21. .. 0p p-1Bpis, pra- - - Oy, mWﬁ . pf () Ppude - Ve (21)
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MosxHO0 mOKasaTh, YTO BTO BHIpajKeHUWEe SKBHBAJEHTHO CAeIYHMeMy!
t tm—1
ooy = (ihym (dty. .. § dta o 100, D)L, Pl (22)
to to
‘@opmyra (20) ymobuee misA BHYMCIEHMIT BTOPOTO M §0Jiee BEICOKHX
TOPAAKOB TEOPHH BO3MYHIEHMIl, TaK KaK OHA copepykut m + 1 caa-
raeMHX (BMecTo 2™ B MHOTOKpDaTHOM KommyTaTope B (22) ).

Ho cux mop MH HuIZe He UCIOJB30BATA ycJoBHA ¢ > f,. Ypas-
HeHWA IBU)KeHMA IPejCKasHBAIOT KaK HACTOANIee IO IPOULIOMY, TaK
u mponnroe mo Hacroamemy. Ho o6sramo mpenmosxaraercs, 4ro ¢ > &
H 9TO JI0 HAYaJbHOTO MOMEHTa f, BO3MYIIEHHE OTCYTCTBOBAJO. ¥ 100-

HO [OJAarark, 9ro f, = —oo M UTO BOBMYINIeHHe IIaBHO («ajmabaT-
TeCKUY) BEI0TALTCI,— HAUPUMEP, N0 SKCHOHEHIMATbHOMY 3aKOHY!
() — lim e®t¥ (¢). (23)

e—140

BepoarrocTs mepexopa. BaskubiM DOHATHEM KBAHTOBOH MeXaHUKH
ABJIAETCH BEPOATHOCTh Hepexoja. PaccMOTpEM cmepBa 3aMKHYTYIO
cucremy, B KOTOpOM 7” — bHepIus B3aMMOJEHCTBHA MeXiny ee da-
cramu. Iyers |n > =1, (t,) — coGcTBeRERe HEBHPOKIEHHLE CO-
CTOfHUA HEBO3MYMIEHHOTO TraMmiabToHHaHa: (Fy — &,) |n)> =0
M TYCTh IPH ¢ = f, CUCTEeMA HAXOMWJIACH B OJHOM M3 BTHX COCTOIHII:
[ 2> = | no>. SameTuM, 4T0 TaK KaK |n > — He TOUHHE BHEPIeTH-
9eCKHMe COCTOAHHUA, TO TeM CaMHM MH IPenmojaraeM, 4To 3HepPIH
BCeil CHCTEMBl He HMeeT OIIPeJeIeHHOT0 3HAYeHUs, T. . QIYKTYHDYeT
(BoOGmIe WA 3aMKHYTOH CHCTeME 06A3aHa COXPAHATHCA JUIIb Cpej-
His sneprua (>, a nucmepcusn {H2> — {H>® moxeT GHTH 1 He pas-
Ha HYI0).

B moment ¢ cocrosnue cmeremsr corsacHo (4) Gynet

[ =UoS | 1o = | n, t3°Kn |8 |med, |1, t D0 = Uy Ind. (24)

n

‘Coracuo aroit opmyse MaTpUUHEIE DIEMEHTH OMEpPATOPA PACCEHHSA
§ (cocTaBaAlOmEe MAMPUYY DACCEAHUA) OMPEALIAIOT, C KAKAM BECOM
B COCTOAHMM CHCTeMEI | !) IpPeACTaBJeHEl dHepreTHdecKue COCTOSHMA
| > (B TpejcTaBlIeHNE B3aWMOJEHCTBHA, T. €. ¢ y4eTOM HeBO3MYy-
meHHOH vBomonun). KBajgpar Monyla sleMeHTa MaTpUIE PAacCesHHA
Snn, PaBEH BepOATHOCTH P,, TOro, 9T0 HEBO3MYIIEHHAS HHEDPIUSA
'CHCTEMH B MOMEHT ! paBHA &,, WIH, KaK TFOBOPAT, BEPOATHOCTH Ie-
pexofa 3a Bpemsa [ — ¢, ¢ YPOBHA N, HA YPOBEHD n:

Prng= | 8uny P = 1<E [0, 0)° [* = | <0 |10 |2 (25)

‘Cornacro mociesHeMy pPaBeHCTBY MOKHO CKasaTh, UTO BEPOATHOCTD
Iepexojia ecTh CpejHee 3HadeHme omepaTopa Hacexemmoct: (2.2.26).
Ilojgepxmem, 910 peds uaer 06 ycaoBHOM BePOATHOCTH, TAK 9TO B 6o-
Jiee mOApoGHEIX ofospavenuax P, = P(n, t|n,, t,).
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B caywae mesamrnyroit CHCTeMHl, KOTAia 7¥ — oHeprus ee B3a-
MMOJIeCTBHA C 33aHHOU CHJIOH m cpepuas sueprms (H> He mOCTO-
AHHA, TOBOPAT 0 BEPOATHOCTH 6blHYHCOeHHO020 IePeXofa. 3aMeTuM, 4To
Takoll TOAXOJ WMeeT CMHCT B CIyYadX, KOTHA MO KAKHM-THGO0 CO-
o6paskeHMAM MOKHO mpeHeGpeub O6pAaTHHM BIMAHEEM HCCIELYeMOit
CHCTeMB HA HCTOUHWK CHJILL.

O6HYHO TpH BHYHCICHMH BEPOATHOCTH IIEPeXOxa NPHXOUTCSH
npnberaTb K TEOPHE BO3MYINEHH:

Pa= 3 P = (Sy+ S+ S+ ) (b - SR SN o).
m=0
(26)
B § 5.3 mu1 yBugmM, 4T0 BO3MOKHA CHTyan¥sa, KOTAA BHCIIHE HOPALKIT
TEOPHH BO3MYIIEHUA KOMIEHCHPYIOT Hu3IIHE:

P®) 4+ p® 4 P®) = 0. 27
3necs P® moKeT G5ITh BepOATHOCTHIO 0 HOPOTOHHOTO BHEYKIEHHOTO
nepexona, P® — peyxdoronnoro, a P® — uprepdepeRnuoHHHIR
YJIeH, IPONOPIUOHAJIBHEN Ky6y BEIHYKIAIOIMEro MOJA.

Ipu ¢ — ty = oo us (18) B caywae samrmyToit (2™ (¢) = const})
CHCTEMbl CJIENyeT

o

Sim=(inym | di,,. .. Sdtl D Pangy o Ve X

- LTI
X XD (i0pn,,_ b+ - -+ iOnntr) = — 1208 (&, — &n)) Tomy  (28)
rae
|2 |n Sy | Y| ng>
ri= ) e Vo) - a7 [0 (29).
NN i (mnﬂnm—l + lS) . ((,)n‘m1 + 18)

H MBI MCIOJB30BaXH (PopMyIy
1
lim \ dt’ eiot = 21 6 (0). (30).
oo =t
Cornacro (28) maTpuma paccesmMs AuAroHAJdBHA IO SHEprmd, T. €.
Tepex ol BO3MOKHBI JIMIIb MY BHPOKICHHBIME COCTO AHMAME € OJ[H—
HAKOBOU sHepruei.
Cropocrs mepexopga. OupepenuM Take BepOATHOCTh Hepexoa
B €JITHUI[Y BDEMEHH, T. €. CKOPOCTh Hepexoaa, KOTopas IPH HeKOTOPHIX
YCIOBHAX He 3aBHCHT OT BPEMEHH:
d
Wi = - Pr. (31)
Uz (25) u (28) caemyer
Wk = 2008728 (@) | Trr [ - (32)
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rHe MH BOCHOJAB30BaXmch caemymoomum us (30) upasuiaom:
[8 (0)]2 = (t — ¢,) 6 (@)/2m. (33)

‘Dopmyna (32), copepsxamasn O-QyHKUMIO, WMEET CMEICJ JIMIOb TpH ee
moCHeyIoneM HHTeTPHPOBAHAA TO HENPEPHBHOMY MHOMECTBY BEHI-
POKIEHHEIX KOHEeUHHX (W/HWIW HAYAJBHHX) cocToanuit | n). Hpn srom
O-pyHKIMA mepexoiuT B UMCIO 3TUX COCTOAHWM, IPHXONAMHUXCH HA
e[IMHWYHEIA HHTeDBAX 9acToTH dg/dw (Tar HasmBaeMas NAOMHOCMDb
cocmoanuii), m gopmyany (32) HasuBawT «30a0THM mpasmaom Depmm.

§ 2.4. ®ayrryanuonHo-guccunaruBusie teopemnr (OJT)

Ilo cux mop peds HIIa 0 BaMREHYTHIX CHCTeMaX MJIH O CHCTeMax, Ha
KOTOphie NEHCTBYeT KJIAcCHUeCKas fieTepPMEHWpOBaHHasg cuiaa. Dojee
PeadnCTHYHbIME 4aCTO OKA3HBAIOTCA (OTKPHITHE» MOJENH, B KOTOPHIX
BH(eJIAETCA IMOJICHCTeMa C HeGOJBIINM YHCIOM cTelleHeil CBOGOIH,
B3aHMOJIEICTBYIONIAA ¢ TEPMOCTATOM, HMMEIOMMM GecKoHeuHoe YHCJIO
cTeleHell cBOGOJH W HeIpPepHBHHIH SHepPreTHYeCKHi cmekTp. B mpo-
cTelilleM cjiydae IpPeAIOJAraeTcd, 4TO CHCTEMa W TEPMOCTAT HAXO0-
AATCA B TePMOJAMHAMUYECKOM paBHOBeCHH (HyJeBoe NIpuliamsxeHue
IO [EeTePMHHHPOBAHHOM CHJie), W CTABHTCS 3aJada O BHYMCIEHHU
PABHOBECHHX MOMEHTOB IIAPaMETPOB CHCTeMEL.

JInnmeitnaa OIAT saBasercs mo cymectsy oGoGmenmem Teopems
HaiikBucra, DpOW3BeeHHHM B OCHOBHOM B paborax Kamiema, Bexs-
Tona u Hy6o. Ona caswBaer ¢uryrryamun {f%> BHyTpeHHAX mapameT-
POB DPABHOBECHOH CHCTeMH ¢ ee JHHeHHOH BOENpPHMEMIMBOCTEHIO Y
o0 OTHOHIEHMI0O K cjxafof cmie (KOTopas IpeguosiaraeTcs 3aiaHHON
n wxaccmueckoi). DT, rakum o6pasoM, CBA3LIBAET CTATHCTHYECKHE
H KHHETHYeCKHe XaPAKTePUCTHKY CHCTEMH M sSBIAeTCA OXHOM W3 Hau-
fosiee o0MEX TeopeM HepaBHOBECHOH TepmopmHaMuKH. B nmreparype
(cm., mampmmep, [143, 144]) ') anmeitnas ®JIT u cmeskHble BOMPOCH
(cuMMeTpHA M aHaJUTHIECKHe cBoMcrBa X, mpaBmia cymMm H T. 1.)
OCBEeHMIeHEl I0CTATOYHO HOPOGHO, B MK 37€Ch IIpUBEIEM JRIOD ee KpPaT-
KU BHIBOJ M HOIIYTHO BBEjeM HEKOTOpPHIe 0003HAYCHUA M HA3BAHHA,
HeoOXOuMHEe A JajJbHeHInero.

Menbme mcclIe[iOBAaHLL CBA3H MY BhicIimMH MoMeHtamm <f3),
{f*> ® xBagpaTHUHOW H KyOWYeCKOW BocupmMMYHBOCTAME 2,
@, Jlumb cpapumrenbuo HenaBuo Edpemon [148] u B Gosee mommoit
dopme Crparomosuu [149], BHIBenm «TpPeXHHAEKCHYIO» HIM «KBajpa-
mranyoy OOT, rkoropyo M npusenem nmge. B [149] moaygen psay
cBASEH MeIy JeTHPEeXWHICKCHHMU BeJINIHHAMH W TOKAa3aHO, YTO
{f*> B ofmem cxydae He BHpaskaerca uepes y O,

Panee @aitm u fAmun [145] (em. raxsxe [146, 147]) mpu pacemotpe-
HNH KOMOMHAIMOHHOTO DACCeAHUA CBETA IOJYYUIH CBA3D MEHKIY

1) Cm. raxke pabor [183, 189], mocssamennsie 0606mennioc OO T Ha He-
PABHOBECHEI CHCTOMEL
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> u %® B mepaBHOBeCHOH cHCTeMe, Bo3GyrKmaemoii KIacCHIeCKOlt
HAKaUKOH IpH yCJIOBHH, 9T0 €e 9ACTOTA oy M KOMOMHALMMOHHHE Ta-
CTOTH Of, + @, JEKAT B OKHAX MPO3PAYHOCTH CHCTeME. JTo M aHAa-
JOTHYHEE COOTHOIIEHHS, KOTOPHE MORHO Ha3BATh «IPHGIMIKEHHEMA
ky6udeckmmm» OIIT, ramme Oynmyr paceMoTpeHn HEke.

Cnenyer orMerutb, dro mcmonbsopamme DT (kax ammeitmoii,
TaK U HeJMHEHHOM) AJIA OIpeneleHHs CIHeKTPAa TeIJIOBOTO M3JIYIeHHA
IpH ydJeTe OUTHIECKOTO aHTAPMOHM3MAa BemlgcTBa TpeGyeT HEKOTOPOM
OCTOPOKHOCTH (IJ. 9).

Jluneitnaa ®AT. Ilycrs sHepruio Bo3MYMEHHA MOKHO IIPefCTa-
BUTH B OWMIMHERIOM BuUJe:

w:——}j}ijj(t)E—f'F’ M

rge f; — omeparopsl cHCTeMH (HAIPHMEp, AMOONBHEIH MOMEHT j-i
MOJIeKYJH o6pasija) u F; — o606meHHbe CHIIE (IeKTPAIECKoe MOJie
B HeHTpe j-H MOJEeRYJH).

Coraacro (2.3.22) mpousBOJBHEIA OAHOBPeMeHHHH reitsenGep-
TOBCKMHU onepaTop B JuHeiiHOM Hpubanennn mo I BLipakaercd Tepes
HEBO3MYHIEHHBE O0mePATOPH CHCTEMH Cclefyomum ofpasom:

3
= \arite), funE ) (@)

o

Ilycres nabuomaeMoil BennmamHOU ABIAeTCA cpejHee 3HaueHme (CM.

(2.2.44)) S (1)> = Sp {fV () p (t,)}, ompeneiaseMoe Tepes HATATb-
HY®© (10 BRIIOUEHHMA CHIL) MATPUNY ILIOTHOCTH, KOTOPAA B IPeACTaB-
depum l'eitsenbepra me 3aBmemt o1 ¢{. Ecaum HavadbHOE COCTOAHHIE
cHCTeMHl OBLIO paBHOBECHBIM, TO p (f,) ompemensercsa (opMynIoit
(2.2.43) ¢ emumcTBeHHHM IapamMeTpoM '— Temueparypoit. CooTHOIme-
une (2) mocie ycpenHeHNs OUpENeiser MATPUIy JHHEHHON BOCIpPH-
MMYUBOCTH CHCTEMBI:

oy =\dt' yt, 1) F ), (3)
5 (t1, ta) = —— 8 (81 — £a) <[fi (ta), f3 ()]s (%)
6(x>0)=1i$e'3x, 0(z<C0)=0. .

Mu 3pech mOmOIHHTEIBHO HOCTYJIHPYeM OecKOHedHO Mamoe 3aryxa-
ume (¢ = -+0) KoMMmyTaTOopa reii3eE6ePTOBCKMX ONEPATOPOB AIA HO-
CTATOYHO YAaJeHHBLIX MOMEHTOB BPeMeHH. JTO NPEAIOJIOKeHne, IIo-
BHAMMOMY, IKBHUBANCHTHO THUOOTe3¢ O 3aTYXaHUU KOPpeIAnmd HIK
YCIOBUIO aquabaTRIHOCTH BRIKNICHUA Baaumonehcreusd (2.3.23), u oHO
OpeiCcTaBIAETCA €CTeCTBEHHEM CHIEACTBHEM peJaKcaluH, T.e, HeydH-
TEHIBAEMOT'0 ABHO B3auMojeiicTBusa ¢ TepmocraroM. CryneHuaras QyHEK-
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om0 (¢, — {;) ofecmedmBaeT NPHYMHHOCTD — Oyjyliue 3HAUYEHUA
cuawl (Opu fy > ;) He BANAKT HAa HaGIOnaeMylo BeIWIHHY. SaMeTHM,
910 B (4) ONYIEHH MHIEKCH IIPEJCTABIEHHA B3aMMOJIefCTBHMA, TaK
KaK IMOyp MHBapHaHTeH II0 OTHOINEHMI0 K YHUTapPHEIM Hpeo6paso-

BAHUAM.
Hax 6yger morasaHo HusKe, CPelHue IO PABHOBECHOMY COCTOSHHIO

3aBHCAT JUNIP OT pasHOCTeH BpeMeHHHX AapryMeHTOB, MTO3TOMY
% (2, t) = % (B4 — 1y, 0) = 5 (¢; — 1,). BBejeM Ppyuruuio BzaumuOR
KODpeJANNA DapaMeTpoB f; M f; HeBO3MYMEHHOH CHCTEMEI

@i (1) = i () 15 (o — 1)) = < (0) 15 (=00 = <o (1) 1;0)>. (5)

Dypoe-o6pas 910l PYHKNAHE OUpejeseT COEKTP B3AUMHHX (IYK-
tyamuit f; n f;. HaGop Becex Qynrmmit ¢;; (f) obpasyer MaTpHIy BTO-
prix MoMeHTOB cucreMbl: @ (£) = <{f (¢) £ (0)>. Ecau f; () u f; (0) He
ROMMYTHDPYIOT JJIA KaKUX-TO I, J ¥ {, TO MaTPHIIa MOMEHTOB HEeCHMMeT-
pudHa:

Ui (@), 150D = @5 (1) 5= 0,

mm D () =@ () —¢(—2t)~=0, tne @;; = ¢p;;. O6pazyem mus
¢ynRInaM @ () ABe «ycedeHHHe» (QYHKIUHU, OTIMYHbIE OT HYJA JHMIb
OPH  HOJOKATEABHHX AapryMeHTax:

DO =00 ¢ (x). (6)

B s1mx o6osnadeHunx (4) mpuHUMaeT BH[
— ify = ) — ¢! = 6D. (7)

BocopuuMunBoCcTh ) Ha3HBAOT TaK:e 3amasgbiBaomed ¢yHKmuei
I'puma, a ¢yurmao ¥ (— ¢) — omepesmatomelt ¢yumkmueir ['pumra.
WHorga wmcmods3ywT elle UPpHIMHAYI0 (QyHKIui0 ['puHa, pasHYIO
(¢ (1) + §O) (—)Yih.

Dopmyaa (7) BepaskaeT Y Iepes yceueHHbe PYHKIUE KOPPeIANA,
& MH XOTHM BBIPAa3HTh NOJHYI (QYHKOHWI0 KOppelammu depes ¥.
IIpesne Beero, mabanmmen or O-¢pyurmun. Jljs 9T70ro BEHYUTEM U3 MAT-
pu9HOTO paBeHcTBa (7) TPAHCHOHHPOBAHHOE PABEHCTBO IPY 06parHOM
3HAKe BpPEMCHH:

— ik {x (&) — 1 (=)} = @ (1) ®)

[aree, B paBHOBeCHOH cHCTeMe CyINECTBYeT OJHO3HATHASA CBA3B
Mexay @ u § u, caegoBaTenbro, Mexny ¢ u ©. Yro6sl ee maitiTH, pac-
npmeM ¢ noMompbio (2.2.35) GpYHKIHI0 KOpPPENANUA B SHEPreTHIECKOM
npecTaBlIeHan:

fr(ta) fa(te)) =
=71 Y%J:lflnmfzmnexp {l%n (tl — 1y + ll")’) + i((gm (t2 - t1>}’ (9)
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rage p = 1/xT u % = 1. Orcioga caegyer, 470 BCe PABHOBECHHIE MO-
MeHTH CTAMUOHapHH (T. €. SaBHCAT JUNIb OT PA3HOCTEH BPEMEHHHIX
aprymentoB). Ilomosxus B (9) ¢ = ¢, ¢, = 0, Haiigem

P12 (t) - Z—l Elflnmenﬁn exp {I’gn (t + I’l")’) - l(%)mt} (10)
nm
Orciofa mpu TmepecTaBIeHHHX HHAEKCAX 1, M CIeHyer
o1 (1) = Z7 D) frumFamn €XP {i&m (t + iB) — i&,t). (11)
nm

CpasumBas (10) u (11), BupmM, 9To ecJm pacilEPUTH 06IAaCTh Ompe-
nerenna QyHKmum ¢ () Ha KOMILTEKCHYIO HJIOCKOCTh, TO

@ (1) =@ @ —ip). (12)
BBegem omepaTop ciaBUra BO BpPeMEHH

[i]
~ T = G 1 92
R(T):—.-ie at——"fl—*—'t'ﬁ'-%—?'tgm——’—...,

R(v)eiot = etott+v) . R (v)f () =f(t + 7);
rorna (12) mpamer dopmy
¢(—t)=Apt),  F=R(—ip)=eidoor, (14)

(13)

Taxam ofpasom, omeparop %, = exp (—ifd/dt,) mepecrasiser rei-
3eH6ePrOBH OTEPaToPhI MOjl 3HAKOM CPeJIHero B paBHOBECHOMN cucTeMel

R lf (1) g (82> = <g(ta) ] (t2)), (15)
If (1), 8 @)D = (1 — R1) < () & (B2 (16)

BBogsa o6paTHHE omepaTop, MOKHO BHPAa3UTh QYHKIHI0 KODDPeJANHH
JABYX BeJMUYMH dYepes cpejHee OT MX KOMMYyTaropa:

G (t) 8 () = (1 — F)7 (4), g (LD, (17)
@) =1 — %" (). (18)
Hopcrasasasa crwopma (8), maxonum DJIT Bo Bpemenroi dopme:
@ (1) =i (B — 1) {x () — % (=)} (19)
3aMeTHmM, 4TO coriacHO ompepexenuio (13)
(B — 1) Leiot = 4 (o) eiot, (20)
M(rn)z(eﬁﬁ)—’l)_lz—[./lf‘(—m)+1]:%[cth%ﬁ—)———'1]. 1)

Oyurnnsa 4 (o) Hasusaerca ¢ynrnued Ilnaska mwiam ¢parTopoM BH-
posnennsa gororos ¢ smeprueir Zo. O6urauo OT dopmymupyor pis

CHMMeTPH30BaHHOM (Pymkmuun Koppeiasamuu (@ -+ ¢)/2, ogmaxko B om-



68 HEKOTOPBIE CBEJEHHUA M3 KBAHTOBO# MEXAHHKHA [TJ1. 2

THKe Ha6JIIOI[aIOTC}I HeCHUMMETPUYHEIe HODPMAJBbHO~-YOODALOYCHHBIC Be-

ananas (§ 4.3).
Coerrpaasnasa dopma. Hepeiinem K ¢yppe-o6pasaM BBeIeHHEHIX

BHIIe (QYyHKIWA:
f(0) =5 S dteotf (1), 3 (0) = S dteioty (1),

OSO 1 b, i7
o

(22)

iot-ef — ___
dte — 27 (o —e) 2 2w

¥~ 5

B (0

HI

rae & ozmadaer IIaBHOe 3HadeHHWe MHTEIPaia; OTMETHM, UTO
B (— o) = 0*(0), 08(e)+ 0*(0) =20 (). (23)

Oyuaknusa ¢ (o) HaseBaeTca cnekmpaavhol @ynkyued. Ilepennmem
OpHBeTeHHKE BHINEG COOTHOIIGHWA B COEKTPAIBHON (opMme:

(F (o)W =1y (0)-F (o), (3a)

(¢ 7 -_— 7 ’ i ’ -+ ’
¢® @)=\ do 6(m+m)(p(m_)=72—t—gdw LU ()

¥ (o) = 2};” Sdm B(0—o)D (m')zu—%-gdw' 0()1,)(_0)2) + i—:;—(l)(m), (T2)

Q12 ((1)) = %‘npn flnm mené (U) +‘ ‘Dnm)y ’ (103)
P(0) = ePog (— 0) = — " (— 0) @ (0) = (18a)
= N (—0) % (©) — X(— ) (19a)

(smecs p, = Z"!exp (— &,/uT) — oTHOCUTE/NbIIHE HACEIEHHOCTH).
IMocaenuss popmyna ssaserca OAT B cuexrpansnoil gopme. B Goree
MOAPOOHON 3amMHMCH OHAa MMeeT BHJ

i) f3(0)) = ;—Zé(w + o) (0) (5 (0) — Xz (@)} (24)

Mepennmenm Taxske Goxee mompoGuo ¢dopmyrny (18a), cazmBaio-
MYK MOMEHTH M KOMMYTATODHI B PaBHOBECHON cmcTeme:

fo) g(0)y=—+" (o) I/ (o), g (o). (25)

Hamo ormernrs, aro smBop auneiimoir MJIT cpasy B coeKTpaibHOM
dopme mpome [143, 144], ommaro BpemenHo# (opMmMaamsM, MO-BHIH-
MOMY, KOMIAaKTHee mpu BhiBoge kBamparmanoir OIT.

Cammerpusa momentoB w BocupmmmumBocreii. PaccMorTpum cum-
MeTpHIo QYHROEH f, ¢, ¥ M0 OTHONIeHWIO K H3MEHEHMIO 3HAKA HX ap-
ITYMEHTOB — BpeMeHm wjium 4wacToTH. I[lycrs omeparopsr f; — Bemle-
CTBEHHbIE WJIW 9IMCTO MHHMEE:

fi==xt=ss (26)
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HampEMep, ecau f; M f, — KOODAMHATA W CKODOCTH YACTHIM, TO
$; = +1 u s,= —1. BonnmoBrie QyHKIUM 3aMKHYTOIl OpHEHTHDOBAH-
HOH cmcTeMH 067aza0T CleaylomuM cBoictoM: Y} (—.B) = ¥, (B)
([143], c. 462), Tak gro

Tinm (B) :ij;?nm(_B)v (27)

rae B — Bremnee mocrosgHHoe MarmmrHoe mote. Uz (27), (10) n (7)
crenyer

$12 (¢, B) = sy 85 ¢Ta (—t, —B) = Gy (¢, B), (28)
x12 (¢, B) = sisox (8, —B). (29)
Otrciona mpu yduere ompeneiennii ¢pypbe-o6pasoB (22) Haxomum
P12 (0, B) = 55, ¢» (0, —B), (30
%1s (0, B) = s18yyz (—w,—B). (31)

JPMUTOBOCTh OIEPAaTOpPOB f; IpuBejeT K JAaJbHeHINUM OrpaHMYSHHIM
fO)=fH(=0), @t)=¢*(—1t), %()=x*(). (32)

Dopmyan (29), (31) Bmparkalor mpurmun cumMerpun Oncarepa.
Amanorugnoil cummerpueil o6iaaloT, KaK HeTPYAHO yOequThCH,
¥ Bolcmne (HeyCeueHHEEe) MOMEHTHI:

Qron=<fr(t1) e In IN)DB=Frn =<1 (— 1) .. . v (— tn)DZBe
(33)

Reanparmanas @®JIT. Bo BropoM mopsapke Teopud BO3MYIIeHUN H3
(1) = (2.3.22) cmemyer

13 ]

P Ve § an Y s AL ARn, @8

—_— -—00 J172
fn= fjn (tr)y Fpn= Fin (tn)-

Orciofia ompejeiseM KBAJAPATHIHYI0 BOCIHPUHMYABOCTD:

GOy = ( aty dty Dy Pl (35)
Jidz
As21 = — —:72- 032021 D321, (36)
Dgyy = s, fol, 11> = @321 — Pasr — Q132 -+ Pua, (37)
P3o1 = alofDy 021 = 6 (t21)’ log =ty — 4. (38)

3mech X gy, ABIAETCS TEH30DOM TPeThETO pAaHTra, Kaxgas u3 27 KoM-
TMOHEHT KOTOPOTO ecTh (QYHKIMA ABYX HE3aBHCHMHX apTYMEHTOB:

Y21 == Yiwiein (E3s Loy B1) = Yjsias (15 tar, O). (39
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B upasoit wacti (35) MOJKEO HOMEHATH 0003HAYeHHMA WHIEKCOB
CyMMHpDOBAHMsI H UepeMeHHHX uHTerpmpoBamma (1, 2) (r. e.
j1» t1 <> Ja, ts) mIEpecTaBuTh MecTaMu Fy i Fy (tak Kak F; — He omepa-
TOPH), TAK 9T0 Y391 = Y312 ¥ MOKHO CHMMETDH30BAThH OLpejeNeHHe y:

1 1
Kae1 — T(Xﬂl ~+ Yz12) = — oz (932921{17321 -+ 631912(1)312)- (40)

dra dopmynra BHpasKaeT KBAJPATHUHYK BOCIPWMMIHABOCTH depes
«ycedeHHBIe) HJIH (IPUYMHHBIE) TacTH KOMMYTanuoHHBIX pyHKImd D,
KOTOpHIE B CBOX OdYepe[b SIBIAKNTCA KOMOMHANMAME M3 JeTHpeX «yce-
YEeHHEIX» MOMEHTOB TPEeTheI'o MOPAAKA ¢ (ABYyXBpeMeHHEIX KODPEJs-
nuonHNX QYyHRIEi). 3amada coCTOMT B TOM, 4TOOH «06epHYTB» pa-
BenctBo (40) u Bripasuth ¢ depes y. Cmepsa BeipasuMm ¢ depes @. U3
onpenenenna (37) caenyer

(D321 4 Dy = 0, D3yy + (D213 + D3 = 0; (41)

HepeCcTaHOBKAa MHjEKCOB B (41) nacT emg nBa He3aBACHMBIX ypaBHe-
HEA, TaK 9T0 U3 mmectd BexwduH Dy, TOIBKO jiBe ABIANTCA HE3aBH-
cHMEIME. YCIOBHE paBHOBeCHOCTH aHajormumo (15) pmaer

ﬁﬁPma = @231y (42)
B, = exp (— %——i—n) 1T Ry =1.
Hocue psna mpeoGpasosamuii (mogpoGree cv. [149]) maxommm
Q321 == Jﬁ:}(jzcblaz + JI?';CD?,M), (43)
Hogn=(FF* —1)1, f=—n.
Hamee ¢ IOMOL(BIO (41) u (33) *) MoskHO mOKa3aTh, 910 M3 (40) caegyer
Dyyy = —21% (Y501 — Yam + B. C.), (44)

rfie «B. C.» 03HAYAET ONMEPANHUI0 «BPEMEHHOIO COIPSIKEHHA» COTIACHO
(33): % + B. c. =y + %. O6wepnussa (43) u (44), moxydaeM KBagpa-
taaayio OIIT so BpeMeHHOﬁ dopme:

.21 = — 2h* [JV‘—L/V‘ (Xs21 -+ B. €.) + ./17’2.,47‘3()(123+ B.C.) —
JV‘ (/(213 + B. C)] = — 2k2JV3 [JVI (X321 — %231 + B. C.) -+
+ N3 (132 — Yorz + B.C.)]. (43)
Hepeiinem & coexrpadbHoMy upeacraBienuio. OmpesennM cie-
Ayomue GYHKIMA (Y50 == X (O3921)):
ng{ = (2008 (3 - g - wl)]—lgdts dty dt; e iOstct@Ltont)yg
(46)
pso) = [8r3d (w3 + @y -+ @1)]2 Sdtadtz dty eieutstourost)qy,,

1) IIpegnoxaraeM, 910 fj (t) 061a7ai0T ONPEICIeHHON YETHOCTRIO.
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3nech pypre-o6paskl ¥ M @ IPOHOPHMOHATBLHH O (0; + @3 + @)
U IOITOMY HMEIOT 10 jBa He3aBMCHMHIX aprymenta. Mz (22) m (35)
crenyer

<f§2) (0)) = S do'}ip (— 0, 0 — 0, ©) Fj(0 — o) Fy (@1,  (47)

Hak xerxo ybemurbes, omepanmsa (33) B cmeKTpaxbHoil dopme mepe-
XOIAT B OMEPANHI0 KOMILUIEKCHOTO CONPS/KeHUA M YMHOReHUA Ha § =
= 5;55853 = 1. IIyers s =1 u B = 0 rorma ¢©@ n D@ — neji-
CTBUTEIBHLL U

Y321 4 B. €. = (23'[)_2 S d(l)3 d(l)-z dmlei(“’“’”"’ﬂi-“'“’l“)Z Re Xgé)l)é ((‘)3 ~+ ws + (1)1).
(48)

B pesyanrate (45) mpmumMaer Bupm (moxaraem f; = fF)
h2
ol = — —= Re {47147 25 - A ;J'”;Xﬁ% — NN 5X§(§2} =
2
= Re NN (xé‘é’i - ngl)) + N (X(l(é)"z - Xgol)%)}y (49)

rge Temeps

-

W= |ewp (£ 08) — 1| = — (st . (50)

Wrax, TpexuHgeKCHEE BOCIPUUMINBOCTA M PABHOBECHEIE MOMEHTEL
B3aUMHO OJIHOBHAYHO CBA3AHK APYL ¢ APYLOM coriacHo (opmylram
(49) m (36). Boime mmr paccmoTpeanm cBasE Mexxy momenTamm @',
ONMCHBAIOIIIMA QIYKTYANHN B PAaBHOBECHOM CHCTEME, M BOCIPHIMIH-
pocramu x("~U, ompepeasromumu usmenenne o) (F) mon meiictBmeM
BHeLIHeH cmib (Hakadkm), A cxydaes n — 2 u 3. Herpymmo mo
amagormn ¢ (36) ompemenmts ¥ wepes q:é“, OJIHAKO, «00ePHYTHY 3Ty
CBsI3b HeBO3MORHO [149].

IlpepcraBasier marepec tarkske mameHenme @) (F) mom meficTBHeM
maxauku. Hampumep, B [148] mumeiinyio mo makauke gacrs ¢¥ yna-
70Ch BLIpasuTh uepes ¥ m TeMmeparypy. ITY CBAZH TAKIKe MOMKIIO
cantarb KBagparmagoir OIT.

Hpuémmkennas vyomyeckana DAT. Bupaenme masa ksagpaTuu-
HOHl 0 Haxadre GacTH (QAyKTyanmumi ¢ depes KyGHUeCKYIo BOCIDH-
nManBocTh ¥ Gputo wHadigeno B paGore [145] (cm. tamswe [11, 146,
147]) npn upemebpesenun IuHEeHHHM HoOrJomerneM. M mpuBeneM
3/1eCh 9Ty CBA3b, JOTOJHAB €€ CIATaeMbIM, ONIUCHIBATIOMUM KO P PeIAIII0
CTOKCOBHIX U @HTHCTOKCOBHIX CHEKTpaibHbIx KommoHeHnT [136]. O6mee
obcysxnenne cBA3el MeKIY PasINIHBEIMM deTHPEXHHISKCHHMYU BeJd-
ggHAaMH MoxHO Haittm B [149, 188].

PacemoTpum Mopmenb, ONUCHBAWIIYI HEPE30HAHCHOe KoMOuHa-
IUOHHOE paccesiHme cBera. llycTh ma paccMarpuBaeMyi0 PaBHOBECHYIO
CHCTeMY JeficTByeT MOHOXDOMATHIECKAs (HAKAUKa» C aMIIATYNOH
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FL u qacToroll or, TaleKoH 0T cOOCTBEHHHX TACTOT CHUCTEMEI. 3amada
COCTOUT B OIDEJIENOHAH BTOPHIX MOMEHTOB CHCTEMBI, BOSMYIHEHHOM
HAaKauKoH, depes ee BocupuumuuBocTh ¥®) Mo oTHOmIeHHMIO K ciaboit
30HAUp YOIl cuie («caruaxy») F (o) ¢ 7acrorofl @ TpHu YyCHOBHH, UTO
TOJIBKO pasHOCTHasA dacroTa Q@ = @ — op 6amska ® oxHoit U3 co6-
CTBEHHKX JFACTOT CHCTEMBI (.

B o6mem ciayuae merpynmno HaiTu OPMATBHOE BHIDAKEHME NJA
TeH30pa derBeproro panra (%, CBA3HBAIONEr0 TEPBHH MOMEHT
(orrank) {f> ¢ kybom BHemHeH cuian /3, yepes co6CTBeHHEIe TaCTOTH,
MaTPHYHEe DJIEMEHTH W HACeAEHHOCTH CHCTeMBI (CM., HaIpumep,
{10, 11]). B cmeKrpaabHOM IIpENCTABICHHH KaKAasd KOMIIOHEHTA
9TOT0 TeH30pa — (QYHKIMA TPeX 49acToT, KOTOPY MKl 0603HATMM
thz = Y (01; Oy, @3, ©y), THe HUHISKC [ KM dUeTBepTas dacroTa
0, = 0y + 03 - ©, OTHOCATCA K OTKIUKY (0 = —@). Ilo ompe-
JIeI6HNI0 TeH30DHASA (YHKIMA ¥ HHBAPMAHTHA K OMEPAIUU TPOM3-
BOJIBHOM IepeCTaHOBKM e¢ HEe3aBHCHMHIX JACTOTHHIX aprLyMEHTOB (g,
03, ©4 W COOTBETCTBYIOIMAX [eKaPTOBLIX MHAEKCOB j, k, [; Hampumep,

R = ol — . ‘ (51)
Hac smech untepecyer 94acTh OTKIMKA, KBAAPATHYHAA N0 AMILINTYNE
MOHOXpOMATHYECKOH HAKAIKU FU u nuHeliHas WO (ypbe-KOMIOHEHTe
curaaza F (o):

i)y = REAFEFE R (04) + 5P FEFEFT (0y) =
= Ax(l) (1) Fy(01) + Ax$D (1) FI (@2), (52)

e w, = 20r — ;. llepBoe ciaraemoe B (52) coorBerciBYyeT 3¢-
dexry pamanosckoro yemnenns (Q << 0) mim moriomenus (Q > 0),
npomopmuounaibaoro [m Ay;; (o). Bropoe caaraemoe omnmcrBaer
TPEXYaCTOTHHN mapamerpudecKuil sdderT, CBAHBAONANA CTOKCOBHI
O QHTHCTOKCOBE KOMIOHEHTH (9TOT 3((eKT MCHOTB3yeTCH B aKTHBHON
cuexrpockommu [139]).

Iyers 0,>wo (n = 1, 2, L), Torna ¢ DOMOILI0 TEO PUU BO3MY-
HIEHUSA MOJKHO HAWTH CBA3b MEKAY BTOPHIME MOMEHTAMU BO3MYIIEH-
HOW HAKAYKOil cucTeMHl W Ay, aHAJOTMYHYI0 TouHo# amueiimoit OT

(24):
i(0) 5 () =8 (@ + o) (o — or) Im AP (0) +

+ L8 (0 + o — 200) 4 (0r,— ©) Im AP (') (53)

(A1 TpoOCTOTH MATpUYHble HIEMEHTH [, CIHTARTCA NeHCTBUTEND-
guMn). B oranane or mmmeiinoir MUT, smecs aprymentoM Temmepa-
TypHOro MHOEMTeds N ABIAeTCA PasHOCTHAA dactrora —|—Q u, Kpome
TOTO, HMOSBHJIACH KOPPOAINA MY DA3HOTIACTOTHHMH KOMIOHEH-
TaME, CABUHYTHIMH Ha JBOHHYI0 9acTOTy HaKaukd 2wz (kBagpaTmd-
nag OJIT onmerBaeT KOppPENANNI0 KOMIOHEHT, OTANIAIOMMAXCA HA OL).
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§ 2.5. Penakcanua u KAReTHYECKME YPaBHCHMI

Ilpepmonaras B mpeanaylieM pasjiesie CYIIECTBOBaHMe He3aBH-
CHMmETo 0T HAYaJbHBIX YCJIOBHH OTKIMKA CHCTEMBI HA JleiicTBHe BHEI-
Hel CHUJH, MBL HeABHO TOCTYJIHMPOBAJIH HAJIMIne HPOIECCOB peaKca-
HMA. DTH TPOIECCH IPHBOJAT K «3a6LBAHIION CHCTEMOM e HAYAIBHOTO
COCTOAHMA, K YCTAHOBIGHWI) CTAIMOHAPHOTO OTKJINKA IPH BO3-
NeHCTBHM TapMOHHYECKOTO BOSMYIIEHHA M K BO3BPAMEHNIO CHCTEMB
K TeIIOBOMY pPAaBHOBeCHIO HoCle BHIKIH0UeHHs cuibl. Perarcarms
BBOJIATCSH B NUHAMUYECKYI0 TEOPHIO ¢ IOMOIIBIO ¢TepMOCTATay — BTO-
PO cmcTeMBl, HMeloImeil feckoHedHOE UMCIO cTemeHed cBOOONH H,
CIIe/IOBATENHO, OECKOHEUHy JJMTelIbHOCTh «mukia llyamkapey,
T. . Hepumoja IIOBTODEHUs COCTOAHUA. B Kiaccuieckue Teopuy
peaKcanus Jerko BBOAHTCHA (eHOMEHOJIOrnIeCKH — nobaBreHneM
B ypaBHEHEe CIUI TDeHHsA, NPOLOPHUOHAIBHHX ckopoctd. B jmma-
MMYeCKHe KBAHTOBHE Mopgednm GecKomedno ciabas peraxcanws d He-
06paTnMOCTH ypaBHeHHH ABHKCHHA BBOLMTCA ¢ HOMOMBIO aguabatu-
YECKOTO MHOKUTENS ef! mpu pHepruu Bosmymenus (2.3.23).

OjHAKO TepMOCTAT He TOJBKO JeMI(QHEpYeT [BU;KEHHEe CUCTEME,
Ho u memaGe:xmo (mpm T == 0) packaumsaeT ee cIydaifHBIM 06pasoM.
HaraamasiM ¥ BaKHHM HCTOPHYECKHAM IPUMEPOM ABJIAeTCs GPOYHOB-
cKoe pBuskenue unanukn. Iog neficTBueM GeCUnCIeHHBIX YIapoB MO-
JeKyJl Bo3qyxXa ee MEePBOHAYAJIbHOE TIOCTYMATeJIbHOE JBH;KEHHE
3aryxaer (WM yCTaHABIHBAeTCA HA CTAIHOHAPHOM YyDOBHE IPH HAJH-
9py BHeNIHell CHJILI) I cMeHseTca AuP(Yy3MOHHEIM XAOTHIECKHM JIBU-
sReHUeM. SHAMEHHTOe COOTHOImCHHEe JNmmreiia Mesxny Koaddunmen-
tamu quddy3un ¥ TPEHHMA MONOKANIO0 HAYANO cepHH QIyRTyammoOHHO-
TMCCUIATHBHEIX TeOoPeM.

Ina oumcanns GPOYHOBCKOTO [BHKeHHA KJIACCHYCCKHX MOjeleid
paspaboTaHo ABA BAJKHHX M, KaK IIPABUIO, DKBHBAJCHTHHIX METOJA:
AQHIICE8EHOBCKLTI, OCHOBAHHHN Ha n00aBJCHMM B yDaBHEHUC [BUIKE-
HHUsSI, KpOMe CHJI TPEHMH, elle «IIyMOBHIX» CHI (MX KOPPeJATOD OIpe-
menseTcsa depes KoHCTaHTy saryxaHus ¢ momomsro ®IT), m mapros-
ckuii, ocrHopanERit Ha ypasmeHuu Qorkepa — Ilnamka naa ycios-
HOW BepOATHOCTH MEPeXoja CHCTeMH M3 OJIHOTO COCTOAHHA B Jpyroe.
B mocsiejmnee BpemMs B CBASH ¢ Pa3BUTHEM KBAHTOBOUW ONTHKH M 9JER-
TPOHHKHM DTH METOjH Obliu 0GOOINeHH AJA omHCAaHHA GPOYHOBCKOro
BHKEHNA KBaHTOBLIX CHCTE€M, HANpUMep, TapMOHHYECKOTO OCIAJI-
JATOpa WM MOAH pesomartopa [5]. ‘

HanGoxee ofmmit MeTox OJHOBPEMEHHOIO ONMCAHHA (NIYKTyamui
B caab0-HePaBHOBECHHX CHCTeMaX ¥ IpPOIECCOB PEeJaKCAHUHM OCHOBAH
Ha TaK HasbIBA€MbIX KUHeTWYeCKUX YPaBHEHHAX, MEepBOe M3 KOTOPHX
GHLIO BBENeHO DBOJBIMAHOM OKOJIO CTa JeT Hasdam. MBI paccMOTPHM HH-
/e B KadecTBe IpuMepa OJHH M3 HPOCTeHIINX BapHaHTOB BHBONA KH-
HETHIEeCKOr0 ypaBHEHHA.



T4 HEKOTOPBIE CBEJIEHHUA M3 KBAHTOBOIT MEXAHUWKH [TVI. 2

Kunerngeckoe ypasuenue A MATPHub! miotHoctd. [Iycts B 3ami-
HYTOH CHCTEME MOKHO BHIJEJHUTH [IBe YaCTH, TaK 9TO €e omeparop
l'aMnabToHA HMeeT BHJ

H=9s+Hp -V =5+ 7, (1)

rae # 4 MOKET BRIKYATH edcTBHE BHOIIHAX CHJI.

Cormnacao ypasmenmio (2.3.8) Marpwma ILIOTHOCTH BCEH CHCTEMBI
B OpefCTABICHHH B3aMMOeiiCcTBUA HM3MEHAETCH IO 3aKOHY (MHIEKC
upencrasiaenns «0y omycraem):

O L, (k) + Ap(1), @)

rae
! ¢
Bp=pt)—p(t)=\at B = {ar @) o). @)

to to

Ilora Bce Touno. CresiaeM B IOCJe[HeM BHPAMKEHUU CIeYIOIMAe mpHA-
OAMIKCHAA:

p (1) = pa (2) pB(to) =0 (1), (4)
PB (o) = P(BT)1 ty = —o©

(umnexc 7 o3HauaeT DABHOBECHYI0 BeJMYHMHY C TeMmeparypoi T');
Torna (2) DpuHEMAeT BHJ

oy { a1 @), 12 @), 501 (5)

——00

(MBI omycTHIH NWHeLHOe mo 77 ciaraeMoe, failige CTATHIECKOE BO3-
mymenne). DaxTHdaeckn Hac MHTEpecyer JAIIb IOBefeHHe cacTeMH A,
T. €. ee MATPHNA IWIOTHOCTH P4 () = Sppp(t). llpumenenume omepa-
mun Spp K o6omMm YacTAM (D) W IPABOJUT K KMHETUYECKOMY ypaBHe-
Huio 11 omeparopa pa (£) [11, 13, 1501,

Ipu6mmxenne (4) osHagaeT mpeHelpeskenne 06PaTHHIM BIMAHAEM
euctembl A Ha B u mpeHeGpeskeHne «GHCTPHIMMUY H3MeHeHHAME P4 (1)
B PesyIbTaTe OTAEIBHEIX «CTOJIKHOBEHHI. JT0 MO CYmMeCTBY MapKOB-
exoe IpuOIMKeHHe, CONJACHO KOTODOMY MOBEJIeHME CHCTeMBI B JlaH-
HHIH MOMEHT He 3aBHCHT OT €€ J0CTaTOUTHO flazexoro npomioro. Hpowe
T0T0, y4eT B (5) AHUIb CIaraeMHX BTOPOTO MOPsAiKa mo 27 (T. e. JuMIOb
¢IBYXUACTHUHBIX CTOJIKHOBEHHIDY) IIpeimoiaraer clIafocTh B3aMMO-
JIeCTBHA.

Ecim Mo Halinem pemenue (D) IpH 3afaHHOM HAYAIBHOM YCIOBHH
pa (f;), TO MBI MOKeM OIIPeJIeIATh IPOM3BONBHYI0 ONHOBPEMEHHYIO
HabII0maeMyI0 B MOMEHT { mo dopMye

(0> = Spa{oa () f (D)} (6)
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rae f ({) — omepatop B mpejcraBienmu BaammoneitcTsua mo 7. Ecam
BHEIDHUX CHUJX HeT,T0 P4 (f) mpu t =i, |+ T cTpeMuTcs K pABHOBECHOHR

MATpHUIe IIOTHOCTH € TeMIepaTypo# TepMocrara o & (v — xaparTep-
HOe BpeMsd peJaKcaIdu); IpH STOM Ipasas dacth (6) momxma crpe-
MuTbed K craguoHapromy smadenmio X(T). Ipm manuunu S-o6pasmoi
M TapMOHUYecKo cuibl (6) ompeseaeT BpeMeHHYIO MM CIEKTPAJb-
HYI BOCHPHHMYHBOCTH CHCTEMEL.

Kunernueckue ypasuennda puasi cpepumx. Ilyers f — omepartop
mpomsBoabHOro mapamerpa cucremsr A. s (5) u (6) caenyer

d<f> df @34
g = P4 (dtpA+f—z_it—_):

) ¢
=3 =5 L arspgwz oz enson O

I'Jle LepBoe cjaaraeMoe ONMCHBAeT ABIKeHMe HaGmogaeMoil Ges ygeTa
cuereMil B; coraacuo (2.1.13) mpu 9f/9t = 0
s df\ 0 1 .
(G =5 Sva (U Halpa). (8)

Hagr 7Ierko mpoBepuTh, OmEPaTopHl WO S3HAKOM Sp MOYKHO HHKJIHUE-
CKH NepecTaBJATh:

abc = cab = bea, alb, c]l = la, b ¢,
alb, [c, dll = lla, b, cld, 9

u moatoMy (7) mMoKHO HepenncaTL B BUjE
& D g di' <7 (@), 7 @O P @D, (10)

rae ycpejHeHHe [epeMeHHHBIX cHcTeMH A IIPOM3BOJHTICA € HOMOIIBIO
MATpHIH LIOTHOCTH P4 (f), B3ATOH B IpejCTaBJAeHHN B3aMMO/eHCTBHA
B MOMEHT BpemeHH f, a ycpejiHeHHe IepeMeHHBIX TepMOCTara — ¢ I6-
MOIIBY PAaBHOBECHOH MATPHUILI IIOTHOCTH.

IlycTs »HEpruio B3aWMONEHCTBHA MOJKHO NPEJCTABUTH B BHIE
«CKaJApHOTO mpomsseneHusy (2.4.1):

v==3Fs (11)
rorga (mepeoGo3HAYNM IPOM3BOJBHLIE OHepaTop CHCTeMH A depes g)
4
0 1 * 7 7 ’ -
2O — (B Y\ v EEm s a1 —
3i" —oo :
— F'EYDL I, gy (12)
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rae f = f; (¢), /' = f;(t') u amaxoruuno aua F, F’'. PaBHOBeCHEIE BTO-
psie MonmenTh TepmoctaTa {FF' YT u (F'F)T) cpasans dopmyoi
(2.4.15) 1 MOTyT MIM CIMTATBCHA W3BECTHHIMH (EHOMEHOIOIHICCKIMH
XapaKTepUCTHKAMHE, WJIH PACCUMTHIBATBCA C IIOMOIIBI0 HMPOCTHIX MO-
pelleit (yno0HO UpejCTAaBIATH TEPMOCTAT CHCTEMON TIapMOHHIECKHX
ocmmmasitopos  [3] mam  maGopoM JBYXYpPOBHEBHIX AaTOMOB — CM.
§ 4.5).

Iomosxum g () = f, (1) fo (¢) ... fx (t), morma (12) ompenpenser
CKOPOCTH M3MEHEHHS OJHOBPEMEHHOTO A-TO MOMEHTA CHCTEMBEI depes
pasHOBpeMeHHEe MOMEHTHI mopsika k + 2. OTH MOMEHTHI OIpefe-
AA0TCA B IPEeCTABIeHNN B3aNMOeHCTBIsA, TaKk UTo corracHo (2.2.35)
HX MOKHO BHPA3HTh 9¢pe3 OMHOBPEMEHHbIe MOMEHTH i HeoIepaTOPHLe
dyurmun Bpemenn. Ecanm coGCTBEHHBIE TACTOTH (), HEBO3MYHIEHHOH
TepMOCTATOM CHCTEMbl H3BECTHH, To MHTerpupoBanue B (12) MomxHO
nposectn sBHO. Takmm oGpasoM, ypaBmemme (12) apaserca mudde-
PEeHIMAIbHEIM, & He WHTeIpo-AuddepeHHATILHEM (Kak BTO U JOJKHO
OLITh 7 MApROBCKOLO IPOIECCa).

Ecnu, manee, cucrema A nuneiina (Haupmmep, ecam cucremMa A —
9TO HIEKTPOMATHHTHOE IToJe ~— cM. . 3), To KommyraTopsr [f, ']
CyTh c-umcla, a cpenmume ot |g, fl ABAAlOTCA MOMeHTaMM HopsAjKa
k — 1, u B pesyabrate B JeBOil U mpaBoil dacTAx (12) ¢urypupyior
MOMEHTHI OfHOTO mopsaxka /K, T. e. (12) B pTOM cIyduae IpezcTaBiger
3aMKHYTYIO cUCTEMY KIWHETHIECKUX ypABHEHHI IS MOMeHTa MOPARKA
k (mmorma ymoGHee B KadecrBe HabmropgaeMmoii <(g> BHOpaTh Xxapakre-
pucTHIecKy0 QyHKmuio — oM. § 4.4).

Wrax, Kumernueckoe ypasHeHwe B HPUHIUIE OUUCHBAeT H3Me-
HEHHe BCeX CTATHCTHYECKMX CBOLCTB CHMCTEMEI HOJ IeHCcTBEEM TepMO-
craTa u sHemmumx cui. Ilogueprnem, aro B orawane or DT pemenne
KHHeTHYeCKOI0 - yPaBHeHUsA OIpejeisdeT BCe MOMEHTHL B HepaBHOBEC-
HOM cHmeTeMe, BRJIKNYAHA M BOCIPUMMYMBOCTH — OTHOINEHHME IepPBOIrO
moMeHTa K cmiue. QT ke ammb yrBepsKjaer, 4T0 OTHOMICHHE BTO-
POTO0 MOMEHTA pPABHOBECHOH CHCTeMH K BOCHPHHMYHMBOCTH B CIEKT-
pPAJbHOM TPeNCTABIEHAN €CTh YHHBEPCAXIbHAA (YHKIUA TeMIepary-
pBl 4. OTO yTBeps;kieHHe 3aTO B OTJIMYME OT BHIBOJOB M3 KUHETHYe-
€KOTO ypaBHEHNsA He OTPAHNIeHO HUKAKUMH NPHOIMKeHHAMHE, KpoMme
YCJHOBHA PABHOBECHOCTIH.

Kunernueckne ypasuenus ajis macenenHocreii. C momompbio (12)
MOJKHO OIpefelHTh JHHAMHKY CPeqHMX HaceleHHOCTel cmeTeMul. s

3TOr0 IoJaraem
g =0 = |np<n,l, (13)

tme | ny> — coberBemnnie BexToph # 4. Hak aerxo yGepurbes,
IMEI0T MecTO cleqVIomupme COOTHOWemmsA (HEReKc A omycraeM):

0%y = pra = (1| p°| nad,

) 14
{fo¥fy = 3:24 fuof1:00 = (fof Jra. (4
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B pesyaprare ms (12) cuemyer

dpw Z W1234034, (15)

!
Wygzq = 7112' ; S dt’ {CF'FYT [faaf1a — (f')a2b1s] +

—0C

+ CFF"T [fasfrs — (Ff 1sdaal},
for = <ny H? () np, f21 {ny lf] (t/) | ny)

(aTOT ;Re Pe3yMBTAT MOJKHO IOJYIHTH cpasy u3 (D), B3AB MATPUIHBIA
BIeMEHT Me;Kay cocrosHusmu {R, | m | ny).

Ecan mpeneGpeds HegmaroHATBHLIMA DIEMEHTAMA MATPHIIH IIOT-
HOocTH (Tak HashiBaeMoe TpmOJmkenme xaorTmieckmx ¢as), To (15)

OpUHAMAeT BIX:
dp
= Z Wy Do (16)

Pn=0Pnns Wnm = Wppim;

KOQPUIUEHTR W), HAHBAITCA CKOPOCTAMHA PEJIAKCAIMN MIHM Bepo-
ATHOCTSAMI IEPEXO0B MEKIY YPOBHAMH IIOJ| NEHCTBHEM TEPMOCTATA.
Kunerngeckue ypaBueHus [is Hacelexnoctell (16) mpm yuere Bmem-
HEX CHJI ITMPOKO HMCHOJB3YIOTCA B KBAHTOBOU JIEKTDOHUKE [JIA OIM-
canma 5(PdeKTa HACHLICHNUA.

Cnoutannple uw BBHIHYxAeHHbIe nepexonbl. llpegcrasum B (12)
MOMEHTH TEDMOCTaTa B CHEKTpadbHOIt ¢opme cormacuo (2.4.9):

= ) X il (0 L D — il F )

ij  ab

P = S dU'f;(t) exp iy (£ — 1) - #t'], (18)

Ifie MH 700aBHJIM MHOKHTENIb CXOMMMOCTH e%!, OMYCTHJM apTyMeHTH

t omepaTopoB f; (OHE Temeph BCe ONMHAKOBEIE) M 0003HAUMIH dUepes

0o = PBae OTHOCHTENBHHIE HACEJEeHHOCTH YpOBHeH TtepMocTara.
Beemem pasmoctm HacereHEOCTeH TepMocraTa Apy, = pg — Oyt

Pa= Apab (SNpa+ 1), pp= APy N yas (19)

(D
‘/Vbqf(exp —7 —1) )
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u OyaeM CUMTATDh [MarOHAJbHLE MATPUIHEE dJIeMeHTH I, paBHNME
wyxawo, rorga (17) mpmummaer Bup

S8 =G Y Y AouF s U T8 1]+
ij b>a
IR 18 HID A B0 Me, ] U g1 (20)

3necyr mepBoe ciaraeMoe B (UTYPHHX CKOGKAX DPONOPIHEOHAIBHO
HACONEHHOCTAM BEPXHAX YPOBHEH TepMOCTATa JJIA HAHHOW Iaphl
(a, ), a Bropoe cilaraemoe DPONOPIMOHATLHO PA3HOCTSAM HACEJCH-
Hocteit. Ecam cucremoit A sABiAeTcA 9IeKTPOMACHATHOE IOJTe, a Tep-
MOCTATOM — 3apMA;KeHHbIe YaCTHUIH, TO OTH CIATAeMBE ONUCHBAIOT
CIOHTAHHKE M BHHYKJIEHHbE PQeKTE COOTBETCTBEHHO.




TIABAS
OCHOBBLI KBAHTOBOU OIITHUKU

B macroameil riaase cdopMyIupoBaHHEIe BHIIe IIpaBHia epexona
OT KJACCHYECKOTO ONMCAHWA ABIEHUN K KBAHTOBOMY IPHUMEHAIOTCH
K pieKrpoMaranTHoMy moioo. B § 3.1 MmKpockommieckue ypaBHEHHA
MakcBea TpHBOJATCA K KaHoHmuecKoMy Bmpy. Cama mpoleypa
KBanTOBaHHA omucaHa B § 3.2. B §3.3 paccmarpuBaioTcs BO3MOKHBIe
KBAHTOBLIE COCTOSHHMA IOJA M MX H3MEHEHHe BO BPeMeHH IIpy HalH-
qun 3aAHHHX (KIACCHYECKHX) MCTOUHMKOB moxs. Haxomen, B § 3.4
BBHIBOJATCA IPABHJIA KBAHTOBAHHA MAKDOCKONAYECKAX ypPaBHEHHII
MaxcBesna JJad TOoJAA B 0e3TpaHMYHONl cpeje Ipu npeHeOpesKeHHH
oUTHUeCKOi HeIWHeiHOCTEIO BemecTBa (cM. Takxke [88, 158]).

§ 3.1. Kanonnyeckue nepemeniible 3AeKTPOMArHATHOTO MO

Jlnnammgeckue ypaBrenmA AnsA moasA. Bypem mexoxurh u3 ypas-
menuii Maxrcesesia—JlopeHna g TycToro mpocTPpancTBa IPH HATUIAN
33J]aHHBIX UCTOYHUKOB C ILIOTHOCTBIO TOKA j:

E =crot H —4nj, H = —crot E. (1)

3nech Bee Tpu mosia E, H u j asnaworca GyHknuaMa 9eTHpex mepe-
MeHHBIX 7, t. MpI cmelmaJbHO IepeHecIM BPCMEHHbIe HPOU3BOMHLIE
B JIeBLIE YACTH PABEHCTB, YTOOH HONYePKHYTH, YTO 3Ta Hapa ypaBHe-
HUil Urpaer poxb JMHAMHIECKHMY YPABHEHHMH JBIKEHUI [2]. Bropas
se mapa ypasHeEmH Maxcsemna

div E = 4np, divH =0 (2)

mpejcTaBIAeT coboi c643U, OTPAHMIMBAIOIIYE THCIO TIePeMeHHbIX (Ha-
DOMHUM, 9T0 B HepeJATHBHCTCKOIl KBAaHTOBOH MeXaHMKE BPeMeHHBIe
I OPOCTPAHCTBEHHBIE KOODJAMHATH UTPAT CYNIECTBEHHO DPa3IHIHYIO
poub).

IIpom3BOJIbHOE BEKTODHOE MOJe MOKHO OJHO3HAYHO PasfeluTh Ha
7BA AIJATHBHEIX claraeMHX — Ha MPOJOJABHYI M IOIEPedHYI0 TacTH
moJdA:

E=E,+E, 3)

Jro pasbueHme JeTrKO OCYMECTBJIAETCA C TMOMOIIBI HPOCTPAHCTBEH-
soro mpeoGpaszosamma Dypve, kar oro Oyner mokasamo musxe. o
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onpeneaeHuI0
I‘OtEHZO, leEJ_zo (4)

u auaxormyso s H m j. Us (2) caexyer

div E” = 431:9, H = 0. (5)

Corxacuo (5) mpogoNBpHAsA YaCTh TOIA OLpeJieIAeTCA HOJIOsKEeHHeM 3a-~
PAOB B TOT jké MOMEHT BPeMEeHH, U IMOITOMY OHA He ABJIACTCA [HHA-
MH9eCKOI OepeMeHHOI.

Urax, nuHamuveckue ypaBHeHHs AJA TOJA HMEIT BUN

E, =crotH —4nj,, H=—crotE,; (6

B JabHeWIIeM Mbl OIYCTHM HEAeKC | . Ypasmenus (6) HamoMuHAaioT
CBsI3b KAHOHHYCCKMX I€PeMEHHBIX — HMIYJIbCA W KOODPHMHATH —
B TaMUJIBTOHOBOU Qopme mexammkn. OfHARO apTyMeHT 7 MeCTH cKa-
AApHBX Qymrmuit FEo, Ho (0 = z, y, z) nsmensercs HeIlPePHIBHO,
U TOJTOMY JIMHAMHYeckue ypasHeHms (6) copepskar GeccuerHoe MHO-
/HECTBO IlepeMeHHBIX. UTOOE cjiesaTh 3TO MHOKECTBO CUSTHHIM U M3-
faBATBCA OT 0MEPATOPOB IPOCTPAHCTBEHHOTO nuddepenImpoBanms,
BHIOJHAM TpexmepHoe (Qypbe-mpeofpasoBanme Hax (yHRIAAMU
EOC (’I"), HO‘ (’"), ja (/t")

IlpocrpancTBennoe  ¢gyppe-upeoépasopanne  moeii. Ilepexop
(1.1.14) or HenmpepriBHOro apryMenTa K qUCKpeTHOMY K Nelaer cuer-
HEIM MHOJKeCTBO IePeMEHHHX, OUpelelANIHAX COCTOSHEEe PacCMat-
PHBaeMOii CHCTEMBl — HJIeKTPOMaTHHTHOIO 1ot BEyTpu L%, — m Tem
CaMbiM IO3BOJIAET MCIOJNb30BATH peleNT KBAHTOBAHHA ypaBHEHMIt
ABMsKeHHA, ommcauunii B § 2.1.

HopuepxmeM, 9T0 pasmeps m MOOKeHHe B IpOCTpPaHCTBE «HOp-
MHPOBOUHOIO» mapaiienennnena L? Moryr 6uiTe nlo6mMu, mampumep,
L3= 1 cm® wmm 1 km®. Hpuatom gus amsoro peaxsroro mosis B (»)
B 3aBUCHMOCTH 0T 06beMa L® u ero pacmonoskeHus Gyner H3MEHATHCH
rapmonndeckuit cocraB KEy. CoBOKYIHOCTH KOMINEKCHEIX IapMOHHK
E'y. (t) Touro ompepnenser noxe BRyTpH BHIGPAHHOTO «AMMKAY IePHo/IHd-
HOCTH (W He MMeeT OTHOWICHHS B 0OMeM CIydae K TI0JNI0 BHE L3 nam,
Kar rosopsr, obpasyer Ki-mpeicTaBieHde dIEKTPHIECKOIO IIOJIA.
Ananormasio ¢yurnus K (», ) o6pasyer ri-upepcraBienue.

Jlerro yGemnrees, aro mapm Qynrmuit exp (ik-r) u exp (—ik’-»r)
IpY HEONMHAKOBHIX b | k' opTOroHaXBHH ApPYT Apyry B L3, 1. e. ato
BLIDOJIHAETCSA PABEHCTBO

_14175- S dret:—k)yr—8§ 8§ 8 ., =08 (N
2 mymy mmy, mm o
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Vwuuomus (1.1.14) na exp (—i%’-») # npomuTerpupoBaB mo 7, HagEM
ofparnoe upeobpasopanme:

Be= e fareem o
13

(mecymecTBeHHE MOKA apryMeHT { MEL OIYCKAaeM).
3ameTnM, uT0 U3 pelicTBurenbHoCTH QyHKIWE E () u u3 (8) cuae~
Iyer CcBA3b

« -
E,=E; (k= —k); (9)
TakEM 06pa3soM, MBI BBeNH U3GHITOYHOE UMCIO IePeMeHHHX. AHAIo-
ruunbie (9) ¢BASH MMeT MecTO W I (Qyphe-KOMIOOHEHT APYTHUX IO~
Jeii.

IopeitcTBoBas omeparopoM |d# exp (—ik-7) Ha (6), moayanm ypas=
HeHHA JBHKeHHA B Ki-ipeicTaBIeHUN:

Eh:l(ﬂkiﬁx Hh—lﬂ'!jk, I:(hz—-lﬂ)h'kXEh (10)

(o = ¢k, k = k/k). llockoasky BerTop K} IeRMT B IJIOCKOCTH,
nepUeHANKYAAPHOH HampaBlIeHHI0 K, TO OH ONpeJeisAeTcHa [BYMA,
a He TpeMsd He3aBHCHMLIMHA KOMIOHeHTaMH. 11yeTh equunIHLe BEKTOPH
€11, €k UEPHEHIURYIADHE K, Toraa

2
.Ek= 2‘, em-Ekv. (11)

=]

3aMeTHM, 9TO MPH HENpPepPHBHOM IIOBOPOTE TPOHKM ex, Ha 180° Bok-
PyT, HAIpHUMep, €x, HOBOe HAIpPaBIeHHE €. ofpaTHO crapoMy. Mbr,
OHAKO, YCIOBIUMCH, YTO BOJHOBHM BeKTopam & u —JF& COOTBETCTBYIOT
OJ[HA H Te ke OPTH MOJAPH3AUMU: €hy = ERys

C yuerom (11) mpsimoe u obpaTHOEe IpeolpasoBaHMA IPUHAMAIOT
BHJI: .

E (’I") = 2 ekkave“""' = Z ekEke““"‘,
kv k

(12)
By = Ek: L3 S drekv . (’)") e—ikvr’
Tae ML OOBeqUHNIM WHIEKCH K |’ v:
= {k, v} = {my, my, m,, v}. (13)

AHaJOTHYIHO MOJKHO BHIPA3UTh MaTHUTHOe IOJe 4depe3 (ypbe-KoM-
TTOHEHTHI:

H

H (r) = hyHeikr, (14)
T

HkEhkv°Hk, h;kv—EkXBkv.
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Veaosua peiicteuresnbroctn (9) mawoT

Ef =E;, H;i=—Hy, f=i, (15)
rne k= {— k, v} u jr = e Jr.

Kanonmueckne nepemennnie mong. Munexc i Hymepyer HesaBH-
cuMie B o6meM caydae cTemeHn CBOOOIH MAM «MOOBIY MO B 06beMe
mopuupoBku L3, llomsitme MoAm 371ech aHANOTHYIHO TOHATHIO TUIA
Kojebanma B cayiae o0BeMHOTO pe3oHaTOpa, KOTga MoJde Mpef-
craBideTcs cyMMmoil crosramx BosH. CocrosHwe jagHON MOHH B MO-
MeHT { 3a7aeTcsi JBYyMs KOMILIEKCHHIMU (T. €, 9eTHPbMs JeifiCTBATEIb-
o) pyarnusmu Ky (2) n Hy (1), Opudem 5TH ske [Be KOMIJIEKCHEIe
$yarmuu cormacHo (15) ompemeasoT cocTOSHEE MOABI ¢ OOPATHBIM
HalpaBJieHmeM BOJHOBOTO BEKTOPA.

Yrobsl BHIEANTH HE3aBHCUMEE AWHAaMWdecKne MepeMeHHBIE, OT-
HOCAMAECS TOJABKO K OJHOH Mopje, o0pasyeM JMHOHHY KOMOHHAIIHIO

akE__zic;(Ek%“ Hy), azE—;c_k(EE—HE)’ (16)

e, =V 2nhoy/L? = 'I/hmkv/Zn,

rae kosddumuenTs BoI6pasl TaK, IT06H HoBHe IepeMeHHEe Oty 6e3-
pasMepHHIMU ¥ MX KommyTtaTop pasHsaics 1. Beamumna a; nesasm-
cHuMa OT dj, TaK 9TO COCTOSHHE KaykIOM MOMH 3amaercs cBoeill KoM-

mAeKCHOH aMmamTynof ax (2).
OnpemeauM Taksxe IBe MeHcTBUTENLHEIe aMIIUTYAE MOJB, IPO-
HOPIUOHANBHEE, NeHCTBUTEIBHON U MHUMOH JacTsaM ay:

qr = 1/?;,— ar,  px=V 2ko,a, (17)

ay = (2hwy) " (@pqr + ipr)-
Jlerxo maiitn oGpatunie k (16), (17) npeobpasopaums:
Ey=icy(ay — a%f) = ]/n/L3 [— pr — pg + 0k (@x — g5)], (18)
Hy=ici (ax + af) = V L? [— pi + py + 104 (4 + ¢p)]-

B HOBHIX mepeMeHHBIX Pa3JioskeHHUe IOJ 110 IIIOCKHUM BOJHAM COTJac-
Ho (12), (14) u (18) umeer Bup

E () =i Qjescraze’® ™ - K. c.,
3

2 19
H(ry=i2k X ecrare®™™ + K. c. (19)
k N

Hanonmdecknme ypapnenua mona u ¢ynruua Dpusa. Haiimem
YPaBHCHHS IBIDKeHUA [iAd NepeMeHHMX a;. [as osroro momcraBmM
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(18) B ypasmenus (10) un caomum ux. B pesyxaprare mosyaum

. . . 2als X
Gy = — 10)Qy + 3 _2;:—]11‘ (20)
('l)h'

YpasHeHHA [0iA [HeifiCTBHTENBHBIX TmepeMeHHBIX coriaacuo (17) m (20)
nMewnT Bup (MHAEKC F oImycKaem):

. - dnl? . T=TS
QZP—I/ nﬁ) iy p=—wq +Vanl?j. (21)

Taxum oGpasom, B ki-upepcraBiennn ypasHenus MaxcBensa npm 3a=
HAHHHX MCTOYHMKAX CBEJUCH K CHCTeMe HE3AaBHCHMHBIX OCHUIAATOP-
HHX ypasHeumit. OTci0fa ciefyeT, 9T0 9IeKTPOMATHATHOE HOJE BEeT
ce0s1 Kak HabOp TapMOHHIECKHX OCHIAIATOPOR.
He npepcrasaser tpyna Haittm obmee pelmenue ypasuenns (20):
t

a ()= a(ty) eio =0 L i]/ 22‘5)3 S dtyeio (=0 (). (22)

to

Ecuanm t > t,, To Bropoe ciraraeMoe 31ech HAa3HBAETCH 3alla3ibIBaI0~
UM pelileHHMeM, a UpH oGpaTHOM HEPABEHCTBE — OLlePErRAOIIM.
B mocnepmem caydae TOK B GYyAyIie MOMEHTH BPEMEHHM BIMAET Ha
moJie B HACTOAIIUIT MOMEHT, TAK 9T0 COTIACHO IPUHIOUNY IPUINHHOCTH
omeperkaolliee pelleHWe He HMeeT (PU3MIECKOTO CMECIAa (XOTS OHO
U BEpHO ¢ IUCTO MATEMAaTHIeCKON TOURM 3DEeHM).

Mycrs t, = —oo, TOIa BHHYKIEHHYIO IacTh (22) MOYKHO wpen-
CTaBUTHL B BUJE

=1 BLan6 ¢ —u)j ), (23)

rne QyHKIU
G (1) = 0 (1) eiot (24)
HaseBaeTcs: 3amasfpiBalomeit ¢yukmmeidr I'pmma. Vgobuo ompene~
JHUTH TAKMKe olepeskamoliyro ¢yEKmuio I'pumHa-
Gagy (1) = —0 (—1) e7iot = —G* (1), (25)-
TaK 9TO

G (t) — Gag, (2) = e7' (26)

Uro6H HaliTy BHHYKIeHHBe pelleEus u ¢yurmuu I'puHa mias Ky
u Hy, gocrarogno nopcrasuts (22) B (18):

t
Ejx (t) = — 4ot § dty cos [y (¢ — 12)] ju (1),
: (27).

t

Hie (1) = 4mi { dty sin for (¢ — 0] i (10)-

fo

L]
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Hamee Mo:RHO Haittu ¢ymrmum 'puHa B #I-IpefcTaBIeHNN, 3aMEHHUB
CYMMBL 110 IITOCKHM BOJHAM Ha HUHTETPAJbl.

Poap pasmepoB HopMmupoBouHoro oobema. IlycTh ToKHM K MoMeHTy
t IpeKpaTHANCH, TOTHA coraacHo (22) mosie ocHUAIMDPYeT ¢ COGCTBeH-
HHMH dJacToTaMu @y — ck W ¢ HeumBMeHHO# ammaurtypoit. OweBmgno,
4TO TaKoe pelleHume MMeeT (PHBMYECKUN CMBICH JHIIbL NPH OMpenesieH-
HHX orpammeenusx ua ¢ um L3, fleno, 910 mpm xomewmom L m orcyr-
CTBHH TOKOB BO BHEITHEM HPOCTPAHCTRBE BOJHLL PAHO MM IO3XHO
yitgyt us L® Ha 6eCKOHETIHOCTD U o6 06paTUTCA B HYAD, 9TO TPOTHBO-
peaur (22). Taxum obpasom, Gypbe-aMIIMTY/IHl TONS UMEIOT CTPOTHI
cMbIC Jumb Opu L — oo uam Ha OTPAHUYIGHHHIX MHTEpPBAJAaX
Bpenenu (KOTHA JOKAAM30BAHHLIE BOJHOBBE MaKeTH He YCHEIT
nokuayTh L% wman, wHakoweln, B caydae cTalHOHAPHBIX HCTOY-
HUKOB.

C gpyroit cropousi, pelmenue (22) He yYUTHBAET IPHUXONAMHE B
L? posnsr o1 BHeITHUX MCTOIHUKOB. COOTBETCTBYIONME UM aMILIUTYIH
MOTYT B 06UIeM cJy9ae IPOU3BOJIBHO 3aBUCETH OT BPEMEHHU, U MOITOMY
MX HeAb3s BKANINTL B HadajbHHE AMILIUTYOs (OepBoe ciaraemoe
B (22)), ocnunnmpylomue ¢ onpemeaeHuoil dgacroroil. Bce atm ocmom-
HEHNs BO3HHUKAOT mpul KOHeIHHX 00heMaX KBAHTOBAHUA M OTHALaloT,
ecam mojarath LP — oo.

OpHaxko MOHATHE YaCTUIHO-TOKATU30OBAHHHX (yphe-aMILIUTY],
7 CBA3AHHOE ¢ HUMH B Ciydae CTANHOHAPHO-PAYRTYHPYIOMHUX HOjeH
TOHSATHE APKOCTH CBeTa (§ 1.1) B «TouKe» 7 ¢ HampaBIeHWEM PACIPO-

cTpaHenus1 k& M 9actoroit ¢k ouens ymobuo m Harasgao. Omo BmOX-
He 3aKOHHO B paMKaX TeOMeTPUYECKOH ONTUKM M SIBISIETCSA OCHOB-
HHIM TOHATHEM [JIsI OLUCAHHS HPOMECCOB IEPEHOCA CBETA B MYTHBIX
cpemax.

WUrar, mu mnepeminm OT JWHAMHUIECKHX YPAaBHEHUWA B YACTHHIX
mpoussonHeX (1) ® cucreMe OOHKHOBeHHHX AuPdepeHTUATBHEX
ypasuennit (20) uau (21) gist cYETHOTO MHOKECTBA HE3aBHCHMEIX IIe-
PEMEHHEIX. JTH YPABHEHWS COBIOANAIOT ¢ YDPAaBHEHUEM [BIJKEHM:I
rapMOHMYIECKOI'0 OCIUANATOPA, M MX He HPEACTaBJIsIeT TPYAA «IUPo-
KBAaHTOBATHY, T. €. HAWUTH IO pelemTaM NpeNHAYIeil IIaBH Ilepe-
CTAHOBOUHHE COOTHOIIEHUS Js Pa3ANIHHIX IIePeMEHHHIX] # ya06-
Hble GasMCHBE CUCTEMbl BEKTOPOB.

§ 3.2. KpanroBanne dIeKTPOMATHUTHOTO WOJA

Tamunpronman moasa. Ilpesme. 9eM ompefeluTh ¢ MOMOHIBIC CKO-
6ok Ilyaccona (2.1.8) xoMmmyTaToph IOJIEBHX NePeMeHHHX, YOeuMes,
910 BBefeHHbe Qopmyinoit (3.1.17) mepemeHHbIe gy, Py AeHCTBUTENABHO
SIBASIOTCH KaHOHHYecKuMH. Ilas 5TOTO MBI COCTaBUM U3 HUX PYHKIMIO
Tamuabrona # M UPoBEPHM DKBUBAJEHTHOCTH YPaBHEHWH [BIIKEHUS
B TraMuUabTOHOBOM d¢opme (2.1.7) ypaBuenuam Maxcaesna.
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Bynem uexomurs ms caemyiomero BHPaKeHNS IJsT 9HePTUM TOJsI
B 06seme L® npm sagaHubx TOKax:

5 (8) = o + V' (t), (1

Ho =~ Sdr(E2 + H?), (2)
I3

V()= — % S drd - j ), (3)

s
rie A — pexropuuit morenuman (rot A=H,divd=0, 4=
=ik X Hk/liz, Apy= Hky/ilf, Ay = — CEk)

B Fi-mpepicTaBieHEU 5TH BHIPaKeHHs ¢ yI€TOM YCIOBHIL OpPTOTO-
nanprocTd (3.1.7) m pmeiictsurensHoctu (3.1.9) mpuHmmaloT BUf

Ho= o YL (Bl + | Hil) )
k
V(t)= iL3§kJH;.-jzf (t)/o (5)

Ilogcrasus cioma (3.1.18), maiigenm

9 = Z {k(ﬂkl ax > — ]/ 2?;3 2 Reayjr (t)} =
= Z {—i— (pk - okgh) — V 4nl? (qki}f + %kpz;fif)} : (6)

C moMOIIBI0 DTOrO TaMuibTOHMaHa, mogaras B (2.1.7) mo odepemm
{ = qx, pr, @y, MB TOJYIUM YypaBHeHHs, coBmapaomme ¢ (3.1.20)
n (3.1.21), rotopsie, B CBOIO 0Yepeab, SKBUBAJIEHTHH ypaBHEHHAM
Maxcpeana. Vrtak, Mbl HATIIN TaMUJIBTOHOBY $OpPMY ypaBHEHHHA mJIs
TOMEePEYHOTO MOJAs IPH 33[aHHHKX TOKAX.

KomMmyrarops oneparopoB moxs. ITo mpasuny (2.1.11) Ges tpyna
HAX0IUM :

1%, pk’] = ikakh"’ 1qn, qrr] = [Pk pk'] =0. (7)

Teneps MBI JOMMHE CIATATH JUHAMWIECKHE NEPeMEHHBE ¢, p B UX
¢yarunu «, E, H, 4(,... ouepatopamu, T. e. Ipu Hpeobpa3oBaHUAX
COXpaHATH TOPAAOK uX Hanucanus. Hamomumm, uro B KBaHTOBOH
MeXaHHKe ¢ DKCIepUMEeHTOM CjiefyeT CPaBHHBAThL HE CAMHI IlePeMeH-
meie f (g, p, t), a ux «ceprem <{f> = &, | f () | > ¢ HavATBHEIMH
BEKTOPaMH COCTOSHUA IOJA | >, KOTOPHE, KaK M B ¢Iylae OOBIYHEIX
TeH30POB MJIM MaTpHI[, 3aBucAaT oT mopagka: {fg> = <{gf>.

B cayuae koMmmmexcuex (YHKIMI BMECTO 3HAKA KOMIIJIEKCHOTO
CONPAMEHNA Y ONEPATOPOB clenyer HUCATH 3HAK DPMHUTOBA COIPHA-

senns, Hampmmep: a* — o' = (@g — ip)/} 2khe. Jra 3amena cum-
B0I0B 0becmeumBaeT BEIoIHeHne mpaBmia (2.2.8a). OmepaTops aj; U ax
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Ha3BIBAIOTCH COOTBETCTBEHHO OMEPATOPAMH POKISHHUSA M YHUUITOREHUS

. $oToHOR B Mosie & (cMpIcT 9THX HasBasmil Gymer mosicmenm mme). Omu-
THYeCKIe JKCHePHMEHTH, KaK IPAaBAIO, OMHCHBAKTCH ¢ IIOMOIMIBIO
IpOU3BeJeHUN STHX ONEepPaTOPOB, HAMUCAHHBIX B «HOPMAJILHOM» IIO-
papxe [1, 21: a7 ... @napsy ... an) (37€CH 1 = ky, n = k,); Mu Gynem
Ha3HBATh 9TH BEJAUIMHE (KOTOPHE B COBOKYNHOCTH HECYT HOJHYIO
CTATHCTHIECKYI0 HEPOpPMAnuio o moxe B obbeme [°) momenmamu
mopsagka n -+ m. Hampumep, Bropoil «gumaroHagbHelit» MOMeHT
{@ia;» = N, ompejesisier WHTCHCHBHOCTb ILIOCKOH BONHB ¢ BOJHO-
BHIM BEKTOPOM k; ¥ HalpaBIeHWEM MOJAPUBANUH €xy. B caydae He-
KOTePeHTHOTO MOJisI 9ucyio PoToHOB HA Moy coraacmo (1.1.26) ompe-
AendeT OCHOBHON (oToMeTpmueckmil mapaMerp — CHeKTPaTbHYIO Ap-
KOCTh cBeTa Ha 9acToTe o = ck ¢ HampaBienuem k/k m noxsapmza-
nuen ey.:

k2 ) ol
See = Sea N =g CEER (8)
(B mocmenHem paBeHCTBE MBI MCHONB3OBANH CRI3B EMN = icyay,
uMemyi mecro mpu j, = 0).

IlpaBuna KoMMyTamum AJs ONepaTOpPOB POMEHAS N YHHITOME-
HUA caefywr uz (7):

[ahs @] = 8pney @y, ane] =00 (9)
Orciona ¢ momompeio (3.1.18) maxomum
[Ey Hyel = — 2¢38 (Eys Ev] = [Hy, Hy] =0, (10y

I3%4)
Temeps Bmecto (3.1.15)) umeroT MecTo cBs3M
+ +

Ey=E;, H,=-—H. (11)

Us (9) momHO HOAYINTH KOMMYTAT[HOHHEE COOTHONIEHHS s

PasIMIHEIX (YHKOUHE OT OmEPATOPOB DONRAGHHA U YHAUTOMKEHHS
f(a, a*) (cm. [3]), manpumep:

l7, a3l = df/day, lay, f1 = 8f/0a;. (12)

ITH COOTHOMIEHUs cuefyiT Takme u3 (2.1.11) upn yuere toro, uro
corjacuo (3.1.17)

in{f, g ___ﬂﬂ_ﬂi ‘(13)

Ilpn HaxompgeHu#m KOMMYTATODPOB WOJIE3HO TaKie IPHMEHATH TOM-
IeCTBO

la, bcl = {a, bl ¢ &+ b la, cl.

Mzr 6ymem B GonblmMHCTBE CAydaeB HCIONB30BATH IPeICTABICHIE
PeiisenGepra, B KOTOPOM BEKTOP COCTOAHM HETOJBIIKEH, a BCA TH-
HaMHUKA HOJIA 3aKJII0YeHa, KaK I B KJIACCHICCKOH DIeKTPOAmHAMIKe,
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BO BpeMEHHOH B3aBHCHMOCTH OIePaTopoB a; (t). Ara 3aBHCHUMOCTH
ompenendercs ypasuenmem lefizerGepra (2.1.13), commagaromum mo
dopme ¢ riaaccmueckumu ypasHenusmu (3.1.20). Takum o6pasom, Bee
cootHOomennss § 3.1 coxpaHAWTCSA B KBAHTOBOH JJIeKTpPOAMHAMUKeE,
ecii B HHAX INojararhb pJHHAMHYeCKUe IepeMeHHEe olepaTopaMu
B mpepcrasiennn IeiizexGepra.

