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OBIII;AH XAPAKTEPMCTMKA PABOTbI 

AKTYMhHOCTh TeMbI. 

Ilpo6neMa KBaHT0B0ro onucamnr cpanbI naHIIMaeT Ba)KH0e MCCTO B 

coBpeMeHHoii: KBaHTOBOII onn1Ke. O6ycnoBneHo :no npe)Kµ;e Bce~o TeM, 

'1TO B CBH:Jll C ycneWHbIMII 3KcnepIIMeHTaMII, npoBep;eHHhIMII B nocne

p;HIIe rop;hI, no II:JMepeHIIIO '1YBCTBIITenhHbIX K <pane OilTII'1eCKoro nomr 

3<p<peKTOB, TaKIIX KaK C)KaT0e COCT0HHIIe CBeTa, oaMeTH0 Bonpoc IIH

Tepec K nccneµ;oBaHIIIO cpanOBhIX CBOHCTB nonH. 

HecMOTpH Ha MHOr0'1IICJieHHhie Il0ilhlTKII, µ;o 1988-89 rr.,no cy~e

CTBY, He yµ;aBaJI0Ch Il0CTp0IITh 3pMIITOBhlII onepaTop, xopowo OilIICbI

BaIO~JdI onTII'1ecKyro cpany u HMero~nii npocTyro KOHCTpyK:a;IIIO, yµ;o6-

HYIO p;nH rrpuMeHeHIIH B KOHKpeTHbIX oaµ;a'1ax. 3aMeTHbIM WaroM Bne

p eµ; B 3TOM HanpaBJieHIIII CTaJI HOBhIII cpopMaJIII:JM 3pMIITOBoro one

paTopa cpanhl, BBeµ;eHHhIII IlerroM u BapHeTTOM B 1988-89 rr. BToT 

cpopManlmM IlO:JBOJIHeT Bhl'1IICJI.lITh He TOJihKO TaKne "cTapble" cpano

Bhle xapaKTepIICTIIKII nonH, KaK KOCIIHYC II c1rnyc cpa13hl, HO lI cpyHKD;lIIO 

pacnpeµ;enemrn cpanhl, cpeµ;Hee 0Ha'1e1me n µ;IIcnepcnro cpanhI µ;nH µ;aH

HOII MOp;hl II Koppemni;IIIO cpao pa13HhIX Moµ;, '1TO 6bIJIO HeBO:JMO)KHO B . 

µ;pyrnx rro;a;xoµ;ax . 

HennHeIIHhle HBnemrn, npoIIcxoµ;H~ne B patim1'1HhIX cpeµ;ax, np11-

BJieKaroT BHIIMaHIIe nccneµ;oBaTeJieii: KaK panHoo6panneM CBOHCTB, TaK 

II WIIp0KIIMII B0:JMO)KH0CT.lIMII IIX rrpaKTII'1eCK0ro rrpuMeHeHII.lI B Ha

yKe n Texmti~. OrrTU'1eCKIIe IIOJIH, reHepnpyeMhie B HeJinHeU:HhIX npo

:a;eccax, o6naµ;aIOT'.. oco6bIMII cpanOBhIMII CBOHCTBaMn, naBIICH~lIMII OT 
., .. · f 

HeJIJIHelIH0ro rrpo:a;ecca, B K0T0pOM 0HII reHepnpoBaHhl, II OT C0CT0.ll-

HIIH, B KOT0phlx oHniiaxoµ;IImich µ;o HennHeu:Horo npeo6panoBaHII.lI. Ilo

CK0JihKY cy~eCTByeT MH0)KeCTB0 panHhIX HeJIIIHeIIHhlX npo:o;eccoB, IIMe

eTC.lI B0:JM0)KH0CTh reHepnpoBaTh II0Jif[ C panHblMII cpanoBblMII CBOH

CTBaMII. Ilo3TOMY nccneµ;oBaHIIe cpaooBhIX cBOHCTB onTII'1eCKIIX noneii:, 

reHep11pyeMhIX panHhIMII HeJIJIHeHHhIMII npo:o;eccaMII, Ha OCH0Be H0Boro 

q>opManimMa 3pMIITOBOH <pa:Jhl .lIBnHeTCf[ aKTYaJihHhIM HanpaBJieHIIeM B 

panBIITIIII KBaHTOBOH OilTIIKII. 

TI;enhIO pa60Thl .lIBJI.lleTCH IIny'1eHue, Ha OCHOBe HOBoro cpopMaJIIIl3Ma 

3pMIITOBoro onepaTopa cpanhl Ilerra-BapHeTTa, KBaHTOBhIX cpnyKTy

a:o;uii: II KOppenH:o;IIii <panhl B panHhIX .HeJIJIHellHhIX OilTII'1eCKIIX npo-
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u;eccax. PacCMOTpeHa MO)J;eJib aHrapMOHII'1eCKoro OCD;IIJIJIHTOpa, naµ;a11a 

pacnpocTpaHeHIIH 0JIJIIInTlI'1eCKlI nonHpII30BaHHOro CBeTa B KeppoBc

KOH cpeµ;e, reHepau;11H BTopo11 rapMoHIIKlI, p;ByxcpoTOHHa!I µ;ayH-KOHBep

CIIH c KBaHTOBoii HaKa11Kon:, µ;ayxMop;oBblll c)KaThill BaKyyM II napHoe 

KorepeHTHOe COCTOHHIIe. 

Hay11HaJI HOBlI3Ha lI npaKTll'1eCKaJI u;eHHOCTb 

B pa6oTe BnepBble lICCJieµ;oBaHbI KBaHTOBbie cpnyKTyau;IIII II KOp

peJIHD;llII cpanhl µ;nH cneµ;yrow;IIx npou;eccoB: pacnpocTpaHeHirn cBeTa 

B KeppoBcKon: cpeµ;e, reHepau;1111 BTopoii: rapMoHIIKII, µ;ByxcpoTOHH011 

µ;ayH-KOHBepCIIlI, a TaK)Ke )J;JIH l];Bj'XMO)J;OBOro C)KaToro BaKyyMa lI nap

HOro KorepeHTHoro COCTOHHIIH. PenyJibTaTbI, nony11eHHbie Ha OCHOBe 

cpopMan1mMa Ilerra-BapHeTTa µ;nn cpyHKu;mr pacnpegeneHIIH cpanhI, cpe

p;Hero 3Ha'1eHirn, µ;ncnepcmr lI KOppeJIHD;IIlI cpanbI B 0TlIX COCTOHHIIHX, 

HBJIHIOTCH HOBbIMII, nocKOJibKY B paMKax gpyrux noµ;xogoB BbI'1IICJie

HIIe TaKIIX BeJIII'1IIH 6bIJIO HeB03MO)KHbIM. ,r(nn q>ImII~IeCKIIX COCTOHHIIII 

BnepBbie ycTaHOBJieHa B3aIIMOCBH3b Me)Kgy cpyHKD;IIClI pacnpegeneHIIH 

cpanbI Ilerra-BapHeTTa II "Knaccn11ecKIIM" pacrrpegeneHIIeM cpanhl, no

ny11eHHhIM IIHTerpIIpoBaHIIeM Q cpyHKD;IIII no . pagIIaJibHOll nepeMeH

HOII. BnepBbie o6Hapy)KeHa 6ucpypKau;1rn B cpanoBOM pacnpegeneHIIII, 

B03HIIKaIOll.l;aJI B npou;ecce reHepau;IIII BTOpoii: ~apMOHIIKlI, II ycTaHo

BJieHa ee CBH:Jh c nepe.~ogoM npou;ecca OT pe2KIIMa reHepau;1m rap

MOHIIKII K µ;ayH-KOHBepCIIII. BnepBbIC HaiigeHa To~rnrur aHaJIIITII'-ICCKruI 

cpopMyna, onIICbIBaIOll.l;aH cynepnomID;IIIO KOrepeHTHbIX COCTOHHIIII, re

HepnpyeMbIX npn pacnpocTpaHeHIIII cBeTa B KeppoBcKoii: cpege, II yKa

naHo Ha B03MO)KHOCTb IICnOJib:JOBaHIIH cpyHKIJ;IIII pacnpegeneHIIH q>a:JbI 

)J;JIH omrcaHIIH TaKOll cynepnonIID;IIII. 06Hapy)KeHO cyw;ecTBOBaHIIe '1II

CTO KBaHTOBoro acpcpeKTa panMbIBaHirn cpanbI na C'1CT KBaHTOBbIX cpnyK

TYaD;IIll. BnepBhle noKanaHo cyw;ecTBOBaHne c1mhHOII Koppennu;11n cpan 

B )J;BYXMO)J;OBOM C)KaTOM BaKyyMe II napHbIX KorepeHTHbIX COCTOHHIIHX. 

Ilony11eHHble B µ;nccepTau;nn penynhTaTbI cnoco6cTBYIOT ny11II1eMy 

nOHIIMaHIIIO KBaHTOBOII l];IIHaMIIKII cpanbI B HeJIIIHCllHbIX onTII'IeCKIIX 

npou;eccax. 

,r(nn naw;IITbI Bbll];BIIraIOTCH cnegyrow;ue OCHOBHI,_Ie penyJibTaTbI, 

nony11eHHble B l];IICCC_l)_Tau;uu: 

1. ,ll;nn q>II3II'1CCKIIX COCTOHHIIII ycTaHOBJieHa B3aJIMOCBH3b Me)Kgy 
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cpanoBbIM pacnpe;a;eneHneM Ilerra-BapHeTTa II "KnaccII11ecKIIM" 

pacnpel];eJieHneM cpanhr, nony11eHHhIM IIHTerpnpoBaHIIeM Q cpyH

KD;IIII no paµ;IIaJibHOll nepeMeHHOll. IloKanaHo, '1TO "KnaccII11ecKoe" 

pacnpegeneHIIe nony11aeTcH B penynhTaTe npou;egyphl ycpe;a;He

HIIH pacnpegeneHIIH Ilerra-BapHeTTa, '1TO npIIBO;ll;IIT K ylllnpeHIIIO 

pacnpegeneHIIH II, cne;a;oBaTeJibHo, noTepe 11aCTII cpanoBoii: IIHcpop

Mau;nn. 

2. IloKanaHo, '1TO gnH 6oJiblllen: 11acTII nepno;a;a aBOJIIOD;IIII cocTo

HHIIH aHrapMOHII'1CCKoro OCD;IIJIJIHTOpa II 0JIJIIInTII'1eCKII nonHpII

noBaHHoro caeTa, pacnpocTpaHHrow;erocH B KeppoBCKOII cpege, 

6nIInKII K cocTOHHUIO c paBHOMepHo pacnpegeneHHOII cpanoII. B 

cny11ae 0JIJIJinTII'1CCKII nonHpimOBaHHOro CBeTa noKanaHo HaJIII-

1111e nHa'1IITeJibHoro BJIIIHHIIH oµ;Ho11 MOl];hI Ha cpanoBble CBOHCTBa 

µ;pyro:n: MO)J;bl. 