B gacrrOCTH, cormacuo (3.1.19) omepaTopr momeil B TOYKE # CBA-

3aHBL ¢ omepaTopaMul POKACHUA N YHUITOMREHUA cJaeayromumMmn CooT-
HOONIeHM AMMN:

E (rt) =i eycray (1) e + 9. c.,

. 14)
H (rt) =i Nk X eyeray (£) e* " 1. c., (
rge ». ¢. 03HA4aeT HPMUTOBO-COIPSKEHHOE BhIpajKeHue.
Tamuabronuan moas (6) mpuHUMaeT BHJ
H = Ao+ T (O] (15)

Ao \
, k 1
How = —5— (aiar + aay) = hoy (d;ak + —2—) )

7=V T2 i) + a0

Mu Hanmecasn 9o B CHMMETPH30BAHHOM BHje, I9T0 IPHUBEIO K MOAB-

JeHuo GecKOHeYHOH sHepTuM BakyyMa Niw;/2. OmHaxo gusmieckuit
CMBICI HMeeT JMIOL IpPHpALieHNe SHEPTuH, IOdToMy dTa Geckoned-
HOCTH He BXOJUT B HabiioflaeMble .BeJIHIHMHLL.

B 10 e Bpemsa «pIyKTyanmuum BaKyyMa», a TodHee HUCTIEPCHA
HAUPSIKeHHOCTH TOJsA B COCTOSHMM ¢ MHHEMAJTbHOH sHeprumeir (cm.
cirenyiomuit maparpad), siBisieTcs peaJbHO HabXIOfaeMOi BEINIMHOM,
OTBETCTBEHHOM, HampUMep, 3a IMapaMeTpHiecKoe paccesAlnne cBeTa.
B caepyromem maparpade 6yjeT mokazaHo, 9TO B COCTOSHIM BAKyyMa
OTJIWYHH OT HYIs IUIIb AHTUHOPMAXBHO — YIODPAJOICHHEE MOMEHTHL:
{aa+d> = 1. Orcioga ¢ momompbio (14) maxomum KBagpar moas, Ipu-
xomgamerocs Ha ofany Moxy: <{H? (rt)) = ct. Taxum obpasom, Koad-
PUOUEeHTH ¢; NMeIT CMBICA AMILIATY/ HYJEBHX (AyRTyamuid diex-
TPUYECKOTO HJIU MAaTHUTHOTO IOJSA OJHOM MOAEHL.

Kak oTMeuasoch B mpeasaymeill rnaBe, paBeHCTBa, CBA3HBAINNE
olepaTOpH B OJMH M TOT jK€ MOMEHT BPeMeHM, COXPAHAIT CBOH BUJ
B Pa3aMIHBIX TPECTABIEHHAX, TO3TOMY OmepaTophl B KOMMYTaTopax
(7) m (9) MOxHO TozaraTh MPeAMHIePOBCKHMH WIH TeiizeHGepros-
ckumu upu ¢ = t’. Taxum o6pasoM, HaM H3BECTHH OXHOBDPEMEHHEIE
KOMMYTATODH OTMepaTopoB mois. Yrolb M3 HHUX OIPegeNUTh Hepe-
CTAHOBOUHHE COOTHONEHHA AJs DPasHOBPEMEHHLIX omepaTopoB (Ko-
topsie coraacHo (2.4.17) mam (2.4.25) ompepensor GyHKOUH KOppe-
JATAE U CUEKTP PaBHOBECHOTO IOJIA), HAJ0 HAWUTU 3aKOH M3MEHEHUHA
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omepaTopoB BO BPeMeHH, T. e. PeIIUTh ypaBuedus: ['eiizenGepra. Ito
IerKO cHelarb B ciydae MycTOro IMPOCTPAHCTRA.

Ceobopnoe moxe.' Ilycts B paccMaTpuBaeMoM 06beMe HCTOTHUKOB
HeT, TOTHa coraacuo (3.1.22) omepaTops poMACHUS W YHHUITOMKEHU
3aBHCAT OT BPEeMEHM TaPMOHWIECKU!

a?\- (t)= ake-imk(i—lo), a%‘ (1) = a?:eimh.(t—to)

ki

0y (16)
ay == ag (to, =aj ,

ungexc «0» orMetaer cBoGoHOe mosie (WM HYJIEBOHl MOPAOK TeopUH

BosMyuienuil no 7, t. e. mpejcraBieHne BaammopeitcTsus). Uz (16)
n (9) cpasy caenyer

[ak (2), @ (')*] = Sppee™ k), (17)

Hpu ¢ = ¢’ 510 coornomenue mepexonnt, Koneuno, B (9), cupasenin-
Boe M I BHIHYKNeHHHX moxeil. M3 (17) u (3.1.18) maxomum

[E% (t), By ()] = [H} (1), HS, ()] = — 2868 sinwy (1 — £),
(18)

[E% (1), Hy ()] = — 28 2ci cos oy (t — t).

Orcrona moskrO ¢ momompro (3.1.19) maiitn woMMyTaTOpPH CBOGOAHEIX
mojeil B 9°f-IpeacTaBIeHUN.

Ormertnm, uto w3 (17) m (2.4.17) cpasy cieayer cpegiee aucio
$oTOHOB B 0f110il MOfe PaBHOBECHOTO HOJA ¢ TeMmeparypoi I

Ny = <a-;;afi'> = O A e (19)
3aMeruM TakKke, 9to coraacuo (17) m (3.1.26) mmeer MecTo CBs3B:
L@y (1), a§ ()] = G (t — ') + G, (' — 1). (20)

Pazroxenne omepatopoB moas B wuwactorsbiit mmTerpax @ypoe.
Kaxk u B xuaccuueckoil smeKTpouHaMARe, 9acT0 GHBaeT yno6HO Ipel-
CTaBJATH reiisenbeprosrl omeparopst E (»t), Ey (1) num a; (1) B BUpe
gacToTHOTO HHTerpaia Dypse:

E (rt) = { doe=0 B (ra),

; (21)

E (ro) = — \ dtei®' F (rt

(70) = 5 (vt)

(6ecxoHeuntle Ipefels WHTeTPUPOBAHUA OLIycKaem). 3pech OGHYHO

HCIIOIB3YIOT UMEHHO mHuTerpat, a me pan Dypoe (Kak IpE mpocTpas-

CTBEHHOM DAa3JIOKeHUN), XOTs B IPUHIAIE HAc HHTepEcyeT HOBeAenne

IoJA 32 KOHEYHHH oTpe3ok BpeMenm I M MOXHO GbUIo OH 3aMeHHTH
peaxbHOe IIOJe HA HepuommIecKoe ¢ mepmomgom 7.
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JIEeKTPMIECKOMY MOJI0 KAaK peajgsbHO HalangaeMoil BeAWIHHE
TOJ:KeH COOTBETCTBOBATH HPMUTOB O0LEPATOP, IMOITOMY

E(r,0)= E*(r, — o). (22)

Paznosenne (21) mosBoliger OHO3HAYHO pasgelHmTh TOJTe HA [BE
HEOPMUTOBH YacTH, HA3HBAEMBEIEe MOJOMKUTENABHO-IaCTOTHOH M OTPH-
NaTeJIbHO-IaCTOTHON YACTAMH:

E (rt) = E® (rt) + EC) (»t), (23)

E® (rt) = Sdﬁ)e—i‘“E (ro),
0

0
EO (1) = { doe—ioL B (r0) == [E® (#)]*.

—00

B ®aaccm9ecKo#l TeopmMu MOIOKUTEILHO-IaCTOTHAS TacTh HOJA Ha-
3bIBaeTcs aHaiuTHdeckuM curuajioMm [2]. Omeparopm E (rw) Bmecte

¢ H (ro) o6pasyor »o-IpefcraBieHne mojis. AHAJIOTMIHO MOHHO
BBecTH Kko-mpejcTaBieHNe:

By (t) = doe=iot By (0),

By (0) = B (— 0) = o Sdteiﬁ’fEk () (24)

ay (t) = Sdme—i“’t ay (®).
Teiizenbeprosur omepatopst Ey (), ax () Tarke MOMKHO aHAIO-

roaro (23) pas3buTh Ha dacTu, comepiKaliye TOJABKO IIOJIOYKUTEILHLIE
AN TOABKO OTpUIIATEIbHBIE TacTOTHL:

Hy(t)= EP (t)+ EL (1), (25)
E® (rt) = D) B (t) eif-r, (26)
k

B cayuae cBoGogmoro mosst cormacuo (16)
@ (1) =ak (1), a7 (t)=0, o
ay (®) = a;xd (0 — o),
¥ HOYTOMY HOJOMAUTeTHH0-4aCTOTHAS YACTh MOJS HE 3ABHCHT OT OIe
PaToOpoOB POKIEHUA:
B (t) =i %‘, Crv (apve K — at ') = g EFer ot (28)
EP = i%‘,c,ﬂ.akV = [Eg—c_)]’f, Crv = CkCry- (29)

i
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©
<

U3 ompenenenuit caeqyior Takiie clepyioliie CBI3MH:
E (r0) = D) et By (o),
k

By (0) = L7 { dre=®7E (r0), (30)
B} (0) = 2 BLP8 (0 T o).

T

Ha romeunmx sramax pacueTa CYMMHUDPOBaHUE II0 MOJaM 3aMeEHseTCsa
UHTEeIrPUPOBaHNEM II0 IIPDaBUAY

Ek]—ev—lsdk\gl y (31)

6Rk’ - an’a (k - k') (U = SnS/LS)

Ilpu srom mnoxmoe (dersipexmepHoe) Gypbe-pasiiosKeHUE dICKTPHIC-
CKOT'0 TOJNA LPHHUMAeT BUJ

E (rt)=v{ dk doei*- r—wE (Fo) =

= S dle doe!tr—to! Z Crvlay (Boo) —ay (Kn)]  (Cry=€rCy).
V=1
(32)
§ 3.3. BosmokHBe cocTogHHS WoaA

B macrtoamem paspene mpuBegens 0CHOBHHEE CBefeHHA 0 Ga3MCHBIX
COCTOAHUSIX, HMCIHOAB3YEMBIX [Jisi TEOPeTHYECKOr0 OIMHCAHMA IO
(mogpo6uee cm. [1-—3]).

JHepreTnyeckne 1 KOTepEeHTHbIe cocToaHnA. PaccMorpum cmepsa
OMHY MOAy. B KBaHTOBOH oNTHEKE MCHOAL3YIOT IB€ OCHOBHBIE CHCTEME
«KOOPIAHHATY B TUILOEPTOBOM HPOCTPAHCTBE BO3MOMKHEIX COCTOSHUEH
moast, 00pasoBaHHHX COGCTBEHHHIMM BEKTOpPAMH ONEpaTopa sHep-
ruu hwate (mau, 910 TO Ke caMoe, oleparopa 4ucia (OTOHOB a+a)
¢BO6GOTHOTO TOJA ¥ omepaTopa yHmuroskenusi orona a. CoGeTsennnie
BEKTODH 0llepaTopa «, BBeJeHHEE B KBaHTOBYI onTury I'nmayGepom
[1], masmBaloTCA KozepermubiMlit COCTOSHHAMM, a COGCTBeHHLIE BEK-
TOPHL OLEPATOPA a*+% — IHEPIEIMUNECKUMY WU  (JOKOSCKUMU.

Ilo ompenesenuo co6cTBeHHBIX GyHKuA 1 3Hadennit (§ 2.2) mmeem

(ata — N) | N> =0, (1)
{a —2)|z>=0. (2)

MuoskectBa umcen {N} m {z}, ypoaerpopsomux (1) u (2), o6pasyior
chnekmp cOOTBeTCTBYIomuX omeparopos. Omeparop duciaa ¢oToHOB —
JPMUTOB, ¥ TODTOMY 4uucia [N JefiCTBUTeNBHH, a BeKTOops | V) —
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OPTOTOHATBHE M 06pa3yloT HOJHYI0 CHCTEMY OPTOB:
(NlN/>:§NNr, %‘,IN><N]::I. (3)

Jlerko moxasarh, MCXOAA II3 II€PECTAHOBOYHEIX COOTHOWeHui (3.2.9), wro
pasEoct N — N’ — Iexhle 9mcaa H, ClIeJ0BATeIbHO, SHEPIHUA OFHON MOIH CBO-
GOJHOTO II0JA AUCKpeTHA ¥ KpaTHA BeAMUIHEHE / (), HazHBaeMoil sHeprueil doToHA.
Js pTOTO mMOmelicTByeM Ha OJUH M3 DHePreTHIECKUX BEKTOPOB | N ) omepaTtopom
at M IPeANooKAM, 9TO

a*|Ny=z|N'>, (4)

roe xr — pelictsurenbHOE Yucao. O1Ciofa 10 ONpefelleHUI0 DPMHUTOBA OIEpaTOpa
(N |a=z (N'|; nepeMHOKAB 5TH ABa PABEHCTBA W 3aMeHUB aat Ha ata + I,
HaligeM ¢ momompio (3), 9ro z2 = (N ]ate+ I |N)= N + 1. YMHO:RUM
masee (4) cieBa Ha a‘a:

a* (ata + I) | N) = (N + 1)at | N) = aN' | N').

CpaBHHB 3TO BHpa)KeHUe ¢ MCXORHBIM (4), momyaum N + 1 = N’, tar gro

a*|Ny=VN +1|N+ ). (5)
AHaJOruIHO MOKHO II0OKa3aTh, 4TO
a|N)=VN|N — 1. (6)
Ecan OIPpUHATL 9HEPTUH OCHOBHOIO COCTOAHUA MOIB 33 HAYAJIO0 OTCHETa (T. e.
Npin=0), 10

N =0,12,... (7

Haiigem temepn matpunmy npeo6Gpasosanumsa <N |z), CBJ3HBAI-
OIYI0 KOTePeHTHHIH U bsHepreTMIecKmit OGasmcH. Ymuomxme (2) Ha
(N |, momyunM PeKYPPEHTHYIO CBA3bL MEKAY NPOEKIHSAMU BEKTOPA
| z> wa mampasmenna N |u <N +1|: VYN +1N +1]2>=
= z {(N|z). Orciopa <N|z) =2z (N)™/: {0 | 2>, u, cremoBaTennHo,

oo N
BESY ]1V>(N|Z>=<O|Z>Z%—T\N>-

N=0

U3 (3) m yenosus mopmupoBru <z | 2y = 1 nalizem Momgyab ocraBmeii-
csi meompemenennoit kommomeHTsr: | <0 |2z) P =exp(— |z ]?.
IIyers <0 | 2> — peficTBUTENBHOE YHCIO, TOTHA OKOHYATEIBHO

(N |2y == gV (N)~e-l21%2,
| 2) == 12172 QY (N )2 2N | N .

N

(8)

3amernM, 9T0 Hamy Gas3ucH UMeOT oguH ofmuii BekTop: |z = 0> =
= | N =0>=|0>, woropu#i Mel GyaeMm HA3HBaThb BaKyyMHEIM.

Cmekrp {z} HespMuTOBa OHEpPATOPA @ KOMIIEKCHEIl M HEIpepHIB-
HHI} (Tak KakK @ ~ ¢ -+ ip), a ero coGcTBennnie BekTOpH (cm. Ilpm-
J0sKeHNe) HeoproroHanbHH. [leiicTBuTensno, ¢ moMompio (8) m (3)
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HaXomEM
1

<Z|Z_'>=Z<ZIN><NIZ’>=exp [z*z' —-2—([z|2+|z’[2)],
N
[{z]z'> |2 =expl— |2 —2 |

Takum 06pa3zoM, KOTePeHTHHE COCTOAHHA NPHOIM3UTENLHO OPTOTO-
HaJbHE, ecan |z —z |>>1. B 10 :xe BpeMsa HelpepHBHOE MHOFKeCTBO
Bextopos {|z)} mommo (mase «csepxmoxno» [1]):

%Sd2z|z><z|:1, (10)

(9)

rne d?2 = d (Re z) d (Im z) u unTerpupoBaHMe IPOM3BOJHUTCS HO BCEH
KOMIJIEKCHOI IIIOCKOCTH.

Coornomenus moaroTs (3) u (10) osHagaloT, 9T0 JBE PacCMOTPEH-
Hble CHCTEMBl «KOODJHHAT» HEePEeKPHBAT BCe I'MIL0ePTOBO MPOCTPAH-
CTBO BO3MOIKHEIX COCTOSIHHN MOjbl moas (T. e. JIMHEHHOTO OCHUINsI-
1opa), TaK 4r0 N0G0# BEKTOP STOr0 NPOCTPAHCTBA MOMKHO IIpel-
CTABATH B BH/Ie CYMMBI BeKTOpoB | N) mam |z):

i>=Z|N><N|z>=%gd‘-’z|z><z]>. (1Y)
N

Anagorwuno, n1000ff TeH30p, CBA3HBAIOMUH JTHHEHO NBAa BEKTOPA
9TOTO TPOCTPAHCTBA, MOMKHO IIPEJCTABUTH B BH/IE NBOUHOM CYMMEHI

auanu: .
= 3 fuw |NS N | = @ d?e'fo | 23 27, (12)

rae f,, = <z |/ |2>. Orciona Haxogum HabaiomaeMble B COCTOSHUA
| > BeaWYHHE

= N Inv NI >=...
NN’

Beenem gast pansmeiinmero omeparop CABHTA [1], roTopwiit mepero-
IUT KOTePeHTHHE COCTOAHUS APYT B Apyra:
@z = prat=zFa _ prato—z*a—(z[*/2
— ?
. ES .
D, |70y = €19 2o+ 2>, ¢ =Im (zz), (13)
+ -1 +
Pr=9"'"=D_,, DiadD,=a+ z.
MuoromonoBoe .noxe. OGolmerne paccMOTPeHENX 6a3ucoB Ha
MHOTOMOIOBEI cTydali He mpeCTaBIsAeT Tpyjaa. Kcan cocTosaHuA MOJ
cBOGOIHOTOMONA TPHTOTOBJIEHS HE3aBUCHMO, TO BOXHOBaA (PyHKRIHA

COBOKYIHOCTH MOj OYyAeT paBHa HOpPOCTO IPOM3BEJEHUI0 BOJHOBHIX
GyHKOUA OTHeTBHHEIX MOX:

[p>= [ W1 | ada-« o [P - - = L1 D (14)
k
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I'mas6epToBO HPOCTPAHCTBO BCETO HOJA 0GpasyeTcs «OpOM3BETeHUEMY
OTAEeNbHEIX MOJKOBHX IPOCTPAHCTB C COOTBETCTBYIOIIUM OECKOHETHO-
KpaTHBIM YBeJANYeHNEM DPasMepHOCTH.

9T0 IIPOCTPAHCTBO NEPEKpHBAaeTcA, HAOPHMeD, COBOKYOHOCTHIC
SHEePreTHYecKIX BEKTOPOB

];[IN,(%E[NI,...N,‘,... =|&>. (15)
HOJIG B TaKOM COCTOSAHUH HMeeT olpefesieHHYIO 9HEPIruio:
gfo|g>=2mka;akﬂ|zvk'>h,=z£18>, (16)
e k k
& = D hog Ny (17)

(omepatopsl aja; meHCTBYIOT JULIbL HA CBOIOY» BOJHOBYI0 (YHKI[HIO:

axay | &> = Ny | &)).
Onpegesnum omnepatop o0mero 4ucaa (GoTOHOB

N =Ddta,. (18)
k

B smeprermueckom coctosnuu (15) obmee dmeno doronoB N raKiKe
OIIpejeJIeHO:

N& =Ny |8>=N|&. (19)

BexTop (15) samaercss GeckoHedHOH MOCIEZOBATENLHOCTHIO MENBIX
qucen Ny, Na, . . ., HA3HMBaeMbIX YUcLaMU 3anosnenus. J1ponsBoabHoe
cocTosHne Noas (B TOM 9HMCAe ¢ 3aBHCHMBIMM MOJAMHU) MOYKHO Ipej-

CTaBUTH B BHUME
| > =28 <8 > (20)

rjle CyMMHPOBaHUE NPOHU3BOJUTCSI HO BCEBO3MOKHEIM COYETAHIAM
gncesx 3anoiHenus. Awamormiao (15) MOIKHO CKOHCTPpYHDOBATH KO-
repentusit 6asuc ¢ opramm |z > = II | z:)4

Heszasucumocts miockux Mop (cm. (14)) B peadbHHX OOTHYECKUX
DKCHePHMEHTaX MPAKTUYECKM HEOCYIIeCTBHMA, TAK KaK gudparims
¥ yUpyroe paccesiHie IIepeMeIIMBAIOT BOJHOBHE QYHRIHNU MOJ ¢ pas-
HEIMI HANPABJCHHUIMH BEKTODOB kX, €ry U C OMHAKOBOH TacTOTOM
ck. Yupyroe paccesHme Ha ABIKYINEHcs MOJekyle 3a cdeT addexTa
Hommmepa pgemaer craTHCTWYecKM 3aBUCHUMBIMU K Pa3HOYACTOTHHIE
MOOH. JToT 3e 3PdexT faer Heympyroe (KOMOMHATHOHHOE) paccesi-
une. IIpuMeps NPUrOTOBJNEHHMS PA3IMIHBIX COCTOSHHN Hods GymyT
TIpuBeleHH B ClefyIOmux riasax. Haopumep, B § 5.3 Oyaer onmcano
cOCTOAHTe ¢ OLpefeNeHHol sHeprieit n HeoUpeeJeHHBIM THCIOM ¢o-
TOHOB.
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CpoitcTBa GasucubIX cocroammii. Cormacho (9), (6) cocroanmsa
a* | N>, | N> u a | N) opuHagiesRaT pHePrusiM, OTINIAIOMUMCA Ha
suepruto goroHa 7@, dT0 M 00BACHAET HA3BAHU OHEPaTOPOB at U a.
JlroGoe smeprermueckoe cocrosune oaHolt Mojsl («N-potomHOe» co-
CTOSAHNE) MOKHO IPEJCTABHTL B BIU[E

| Ny = (N1 (@) | 0. (1)

Ecan noae maxogurcss B N-POTOHHOM COCTOSHHH, TO H3MepPeHHe ero
9HepTHH facT To4HOe 3HadeHue h@N. B To sKe BpeMsi pesysabraT OT-
IeJTBHOTO H3MEePeHHsI aMIIUTY HoJAs ¢, p WA a B N-COCTOAHNN Tpej-
CKa3aTh HEBO3MOMKHO, a TpPH TOBTOPHHIX HM3MepeHuax |a | Oymer
$IyKTYyHpoBaTh 0OKOJO0 CPEeNHEr0 3HATEHHS VN.

Eciu sxe mosie IMpUTOTOBIEHO B KOI@PEHTHOM COCTOSIHUH, TO, Ha-
06opor, QIyKTyammE aMmimMTygE 6ymyT muHmMansHE [1], a wmcxo
doronor 6ymer daykTympoBarh coraacuo (8) mo saxomy llyaccona:

PN =[Ny =L e @2)

Pacnpesesienye aMIiuTyasl # (as3pl HMOJA B KOTEPEHTHOM COCTOSHUMN
6AM3KH K KJIACCHUECKOMY KolleGaumio ¢ oupejeineHHO# $asoit m cra-
funpnoit aMmnTynoi [1]. BosmosxHb U «CBePXKOTePEeHTHBIE» COCTOSI-
Hust ¢ ente Gomee ompegenennoi dasoir [1591].

OnTiueckne JeTeKTOPH, KaK YiKe OTMEYaNoch, OOGHYHO «pearu-
PYIOTY Ha HOPMAJbHO-YIODsI0YeHHEE ollepaTopH Hoas. B caydae

KOT@PEHTHOTO COCTOSIHUsI YCPeJHeHHe HOPMAJbHO-YIOPALOIEHHOTO
MomeHTa coriacHo (2) maer

(z|atma™|zy = 7*"2". (23)

Dro cBoiicTBO Parkmopusayul CPETHUX BeJMIHH [elaeT KOTePeHTHBI
Gasuc Hambosee ymoOHEIM Tpn Bemcaenusx. U3 (23) caemyer, 9T0
eCIH fuopy (a*, @) — mpOUBBoONbHAsA (YHKIUA, B KOTOPOW OHepaTopsl
YHUYTOKEHUS [efCTBYIOT paHbIIe OMNEepaTopoB pOMKIEHUHA, TO ee
ycpeqHeHHe 0 KOTEPEHTHOMY COCTOSHHIO ¢ COOCTBCHHEIM 3HATeHHEM
Z TIPOM3BOIUTCA LPOCTO 3aMeHO# a+, a Ha z¥, z:

<fH0pM>z =<z I fropu (a+’ a) l 2% == fuopm (Z*’ z). (24)
Hanpuwmep,

atay, = |2 1?2, <aa*), =<ata +1>,= |z +1.

Cmemanupie cocrosnma. Hag yme ymoMuuanoch B KoHOe § 2.2, na
IpaKTHKe OPHTOTOBJIEHME PEAJBHEIX 00BEKTOB, U B TOM JHCIEe 3JeK-
TPOMATHUTHOTO IOJifA, B KAKOM-ING0 IMCTOM COCTOSIHMYM — HampuMep,
DHePTeTHIecKOM MJIN KOTePeHTHOM — BCTDPEUAeTCA ¢ OONLIINME TPYA-
mocTsamu. Yame Bcero MH HMeeM JeJi0 CO CTATHCTHYeCKOH CMeChI0 He-
CKONBKMX UHCTLIX COCTOSHU, ONMCHBaeMoit MaTpumeil IIOTHOCTH
(2.2.41). B oramume or caydas cymepmosumum cocrosmmit (11) Ga-
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SWCHEIE BEKTOPH BXO/SAT B CMENIaHHOE COCTosHHe ¢ HeonpejeleHHEI-
MH, QAYKTYHpyomuMu ¢dasaMi, U TOSTOMY npu 0Gpa3oBaHHE KBaL~
paTHUHHIX BhIpakeHuil oHu He HHTepPEPUPYIOT (37ech mMeercd He-
KOTODAs aHAJOTHA ¢ HEBO3MO;KHOCTBIO CTAIMOHAPHOU WHTepdepeHnun
MEKLY HEKOTePeHTHHMH KIaCCHIeCKIMM BOJHAMH).

CeeT coNHEIA WA DIAEKTPUYECKOH JaMNEl COOTBETCTBYeT MOJeru
TOJA, B KOTOPOil Kamas OTJedbHAS MONA HAXOJUTCH B CMEMaHHOM
COCTOSTHUH, OMMCHBAEMOM B 9HepreTHIecKoM Gasuce GoIBIMAHOBCKOM

' mmaroHaNbHOH MaTPULEH HIOTHOCTH:
T —xy
oNA- = O (1 — ™) e %, (25)

e 2 = hopxT 1 T = 6000 nan 3000 K (mogpo6ree cM. caeAylomiyio
raaBy). JHemTsre Mywu coxHma cOraacHo (25) COCTOAT HA 99,2% wus
BaKkyyMa ¢ MaJol IpHMecho OTHOPOTOHHOTO (0,8%) u aByxdoron-

moro (0,01%) cocrosanmi. .
CpenHsia HaceleHHOCTs yPOBHeit ocouanATopa (T. e. cpejHee IUCI0
$oTOHOB) B PABHOBECHOM COCTOSIHHH COTIAcHO (25) paBHA

(MY =S8p (pMata) = (¢* — 1) =" (26)

SN
T7le MBI BBeJH omepaTop umcra goronoB N = ata. Bricume MOMeHTHF
3TOTO omepaTopa B PABHOBECHOM COCTOSIHHU DABHEL

~
(N™YT =m! ™. (27)
Takast yKe CBsA3b MeKIY MOMEHTAMH HMEET MeCTO H JJIA KiAacCUYeCKO
corydaitmoil Bemmduasl ] ¢ HeIPepPHIBHEIM JKCHOHEHNUAJIBHHM pac-
npegeaenuem (cp. (25) )
P(I)= Iy ety (28)
TaKoe paclpepenenne moxyuaercs, ecan | = z*z = 72 + 2" m pac-
IIpe/ie e s He3aBUCHMEIX BEIUINH z' 1 2 — FayCCOBH (HOPMAJIbHEIE),
H03TOMY MBI 0yrgeM HaswBaTh DPABHOBeCHOE paclpejeicHue IOIA Ta-
YCCOBEIM.

MaTpuiy IIOTHOCTH MOKHO IPeCTaBUTh U B KOTepeHTHOM Gasuce.
Kar moxasamu I'maybep u Cymapman [1, 2], aTo mpegcraBienue
[l MIPOKOTO KIAacca BO3MOMKHBIX TEOPETHIECKHX COCTOAHUH AUAro-
maxsHO (cp. (12) ):

o=\ azP ()| 23 ¢z, (29)
rae (d%P (z) = 1. Dra dopmyna HaseBaercst P-npedcmasaenuen ome-

patopa miaotHOcTH. Ecau ¢ynxmus P (z) u3BecTHa, TO cpejHee
3Hagenne A060T0 omepaTopa MOMKHO HaiiTh mo Gopmyre

=P @) . (30)

(a1y POPMYAY .JETKO HNOAYYUTH € IOMOMIBI0 MHOTOKPATHOTO IpPUMe-
HeHuA pasiomenuit emmumusr (4), (10)).
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P-npencrasienne yRoOHO NI BHYMCIEHHS CDPEJHUX OT HOPMAJb-
HO-yHopamodenusx omeparopos. Cormacwo (24) u (30)

{fuopm (a*, a)) = S a?zP (2) fuopm (Z*, z). (31)
B caydae paBHOBeCHOI‘o COCTOAHU S
P (z)y= ! exp <—~ I—ZP—) (32)
A N
a B cIyuae 9HCTOTO KOTEPEHTHOTO COCTOSHHA | 21
Pror (3) = 8 (z — zy). (33)

CymecTBerHO, 4T0 Ha0OP BO3MOMRHBIX KBAaHTOBO-CTaTHMCTHISCKUX
COCTOSIHUIT OCHUAIATOpA ropasfgo Gorade Habopa, [AONYCKaeMOro
KIaccHuecKod cTatHeTHKoUM. Tak, eclin KorepeHTHHE COCTOSHUA elle
HMEIOT IOX0KHMEe KIACCHUeCKHMe COCTOSHUSA (IeTepMUHHMPOBAaHHOE KO-
nebamue ¢ ompegedeHEHIMM (Paszoll m aMuIuTygoit), To N-cocrosHue
He WMeeT B KJIACCHKEe HUIEro IMoXOsero. XoTs MH ele He yMeeM DOKa
IPUTOTABAMBATL YNCTHE [N-COCTOAHHA TOJS (KpoMme BAKYYMHOTO),
9KCIlepHMMEHTAIbHASA KBAHTOBAA ONTHKA B NPMHIHUIE JOJKHA 1aBarh
MHOTO HEORHaHHHX addeKToB (Hanprmep, HefaBHO oGHApYKEHHBIN
ofpext amrurpynnuposru [160]).

Xapaxrepnernyeckasa Qyukmusa. MoMmeHTH mpome BHYHCIATL HE
¢ momMomplo omepanuu uaTerpmposanud (30), a ¢ moMomMBbI0 AupPepeH-
nupoBaHHA. (A »TOr0 OImpefelnM. CICAYIMYI0 HOpPMalbHO-YIOPA-
JOUYEHHYI0 ONEPATOPHY0 (YHKIHI0 OFHOH MONHI: '

m #, 0\
7 (1, p¥) = enate e — Z {na) m("r; w¥a) ] | (34)

Cpennee sHadeHHe 3ITOr0 OMepaTopa HA3HBAETCA HOPMAJIBHO-YHOPA-
TOYeHHOR XapaKTepUCTHICCKOR (Man MOMEHTOTIPOU3BOAAMEi) PyHK-
myeil mim, Kopode, y~pyEKmuei:

% (s BF) =<7 (1, n¥)> = Sp {pe"*T e}, (35)

W3 9710T0 OMpejeieHMsA CaeayeT, 9T0 MPONSBOJHEE ) B HyneBo# Todke
PaBHE HOPMAJBHO-YIOPATOYEHHKM MOMEHTAM:

(@mary = ()" (=) (36)

UmspiFasg
Orcroma

CFropm (@ 00> =1 (570 — ), (37)

(Tpenmoiaraercs, KOHEYHO, 9TO paclpe/eaeHne TaK0BO, ITO MOMEHTEL
cymectayior). Cormacuo (31) u (35) dyurmuu P u y CBs3aHH ABYMEp-



§ 3.3] BO3MOHHBIE COCTOAHUA TONA 97

ueiM mpeoBpasosannem Dypoe:

1y 0¥) = § 2P () enrmoaes, (38)
B cayzae N-, z- m T-cocTosiunil (-pyHKIUA PaBHA COOTBETCTREHHO
xv = Ln (1 p 1),
Xz = exp (nz* — p*z), (39)
xr = exp (— " [ n |?)

(smecs Ly (z) — moanmom Jleskauapa, moppoGuee cM. [161]).

IIpaBmIo KOMMYTAUUH a@+ = a*a - {1 mosBoigeT MO «HOPMAIb-
HEMY MoMmenTaM (36) HAXOMMTL «AHTHHOPMAJBHLIE) {a™at™) m cuM-
MerpusoBamHsre MoMeHnTH. Ilpome, ofHaKo, WX HaXOAUTE H3 COOT-
percTylomux y-pyurmuit [161]:

Kauamn = <e-—;¢*aeua+> = MY gopms (40a)
Ko = <€ua+—‘u*a> = e—luPﬂXHOpm- (406)

VKa3aHHb® CBSISH C (HOPMAIbHONY Y-PYyHKOHER Ymopw = ) JIETKO

MOAYTHTh ¢ TOMONIBI0 CIEAYIOMEro OIepaTopHOTO TOHIeCTBA (BHI-
Box cm. [2], ¢. 162):

o148 — oF o8 +1g, 112 — ef+1f, 12 (41)

(mpepmosaraercsi, 910 | M g KOMMYTHUPYIOT C {f, gl). B wacrmocTH,
EMatING —— phat pT(a+L/2) = eneeu(at-n/2) (41a)

@ypre-o6pasn (40) aHagOrHIHO (38) sBasOTCA pacIpejieeHUAMU
KBa3uBepOATHOCTeH Papry, Peuv (mompoGree cM., HAIpUMep, [161]).
Oyurnuio Peyy (z) Ha3HBAIOT paclpefeseHrneM Burnepa.

N3 onpepmenenus (35) caepyer elle OJHO yno6HOe CBOMCTBO MYIb-
TUOIAKATHBHOCTA (GyHKIUH ¥ Y-OYHKIUA CYMMb HECKOJNBKHX He-
3aBHCHMEX CIyJallHLIX BeJAWYMH paBHA MPOCTO LPOUBBEJEHMIO ¥~
¢ymrmuit sTx Bemuaun. Hampumep, coraacHo (40a) Mo;RHO CUMTATH,
910 Ha BXOJe Kasjoil MOAH HIeasbHOr0 KBAHTOBOTO MM IapaMer-
PHYECKOTO yCHIHTeNsi (PearHpyiomero Ha aHTHHOPMANbHLE MOMEH-
THI), KpOMe «MCTHHHOTO» CUTHAIA © y-QYHKINeN Yuopy, A€HCTBYET elle
He3aBUCHMBIR «KBAHTOBH{ LIYM» € TayCCOBOH XapaKTepucTigec-
Koii dpynrmmeit exp (—pp*).

MoMeHTH CYMMH HE3aBHCHMBIX BeJNYHH He PAaBHE, KOHEeYHO,
CyMMe MOMEHTOB, OJHAKO MOYKHO COCTABHTD KOMGUHATHY MOMEHTOB
MAmp (HA3EIBAEMBIX KYMYJIAHTAMU WIH cemumHBapHanTamn), obiaa-
JAOIAX STHM CBOHCTBOM aJUTHBHOCTI. HyMyIAHTE OTIpefensIioTes
pasioskenneM

hiod m n
no(— p*
Iny = Z Ay ——— ’(n!nl;) , (42)

m, n=0
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13 KOTOPOTO CJEeAyer, 4T0 B caydae rayccoBOdl CTATHCTHKH BCe Ky-
MYJISHTH, Kpome BToporo (A = {a*a)), PaBHH HYIIO.

NMunaMuka cocroauma nouas. J[o cuX mOp MBI HE yIUTHIBAJIM 3a-
BHCHMOCTH BEKTOPOB 1 omepaTopoB oT Bpemenn. bynem cumrars, 410
BCE HAIMCAHHBIE BHIIE COOTHOUIEHHS OTHOCATCA K (GHKCHPOBAHHOMY
momenTy Bpemenn t, = (. IJo olpefemenuo B 9TOT MOMEHT BEKTODEI
¥ OIIePATOPHl B PA3NUIHKIX BPeMeHHHX TpejicTaBienuax (§ 2.3) cos-
nagamnot: a (t,) = o (¢;) = a. Taxum o6pasom, jBe HAMM CHCTEMBE
fasmcHEX (YHKOUHA ABIAIOTCS COOCTBEHHEIMH BEKTOPAMH ILIPEJAHMR-~
TepOBCKUX 0IIEPATOPOB HEBO3MYIIEHHOH SHEPTHH W YHUYTOkeHHUs (o-
TOHOB M OTHOCHTCH K MOMEHTY &yt

[N> =[N, o, 12> =132, Lo (43)

Corznacmo § 2.3 mepexop K JPYTHM MOMEHTAaM BpEMEHHN OCYIe-
CTBIAETCSI ¢ TOMON[BI0 YHUTAPHHX ONepaTopoB 3BOIWNUA
Yo (1) = e*0*a  (x=iot),
Us (t) = U™ (¢) = Uo (— t)
u U (uan § = Us9). Mosxmo norasars [1], aro pemenne ypaBHeHus
(2.3.5a) mas omeparopa § ¢ rammabromamom (3.2.6) mmeer BHJ
§ (t) = exrt-orario, (45)

ST73 o
a(t)=i ]/ 27\ dreiorj(t),

(44)

-~

<

t

omLs
¢ (t) =5 Sdtl
0

o~

dt2 Il'n ] (tl) ]* <t2) gi(ﬂ(tl—tg).

Sy

Cpasnenue (45) u (13) moraseBaer, 9ro KIaccudeckuil (T. e. merep-
MUHHPOBAHHH, 3aJaHHI) TOK IEpeBONUT ILOle U3 OJHOIO KOTe-
PEHTHOTO COCTOSIHHSA B ApYyroe:

§ () = D la ()] (46)

(pasa ¢ omymeHa, Tak Kak OHa BHIlagaeT MpH ofpazoBaHuN HaGuiro-
maeMux Besmuuk). Ilommrii oneparop sBoMONUM cOTacHO (44) u (46)
paBeH

U (t) — e—xﬁ@ (Q) — p-iotatagart—ara (47)

Temeps ME MO3KeM BEIPasHTh OIePATOPH M BEKTODPH B M1060M BpeMen-
HOM TIpe/iCTaBIeHUY — Tefi3eH0eproBCKOM, NMPAKOBCKOM M T. J.—
depes MIpeJMHTEPOBCKHE OMePaTOPH a+, & M HAaUalbHBIA (refizentep-
roBcKuit) BeKTOp cocTosHusA | iy).

Pacemorpum cliepBa yHUTapHOE Tpeo0pasoBaHue ¢ IOMOIIBIO Olle-
partopa HeBosMymenHoit sBoxtonun (44). C momompio (1), (2) m (8)
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JIeTKO HAXOAHM JUHAMUKY ¢BOGORHOTO mond (r = iwt):

|N t> %0|N>—6'N”CIN\ (48)
[z,t>'z‘260|2>=%||1\/»t> (N|z) =]|ze™), (49)
a® (t) = Ygally = ae™™ (50)

(mocneHee paBeHCTBO MOYKHO MoxyIuTh yMmHOxHB a' (1) ma | N)
¢ yaerom (6)). Us (50) caegyer, 970 TPOHM3BOABHAA OIepaTOpPHAs
$yHEIUA B mpeacTaBJeHHH B3aUMOJeHCTBUS U3MeHseTcs BO BpeMeHH
10 3aKOHY

°(a+, a) = [ (a+e®, ae™). (51)

B wactHoctH, us (51) u (2.3.9) caexyer
R=D(ae™), R"'=D(—ae™). (52)

DBOMIONNI0 BEKTOPA COCTOSHUA ¢ Y4eTOM BO3MYIIEHMA JeTKO Haii-
TH B cjaydae KOTepeHTHOTO HadalbHOTO cocrtosnus. llpm arom co-
raacuo (13), (46) u (49) BeKTOpP COCTOAHUS B APYTHUX NPEACTABICHHAX
0CTaeTcsT KOTEPEeHTHHIM:

2z, =812 = |z +a @), (53)
lz, D= | 2> = |z (1)), (54)
|2, DM = 8§+ UeS 2> = |2 (1) —a (1)) (59)

(z (t) = [z + a (t)]le~iot). Orcroga nUpHm NPOUBBOABLHOM HAYATLHOM
COCTOAHUN cne,uyeT

[ym =9 - @z] 2>zt = o @220 Gz lto). (56)

W3 (54) n (29) HaxoguM 3aBHCHMOCTE OT BDEMEHH MATPHIIH ILIOTHOCTH
B npepcrasiaenun Ilpegunrepa:

pHI(t)=Sd2zp )]z (®)><z (1), (57)

KOTOpad OIpefeNser »BOJIONKIO CTATHCTMKA B CIyiae CMEHIAHHOTO
HAuaJbHOTO COCTOAHHWA, AOUYycKaiomero P-mpemcrasienue.

Haiiem Temepsh quHAMHKY OHepaTopa yHUUITOKEHUS B Pa3JIMIHEIX
upencrasaennax. Us (46) u (13) craexyer 3aK0H m3MeHeHHs OlepaTopa
«oTubaromein

M () = S§+a$ = a + a (1), (58)

OTIMYAIOMUACA OT Telizen6eproOBCKOr0  oNeparopa TPHBUANLHBIM
BRCIOTEHIHAJIBHBIM MHOKATEIeM

al (1) = U+ = la + o (t)le™. (59)
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Honaras sgeck o = 0, moxydum omeparop a’ B TPeJCTABICHAN B3a-
umoneiictBus (50). Tarkum o6pasom, sajaHuHil ToK J06aBisIeT K OIe-
PATOpPaM POMIEHUA M YHUUTOMKEHHS (CKaIAPHYIO» BeIMINHY, PABHYIO
KIaccHiecKoi BuHymaennoi ammanryme (3.1.22) (dopmyas Tuma (58)
Gosee mpaBuibHo mmcath B Bume a -+ I o (f). Haxomen, B «urrpu-
xoBanHOM» TIpeficTaBienun (2.3.10) corxacno (52)

a (1) = A+akf = a + a(t)e™ (60)

HaGogaeMble BeANIUHEl, KOHETIHO, He 3aBHUCAT OT IPE/CTaBICHUA.
Hanpumep, npH KOTepeHTHOM HA9aJibHOM COCTOSIHMN B IpeJcTaBje-
ausx Illpexunrepa u I'eiisenGepra cpegHas aMINIUTYZa MOJB paBHA
corsiacuo (54) m (99):

z+ae*lalz+a) ey =2=(@+a)e™ |z =(z -+ aje™

WUsMeHeHme CTATHCTUKM II0JS BO BpeMenu YA0GHO OMUCHBATH
¢ MOMOMKEI0 Y-PpyHKIuU (35), B KOTOPOK O U @ HAJO0 HHCATH B KAKOM-
au6o ogHOM IpeAcTaBieHun. Hanpumep, B ciydae KOT@PEeHTHOT'O Ha-
gaapHoro cocroauus (cp. (39))

Yxor (t) — euz*([).u*z({)’ (61)

rae Qynrmus z (£) ompeneiena nociae opmysn (55). B caydae paBHo-
BeCHOTO HadJaJbHOTO cocToguus u3 (32) caemyer

o () == ez (=), (62)

Takoe cOCTOSHIE HA3BIBAETCH CMEUECHIULIM 2QYCCO6tM, B KRIaCCHIe-
CKOil TeOpHH BEPOSTHOCTEHl eMy COOTBETCTBYeT CYLepIO3HUMA TIap-
MOHNUECKOTO CHTHAJIA M XaoTHieckoro myMa. Eciam magambnoe moJe
GLII0 B COCTOSHUN BakyyMa, 1o u3 (61) npu z = 0 cuexyer

% (1) = exp {pa* (1) ! — pFa (e} (63)

Takum o6paszoM, KIacCHUeCKME TOK HM3LOTAaBINBAeT MHole B KoTe-
pentronm cocrosanu. HopmambHo-yHops09eHHEIe MOMEHTH! IPH 3TOM
6ynyr pasub {a+"a"y = |a (t) | *.

Marpuna pacceaauss mnoas. Mpr paccMOTpes# HBOJIONUIO CTATHC-
THKH TIOJS B IPOCTeilleM cayIae — IO [eicTBAEM AeTepMHHUPOBAH-
HOTO ToKa. I{ak mpaBuio, OJHAKO, ClefyeT TOK TaKKe CIATATL OIe-
PATOPOM U PACCMATPUBATH COBMECTHO® M3MEHEHHe O0mell CTaTHCTHKH
[OJs W BEIIECTBA B pesyxbTare ux Baaumogeiicrsusi. Ilpm ommcanun
NOTHYeCKNIX 5KCIePHMEHTOB Hac OOHYHO HE HHTepecyeT 3BOJNIONUA
COCTOSHESI BEMmecTBa, I ero poJb CBOAUTCHA K Tpeobpa3oBaHuIo CTATH-
CTHKM Tajaolero mojis (KoTopoe B ofimeMm ciydae moskeT Obirh He-
cTanHoHApHHM, nMIyabcHsM). Taxkum 06pasoM, 3afadeit TeOpuU SB-
JseTCsT BEUNCIEHNE (-PYHKOUA (MIM MaTPHOE TIOTHOCTH) PaccesiH-
Horo 1o ¥ (o) = ' uepes y (—o0) = ¥ M HAYATBHYIO Y~-PYHKIHIO
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BemecTBa. IloguepkHeM, 4TO HpeoGpasoBaHme y —- ) © HCKIOYCI-
HEIMH TEPEMEHHEIMH BEIeCTBA Y/Ke He sBjigerTca yHHATAPHEIM,
# IODTOMY OHO OIMCHBAETCH KHUHETHYGCKEM YpaBHeHHeM (BMECTO
ypasuennii Illpegunrepa unu I'eiisenbepra). C denomenomorngeckoi
TOYKHM 3PeHnsA, Haundue 06pasiia IKBUBATEHTHO NEHCTBHIO HEKOTOPOTO
omeparopa ' = Uy, saBucsmero or mapamMeTpoB o06pasma (Temmepa-
TypH, dopMul m T. 1.). llpakTHieckn o0HTHO 3amalOTCA Ha <BXOJE»
(t, = —o0) W HW3MepsIOTCA Ha (BHXofe» (¢ = 00) JIHIIbL MOMCHTHL
HE3Mero MopAAKa, W 3a1a9a CBOAUTCH K OTHICKAHMIO MATPHUI pacces-
Hug, ocymecTBimiomux npeobpasosanme {<ai), <aia@r),...} —>

— {<ax)’, <aitar’s .-}

§ 3.4. ®ynrknua I'puna # KBaHTOBAHME
MAKPOCKONHMYECKOTO mONA B cpefe

Bryrpu BemecTtBa, KpoMe IOJSA OT BHEINIHUX HCTOYHHUKOB, HMEETCH
IoJie, CO3MAHHOE 3aPsyKeHHHIMM UACTHIAME BellecTBa. Ecam me ydu-
THBATH TEILIOBOTO XaOTUIECKOTO MBUKEHHS YaCTHI U COOTBETCTBYIO-
mero eMy (IYKTYamUOHHOTO HOJsI, a TaKKe IpeHeSperaTb MEJKOM
OPOCTPAHCTBEHOM CTPYKTYPOH MOss ¢ MacITaboM MOPSARKA MEKaTOM-
HOTO PAacCTOMHMsI, TO TAKOe yCpeIHeHHOe MOJe, HazhiBaeMoe MaKpO-
CKOIMIECKUM, MOMKHO OIHKCHBATL ¢ IOMOMBI0 (PeHOMEHOJOTHYCCKUX
ypaBuenmnit MaxcBela.

Ecan, masnee, npeHeOpedb LOTJIONEHHMEM, TO MaKpPOMOJje MOKHO
NPOKBAHTOBATH COTIACHO OOMUM TpaBMIaM Lepexoja oT Kiaccuie-
CKUX ypaBHeHmil nBuenus K KBantoBHM (§ 2.1). Mm cmepsa pac-
cMoTpuM 06Ul cirydait morIomarnolleid OqHOPOTHON CPeAsl U ompese-
auM yuxmuio I'puna ypasuenmit MakxcBeina B 7o M Ko-IpejcraB-
aeanax. Hocaeguss nonagoburca HaM AJA ONUCAHWA PacCesIHUsI CBe-
Ta HA MOJAPUTOHAX W IO3BOJHUT BRECTU IOHATHA HOPMANBHEX BOJH,
OPTOB HOJIPU3ANUN H 3aKOHA IMCHEPCHUYU.

denomenonornyeckne Ypasuenna Maxcsenna. M3 ypaBmenmii
(3.1.1) m (3.1.2) caexyer, 9ro MIOTHOCTH TOKa W 3apsja CBA3AHE
ypasHenneM HempepuBHOCTH O - div j = 0 u m09TOMYy HX MOKHO
OmMcaTh OJHAM BeKTOPOM Kospusanuu P, KoTopelil MBI OLpe/eiinM
paBenctBoM P = j. Pasmenum mosspu3anuio Ha TpY YaCTU: 33 1aHHYIO
BHeImHMME cuiamu P, umgyunuposanayio cunoit Jlopenma P’ (E, )
Il BH3BAHHYI0 HEBO3MYIIEHHBIM TeIJIOBHIM ABW:KeHmeM 3apsamos. llo-
cleqHAA YaCTh NPUBOAUT K TEILIOBOMY HM3IY4YeHHI0 M IIOKA YIATH-
BaThcsi He 6ymer (M. .4, 5). Ecau ofosmawuts D =K + 4n P,
10 ypaBHenust Makcsemnia — Jlopenna mpumyT caemyomuil BHA:

D —crot H = — 4aP, (1a
o 4+ crot E =0, (16
div D = — 4xn div P, (18)

div H = 0. (1)
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ITpu mocnemoBaTeIbHOM KBaHTOBOM IIOIXOME 3[eCh BCE BejMUAHBL
(kpome P) cienyeT cuMrTaTh ONEPATOPAMH B IpejcTaBieHun |eifseH-
Gepra, mpudem P’ 3aBICHT OT OIEPATOPOB U MOJS ¥ BemecTsa. Ouako
B MaKPOCKONHYIECKOH 3JEeKTPOJMHAMUKE IOl OOHYHO CUMTAIOTCH Je-
TePMAHUPOBAHHKIME BETNIMHAME, YCPEJHEHHHMH II0 00beMY, MEHb-
meMy A%, HO Bce ellle cofiepsRallleMy MHOTO YACTHII. Ipnstom P’ (E, H)
BBIIUCJIAEGTCS IO TEOPUH BO3MYIIEHHS M ycpedHseTcs 110 aHcaMOa10
¢ HOMOIIBI0 MaTPHUIBI IJIOTHOCTH BemmecTea (moxpobuee cum. [8, 11, 13]).
lonygawomuecss B peayiabraTe MakpoCKommdeckue ypaBHenus Max-
CBeJJa OUUCHIBAIOT HBOJIONIHIO IOJS HOJ AedCTBHeM BHEIIHHX KHCTOU-
HHKOB C yJeTOM 3aTyXaHHsA M HX MO/KHO PacCMaTpPHBaTh KaK KHHE-
THYeckue ypasuenus (§ 2.5) pis mepBHIX MOMEHTOB HoJif. B oKHAX
OPO3PAYHOCTH BemecTBA 3aTYXaHUEM MOYKHO IpeHeGpedb U TOTJA BTH
YpaBHEeHHS OUpefessIOT yHHTapHoe HpeobpasoBanme moJeil, TaK UTO
mocJielHAe MOYKHO CUHTATH OTepaTopaMu.

Bosmosken u umero eHOMEHOIOTMIECKHIT TOAXOM, IPH KOTOPOM
DOCTYJIUpPyeTcst OIpefieleHHass (QYNKIUOHAJbHAS CBA3b Me;Ay P’
u Maxpomoasmvu K, H (MH ite BBoguM HOBbIX 0003HAYeHHH IS yC-
pennennnx nojeil). Ecau ne yanrmBars sBryl0 3asmcEMocTs o H | TO
3Ty CBA3L MOKHO 3aONCaTh B CIEAVIONEM CHMBOJIHYECKOM BHIE:

P (E)y=y0E 4 y®»E? - y®OE3 ... (2)
IdTo PopManbHOE PABEHCTBO HCKIIOYAET M3 PACCMOTPEHUS GecunciIen-
HOe MHOKECTBO MHKDOCKOIHNYECKHX NePEeMeHHBIX, ONHCHBAIOMUX
IOBUKEHWE 3aPsA0B, I IO3BOJAET Pa3fleiUTh 3a7a49y Ha ABa 5Tala —
BEIYUCJIEHNE B PAMKaX Toif MIW HHON MOJeIN ABHOTO BHAA CBA3H (2)
u pemenne ypasHenuit (1) mpm wusBectnoit sasucumoctn P’ (E).
B npubauxenuu JnHeHHOH ONTHRU y4YHTHIBAeTCH THIND IePBOE ClIa-
raemoe B (2) H oOTHYECKHE CBOMCTBA CPeAbl HOJHOCTHIO OIMCHIBAIOTCS
JHHEAHON BOCHpHEMYMBOCTBIO YD = y mam gusieKkTpHYecKkoir mpo-
HHUI[aeMOCTBIO.

@®ysarupsa Upura aaa nmoxs B cpene. lna «aarebpamsanmuny gud-
(epernmanbupx ypasnenmii MakcBewta B ciyvae oTHOpPOJHON B Ipo-
CTPAaHCTBE M BO BPEMEHH CPEeAbl MORHO PA3J0sKATH HOJH ¢ IOMOINBIO
geTsipexmepunix unrerpazos Dypre (3.2.31). Ilpu s1om (2) B THHei-
HOM HpHUOIIKEeHHH LpPUMeT BHT

P (ko)=1y(kv) - E (k») 3)

(TOYKa 03HaY2eT CyMMHUDOBaHHE — CBEPTKY IO COCETHAM WHICKCAM:
(%- L) = y;;£;), a ypaBrenust (1) cramyr anrebpamdecKuMM:

e- E—nXx H=—4rP, (4a)
H —nx E=0, (46)
ik-¢-E=—d4nk . P, (4B)
Jo - H —0, (4r)
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rme » = ck/w B apryMments &, @ (KOTOpbie Ml HojiaraeM HOKa Jei-
CTBHTENHHEIME) ONYImIeHK. TeH30p AHIJEKTPHYeCKON IPOHHIaEeMOCTH
e(kow) = I -+ 4y (ko) opa yuere 3aBucumocTd ot K (Ha3HBaeMol
npocmpancmeennot, Jucnepcueli) ONNCHBAeT M MATHATHHeE CBOHCTBA
cpensr [8], mosromy MEl He pasamuaeM MAarHHTHYX HHAYKIHIO B Mar-
nuTHoe moie: H = B. 3ameruM, 4T0 paBeHCTBO (4B) He ABIASTCH He-
3aBHCHMEIM, TAK KaK OHO cienyer us (4a) IpH yMHOKEHHH IOCHe]-
mero ma k. Cormacmo (4B) B ciaydae csobojgHOTO mojs (Korga
P = 0) sextop uunyskumn D = & F mepmengukyispen BexTopy K.
IMoacrasum (46) B (4a), ToTHA

- (n’n —e) . E=4nP, (5)

IJie MH BBEJIH TeH30p UPOEKTUPOBAHUA HA HepHeHIUKYIAPHYIO K
IJIOCKOCTD:

n=T —kk (k=Fkk), (6)

WJIH B OPTOTOHAJBHHX KOOpAMHATAX: T;; = O;; — k;k;. Ompemenum
Tenzopuyro ¢yuknuo I'puna

G (iv0) = 4t (n*n — )7, (7
Torma w3 (5) u (46) caemyer
E=G.P, H=nXx(G-P) (8)

Taxum o6pa3zoM, mpobieMa OTHICKAHUA IOJell U3TydYeHHS B OJHOPOJ-
HOWi aHNM30TPOLHOH cpefe C M3BECTHON IPOHUIAEMOCTBIO £ IPH 3a-
TAHHHX HCTOUHHKAX CBOJTHTCH B fm-IpeACcTaBlIeHEN K HAXOKIEHHIO
o6paTHOif MaTpHUIH — ONHOM M3 CTAHAAPTHHIX 3a7aY JUHeHHoH a-
rebpHI.

B Ilpuaomxenun (dpopmyna (I1.40)) noxasamo, gro Ttemsop (7)
MOKHO IIPeJCTAaBUTE B BU/e cleAyiomedl cyMMH Tpex Auaj:

3
G=6G,= 2; Gy, (9)
V=] v
4 Ly
G, = — ’
v (n* — n?) cos?p,, e, (Pm—e) e, - (10)

THe Ny’ I ey — cOBCTBeHHEe 3HAYSHHS 1T JIeBbie COGCTBEHHEE BEKTOPH

MaTpuubl f-g!, ey — mpaBuie COGCTBEHHHIE BEKTODHI £ 1+¥ M Py —
0000INeHHBI YroJd aHW30TPOIHN:
’ 2
cosipy =e, - @ ey=eg/n,,

(11)

¢ -2
eyz=ey-e-e,, |e|=1, ny =0, cospz=0.

Coraacuo (8) u (9) ¢pyurmus I'puna gis MaTHHTHOTO HOJA PaBHA

. 2
GH = N (n X ey) eyGy. (12)
v=1
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Hopmaasusie Boaab. O6LIH0 B ONTHEe pemamwTCs rpaHuYHbe 3a-
Alavu, B KOTOPHX HCTOYHHKE IIOJIA HAXONATCS BHE PAacCMaTPHUBaeMoit
o6nactn L* u mose aBidgerca cBoGOMHEIM, T. e. VOBJIETBOPSIET OITHO-
pomHbM ypaBHenusM Makcsenna. Coramacmo (5) atm ypasmenus B
K o-TIpeacTaBieHNE AMEIOT BHUJT

(st —e)- E°=0. (13)
VMIIOKUB 9T0 PABEHCTBO cJieBa HA £-Y/n?, moaydmm
(€t qw=—n?T). E°=0, (14)

OTRY/a CIejyer, 9ro cBoGoinoe saekrpudeckoe noie E° (kw) B obmem

ciaydae ABJIAETCS CyNepmO3Unueil Tpex Hopmasvuuz 6oan B ¢ momus-
pH3anumeit ey U ¢ OIpeeJeHHON CBA3BI0 MERIAY ® U K:

(ck/0)? =n*=n} (ko) (v =1, 2), (15a)
es- & (ko) e;=0 (v=23) (156)

Tarknm o6pasom, B cBoGoamom moje (B oTimdme OT BEIHYJKJEHHOTO0)
® u Kk He ABIAOTCS He3aBHCHMBHIME BeJHINHAMH. Beimumna ny ma-
BBIBAETCS KODQQUITMEHTOM IpeJoMiIeHus. Ypasuenue (156) ymoBier-
BOpseTCA, NHINL eCIW BeKTOp A mapasieleH ofHON U3 IIaBHKX oceii e [8]
U B [ajbHElIieM BTOT cJydYail yauTHBATh He OGydeM (ero MokHO CUH-
Tarh MPeJENbHLIM CaydaeM Iid BOaH ¢ v = 1,2),

3axon pncmepemn. Ypasuernue (15) Mo/kHO 3amumcaTh B 3KBHBA-
aenTHOM Bue (ypasnenue Dpeneas, cm. [143]):

det {c*h?n — % (ko)) = 0. | (16)

B moriomamnmeil cpexe & 4 £+, Tak WTO Ry — KOMINTIEKCHBIE BeJIW-
quHb ¥ ypasHenue (DpeHess ymoBIETBOPAETCA JUITb MPH KOMILIOKC-
HBIX @ B (uan) K, 9TO COOTBETCTBYET SKCHOHEHITHAIBHOMY 3aTyXAHHUIO
(Im @ << 0) mopMaJBbHHX BOJH BO BpeMeHH W (W) IPOCTPAHCTBE.
Hycrs & — peiicrButenbHmil Bexktop, Torma (15) ompemenser mHe-
CKOJIPKO KOMIUIEKCHBIX (QYHKIUA © = v (B), tne v = 1, 2 — un-
LEKC TMOJAPH3AINE, a4 WHAEKC-) YIUTHBaeT MOSBJICHHE MOIOIHNTEN b
HBIX pemenuit (15) Bcaexcrsue wacrotTHOM AucHepcHE & (0).

Pemenne ypasnenuss QOpenens upu QUKCHPOBAHHHX ©, v, U U
(t. e. Qymkrmmsa, obpatHas K ww, (k) Takke MomeT OHTb MHOTO-
3HAYHBIM BCJEICTBHEe IpocTpancTBenHoi pucuepemu [8]. Homomxmm-
TeJBHBIE pelneHus ¢ O0JBIINM 3HaYeHneM K COOTBETCTBYIOT TAK Ha3HI-
BaeMbIM «HOBHIM» BOJHAM, BIepBHe paccMoTpeHHEM llekapom. Ho-
Bbie BOJHBI HalM0faoTcss BOIHBH SKCHTOHHBIX UacTOT B KPHCTAJIAX.

Muorosnaunasa QyHROUA ©p = v, (k), onpefeasomasn $a3oByw0
CKODOCTh HODMAABLHOH BOJHH ¢/ny = wi/k, HA3HBAETCH 3AKOHOM
ducnepcuu; cOBOKYyNMHOCTH IATH mapamerpos {k, v, u} = k mm Gy-
JeM HA3HBAThL MOJOI, a KOMIIEKCHOE YHCI0 ®; — COOCTBeHHOMN wga-
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CTOTON MOJBI. 3aMeTHM, UTO IPH PUKCHPOBAHHOM & KOPHE ypaBHEHHSA
(15) m3-3a MHEOmHUTENA ©F IBOHHHE: WY = =+ ck/ny (mﬁ. )), OLHAKO
MOJKHO IIOKAa3aTh, 4T0 UHCIA Of ) K wﬁ) OTIUIANTCA JHITb 3HAKAMHU

JeiicTBUTeNBHEIX dacrTel. Pellenue ¢ momomuTeabHol TeficTBUTEIBHOM
4acTb0 MH 0003HAYHM 9E€pes oy:

o=y, of’=—or, Rew;>0, Imaw;<0. (17)

BJIGKTpI/I‘IeCKOG noJje HOpM&JIBHOfI BOJHBEI HapaJjiiejgbHOo OpTYy IOJA-
+
pH3annuy, OIpeleeHHOMY IpH ® = (1)\ )

i = ey (k, of). (18)

Urak, B cB0GOAHOM IOJe 9acTOTA U [THHA BOJIHEI KECTKO CBSI3AHEI
33KOHOM [UCIEDPCHHN, a IPH HAJIWYHE HCTOYHUKOB (B YACTHOCTH, NPH
BHYUCJIEHAH paBHOBeCHOTo moJs ¢ momombio DIAT — cm. § 4.2) —
HesaBHCUMBL. B mocnenmem ciydae sakon mucmepcnu B dopme (15a)
(n = =4=ny) MOKHO paccMATPMBATh KaK YCJIOBHE (4acTOTHO-BOJ-
HOBOTO» pe3OHaHca, IPH KOTOPOM OTKIMK 3JeKTPOMATHHTHOTO «Ba-
KyyMa» B cpefle Ha BO3MyIIenHe pe3ko Bodpacraer (cM. (9)).

Ilepexon k Kt-upepcrasaennio. Ymuoxus (8) ma omepatop Dypre

§ do exp (—iwt), moxyunm

E (kt) =(are@w,t—v). P @), (19)
G (kt) =Y G(ki) doe—iolG,, (ko) ey (20)

Yro6sl HaliTH BTOT MHTerpa; B ABHOM BHje, GyieM paccMaTpPHBATD IIOI,(LIH-
TerpagbHOe BHIpasKeHNMC f (©) KaKk QYHKINI0 KOMIIEKCHOIO HEPEMEHHOIO M BOC-
IIO/Ib3YeMCA TEOPEeMOI BHIYETOB, COTJIACHO KOTOPOfl MHTErpal mO 3aMKHYTOMY

KOHTYDY paBeH yMHOKeHHOI Ha 271 cyMMe BHUETOB B mOMIOCAX [ (), JMesKalmux
BHYTPH KOHTYpa:

Sf(m) do = 2mi D) Res {f (0,)]s 1)
(5 n

DyuEOAA G, (k1) — OTRIEK MOAH HA KOPOTKUII MMIYJIHC TOKA WM IOAAPH-
sanuy B MOMEHT ¢ = 0, U 0 OPEHENHEINY UPHIAHHOCTH OHA [OMIKHA CONEPrKATH
MHOKHTeIb 0() (cp. (3 1.24)). HManee, ¢yHEKnuA f(®) DpPONOPHEOHATILHA
exp (0"#), n moaToMy KOHTYD HHTeIPHPOBAHUA HPI/I t > 0 Hago 3aMBIRaTh WOIY-
OKDY/KHOCTBIO B HIKHEH HONYIIOCKOCTH (Tfe o ), ampm ¢ < 0 — B Bepx-
men. B mocaenmem cayuae 0 (¢) = 0 n, CJIe}:(OBaTeJIbHO, CIOeKTpaibHasA QyHKINA
T'pura G, (ko) He ROMKHEA HMETH MOJIOCOB (BBEPXY»: op < 0. 910 ycaogme oGec-
DedrBaeT 3aTyXaHHMe OTKIMKA OPH £ — oo.

BKJIaI.( B mHATEerpai (21) oT HOIYOKPYKHOCTH PaBeH HYJIIO H3-33 MHOMKHATENS
exp (©"t), Tak 210 ¢ yaerom (9) m (10)

’ —i0f
Gy (Kt) = — 4atif) () Z Res {__evﬁf;__z_} . (22)
3 L oosey | oo

k
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Boger otHomenns u (©)/w (®), B KOTOPOM w MMeeT MpOCTOil HYAL B TOYKe L,
paBeH u (Q) (dw/da));zl. Y106H BOCHOML30BATHCS ITHM INPABUIOM, pPAa3NIOKAM
f (®) BHa mpoctHie Apo6H:

1 _ w? 1 1
nt — n? ‘m(k—kv+k+kv) @3)
YT ¢ ccospy, /-’
B pesyabrare (22) mpunumaer BuUf
) .
Gy (kt) = 0(2) X (g e " — giDe™), (24)
[
ey [ Oy 7L '
g = 2nik [ czev ( = ) J o (25)
v m=(o;()

3nanue ¢yukouy I'prHA 11 HOpPMAJIbHLIX BOJH MO3B0JIAET ¢ HTOMOIBIO
OAT (2.4.19) waxomurb paBHOBECHHE QIYKTyamHH MakpomoJei
(§ 4.2). Kpome roro, mo gopmyie (2.4.8) MOKHO OTIPe/leTUTh W KOMMY-
TATOPH TOJIeli, T. €. IPOKBAHTOBATH (JEHOMEHOJOIHIECKHE YyPaBHEHHI
MaxcBgeiia.

Ilamee Gymem mpemeGperarp HOTJIOMEHHEM H TIPOCTPAHCTBEHHOM
nucuepcueii. Huxe 6yner mokasano, 9To Ipu 9TOM IPOM3BOLHYIO (25)
MOJKHO BHIPA3HUTh Yepe3 IPYNOOBYI0 CKOPOCTB, TaK 4TO

Gy (Fet) = 4n0 (1) D) eyeyEroy sin oyt (26)
R

rue koapdunuent & oumpeneien B (35). Cpasuenue (26) ¢ (3.1.27) npm
yaere P = j moKasbBaeT, YT0 dIEKTPUYECKOe IoJe B MPO3PavHON Cpe-
ne B £2 pa3 Goibmie, 9eM B BaKyyme (IPH OJHHAKOBHX CTOPOHHHUX II0-
JAPH3ANAAX). '

ycrs Py (Ft) = Py (1), rorma coraacuo (19) u (26) moxe B «mo-
ne» k = {&, v, p} Oyzmer, Kak U B cIydae BaKyyMa, 3aBHCETH OT Bpe-
MeHH TapMOHHYeCKH ¢ coOCTBeHHOIl wacToToil ®;. B BemmectBe, ofi-
HAKO, OPTH MOJADPU3AIAE AMEIOT OIpe/e/eHHY0 OPHEeHTAHI (B CIy-
9ae aHH30TPOIHOTO BeIecTBa), M OHU MOTYT OHITH KOMILIEKCHBIME
u He mHollepedHbiMH oTHOcUTenbHO K. Kpome Toro, mome ¢ dmrcmpo-
BAHHEM W BOJHOBHM BEKTOPOM Kk W THIIOM HOJAPU3ATME vV B o0mieM
cillydae COZEeP/RUT MHOTO TapMOHHK, oTamdaomuxcs umgexcom p. Ho
ecdf HAaC MATepecyeT Loje ¢ YacTOTaMH, OJU3KHMH K OIHOH H3 BeT-
Beil y 3aKOHA JIWCIEPCHE, TO MEI MOYKeM er0 IDeJCTaBHTH KaK CyMMY
rapMOHHYECKUX OCIHUIIATOPOB H JeTKO HepeHTH K KBAHTOBOMY OLH-
canuo (amamorugno § 3.2).

KBautosanue moaa B cpeme. PaccMOTPUM SHepTrHI0 HOpPMaJbHOH

BOJHB C aMILIUTYAOMH E{", sarmouennyo B o6seme L®. s ypasme-
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uuti Makcsenna caegyer (cm. [8], c. 97), 710

1
Wy = S dt Sdr(E-D L H . H)—=
—c0 L3
L3 d (we,) .
=2 {[ (jwv ]mk | E® P 4] Vi IQ} (27)

(mucmepcueit BeKTOpOB moOAApU3anUu JAA HPOCTOTH Hpemebperaem).
OHeprus MaTHUTHOTO II0JIsI B HOPMAJILHON BosHe coTsacuo (46)m (11)
LPONOPIUONATBHA BeJTHINHE

. * *
|1y X ey P=n3[1 — (€ - es)(es - ey)] = niey 7 - ey = &y,
moatomy (Ef) = E{ *)

=2

4o Jm

I3 [ 9 (w%,)

: 1 g
mh-+8v}«|E',,- "= 470 )

L EPED.
(28)

Bymem panee cumrarh aMIUIHTYjK HODPMAJHHON BOJHEL OIepa-

TOpaMH, TPOTOPIMOHANBHFIMH OLEPATOPaM af, @y B TpeCTaBIeHuH
Hipeguurepa (cp. (3.2.29)) ¢ mpasuiamu xommyrammu (3.2.9):

EP —ita,, EY— —igal, [EF,ED)=ch (29)

Hoadpunuentsr mpomopnuoHaIbROCTH BeIOEpeM Tak, 4YT00B MPOH3-
BefieHHe fiw,ara; PABHATOCH HSHEPTHH CBOGOAHOTO HMOJs B Mome (28):

(30)

.
€ — Loy — £V 2oL 3, gzzz[w)—r.

oY)

Moskuo oUAATH, YTO MHOTHE COOTHOUIGHHS KBAHTOBOU OUTURMU s
BakyyMa (§§ 3.2, 3.3) coxpaHAIOT CHAY AT MAKPOLOJS B IPO3PATHOM
BeIeCTBE IIPH COOTBETCTBYICHIEH 3aMeHe OPTOB IOJAPH3ANHE W YyM-
HOmeHNH Koadduruentos ¢, Ha &y. Caegyer HOJIePKHYTH, OIHAKO,
910 fomon 8 cpede (HA3LIBAEGMHIT TAKIKE NOAADUMOHOM WIH C6EMO-
SKCUMOHOM) SIBJISIETCS K6a3UMacmuyeli co CJIOYKHEIM 3aKOHOM HHCIep-
cilil ¥ KOHEYHHRIM BpemeHeM :;xusHu. IlpencraBienme moist kak «rasa»
03 He3aBUCHMHEIX (03e-4aCcTHI[ HMEeTyCMEIC JHIIb B IPUOIHKEHUR
JuHeHHON ONTHKE W IpH Opene0pe:ReHUN IMOTIOMEHIEM.
CootercrBus (29) otHOCATCS K CBOGOHOI BOJHE C ONMpeqeJeHHEM
HaOpaBjieHHeM pacupocTpanenus. B obmem ciaydae X Hajo 3aMeHHUTH
Ha clefyoIiee COOTHOIIEHI® MeKAY OIepaTOPAME B IPe[CTAaBICHHH
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Tefizenbepra (cp. (3.2.14)):

E (rt) =i D efcray (t) % + . ¢, (31)
K
H (rt)= i%(nk X e;’:) Cray (t) €% 2. c., (32)
k= {k,v, p}.

IIpoussoguyio B (30) MOKHO BHpA3UTh 4Yepe3 TPYHOIOOBYIO CKO-
pocth. IlpenebpeskeM gacroTHOH AucHmepcHedl yriia O MeMKIy JIeKT-
PHYECKUM IOJIeM B HHAYKIHeH, Torna

. dwy,

B = oo : (33)

c*hcos?p, Ok

Herpynano moxasars [8], 1o «curmam» (r. e. orubaromas makera us
HOPMANbHHX BOJH) CO CpPeJHEM BOJHOBHIM BeKTOpOM K [BUKeTCA
(8 mpubnmwxenuu i = 0 u 0%w,/0k® = 0) Ges mckaykeHUA, MpHIEM
HampaBlieHNe @ CKOPOCTH ero PACIPOCTPAHEHUs OIPENeNAI0TCS BeK-
TOpPOM I'pYyHIOBOE ckopocTn V@i = uy. Ilycrh BerrTop kb momyuaer
npupamenne Ak | %, Torga cobcTBeHHAA 9AaCTOTA MOJB H3MEHAETCSA HA
Awy = ui- Ak, Tag 49ro

%y cos b, (34)

ak

TIe Dy — YrodL MesKAy Uy u k. Ecau He yauTsBaTh OIPOCTPAHCTBEHHYIO
mucnepeuro, 10 || (Ey X Hy) 1 pg = pg, Tak 9T0

u, v 2nho,u
9 __ k°k K"k
&= op o = l/ cL®n, cosp, (39)
e vy = c¢/ny — PasoBasg CKOPOCTE.
Ipencrapnrenne w7r. TpexmepHoe ¢ypre-mpeobpa3oBaHuUe BHIpa-
menus (9) oupemenur pynxnmo 'puna, cBasuBaomyo E n P B or-

opepcTaBienud. B ciaydae mzorpomnoil cpenrl Ge3 IpocTpaHCTBeHHOM
mucnepcuu, Korga € = Ie (@), mpeoGpasosanue paet (© > 0)

G (0r) = —— g (9, 7), (36)
g (g, 7) = (1+”‘—q>—1) ""'(1+“—_7§2_>:
=l ) = (A R, (37)

@ == kyr, 7'5'7'/7', J'leI—f;';',

b= Vo= (VIETTE + VT 0.
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Qopmyny (36) mMokHO TaK:Ke Hpe[CTaBATH B BHe
eikmr

G(mr)={“c’j I+-1—,i-i}——. (38)

e dr Or r

B anusorpommoit cpeme TpexmepHoe ¢ypse-npeobpasoBanme
$yurnuu G (0k) MoKHO BEIOJHUTH B SIBHOM BHAE, JHIIb €CJIH TOYKA
HabII00eHNs HaXoUTCA B ZaXbHell 30He OTHOCHTENBHO 06JacTH ¢ 0T-
Jp9Ho#t OT HYyJdA Hojsapmaanneir. C momMompIo AuUagHOTO IpejcTaBiie-
unsa (9) MoKHO TokasaTh, d9TO

BB =2 Y o Sd’"e“‘”’*“"”"’ev-l’<wr>, (39)

V==

ky = nym/¢ = ———— YT VeV ce-ey, (49)
rae kv — KOMIJIEKCHHHA BOJHOBOI BEKTOD Vv-H HOPMAJBbHON BOJIHb,
mapadiedbHuit B w yaoBieTBOPAOMUN JUCOEPCHORHOMY YPaBHEHHIO
o = oy (k), # e, ey — COOTBeTCTBYIOMUE eJAHAIHbEe BEKTOPH I0O-
JAPU3aLHHA.

IMoguepruem, 9T0 B aHH30TPOLIHOI cpefie NJIHHA HOPMAJbHEIX BOJIH
¥ IokasaTeib IpeJoMJIeHWs 3aBHCAT OT HaIpaBJeHHs pacupocTpa-
nenna. Hanpumep, 1751 HeoOLIKHOBEHHEIX BOJH B IIPO3PavHOM OIHO-
ocHoM Kpucraaue u3 ypasHenus Dpenens (15) ciaemyer

ne (a)—_—( cos? q. n sinZq )—1/z , (41)

€y 82

TIHe & — Yrod Me;KAY K U ONTHYEeCKOW OCBI0 KPUCTANIA H &y = &,
g, — raasubie (cobcTBenHsie) 3HAUEHHS TeH30Pa AUAJIEKTPHIECKON
pponunaemoctin. OfparuM BHEMaHMe, UTO CBA3D (41) B MOMAPHBEIX KO-
opamHaTax m3ofpakaeTcA 9JIIUICOM, JHAIb ecIE oba IIAaBHHEX 3Ha-
9eHAA HOJOKUTeNBHH. Ecau e &, WIH &, OTpHIATedbHB, To (41)
COOTBETCTBYET mapa rumepbou.



FTABAGA4

TEIIJIOBOE U3JYUYEHUE B JIMHENHOM
HNPUBJIMREHNLL

Xora remronoe manydeune (TH) marperoro memecTBa — Kiaccm-
deckHi 00BbeKT PUSUKY, H3YYeHNEe KOTOPOTO IOJOMKMIO IOTITH CTO JIET
Ha3a] Hav1ajJ0 KBAHTOBOH MeXaHWKH, HEKOTODHE ero 0co0eHHOCTH,
CBs3aHHBIE ¢ MHOIOQOTOHHHIME IePeXofaMH, MAajo WCCIeTOBAHEHL.
Ilpeppapurensno B 310ii raaBe GygeT paccMOTpeHAa CTATHCTHKA TeI-
JOBOTO 3JEKTPOMATHHTHOTO HOJA B OJHOPOTOHHOM NpPHOIMKCHHIU.
Bausanuio MHOTO@OTOHHBIX BJeMEHTADHEIX npomeccos na TU mocssi-
meHa ciaefyomas Tiasa.

Crenyer pasiumdarh ABE OCHOBHEIE IOCTAHOBKH 33/a4u. B mepBoit
paccMaTpUBaeTCA PABHOBECHOEe IoJe B 0eCKOHEYHOM IPOCTPAHCTBE
(IycTOM MIH 3aIOJHEHHOM BeIeCTBOM) WM BHYTPW 3aMKHYTOH IIOJIO-
ctH. JTa 3aja¥a OTHOCHTCS K PABHOBECHOW CTAaTHCTHYeCKOi (pusmke.
Bo Bropoit paccmarpusaerca T B Baxyyme, cospgaBaemoe o6pasmom
KOHEeYHBIX DasMepoB (UJIH 3aHHMAION[UM IOJYNPOCTPAHCTBO, CJI0),
TeMIepaTypa KOTOPOTO IOMIEP/RUBAETCA IOCTOSHHON BO BpEeMEHH
M IpoCTpaHCcTBe (HeCMOTPS HA pajHaluonHoe oxuaskaenne). Dopmain-
HO Takasd 3a7ada BXOAUT B cepy BIMIHUSA HEPAaBHOBECHON CTATUCTH-
ueckoit pusuru. Hak caexyer ms manpreiimero, cBass mexny TU u
PaBHOBECHBIM IIOJeM He BCerjla TPHUBHATBHA.

B macrosmeli riaBe paBHOBecHOE mOJie B BAKYYMe H B JTHHENHOM
CILIONIHOM cpeste ofcyspaercs KpaTko B §§ 4.1 w 4.2 coorBercrBenHo,
a caepywomue pasgenn nocssamens TH. B § 4.3 maercs kpatkoe omn-
camme MaKpoCKOUm4ecKoro merojga pacdera T ¢ momompio OJT.
JTOT MeTo P23BUBAJCA B 0CHOBHOM JleBunnim u Prirosniv [144, 162],
noayYuBmuMu 00y Qopmyay («obobmennsii 3akon Kupxrodayr),
BEIDQ/KAIOIYI0 BTOPbIe MOMEHTH HOJIA 4Yepe3 JUIIeKTPHYECKYI0 TpPO-
HullaeMocTh U Qyurnuo I'pmHa s MaKpPOCKOUMIECKHX ypPaBHEHHIT
Maxcseana. B § 4.4 BrBojguTCcs HOBas fopma 0600OmMEHHOTo 3aKoHAa
Kupxropa (O3KH), Bripaaromias MOMEHTH HOLePEIHOT0 IOJS depes
MaTpully yupyroro paccesnusa U,  1mo oTHONIEHUIO K ypbe-aMILTHTY-
nam E; (wim omeparopam ay) [137, 184). Jlauee, B § 4.5 O3K Bmso-
IUTCA JPYTUM CHOC000M — ¢ HOMOINBIO OXHOPOTOHRHOTO KIHHETHYECKOTO
YPaBHEHHUs JUIs TI0JA, U3 KOTOPOTO CJefyeT rayccoB XapaKTep CTa-
tuctuku TH. Hakonexu, B §§ 4.6 u 4.7 paccmarpusaeTcsa cBsi3b MOMeH-
TOB LIOJIA B JANbHEH 30He H3JydaTels ¢ MOMEHTAMH OIE€PaTOPOB POFK-
JeHHA H YHUYTOMKeHHS.
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§ 4.1. CratucTuKa pPaBHOBECHOTO MOIA
B CBOOGOIHOM IPOCTPAHCTBE

CraTueTH9ecKkne CBOMCTRA «YepPHOrO W3JIYIeHUHA», T. e. CBOOOZHOTO
DIEKTPOMATHUTHOTO IIOJs, HAXOMAIIErocs B TEIIOBOM PABHOBECHH,
xopomo usBectnr [1, 143, 1631, u Mu 3gech MNP HAIOMHUM HeKO-
TOpHle MOMEHTH (B OCHOBHOM JOTHYECKOIO U TEPMUHOJIOTHIECKOTO
xapakrepa).

PaBroBecHulii cratecTnuecknii omeparop. Hax ormesanock B§2.2,
B HHPOpMAIEA 0 IPOM3BOJBHON KBAHTOBOCTATHCTHYECKOH MOJeNH
(masniBaeMoOt cucmemoll) COepKNTCST B CTATHCTHIECKOM oIeparope p.
TepMmun paswosecnwii o3Hadaer, 9TO CHCTeMa HaXOJUTCA B KOHTAKTE
¢ TepMOCTATOM H ee CTaTHCTHKA OLWMCHBAETCS KAHOHHYECKUM aHCaMO-
aem I'm6b6ca, @i KoTOporo

p :p(T)_—:Z—le_‘Byfq (1)
Z =Spe?”, B=1/xT.

Passiokenne moss no mojaM (oo IJIOCKUM BOJHAM B cirydae Gec-
KOHEYHOTO NpPOCTPAHCTBA WJH IO COGCTBEHHEIM THHAM KoJebamuit
B clyuae 3aMKHYTOH IOJNOCTH € 3€PKAJIBHHIME CTOHKAMH) II03BOJISAET
IPefCTAaBUTh TaMHJbTOHMAH IOJA B BHIe [UATOHANBHOH KBajparwd-
uoii gopmsr (3.2.15), Tak uro (1) Paxropusyercs:

o = [ o7 =[] Z5" exp (— APoyaiay), (2)
k

ko
Zit =1 — exp (— hipoy).

Ira gopmMyna osHadaer, 4TO MOJAB CTATHCTHYECKH HE3aBHCHMBI.

Xapakrepnctuaeckasa ¢yHkmuA. 3uas P, MOJKHO HAfiTH pacmpe-
menenne Ja06oi mabaomaemMoil BeJHYMHH HJIH HalTH ee HOPMAJbHO-
ynopapodennyo y-pynxnuio (§ 3.3). Corxacmo (3.3.39) nasa onmoit
MOJTBL

X = exp (— i), (3)
Te 4 x— cpegHee Tucio (QOTOHOB B MOje:
(N = o, = (exp Aoy — 1) (%)

Dro WHCIO HA3HBAT TAK/KE RApAMEMpPOM swpodclenus. Baxmelimee
CBOMCTBO Y-YHKINE 3aKI0OYACTCA B TOM, UTO Y-PYHRIUSI CYMMBI He-
3aBUCHMEIX CIYYAiHEX BeJHINH PABHA HPOUBBEMEHUI0 HX ) - yHKIIWIi.
B pesyabrare u3 (3) Jerko mosydaeM X-pyHKOHWIO BCero PABHOBECHOTO
110714

AT =exp (— N Hynpi) = exp (—p- N - 1) (5)

Crarnctuka goronos. [pyroil uHTepecHOM XapaKkTepUCTHKOM H0JsA
sABIAfercs pacupefeienue guciaa dgoronos P (V) B rakoit-mubo mofe.
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C momompio (2.2.26) m (2) merro maxogum, 4T0o 3TO pacHpefelleHHe
Oyner «mucKpeTHo-GoabOMaHOBCKUM» 1) (uHAEKC £ omyckaem):

PIOIN)=Sp(p| NXN|)= Z—le_thN];aNN'- (6)

Cymma B (6) ofecmedmBaeT QHCKPETHOCTH pacIpejelieHHMA. 3aMeTHM,
4T0 pacmpefeneHne (6) MOHOTOHHO CIAgaeT ¢ POCTOM apryMeHTa,
B OTIXYHE 0T MyaccoHoBCKoro (3.3.22) mpm {N) > 2.