3. 06Hapy)KeHa 6IIcpypKau;1rn B cpanoaoM pacnpe;a;eneHIIII, .Bo:JHIIKaIO

w;an B npou;ecce reHepau;m1 BTopoII rapMOHIIKII. ,Il;aHo o6'hHCHeHIIe 

ee npOIICXO)Kl];eHJIH. 

4. YcTaHOBJieHa CBH3b Me)K;a;y gayxq>OTOHHbIM xapaKTepoM npou;ecca 

II ero cpanoBbIM pacnpe;a;eneHIICM. IIccne;a;oBaHO BJIIIHHIIe KBaHTO

Boro xapaKTepa HaKa'1KII Ha cpanoable CBOHCTBa ;a;Byxq>OTOHHOH 

;a;ayH-KOHBepcIIII II noxanaH npe;a;err npIIMeHIIMOCTII napaMeTpII-

11ecxoro npII6JIII)KCHIIH. 

5. B paccMoTpeHHhIX HeJIIIHeHHhIX npou;eccax o6Hapy)KeH '1IICTO KBaH

TOBhIII acpcpeKT panMbIBaHIIH cpanbI na C'1CT KBaHTOBbIX cpnyKTya-
u 

D;IIII. 

6. 06Hapy)KeH acpcpeKT "naTHrIIBaHIIH cpanbI" (phase locking) B ;a;Byx

Mo;a;oao~ C)KaTOM BaKyyMe II napHOM KorepeHTHOM COCTOHHIIII. 

IloxanaHo cyw;ecTBOBaHIIe cIIJihHo:n: xoppeJIHIJ;IIII cpan B 0TIIX co

CTOHHIIHX. 

7. IIccne;a;oBaH aonpoc o reHepau;IIII cynepnonIID;IIII nro6oro KOHe11-

Horo '1IICJia KorepeHTHbIX COCTOHHIIll B Mo;a;eJIII aHrapMOHII11ecKoro 

OCD;IIJIJIHTopa ll B na;a;a11e pacnpocTpaHeHHH 0JIJIIInTII'1eCKll no

JIHpII30BaHHoro cBeTa B KeppoacKo:n: cpe;a;e. Ha:n:;a;eHa T0'1HaH aHa

JIHTll'1ecxan cpopMyna, nonBonnrow;an onncaTb cynepnonnu;IIOHHoe 
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COCTO.!IHlle c mo6blM '<JlICJIOM KOMnOHeHT. IloxanaHo, xax MO)KHO 

11cnonbaoBaTb cpyHKQIIIO cpanoBoro pacnpeµ;enemrn µ;nH ornrcaHil.!I 

Taxon cynepnoa11Q1I1I. 

Anpo6~II.!I pa6oTbl. OcHOBHble peaynbTaTbl µ;nccepTaQmr npeµ;

CTaBn.!Inllcb Ha Me)Kµ;yHapop;HbIX xoHcpepeHQirnx no KBaHToBoi'r onTIIKe 

(IITan:11.!I, 1990; liHp;lI.!I, 1991 ), EBponencxon KOHcpepeHQIIlI no KBaHTO

BOll anexTpOHlIKe (8µ;IIH6ypr, 1991 ), XIV Me)Kµ;yHapoµ;Hoii xoHcpepeH

QlllI no xorepeHTHOll lI Hen11HellHOll onT11xe (CaHKT-IleTep6ypr, 1991), 
Me)Kµ;yHapoµ;HoM ceM11Hape no npo6neMaM KBaHTOBoii onTlIKlI (,II;y6Ha, 

1991). 

Ily6n11xaQ1III. Ilo MaTep11anaM µ;IIccepTaQmI ony6nIIKoBaHo 8 pa6oT. 

CTpyxTypa II o6'beM µ;11ccepTaQ1IlI. ,II;uccepTaQII.!I cocTOIIT 11a Tpex 

rnaB II 3aKnIO'<JeHII.!I. 0Ha coµ;ep)KIIT 126 CTpaHIIQ MaIIIHHOillICHOro TeK

CTa, 51 pIICYHOK. BII6nIIorpacp11-qecxui'1 cnncoK COCTaBn.!IeT 119 CCbinOK. 

CO,IJ;EP)KAHHE ,Il;HCCEPTAIJ;HH 

IlepBa.H rnaaa ecTb BBeµ;eHne, rµ;e µ;aeTc.!I xpaTKHll IICTopu-qecxui'r 

o-qepK O pannH'<JHbIX nonblTKaX nocTpoeHII.!I 0pMIITOBOro onepaTopa 

cpanhl, Ha'<IHHaJI c noµ;xoµ;a ,Il;npaxa u aaKaH'-IHBasI cpopManII:JMOM Ilerra

BapHeTTa. Tax)Ke µ;aH 06:Jop nIITepaTypbI no IIccneµ;oBaHIIIO cpanoBblX 

cBoiicTB onTII'<Jecxux nonen. li:JnaraeTc.!I coµ;ep)KaHne µ;IIccepTaQIIH. 

BTopa.H rnaaa noCB.!Il~eHa OCHOBaM cpopMaJIII:JMa apMIITOBOro one

paTopa cpanbI, panBIIToro HeKoTopoe BpeMJ.r Hanaµ; IlerroM II BapHeTTOM. 