Ya0o6Hoi Mepoll WHTOHCUBHOCTH OTHOCHTeNBHHX (QIYKTYaIHii
CAyJaiHofl BeJHYMHE ABJAETCA KOPeHb W3 gucuepcm: (T. €. U3 BTO-
POro IeHTPaJbHOTO MOMEHTA), MeJeHHHE Ha NepBaii Moment. Ilig Te-
UJOBOTO pacipefeieHns

S (N2 1

6N:<N>*]/<N>Z ~1~l/7+1' (7)
Bropoe ciaraermoe moj KOpHEM, OTCYTCTByWImEe B ciydae Iyacco-
HOBCKOH CTATHCTHRY, IPHBOXHT K GONBMUM QAYKTYaIUAM AaKe IpH
W > 1. Takoii ke pesyibraT HOJYYAeTCH, ecJW NPHMEHHTH o0mue
OPUHIUTE CTATHCTHYECKON (U3UKA K HOPA3IMIUMLIM 603€-4acTHIAM.
Vimorga roBopsAT, 9ro mepBoe M BTOPOe Ciaraemsle moj kopHem B (7}
COOTBETCTBYIOT KOPLUYCKYJIAPHON M BOJHOBOH «KOMIOHEHTaM» B /ya-
JH3Me (BOJHA-YACTHIIA» M 9TO HAJHYHE BTOPOTO CJIATAEMOTO XapaK-

Tepu3yeT crpemjieHme (OTOHOB TPYIIMPOBATHCI BMeCTe.
Ecau nadnogaemoll BeanunHoi ABJIACTCH 06mee gucao PporonoB N’

g
B HECKOJBKHX OJWBKHX IO YacTOTe Mopgax (N': D Ny), To us (6)
K=t .

crenyer (cMm. BeBOj B [2])

. SR 1 1
N =V?<7+1)’“V<_NT+?' (72)
Taxum o6pasom, oTHOCHTeNBHBIE QAYKTYAIHA NAAAI0T ¢ POCTOM SUCHA
cremeneii csobonst. Hamo ckasarb, 9ro B aKcmepmmeHTax 1O (CUETy
doronory ¢ momompto DAY wamepsiercst wa N', a ameao gorosmeKTpo-
HOB N, BHOUBaeMHX U3 (POTOKATOMA C KBAHTOBOH 3P(eKTHBHOCTHIO
1 << 1, mosroMy HalIioaeMele OTHOCHTENbHBE PAYKTYaUnN PaBHbL

EI2ENY aEn
=V 5w+ )=V —. 76
on ]/g(fw'+ w g (79)
3pech mepBoe caaraeMoe IOJ KOPHEeM 00YCI0BICHO APOGOBEIM HIYMOM,
T. €. [ACKPETHOCTHI0 3apsifa. UmCa0 MOM g, KOTODHE (BHIHT) JeTeK-
TOp, ompegesdeTcs yCTaHOBJAEHHBIMHI nepen HUM IPOCTPAHCTBEHHBIMHA

1 9acTOTHHMHU (UIBTpaMu H BpemeHeM cueTa (§ 4.6). Bmpowem, mur
3pech mepemsdm yske K cBoiicrsam TV, a He paBHOBecHOro Imods,

1) Ero HasHBAIT TaKiKe reOMETPIICCKHM, TaX KaK OHO 06pasyeT reomMerpm-
YeCKYI0 IPOTPeccHio, WIN paclpefenenneM Bose — OfHMTeHA.

’
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Mo cux mop pedb nuIa o pacupeieleHUN CTATHISCKUX BeJUIHH HIIH
0 CPefIHUX OT HEeCKOJIBKMX OJHOBDeMEeHHHIX omepaTopos. OmmHako
mepexoj K MHOTOBPOMEHHHIM HaOMIOaeMuIM, T. €. K QYHKIHAM KOppe-
NALNE, TPUBHAJIECH, TAK KaK B cXydae cBOOOJIHOTO IOJA OLNEPaTODH A
3aBUCSIT OT BpeMeHH rapMonuwdeckm. Hampmmep,

a* (B)a (1)) 1) = wretott=t), (8)
C nmomompio (3.2.20) oT0 BHIpajKenNe MOKHO npeJmTaBnTﬁ B BuUjE
<a* (t)a (O = — w [a* (1), a (0)] =" (G (1) + G* (—1)). (9)

IdTa CBA3D MEKLY BTODHM MOMEHTOM, KOMMYTaTopOM W (yHKLHei
T'puua B paBHOBecHHX cucTeMax coriacuo OIT (§ 2.4) ynusepcans-
Ha (ecam mog ./ B cilydae HETAPDMOHHYECKHX LIEPEMEHHHEX IOHHMATH
oueparop [exp (—iffd/dt) — 11-1). Oma mossoaser cpasy BHpasurh
BTOPHIE MOMEHTHI JIIsI KOMIOHEHT BJIeKTPHIeCKOTO WK MaTrHHTHOTO
moaa (miau A8 ux Gypre-o0pasoB) depes COOTBETCTBYIOIIHE QYHKI[UA
T'puma, 910 MH H clelaeM B clefyomeM Iaparpade Jis HpocTpaH-
CTBa, 3aLOJHEHHOTO Cpemoil.

§ 4.2. Oupyxryanuu MaKPOCKONHYECKOTO MO B BeillecTBe

(MopmaabHO 37eCh TAKMKEe MOKHO HCXOAHWTH u3 ancamGis ['u66ca,
OIHAKO 9YTOOLI CpPasy HCKIOYHTH He WHTePeCYII[He HAC MOJeKyJIAp-
HBle OepeMeHHEle W BHPA3UTh MOMEHTH IOJIs Uepe3 MaKkpoXapaKTe-
PUCTHKY Cpejsl — JAUAJIEKTPHYECKYI0  BOCHPUEMYUBOCTH, — IIPOIE
pocuoabaoBarbest OIT (§ 2.4). O6wumo sty samavy pemaioT B jiBa
srama [143, 144]. Ha mepBom monaramnT (GayKkTyupyoOmmM Iapame-
TpoMm mossipu3anmo cpegs P m maxomAar ¢ momomyio DT (P2,
a Ha BTOPOM IepeXofsAT oT P K pleKTpHIecCKoMy moao £ ¢ MOMOINbI0
ypasuenuii Makcsemna: {E*> = G® {P? (3mecs G — QyHRUNA HIH
omeparop I'puna). B ogmcponmoii cpese, 0AHAKO, MOJKHO Cpasy CUH-
TaTh QAYKTYHpYOIEM TapaMerpoM moie. Huske Mp cpasEuM 5TH 1Ba
MeTofia pacdera PaBHOBECHHIX PIYKTYANHil DA B wk-IpecTaBIeHnH.

Nanee mubr Haiimem <E2)> B Kt-mpencTasienun U o6CYIUM BO3MOIK-
HOCTh HaOI0JeHUus PABHOBECHHX BeJUIMH. B 3aKJ0YeHHe 3TOTO
pasmena OGyayT HOJYdeHH IPOCTHE BHIPAKEHHsI [JIS PaBHOBECHOTO
ok-cOeKTpa B cJydae H30TPOIHON cPeJH H OJHOIOJIOCHON aImpoKcH-
Malldi JAKCLEPCUH.

Bynem ucxoguTh H3 CIefYIONIero BHIPA/KEHHUS s SHEPTHH B3au-
MofeiicTBuA:

v=—(arP. E=—8v1 3P, B (1)
AByxsranmeiii pacuer. Ilonosxum B (2.4.1) mapamerpom cucremm f;

KOMIINHeHTY modspusanud Py, Torna u3 (1) caexyer, 4To B KagecTBe
BHeIIHell CHJILl Haxo B3sITh 8nPE%,/v. Ilepexofsa K cmeKTpaabHHIM Be-
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JHYIMHAM ¥ OIpeetissd BOCUPHEMUYABOCTE CPefHl coTdacHO Py, =

= Yko" Ere, HAXOIUM COOTBETCTBHE
Yiir = (270) 3 00, 7 koo = (271)3 0 (B — R Akacars (2)

Tak 4To u3 (2.4.24) cnenye'r
<Pk(qu’m’> —_ (2 ); 6 (I' + IC )6 ((1) —{— w ) 0)' (ﬂlxm - ’iic(_o) (3)
Cormacuo (2.4.32) yre = Yk, moaTomy
, in

(PP Y= g Ve (ko — k) (%)

THe WHOEKCH J, ® B JeBOil 4acTH 030adYaioT, 9T COOTBETCTBYIOIIAE
S-PyHKIUA omMyleHE.

Ha sropom araue Py, moacrTaBisgeM B KauecTBe JaHKeBEHOBOM
CHJIEI B HEOJHOpO[HEe ypaBHenms MakcBeira, paccMaTpuBaeMble KaK
cToxacTHiecKHe ypaBHeHHS AJis moJsi., B cmekrpaxbHOi gopme aTH
ypaBHennsa mvewT Bux (§ 3.4)

Eko): Gka)'Pk(m (5)
n? -1
Greo= (Z&_ T — 'X,km) . (6)
‘C momompo (5) oOpasyeM MATPHIy BTODHIX MOMEHTOB IOJA
<Ek(oEk'o)’> = Gko)' <Pko)Pk'(o’> : ék'o)’ (7)
W, ToAcTaBuB (4), HAXOMHM
<EE,>kUJ (2 )4 */V.G (X % ) (8)

Mpsamoit nyrs. C apyrofi cropons, QIYKTyan#HH paBHOBECHOIO
molis B OecKOHewHoll cpefe JormdHe#l W Ipolle HaXOAUTh, HoJarad
B OIT mmenno moie uabmwopaeMoll BeJUINHOH, a ULOJAPH3ALUIO
«CPeIH — 33JAHHON CHJIOH:

fi— Ega, F;—>8nv P . (9)
Amnagorngso (4) maxogum

KEE Ypy= ——g NV (G —G"). (10)

(2:1:)*

Kakasa e ¢opmyna upasuapnas — (8) mma (10)? Jlerko ¢ mo-
Mombio (6) IpoBepUTH, UTO OHW ONMHAKOBHI, TAK Kak
A=A = (G — @ =G =) ()

'(HOCJIGJIHGB PaBeHCTBO ABJAETCS MAaTPHIHBIM aHAJOIOM pPaBEeHCTBA

m(z77) = —Imz/|z ).
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Urak, amexTpoMarHuTHEE (IIYME» BHYTPH BelllecTBAa HpPOIOPIHO-
HAJBHE HEIPMHTOBOH Wactu Qynknuum I'pumHa pus ypabmemmit Mak-
cBelsa G, KOTOPYIO MOKHO BHIDA3HTH depe3 JUHEHHYI BOCIPHEMYM-
BOCTE %, {(caMa Qyukmua I'puHa ABIAETCH (BOCHPHUMYHBOCTBLIO BAKY-
yMa» IO OTHOIIEHUIO K JeHicTBYIOmAM Ha Hero 3apsmam). B ri. 6 6yger
L0OKA3aHO, KAK 5Ta CBsA35 HCIOJIb3yeTCs AJs maMepeHms ¥ B MK-gna-
nasone. 3ameTum, 9ro mpaBas dactb (10) Ges darropa /° paBma co-
raacHo (2.4.25) KoMMyTaTOPy OIEPATOPOB HEBO3MYIIEHHOTO Mo K k.

IlogueprueM, TT0 cnpasegiuBoctb (10) He orpamnYena mpeamo.Io-
HenreM o JuHeiinoctu BemectBa. HenuneiiHocts m3memsier sropoil
MOMEHT IIOJIA JUIIb CHAPYIKU BemecTBa (¢ 5THEM 06CTOATeIbCTBOM CBsI-
3aH JOGONBITHHIT mapagokc — cM. § 5.1), T. e. B paMrax BTOpPOi mo-
CcTaHOBKH 3agadm. Hpome Toro, HeammeiiHocTh Hapymut cBasb (6)
(Tak Kak BOBHUKHYT MOUOJHATEIbHHE KaHAJH IOTePh U AUCIEPCHH
3a cUeT TpaHC(OPMAUMH BOJH C PA3HBIMH YacTOTAMH) W HpHBeeT
K TOSBJEHHWIO BEICITHX PAa3HOYACTOTHEIX MOMEHTOB Kak BHYTPH, Tak
U CHApPY/H (CM. CAEYOIYI [JIaBy).

B oxkzax mpospadmocTd BeIecTBAa MaTpuUOa Y, CTAHOBUTCA dPMUTO-
Boii, ogHako mMarpuiia G — G ocTaercs KOHEUHOR — IPH MajoM HO-
IJI0INeHnHN oHa Hponoprronanbua § (o -4 wy), IIe 0y — THCIEePCHOH-
Hasg ¢yuxnaa (§ 3.4).

Ananoruansie (10) gopMmyas UMEIOT MecTO U B APYTUX WpEACTAB-
aennsnx (kt, ro, rt), Tak 9To 3a7ava oIpeeienus PABHOBECHHIX BTO-
PHIX MOMEHTOB CBOJHUTCS K OTHCKAHWI (yuxnui I'pmma B coorser-
CTBYIOIIEM IPeACTABICHHUN, T, €. K PENIeHHI0 JAHAMHICCKON 3a7aTm —
PeHOMEHOJOTHIECKON MM MUKDOCKOLIWIECKON (3aMeTuM, 94TO WacTo
mpefcTaBisAeT WHTEpeC 06parTHAA 3a7a9a BHIHCIEHHS BOCIPUAMINBO-
CTH ¢ HOMOIIBI0 PaBHOBeCHHX MoMeHTOB). Haupumep, ro-dayrryanuu
B H30TPONHON cCpeje OIPefeldsaorcs depe3d € (w) MHHMOH 9acTbio
(3.4.36) (cp. ¢ popmymoit (90.23) B [143], nonydennoit gByXsTamubim
MeTOoIoM).

kt-npencraBaesme. IlafimeM MoMeHTH paBHOBecHOro TmolA B
Ei-upepcrasaenuu. M3 (9) caepyer

Yiir — (200)208,7,G oo (Rot), (12)
TaK 49T0 coraacHo Bpemennoit opme MIUAT (2.4.19)
CE (Ist) E (5'0)> = %ﬂl (G (k) — G (R}, (13)

roe 7 = exp (—inpo/ot)y u G (kt) MOKHO BHIpasuTh depes v, (ko)
¢ momombio (3.4.25). B mpospaunoii cpepie Ges HpOCTpaHCTBeHHOPI auc-
mepeun u3 (3.4.26) caemyer

(B (Fot) Eg (8'0)> =8 (o +Io)2 E_ (W + 1) emiol 4 greio],

(14)

lmzcn cos p

T/le BCe BEJIWYHHEL OEPYTCA IPA O = Wkvus
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IIpodaema nadmonennsa. EcrectseHHO mocTaBHTB BoIIpoC, uTO sKe
«Ha CaMOM Jeyie» sABIAAeTCA Habaodaemoll W 9TO cusoli. DKBEBAJIEHT-
HOCTb popmyn (8) u (10) moKa3EBaEeT HEKOPPEKTHOCTH 3TOTO BOIPOCA
B Mojenu GecKOHEYHOTO WJH 3aMKHYTOIO LpocTpancTBa. B samrmy-
Toii cmcTeme, O oUpefesenuio, Bee napamerps (K, P, y, G) Hema-
6I10faeMB1, OHA ABJIAETCH «Bembio B ceber. UToOH yBHjeTh 9epHOE
U3JydeHHe B BAMKHYTOW HOJIOECTH, B Heil HAaJ0 NPOEJaTh OTBEPCTHE.
Ho mu Torza mpuxopuM ko BTopoif mocranoBke 3anadu — o TU cua-
PY/RH BelleCTBA, IPUYeM Telepb Halo cAeJaTh LOLOJHHTeNbHOe Mpeji-
TIOJIOMKEHHE 0 MaJOCTH PAJHAT[HOHHOTO OXJARICHHS.

Vnave ropops, Mbl Beerfa HabuofiaeM HepaBHOBECHbIe WU KBA3H-
PaBHOBEeCHBIE IPONECCH, HANPHMe], DPOTECC HArPeBa XOJOJHOTO e~
TEKTOpa PACKAJIeHHHM HCTOYHHKOM (3aMETHM, 9UTO JeTEKTOD ¢ HHBEp-
cueil maceieHHOCTelf, maoGopor, oxmaskaaercs). Ciaabast cBa3h 3apsi-
J0B C JIeTeKTOPOM W CHJBHAs C TePMOCTATOM-IOJOTpeBaTeleM CTABUT
E u P s HepasuompaBHOe moiosxenue. Hampumep, ogunodnas moje-
KyJa, CHIBHO B3aMMOMeHCTBYOIIAs C TepMOCTaTOM B clJafo — ¢ mo-
JeM, WU MOJeRYJSPHEM Ny90k BOJH3H HCTOYHHMKA ABIAOTCA IIPO-
CTeINMMH MOMeNAMH, B KOTODHIX JUIOJbHEIE MOMEHTH B IEDBOM
OpEOABKeHHH MOTYT CYMTATHCH PAaBHOBECHHIMU. Panuaruonmbe mo-
OPaBKHA [AI0T eCTeCTBeHHOe YINWpeHHe U JIeMGOBCKMII CABUT JUHMI,
a Tak;Ke IPUBOJAT K Cl1aboMy ABYX(QOTOHHOMY H3JIY4eHHIO B 00igacTd
npospadgnoctu (§ 5.1).

OnHako MMETCH YKCHEPHMEHTANbHbE METOIH «3alAAHYTb B Ma-
KPOCKOINYeCKYIO CHCTeMY, NPaKTHIEeCKH He BO3Myias ee. Hanpmwmep,
OfHH u3 3(PPeKTOB HeJIWHeHHON ONTHKM — KOMOWHANHOHHOE pac-
Cesinpe CBeTa HA MOJsIPUTOHAX — JaeT BO3MOKHOCTH H3MEPHTH DaB-
HOBECHBEIE MOMEHTHI IOJISI M 3AKOH JHCIEDCUH IOJSAPHTOHOB B 00J1aCTH
manux & (§ 6.6). Ilpu paccessHun nefiTpOHOB WK PEHTTEHOBCKAX BOIH
U3MepseTcA AUCHepPCUsA O MOJAPHTOHOB HIH APYTUX 3JEMEHTAPHEIX
B030 yKIenuil KOHIeHCHPOBAHHOTO BelljecTBa Bo Beed 3one Bpmimosna.

Qayxryanun nons B usorponuoii cpeme. Ilycrb nuamexTpmueckas
HOCTOAHHAA ABJIAETCSA CKaixsApom, Torga (cM. Ilpumosxenme m § 3.4)
TeH30p G'i, UATOHANEH B CHCTeME KOODJMHAT, CBA3AHHOM ¢ HALDAB-
JengeM Kk, U WMeeT KOMIIOHEHTHI

4n 4dn
Gov=Gyy=——"—, G,=— (15)
yy L 2z ’
n®— g Bk
e n=ck/| o |. JlmaromaxeHocrs Temsopa I'pmma oGecmedusaer

corimacao  (10) He3aBHCHMOCTH J[EKAPTOBHIX KOMIIOHEHT. IIOJIS:
{EqEg> ~ O4. Iloncranoska (15) B (10) nosBolser BHpPasUTh MOMEH-
TEL TOJIA depe3 TeMIepaTypy H JHu3JIeKTPHICCKYI0 IPOHHIAeMOCTh:

RN i
(E*E)pox= 2_1(3__(_,12___88,_)2__:{72_ ) (16)
8"
CE'Edvo: = 5575T - (17)
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IIycts mpocrpancTBenHO AECOePCUA HET, TOTHA AHANEKTPAIECKYIO
JTIPOHHIAEMOCTh MOKHO BHIDA3HTh Uepe3 IOKA3aTe]b NpeloMJIeHHA U
X030PuIUeHT TOTIOMENNA CAeAYIOmuM 00pa3om:

i ® — ck
kw+—2’aw= lclVS(m n‘(o:‘rmﬂl- (18)

" !
B o6aacta caaGoro mordomenusa (rme &” <& &)

- | o} e:) wze;
nmzl/-{‘:w, sz?:'c?_k.’ (19)
c £y @
Tak 910 ko-cueKTp PayKTyanuil mooepedHoro moJsA BEpakaeTcs depes
HE3aBHCHMO -3MepAeMble BeJUYHHL O, 1, T:

KA gk RO A” 1
<E+E>h'wx - 93‘5‘262 5 2(02(0 2,2 =~ 5132 k Py . (20)
“ (B2 — k5P +agky oo 144k — kg )?lag

Wrak, saBucmMOCTE cHekTpa (aykryaumii or & uMeeT JIOpeHHEBY
Jopmy ¢ mupunoii, pasuoil kosdduinenry noraomenus. [lomepeansie
KOPOTKOBOJHOBEE (IYKTyallMu MOJA ¢ JAHHOH dacToToii OPH OTCYT-
CTBUH TPOCTPAHCTBEHHON aucuepcuu magawr, kax 1/k* (upm b >k,
¥ B npuOJamKeHUH He3aBECHMOCTH ¢ OoT k). B oxHax mpoapadnoctn
a0 u {E®D ~ 8 (b — ky).

Pacemorpum temeps cmekTp QAyrTyamuil B clyvae ofHOIOJIIOCHOR
AUOPOKCHUMALHH: -

ew._em(1+ z__l), (21)
z= (0, — 0)y, a=_(0;— 0,7,

THE, M, Y U @ — dacToTa, IMEPHHA W 4CHJAy PE30oHAaHca, a ©; — da-
€TOTa, HA KOTOPOI &, o0pamiaeTcA B HYJb (moJaraeM o ~ @q = 7).
IlopcranoBka (21) B (16) maer

o
CEE e = g To (2, 9), (22)

. a k2
h=pram—o: V=, 1 *)

Ilepemennass y ABasterca Mepoil oTkJIOHeHHA K OT «COGCTBEHHOTO»
smavenus k, = )/ eww,/c B orcyrcTBHE pesomanca. Ilpm Heﬁonbnmx
OTKJIOHEHHAX, KOTHa © ~ ©Wo B &k ~ k;, mMeeM

k2 — k
y:::-k——1~2k 0,

0

(24)
0
Veaosua MakcEMyMa QYHKIWH f, IPHBONAT K DAsIMIHEM OIpejese-
HOAM ¢3aKOHA [JuUcmepcuHm» Iaa ¢aywryanmii. Tax, ma3 pasemcrra.
8)o/6x = 0 Haxojmm ycjIoBHE YacTOTHOI'O MaKcHMyMa (GIYKTyammid
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IIOOEPeIHoro IoJad ¢ QJI/IHCHPOBaHHHM 3Hadenuem k:

a

Tmax () =— Mo = 2, =tu (1 + %) . (25)

TaruM o6pasom, IOJOKeHHE YACTOTHOTO MAKCHAMYMA oIpefeisercd
«uCUpaBJeHHO» aWdIeKTpUYecKoll (yHKImeir Ge3 MHMMOIro clarae-
MOTO B 3HaMeHaTele, KOTOPO# COOTBETCTBYeT 3aKOH AMCIEDPCHH (e3
AHOMAJIBHOTO ydacTKa (cM. puc. 4).
Ecan e unHTEpecoBaTHCS MOJOKEHHEM MaKCAMYMa (GAYKTyaI(uit
B 3aBHCHMOCTH OT % NpH (UKCHPOBAHHON dacToTe, TO U3 YCJIOBHSA
01¢/0y = 0 nHalitem <«OGHYHEIY B3aKOH THCIEPCHH C ABOMAJIBHEM
YYaCTKOM:
azr 9 . a.c
Ymax (Z) = T3 2 Ng =8y =284 (1 —}————-1 —§~x2) . (26)
Hawxowner, nopcrasus (21) 8 (17), nalinem HezaBuCATHIL OT & CHEKTD-
OPONONBHEX (QIYKTyauwid HoasfA:
+ aA ay? N a
B EDno: = 555 FTyr | e + a1
e (O— 0" 47 e, (¢ +a)+

(27)

CpaBuenue (22) ¢ (27) mokasmBaer, 9410 TeILIOBOE TOJIE ¢ JaHHOH Ta-
cTOTOl IO Mepe YMeHBIIEHHS [IMHE BOJHEI CTAHOBHUTCS Bee 6oee
HPOJI0ILHEIM.

§ 4.3. TennoBoe wnanyuYenne HATQETHIX TelX

Hax mafitu sprocTs W gpyrhe cTaruCTHWIeCKNe NIAPAMETPHl IO
TU, uzayuaemoro Harperrim (To4Hee, mogorpesaemsiM) Texom? Ecre-
CTBEHHO LPE/I0JORATE, 9T0 COCTOSHUE TAKOr0 TeJa LO'ITH PaBHOBEC-
HOC, W TONBITATHCs, He Mpuberas K CIOKHHM MHKDOMOJeJNAM, BRIpa-
suth TU gepes paBmoBecHoe IoJie B BAKyyMe WIH BHYTDH TAKOTO JKe
Tejia GECKOHEYHBIX Pa3Mepos W apyrue MakpomapaMerpsl Teja. Humme
MEl PACCMOTPHM HECKOIBKO BAPUAHTOB TAKOI0 (PEHOMEHOJIOTHIECKOTO
moX0/a K 3ajave.

Hpunerenne ®JT. Ilpenmonosrenue o CUIBHOHE CBI3U C TEPMOCTa-
TOM (T. e. IpeHeOpe;ReHNe peaKTueil H3JIYIeHNA H PAJRaNAOHEHM 0X~
AasKeHneM) II03BOJIAET IS peldeHns HepaBHOBecHOH mnpobGaeMsr
o TU wcnonb3oBaTh pPaBHOBECHLIE MOMEHTH moJspusanun (4.2.4)
WIH TOKOB, nodydenrue ¢ nomombio DJIT. Kax u npu Beisone (4.2.8),
cmepBa pemarnTca (eHOMeHOJOTMYecKue ypasHenus Marcsenma (mm-
Heiinpie B ogEOPOTONHOM TpPHGNH;KEHHN) LPH 3aJaHHBIX TPAHHYHBIX
VCJIOBUAX W CTOPOHHUX HMCTQUHHMKAX, T. €. OTHCKHBaeTca (QyHKIHS
I'puna G — «BOCHDUHMYIHBOCTEY DIEKTPOMATHUTHOTO BaKyyMa K jeii-
CTBUIO [BI:KYmUXCA 3apsmos. Jagee o6pa3yloTcsas BTOPHE MOMENTEH
JT HaNpSKeRHOCTEH 9IeKTPUYECKOT0 B MAaTHUTHOTO IOJA, U B pe-
ByabraTe MOJy4aloTcAs Qopmynnt Buaa (4.2.8).
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Opgmako  remeph 3agada  OPOCTPAHCTBEHHO-HEOTHODPOTHA —
v =1k, E,0), G=G(k, k', 0o,—aceass E (k,0) ¢ P (k, )
CTAHOBUTCA UATErpanbroii, a He anrebpamdeckoil. B pesyasrate pas-
JiojKeHre [0 IJIOCKHM BOJHAM TepseT CBOM IpeMMymecTBa '), m mpo-
6aeMa CBOIMTCA K ompefmedenuo pyurnuit I'pura G (r, r', ®) ninm
G(r, r’, t), BoipasRaroUIuX OoJe B TOUKE 7 YePe3 HOJIAPHU3ANHUIO HIL TOK
B Touke »’. Pemenma eHomeHomormueckux ypasmenuit MaxcBesaa
(KaK W BOCHPUUMYUBOCTE BEMECTBA) JOIKHE YIOBIETBOPATEL YCIOBHIO
cuvmerpun Oncarepa (2.4.21), koropoe B pieKTPojdHAMUKE Ha3HIBA-
ercs reopeMoit Bzammuoctu [143, 144] u nmeer dopmy

Gr, v, o, Bo=G (', r, o B, (1)

MIN B CHMBOJHYecKoM BHpe: G = G'. llpu Brluuciaenum MOMeHTOB
WoJMA B P Uepe3 HCTOYHAK B ' MOMKHO ¢ momolibio (1) HcIonb3oBaTh
roTOBbIe PeIleHHs AUQPAKITUOHHHX 34127 ¢ 06 PATHEIM PAaCIOJ0KEeHUEM
HCTOYHNKA M ToYKH mHabmogennsa. B kuure Jlesmma u PriroBa [144]
NMEIOTCA MHOTOYNCJICHHEIE HMHTEPEeCHBe IpUMephl HpHMeHEeHHA 3Tol
IpolLeAYPHI, ¥ ML He 6yeM uX 37eCh HOBTOPATH. OTMETHM JWIIEL, 9TO
B ONTHYECKUX HKCOEPUMEHTAX H3MepHTCA HOPMajlbHO-YIOpPAT0IeH-
HBle MOMEHTH cBoOogmoro mois {EDEM>  koropsie ompemeiAnTcs
Yepes TAK@e ke MOMEHTHI MCTOYHHKOB, U IMOITOMY 371eCh B popMyaax
rana (4.2.4) ¢urypupyer dynknma Ilmauka A4° Ges HYJAeBHX QAyK-
Tyauuil, KOTOPHeE HOABAANTCH IIPH BRMHUCISHHH CHMMOTPU30BAHMEIX
MOMEHTOB.

Uraw, OAT oossosuser upeacrasmts momentsl TU gwepes mapame-
TPol (PeHOMEHOJOTHUECKOH TEeOPHH — MAKPOCKONHIECKYI0 BOCIPHUM-
guBOCTb ¥ ¥ QynrOouio I'pumna G, 3aBECAMYO OT § U T€OMETPHA UBNY-
galomero Teaa (M, BO3MOJKHO, APYTHX XOJOMHBIX TeJN -—— 3KPAHOB
® T. A.). 3aMeTHM, OJHAKO, 9YTO 9TH BeJMYHHE HEIOCPeNCTBEHHO
Hem3MepuMH (@m0 Kpaiimet Mepe B OHTHYECKOM JMALA30HE), U OHHU
MMEIOT YHCTO TeOPeTHIeCKOoe COfAeprKanme B PAMKAX TPASUIUOHHOTO
MARPOCKONHIECKOT0 IOAXOMa ¢ MCKIICHHLIMU HePeMEHHBIMH Belre-
crBa (§ 3.4). Iror moxxon He SIBISETCA eAUHCTBEHHHIM (HAIpmMep,
MOJKHO IOCTPOUTEH TEODPHIO IOJSA B KPUCTAJJIe HeIOCPeICTReHHO B Tep-
MAHAX 3JeMEHTaPHHX BO30YIKIEHHAN — MOJAPHTOHOB, He IpHOeras
R OOHATHIO %), H, KPOMEe TOTO, MOCJe0BATeIbHOe MUKPOCKOINIECKOE
BHUKCIeHNEe KUHETHIECKOTo TapaMeTpa ) BCTpelaercs CO 3HAYHTENb-
HEIMH TPYAHOCTAMU (CBA3AHHBIMH € PAa3imddeM JeiCTBYIONETO H
MaKPOCKONMYECKOTO IOJsA, ¢ yIeTOM IPOCTPAHCTBEHHOW AUCIEPCUT
g T. 1.).

B cBasm co ckasammmM OpejcraBiser, IIO-BULUMOMY, HHTepecC
ajbTepHATHBHAA opMmyiupoBra Teopuu TU B Tepmumax memocpep-

1) Jina cuMMETPHIHHX Ten — Iapa, GWIHHAPA — YAOOHO NPHMeHATH Pas-
NOeHHe N0 COOTBETCTBYIOMIMM OPTOrOHANBbHEM ¢yHKnuaAM [144]. Paszmosxenue
U0 BPEeMEHHHM rapMOHUKAM COXPAHAET CMBICH BCEIfla B CHIY CTAMHOHADPHOCTHE
PAaBHOBECHEIX MOMEHTOB.
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CTBeHHO (1aH Haubojiee HENOCPE/CTBEHHO) WBMEPEMEIX IapaMeTpOB,
HE33BHECAMUX OT BHOOpA TEOPETHIECKON MONEJH ([JA TAKHX «Oomepa-
UHOHANBHLIXY BEJIWIHH MOJKHO YKasarh 0oJjie¢ WIM MEHEe PeamcTHY-
HYI0O OUepaluIo A UX H3MEeDPeHHA).

B xBaHToBO# onTHKe 06HIUHO IOCTYAMPYeTCA, 4TO HAOIIOLAEMO
BeJHYHUHON sABIAETCS BEPOATHOCTH BO3OYKNEHHA MIM WOHW3ATIUHA
OiHOTO U3 aTOMOB [@TeKTOpa. JTY BEPOATHOCTH ¢ IOMOINBLI0 TEopHHU
BO3MYIeHUN MOYRHO BHPA3HTh B CBOX OdYependb Uepe3 HOPMATbHO-
yuopsgoYenHsie BTOPHE MOMEHTH CBOOORHOTO I0Js, Iajaiomlero Ha
HOEeTeKTOD M YCPEeJAHEeHHOTO B COOTBETCTBUH C €T0 TeOMeTpHell I YacToT-
Hoit xapaxrepuctukoil [1]. B pesymbrare mamepstemoit BeamumHOi
B ONTHYECKHX HKCIEPMMEHTAX MOJRHO CUHTATh HHTEeHCHBHOCTB CBETa
B cBoOosnom mpocrpancrBe. Kpose Toro, ¢ momompbio mHTEpdepoMe-
TPOB MOJKHO CPaBHHBATH (asdy, a ¢ MOMOMBI0 HECKOJBKHAX TETOKTOPOB
MOKHO OLpEeeNIHTh W BHCIIHe MoMeHTH [1].

Taxum o6pasom, mamboiee obmass eHOMEHOJOTHUECKAS TEODPHA
T pomxua ycramasamsath CBA3H Mewqy momentamu TU mammoro
Tea W ero ONTHYECKHEMH CBOHCTBAME, H3MEPAEMEIMH € IIOMOMIBIO
npoOHOTO IOJA OT APYIOr0 HCTOUHMKA, WHATe TOBODPA, MERIY CIOH-
TAHHBIMA H BHHYKIEHHHME ddPderrtamu mis obpaslia B IeJoM.

3axon Knpxroda. Ilepsas Takas cBsa3h OLlIa yCTAHOBJIEHA ele
B npomtom Beke Kupxrogom (ccniku u murater cm. B [166]). B mpo-
creiiiieM BapuaHnte (6e3 ydera paccesiHus u aroMuHecuenuun [163])
saxon Kupxroda yrBep:jaer mpoumopHUONAAbHOCTH M3JIYYATeIBHOM
cnocobHOCTH Ji (MaHHOTO yuacTka HOBEPXHOCTH TeJa HAa MAHHBIX
9acToTe (@ W HAIpPaBJeHUH paclupocTpaHenust k/k) mordomarelbHOR
cuocobHOCTH A7, T. €. ToJe HOTI0MAeMoil MOITHOCTH 3TOTO e YIaCTKa

OOBEePXHOCTH IO OTHOIIEHHIO K HPoOHOMY JyTy ¢ oGpaTHEIM HAUpaB-
JeHHUEeM pacmpoCcTpaHeHus.

Ilo cymecrtBy Jj oramgaercsa or cumextpaabuoit sproctr:m TH Syq
JUIb TPUBHANBHEM MHOKuUTedeM cos &, rme O — yroa mexny % n
HOPMAaJILIO K IIOBEDXHOCTH B paccMaTpuBaeMoil Touke: Ji = Sgo cos O.
Hanee, cormacuo (1.1.26) cuekTpadbHYo APKOCTH CBETa YXOOHO W3-

MepATh B eIUHMIAX «APKOCTH BaKyyMa» Sen =ho%8n%?, 1. e. unc-

doM doronoB Ha Momy N = S,o/Sea. Takum obpasom, 3axon
Kupxroda y7151 cBeTa om0t moNAPU3alHE MOKHO IPEICTAaBUTH B BHE

Nk(B)ze/‘ZE (ﬁ) L_/V'un (2)

Ime MH Y94 BO3MOJKHYH B3aBECHMOCTE OT IOCTOSIHHOTO MAaTHHTHOTO
II0JIA.

ITOT 3aKOH HEOJHOKPATHO HOBEPSICA SKCIEPHMEHTAIBHO, H HA
HEM OCHOBHBAKTCA CYIECTBYINUe 3TANOHH CHEKTPAXBHON APKOCTH
csera. OpHaro on corxacmo (3.2.8) onpefenser JUNIb JHATOHAIHHEBIE
o k& MOMEHTH IOJIA #, KPOMe TOI'0, OH He YYNTHBAET PACCEAHHA H
TUQPAaKUUE M CIPABEJJIHB JHIIb B DAMKAX [EOMETPHYCCKOH ONTHKH.
Taxmm obpasom, s3akon Kupxroda, B oriumaue or gopmyn, morydeH-
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meix ¢ momoubio M/T, e maer moamoit cratucrmieckoit maGOPMANAY
o TU. Hepnaronanbasie MOMEHTHL I0JIsI, Heo0X0oMuMble AJd OUUCAHHA
gHTepPepeHIiny aMILIAT Y LIH nHTencuBuocteit (§§ 4.6, 4.7), oramann
OT HyAA B Opefielax pudpaxumonsaoro yraa | ¥ — ¥ | < Ma, rae
a — mollepednHi# pasMep uaaydaoomero reia. Muade rosops, sakom
Hupxroda (kak m camo mousitme SIPKOCTH) IIPeALIONaraeT HYJAeBo#
paguyc IOOepeYHOil KOTePeHTHOCTH NoJs (IpPOJOJbHAsS KOTepeHT-
HOCTBH OIUCHIBaeTCs 9acTOTHON mucuepcueit A4 ()). -

EcrecTBeHHO HOCTAaBUTH BOIPOC, CYIIECTBYOT JH 9IHCTO (PeHOMe-
nonormyeckne QGopMydw THHa 3akoHa HRupxroda, ompegensomue
Bropue (u Gosee Boicokue) MoMeHTH TU ¢ ydeToMm KoHeuHoro pajuyca
KOTEPEeHTHOCTH Yepe3 He3aBUCUMO m3MepsAeMble mapamerpsl. OTBer
OKAa3HIBAETCS LOJOKUTEJIbHHIM IPU MO0BOJBHO OOMEUX IPETI0JI0Ke-
HUAX B paMKax JuHeitHoro upubGamkenus (8§ 4.4, 4.5). Boaee Toro,
OPH HEKOTOPHIX [ONOJHUTEIbHHIX HPAKTHISCKH OMPaBAAHHEX OTpa-
HUYeHHUSAX aHAJOTHYHbIE CBA3M MMEIT MECTO U IPH yYeTe NBYX(POTOH-
HHX (HeKacKamgHeix) mepexofoB (§ 5.4), a TaksKe B ciydyae MOLyIAOUA
PaBHOBECHOTO BEIMECTBA ¢ IacTOTOM, JeKamei 8 00JacTH mpo3paIno-
CTH, T. €. B ¢JIy4ae HEPE3OHAHCHOTO IAPaMEeTPHIECKOTO UIU KoMOH-
manuonHoro paccessuuss (ra. 6, 7). B eaegyromux aByx maparpadax
MHL BEIBeleM TaKoil 06o6mennsii 3akon Hupxroga (O3K) B muneiinom
npubamskenun Tpemsa coocobamu — cnepBa «mo HaitxBucry», 3aTem
$ermoMeHONMOTHYECKUM JAHKOBOHOBCKHM METOJ0M W, HAKOHeI, ¢ I0-
MOIBI0 KUHETUIeCKOTO YPABHEHWS [Js IOJsI, B3AMMOJEHCTBYIOH[ETO
¢ PAaBHOBECHHBIM BEIECTBOM.

§ 4.%4. OGodmennsiii 3axon Kupxroda (03K)

Jlas BrisicHeHHsT (eHOMEHOJIOTUIECKON CBA3U MEKIY CTAaTHCTHKOM
THU v aMuIuTygaMu BRIHYRICHHBX 5PQPEKTOB MEI B HACTOAIEM LIapa-
rpade WCIOIb3YeM KBAHTOBHI (JeHOMEHOJNOTHIECKUIT METONT, OCHOBAH-
HEIH Ha HOCTYJIHPOBAHUY JUHEHHOH CBABH MEKIY omepaTopaMd H3Iy-
gaemMoro (BHIXOHOTO) 00PasmoM IOJsA U olepaTopaMd ImaJalomero Ha
Hero (BXOJHOTO) 30HAUPYIOMEro HOJA.

IMousarne kommiexcuoit mampuys paccesnus (MP) U, casmsaro-
el MOJiA HA «BXOJE» U «BHXOfe» 00pasma, U MaAmpuybi RO2A0UEHUS
S =T—U-U* nossonur Ham npejcTasuTh 3akon Kupxroda s Buse,
OIpenesAmeM ¢ yIeToM AUQPAKIHH HE TOJIBKO APKOCTH, HO B PYHK-
U0 Koppeisnum, Bhicinne MomentHl u y-Ppymrumioo TU. Msr gagmm
JBa SKBUBAJEHTHHIX OIEDANHOHAJBHHX OIpefeieHus Koaddummenra
moTJOMEeHAA Agy. MBI PACCMOTPHM TakKKe HPOCTYI0 MHUKPOCKOMNYE-
CKYI0 TEOPHUIO, MOACHAIYIO HosBiaeHne unap gororoB B TU ¢ Tourm
3peHus MpeJUHTePOBCKON KapTUHE, B KOTOPOil 06paser BosneicTayeT
e Ha OmepaTopsl IOJsd, a Ha ero soamnosyio ¢yuxruo. Haxomexn,
Gymer npuBeyeH BTopoii cnoco6 BrBoma O3K, ucxoasmuit us ycaonus
VHUTAPHOCTH Ipeobpa3oBanusi moist o0pasmoM.
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Bxogroe u Bpixopuoe unons. Ilyers pasHOMEpHO HmOjOrpeBaeMbiil
ofpasern saHmMaeT orpaHmYeHHyI0 o6aacTe mpoctpamctBa. B omrm-
YeCcKOM [HQNA30HE H3MepPAETCA Ilojie BHe obpasma, T. e. cBoGopuoe
noixe; OGogee TOro, OOBIUHO
JI€TeKTOPhl PACIIOIOKEHEI B BOJI-
HOBOH 30He, I'ie TO0JIe MOKHO

a,(; A’,) Ug(/fz) CUNTATH TOIEPEYHHIM. Pazo-
\ / ObeM MBICIEHHO 5TO MOJe Ha
%) JBe 4acTH -—— Iajaiomee Ha 06-
@ paser; CHApPYRH  «BXOJHOEY

noide E oT BHemHHMX WHMCTOU-
‘/H/(/@) % HOKOB M - paccemBaeMoe 1@11/1
W3Iy1aeMoe 00pasmoM «BBIX0/~
noe» noxe E’. Taroe pasGue-
HUe TPH PasioKeHWH 00 ILUI0-
A A CKUM BOJHAM MOKHO OJHO-
z 3HAYHO OCYIHECTBUTHL € II0-
Puc. 6. Pas0uenne noxd BOKPYT ofpasya ma  MOIMBIO NIBYX ANIMKOB KBANTO-

BXOHYI0 ¥ BBIXONHYIO dactu ¢ momomsio meyx  Bamma A, B (puc. 6).
AMAKOS KBARTOBAHMNA. Teitaenbeprosckue ouepa-
TOPHI BXOJZHOTO W BHIXOJTHOTO

BIeKTPHYECKOTO IOJIA B JIeBOM SIMUKE DPABHEL

.EA (T't) =1 2 €rCrlp A (t)e““' + a.e¢.,
k,>0

z

Ey(rt)y=i 3 excia, (t)e* T 4-a. c.
k,<0

(1)

Buipaskenna ins mollell B mpaBoM AIMMKE OTAMIAOTCH IHIIL obpar-
HEIMP 3HAKAMY Z-KOMIIOHEHT BOJHOBEIX BERTODPOB. B paibpHeimem Mk
BRJIOTIM MHIeKC ¢ = A, B (Kak U MHIEKCH ToJApH3anayu v = 1, 2)
B opuH obumit ungexc k = {k, v, ¢}.

Marpumna paccesnua. Bpixommoe moxe cocTouT M3 ABYX dacteii.
IlepBas gacTe IuHeHO CBsizaHa ¢ BXOAHKIM IIOJeM, KOTopoe audpa-
rupyeT HJIM paccemBaeTcs Ha o6pasme (KaKas-To jOJA SHEPTUH BXOM-
HOM ILIOCKOH BOJHBL HOTJICINAeTCA, KAKAsS-TO PACCEHBAETCH IO APY-
UM HAOPABIEGHUSIM M OCTABINASICA HPOXOAMT €3 M3MEHeHMA HalpaB-
aenns). Bropas wacts — co6erBennoe TH o6pasua, koTopoe ocraercsa
¥ OpH BHKAOIEHHOM», T. €. BAKYYMHOM BXOJHOM HoJe. JTH JacTH
MOJKHO HAa3BaTh TAaKyKe BHIHY;KIEHHHIM W CIIOHTAHHEIM H3JTyIeHHEM.

Wrak, mpeamonos<mM, WTO OIEPATOPH BXOTHOTO M BEIXOIHOTO
IMOJsi CBA3ANH JTWHEHHLIM COOTHOMIEHIEM

. a;f_—kz’} Uy ai + by (2)

3pech by — omepaTops BemiecTBa (OHH IPOHOPIUOHANBHHL OIIEPATO~
paM JUIOIBHEIX MOMEHTOB MOJeKyX obOpasua), a Uy — KoMILEeKc-
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HLle YHCAA, COBOKYNHOCTh KOTODHIX MH GyjeM HaswBaTh MaTpumed
paccesnua (MP). Ee gmaronambnsie xoMmonHeHTH Uy, HMEIOT CMBICT
AMIOAATYRHHIX «Ko3(QHIUEATOB Iepefadm» o06pasma mo OTHOIIEHHIO
K IJT0CKHM BOJHA&M, & HEJUaTOHAJbHbE KOMIIOHEHTH OIpemeAaioT
nuPPaKIHOHHOe (IepeMeldlMBaHme) 06pasmoM MOx CBOGOXHOTO IIPO-
cTpacrBa. B nuHeifmoM npulimKenun paccedHHe npomcxopuT 6es

usMenenns dactorsi, W moatomy Uy = Ugp 8 (0 — @y), Tak 4ro
cyamupoBannde B (2) Bejercs JIUMIIh IO HATPABICHHAM BOJHOBBIX BEK-
~

TopoB k' = K'/k’, no naByM THDAM NONApU3AUMH ¥ IO (IEBHIM) I
«IpaBBIMY TAJAOMUM IIOJAM.

MP, ®oTtopad, Kak Gyfer HOKa3aHO HEGKE, IOMHOCTHI0 OpefelaeT CTATICTU-
KY BBHIXOIHOIO H3JIyYeHHUS depe3 CTATHCTHKY BXOJHOIO, MOKHO, B IIpHHIHIE,
H3MepUTh ¢ IOMOINGI0 KOTePeHTHOTO NAjaomero ceera U HHTepdepoMerpa.
Cpeuuil TOK gerexTopa GyAeT HPONOPIUOHAJECH BeJHIuHe

Iy = {(L*at + aff) (bay + a)> = | L 2Ny -+ Ny + Ni2Re LUy, (3)

roe Ny = (airal) — MHTeHCHBHOCTh MCTOIHUKA, N, —— CyMMApHAA HHTeHCHB-

HOCTh TeINIOBOTO H pacceAnmoro mamydemus U § = | [ | ¢'® — roadpduunent
mepenaud OMOPHOTO Iwieua umrepdepomerpa. Hadmogas sasucumoctd [, (¢),
MOKHO BocctraHoBuTh Re Uy B Im Uy,. IIpu guKCHPOBaHHOIN YacToTe BeJHIMHA
| Uy | ABAOTCA PyRKIMeH yraa Mesny & B k', KOTOPYI0 MOKHO Ha3BaTh uHOu-

kampucoii yIpyroro paccessus (wim pudpaxmum) ). B cdepureckux rooppu-
HaTax 57a QYHKIMA U300 paKaeTcs CIOKHON MHOTOJETOCTKOBOI MOBEPXHOCTBIO.
B cayyae MaKpPOCKOMMYeCKOTO CHIJIOLIIHOTO 00pasna HHAHKATPUCA pacCesHus
HMeeT V3K MAKCHMYM ¢ AudpakinumoHHOi mmpnaOoi upn k = k’. fcmo, 4To
TMpPaKTHYECKH MOKHO M3MepPHTD Aulllh KOHeIHOe UMc;I0 KoMIoHeHT MP ¢ KakuM-TO
maroM B K2-IIpocTpaHCTBe.

Caenyer HOTUePKHYTH, ITO PCAIBHO HAGIIAaeMBIII Ha BHXOJE ACTEKTOPA
curuan Ouenuil 7 (#) maske mpu uJeaJbHOM KOTEPEHTHOM HCTOYHNKE IIafaj0HIero
csera OymeT QUYKTYyHpOBaTh WM3-38 TEHNIOBOTO [BIKEHNS MOJIeKyl OGpasma.
Yro aswkenme (Koropoe upu 7' = 0) cMeHAeTCA KBAHTOBHIMU (UIyKTYAIIHAMI)
TIPUBO;MIT K AMIUIMTYZHON W 9ACTOTHON MOJYJSINH ©BCTOBONL BOJHBL, Daccer-
BaCMOit B J3HHOM Halpasienun. Iro0B BHIEINTh HMOCTOAHHYIO COCTABIAILYIO
(3), COOTBETCTBYIONTYI0 YIPYr0 paccesHHOMY CBeTy € YaCTOTOH @, = ., Hazgo
yepenanTh I (f) sa Gonpmioli HPOMERYTOK BpeMenu. ECnm 3xe MBIl IOABeprHEM
I (¢) dyppe-mpeotpazoBaHrio, TO Mbl HOJYYMM CHEKTP pPeieeBCKOro DAaCCesHIIf,
HeCYIIMii [eHAYI0 NEPOPMAIIIO 0 ABMKeHNHN YacTHi 00pasia {164, 165]. Bopouew,
3TO ABJEHHe Y/Ke BRIXOAWT 33 PAMKU LHPHHATOTO B 3TOil I'TaBe NUHCGHHOrO upu-
GIMReHTA.

C gpyroit cropomsl, MP MOMHO paccauTaTs ¢ HOMOMBI0 KaKoif-1nGo dero-
MeHOJIOTMUecKOil WM MUKPOCKOMHYIECKOIl MOZe U BemiecTsa 2). MoOKHO OKAMATH,
4TO pe3yALTATH TAKUX PACIeTOB HPHM KBAHTOBAHWM II0JA W IIPI MCHOIL30BAHIU
HONYKIACCHIECKOTO HOAXO0AA (KOTAa KBaHTyercd JMING BemecTBO) GYyAyT copma-

1) Cnoco6 usMepemnsns Mojnyid MP Gyzer oumear B § 4.6 (em. (4.6.12)).

2) Pacuer MP AiA cOyOmMHEEX Ten M 9KPAHOB IpOCTOil POPMEL cocramisger
TPATHAMOHAYI0 33787y Teopuu judparnuu. azsecrapie fopmymst Mu (cm., Ha-
mpumep, [167]) onpefiensior MP mapa depes & (3TH $OPMyJIH OINCHBAOT IOTHOC
BTOPUYHOE IOJE, BRI0YASA IPOJOILHYI0 YaCTh, 4 TAKKe IOJe BHYTPH 06pasna).
B § 4.6 6yzer paccmorpena MP mya geyx upocreiimux Mopieneil ((enoMeronorn-
YeCKOH M MIKPOCKONHYECKOM).
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JATh ¢ TOYHOCTREIO A0 HeGOALMNX KOMILIEKCHEX HONPABOK K COOCTBEHHHM JacTO-
TAM MOJeRYJI. 9TOT (IPUHIUN COOTBETCTBUAY A IePBHX MOMEHTOB IOJA IO~
SBOJAET MCHONL30BATE 0OJNee NPOCTHE IOJYKIACCUYeCKWe TeOPHH.

Bekrtopunie o6ospavenua. Ilepemumem (2) B Golee KOMIOAKTHRX
0603Ha9eHASAX

a=U*a+b =a-U'L0b,

" fopr (4)
at=U -a + b,
rge «BeKTOpY @ HMEeT KOMIIOHEHTHl dy, &a, . . . (MBI JJA IIPOCTOTHE
nmmeMm mupeke 1 Bmecro k). 3ameruM, 9TO CHAMBOJ 3IPMHUTOBA CO-
OpsiKeHHs ¢+» B (4) UMeeT ABOAKUI CMHICH: @+ 03HAYACT IPMHUTOBO-
COIIpAKEeHHEI K @ omepaTop — T. €. TEH30P B I'mIb0ePTOBOM MPOCTPaH-
cTBe, oOpasoBaRHOM HAGOPOM BCEBO3MOKHEIX COCTOSTHHM IOJA,
U g U' gaBiaiTcsa TEH30PAaMH B <IPOCTPAHCTBE», 06pPas0oBaHHOM
mabopoym mox ky, kg, . . ., modTOMY (Ut))y = Uz = US,. Kax merko
IpoBepHTh, BHuoIHAercA wnpasmio (U-a)t = a*-U" = U*-a*
Boisoy O3HR mo Haiixksucry. OmpejiesmM Marpuny BTOPHX HOP-
MAIBHO-YIOPSOUCHEHX MOMeHTOB: Ny, = {a’a,>, mmm, B JHagHBIX
0603HaYCHA X,

N =(ata} (Nin=Nyn, N=£(aa")). (5)

JlmaronafsHble KOMIOHEHTHI 3TOR MaTpwuist Ny, DPOIOPUHOHATLHBE

ADKOCTH CBeTa B HAUPABJIEHMH J ¢ HojApuzalueit €xy M YacTOTOU
oy = ck. N3 (2) nan (4) caegyer, 970 MOMEHTH BXOZHOI'O H BHXOJHOIO
moieii upu yeaosuu (ab>= {a+b)> = (} yuoBIAETBOPAIOT MATPUIHOMY
COOTHOIIEHUIO
N =U-N Ut 4-<b*b). (6)
UroGe HaliTH CHOHTAHHYI0 YACTH MBI YUEHUsI, HOMECTHM MBICIEHHO
obpaser B 3aMKHYTY I0JIOCTH, 3aII0JTHEHHYI0 PaBHOBECHBIM INIAHKOB-
CKHUM M3JIYyUYeHWEM ¢ TeMIepaTypol, PaBHOIl TeMmepaTrype BemecTBa.
PaBHoBecHOe mosie cTamMOHAPHO, U €r0 MATPUa BTOPHX MOMEHTOB
N nwaromaanHa HO wacrore. B cayuae gocrarouno GoIBIION NMOIOCTH
€e MOKHO CUMTAThH JUArOHAJbHON W II0 HAIPAaBIEHHI0 BOJHOBOIO BEK-
TOpa M, KpoMe TOF0, M30TPOMHOI, Tar UT0 A"y, = 81,/ (©;).
Ilorpe6yem, drobel oGpasen He HapyIIHJA DPABHOBECHOCTH IIOJS,
rorpa N' =N =", u ¢ nomompio (6) mosxuo Berpasuts TH wepes MP:

cn——~<b+ SY=N-(I-U- U+)—¢/V= . (7)

Ilpexmomosum pajgee, 9ro majgamoiee Ha o0pasel Hoje He BJIHACT
na THU, rorga (7) me mamennmrcsi, ROrga MH y0epeM CTEHKH IOJOCTH
¥ BRJIOYAM OPOH3BOJIbHLIE BHEIIHNE MCTOUHUKU CBeTa:

=U-N.U"+ N . (8)
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1y dopMyay MomHO IpefcTaBHTH Tar:ke B Bmue (cp. (1.1.40))

N;HM:U'NCMM'U++LMCHM"#’ . (9)

. A I T ho
NchEN‘lr‘_z'" ‘MCHME‘M—I——Z—:TCthW

Ileproe ciaraemoe B (8) cooTBeTcTBYET BRIHY:KIeHHOMY 3QdexTy,
a BTOPOE — CIOHTAHHOMY, T. €. TEIIOBOMY. 3aMeTuM, 9To, Kak opa-
BHJIO, DTH TEPMHUHB! OTHOCAT K HEHAOTIOaeMBIM DIE€MEHTAPHKM IIPO-
HeccaM B OTHOM MOIEKYJe, 371€Ch JKe OHH OLPENeJeHH I IIPOU3BOIb-
HOTO 00pasia B IEJHOM M HMEIOT YeTKH#l OmepalMOHATBHBIA CMBICI.
Muorga ypo6Ho pasimuarh jpBa THOA BHHYREGHHHEIX IPONECCOB —
COTIPOBOKIAIOMMUXCH N3JTyUeHHEM ¥ IIOIJIOMEHWEM,— OJHAKO (uam-
YeCKEA CMBICJI MMeeT JIMIIb cyMMapaui s¢dexrt 1), n m0sTOMY MEL 0TO-
JKIECTBIAEM CIOHTAHHOE H TEILIOBOE U3IYUeHHe.

Cornacuo (7) TU oupegensercsa «MaTpumeil HeyHATAPHOCTHY 00-
pasna SF, koTopas B ciyuae yumTapaoid MP (xorga U' = U™) oGpa-
maercA B HyJb, 9T0 COOTBETCTBYET HIpo3padHoMy obpasmy (roumee,
Henorsiomatomemy). luaromanbayo dacTh (7) MOMKHO HpeRCTAaBUTH
B popme 3arona Hupxroda (4.3.2):

Nin = Ay, (10)
e A, = Ay =1 — 29, — K03OPUNHEHT TOTIOMEHNA KIA MOHE
By m G = | Uy |? — SHEepreTHYecKuyl  KodQPummeHT uEpexaud

us ky B ky.

~ Qopmyxy (7), Bupamaiomyio ceoiictBa TH wepes MP, ecrecrren-
HO Ha3BaTh 0606menunM 3axonoM Hmpxroda 2) (O3K). Oma B oran-
yme or (4.4.2) He orpaHHYeHa paMKaMM TeOMETPHYECKOH# ONTHKH WX
oIpepeligeT HeFWATOHAJBHHIE BIEMEHTH MAaTPHIBI BTOPHX MOMEHTOB.
3uanye HocHeTHMX HEOOGXOXHMO JJIsi pacyera pajHyca MOMepPeuHoil
rorepentHoctd TU (§ 4.6). Ormerum, uro marpuna N B cuny (3.1.18)
oupenesnser u momentn <E*>, <H*>, <EH>. Rpome Toro, Kax Me 1o~
rasem Hure, O3H ompegenster n sucinue momentsr TU (8 ogaodoTon-
HOM OpUGANKEHHUH), ONMCHBAOMue GIYKTyaluy HHTEHCHBHOCTH.
Koreuno, ara ;xe mugopmanus paerca n GOpMyIaMu, COAepIKATAME
pmecto MP pguogerrpuueckyrno mpomumaemocts u ¢gymrmuro I'puua,
OJHAKO, KaK yyKe OTMEUYaN0Ch, STH BEIHTHHLI HENOCPEICTBEHHO HE
Habmonaemsl, B monpsy nameit ¢gopmsr O3K romopur uw mpocrorta
OpuBefeHHOTo BHIMe BHBoAa. G aApyrofl CTOpoOHE, TPayUIUOHHEIH
LoxXoy Ho3Bojger BuUmcaATh TV HepaBHOMEpHO HArpeThix Tel,
a TaKyKe MOMEHTH NPO0JBHOTO IOJs B HEBOJHOBOW 30He BOIM3H TO-

1) B [166] paccmarpuBaoTcd BO3MOMKHEE OMUOKM HUPU TPAKTOBKE 3aKOHa
Rupxroda, cBazambee ¢ Te pMUAOJOTAYECKON IyTaHuUIel.

2} CoranacHo [144, 162] dopmynE, BHpaKaoIe MOMEHTH IIONA depes &
u G B or-upeficTaBleHNN, TAKIKe MOKHO cUnTaTh 0Gobmenuem 3akona Kupxroda.



126 TEILIOBOE U3JIYYEHHUE B JUHENHOM HNPUBIMKEHUN [TII. 4

BEDXHOCTH TeJl M IDPUTAKEHHE MEKHY TeJaMHM 3a CY9eT TeIiOBOTO
moasa [143, 144l

Yacrapie eayvan. Ecam o6pasern; B KAKOM-TO HHTEPBAJe k-IPOCT-
PaHCTBA IOJHOCTHI0 HEUPO3DPaveH, He OTPAJKAeT M He paccemBaer Ma-
Raiomee U3IyYeHWe, T. ©. ABIACTCA @6COAIMHG HYePHUM MeioM, TO,
ouesupno, U =0, #= 1T u us (7) caegyer Nt = 4" — TU B srom
uHTepBane Ak coBIanaeT ¢ PABHOBECHHIM IL0OJEM ¢ HYJIEBHIM PafIycoM
Korepentaoctd. To ke caMoe HMeer MecTo, KoHeuHo, ecau U == 0,
HO Hajamllee U3NyYeHHe — PABHOBECHOe I MMeeT TeMIepaTypy Tea.

[lycrs Temeps majaioiee m3aydenHe JUaTOHAIBHO, T. €. BCE ero
Moabl BO3GYskIeHH cTaTHCTHIecKH HesaBHcEMO (Ni, = N,;8;,), Torua
cornacHo (8) umeaa oTOHOB Ha BEHXOfe 6YXYT PABHE

Ni= D %1:Ns + A (11)

Otciona caegyer, uro xoddduuments mepegaun Gy, = IN;/ON, u
‘moromenust Ay = 1 — D ON,/ON, nis mammoil MOmsl k1 MomxHO
2

M3MEPUTH 110 OTHOMIEHHIO SPKOCTH PACCESIHHOIO B HTY MOHLY CBeTa
K sfipKOCTH Hajalomiero ceera. B pesyinbrare sakon Hupxroda mpunm-
MaeTr Bm[

Afi“=m(1~}]azvi/azv2). (11a)
2

Bosmosxen @ ppyroit cmoco6 onpesenenus Ay, IpU KOTOPOM obpaaer
o6iyuaeTcs WIOCKO BOTHON B HampaBieHHd —/ OpH 06pameHHOM
MATHUTHOM IOJIe, a HM3MepAeIcsH CYMMapHAS MOIJHOCTH DACCeAH-
HOTO CBeTa:

3,

- =Y 9B =Y 9B =1—41B) (115

(MB  3pech npnMeHUNM upuHnmn cumMerpuu  Oncarepa k MP:
U (B) = Ug; (B)).

Ecam obpagen mpexcrasiser coboit couomHOR OHOPORHBIA MI0C-
KONAPAJNEIbHBIA CJHOH, TO € Y4YeTOM BePKAJIBHOTO OTPAKEHMA

Gia = G984 + A -6-, (3necn k = {ky, ky, —k.}, R,z — roopdurn-

11712
eHT oTpaskenus) u us (11) caengyer
Ni= GiN1 + B Ny + Aut (12)

(MBl He yIMTEHIBaEM BO3MOKHOTO M3MEHeHHS NoJApH3anmm). Ilpa Hop-
MaTbHOM Tagennn k = —k, 0 (12) mpunumaet opmMy «BOIHOBOTHOTON
sakona Humpxroda [144]. Ecam, Hakomen, otpamenuit mer, T0
u4k =1 gh‘ n

N =GN +{1 -G . (13)
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Briciime momentst TU. Ilociemnume jderxo maifTi, mpeguosio;Kus,
9TO CTATHCTHKA II0JIS TFAayccoBa. JTO NPEJIOHOKCHAE KayKeTCA BIOJJIHE
ONpaBJaHHHM B CIy4ae MaKPOCKOIWIecKoro ofpasma, Korjma mode
cospawr ~10%® Molekym, UTO I03BOJAET NPHMEHHTH TEHTPAILHYIO
IIpeIeILHYI0 TeopeMy TeOPHM BeposATHOcTed. B ciaexyomem maparpa-
de Oymer mokasano, 910 rayccopocts TV ciaenyer m3 ogHOGOTOHHOTO
KUHETHYeCKOTO YpaBHEHHA /[0BOIbHO ofimero Bupma. Hosromy Beicmmme
momentsl TU rayccoBml H, Cl€0BAaTEeNbHO, OLIPEIEIAIOICH Yepes3 BTO-
perte momentTst (7). CooTBeTcTBYIOmMAA HOPMAXbHO-YIODAROUEHH
«-OYHKIMA BRIpakaeTcs 4Yepes MATPHIY BTOPHIX MOMEHTOB CIexylo-
muM 06pazom:

You <= €Xp (— U Neg-p*) =exp(— p- N -5 -u*). (14)

Ilyerh cTatHeTHKA Tamalomero moJdA Tak;ke I'ayCCOBa ¢ HE3aBHCH-
MBHIMH MOJaMH, HO (CMemeHHAas» — ¢ J06aBKOH He3aBHCHMBIX KOre-
PEHTHRIX COCTABIAIOIMAX {@y> = Zj:

1% = exp (—p-N-p* - p-z* — p*.z). (15)

¥-OVHRIOHSA CYMMB HE3aBACHME'X CJIY9YaiflHBIX BEJHYNH DPaBHA TPOH3-
BeJEHHIO UX ¥-QyHKIUIl, II09TOMY mOCHe JuHeiirnoro mpeo6pasoBaHus
(2) @ - U *-a Buny:xgeHAasd 9acTh NoJA OyAeT CHOBA UMeTh y-QyHK-
nmio Buga (15), Ho ¢ 3amMenoR

N SU-N.U', 2—>U.z==z. (16)

Haxonen,, momfioce mome cormacuo (2) sABasiercsa cyMMo#i gBYX
HE3aBHCHMLIX MHOTOMEPHEX TayCCOBHIX BEIHYAH — BHHYKICHHOTO
O COOHTAHHOTO IOJISI, X MOITOMY €ro ¥-QVHRIHA PaBHA TPOU3BECHUIO
Bripasenuit (14) u (15) ¢ 3amenoit (16) u TaxKe COOTBETCTBYET CMEIEH~
HO! raycCoOBOM CTaTHCTHKE:

X =expl—p-(U-N-U"+N- ) p*+ p.-U-z¥* 4 p*-U*-z] (17)

(3necs N u N — puaroHauabHBIE MaTPHIH). FTak, crarucTaka BRIXOR-
HOrO WOJsi WpU OpeHeGpeKeHMM aHTAPMOHH3MOM BEINECTBA II0JI-
HOCTBIO ONPEJeJAETCSi IEPBHIMA M BTOPHIME MOMEHTAMH BXOZHOTO
mons, Temmeparypoii o6pasma m ero MP (koropas Tax:ke mosmer 3a-
BHCETH OT TeMIEepaTyph).

B gactHOCTH, HOpMaNbHO-YIOPSA09eHHBII YeTBepTHd Moment T
(GyrriEa Koppeldanuu Broporo mopsafka no may6epy [1]) cormacuo
(17) u upaBuxy ompepeienusi MoMenToB (3.3.36) pasen

{af aia3apen = NyslVoy + NV, (18)
Yy <:N1N2:>cn = NNy + | Ny % (19)
rje ]Vl = aira; 1 N ompegensierca O3K (7). C momomsio nocaenaero

BHIpasikeHUsi OHHCHBaeTca adpdexrT HHTepPepeHIInu HWHTEHCHBHOCTeH
(§ 4.7). llepBoe cmaraemoe B HeM OTINYHO OF HYIA A IIAp MOJ
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¢ M100mMH 9acTOTAMU M HANPaBIECHHEM DPACHpOCTpaHeHHUS, II0ITOMY
OHO COOTBETCTBYeT «CAYYAHHOMY» (MIH <(IOYACCOHOBCKOMY)) OJHO~
BPEMEHHOMY H3IyYeHHI0 nBYX (orTonoB. Bropoe ciaaraemoe B (19)
uMeeT 3aMETHYIO BeJUNUHHY JIWHB I JOCTATOYHO OMM3KuX B K-Tmpo-
CTpaHCTBE MOJ[, HPHHAJIEKAIMEX OHOH OGIACTH KOr'ePEeHTHOCTH
(8§ 4.6, 4.7).

Telmonoe noxe Mo Teopuu Bo3myuienna. Hax ciengyer TpaktoBath
dopmyay (18), moayuennyio mamu (eHOMEHOIOTHYECKH, B TEPMHHAX
9JIeMeHTApPHLIX IIpomeccoB maxydeHus ¢oronos? Ilepeiimem K mpeg-
crapienmio llpegmarepa, B ROTOpOM MeHACTCA BEKTOP COCTOAHHAA | L),
a me omepatopst (§ 2.2). MoneKkyns B pe3yibTaTeé CTOJIKHOBEHUI MR
B3aMMOREHCTBAA € DPEIIETKOW ILOCJEe CIIOHTAHHOTO H3JAYIeHHUS CHOBA
BO3BPAALTCH B Bo3Oy:jennoe cocrosmme |ad. Ilyers mapamomee
mojie HAXOJHTCA B BaKyyMHOM cocTospum | 0>, T. e. HavaJabHOE
COCTOAHHEE CUCTEMBI, KOTOpoe (UIypHPYeT B TEOPHH BO3MYICHMS,

6ymer | i = | 0> Ula>j. B mowment ¢ cormacuo (2.3.4) m (2.3.18):
J
,t> = GM lt0>1 e
i

Y= %{I—{-(zh 1Sdt17/°f1 (i%i)- §dt1jdt2%%+...}. (20)

o~

3neck ¥ — pHepPIrUA B3aHMONEHCTBHA TOXS H MOJNEKYJ B TpejCTaB-
JeHUN B3aWMO/IHCTBIA, KOTOPASA B AUTIOAHHOM, PE3OHAHCHOM M JBYX-
YPOBHEBOM HPHGIMKEHHN HMeeT BHJ

M
P =ih jg,l%}cjkoja; 43¢, - (21)
T7e omeparop ¢ = | &> {a | mePEBOAUT MOJEKYIY B OCHOBHOE COCTOSi~

ane. Taxum oGpasom, BomHOBag QYHKIUA AMeeT CACKYOMYO CTPYK-
TYpYy:

ik

lt):‘{ Z,CLMU a -|— ﬁjh]'h'o‘ opataf, + .. } l lo> (22)
.7.7

(roodPunmenTH o, [3, . . . 3aBHCAT OT I, AUIIONHHHIX MOMEHTOB, Pa3-
HOCTH 9acTOT MOJ ¥ MOJeKylxu or (a3 k-7;). Hac uurepecyer gByx-
doronnoe cocrosinue, ob6pazyemoe IBYMA OIePATOPaMHU POIKICHWSN:

atai |0 = 10| U = | kK.
Ecau B (22) j =7, 10 o2 = | b><a | bd<a | ~ 84 = 0, Tax wuro
|25 =10 + 21| 03| k> + %’iz;,ﬁmlb»lb>,-flkk’>+... (23)

{(mTpUX nUpHm 3HaKe [JBOMNOro CYMMHDOBAHHA 03HA4aeT OTCYTCTBHE
JMATOHAJBHEIX HJIE€MEHTOR),
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Nrax, gyxdoronusie cocroanua |k k> B Mogenm ABYXypoBHE-
BHX MOJEKYJI POKAA0TCH JIHIIb ABYMA DASHHIMH MOJEKYJEaMu 1),
T. €. aT0 dsyzuacmuuntili sddert. Ycpenuaa ¢ nomompio (23) npous-
BeleHNUsA OHmepaTOpPOB IOJA, MOJKHO HAATH SIBHKE BHDAGKEHWA A
momenToB <t laf...a, |{> dYepe3d MHKPOCKOLMNIECKAE TApPaMeTpPHL
MOJEKY, KOTODHE HOMKHBL YAOBIeTBODATH NOJYICHHHM BHIIE (e-
HOMeHOJornueckuM Qopmyram HKupxroda.

W3 cpaprenun (22) ¢ (2) BugHO, 970 aMIIHTYAB CIOHTAHHOTO IIOJA

N oE 4 [
B IIepBOM IIOPA/IKE TEOPHH BO3MYIIEHHA pPaBHBI Z,ajkcrj. MP moskno
J

Haiity u3 (22) Bo BTOpoM mopsijiKe TeOPUH BOSMYMIEHHA IPH KOTepeHT-
HOM BHAYAaJbHOM COCTOSHHUHN ILOJA.

Brisox O3K mo Jlamxeseny. CooTHomeHUe (2) Me/KIy BXOFHMMH M BHXOJ-
HBIMH OlepaTopaMd TOJXA B CIyIae OJHHAKOBEIX ANTMKOB KBAHTOBAHUA MOMKHO
paceMaTpUBaTh KaK YHUTAPHOE IpeobpasoBaHme, T. €. KaK CMeHY 0a3HCa B I'MIb-
GepTosoM mpoctpaHcTBe mONA (§ 2.2). YHMTapHOCT: IPe0GpasoBanma 0GecIeun-
BaeT COXpaHeHIe HOPMHDOBKIA BONHOBOH (YHKUUU (470 HEOGXOHUMO BBULY ee
BEPOATHOCTHOI'O PH3MIECKOTO CMBICIA) M COXpPaHeHUWe KOMMYTANMOHHEIX COOTHO-
mermit. Uz (2) cuaexyer

la;, ayt] = [by, 31+ DU Uss = 6y, (24)
3
la;, ay] = [by, by] = 0,

£fle MBL IPHHAJM, UTO OHePATOPH 4 M b KOMMYTHPYIOT, TaK KaK OHU JelicTBYIOT
B PA3IMYHEIX IHJABOEPTOBHIX IPOCTPAHCTBAX — IOJA H Belmecrsa. ¥ CJOBHE
YHUTAPHOCTH (24) B BERTOPHHX 0003HATEHUAX MOKHO HAIWCATE B BUje [b, bF] =
=TI — U*U, rae [a, bly; = ayb; — bjaz.

Omeparopsl a; OTHOCATCA K CBOGOJHOMY TPOCTPAHCTBY W II0DTOMY W3MEHA-
0TCH B IpepcraBieHun [eiizemGepra IO IapMOHHIECKOMY 3aKOHY; OYEBU/IHO,
M JTAIKeBOHOBLL OUEPATOPEHL by TAK/Ke JOMAKHEL OHTH I'aPMOHWICCKEMH Oy HRIHAMK
BpeMmenu. IycTs mafafoilee U3IyIenie T0CTATOUHO ¢a1aboe, TaK 910 HeT sdderTon
HACHIINEHUA, TOTHA BeHIecTBO MOKHO CUMTATH PABHOBECHHM M JO/KHO BHIIOJ-
HATLCA COOTHOIMeHMe (2.4.25): .

byl = — A7 LL87, by (25)

Orciofa ¢ yueroM yciosma yHHTapHOCTH (24) moaxyzaem O3K (7).

§ 4.5. Brog O3K ¢ moMomiplo KMHETHMueCKOTo ypaBHeHIH

Hcnonbsopannwne Bhlle HANKBUCTOBCKUE WM JIAH/KEBEHOBCKHIL
METOJLl He MOI'YT CYHTATBHCA CTPOruMu. B ¢BASHM ¢ 9THM MBI BOCHOJb-
3yeMCsi 31eCh MeTONOM KHHeTHYecKoro ypaeHenus (§ 2.5), KorTopmii
OIM30K K MAapKOBCKOMY IIOIXOAY.

Tenaoroe mamydyenwe m KuHeTHYecKoe ypaBHewme. BmepBrie mpo-
creiillee KHHETHYECKOE YpABHEHWe A MOJA OLII0 HCIOJb30BAaHO
eme JinmreiinoM npm BuBojge Qopmyarr Ilramka. Kunermweckoe

'} Jlormumei Geao 6B B HacTOAmEH I1aBe MOJZEIMPOBATE MOIERYIE TapMO-
HU9eCKUMA OCHUIATOPAME, OJHAKO ONTHICCKUE YPOBHU aTOMOB U MOJERYJX
CHIBHO HEYKBHAUCTAHTHE.
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ypaBHeHHe THHA (2.5.9) HIA MATPRIB INIOTHOCTH HOJS, B3aHMOKEH-
CTBYIOIEro ¢ BEH{ECTBOM — TEPMOCTATOM, paccMaTpHBagoch Lle-
moM [150] 1 Apyrumu aBTOpaMu B cIydae OHOMOTOBOTO HOJ. Crporo
TOBOPA, TaKOW aHaJH3 OINCHBAET N3MEHEHNE BO BPEMEHHW CTATHCTHKE
HoJs BHYTPH JOGPOTHOro pesoHaTOpa ¢ HelepPeKPHBAOMUMUACH MO-
namu. Ilepexon oT xapakrepHOTo ;A KBAHTOBOH MeXaHHKH BpEMEH-
HOTO OIMCAHUA K IIPOCTPAHCTBEHHOMY BO3MOKEH JHUIIh HPH Hempe-
PHIBHOH COBORYHHOCTH Moj. Cllenylommii HUKe AHANH3 SBIACTCA
Mopuuranmeir meroga Illena puas cmobopmoro mpoctpamctBa. OTme-
TUM, 9TO OH OXBATHIBaeT U CIAydail, KoT/ja «o0pasoM» ARIAETCH Pe3o-
HaTop ¢ IOTYNPO3PAYHBHIMU 36PKAJAMH, BHYTPH KOTODPOTO KMEETCs
Harperoe BellecTRBO.

CymecTBenno, 4970 IOCKOAbKY HaC HHTepecyeT cBOGONHOe Hole-
petdnoe mojie BHe 06pasma, To GUBMUECKME CMEICA HMeeT CTAIMOHAP-
HOe pelleHne KMHeTHIeCKOIo ypaBHeHus upu { — oco. llagaomee moxe
3afiaeT HavalbHOE COCTOAHME HPH o — —oco. 3aMeTHM, 9T0 TaK Kak
o6paser; orpaHMYeH B IPOCTPAHCTBE, TO DTO PEMEHHEe ONWCHBAET He
PaBHOBeCHOE IOJie¢ ¢ Temmeparypoil BemecTBa, a TH. Hnawe rosopd,
MEL ¢ ITOMOINGI0 KMHETHYECKOT0 YDABHEHHA ONUCHIBAEM HArPeB TepPMO-
CTaTOM — BEI[ECTBOM  [PYroro  TePMOCTATA — DHIEKTPOMATHHETHOIO
BaKyyMa. becromedumas TeIIOeMKOCTh HOCHERHEr0 HpeTOTBpamiaer
BRI DABHHBAHHIE TEMIEpPaTyp.

Kuuerwaeckoe ypasremne paa y-Ppynkmuum. Byxem mcxommrd ns
AUOONIBHOrO UPHOIMKEHUA ANA HHEPTHH B3AUMONECHCTBHS WOJA U
BeIlecTBa:

M
?=— 3B ry. M)

3nech d; — omepaTop AMIOILHOIO MOMEHTA j-it MOJEKYJbl, & 7; —
KoopauHata ee menrtpa. llyers B (2.5.1) # 4 — rammasToHuan cBo-
GonHoro moyA (HOPMHPOBOTHELA 06eM Temeph BKI0Uaer obpasern) u
F{p — raMUNBTOHUAH BEmECTBA 0e3 ydYera IOMEPeYHoTo mons. N3
cpasrernsa (1) m (2.5.11) caexyer cooTBeTcTBme

fi—Ea (1)), Fj—>dy. (2)

Pazmosxum moste mo mmockum Bommam corsacko § 3.1. B mpencrasie-
HAW B3auMojleficTBuA (MHZEKC NPEJCTABICHUS ONYCKaeM)

E (rt) =1 D) eyape™ ™ 1, . (3)
k

(pasoBuiit MmommTedD exp (iwxl,) BKIIOUEH B OIpPeejeHIme onepa-
TOPOB &, € = ey} hwyv/2m). Teneps (2.5.18) npurmmaer Bmp

—ik.r,;

ik
m a, (tye 7 ai (t)e i
Eqg ('rjt):cha{ k L = }, (4)

Wnm — @) — L& Wy 7
k
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T/le MHJGKCH n, M HYMepyloT coOCTBEHHEIE COCTOSHHA HEBO3MYIEH-
HOI'0 BemecTBa B HedoM. Ecian mpere6peus B3ammofieicTBIeM MOJIOKYT
3a cH9eT KYJIOHOBCKAX CHJ HJIW HePEKPHBAHHA dIEKTPONHHX opOHTAa-
Jeif, T0 raMHJIBTOHAAH BemecTBa aAJUTUBEH H ero CoOOCTBeHHbe PYHK-
unn GaKTOPUBYIOTCH:

He=0H), |nd>=|nd1|nsde...|nadn, (5)
J

Ijle HHJEKC n; HyMEpyeT COCTOAHUA j-# MoJeRyan (mpubiamsenue (5)
Heo0A3aTedbHO JJIA JajbHeHmero).

B pesyasrate ms (2.5.22) maxopum ciefyiomee KHHeTHIECKOe
YpaBHEHNE [JIA IIPOH3BOILHOTO omepaTopa 1mois g (fes yuera Hepeso-
HAHCHHIX CJaraeMmsx):

d<gy _ ,dg 0
- ={au)+

+ Y fo <ab L, anl> + Wi <lai, g, @l +

kk’

+wii Clak, glard + Dl Cllat, g, D} (6)

Hamommmm, 9T0 Bce omepaToph Hafio 6paTh B HpeycTaBISHAN B3aUMO-
MeiCTBUA (KaK M MaTPUIY INIOTHOCTH, HO KOTOPOIX BefeTcA ycpejHe-
ume). Ciexyet o6paruTs BHEMAHHE HA TO, 9T0 B OTIMIHE OT yPaBHEHHI
T'eitzenfepra B KHHETHYECKOe ypaBHEHHE BXOJAT Yie YCpPEQHEHHEIE
BeJIMYMHE. 3/lech CJaraeMbe, IPOHOPUMOHANBHEE Koapdunmentam w,
COJepKAT PASHOCTH HACENEHHOCTedl W OOHCHBAIOT BHIHYKICHHEE (-
QexTh, a ciaraeMsle, OPONOPNUOHAIBHEE KodhduumenTaM W, cojep-
FKQT HACeJEHHOCTH BO3OYMIEHHHX COCTOAHHNR QO == AP,mt ;. B
OLHCHIBAIOT CIIOATAHHKE 2Q¢eKTH. SIBHLIE BHI KO3QPUITHEHTOB TAKOB:

Wi =172 Y 0xp (-7 — 1) Y Ap B ) Limn &) (7

Oy, — Opp) 18

3,3’ m>n

Bripasienne nis kooumueHTOB W OTAMYAETCH FOMOTHUTEILHEIM
MHOKHTETIEM Ay, Himsxe 6ymer moxasamo, 9To B IpemcTaBIAILEM
WHTEDEeC CTallMOHADHOM cAydae, KOTJa Oy = @), 5TOT MHORHATETH
MOKHO 3aMEHHTh HA ¥ (@;) M BEIHECTH M3-1I0J] 3HAKOB CYMMUPOBAHMUS,
TAK 4TO0 W = 4w,

B cayuae measaBHCHMEIX (0 BRIOYEHUS B3aMMOJGHCTBHA) MOJEKYT ua (5)
cleayeT, 4T0 BRIAJH OTHeNHHHX MOJNEKYN B w afXuTHBHEL

Wiy = B2 Z exp [i (kK — Ia')-ri] X

(djn ms* ch") (djm ~n-'ck)
XZ Z Ap .J] 7 (8)
nm; i (0, — mmjnj) +e .

J
m>n mpyr>npr
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Ecan, KpoMe TOr0, ¥ MOJEKYJ UMeeTCA JUINE IO OFHOI Ilape Pe3OHAHCHHIX ¢ II0-
jeM ypoBHeil, TO SHAKH CYMMUPOBAHUs IO YPOBHAM MOJKHO OUYCTHTB. s
JaanHeiiliero MPenCTABMM KHMHeTWIeckoe ypaBHeHUe (6) B clyuae HesaBHECHMBIX
IBYXYPOBHEBEHX MOJEKYJ B BUme:

d{g dg \\° . .
Le (LB Z Aoy (A7 <UL T £+ U [0 £E11> —
2

— el e 11y, @)
t
o= { aexplioje —n+er) 1,0, (10)
s ,
rae_Ap; > 0 1 Apjt°; — COOTBETCTBEHHO OTHOCUTENBHIE PABHOCTh HACEHCHHO-
cTell M HACEJeHHOCTH BO3OYIKIEHHOIO YDPOBHA j-Ii MoJeKyahl. OuepaToOpH IONA
f; ompefe;ensl Tak, UT0 B IPUGTMKEHIM BPANAIOMIXCA BOJH

A\
?}’Dq)sz',csjfj+3. c., (11)
i
rge 0; = | n;> {mj| — omepaTop YHHEUTOMeHHs BO30YK/EHHOIO COCTOSHUA

j-it Monerynet. Cpapausas (1) wu (9), Haxogum
C...a
A N it S
= Dt T D T e
k

k
E3 .
: _Z Ap; i ine 1
Uikt = 23 R (o — ) 1] (12)
3

]/hu)kv
€, =

kT 2m

d;-e, exp (iic-rj),

rje ®; 4 d; — 9acTOTa M AUNONLHEII MOMEHT Wepexoja j-ii MOJeRYIbl.

Ilepeiinem ® omeparopam B mpencraBaenuu lllpepuurepa. Cormac-
Ho (3.3.50) ap = ay exp (—iwyt). Ilyers g — PyHKIEA omepaTopoB
ay, ay, Torna {dg/di>* = 0 n (6) opunuEMaer BUJ

20—V e ()<t 18, > + B (1) Laf, Te, aill> +
Kk’ ¢

+ wiy () <[ak, glaw) + O (t) <llak, g1, ar]d),  (13)

rue
Wik (8) = wypr 0Xp (— Togprt),  Oppr = ©p — @p, (14)

¥ aHAJOTHYHO JJIA W (1). 3aMeruM, 4T0 XOTA OLEPATOPH @) IMOCTOAH-
HE, cpejHhe BeJIMYNMHK B IpaBoit dacrta (13) saBucAT or BpeMenw,
TAK KaK yCPeIHeHNe BEXeTCA 10 MATPHIE INIOTHOCTH B IPeNCTABICHIH
B3auMOJeficTBUA.

Yno6uo ompegernrs Tarke y-Ppyaruuio (§ 3.3):

% () = (3 (mp*t)) = (e ot Wemnta(y, (15)



§ 4.5] BBIBOJ 03K M3 KUHETUYECKOTO YPABHEHUA 133

Il MBI NePeUlid JJA KPATKOCTH K BEKTODHHIM o6GosmauenusaM. W3
(3.2.12) caepyer

la, 1=upy, la*, §]=p*y. (16)

Honaras B (13) g = ¥ § WCHOAB3YA HTH IPARBHIA KOMMyTauum, Haf-
AeM caefyiomee ypaBHeHHe A Y-QYHKLUH:

{%Jr(M~E(t)-u*+u-w(t)-£+ﬂ- 0-)}x=0~ ‘(17)

B (17) Bxopmt KoMOumanus U- (8 -- %) - 0¥, T.e. cTATHCTHRA TIONA OTIpeAeis-
©TCs JUINE 3PMHUTOBOIl 9aCThi0 MATPWLK F, PaBHOI cordacHo (7) m (14)

Ekk' (t) + TT}:?'A (£) =n=2 2 ‘/V‘mnApnm(d/nm'ck) (djmn'ck')* X
ji'm>n
. 1

. . 1
Xexpi(k-r;— K'-1; — ot tay1) [i (O — @) T8 —i (0 — ©) + 8} ’
(18)

Hac unrepecyer moBefeHme CHCTeMH LIPH § — £, — oo — Bejlb HPOLERypa
afnabarTauecKoro «BRIIYCHUA» B3AEMOACiCTBUA ABIAETCA JUING BEYHCITTENb-
HEIM IPHEMOM, PeallbHO B3aMMOJeiHCTBYE CYHIECTBYeT BCerja (DT0 He MCKIIYaeT
HeCTaMOHAPHHX HMIYJIBCHHX NAJalINUX ojell, KOTOpbie OMUCHBA0ICH C IIO-
MOUIBIO (IIAKEeTOB» W3 BO3OY/KAEHHBIX MOj ¢ GausKumu dactotamu). Ilpu cpapme-
HHW ¢ 9KCHEPWUMEHTOM MEL OTOKACCTBISAEM:

ag (ty = —o0) = ap, ay (I = <) = ar. (19)

IMycTs mapjalomee u, cIeFOBATEALHO, BHXOAHOE 110 CTAUOHADHEL, TOrAa GYyAYyT
NpefcTaBiIATs HMHTEPEC TONBKO 9aCTOTHO-AUATOHAJNBHRE HOMIOHEHTH MATPHI[ M
W i, fIA KOTOPHX ©f = @. Ilpu sTOoM KBajpaTtHaa crKoGKa B (18) pamma

270 (©0,p — OF), TAK ITO MOIKHO 3aMEHUTH Sy, , Ha A . B pesyabrare opMUTOBH
9aCTH MaTPUL, ¢ U &0 CBA3AHH JUATOHAJIBHON PaBHOBeCHON Marpmieil A°, I MOIK-
HO IONararth, 410 @ = M - w = w- A .

Teneps (17) upunumaer Buf

a a ]

{TNL o () (N ¥ o)+ (e ;,;;)-W(t)-u*}x:O- (20)
Ilepssie ¥ BTOpEIE MOMEHTE! IIOJISI OIPEAENAIOTCA depes ¥ CAeqyic-

muMm obpazom (cp. (3.3.36)):

24

N — [ —
@y =<cayr=-2L] (21)
I o 0
<aa>=N_~«—m0—u*Xo, (22)

Ijie @*a 03HA9aeT (BHENIHEe» UPOH3BEJNEHHE BEKTOPOB, T. €. TEH30D

¢ KOMIIOHEHTAMH ajray.
Ypasrennsa gas momentos. 13 (20)—(22) malifem REHeTmYecKue
YpaBHeHUA 1A MOMEHTOB (KOTOpPHle MOYKHO HAWTH TaK;ke NPAMO H3
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(13), monaras g = a; WAR arax):

ot | D) (t)-

at  opot 0_"’”(t)‘ Tl w(t)-{ay*, (23)
dN F.] p)
T:[(Af’.w(t)—l—w(l)'-gﬁ——dﬁ—.—!—a. c.]xoz

= (N — N)ow (1) + w () (N — V). (24)

Kak xerxo mpopepurh, pellieHHs JINHeAHHIX ypasHeHud (23), (24)
MOSKHO (OPMATBHO IHPENCTABUTH B BHUJE

Ca(t)y =U*(t —t)La(lo), (25)
A\T(t)——c/l/':U(t—tO)-[ﬁr (to)— eA/‘]-U“L(t—to); (26)

spech matpuia U (I) yOoBIeTBOpsieT ypPaBHEHHIO
TO— _w)U@), TO=I (27)

(o6 mcnoIp30BaHMM MATPHI] HPH pellleHAN CHCTeM JUHeHHHX nudde-
peHIManbHEX ypaBuenmii cM. B Kuure Bemnmana [1561). O6osnaunm
U (x<)= U, rorga (26) ¢ yuerom (19 ) npuaumaer Bug O3HK (4.4.8):
N =U-(N—N)-U+ + N. Jaree, ecnu Hadanbuasa ¥-Ppyarums
y () — cmemennaa rayccoea (4.4.15), To (KaK MOKHO IIpOBepHTH
nuddepenimpoBanuem) pemenue ypasuenus (20) ocTaeTca cMemeHHRM
rayccoBsIM B J0060il MOMEUT BpPeMEHH -— H3MEHAITCA COLIACHO
(23) u (24) aume mapameTpsl rayccoBa paclpemelieHWsa — MepPBEI U
BTOpPOH MOMEHTHI.

3aMeTnM, 4T0 KOdPPUIMEHTH @ IPOIOPIMOHAJIBHE KBagpary
33pAJA JNEKTPOHA M NODTOMY OIHCHEBAIOT OXHOPOTOHHHIC DIEMEHTap-
HEe npomeccel. B To e Bpema marpuma paccegnua U coraacuo (27)
33BHCHT OT 2 YKCHOHEHI[HAJILHO W BKIUAET, CIAEJOBATENIBHO, MHOTO-
doronnsre >PPEKTH, HO TPUBHAIBHOrO THNA, T. €. NPOHCXONAIIAEC
3a CYeT MHOTOKDPATHEIX OjHO(OTOHHHIX HPOLEccoB (B Ciaydae MaKpo-
crommueckoro ofpasna (27) CcoOTBETCTBYeT 3aKoHY ociaabiedns
Byrepa: U ~ exp (—wl/c), rye I — toxmunua obpasna).

Illymbr KBanTOBBIX ycumTenaeid. [Iposenennyiii 37ech BEIBOJX HOKa-
suBaeT, uTo O3H BHUOIHAETCA U A8 YCHIMBAIOMAX CPeJ ¢ OTpHUIA-
TeIbHOH TeMHOeParypoil fias BogedeHHo# nmapel yposued (Ap,, << 0).
Coraacao (4.4.13) cumekTpaibnas APKOCTh B (OTOHAX HAa MOAY LIY-
MOB KBAHTOBOTO YCHAWTEXA (1. €. APKOCTH (CBEePXJIIOMIHECIICHI[HI)

paBHA
P2 (?k —1)

N =\ | (5 — )= ry—

, (28)
rae Gy — roodpunment ycustennda Moxsl. Tarum oGpasom, upu 60ian-
LIOM YCHIEHHY W IIOJHOH HHBEPCHM HACEIEHHOCTEH APKOCTh ITYMOR
MHOTOMOJOBOTO YCHIWTeNs paBHa «ApKocTH Bakyyma» (cm. (1.1.26)),
YMHOKEeHHOU Ha Gj.



§ 4.6] TEINIOBOE HBJIVUEHUE B TATLHEN 30HE 135

Ecam BrumounTs B ompeneleHHe «oGpazmay 3eprasta Jgasepa, TO
O3HK 6Gypmer ompenenarh CTAITHCIUKY Jasepuoro moxs deped MP
nasepa (paboTalomero B JHHEHHOM DeRHMe OKOJIo mopora, T. €. 6e3
HacheHus HaceileHHocTeilt). B caydae ommoMomosoro masepa ¥
MOJKHO BHPA3HTh 4epe3 MOJ0oCy YCWiIeHHS A H MOJOCYy peaocHATOPA
Aor (06yciopieEnyo ¢ oTanINeM KOd(PPHIMEHTa OTPAIKEHIA ONHOTO
u3 3epkaix or 1):

2 Aw2
G 4A0p/A0

T+ 40— oyiet

(29)

Us (28) u (29) monygaem dopmyry Taynca, cBaamBaomyn xo6poT-
HOCTh pesonaTopa Q = w,/Awg, HacedeHHOCTH, HOJOCYy H OOy
MOIMHOCTh Jlazepa:

P oy — hmo‘l./V’o . hog | Ny |

l (]
1 Sdm(fﬁ—i)_——@m—. (30)
IPPerT HacHIMEHHA NONaBISET AMIIUTY/AHke (IYKTyanum U B pe-
ayasrate B (30) mosieisercs darrop 1/2 (moppoGuee cm. [4, Bl).

§ 4.6. TennoBoe m3IydeHHe B panbueil 3oHe

B sToM maparpade Mb IOJIYYHEM CBS3b OIEDATOPOB DOKIGHAR H
YHRUTOMeHHA (OTOHOB C IIOJNeM B jadbHeld 30He U CBA3H MOMEHTOB
nonsa Ni, ¢ QYHRIHEH KOpPpPeIAUUH M ¢ BePOATHOCTBIO MOSBICHMA
Porommuynsca Ha Bexofe PIOY. C momompio gBYX IpOCTHX Mojeleil
0yZeT MOSACHEHO BaykKHOE IIOHATHE 00BeMa KOTepEeHTHOCTH HOJA.

Janbnee mosie u oneparopnl dy. OOGHYHO olTHYECKHE H3MEPEHHUS
IpOmM3BONATCA B fAakbHell (PpayHrodeponoii) o6IacT# mpoOCTPAHCTBA
II0 OTHOUICHHI0 K 00pasily, B KOTOPOH BHIOJHAETCS HEPABEHCTBO
Ar > a*, rie r — paccrosinme OT IEHTPa 00pasna o Touki Habiioze-
HUfL ¥ @ — TOmEpeYHsi#l pasmep o0pasna. DBripasum mone E (ri)
B jJajJbHE# 30He uepes omepaTopn aj (), ompepejieHHHE ¢ MOMOMBbBIO
AMMKA KBAHTOBAHHN, DACIOJNO;KEHHOro cIpaBa oT obpasma (§ 4.4).
Ilyers noaapusanua moisi ¢uKcUpoBaHa, Toraa mo gopmyne Kupxro-

$a [157]

® (5 ,5 ., cos?’ : - ’
D —=-—\dz'd glolr=r|jc
‘E (ro) Tric 5 e E ('), (1)
roe ¥ — Yroa WMesRLy BEKTOPOM # — 7' M O0CBIO 2 ¥ TOUYKa

r’ = {2, y', 2’} opuHagme;xur OpHMHKaomed K o6pasuy rpaHm
AM@Ka mnepmopmyHoctd (pme. 7), upmdem |» —»' |~r — o -7,
d=0 @F=nr/).

IlpencraBam molie HAa IMIOCKOCTH HHTEIPUPOBAHUA B BUJE CYMME
miaockux BoIH, Torga ua (1) w (3.2.30) gasg @ > 0 caxegyer
E® (o) = 5228 gore { apEDs (0 — @) § dz'dye-ioren. @)
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Muterpax no z’, y’ pasen 4n* (k. — or, /c), Tak 4To

3 g .s g 27.2 ok, 14
@j = 02 sin® Y - c%:;, To, = oo ¥
ok —— T (d)
O (00— @) = dwz 8 (k, — Vm% — w?sin®d/c)
P
u (2) mpusiMaer BHJ,
9 .
E® (ro) = =52 eiorlELY, (4)

rjpe Tenepb Bekrop A ¢urcumposaH: k = Fw/c. Ocraerca moxcTaBuTh

E(r )

Puc, 7. K onpepeneHnIo CBA3N MeKIY olepatopamu nosid E (»r, 1) B masbHeidl 30HE M OIEPATO-
paMi g BBIXOZHOIO IO 00pasia.

EP = i) hwwai/2n u OPOUHTErPHPOBATH N0 FacToTe. OKOHIATEIBHO
HaX0quM

(+) (’)’t

S da)hw:’/zeﬂx(r-ﬂ)a (5)

DOynrnua  Koppeasamun. CDyHRImH KOPpeIsIAN WJId, uHade,
QYHKIEA B3aHMHOH KOrePEHTHOCTH UOJs eCThb, 1O OIpefeieHHIo,
BTOPOH MOMEHT 9JIEKTPHIECKOTO WOJA B 7i-IpefcTaBieHuu (UoJIApH-
3aIMI0 KOTOPOTO NIIA HPOCTOTH CUMTaeM QUKCHDPOBaHHOI):

Do = T (21772 £18s) = CEC) () ) EG) (w41,)). (6)
ITycrp magaromee Ha ofpasen mome u, CJIEILOBaTeJII)HO IOJIHOE BHIXO/I-
Hoe none 9aCTOTHO-AMATOHANBHOE (T. €. CTAMUOHApHO®): N =

= N8 (0, — ;) (MHzeKC © O3HavaeT jedeHme mHa §- -pyHRIMD),
Torza mHopcTaHoBKa (D) B (6) maer

oo

I = o \ dooletomn s, (7)

ctryr,w

Tie==t—1y — (1 —ra)je, Ri= oFjc (i==1, 2).
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Taxmm o6pasom, GYHRIUS KOPPEIAIMH 3aBUCHT JIHIb OT PASHOCTH
MOMEHTOB HAGMIONIeHHsA, & CPeHAA HHTCHCHBHOCTh B TOUKe 2°; He 3a-
BHCHUT OT BPEMeHH:

. ¢ P
S(’) 1) :—2?1—‘112-@;— S d(D(D3IV1 . (8)
0

Beegem mopmmpoBannyo ¢yRKIHIO KoppenAmuu

I, fdowrem 0
TS YT  ([deo N [deeN O )T )

Duxcnpyem HanpasieHne HAGIOMEHUS H TYCTh 7°; || 72, Torga ¥ saBm-
CHT UMb OT OJHOTO HE3aBHCHMOTO APIYMEHTA — 3aJiePiKKH  Tyo)
ITEPHAA QYHRLEU Y (Ty,), YMHOMKEHHASA Ha ¢, HA3HBAETCA NPOJOTb-
HOM JJIMHOE KOTepeHTHOCTH lyor. Ecim sxe Toukm mabirogenns maxo-
AATCA Ha UPAMOM, NepIeHAHKYIAPHOE CPeIHeMY HAPaBICHMIO HA 00-
pasen, To MUDPHHA QYHKIHH Y UIPH W3MEHEHHH DPACCTOSHUA MEKLY
TOYKAMH HAGIIONEHN A HA3HBAETCA HOIEPETIRBIM Pa3MePOM KOIePEeHTHO-
CTH T'vor. llopcranoska O3K (4.4.7) B (7) ompegensier ¢pyurnmo rop-
pexamuu TV B panenefi some wepes MP um temmepatypy o6pasua.

Wsmepenne mopyaa MP. Ilycrs ma Bxoge BoabyskymeHa ogma Moja
¢ HHTeHCHBHOCTBIO S;, TaK 9TO

, 8

Ny = ﬁw—ch 810,88k, (10)
. 8 ;

T )

Honcraeus nmocmennee Bripasxenue B (8), HaiineM WHTEHCHBHOCTH pac-
CesIHHOM B HaUmpaBJeHUU K, BOJHH B TOUKe 7 KajbHENl 30HEHL:

So= (G- ) 1UR| 1. (12)

c2or
Iloryqennas cpfizh jaeT pemenTt HKCIEPHMEHTATHHOTO OIpPEHETCHHS

abcomornoit Bermuman MP wepes orHomenmwe S,/S; (pusmaeckmit

cMbica mMeeT komOmpamua ULy = Ug/v8 (05 — @7)).

Muxpockonnyeckas Momenh. B ciydae onmrTmuecku HEIOTHOTO
o6pasila MO;KHO IIpU pacdere OrPAHMYHUTHCSA IIEPBEIM LOPAJKOM Teo-
pun Bosmymenusa mo d?. Coraacuo (4.3.23)

. t
(at (t) =~ [I—— { dtw (z')] @t (b)) (13)
to

win (em. (4.5.14) n (4.5.19)),
<0?§>'z;[6kk' — 218 (0 — o) wir ] i3, (14)
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TaK 9YTO COFJACHO ompepeneHuro (4.4.2)
U = 6],-}1-' — 218 ((131; —_— (D],-') Wik == Qi — Uy (1‘5)

Ilyers mozerymbl o6pasiia OMHHAKOBH, HE3aBHCHME U HMET 1O
JBa PE30HAHCHLIX YPOBH € YACTOTOH ®, U KEHCTBUTENBHEIM HUIIOTIb-
HHIM MOMEHTOM Iepexonia I, HapaBJeHHAM 10 ocu . lIpu srom m3

(4.5.8) caepyer
M

—— Adya @ d22y eyl \7V ilk=k)em; (16)
W TR [0, — og) T 8] L :
Jj=1
Beepem cmennanpHoe o60o3Havenne I CYMMB 3KCOOHEGHT:
1 X iker.
—A/TLQ ]Ef(’v). (17)

J
Yro0H BHACHITH CMBEICT 5T0il QYHKNHUY, BBeJieM HOPMUPOBAHHYW ¢YHKOWIO
KOHIEHTPAIHN MOJeRYI:

F (r)E—Aﬁl—Zé(r-—rj), gdrF (r) = 1. (18)

Temeps MBI MOKeM Ipexncrasurh f (k) B BHAE
f) =\ arF @y e* ", 19
)

Takum ob6pasom, f AsiadercA TpeXMepHEM Pypne-06pazoM pacupeneiends Mole-
Kyl. Takdme BeJM4YHHSI B TeOpUH pacCeAHHA HA3KBAOTCA  Pdopm-darmopamu.

Wa (15)—(17) caenyer
o AMw,d?y e, v
i = T T (o, — 0g) T B072]

O (o — o) f (B —K),  (20)

roe AM = MAQ,, — pasHOCTh HACeXEHHOCTEeH, M MEl 3aMEHHIH €
Ha IWPHAY CHEKTPAXbHOX InawuM Aw/2 i ydYera ecTeCTBEHHOTO
YyIIHpeHHA UM Kpyrux Bosmymenui. llogcrasum (20) B (4.4.7) (cxa-
raeMpMu Topsaxa d* mpeneGperaem):

Nia= o (@S 4 ulD") = R AM 01d%ey 0008 (01) f (R — Rz),  (21)

rge M, — gucio BosﬁymaeHme MOJIEKYJ M BBE€HA CIEeKTPaJbHAs
dopma IUHEH

Aw/2n .
8(0) = G Sdmg:L (22)
O6veguaue (21), (9) u (7), maigem. dynromio xoppeasmun TU «Tom-
Koro» obpasma B gajbHedl 30HE: .
7'1 —_ 7'2
Yis = | doereg (o) f (M5 20) (23)
k2d cos & 2
w, (222 (24)

rae ky = wyc, cos V¥ = ey, M IPHHATO 0, > Aw.
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Urax, nmopmmpoBanHad QYHKIES KOPpeIsruu ompejexAaeTca
CHEKTPAIBHKM g M OPOCTPAHCTBEHHBIM | (GopM-paxropamm H3Iyda-
TeN.

O6nem Korepentroctn. Ilycrh yrol Me:RIy HalpaBIeHHAMH HA-
6momenna Mald, Tak 9to A% = |#; — ¥, | <€ ¢/aAw, Torga, rak Ierxo
TpoBEePHTH, MOHO B (23) mpeHefpeub 3aBHCHMOCTHIO IIPOCTPAHCTEEH-
HOTO Qopm-arTopa OT o, W B pesyapTaTe QYHKIUA KOppeIAnuu
darTopusyercs:

Vie = g (T12) f (#12), (25)
g (T) = S dweimrg ((1)) —_ eimUT—Acum/z,
%32 = ko (.’”\'1 _ ?2)

TakuMm o6paszoMm, QYHKIHA IPOXOABHOR KorepeHTHOCTH g (T) paBHA
dypre-o6pasy cmexkTpaibroil PopMu JuaEuE g (), 8 PYHKUEA IMoTe-
pednoil KorepentHocTH (%) paBHa TpexmMepHOMY (ypbe-o0pasy KoH-
IeHTPAIHd MOJIEKYX, T. e. fopm-paxTopy obpasma.

Ecam cpengnee paccTosinme Me:kxy MOJERYJIaMH MHOTO Gonbie
JUIMHH BOJHHL A, TO MOKHO amIpoKcuMupoBath F (1) riaagkoir GyHK-
uyeit F (), 1. e. mepeittn K HpuGamiKeHHI0 cIiomHoi cpeasl. IlyeTs
¢yuarnus F () mocToAHHA BIOIL HAUPABIEHHA X B HHTEPBake —a/2
U paBHA HYJI0 BEHE HTOr0 MHTIEDBAja, TOrHa ‘

1 (®) = sinc (koaA9/2), (26a)

sinc 2 = z 'sinz, AY = |9, — ¥, |

Ecau ke F (z) ~ exp (—z¥a?), 10
1 60) = exp [— (koad/2)2]. (266,

Wrak, momst KOPPEJHPYIOT JWINE B Hpepelax pJIMHBL <Iyra»
Lior ~ 27c/A® ¥ guQPAKIMOHHOLO YIAA Iyor/T ~ Ma = Al (kax
¥ MOKHO OHIO OKHAAThH 3apaHee B MOjedH C HE3aBHCHMLIME HCTOY-
pukamu). OYHKIEA KOPPEIANMH V;5, PACCMATPHBACMAA KAaK QYHKIUEA
7, npu QUKCHPOBAHHOA TOUYKE 9y M UPH Iy = iy, MMEET 3aMETHYIO BeJH-
quny AWmb B IIpefiellax 06wema KozepeHmMHOCMU OKOJO TOYKHU 7°p,

TMeomero HOPSIOK

2 2me ( Arg )2 (2me)? (27)

V kor = lworTsor = Ao \ g = 0?A0AQ,

e AQ, = (a/r;)? — TemecHEi yrod, OXBATHBAEMEII 00pPa3IOM.

Mo3KHO CKRAa3aTh, uTo Viase ABIAeTCHA 00beMOM 06iacTu B K-IpoCTpan-
cTBe (C EHTPOM B TouKe Ky = Wo#'3/c), B KOTOPOA MOJEl CTATHCTHICCKH
saBucEMH (T. €. «pIyKTYHpYIOT» cuHEXpoHHO). KEcim ke BHOGpaTh
06'5€M KBAHTOBAHUS PABHEIM Viopr, TO COCETHHE MOABL 6YAyT Hesa-
puCUMBIMEA: Nyp ~ 8;,. Tarkum o6pasom, Vyor 3amaer e€CTeCTBeHHBI I
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macmTab AuA Brbopa oGbeMa KBaHToBamua moud. Moskmo pisa ma-
TJIATHOCTH CYHTATH, YTO (OTOHBI IPEACTABIAIOT KIACCAYECKIE MaKeThl
BOJIH ¢ pasMepavy mopAgra Viop um gopmoH, ompegenaemoii pynrumei
KOTePeHTHOCTH, M 9TO pa3Hbhle [akKerhl He HHTepdepupyoT IHPyT
¢ npyrom. Hmike MEL Jagum HeCKOJIBKO HHOE OIpejeleHue obbeMa
KOTePEeHTHOCTH.
Haiiem ¢ momompio (24) BepogreocTs H3iyueHnsa GoToHa ORHAM
13 Bo3by:mennnix atomon. O6uiuit morok (OTOHOB paBeH YMHOKEH-
HoMy Ha ¢’2nhio, mATerpany of (24) o cpepe pagmycoMm r. Paspenus
na M,, moitydaem o6wdHOe BHpajkeHWe IS BEPOSTHOCTH CIIOHTAH-
Horo usayuenus (O — yrox mesmuy a4 u k):
Ifsdl 4kgd2

Wen = 3%

(28)

g dQ sin® § =
“unh
Cuer Qoronos. 3xcnepumentaxbuo W mma ['yy M0KHO ompegenTs
¢ momonipo goTosnexTpornoro ymuomunTens (DIY). Hobasus k DAY
narepdepomerp IOnra maru MalikeabcoHa, MOMKHO H3MEDPHTH H Vio.
C mouvompio Teopuy BO3MYIEHHs MOKHO mokasarh (1], uro Beposit-
HOCTh P mosisienmst 0fHOFO (OTOIIEKTPOHA B MHTEpBajde Bpemend I’
OPONOPIUOHATGHE HHTETPATY OT MIHOBEHHOH WMHTEHCHMBHOCTH HONH
S (1) 1o nosepxnoctu $ororatoga A u uo mareppaxy I':
. T
Pt S da S dt’ CEC) (0t') E® (08, (29)

A t

T. €. DHePTMH TOJA B 00beMe AETERTHPOBAHUA Vyer = cTA. 3pxecs
mpexIoJaraercs, 4To 00'peM NeTeKTHPOBAHUA M HHTEHCHBHOCTD TOCTA-~
TOYHO MAJH, Tak 910 P << 1 u moKkuo mpene6peds BePOSATHOCTHIO HO-
ABJeHUA NBYX miau Oouabmero wuciaa ¢oronos. Hpome toro, B (29)
mOXpasyMeBaeTcs, 4T0 MOJ0CA WACTOT HOJA MHOIO MeHbINe IOJOCH
gyserpurenprocty DAY, MomeHTH BRIOUEHHAA ! ¥ BHIKJIOYEHUA
t + T pmerekTopa MOMKHO 3ajaBarTh ¢ HOMOMIBIO HIOKTPOHHOHE CXEMBl.

Iloncranesra (9) B (29) gaetr BepositHOCTH OTOOTCUETA B AajbHENH
30HEe:

3 T
1 ¢ . ’ ’ ’ ’ ' 7 it NT
=gy | 42 S do do'0o'E* (0) & (o) NWS dt'eite-sT (30)
AR 0 {
e k = ro/c, B’ = #0'/c, t = 1" — r/c u (D) A yuera wacToTHOI

pmabrpanun 06aBIeH aMIIUTYAHHHA KodhdUIMenT Iepegadad ONUTH-
wecroro Tpakra & (o) m MHokuTexb 1/} %o, KOTODHIT felaeT IPaBYIo
gacth (30) Gespasmepuoit. Ml mpepmoIoKAUIA, ITO HOBEPXHOCTE Ho-
TOKATojia HePUeHTHKYIAPHA HANPABICHMIO HA ofpasem, U 3aMEHHIH
IIOBEPXHOCTHHIA WHTEIPAJ HHTETPATOM H0 TeJeCHOMY YTy AQ =A/r,
oxpaThBaeMoMy KaTojoM. Ecin A <& Ar, To HaupaBieHue 7 MOKHO
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CYMTATH TOCTOSIHHBIM 10 amepType perekropa. Mrak, corzacuo (30)
@IV wmavepseT juaroHaNbHble II0 HAIPABICHHIO HOPMAIbHO-YIOPS-
MO9YeHHbIE MOMEHTH UOJA, YCPeIHEHHHE 110 06BeMy [eTeKTHpOBAHUS
U «3arJa;KeHHBIe» YacTOTHHM KodPPHImenToM mepepaunm Tpaxra.

3ameTnm, 910 ecau mepex DAY ycTaHOBIEHH TPOCTPAHCTBEHHLIE
GuABTPHL (SKPAHH ¢ OTBEPCTHSMH, 3€pKaka U T. J.), TO BEPOATHOCTH
otcuera GyneT 3aBHCETH H 0T HeJHArOHATBHEIX 10 HAPABICHHIO MOMEH-
T0B. Tak, ¢ IOMOINBIO 9KPAHA C BYMS OTBEPCTHSIMA MOYKHO U3MEPHTH
(QYHKIMIO moIlepedHOl KOTepeHTHOCTH. B ofmeM crydae BeposATHOCTH
OIHOTO OTCYETa MOJKHO WPECTABATH B BHJE

P~ XM <alar, (31)

re X030 PUIIeHTH 1) ONPeReIAIT CYMMAPHYI0 TACTOTHYIO U IPOCTPaH-
CTBEHHYKW (PUIBTPAIMIO MOJ AETEKTOPOM.

B cayuae cranmmonaproro monas BepoatHocTs (30) npotoprmonain-
na 7' ¥ MORHO OUPEAETUTHh CPEZHIO CKOPOCTH cdeTa (POTOHOR:

- P 1 ’ 7(
W= =, S dQdwe™ (0) N, (32)
e 1 = | £ |* — »ueprernueckuil KooQPuUOmenT mepegain ¢ yUETOM

kBaHTOBOro Bhixoga M3IY. Ira dPopmymra (KoTOPYH MOMKHO GHIO HO-
ayunTh cpasy ms (8)) ycramaBiuBaeT CBI3b MEKNY HENOCPENCTBEHHO
mabaogaeMoil Beamunuoi W m guaroHaJbHHMH DIeMEHTaMH MaTpH-
upt . OGpatum BHMManme Ha pasimume Me;xny fopmymamm (32) n
(1.1.23) (mocmemnan cupaseqiuBa B «0IInKHeH» 30He, I/le CBET majgaet
HAa TOBEPXHOCTH [eTeKTOPa HOj PA3JTMIHEIMH YIJIaMn).

Ddenomeroaorudeckasa mMogens. PaccMoTpuM (eHOMEHOJOTHUYECK VIO
Mopedb 06pasia, cOOTBETCTBYIONMYIO afCOMTHO YePHOMY Tery, IHOJ-
HOCTHI0 MOINIOMAINEeMy magaomee nsixyenume. llocaennee osmauaer,
UTO0 KOHPPHUIMEHT NOTVIOMEHHA IUIOCKON BOJHE HPOHOPIHOHAICH
OTHOINEHHUIO IJIOMARNA «TeHn» a2, oT6packBaeMoil TeIoM Ha ILIOCKOCTH,
HepHeHANKYASPHYIO HANPABIEHUI0 HAGIIOHEHNAS 7, K Ce4eHuio 06beMa
KBaHTOBaHEA (TawiKe MepHeHRAKYIAApPHOIrO #): A ~ a¥L.L,. Y1066
yuecTh YOPYrocTh paccesHusg, nobasmM Oe3pasMepHBIl MHOKUTENE
2n6 (k — k'YL,:

sca
A= S 8 (0 — op). (33)
Tlopcrasus (33) n (4.4.13) B (32), Haiipem
T a?AQ - 9 P
W= W‘%:— S dww’n (®) 4°. (34)

Ecnn mepe jeTekTopoM CTOMT Y3KOMOJOCHHE (HIBTP € HOJOCOM
Awger, T0 (34) MOKHO mpefcTaBHTHL B BHJE

AQ Ao A2
ner ner
W =nw" o on AQ o = -

KOTr

. (35)
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HyCTL Tenepb TeHE OT TeJa He abCcoIIOTHO JepnadA, U ee IJIOTHOCTh
3aBHCHT OT YaCTOTHI:

(@) _ vea?
AN = T D (). (36)
IIpeneGperkeM 3aBUCHAMOCTBIO M} 1 4~ OT 9aCTOTH, TOTA BEPOATHOCTH
ogHoro orcuera P 3a Bpemsa BmGopru 7 MOKHO IpEICTaBATH B BHUAE

AQ Amad]T

P = nDyax N +22

—_— 37
AQKOF 25 ( )

rae Awyp = D;}ademD (0) # Dpax — odrHYeckad ILIOTHOCTH Tela
B IleHTPe €ro HOJOCH NOTJomeRusa. Tark kar, Mo OPEIHOIOAEHHIO,
BePOATHOCTH ABYX WU GOJNBIIET0 YMCHA OTCYETOB MHOTO Mexpie P,
T0 P mmeet TakiKe cMHICI cpeHeETo unciaa orcderos {n). Ecam npunars

27

Ao p v Vior = ¢r*TxorAQuor, Dyax = n=1,
o

Tror =

10 (37) mpuHEMaeT CJAENYOIY HPOCTYo PopMmy:
{nd = NVaex!V gor- (38)

Taxnm oGpasom, mpum D = vy = 1 cpennee ameno PoTooTCUSTOB

B TaJBHeH 30HEe DABHO CPefHEMY YHCIy QOTOHOB B paBHOBECHOM mMoJIe,

AMEIOIeM TeMIePATYPY Tela, YMHOYKEHHOMY Ha UYHCJIO He3aBUCHMEIX

Mol Vyer/Vior, KOTODHIE «BHAMTY HETEKTOP.

B cayuae moaympo3spawHOH NMACTHHH MOSKHO UPHHATH,  UTO

D =1 — exp (—al), rae wosdPHIEERT DOTIOmEHHA O B MOJEJH
HE3aBHCHMEIX MOJEKYJ paBeH

__ 4AnPdPAMwg (o)

e 7 A

. (39)

Ilpp ! <€ 1 D = al u cornacao (36)
A® = F~wd? AM og (o), (40)

49T0 COBIAfaer ¢ pe3yjbTaroM, mojyzeHHHM pauee (cM. (21)). Ilpm
aroM BMecro (38) moaywaem

<72> =5 (lls/V'Vne'r/onr- : (41)

§ 4.7. Minrepdepennua maTEHCABHOCTEH

IPdexT unTeppepennan MIM, TOUHee, KOPPEIANNN HHTCHCHBHO-
creit 6p151 o6Hapyxer Bpaysom u Temccom B 1956 r. [39] (em. taxme
[1, 2, 6, 18]) uw npuMeHer EME [ H3MEPEHHS YIJIOBHX JHAMETPOB
3Be3fl. B oramane o 06KIHOM HATEPPEPEHIINE CBETA, OH ONPeReIAeTCT
dyrKOEe KOPPEJANMM HOJIA BTOPOTO UNOPANKA, T. . MOMEHTAMH UeT-
BepToro mopagka (4.4.18). Mdasn mabaogesns sgderra memoassynores
asa ©IY, maMepANMEUX MIHOBEHHYKH) HHTEHCHBHOCTL B ABYX 00ia-
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cTAX Temaosoro nojs. OuYeBHAHO, UTO 9TH HHTOHCHBHOCTH B CIydae
flocraroydo GIM3KUX (B IPeReje — COBHATAKINHX, YTO MOMKHO OCY-
INECTBATH € MOMOIIBI0 IOJYNPO3PAYHOro 3ePKaja) obgacreldl KOJIKHEL
(QAYRTYHIPOBATH CHHXPOHHO, IPHYEM MOKHO OMKHUAATH, 9TQ KOPpef-
IuA, KaK 7 B CIyuae MuTep@epeHIUN aMIAUTYN, 6yaeTr HabaomaTses,
Jummb eciau o6a o6peMa merekruposanms (§ 4.6) npuanagremar xora 65
gacTuIHo o0memy 00BbeMy KoTepeHTHOCTH. B wmacrosmem pasgede
KOpPPeJANHAS HHTeHCHBHOCTEH OyIeT paccMOTPeHa € TOMOIILI0 0006-
menroro 3akoda Hupxroda (O3K).

Bepoaraocrs copuasenus  ¢oroorcyeroB. 1lycTh BHXOmH ABYX
DAY coegmHeHE ¢O CXeMOM coBOafeHMH, Koropas QHKcupyer ¢ pas-
pemenneM I ¢aKT OFHOBPEMOHHOIO NOABJIEHUA MMIYJIBCOB B 000uX
KagaJax (EIHTeJbHOCTH HMIYJbcoB mMHOro menbimme T). Taxkmm oGpa-
30M, HabaoAaeMoil BeAUYAHOR MOIKHO CUYHTATL BePOATHOCTH P, o0Ha-
py&enna 7[BYX (orosiieKTpoHoB B mHTepBasax Bpemenu 0 — T =
At — (T + A?), rae At — BpeMs DIEKTPOHHOM 3aJeP:KKH, BBEIEHHOM
B OMH ¥3 KagaJop (cpasy moJiaraeM IoJjie cTamHoHapHbIM). llo ama-
aormm ¢ (4.6.29) Mmoo upegmosarath, uro P, mponopnmoHaIbHA
CcpeHeMY OT HPOH3BEJEHHA OMePATOPOB MHTEHCHBHOCTH B JBYX TOUY-
KaX MoNsA, POXHTeTPEPOBAHHOMY 1O ABYM 00IacTAM IeTeKTHPOBAHMA,

5 2: At—!—T
PC~4°?SdA1dA25dt1 S dt, (EOESESDEDS . 1)
0 At

QOunepaTopst 37jeCh PACIOJIOKEHN B HOPMAJIHHON IOCIEHOBATEILHOCTH)
4TO CJAeNyeT M3 PAcCMOTPEHHAA NPOIECCa AeTOKTHPOBAHHA C IOMOIILIO
Teopum Boamymemma [1].

Hopcraeme B (1) panpree moie (4.6.5) ¢ JomoIHATENLHEIM (PakTo-
pom §E (03)/ V %o, yuHTHBAOMEM RHCOEPCHI0 KBARTOBOTO BHIXOAA
@IV u pomosnamreiapHylo ¢minrpanmo, #w 3amenus dA/r? ma dQ,
maiinem (cp. (4.6.30)):

Py = (2nci)2 S 49,dQ,d01do]dosdo), X
X 01005087 (1) §1 (0)) &, (02) &2 (07) atafa ,a, ) x.
X {dndtzexpi (@1 —o) T+ (@2~ o) Bl (2)
rae k=0, k,=""wlc, Ti=t;—rjc(i=1,2) nr;— enunns-
HEIE BEKTOPHL.

B cayuae cramuomapHbiX IoJIeil MOMEHT COREDIKHAT 6—(1)yHRu;mo,
Aa0Iy0 PaBeHCTBO 7 — ¥ = ¥y — Oy, IOITOMY

. ® — 0)'1, .
S dtidts. . . ~ T?sine? Z—‘T) exp i (o] — )T, 3)

rie v = At 4 (r, — r;)/c — cymmapuas 3afepmka. Ecam doroka-
TOAH yMelaloTcAa B mepeoe 308K (Dpenesda, 10 T He 3aBHCHT OT Q;.
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Qopmyaa (2) cBA3BBAET TeTBEPTHIT MOMEHT IOIS ¢ HEIOCPeJCTBCHHO
nabuamogaemoit BenmunHOH (ec1u yopars yriiossie ckoOKH, To oHA Gyaer
OnpefeNATsL «omeparop cosmagenwuin). B {2) BXomHT NATH BPeMeHHHX
mapaMerpoB (paspewieHue cxeMsl cobumanemmit I, 3ajep:rka T, ofpar-
HHe TONOCH OHILTPOB Aw;' m BpeMa Koppeasmuu mois Aen™b),
pausomax wa P,. Kpome Toro, P, saBucuT OT COOTHOIMEHHA MEKRY
YIJTOBHIMHA ameprypamit peTeKropoB AQ); m yriom monmepevHoil Kore-
penrHOCTH, coBmagaoImuy B cayuae TU ¢ mudparmuonmeiM yriom A/a.
Corsacno (4.4.18) B caygae TU

(afatarayy = NIPNWS (01 — o) 8 (0 — 0y) +
4 NGNS (01 — 0p) 8 (02 — ©y),  (4)

Tak uto (2) mpHHAMAeT BHUJ
Pc: P1P2 +

- : 2
S don?E; (0) & (0) elot-t+ NG |°

()
rie BeposTHOCTH P; onpeneientr popmyaoi (4.6.32). Hepsoe caarae-
Moe B (D) MOKHO HA3BATh BEPOATHOCTHIO «CIYJaiiHEIX» COBIANEHMIL,
KOTOpHE WOPOUCXOAAT M NPH CTATHCTHICCKHM He3aBHCHMBIX JTydax
cBeTa, MAJAWIIEX HA HEeTeKTOphl. Bropoe ciaaraeMoe COOTBETCTBYeET
(MCTHHHBIMY COBHIAJIeHHAM, OHO HcUe3aeT NPU HE3aBHCHMBIX JydaX.
rage ropops, 9T0 ciaraemMoe COOTBETCIBYET YEHMPAAbHOMY MOMEHTY
HHTEHCHBHOCTCH:

<(I1 - <I1>) (Iz - <Iz>)> = > + Uy > (6)

H XapakTepusyer X KOPPeIALNiO.

QaKTHuecKA H3MEPAKTCA YHeiIa AMOYAbCOB 7; (i = 1, 2, ¢) Ha
BXOMaX ¥ BHIXOJl¢ CXeMH cOBHaJeHuil 32 OOALIWON NPOMEIKYTOK
spemens ¢. Ecam P; o << 1, T0 MOKHO mpeHeGpeddh CIYYaAMH IOB-
Jeuua AByX win 60JIBHIGI‘O YHCJa HMIIYJBCOB B OJHOM KaHaJe 3a Bpe-
msa T. B cayuae craumonaproro mois P, cormacuo (4.6.32) mpomop-
nuonadpuo I, H MOKHO BBeCTH ckopocru cuera W; = m;/t =2,/ T.
Cropocrb caydaiHux cosnafenmit paBua W, W, T, rax aro (5) MonHo
OpejcTaBuTh B BHUJE

T
. (2nc3v)'2S d0,dQ, S dtydt,
0

W, = W, W, T (1 4+ m), (7)

rge m= P,/P,P, — 1 — BaKHHII ¢ TOYKH 3PeHAA DKCIEDPAMEHTA
mapaMeTp (¢KOHTDPACT»), PABHHIN OTHOMEHHIO HCTHHHEIX H CIy9afHEIX
COBIIAICHNI.

Ponp o6nema perekTuposamma. Cpasmenme (9) ¢ (4.6.9) moka-
3HBAET, 4T0 OTHOCHTEIBHAA BEPOSATHOCTh WCTUHHHX COBIAIEHHI BBH-
paskaeTcsa Yepe3 MOAYHIb (YHKIUE KOPPeJANMA aMIIuTyR (mcmpas-
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JenHol ¢ y4eroM QUABTPAUM):

e}

m =y S dQAQ, S At (T — 1)y (7 &, AP (8)
0

MDyHKIMA KOPPeJIANHH, B CBOI ouepeln, ompepeiserca MP m remme-

parypoit o6pasna coriacao (4.6.9) m O3K.

Paccmorpum cmepBa HEeaJbHHI HETEKTOP COBIAjIeHHN BECOKOTO
paspemerus, y kotoporo AQ;<<€M/a*, T << Ao™, mim, Kopode,
Viaer <€ Vyor (@ — momepeunsle paameps ofpasma, ALQ; — yriaosnie
passepsl amepryp). OyHKumA y mo ompeneNeHHI0 MAJ0 MEHAETCH B
npepenax Vyp, H NOBTOMY €€ MOKHO BEIHECTH H3-TIO UHTETpaja
B (8), Tak urO

m = |y (ry, 5 0, AL) [, (9)

rae r; — Teleph KOOPAHWHATH IeHTPOB (oTokatonos. Ecium u omM
npuHafIeKar obmemy oObeMy KorepeHTHOCTH U Al < Ao™, To
m = 1; B npormeroM cayiae m = 0. Taxum o6pasom, nabaiogenue
3aBHCHEMOCTH CKOPOCTH COBNAJEHHI OT KOODHHHAT AETEKTOPOB H OT
DIeKTPOHHOI 3alePKKH NO3BOJISET H3IMEPUTHh MOAYIb QYHKIHH KOD-
peAIMH B TeM CaMBIM M3MePHTh 9JaCTOTHBIA H IPOCTPaHCTBEeHHAII
dopa-paxroper merounmka (cM. (4.6.23)). Ommaxo mpa Vier << Vior
cordacHo (4.6.38) P;<<nA" (1 — kBauroBHi BRHXOH DIY m N —
haKTOp BHPOMKIEHHA), TAK UTO aGCONIOTHAS CKOPOCTH COBHANEHMI
Gymer oueHb Maja (np# OOHYHHX TeMUePAaTypPax HCTOYHHKOB # ONTH-
geckux dvactorax). Takum o6pazoM, HeOOXOZMM KOMIPDOMHCC MEKIY
paspelieHHeM H BpeMeHeM H3MePeHHA, 1ocTuraeMsii nps Vier ~ Vior.
BameTnm, uro yerosne T << Ao~ TPYMHO BEIIOJTHUMO, TAK KaK OBCT-
poneiicTBHe BIEKTPOHUKH B JIydlIeM ciayuae mopsauka 1 mc. [lomoxnn-
TespHbIe CJAyYailHble COBIAfeHHA, YMeHbIIAoIHe KOHTpacT mabmro-
aeMOT0 CHrHAJA, nafoT TemuoBhe Touku DIY.

CymecTBeHHO, 9T0 OPH Vyer 55> Vior BEPOATHOCTE MCTHHHHX COB-
maJleHuil PacTeT MPOUOPIHOHATIBHO V per, @ BEPOATHOCTS CAYIARHEIX —
Vier, A MODTOMY KOHTPACT NPUMEPHO PaneH 0OPaTHOMY YHCIY He3u-
BACHEMHIX MOJN g, KOTOpHe (BHAHNTY RETeKTOP COBIAICHUN:

Vior 1
~——— = ——, '10
m g ( )

Vne'r

Il eiicTBHTeNBHO, TOACTABHM B (8) QyRENuI0 Koppessanun (4.6.25). Ipu atom
(8) ramKe ¢axropusyercsa:
1

Toeyey

(1)

m

T
_ 2 ( A ¢ (AwT)

gnlETéSdt(T—t)e_mtE ol (12)
0
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1 ¢ For \2
gl = ThA, S dA; ddp exp Jr ( ?.a ) [(x1—22)* -+ (1 — yz)ﬂ}, (13)
— g o723 ﬁ p<LY), N
v =1 —gp ={1 > 1), (t4)

rie A® — mApEHA CHERTIpa, a — pajmyc obpasua (MW B3AAN rayccoBy QyHKR-
10 Koppexsaunw (4.6.266)), r — paccrosuue jo ofpazna. llycrs aneprypsl @Y
COBIAZaI0T B MPOCTPAHCTBE (ATO MOKHO IIO CYNIECTBY C/IeNaTh ¢ IIOMOIIBI0 HOIY-
IpO3PAaTHOTO 3€pKaja) II HMEWT KBajpataywlo fopMy co cTopomoil b, Torga

4 2
=g\ ar@ — 2 e (- Gz} = 2@, (15)
/’-‘_0 —o? a?
vo=tW e s (16)

Vale  (@>1),
22
2 ¢ g koab
(D(CL)EVESdt: y U=
o

Taxum obpasoM, upu Awl >>1 u kb >r
2nr? 1
M > e e 17

AwT kgatb? 8

Wsrepuperauust adderra. Xora sxenepument LBpayma — Trucca
JIHOTHA HABHIBAIOT LEePBHM SKCIEPHMEHTOM KBAaHTOBOM ONTHMKH, IO
cymecTBy sQdeRT KOPPeIANUN WHTEHCHBHOCTeH — KilacCHueCKoe AB-
JdeHme, He TpeOymnmee [UIA ero MOHUMARAA KBAHTOBAHNA DOJIA (B OTIHH-
que o1 sfderta Koppeasnuym $OTOHOB HPHE NBYXQOTOHHOM pacHaje
BO3OYIRMEHHEIX COCTOSHUA MONEKYT MJIH (QOTOHOB HAKAUKHE — CM.
rrasm 5, 6). Ero moskuo mabaiomath ¥ ¢ HOMOIIBI0 AHAJIOIOBBIX
xoppessaropos. Eciu o <€ ®T, 1o apkocts TU ompepensierca gop-
smyaoit Pemes — mxmmca, ne comepswameit 7. [lamee, ymennmenme
OTHOCHTEJIbHOU Benmauas dddeKra m OpH yBedudeHHE Ve, ABIAETCA
OposBjenueM o0medl 3aKOHOMEDHOCTH TEOPHH BePOATHOCTe#; OTHO-
CUTeNLHbE QIYKTYAnUH CYMME ¢ HE3aBHCHMHX CIYUAWHBIX BeJHYHH
UAJAI0T OPY YBEIHIGHAN g.

Koueuro, HOCHe0BATEIbHAS KBAHTOBAA TEOPHA TAKJKe OIMHCEIBACT
sxcmepument Bpayma — TBucca, ofHAKO HAIAXHbE QOTOHHBE IPEs-
CcTapleHNA OPHUBONAT K HeKOTOPHM TPYAHOCTSM, BRI3BBABINAM HA mep-
BHIX HOPax OKUBIeHHY Auckyccmio. Hampumep, no Jdupary gorton
MOsKeT BHTepPePHpOBATH JHIIL «caM € co0oi», ¥ MOITOMY HOJYUPO-
3pavHoe 3ePKAIO OKHO PACHIENHTH ero Ha ABe wactu. Ho, xKax ms-
BeCTHO, (POTOH He MOKeT PaCHIeNHTHCHA ¢ COXPaHeHHeM HacTOTH. Myl
BHHYAIeHH pa3peliuTh zurepdepupoBaTh [OBYM pPa3HEIM (POTOHAM
IOpH yCJIOBHH, UTO OHE NPHHAJJIEKAT OJHONA MOKe (UTO, IO CYMmECTRY,
U HMeeT MeCTO B cJydae LOJAYOPO3PAYHOTO 3epKaja). MurepecHas
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nuTepuperanua paHa llepcesmom [151] B rTepmumax pasrHOBECHOT®:
$OTOHHOTO «Tra3za» YaCTHI[, HOAYAHAWINHXCS CTATHCTHKe bDo03e —
Jitnmreiina. Pones BrEymEeEHENX npomeccop obcyxmpaeres B [168].
3aMeTHM, HAKOHeI, 4TO HAU (eHOMeHOJOTWICCKHUH MOIXO0J II03BO-
dfeT OOMCATH U SKCIEPHEMEHT ¢ NOJYOPO3PATHBIM 3ePKAIOM, ecaHu
BKIIOUBTH TOCAeIHHN B NIOHATHe oOpaszma.

B 3awiIoYeHHe OTMETHM, YTO €CIHM HHTePeCOBATHCA CTATHCTHKOIL
noJad B OJHOH TOYKe HPOCTPAHCTBA, TO MOMKHO HUCIOJIB30BATH OINH
®3Y (mpm ycaoBuHA, KOHEUHO, Vier <€ Vo). Habmiomas pacmpeje-
JleHile BePOATHOCTH IOABICHAA 3aKAHHOT0 YHCIA OTCUYETOR 34 BpeMa T,
MOKHO OmpefiefiuTh BHCIIHe MOMeHTH moid. CpaAzb craTHcTuR $oT0-
0TCIeTOB W IOJA faercA uaBectHoit dopmyinoit Manmens [1, 2]. Takue
BKCIIePHMEHTH LPEeACTABIAIT OONBIION MHTEpeC NI HCCIe0BaAHHSI
CTATHCTHKH Ja3ePHOTO B3IydeHHs (KOTOpOe ¢ XOPOIeH TOYHOCTHIO
OTMHCHBACTCS CMEIMEHHHM TIaycCOBHM cocToAuueMm (4.4.19)) m nus
N3y9eHHA BeleCTBA ¢ NOMOIIBI0 KBASHYNPYIOr0 PACCEAHHA CBeTa W
MeTola «OoITHYecKoro cmemrenus» [164, 165].



THTABAS

BJAMAHNE AHI'APMOHU3MA BEIECTBA
HA ET'0O TEILIOBOE N3JIYVYEHHUE

TlopaTue aHrapMOHM3Ma BeIIECTBA HA ONTHYECKHX 9YaCTOTaX IO-
SBWIOCH B CBASH C Pa3BHTHeM Hejluueilnod ontuku. Taxue adderTs,
KaR TeHepaluA TapDMOHUK, CIO;KeHHe W BHYUTAHWE 9ACTOTH, caModo-
KYCHPOBKA, HeJHHEHHOe HOTNONEeHWe, NMPOCBETIEHUE, BHHYKACHHDIC
paccesHus, yAo0HO ONMCHBATHL ¢ MOMOI(bI0 MEPAPXUU HeAHHEHHBIX
pocupuuMuuBocTeil y{'), KOTOpbIe BHIYHCALIOTCA B PAMKAX HONYKIAC-
CuYeCKOM Teopuu maayuenusa [9—14].

Haunbomee u3ygeHsr ¥ Te0peTHISCKH, M SKCIEPUMEHTANBHO BHIHY /K~
mennpie opderTH, He TpeOymwInue Jis pacyera KBAHTOBAHHA TIOJA.
Opnaxo (GOTOHHEE UPENCTABJICHUSA OYEeHb HATISAMHB. M TPAKTOBKA
nenunefHbIX 3PpPeKTOB, CBA3AHHBIX ¢ H3MEeHEHHEM YACTOTHOTO CHeK-
Tpa MO, ¢ LOMOIMLI0 JJIEeMEHTAPHHX MHOTOQOTOHHHIX IPOIECCOB
noayuMIa mMuUporoe pacmupocrpamenpe. C APYTroOf CTOPOHEHI, CHOHTAH-
upie nennpeiinsie dQQPexTH THIA MHOTOQOTOHHOTO H3JIYIeHHS IOCIe-
J0BATEJHHO ONMCHIBAIOTCA NHUMb KBAHTOBOH TeopHeil moas ® Beme-
crea. Hewotoprie cmelnammble CHOHTAHHO-BHIHYRueHHBE B3(PeKTH,
pabrofaeMble TP YIACTHN TAJAIOMET0 MONA — HaKaiku (Hanmpumep,
mapaMeTpudecKoe paccefune ceera — cM. M. 6), yAaeTcd KocTATOIHO
mOJHO OTPasuTh (PeHOMEHOJOTHYECKON (IOIYKBAHTOBOWY TEOpPHEH,
B KOTOPOM mePEeMEHHbIe BEIIeCTBA HMCKIIOYEHB! ¢ IOMOUIBI0 ueamueii-
HBIX BOCHPHUMYUBOCTEH.

Hacroamas riasa mocBsAmeHa B OCHOBHOM DJIeMEHTAPHOMY pac-
CMOTPEHHI0 CIOOHTAHHOTO HeXuHefiHoro sPdeKTa — ABYXPOTOHHOTO
u3nydenns marperoro Bemectsa [184]. B § 5.1 ofcympaercsa cpsasp
MHOTOQOTOHHBEIX TEePEXOf0B M BBHICIIUX MOMEHTOB moiaA. B § 5.2 arm
MOMEHTHI ¢ HOMOIEBI0 TEOPHH BO3MYIIeHHH BHPAKAIOTCS 4epe3 PaBHO-
‘BECHble MOMEHTHI BelecTBa, YTO IO3BOJHIO B § 5.3 ONEHHTh TPeTui
MOMEHT TIOJIA, M3JAY4aeMOT0 HeIeHTPOCHMMETPUYHEIM BeLeCTBOM.
B § 5.4 ¢ noMompb0 KEEeTUYECKOr0 YpaBHeHAA U 3P PeKTHBHOTO ABYX-
(OTOMHOTO TaMBJIBTOHNANA BHBOIUTCA UPAOIIKeHHbIH 1) Henmme AnEIR
O3K, marommii ¢BSI3p Me:Iy BTOPHIMA ¥ YeTBePTHIMEU MOMEHTAMH Te-
mwiosoro manyuenns (TU) m rybGmyeckoit marpuueit paccesnus (MP)
uzryvareis. B wouume § 5.4 pacemorpen O3K pgas cnygas, Korga
OJHOBPEMEHHO Pa3PemieHB OJHO- ¥ JBYX(QOTOHHHe Iepexojsl (IpH
aToM Tpermit moment TH mmpaskaercs depes Kmajgpatmunyio MP).

1) CrpaToHOBWY II€JJABHO PACCMOTpe] OOUIWe COOTHOUICHHS MEXKAY KyMy-
JIAHTAMM TPOU3BOILHOTO TMOPAAKA ¥ (YHKIHOHAJIOM IIPe0OpPAB0OBAHEA H3Iy9a-
reass [185].
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§ 5.1. Msuorodoronusie mepexoabl 1 BHICIINE MOMEHTHI IO

AHTapMOHN3M M KOPpeTsAuHs PA3HOYACTOTHHIX Moj. Bosbympen-
Hasg MOJIEKYJa MOReT TepedATH B OCHOBHOE COCTOSIHITe HOCPEeNCTBOM
ABYXQOTOHHOTO Mepexofja, UPU KOTOPOM HBIYYAlTCA [Ba (POTOHA
€ YaCTOTAMH ®; H we (CM. pHC. 5, 2). T QOTOHH NPU OTCYTCTBUU Pe-
AJMBHOTO LiPOMEsRYTOYHOTO YPOBHA BOBHHMKAIOT NPAKTHYECKH OJHOBDe-
MeHHO. B cayuae kackagHOTo (T. €. Pe30HAHCHOTO) ABYX(POTOHHOTO
Iepexofa BTOPOH GOTOH HBIYyIaeTCA C 3a[eP;KKOM, paBHONE B CpegHEM
PANUaNIOHEOMY BPCMEHH >KH3HH NPOMEKYTOUHOro cocrosupua. Cy-
IMeCTBEHHO, 4TO B 000X cayuasax (OTOHH MOSBIAIOTCA TapaM#, H
B pe3ylbTaTe KOMIIOHEHTH IIONA C YACTOTAME (); H ¥y OKA3HIBAIOTCH
CTATACTUYICCKH 3ABHCHMBIMHA. AHAJOTHYHO, R-POTOHHEE IEPEXOMIHI
CBABBIBAIOT 7 CHEKTPadbHLX KommoHeHT mois THU. B 1o ke Bpems
JIUHERHbIe CHUCTEMB — HANPHEMED, TAPMOHHYCCKHHE OCHUIIATOD —
uMeIOT DKBUAUCTAHTHEI HAOOD YypoBHeH, Tak 4T0 0y = 0y = . . .,
¥ IO03TOMY KacKamHble MHOIOQOTOHHBIE TEPEeXOIs B TAKEX CHCTeMax
He OPUBOIAT K KOPPEIANMUU MesKAY Pa3AHYHBIMHA YACTOTHRIME KOMIIO-
HeHTaMH# NOAA. flcHO. 94T0 KOPPenANus PasHOUACTOTHHX MOJ He CIIe-
nmPUUHA AAA KBAHTOBRIX MOJeJei.

PapsoBecnaa u nepaBHOBerHan zafgaun. llpm PaccMOTpeHUN Te-
TI0BOTO BAEKTPOMATHUTHOTO II0JAA € YIEeTOM AaHTapMOHU3Ma BeIecTna,
KaK ¥ B JAHEHHOM cayuae (L. 4), BOBMOKHEH (Be MOCTAHOBKH 3aMadH,
T. €. CJeAYyeT PasiniaTh PABHOBECHOE H3AYYCHHE BHYTPH GeCKOHEUHOH
HeJIHHEeHHOR cpexsl (UM B BAMKHYTOH MOMOCTH ¢ HOJIMHOWHEIM 9IeMeH-
TOM, TepeMeNTHBAMIGUM MOMNH !)) H TemioBoe H3NyYeHHWE CHAPY/KH
HeJAHHEeUHOT0 MOJOTPeBaeMOr0 BeNIeCTBA, 3aHHMAIOMEro KOHEUHYIO
obnacTe mpocTpaHCTBA.

IlepBas 3ajava oxpaTeiBaercsA, B MpHUHNANE, THOGCOBCKHM dopma-
JIU3MOM PABHOBECHOH TePMOAUHAMHKN, M 3a1aYa CBOIHTCA K ONpefe-
JIeHHI0 HEe3aBUCHMEIX CTeleHe#l cBOOOIBI CWCTEMH, T. €. K MareMaTH-
YeCcKod npolbieMe AuUATOHAIH3ANAHM FaAMHJIBTOHAAHA CHCTCMH «BCIIC-
CTBO - mone». AHajorgynas npolieMa pemaercs B TEOPHE IKCHTO-
HOB, B TEOPHH MHOTHX B3aMMOAeHCTBYIOMUX YacTHI, B KBaHTOBOM
DIAEKTPOAUHAMAKE, A

Bropas 3agaua — 0 TemioBOM M3IYYeHWH BO BHeIIHee NMPOCTPaH-
CTBO ¢ Yy4YeTOM aHTapMoHH3Ma — QOPMANLHO OTHOCHTCS K HEPABHO-
BeCHOH TepMOfAHHAMHKEe H [0 CHX HOD, HO-BHIHMOMY, Hé NPHBIEKAJIA
BHEMAHAA. SICHO, 4TO mpH 00mell HOCTAHOBKE OHA ABJIAETCS TPE3BHI-
Ya#iHO CJHOMHON, W MH 3[6Ch OTPAHMYIAMCA BHACHCHHEM JIHIIL
OCHOBHEIX H [OCTYIHEIX HeHOCPEACTBOHHOMY HAGIIONEeHHAI0 BaKOHOMEP-
HOCTEH ¢ IIOMOIILI0 MPOCTHX MOJAeseH.

1} 3ametmm, 4ro, B IpUANANE, 03 TAKOTO pIeMEHTA ((YTOJBbHAH HHLIMHKAY
Hupxroda) Hepo3MOKeH 06MeH dHeprueil MeKAy pasHOYACTOTHRIMEM MOJAMH
¥, clef0BaTelbHO, YCTAHOBJICHNE IJIAHKOBCKOIO PaCIIpeeaeHun.
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Pons BemecTBa B JMHEHHHX ONTWYCCKHX SBJICHMAX IPHHATO BH-
PaskaTh Yepe3 ero AUBJIEKTPHYECKYIO IPOHHIIAeMOCTD € WK JBHeHRYIO
pocupammyuBocTh Y1) = (¢ — 1)/4n (KoTopas MomerT GHTH CBA3aHA
¢ gupeirgoit MP U®). HaGmopemme TUW Bemecrsa (mampumep,
IJIa3MH) HeceT mHPopMaIuio o6 & |, clefoBaTeJBHO, O COCTOAHUY It
CTPOEHHUE BeimecTBa. 110 aHAJIOrHH MOKHO NOCTABHETH BOIPOC O TOM,
KaKy[ KONOJHWTeAbHY0 HHPOPMANHI0 MOKeT [aTh HaOMIOfeHHe 1Ipo-
apnernit «vgorogorornoctm B TH. Henpssa nm mamepuTh TaKmM 06~
pasoM Heaummeine Bocnpuumansoctd ¥ ? Hexwssa am 1 B menumeit-
HOM clyyae BHpasdTh moMeHTH TV BemecTBa uepes ero mmHAMuTe-
ckue Makpockoupueckue mapamerps ¢ mam UM ? U cymecrsyior
JW CBA3H Me[y CHOHTAHHHIMH H BEHYKIeHHHIMH IPOIeCCAaMHU THIA
saxona Kmpxroda npu yvere anrapmMoHmaMa? °

syxdorounmii napagore. YTo0n noKasarTs, ITO HTH BONDOCH HE
COBCeM TPHBHAJBHEL, HPHUBefeM CHeXYIINue [Ba TPOTHUBOPEYHUBEIX
CYKAeHUA.

1. Ipn smmonme ammeitnoin @OIT (§ 2.4) mam oOprumOro 3aKoHA
Kupxroda (§ 4.3) me mpennosaraercs JHMHEIHOCTH CHCTeMEH '), mo-
2TOMY ecJm pa Kakoii-mmGo wacrore o, HeamHeAnEHH o0pasem mpoapa-
YeH, 10 B cany (4.2.4) daykryanmit DonApuaanuy M, cIef0BATEIHHO,
H3IyYeHUsa HA BTOH yactore He Oyfmer:

CECES ~ Im y® () =0 (1)

— NPo3payHOe BEIeCTBO He M3JIy4aeT CBETA, CKOJLKO ero Hu Ipeit!

2. Ho, ¢ gpyro#t CTOpOHBI, WyCTh MOJEKYJIH TOTO ke o0pasia
EMeI0T BO3OY;RICHHHE YPOBeHH C »Hepruedl 7 (w; 4 ©p), KoTOpHik
CBA32H pA3PEIIeHHHEM [BYX(OTOHHHM HEKACKAJHEM HePeXOfoM
¢ OCHOBHbIM. JTOT YPOBEHbH IOJ JeHCTBHEM TEPMOCTATa 3acensercHd,
1, CIeI0BaTelbHO, 06pasen GyaeT H3IyJaTh CBET B MMPOKOM [HATA30He
gacToT, ¥ B TOM UHCJIE H3 YACTOTEe 0y

CESED) £0. ' (2)

9dt0 npoTmeopeume mekny auneinoid GUT u npyxdororHbIM HBIY-
YeHWEM B IOJOCEe IPO3PAYHOCTH PA3PEINAeTCs JHIMb OTKa30M OT TPa-
A¥nuoRHOK cxeMsl pacdera TU yepes paBHOBeCHbE MOMEHTHE HOJADH-
sanquu BemecTBa (§ 4.3). MomeKkysl, «<HarpysKeHHEE» Ha BJIeKTPOMAr-
HUTHHEI BAKYYM, HeJb3sI OPH CTPOrOM PACCMOTDPEHHE CYHTATH PABHO-
BECHEIMH, TaK KakK HaJ0 yIMTHBATH peaknumo maaydenus. Ilocnennss,
HOMHUMO ecmecmeelio20 JOPeHIeBa YUpeHns ORHOPOTOHHHX CHeK-
TPAJBHHX JEHOA W BX BeGOIBMIOTO .eMb06CK020 CHBEIA, NPUBOTHT
B Ciysae AaHTAaDMOHHYeCKMX MOJeKyJl K cmiomuomy cmexrpy TU
(He CBA3aHHOMY ¢ KDPBLIbSAME JIOPEHIEBHIX JUHMIA).

1) B cryuae ®JIT 570 0GCTOATEINBCTBO CHONUALBHO 00CYHAII0CH ByHRUHEM
{eM. [144], c. 266).
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OrmeTtnM Takme, uTo yacto crarmetmka TU maxpocromuyecKuUx
o06pasnoB, comepsramux ~10% He3aBUCHMLIX MOJEKYJ], HOJaraercd
rayccoBoil Ha OCHOBAHMH IEHTPAILHON mpefienbHoit TeopeMbl. OHAKO
ctporo rayccorocts TH ciegyer aumsp B oZHOPOTOHHOM HpHOXMIEe-
mmn (§ 4.5). Kax 6yner norasano B § 5.4, gpyxdoronmoe TU — cy-
IeCTBeHHO HE IaycCOBO, 4T0 B DKCHePUMEHTe IMPOABIAETCS B OTCYT-
CTBUHR CJYUaMHEIX COBHAMEHHHE (OTOOTCHETOB, & B TCOPHM — B OTIH-
YUE OT HYJA KYMYJIAHTOB 00jiee BBICOKOTO IOPSJ(KA, WeM BTOPOH (CM.
(3.3.42)). I pyruM uHTePeCHHM NPOSBICHHACM OUTHIECKOTO aHTapMo-
HE3Ma BemecTBa SBIACTCA HAJpume HedeTHHIX MomenToB mois THU

§ 5.3).

§ 5.2. BumiuncieHne MOMEHTOB TOIA
¢ TOMOINBIO TEOPUH BO3MyUICHHS

OOHYHO B KBAHTOBOM MeXaHWKEe NUHAMEYECKHE IIPOIeCcChl OMUCHI-
BaloTCA ¢ MOMOIIBIO BEPOATHOCTEN mepeXxoi0B, KOTOPbie ONPeesIA0TCA
«3os10TeM» npasmitom Depmn (2.3.32). BepoATHOCTH H3AYIeHHA OJHO-
ro, ABYX, ... ()OTOHOB NIPOHOPIHOHAIBHHE AHATOHAIBLHHIM MOMEHTAM
qeTHOTO HOPAXA (@;a;), {A;a3ads>. . . . ONHAKO A ONHCAHUA HH-
TepdePEeHNUOHHEX JKCICDEMEHTOB HaJ0 3HATh HEJHarOHAJBHBIE MO-
MEHTH {a @), . . ., H, KDOME TOT0, KaK OyAeT ACHO W3 [(AJbHEHIIETO,
AHTAPMOHHYECKOE BEINECTBO MOKeT H3JTy4aTh MOMEHTHl HEYeTHOTO
TOPATKA {aaas).

B cBSI3H ¢ BTHM MH HCHOJIB3YeM BMECTO 30JI0TOro mpaBmia Goiee
yHUBepCaAbHHHE (OPMAIN3M, OCHOBAHHEIA Ha OOIed TeOpHH BO3MY-
meuna (§ 2.3). [us sroro subepem B gopumyre (2.3.20) B KauecTBe
oneparopa HaGI0aeMOil BeXHIMHLI HHTEPECYIOMMA HAC OJHOBPEeMeH-

et ') mMoMeHT
f@y=a, (&) ...a, (1) ' 1

uan TxapakrepuctauecKuit omeparop f () = ¥ (f), Koropmii mocie
VCpeRHEHHA N0 HAYANHHOMY COCTOAHMIO MO3BOJMT BHYHCIATH IGO0
HOPMAJIBHO-YIOPAMOUCHHEH MOMEHT.

DHeDPTHI0 B3aWMONEHCTBHA BO3BMEM CHOBA B TpocTeillieM Ipu-
6ImReHAN — TUOOILHOM C HemoiBIKHHIME aromamm. OObemumumm
B (3.2.14) mupexcs: k = {k, Vi, Skv}, THE Spy= -1, TOTNIA OTIEPATOD
DIeKTPAYECKOTO MOJS B MEHTPe j-H MOJIeKyJH B NPefCTaBICHAN B3an-
MOJEHCTBHA BHPA3HTCH Uepe3 OUePATOPH POKACHHA M YHHITOHREHUA
chaepyomaM oGpason:)

E(rity=—ih 2, ckja‘,l exp (isyo,t), (2)
k

1) [IepexoX K PasHOBDEMeHHEIM MOMEHTAM B clydae CBOGOJHOrO IOIS TPH-
BUATCH.
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i
Upvy = a,w, Ay~ = Qv
'|/- (oh.v . (3)
Clvsj = S “Jmen €kv XD (— sk 1),
HoymyTaTops s HOBBIX 0HmepaTopos paBHHL
[ar, ar ] = — s10,7 = — 50ua-OvyO 5. (4)

CroBa 00beiuHEM HHIEKCH:
q = {]a @, IL} = {]7 @, ka Vis Slf’\‘}v (5)

TOTHA HHEPIUA B3aUMOJECTBUA CBOOOMHOTO HOJA ¢ 06pasmomM B MO~
MEHT BpeMeHu I, mpHUMeT BHJ:

PO (ty) = V= ili ) c,dPa e, (6)
q
%
AW = dly (t,), ©g=sup ch=— e,

(aQ)+=aE’ qz{j7aak7 ka-‘skv}~

CBs3h BHIXOJHBLIX M BXOAHBIX MoMeHTOB. Ilomcrasms (1) m  (6)
B (2.3.2) ¥ yCPegHHB [0 HAYAJBHOMY COCTOAHHIO C HE3ABHCUMbBIME
TOJIeM ¥ BEIIeCTBOM, HOJIy4ynM o0mee BHpaykeHWe IS MOMEHTOB BEI-
XO[HOTO IIONA 4epe3 MOMEHTE BXOQHOTO (T. €. HAYaJIbHOIO) IIOJA
B N-M TODPAZRKE TEOPHH BO3MYI[CHM:

(a0 = 3 D (M)
=0
M k. Eq Zq ufl’f”) an CBay - -+ B+« B, By oo - Qg > (8)
(np) = (— 12\ .. q) ) (.t

u’q;.. qn(O)Q1"'(an)——( ) ( ”’) Cf]l' {(P ( tt n)}'
(9)

P gy (Pre e t) =CAR deS Oay e 0y 50y pya e By ay
_ (1M
(1\) {f (tl PN t,n)} = (2”)—ngdt1 e dtﬂj (tl cen tn) expi ((Dlt] - .. (D'I‘Ltn)
(11)

(ecaim opgme B3 mEpEKCOB O-¢pynkmmu menpme 1, to 0 = 1).

Teopus Boamymennit B gopme (7) onpenenser 3akon upeoHpazora-
HEsJ MOMEHTOB Ha[AoOmero MOJA o0pasioM, T. €. HOJHOCTHE OIpeje-
JseT BCe ero omrmieckme cpoiicrBa. 3aMeHHB B (7) momentH (1) Ha
XapaKTepUCTHYECKUH OIepaTop ¥ BOCHOIB30BABIIMCH IPABMAAMH
KommyTanun (4.5.16), moayumm saxkon mpeoGpasoBammMA Y-PyHRUHE.
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B yacrmocTu, mogaras HAYalbHOE COCTOAHHE IO BAKYYMHEIM,
HafmeMm y-QYHKU®IO CIOHTAHHOIO TOJA, H3JIYyIaeMoro oO0PasiodM.
Ecam upym 3TOM CYATATh HAYAIBHOE COCTOAHHE BELIECTBA DPABHOBEC-
HBIM ¢ Temmeparypol I’ # npeme6peds PaJHANMOHHBIM OXJaKIEHUEM,
TO CHOHTAHHOE H3Jy4eHue MePeXOguT B Temsopoe. llamee, ecay B ma-
faplieM H3aydeHu# Bo30y:xmeHa ogHa Moma, To (7) OrHCHIBAeT pac-
cesig@e CBeTa, KaK yopyroe, Tak ¥ Kombumanuomnoe. B ciydae Kore-
PEHTHOTO COCTOSHMS magatomero mois @ m = 1 (7) ompegmemser
TOCHeHOBATEIBHOCTE MaTpuy paccesuus U depes paBHOBeCHHS
MoMeHTH o6Gpasma. U nps aToM, ecTecTBenno, cosmagaer ¢ (4.6.15).
U® onuceBaer 3QPeKTH CI0KeHHA M BBYMTAHHA [BYX dYacToT,
BRJYAS VABOEHHe H ONTHYeCKoe BempaAmienme. UW onmcwpaer
npeobpaszoBanme Tpex 4acToT ¥ T. .

Honydgennasie cooTHOIEHU HEe YUUTEIBAIOT MHOTHE CYHIECTBEHHLIE
$aKTOPHI, OQHAKO MBI 3/{eCh JHUIIb CTPEMWIIHCH HA OPOCTOM IpHMEpe
TOTYEPKHYTH BO3MOKHOCTE (EHOMOHOJIOTHIECKOTO ONMMCAHUA OITHYe-
CKHX CBOMCTB 00pasia KOHEUHHIX PaszMePOB, KOTOpPaA HOJNKHA COXPa-
HUTHCA H B GoJjiee PeaJUCTHIHEIX MOJENAX.

Urak, corsacuo (7)—(10) Bes mupuBUAyanbHOCTL 00pasna 3aKIw0-
YeHa B HePapPXHYECKOH IOCHEOBATENBHOCTH MATPHUI, u(™P), KOTOpbIE
ABAANTCSA (ypbe-o0pazamMy QYHKITHIE KOPPEANUE IS HUIOTbHBEIX
MOMeRTOB @ ("P), (ycedeHHHIX» ¢ MOMOIBI0 O-QyHENEi. IT0o ycedenue
ofiecrieurpaeT NPHYMHEHYI0 IMOCJIENOBATEIHBHOCTH B3aMMOMEHCTRHII BO
BpeMeHH ¥ OPMaJbHO DKBHBAJEHTHO 3aMeHe mpeoOpasopanmst Dypoe
na npeoGpasosamye Jlamraca. B cmexkTpaabHoOM IpeiCTABIEHIH YMHO-
sKeHui Ha O-QYHKIHMIO COOTBETCTBYeT cBepTKa © 0 (w) (em. 2.4.7a).
Jlis xpaTKocTH oTY omepanmuio OyfeM Ha3bBaTh mpeodpazoBammeM
Tuanbepra (xoTsA mocaemmeMy oTBedaer Jumb 1-e ciaaraemoe
B (2.4.7a)). IIpu n >3 B (10) mmeercs n — 1 O-Qymrumit, yemy
COOTBETCTBYeT MHOTOMepHOe npeofpazosamue I'minbepra (cmydait
n =3 cm. B [152]). B pesyaprare MomeHTH IOJA (T. €. €ro CHeK-
TpajbHbe (QYHKIHEH) OKa3bBAKTCA HNPONOPHHOHAIBHHIME THIbOEpPT-
ofpaszaM CHEKTPaJbHBIX (YHKIHH MOJNEKYN, 4TO M IPHUBONMT K Hpe-
BpaIleHUIO JUCKPETHOTO CIEKTPA MOJEKYJN B CINIONIHOH CIEKT) MHOTO-
(QOTOHHOTO CIOHTAHHOTO M3AYUCHHA,

Omeparopsr mois B MPaBoit yacTh (7) MOKHO ¢ moMOImbI0 (4) mpex-
CTaBUTL B BHAC CYMME HOPMAJbHO-YHOPAJOYEHHBIX OIEPATOPOB,
manpumep 1),

A1Qg — : A1la @ -~ (3;2,
10903 = Q10903 - @105, - 025;3 -+ 0361-27 (12)
102050y = : Q1090304 - Q30407 + 014205, + 14303, +
1 - ! SR - 0)— ! — O— ! N
aa a1a4623 -+ a'2a3614 ‘ a2a4613 . 612634 o 613624 h 614623'

1) Bra mpoueaypa B Golee CIOMHBIX CAyIaAx OOIerdaercs HpUMeHeHHEM
Teopemnl Buka [152].
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Cumpoapr Hpomnexepa 3fech ompeesieHb CIeXyOmuM 06pasom:
6{2 = 6k1k26V1V263x"‘16521; (13)

ONePaTops! B NPOH3BENEHMAX, OKPY/KEHHHIX ABOGTOYHAMH, CICHyer
pacmojiarate B HOPMAJIBHO-YHOPANOYEHHOW TOCHEIOBATENABIIOCTH.
Ecou Bxomnoe moie HAXOMUTCS B COCTOSHWE BAKYyMa, TO BEIAK
8 (7) majyT Jums neomepaTopubie craraemsie B (12).

O6mmne ceoiicrsa nmpeoGpazosanus, PacceMoTpuM HeRoTOpHe 06mine cOicTBy

pasaoKenns (7) I MEOTOUACTOTHHX CHCRTPAALHEIX $yHEMNI u™P), Ha onpepe-
aeHHs (8) cmexpyer

AL AC ey 2 (14y
JpMHUTOBOCTE omepatopoB d m onpenenenus (9), (10) garor
(np)y  _ (7, n-p)* 5
”q1~~'Q;1— uan...a1 ’ (13)

rfle 4epra HAJ HHACKCOM ¢ O3HadaeT OOpaTHHIl 3HaK JacTOTHOIO HHAEKCa s.
B (7) Bmecto omepatopoB {ay . . . 4> MOMRHO B2ATb I000H omepaTop moJs,
B YaCTHOCTH, TO}KILGCTBBHHLIﬁ ouepartop

n
@) __ _ N 5, (p)
I =0,,= 1522'0 > ug!lq, <aq1... g, >

O‘IeBHI{HO, 9TO PABEHCTBO MOMKET BHUIOCIHATLCA OPH BCEX COCTOAHUAX NOJA NHIIL
ecan
n
Z S (16}
qy---
P=0 _
Tarmy obpazoy, wicno meaanmenvsix Marpuy w™P) ¢ pasmiraEbME HBjeKcaMI p

PABHO NOPAMKY TEOPUH BO3MyUleHHA n. CBA3p (16) MOKHO LOAYIHTH TaKiKe 112
onpefenenus (9) m romgecTsa Oy, -+ 0, = 1:

Eu(“p) ~ N (—1HPy. .. 00 p-19ps1, pra - Oy n =0 (17)
D vy

Haupumep, npu » = 2, 3:
By — 1 0y = 0, 012025 — G55 - 051 — 05,85, = 0. (18)

®opmyarl (12) m (16) M03BOAAIT YMEEHMUTL HOPAROK MOMEHTOB B IIPaBoii
dacTd (7) Ha 2, Tak Kak crapmme wieHH B (12) 6narojaps (16) coxpamalwTes.
B pesyapTate BHXO[HOH MOMeHT HODALKA m B n-M MOPAAKE TEOPUE BOZMYUICHIIS
onrpefielisieTCsA depes BXOJHEe MOMEHTH mopsinka m’ < m - n — 2 (310 clepyer
Taxe uz (2.3.22)).

Ilycrp Temeps MaTpHMOa MIOTHOCTH BeIECTBA MHATOHANHHA B DHED-
TeTHIeCKOM IIPe/(CTABIeHNH, TOTA BPeMeHHBIe MOMEHTH ¢ (¢ . . . {,)
CTAamHOHAPHBL (T. €. He MEHAITCSA NPH CMENEHUH BCEX apPryMCHTOB
Ha TPOMIBOJLHHIA HWHTEPBAX T), & CHEKTPAIbHBE MOMEHTHI HPOTOP-
NHOHAIBHE §-QYHKIUH:

(np) (np)(w) ! -
uq?l.}.. 9, = uq?z.).. qn(S (wqx + (an)- (19)
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Orcrona 3HAKOBHE HHACKCH § (KOTOpPBie MHOTHA YHOOHO BBIIHCHLIBATH
OTJICJIBHO HaJ O0IUM HHEKCOM ) He MOTYT OBITh BCe OJMHAKOBBIMH.
Hanpamep:

g =T =0, (20)

W = g = |

= 4“‘26(110(]2(‘1) {<d§)10h (tl) dge"/«z (t2)> e (t?- - tl)} ==

— 208 (01 — @) Coiq, | dEe10 (— 1), (1) A (O (21)
uStIC) — 278 (01 — ©2) gt S dteiot (d%,, (t) da, (0)>.  (22)
Cpasmernne (10) ¢ (2.4.6) (Opm oTOKAECTBIEHHU OMEPATOPOB [, B
d,) nokasmBaer, uto @2 = ¢(7). Amamormumo, 0?9 = () m
o) = @, e ¢ — «mosHady PYHKumA Koppeiammu. OTmeTHM, 4TO

37ech, B oTAmume oT § 2.4, o6e pestmauusl d 1 £, o6pasyoinae sHePIH0
BO3MYMeHHuA,— omepatopube. IlpeoGpasosamme (7) g0 ycpenmenus
7 npu ¢ = 0 ABJAseTCA YHUTAPHHIM, MOJHOCTHIO YYHTHIBAOMMM KBaH-
TOBYI0 MUHAMHUKY B3aHMOJEHCTBYOIRHX CHCTeM. ITOT (opMaluaMm
MOKHO OPUMEHETH M K O[MHOYHOMY aTOMy, # OH, B IPHHuHMNE, OXBa-
TEIBaeT SIBIeHAe eCTeCTBeHHOTO YUINDEHHA aTOMHOTO COEKTpa H ero
JeMGOBCKHIl CHBHT UPH BaKyyMHOM majgalomes moxe. Mur Gypmem cum-
TATH. 9TO STH Malbie NONPABKH YITEHHI 3apaHee B CHEKTPe HYJIEBOTO
DpHOIIREeHNA BEmecTBa ¢ TMOMOIBI 3aMeHH & — Aw ). 3amermy,
aro (7) mpm M >> 1 ommcHBAaeT @ MHOTOYACTUYHbIE dQPeKTH — die-
MeHTapPHHEE HPOIECCH ¢ YIacTHeM HECKONLKHX MOJeKYJ.

Boiermne monpaskn. Cymectsenno, uto MP U™ comepsuur, Kpome
OCHOBHOI'O CJIAaraeMoTo 7-Io MOPAMKA IO 3apANY SJICKTPOHA, elme Mo-
OpaBKH# BRICIIHX OOPAMKOB, HPOMCXOKIEHNe KOTOPHIX ACHO U3 HPO-
HefypH HOpManbEOTo ymopsgouenms (12). IIpumepom monpaBku
geTpeproro mopagka K UtY AmasgercA meppoe cjaraemoe B (5.4.9).
Takue nonpaBKu B KBAHTOBOH TEOPUH TOJIsI UHTEPIPETHPYIOTCA KaK
Pe3yABTAT POKIEHNA U YHEYTOKEHUA BHPTYATbHLIX GoToHOB. UT0GH
TOYHO paccumraTh ddPeKT mopAnKa r, HeOoOXOIUMO NPOCYMMHUPOBATH
fecKOHeYHOe THUCI0 MOMPaBoOK mopsanka n - 2k, [s a10i# mpouenypH
paspaborTal PsA; TpHeMOB, HCmOAB3yiomux pumarpammer (Deitamaxa,
teopemy Buka u 1. i. [152]. @axTuvecku npu pemenny KMHeTUILCKOT0
vpasrenua (§ 4.5) raxiKe CyMMHUPYIOTCS BHICIINE ITOIPAaBKH.

C nmomompsio (7) Hpu BaKyyMe HA BXOJIe MOKHO HAiTH TaK/Ke BTO-
poii momenr uam cmertp TU obpasua. Bo BTopoM mopsAake CUeXTP
nonA Oyner OOWYHHIM ONHOQOTOHHEIM IIOBTOPeHUEM CIEKTpa Bemle-

1) MOKHO HAREATHCHA, YTO ¢ HOMONIBIO TAKOH 3aMeHb OCYIIECTBIAETCA epe-
XOJ{ OT PACCMATPHBAGMOIl 37[€CH CHCTEMBI «MOJEKYIEL - IOMe» (C MeJTIeHA0 OCTHI-
BAIOIUIMI MOJeKYIaMi) K CHCTeME «TePMOCTAT -~ MOJIeKYIbl - 1oJye» (¢ NOCTOAH-
HOil TeMmepaTypoil MoOJeKyl) B caydae, KOrjla MOMKHO npenedpeuanr adderTamu
HacCHIIeHN:A U cABATA ypPOBHeil 1oj fleiicTHeM MAafaiollero IOJsA.
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ctBa (22), KoTopwit MO:KHO ObLro OBl mONYunTh U ¢ momompio DT
(§ 4.3). OnHako mpu ydeTe mOTPABKHU UETBEPTOTO TOPAIKA CTEKTD U3
TUCKPETHOTO CTAHOBHTCA HENPEePHIBHEIM, UT0 yike mportusopeunt OJT
(cm. momen § 5.1). DopmanbHO 3TO HPOHCXOAUT M3-34 YMHOREHHS
QYHKIIHM KODPeJAEN BeliecTBa Ha O-QymKmmio, T. . #3-3a THALOEPT-
Tpaucopmanuu cruekrpa. Ousuvecky ke Takoe WIIyUYeHHE B OKHAX
TMPO3PATHOCTH MOIKHO OOBACHUTH PeaKI[Hedl M3AYYCHUS HA IBHKEHHC
3apAgoB (kak # expur JlemGa). Anamormuno, Kak 6ymer ACHO W3 cJje-
mywomero maparpada, aByxuacroTuselii Tpermit moment TU mpomop-
OHOHAJICH HE PAaBHOBECHOMY [BYXYACTOTHOMY CIEKTPY BelecTna,
onpenenaemomy ksapparuunoir OIT u comepsmaimemy ammib MOJe-
KYJsSpHBIe YaCTOTH, & ero IUiabbepr-TpamnchopmanTe.