BBop;.!ITC.!I COCTO.!IHII.!I C TO'<JHO onpeµ;eneHHOii cpanoii. II 1my-qa10TC.!I IIX 

OCHOBH~e CBOHCTBa. 8To .!IBn.!IeTC.!I coµ;ep)KaHIIeM panµ;ena 2.1. B pan

µ;ene 2.2 µ;aHo onpeµ;eneHIIe apMIITOBoro onepaTopa cpanbI, Ha ocHoBe 

KOToporo CTpOIITC.!I cpanoBblll cpopMaJIII:JM. B panµ;ene 2.3 onIICbIBa

IOTC.!I peQenTbI nprrMeHeHII.!I cpopManII:JMa Ilerra-BapHeTTa µ;nn II:Jy

'<JeHII.!I cpano):!bIX CBOHCTB KOHKpeTHbIX cocTO.!IHIIH. ,Il;aHo onpeµ;enemre 

cprmII'<JecxIIx cocTO.!IHHll. BbIBoµ;nTc.!I o6~ne µ;mr cprmII'<JecxIIx cocTo.!I-

.;,.. 

.,; 

Hllll q>opMynhl BbI'<JIIcnemrn cpyHKQlllI. pacnpeµ;eneHH.!I cpanbI, cpeµ;Hero , 
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:JHa'<JeHII.!I II µ;ncnepcnn xax caMoro onepaTopa cpaabI, Tax n ero xocn

Hyca II CIIHyca. TaK)Ke npIIBOp;.!ITC.!I cpopMynbI µ;nH COOTHOIIIeHil.!I Heon

peµ;eneHHOCTeII '<JlICno-cpana II napaMeTpOB C)KaTII.!I '<JIICna q>OTOHOB II 

cpanbI. 

B panµ;ene 2.4 nony'<IeHo BbipaarnHne µ;mr "xnaccu-qecxoro" pacnpe

µ;enemrn cpanbl, nony'<IeHHoro IIHTerpupoBam1eM Q cpyHKQIIII no paµ;II

aJibHon nepeMeHHoii. YcTaHoBneHa "B:JaIIMOCB.!I:Jb Me)Kµ;y pacnpeµ;ene

HIIeM Ilerra-BapHeTTa n "xnaccll'"IecxnM" pacnpeµ;eneHneM. IloxanaHo, 

'<ITO "xnaccII'<Jecxoe" pacnpeµ;eneHIIe cpanbl nony-qaeTC.!I B pe:JynbTaTe 

npoQeµ;ypbI ycpeµ;HeHII.!I pacnpeµ;erreHII.!I Ilerra-BapHeTTa, np1rnoµ;.1I~ee 

K crna)KJIBaHIIIO II YIIIllpeHIIIO cpanoBoro pacrrpeµ;eneHil.!I II TeM CaMblM 

K noTepe -qacTu cpanoBoH 1rncpopMaQ1m. 

TpeTb.H rnaaa IIOCB.lI~eHa 11:JY'-ICHIIIO KBaHTOBblX cpnyxTyaQUII II 

xoppeJI.!IQIIII cpaa B panHblX HenHHCIIHbIX OIITlI'-IeCKIIX npoQeccax Ha 

OCHOBe cpopMaJIII:JMa 0pMIITOBOII cpa:Jbl, II3'10)KeHHOro BO BTOpoii rnaBe. 

3µ;ecb npIIBOp;.!ITC.!I OCHOBHble pe:JyJibTaTbl. 

Panµ;en 3.1 nocB.!I~eH 11:Jy'<IeHHIO cpanoBblX CBOHCTB cocTO.!IHHH aH

rapMoHII'<Jecxoro ocQ1mn.1ITopa. B noµ;panµ;ene 3 .1.1 µ;aHo peIIIeHne ypa

BHeHII.!I illpeµ;1rnrepa µ;nH aHrapMOHII'<JCCKoro OCQIInll.!ITOpa. PacCMOT

peH Bonpoc O BO:JMO)KHOCTII reHepaQIIlI cynepnO:JIIQHII KOHC'<JHOro '<JII

cna xorepeHTHblX COCTO.!IHIIII B xoµ;e 0BOllIOQIUI aHrapMOHII'<Jecxoro oc

Qlinll.!ITOpa. Hai'iµ;eHa o6~aH aHaJIIITIJ'l'..IeCKa.lI cpopMyna, no:JBOll.!IIO~aJI 

Bbl'<JIICnIITb xoacpq>IIQIICHTbI rrpn 6annCHblX xorepeHTHbIX COCTO.!IHll.!IX B 

Taxoii cyneprro:JIIQIIII. 