§ 5.3. Tpernii MOMeRT Temn¢BOro MOIA

B macrosumem pasfese MB B KagecTBe HpHMepa HCHONbL30BAHUS
odmeir dopmynsr (5.2.7) uaifmeM Tpermil MOMERT CHOHTA3HHOIO HONIN
E.; B mepBom nemcuesaiomeM (TpPeTheM) IODAAKE TEOPHH BO3MYMie-
mmit. CymiecToBanmWe CTANMOHAPHOTO MOMEHTA HEYETHOTO MOPSIKa
B TU xaskerca ma mepBwil B3TAAN HEOKUJAHHEIM, WM MBI OPUBEReM
MPOCTHIe KjiacCHIecKHe ¥ KBAaHTOBOMEXaHWYGCKHe coolOpakenus,
NOACHAIIEUEe CMECI 2T0T0 peayiprara. [lanee, mociie uymcaennoii
OIeHKH OYHeT pPaccMOTpPeHA BO3MOKHOCTH o0Hapy:KeHHA 3ddeKTa
¢ mOMOmbI0 00PATHOTO WPOIecca, BEPOATIOCTH KOTOPOIO COHEP/RUT
ciaaraemoe, mpomopimoradpioe (E2). Ilpu sTonm Oymer HCHONIB30BAHA
mopudpuranua gopmyasr (5.2.7), onucHBAOMAA OTKINK MONEKYJISD~
uBIX HaOdoOaeMblx HA MmafamoIee IOJe.

CBazs ¢ nByxppemennoi dy#kuueii koppensmun monexyx. Haifigem
cIepea MOMEHT BHIXOHHOTO Mo <{aiafas)d = (a,8.a5 Y¥ = M js5
B CJIyJae BAKYYMHOTO IMAJAIOMIETO IONSA B TPeTheM IOPANKe TEOPHH
Bosmymenuna. Mogwr kg, fp, k3 WMEIOT pPa3HHE YacTOTH, B HOITOMY
oNepaTopH MOKHO IepecTaBifATh, U7106H BOCHONB30BAaTHCA 00Mmeit
dopmyioit (5.2.7), nago HaiTH BaKyYMHEE MOMCHTH MIECTOTO MOPALKA

Ofag,. .- ag,07050,q, - - -] 0. (1)

Tax rax a0y = (0] a" =0, 1o (1) Oymer ne pasmo muysio
Jumb OpH p = 2 .

(0] a,aq.01a38.a,]0) =8 8- 8 - L (ky, ks), (2)

ik g k2 q;«i‘g

rae (ky, k,) O3HauaeT cgaraemoe C IMePECTABICHHBIMH HHISKCAMHA Ly
n ky; oupepenenme S-cumBosoB gaHo B (5.2.13). Hopmcrasus (2) B
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(5.2.7), maiimen
A2z = 2 ufff},qs (61529)3) 4= (b, ko) =

Q19203
M

= (%) PV 01009 2 expli(ky - 9, + Be - v5,— ks - r)] X
Jujads

2 D {0 (1)<}, (1) tf, (B2) @, (13)>) : erenes — (Ry, ). (3)

IIycrs B HAYANBHOM COCTOSIHMM MOJIEKYJIBl He3aBHCHMbI, TOTHA B TPOM-
HOl cyMMe MO MOJEKYJIaM OCTAHYTCA JHAMb IHATOHAJBHHE WIERbI:

M
?) *f — h ¥, 1 y
NATIES (T) "V @r0ams Z expli(fq + ko — k3) - ;] X

j=1
% (PE‘M) (61(1)—2(03) fe1ese; + (b1, ke), (4)
@ @) =0 O @@ @) & @) B w. )

Myl Buipasmiy# TpeTHil MOMEHT TeIIOBOTO NOJA deped CyMMY JBYX-
YaCTOTHHX (YCEYGHHHX» (3ama3[HBAIOIIEX) CHeKTPAIBHHX §VHKIH
MOJIEKYd, ABAARNHUXCA (Qypbe-06pasaMy HBYXBPeMEHHBIX (YHKIWiT
Koppeasiiuii.

CymecTBeHHO, 9TO BKIAJ KayKAOM MOJEKYJIBl CONEDAUT MHORH-
TeJb CHHXPOHMBMA exXp i (K -+ ko— k3)- ;. B namei mofenu £; = oi/c,
¥ 9TOT MHOKETeNd pasen 1 npm mapanmensusix k;. OpHako, mo-BEIn--
MOMY, IPaBIILHEH YYeCTh B 3aKOHE [UCIEPCHH BKIAJ ONHOPOTOHHBIX
nepexomoB. IIpu atom Tperuit MmomenT (4) 6ymeT HMETH Pe3KHA MakCH-
MYM IPH BHOOJHCHEH YCAOBUA CHHXPOHH3MA: | Iy + Re — kg | [T 1,
rae | — nuneinsrit pasmep oopasua. Ecau Mot 6ymes u3MepATs MOMEHT
B OJHO# TOYKe 7 faibHell 30HLI, TO BOJHOBHE BeKTODH B (4) 6ynyT ma-
PANAENBHEL APYT APYTY W HANDPABICHUIO ¥, TaK YTO JOJKEH BHIIOJ-
HATHCSA «OIHOMeDPHEH» cHHXPOHH3M. Jlerko yOequThesI, YTO0 UPH CHUH-
xpouusme Oymer momaBiaTscA addert [lommmepa, 3a cuer KoTOpOrO:
Ka;KJad 9acToTa IIOJNydaeT IOOPaBKy o — o = —k-v; (v; — cKo-
POCTH MOJIEKYJHL j):

(0 + 0y — @) = 01 + 0y — 03 — (ky + Eky — ky)-v;.

Tperuii MOMeHT TeNOBOTO IOAS MOMKHO ¢ NMOMOIIBIO KBajparuisoil ®OT
(§ 2.4) BHIpasuTh Fepez JMOKATBEHYI KBaJpATHYHYI0 BOCHPUHMYWBOCTL CPEJIH.
Hduas atoro B (5) mpexcrapum 0-QymKuuo B BIIfe
1 e—i(t)t
9“):—'25801@75_—8’ (6)
TaK d9TO )

(01— 0, 03+ 0, )
q>§ 2) ((1)1(1)2(1)3) = S dw 21 (i - ) ’ (7)
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rae ABYXYacTOTHAsA CIIeKTpanbHAsA QyEKnHA paBHAa ¢ypbe-TpaHcPopMaHTe [OJI-
HOII (He ycedeHHOIl) ByXBpeMeHHOI KRODDeNANMOHHOI PYHKIAN:

®; (@10005) = D (< (1)) @ (1) @ (8);)- @)

910 onpeselenue cosuagaer ¢ (2.4.46) mpn f — du F — E. Ilpm oroM y; (0@, 05)
{cM. (2.4.46)) sBugercA KBaJpAaTWYHO BOCHPHHMYMBOCTBIO (IEIEDPIIONAPH3Ye-
MOCTHIO) MOJIEKYJIB II0 OTHOIICHHIO K KJIACCHIeCKOMY 11010, TAK 9TO TpeTHil Mo-
MOHT (4) MOKHO BHPA3NTh 1epes ¥;  TeMIepaTypy obpasna ¢ noMomsio (2.4.49).
Hamee, caurad MOJXeKYJH OPHEHTHDOBAHHEIMHA, MOYKHO BBECTH MaKpOCKOIIIde-
CRYI0 BOCHPHEMYHBOCTH ¥, = Myy/V.

Nurepuperanma dpderra. Y1065 ONEHETS BEAUYHHY TPETHETO
MOMEHTa M HATh TOIKOBAHME IO HPOMCXOKIEHHI0, PACIHMeM (PYHK-
A0 KOPPEIANMA MONEeKYIH B DHEPLeTHICCKOM IPEACTABJIEHUN
{uHTeKC [ omycKaeMm):

oc

iz ©co
¢ (5152(1)3)=(2“)—3zpada”db"d0" S dts S d S dts X

abe —c0 —
X exp [i (g — ©1) {1 i(0p — 00) Ea - T (0gq - @3) T3 - ef3] =
Padabd bcdca , ( 9)

O (g - @y — @)
- i (0 — @) &

e o} (033 ‘_‘(‘)nc)

abe

e P, — OTHOCHUTeJbHAS HACEJeHHOCTb YPOBHA @ H dy — MaTpmi-
HHI 3JeMeHT JUIOJBHOTO MoMenTa., Takmm obpasom, Gompmas us
Tpex 4acToT JOJUKHA COBIALATh C ONHOH N3 MOJEKYJIAPHEIX YacTOT
®,¢, ¥ 3deKT ycunmpaercd OPH OPHOTMKEHUT TACTOT ®; M Wy K Ga-
CTOTAM g M Wy, COOTBETCTBEHHO (CM. puc. 9, e). lloxe 0, maay1aercs
1O3Ke (), YeMy cooTBeTCTBYeT (ymurumua 0 (f, — t;) B (9).

K coantenmio, Bce mepexobl Me;RNY TPOHKO# ypoBHel paspeme-
HH B DJIEKTPONHOOIBLHOM NPUOIMKCHAN, JHAWD eCIH CHMMeTDUSA
MONEKYJH He mMeeT meutpa umBepcuu. Hpome Toro, 9TO0H BRJIANBL
OTHAEIBHHX MOJIEKYJ CHJIAZBBaJINCh, HeOOXomumo, 9ro0s BCE MOJIe-
KYJH OHJIH ORUHAKOBHIMY ¥ OBJIH OJWHAKOBO OPHEHTHPOBAHH, T. €.
BeCh o0paser] JOKeH GHTH HEIEHTPOCHMMEeTPUUHNM (MMOTh BEIIENeH-
HYI0 UOJAPHY OCh). JTuUM CBoiicTBOM 00XaJaloT IHE30KPHCTAIIIEL.
B amopdHOM BemmecTBe, SKUAKOCTH, r'ade MOKHO OPUEHTHPOBATE MOJe-
KYJH CAJBHLIM HNOCTOAHHBIM 3ieKTpumueckuM nojem. Vitak, Harpermii
THEZOKPUCTAIT uiu, BooOime, HOJIAPH30BAHHOE BEIIECTBO CO3TAeT
B OKDYRKAIOMmEeM TPOCTPAHCTBe HEPABHHIA HYJNH CTANMOHAPHHIA KY0
mona {E3>.

Iror sdderr derko o6BACHUTH, MPENIONIOKAB, YT0 MOJEKYIHl H3-
JY9a¥0T «TPATAPMOHMYECKIE» BOJTHOBHIE ITAKETH, B KOTODPHX YaCTOTEL
TapMOHHK CBH3aHH YCJIOBHEM @; + ®; = ®g (B YacCTHOCTH, MoO-
weT OHTh @ = 0, = ®y/2), a pa3oBre caBuru ¢mxcupoBaHsl. Kys
DIEKTpAYECKOTO TOJA B TaKOH BONHE HMeeT CTAI[MOHAPHYIO
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COCTABJIAIILYIO:
CE3 (1)) ~ {cos (1t + §1) €08 (gl - P2) €CS (0. f — @3)> =
1
= = €05 (P1 Q2 — Pa)- (10)

3HaveHHe KOCUIYca AJS JAHHOM TPOHKH YaCTOT ABIAETCA IAPAMETPOM
MOJEKYJAE. 3aMeTHM, 9T0 HHTEHCHBHHE JYYHd CBeTa €O CTAlHOHADPHBIM:
KyGoM TOJIA JleTKo TeHepHPOBATH METOJaMH HeJUHEHHOH OHTHKU.

C KBaHTOBOH TOYKM B3PEHUS TPETHIl MOMEHT IOJA — Pe3yabTar
uATepPEPCHOUE ONHO- ¥ ABYXQOTOHHOIO CHOHTAHHKIX HEPEXONOB N3
B036YKIEHHOTO cOCTOSHEA B ocHOBHOe (cM. puc. 9,e). Xora aror
odPexT TPYAeH 1A HallofeHHs, OH HPeCTaBIseT HBPUCTHYECKIT
HHTepeCc B KadecTBe NPMMepa OUTHYECKOTO SBJIEHMs, KOTODHI, Kak
MBI Celfuac moKaskeM, HeJIb3sS TPAKTOBATh B TEPMUHAX H3JAYIeHHA OTIpe-
JeIeHHOTO Yueaa (OTOHOB.

IlepeiineM K ImpeauHIepoBCKOil KapTmHe, B KOTOPOH OIePaTOpHL
HOCTOSIHHBI, & HBOJIOIEOHAPYET BeKTOp coctoAnms. IlycTs HavanbHOe:
COCTOSHHE CHCTeMBl (MOJeKyrxa -- mojey 6Oymer |io» = | 000a>.
B npu6amKeHEH BpPamaio{IXcsA BOJH YHePTUA B3aUMOCHCTBUA Tpex
MOJ{ TIOJIA ¢ TPeXypOBHEBOit Mojery:roil pasHa (cp. (4.4.21))

; + + L
9 = c,0%at 1+ cy0%tay - c;0%%a; - 9. c. (11

Tlogcrasme (11) B (4.4.20), HajigeMm, 910 €O BpeMEHeM BEKTOP COCTOA-
HIA CHCTeMH Iprofperaer HOJ geiicTBHeM BO3MYINEHM A NPUMECh OHO-
H aByX(POTOHHOTO COCTOAHUH TOJA W OCHOBHOTO COCTOAHHUA MOJe-
RYJanl | ¢t :

| > = | 000a) + a | 001> -+ B | 140 ¢, (12)

rre o u f — wosdduuuents, sapucsmme o1 ¢ — f,. Orcioga TpeTHii
MOMEHT IOJII paBeH

<t | ajazaslty = ap*. (13)

C momompwo (12) MoxHO HallTm Takke CpefHHe YHCIa (OTOHOB W map:
$oTOHOB:

(N> =la’, (NiN)=|B% (1/\/\11V3> = '(1\72N3> =0. (14)
Taxum obpasom, doroum B momax ky, k, H3ayuaioTcA BMecTe,

a naps QoTOHOB B Mopax ky, ks m ks, kg B pamrax npubamkerns (12)

He HOABIANTCA (¢AHTHKOPPeJANHY), KAK BTO H J0JUKHO OHTEH B CJIy-

yae aJbTePHATABHHX COOBTHH a4~ ¢ H a—> b— ¢ (cM. pume. S,e).

Tpexdoronroe cocrosuue |111)> taxxe He BOBHHKaer, TaK Kaw

0°%6%%6% ~ <a | ¢> = 0. :
B cocroaunu

V> = [ — [t =« [001) + B | 110} (15)
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(970T BEKTODP HEHOPMHDORAM) DHEPTHU IO IPH YCIAOBUH 01 + 0y = @3
nMeeT oupenelieHHOe 3HAUCHHME, paBHoe /iy

3
H by = 2 hoiN; | ¥ = hoo| b3 (16)

B TO jKe BPeMsA 3TO COCTOAHUE He ABAATCA COOCTBEHHEBIM /1A Omepa-
Topa obmero uncia QOTOHOB, TaK Kak

]V|¢>E}:_|]Vi|1p>:a[001>+2ﬁ|110>#N|1p>. (17)

Mo:xHO paccMaTpHBATL TPH CBABAHHbIC MOJH KaK OQHY O8mMYI0 cre-
neHb CBOOOMBL, B KOTOPOIl pHEPTHA MPUHUMACT JUCKPETHOE 3HAYCHM,
KpaTHBe fiws. Ilpm oTOM mepexom MONEKYIB B OCHOBHOE COCTOSHHE
COIPOBOKIAETCST H3TydenueM «rpuQoToHar.

Onenxra xy0a moxst. Haiinem ¢ momomsio (4.6.5) cpenmuit ky6 niex-
TPHIECKOTO HoifA B AajibHel 30me oGpasma:

5 1 NI .
<E: (r)> - e (_;—) ! S dwy d(t)z dms (()Jl(ﬂz':ﬂg)"]2 X

X 2 Re {E1E38s M 1os exD [i (04 + 0 — w3)(¢ — /e)},  (18)

rue k|7, el [ r n § (0;) — aunanrynanie KoaddumuenTH mpomy-
cRaHUA UIABTPA U IPYTHX BIEMEHTOB OnTHIeckoro TparTa ). Iloxcra-
BUB ciofa (4), (9) npu ycaoBum CHEXPOHE3MA M CUBTAA BCE MOJEK YLl
ORMHAKOBEIMA ¥ MOMEHTH DEPeX0/I0B — [eHCTBUTeNbHEIME, HOJIYIAM

N M

s S dﬂ)l d(l)g d'll)g (0)1032&)3)2 X
%2 Re (18 (¢ (010295) - Pemr (Wa01008)]} =

oc

M
= Sase Z pudabdbndra S dnw? ((Dac — (0)2 (‘)gc X

abe 0
- 1 1
X 2Re {E* (0)2* (00 — 0) (00 { g =) re Ty Lto) T e]‘r ’
(19)
Ecam  ¢uaprpanuu  mer, 7T0 2Re {i ..} =~ 218 (0 — 0x) +
+ 218(» — ;) u B peayabrare
2M
<E3> - %— Z pu,dal,db/:dcalfgb/f%ckga- (20)

. ube

1) OrMermM, 910 (Ei> ABAsAETCA AelicTBHTeNbHON (MOMOKATENPHON WIA OT-

punarejbHOi) BeIHYMHOL M 4TO, MeHAA HapaMeTpH QUALTPA, MOMHO HaMePHUTH
-00€¢ COCTABIAONINE KOMILIGEKCHOI BeNWYMHB ff 3 B KasKEOH TOYKE IIOCKOCTH

{0y, 0y).
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Ecan, panee, cymecrBeHHa JHIIb OfHA TPOKA YPOBHEH M MOMKEO
npereGpedb pa3mImeM YacTOT H AHIOJBHEIX MOMEHTOB NePeXOf0B, TO

CE?y ~ M,,( o )3 , (21)

r

rge M, — umcno Bo30yEmeHHRX MoJekyld. Ilyers A = 0,3 MM,
M, =10"% r = 10cmu dyp, = 10728 CI'C rorga <E®Y: = 10~2 B/cm.
Cornacmo (4.6.24) 3a cuer ogrodorommoro mamydemuma <E2> ~

~ M, (K*d/r)?, Tax gro
B3y

—1/g —
_<E'2>_1/I~Ma o~ 10 2- (22)

IIpoGiaema pmerekTHpoBamma. Hak MoKHO m3aMepuTh Ky6 BIEKTDH-
YeCKOTO MOJIA HA onTuyYecKux dacrorax? OueBHuHEIA cuocol co3ganms
TAKOTO (KyO0OMeTpa» — HCHOJB30BAHAE MPOLEcca, OGPATHOTO HIIY-
9YeHMI0 TpeThero MomeHTa. Hak MpI ceiigac moxakem, mETEpEpeHIAA
BHEHYKIHHNX OgHOPOTOHHEX (¢ — a) H gBYX(oTOHHEX (¢ — b — a)
1epexoi0B BBEPX B HOLEHTPOCHMMETDPHIHON TPEXYPOBHEBOU cmCTEME
OPHABOAAT K MOABJIEHHWIO B CKODOCTH HEPEXOofia CIATaeMoro, Hponop-
nuoHassHoro <E®>. Wmade rosops, eciam QpereKTop OTAUYAETCA OT
W3ITyIaTesNd TOIBKO 0GoJjlee HUBKOH TeMIeparypoil, TO CKOPOCTH ero
Harpesa fypmer 3aBUCeTh OT cABUra (a3, BHOCAMOTO Pasfe/IAl0muM H3-
IydaTesb ® OeTeKTop PuiabTpoM. BeposTHOCTH mepexoma MOKHO pac-
CUATATH HemocpejacTBeHHO m3 (2.3.32), ogHAKO, MEI paceMoTpuM Golee
YHEBepPCaJAbHEI IONXOJ.

WenonpzoBanusmii B § 5.2 opManusm jierko Moaud AIAPOBATS HIA
ompefeleHHA OTRJIMKA BemecrBa Ha wnagawomee moje. s srToro
B (2.3.20) B KagecTBe HaGM0ODaeMOM BeIUIHHE HANO TelePh MOKCTABATE
omeparop BemectBa f(¢) ). Amamormumo (5.2.7) — (5.2.11) xerxo
HaliTH, 49TO :

FEDM = D (F ()N =

=0
.
= 2 (—1Pecq. .. g, ag---ag)> X
Pqs ... Qy

X Sdtl o e dtne21 .. ep’ p_19p+1, p+2 .« .. 611—-1, n X

X eXp i (0gd1 4 - - -+ 0t )de - - . AP (1) dEEV L. 4P, (28)
Ecam f=7Ff*, 10 (f)mP) = (f3(n, n—p)*,

IlpumermM 5Ty PopMysNy mIA OOHCAHHA OPUHOANA AEHCTBHA (KY-
GoMeTpa» B CJIydae OpHOR MOJEKYAHl (Ompm aToM q¢ = {ot, B, Vi, Skv}).
Ecan noxoxntd f = d,, 1o (23) 6ymer onpeneiadaTh IHIepHOJIApPA3Ye-

1) B caydae MHOroBpeMeHHOII HaOmonaeMoit fi (£)f, (f;)... HAI0 To ycpenHe-
HES HARTH 110 (2.3.20) KaXK el COMHEOKUTeND B COOTB@TCTBYIONIEM NOPSITKe TeOPUR
BO3MyIeHnus (cp. nmpuMedanme x (5.2.1)).
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MocTn MONeKyas. Urobm mafitu BepoarHocrs P,, mepexoma Ha ypo-
‘BeHP a, Hafo B3ATL [ = P, = |ay<a |, rge P, — oneparop mace-
JeHHOCTH YpoBHA (oM. (2.2.26)). [Iycrs mauanbaoe cocToAmme moie-
KYJIB — OCHOBHO® |¢) M a # ¢, Torga m3 (23) maiinem B mepBoM mO-
pAnke

PG = PUY* =Sl e Cagd S dted' Cclaya|dd(t)|ey =0. (24)

Muosxurens O, HOABHTCA U BO BCeX MOPAAKAX n B KPaHHEX WieHAX

paxa mo p, moatomy PP — P&™ = 0. Bo BTOPOM HOpAIKe
P = P = 2 WY otk a5
Trke
X (oo - €1)(d g, - €2)d (01 — ©02) & (01 — Wg)- (25)

Ecan B maparomem cBere Bos6ysmaena omma Mosa k, CO CpegHAM UuC-

xoM PoToHOB N, 10 {ajas)> = 8,0,,N,; IpH 5T0M ©; = 0y, B HAJO

BaMeHuTDb B (25) O (0, — ®,) o6parso Ha (¢ — £,)/2n. B pesyabrare

HaCeJeHHOCTh YPOBHA PacTeT HPOIOPUUOHANBHO BPEMEHU, X MOKHO
BBECTH BEPOATHOCTH HHAYIUPOBAHHOIO IEpexona

oo |d,. - €

@) = lgnh Nob (0 — 0gg)- (26)

3nech vV /8n® = N/L? — ob6beMuaa OI0THOCTE Dagaomux GoTOHOB.

B caywae ofparroro mepexona Buu3 B (25) fomkno croath {aaid> =

= <aja,» + 85, Tax uto B (26) Hago Bamenurs N, Ha Ny 4+ 1. llpu

Ny = 1 (26) ecTs BepoATHOCTH CHOHTAHHOTO HMEPEX0a B OLHY MOAY.

O6man BepoarsocTs Gynet
k3
LR Sdkwﬂ” L ngldw e (27)

"IN, WHR TS g

9To coBmagaer ¢ (4.6.28).
Ilepeiinem ¥ MeBee TPHBHAIBHOMY TpeTbheMmy Hopsaaky. Hpun =3
u3 (23) caenyer
P® —2Re P8 — 8n2 Re 2 c1C263{aydaas)d X
123

d.-ed -ed  -e
X E ob ba 2 ac ! 6 (83'113 —f— (Oac) o} (.5‘10)1 'lx" So(Dg + 5‘3&)3). (28)
b

oy — oy,)+2

Orciopa s3 = —1. Ecam magalomee na MOIEKYNY H3IyYeHHE TEILIO-
BO€, TO B HEM COTNACHO (3) OTIMIHH OT HYIA MOMEHTH C (9;5,8,) =
= (1,1,—1)n(—1, —1, 1), npuuem onm yme cogepsxar 8-PyHKuuio,
u nosromy (28) Gymer OpOHOPNUOHAIBHO BPEMEHH.

WTax, cKOpoCTh BHIHYKAEHHOTO IEPeXoia ¢ —» d, KpPoMe OGHY-
noii opmodorTonHON cropocru (26), comep:kur wmuTepdepenmHonHOE
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¥

cllaraemoe
W® ~ Re <CZICZ;CL3> el (ks—ks—Fy) - , (29)

rge 7 — KoOpAauHATA NeHTpa Mojgekyls. OHo Mosxer 6HTH oTpuIa-
TEJBbHEIM H Ja)Ke MOKeT IOJHOCTBIO MO[aBATH IePexX0/H.

§ 5.4. Jisyxdoronnstii saron Kupxroga

B uerseprom mopagke teopuu Bosmywenus (5.2.7) 6yger ompege-
JIATH BTODEIe U YeTBEPTHIe MOMEHTH IOJIA ¢ YyU4eTOM ABYX(POTOHHHX -
$eKTOB— HEJIHHEHHOTO HOTIOMEHHMA Iafalmero IoJid X CIOHTAHHOTO
usaydYenusa nap gororos. G gpyroit cropoms, gopmyaa (5.3.23) mos-
BOJIAET BHIPA3UTb BEPOATHOCTH ABYX(POTOHHEX mepexomoB W® ue-
pes cobCcTBeHHEIE YAaCTOTH W MOMEHTH LepexodoB Modexya. ME agech
BHOEpeM TpeTHii MeTOX ONuCAHHA — (EHOMEHOJOTHYECKHUH, KOTOPHIL
Ho3BOJTUT HaM 0606muTh 3akon Kupxroga ma ciabo meaumeiinire cpe-
O B IBYXypoBHeBoM Ipubiausenun. MeTon ocHOBaH Ha IOACTAHOBKE
B ABYXYpoBHeBoe KwHeTHueckoe ypamuenue (§ 4.5) sdpdextuBHOIO
raMRIbTOHUAHA B3aMMOJENCTBHA, YUYNTHIBAIOIIEIO TOIBKO WHTEPECYIO-
muii HaC BJIeMeHTapHEE aByX¢doToHHEU nponecc. M3 mogydemmoro
KHHETHYECKOI'0 ypaBHEHWUA JId IPOU3BOJIbHON HabaiogaeMon mosad f
MH HalifeM B IepBoM HopsAgke DIpupamenme A (>, moxydaemoe
B Pe3yJabTaTeé B3AaNMOJEHCTBHA ¢ BemecTBOM. Bubupasa saTeM B Kade-
CTBe | NepBHe, BTOPHIe W YeTBEPTEHe MOMEHTH, MEl BEIPasuM IpHUpamie-
HEA 9THX MOMEHTOB Yepe3 KO3POUIUeHTH KHHeTHISCKOTO YPaBHEHHA.
B pesyabrare mMm moayuyuM npubiawxennsii O3K, Bupamaromuii Be-
POATHOCTH ABYX$OTOHHOIO wu3IydYenmA 4wepes KyOumueckywo MP. Us
HOJyYeHHBIX COOTHOIMEHUH CIeAyeT 3apamHee 09eBHIHEMN BEIBOT 06 07-
HOBPEMEHHOCTH H3IydenuA $oToHOB B mapax (8 orawume ot TW mxm-
Helinoro mpubamkenus). [lamnee, gpyxdoronnuis O3K 6ymer mcmorn-
30BaH [JNA ONEHKH CHKOPOCTH COBIAJE€HMH IO KOPQPUNHEHTY ABYX-
¢oronnoro mornomernnsa. Hakonel, MH Halifjem CBA3L MEKAY TPETHEM
momentoM TU n KBagparmumoir MP.

JpderTuBHOE KmHeTHUecKoe Yypasuennme. Orpammummcsa cIepsa
cllyYaeM IeHTPOCHMMETDHYHHIX MOIEKYJX, B KOTODHX AeHCTBYeT alb-
TePHATHBHHIY 3alpeT — MeKAY AaHHOH NDapoli ypoBHE Hepexos Mo-
/eT OHTH ambo opmo-, mIuGo ABYX(POTOHHEIM. B IocrenmeM ciydae
IOJA KBa3WPE30HAHCHHX Mo (0; -+ ®y =~ ©,) B3aEMOJEHCTBHE C MO-
JIEKYJIIaMH MOKHO ONMCHBATL ¢ HOMOIELI0 (JEHOMEHOJIOTHYECKOTo B(-
dexTUBHOr0 raMuibronmana (4.5.11), B Koropom 1)

f]: 2 legaldz. (1)

Fike

1) Mel gma TPOCTOTHL He yYUTHIBAEM claraeMsle BHAA ata, ONUCHBAIOLIHe
paMaHOBCKHe ABYX(POTOHHBIE HEpexoOjiH.
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3mecs
cj2 = — (2n) 2w V 0104 Rjree' (utlea)-rj
QFI1Q)
_ 1 Er e - dgdyl - e
e = % Oy — 01 -+ (1a 2)

b

Honcrasum (1) B xumermuyeckoe ypasmemme (4.5.9) mua moms,
B3aEMOJleHcTBYIOMero ¢ M IBYXYPOBHEBHIMHU MOJICKYIAMEA:

d s df \ 0
a E> +
+ Z (Wiass <o Laaas, [f, asaf)] — [/, afad) asasy +

kﬂ(‘z’fs’&
+ Wi (Mo lafad, If, aaanll — aial (asay, F15}, (2)

rge

Wiess = (231:)_4 172 V_O)10)2(1)3(D4 X -

M &
Dp j1a%iag :
. le i((ﬂo — W3 — ) +e exp [l (k4 —{_ ’03 - k2 - kl) ' 7“;], (3)

W1931 = Wa134 = Wi3243, (4)

Ap; — oTHOCHTeNbHEIE DPA3HOCTH HACENEHHOCTEH, W, = g — Tac-
TOTa Iepexopa, OBMHAKOBAA NI BCEX MOJEKYH (3T0 ycioBHme He 06d-
sareabno — oM. § 4.9), u Ay = [exp (Aoy/nT) — 1]-L

Ilepeiimem x npepcrasienmio Ilpegmurepa, Torga mepsoe ciarae-
Moe B (2) COKpaTHTCA, W NPOMSOHTET 3aMeHa

Wygs4 == Wiags (8) = Wiagy eXp i (01 + 0y — 05 — 04). ()

B cryuae cpoGogHOro mpocrpaHcTBa U3HYECKUE CMEICT HMEIOT pelle-
HnA ypaBHeHma (2) mpu £ — ¢ =oo, upuuem J (co) = f' Gymer or-
HOCHTBCA K BHXOAHOMY Ho0JMW, a f(— o0) = f — x Bxogmomy (ma-
JaolieMy Ha o6pasen — cMm. § 4.4).

HAByxdoToHHOE IOrIOMEHNe BaBHCAT OT HHTEHCHBHOCTH IIaj(aio-
mero noxa § KBagparmuHo. B cayuae e cammrom Goabmux S u pas-
MepoB o0pasna MOKHO IPH pellenud (2) OFPAaHHYATHCA HePBHM Io-
pAfkoM mo Koaddumuentam w (910 GyHeT YeTBEPTHH HOPANOK IO Ad-
IOJIBHBIM MOMEHTaM), T. €. MOJKHO CUMTATh MOMEHTH B IPaBOil GacTm
(2) me saBHCAmEME 0T BPeMEHH MOMEHTAaMH HATafomero mojiA. VHTer-
pupoBanue KospdunmenToB w (¢) HpEBeeT cormacHo (5) K MOABISHUTO
S-bymxmii:

S dtwyasy (1) = 278 (01 -+ @2 — O3 — ©4) Wioss = Uram- (6)
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Ilpu sTom m3 oupepelenusa (3) cregyer
. ,
Uizzg -+ Uggie =

2 .
— 8 (g — 01 — ) & (g — 03 — ©1) = ¥ Orm0g0, X

X Z Apj“f*lz"j:m expi(ly -+ Fy— ko — Rq)-r-. (7)
J

Wrak, mpomsBoabHAasA HalIofaeMas IOJsA LOJYyYaeT B pe3yiabrare
IBYXQOTOHHHX IEPeXOJ0B clefyiomiee NpUpalleHHe:

A<fy=<H —<H=
= D {tt120a (N0 [0425, [ ], ayaill — f, aias] asas)> +

+
+ utsa (A ola3a] [, aaan]] — afds [aeay, 1D}, (8)
Ilepsie MomenThi. llonaras | = ay, = 4;, HalfeM ¢ IOMOMBIO
OpaBmi KOMMYTamuu IPHpAMeHHe IEPBEHX MOMEHTOB IIOJIA:
Aar) = N Dbz a2 — 2 D Uiazs <03 a384), 9)
2 234
Uy = 4 2,1&1332 ~ 6 ((1)1 -_— 032). ('10)
3

IepBoe caaraemoe B (9) onHCHBAeT CBOEOGPasHOe YUPYTOe paccesHme,
KOTOpO€e HPONOPIHOHANEHO HaceleHHOCTH BepXHero yposHs. IIpoms-
BeJIeHEe " gli;p ABIAETCA NONPABKOH UETBEPTOTO HOPAAKA K JHHEH-
noit MP.

B mpm6amieHnu CIVIOIIHOM CPeXH NPH MAKPOCKONMIECKAX pas-
Mepax o6pasma 3a cUeT 9TO#f NONPABKE HPOMCXOJUT yCHICHHe aMIJIA-

TygH ILIOCKOM BOJHEL. 3ameHAA B (3)2—-» (M/V) § dr m yerpemass

7
V x 6ecromeunocta (6e3gn@pakuonHOe IPAOIWKEHNE), HAXOAHM, ITO
Uyg ~ & (kl —_ kg), Uyosg ™~ ) (kl + kz — ka —_ k4)o ('1'1)

Bropoe ciaraemoe B (9) IPOIOPIHOHATBHO PAa3HOCTH HACeIEHHO-
creit. KoadhPuImenTH Uyyg, (C 0OPATHHMEA 3HaKaMu) ABIAOTICA KOM-
LOHeHTaMu Ky6uaeckoit (zeTnpexunpexcuoir) MP U®. B cayyae rore-
PeHTHOrO NAJAIIMEro MNOJA ¢ HEe3aBUCHMEIMH MOJAMH U3 (9) opm
IpeHefpeenun JTUHEAHEM CIaraeMbIM ClIefyeT .

Aca)=—2 %%umsx Casy* {as) {as)- (12)

Dra PopMyIa OUACHBAET XODOIO H3BECTHHIA B HelWHEeHHOR ONTHKe
aPeRT TPeXIACTOTHOTO npeobpa3oBaHUA B YCAOBHAX AByXQOTOHHOIO
pesoHaHCa: ®; + ®g — @2 —> O Takum o6pasom, ryGmueeckyo MP
B NpUHIHIE MOKHO H3MeDPUTb ¢ IOMONIBI0 MHOTOYACTOTHEIX HHTEp-
¢depeHINOHHEX JKCIEPHMEHTOB.
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Bropste momeutel. Jlna mpmpameHms BTOpPHX MoMenToB m3 {8)
cllegyeT Takoe BEIpasKeHHe:

ANy =
= [u;kz + a1 D) (UasN1z 4+ Uz Nag) + 42:1(%341 + Ujgz) Nagl —
3 3

\! + 4 * +
—2 A(uan; <a1850495) 1 Uiygs <A3050:05)). (13)
345
ITpu saxyymaoM DagaoIeM II0oJe HOPMAIbHO-YIOPATOYSHHEE MOMEH -
THI 7 PaBHE HYJII0, W OCTAeTCA JHIb CHOHTaHHOe (T. e. TEIIOBOE)
ABYX(POTOHHOE HMBITYIEHHE:

Ny =447 D) (u;k332 + Uasz)- (1%)
3

JT0 BEpaKEeHHe MOIKHO pacCMaTpuBaTh KaK o0o0ieAHe 3aKoHA
Hupxroda na caydait craboro AByX(GOTOHHOTO HOTAOLIEHUA.

IIycrs Temepr mapaiomiee IoJe MMeeT rayccoBY CTAaTHCTHKY ¢ He-
BaBUCUMBIMH MOJIAMHU:

N1z = Nibys,
{affas aza,y = NiNy (815854 + 81489),
rorna (13) npunumaer 6oxdee IpocTOdH BUH:
ANy = 4}_| {thassr [#0 (V1 -+ N3+ 1) — Ny Na] -+

+u1332[~/f/'o(N2+ N34 1) — NoNsb. (16)

3ameTuM, 9TO 378Ch COTIAcHO (6) 0; = @y, W ecadm majalollee M3TYUe-
gue usorponso, 70 Ny = N, u B cuiy (7) 0; + 03 = o,.
‘Ilpmpasusas (16) mymio, MM HalifeM HeoGXOIWMOE YCIOBHE HHBA-
PEAHTHOCTH BTODHIX MOMEHTOB HOJIS IPH ero npeoGpa3oBaHNA Hedn-
gelinEIM BemecTBOM. [l7s aTOrO Hago, uToBH B mapax Mox (kq, k),
CBABAHHHX YCIOBHEM ; + ®3 = @, 4mCIa (OTOHOB YHOBJIET-
BQPAIA PABEHCTBY

(15)

e o= o
1IN ]
NP+ VP + ) =7t = ep 2T 1)

Do PyHKIHOHAIBHOE YPaBHEeHHe AJad QYHKINE pacHupefeaeHus $oTo-
poB N, He mmeer ogHo3HayHOTo pemenud. Hanpmmep, omo ymosmer-
BOPAETCA KAaK B ciIydae «Gegoroy manydemmsa: N, = const, Tak m
B CJIyYae «IepHOro) M3NYIeHHA C TeMIepaTypoil, paBHo# TeMHepaType
BellecTBa: Ny = A ().
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Ecum muTepecoBaThCA TONBKO AMATOHATBHHIME MOMEHTAMHI, TO,
upupaBHAB B (16) mEgexcu 1 m 2, naligem

AN;[—_-—.ZQIJI2['/V‘0(A/'1+N2+ 1)— NlNQ], (19)

rae A2 = 8Re Uy . 91y PopMynNy MOKHO HONYYHTH BiIeMeHTapHO
MeTo/[0M OHHMITEHHA, PACCMATPUBAA [ABE MOAHL W J0GABIAA K BeposT-
HOCTH IIePEXO0J0B BHHU3 IO OJHOMY JUIIHeMY $OTOHY ijisa yuera (GIyk-
Tyaluii BakyyMa:
aN aN
S = ~pu(N1+ 1) (Ny +1) — p.N1Np =

== (pc — Pa) [#"0 (N1 + Na + 1) — N1V5] (20)

(3pecs p, m o, = P, exp Fwo/xT — HacedeHHOCTH BepPXHEI0 W HEK-
Hero ypoBHe# COOTBETCTBEHHO).

Qopumyraa (19) onmcriBaer deThpe THOa ABYX(POTOHHHX IEpeX0a0B
(em. pme. 5, 2):

1) coorTanHOe M3NLyUeHHE:]

N‘in=¢/V'021 Az, (21)
2
2) CIOHTAHHO-BHHYKACHHOE H3JIyIeHHe:
Ny =W"0A12Nz4 (22)
3) BRHYKASHHO-CIIOHTAHHOE yCHIIeHHe:! '
AN
: 1\711 = Anto, (23)
4) mEAYOAPOBAHHOE MOTIOIEHHUE:
AN
Nll = — A12Ny (24)

(3pech mpejmoxaraercs, 9To Ha BXofe BO30YKIEHH TOJBKO JBE MOJKI
ky m ky). Kax mpasmio, #°y << 1 n aderde mabuiogats nociaepuuit sg-
dexT (24), xoTOpHII HMHPOKO HCCAEAYETCA B CHEKTPOCKOIHYECKHUX,
a taxske npmkaagaex [153] nensax. lpu ueBepcmu HacedennoCTH A 19
O A" OTPHI[ATeJbHE, i, B IPHHIUIE, BO3BMOKHO CO3JaHAE IBYX{POTOH-
HOTO IIEPEeCTPAauBaeMOro N0 ¥ACTOTE YCHJINTeNA WiIH Jasepa. MuTepec-
HO, 4TO 3a cueT sddexra (23) (eme e HabAIOABIIETOCH) BOBMOKHO KO-
TePEHTHOE YCmJenue ¢ coxpanenueM (ass 6e3 MHBEPCHH HacCeIeHHO-
creii. Odpertn (21) u (22) mabaopanuch B padorax [22] u [154]
COOTBETCTBEHHO.

YerBepThie MoMeBTH. llofcraBms, maiee, B (8) | = ajajasa,, Haii-
IeM cJefyiolee BHpameHme Ais derseproro Momenta TU:
+ + —
{ayazasay) = 4N (Uygpr -+ Ufsse) ~
~8 (g — 01 — @) 8 (00 — 5 — @y). (25)
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O6paTnM BHEHMaH@e, YTO 3[eCh BCE YeTHPE KOPPeAHPYIOMHAe MOTN
MOTYT WUMeTh pasHEe 9acToThl. OTMETHM TaKyKe, YTO IMOCKOJBKY MH
HCIONB30BAJIA IepBoe NpubimKenwe HPE POMEHAW KHEHETHICCKOTO
ypaBHEHUA, TO MOJEKYJIH BelIecTBa HAal0T BO BCe MOMEHTH afIHTHB-
HWH BHJIAM, T. €. MHOTOYAaCTHUHKE 5QPEKTH HEe YIMTHBAIOTCA.

Jlna qmaronaibHEX MOMEHTOB m3 (25) ciemyer

Cafaiaisy = GV N> = #odss. (26)

IloABnenme KOPpEAANUY MEKAY MOJAME MOKHO OIACHBATH U B IIpe-
amETepoBcKOM npepcraBierun. CocToAnme NOJAA B MOMEHT [ B IepPBOM
TmOPANKe TeoPHy BOSMymMeHwsA H0 77,y pasHo (cp. (5.3.12))

|8 = (I + Bayaz) 10> = | 0> + B | 11D, (27)

T, €. CO BpeMeHeM K OCHOBHOMY COCTOSHHIO JOOaBJIAETCA NPHEMECh
peyxdorornoro. Ceazannsie Mopsl (ky, %,) MOKHO cumTaTh OfHOH cTe-
meHblo cBoGOAE, WMEIOmeidl dIeMeHTapHOe Bo30Yy)KieHme ¢ sHeprued
b (0, + ©,) — «OGmdpoTom».

Isyxdorounstii 3akon Kupxroda. Urax, cormacao (9), (13) m (25)
TePBHS, BTOPHE W YeTBEPTHE MOMEHTH BEIXOJHOTO TOJA BHPAKAOTCA
4epes OfHW M Te JKe KOMIUIGKCHBI® KODQ(UIMEHTH Uygg4, T. €. Uepes
Kybuveckyw MP: U® = T — u, KOTOPYI MOKHO HM3MEPHUTH C IO-
MOINBI0 KorepenTHHX Hoieit (cM. (12)). 9TE CoOTHOMEBUA aHAJOTHIHEL
o6o6menromMy 3axkomy Hupxroda mis ammeitHoro obpasma (§ 4.4).

C mpyroir croponss, popmyns: (19) n (26) nasa guaroHaJpHEIX MO-
MeHTOB COjep:KaT [AeHCTBATeIbHEe KOIPPUIHeHTH A3, IPOLOPIHO-
HalbHEE BePOATHOCTH IBYX(POTOHHOTO Hepexoaa. .41, MOIKHO H3MEPHUTh
¢ TTOMOINbBI0 HEKOTePEHTHHX IoJied o JTI060My M3 BHHYKIEHHHX 3(-
derroB (22) — (24). PesynbpraThl TakmX SKCIEPHMEHTOB KO3BOJIAIOT,
B NpHHNuIE, IpefCKa3aTh TeIJ0BOe ABYX(OTOHHOE HEKACKATHOE W3-
aygenme (cp. (4.4.11a)):

oN. aN. 2N
jom __ __1 JU ST [ 1
NP =Y T = D = Y e (282)
2 2 2

’ »

S0 en . Ny 1 82N, 5
(:NiNo:) =GN, = N, =—#om- (286)

9m popmyas BhpaskaioT ABYxQoroHHHi 3akoR Hmpxroda, cmpasen-
I@BHE B YCIOBHAX Malol meamHe#nocTu. VHTEpecHO, 9TO B mepBEie
[Be CBA3M He BXOAAT Temimeparypa semecrsa. llociemmas cmass
B (286) Gyner MCHOIB30BAHA HEKE A INCICHHON OLEHKH.
Bosmo;xua m apyrag mocraHoBka Bompoca. Ilycres N, = 0, Ttor-
na otnommenne (22) x (21), 7. e. OTHOCHTEIBHOE IPAPAIIECHUE HHTEHCHUB-
HOCTH HA BHIXOfe UPH N06aBJeHHH BXOJHOLO CHTHAJA ¢ «IOUOJHH-
TeJABHOMY TacToTO# ®, = wo — ©,, OIpejeligeT abCoMOTHOe IHCIO
¢oronoB Bo BXogHEX Mopax. Feam mpmnmcars epmHmIy B (19), otser-
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CTBEHHYIO 33 CHOHTAHHOE N3JAYYeHHME, JEACTBUIO HYIEBHX hrykrya-
Omi, TO MOKHO CKasaTb, 9T0 ITOT METO[ M3MEPEHHA APKOCTH c¢Beta
OCHOBAH HA CpPaBHEHAM C HYJeBHMZ QIYKTyanusaMm (CM. Taksme
§ 6.4).

Cpasuenne ¢ opaoforonnsmm TH. W3 cpasuennsa (21) u (26) moay-
qaeM

Ny = ¢ NiFysy, (29)
2

T. . BEPOATHOCTH NOABJEHNA (OTOHA B JaHHOK Mofe %, paBHa BeposAT-
HOCTH LOSBJEHAA HapH POTOHOB: OLHOTO B TOH jKe Mode, a IPYroro—
B n060# Mome ¢ wacToTolt w, — ;. Popmyust (26) n (29) wnrepecuo
CPAaBHHTD CO CBASHI0 MEKAY BTOPHIMEA M IeTBEPTHMH AMATOHAIBHHIME
MOMEHTAMH TayCCOBa MOJA:

G NNy = NN, + | Ny, I (30)

3necs mepBOe ciraraeMoe COOTBETCTBYET CIy9allHOMY ONHOBPEMEHHO-
My nosApienmio GoToHOB B aAM060# mape Mox (kq, kp); BTOpOE ciaraemoe
OTJIMYHO OT HYJA IHIIb JUIA Dap MOj, IPHHAIeKAMAX obmeMy 06be-
my rxorepeurnoctm (§§ 4.6, 4.7).

B asyx¢gorormom TU cayuaiinbix cosnagennii cormacuo (26) mer 1),
T. €. CTATHCTHKA DTOTO IOJA CYIMECTBEHHO He rayccoBa. Hpome Toro,
3[1€CH KOPPeJUPYIOUIKe MOJB MOTYT UMeTh 0606 HaUpaBieHHe BOI-
HOBOTO BEKTOpPA, TAK 9TO NONEPEYHBIH MacmTal B3amMHON KOTepeHT-
HOoCTH HeorpammyeH (ciralyo YriaoByH B3aBHCHMOCTH Koppeasnud ?)
BHOCAT amuinb Teusopu % B (3)). Tako# pesyarprar BHOIHE coriacyercs
¢ HaDJIAAHOU! KaPTHHON BHUIIETAION[EH W3 OJHOW MOJEXYJsl HaDPH (POTO-
moB. Hamomamm, uro B ogmodorommom TU napel BOSHHKAIOT JMMb
B Ipefeiax gudpaxkiHOHHOIO YIIa B pedyiabrare ABYXIaCTATHEIX
mporeccos (eM. (4.4.23)). .

Yrazanusie ABe 0CO0eHHOCTH ABYXQPOTOHHBIX IOJel HO3BOJIAOT
CPAaBHMTEIBHO Jerko mx oOHApY:xHBATh (HECMOTPA Ha MaJjyl0 OITH-
9YECKYI0 HeJHHEHHOCTD BEMECTBA), TaK KAK OHA IPABOAAT K BHICOKOMY
«KOHTPACTY» (OTHOMEHHWIO CHIHAN/MIYM) H IO3BOJAKT WCHOAL30BATH
JIETEKTOPHL COBIafenwii ¢ O0JBIION amepTypoii.

Ioggepxmem, uro, B 10 Bpema Kak sddexr Bpayma — TBucea
AOIIyCKaeT KiaaccmdecKoe obbacHenme (§ 4.7), xoppenanusa ¢oToHOB
npm pAByxPoTOHHOM pacliafe BO3OYKEEHHOTO COCTOAHHMA MOJEKYI
nan $oTOHOB NafaIero WaxydeHnd (cM. raasu 0, 7) — cuenudmzec-
kui# KBanToBHE ddPdexT 3). 3ameTnM, 9T0 Takme HAPH KOPPEJIHPOBAH-
HRX (OTOHOB ABAAIOTCA NPEMEPOM O0O0BEKTOB, IlesKaHI[EX B OCHOBE

1) Do cUpaBeAMBO AWNIb B PACCMAaTPHBAEMOM HHO3MeM IPHOIMIKeHHH.

2) Jra 3aBHCHAMOCTH IDMPOKO UCIOJAb3YeTCH B y-CIEKTPOCKONMHE JJIA IIOJyde~
HEs nHQODMALHA O ITPOMEKYTOTHHIX YPOBHHAX Anep.

3) B rto ke BpeMsa (JeHOMEHOJOrMIeCKEe KUPXTOPOBCKEE CBABH MO3BOJNMIOL
onncuBaTth ABYX($oroHHHE 5PPeKTH ¢ HOMOIMbI0 MOJYKIACCHICCKHX pacdeTos
xybmuecrkoid MP.
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M3BECTHOIO mapagokca Jitpmreitna — Ilogonsckoro — Posena. Knay-
sep (em. [236]) nabmonan momapmsanMOHHBE XapPAKTEPHCTHKH Kac-
KagHOTO0 ABYX(OTOHHOIO H3JIYyUYeHHA, KOTODHeE HPOTHBOPeYaT TaK Ha-
BHIBAEMO HEOKAACCUNECKOLL TEOPHU W3IYYeHM .

OTtMernM eme BO3MOMKHOCTH AHTHKODPEIAHNMH, KOTODAA HOKHA
BOBHUKATB, HAIDUMED, B pesyiabraTe 00paTHOrO HpOHecca LPH HpPo-
XOKEHWU CBeTa dYepe3 JBYX(POTOHHO NOTIOMAIONEe BemecTBO
[236]. C marasnmoit Toukm BPEHHA TaKoe BeIecTBO [elicTByer Kak
OTDaHUYHTENh WHTeHCHBHOCTR cBera [156], mogamnswomuit ero ¢puyx-
TYauuu o, CJAeJOBATENBHO, PacIpeelARMul (OTOHN PaBHOMEDHO BO
BPEeMEHH, TaK Y10 BEPOATHOCTH HMOABJIEHHS ABYX (QOTOHOB PAZOM Ia-
naer?). Ipdert aHTHKOD PeT AT HeTABHO HAGIIOAALCA IPH oHO0 HOTOH-
HOM M3IyYennu MoJeKyIspuoro myuyxa [160].

Cropocth cosmapenmii doroorcaeros. Haiimem ¢ momompio (25)
n (4.7.2) BepoATHOCTD COBIaeHHit, KOTOPHE GYIYT PEerACTPAPOBATE-
CA ABYMH JIeTEKTOPAMM B JaIbHel 30He:

2 , . . e
P.= s & dQy dQy dwy dov, dwy Aoy, 010eDE T EEE, X

sin (0 — o) T/2 ]2

(0 — ©)/2

X expli (o); — 1) T12] [

X AN g (Warygg + wfm'z’) O (o + @y — (D; - 0);), 31)

e ki || B r; (i =1,2) 1 1y = (r; — ry,)/c. Koadpdunmentsr w 3za-
MeTHO H3MEHAIOTCA DK H3MeHeHNH 9acToTH Ha Ao — mupury pacma-
RalommxcA yposHe#. Keiu HCKIOYATH Cydail oYenb Y3KHX ypOBHe,
10 mpakrmyeckn Bcerma I > Ao~ Ilyers tamme T > Awil, Ty,
rorpa pyakuua or I' B (31) pasna 2176 (0; — ©]), ¥ MH IOIAyIaeM
cIe/ylomee NPOCTOe BhPAKeHHE AIA CKOPOCTH COBIANCHWIA:

W, =47 kZ} MM (w12 = 8 Re wya1s), (32)

the

THe KOdQYUIUMenTH 7; YYHTHBAOT 9AaCTOTHYI0 M NPOCTPAHCTBEHHYIO
¢naprpanmmio. Takum 06pasoMm, BeamumHa oWy, WMeeT CMBICH
BePOATHOCTU HBIyYeHHs 6ndoToHA 3a e[UHUILY BDEMEHH. ITO CIENyeT
u epasy us (26) ¢ yuerom (6), ecitu, xar oGrrumo, samennts 21§ (0) Ha

BpeMA B3auMomeHCTBUA:
d ~ A~
=7 G ViNey = N owse. (33)

Haxk yme ormeuamocs, w c7ab0 3aBHCHT OT HaOpABIEHMA, W H0ITOMY
(32) mpomopnmonaTbHO WPOUIBEIEHMIO AMEPTYD JeTekTopoB AQ,AQ,.

3. B 10 jKe Bpems B Nasepe CXOMHIT HeJMHEHHBIH sdpderr — sdPert macH-

meand — pacnpesienser POTOHE Xaormuecku, no Ilyaccomy, u amTHKOppeRAnEA
OTCYTCTBYET.
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Bripasum w;, gepes KosdunnenT HEAYNMPOBAHHOTO MOTVIOMEHHS
K19, OLpEIeAEGMEHE DKCHEPHMEHTAIBHO W3 CHGAYOIEro 3aKoHA
B3aMMHOTO ocxableHnsa ABYyX MepecekaiImuXCA Jydeil cBera B IBYX-
$oToHHO DOTIOmaromell cpeae:

dF, __ dF,

7 s = — H1oF1F,, (34)

rae F — nmoTHOCTS MOTOKA POTOHOB B JIydYax, MMeHIas PasMepHOCTh
em2.¢7L, Ilpm Mesx30HHEIX IepexofaXx B HOJYHPOBOAHMKAX K/ ~
~ 1 ¢cw/TBr nim %% ~ 3-1028 em-c (mpm Ay = A, = 0,7 mum) [153].
Ilyets pasmepsl ofpasna H «ANWKA» KBAHTOBAHWA DPABHHL, COOTBET-
creerno: llyl, =V, L,L,L, = L*= 8n*v. Us onpenenennit (34)
u (24) ,

ANy/N,y wy:t Ny wlszLs (35)

NPy~ HulFs Kl

rge MH NPHHAJE BpeMa B3amMojeiicTBusa paBHeM L,/c m 3ameHnanm
F, ma ¢N,/L3. C gpyroit cropons, (35) M0MKHO, 0Y6BUIHO, PAaBHATHCA
oTtHOmeHu cewenmit. ll,/L.L,, Tax 4ro

Wrs c2’ 2tV

Hw LS (@we (36)

Hepexona B (32) oT cyMMHPOBAHEA K WHTEIDHPOBAHWIO IO IPABAINY
(1.1.22), maiigem
W.— VAQAQ,

(PEE S dooy S doyiopd” (o1 4 03) % (0105 37)

Ao Ao:

IIycrs 8 o6pasnme ¢ M aKTHBHEME B ABYX(OTOHHOM IOTIOIMEHUH
meHTpaMH Bo30yueHHEe YPOBHE o00pasyronT CHJOMHYI NOJOCY,
B KOTOPO#W KarmM-ImGo cmocofoM (onTWYecKad HIM 3JICKTPOHHAA Ha-
KavKa, MHYKEKIUA B NOAYIPOBOAHUKE) IOAEePKNBACTCA HaCeIeHHOCTD
M, wactun. Ilycts 5Ti 9acTHOH HAXOAATCA B KBA3HPABHOBECHH C pe-
meTKol M, MO3TOMY, PAcIpesieensl B monoce dacror nopagka xI/ii =
= Awor. [laa rpy6o#i onenkm GyzeM CYMTATH /7 IOCTOSAHHEIM B 3TOM
Dojioce W MPUMeM, 9TO LOJOCH LpoIycKaHuAa $uasTpoB Am; = Aovg
mHEOrO Ooasme Awmg, TOrma

S do dwet” ~ AwgAwrM, /M.

Eenn @ ~ @, 1 ARy = AQ,, To w3 (37) moxydaaem

EAQWIHM, Aoghorp M .
Wo~ e 22 ~ 510 o7, (38)
1

HBra omeuxa pgua K= 10" cm-c, A= 0,7 mxm, V =1 en?,
AQ =1 ep, Aoy/o, = 0,4, Avy = 100 cM™! moxasmsaer, uro HpH
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posGysunennn 1071 ot o6mero amena gacTui 6yIeT PeriCTPUPOBAThCA
ogia mapa oTOHOB B CEKYHAY.

O3K pmaa tpervero momenTta. Ilpmmenum Tenepdb MeTOH KHHETHUGC-
KOTO0 ypaBHeHHA u 9(PPEKTUBHONO0 TaMMIBTOHHAHA K JBYXYPOBHEBOMH
HEMEHTPOCUMMETPUIHON cucTeMe, B KOTOPoH MeXAY HaHAofl mapoi
ypoOBHeH paspemients 0gHO- U [BYX(OTOHHEE IePeXOJE OJHOBPEMEHHO.
Iia »Toro AoCTaTOYHO B KadecTBe SHEPTHH BOBMYIIEHHA B KHHETH-
9eckOM ypaBHenmm (4.5.9) B3aTh cymmy opHodorommHoTO (4.5.11)
u peyxdororroro (1) adPeKTHBHEX raMHABTOHAAHOB, T. €.

fi= %11 Cinay + k% Cink A Qg (39)

B pesyawprate momyuum clegyiolnue YpaBHeHMSA AJdA HPOU3BOJIB-
HOTO MOMEeHTa IoJs (¢ MCKIIOYeHHOH IapMOHMYECKON 3aBHCHMOCTHIO

OT BPEMEHH):

%,‘_) = Z {wya3 (£) (Mo [as, [fs a;a'{]] — 1/, afa;] asz) -
123

-+ w1,23(t)<-/V’0 [asas, [f, d;]]—[f, GI] as3d} - K. ¢+ (2) -+ (4-5-13) (40)

(upm no6aBIeHEN KOMIJIEKCHO-COIPAKEHHOTO BHPAa/KeHUA omeparop
HAAO CYUTATh HPMHUTOBHM). 31ech, Kpo-
Me OJHO- X ABYX(POTOHHHX UIeHOB (KOTO-

W, w, pHE MBI He IOBTOpPsAEeM HBHO), HOOABHUJINCH
IepeKpecTHHe cJaraeMiie ¢ Kodpdamm-
w, wJ eHTaMn| CBA3U:
§ ' Apjc;};zci? ;
w3 w/ wlg 3= h—2 — e ei((l)1+(1);—ms)t’
’ (g — 03) 8
(1)
' a) 5) Wi 93 = .
Puc. 8. Cuoskennme (a) W BBEIUN- — 52 Ap,icjlcjzfi o0t
rauue (6) 9YACTOTHL B YCJIOBMAX - {0y — g — 03) + & .
OBYXPOTOHHOTO De3OHaHCA. j

Tonaras B (40) / = a,, Hadinem B nepBoM mopAnKe Mo Py, IpH-
pamenme HEPBOTO MOMEHTA IIOJA Ha (BEHIXOHE):

A <a1> == 2;/1/' oy — 2 (u1,23 <a203> + 2u12,3 <a;a3>)’ (42)
23
U= Sdt w(t), ui= 2 Uiz,9;
2

sHech ONYIIEHH JUWHEWHHE M KyOWdecKume ciaraeMsie, ysKe oIpeneieH-
gele pamee. IlepBoe] caraemoe B (42) maeT BKIAN J@mb Ha HYJXeBOH
gacToTe (OH ONHCHBAET CTATHYECKYIO HOJADPH3ANAIO, BH3BAHHYI0 HY-
JeBHMH (UIVKTYanmuamu). BTopoe B TpeThe ClaraeMule OOHCHBAIT
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OJTHODE30HAHCHOE CTIOKeHue U BHYNTAHUE Tpex wactor (pmc. 8). Itm
o PeKTEH MO3BOAAIOT MEMEPUTD KODPPUIUEHTH )55, KOTOPHE (¢ 06-
PATHRIME 3HAKAMH) COCTABJIAIT KBAJPATHIHYIO (TpeXHHIEKCHYIO)
MP B mepBoM memcuesaiomeM LOPAAKE TEOPHA BO3MYIMEHUA.

Ilycrs Temeps | = ajdjas, Torna us (40) upm Bakyyme ma BxOe
moJaydaeTcsa ciaefyiolige BHpPasKeHHe [JA TpPeTheT0 MOMEHTa Ha
BHIXOfIE:

 araiaden == 27 (U2 + Uy, 5) ~ 3 (g — @g) 8 (03 — @y — mq). (43)

W13 oupenenennii (41) crenyer, 910 6OIBIAA W3 TPeX IaCTOT COBIAAET
¢ cofcTBeHHON uwacTOTOH BemecTBa; ABe APYyrHe YacTOTH B CHIY HC-
MOJIB30BAHHOTO BYXYPOBHEBOTO NUPUOIWKeHNA He JOJLKHEL IPHHA-
IekaTh 06acTH morsomenus (T. €. HMCKIKNYAIOTCA (KacKagHEe» yac-
TOTHI),

Nrax, MBI CHOBa BHpA3mam cuonTaHHHEE dddexrTH (43) Tepes coor-
BercTpyomyo MP w reMuneparTypHEA MHOMKHTENE.



TTABASG
IMAPAMETPUYECHOE PACCEHHUE

Kax ymxe rosopmiocs 3 § 1.1, mapamerputeckoe (IIP) m momsapu-
tounoe (PIl) paccesanma marmammo o6bAcHATCA pacnagoM ¢QOTOHOB
RAKAYKKN Ha Haphl (QOTOHOB ¢ APOGHHMHU 9HePrusamMu. ML 3mech MOIH-
TAaeMCA PACCMOTPETH 3T0 ABJeHme GoJiee MOGPOOHO, MCXOAA B3 Pasiny-
'HEIX TOYeK 3peHHA.

O6numo B KBaHTOBOW 3JICKTPOJMHAMUKE WCIOJAH3YETCH OUMCAHUE
mOJA € IOMOINBIO ONEPATOPOB POKACHHA W YHWITOMEHHS (OTOHOB

ay, a7, He3aBECAMAX OT BPeMeHN (IIPeIHHIEPOBCKOE IPEACTaBIeHNE).
Ilpm sTOM KOHEYHMIM Pe3ybTAaTOM KBAHTOBOH TEOpHA paccedsnmsA, Ko-
TOPHI CPABHHBAOTCA ¢ DKCIEPAMEHTOM, ABIAETCA BEPOATHOCTDH Iepe-
X0Jla B eQWHHUIY BpeMeHH mim cedeHme paccesuuA. B § 6.1 6yger uc-
TOJAB30BAH 9TOT TPANMIMOHHEA AJAS KBAHTOBOH MeXaHHWKHW IIyTh, Ha
ocnoBanuu Kotoporo B §§ 6.2 u 6.3 6yayT paccuwTaHKE OCHOBHEIE 3HED-
retudeckne xapaxrepuctukm IIP. Paccmorpenme o6mmx cratmern-
96CKUX CBOWCTB PacCessHHOTO NoJiA OyieT npoBegeno B § 6.4 ¢ moMompio
ypasueunit I'eiizenGepra nia ap (¢) m 2PdexTHBHO TPeXPOTOHHOTO ra-
MHIBTOHHaHA. B pesymbraTe MOMEHTH IO0JA paccegHEA OyAyT oIpe-
JeldeHH ueped KBagparmunyio marpuuy pacceamuma (MP) B pmyxe
o606mennoro saxona Hupxroda (O3H).

C gpyroii cTOpOHH, B KJIACCHYECKOW JWHEeHHON ¥ HelWHEUHON OI-
THKe 00Jiee UPHBHYHO ONEPHPOBATH HALPAKEHHOCTRI0 moxa I (7f)
nau E (re), a Takme MeplieHRo-MenA0OmuMnca amoautygamu (MMA).
Pasnosxenme mo momam m BBepjenme B KadecTBe OCHOBHHX BeJUUNH
aMILTHTY]] MOJ] IPHMEeHACTCA 37eCh JIUINb IPU HaJWIHA PeajibHEX Peso-
garopoB. B cBsasm ¢ sTuM B § 6.5, DOCBANMIEAHOM TeOPHH HapaMeTpH-
9eCKOM CBePXITIOMHUHECTEHI[MH, B LOPUOMMKeHHH B3aJaHHOW HAaKAYKW
yCTaHABINBACTCA CBABD MeAy oneparopamu a; 1 MMA, a Taxxe BBO-
qarcA npepcrasiesune (ok ) z).

[ocaepuuit maparpag riaBn 6ymeT mocBAmEH $eHOMEHOIOIHIEC-
romy onmcaunuio PII (r. e. 1IP npm mannaun noraomenns Ha X0J0cTol
yacroTe). 37ech TAKKe Oymer MCOOJB30BAHO HECKOJBKO HOAX0J0B
¢ IDOMOmpbIo JmHelnoi m mexmuelimoir BT, a Takke kumermyeckoro
ypasuernnd. IlocaenEail MeTog HO3BOJHT B IPUOGIM)KeHEN 3afaHHOM
naxavka chopmymmponare O3H, oxparsisaromumit 1IP u PII, » moka-
3aTh, UTO CTATACTAKA PACCEAHHOTO NOJA ABJIACTCA (KBABHTAYCCOBOID
(xoTOpas oTamZaeTcsas OT TayCcCOBOHM KOppeiAllHeidl MesRIY CHTHAJb-
HEIMA ¥ XO0JIOCTHIMH MOJaMH).
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§ 6.1. Cropocts renepamuu 6usToHOR

Ecnz maTepecoBaTbcs TOMIBKO AAATOHAJIBHHMHE MOMEHTAMHE IIOJLA
[IP, To MOKHO BOCIOJIB30BATHCA «30J0THM HpaBHIOM». CHOHTaHHEOMY
IIP coorsercTByer Tpex(oTOHHHI CHOHTAHHO-BHHYKJGHHBIN mepe-
X0J[, ¥ MOKHO OTPaHMYMTBECA TPETHHM IOPATKOM TEOPUH BO3MYILEHNA.
B stoM npmbamxeEnn $OTOHH H3AYIAOTCA TOJABKO CHIBHO KODPEIH-
POBAHHHIME IIapaMH, KOTOPHIe MH OyneM Ha3HBaTh «6udoToHaAMHY.
B macroamem maparpade Mpl ONpegeadmM CKOpPOCTL TeHepamuu O6mdo-
T0HOB W, ¢ 3ajaHHBIME EMIYIBCAME W HOJAPU3anAAME kK, ks B paM-
Kax MOJeJH «OPHEeHTHPOBAHHOTO rasay M QUIOIBHOT0 B3AHMONEUCTBHAA
¢ nomepegunm noieM. llpu stom Wy, MoKHO BRIpasuTh Yepes KBajpa-
THYHYIO HDOJAPA3YEMOCTH § W BBeCTH 9OPERTHBHYIO DHEDPIWIO B3aUMO-
neiicTsun 7Fyp, KoTOpasa onuckiBaer cuoutansoe [IP y:xe B mepBom mo-
pAngKe Teopmu Bosmymenus [44, 88, 891

Tperuii mopAxOK Teopusi BOsMymieHuA. PaccMoTpuM IpocTeHNIyIO
MOJIeNhb KpHCTalia B Buge M peryiapHO PacloJOMKeHHBIX HEIO[BUK-
HEIX © HeB3aUMONEHCTBYIOIMHX APYT ¢ ApyroM Moxekyi. llycrs
pasMep KasKIO# MOIEKYJEH MHOTO MeHbIIe JIMHB BOJHBI, TAK 4TO.
OpAMEHEMO AWIOAbHOE UPUCAMMKEeHUe JJIA DHEePIHMW B3aUMONeHCTBHA
MOJERYJI ¢ HIeRTPOMArHuTHEM moiem (4.5.1). Uro6u Bocmoab3oBaTh-
cA «30J0THM Ipasuiaom» (2.3.32), Hajo 3anarh HavaasHoe | {) H KOHEU-
Hoe | /> cocroanma. IlycTs B HavamabHEIN MOMEHT BPEMEHH BCe MoOJe-
KYJIH HAXOQATCA B OCHOBHOM COCTOAHWHE | a); W B mome mMeerca NV,

N,, Ny dorouoB B momax ky, ky, ks (maa xpatroct:m ofosnadaeM
(e, viy=k, Nyy=N,mr n.):

[i> = |alNNNg> = | a) [i">. (1)
IIP coorBercTByeT KOHEYHOE COCTOAHNE
IHD=1la, Ny + 14, N, + 1, N — 1= |a> | (2)

Tlepexoxn Taxkoro THHA —— OPH KOTOPHX BeUIeCTBO BO3BPAILaeTCA
B HAYaIbHOE COCTOSAHME, 4 MEHAETCA JWIND HoJe — Ha3HBAIOTCA B He-
anHelHoll ONTHMKe HapaMeTPUYECKAMHU MIH KOTePEHTHEIMU.

Coragacuo § 3.2 omepaTop HAUPAKEHHOCTH IIOJsI pPaBeH CYyMMe
ONepaTopoB POKAEHUS W YHUYTOKEHNA, H3MEHAIOMUX 9uCT0 POTOHOB
JIMIIB Ha eQWHHILY, IO3TOMY AMIUIHTYAA Iepexopa Sy [JIA paccMaT-
prBaeMoro Tpex§oTOHHOI0 MPONecca OTIMYHA OT HyId JUIIb B TPETh-
eM miam Gojee BHICOKMX IOPAKax teopmu Bosmymienuii. Mckiaodnm
IoKa caydyall mapaMeTpuyuecKoll CBepXJIIOMUHECHCHIIWH, TOTJAa MOKHO
orpaEnIuTECA TperbuM nopsgxoM. Corgacuo (2.3.32) ckopocTh Iepe-
Xo7a B efAHULY BpeMeH: (T.€. CKOPOCTH POKIeHNA 6uPOoTOHOB) paBHA

2J '
Wa= | TP 8 (& — &), (3)
N\ P e 0 | P oy o | V[
=) esiye v @
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3gech cyMMHpOBaHMe IO WHAEKCAM BHPTYRJABHHX COCTOAHWH U;, U,
JOJKHO BRJIIOYATh BCe BOSMOJKHEE «NyTH» mepexopa. IIpm Bossepennn
B KBAJPAT DABNHTHEE OYTH MOTYT NOJBIATH AIH YCHIUBATD [PYT
apyra (a¢dexr kBamToBo# muTepdepenmmm). Mul OIyCTEAE MHEMHE
9IeHH B 3HaMeHarelse (4), TAK Kak UPe/IoiaraeTcs, 9410 IPOoMeKyToq-
HHX PE30HAHCOB HET. '
Paccmorpum opmE n3 myre#t mepexoga. Hampummep, j-A momexymia
MO3KeT CIIepBa M3XyUnTh GOTOH B MOAY &y I Iepeiitn B BO30yKIeHHOE
cocroanme | by;. IToMy sTany B umcamTese (4) COOTBETCTBYOT CAELYIO-
muit MATPHYHHR DJIEMEHT YHEepPruu BO3MYIMICHUA:
| |iy=—(N1+ 1, b;|@;- E;| Ny, a;> = — vy | @jpa- B |,
(®)
Tje WHAEKC «—» BHAeIAeT OTPUNATeIbHO-IaCTOTHAYI YacTh €BOGOJ-
HOTO (HEBO3MYIIEHHOTO) IIOJNA, CORePIKAIYIO TOIHKRO OLePATOPH POJK-
neHnst (OTOHOB, W IITPHXOBAHHHME HHIESKCH COCTOAHHUE OTHOCATCA
K cocrognmaM moisa. Mui, xak Bcerga, menoirbayem CMellaHHEe 0003-
HayeHHA O MATPHYHHX 9JIeMeHTOB: dy, == <b | d | o). «dednmur
SHEPTHH B ILIEPBOM BHPTYAJABHOM COCTOAHHH paBeH &; — &, =
= Fi (0ep — ®1), TAK UTO NEPBHIA STAI PacCMaTPHBAEMOTO IYTH faeT

MHOKUTEJJb
4 Y4
- <l)1 12 > 1

e vy = | Ny + 1, Ny, N3>. Ha Bropom srame ta :me Moleryna
MOKeT HepeliTHm B COCTOAHM® | ¢;», m3dXyumB apyroit dorom k,; aror
3Tal faeT MHOKATEND

jeb '>
7 (0g, — oy |2/

rge | vy = | Ny 4+ 1, Ny + 1, Ng>. Ha tpersem araune ms-3a 8-ynk-
nue B (3), oGecmeunparmeil CoXpagenne sHEPrud UPH NePEXoae B Ie-
I0M, T& Ke MOJEKyJia HOJUKHA BEePHYTHCA B HCXOJHOE COCTOAHHE
¢ HOTIOoIeHneM (OTOHA C FACTOTOM W3 = @y -+ 5, ITO [AGT MHOKH-
TeJb |

)
s 'Ejl

R ((Dab —_ (l)l)

d;o B

,

— < | o B3 [0

B pesyJiibTare paCCMOTpeHHHH oyTh OPH y9eTe BCeX BHPTYaJXbHBLIX CO-
CTOAHEUH MOJeKYNH b, ¢ paer aMIIMTYAY mepexoga
> (6)

1§ =—<f Z e B (3, B (0, B
To = 72 (w,, — W) ((l’ab — )

BribpaHnHag 3mech NOCIEAOBATENBHOCTH H3NYYeHWS ¢ IOTIOIMECHWA
gorouos (3, 2, 1) apuaerca opuoit n3 6 = 3! BoamoKEMX (BHPOKICH-
HH caydait ky; = k, MH BECRJII0OYaeM), H0dTOMY NOJHAA AMOJIUTYHA
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pacceAnnd Ha ]-ﬁ MOJIERYJ/Ie DPaBHa CyMMe IepeCTaHOBOK IO MHIECKCAM:
(1,2, 3):

6
) , o ;
TO=TG + Tih+ T +...= N TG, (7)
3,2,1)
IdpdexTuBHpil raMunbToHuan. BBemeMm Benmumpy

6
?}'1' — (Ao )i (e ); (pa)s (8)
e T o 72 (g, — 0p) (0g; — @0y)

KOTOpasA, KaK Jerko ybeqaThcsa, MMeeT CMBICT TeH30pa KBAAPaTHIHOR
IHIePIOAAPUSYEMOCTHE MONERYIH (MHASKC j onymes; i, j, k = z, y, 2).
Hampaa ns 27 romumoHeHT TeHsopa [ apiasgerca fynrnmeil nByx (Tak
KaKk ©3 = ©; |+ ®,) NepeMEeHHHX, OJHaK0, M3-32 HAJIATAS CYMMEL,
0 mepecTaHOBKaM B onpepeiedmu (8) sTH (YHKOMA MHBAPHEAHTHEL
K OfHOBpPEMEHHON HepecTaHOBKe JACTOTHHX M [eKapPTOBHX HHICKCOB:

(B, = Piw, = ...), H HOPTOMY WYHCIO HE3ABHCHMEX QYHKIHE He

npesnmaer 10 (3 dysrnmm Bmpa zzr, 6 — BEEa zyy m 1 — BHpa
zyz). JouomnmrenbHOe yMeHBIIEHWE 3TOTO YHCHIA BEIBEIBA6T CHMMET-
pua moaeryisl [9] — mampmmep, B ciywae cmmmerpmum Kiaacca Cg,
HMeIOTCA BCero 3 HesaBuCHMEle QYHKIHU BUIA 222, 24L = ZYY A XIX =
= —zyy (K DTOMY KIacCy NPHHANJIEKHT KPHCTALI HHOOATA JATHA).
C momompwo (8) m (6) dopmyia (7) IpHHIMaeT BRI

TO = —(f|B;: BERPBRED | = f | Vos|i')- (9)

Iogcrasme (9) B (3), ME BEgEM, 4T0 TPEX(OTOHHEE IIPONECCH MOKHO
ONCHBATH HE B TpeTheM, a B IIEPBOM MOPAJKE TEOPHH BO3MYIEHHUI,
ecJl BMeCTO dHeprum BoamymweHusa — d - F B3aATH addexTnBHYIO 3HED-
raio Buga — B E3,

Ammanryga T0) onmcerBaer paccedHme Ha opmHOH Momeryme. Ilpm
HekozepenmuoMm TPexX(POTOHHOM pPACCeAHME MOJEGKYIH pPacCemBaioT

He3aBUCHMO H CKOPOCTH DOEneHmsa mHap Wy, XponopumoHaibHA
M

M1 TG |2 B caydae e KOTepeHTHOTO DaCCesSHHA 3a CYET «HOC-

=1

TOAHHON COCTABAADMEN» KOOPAEHAT MONEKYT Wiy ~ | NTO)| 2
7

ITycrs Bce MOJEKYNH OJAHAKOBO OPHUEHTUPOBAHEL M PaCIIOJIOKEHEI
B y3ldaX NPABMJABHON pelleTKM, TOTHa IJAA HPOM3BONBHON IiaBHOMN
¢ynrumu f (7;) MOKHO nepedTH K MHTeTPHPOBAHHIO:

8t (’rj)zx‘S, drf (), (10)

Ile MH BBeJd MAKPOCKONMYeCKYX BOCIPUEMYHBOCTH eIHHHUIE 06Be-
ma Kpucranaa § = fM/V. Tarkaa mpocTas CBASHP MOJNEKYAAPHEX
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M MaKPOCKONWYEeCKUX CBOWCTB BepHA JMIMb B Pa3Pe:HEHHEX Iasax;
B KDHCTAAIaX CYIMECTBeHHO B3aWMOMeHCTBHE MOIEKYJ] H OTJIHYne
MAKPOCKOIIMYECKOTOo (CpegHero o IPOCTPAHCTBY) HOAA OT AeficTBYIO~
MEero IOJXA B HEHTPE MONEKYJIEL

Wrar, MH BCKI0YAIA MOJTEKYIApPHEE INePeMEHHBE, W B3amMOjeli-
CTBHE MOJ[ ONUCHBAETCSA Tenepb HePBHM HOPAMKOM TEOPHEN BO3MYIe-
HuA

Wi = 20072 | J' | Pop | i) ] %0 (01 T 02 — ©3) (11)

¢ ¢pdertuBHo# (PeHOMeHOTOTHUSCKOM) HHEPTHeH BO3MYIIEHHA

Pop=—1: | dr (BOEOES + BOEPED),  (12)
vV

rge Mbl po6aBUIAM craraeMoe Eg_)E;‘L)Ef), onpcoBaomee 06paTHhIi
mponece | /> — | i> m obecumeunmpalomee 3PMHTOBOCTH DSHEDPIMH BO3-
myuteHnA (B o6aacTw mpospayHocTd ¥ = y*).

OcTanoch HallTH MATPHIHBE DIEMEHTH ONepaTopoB mojaA. Urto6n
ydecTh AUHeHHHe ONTHYECKHE CBONCTBA HKPHCTAJNIA, BOCHOJIb3yeMcs
peayabraTamm § 3.4. Ilycrh anmsoTpOUHE KPUCTANI 3aIOJHAET BCE
IPOCTPAHCTBO, HO HEAMHEHHOCTBIO ofNajgaeT AU €0 YacTh, BaHH-
Malomaa KOHeIHHE 06beM V. ITa MO#eND COOTBETCTBYET DKCIePUMEH-
TaM C (IPOCBETIACHHHMHU» KPHCTAIIAMU, He AAIOMMMU OTPaKeHWH.
IlompaBKy Ha peanbHOe OTpasKeHme, a TAKKe NPEIOMIEHHE BOIH
MOSKHO IIPOM3BOAUTH B KoHEUHHX Popmynax. M3 (3.4.31), (3.3.6) Ha-
XOQUM MATPWYHBIE BIEMEHTH IIodA (CIMTaeM OPTH IOJAPU3ANUA e
JIeHCTBUTEIBHEIMA):

Ny — 1] B (r)| Ny> =jiey V Ny et®, (13)
(Np+ 1| B () [Ny = —ie, Y N, = 1 eifer,
cr = e, (houv/hnPeny cos pp)'le.

Bepostaocts poknenns ougoronos. Ilogcrasms (13) m (12) B
(11), maiigem, 9r0 cKoOpocTh mepexomga | iy — | f> mpomopuuonanTbHa
(Ny +1)(Ny + 1)N,; amagorumyso CKOpoCTH hepexoma u3 | iy B
IN, —1, Ny,—1, N, + 1> npomopuumonanbua NN, (N5 -+ 1)
¢ TeM e KoadduimenTom mpomopuonaasuocTy. B pesyabrare cko-
pocTh moABJeHNA (MIA WCIE3HOBeHUA) map QOTOHOB B Momax fy U ks
6yneT paBHa
Wi = 20872 (0, + 03 — @g)[(Vy + Ny + )N, — NiN,] X

L1 eieqes P (AK), (14)
spi AL rf’ Ak = Koy + oy — Rs.

J(Ak) =

- Upu cnomranmom IIP mo ompenenenno N, , = 0 u cropocth re-
Heparum 6upoTomwor npomopruonanbua N,. Baipasum N4 9epes moTox
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doronon maraurkm W, BXonAmMAUX 3a eAMHHIY BpeMeHH B HOPMEPO-
Bounbii o6bem L3. OueBngHo, 970 IIOTHOCTH HoToka F' = §/fw pas--
Ha KoHneHrpauun goronos N/L?, yMHOMKeHHOR Ha BEKTOD rpynmoBoi
crkopoctu . IloaHsni MOTOK Yepes «BXOAHYIO» TPaHb ofpasma, mwMeio-
mywo noBepxHocTh A, pasen

W3 = 1’\/’3L—3Au31 = %;:—;—3:% l <N3 - 1 IE§+) l N3> |2’ (15)
rie ug, = Ug oS 03 — mpoeXnuaA IPYNIOBOX CKOPOCTH HA OCh, Hep-
nengakyIApay0 A (M npemeGperaem doromamm, BxogAmummu B V
gepes GOKOBHIE TPaHm), W MH HCOOAB30Bajm (13) UTo6H BHPA3HTH
Ng gepes £, B caydae riaccuuecKoro IPHEOIM:KeHAA N0JAA HaKauKA
Hajto B (15) 3amMennTh MaTPHYHEIH 27aeMeHT Ha E4. 3amermm, 110 06DHe-
mul kBanToBaHmA L® m o6pasna V mesaBmcmmu (mo L? Braiowaer V).
Orromenune (14) npm N;, = 0 k (19) mMeer CMHCI BEPOATHOCTH
OpeBpaliennsa OJHOTO0 BONIGAIIeT0 B HeJHHeWHEH o0BeM (oToHA Ha-
KayKu B mapy ¢$oToHOB:

Wi (2tcieat)? ‘
Pro=—it = ( “;;Cc’_jﬁl D58 (g + g — )  (AK), (165,

e ¥ = Y:eess W 1 = n cos 0 cos p.

Juddepeurmanpaan ckopocts poskgeHnsa 6udortonos. OTHOINEHHE
(16) 6ezpasmMepHO, TaK Kaxk MH pPa30HiW moJie Ha JUCKPETHHE MOJH.
Uro6n mepefiTh K HeOPEPHBHOMY J-IPOCTPAHCTBY, HANO Pas3jeiNTh.
BepoOATHOCTh pacuama P, Ha o0weMm v? ommoii mapH Mox B k; X Ky
OpOCTpaHCTBe:

ap (l‘:lkz) _ P12 -~
Todley, (1n

(Dyurnua pacupegenenns (17) umeer pasmepHOCTH CMS,

IlapaMeTpH peaabHHX [ETEKTOPOB, PACIOJOKEHHHX B JaJbHeH
30He 0 OTHOMEHHI0 K paccemBameMy o6beMy, ynoGHee 3agaBaTh
B cepmaeckmx woopammarax {wx, Qi}, e oy = o, (k) 1 Q) =
= k/k = {0y, ¢r}. Har usBecTHO, niad Iepexopma K HOBHM apryMeH-

TaM (YHKEWIO pacupefesieHHA CIedyeT YMHOKHTH Ha AKoOMaH Ipe-
obpasoBaHmA

Diky, .- k) 10 dok;

D (0191020 2, deae (18).
Cormacuo (3.4.34) d*k/dwdQ = k*u; cos py, Tak 4ro
P _ K}
dmldQIdmzdm:Pm H VU cosp; (19).

i=1, 2

Kpome Toro, Hajgo eme yyecTh HPEJOMICHHE M OTpajkeHHe NpPH
BEIXOJle CBeTa M3 Kpucrasuia B BakyyMm. O6o3HaiaM Hapy:KHEE yIIO-
Bhe KOODAHHATH BOJHOBHIX BeKTOpOB mTpmxamm: Q' = {§', ¢’}, Tor--
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J1a, 91005l mepeiiTH K HabaiogaeMoit QYHKIMEM pachlpejeleHud, cie-
Ayer ymuoxmtb (19) ma oTHOIIeHMA BHYTPeHHHX TeJIECHHX VIJIOB

K BHEmHNM 1)

D(® 9  d2  cosd’
D{(§,9)  d¥  nrcos o (20)

¥ Ha Ro>(pPuuedTs DPONYCKAHAA BEIXO[HOH Ipanu. ITH NONPaBKH
MH, KaK OPaBUIO, BHIUCHBATE He OyueM.