B 3.1.2 1my'<IaIOTCH cpanoBble cBoi'rcTBa non.II. 06cy)Kµ;eHbl cpanoBble 

cBoncTBa CaMOC)KHMaIO~IIXC.!I cocTO.!IHJIII, reHepupyeMblX B npoQecce 

aBOllIOQIIII aHrapMOHII'-tecxoro OCQIIJillHTOpa C TO'-IKII 3pemrn HOBoro 

cpanoBoro cpopMan:rmMa Ilerra-BapHeTTa. ,Il;nH apMnToBoro onepaTopa 

cpanbI norry'<IeHbl cpyHKQirn pacnpeµ;erremrn cpanbl, ee cpeµ;Hee :JHa'<Jem1e 

II µ;IIcnepc1rn, a 0BOllIOQIIH 0TIIX BCnII'-IlIH nponnnIOCTpIIpOBaHa rpa.cpII

'<JCCKII. IloxanaHo, '<ITO µ;11cnepc1rn cpanbl B Ha'-mnc 0BOllIOQIIII pacTeT 

6blCTpo :Ja C'<JCT KBa.HTOBblX cpnyxTyaQIIII 11 Ha'<JIIHaeT OC~IIJIJIIIpOBaTb 

B6mmn :JHa'<JeHirn 1r
2 /3, T.e. 3Ha'<JeHirn µ;nH COCTO.!IHII.!I C paBHOMepHO 

pacnpeµ;erreHHoii cpanoi1. 8To O:JHa'<JaeT, '<ITO µ;m1 6onbIIIei1 -qacTn ne

pnoµ;a 0BOllIOQIUI COCTOHHIIe aHrapMOHil'<JCCKOro OCQIIJIJI.!ITOpa 6mmxo 

x COCTOHHHIO c paBHOM_epHO pacnpeµ;eneHH(;>H cpanoii. 8Ta TeHp;CHQIIH 

e~e CIIllbHee npo.!IB'1HCTC.!I C pocTOM IIHTCHCIIBHOCTII Ha'-IaJibHoro Kore-
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peHTHOro COCTOHHIUI. IloKanaHo, '<ITO, Korµ;a lIHTeHCIIBHOCTb Ha'<JaJib

Horo KOrepeHTHOro COCTOHHIUI CBeTa 601IblllaH, q>yHKUII.ll pacnpeµ;ene

HIIJI q>anbI cTaHOBIITCH rayccoBoii. B aTOM cny"<Iae cµ;BIIr q>anbI npaMo 

nponopqlIOHaJieH BpeMeHII aBOJIIOUlllI II cpeµ;HeMy '<JIICJIY q>OTOHOB, '<ITO 

cornacyeTCH c KJiacc11"<JeCK1IM penynhTaTOM; JJ:11cnepc1rn q>anbI n npmm

Beµ;eHIIe Heonpe;o;eneHHOCTen: "<JIIcno-q>ana np1I aTOM BonpacTaIOT npo

nopUIIOHaJihHO KBaµ;paTy BpeMeHJI aBOJIIOUIIII. PacC'<JIITaHbI TaIOKe cpe

;JJ;HIIe :JHa"<JeHIIH II µ;1Icnepc1I1I onepaTopoB Koc1rnyca II c1myca q>anbI. 

8TII penyJihTaTbI cpaBHIIBaIOTCH KaK c penynhTaTaMII, nony"<IeHHbIMII 

Ha ocHOBe q>opMaJill:JMa CaccKIIHµ;a-ThoroBepa, TaK II c penynhTaTaMn, 

nony"<IeHHhIMll Ha ocHoBe KoHuenuuu nnMepneMoii q>anbI. IIo_KanaHo, "<ITO 

;JJ;JIH noneii C MaJibIM '<JIICJIOM q>OTOHOB JIMeeTCH cyrn;ecTBeHHOe panrru

'ille Me:iKµ;y 3TIIMII no;o;xoµ;aMII, ll no Mepe yBemI"<JeHJrn IIHTeHCIIBHOCTll 

panrrll'<Ilie CTaHOBIITCH Hecyrn;eCTBeHHbIM. Ha OCHOBe 3TIIX penyrrhTa

TOB ycTaHOBITeHa CBH:3b Me)K;o;y q>aDOBbIM CBOIICTBOM norrn II C:iI(aTIICM. 

IloKanaHa B0:3MO)KHOCTb ~a'<JeCTBeHHoro npeµ;cKanaHHH C)KaTJrn KBaµ;pa

TypHbIX KOMnOHCHT norrH no q>anoBbIM CBOIICTBaM norrH. 

B no;o;panµ;erre 3.1.3 µ;a.Ho cpaBHeHue q>yHKUlIII Q 11 P( 0) ;o;rra omr

caHIIH cynepnomIUllll KorepeHTHhIX cocTOHHuii. IloKanaHo, "<ITO Kor;o;a 

COCTOHHlle CllCTeMhI CTaHOBllTCH cynepnomiqlieH KOrepeHTHbIX COCTO

HHllH,. q>yHKUirn q>anOBOI'O pacnpeµ;eJICHllH pacrn;enrrneTCH Ha OT;JJ;CITb

Hble nllKII, KOTOpbie COOTBCTCTBYIOT OT;JJ;CIThHbIM KOMnoHeHTaM cynep

nO:JllUIIll. IlpllBO;JJ;llTCH oueHKa MaKCIIMaJibHOrO '<JIICJia xopoUIO panmr

'<JllMbIX COCTOHHllH cynepno:JllUIIll ;o;mr na;a;aHHOro Ha'<JaJibHOro '<JlICJia 

q>oTOHOB nona. TaK:iKe npoBegeHo cpaBHemre "rmaccJI"<JecKoro" pacnpe

;a;eneHirn 11 pacnpe;a;eneHIIH IIerra-BapHeTTa Ha npIIMepe aHrapMOHII"<Ie

CKoro OCUllITITHTOpa. 

Pan;a;en 3.2 nocBnrn;eH 1my"<Iemr10 q>anoBbIX CBOHCTB arrmmTJI"<JecKII 

nonHpllnoBaHHoro CBeTa, pacnpocTpaHa10rn;eroca B KeppoBcKoii cpe;a;e. 

B no;a;pan;a;ene 3.2.1 ;D;aHO KBaHTOBOe OIIIICaHlle aJIJIIInTll'<JCCKll nonHpll

:30BaHHoro cBeTa. B 3.2.2 ;a;aHo pewemie ypaBHeHJIH illpe;a;IIHrepa, om1-

CbIBarorn;ee 3BOITIOUllIO KBaHTOBoro COCTOHHllH anmrnTII'<JCCKll norrapu

:30BaHHOro cBeTa, pacnpocTpaHa10rn;eroca B KeppoBcKoii cpe;a;e. 

B 3.2.3 no;a;po6Ho ll:JY"<JaIOTCH q>anoBble CBOHCTBa norra. IIony"<IeHa 

q>yHKUIIH COBMeCTHoro pacnpe;a;enemrn BepoHTHOCTII <pan ;D;BYX opTo

roHaJihHbIX Mo;a;, on1ICb1Ba10rn;ux arrrrunTJI'<JCCKYIO nomrpll:3aUIIIO norrH, a 

TaK:iKe ycJIOBHbie pacnpe;a;enemrn BepOHTHOCTII q>anbI OT;D;CJibHbIX MO;a;. 
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8Boirl<)UllH aTllX q>yHKUIIH urrnrocTpIIpyeTcH rpaq>u"<IecKII. IloKanaHo, 

'<ITO B xo;a;e 3BOITIOU1Ill pacnpe;a;ene_HJie CMern;aeTCH II YllIIIpHeTCH, '<ITO 

O:JHa"<JaeT HaJIII'<JJie '<JIICTO KBaHTOBOro aq>q>eKTa - panMbIBaHIIH q>anbI. 

BbI"<IIIcneHhI cpe;a;Hee nHa"<JeHIIe u ;a;Hcnepc1Iu onepaTopa q>anbI oT;a;enb

HOII Mo;a;hI. IloKanaHo Ha.JIII"<Jlle nHa"<JJITeJihHoro BITIIHHIIH o;a;Hoii MO;D;hI Ha 

;a;pyryro. IIorry"<IeHHble penyJihTaTbI noKanbIBaIOT' '<ITO CMern;eHIIe q>anbI 

o;a;Hoii MO;D;hI naBllCIIT OT IIHTCHCIIBHOCTll ;a;pyrm'i MO;D;hI II OT CBOHCTBa 

CllMMeTpllII HemrneiiHoii cpe;a;hI. TaK)Ke BhI'<JllCITeHbI cyrn;ecTBCHHO ;D;Byx

MO;D;OBbie q>anOBhie xapaKTepllCTllKll nona, TaKIIe KaK: ;D;llCnepcllH pan

HOCTll <pan, KOppeJIHUllOHHaH q>yHKUIIH q>anbI, ;D;IICnepCHll KOCllHyca 'll 

c1myca panHOCTII <pan. IloKanaHo, '<ITO ;D;BYXMO;D;OBbie xapaKTepIICTllKll 

CllIThHO naBJICHT OT CBOHCTBa CllMMeTpllII TeHnopa HeJIII!ieHHOH BocnpII

IIM"<IIIBOCTII cpe;a;hI. KpaTKO o6cy:iK;a;eHa B:3aJIMOCBH:3b Me:iK;a;y Me:iKMO;D;O

BbIMll q>anOBhIMII CBOHCTBaMll II cTeneHhIO norrHpIInaqIIII nonH. Bee aTll 

penyJibTaTbI npmmrrIOCTpllpOBaHbI rpaq>II'<ICCKII. 

B no;a;pan;a;ene 3.2.4 o6cy)KgaeTcH npo6rreMa reHepaqm1 cynepno

:JIIUllll KOHC'<JHOro '<JIICITa KorepeHTHbIX COCTOHHIIH npll pacnpocTpaHe

HIIII arrrrllnTII"<JecKII nonnpunoBaHHoro _cBeTa B KeppoBcKoii cpe;a;e. IIo

KanaHo, '<ITO Kor;a;a 6enpanMepHOe BpeMH aBOITIOUIIII npIIHllMaeT :3Ha

'<JeHIIe ;a;po6Hoii "<IaCTll nepIIoµ;a, npll onpe;a;eneHHhIX CBOHCTBax cIIMMe

Tpllll cpe;a;hI COCTOHHIIe ClICTeMbI CTaHOBllTCH cynepnO:JllUIIeii KorepeH

THbIX cocTOHHIIH. Haii;a;eHa TO'<JHaH aHaJIIITJI"<JecKaa q>opMyrra ;a;rra KO

aq>q>uuueHTOB cynepnom1u1m. Ilpe;a;rro:iKeHO IICIIOITb:30BaTb COBMCCTHYIO 

q>yHKUllIO pacnpe;a;erremrn P( 0+, 0_) ;a;na onIIcaHIIH TaKoii cynepnonII

UIIII. 