IHopcrasms (16) B (19), HaxoguM OKOHYATEIBHO AUPdepeHnmant-
'HYI0 BepoATHOCTH (¢ pasmepuocTsio ['n~2-¢p~2) mpespamenua $oTo-
Ha waxayxkdm B OuoToH:

ap Rodwfwgnny X2 (0, + 0y — ) f (AK)
dwy dQy dwy, dQ, = 472c? cos? py COS? P, cos? pang A ’ (21)

rjpe MH OPHHEAIN, 910 kg, = kg = O (upm sTom 05 = pg).

Bsenem rarsxe pmddepennmanbuoe cevenue pacuaga GoTOHOB Ha-
Ka4KH HA KPHACTAJLIe B IMEJ0M, PAaBHOE CKOPOCTH DOKIeHHA Hmap OpH
SIMHAYHOM NOTOKEe nagapomux goronosB F = 1. O6wYno yIraBl aHH30-
Tponmm MaXu (cos p =~ 1), tar wro I3 =~ WA n ms (21) cuenyer

ds hododwgnngy28 (Aw) f (AK) 22
o~ »
dwydQy do, dQy T 4a3cng )
-3aMeTHM, ITO CeUeHWe PaACCEAHMA Ha OJHOU MojeKyle paBHo (22) npm
8aMeHe

XSdreiM.r—}BzXTKI_' (23)

3akxon coxpanenmst mmuyabca. IlycTh MakpocKommueckmii obpa-

zem mMeeT fopmy mapadiemenmuena ¢ o6vemoM V = abl. PaccMoTpmym

$ysrumo f(Ak), urparoigyo poib dopm-Parmopa obpasma:
Ak _a A/fyb i Akl )2

N . x .
f(AIu)—<Vsmc 5 — Sine —;—sine —;

Ecnn Iy + ky = k3, Tax 410 Alrxa< 1, Akb <1, Akl €1, 10
J = V2. llpum yseanuenun BOTHOBOM pacwpomm Ak csaimie 1/V (byHH-
1us f 6HCTPO IagaeT i OCHUIIUPYeT ! B cpegueM paBua 8/( Ak, Ak, Ak,)2,
Taxum o6pa3oM, MapH UPEMMYMECTBEHHO POKIAIOTCH B oﬁnacmx
npoctpanctBa ko X kg, YIOBIETBOPAOWMX 3aKOHY COXPAHEHUA DHED-
IuE @ + 0, = 037 (¢ «TudparnmoHHol» TounocTbio Aka << 1) saro-
ny coxpauenma wumnyibca Ak = (0. Ceuenme o0GpasoBammsA TaKHX
nap nponopnumonaibuo V2. (Coxpanenme HMIYIbCa 37ech ABIAETCA
CcJeficTBHEM KBAaHTOBOH wuATepdepeHNUH aMOIuTyn mepexopma '),
B cayzae ogHOH MOJEKYIH WMOyabc coriacuo (23) me coxpamsercs
(Hama Mojexb He yuaTHBaeT orfadw MoieKyd). Ilpm mexorepemrTHOM

(24)

) Hycrn IJIOCKOCTh IafieHuA (iaM3Ka K IiIockoct: ¢ = 0, Torga sin 0’
= nsin ¥, ¢’ = np. Quddepernupys sru pasencrsa, maxogum (20).
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TPeXPOTOHHOM pacCeAHUN HHTeD(epeBTHH HET H3-3a Xa0THYECKOI'O
IBUKEHMA MOIeKya (uHade, POHOHH «3a0HPAIOT» YACTh HMIYIBCA).

Iasa cpaBHeHHsA ¢ SKCOEPHMEHTOM Ha/JI0 IPOMHTETPUPOBATE pac-
mpepenenwe (21) ¢ BecoM, paBHHM (YHKIUN YYBCTBHTEIbHOCTH [[€TEK-
Topos. IIpm 3TOM MOKHO BHIEEJHUTH ABA KIacca AETEKTOPOB — C BLI-
COKMM YaCTOTHO-YIJIOBHIM pa3pellleHMeM, II03BOJAIOmEM Hablionarh
cTpyrTypy $ymrmmwm f (Ak), I ¢ HESKHM Da3pellleHHeM, JAIOIIM JAMH
MHTerpaJbHEE XapaKTepucTHEE. B cirydae, Korga YyBCTBUTEABHOCTH
JeTeKTOPOB Majo MeHJeTCA B WHTepBaje CHHXDOHU3MA (HET MaJbIX
YIIOBHX ANEPTYp M Y3KOIOJIOCHHX (PHIBLTPOB), MOKHO IPH MHTETDH-
POBAaHHH CIEJIATD 3aMeHY

aly
dze™s" — 208 (Ak,) (25)

_a/Z

W aHAJOTWYHO OJjiA MHTerpaJjgos Io y, z. le?[ 3TOM, KaK Jerxo BUJeTh

{cp- (2.3.33)),
* . 2mad (Ak,), (26)

I 5‘ dxeiAA‘xx
“TaK 9TO Telephb UMIOYILCH COXPAHAKTCA TOYHO:
f(AK) = 8r3V 8 (Ake). (27)

B stoM npmbawskenum guddepennmadbHad BePOATHOCTH pacmaja
{21) mponoprmonansHa puamee obpasma V/A = I

dP ~ .
m = (/06 ((1)1 —{‘ W — (03) 6 (kl + kz -— 163), (28)

C()E

25h03030gnins) 2 J
. ¢7cos? p( cos? py cos pgng lo

Tne magexc «0» BHuedAer 3HavYeHHsA (QYHKIUU BOJTHOBHX BEKTODOB
o (k;), o (k;:), e (k;), n(k;), npuHajiIeRalIAX ROEEPTHOCMU CUHIDO~
HUM@, T.e. YHOBAETBOPAIONUX 3aKOHAM COXPaHEHHA HMIYJILca M
SHEPTUH.

§ 6.2. Nuterpansuas untescnpaocts P

B sToM E clemyomeM pasfesax MH PACCMOTPHM «OXHOPOTOHHEIEH
‘BKCIEPUMEHTH, B KOTODHX € IOMOINBIO OJHOTO JIETEKTOpa M3Mepser-
¢ WHTEHCHBHOCTH PACCEAHHOTO CBeTa ([BYX(POTOHHHE KOpPPEIANHOH-
HEIe DKCIePUMEHTH 6yayr paccmorpessr B § 6.4). Hax Bcerga, npm
‘BHYNCICHAR BepOATHOCTel [JsA oNpeaeleHus ofH0GOTORHOH QyHKIAH
‘pacupefieIeHHsA ClIefyeT HPOCYMMEPOBATH ABYX(PoTOHHYIO GyHKHUIO
mo HeHalJIOJAeMHM albTepHATHBAM:

ap ap
do, dQ S dwg d€dy dw, dQ; do, d; (1)
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Mu coepBa mccaegyeM ciaydail MaZousGUpaTelBHEX NETEKTOPOB,
KOTja MOKHO HchoibaoBarh npubmmxkenue (6.1.27) (meraasHas ¢op-
Ma opHOQOTOHHON (YHKOUE pacupefeldeHHs OygeT PpaccMOTpPeHa
B § 6.3). Ilpm srom Gnaromaps ¢yuxnum O (Ak) mHTETpaJ MO Xo0J0C-
THM POTOHAM GepeTcHd TPUBHAALHO:

ap _—_CO[ ”2“"592] s(ho),  Ao=o (k1) + o E) —os (2)
0

dwy dQy kg

rae k= ky— ky n Qynrnusa ki, =k, (01, Q1) oupemesena HeaBHO
3aKOHOM Jucmepcu¥ i (%;) ¥ HanpasleHHeM Ha6MIOfeHUA (BHYTDH
Kpucranna) Q; = ki/k;.

JetekTop ¢ HusKUM YacTOTERIM paspemienmeM. Ilycrs wacrormHas
[oJI0Ca JIeTeKTopa CUTHAJZA MHOTO GoJbile YaCTOTHOR II0JOCH CHHXPO-
HE3Ma, TOTJA, 09eBHAHO, ero MOKA3aHWA NPONOPNMOHAJBHE HHTErpa-
ay or (2) mo @, Pg = § do,Poq, Tme Pg= dP/dQ, P.g =
= dP/dwdQ (upegmomaraercs, 9TO MHTEPBaJ MHTeTPHPOBAHUA, pPaB-
Huil T0I0CEe [eTeKTOPa, BKIIYAET TOTBKO OALY 9acToTy ©f (R,), npm-
HaJIeRalyI0 HOBEPXHOCTY CHHXPOHI3Ma B HampaBiaeHuu ;). V3 on-
peneeHuA jenbra-pyHKIUA CIeqyeT, ITo

\ diog (@)8(/(@)]= ¢ (@) ! 3)
Tae w, — Kopenb (egumHcTBeHHEIN) ypasHeHma f = 0. B pesyabrare

u3 (2) cregyer
L Uy COS Py 0Aw
Pg,= Co[ 2 ]o ’ o,

-1

dw

0

. (4)

0

Ilo cmpicty MHOEWTEAb | 0Aw/dw |~! ABAAeTcA KOMOMHHDOBRHHOME

NJOTHOCTBI0 COCTOSHMH, MaOmux BHJAaj B HabIomaeMbit cHrHAJMI.

B 0cob6nX TOYKAX HOBEPXHOCTH CHHXPOHH3Ma 5Ta MJIOTHOCTH MOJKET

pesko BoapacTaTh (cM. Hmke). Hanpasienwe Q; ma Toury mabarope-

HuA B (4) cumraercs PUKCHPOBAHHEIM, HO3TOMY U3 doy = uy-dk cie-
AN 4 — ws okey (0181) 1

nyer
U
awy aw, Uy & (5)

rne { == cos 0,,/cos py, 04y — yroa mempy Ky m u, (MHIEKC CHHXDO-
HusMa «0», KaK ¥ MHICKCH NOJAPU3aNUH vy, MH, KAK OIPaBHUIO, OIyC-
KaeM).

Kak samermi Moxxoy [95], siecs jonymeHa HeTOUHOCTh: Beflb B SKCIepH=-

.
MerTe PHKCHpyeTcA HampaBiIeHne Habmofenns & cHapyRu kpucraiia. Ipu aTom
HalpaBIeHAe BEYTPH ; Ws-33 JUCLHEPCHN MOKABATeNs TpPeNOMIeHHs 6yJer sa-
BICETH OT YaCTOTH M, CTPOTO TOBOPS, YacTHad MPOU3BOIHAA B (5) foMKHA OpaTh-
,
¢A TpH TOCTOAHHOM &3, a He £
JA® ol
(6)

=1—U™y — 57— .
am, ’ 2 (9(.01 4
91 521
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QEAKO mOUpaBKa 3a c4eT Toro addeKra Heseanwa. Ilycrs curmanapEasd W XO-

JiocTasd BOJNHH OOBIKHOBeHHBIE H TIYCTh kgx = kgy = by = kg = 0, Torma

Ugy = — Ug 81N By Uy, = Uy COS By,
. W . . ; (O LI ,
kyy=kisin®=——sind, k.= ]/11/2 {1) — = sin 9,
Gk __sin (i Y ok, . 1 —%,sin% Oy @
dw Ty oy |0 uy oS 9y '
1 13.1 1 6,1
_u_ kdo 1 ¢
= =@ T  wdn v=
T hndwe
Tak 9TO
aA ((DIQ;) Ug
e, 1T w b ®
- A cos Oy . .
= —¢Esin2Qy) Cos 0, £ sin Oy sin Og.

'O6bwao mucmepens mesennra (§ > 0,9) u ¥; <€ 1. B pesyasrate (8) Maxo oTian-
=gaercd ot (5) (upm p; = 0).
N3 (4) u (5) caegyer
Cy cos 0y
Po= r—0. 9)
kg l u21 — u11§ l

HApxocrs csera IIP. Ucnonssysa goToMeTpHUIECKYIO0 TEPMUHOIOTHIO,
sBefeM cuay ceera Pg (Br/cp) u siprocrs Sq (Br/(cm?-cp)1

Po, = Sq,A cos by = Po P, $_3 =

20thjw,ny Y21 Py (10)
= 5 . 5 -1 -1 !
¢? c0s? P1 €03 0, COS pynong | U™ — 1 g |

Tne A — cedenne HedmHeliHoro o6peMa (IPaKTHIECKH OHO OIpeAesA-
©TCA cedeHmeM JIyda HAKAUKH).

B (4) mpepmoaaranocs, uro ypasaeHme Aw = ( mmeer ogHH Ko-

pess o) (), T. . 9T0 jaHHOe HaIpaBleHme Q; mepeceraeT IOBOPX-
HOCTH CHHXPOHH3MA OJWH pa3- Bolme ke mepecedeHyne MO;KeT HMeTh
MeCTO W IIA XOIOCTO] 9aCTOTH M TAKMKe [JIA HeCKOJBKNX KoMOmHanmi
HHIGKCOB TmoJaapHusaryun. KpoMe TOT0, JOMOJHATEIbHEE YaCTOTH CHH-
XpOoHM3Ma BO3HHKAWT B o6gacTd COGCTBEHHBIX dYaCTOT KPHUCTAJLIA.
3aberas Buepen, otmetuM, a0 (10) omucrBaer m paccesHne Ha 0~
puroHax. flcHO, 4To ecqu HeT momOJaHHTeabHON (Pmabrpanmu, To (10)

clegyer OPOCYMMHDPOBATh 10 BCEM dacTOTAM CHHXPOHW3MAa JIA HaH-
HOTO HaIpaBJeHHA.

Qopmyaa (10) gomyckaer HemocpefCTBEHHOE CPaBHEHHWE ¢ HKCHEPHMEHTOM.
Ecau nocie KpUCTaiia H0CTABUTL AMH3Y ¢ GOKYCHBIM PAaCCTOSHEEM f, TO MHTEH-
CHBHOCTL CBeTa B TOUKe PORaIpHOI IJIOCKOCTH ¢ KOOpHMHaramu z = f&' cos ¢’,
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y = f0’ sin ¢° Oyger paBHA
Py Pod cos §

jj’= 72 = nfcos 9 (11)

A\

rfie MBIl OMYCTHIIM WHJEKC 1 I BBenH NONpaBKY Ha OTPajKeHAA J W yMeHBIIGHUE
SIPKOCTE IPH BEIXOJle M3TYYeHAA M3 KpHcTaiwia B BakyyM (6.1.20). 3ta dopmyna
MOKeT OHTh MCIOAb30BaHA AN H3MepeHuA A0CONOTHOH BEIWINHH ¥ JaCTOTHOH
JUCHEPCHY KBafPaTHIHON BOCHPUMMINBOCTH mbesoKpmcraiiron [53].

JleTekTop ¢ HU3KAM YrIoBRIM paspewenueM. Ilycrs Temeps meter-
TOP HMeeT BHICOKOe paspelieHne o (v, Py ¥ HA3Koe — 10 ¥ (ocu cde-
PU9eCKOT CHCTEME! B OOMeM CIydYae CIUTaeM HPOM3BOJBHHMI, OfHA-
KO0 06EITHO yno0HO cYHMTaTh OCH Z Mapalienburol kg), TOTHA eT0 MOoKa-
3aHAA OPONOPHHMOBANBHE (Cp. (4)):

-1

. Uy COS Py 8in O AN
P(l)l(pl == S dﬁl sin ﬁlp(mfhm: CO [ kg ]0 5'&1 0 (12)
B npubnmmennu p; = 0 "acTHas HPOM3BOJHAA JETKO HAXOJUTCAH.

Haupasum ock z Bgoas kj, torma
dAew _ dw (| kg — k1))
001 00y

zuz_a%ka+k§~2k1k2cosﬁl=
1

uskikes sin &

3aMeTnM, 9T0 Ha HOBEPXHOCTH CHHXpoumaMa k; 4k, =ks; m

kl sin '8'1 =k, sin '8'2 = k;::z sin 612. (14.)
MNs (12) m (13) cuepyer (upu p; = 0)
c 25thof o2y 2 Psl
Pow= gz Pow =" (15

3

B aToM BHpasReHMH OT (; 3aBHCUT JHUIIb CBepTKa ¥ TeH30pa KBaj-
PaATHYHON BOCHPHUMYMBOCTH € OpTaMH ;. IlonHasA cmeKkTpaabEas MO~
HOCTD, H3JIyI26Maf Ha 4acTOTe ©; BA0AL 0fpasyomux Komyca (¢ yr-
som upr sepmune (o)) ¥ ocklo, mapaanensuoit k4, paBHa

27
P, = S chlgamlqn = .
c*n

0 3

1
—2?& doy, : ereqes.

hrPhodoly? Pl

’
2(03

(16)

X

il

OTMeTHM, 9T0 T€OMETPHYECKHE W AUCHePCHOHHHE PARTOPH HE BOLLIM

B Po (ecam He cuuraTh 06HIHO caafoil sasmcuMocTd ¥ (@y)).
OuernEM TOJHYI MOIMHOCTB, TePAEMYIO HAaKa4Kkodl Ha H3IyIeHHE

map. Ilycts crEHXpomMaM BHUIOJHAETCA BO BceM uHTepBade 0 — @y
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B ) He 3aBHCHT OT 9acTOTHL, Torga u3 (16) caexyer

3
APy = — S dw1Py, = — agplPs, (17)
0
nh@dy?
— 3 —7 —
arp = W ~ 107 em 1.

Ilocaenusas onerka, cgemannas ais y = 4-10-8 CI'Cu A; = 0,5 MKM,
TDOKa3HBAeT, YT0 HOIpABKAa K JMHEHHOW BOCHPHEMYMBOCTH IIHE30-
KPHCTAJAJI0B HAa 9aCTOTe HAKAYKY 3a cger cnoHTannoro IIP u PII (i co-
OTBETCTBYIONee M3MeHEHHM® /MCIOePCHOHHBIX CBOHCTB) HUYTOMKHA.

Orsomenne nponssopuex (13) u (5) m, cregoBaTenbHO, OTEOMEHWe YIIOBOM
(10) = cmexTpauxbro# (15) nuddepennuasbHNX HHTEHCHBHOCTE! PABHO KpyTH3HE
f1epecTaHOBOTHOH XapaKTePHCTURE:

. '@ﬁ(p . k3 sin ”8'2 ('18)
Pop gt —ut]

d(Dl
ddy

Ucnonb3oBarnasn BHINE THHEHHAA aNTPOKCAMAIHA PaceTPOiiKy BOIU3E MOBepX=
HOCTHI CHHXpPOHHU3MA:

Us [ : 0
80 (@) = (1 — 22 1) (@1 — o) +ugky sin 9, (8, — 09 (19)

HeIpNMeHEMA B OCOGBIX TOYKAX MOBEPXHOCTH cHEHXpoHH3MA. Tak, mpH u; = uy{
siprocTe coraacuo (10) crpemMmrea K GecKoHeYHOCTH. ITOT 3QPEKT XOPOMO BHeH
8 HEOOATe NMTHA B BHAE APKOTO JKEITOTO KaHTa, OrpaHMIMBAIONEr0 KOHYC pac-
cesHAA B BUJAMOM AWANAa30He. AHAJIOIMIHO, OKOJIO TOYKH KOJIMHEAPHOTO CHH-
xpomnsMa do,/dd; = 0, 1 moaTOMY Hajg0 YIUTHBATH KBAJDATHIHEE CJIAaraeMHe.
Bropas npoussognasa A mo yray merko maxogurca. Hampumep, npr &; ~ p; ~0

us kiks o
2 ﬁ L]

Aw (0yd) = <1 — —u—1> (g — o) + Ty (20)

OTcooha ciefyer, 9T0 MIOBEPXHOCTh CHEXPOEN3Ma Aw® = 0 OO0 0CH z ABAdeTCHA
napaGoIon/ioM BpalleBrdA 1) (KomiwHeapHHA BHPORAEHHHE ciaydall ¢ u; = u,
Gyner pacCMOTpeH B clefylomeM Iaparpade).

Yuer HemapalielbHOCTH TpynmoBoid u ¢aszoBoii ckopocrzii. Ilpm yuere
ABW30TPOIMA BOJHOBHX BEKTODPOB s HeoOHKHOBEHHHIX BOJIH 9acTHASA IPOU3-
sofuas QyHKIUA BOIHOBOH paccTpoiikm A mo Hampasienmio B (12) mmeer Gomee
cinoxunn (gem (13)) Bum.

Haifiem cmepsa mpupamenne dk BOJHOBOTO BekTopa k (0, &) mpu mame-
HEeHVM ero HampapieHHs Ha dk = kdQ npm mocroamHOil wactore, T. €. UpH

dco=u-dlc=u-dlc—‘._+u-dk”=0. (21)

1) Ecin Boana k,' HeoOHKHOBeHHAA, TO OCh napa@ononua CMellleHA HA Yrox
Acy = (kyo/ks) (Any/n,) sin 2y B cTOpOHY oUTHIECKOH ocH Kpmeramia (An =
= nf — n® — ABYNIpPEJIOMJEHHe, O3 — YIOX MeXAY k3 M OChI0 KpHCTAJLia).
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Ws oroit ceasm cmepyer dky = —Kk (u-dk ) u-k, tak ar0
/ ku
dk|w=dk_]_+dlc”=(1'—m~> -dch_,
ok I—fon (A_ kE ~_ u
0":“‘_(‘)—— — KU k:k y U= ” (22)

IlocrenaaA BeIWYImHA CBA3HBAET [BA BEKTOPA W sIBIAETCA TEH30POM.
Teneps ¢ noMompio (22) HAXOUM JIBYMEDHHI BEKTOD, ABAAROMUICA OpOU3~
BOfHOH ¢yHKnaM Aw® (0Q,;) 10 HaIpaBIEHUIO:

_ dho do (kg — k) ok, ~ ~
w= g, = IO = — kyUqy- ﬁ: = — kpy{vp— uyl), (23)
- Wy foy cos 0;,
f= g kg | COSDy

Paspenus (23) Ha DpomsBOfHEYW HO dactote (5) (wim (6)), maxopuM BeRTODH,
ONpeleNAnIEe CROPOCTh N3MeHEe RS SaCTOTH CHTHAJNA NP U3MCHEHWH HALDAB-
JeEUA HAGIIOJIEHNS BHYTDE (MNH CHAPYKE) KpPHCTAaANa:

do? 7 "
1 Uy — Uil
—=a— = — k ————— 24)
dgl 1 u;l . u;lg ? ) ( )
do? § Wy — uyl o5
o T (_5'»_> : )
2 dwy o

Yro6u maiité murerpan B (12), ocraercA OIpefelMTs MPOEKOWIO %W Ha Ha-

npaBieHYe uHTerpupoBaHnsa ¥. B cayuae 0GHKHOBeHHHX BOJH ¥ = K, u ecam &
dAw R
HEHHT B TIOCKOCTH TPEYTOMBRUKA CHHXPOHUBMA, T0 Wp = —5o— = kiuz sin O,
1

g9T10 coBHasaer ¢ (13).]

§ 6.3. ®opma cuexrpaabroil anuua [P

I ouMcaBna 9KCHePUMEHTOR ¢ NeTEKTODaMHM, HMEIOMEMHE 0CTa~
TOYHO BEICOKOE 9acTOTHOE M YIJI0BOe paspemienme, 3amena j (Ak) ma
8§ (AE) ® (6.1.22) menonmycruma. Beemem ¢opm-arTop, ommewmsaio-
mMui CueRTp cuTHANA B 0blmeM ciaydae:

g (019) = Cy S dlesd (Ao) f(AK),

2 (1)
F(AR) = j§ dreiswrp (),

rpe C; — HOPMHPOBOYHASI KOHCTAHTA ¥ BBeJleHa HOMOMHUTENBHO QYHK-
nua F (#) pag ydera JOKAJIBHHX M3MEOHOHWH aMINIUTYAH B3amMOJeli-
cTBHA (HampuMep, M3-34 HEOJHOPOFHOCTH % WM aMIUIETYAM HaKa%-
Ku Ej; MORHO Tawme cumTath ¥V = oo H yIeCcTh KOHEIHOCTH ofpasma
vyepes Qyurnmio I'). Corxacuo (1) popm-arTop currama ompemensercsa
TpexMepPHBIM IIPOCTPAHCTBEHHHM (yphe-o6pasom ¢ymkmunm F.
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M cmepsa 6yjieM cguTarTh HAKAUKY ONHOMOLOBOM M PacCMOTPHM
BaBHCHMOCTE ofHOPoTOHHON QynKnum pacupegesenns (1) or gopmu
06pasna (00bTHO OCHOBHYIO POJIb WMFpaeT GINHA o6pasuma ! BIOAb Iy-
9a HaKauku). Mb omeHMM 9acToTHYH IIWPHMHY CHOEKTpa UpH Habio-
JeHON JTeTeKTOPOM ¢ MaJoll YyIToBOM alepTypoil M YINOBYIO IIHPHHY
JUIA cAydasi Y3KOIOJOCHOTO JIeTeKTOPa M IOKAKeM, UTO HTH IIMPHHEL
o6parHO mopomoprmoHaabuk [. IloToM MH yureMm BimAHMe Ha YacTOT-
HO-YTJAOBYI0 (OpMYy CHOEKTpa MHOrOMOLOoBOCTH Hakadku. CosmecTHO®
BANAHWE | ¥ MudpakTUOHHOH PaCXOIMMOCTE HAKAYKYM OymeT PaccMoT-
peHo Ha mpumepe rayccosoit TEM-posrmsr.

Hanmaa korepeunrHOcTH. UTOGH PACCMOTPETH TOHKYIOY 9aCTOTHO-
JTIOBYI0 CTIDYKTYPY CHeKTpa PaCCesiHHOTO MOJA, IPEeNIosoRIM
cHepBa, 410 00pasen mMeeT pasMepH a, b, [, m ycrpeMuM ¢ 1 b & Gec-
KoHewHOCTH. Il03sKe BHACHATCS, 910 TaKaA OIHOMEDHAS MOJOIH IIIIOC-
KOIapalaelbHOr0 CI0s MpEMeHEMa B caydae tg 0, a/l, 1. e. Korga
X0JI0CTEHe (POTOHR mepeceraloT, B OCHOBHOM, rpadb ab (0, — yroax
MeKIy TPYOOOBOM CKOPOCTHIO M HAaUpaBJIeHHeM, NepIeHIAKYIAPHEIM
<1010). Teneps mecro (6.1.27)

(k) = databi?s® (A ) sine? (2 . 2)

B pesyabrare «m0BEePXHOCTEY CHHXPOHM3Ma IpHOOPeTaeT KOHETHYIO
TOJMWHY, 00paTao mponopnumonaabuyio l. Ilpu atom goroms B mapax
CBA3AHHK YCAOBHAME COXPAHEHHA MOMEPEYHOr0 MMIYJNbCA M SHEPTHH

(1)1 +0)2’_‘ (1)3 == O, (kl + 1‘72 —_ ilm/3)rL = O. (3)

Boobme, sTo yciroBme OpH 3agaHHEOM kK, W 3aMaHHOM THIE CAHXPOHM3-
Ma (V1VyV3) OOpEOedAeT B¢ XOJOCTHE BOJHE, OTIHIANIAECT 3HAKOM
OPOMOABHON KOMIOHEHTSI:

k(+) {Iv3x — kg sy — kay, + V ’Wz) — (ks _—kl)i} ’ )

onpHaro 00eaHO ¢yruma sinc? z B (2) mpw kIS 1 mogasiaser omHy
KOMIOHEHTY M jexaeT cBAsb (3) ogmosnaunoit. Taxkum o6pasom, B cay-
Y30 CJI0A XO0JIOCTHE M CUTHAJBHEE MOJB B3aWMONENCTBYIOT TOABKO I0-
TapHo, M 3aganue %;, v; OMHO3HAYHO ONOpenelseT Ky, v, (IpH ueanb-
HO MOHOXPOMATIYECKOH HaKadKe € PAacXOQWMOCTBIO, MHOTO MeHBIIEH
Ag/a).
WMrax, 91066 y4ecrs KOHEYHOCTH OJHOIO M3 padmepos obpasma,
mago B (6.1.28) cmemars 3ameny )
= 5—sinc’ ( £ ’;‘l) . (5)

3 (Ak,)

Cremaem Tarke o6paTHYI0 B3aMeHY IHePeMEHHBIX HHTerpHpOBaHnH
B (6.2.1): ,
dwadQy="2222 qpe, — 2B gp, | do, (6)

2
2 2
ks k3 cos 8,
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(rax warmpu dk, = 0 do = w-dk = u,dk,). Ilocae uETErpHpOBa-
mna BMecto (6.2.2) ocraercsa

— M A 7
Pu)xﬂx -l-cg 08 62 g ( )’ ( )
A= Ak, = k1, + ka, — ksz (8)

I7e 3HAK ¢~» HAJll BOJHUMHAMY, 3aBHCAIIMA OT X0J0CTOTO BOJIHOBO-
ro BeKTopa &,, 03HAYAET, 9TO OHU GEPYTCA B «CONPSIIKEHHONY (B CMEBICHE
ceasm (3)) ® kg TouKe.
ITepeiimem k paccembaeMoil KpucradioM nudpdepeHIIHaTbHON MO~
HOCTH CBETa
200 wyn 2 P5lg (A)

Py = (9)

¢5nyng €Os2p; COS py OS2 py cos B,
rne | = V/A; — pasmep ob6pasna sgoab ks Ecru %, mapaanensHo
HAOpaBJeHUAM @ uiax b, To B, = w/2. Hpu arom (9) pacxogures, T. e.
npubimkenue (2) HeNPUMEHUMO, ¥ B KadeCTBe KOPOTKOIO» pasMepa
HAafo B3ATh BMecTo [ pasmep o6pasma BAOAEL OAMIKaHIIeTo K %, Ha-

npasiernsa. OGosmavum 3TOT pasMep, [NeJeHHHA Ha cos O, (wim
sin 0,), wepes Iy, Tak Kak OH OIpe/eNIAeT NINHY KOFePeHTHOTO B3ad-
Mofelicteusa BoaH. Temeps

Iicor €0S B2

g0) = ——F—. (10)

Urax, cornacuo (9) u (10) MAETeHCHBHOCTD PACCOAHUA HA TaCTOTAX
¥ B HAIPaBICHHAX TOYHOIO CHHXPOHW3MA NpOIOpPImOHANbHA I,
a MMpHHA CHHXPOHH3MAa 00paTHO NIPONMOPIUOHAIABHA [y on. IloaTOMy
MHTeTpalbHHE o0 4acToTe M (MIH) YIJIy PaccesHUs WHTOHCHBHOCTH,
Haligennne B § 6.2, mpomopnmoHalNsHE AimHe oGpasma BAOIL BOJ-
HOBOTO BEKTOpa HarKaduxmh [, a or ¢opmsl o6pasra ony He 3aBucAT (3a
HCKITOYeHHEM OCOOBIX CAY9aeB — CM. HUIRE).

k-cmekTpockommsi. Takum o6pasoM, dacToTHO-YIJIoBasg d¢opma
nabawogaemoro npu IIP curmana ompenensierca QyHRIHeR

0 ~
g (A)= _l*“’_rzio_s_zsincz (-4 Olion cos Bs) (11)
KOTOpasg COOTBETCTBYeT CiejyiomeMy BHGODY HOPMEPOBOUHON KOHC-
tamrst B (1) (mpr lkor = I/cos 0y): C; = u,,/8a°V. Tlpogoapmas Boa-
HoBas paccTpoitxa A 8aBucHT 0T J¢; mau (B cepHIecKHX KOOPAHHATAX)
OT 9acTOTH ®; = ck,/n, m Hampasieuus Habmoxenus Q,. Peskaa aa-
BHCHMOCTH CUTHANIA He TOJIBKO OT 9aCTOTH, HO H OT HAUPABJIEHHA HAG-
JIOTIEHNUSA ABIAGTCSA CHeTM(pUIecKol 1A KOTepeHTHHX (HapaMeTpude-
ckux) addexros meammeitnonr onrturu. Habmopenwe uacmomrmo-yeao-
euz cnekmpos g (k) gaer nadopPMaNHI0O 0 MAKPOCKOUMIECKAX KOJICK-
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THBHEIX BO3OY/KICHUAX BeImecTBa, 06 X 3aKOHEe TUCIHGDCEH W JInHAX
npoGera (wim BpeMeny ;kuzHm), 00 sPPeKrTaX aHrapMOHM3MA.

Taxoii 9KCTIePIMEHTATLHEN METO MOYKHO Ha3Barh «K-CIEKTPOCKO-:
nueiiy. K HeMy OTHOCHTCA M MeTOJ aKTHBHON CIHEKTPOCKOIMHA HOJIADPU-
TOHOB, MCIOIL3YIOMHAA BHHY/KHAeHHbE KOTepeHTHbE MPOIEeCCH B He--
LEHTPOCHMMETPHYHEX Kpucramiax (cm., Hampmumep, [105, 169—1711.)
Tle-Maprunu 1 Kogune [169] nepsrie npuMeruIn 5107 MeToN (Ha3BaH--
HEIl IMH «CIIEKTPOCKOTWA B K-IIPOCTPAHCTBEY) [JIA MCCIELOBAHUA TIO-
JAADATOHOB B apceHnjie Taliud.

Vpasnenme A = 0 ompegenser B HeABHOM BHe IOBEPXHOCTE CHH-
XpoHHBMa ©; = @) (Q;) B A-HpocTpamCTBe, Ha KOTOPO}# MOIIHOCTD-
paccesnHOro cBera Puq (@,2;) Maxcumanbua. [lpn ypameHuu «Tod-
K Habmogenusy {©,Q} 0T dTOH MOBEPXHOCTH Poo YMeHBIIAETCA MO
sarony (11).

Yro6sr HafiTH ABHBIH Bu 3T0H QYHKIIAM, pasjomuM A B Tpexmep--
uuit psg Tefimopa okomro Tourn {0)9p}}, Texamelt Ha DOBEPXHOCTH
CHHXDOHM3MA. 3aMeTwM, ¥T0 IPH MaJsX Ak 9acTOTHaA DPaCCTPOIKa
OpONOPIMOHAIBHA BOJHOBOM:

A = oy, (Fos — Fo1) — Oy, (Fon) = U3+ (Fos — Koy — Fon) = — 3 A, (12)

e oy, (Fg) = 03 — 0y, (k;) B coraacuo (4) A%, = 0, noaromy
A DO (13)

0 0
uy €08 62

¥ MB MOXeM MCIOJIb30BaTh HaWgeHHBIe B HpeAbyImeM pasgele Mpo-

usBonHbe PYyHRIEY A.
U3 (6.2.5), (6.2.23) u (13) caenyer

t oy, 1 SO
A ((1)191) ~ o8 eg ‘_(;{ -—_ -u-g-) ((1)1 _— (1)2) + kl (ug _— ug; ) . (91 — 92)] .
(14)

Iopcranosra (14) B (11) maer mabmofaemyio dopmy mmauu g (%)
B ABHOM BE7e. B ciAyuae CHIBHOTO HMOIIOIEHMA HA XOJOCTHX acTo-
tax (§ 6.6) Bmecro (11) Hafto B3ATH JOPEHNEBY QYHKIHIO.

dpperrunrasn mupuna Juman. OnpepeauM >PPeKTHBHYIO TACTOT-
HYI0 WIIPUHY JUHME KaK OTHOINeHNe NJIOMAny JUHHY K ee MaKCHMaJlb-
HOMY 3HA9eHUIO:

Sdmlg . 1 ' aA -1__ 2 (15)
g — g®© | dor | T jugt—ui ] lop

A=

(spextunnas mupnra Gpymrmunm sinc? z va 13% Goubine IMMPHHELL ee-
rmaBHOTO MakcmmyMa ma yposme 1/2). Taxmm oGpasom, mpm § = 1
MUpUYHA IWHAM B Tepnax pasHA oOpaTHOMY 3ala3fEIBAHHIO BOJID
mpm mepecedenun oGpasma (cM. (1.1.44)).
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ABajormuHo ompepenuM yriaobyio mupuny. Ecim mpemebpeur oT-
JimameM cos P; oT 1, To IpW W3MeHeHMN HampaBJeHUA HalTogeHus
B maockocth Kk g (cM. (6.2.13))

2 S d9 sin 9g

I o €08 02

21
sin 'ﬁ‘g :

0
ddd
du)g

AV = = A0qag

= (16)
k3lKOI‘
Buipomnennstit caysaii. B ciydae KoJIImHeapHOTO M BHIPOKICH-

goro cuuxponumaMa (§; = p; = 0, ©; = @, = ©3/2), KoTopEM 00a-

[Al0T KPUCTAJLIB, HCIOIb3yeMEle AJIA TeHepalul BTOPOit TapMOHUKH,

muneiinoe npuGauskenne (14) mempumenmumo. B6am3u Takoro CHHXpO-

HU3MA

A=Fk (o) + k(0 — 1) — ks,

A dhy dk,
doy  dog | do, -0, (17)
2\ d2k 21 2
_ 1 dkl—%—i-((ogdn—} dn)‘
ami d(u% d(Dg ¢ dw? diw

Taxum o6pasom, cormacuo (17) u (9) «B «yABOMTENIBHOM» KPHCTAJIE
npomcxomuT obpatHHi pacmaj (OTOHOB BTOPOil TapMOHMKH CO CJe-
JYOIUM YacTOTHHM CHEKTPOM B IPOJOJBHOM HANDPABJICHHU:
YR wg\b . I a2a w3 \2
g — 2 aine? - W
Poa (m, O)._—(—%) 9,12 sinc [T—a—(u) —-) ] . (18)

ng 2 2
3

Tar rar S dzsinc? z? =4V n/3, To cuia ceeta u >dQeKTUBHAL NIHPH-
Ha CHeKRTPa PaBHHE
2 5 8 e 1/p
Pg— ny, (ﬂf"_)n g33l2A(03£1]7 Ammb —_ [_L_)i[ . (19)

n3 2c 3 Ll{ogn” +an'

Bausnne crneKTpa HAKAYKM HA coeKTp carsanxa. Mu moaaranu o
CHX TOP HAKaYKy OfHOMOJOBOH, T. 6. HAEalTbHO MOHOXPOMAaTHICCKOL
7 minockoif. IIpu mccieq0BaHNN BIAMAHAA HEHAGATBHOCTA HAKAYRHM Ha
MHOTO(OTOHHEE IPONECCH MOMKHO BHIEMNTH ABA KpaWHMX Ciaydas,
KOTODHe MBI 6y/leM Ha3HBATh «ONHODOJHBIMY M (HEOJHOPOJZHLIMY YIIH-
peH;meM CHeKTpa.

B mociegHeM ciydae MHOKeCTBO MOJ Bo30Y:KIaeTCA CTaTHCTHYC-

CKM HEe3aBHCHMO C BePOATHOCTRIO g (k3)~<E§€:)E§§;’>, n $opMa CIEKT-
padbHOll JMHMW OUpefelAeTcA HPOCTO HHTEIPHPOBAHMEM NOIYIeH-
HHIX BHIIe PpopMmy mo dk s ¢ BecoM g (K 3). llpm aToM mETErpasbHNE Xa-
PAaKTePHCTHRKE paccessHHOro csera Py, FPo He HSMEHATCA, a yBeIH-
q9@TCH AU TOJNIMHA» IOBEPXHOCTH cHEXpoHmaMa Ae; mim Ad,.
KageCTBenHO BAMAHHEe HEOTHOPOJAHOTO YacTOTHOTO MJM YIJAOBOTO
VIUpeHAA HAKAUKE MOJKHO OUEHWTH, BAPBUPYA YCIOBUE CHHXPOHH3-
ma. Hanpumep, oneruM ymupenne A@; 3a cdeT HEMOHOXPOMATUIHOC-
i1 A®@,; TpH KOJIMHEADHOM CHHXPOHH3ME OOBIKHOBEHHHX BOJH.
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Us ycmosus k (03) — k(0s — ;) — k (0,) = 0 maxogum Opoms-
BOTHYI0 9aCTOTHl CHHXDPOHMBMA II0 9acTOTe HAKAUKI

-1__ -1
doy _ Us Uy,

dws 1,1
3 ul u2

M, ClenoBaTeabHo,

Ay = ]ﬂﬁ Aws. (20)

1—uyuy

TNocaennow GopMyry MOKHEO IpPefcTaBuTh B BHAE, (15), ecan mOT lyor-
MOHMUMATEH BEJIMIHHY
21
ZHOF (A(-D3) —_ T (21)

[ut—ugl| Aoy

Amamormumo coridacmo (3.4.41) pacxopumocTh HEOOHKHOBEHHOI
BOJHH HAKAYKE Ady B IIOCKOCTH, COJEP/RAIEH ONTHIECKYIO 0Ch KPHC-
Taljiaa, IpuBoaMT K yumpenuio (15) npu

o
Lior (Ads) = : (22)

N | ng — n§ | sin (2a3) Aag

rne n, ¥ ng— HOKa3aTeln IPeJIOMICHU 1JiS OOBIRHOBEHHO 11 HeoObre -
HOBEHHOR BOJH HA 9aCTOTe HAKAYKH, Og — YIOJ MeKIY K g M OUTHUK-
CKOIl 0CBI0 KPUCTAJIA.

PaccemoTpum Teeph 0JHOPOJHOE YIINPEeHNE HAKAIKH, IPH KOTOPOM
aMUIBRTYAH MOm He HesasmcuMH. OpHOpOAHAA MHOTOMOJOBOCTE Ha-
ragkd Aky) = Awy/ugB HaupapieHnN k3 BH3EHBAGTCA €6 HeCTAMOHAP-
HOCTHI0; HAIPUMED, OPH HMCUHOJH30BAHAN MMOYIBCHOTO OHOYACTOT-
moroy 1azepa Awg ~ 1/At;, tne Aty — pomrenbmrocts mmmyabca. He-
cTammoHapHO® paccesmme GymeT paccmMoTpeno B § 6.5 ofHOBPeMeHHO-
¢ BHEYKISHHHME 3¢deKrTamu.

OxHOPORHAA «HOIEPedHas» MHOTOMOROBOCTH Aks, = kgAQ, cBa-
3aHa ¢ AAPPAKIUOHHOW PACXOIMMOCTHIO, KOTOPas HMMeeT MOPALOK
AQ; ~ XilA3, rie A; — cedeHme Iyda HAKadYKd. B sKcmepmmente,.
Kax UpaBWIO, IIONEPeUHEe pasMepPH paccempaiomeii obmactu a, b
ompefleIAKTCA KaK Das 9THM CedeHHeM, a He Pa3MepoM KpPHCTaia.

layccoB xyd nmakasxu. PaccMoTpmM paccesnme TaKOLO «AHPpaK-
OHOHHO-OTPAHAYCHHOTO» MyuYKa, HMEIOIero CJIeAyliee pacmpefesre-
HHe noxas (Tak HaswBaemas rayccopa mam TEM-poiana, sBisiomascsa
pemenueM napaboindgecKoro ypasHerUA 1)):

E; (rt) = EethsriotFg () 4+ K. C., (23)

1 (o — s+ 4
Fs(r) = g7 ©XP [_ pe (1:—2iz/b) ] (24

1y Taxze BONHH H3IYIalTCA Jdasepamu coO cdepuaeckumn sepkadamu. Pas-
MepH QOXANBHOE 0GIACTH MOKHO MEHATH C NOMOIIBIO MHWHS.
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rie a u b = ky0® — pammyc u MumHa gokanbHOK 06MacTH, Py — YTOX
B IUTOCKOCTH £Z MEKAY OCLIO Iy4a W OCBIO 2, OTIMIHHE 0T HYIA I
HEOOBIKHOBEHHHX BOJH HaKagKH.

Momaocts, mepenocumas Bodmoh (23), pasua

P="0Ey P A= TV, (25)

tAe A = na®/2 — spdexrurHan mIomans cevenns myga. Cpapmmsasm
aro BEpaxkenue ¢ (6.1.15) mpum p; = 04, MH BuAUM, 9T0 yUeT IpOCTpaAH-
‘CTBOHHOM CTPYKTYDH IOJS HAKAYKM CBOZUTCSA K fo6aBieHmIO B (op-
MYJIaX, HONYYeHHHX BEING IS OJHOMOJOBOH HAKAYKHM, MHOMKHTEJI
F3(r) nop smaxom wrrerpaa o 7. Ilpu sToM MHTErPEpOBaHUE TIO 7, Yy
BefleTcA yie B 06CKOHEYHHIX mpefenax, T. e. Temephb B (1) F = Fy:
/2 oo .
d . — 2 ] 2
F(AR)= { S TL— SS dzdy exp [— AR r — (x__M] ] . (26)

"2 (1 + 2i3/b)
—1/2 —co

‘Taxum o6pasom, cuexTp paccesmHoro moxa f (Ak) ompepensercs
$ypre-o6paszom’pacpesietenus moas mavadxu Fy () B o6pasne. Boc-
TOJH30BABIMINCH TaGIMIHLIM HHTEIPAILOM

{ dzei-stior — 1/ Tag-trasor, (27)

HaAX0oJuM
l/2 9
\ dzess |, (28)

—lJ2

Ak a2
f(Ak)=4AzeXp(_ ;“)

2

_ AAJ_
Ak_—_:k1+k2——k3, AEAkZ—I—p:sAkx"}“ ks

Comextp curmaza temeps Bmecto (11) paBem

Aki_a2 2

uozA ]

l{z
S dzeizz

—t/2

Tae Ao = @ (k) + o (k) — ws. CperaeM BaMeHy NepeMeHHEIX
MHTeTPHDPOBAHHA Ky E%z 4+ %, rpe 17,2 — (COIPSKeHHAHIY K fo; X0I0-
«cTo#i BeKTOD B cMEche (4), Torma Ak, = %, u Ak, = x, -+ A. Tlpm
Maasx % Ao = o (ky) — o (k) = uj-%. Crenoparenswo,

8 (Aw) =& (%, — nQ)/ul (30)

227

’Kg = — %y tg egx — 'Ky t!g e2y7 t’g ex, y=
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Teneps
4 (¢
g= 7;['37 SS dZdZ,ei(z"z’)A S d'K_]_ X
i
2 2,2
Ucoonssya eme pas (27), morydaeM (2, = 2z — 1)
2
_ .4
Sd”l' = EA by P [ B+ z‘zl/b):l’ (32)
P 242 2
2T (1g Ooe — p3)2 - 122 B2y g0,
Hauee,
—i/ !
(§ dzdz'y iz)) =2 Re § dz 1 —20) f (i), (33)
ha g
HO3TOMY : ’
4
_ 1 dz(l—2) A 22
gA)=— ReS T~ i2/b eXP[ iz B+ iz/b)]' (34)
0

Jra pyskmua ¢ ygerom sasmcuMocTH A (0,9Q,) (cm. (14)) ompepenser
PopMy cmexTpa B ciyduae rayccoBoi Hakauku. Hak Jerko yOegnTeCA,
S dA g(A) = 1, u nosromy sddexrTusHan MUPHHA JHHAH (15) ompe-
neiserca Makcumaiapmb smadenmeM g (0): ¢

cos 63
=
g0y uzl - Qull |
ato mepexomur B (15), ecawm moxaraTs lxor = 27g. (0)/cos 6.
B cayuae «MArkoi» (QOKyCHPOBKH, KOI[a JIUHA $oraipuo@r 006-
JZacTH MHOTO Ooipme JIMHH Kpucramia (b>>1),
!

Awysg (39)

1 ¢ -22/12
g(A)_—_—_ﬂTSdz(l—-z)cos(zA)e z, (36)
0 .
L _ fiem (h <€ 1),
g(0) =13 LIf(h)—{zz/z Ve a1, (37)
1 1tgh
=Ty

rae pymrmusa ¥ onpefeinena gopmyro# (4.7.16). Taxum oGpasom, IpH
GONLIITEX YrIAaX PACCeAHHS XOJOCTOW BOIHBL X MATKOU PoKyCHPOBKE
(k302> 1> altg 0y) -

Lior =V 2ma/sin 63, (38)
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T. €. JauHa KOTepPeHTHOro BBaﬂMOHeﬁCTBHH nMeeT MOPANOK pasMepa
dyda HAKaYKH BIOJL HAOPABIEHHA DPacOpOCTpaHEHHUA X0JIOCTO’
BOJIHEL.

§ 6.4. CraTncTuka moasA W MeTpoJiormiecKue npuvenenns 1P

Ho cux mop ME HHTePecOBANHMCH PHEPTETHIOCKUMHU XapPaKTePHCTH-
KaMu PacCesiHHOI0 CBeTa — ero MHTeHCHBHOCTBIO (sApKoCThIO). C mo-
MOHIBIO «30JI0TOT0 NPaBHIA» MH HOKA OHPeJeNHAHN JHIbL THATOHAb-

Hble DJIEMeHTH MaTPHIL BTOPHX Momentos <{aja,». Ilommaa crarm-
cTAvecKas HHAQOpPManMA 3alaeTcAd BCEH MATPUNEH BTODPHX MOMEHTOB
{aifay), {ayay), a TakiKe BHCIIHME MOMEHTAMU WIH Y-QyHKIHeil.
JHaHWe HE[MATOHAJILHEIX BTOPHX M BHICIINX MOMEHTOB HE0GXONHMO
AJXS ONMCAHWA WHTeDYEPEeHNUOHHHX JKCIEPHMEHTOB M WH3MepeHWit
CTATHCTHKH (0TO0TCIETOB (C OJHUM WIM HEeCKOJNBKHME JETeKTOPaMm).

B npumnunme Bce MOMEHTH BEIXOJHOTO HOJsS MOKHO BHPA3HThH
9epe3 MOMEHTHL BXOJHOIO HOJsA ¢ momomsio obmeit gopmyns (5.2.7),
B KOTODOM [IIA ONNCAHHA CIOHTAHHOTO PACCEANMA HAl0 BCE BXONHEE
MOZBI, KPOMe MOJ HAKaYKW, IOJIaraTh B OCHOBHOM (BaKYYMHOM) CO-
croaauu. OfHAKO YCIOBHe CHHXDOHHBMA BHJeNseT TPeX(pOTOHHHE
BII6MEHTAPHLe TPOMECCH, ONMCHBaeMBe KBAJDATHIHON BOCHpPEMMUH-
BOCTBIO, W NO3B0JAeT IPeHe6Peds BRIAZOM HEIWHEHHHX BOCIPUINMYH-
BOCTEH BHICIIAX MOPAZKOB. JTO 0GCTOATENBCTBO 3HAYUTEIBHO YIPO-
miaeT TeOPUIO, TaK KaK MO3BOJIAST MCXOJUTE U3 9(P(QeKTHBHOTO raMILIb-
TonmaHa B3aumopeiicrema (6.1.12).

Hanbpelimee ynmpomenue JOCTHIrAaeTCA HPEAHOI0EKEOHHEM 0 Kiac-
CUYHOCTH ITOJA HAKAYKK (IPH 3TOM TacTh MOJ OIHCHBAETCH KBAHTO-
BOII TeopMeif, a 94acTh — KJIACCHYIECKON) M mperelpesieHHmeM H3Me-
HeHNA aMILIETYAEl X, BooOme, CTATHCTHRY NOJA HAKAUKK B Pe3yIbTa-
Te Ipomecca paccesHHA (OpHOWKeHHe 3a0AHHOU HAKQUKU).

B macrosmem pasgese MBl ONpeleNUM CTATHCTHKY mouas [P
B OpuOImKeHnn 3()PeKTHBHOIO IaMHIbTOHHAHA B HepPBHIX IOPHAAKAX
00 aMIWIATY/e HAKAaUKHU Ha BXofe (IOKa He mpmberas K mpuGIMReINI0
KIACCHYHOCTH HOJA HaKaukm). Pemenus ypasmemmid IeitzenGepra
upa t — ty = oo OmpefeNsAInT O0HepPaTOPHl BBIXOXHOIQ IIOJIA Uepes
0IIePaTOPH BXOJHOTO H, CJIEJ0BATEJNbHO, BEIXOIHBIC MOMEHTH depes
BxonHbe. MB DONYyYNM HIDKE IPOCTHIE BHPAKEHHS [JH BTOPHIX o
4YeTBEPTHIX MOMEHTOB, M3 KOTODHIX B ciyuae cuomramuoro P (korma
Ha BXO0/le BO3OY;KOeHH JIHIIbF MOJAE HAKAYKH) CJeNYeT XapaKTepmHoe
IIA ABYX(POTOHHBIX UOJeX OTCYTCTBHe CIydaliinbix cosmamgenwmit, Ort-
MeTHM, 970 OPHM KOrepeHTHOW HaKauKe ¢ oIpefedeHHoR (asoii B moie
pacceAHNs KOPPEIUPYIOT HE TOJABKO UHUCIA (OTOHOB, HO U AMIJIHTY/IH
CUTHAJNBHEIX M X0JOCTHX MOX: {a,d4,> = 0. Bonee mogpo6mno Gymer
paccumTaHa CKODOCTHh COBIAJEHWI W COQTBEICTBYIOMAS 00JACTh KO-
TePeHTHOCTH JJLA CIydYas rayccoBoi Haraurm (cm. tarske {95]). Kpome
TOTO, B HacToAmeM maparpage OymyT paccMorpensl Bo3MOKHLIE doTo-
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merpmueckue npumemenma IIP: s aGcomoramix (me Tpe6yromux
KaJu6pPOBKE) HM3MEDEHHH fADPKOCTH CBETa M KBaHTOBOTO

DAY [99]. ‘

Ypasnenns DeitzenGepra [as onepaTopor Houist. Corznacuo (6.1.12)

BHIXO7a

. ! ]
P =ih k%h Wiaglyly O3 - Be Cu, 1)
1R

wWyaz == 7lC1CoCaY 108 S dr et kT,
o

Y195 == Y18 == Y231 = - - - = 7, (01023)  €1€20;,

e V — o0bem meammeitHoi obmacru. Ilpennonaraercs, 970 HaKaIKa
KBa3MMOHOXPOMATUYECKAA ¥ IPYINHI MOJ| CHTHAJIA, HAKAYKY M XO0JO-
croro monsa me mepexprmaiorea (0 << 0y < 04/2 < 0; < ©3). Yeiro-
BUe CHHXPOHHE3MA M CUMMETPHA KPHCTAJIa 00BIIHO BHIIEIAIOT addek-
THBHO B3aMMOKEHCTBYIOIINE TUIEI MOJADHU3ANNH, W IOITOMY HHJIEKCH
moaApH3anuy OygyT OOYCKAThCA.

W3 (1), (2.1.13) m npasma KommyTanuu (3.2.9) HAXONHM YPaBHEHNA
TeiizeHGepra:

dal . E 3 +
F7aaniailee U -+ E Iwmaazam
23
2
da . N (2)
7 T T M0l + W30 @3-
13

Nas  MelIeHHO-MeHAKMUXCA  aMINTHTY]L ay (t) = ay (1) exp (iwyd)
ypaBHeHUsT WMEIOT BUJ

da 3
1 * M+ M
o 2 Iw123 () as"asg,
23

(3)

da %
=Y whs (1) al"al,
13
Wiag (1) = Wygg eXp i (03 — 0 — ©7).

B mepBOM HODPA/KE TEOPUE BOSMYIEHHS HO K0d(QQuIuenTaMm CBASH W
HAXOAHM AMILIATYIH MOJ BEIXOXHOTO HOJIA:

’ Nk &
ay = ay -+ D liasdsds,
23

4)
, . (
g = ds I 2] u123avia3,
13
TIe
. U1gs = 210 (01 + 2 — W3) Wizs, (3)
5}

ap=a)f(c0), ax = ak(— 0).
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Pemenna (4) mo3BolA0OT BLIPA3UTH BHIXOZHEIE MOMEHTH depes
BXOAHEIe M KBagparganyio maTpuny paccesuus (MP). Tax, ecaum ma
BXO[e MOJHl CHTHAaJIa, HAKAYKH W XOJOCTOTO HOJS B3aMMHO HE3aBH-
CHMHEI, TO ¢ HoMOmEK (4) HaxommMm

Ni1'= Ny ‘|‘Zu123u1k'2'3' (Nag - 0y3) Nygr, (6)
Ny = Nagr + D uaasttiays (N1a + 8y1) Ngyr, (1)
Kio=727; + 2 (UirasNur + thasNag + Us0s) 75, (8)
Nom = <a7+ﬂm> = -;‘;ma Kom= <a;atn> = Kpn,

Zp={ay>.

SaMeTnM, 49TO 9PMHTOBOCTH rammirbronmana (1) ofecumegmpaer coxpa-
HeHMe KOMMYTAI[MOHHEIX COOTHOINGHMH Jig mpeolpasoBaHHbIX omepa-
TOpPOB &', B NodToMy {asa,) = £a,a5)". Ilo mpenmomomenno Msl pac-
cMaTpWBaeM JHWIIb MOAH, IPUHAMIEKAIMMAe OKHAM NPO3PAYHOCTH
KPUCTaJLIA, HOTOMY CTATHCTHKA BHXOJHOTO ITOJIs1 He 38 BUCHT Henocpey-
cTBeHHO ') 0T TeMUepaTypH BeIeCTBA WM YHCTO CHOHTAHHOE W3JIyYoHHE
orcyrcreyer (cp. § 5.3).

Cnonrannce paccesnue. IIycTs Ha BXONe CHIHAIBHOTO ¥ XOJ0OCTOTO
HW3JTYyYeHHUA HET, TOTJAa BTODH® MOMEHTH HAa BHIXOfle HPHHEMAIOT BHJ

N,n’ = E umsu;k’azs' Ny, (9)

Néz' = Z u123u;k2'3’N33” (10)

Kig = D unza”s = via. (11)
3

3amernym, uro IIP Ha wacrore curuana, onucsBaemoe BEHpamennem (9)
0GYCIOBICHO OTIMYAEM OT HYIS B BAKYYMHOM COCTOSHHM AHTHHOD
manabpo-ynopapgodenmoro momenta {0 | a,ay |0> = 1, . e. Tem, uTO
3JIeKTPHYECKOe M MAaTHUTHOE IIOJIA BAKYyMa He MMEIOT OUPe/leleHHOr0
spavennsn («payrryanuu Bakyymar»). Cormacmo (11), ecam Mogel Ha-
Ka4uK¥ HAXOAATCA B KOTePEHTHOM COCTOAHHH ¢ Oupefesennoil asoil,
TO HMeeTCA KOPPeNAnWs MeKAY aMINIMTYJaMM CHTCHARJLHHX H X0J0-
CTHX MOJ, UpmueM MOMeHT {0,y IPOUOPIHMOHAJCH aMILIATWIe Ha-
KavyK#, a He ee KBajpary, Kak obsaabie Momentst (9) m (10). Dypre-
06pas GYHKIUE vy, ONPEREIseT IPOCTPAHCTBEHAYI (YHKNUIO B3aWM-
HOH KOTePeHTHOCTH CHTHAJIBHOTO M XO0JOCTOTO IIOJEH.
U3 (4) cremyeT, 970 9eTBEPTHA MOMEHT 10/ B HU3INOM IPUGIMEKe-
HUM KBAZpATHYeH IO aMILIUTyIe HaKadKM:
(ayay a3ay) = 21 u123uf'2’3'N33'- (12)
33
B T0 sRe BpeMa moMeHT Bmfa {aia,d;a;) IPONOPHUOHANEH HYeTBED-
TOH CTOUeHE aMONNUTYHH HAKAYKH, M B paccMaTpPHBaeMOM 3/leCh HpH-

1) OgHako BOCHPHUMYMBOCTH BemIeCTBA M, cjefoBaTenbno, MP Moryr sanm-
ceTb OT TeMIepaTypH uYepe3 HACEIEeHHOCTH YPOBHei.
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OIMIKEHMH ero cieryeT CYMTaTh PAaBHBIM HYJIIO (9TO 03HAYAET, ITO MEI
TmpeHebperaem BepOATHOCTHIO MOABAGHNAS ABYX (OTOHOB B OIHOH MoOfe).

B carydae KorepeHTHOTO COCTOAHHA MOJA HAKAYKHU er'o BTOpPOi Mo-
MeHT (aKTOPH3yeTCA:

Ny = Laz><as) = 2323, (13)
qTO NPHUBOAHUT K (JAKTOPHU3ANUYE IeTBEPTOI'0 MOMEHTA MOJA PACCeAHHUA:
a1aya3ay) = ViU (14)
Hpn srom (9) m (10) nannMamT B]Z[J];
N11' = :2.1 1712171 2 Ny 29" = 2 17121712' (15)
Huaronansntie MomenTsl coraacuo (9) — (12) PaBHHL
Ni = Z u123uf23'N33', (16)
2337
N-; = Z u123uf23’N33'7 (17)
1337
</V1N2> :Zulzsufzs'[vsyy (18)
33"
AN =N Ny = (NN, (19)
1 2 12
TAK 9TO IIPM KOTEPEeHTHOH HaKadKe
Ni=2;;lvmlg=2<1v1ﬁz>', (20)
2
N;=E|U12l2=2|<ﬁ11\72>,7 (21)
1 1
(NiNoY = vi2 [P > NNy (22)

Ilocnenmnece mepaBeHCTBO, KOTOPOe HMEET MecTO W B cllyuae HOKOTe-
PeHTHO# HAKAuUKM, XaPAKTePHO A CTATHCTEKH OGHQOTOHHEX mHOJeH,

B TO BpeMA Kak JIs «o6buHbXy moleit (N, Vo> < 2NN, (ra. 4).

Jranounsiii remepatop QoToHOB. PaccMOTPEM 3KCHEPHMEHT IO
cuery (poTOHOB ¢ momMompbio ABYX DY m cxemsr comagenmit. Ilyern
nepen PIY ycranoBnemnl wacToTHEE QHUABTPH, TAaK 9T0 ONWH KaHAM
pearupyer TOJNBKO Ha CHIHAJBbHOE IIOJIe, & BTOPOH — HA X0JOCTOe.
B §§ 4.6, 4.7 Gui10 mOKa3aH0, YTO BEPOATHOCTE MOSBICHUA HMIIYJIHCOB
Ha BHIXOLaX OTAEIbHHX KAHANOB W CXeMH COBIAEHWI MOKHO IDPesi-
CTaBHTH B CIGRYIOWIEM BHUJE:

Peyen = ;nlNiv (23)
Pxon= ;ﬂ]zN;: (24)
Pegpn = Z M2 <]V1A7\2>,’ (25)

kiks
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Ifie 1, — dHepreTHUYecKUil KoadunuenT mepejadd BCeIo Tpakra JIA
MOjiH & (BKI0Uas HMOTJOMEHNe, PacCesnne W OTPasKeHNe BHYTPH KpH-
cTamna u B QUILTPax, a Tax:ke KBamToBHH BHXO07 D3IY).

Hs (16), (18) cmemyer, 910 B caydae GHPOTOHHOTO MOJA

Peyrn = Z T]1u123uT23'N33', (26)
Peogn= 2 7]1"]2”123”?23'1\[33’- (27)

IIycts temeps xoaocrtoir PIY permctpupyer QOTOHH B GOIBIIMX
COEKTPAJbHOM M YIJA0BOM WHTEPBAJAaX, 3aBEJOMO OXBATHBACIIAX
BCE MOJIH, CONPSKEHHbIe YCIOBUOM CHHXPOHU3MA ¢ carHaabuum PIY.
Ecam, ®pome Toro, B STHX HHTepPBaAIaXx

Ne = const = Nxom (28)

o u3 (26) u (27) caenmyer
Poopn= T]xo:xpcmﬁ- (29)

910 cooTHOImeHHMe ObLIO0 HHCOGPAMEHTAIBHO IOATBep:kAeHo B [60],
A OHO HATNAAHO OOBACHAEGTCHA OJHOBPEMEHHOCTLIO BHUIETA CHUTHAIb=
HHX B X0JOCTHX (oTomoB. llpE 3TOM sCHO, 4TO €CIM CUTHAIBHEIA
0TCYeT HE COMPOBOKIAGTCA WMIYJIHCOM CXeMH COBHAJEHHI, TO 3TO
BH3BAHO IOTepedl X0JI0CTOTO (POTOHA 3a CUET HEMZealBHOCTH TPAaKTa
(Mxon << 1). Wrar, umpu OGoJXBIIOM BPEMEHH H3MEPeHHA OTHOIIGHUE
9@ciia OJHOBPEMEHHEIX OTCUeTORB B 0GOWX KAaHalaX K YUCIAY CUTHATIB-
HHX OTCYETOB CTPEeMHUTCS K CYMMApHOMY K03QPHUIHeHTY HNepeyadn
X0JOCTOTO KaHala, M eCIu MOTePU B ONTHYECKUX 3JEeMeHTaX TpaKTa
Mansi (MW W3BECTHH M3 HE3aBUCHMBIX M3MEPEHMII), TO TaKOW JKcCIIe-
PEMEHT TO3BOJsieT HPOBOAUTH a0CONIOTHBE W3MEPEHHA KBAHTOBOIO
BHxO0ga xoxocroro PIY (paspgeiieHnme KaHaloB HA CHIHAJIBHHIA U
X0JI0CTO#, KOHEUHO, YCIOBHO — H3Mepaerca sddexrupuocts DIV,
OXBATHIBAIOMEro 00JIbImEe IUCIO MOJ).

Ecan, pamee, Bmecto xoaocroro DY upocTaBuTh ONTHUECKHI
3aTBOP, KOTOPHI OTKPHBAETCH TONBKO IPU MOABICHUHN NMEYIbCA
B CETHAJNBHOM KAaHAJE, TO ML MOJYYNM YHUKAILHOE YCTPOHCTBO, H3IY-
9aromee M3BECTHOE YHWCJIO (POTOHOB B H3BECTHHE MOMEHTH BDEMCHH.

B npumnmme miisS cosmammA TAKOTO STAJIOHHOTO TeHepaTopa (oTo-
HOB MIK aGCONIOTHOTO M3MEpeHHA KBarToBOTO BEIxoma DIY mosxumo
MEHOAB30BaATE TaKke aderT UsIydeHnA OMPOTOHOB UPH TeTHPeXHo-
rounonM IIP min neyxporornom pacnase (§ 5.4). B mocaennem cayuae,
OlHaKO, HANpaBIeHWA BHJIeTa (GOTOHOB B HApPaX HE3aBHCHMEI, H XO-
N0CTOH RAHAN M0JReH BMETH YTJIOBYIO amepTyPy, PaBHYIO 47t paguad.

CropocTh cosnajgenuii mpu rayccosoii nakauke. Paccmorpum Gosee
noApo6HG 3aBHCHMOCTE BeposaTHOCTH copuamenus mpu IIP or mapa-
MeTPOB SKCHEPHMEHTATHLHOTO YCTPOHCTBA B CIy9ae¢ MOHOXPOMATHUE-
€KOTO KOTePEHTHOLO Jy9a HaKauYKH ¢ IayCCOBCKMM HmpoduieM U [u-
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(GPaKOUOHHOR PACXOIUMOCTBIO:
CE (rt)> = ELe"™ L F () - k. e, (30)

rie ¢pynrmus F(r), omucHBanmas CTPYKTYPY IIONsA HAKAYKH, Ompe-
meneHa B (6.3.24). Haiinem cnepsa k-cmektp mois (30). Ilpm mpe-
nebpesxenmn yraom ammsorpommm (pp = 0) ms (3.1.12) n (3.2.29)
cienyer

. vEyp ik
icpzy = CESY = 8;; S dp "THETR (p) =

vErA g2
=5z " az/a.§) (A«L_ b, — 2TL) , (31

rie A = na®/2 — 3¢dexTuBHAA [MIOMANB CeUeHUA Jyda HaKAIKH
B Qoryce (2 =0) mw ¢ = k| — Ipoeknua &k Ha HONePETHYI0O K OCH
OYYKA IJI0CKOCTS.

Iopcrasus (5), (31) B (11) ¥ Hepexoaa OT CYMMIPOBAHEA 10 MOJIAM
K HHTerpmpoBammio coriacuo (3.2.31), momxydmm

Uyp = 218 () + @2 — @3) W (01¢192), (32)
TIe

9 29\ . (B
W= yertsELV exp (— 412 ) sinc (7) ,

A= —kp + ki, + T -+ 452/ 2k1,

ky, = Ve (@1q,) ©3/c? — 47,

7;21 = V nz (6142)6%/0‘2 - qg,
(~01£(0L—031, Q1ZEIQ1+Q2|, V=Al

n | — rojymuna Heammeinoro ciuof. Dymkuma vy, cordacmo (11),
(14) u (15) ompeneasier BTOpHe 1 derBepThie Momentsl moas IIP, T. e.
¢ymxnmE Koppeisinum B k-mpocrpamctse. IIpocrpancTeenmo-speren-
HEle (QYHRIHNE KOppeisnuu (MI¥ (YHKIHE KOTeDeHTHOCTH) pPaBHH
pypre-o6pasaM BTHX MOMEHTOB. .

Haiigem ¢ moMompio (32) CKOPOCTE CYeTa HMIYJIbCOB B CATHATHHOM
ramaize. Us (4.6.32) u (15) caexyer (npu dk =~ 0*dodQ/c’)

7 2 ¢ e
W enrn = ?6% S dQ, dQ, S dwin (0,82) 00} [w (mq195) |2, (33)
an )

rme 1 = | & |> — omeprermyeckmit KodQGUIMEHT Tepefatd CUIHAIL-
HOTO Kamaixa ¢ y4etoM KpamToporo Beixoma DIY. Herpyauo npose-
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puTh, uro (33) skBuBamentHo (6.1.14) mpm samene
oo 17.2
2->IEL 5 dz dy S dzeskrF(m P (34)

-—00 - /2

c§N3l S dp eitk-r
A%

(sro ompamamBaer, kcratd, gopmyry (6.3.1)). BaBucumocTs Wy
0T mapamerpoB ¢EAbTpa v Obira paccmoTpena B Komme § 6.3,

BepoaTHOCTS MOABIEHNEA MMIYJIhCa HA BHXOZE CXeMBI COBHAMOHMIL
oupefteniserca mojcraHoskont (14) m (32) B (4.7.2):

A T AT
Peosn = WS dQ, dQ, S dt, S dts X
* [} At
X l S Aoy 010181 (01Qy) B2 (3:2s) w* (019,2) el : (35)
Ilycrs sagepxem mer: 7; = t;, At = 0. Hurerpax wo wactote B (35)

ABIAETCA IO CYIECTBY GypPbe-00pasoM B3aNMIHO CIeKTPAIBHON P YHE-
MUY CHTHATHEHOTO W XOJOCTOTO IOojel, T. €. BpeMeHHON (QyHKIMei
KOppeaAnuya ¢ apryMmeHTOM f, — I; B TOUKAX, JeRamux HA HOBEPX-
HOCTH (POTOKATONOB ¢ Koopmuuaramu Q,r m Q,r. Ogesupmo, 910 2Ta
GYHENEA mMeeT 3aMETHYIO BelIMYMHY JWIb ODHE |t — ¢ | S Aw™?,
rme Aw — mmpuaa modocH cuuxpommsma (6.3.35) mam momocw om-
THUeCKIX (UIBTPOB (MeHBIIAA M3 HUX). Paspemariiee BpeMsA CXeMH
copnafenuit I mpaKTHIecK® MHOTO Goxbime Aw™!, H IO3TOMY MOMKHO
CHeNaTh 3aMeHy
T

| § atewot ' — 218 (0) 7. (36)
(1]

lIpm sTOM BepoATHOCTH COBIAJleHHA HPOHOPUMOHANBHA I
P N

o . o
Weonn = —2228 — 22 S dQ, dQ; dooi0in; (0:20) N (3:23) | w (019:145) |2

T cSv?
(37)

(upu o6paTHOM HepasencTBe AwT<<1 65110 651 Pooay ~ T°). Cpasan-
Bafg 9TO Bupaskenue ¢ (33) (mpu yexopun (28)) cmoBa mosryuaem (29).
U3 (32) caenyer, uro OYHKIUA w OTIWIHA OT HYJIH, JAML eCIH TONE-
PeUYHHN CHHXPOHMEM BHIUOJHAETCA ¢ HMEQPARNMOHHOK TOYHOCTHIO:
g1 + @2 | << 1/a. Kpome TOT0, HOJNKEH BHIONHATECA M T POJ0JHHEIN
cuaxpormsm: | A | 1 <C 1. Ort; yeluoBHA ompedensioT 06IACTH B3AWM-
HO# KOTePEHTHOCTH CUTIHAJIBLHOTO ¥ X0JOCTOTO HOJ6H, T, e. HHTePBaIk
HanpaBjeHM {); W 9YACTOTH (;, KOTOPHE J[AaI0T 3aMeTHEII BKIAL B
B Weosn (CP. ckopocTs copmafenuit m 061aCTh KOT@DEHTHOCTH IS
o0BUHHX CBETOBHX IOJel, paccmorpenusie B §§ 4.6, 4.7).
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AbeomoTrniii  paguomerp. PaccMorpum TemephL CKOpPOCTH CYeTa
HMIYJIBCOB B CHTHAJNBHOM KaHaJle DU HAIMIHE HA BXOJe, KPOME LIOJA
HAKA9KE (¢ DPOM3BOJLHOH CTAaTUCTHKOH), eme 8-roppenmposaunoro
M3NYYeHUA HA XOMOCTHX 9acToTaX: Ny =0, Ny = N,8,,. IIpn aToM
cormacuo (6) m (23)

PcmH:zlnlg‘_lz(NZ‘{‘1)522}972([\/2‘}'1), (38)
12
rae
g‘-lz = Zulzaufza'Nss’ (39)
33°

ngF,= fanlz — ammapaTHadg (QYHKOHUA BCETO YCTDOUCTBAR, OHpe-

1 .
Hensiomas apPeRTHBHOCT, HPeo0pPa3oBaHMA XOJOCTHX (JOTOHOB
B CUFHAJBHEE NMIOYJILCH. ByneM cpaBHUBATH CpefiHde CKOPOCTH cYeTa
HA BHXOJe NPH BKIIYEHHOM ¥ BHKIJIIOYEHHOM XO0JO0CTOM H3IYyIcHUHR
una sxofge. Us (38) caemyer, uro orHOCATENbHOE IPUPANIEHTe CKOPOCTH
cieTa UpHW HoOaBIeHWH HA BXO0Je PEAIBHHX (JOTOHOB DaBHO

F N
_ o, 27 (40)
= P ©) 7

2

Ilycts Temepsr magalomiee Xo0a0CTO¢ HoJie IPEACTABIAET (BGebIit
IMyM» B BATEPBAJIAX 9aCTOT U HANPABJICHUH, YIOBIOTROPAIIIAX YCIO0-
BUI0 CHHXDOHM3MA, [JIsi KOTOPHX F, UMEET 3aMOTHYIO BeINYHHY:

N, =~ const = Nyo. ' (41)

Ilpu arom (40) mpumer Bux m = Nxon.

lItax, orHOmeHMe CHrHAX/IIYM HA BHIXOfe IaPaMETPHIECKOTO
npeoGpasoBaTela TACTOTH HE3ABUCHMO OT HHTGHCUBHOCTH HAKATKH
¥ APYIUX OapaMeTpoB mpeo0pasoBaTeslsi PABHAETCA THCAY (POTOHOB
Ha MOJLY B IIafaollieM N3Iy4eHAN. ITO YHCIO, B CBOIO 0U9epPeb, CBAZAHO
€O CIeKTPAaIbHOU SPKOCTHIO H BYPEeKTUBHON TeMOepaTypol Hmagarolme-
ro msaydennma coormomenuamu (1.1.43) u (1.1.26), tar uro

Ca

Agonln (1 4 m™)”° (42)

Seo = Sg)%fm: Taq) =

Ifle Axon — LEHTPRJNBHAA IJAWHA BOJIHE B II0JOce Hpeo0pasoBaHUA.
dra mojoca, oOpefelAnIad HYaCTOTHOE paspelleHMe DPacCMATPHBA-
eMoro «(poToHOMeTpa», MOKeT OHTH CHelaHa JOCTATOYHO MAJOH TWpH
OIDaHWIeHUN YII0BOil ameprypH curHaibuoro PIY m mamoit pacxo-
muMoctH Hakauku (§ 6.3). AmamorwuHo, yIJI0BOe DPaspeimnerue (PoToO-
HOMETDPa OIpefleIAeTCA IPW OTCYTCTBHH [AONOJHUTONBHHX AamepTyp
YriIoBoil IMHPWHONM CHHXPOHH3MA WIH PACXOZHMOCTHI HAKAUKW.
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@oToHOMETD JETKO IepecTpauBaeTcd U3MEHEHWEM TeOMEeTPUM WIH
TeMIIepaTyPHl KPUCTAJIa COTIAACHO YCIOBUIO CHHX POHU3MA (CM. puc. 2).
Jia usMepeHHA APKOCTH BUAHWMOIO CBeTa HAJ0 LPUMEHATH YIbTpa-
($HoyeTOBYI0 HAKAYKy WIM HCHOJB30BaThH dueThipexdorommoe IIP.
OnruManpHH#E YPOBeHL H3MepsgeMOH SPKOCTU COOTBETCTBYET, Ode-
pHEEO, m ~ 1. Takum o6pasor, doromomerp Mosxer paboraTs B AHA-
Ta30He BHICOKUX APKOCTHBIX TeMmmepaTyp W MO’KeT CAYRUTH Aiad al-
COMIOTHOR KamTUOPOBKM MHOTOMOMOBEIX JA3ePOB M ILIA3MeHHBIX
HCTOTHUKOB CBETA.

OcHOBHOEe IpPeuMyHIeCTBO TAKOTO HapaMeTPHIeCKOr0 pafHoMeTpa
{1epef CYHIeCTBYOMUMHA TeIJIOBHMY STANOHAMY CIEKTPAThHOK APKO-
cTH —f oTcyTCTBHE OMIMOOK B OUIpefeJeHHH TeMIePATYPhl W IOIJOMLA-
TelbHON cmocobmocTu. B mpumiume, Takoe YCTPOMCTBO MOKeT GHITH
UOJOKEH0 B OCHOBY NepBUYHOTO dTanmoma remmeparypsl. C ppyroi
CTODPOHEI, OguH fomon Ha Mo0y ABIAeTCA eCTeCTBeHHOW enumuiei
CHEKTPAJIBHOH APKOCTH M3IYIeHUs, I MOKHO ee BHPAKATh Hemocpesn-
CTBEHHO uuCIoM [V, HOKA3hIBAIOI[AM, BO CKOJIBKO pPas Sy IpPeBHIIIaeT
¢APKOCTH BaKkyyMan.

Omn6xn n3mepennsa. Tounocrs mapameTpudecKoro (GoToHOMETPa
6yner saBucerp oT papma ¢arropoB. Ilpemye Bcero, ma WHAUKATOP
MOKeT JIeHCTBOBATH (OHOBOE M30TPOLHOe U3JIYyUeHHE H3-3a POTOII0-
MHHECIOHIIME KPUCTAJLIA, HeUAea bHON (QmIbTpAIUM HAKAYKHU, HEKO-
FepPeHTHOT0 ImMapaMETPWIEeCKOTO0 W PAMAHOBCKOTO paccedHHA W T. 1.
Opnnakxo ompeneiuTh YPOBEHb 3TOr0 M30TPONIHOIO HEIOJIAPU30OBAHHOTO
$oHa MOKHO MOCTATOIHO TOYHO GIArofaps OCTPOH HALIPABIEHHOCTH
(dpm MaZoM HETEpPBaJe WBMEPAEMHX JIHH BOJH) U IOJHOH mOJaApU3a-
VM I0JEe3HOFO CUTHANA. Blugnwe HeHmealsrHOH HPO3PAaTHOCTH KPHU-
cTaJla Takse TOAMAETCS AOCTATOUHO TowmoMmMy Yyuery (§ 6.6).

BayKHBM HCTOYHUKOM CUCTEMATHICCKOH OMUOKYE MOKeT CIYKHTh
HeBHIIONHeHne ycaoBua (41). B mpunnmume KpHCTa€a foisKeH OHTH
IMOAHOCTRIO «HOTPY/KEH» B U3MepsIeMoe H30TPONHOE YepHOe U3JIyIeHHe.
Opmaro mpu ecTpoHampaBieHHoil Hakauke, mManoi ameprype DIV,
mrocKonapawiensnoit gopme (¢ I ~ 1 cm) u xopomem onTUIECKOM Ka-
9eCTBE KpHUCTALIa (HOTOHOMETD «BHAMT» JWINb Y3KuUil KOHYC Jy4Yei
OfHOll MOJAPH3AMAM BIOJSL HanpaBienusa k, = kg — k; (ucmpasJien-
HOro Ha TmpeiloMIeHme), a TaksKke (3a cuer OTpaykeHmA HA IPAHAX)
BRoib nampaBiaeHus kg = {Koy, kay, — Kko,}, T/le 0CH 2z IEPUEHIUKY-
JIAPHA BXOGHOA ¥ BEIXOAHOH IpaHAM. JTOT 3epPKAIBHHI JemecTOK
AUATPAMME HAIPaBICHHOCTU MOMRHO YMEHBIIATH IPOCBETIEHHEM.
‘OcraBmyocs 4aeTh HETPYZAHO YuecTh JONONHUTEIBHHM W3MepeHueM
m’ TIpU mepeMemfeHUH KaJluOPyeMoro MCTOYHHKA B 3epKAJIbHOE OTHO-
CHTEIbHO KpHeTadia moloskeuume., JledcTBHTeNIbHO, ¢ YIeTOM OTpa-
WMOHNH

PO) = F +F,
P(N) = F (Ny+ 1) + F, (43)
P(N2) = F +F (N2 1),
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rie §' — «sepranpmmit Koaddunuent mpeoGpasopamma, P (0) —
MOKA3ARWA WHAUKATODA IPH BHKIIOUCHHOM ucrounmke, P (Ng) —
IPY HOPMATBHOM er0 PACIOJI0KeHNHE «CIeBay T Kpucraiia, P’ (Ng) —
HpU 3¢PKATBHOM DACHONOKeHHH HCTOYHUKA. Pemennue (43) maer

N2:m+7n’ w%g_vi) 2_ (44)

[To-BummMOMY, JIy4llle OPHEHTHPOBATH KPUCTAII MePUEHAUKYIAPHO K.

§ 6.5. Hapamerpuyecrasd cBePXTHOMHAHECIEHIUA

Mlo cux mOp MB OTPaHHYMBAIUCH HePBHMH IOPAAKAMH TEOPUH
BO3MYMEHUsA IO IapaMeTpy CBsi3HU w (WU IO HeIHHeWHOH BOCIPHEM-
TUBOCTH §). B cilIyiae EHTeHCHBHOTO HAJAIONIEro cBera CJefyeT yud-
THIBATH BHICIOWE TPHOIMWKEHHs, YTO JelaeT 3afady BechbMa CIOKEOM
(masxe B mpmbmsxennu 3QPEPeKTUBHOTO IaMWJIbTOHHAHA, YIUTHIBAIO-
[Iero JIMIIb TPeXBOJIHOBHE B3ammopeiicTsus). Kaprmma mpeolpaso-
BAHHOTO TOJA GyHeT PesKo 3aBUCETH OT CTATHCTUKYA LAAIOIIEro W3-
AydeHus, W MBI [JA OPOCTOTH PACCMOTPHM HapaMeTPUIeCKYIo CBepX-
AIOMAHECIIeHINKD (MIN BHHEYKIeHHOe mapaMerpuIeckoe PACCesHIy —
BIIP) aump B mpubnuw;kennu KIacCHIecKoil sagamHoil nakaurm. 11pd
pTOoM TpeolpazoBanue mOJA BEHIECTBOM CTAHOBHUTCSH JIUHEUHHIM OTHO-
CHTeJBbHO aMIUIUTY[ CUTHAJBHEIX M XoJoCTHX Moj. Homeuno, Taras
IVHeaPU3ANN 3304l IOMYCTHMA UMb IPU YCIOBUY, YTO 9TU aMILIH-
TYOB OCTAIOTCS MHOTO MEHBIIMMM, YeM aMILIMTY[A MOJS HAKATKH.

Nrak, nomaraeM BeJHYWHH ag B 5PHeKTHBHOM TaMHUIBTOHHAHE
Bosmymenusa (6.4.1) merepMUHWPOBAHHEIMM GUCHAMU (YMHOMKCHHBIME
Ha exp (—iwmgt)). B pesynpTaTe raMmABTOHHAH NOJA CTAHOBHTCH
OMIMHEAHEM [I0 OHepaTopaM @, @, ¢ 3aBUCAIIAMHU OT BPeMEHU Ko3{-
¢urnmenramMu. Kcanm Henmme#nkle BocmpmmmuuBocTd Yy B (6.4.1) mei-
CTBUTEJIBHEL, TO TAKOH IaMHIBTOHMAH COOTBETCTBYET BEMECTBY € MO-

AYTHPYeMOi BO BPeMeHy U IPOCTPAHCTBE el CTBUTEIbHON nnanempn—
4eCKONl TPOHMIIaeMOCTHIO.

M#r cuepBa eHOMEHOJIOTHYECKN BBETeM MAaTDPHUIY PACCeAHUS (MP)
s caydas MOHOXPOMATHIECKON HAKAYKYM W PACCMOTPHM OTrpaHmde-
nusA, nakiaageisaemslie Ha MP yeaoBuamm ynurapmocTn npeoﬁpaaona—
uud moxsa obpasmom. Hamee Gymyr paccmoTpensl ofmiee JuHeinoe
npeoGpasoBaHue, OePeMeNMIUBAIONIEE OMEPATOPH DOKAEHWSI M YHH-
9TO/KEHUA U COOTBETCTBYIOIAA Y-OYHKIUA, KOTOPAdA, KaK ¥ B clIyyae
TN (§ 4.4), moamocreo onpenesisierca uepes MP u y-pyuxnuo nagaso-
mero monsa. [{anee MP Gynmer paccaurana AasS mMPOCTOTO CAy4as OLHO-
MOMIOBOK HaKauKu mpu npeHeOpesxenunm guppakmuein. Ilpm sToM Mu
nepeitieM K yHoOnoMy mis TaKUX 3aa9 ()@Z-IPEACTABICHHUI OMepa-
TOPOB W TOKAaKeM, 9T0 pPe3yIbTATHl KBAHTOBOTO M HKIACCUIECKOrO
pacuera MP coBuapmamoor. Ilonydennsie pemenus ypasuenmii I'eiizen-
fepra ONHECHBAKT SKCIOHEHIMAJIBHHIE pocT Apkoctu IIP mpm ysenm-
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YeHuy TONMMUHH ¢I0s. HaKoHel, ME paccMoTpHM elne mpencTaBIeHUe
MeJJIeHHO-MEHAIOMUXCA AaMIDINTYR, ¢ IOMOIMBIO KOTOPOro YymoOmo
onuceiBate BIIP B caygae Momyiupopammoit B mMpOCTpancTBe U Bpe-
MeHM HAKAYKW M HCHOJIB30BATH PEe3YNbTATH KJIACCHUIECKUX PACUETOB.

Monoxpomaraueekas narauka. IIpeoGpasoBanme moxsa Teleph
ONHCHBaeTcAd PelleHUAMY JHHeHHEX ypasnenuit (6.4.3) opu & — £, —
—- 00, KOTOPHE B CIIyYae KIacCHIecKOd MOHOXPOMAaTU9eCKOH HaKAaYKH
HMEeI0T, OYeBUHO, BUL:

. QJ QJ ’ \
a1+ = ZlUu'aI' -+ Zl Viaa,, a; = El Vaiay - }_I Uzz'a;' (L)
1 2 1 2

UTH B BEKTODHO# opme

a;+: U(l)_a‘]*_‘ _l_ V<1)'a2, a'2+___ U(Z).a;— + ,',7(2)_a1’

rae MP U, V 3aBucAT OT MHTEHNCUBHOCTH ¥ CHEKTPA HAKAYKH, Pa3Me
poB 00pasua, HeJIUHEHHOCTH Cpeitl H T. 1.

ITpeoGpasoBanne omepaTopos (1) MOPOKIEHO HPMUTOBHIM IaMUIb-
TOHHAHOM M JOJKHO OHTL YHUTAPHHM, T. €. COXDAHAIIAM KOMMY-
TAI[MOHHEE COOTHOINEHHUSA. JTO YCIOBHe HAKIAAHBAET, KaK JerKo mpo-
BepuTh, Ccaexylolime orpanudenma ua MP:

% Y &
2] UpnwUpinr — Zl Vann'm = Opn's
n” m

- 2
EI Unn"V'mn” - 21 Vnm' U‘mm’ = O’ ( )

KOTOPHle YMEHBIIAIOT IMCIO He3aBHCHUMHBIX KOMIOHEHT (37ech m, h =
=1, 2 nau 2, 1).

CymecTBeHHO, 9TO NPOMOAYIHPOBAIHOE MAKAYKON BemeCTBO mHe-
pPeMOIIMBAET MOIORUTENbHO- W OTPHNATEILHO-YACTOTHEE KOMIIOHEH-
TH TOJs, 9T0 OPU y9eTe UX HeKOMMYTATHBHOCTH U NPHBOAMT K IIOAB-
JTeHHI0 IOJA PAcCesHMs Jajke OPH OTCYTCTBMH NafaoIIuX Iodeil u

HylneBoil Temmepartype BemlgctBa. JlefictButenbno, u3s (1) npu BaKyM-
HOM HAYAJIBbHOM COCTOAHWU CJEfyeT

, & \ *
Nuw = DV lVom = N U Ui — Sy,
m n"

N'n:zllvnm]?:}:lll]nn’lz—l'

m

3)

HKpome TOro, mMeeT MecTO KOPPeJANUA YACTOTHHIX KOMIOHEHT
OflHOTO B3HAKA:

Kia = (Mmay)™* = %‘l VigUsp = %11 UiV (4)
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Ilpu sToM TeTBepTHI MOMEHT, OIPENENANINUN BEPOATHOCTH COBIAfe-
HUA CHUTHAJBHHKX M XONXOCTHX ¢$OTOHOB, paBen

(alayayay Y = N1 Nay -+ KKy, .
Ry’ = NiNi -+ | Kol )

B mepBom mopsaake Teopuu BoaMmymieHus U, = 8. -+ u,, n
Vom = Upn, THE U, U ~ %@, TAK UTO PABEHCTBA (3) — () mpuruUMaIOT
Bug (6.4.20) — (6.4.22). Taxumm oOpasom, mpm caaboit makauxe
| V | << | U | u «ciryqaitnbies coBuafienus (mepsoe ciaraemoe B (5))
oTCYTCTBYIOT (¢Koppemsrmus ¢orTomos»), a B peswume BIIP |V | ~
~ | U |, Tak 4T0 BEPOATHOCTH CIYIAAHBIX W MCTHHHBLIX cOBIAIeHUHT
AMEI0T OJWHAKOBHIA HOPANOK (CKOPpeNANHsA MHTEHCUBHOCTE).
B mocienmeM cIydae B OTIAWYEe OT «OOBMHBIX» moJeir (§ 4.7) umeercs
KoppeasanuA (4) Me;KLY Pa3HOUACTOTHRIME MOJAMHU, YIOBISTBODAOIIY-
MH YCIOBHUAM CHHXDPOHH3MA.

Xapaxrepuctnueckas dysxmusa. IIpn HemonoxpoMaTudeckoll (ma-
IpuMep, MMIYIbCHOI) HakadKe pasfeNeHue IO Ha CUTHAIbHOE U
X0JIOCTOE TepsieT CMHICH, Tak 4To BMecTo (1), (2) umeer mecTo obmee
nuueitoe mpeoGpaszopanne, MepeMeIHBAIONIee HOJIOKUTEIBHO- B OT=
PHUI[2TeJbHO-9ACTOTHHE AMILINTY/H MOJ:

at*=U.a*" V- a, ®)
UU—V.Vi=T, V.U=U.V. '

BEDAa3nM HoPMAIbHO-yIOPAROUeHHYI y-PyHKImIO (§ 3.3) BHIXOFHOTO
o :

3 = (W te ey (7)

gepes y-PYHKLMI0 HAJaloImero mois y. Ycpeguenue B (7) mpoBojutca
0 pacupefelenul0 AMILIATYJ] TaJaiollero Mo, OTHOCUTENBHO KOTO-
PHIX yCpPeAHsAeMEL 0IIepaTop He ABJIATCA HOPMATIbHO-YIOPAZOICHHBIM.
Hopcrasus (6) B (7), Haiinem ¢ momompio (3.3.41)

1 (1) = Ymar (1) L (M), w=mwnU—p*V* (8)
rie

1, o
Ypar (1) == XP == (w-p* — p'-u¥) =
=exp(—p-V-Vip-tRepU-T-p) (9

— y-pYHKIUA BHXOJHOTO HOJA IpPHM OTCYTCIBHN IAfaiomero IO
(kpoMe, KOHEHYHO, HAKATKM). JTO I0JIe MOJKHO HA3BaTh CHOHTAHHO-BHI-
HY$KIEHHHM — CIOHTAHHEIM II0 OTHOIIeHUIO K C1aboMy IO CPaBHEHUIO
¢ HaKaukoil CHTHAJBHOMY W XOJIOCTOMY IIOJNAM U BHHYKIEHHHM IIO
OTHOTIEHHIO K HON0 Hakadku., YUCTO CHOHTaHHOE (TeIvioBoe) M3yde-
HHS PACCMOTDEHHOe B IMI. d, 37€Ch OTCYTCTBYET B CHIY Ipepmojarae-
Moii mpo3paduHoCTH O6pasia. 3aMeTHM, UTO IPUW MOHOXPOMAaTHYeCKOH
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HaKaYKe CHOOHTAHHO-BHIHY)KEHHOE paccesdne Ha AHTHCTOKCOBHIX
YacTOTaX B NpPUOMMMEHMM TPEeXBOJHOBOLO TaMHIBTOHMAHA TaK-
jHe OTCYTCTBYeT, TaK K&K eMy COOTBeTCTBYeT TaMWJILTOHHAH BHRa
hwy,ei™la,as + v.c., He IepeMeMUBAKIINA MOIOKUTEIbHO- K OTpHULa-
TeJNLEO-TACTOTHEE KOMIIOHEHTEL.

Qopmyny (8) moskmo cumrath umpossiaenuem O3H, Tar kak oma
oumpepenger cratucTuky nona BIIP (B mpubamxenun sagagmoro gerep-
MUHHUDOBAHHOIO TIOJA HAKAaYKH) 4dYepe3 JauneapusoBampyio MP
IPOMOJYIUMPOBAHHOTO HaKadkoH o06pasija W CTaTHUCTHKY Nafaiolero
mona. Kciam mocrepHsas ABASETCA CMEIMIEHHOHW rayccoBOil ¢ He3aBu-
cuMuME Mogamu (4.4.15), to (8) nmpuuumaer Buz

% (m) =
=eXp(—u-N’ + u-K'- u+—u* K™. *+u-z’*—~u*-2'),
(10)
*=U.2*4+T -z, (11)
N =(a*a) =U-N.U*+-V . (N +1I)V* (12)
K =(a'a* =U-2N +I)-V, (13)

rpe N — nuaroHanbpHAs MaTpulia 9uces GOTOHOB H 2z — AMIUIMTYAH
KorepeHTHOH uwacTH BXomHoro moxs. Ilpm z; = 0 (10) coorBercTByeT
¢KBa3MIayCCoOBOM» CTATUCTUKE, OTIMTANMEHCA 0T TayCCOBOH NOMOJHN-
TeJBHOH Koppedsumeil Me;Kny 9YaCTOTHHIME KOMIOHEHTAMH OfHOIO
3HAKA.

Cormacro (11) MP MokHO u3MepmTh C HOMOIIBI0 KOTEPeHTHOTO
mpoOHOTO HMOJA M TpexdIacToTHoro uaTepdepomerpa. OpHAKO mOJMHAs
craTucTUIecKas wHdopMauus o cnonranmom IIP copepsrmresa (cum. (9))
u B MaTpunax V -¥V+u U -V, Koropsie coraacuo (12) u (13) moxmo ns3-
MepHUTh ¢ NOMOMBIO HeKorepeuTHOTo cBera. G apyroil cropoHk, gopmy-
7a (12) mosBoaser piist pacdera CHOHTAHHOTO U3IYIEHHS napamerpuye-
CKOr0 ycmiuTeds, paboTaiomero B peKAMe 3aJaHHOM HaKadKH,
HCIOIB30BATh KIaccuIecKue Momeau HeanHeinoil ontoku [9—11], oc-
HOBaliHble O0BIHO Ha MOHATHH JOKATBHON HenmHelino# HoMApH3auM
B @P-IpeCcTaBIeNuN:

P (or)= S‘dm L@, 0,0 —0o): E@r)E(o—o,r). (14)

B o6nacTax npo3pavHOCTH KPUCTALIA MOKHO HpeHe6peds ucIepcuet
4 B MHTEpPBaNe CUHXPOHHBMA, M eCIM CYMTATH Hojie HaKaIKu K ; kaac-
cudeckoll BeamdmHod, a P (w;) u FE (w;) — omeparopamu (0 CBA3H
omeparopoB F (w#) u a; (¢) cm. § 3.2), T0 meopHOpOaHbIe YpaBHEHUA
Maxcsenna s E (w;), cnegylomue u3 (14), coBnagaot ¢ ypaBHeHua-
mu leitzenbepra (6.4.2), momydenmbiMu ¢ mOMOMBI 3P PeKTHBHOTO
raMmibronnana sumga yE°.
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Onromepnas Mofienb: mpexncrasienua ogz u kz. Ilycts makauka
mpencTaBigeT MOHOXPOMATHUECKYI0 M HJeaJbHO IUIOCKYH BOJHY,
a obpasel] MMeeT INIOCKOIAPAJIEIbHYI $OpPMY C HEOTDAHUTEHHHIMH
HomepeYnsME pPasMepaMu 1 TOJIMuHoHl .

Bamenum B (6.4.3) ag ma Ep 8y, /icy, m mepelinem oT CyMMEDOBaHUA
K MHTeIPHPOBAHNUIO IO MOJAM, TOTQA YDPABHEHUA [JA Me/JIeHHO-MeHA-
IOMEXCA CO BpeMeHeM aMIIMTYJ HPHMYT BHJ
da,, (k) ;e

e — & dz S dkw (k') o (1) X
1}

X exp[i (of + op — op)t — i(k, -k — kr)z], (15)

(2n)3ckck,xEL_ 27 wu \/: ou \!
v — ¢ \ncosplr \ncosp

- XELv (16)

w(kk')= "

Te MH HCIO0ab30Banm gopmyny (6.1.25), mpuBogamyio K cOXpameHunio
MomepevHbiX HMITYIBCOB Yy B3aUMONEHCTBYIOIAX BOJH, TaK 4TO B (15)
¢ = qr — q¢. DusyveckHil CMBICT MMeOT pelleHns Npu ! = oo,
t, = — oo, moaToMy mpomuTerpupyem (15) mo Bpemenn B GecKomeu-
HEIX Ipefejax:

!
an (Kit) — ay (Flo)= 5 S dz \ i S dt'als (B8 %
i)

X exp [i (o + op — o)t — i (b +k: — ko) z],  (17)
T71e MBI BRIHeCIH K0od(uIuenT cBA3Y W W3-10] 3HAKA MHTEIPUPOBAHMA.

IlepeiigeM K @z-IpefCcTaBlIeHuUI0 ¢ Iomompbio ¢ypbe-mpeobpaso-
BaHUA

dt dk . .
a(wgz)= S - S —Z M g (Let). (18)
JT v /s
Omnpepeaun, KpoMe TOL0, MeIEHHO-MEHAIOMUECA BAONb OCH 7 AMILIH-

TYIHL: '
ay(0qz) = a (0gz) PR (19)

rae $ymrnusa k, (0g) ompejelseTcs YPaBHeHHAMH o = O, k; =

= V' kT — ¢* (upepmonaraercs, 4To k > ¢ W 4T0 B CHIY YCIOBUA
CHHEXPORU3Ma 3PEKTUBHO BBAUMOISACTBYIOT JIUIIb BOIHEL C OTIPeeseH-
HOI MoIApHU3anuel, pacHpoCTPAHANIMASCA B IOJORUTEIBHOM HAlPaB-
nenun ocu z). 3 (18), (19) cxexyer

an{wgz) = 2_3;1% S dt dk oy (Fet) exp{i (© — og)t + i [k, — k, (0q)] z}.
(20)

Bue wmemmHeiiHoro c¢ioa K ¥ @ CBABAHB 3AKOHOM JUCIEePCHH
® = ok, TaK 9T0 ay (%t) He 3aBmCHT OT ¢ H ay (0qz) — orz. IIpn aTom
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cBa3b (20) HpuHEMaeT BUJ
um(wgz)=vl S dkay (kt) 6 (0 — o) expi[k, — kz (0g)] 2. (21)
Samenus dk, Ha do/uy, (4y, — IPOEKIEs BeKTopa IPyIIOBOH CKOpO-
CTH Ha 0oCh z), HaxXoguM
Vg, ay (0g0) = ay(kto) = ag,

) , (22)
Vi an(0gl) = ay (kt) = ag.

Ypasuenxe (17) ¢ yzerom (22) B xeBoit gactu u (20) — B mpaBoit Mpn-
HuMaeT mocie pufdepennmpoBanua mo I Buy

0aM(wa) w midlgt
o = ¢ e (B,
day (BGl) (23)

— —iAlgT
T e aw (ogl),

A (wQ) =k, (wQ) + k, (aq) — kr,
UN)-:—(DL'_(D7 65’—47 qE{kx’ k'y}‘

PaBencrea (22) pmawT OfHO3HATHYIC CBA3bL Me/RNY HabGI0IaeMEIMHE
BO BHEIIHUX (10 OTHOINEHUIO K CI0K) MOMYIPOCTPAHCTBAX BHXOLHEMU
olepaTopaMu dx W olepaTopaMu ay (@gq!l), HOITOMY MOKHO CUHTATh,
4TO ap HEIOCPeACTBEHHO 3aBHCAT 0T mapamerpa /. Taxum oGpasowm,
B OJIHOMEPHEIX MOJ[eJISIX C BEHIEJIeHHHM HaIPaBJIeHHEM B IPOCTPaHCTBe
MOJKHO BBECTH oIepaTopHbe QYHKIHHA ar (z):

ai (2) =vlupay (0gz), ar(0)=ax, ar(l)= Qg (24)
O1H YHKOUA IpU 3afaHAOM BeKTOpe kK moTINHSAIOTCS CACTEME B3 IBYX
CUMMeTPUYHEIX YpaBHeHMI

day (2) _w
dz

=05 (2). (25)

zukz

Baaropapsi 6eckoHeYHON IPOTIKEHHOCTH CIOS BHOXb Oocell Z, ¥ MOFH
B3amMOMeHCTBYIOT IOHaPHO, aMIIMTYIa 4 CBA3aHA JWHIbL CO CBOeld
XOJMOCTON («COIPsKeHHOM») MOROH dr = ai.

Herpynno maiit o6mee pemenwne ypaBHeru# (25):

o' =Ua +Var, (26)

U = e~z (ch 4l + i—Z%— shyl), V =—Z—shyle=idlz (27)

iuy

V=VP—AR, p= w2=~4“2‘3°’ | xEL]?

z z cnn
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Ecan caaxporusm A = 0 mmeer Mecto jia BeTpeurol x0:106T0H BOTHEL
(@, < 0)1 TO
U= e—idl2 (cos?l — i—f.—sin?l)—l ,
Y
Co— = AL (28)
g—tal (y ctg vl — L—Q—) )

v =iy.

V=

zuz

HoadpdunuenTn «pacceanusy caoa U, V coBmagamoT ¢ pes3yiasTa-
TOM KJIacCHIecKOTo paciera, ocuoBanHoro na (14). OrMeTum, 9T0 MMeeT
MecTo cBA3L (cp. (2))

[UP— 1V Pla/u, | =1, (29)

KoTopasa obecmeumpaer Bmecre ¢ (opMYyIoii

|uns |8 (B — B) = | Wy, |8 (B — K) (30)

yHUTapHOCTH mpeoGpasoBanus (26).

Haiigem cmexrpanbuyio apkocts BIIP B ciydae BakyyMHOTO Ha-
TaTBbHOTO COCTOSAHUA M NPsAMOro B3amMopeiictBus Boxn. Ms (27)
¢ yzetoM (30) ciaenyer

Niw = |V [ —= - 6"" (M)26kk“ (31)

Taxkum o6pasoM, Kak W B Cly1ae KBAHTOBOI'O YCUJIHWTeIs C IOJHOM
mHBepcueil HaCeIeHHOCTel, WHTeHCHBHOCTH CIIOHTAHHOTO WBJIYYSHWU
mapaMeTPUIeCKoro yeuauTesiA B oToOHAX Ha MOAy paBHA Kosdduim-
enty yeuaenus (6es eqununst — cM. (29)). IlmotrocTs noToka goToHOR
B Mome F B pucmeprupylome# cpese paBHA KOHIEHTpAImu GOTOHOB
N/L3, yMHOReHHOH Ha TPYymmoBY cKopocTs i. IlnoTHOCTE THIOB KO-
unefanuii B aHusoTpomHOU cpeme cordacuo (3.4.34) paBHA guq =
= k?/vu coS Py, TaK UTO CHEKTPAJHHAS SAPKOCTH BHYTPU KDPUCTAIIA
cBA3aHa ¢ guciaoM (oToHoB B Mopme coormommeHmem (cp. (1.1.26))

fiw, k2
S(DQ( ) SBaHNkv E)?QH = W%ST}{ . (32)
B pesyabrare u3 (31) monygaem
BaR ﬁ sh Yl 2 33
Suall) = 528 (142 @

B manpaBmenmm cuEXpoHE3MAa

SmEX _ SBaK sh Bl (34)
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Uurerpan ot (33) mo wactoTe ompepeiser APKOCTH U 3PPeKTHBHYIO
moxocy BIIP:

SQ - S(I;lgngwal‘bv Amatb — gAmgdH (35)

had 2n+1 -
== -2 _{l‘_ l
s=sh "”Z @ DEE e 1/ W
n=0

rae z = Blu Awdp — dddexTuBHag mupuHa cuoaTannoro [P (6.3.15).
Cornacuo (35) momoca IIYMOB mapaMeTPHIECKOTO YCHIUTEIsT CBETa
MeJJIeHH(» BO3PacTaeT ¢ yBeanIenneM HaKauku — Ha 3% mpu xoaddu-
nuente yemunenus 10 (z = 1,82), na 83% npm xosddunuente ycmre-
aua 10% (z = 10).

Homyuennrie BHpaskeHus: #Is APKOCTH PACCEAHHOLO CBeTa CHpa-
BEJIINBH, OYeBUIHO, JHWIOb [JIA [OCTATOUHO MAIKX (IO CpaBHEHHIO
€ OTHOMIEHUEM IOLePeYHOro U IPOj0JIbHOT0 PasmMepoB obpasna) yrioB
paccesinuA. llpm aToM mepexop OT IPKOCTHU K CHJie CBETA IPOU3BOLUTCS
OpPOCTO YyMHOKeHUeM Ha 3(QeKTUBHYI WIOManh CeIeHHMS HAKaATKU
(unu 06pasiia) 1 Ha KOCHHYC yIila MeJRIY JYIeBEM BEKTOPOM H 0CBIO
2: Poa =~ Syed cos 0.

Mogymuposannas uakauxa u mpexcrasaenne MMA. Jlo cux mop
MEI PaCCMaTpUBaJId HeIPepPHBHYI0 HaKauRy. Jdpdext BIIP mosxer naii-
TH OpPUMEeHeHWe [JIA TMOJydeHMA KOPOTKUX MepecTpauBaeMHIX IO da-
CTOTeé WMIYJIBCOB CBeTa IIpM HaKadKe Ja3epaMu € CHHXPOHHU3AMUell
MOJ, HBJIYYAIOmHUX WMIOYIBCH C JIATEJNBHOCTBI ~10-1'2 ¢, B cBA3N
¢ deM IpejcTaBIsgeT HHTEPeC PACCMOTPETh BIUAHWE KOHEYHOH miu-
TEIBHOCTH MMIYJIbhCA HAKATKH,

B xnaccuueckoit onTuke MUpOKO UCIOTL3YeTCA MOHATHE «OTUGAIO-
Higily Wiy «MefIeHHO-MeHsmomedca ammmmaTynsy (MMA) kBasumoHo-
XPOMATHIeCKOH I KBAZUILIOCKON BOJHEI, KOTOPOE MOYKHO BBECTH, BHI-
JeruB B MONOKHTeNbHO-9acTOTHOH gactu moma (3.2.23) rapmonude-
CKHii MHOKHTeNb (THI HOAAPU3AIEYA PUKCUDPYeM):

ES (rt) = E® (rt) ¢t (ut=kor), (36)

rje ko, — MPOU3BOJIBHEIN BEKTOD U 0wy = o (k). B cayTae cBoGoguoro
MOHOXPOMATHIECKOI0 M KBAa3WIIOCKOTO Iois (yurmusa FE, yzoBier-
BOpsieT ONHOPOZHOMY HapafolIMdecKOMY YDPaBHEHUIO (IPUMEPOM pe-
MeHuA 9TOT0 ypasHeHUs sBiasercsa ormbaoman TEM-Boxnsr (6.3.24)).
B orcyrcTBUe HCTOUHNKOB pasfuenne Mo Ha HOJORATENbHO- T OTPH-
MAaTeabHO-TACTOTHEIE YaCTU COBHIAmaeT ¢ pasduenmeM Ha 9acTH, 3aBHU-
cAIUe OT OIePaTOpPOB YHWUTO;REHHS U POKIEHHS (POTOHOB:

E0 &) (pt) == [E0 O (pt)]* =i D) cpare’ F "%, (37)
Iryie KO9QPUUUenTH ¢ OTpPeneTeHH A1 AHTB0TPONHOI cpexsl B (3.4.35).
.CpasnuBas (36) u (37), HaxomuMm CBA3b omepaTopa ormbalomed u
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OIEePATOPOB YHUUTOREHUA:

EL™ (rt)y =1 %ckak exp [i(wg — )t 4= i (ke — ko) - 2], (38)

U3 KOTOPO#l cuemyeT HmepecTaHOBOYHOE COOTHOLIEHHe
[ES™ (1), ESD) (1)) =
—_ %‘JC% eXp [l ((,00 _ (Dh)(t -_ t/) —:— l (k bt ko) . (7' o 7’/)]. (39)

Ilyers ycamoBus sajgadm (HaOpuMep, YCJIOBME CHHXPOHM3MA UJIH
NOmONHHTeAbHaA (UABTPAanuA) HO3BOJAIT YINTHBATH TOJBKO KOM-
IOHEHTH H0JA, TPHHaJIe/Kamye Malol 061acTu X-IPOCTPAHCTRBA B OK-
pectHOCTH K, Torna (39) Mo;KHO OpefCTAaBUTH B Bufe

s Y exp (i (b — ko) - [wo(t' — 1)+ 7 — 2 p =
§ 2tk
STRWyU . .
:—Cﬂ—ocﬁéluo (t/— t) —‘—*7’—‘7"]. ([J:O\}
Iocaesnmee BrpaskeHne oupeeldeT Takxe M aHTUHOPMaIbHO-YIIODHA-
ZOYEHHBIE KOPPeIATOD ormbalomiux B Cjydae BaKyyMHOIO COCTOSHHA
moJisi B cpepe.

Mopmyasr (37) — (40) oTHOCATCA TONBKO K CBOGOTHOMY OO
BHe HeluHeHHoOro ciaos. BHYTpu ciaod uMeeTCA HCTOYHUK MOIA —
HequHeiiHaa mosaapusanua (14), oqHaKO HA TPAHUIHHEIX IOBEPXHOCTAX
(z = 0, I) craTHcTHYeCKHe XAaPAKTePHCTHKA BHYTPEHHEIO U BHELIHEro
moJyeil FOJKHEI, OYeBHIHO, COBHAyaTh. Takoe «CHIMBaHWe» peileHHH
Ha TpaHuUIax 3afaeT BXojHEle MoMeHTH. Hanmpuwmep, momaras B (40)
z =z’ =0 u ycpegusAs IO BAKYYMHOMY COCTOAHMIO (JI€BOTO» HOJY-
ITPOCTPAHCTBA, WOIYINM AHTHHOPMAJIbHO-YIOPAAOYEHHBI BTOPOML MO~
MeHT Ha BXOJe CJO:

CES (zy0t) EQ (z'y 0ty = B (xy0t), ER) (2'y'0t') ] =
= B 8oy —y) 8t —t), (4t
( ) (41)

cng
rge 2 = n cos B cos p u By — Yrod MeKIy BEKTOPOM IDYHIOBOH CKO=
pocTu #, 1 ockio z (8, = p, B caIydae &, || 2).

IIpexcTaBuM moaHOE II0JE B BUAE CYMMbl TPeX KBa3HMOHOXPOMAaTH-
9eCKAX W KBABUILIOCKUX BOIH (T. €. TPeX «MO[YJHPOBAHHEIX» BO Be-
MeHM ¥ TIPOCTpaHCTBe COOCTBEHHBIX BOJIH CPejsl B JuHelinom mpubiu-
JROHHN): .

3
W+ i (k;-r—0;1
E@t) = D ER (rt) "m0 Lo, c., (42)
i=1
ITe «HeCyIue» 4acTOTH ¢y; ¥ BOJHOBHE BEKTODH J; YIOBIETBOPAIOT
VCJIOBHIO CHHXPOHE3MA (HaOpEMep, IPSMOTO KOJNJIHHEAPHOIO, KOTA3
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I;llzuky I ky="F;) u sarony pucmepcuu. BsammopeiicTsue BOJIH
B HeNHHe{HOM ClIoe OIMCHIBAeTCsA CHCTeMoil m3 Tpex ypasmermil s
E\; B 9aCTHHX OPOM3BO/IHHX, KOTOpLIE CUeNyIoT u3 (14) u ypaBuennit
Maxcpenna, mpudem ¢IaboCTh B3aUMONEHCTBYA MO3BOIAET HpeHereqL
BTOPHIME UpomsBoaHuiMu 1o z m ¢ [9]. B Hpn6mm<e}11m 3aaHHON Ha-
kaurn (£, o << E3) mpeoGpasoBanne CUTHAIBHOM U Xox0cToi orubao-
OIifX BOJH B HEJHHCHHOM CI0€ JTHHEHHO:

ES) (aylty = (‘dx dy dit’ % _
X AU (xylt | 27y’ O') EG) (2 y/ 0ty - V7 (aylt |2y’ 0t') EQ) (x'y'08')).  (43)

L]
3neck U, V — ¢yurmun 'puna ypasuenuin gia MMA, xoTophie 3ae
BHUCAT OT Pas3iniiA TPYHIOBEIX CKODOCTel U; M YIIOB (CHOCAY ;.
B ny:1esom mpubmmixennu mo y V® = 0, a U® omucwiBaer pacmpoctpa-
HeHme orupfamomell €O CKOPOCTBI0 U;, & TaK/Ke ee MUPPAKIHOHHO-
«pacHIRIBaHHe» B MIOCKOCTH zy (cM. dopmyny I'ofirenca — dpemensa
(4.6.1)).

IIpeobpasoBanue (43), KOTOPOE [OIKHEO COXPAHUTH MEPeCTAHOBOU-
#ne coornomenus (41) (B3greie mpu z = z° = [), ompegesaser Bce Mo-
MEHTHl BHIXOHOTO IIOJA B (IPABOMY IOJIYIPOCTPAHCTBE I€PE3 MOMEHTH
najaollero ciaepa moid. B caydae nerapMoHuvecKod HaKadkym QyHE-
uuu I'pura 3aBucAT oTHeabHO 0T apryMentoB f u ¢’ (a He OT UX pa3Ho-
CTH), W HO3TOMY CTATHCTHKA BEIXOMHOTO LOJHA HECTAIHOHADHA arKe
B CJIy4ae CTAIMOHAPHOTO (B 4aCTHOCTH, BAKYYMHOTO) IMAAIOMero moJs.

Yuuokag (43) caeBa Ha 9PMHUTOBO-COIPAKEHHOE PABEHCTBO U yC-
peHAs MOMEHTHl IAfalomero MoJs I0 BAKYYMHOMY COCTOMHUI0, € II0-
Momplo (41) HalimeM CpegHIO MUTEHCUBHOCTEH Giamkmero moas BIIP
B T09Ke # = {Z, Y, [} B MoMeHT I:

déy (rt)
dx dy dt

cn1

= Sy, (1t)= o= CEG) (1) EQ) (1)) =

——-h(ﬂg —S

ny

(44)

rpe &; — moaHAaA 9YHEPIHS HMMIOYIbCAa. JTO BHpaKeHHe OIpeelser
wepes pyaknuio I'para V cpepmee ancao GoTOHOB cuTHala, MEPECeKAI0-
IIEX 33 eJUHUIY BpeMeHU eIMHWIHYIO IUIOMAAKy BRIXOQHOH IJIOCKO-
CTH CJIOA ¢ KOOpDAMHATaMH r, y B MomeHT Bpemenu i. Ilomgeprmenm,
UTO HTO CpefHee — He II0 BPpEeMeHH, a 10 aHCAaMOIK OJUHAKOBHIX DK-
CHePUMEHTAIBHBIX YCTaHOBOK. IIpaKTHUecKN ycpenHeHme MOSKHO TpoO-
H3BONUTH WO GONBHIOMY TUCIAY MMIYJIBCOB HAKAYKY, pasmeleHHHX
TOCTATOYHKIM HHTEPBaAoM Bpemenu. OTCUeT BPEMEHU P 3TOM IPOM3-
BOJUTCH OTHOCUTEJIBHO XapaKTepHOH TOUKM orufammed MMIyIbca
HaKa9K{, HAUPHEMeDP, ee MaKCHMYyMa.

TaruMm obpasom, sddert BIIP upu umoynscHoil makauke gaer go-
BOJBHO DPEIKYI0 BO3MOKHOCTh HabII0OJaTh HeCTAlMOHAPHHIN KBAHTO-
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BHIHL TPOIECC, 0XBATHBAIMME MaKPOCKOTUIeCKUA 06peM (cp. addexr
ceeprusayienus [14]).

Unterpaxn ot (44) mo z, y u ¢ ompepeldaeT HOJHYIO CPEJHIO BHEP-
ruio uMmoyiabca BIIP ma wacrore curmaiza. AHaJOIWIHEIM 06pasoM
MO’RHO HAfiTH B Buje KBAjpaTyp BHICIINE MOMEHTH GIH;KHEro Wiy 1ajlbe
Hero mois, QIyKTyanuu uETeHcHBHOCTH B vHepruu. Popmyma mpeol-
pasoBarns (43) m BXogHAd cTanmoHApHAA QYHKIUA Koppesrnuu (41)
OTPeeAIT HeCTAMOHAPHYI0 BHIXOAHYI QYHKIUIO KOppeasnud aM-
ATy, YaCTOTHHN cmexTp osmepruu dé/dom, HHEPTUI0 Ha eIHHUIY
TeJeCHOTO yIia B gadbHeil 3oue d&/dQ m T. 1.

N3znosxennmii gopMaansM IO3BOJIAEST NCCAEROBATh CTATUCTHIECKUE
xapakxrepuctukn BIIP mpum rorepeHTHON Hakadke, IOKaTH30BaHHOU
B IPOCTPAHCTBE M BPeMeHH, ¢ TOMOIIBLIO TOTOBRIX (POPMYJL, OMUCHBAK-
MUX MHAMIKY TIepBHIX MOMEHTOB IIOJA B PaMKaX KIacCHIeCKOU Hean-
meitnoir ontku. Tak, Cyxopykory u Ilemnonoit [155] yrarocs momry-
QT B ABHOM BHje (Uepe3 THIepreoMeTpUIecKyo QYHKINIO) GyHKIUY
Ipuna ypasmenuit nus MMA pia II0CKOE BOJHEI HAaKa9IKW ¢ KOJIO-
KonooGpasnoil orubalomeit Buga ch™! (/t;). Ux pesyabrar Opil mC-

mnoxp3oBan B paGore [96] s pacgera cpejHEHX dHepPreTHIeCKUX Xa-
pakrepmeTnK mmoyabca BIIP.

§ 6.6. Paccesnme na noaspuronax (Pil)

Mr cmepBa yuTeM HOTJIOMEHNE HA X0J0CTOH JacToTe ¢ MOMOLIBIO
guneinoir ®IT pas XomocTOTO moJA NPH TpeHe(peseHNH JUCIEPCH-
il HedmHeHHONH BOCHPUMMIMBOCTH X HOKasKkeM, ITO 3aTyXaHue paccen-
BAIOMUX HOJAPUTOHOB (T. €. «(POTOHOB B cpeme») IPUBOIUT IIPOCTO
K ymupenmio Haf1ioaeMoil COEKTPAJbHON IHHHW TPH COXPaHEHUH
ee muomanu. aree Gymer paccmorpena Gosee o0mas (enoMeHOIOTH-
geckad MOJedb pacceanus cBera Ha moaspuroHax (PII), mcmoansyro-
mas kyomzeckyo OIT. Ira Momelb IpH HPOCTOR «OTHOMOIIOCHOM»
JHCIEPCHA BOCIHPUMMIMBOCTEH II03BOJIUT C IIOMONBI0 HECKOJIBKHX
XapaKTepHHX apaMeTpoB pPaccMOTpeTh HekoTophle ocobemmoctn PII,
yixe ormeuaBimuecs B § 1.2. Haxowner, n3 addexTBHOr0 ramMuiIbTO-
HWaHa W KuHeTHdeckoro ypasmenus 6ypmer moayzen O3H pgua IIP
u PII. :

Onuncasne PII ¢ nomougpio auueiinoin O®/T. Ilycts o6paser; mpoapa-
YeH HAa TaCTOTAX CHTHAJNA @ W HAKAYKE (g, HO IOJHOCTHIO HempO3pa-
"ueH Ha XOJOCTHIX JacTOTaX ® = (g — ©, TAK 9TO XOX0CToe ImoJe Ipu
YMEPEeHHBIX MOIHOCTAX HAKAUKM MOJKHO CUHTATh PABHOBECHEIM.
PaccumraeM HHTEHCHUBHOCTH PACCEAHHSA, HPEJIOIOKUB, ITO TEMIOBOE
moye «GHETCA» ¢ MOHOXPOMATHIECKUM IIOCKEM IIOJIeM HaKAadKM H 34
cdeT KBaAPATHIHOM HelmHeHHOW BOCHPUMMIUBOCTH IOPOKIAET IOJA-
puU3anuio HA JacToTe CUTHAJA:

P(or)="1: EsE" (or)ekr, (1)
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Honsapusamus (1) ABIAETCA MCTOYHNKOM HAOIIOZAEMOTO IOJI, KOTOPO®
B fajibHeil 30me B mampaBieHuu A Ha paccrosmmm R or o6pasma co-
raacuo (3.4.39) Gymer pasHo

E (0R) =2 ciin S dre=ikTP (1), 2)
1%

rne k = k (o), P — mepnemjukynspras k k cocraBagomas BeKTOpa
mossipusanun (1) (paccmarpupaen Gesrpanwdnyo cpeny, B KOTOpOI
BHjle/leH HeJqunelinbit o6peM V u BHIOMHASTCS CHEXPOHIBM A 0GHK-
HOBEHHHEIX BOJIH CATHAJABHOTO M X0JOCTOTO moJeil m HeoGHKHOBEHMHOM
BOJHE HAKAYKM).

Mommocts curmana, mepemocumas wepes CIUHHYEYIO TIOHIaKY,
TePHeHJURYIAPHYI0 & B eANHUIHOM HHTEPBAJNE HOMOKATCNLHEIX Tac-
TOT, paBHA

Y O B (oR)E (o R) 3
do — 2m | ol (3)
TAe MHAEKC © O3HavaeT, 9To Qyurnmio § (v — '), KoTopoii mpomop-
OHOHATIEH KOPPeJSATOD B CrailHOHapHOM CIydae, CIeJyeT OmyCTHTD.
MomypocTs, TepeHocuMas B eMHAYIOM TENECHOM yIde B HaJabHel
30me, OranYaeTCss Moy uTeNerm A2, Tax 9T0
AP k) w'n |2

_— o/ PN, . i (k—k') - —~
do d0 Tred Sdk <P P’E&‘ dre =
‘7

~ 4230V (PP ko, (4)
T/Te Mbl HCTIOJIb30BAMN MPUbIIKenHOe Brpaskenue 1A Gynkmua § (£)
(6.1.27), cupaBejimBoe B ciryuae MaKPOCKOIUIECKOTO obpasma. C yue-
ToM (1) w3 (4) caepyer (kb = ky — k)

d@ (k) j 9 3 3 -
m = 47%c3win l XE3 l.'z<EE+>IZ-{,3 (D)

Taxnm o6pasom, Gmarogaps KBagpaTHUHON HeluHeHHOCTH KpueTai-
Ja j TaCTOTHO-YIJIOBOW CIEKTP PACCeAHHOTO IOJA OIPemeseTes
®K-CIeKTPOM DPaBHOBECHOTO HOMS B o6paste. TNocaepnuil MoskHO BEH-
pasuTh Yepe3 KOMILICKCHYH IUDJIEKTPUIECKYH HPOHHIIAEMOCTH CO-
raacuo (4.2.16) mau wepes moxasarens upesomienns u Koohdunuent
IOIJIOINEeHNA Ha X0JI0CTOM dacToTe coraacHo (4.2.20):

dP  Rolen| (B ]2 @ (A -+ 1) ‘ (6)
Vdwd@ 2mein ([ — k (0)]2 — a¥/4)

Cornacro (6) ¢opma cuexrpa PII mopenmesa, w poas BOMHOBOH pac-
CTPOHKM Temeph urpaer Cilefyoomas QYHRIMA YacTOTH W HAIpaBie-
"uA HabIwgeHns:

N (o) = k(03 — 0) -— | ky — k; (7)
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MUpHEHAa CIeKTPAJTbHON JUHHU OIpefe’AeTca He pasMepos obpasma,
kak mpn IIP (§ 6.3), a guunoit mpoGera xonocTx goroHoB & 1.

Kak u B § 6.3, pasnoykenue ¢pynxnuu (7) 0KOIO TOUKM CHHXPOHH3-
Ma TO3BOJIAET OIpeNeadTh TaCTOTHO-YTIOBYIO (opMy HabI0ONaeMoro

CHeKTpa dYepe3 IPYNNOBHle CKOPOCTH U, # M Yruael paccesnua U, 3.
Hampumep, saBucumocts A’ () ompejiesAeTcs HPOUSBOIHON

08_(\0’ _ cos(ﬁu—’~ ) _iv (8)
u
N3 cpapuenus c (6.2.5) caegyer A" = A cos U = — Aw/il.

IpounTterpuposas (6) mo gacrore curmaia, ¢ moMompio (8) maiigem
MOI[HOCTH, PAcCemBaeMyio B e[HHHYHKI TeJeCHBH yroia (CHIy cBera):

AP hno'o |y B PV (A1) )

aQ et | cos (O + Py u~t — ul| '

S10 BEHpaykenue copmaynaer ¢ gopmymoit (6.2.10), onucrBaromeii IIP
B mpospaunom obpasue !). Wrak, moriomenue Ha XOJOCTOH acTOTe
He W3MeHseT MHTerpasbHyIo IO dacTore (WM, aHATOTHIHO, IO YIIy)
UHTEHCHBHOCTh PACCEAHHOTO CBeTa, a JWINb YIIUPAET CHeKTPAIbHYIO
AHHATO.

Ornomenne (9) u (6) upum CHEXDPOHH3Me PaBHO IO OUPEJETEHUIO
sperTrBHOE UACTOTHOH IMupHHe JIMHUH:

o

21 cos (& + F)ut —wt|

Amsd): (10)
Oxono pesonanca i < u u Aw,p = Ma#/2 =~ i~', rne T — Bpemsa
JKUBHA TOJNAPUTOHA.

Anajorudmo, yriopas IIHPUHA PaBHA

Ay = — 2 . 1"

" ks |sin @ | (1

Dt POPMYITH TO3BOIAT HBMEPATH 0. Samernd, dro (10), (11) cae-

nyior u3 obmux gopmya (6.3.15), (6.3.16) mpm lyr = 4/T. Hoxyuen-

HBIe 37eCh (OPMYIbl CIHpPABeIUBH JHIIb B CIydae HOJHOCTHIO HEIpO-

apagHOTro 06pasma, xorma ol >1. Mosmuo mokasars [89], aro B cay-

gae HOJYNPO3PAadHOTO CJIOS MHTEIPajbHHEe MHTEHCHBHOCTH TAKiKe He

MeHAITCH, a dopMa aAutun GygeT TPOMe;KYTOTHON MeKIY JIopeHIteBoi
n Qynkmumeil sinc?z:

o a . (22— a®)(1 — e " cosx) — 2awe % sin &
g(x,a)= (22 -a?) 7 (22 + %) !

' (12)
deg:i, z=Al a EEZ/Z]GOS\‘H.

1) 3amermM, ofHAKO, 49TO .//° B (9) ompejeiserca TeMIepaTypoli KpHcTajia,
a B caydae IIP — rtemmeparypoli mafapomiero Ha KPHCTaJJ XOJOCTOTO TOJA.
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IIpm sToM ddderTHBHAA MUPUHA JHHWUU OHpenerdeTcsa GopMyIoi

Ao,y (0) 7 252 (0, a) T 2@—1tem

Amacp (2) 1 a2 ( 13)

Hpumenenne wennneitnoit ®T. VcnoarsoBanHoe BHIe omucanme
¢ momompr auneinoll OIAT mHempumenumo B 06IacTU pe3oHAHCA XO-
JOCTOH WacTOTH ¢ COGCTBEHHEIM KojeGaHmeM peIleTHW, AKTHUBHEIM
B koMOumanmonuoM paccesunuu (KP). Urtobw ywects BrIam paMaHos-
CKUX NPOIECCOB, Hamo [0oGaBUTH B PA3io/KeHUU MOIApU3AIUU IO
moao Kybudeckoe caaraemoe yx()E3. Hakauxy GyneM omarh mojaraTh
sagaHuoil, mwrockoil u Monoxpomarudeckoit. [lome curuana opu yuere
JOKATBbHON KyOW4ecKo#l BOCHPMMMIMBOCTH BHIZHIBAET MOIAPH3ANUIO,
OPOMOPIHOHAIbHYI0 MHTEHCUBHOCTUH HAKAYKYM W JHHelHyl Io am-
WINTyfe curaana (0 = —o):

P oo (0F) = §, (005050) } BB E (0k) = 15 (0) - B (ok). (14)

Hpome toro, B HemeHTpOCHMMETPUIHOM KPHCTAJIe HoJe CUIHAIa
BO3OYAUT MOIAPUIAIMIO Ha XOJOCTOH 9acTOTe 3a CUET KBANPATHIHOH
IOAAPU3YEMOCTH :

P (ok) =3 (0050) : B, E* (ok) =@ (@) - E* (0k).  (15)

Ira moaApusanyA U3AYyIaeT XO0J0CTOoe 110Je, KOTOpoe B ciaydae fOCTa-
TOTHO CWJIBHOTO IOIJIOMEHHWA Ha XO0JIO0CTOW YacToTe U yMepeHHO# mH~
TeHCHBHOCTH HAKAYKU MOIKHO ONpPENeasATh ¢ IOMOMBI JIWHeWHoH
dyrrmun I'pura (§ 3.4) gasa GearpaHnWIHON OJHOPORHOM CPEjH:

B (ok) = G (0k) - P (ok), (16)

|fos— K] (17)

Xomocroe mose B CBOIO odependb «0beTcA» ¢ HAKATKON U BHBHBAET
DOMOTHUTEIbHYI0 HOJIPHU3AIMIO HAa TacToTe CUTHANIA, JHHEHHYIO IIO
IOJ0 CHrHAJA:

Pron (6F) = 1 (0030) : BLE* (0k) =9 (0) - B* (ok).  (18)
HPH OTCYTCTBHUH oorJomeHnd Ha YacToTax CcuUrmajia M HAKAYKH

TeH30D KBAfpaTWIHOH BOCHPUUMUHBOCTH 06IafaeT CIeTYIMUM CBOH-
crBoM cummerpuu [10, 170]:

— = * _~ —_
Yt (@030) = Kiki (0030)- (19)
IIycts gaa mpoctorht oGosnaueHuit K = E:, TOT7a

12 (0) = ¥ (@) = [19* (0)};;- (20)
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IonHas mOMApUBYeMOCTh Ha 9acToTe CHrHaTa paBHa cymme (14) m (18):

P (0k) = (18 (0) £ 1@ (0) - G* (@k) - 1@ (0)] - E (ok) =
= 98 (ok) - E (ok), (21)

Ile MBI BBEIN (IOMHYIO» WIH <HECTHHHYI) KyOMTIeCKYyIo BOCHpUUMIN-
BOCTH, KBaipaTHYHy0 IO aMIIHTyje HAaKaIRH.

Ecan ncmonpzoBath pasiosxenue (3.4.9) Temsopa G- mo pumagpawm,
COCTABIEHHKM M3 OPTOB LOJAPU3ANuUU (KOTODHE MEI JUIA IPOCTOTH
samucu GyseM cUATaTh [EACTBUTENBHEIME), TO %) mpunumaer BU[s

1P () - e,1;[4® (0) - ¢,];

[(ck/oy? — ;Lf,*j cos? ;v

3
0P () = 1o () + 4 Y (22)
v=1

Takum ofpasom, KyGudeckas BOCHPHEMIMBOCTE HEIEHTPOCAMMETPUT-
HOI cpefsl COfepsKuT, KpoMme IOKAJBHOM TacT, emie n00aBKy, 3aBH-
CAMYI0 OT BOJHOBOTO BeKTopa (T. €. MCHAITHBAIILYI0 IPOCTPAHCTBEH-
HYIO AMCIIEPCHIO) M UMEIOIYI0 3aMeTHYI0 BeIUYuHY NPU BHIOJHEHUH
YCIOBHA CHHXPOHHSMA. AHATOTUIHOE PACCMOTPEHUe MOYKHO IPOBECTH
I Opu OTCYTCTBHEM ToTTomenus Ha Xoaocroil wacrore [97], opmaxo
IIPY HTOM CBsI3b MOJAPU3AME ¥ IO CTAHOBUTCH HEIOKAIBHOM B @ K-
Tpe[CTABIGHUY W3-32 BIHAHUA I'DAHUIl MY nuHelinol 1 HeluHeH-
HO#l gacTAMH IPOCTPAHCTRA.

Ilonmas nuaieKTpUUecKas OPOHUIAeMOCTh (C y4eToM OCHOBHOM,
nuHeiiHo#t, wactn) & = e® 4ny® ompepenser ob6HIHEIM 06pasoM
(§ 3.4) nmuHAMHUECKHME SJNEKTPOMATHETHHIE CBOHCTBAa MOXYIHPYeMOil
cpeasl Ha dacrorTe curHaila. CurmaigpHOe LOJe MOKHO PAasJoRUTh
10 COGCTBEHHBIM BEKTOPAM ey omeparopa €1+, 1 HalTH COOTBETCTBY-
IOIU# 3aKOH NUCHEepPCHW W LHOCTOAHHEE PAacHpOCTDAHEHHS TaK, Kak
970 GBLI0 mpojenano B § 3.4. Ecaum nCKI0IUTH BHPOKRACHHHE CIyIan
VIV 09YeHDb O0JbINHe MHTCHCHMBHOCTH HAKAIKH, TO BEKTODHI €y IPAaK-
THYeCK: ompeneldioTca JuHeitHo#l gacteio £, T. e. He 3aBUCAT OT
pakaskn. HosddumuenT ycumaeHnma IIOCKOH BOJHBEL CHTHANIA C ONpe-
mesenHoll moaspumsamumedl 3a c4eT mapaMeTPUYECKUX M DPAMAHOBCKHX
npomeccos obrrambiM o6pasom (3.4.40) Berpaskaercs gepes &:

20 Vev c 8- e;, 4410} ,
= I ~ 1 . y(3) . < 0.
ay (k) ) Im = cosp,  ¢R,COs?p, Im (ey - 7 - €y) <0
(23)

WTak, MBI HAULIM JWHEHHEIHA IO CHTHAXY OTKIEK MOJYJIUDPYeMOH
cpenst. Temepb yus Berauciaenud uarencusroctu PII Moo BOCHONB-
soBaThCA KyObmaeckoit MJT (2.4.53), koropasa mpn Heydere aHTHCTOK-
COBHIX 9acTOT HpuHUMaer BEf (mepexoy K HeOPePBHIBHOMY IapaMerpy

koo B § 4.2):
(P*Pdor= — )t I (A - 1) 2 Im @ (0k). (24)
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TTopcranoska (24) B (4) npm go6aBiaenuu Qakropa cos™2p, u ydeTe
{22) u (23) oumpepenser CHEKTPAZBHYI0 CHIY pAaCCegHHOTO B MOJY
(kv) cBera depes (eHOMeHONOTrHIeCKHe IIapaMeTphl Cpemsl — BOC-
IPUMMINBOCTD WU KOBPPUITHEHT yCHIeHU:

dP, (k) _
Tan a0 = — W (k) (47 + 1) ZEKCOSpv_

= — 4nthoh3n cos™2 oy (N 4 1) Im (ey - 4@ - ey), (25}
€y - X(S) cly— Xno? ((—00)3(_0303) e E3E36v -+
+4n }_, H{Ce ok it ll g

(26 -— *) cos? P

3nech Sgn onpenenena B (6.5.32) u A = 2nc/w.

ITepBoe caaraemoe B (26) omuckiBaeT obGnamoe KP, mpm xoTopom
MHTEHCHUBHOCTD paccesaHUs c¢1abo 3aBUCUT OT HampaBieHus HabIope-
uuaA k. Itum e cBoiicTBoM obnagaer KP na wucro mpogoabHEX Kose-
Ganuax HMH-mons, ommceBaeMoe BTODHIM CJIaraeMbIM Opd W = J
(cosps = 0, ey = k/F) m uMeomee MAKCHMYMH Ha XOJOCTHIX JacTo-
Tax, o0pamaimomux e,-e1- e, 8 nynb. Crafylo 3aBUCAMOCTD HHTEHCHB-
moctu HP ma gucro Mexanmdeckux (Ha o6aaa0IuX AUTOJIBHBEIM MO-
MEHTOM) M Ha NPO0IbHO->IeKTPHIeCKUX COOCTBEHBHIX KOJebammsix
cpegs gapT gurypmpymomue B (26) cBePTKNW TeH30POB HeJMHeHHOM
BOCIPUAMINBOCTA C OPTAME CUTHAIA, HAKAYKU W HPOJOIBHOTO IOJI.

Bropoe cnaraemoe B (26) mpu p = 1, 2 onucrisaer PII, mmeromee
LI JAHHOM TacToTH HaOJIONeHUsA OCTPHE MAKCHMYMLL B HAIpaBJe-
HHAX, YAOBIETBOPAKMUX YCIOBUID CHHXPOHU3MA

| Tos — Ko | = ky, (@) = Auo/c. (27)

Herpynno ybenurbes, uto (25) pisa momepednsiX (OOhIKHOBEHHBIX)
BOJH M JeHCTBUTEJIBHEIX HEJWHEHHHX BocHpuumumBocreil paer CoB-
magaomui ¢ (6) pesyabTaT, COTOBETCTBYOIIUI IPOCTOMY IepeHocy
B CTOKCOBYI 00GmacTh @FA-mpoCTPaHCTBA PABHOBECHHIX (IYKTyamuii
cpennl (¢ mabaBienueM eMHMIL K TeMIIepaTypHOMY ParTopy). OnHako
npu npubiauKesuu ® X COOCTBEHHBIM YacTOTAM MEXAHUIECKUX (MM
KYJIOHOBCKAX) BO30YKICHHUN Cpesl ¥ JOKAJIBHBIX BOCHPHUMYUBOCTEI
NOABJIAITCA MHAMEe dacTH. Llpm atom (25) mpepcrasmiBaer Gonee
CIOKHYI0 CTPYKTYPY pPaccesiHHOTO HOJsi, KOTOPYH MEI ceiffzac pac-
CMOTPUM Ha mpUMepe MAKCUMalbHO YIPOIIEHHOI Momeanm.

Oprononocroe npuénmrkenne. [IpenebpeskeM TeH30PHEIM XapaKTe-
poMm 3agauu u OyjeM OIUCHBATH YacTOTHYIO IMCIEPCHI0 BOCHDPHUMYIU-
BOCTEHl € HOMOINIBI0 ONHOIOJIOCHOH ammpoxcumarmu (cp. (4.2.21)):

a

&0 (F) = eo _]_.__800(1 +T>’ (28)
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- = A2
% (B0 D) = ¥* (0030) = A2 —X;—= e (1 + %) ) (29)
— Ay ®)
A ox (030)3(03(0) = Xg) =+ —Zér‘ ’ (30)
r=r—i=2"0 A (31)

Y

W3 teopuu BozMymeHnil Upu o, 3 > @, clegyeT, 9TO TPH aMILIU-
TYAE» PE30HAHCOB BOCHPHAMYMBOCTEH CBA3AHE COOTHOUIGHHEM

[Ay®]2 = (4n)~1AeAy®. (32)

3ameTuy, uto mapamerp Ay® B orimume ot Ae m Ay® momer GHTH
OTPHI[ATEIBHEIM.

TlopcraBus (28) — (30) B (26), monyuum ciepyloiee BhIpasKeHUe
1A HaOII0IaeMOro 4acTOTHO-YIIOBOTO CI@KTPA, HOPMHPOBAHHOTO HA
WHTeHCHBHOCTE obngporo HP, mabaiomaemoro mpm Godpmux YTraax
paccesnus:

_ Imy® (k) ekl 1 a\?
f(xy): AX(3) - 1—#(33—61/!/)2 ha a (y + b) fO(xy)v (33)
1 ks —F| \2
y (o, 6)5—8: (%) — 1 (34)

Ilepemennas y c1abo 3aBUCHT OT YacTOTHl H B OCHOBHOM OLPeMes-
eTcA yriaom pacceanms. Pasenctso y = O COOTBeTCTBYyeT YCIOBUIO
CHHXDPOHU3MA IPH IpeneOpe;KeHNE BKJIAJ0M PAcCMaTPUBAEMOTO Pe30-
HaHCA B AUBIeKTpHIecKyw mpomunaemocts. Dyuknua f, ompenenena
dopmynoit (4.2.23) W ommcHBaeT CHEKTP PABHOBECHBIX QUIYKTyarui
xoxocroro MK-moasd.

Cornacuo (33) mpmy = —a/b pacceAHHe OTCYTCTBYeT U3-3a B3auM-
HOjl KOMIIeHCAIIMH Pe30HAHCHONH M HEePe30HAHCHOHW HeIMHENHOCTH, W
qacTOTHO-YTA0BAaA CTPYKTYpa HAO0JII0aeMOTo CHeKTpPa CYMEeCTBeHHO

3aBucuT oT mapamerpa a/b. Ecau a> | by |, T. e.
(2) Ar(2)5(2)
clls— K|\ _ @ |, M@
( W3 — © ) <Ae Ay® =4 Ay® ’ (35)

10 HabI0TAeMHIH CHOeKTP IIOBTODPAET IO CYHIECTBY ') pPaBHOBeCHEL
®k-cuektp (§4.2). Takum o6pasom, «poHoBasg» KBAAPATHIHAS BOCIIDU-
YMYUBOCTH X(o?, o0ycioBleHHaA YHUCTO DICKTPOHHOH HEITMHEHHOCTHIO
WIH COCeIHUMH PermeTOYHHMH pe3oHaHCaMu, [03BOJIAeT HAGMIOATh B
o6IacTu MaJHX YIJIoB paccesmusa numunm, sampememnnbie (Ay® = 0)
B o6suroM (O ~ 90°) KP, no gaomue BKIaj B IMHEHHYIO BOCIPUAMTN-
BocTh (Ae 5~ (). dTor cayuait MO/KHO Ha3BaTh aHOMAJIBHHM De30HAH-
coMm [71], Tak RAK CIeKTp IPX HTOM OOHCHBAeTCA OOBTHON CBA3BIO (27)

1) JLOmMOJHUTEABHYIO IJIABHYIO 3aBHCHMOCTE OT yINA PacCesiHASA JAloT CBePT-
KM TEH30POB BOCIPHUOMYMBOCTH ¢ OPTaMH LOJSDPH3AIMMA.
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MeEY BOJHOBHIM BEKTOPOM H KOMILIEKCHOI TH9I€KTPUICCKON IPOHM-
1aeMOCThIO, COOTBETCTBYIOHIEH BaKOHY /HCIEPCHH € AMOMAIBUEIM
yuacTroM (dia/d® << 0).

Crenyer 3aMeTuTh, 4TO NOHATHE 3aKOHA AUCIEPCUM IPY HATUYLH
OOITMOHIeHYA HEOLHO3HAYHO, W PA3JMUHEE YCIOBUA DIKCIEePUMEHTA
MOTYT JaBaTh pasiuimbie cBA3U o (k). «lunaMuueckue» uamepenus c
BHEITHUMY NCTOTHUKAMY MPUBOJAT K AHOMAIBHOMY 3aKOHY AUCIePCUM
cormacHo (27), mpu KOTODOM IIOKA3aTelNb LPEIOMIEHHA OTPAHMUEH.
Hpu ommcanuu mim maGmiogenun PII mosmmo mexomuTs us yemrosmit
0f/0x = 0 nnm 0f/dy = O unu eme kaxux-rubo ompexenenuii. [lepsoe
ycaoBHe, COOTBETCTBYIoINEee «CBENNPOBAHUION YACTOTHL IPU TOCTOAHHOM
yrie paccesiHus, COrJaacHo (33) TaeT «HOPMATbEKIAY 3aKOH J[UCIEPCHN
Y = a/x ¢ HeOTPAHWYEHHEIM IOKA3aTeJeM IPeIOMIEHHSI XO0JI0CTOM
BOJHH, & BTOpoe faeT cBA3b (cp. (4.2.26))

a .4
VO = e (36)

Jdra cBA3p opu b = 0 gaeT aHOMAaTBHYIO TUCIOEPCHIO, a IPH b == oo —
HOPMAIBHYIO.

Ormernm Tarxe, 910 cmektp (33) He comepsmuT Grarogaps cBssm
(32) makcumyma Ipu & = 0y, ¥ ~ 0 (Tax HasmBaeMas «mepeMbIIKay —
cu. § 1.2).

3akon Knpxroda maa IIP u PII. Mopuyaa (25) BrpaskaeT muTten-
CHBHOCTh PACCeAHHOIr0 CBeTa 9YePe3 IOKA3aTelh YCHIEHWA HPOGHOR
Boanm. Cymecrsyer Golee o0maA cBA3bL MeKAY CHOHTAHHBIMU U BHI-
HY/RIeHHBMEA 9QPeKTaMH, KOTOPYIO MOKHO HAITH ¢ IOMONIBIO KUHETH-
9eCKoro ypassenud. B npmbawwxenuu samannoii maxaukm IIP mpn
HOIJIOMEHNH Ha XO0JOCTO# 4acToTe (T. . PaccesiHue Ha IMOJAPUTOHAX,
PII) ommecwmBaercs ciepywomunm s¢deKTUBHEM TaMUIBTOHTAHOM (cp.

(4.5.11), (5.4.1), (5.4.39), (6.4.1)):

M

Vop= 2 0ff; + 5. c., (37)
=1
fi= }Zj cpeitay - X cjsas, (38)

riek; = 1, ky = 2. Bropoe caaraemoe B (38) cooTBeTCTBYET mOTII0NIE-
HUI0 XO0J0CTOTO QoTOHA j-it MOTEKYIOil, & mepBoe, IPOIOPIMOHATIBHEOS
AMILTUTYRE MOJsf HAKAYKHA,— DOKAHUI0 CHTHAABHOTO $OTOHA, KOTO-
poe TaKike CONPOBOKTAETCA BO3OY:KIeHUEM j-H MOIERYJIHL
Hopcrasus (37) B (4.5.9), MBI mOAYYMM KUHETHUECKOE YpAaBHEHHUE
AJIS CPeHETO 3HAYEHUsI MPOHU3BOJIBRHOTO OHeparopa mosid. Bmbepem B
KadeCTBe ITOr0 ONepaTOpa XapaKTePUCTHISCKUU omepaTop:

7 (ale) = 7* (— 1, — M) = exp (W1- @ - o+ @) X
X exp (— 13+ a1 — iy - ). (39)
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C momomsio xKommyTaTopoB (4.5.16) maxogum cllefyiomee KMHeTHIE-
CKOoe ypaBHeHume aaa Qyukimuum y = GOt
0 E 0
_(%2 {(—‘Mf' why -+ Mo - W) - [“1(JV°+1)—EL—*] +
1

® 0
(o Wap — M3 2]) - [M:-/V’o ﬁ_u?] + K. C-} A (40)

’ j : Apc ci
(w;kl) B __:_%.-get(m—ml;t _ Jj17
Fikey 3 i (w5~ ©; — ) &

o APC‘QC*,
— (Way) - = 2O Z 2 ,

kakg iy — @) - E
* o ] Apcjlc;-!; (41)
(W12, = T PeHOrF0m) E | T(Gs— oy =5 °
J
s
Apejacyy

e (o Ve o == P2 i = — 00t
(Wor)r, =% 2= 01 ZI i (03— w — W) + &

Ap — orHOCHTeIBHAS PA3HOCTh HACEJIEHHOCTeH, Wy — cOOCTBeHmast
9aCTOTa MOJEKYI M 4", — COOTBETCTBYION[UN el TeMmepaTypPHBIH MHO-
FKHUTEN b,

U3 (41) m (4.5.21) caenyioT KuHETHIECKHAe YPAaBHOHHUA IJA MelleH-
HO-MEHSION[UXCS IeDPBEIX MOMEHTOB:

’

d %
—5%;2— = w11 {@1D* + wWia-{A3), (42)
d %
<th> = Way - (A1) + Waa-{A2D¥. (43)
O6pasyem cocraBgble BeKTOP H MATPHIY:
g w* ’LU*
@ = (Cand, ), W= { e (44)
Wy Wy
Torma (42), (43) mpmMyT BHQ
Az e (45)

dt

OnpegenuM Tak/ke COCTABHYH MATPHIy BTODBIX MOMEHTOB:

¥ I Kt
N:N+E{ 1+J.l;0+ Nz'—e/V'o}’ (46)

(Nl)klh.'l =atar)y, (Nodigny = <G202), Kiy=(taa)*, (47)

TOrga KMHeTWIeCKNUe YpaBHeHuA A BTOPHX MOMEHTOB, CIeAYIOH[Ue U3
(40), Mo;KHO UPEACTaBUTH B BHUJE

e W.N - N-W (48)
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Pemenus ypasuennit (45) u (48) MOMKHO BHPA3UTH YePed ONHY U TY
we martpmny % (f — t,), YHOBIeTBOPAWIMYI ypaBHenwmio (45) mpm
nagaabaoM smadenmu ¥ (0) = 7 (cp. (4.9.27)):

() =U(t— ty) -2 (L), (49)
N (@) =U(t —to)-N (Lo)- U (t — 1y). (50)

Marpuma paccesams (MP) U onpepensierca wmarpumedt % npu
— tp = oo ciaegylomuM oOGpazom:

U= {“’4‘1 ?‘fz}_
Uy U
MP cBaspiBaeT HepBEHIe MOMEHTH BHIXOTHOTO H BXOJHOTO HOIei:
(ap)* = Uy -{a* + U -{@s), (51)
(apd*=Usy (> + Un-{as)*.

U3z (46) m (50) cmepyer «moaspuronnsity O3H (moraraem, uro na
BXOJl¢ CUTHAIBHEICE M XOJOCTHE [OJH HE KOPPeIHmpyoT):

Ni=Unu N1+ No+ F) Ul Ui (Ny = No) Uy — Ny — I,
N';ZUﬂ-(ﬁlq‘—e/V’O—kI)~U;1~[-U22-(Z\'2—Q/V’O)-U;2+JV’O, (52)
K=Uyg(Ni4+ N1 Un+Un-(No— ) Un,
re K = {a,ap*. Nyetb oo + p =1, a = al,p = pI, Torga 11
COOTHOIIEHUST MOKHO IlepemmcaTh B caepymomeit gopme (cp. (4.4.9)):
Ni+a=Uy - (N1+@)-Uj + Uy (N2 B)- Uy +
F ( S+ P (Un- Uy — U U — 1),
Nyt Bp=Un-N140) Ui+ Usn- (N +-B)- Uk +
F Wo+B)(Un-Usy —Usa- Uy + I),  (53)
K'=U21'(ﬁ1+“)‘(711+Uzz'(Nz+ﬁ)'ﬁ1z+ 5 »
+ (Mo PB) (Uarr Uy — U U 1a).
Ilamee, ypasmenme (40) mmeer pelmenme
% () = exp [— w7y (£)-pf — pa- Vg (£)- 13 +
4y K (8)-pg + uy- K (2)-ua]

OpH YCIOBWH, 4To MarTpuynsie QYyHKmuu N, N,, K yroBIeTBODS-
T ypasueunmio (48). Taxum obpasoM, B ciIydae rayccoba mMajaomero
Hols BHIXOQHOe moJe SBIAETCA <«KBazurayccosemy (cM. (6.5.10)) ¢
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y-Gyuknueit, onpepeagemoit MP u TemmepaTypHEIM MHOMKHATENEM:
1 ’ & ’ &
X =y (cc)=exp(— p-Ny- Uy — U2 Ny- Uy
’ & ’ * =/
g K 4 g - K Fpg). (94
Taxas e MHBAPHAHTHOCTH BUAA ¥-QYHKIWHM MMeeT MeCTO U JJIA CMe-
MIeHHOTO KBA3HIrayccoBa pacHpeneleHus.
Uz (54) merko ompepmeisercd 4eTBePTHE MOMEHT, ONHECHIBAIOIIHI
KOPPeJAMUI0 CHTHAJNBHBIX W XOJOCTHX (OTOHOB:
+ + ’ ‘ ‘ *
(alal'a2a21> = Nn:Nm' + K12K1'2'. (55)

Ionyuennse GopMYITH ONUCHBAIT KaK ABa Kpafinux caydas I1P u
PII. Tipu IIP ymmrapHOCTH MATPHOH IpeoOpasoBaHWs HPHBORUT K
MCUe3HOBEHMIO TTOCHHUX caaraeMuix B (D3), Tak uTo (53) copmapaer ¢
(6.5.12), (6.5.13). B cayuae ske CHIBHOTO HOTJIONIEHHS HA XOJOCTOM
gacrore U, = Uy, = 0, Tak uro us (5H2) caepyer

Ni=Uu-Ni+No+ 1)U —Noe— 1T,
N;=U21'(ﬁ1+e/1po+1)'Uz+1+Wo, (26}
K =Uy - (N1t N+ 1)Uty

Ilpu otom | Uy | << | Uyy | (Tak Kax XodocThle GOTOHB UBJIYHIAIOTCA

JiNIOL JIOBEPXHOCTHBIMH CIOSAME 00pasma ¢ TOJXMUAON o)) u oTHOCH-
TEIHHOE UWCJIO COBIAJEHHIE XOJOCTHX W CHTHATBHEIX (OTOHOB MAJo.



TJAJABAT7

TUIEPITAPAMETPMYECKOE 1 KOMBHAUVOHHOE
PACCEAHUA

Tlpu feHOMEHOJOTHIECKOM TOIXOHe KyOWdecKas MOJNAPU3YeMOCTDH
cpenpl ¥®) omMCEIBACT KAK IapaMeTPHYECKHe YeTHPeXOTOHHEIE mPO-
mMeccH, Tak W ABYX(OTOHHKE HePeXOombl THHa pamManopckux. CHepsa B
§ 7.1 MH paccMOTPHM «UHCTOE» IUEepHapaMeTpuyecKoe paccesHmne
(FIIP) sa cuer peiicTBHTexbHOIN HepesoHamcmoit wactm y< [89], a
TaKKe AByXKacKagHoe paccesigue sa cuer y(® [130]. MaTencusnOCTDL
I'IIP mponopunmonanpra | %™ | 2 u pedko Bo3pacTaer B Pe3OHAHCHBIX
ofaactax. B o1ux ke 006macTAX CTAaHOBATCA CYNECTBEHHBIMY U Helapa-
MeTpHYeCKMe BUJH PACCESHHSA, ONUCHiBaeMbie MumMoOi wacreio & m
BaBucsImue OT TeMIlepaTypH BemectBa. B § 7.2 ¢ moMombio ogHOMED-
oM Mopeatm 6yyT paccmoTpenst ocHoBHbte ocodennoctu I'IIP B oGmactn
pesoHaHca Ha PAsHOCTHOM wacToTe ; = ), rae LI'IIP mepexomur B
HKKP — xorepenrHoe KOMOHHAIUMOHHOE DPAacCCesiHWE, ITPONOPIIMOHATIB-
HOC B NEPBOM NPHUOIMKEHUN KBAafpaTy MHTeHCUBHOCTH HAKaYKK 1
JATomee HapaBlIeHHOe IO KOHYCY M3iIyYeHHe HA aHTHCTOKCOBOM dac-
ToTe @ + 0, [136]. Idamee, B § 7.3 bl ¢ momomeio Golee 0Gmero
(e HOMeHOJIOTHUYECKOTO HOAXO0jia chopMyImpyeM oOOOWEHHNH 5aKOH
Hupxroda (O3K) ga nponecca KP ¢ yaerom mapamerpuueckux adder-
TOB, U3 KOTOPOTO, B YaCTHOCTH, cleflyeT CYMecTBOBAHWE CTATHCTHIC-
CKOW CBA3H ME/KIY CTOKCOBHIM W AHTHCTOKCOBHIM HOJEeM pacCeAHHA

[137].

§ 7.1. Hepesounaacuoe 'IIP

Tlo ompenenenuio I'TIP oraugaerca or IIP ywacruem B snereHTap-
HOM IpOIecce eme OJHOTO (OTOHA HAKAUKH:

op oL — 0o, kp-ki~k-k. (1)

Tlone maxa9km MOsKeT GHITH B 00meM ciydae OHrapMoHUIECKHM (wr 7
= ©f) u (win) AByxayueBsM (B #= #1). G MAKPOCKOINTECKOH TOUKM
gpemna [IIP rtakme MOMKHO ONHCHBATH B TePMUHAX HEIMHEHHOH
MONAPUBYEMOCTH CPefiEL.

IlenTpocummerpnynas cpega. B Tako#l cpexe ®» =0 n I'fiP
MOJKHO CUMTATH Pe3YIBTATOM IpPeoGpasoBanma HYJEBEIX (IYKTYAnmid
BAaKyyMa U3 XOIOCTHX MOJ B CATHAJIBHEE 3a CUeT KyOuiecKo# moaapu-

syemoctn cpefn ¥ (@wL®r®), TAK UTO BCe COOTHOIMEHHA IPeJbIIy-
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me#l raaBH B HPUOIWKeANH 3aflaHHOW HaKadK# oxparmBaior m I'TIP
mpu samene yP — y®.Er, Al — Ak + ki.

B oramume ot %(¥ KybuuecKad MaKDPOCKONUYECKAs HeIUHEHHOCTDH
CpefH OTAWYHA OT HYJA W B MEeHTPOCUMMETDHYHEIX KPHCTAJIAX, KUNK-
KOCTAX, TasaX, HuasMe. Kpome TOro, YciloBHe 4YeTHPEXBOJIHOBOIO
cuaxponnsMa (1) BHIOIHAETCA B IINPOKOM HHTepBaje 4acTOT U YIIOB
AaKe B IOJ0CE PO3PAYHOCTH H30TPOIHKEX 00pasnos. B BupokaenEOM
crydae (0 ~ @ ~ op = ©f, kr = ki) yrou pacceanus ¢ npubamnsn-
TeIbHO TPOMOPIHOHAJeH pPa3HOCTH ME;KAY JacTOTON cHTHAka W Ha-
KATKH:

/T Bk
SO =]/ Tz ©— ok 2)

TAe Hpom3BofgHAsA OepeTcd HA 4aCTOTe HAKAUKM.
Jlerko moxasats, 1T0 MOIHOCTH HAOIIOHAEMOTO CHTHAJA OPesIeJ I~
eTca ciaegylomuMn BepasenuaMmz (cp. (6.2.10) m (6.2.16)):

dP 4rehotony® 2 .
= e Sy S1V, (3)
2 Snnpnyp | uml— um|
dP 3hwm3n2y(3) 2 ,
_ idnePaly S8V, %)

ydo Ec“nLn’L | ey, Ytz |
Onennm (4) B BHPOKIEHHOM CIy4ae IPH QOKYCUPOBKe HAKAUKA C JU-
¢parmuonnoi pacxommmocrsio. Ilpu sTom SE~ 2%, ny/hr. Ilyers
Pr =1 MBr, A ~ & ~ Ay = 0,7 mxm, @ = 10713 cv®/apr, Torna
3a Bpema T = 10™® ¢ B cmekrpauemuii muTepBax 1 cM™' pacceercs

M AP 2P 2Pt

e = i ~10® ¢oronos.
LS L

9710 KOaMIECTBO (OTOHOB JOBOJIHHO JOTKO 0GHAPYIKIMO, 0COOHHO ecliu
HCOONB30BaTh KOPPeJANUI0 CUTHAJNLHBIX B XOJOCTHX (POTOHOB AJA
AUCKPUMUHAINY ¢ HAPaSUTHEIME dPdeKTaMu.

TTIP B mbesorpucrannax. Hackapgmoe I'IIP, ymomuuapmeecs ysxe
B § 1.3, omucHBaeTes BTOPHM HOPAAKOM TEOPHH BOBMYIMMEHHA ¢ d¢-
dexrupuoit speprueit PE®, M ero MoKHO IPeCTABATL KaX PesyasTar
ABYX IOCIefoBaTeAbHHX TPeX(OTOHAHIX HpomeccoB. «Bupryamsabim»
$OTOHOM MOJKET CIAYRUTH $OTOH BTOPOI T&PMOHMKHN Hafalomero WsIy-
yeHusdA, paclajfammuiica Ha BTOPOM BTale Ha CUTHAJBHLINA W X0JO0CTOHI
¢$OTOHHL:

or, + ©f, — 09, m2—>m+o~) (20 = 02)

anu GoTon pasHOCTHOH («xoxocroity mpu IIP) wacrorst, fawomuii B cym-
Me ¢ HakKaukoif curHanbueil QOTOH:

O — © 4 ©;, Of o= 0.
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YacroTa curEaza o MOKeT JesKaTh WM B CTOKCOBOM olidactm o =
= 0; << 07 (IPE 9TOM O = @,) WI¥ B AHTHCTOKCOBON (0 = g,
O = o).

Bruncamm paccesnmoe Dole B PaMKAX OXHOMEPHOH Momenu ¢
3aJlagHOH MOHOXPOMATHUECKOH HAKAYKOU mpPH yueTe BCeX TPeX KaHa-
JI0B — [BYX KacKaJHBX U OPAMOro (3a cUeT KyOMuecKoi HelmHeilno-
ctm 4®). ByaeMm mcxomuts u3 ypasHeHHWih MaKcBeldna ¢ HeamHeiHo
nosapusanuett (6.5.14). Tar Kak cpega obnanaeT HeAHAKHOCTHIO IHIID
B OpefelNax INIOCKOIAPAJIEIbHOIO CIOA W PACCMATPHBAECTCH CTAIHO-
HapHaf 3ajgada, TO MeJJCeHHO-MEHAIOMZECHA AMILUIUTYAB 3aBUCAT
0T OfHOH IlePeMeHHONW z: '

E® (#t) = N E, (z) exp (iky, - ¥ — iopt). (5)

3necs n = L, 2, i, s, a (AEZEKCH OTHOCATCA COOTBETCTBEHHO K TaCTO-
TaM HaKadkHd, BTOPOH TapMOHUKH, Pa3HOCTHOH, CTOKCOBOM W aHTH-
CTOKCOBOH BOJH). AMIUVIATYJa HAKAUKU ABIAETCA KIACCHUCCKOH I
sajagHol Benmumpoit. OcTanbHHe YeTHPe aMIIATYAH CBA3AHH
CIeAYOIUMY YPaBHOHUAMA:

dF , ;

- = ifare L, (6)
B e E, M
dEs — iB AT BY i (B piA'z Y siAzy

VP lﬁsie § E; -i“ 2 (ﬁsae -+ Bsae )Ell7 (8)
dE 3 ’ N "o,

dza -emain + i (Basem’z + Basemz) E:, (9)

rpe
Bun = DX nBL, Bmn=bmXmnEas Pmn=DbmXshEL,
b, = 2TW@ /€Ty, Tiyp = Ty, €OS Oy, €OS By,
As=kp — kg —lkiypy AN=ky—ky—Fey, Ay=2kp— ks,
Ao=kr —koy + by, A=2kp —lkyy—k,=A,+ A=A+ A,

Ymn — CBEPTKH TEH30DOB HeJHHEHHON HOMSPUIYEMOCTH ¢ COOTBETCTBY-
OMUMH OPTaMH, 0 — YITOJ MEKAY JIYYeBHIM M BOJHOBHM BEKTODOM,
0 — yrom Me;kmy Jyd4eBHM BeKTODOM U oChI0 Z. B GeckomedHoM cioe
CTAIMOHAPHO B3aMMOeCTBYIOT JHUIIb BOJHLL, YAOBIETBOPHIOIINE 32~
KOHAM COXpaHeHHs NONepedHoro uMIyasca {qr — q¢s — q; = 0, ...)
1 9acToTs (0L — @y — @; = 0, ...). 3agaune YacToTH, HallpaBICHANA
¥ TADA TOJAPH3aNuu HaGN0FaeMod BONHH (HAIPUMED, ®g, Gay V)
U HaKA9KA BMECTe ¢ 3aKOHOM Jucmepcnd ov (k) ocTasiser meompeje-
JEHHHMH TOJBKO HONAPU3ANAU M BHAKE IPOFOJIBHEX KOMIIOHEHT
BONHOBEIX BeKTOPOB OCTAJBHHX TpeX BoJdH. OGHYHO BONHOBEIE pac-
CTPONKN MUHWMAJbBHE JAs OPAMEX BoJH (0,<< n/2) m gis ompepesen-
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HEIX KoMm0mmamuit Tumos Nouspusaiuii (Hanpumep, 2k7 = kg =
o

= ko + k¢ B oTpumaTeIbHOM OJHOOCHOM KpHCTANLTe), II0DTOMY

OIYINOHH UHIeKCH MOMsSPU3aliy I He YITeHA CBABH ¢ 00PaTHLIMY BOJI-

HaMIL.
Cornacno (6) Boara BTopo#l TapMOHIKY HE3aBHCHMA OT OCTAIBHEIX

BOJH:
z

Ey(s)= ipoBr | deins, (10)
/2

Uro6k HalTH aMIUIATYH CHOHTAHHO PACCESHHOTO HOJIH, HADPHMEP,
Ha CTOKCOBOI WacToTe, [0CTATOUHO HaiTH KoagdumumenTts mpeobpaso-
Banuss U,; u Uy, cBassBalomue BHXORHYI aMmmintyny E, (1/2) c
OTPHIATeNFHO-YaCTOTHHIMA BXOZHHIME aMiiatynamu FEi (— U/2) u
E; (— I/2). Tlonarasg mosromy E, (— U/2) = 0, maiigem ns (7), (8)
B OePBOM HOPAAKe 10 aMINIMTYAe HAKAYKH CIeyommme aMITHTYIH

z

EP (z) = B} (— -§~) S dz'e (11)
—i/2

E?)(z):iﬁisE;"(—lT) Sz dz'es” (12)
/2

E§1>+(z)=—iﬁiaEi:(_%) S dz'éte” (13)

HopcraBue gamee (11) — (13) B (8), (9), moxyIuM € TOIHOCTHIO [0 Cla=
raeMerx mopamgka Ei:

E;—: UsiE;'f- + UsaE;1 E(’l = UasEg_v (14')
Trne _
U, = iBgl sine (z,), (15)
Usa = % ﬁsiﬁialzg (@sy q) — _;' Bsaﬁszg (xlv Za) 4+ iﬁlslal sine (x),
(16)
Uas = %Basﬁislzg (xav xs) - % Basﬁlezg (x” x2) + iB;Sl sinc (.’L‘),
(17)

1 z
g(z,y) = S dzei S dz' e —
—1 —1
. —iy ix s —iy o3
—_ sinc (z) e x+ys1nc (y)e — sine (z) e - sine (z 4+ v) , (18)

E,= En(—;-) En=En(— ), =3 A




228 TUIIEPHHAPAMETPUYECKOE 11 KOMEBHHAINUOHHOE PACCEAHUA [IVL 7

@opmyna (15) ompemenser amuamryny IIP. ®ymrnus | g (zy)}
B 06meM cIyuae mMeeT TP Pe30HAHCHHX Makcumyma. B oGmactm pe-
30HAHCA OHA BHpajkaeTcs depes QyHKnuIo sinc (z) crexyromum obpa-
30M:

SO (>,
lg@p|={ |2 (2 >]y) (19)
Sl |zl u).

Taxum o6pasom, mpu I'IIP B mpesokpHcTaIIax CBA3H MEKIY Tac-
TOTON W WaNOpaBJICHHEM DPaCCeAHUA ONpenesIfeTca YeTHPHMA BO3MO-
HEIMM YCIOBHAMA CHHXPOHI3MA, IPHU KOTOPHX o0pamaeTca B HYIb 01~
Ha M3 TPOJOMBHHX BOJHOBHX paccTpoer Ay, A,, A’ mam A (pume. 9).

420 4'=0

4] Ul 4,

Puc. 9. Uerhipe THIA CUHXPOHM3Ma NPHU TUIEpIapaMeTpHMYeCKOM PAacCeAHNM B Ibe30KPUCTAI-
Jax.

B mocaeguuit BoHOBOM pPe30HaHC BHOCAT BRIAJ Bee Tpu Kamajaa I'TIP.
HanGonsmeit senuaunsr 3¢PeKT qocTUraeT B ¢liydae IBOHHOTO CHHXPO-
Hu3Ma, Korga opmospemenno A, = A’ = 0 (mmu Ay = A, = 0), Tax
aro g (zy) = 1.