Pan;a;err 3.3 nocBHlll;eH 1my"<JeH1IIO q>anoBbIX CBOHCTB none11 B npo

uecce reHepaUIIII BTopoii _ rapMOHIIKII. B no;a;pan;a;ene 3.3.1 np1rno;a;IITCH 

'<JIICT0 KBaHTOBbIH no;a;xo;a; Haxo:iK;a;eHIIH 3BOJIIOUIUI COCTOHHllH norrH C 

npllMeHCHlleM '<JllCJieHHOro MeTo;a;a ;a;uarOHaJill:Jaunn raMllJibT0HIIaHa B:Ja

llMO;D;eHCTBllH. B no;a;pan;a;ene 3.3.2 no;a;po6Ho nny"<IaroTcH q>anOBhie cBoii

CTBa noneu npll reHepaqnn BTOpOH rapMOHllKll. Hau;a;eHbI Bbipa:iKeHIIH 

;D;JIH COBMCCTHOrO pacnpe;a;eneHllH BepOHTHOCTeH <pan II ycJI0BHOr0 pac

npe;a;eneHirn q>anbI ;D;JIH OCHOBHOH MO;D;bI ll BTOpOH rapM0HIIKII. 06Ha

py:iKeHa 61Iq>ypKaqIIH COBMeCTHoro pacnpe;a;eneHIIH <pan. 8To CBH:3aHO 

C nepexO;D;OM OT pe:iKllMa reHepaqlllI BTOpOH rapM0HIIKll K pe:iKIIMY 

;a;ayH-KOHBepcuu. Kor;a;a ClICTeMa aBOJIIOUllOHIIpyeT ;a;ocTaTO'<JHO ;a;onro, 

q>yHKUIISI pacnpe;a;eneHIISI CTaHOBIITCH 6onee paBHOMepHoii, '<ITO O:JHa-
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qaeT paoMhIBaHIIe q>ao. BhI'IIICJICHhI TaK)Ke MC)KMO;IJ;OBaJI KOppeJIHqlI

OHHaJI q>yHKqlI.H cpao II p;1Icnepc1I1I KaK CaMIIX onepaTopoB <pan, TaK II 

IIX KOCIIHyca II CIIHyca. 8BOJIIOqlIH 0TIIX BCJill'IIIH npOIIJIJIIOCTpnpoBaHa 

rpaq>II'ICCKII. 

Pao;a;eJI 3.4 IlOCB.HI.QCH IIOY'ICHIIIO KBaHTOBhIX q>JiyKTyaqIIJI 'IIICJia q>o~ 

TOHOB II q>aohl IlOJIH, reHepIIpOBaHHOro B npoqecce ;a;eJieHII.H 'IaCTOThI 

(;a;ayH-KOHBepcII.H) c KBaHTOBOJI HaKa'IKOJI. B no;a;pao;a;eJie 3.4.1 ;IJ;aHO pe

lllCHIIe ypaBHeHII.H illpep;IIHrepa ;IJ;JI.H aToii cIIcTeMbI. IlpII aToM IIcnoJih

nyeTc.H 'IIICJICHHhlll MCTO;IJ; p;IIaroHaJIIIOaqIIII raMIIJihTOHIIaHa BOalIMO

;a;e:n:CTBII.H. 8TOT MCTO;IJ; IlOOBOJIHCT BhI'IIICJIIITb II rpaq>II'ICCKII npOIIJIJIIO

CTpIIpOBaTh 0BOJIIOqIIIO pH;a;a BCJIII'IIIH, xapaKTeplIOYIOI.QIIX KBaHTOBhIC 

q>JIYKTyaqIIII 'IIICJia q>OTOHOB II q>aohl IlOJI.H. 

B no;a;pao;a;eJie 3.4.2 IICCJIC;IJ;OBaHO II npoBep;eHO cpaBHCHIIC KBaHTO

BhIX q>JiyKTyaqn::n: p;Byx conpH)KCHHhIX BeJIII'IHH: 'IIICJia q>OTOHOB II q>aohl 

. ;IJ;JI.H CIIrHaJibHOJI MO;IJ;hl II MO;IJ;hl HaKa'IKII. Hafr;a;eHbI Bhlpa)KCHIIH ;IJ;JI.H ;IJ;IIC

nepCIIII 'IIICJia q>OTOHOB, COBMCCTHoro pacnpe;a;eJieHirn 'IIICeJI q>OTOHOB, 

;IJ;IICnepcm1 KBa;a;paTypHhIX KOMilOHeHT, COBMCCTHOro pacnpe;a;eJieHII.H Be

po.HTHOCTeH q>ao, YCJIOBHOrO pacnpep;eJICHII.H '-IHCJia q>OTOHOB II q>aohl 

;IJ;JI.H CIIrHaJibHOII MO;IJ;hl II npmmBep;eHIIH Heonpe;a;eJieHHOCTe:ii II napaMe-

. TpOB C)KaTII.H ;IJ;JI.H 'IIICJia q>OTOHOB II <pa.oh!. 8BOJIIOqIIH 0TIIX BCJIII'IIIH 

npoIIJIJIIOCTpIIpoBaHa rpaq>II'ICCKII. CBOJICTBa cIIrHaJihHOJI MO;IJ;hl, reHe

pIIpyeMo:ii B npoqecce ;a;ayH-KOHBepcIIII c KBaHTOBOJI HaKa'!Ko:ii, 6hIJIII 

cpaBHCHhI C TaKOBhIMII ;IJ;JI.H lI;IJ;CaJihHOrO C)KaToro BaKyyMa, 'IT06hl IlOKa

naTb npe;a;eJI npIIMCHIIMOCTII napaMeTpII'ICCKOro npII6JIII)KCHII.H. IloJiy-

'ICHHhle penyJihTaThI IlOKru3hIBaIOT, 'ITO KBaHTOBhllI xapaKTep MO;IJ;b! Ha

Ka'IKII cyI.QeCTBCHHO IIOMCH.HCT CBOHCTBa IlOJI.H Ha 6oJiee non;a;HeM 0Tane 

0BOJIIOqIIII, Tor;a;a KaK Ha paHHeM aTane 0BOJIIOqHII CBOJICTBa curHaJib

HOII MO;IJ;hl O'-ICHb 6mmKII K TaKOBhIM ;IJ;JIH II;IJ;CaJibHOro C)I<aToro BaKyyMa. 