Cpasanm ¢ momompio (14) — (19) aMOauTyas pa3IHYHHIX KaHATOB
pacceslHHs B c¢JIy9ae OFHOKPATHOTO Pe30HaHca, KoTja QyHKDOS g
umeer mopampor 2/A,l, rge A, — BomHOBas paccTpoiika AAA HecwH-
XPOHHOTO dTata mpomecca. OTHoIIeHEWe aMILIUTyAH Kackaguoro I'IIP
K amnautyge 1IP nmeer mopamox B/A, (mpu gsoiimoM pesomamce fI).
Hanpumep, 8 mmobare amtua Pp ~ 1 em™! mpm S, = 10 MBr/cm?®
(Docnemmee UmeN0 YMeHBIIAETCA HA YeTHPE HOPAAKA, €CIM OPTH HOJIf-
pU3aLMd BCeX BOJH, YYacTBYWIOUX B IpoIlecce, IMapallelIbHH OCH
CHMMeTpHuH Kpuctanaa). s Bonn ofEo# HOAApU3auy u MaJHX YII0B
paccesrus A, moxer mpessimats 10° em™!; npu pasamunoii sxe DonApH-
samuu A, MokeT [OHITH MHOTO MeHbILE.
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Oruomenne ammuntyj I'TIP ma amTucroxcoBoii wacroTe 3a c4eT
KAacKajHoTO M HOpPAMOTO IpolleccoB mpu A = 0 umeer NIOPAHOK
(4n?/hA,) (¥ y®). Tlycrs, nanpumep, X == 10-8 cm®/2/aprl/2, ¥ =
= 10-15 cm%¥/5pr, A, = 102 cm™! 1 A; = 4 MEM, TOT/ia 5To OTHOmIEHHe
pasao 102

TaxnM ofpasoM, KacKajukle IpoIieccH 3a cueT ¥(*)* nare mpu opm-
HApHOM pPe30HaHCe MOTYT [aBaTh npeobinagatomuit Bkxag B TP
B IThE30KPHCTAIAX. 3aMeTHM, UTO HTOT BEIBOJ He PacOpPOCTPaHAeTCA
Ha JABYXJYy4eBhle DKCIEPHMEHTH, B KOTOPHIX HaUpaBieHus Kr B k1
COCTABIAIOT 60BN Yyro, Tak 9YT0 HeBOBMOSKHO BHIIOTHEHNE YCIOBHSA
BIPTYaJbHOTO CHHXDOHH3MA JI/IA NODEPEYHOro MMIyrbea (HociaefHmil
B ciIydae Jydeil HaKa9KH ¢ FayCCOBBIM IPOPUIeM AOKEH BHOONHATHCA
¢ DKCHOHEeHIHMAJbHOI TOUHOCTHIO — B OTJWYHE OT OPOJOIBHOTO).

Murencuprocts TIIP B poesokpucrannax. Pacemorpum cBA3B
MeKJy MHTeHCHBHOCTBIO DAaCCesHHOIO cBera M KodpuIumeHTaMM
npeobpasosanus [/, 110 OTHONEHNIO K Me/ICHHO-MEHAIONIMCA aMILIN-
rynam E,, (z). DTH aMOATY M ABIAOTCH 1O CYmecTBY (wgz)-Ipeacras-
aenmeM (cM. § 6.5), ¥ MX CBA3H C OIEPATOPAMHU @; MOKHO HailThm u3
oIpeneseHmIt:

E® (rt)= iv—lg dlscyare™ "R = iv-th S dodqE (oq) é*r-ot, (20)

Tax wak dw/dk, = uy,, TO

E (0q) = icyv~luzlay, : (21)
' hov'ls , ,
(£ (0g), E* (@'q)]= =00 — )87 (@—q) (22)

(3nech mcmos30BanH cootHomenuA (3.4.35)). Us (21) maxogum cBA3Db
MeKIY MATPHIAMI DACCesSHUA IO OTHOmeHmo K E (0g)- U a;-aMIin-
TYmaM:

Unn 7/ @)y 23
“Umn - (o/fiug)m . ( )
Ianee, amanormumo (6.5.32) HaxoguM CHEKTPAIbHYI0 APKOCTH:
__ (D’iﬁ _ (’)aﬁs
Soq (k) = g?z“<|Usi|2 wsﬁj +\Uszl2m>- (24)

3neck mepBoe ciaraeMoe onpenelser aprocts 1P 8 mepBoM mopsKe M0

IHTeHCHBHOCTH Hakaukm (oHo commagaer ¢ (6.5.32) mpm yl << 1), a

BTOpOE OTpeflelifieT KBaj[paTHuHbie IMONPABKM, T. €. IPAMOe I KacKas-
moe I'IIP. AnajorudHOo ompejelAeTcs W AHTUCTOKCOBO DACCOAHUE!

LTS LA BaK 77 9 (’)Sﬁa B

Smﬂi(ha)z—iS(ﬁQ 'Udsl [0afts . (25)

Ilis mepexona K MomuocTH Pee HATO YMHGIKATS (25)ma A, cos 6,

ITle B carydae TayccoBa mpoduia Jyda HaKadkm Agp = A/2 = na*/4

(¢popma nmunm T'IIP gaa sroro cayuas paccMOTpeHa B [130]). Taxee
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MOKHO C IIOMOINBIO pasioskenud A B paAj Ho 9acToTe WM YLIy pac-
cesAHAd B 06JIaCTH M30IMPOBAHHOTO PE3OHAHCA HAlTH HATETpaNBHHEE
xapaktepuctaku Py, Pg TaK, Kak 370 OBIO cmexano B § 6.3 muA
JNHeHHOTO paccesHn.

Cratncrura rackagroro I'TIP. Kackamame tpex gorornse mapamer-
PUYECKHE TPOIECCH OPUBOAAT K CTATHCTHICCKOMY HEePeMeUIHBAHUIO
COCTOSIHUHE @-, S- W i-MOJ] BHIXOJHOTO HoJdsg. B mpuGamkenum KiIac-
cmieckodl makadxku OpeobpaszoBanme CTATUCTAKE HAjalomero IoJs
KPHCTAIIIOM JHHEHHO, W IMOITOMY TayccoBa CTATUCTHKA HePeXOiuT B
KBasurayccosy (kak u mpu ogaorackagaoM IIP — cum. § 6.5). Herpyn-
HO BHPA3UTH COOTBETCTBYIOMYIO ¥-OYHKIIMIO Gepe3 MaTPULIY PaccesHus
Upa (em. [133]). Hockonsky i — a-B3ammopeiicTBre CBA3BIBAET JUIND
MOJIBI ¢ OJMHAKOBHIM 3HAKOM YacTOTH, TO B3aHMHAasf CTATHCTHKA a- U
i-mox 6yner ocraBaThea TayccoBoii. B To ke Bpema s — i- m § — a-
CTATHCTUKY CTAHOBATCH KBABUTAyCCOBEIMHU, W B CIyJae BaKYYMHOTO
Mafalomero HoJs u caaboll HaKauK| HMeeT MeCTO «KOoppeianus ¢oro-
HOBY, OTINYANMAACA 0T (KOPPeIANIN HHTeHCABHOCTEH» OTCYTCTBHEM
cayvafHENX coBOajeHui:

(NN = Ni=N;, (NN = N (26)

Ilpm atom otnmden oT HyIs M HIecTON MOMEHT:
(NN LY = 4NN, (27)

Taxum o6pasom, IBYXKacKajHLNe DapaMeTpmIecKue npeodpasoBaTeln
YaCTOTH CBeTa Ha ObE30KpUCTAJIaX IMO3BOJAIT, B IpUHEUIe, Habiio-
gaTh Tpoimbie coBmagenus ¢oToHoB. Ilpm sTOM He oGsaBaTensHO HOOH-
BATHCA BHOOJHEHHA J[BOHHOTO CHHXPOHMSMA B OFHOM KpHCTAJLIe,
MOJKHO HCIOJIB30BATh [BA HOCHOIOBATEIBHO PACIOIOKEHHHIX HKpPH-
cTajIa.

§ 7.2, Pesonancnoe I'llP u KomGuHanuonwoe paccesnue

Mo cux mop upepgmonaraiioch, 9TO BCO PacCMaTPUBAOMEI® YACTOTHL,
BKJI09asA PA3HOCTHYO @; = | ® — @ |, MaJex:m or coGCTBOHHEIX Tac-
TOT MOJIEKYI 0, TAK 9TO HeJUHEHHEE HOAAPA3YeMOoCTH OsLIn feficTBI-
TEXBHHMHE 1 ¢1a60 3aBHCAMUME OT 4acTOTH Benmumuamu. Ilpu stom,
Kak u B cuyuae [IP, Mmarpumna paccesnuss (MP), cBassiBafomas onepa-
TOPH NAFAIOMUX W U3JTyYaeMbIX DOJeH, JOKHA OHTH YHUTADPHONR, U
HHTEHCUBHOCTH PACCEAHHOTO IOJS HE 3aBHCHUT OT TeMIepaTypPhHl Bele-
cTBA.

ITpu pesomance x0TA GBI 0HOE U3 4ACTOT BCE DTH YCJIOBUA Hapyma-
orca. V3 pasimuHbIX TUIOB Pe30HARCOB KYOUYECKO# NOMAPU3yeMOoCTH,
KpaTro paccMoTpeHamXx B § 1.3, MuI 3mechk octaHoBuMCH HoppofHee
JOMb Ha CAy4ae PAMaHOBCKOTO PE30HAHCA ©; ~ (g B MEHTPOCHMMET-
puunoi cpene, vorpa I'IIP aBiserca, o cymecTBY, KBajpaTHIHOd IO
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HAKauKe MONPABKOW K CHOHTAHHOMY KOMOMHALMOHHOMY pacCesHmio
(CKP). 9r1a nompaBKa mMeeT 3aMeTHYIO BeIMUMHY B 0GIaCTH Maxsrx
yraos paccessus (O ~ 1°), yHOBIETBOPAOMEX YCIOBMIO UeTHpex-
BoJHOBOTO cmuaxpormaMa (7.1.1). IIpm yBeawdenmym wHHTEeHCHBHOCTH
HAaKAYKY JUHeHHAS 0 KBagpaTHIHAd 3aBUCHMOCTH OT HaKauKu Mepexo-
AT B SKCHOHEHOMNANBAYI0, 9T0 cootBercTByer BHP m «rmmepmapamer-
PUUeCKOH CBepPXIIOMUHECICHITHHY.

IiposBienme mapaMerpudeckux 5(p¢QeKToB OBIIO 3aMETEHO YiKe B
nepBHX dKeTepuMenTax no BHP B Buge sproro antncrokcosa uamyue-
HHA ¢ 9aCTOTO# wr + ®,, HAOPaBJIEHHOTO M0 KOHYCY B COOTBETCTBUI
C YCIOBHAMHN CHHXPOHM3MA. JTO KOTeDeHTHOe KOMOMHAIMOHHOEe pac-
cesane (KK P) saraagso o6pacHserca nudpariueii Hakauky Ha Gery-
meil pemeTke, 06Pa30BaHHON BHHYKICHHKME KOMeOaHUAMA MOIEKYI.
Maxpocronuueckn KKP onncrsaercsa pesonancHol Ky6naeckoi moas-
PH3YEeMOCTBIO cpeabl ) (W@ L0s), & MUKPOCKOONYECKHN -— PaCIafoM
IBYX (OTOHOB HAKAYKM Ha CTOKCOB (S) W aHTMCTOKCOB (a) (OTOHEL

B obnacti uwactoTHOTO (W; ~ ®,) U BoIXHOBOTO (%s + Ky ~ 2kr)
PEe30HAHCOB HAaj0 paccMaTpUBaTh OJHOBPEMEHHO M 4eTHPeXPoTOHHEIE
mapaMeTpH4ecKue OpoIecch U qByX(OoTOHHEE paMaHOBCKHe. 1lpu aToM
cleqyeT VUHTHBATH U jiBa He3aBUCHUMEIX HCTOYHHKA «IIyMa» — HYIe-
BHe QUIYKTyanuy Hajalomlero IMOJfA W TEIUIOBLe KOAeGaHmA MOJMeKYII
(B cTOKCOBOM paccesiHNY HTPAIOT POJIH U HYJIEBEE KoJIeGannsa MOTeKYi).
CoracHo paccMoTpeHHOH HEUske Mofeanm OPH GOABIINX HHTEHCHBHO-
CTAX HaKa4YK{ OCHOBHOM BRJIajl B AHTACTOKCOBO M3JIyYeHNE FAIOT HYJe-
Bre Quykryanunm moxas (opd fiw; o= »T).

YpasHennme pas mepieHHO-MEHIOMMXCA omepatopoB moas. [las
BEIACHEHNA 0CHOBHE X ocoGennocreit HKP ncmonssyem onsarh opnomep-
HYIO MOIeJIb ¢ 3aaHAoH HaKauKo#. UTOGH yMeHBINATE YHCIO IIapaMeT-
POB, IPAMeM, 9TO 3JIeKTPOHHBIE JaCTOTH MOJIOKYI MHOTO 0osbIle pac-
CMaTpHBaeMHX YacTOT IOJA,-a MOOCIHeIHHe MHOTO (OJbIe YacTOTH
H30JIHPOBAHHOTO MONERYISAPHOTO KOJeGaHUA @y, Ha KOTOPOM IpOHC-
XoJUT paccegHme. B aToM cayvae $- U @-KOMIOOHEHTH HelmHelmoil
IOJXAPU3YEMOCTH OTIMYAIOTCH TOJBKO 3HAKAMEM MHHEMHX dacTeil, Tak
49TO B3aMMO/(efiCTBUe Haphl CONPSIKEARHX (YCIOBAAME CTAHOHAPHOCTH
U cOXPaHeHNsA NONePeTHoTO HMIYI5CA) MEIJIEHHO-MEHAIOMUX CH aMIIN-
TYA OHHCHBAaeTCH CIeAYOIMAME YPaBHCHUAMM:

dg;a — i (Ey+ E:e—iAz) = i]'aei(kL—kaz)z,
' 1
dEs . ‘s ittt )z (1
—> — if* (B Egemid?) = ij,e 17",
— 2 AX
P(o:) = bE (Xm + W;) :

A=ky + ky, — 2kr, b= 2nor/chr



9232 TUIIEPTIAPAMETPUYECKOE ¥ HKOMBHHAIIMOHHOE PACCEAHUA [TIL. 7

(MBI mpereGperaeM OTIMIMOM KOCHHYCOB YIVIOB PacCesHUsA W OTHOIIE-
HOl @0z, /N, ... OT eQUAANE H CYATaeM aMIIUTYAY HaKa9KU Ey,
JefCTBHTeNbHOM BeuanHoit). B npassie sactu ypasneHnni (1) nobase-
HEI JIAHKEBEHOBEl CIIH, IPOMOPIHOHATbHEIe CIYIaHHbIM [OIApI3ari-
am: j = bP (wqz) exp (— ik;z), Tak 970 UX KOPPEAATOPHL MOKHO C
momombio meaumpeiimonn MIT (2.4.53) Brpasurh Wepe3 TeMIeparypy
ofpasma m MAMMYI 9acTh KyGHUeCKO# BOCIDUHMIABOCTH:

<j;ja>u)qz - <jsja >‘qu — th”,/{/‘o/l_{nff’
<j:js>qu = {Jafsdagz = hbﬁ” (‘/VO + 1)/431’3'

Pemenue cueteMs (1) yo6HO BHpPAa3uTh Yepes KOIQPUIUEHTH yCUIiIe~
sna U (z) u npeo6pasoBanusa V (z), 3aBACAIINE OT JJIXHE B3auMOencT-
BHA:

E,=UXW)E, +Vi()E! +
1

(2)

41 § dee UL (= 2) fu (0) —Va (=D (@ ()
0

U? (z) = e-idz/2 (ch vz + i —6—+Yé/2— sh yz)

i
B

VE(z) = ie'iAz/z% shyz, v=iVAPTAA.

AHAJOTHIHOE BHPRJKENHE [JIA S-aMIUILTYABl OTIAMIaeTcss 3ameHoH [
Ha B*.
O6pasys ¢ nomompbo (2), (3) HOPpMATLHHO-YHOPALOISHHEIe MOMEHTHL,
HaitneM agajgorndso (7.1.25) cOeKTpadbHYIO APKOCTH BEIXO/[HOTO HOJS
__ QBaKpy/
Soe = SeaN', Tne
!

Ny | Uy PNy + | Va [P (No + 1) + 288 § d2|Uu (2) — Vo (2) P =
=|U, Ny + Vo P (Ng+ 1)+ (L H|Va P~ Ua ) o (%)
No=|U PNy + |V (Na+ 1) + (U= V[ — D (40 + 1) (5)

Taxam o6pasom, cmextp BIKP mpu yuere mapamerpmiecKoro Bzammo-
NeiCTBUA S- ¥ @-KOMIIOHEHT IOJHOCTHIO oupejelsercs KodddunueaTaMu
U, V, onucHBaOMEMA BHEYKCHHbE 3PQeKTH. JTa CBA3H CIOHTAaH-
X (N, = N, = 0) u BHRYK/eHHNX d¢deKToB BhIpaskaeT 0GobmeH-
pit saxor Kupxroda (O3K) pua mpomecca paccesnusa. Hax mu ysam-
nuM mmke, O3 BHNOMHAETCA He TOIBKO B PAMKAX OJHOMEDPHO# Mojte-
an. Qopmyan (4), (5) oxBaTHBAWOT B KaieCTBe IPEEIBHHX CIyIaes
TTIP = KP.

Baxyymnasbte mymni. Ilepsrie ciaraeMee B (4), (D) omHCHBAOT pe-
30HAHCHOe Oclafiente AN yCHICHNE DAJAIOMero Mo 33 CIeT COBMe-
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CTHOTO IefCTBUA BHHYKIEHHBIX IapaMeTPHIeCKIX M KOMOMHATTHOHHDI X
IPOLECCOB.
Bropeie caaraeMiie B OTCYyTCTBHE IIAfIalOINEro IOAs MMEIOT BHJ:

Niar =V = 52 [ (ch 2yt — cosi2), (6)

I MX MOKHO WHTepPIPeTHPOBATh KAaK Pe3ysibTaT Ipeodpasosanus Hyle-
BHX (IyKTyamuil BaKyyMa U3 CONPSKEHHHX MOJ B Halqi0gaeMyo.

Kax merpynuo ybexuThes, «BaKyyMHAs» dacTh mamydenms (6)
IMeeT 3aMeTHYIO BEJIMYHHY JUIND IPH BHIOJHEHNN YCIOBHA CHHXPO-
amsmMa A ~ 0. Tlpu p” = O (6) ommecriBaeT UmCTO MapaMeTpUUeCKHiE
nponece (I'TIP) ¢ makcamymom Ha mepecrpoednoil kpusoii A = 0. Ilpm
OpubJanKeHAY K pe3OHaHCHOH obigacTn H3laydeHHe HapacTaeT 33 CUeT
pocra | % | , mpudeM npu GOIBIINX MHTEHCHBHOCTAX HAKAYKY JOJIKHO
HabaoaThea (AHTHICPECceUeHNe) NN «OTTAIKABAHNAEY HePecTPOOTHBIX

KPUBHX ©; = 0, 7 A (0,9) = 0 B mrockoctn (o, 9). ~
B cayuae | A/p | >1
y=~ — p" + iA/2, (7

rag uto (6) mpu cxaboit makauke (f”l <€ 1) mepexoymr B CIOHTaHHO®
TI1P:

Nyax = | Bl * sine® (AU/2), 8)

a OpuM CUIBHOM — B
C B ‘
NBa}(—'\T| es . (9)

B peaisHEX 5KCHePUMeHTAaX HODEPEIHHE pagMep 00aacTH B3aUMOIel-
CTBHA OIpe/elIAeTCA IUAMETPOM JY9a HAKAYKA &, U JIIA HEIPOMOJIBHEIX
Mox mop ! B (9) cienyer nonumarh dddexruuyio piuny a/sin ¥, wro
OPUBOJMT K JOUNOJHATEIBHOMY YTJIOBOMY MaKCHMYMY H3IyYeHHs HpPH
¥ = 0 («oceBoe» H3IYdEHHE).

YucaenHpiii pacdeT IOKa3hBaeT, 9TO B 00jacTm CHHXPOHU3Ma
(1A/B | < 1) n mpu canbmoii Hakaure (koria B” (o) = o> 1/1)
GyHEIEA Nog (9) MMeeT [Ba M1 <CEMYMa. PaB/eeHHEX IPOBAIOM ©
mupuaoii ~ 83,l. Takoe yMembmenue 5¢PeKTHBHOCTH B3aumMojeiicT-
BHAA IPH TOYHOM CHHXPOHW3ME XapaKTepHO NIA paccMaTpPUBaeMoOTO
mapamerpmyueckoro mpomecca [10]. Kpome YrioBoro pacieriieHus
MaKCHMyMa, EMeeT MeCTO I 4acTOTHOe ¢ INMPHHOH IOPSA/KA MOTOBIHE
mupneH Jurnn npa cuoranHom KP. W3 uncnentoro pacdera ciexyer,
ur0 MaKcuMaibHoe sHauenme QyEKImum (6) mmeer mopagor 0,05 e
(mpu Bl Z 2 ¥ Yoo = 0).

Moxexyanpusie mrymsl. Tpersu caaraemsie B (4), (5) mpomopmmo-
HAIBHE MHEIMOI dacTn Kybmueckoit monspusyemoctu. Ha amruerorco-
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BHIX 9acToraX (IYKTYamum MOJNEKYNSPHHEX KodeGaHHH [amoT
N’ " ” 2

wom __ 4 ¥V X" A T
—_— =1 ch 2yl — <1+4m2>3h2”

W Lyl

‘Y’2 7 Y’ A2 . ”
— L cos 2yt — —A-<1— —4|Y12>sm2\7 I (10)
CTOKCOBO M3IyTeHMe OTINYASTCS 3aMeHoH A g Ha 4" -+ 1 u p ma f*

[Ipu 6onbmux BomHOBEX pacerpoiikax (10) ¢ ygerom (7) mepexosut

B (cp. (4.5.28))
N;Mon:mou_e_zﬁ”l): (11)

N yon = (Ao 1) (28"t — 1). (12)

9t popmyas ommerBaioT o6sranoce HP B ¢opme 3axoma Hmpxroda.
AHTHCTOKCOBA CIeKTpaJbHAas JUHUSA NPHU YBeAWIeHUN MHTEHCHBHOCTH
HAKAUKH YIIEPHAETCA, W B Ipefele cpefHee YHCI0 (OTOHOB B aHTH-
CTOKCOBHIX MOfaX CTPEMHUTCH K IOCTOAHHOMY 3HAUEHHIO, PABHOMY
amcny oHOHOB 47 t). CroKcoBa IuuuA, Ha00OPOT, CysiaeTCA U Cuep-
Ba JUHeHHO, a4 IMOTOM SKCHOHEHI[MAJIBHO HapacTaerT.

B o6aactn cumxponmsma (| A/p | <C 1) mpu He cammkom caaGoi
Hakauke QYHEMUA N, yon (08)/4" 6amska k QyHKDuD Ny pax (09)
O TaxsKe HMeeT JBa MaKCHMyMa B obaacTu mepecedenns auuuin A = 0
u ®; = O TakuM o6pa3oM, BHHYKJCHHOC¢ aHTHCTOKCOBO H3Jyde-
HHe B 00JaCTH CHEXPOHH3MA OPHU (< 1 oGycioBieHo QIyKTyanms-
ME BaKyyMa, a Opu 47, > 1 — daykryamuamn momxexkya. Opgmako
mpu caaboit Hakauke MONEKYIAPHHE IIYMH JHHEHHE IO HaKauke
(Nawon = 2p"14°,), a Bakyymuse (8) — KBajpaTHIHEL

Apanoruuunii aHAIN3 MOYKHO IPOBECTH W AJISA BHHYKICHHOTO De-
neeBckoro paccesnms [136]. B orom caygae wo =0 u iogt "y > 0T,
TaK YTO BAKYYMHEe IIYMHl He HIPajOT POJH, a MOJCKYIADHE IpH
60NBIINX WHTeHCHBHOCTAX HAKAUKHU JAIOT CBETIOe KOJBIO ¢ FacTOTOMH,
PaBHO# WMIW HECKOJHbKO MeHbIIeHd 9acTOTH HAKAYKH,

§ 7.3. Roppersauasa crokcosa
N anTHCTOKcOBA manywennA upn KP

Knaccnaeckana wmoneanb. CymiecTBoBaHWe B3aHMHOH KOpPpeNsnun
MEKTy CTOKCOBHIME (s) M AHTHCTOKCOBEIMHA (@) YaCTOTHHIME KOMIIO-
HenTaMu monA KoMb6mmammonuoro paccesaus (KP) serko oGocrHoBaTh
¢ moMompbi0 KlIaccmdyeckoit modyasyuonnolii momenu HP. Ilyers se-
MEeCTBO COCTONT M3 /[BYXAaTOMHHX MOJeKYyJI. BcieicTBue TemnoBoro
ABIKeHUA cpefHec PacCTOfHMe MERAY atomamu () (1) ABIAETCA KBa-

1) B caydae KP Ha 5JeKTPOHHHIX HEpPeX0/aX 3TO ABJIEHAE MOYKHO HCIOJIb-

30BaTh Aas remepanuu Y D-uaiydeHus ¢ BEHCOKOH sdeKTnBHON TeMmepaTypoil
[172].
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BUMOHOX POMaTHYeCKOH QYHKIMEH CO cPeftnei acToToli 0, u caygait-
HEIMH aMILUinTyjaoi u ¢asoii. Cpegumit KBajpaT aMILIATYIH COOTBET-
ctByer sHepruu % 7. Ilpu maMeneHuu Q) UsMeHAOTCA U KOHGHUTYpamas
dleKTpoHHOTO ofbmara. CrmefoBaTelsHO, DICKTPOHHAS NOIAPU3Ye-
MOCTB j-# MOJIGKYJEHL II0 OTHOIIEHUIO K cBeToBOMY moxio K taxsxe Gy-
JeT cayuaiinoit ¢ymrmmenl Bpemenu: o; () = (a/0Q) Q; (2).

B pesyaprate uAEAYNHEPOBAHHBIM NAgalOmMUM NOJeM IUNOJHHKIH
MOMEHT U H3JyuaeM0oe MM BTOPUUHOE HoJe OyAyT IPencTaBIATH MOXY-
JHpPOBaHHOE Koxebamme:

Ej(t)~d;(t)~ Q;(t)cos(wpt — kr-7;). (1)

Taxum oGpasom, BepxuaAa Ej, m ummuAg E;; G0KOBHEe KOMIOHEHTH
pPacceaHHOro OJHOR MOJEKYIOH IOJA NPONOPIUOHANLHE OXHOR m TOHA
e caygadimo#l ¢ymkmum Q; (f), mOITOMY HX HUHTEHCHBHOCTHL OYHeT
PIYKTYHPOBATH CHHXDOHHO.

B peanpaom srcmepmmenTe HalimjaeMoe [oJjie CO3JAeTCA OIPOM-
HEIM 9HCIOM MOJEKYI, I BMECTO JUCKPETHHX mepeMeHuHX Q; () Hamo
paccMaTpUBATH CILTOIOHOE MOJEeRYJIApHOe <«modey ( (rf) mIm ero
¢ypre-obpas Q (ko). Ilome E, ¢ wacroroii o, B HaopaBlieHHH K,
B JaJbHell 30He IPODOPOMOHATHHO «CBOEWY MOJEKYJIAPHOH rapmo-
mnke Q (k, — kr, ©, — 01) = Q,. Amamormuno, £E,; mpomop-
nwonaapuo Q (kr — ks, o — ;) = Q,. Tapvmommkm moKa:;IM30-
BAHHBIX MOJCKYJADHHX Kode0auuil O-KOPpeIMpOBAHEl, M LO3TOMY
E,n E, GynyT craTHCTHYECKN CBA3aHHI, JUINL €CAU OHM 06pasoBamHB
ofuoil u Toit ke rapmonuko# (Q, = Q,), 0OTKyma caegyeT YCIOBUe
cuaxpormaMa k, — kr = kr — k..

dra RgaccmuecKad MOAeJb HE YIUTHIBAeT HYJIeBHX (IYKTyanmit
MOJORYJIAPHOTO W HJIEKTPOMATHUTHOTO IOJeH, a TaKKke TapamMeTpH-
YeCKUX W BEIHYKIEHHHX KporeccoB. HBanToBaHMe MOJNEKYIAPHOLO

HOJNA TIPUBOAMT K ACHMMETPHH OOKOBHX cocrasasmiomux: <{E>> ~

~Ne + 1, KEX ~ 4, Tak 9TO
CERES ~ Wo (N -+ 1) !

= Zsh? (rwo/2%T) ’ (2)

a KBAHTOBAHWE 3JIEKTPOMATHHTHOTO IOJS W YYeT HapaMeTphIecKoi
ceasu E, u E, gaer, 049eBUAHO, CHIBHYI Koppeasanmio OTOHOB 3a
cueT pacmafia 2oy — g + 0, JAKe IPH HYJIeBO#l TeMumepaTrype 06-
pasra.

Denomenonornueckoe onmcanue. g pacdeTa sTHX 3Q¢PeKTOB MOIK-
HO BOCHOJB30BATHCH MAKPOCKONMYIECKUMH HeJHHeHHEIMM YPaBHEHUA-
mu Maxcsenna rtumma (7.2.1) ¢ JaHyKeBeHOBHIMEI pacIipejieie HHBIMI
HcTogpnmKaMud. 1IpH 5ToM KiaccH9ecKas 9acTh S — @-KOPPeIAnun, 3a-
BHCAMAA 0T TeMOeparypu oGpasma, onpefenderca Heanueinoinr OIT
(7.2.2), a KBaETOBAf WacTh ABIAETCH Pe3YIbTATOM HYTEBHX QIYK-
Tyammi MOJIEKYJ U majaomero moas. Msl, ofHaKo, paccMOTPHUM 3/IeCh
Ooiee oOmuii ¢eHOMemoNOrmdecKHE IOAXOM, KOTOPHI IO3BOJAT
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cpopmymnuposars O3K paa mporecca KP, prpaykaromuil crarucTury
paccesnmoro moss (BKIwYas § — @-KOPPeNAMHUI0) depes MATPUIY
paccesaus (MP) BosGysmennoro maxauxoii obpasma, JIUHEeHHYIO IO
OTHOIIEHHUIO K ¢1a60MY 30HAUPYIOMEMY MO0,

Hax um 8 § 4.4, pasgenmm cBoGOMHOE CTOKCOBO W aHTHCTOKCOBO
mode BHe ofpasma HA mafalomylo # paccesuuyio dactu. Oboszmadum
4gepe3 ay, a; ONEPATOPH YHUITOIKEHUA aHTHCTOKCOBHIX (POTOHOB, a We-
pe3 b;, by — crokcoBeXx. B mpubnmxenun KiaccmIecKOd MOHOXPO-
MATWY9EeCKOH HAKAYKM MMEeT MeCTo JUHeHHAS CBABSH!

CL,——‘U:'CL—'— V:'b++aM0.m

3
b =V5-a + UL b+ by ©)
3necs MP U ={U,, V,; Us, V,} xapaktepusyer oGpaselr B IIeJOM,
OHA 3aBHUCHUT OT ero QOPMH W OT HOAA HaKauku. UHAERC «MOJI» OTHO-
CUTCA K «MOJEKYIAPHONY UacTHW LOJSA pacCesHMs, KOTOPYI Heo(Xxo-
AEMO BBOAHTH B ciydae uespmmroBoii MP.

B mpencrasmennn Teitzemfepra omepatopsr cBoGojHOro IOJA 3a-
BHCAT OT BPeMeHH TapPMOHWYECKH, L0ITOMY

Ugpr ~ 0 (0 — @pe)y, Vi’ ~ 8 (o + 0p — 20r),
# cyMMEpoBagHe B (3) U B ¢regyomux aajiee GopMyaIax BefeTcs JHIIE
II0 HADPABIEHUAM BOJIHOBHIX BEKTOPOB.
ITpeo6pazoBanue omepaTopos (3) HOMKHO OHTH YHUTAPHHIM, T. €.
COXPaHAIIINM IIePeCTAHOBOYHEE COOTHONICHUA, JTO0 YCIOBHE IO3BO=

JfgeT BHIPa3HTh KOMMYTATODPH ONEPATOPOB MOJEKYIASPHOH YACTH BEHI-
xoxuoro moxs uepes MP (ep. (4.4.24) u (6.5.2)):

(@, @luon=U,- U=V, Vi—T,
(0%, Bluon=U,-UF —V,.¥V{—1T,
(@ Oluox=V 2 -Ui —UZ- V7,

[0, Aluon =V 3-UL — ULV

(4)

I'ne MBI HUCHOJbL3YeM JdHaJHLbIe 0603Ha‘IeHH${Z
@ =a, a, bly= (@) — (ba)= — [b, alu- (5)

C npyroii cTOpOHbL, MONEKYIAPHYIO IaCTH MO MOKHO € HOMOIIHIO
MEKDOMOJIOJH BHIPA3HTH depe3 [HUIOJbHBIE MOMEHTH MOJEGKYI, CTa-
THCTHRY KOTODHX MEI II0JIaraeM PABHOBECHON (HECMOTPSA HA BO3MY-
fMEHHe CO CTOPOHH HAKAYKM ¥ 30HJUDYIOMNET0 IOJA), TaK 4TO AJs
MOJIGKYJIAPHEX OIePaToPOB AO/KHA BHOOMRAThCA mHeaumeiimag OIT
(2.4.53). B pesyasTaTe /14 M0IeBHX OHEPATOPOB OMAHE HMETh MECTO
.CHeMYIOIUe CBASH MERAY KOMMYTATOPaMH M Koppeiasaropamuz (cp.



§17.3] KOPPEIAITMA CTOKCOBA U AHTHCTOKCOBA WM3IVUEHHA TIPU KP 237

(4.4.25)):
(& ADyon = — No[a", Blwons, (O ODyon= (N0 -+ 1) [5*, Bluon (63)
BadSwon=— No b, Aluon, {ABDuon= (N0o+ 1)@, bluox- (66)

It GopMynn BMecTe ¢ (4) ONpelels0T BTOPHE MOMEHTH MOJe-
WYNAPHOW YacTH uU3JIydYeHds depes TemIepaTypsl m MP oGpasma.
Brophie MOMeHTH IONHOrO IOJIA H3Ayuenus coriacuo (3), (4) =
(6) paBmbl (Domaraem, 9T0 B HaJA0MEM IOJe § — @-KOPPEIANAN HET):
No=Uy Ny U + Vo (N 4+ 1) Vit #o (L + Vo ViU, U3),
. (Ta)
Neo= Us'*‘vs'U:'}“
+V o (Na+ D) Vi (Wo+ V) (U, O+ V- Vi—T), (76)
K’ = ab)* = )
=V, (Nt DU, AU, Ny Vo ro(VoUy—U,- Vo). (Tn)
3ameTnM, WTo 3TH BHpaskeHua coBmagaoT ¢ (6.6.52) mpm zamese uu-

meKcoB s, a — 1, 2,
Bropsie MoMeHTH CHOHTAHHOW WACTH PACCEAHHOTO MOJA DAaBHHL

NO=V, Vit NI —U, Ut +V,- V), (8a)
NOE=V Vit (W VU, UF—=V ,.Vi-T), (86)
KC[[ _— Va'ﬁs + V'V'O(Va' ﬁs - Ua'ﬁ/s)' (SB)

91z coorHomenud BopaskantT O3K gng mpomecca meympyroro pac-
CeAHHMA OPU YCIOBUH, YTO YACTOTH My, By, Oz IPUHAAJIE;KAT HOJOCEe
mpospaunocTn. Ecim u pasmocTHASA 9acToTa ©; JAJeKa OT coOCTBeH-
HEIX 9acTOT MOJEKYd, To MP spmurosa z B (8) oTiimaas 0T HYNA JUIIb
mepBHe («BAKYYMHEO») cJaraeMble, ONHCHBAalOmMue HePe30HAHCHO®
T'IIP (§ 7.1). :

s ompeneneHus BHCIINX MOMEHTOB IOJA PacCesHNs MPEAIONO-
FKUM JOMOJHATEIHHO, ITO Tafammee mMOJe MMeeT TaycCoBY ¢TaTUCTH-
KY, a MOJeKyIfApHOe — «KBa3UTayccoBy» (IpE KOTOPOil MMeeTcA KOp-
peasamusn (66)). IIpu sroM crarmecTEka paccesHHOTO IOJA TakmKe Oy-
7eT KBa3MTayccoBOM ¢ HOPMAlbHO-YIODAgoUeHHON X-QyHKmue# (cp.
(6.6.54))

% (1, ) = oxp(— @+ N - p* — - N -q* - K'ep - 0% K'*- p¥).
(9)
Orciofa HaXOMuM ABYX(POTOHHHI KOpPPeaATOp:
ataabib,y = NagglV s + Kiofs (10)

ompee ANl CKopocThb cueta coBmafennit foroorcueron (§§ 4.7, 5.4).
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3nech npu ky = ky, kg = k4, epBOe CIaraeMoe COOTBETCTBYET «CITY-
JafiHLIM» COBHIAJPHUAM, & BTOPOE -— (UCTUHHBIMY.

HKBasurayccosy y-pyurmuio (9), Brpaskaomyo O3K jara mpomec-
COB DaCCeAHNA, MOKHO HOJYIUTH TaKiKe APYTUM IYTeM — ¢ [IOMOMIBIO
KHHETHYeCKOTO ypaBHeHNA M 5PPeKTUBHOTO TaMUIBTOHMAHA B3aHMO-
HeiicTpusa. llocnenumit B npubimKeHny KIacCHICCKON HaKAUKHU HMe-

eT, oueBHAHO, Buf (6.6.37), rue Temeps
fi= kz, ciee*Ha, + AZ ¢ ot (11)
a s

Onepatopras crpyKrypa 3/jeCh TOUHO TaKaf ke, Kak W B oddex-
THBHOM TaMHJAbToHHAaHe B3aummopedicrsus (6.6.37), onucssaomen IIP
IpH HOTJIOMEHUN Ha X0JOCTOH "wacToTe, modToMmy ciepyiomee u3 (11)
KHHeTUYeCKOe YpaBHeHHE [iA Y-QYHKIUA ¥ eT0 pedleHHe OYAYT
OTINYATBCA OT paccMOTPeHHHX B § 6.6 mums ompememenuamu koog-
¢unuenTos (4ro u BugnO U3 cpamenus (9) m (6.6.54)).

HKoppeusanua B oguomepHom npmGamskennu. M mpemmonaraen,
aro MP B (9) MosxHO ompeienaTs ¢ MOMOIIBI0 MOTYKIACCHUECKHX MO-
Jesielf, UTO CYNIeCTBEHHO YyupomiaeT BLMHcIenud. Vcmoabayem, Ha-
npmmep, Koagdumuents npeoGpasoBanusa (7.2.3) mus mIocKoiH omgHo-
MepHoi#t Mojenu, korga marpuisl U, ¥V ZUAaroHATBHE BCJICCTBHE 3a-
KOHa COXPaHeHMsA NomepedyHoro mMOoyasca. Ilpm sTom dopmyas: (7a),
(76) mepexonar B (7.2.4), (7.2.5) u B pesyasrare (9) HoTHOCTHIO OIpE-
AenseT CTATHCTHRY IOJAA paccedHnd (B NPHOIIDKEHHH HYIEBOTO pa-
Auyca IONePedHoll KOTePeHTHOCTM) UYeped KYOWYeCKYH BOCIPHEM-
YHUBOCTS. '

Cormacmo (7.2.3) mpu Gospuiofi HMHTOHCHBHOCTH HAKAUKH KOI(-
¢unuents mpeoGpasosamma U u V jja Mof, IpUMEPHEO YXOBIETBO-
PAIMUX YCIOBHIO CHHXPOHM3MA, HMEIOT ONMHAKOBHI HNOPAIOK Be-
amanpe U ~ V ~ ef', Tlpm arom m3 (8) cmexyer, uto N,, m K Tax-
’Ke OmHOTO mopaAgKa, u coraacno (10) caydaiiable cOBHAfeHUA IPOHC-
XOMAT CTONb jKe 9acTo, Kark u MeTuaHEe (OpU Vier < Vigr):

(NN ~ 2N N, (12)
Taxroe cooTHOmeRWe XapaKTepHO AIA KIACCHUCKOH KODpelsIuy uH-
TeHCHBHOCTe# B sKcmepumente Bpayma — Tsmeca § 4.7) ¢ Tem gmmr
OTIIIHeM, UTO B[eCh KOPPeIUPYT Pa3HOYACTOTHHE M DABHOHALDAB-
JeHHEIe MOAH (TaK 970 HAHOGHOCTHL B PABEIATelILHOM 3epKaje oTma-
oaer).

PacemoTpum Temeps cnyuait caaboit HAKaYKH, KOTJa MOKHO OT-
PaHUYUTHCA NePBHIME WIeHAMH B pasiosxenun MP B pag mo 6Gespas-
MeDHO}# KOHCTaHTe B3amMmojielicTBua f = Bl

- B \2 — —
Z‘:i_}-iﬁ-}-(?%) (1— 2iK — 2Ke — gy 1. .

. _ (13)
Vo=ifsincAeid 4 ... (A = Al/2).
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IloncraBus otm pasiaoxennus B (8), maiimeM
:25”m0[1 —p R B (1 —sine? K)] +
+|B|’sinc23+ ey (14
Ny==2f" (1 +1)[1 —F A —sinc 2k s;”c 2 LB (1 —sine? Z)] +
+ [B]gsimﬂx + ..., (19)
K* =i +ip" (247 - 1)] sinc Ae-i8 4. . ., (16)
(NN =480 (1) (1 + sinc? B) +
+ |BEsinc? A4 ... =4p" o (W o+ (L +m) + ..., (A7)

2 —_—
mz[i—{— 4x"wlo)§lro o | sine?B. (18)

MuomxuTeas sinc A orpagmumBaeT KOPpPeJIHpPYIOMZEe MONH KOHY-
caMHI OPOJOJBHOTO CUHXPOHEBMA, T. €. IOYTH IPOJONBLHEIM pacces-
mueM ODof yriaamz Oy ~ 9, ~ 1° (em. (7.1.2)). Kpome T0r0, KOHEUHO,
BOMKHO ¢ AUPPAKIHOHHOE TOYHOCTHIO BHIONHATHCA YCIOBHE IIOIe-
peunoro cuExpomusMa: q, + ¢, = 0. Cornacuo (18) mpm BHCorumx
TeMmepatTypax (xorma 4, >>1) 7 B caydae 9acToT, He CIAMIIKOM Ha-
sexux o1 pezomanca (KOrAa | 4" | = Y«), EMEET MECTO KOpPeIAIHs
unmencusnocmeli (m ~ 1, xax u mpm OONBIMIUX YPOBHAX HAKAUKH).
B mpormBomono;xaoM cayaae (wI' <€ Aoy mnm | " | <€ §o) m > 11

(NN = N,=|p?sinc?A. (19)

9TOT Pe3yATAT OUEBUfCH ¢ TOUKH 3PeHHA HATIANHON (OTOHRHON Kap-
THHE, COTJACHO KOTOPOH IPM HU3KHX TeMIepaTypax (WIHE BHe peso-
maHca) a-QOTOHH DOMIAIICH JUIOb B PESYAsTATE IApAMETPHIE-
CKHX YeTHPeX(OTOHHHIX NIPOMECcOB Ba cdeT (QIYKTyamumii BaKyyMma,
T. ¢. IUIIH B Wapax ¢ s-QOTOHAMH. 3aMeTUM, 9TO YHMCIO TAKHX Iap
| B |?> B 06macTH 4aCTOTHOTO Pe30HAHCA MHOTO MEHBINE YHMCId ONUHOY-
HHX s-QoTouon 2" (#7y + 1); poskgaromuxcs 3a c4eT TEIIOBHX U HY-
JOBHX (QUyKTyanumi MOJeKyIl.

CymecTBeHHO, 9T0 32 CUET Y KOPPEIAPOBAHHER uapm posRIaIOTCA
B mEpokoM IactoTuoM muTepsane (addert I'lIP), m mostomy mpm pe-
THCTPANUN MEPOKONONOCHHME JReTeKTOPAMH COBNANEHMA Oyngyr uo-
cUTh KBAaHTOBHI XapaKTep (HECMOTPA HA TO, 4TO OOHIYHO Y. << Ay).
KrnaccuuecKyio Koppexsamuio ¢ m ~ 1 MOKHO HaGIoOgaTh JUmb IpH
BHJleJICANE Y3KUX CHeKTPAaJIHHHX HHTEPBANOB OKOJIO HU3KO9YACTOT-

HHX PE30HAHCOB (B Ipefieie — B pejeeBCKOH 06J1acm) WIN OIpH MOMm~
Holl mMImyascHONl HaKadke.
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DysKnHA B3AIMHON KOTEPOHTHOCTH - I @-aMIUIATY] OpH (HUECH-
POBAaHHOM HampaBleHHE HaOMiofenus paBHa Qyphe-06pasy B3aWMHOM
cuexrpanbnoit gyrknumm (16). CoorBercTBeHHO, BpemMa B3amMHO# Ko-
TePOHTHOCTH Tyor OYACT IO MOPAJKY BEAMYMHE PaBHO obparHoil mm-
puue ¢ymrnmu (16). Ilocmenusas pasma mnm mmpume pesomanca 1/t
win mupuae cumxpormsMa (§ 6.3), TaK 4T0 T,y OOpefeldeTcA WK
BpeMeHeM peJlaKCamMA MOJEKYJISAPHHX KoJeGaHHH MIM OTHOCHTEIb-
HEIM 3ala3fHBAaHEeM a- U $-BONH IpW HepeceveHHH o0pasma:

Tror ~ MiD {T, 2/Aw,g}, (20)
2 2Q oA lNi] | wm g RG]
Awyy T alleo (T T g | T

(snecs ¥y — yros cmEXpoHH3MAa WpH UACTOTHOM DPe30OHAHCE COTIACHO
(7.1.2) m |k = kg).

Cropocrs copnagennii. PaccMoTpenuas ojaoMepHas MOJesip TpH-
MOHUMA JIMIb B CIydae HCATH3HPOBAHHEIX (TOUCTHLIXY [CTCKTODPOB
¢ WIOmMA/ 60, MHOTO MeHbINeH IIOmMANN KOTePeHTHOCTH, I H0CTATOYHO
Oompmoro cedenus gyda Hakagkum. OIHAKO, DOCKOJLKY BEPOATHOCTDH-
copnagienus (17) xBajpaTMyna U0 MHTEHCHBHOCTH HAKAYKH, CJIEXyeT
HCHOIB30BATE OKYCHPOBKY, KOTOpadA HAPYLIMT yCIOBHE DPUMEHW-
MOCTH OIHOMepHOH Mojmenw.

IIycrs Temeps moste HAKAYKA ¥MeeT HPOM3BOJIBHOE IPOCTPAHCTBEH-
HOEe pacOpefesenue

E (rt) JELJ(Fi(r)e L' + x. ¢.], (21)

a HeIHWHeHHOCTH MO-Hpe;KHEMY orpaHmdeHa cioem. Torga B mepsom
nopsagke MP pasma

USRI fi= v (K K'Y+ iBevd (of— o) fr (e — ),
Ve (Fk Y= ifevdl(oy + op — 207) fo (B + &),

rme HpeHe{peraercs oTIMYWEM TPYUIOBOH CKOPOCTH OT ¢ W BBEJIEHEL
o pm-parTOpH:

fr (= 2m) { dorst (2)ever | F () 2,

(22)

(23)
fa (B) = (2n1)-2 S draf(z) e % TF2 (p),

. _{0 (2] >172),

)= ¢ (|21 < 12)

(CTORCOBH MATDHIE! OTIUYANOTCHA 3aMeHoil B ma P*).
Hopcrasnsasa (22) B (8) u (10), HaxXofuM B mepBoM HpHOIMHeHAR:

NP (k") = ve2B" o (0 — opr) o (B — K), (24)
N® (BK') = ve2B" (W0 + 1) 8 (0 — op) 1 (' — k), (25)
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K (k') = ive [+ i’ (240 + 1)]8 (0 + 0w — 201) /2 (B + 1),

(26)

<a;a2b;b4/ = Na (k1k2) Ns (k3k4) + K (k1k3) K* (k2k4) (27)

Ham momapo6uTes Takskxe BTOPOM MOMEHT aHTHCTOKCOBA WOJA, KBaApa-
anHmn) IO HaKauke (cjaraemoe, TPONOPIAOHAILEOO pE A", HE YIH-
THIBAEM):

N (k') = ve? {28 (05 — o) X
X § 0k (@ 4 o, — 200) 5 (B + Ko fo (B 4 ). (24)

W3 (24) ¢ momompo (4.6.32) ompepenseM CKOPOCTH cueTa a-¢o-

TOHOB B IePBOM NPUOINIKeHUH: 4
v .
W = Nl 0% oo MIAQW 1, (28)

e 1, u AQ, — KBauTOBag 3{PEKTUBHOCTH I YIIOBASA ameprypa Re-
rexTopa, Po = B’ (@), V = 4n*fy (0) = Al — s ferTUBHBI 06BEM
oGpasna, Og = hk*Ay/tM, — cevenne pacCesHus (MEL HoJaTacM
ky ~ kg ~ ky ~ @r/c), M, — KOHLEHTPaIMA MOJEKYI, Wy — obo-
TOK )OTOHOB HAKAUKH B eAUHALY BPeMeHH. AHaJormuHOe BEHDAMKEHNE
mis W oramuaerca ammb 3aMeHOR "y HAa o + 1.

|PacemoTpum cnepsa caydail, KOTAA o6pem fetextupopanna (§ 4.6)
paBeH o6beMy KOTepEHTHOCTH a-TIOJIA. Pagmyc KorepenTHOCTH OIpe-
Meldsercs MONePEUHHM PasMepoM m3nyualomed obmacrd, T. €. [HA-
METpPOM HAKAYKW 2@ B HaIIedl MOJIENH, & JIMHA KOTePeHTHOCTH — Bpe-
MeHeM pejaKCalHd MOJeKYIAPHBIX roxeGamnmit. M3 (28) mpu n, = 1,
V = 4a?l, AQ, = AQuor = 4/(ka)® m BpemeHH cueTa i = T HAXO0-
JIEM, 4TO CPEJHee UHCJIO TEILIOBHX a-(OTOHOB B 0GheMe KOTePEHTHO-
¢TH, T. €. HApaMeTp BHPOKICHHA NI ¢-NOJNH, OTIAIACTCA OT dakTopa
pHPpOkAeHusA PoroHoB Kosgummentom Pol (cp. (4.6.41)):

W= WP, = Bol AN e (29)

AfajormuHoe COOTHomen¥e (¢ nobapienmeM HyJEBEIX ¢ayrTyanui
MOJIEKYJ) CIpaBefilaBO M A S-TIOJIA.

B o6mem caydae cieayeT YYHTHBATH B «HapaMeTPHIECKUEY a-¢o-
TOHH, CKOPOCTH CYeTa KOTOPHX COTIACHO (24a) paBHa

207,
we =ttt (a0, ae, § dou(pratka+RP (0)
“ Aga 470 ar, )

e o, + 0, = 2op. [lanee u3 (27) m (4.7.2) (npm ByNeBoi SIEKTPOE-
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HOII 3afiePIKKe) Haxop;nM CKODOCTH CYeTa COBHAJEHHIM:

W,— WWT+“G"S"“Sdtdt SdQ Sdst

0 AQ, AQ
X l S d(l) euo (t -1 )fg (h +I‘/s) (ﬁ + 255"-/1/'0 I ’ (31)

rie T — paspemalomee BPeMs CXeMHl COBOAFeHMHA, [ == ¢ — rl¢, r —
paccToAHMe MEKAY neHTpamu o0pasma U COOTBETCTBYIONIETO HeTeK-
topa n Q = q/k.

B caywae yskux mummii, korpma 2/t <€ Aw,y (cm. (20)), mokHO
npenebpeus 3aBUCUMOCTERIO f, 0T . B (30) u (31). IIycrs, Kpome ToroO,
Ax> Yo ¥ | 1q — 15| << ¢T, ToTHR

nak'Bo '
W =220 (a0, aey| fates + R0 P, (32)
Aga 47
Wo=W W1 + 20 i
T 2
x <2mo+2mo+1)cp<7) { aa { ao, 17 e+ 7)1 (33)
AQ, aQ '

(pynrmua @ ompejesiena dopmyaont (4.7.14)). Wraxr, cormacmo (33)
001aCTh B3aUMHOT-KOT€PEHTHOCTH S- U a-HOJIA OMpefeisieTcsa (ypbe-
obpasom f, (b, + k) IPOCTPAHCTBEHHOTO DacHpefielleHys HaKaTKU.
Tenmeps w,; = oL &= ®y ¥ aprymenr 5Toil pyHKIuY Gepercs upu 3a-
AAHHOU [IiNHEe BEKTOPOB K, ;, TAK YTO (AKTHIECKH f, 3aBHCUT OT ABYX
He3aBUCUMBIX HPOGKNHI @, ; BOJTHOBHX BeKTOPOB HA MIOCKOCTH HEIH-
HEeUHOTO CJIOA.

Nz CPaBHeHUA (32) 1 (33) maxogmm, 9To B CIy9ae LOCTATOYHO GOJb-
Mo yII0BOH amepTYpPH s-JeTeKTOpa CKOPOCTH €49eTa MCTUHHBIX COB-
HajieHRd ¥ mapaMeTpPUYecKUX a-QOTOHOB HPOHOPIUOHAIBHEL

Wo=WaW T + 0, QA+ 240+ D o [ )W (3

layccoBa makauka. Ilycrs Temepp Hole HAaKa4KKM SABIASAETCA
TEMy,-BoiHOH ¢ 0CBIO, MePUHeHAUKYIAPHOH ciI0k, Tak uro F (7)
ompepensercss gopmyaoi (6.3.24) mpu p =0 u ¢ HONOAHUTENHLHLIM
muouuredeM exp (ikyz). Ilpm stom m3 (23) cumemyer (cp. (6.3.28)):

o (Foa 4 o) =~ £ (@ar 22)»

(35)
(20 + qs)?a? ] ”SZ dz exp (— izA)

7(Qa q5) =1"texp [— 3 1 2iz/6 '

R 2 2
A (Qa’ qs)_A+ (Qa’f"QS) Nkﬁz (a 4kQS) , AEJ’E%.
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3necy a u b = ka® — pagmyc m pampa $oKanbmOH o6mactTwm, NEHTP
KOTOpO# pacnoio:keH B CepelHHe CJO0A.

Takum obpasom, B ciIydae «MATKoi» GOKYCHPOBKH, KOIfa JUIHHA
PoranpHOH obmacTy MHOTO GONBIIE TONMEEE ciod (I/b = a<<1),
KODPeIUpYIoT JUIIb Y4, YAOBACTBOPAKINHAE YCIOBHIO CHHXDOHMS-
Ma @, = Qo + 7, O =, =& (tme ¢ = qlk, @ = arctg (¢=/q,))-
PasMeps o6iacTeii B3aMMHON KOTePEHTHOCTH OUPEAEIAITCA DPAUy-
coM (OKYCUPOBKM ¥ YIJIOBHM WHTEPBAJIOM OPOJOJIBHOTO CHHXPOHU3-
Ma A9, Ilpu a £ 1

AVyor = min {Ogug, Ad}, A(Pr(or: e;md)/ﬁo, (36)
tie Oy ~ M20 — gudpaknUOHHBE YTOL U A% = M21%, (cp.
(6.3.16)) — yruoBas mupHHA CHHXPOHHU3MA. Ilo mepe yeunenus ¢o-
KYCHUPOBKK fse 0061acTy B3aUMHON KOTePEHTHOCTH 1A d- W $-JIy-
9efl mePeKPHBAITCA K COBHOAJAIT C AuPPAKIHOHHEHM KDPY:KKOM
AQKOI‘ = eygmcb-

Myers AQ, S AQuer, 493, Torma us (32) u (35)

2 i
W == @ (g, 7), (37)
D (a, y)=

o
202 (¢ . cosxz - zsinxz \2
=B 40,40, (go ) =1 § dz(§ s 2T (39)
4n ~y 0
E = kBod, a=lb, v= (kaBo)/2 ~ (0¢/Omq)’.
@Oyurnua @ xapakTepusyeT HapacTaHue CKODOCTH cueTa mapaMeTpu-
gecknx a-goToHOB (m coriacHo (34) CKOPOCTU cUeTa MCTHHHHIX COBHA-
menumit) mpm ¢oxycmpoBke Harauru. Ilpm wmsArko#r QorycmpoBke
® (a, ©) =~ a, opu a =2 ® = 0,93—1,08, npu sxectroi Qoxy-
cuposke @ = m/2. Takum ob6pasom, npm [ >b cKOpOCTh MBIAYIeHHA
6ugoronos mpu pesonanceom I'lIP pasna
w £2 oms { 0P \P _
T ) (39)
@opmyan (34) u (39) ompenersioT a6COMIOTHOS YHCIO COBIACHUH
npu Goxpmux ameprypax feTeKTopos. OnHaKo Opu yBeamyeHHN aumep-
TYp YBeIMIMBACTCA I YUCIIO CIYYailHbX coBuafgennii We, = WOWOT,
gro sarpynmser permerpanuio. Haiinem «romrpacty m = W /Wey —1
UpH OpPOW3BONBHEIX ameprypax. MNs (28), (33) m (35) cmemyer
(cp. (4.7.11)):

_chtoyl) 1 (4 __1__>
ST gngi< T AT ) (40)

gr=7¢ <T> ’

- ——- 1

£ = s ) 4% § 405 a)
AQ

a AR
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[TapameTp g umeeT cMbica 3PPEeKTHBHOYO 4MCIa HE3aBUCHMEIX HpPO-
ROIBHHIX MOJ, PEruCTPUPYEMHX NeTeKTOPOM COBHANEHUA, a g, —
9UCI0 MOMEPEIHHX MOJA. ITO YHCIO MHUHMMAIBHO U DPABHO eIMHUIE
mpu AQ > AQ,. U3 (40) caenyer,4ro mpu BHCOKHX TemmepaTypax
KOHTPACT MHOTO MeHbINe 1, a8 mpPH HUBKHX TeMmepaTypax M BHCOKOM
OPOCTPAHCTBGHHOM U BPeMEHHOM paspemeHHUM [AeTeKTopa COBIAaneHHi
m > 1.

PaccmoTpuM TaKiKe [pYroil JerKo U3MepsieMHX mapaMeTp, EMeIO-
U CMEICT YCIOBHOM BePOATHOCTH DPETUCTPANNE S-UMOYIbCa ITPU
MOABICHUU (-UMIYJIhCA:

W,
P(s|a)y= W=

W (14 m). (A1)

IIpu Beicormx Temneparypax P (s| @) =~ W,.I << 1. Ecanme 47 << 1,
m>1n AQ; > AQyu, 10 13 (34) cregyer

. 9 (T/y
P(Sl“)—ﬁ_*W’ (42)

rfe corzacHo (28), (32) u (35)

W((ZZ) KEL S S 0O f2
ng) = 82 AN GAQ, AQ, an 4md:"8 (qa’ qs‘) (43)

IT0 OTHOMEHWe MAKCUMAJBHO U UMeeT MOPAMOK &///", IPU yMepeHHO
goxycuposre (o ~ 1). Taxum obpasom, ecau mapaMeTpUIecKHX ¢o-
TOHOB perucrpupyercsa Goapmre, geM TeIIOBHX (§>>.4"g), u T>1, To
P (s|a) =, T.e.aUMIYIBCH ¢ BePOATHOCTHIO, P.BHON KBAHTOBON
spperTUBHOCTY s-KaHAlIa 1), COMPOBOKAAIOTCHA S-HMIYIBCOM. DTOT
€CTECTBEHHHUA DPe3yJabTaT MOMKHO, B NPUHIANG, HCHOAB30BATH M
atcooTHON KaanGpoBKE caeTauroB Poronos (§ 6.4).
3amernm, uro mpu. 4L 1, Eu T <<€ v u3 (34) u (29) cuenyer

E TR
"= ng)‘lf N Bl (44)

— KOHTPACT ¥ GAKTOP BEIPOKAEHHUA S-POTOHOB SBAATCS 006pATHHMHE
BEINIMHAMM.

OfparmM BHEMaHUE eI HA OFHO Pasimaue KBAaHTOBOH (m > 1)
u Rraccugeckoll (m =T 1) KoppeaAnum, KOTopoe MOKHO 0GHADYKHTH
npu maliofleHuy 3afepRAHHHX coBmafieHnd B ciydae T < 1. Co-
raacuo (31) mpu 3amepskke , — f, = At
W, (At) ~

~‘ S doeiodt 2N +1 4 ioT |2

o LLEIOT [ B a0 (Af) 4 alt, (45)

rge 0 (x) = 0, 1/2, t npu z << 0, z = 0, z > 0 coorBercTBenn0. Ta-
kuM ofpasom, mpm HHSKUX TeMmepaTypax M Mallol Hepe3OHAHCHOI
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HenuHefHOCTH a-HOTOHE PEruCTPUPYIOTCA TOIBKO MO3Ke s-HOTOHOB
(c BanePRKOH 0 — 7). ITOT Pe3YIABTAT COTIACYETCA C HATIAANHON Kap-
THHOM ABYX3TAHOro KBaHTOBOTO IePeXofa: CHavajia GOTOH HAKAYKH
pacmagaerca Ha s-poToH # POHOH, & 3aTeM Uepe3 BPeMd T oTOT GOHOH
B BTOpOil JOTOH HAKAUKH OOBERUHAOICA B a-GoTOH. Ilpu BeICOKHX
e TeMmeparypax H3-3a HATMYHA TCIVIOBAIX QOHOHOB BTOPO# 3Tam
MOSKeT IPOMCXOMUTH He33BHCUMO OT HEPBOIO.

Oueuxa wncna cosnafgeHaii. B xmpgxoM azoTe HAOIIOZAGTCA OUYCHD
y3Kafd HHTeHCHBHAA KOMOMHANUMOHHAS JHMANA C 9aCTOTOM Vo =
= 2331 cm™!, oGmagaromas COIJIACHO [173] cmepyomumn HapaMmer-
pami: T = 0,16 mc, 2B,/S; = 1,7-1078 em/Br. Ilyers P =1 Br
7 A = 0,5 mrMm, Torga § = 1072, Ipz AQ, > AQur, m = 0,1
7l ~b us (39) saxogum W® — 50 ¢, Ecam AQ; ~ AQyop, TO,
nomerapup B (28) 47y =11 IAQ, = bAQyor = 4/k, maiinem W =
= n,&/n’t ~ W®/E = 5.10* ¢7*. [lycrs T = 10 Hc, Torka CKOPOCTH
caydaiiHsx coBmamenuit 6ymaer 2.5.1072 ¢!, u us (34) cmenyer W, =
=n,W® =5 ¢, Tak uro m = 200 (upu T <<t us (44) cueposa-
a0 6w m = 10%). O6uapy:KeHie HECKOJIbBKUX coBOafeHNA B CEKYHIY
He MOJ/KHO IPEiCTaBIATh GOMBIINX 3aTpyAHeHHd (IpH yCJAOBUU, UTO
yracrea mabesxarh HarpeBa 00pasiua).

Wrar, asienwe KP mospoiaser, B MpHUHIUIE, «U3TOTOBIATHY CO-
CTOSHUSA TMOJA ¢ KOPPETUPOBAHHEIMY PasHOIACTOTHHMA MOJaMu, HpH-
gem B oramane or 1P mim ['TIP xapaxTep KoppeIANUN MOKHO HEIDE-
PHBHO H3MEHATH OT YHCTO KBAHTOBOH [0 YHCTO wiraccuaeckod. AG-
CONIOTHAS CKODOCTH COBMAfieHHUI YBEAUIMBAETCA HPH YMEHBIICHIUH
CHBHra 9acToTH ©; (cM. (2)), KOIfa B mpepene KP nepexonur B Moie-
KyJIApHOe paccesHme HA QIYKTYaluAX OPHEHTAIUN I KOHIEeHTPANUA
MoJeKyd. OdeHp CAIBHOE PACCeAHNe MPOUCXOAUT B MYTHBIX cpemax,
cofiep/KamuX B3BECh MAKPOYACTHI, & TAKKe B ONHODOMHEIX cpemax
npu $asoBHX HePeXofax (Kpumuieckas onasecyeryus). Ilpu sToM,
OTHAKO, paccesdHHe KBasUyOpyro (w; — 0) I cmeKTpalbHOe Dasme-
JMemue - @ S-KOMIOHEHT HEBO3MOKHO. [las mPOCTPAHCTBEHHOTO Das-
[leleHsT KOPPEeIUpyOMUX [MoJell IpA KBa3UynpPYroM pacce aiiu MOSK-
HO HMCIOJNB30BATh ABYXJIYIeBYI0 HAKRIKY W, B HaCTHOCTH, CTOSYYIO
poany. B mocrenHeM ciay4ae CBeT, yOPYro pacceuBaeMblil B IPOTUBO-
I10JI0/KHEE CTOPOHESL (HOJ MPOU3BOABHEIM YIIOM K HaKagKe), HOJKEeH
QuyRTYyupOBaTH CHHXPOHHO. Takoii 9KCIOePUMEHTAJBHEN METON MO-
s®eT [aTh ROIMOJHATENbHY HHPOPMANHIO O KPATHOCTH DACCEAHMA,
dyHEIUE pacOpeneieHusa FacTAL H [P-



NPHIONREHNE

OVHKLUA I'PUHA U TUITHI TIOJIAPUIAITIN TTOJIA
B IIOTJIOIMAIOMEN AHU30TPOIIHOA CPEJIE

B yuebmoit mmrepaType Bompoc pasfmeHHMS IOJA DO THIAM HOMAPH3AMUR
B aHE30TPONEO} MOIIOMAINMEH cpefle, OMACKHRBACMON TeHI0POM AUBJICKTPHYCCKON
npormiaemoctn & (k©), 00HYHO He PACCMATPHBAETCA W LOITOMY BWKe OYyher
JAHO (opmaIbHOE ONpelcleRne OPTOB MONADHBALMUE €, A TAKMKe TEH3OPHOH
¢yrexnmu I'pura G (ko) 2epes € (ko).

PasnnuHile ONEPALNE ¢ TEHZOPAMM HJIH MATPHNAME 3HAYATEALHO YOPO-
IAIOTCA, €CIN OHY NPHBEACHH K IHATOHAJBHOMY BHAY C IOMOINBI0 HPeoGpasopa-
2R nofo6uA. OfEaKo, IPH HAaJWYAN HOTVOMCHHA TEHSOP € M, Clell0BATeNLHO,
G HesPMWTOBH ¥ NOBTOMY MH HpPEIBAPHTENBHC PAccMOTPEM (OPMAIBHYIO Ipo-
LeRypY FHAroHaNM3anuy U o0pameRnsa HedPMATOBHX MaTpmH, (60iee moxpo6HOe
U CTPOTO® W3JIOMEEHWe CM., Hampmumep, B Kuure Beamana [156]).

Auaronansnzanma m oGpamenne HepPMHTOBBHIX Marpmy. lIycTs KBajpaTHAs
MaTpuOa miad TeHs0p A pasMepHOCTE /N HMeeT PasiMYHHE HEHYJIEBHE COOCTBEH-
HHe 3HaYeHus Ay l). OnpefienmM feBHe M HpaBHe COGCTBOHHEE BEKTODH YpaB-
HEHAAMHA:

A-a, = ha,, (1a)
- Oy A =270,, (16)
rrek=1,2,..., N (MM paccMaTpHBaeM KOMIIIEKCHHE BEKTODH H TeH3ODHL:

a=a' 4| ia", A= A’} iA"). Paencrra (1) HAIFCAHH B uHsapuaummoMm
sage. C moMomipio Kakofi-1mGo OPTOTOHANLHON CHCTEMH KOOPJMHAT MX MOMKHO
OpeJICTABHTE B BHJE

DA (@) ="y (ay),  NA; D), =1y (B
1) 17

Touka B (1) O3Havaer ONEPANHIO CBeDTHBAHWSA, T. €. CYMMHDOBARHH 1o cocep-
puy wHEAekcaM. ONpefenEM TaKiKe ONEPANWH TPAHCIOHHPOBANES A=Ay
(moaToMy b- A4 = A.5) B KOMILIEKCHOTO ¥ 3PMUTOBA COHPSKeHHi:
at*=a' —ia", A¥—A'—i4",
At= A%,  (b. Ayt = A+.b¥, (A4.B)* = B+.4*,

ClefoBaTeNsHO, BEKTOPH b} ABIAIOTCA COGCTROHAMME I maTpunH At, m B cay-

< E *
9ae spMUTOBOI MaTpEOH by = ai m Ay = A%. U3 amyx TIPOA3BOJBHEX BEKTOPOB
MOXHO 00pasoBaTh CKaJApHOe NPOHM3RENICHNe, KOTOPOe MH OymeM o603HAYATH
TOYKOIl:

c-d =3 c;jd;= 3\ [c;d;—c;d; +i(c;d; -+ c;d))]s

HaGop BexTopoB ay 06pasyer HoNHEyI0 CECTeMY KoopAmHAT (6a3Hc IPOCTpam-
CTBA); B cliyae [efCTBATEBHOrO JBYX- WIN TPEXMEPHOIO NPOCTPAHCTRA —

1) Cnysam KpaTHHX HAW HYJIeBHX co0CTBeHHHX 3HauemHmil m, Boobme, «0CoO-
6ble» caydad OORMHO MOJKHO DACCMATPHBATH C HOMOIBI0 HpENENbLHEX IIepPeXo-
7OB, M B flaibHelimeM MH He OyjeM HX 0co60 OTOBAPHBATE.
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9TO OOKIYHEI® KOCOYrOJAbHHE OCH KoophmHar. JIoGOil BeKTOp HId MATpPULIY
MOKHO 3aJaTh (npedcmasump) 86 KOMINOHOHTAME — HPOSKIOUAME Ha 9TH OCH.
HaGop b; ofpasyer APYrYK® CHCTeMy, Ha3HBaeMyo 06paTHOR mIm B3aEMHOLI
(B cuydae Tpex HeHCTBETGNBHHIX H3MepeHHH b&; = @ X agflay-(a; X ay)l,
H _IOPOeKIFHA Ha OCH i HASHBAOT KOHTPABADHARTHHIMA KOMHOHEHTAMH, 4 HA OCH
by — xopapumanTmhMu). IloxasKeM, 9TO IpH k == | BEKTODH aj; | b OpPTOTOHAJNL-
HH, T. . ay-b; = 0. J{na aroro ymuosxum (1a) caepa ma b; 1 (16) cupasa Ha ay
(B FalbEelillem MH GyfeM IHCATh (YMHOXKAM Ha b;-” WiIE (Ha -@p») I BHYTEM
ommo m3 fpyroro: (Ax — A;bj-a@x = 0. CoGCTBEHHEII BEKTOP MOMKHO YMHOMHTDH
Ha TIPOM3BOJBHOe KOMILIEKCHOE UMCIO, yciaoBHe (1) mpm aToM He HapymaeTcH.
Ho0aT0My MOKHO JOIOJHETEABHO MOTPEGOBATEH, YTOGH @y - by = 1. B pesynrrare

ak-blzﬁkl- (2)

OGpasyeM @3 BEKTOPOB @) MatpEly %; j» -1t cronGer; KOTOPOI COCTABICH U3
KOMIIOHEHT BEKTOPa &;:

U = (a), (3)

1) J'
Onpepeanm Takxe maTpuny 77, cTpoRE KOTODOIf COCTARNEGHH K3 KOMIOHEHT bi:
V=) (4)
TTepeMEOXKAM 3TH MATPHIH C ydeToM (2):
(V- U);; = () (@) = b5

orcioia caepyer, 4To MaTpunsl ¥ u % — ofpartHEe:
VY=Y =1I. (5)

Pacnmuen (1) mo KommomeHTaM B oGosEateRusax (3), (4):
Z. AU =M%y = Zl‘l Ady %y Eg Ay
F

pin B mERapmanTHOM Bufie: A.% = %A, rie MH OHpeNeNHIE IHATOHAILHYIO
MaTpROy A, COCTABJICHEYI0 H3 COGCTBEHHHX 3HAYCHMH PACCMATPHBAEMOM MATpH-
oxt A, ilocte ymmomenns HEa ¥71. u ma - ¥~1 moayvaem

Y1.4.% =A, A=U-AU". (6)

VuEOxerme Matpmno mHa ¥. m -% "' mashpaercA mpeo0pasoBaHUEM noxobus.
CornacHo (6) mpeoGpasopamme HOROGHA ¢ IOMONIBIO COGCTBOHEOA MATPHIE Hpe=
BpallaeT MATPHOY B AmAroHambHy0. Temeph HeTPY[HO HaHth U ofparryio K 4
marpEny. Tak kak (4.B)™1 = B1. A o ‘

A1 =9 ALY, 7
OGpamenne j¢e AUArOHAJBHOI MAaTPEOH TPHBUAJIBHO!
(A—l)i]' == 61]' 7\/{1.

WNmade rosops, o0paTHHe MATPALE IMEIOT OfHHAKOBHEIE coB6cTBEHHEIE BEKTODH H
ofparasle COGCTBERHLS 3HAYCHUA.
~ YlHOrNa YNOGHO IpeCTaBAATEs TeH30p A min 41 B BHJIe CYMMHL lHaf. Huapoit
HasHBaeTcA MAaTPANA, COCTARMGHHAS M3 TPOHSBe/ICHNH KOMIOHCHT /IByX BEKTODOB
g) npasuay D;; = c;dj. Mut 6ymem 0603HAYATH [AMAJH CIELYIOMIAM o6pasom:
= e¢d.
BumecTO TepMHEHA duada HCHONB3YIOT TAKIKC HA3BAHUE gHellhee npoussedenue
BexropoB (B o6osEavemmsax Nmpaka (§ 2.2) cd* = le> {d]). Ilycrs e-c* = 1,

.

TOr7ia TeH30p ec*, MeHCTBYA HA mo60H BeKTOp [, BHIEIAET €ro cOCTaRIAIILYIO
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BIOJIL «HAUPABIGHAAY ¢: cc*. f = ¢ (c¢*.J). Tensop cc* HaBHBAIOT NPOEKYUOH~

HblM.
HOycrs BaGOp BEeKTOPOB €, 00pasyer IONEYI OPTOHODMUPOBAHHYIO CHCTEMY,

T. ©. ek-e;"= Oy eke}‘: = T, torga moGoH BeKTOpP MOSKHO NpPeJICTABMTE B BHAPS
cyMMu N BeKTODOB:
\ %
F=ety = f ®)
k

a mo6oii Tensop — B BHZe cyMMH m3 N2 pman:.

— ok
A=>eed, (A, =e¢ de. (9)
Kl

C moMomEi0 «cobcTBPHEEXY MaTpan %, ¥~1 m A MOKHO HpPeRCTABHTh 4, A~
B BUI¢ ORHOKPATHOT CyMMH M3 «COOCTBeHHEIXY IHAN:

4= }k] abh,, A= }h] a,b, At (10)

Vmuomne (10) Ha -a; B &;-, HaliieM cllepyoliue BHpPaMeHUS NIA co0CTBEHEHX
SHAYCHMIT:
= . = . A" -1
M=t 4.a,= (0, A -a,). (11)

n # *
Ecan A — spMuTOBA MAaIpHOA, TO, KAK YiKe OTMEYAJOCh, b, = Qy, @) - = Opps
Tax uaro m3 (5) cmemyer (%71} ;= %ﬁ Taxum ofpasom, marpmma % yHuTapHa:
%= Y+ Tpu aToM A = A* n Bmecro (6) m (10) mMeeM

~

A== At =Y AUt = Zakazkk. (12)
k

CoGerBennpie BeKTOPH M 3HavYennsA Tenaopa I'puna. IIpuneBnM H3/0KeBREI
BHIe dopmaimaM K Temsopy G (ko), oupenenernoMy dopmyioii (3.4.7) uepes
TEH30p M, TPOEKTHPYIONMH BeKTODH Ha HEePHEHIUKYIAAPHYI0 K IJIOCKOCTH, H
TEH30D [HWaJleKTpHYecKoil npommuaeMocrs & (kw). Temepyr N =3, a k, 0 u
n = ck/0® ABAANTCA DapaMeTPAMH TeH3ODPOB (KOTOPHE MBI, KaK IPaBHIO, ONy-
ckaem). Homaran s (1) 4 = G™3, HaxopuM ypaBEEHNA, OMpeieasomye coGcTRen-
HEle BEKTODH ¥ 3HaYerEHsa G (MH yaeM RyMepOBAaTh HX MHJeKCOM v, v = 1, 2, 3):

4 4n
(nit— €)@y = 57— dy, b niw— &) = 7~ v (13)
N v

Paznomenne G mo cobcTpeHRHM guapam coriacuo (10) m (11) mmeer Bup

3
G = Y hab, (14)
V=1
4m

M =T —o)-ay ‘ (15)

Ise Tpolikm BeKTOPOB @, b, 06pasynT ABa B3aUMHEX (6HOPTOTOHATBHKX)
6asmca Hallero TPEXMEPHOTO KOMIIEKCHOrO IPOCTPAHCTBA: ’

ay by =38, Sapb,=TI. (16)
v



B memoraomaroomeii cpene b, = a¥, a B menorIomanomeit 1 HeTAPOTPODHOK
Cpene BeKTODH «.,, [elcTBETeNbEE U 00pasyioT OOHYHYIO TPOHKY opTOB, Opmem-
TANAA KOTOPAEIX OTHOCHTEILHO 0CeH KPECTAJIA 3aBUCHT OT ® ¥ K HemOCPe/ICTBeHHO
Jepes n®®, a TaKe wepes saBucuUMOCTb & (K, ®). AHaJIOTrHIHO, A, = A, (K®).
B u3zorpounoit nornomaomeit cpege & = eI, Tak 4o ]

4 . Ix;

s }‘43 =T i(17)

}\‘1=7~2=n2_8 B g

H BOKTOPH @, MOMKHO BEHOpATh MeficTBUTeNbENMA (@3 = k/k = IE).
CornacHo (14)

E=G.P=3Ma,(5. P), (18)
v

rme P — 3afaHHAA TMOAAPH3ANMA (ACTOTHAR HOJA). YMHOKEM 5TO PABEHCTBO HA
by, Torja B cuay (16)

E.b,=4,P-b,,] (19)

T. €. aMIIATYQ [ONA B <HAOPARIEHHW» %, B A, pas GoabIe MPOSKIEE mOJAPH-
[ p

3anEM Ha 9TO Hanpaplenne. B H30TPOIHONH cpefie 8Ta aMOAETYAa MAKCHMAJBHA,
ecm n? =g’ (mia v = 1, 2); opa srom A = 4ni/e" (mamoMEEM, 4TO 37ECH ®
% Kk — HE3aBHCHMSHle BeIWIHHEL).

Onpegmenum Tak:xe Qymxmmmo I'pmHa g BEKTOPAa WHEYKIHH:

D=¢E=Gp P, Gy=¢eG=4n(nx.et - T) (20)

CoGerseHERE BEKTOPH TeHaopoB n-£71 m e~l.;t. O6o3madum cobCTBeHHES
BHAYCHAA W BeKTOPH TeHs0pa x-g~1 gepes nl% d,, e,:

qegled, =ntd,, e, mel=nle, e, d,=08,. (21)

Coraacro (3) = (6)
gl = P.T+&, (22)
Dy =@y Eu=le)y Ty=dyn €D=1T. (23)

Teneps G, MOYKHO MPeo6pasoRaTh CIeAYIOIMAM 06GPA3OM:
Gplin = (n*®-T- P — )= [P-(*T — I)- P =P- (T — I) L.l =

= Z‘ Vy &y /4, (24)

4o 4zt '

W= n2 = ey meslod, —1

. (25)

i

Taxum 06paszoM, BeKTOpPH d,, €, ABIAIOTCA COOCTBEHHHME W A TeH30pa G,
a COGCTBEHHEIe 3HAYEHNSA Y,, ATOIO TEH30PA MPOCTO CBABAHK C COOCTBEHHEIMH 3HA-
qeHAAME TeHsopa Tt &7l

Hpencrasaerme G'o, B Bufe CyMMH Juaj (24) COOTBETCTBYET Pa3lOIKeHMIO
cBoGojHOrO NMOJIA IT0 THOAM monspuaanun. Hmxe Gyser moKasaHO, UTO BEKTOPH dy
n d, nepneHEMUKYIAPHH K, a €3 mapalliiejieH k. gnaraeMHe eV = 1, 2 cootBeT-
CTBYIOT [BYM COGCTBeHHEIM BOJHAM ¢ IOHepeYHON moaApmsanmeir D, a rperbe
cnaraenéoe COOTBETCTBYeT BOJHE C NPOJOIBHON NOJAPH3ANEEH BICKTPHICCKOro
nonsa B,
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W3 (20) m (24) momyuaem BTOpO® fAmajHOe mpefcTaBieHme (ynknum I'puma
pia B
G=¢1.Gp =60, (6)
v

Tie MH OUpe[ielUIA €me OfHY TPOHKY BEKTOPOR:
,;E el.d, . (27a)

Beepem pusi cEMMeTpPHME YeTBEPTYIO TPOHKY BEKTODOR:

’

d,=e,¢. (276)

U3 aTmx ompejenenmil cienyeT, IT0 IITPHXOBAHHEE TPOHKM TakKske GHOPTOHOp-
MUPOBaHH:

ey-dy = b, (28)
VumoxmM (27a) Ha dyu. m (276) Ha -ey, TOTAA
d’;-s—l-dv = ev-a-e;l = Oy (29)
Cormacro (21), Kkpome ompepeneHuil (27), MMEIOTCH eIe CBA3H:
d,=nln.e = e-e,, (30a)
d,=nln.e =e, e (306)

ITepemmoms (30a) m (306), maxopum ¢ ygetom (29) m CROMACTB IpPOEKIMOHHOTO
omeparopa (nf = & = F):
n;2.d;-du = n%ev-:rt-e,; =ey e, =08, (31)

Hopeiictryem TersopoM £71. 1t Ha e, m yuteM (27a) m (30a):

, ,
~1.;x.e. = n_2
gl..e, = nl’e,. (32a)
Anaznormuso, yMEOEEM d) Ha -&7l.g
, ,
g l.qp = n?
) dyeln=nid,. (326)
Orciofia caenyer, 9T0 MTPUXOBAHAKE BEKTODH ABJIAIOTCHA COOCTBeHEKIMA JJIsI TeH-

sopa gl.q.
Hanpasam ock z nexaproroil cmcrems pjoab kK, Torja n3 oONpeAeieHEA
(3.4.6)
1 06 0

n=T—2z2z=70 1 0}, (33)
000
T. €. MATPHIA TPOCKTHPORBAHHAA N IMEET HYJIEeBOe COGCTREAROe 3HAYCHAE N ABIA-

€TC I0ITOMY OCOOeHHOH (He mMelomeil o6paTrOH). Horna yao6HO CYUTATE, 9TO

w1 cymectByer, nomaras m,, = lim & ¥ copepas IpefenbHEIH mepexoy B Ko~
a—0

BedHHx opmynax. Temzop m-&~! (mam e-1.m) Takike 6yaeT 0COGEHHHM ~— ero

TPeThb# CTpOKa (uam cTojben) B K-cEcTeMe COCTOMT U3 HyJell, H ypaBHeHWe Ha

co0CTBeHANE 3HAYCHHS

det {m.e1 —n 2T} =0 (34)

mMeeT_ HYJeROe pelleHHe n;z ~a —0, ng — oo, Toaromy v, B (25) pasmo —1
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7 u3 (30) mpu v = 3 ciegyer
.ﬂ:‘eé=e3-ﬂ:0- 1(35)
C npyroit croporH, yMmHOKEB (30) ma &, monygamm:

k-d,=Fk-d,—0 (v=1,2), (36)

“ *
B mpospaumoii cpefe £ = £t u n, = n,. OTciofa caexyer

- - . % , * -

(et =g low, e,=e,, ad,=d,. (37)

Ecam, KpoMe T0ro, OTCYTCTBYeT NPOCTPAHCTBEHHAS auciepcEs (e = & (@) wn,
CJIe[IOBATENEHO, IHPOTPOIHUA (8], To MTPMXOBAHHNS U HEMITPEXOBAHHHG TPOHKHA
BEKTOPOB COBIAJAT X BCe OHM JeUCTBHTENbHE (DK HOBHIDOKICHHEX COGCTBEH-
HHX 3HAa9YeHUAX).

¥Yran angsorponuu. IlepenopMmpyeM, BEKTOPH B AMazax (26) Ha eHHELY:
ey =e)/|e,|,2, =e/|e,|. HamomEmyM, 9T0 HOPMAa KOMILIEKCHOTO BEKTODa
@ U «YyTON» MEKAY BEKTODaMX ¢, b OmpefeisioTca Tam:

fal=Va-a*=Va-a ~a’-a", cosp=a-b¥|a||b|="nu 5%

Beefiem «yrisl aHnsoTpOnnEY (MEXEKCH v = 1, 2 BpeMeRHO OIIycKaeM):

e-Jx-e¥ ~
cos (e, X.e) = _|e| Xl =|mn-el,
e.x-e e e
cos (e, w-e*) = = — 39
e TI7el — Jmae] 139
“ ~ 1 £y
cos?p == cos (e, -e)cos (e, s-e¥) =¢' 6= —; —=—
n,lelie| ny

A

~ *
e, &-e, =&, cospg=0)

(e,
Teneps yve;ev= GV};AV, e G, =7v,|e,l| e; |, rak uro (26) mpm wmepe-
XOfle K eUHWIHKIM BeKTODAM NpPUHUMAET BHJ
3
G (k, 0)= ) Ge.e, (40)

v=1

-1 _ 2 — —e 2 o
4nG = (n® — ny) cos? p, = n®cos? p, — &, = e, (n¥ —¢)-e,.

B msorpommofi mnormomawmell cpepe &=¢Z. Iycrs e=|e|e'® u e, =
= flv= @, ({{;v——oprm neKaproBoil cucreMel ¢ @3 = k), Torga coraacHo (21),

27), (39) ny=ng= -+ Ve, e, =x, "% cos? Prp=c¢ % €, =|¢e|. Ipu arom (40)
copmagaer (14), (17).

drax, MH DONyImAW [Ba [AUANHHEIX NpefcTapieHus TteHaopa I'puma (14)
n (40), o6pasoBaBHNEe U3 COGCTBEHHHX BEKTOPOB TeH30poB G, £l.xt m m-&71,
HamoMunM, 4to Tpoiikn ¢’ u e B 00ImeM ciy4ae He OPTOrOHAJBLHE APYT K APYry
(B otamame ot a u b). IIpencraBnenne (40) ucnoxrayeres B § 3.4 1us onpenenenns
HODMaAbHEX BOMH 1 dyuxnmu Ipura G (ki), a TAKKe OPH KBAHTOBAHHE IONA
B cpeyie. TTome v-i mopManpHOii BOMHE DAPANNISNEHO BEKTOPY €,, W €CIH OH KOM-

IJIeKCHHIA, TO NONe HMeeT IAMNTHYECKYI0 Hojapmsammeo (cm. [157], c. 142).
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