KBaHTOBaJI q>JiyKTyaqxrn MO;IJ;bI HaKa'IKII ycTaHaBmrnaeT' <paKTII'ICCKII, 

. orpaHII'IeHHe Ha OHa'IeHIIe napaMeTpa C)KaTlIH, KOTOpoe MmKHO noJiy

'IIITb B peaJihHOH q>IIOII'IecKo:ii cIITyaqIIII. lfo noJiy'-IeHHhIX peoyJihTaToB 

TaK)Ke BIIp;Ho, 'ITO p;Byxq>oTOHHhIJI xapaKTep npoqecca npHMO OTpa)Ka

eTC.H B pacnpe;a;eJieHIIII 'IIICJia q>OTOHOB nocpe;a;cTBOM OTCYTCTBIIH HC

'ICTHhIX 'IIICCJI q>OTOHOB ( IIJIII, 6oJiee TO'IHO, npIICYTCTBIICM TOJibKO nap 

q>OTOHOB ), II B pacnpe;a;eJieHIIII <pa.ob! nocpe;a;cTBOM ;IJ;BYXIlIIKOBOlI CTpyK

TyphI pacnpe;a;eJieHIIH q>aohl CIIrHaJibHO:?i MO;IJ;hl. BoJiee Toro, BII;IJ;HO, 'ITO 

Mo;a;a HaKa'IKH MO)KeT CTaTb C)I<aTo:ii, II, Kor;a;a noJiyqaeTCH MaKCIIMaJib-
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HOC C)KaTIIe, pacnpe;a;eJieHIIe 'IllCJia q>OTOHOB II pacnpe;a;eJieHIJe q>aohl ;IJ;JIH 

MO;IJ;hl HaKa'IKH noKaohIBaIOT xapaKTepHhle oco6eHHOCTll, CBOlICTBeH

Hhle COOTBCTCTBYIOl.l.\lIM pacnpe;a;eJieHIIHM ;IJ;JIH cnrHaJihHOII MO;IJ;hl, XOT_H 

He B TaKOM '-IIICTOM BII;a;e. 8To MO)KCT paccMaTpIIBaTbC.H KaK llJIJIIOCTpa

q1rn COilpH)I(CHHOrO XapaKTepa '-IIICJia II <pa.oh!. 

TaK)KC llCCJiep;oBaHhI npmmBep;eHIIe Heonpe;a;eJieHHOCTCJI 'IIICJia cpo

TOHOB II cpaohl, II cpe;a;Hee OHa'-1em1e IIX KOMMyTaTopa. B npoTIIBOilO

JIO)KHOCTb u;a;eaJibHOMY C)KaTOMY BaKyyMy npmmBeµ;eHJie Heonpe;a;eJieH

HOCTell ocTaeTCH rmHe'IHbIM B npe;a;eJie 6oJihlllllX BpeMeH. IlocKOJihKY 

O)KII;a;aeMoe nHa'IeHne KOMMyTaTopa onpe;a;eJIHeT HII)KHIOIO rpam1qy npo

unBe;a;emrn Heonpe;a;eJieHHOCTe:i'1, 1rnor;a;a y;a;o6Ho xapaKTepnnoBaTb q>JIYK

Tyaquro '-IIICJia q>OTOHOB II cpaohl KaK OTHOCIITeJibHhle BeJill'IlIHhI, BhI'III

CJIHeMhle OTHOCIITCJibHO MllHlIMaJibHOll Heonpeµ;eJieHHOCTll. 8To npH

BO;IJ;llT K IlOHHTIIIO C)I(aTIIH 'IllCJia q>OTOHOB II cpaobI. CTeneHb TaKOI'O 

C)I(aTIIH TaK)Ke BhI'IIICJieHa ;IJ;JIH o6eux MO;IJ;. 

B pao;a;eJie 3.5 paccMaTpuBaroTCH KBaHTOBhle q>JIYKTyaqIIII u Koppe

JIHqIIII cpao ;IJ;BYXMO;IJ;OBoro C)ImToro BaKyy~.m. IloKaoaHO, 'ITO cpyHKqIIH 

COBMCCTHOrO pacnpe;a;eJieHirn cpao naBIICIIT TOJibKO OT cyMMhl ;IJ;BYX cpao, 

'-ITO OOHa'IaeT cyI.QeCTBOBaH11e CIIJibHOII KOppeJIHqIIU Me)K;a;y MO;IJ;aMlI. 

YcTaHOBJieHo q>yH;a;aMeHTaJihHOe cB011cTBO ;IJ;BYXMO;IJ;OBoro C)KaToro Ba

KyyMa: cpaobI OTp;eJibHhIX MO;IJ;, TaK )Ke KaK II paoHOCTb cpao, paBHO

MCpHO pacnpe;a;eJICHhl, B TO BpeMH KaK cyMMa cpao pacnpe;a;eJieHa He

paBHOMepHO. 8To ecTh .HBJieHi1e naTHr1rnaHirn cpaohl (phase locking). 

IloKaoaHo, '-ITO CIIJibHaJI KOppeJIHqIIH Me)K;a;y cpanaM:11 p;Byx MO)]; IlOHlI

)KaeT ;a;ncnepcnro onepaTopa cyMMhl cpao. Ilo Mepe yBeJIII'-IeHIIH C)KaTHH 

a<p<peKT naTHrIIBaHirn cpao CTaHOBIITCH 6oJiee ClIJibHhlM, n B npe;a;eJie 

. CIIJibHOro C)KaTII.H ;o;11cnepc1rn cyMMhl cpao CTpCMIITC.H K HYJIIO. 8To 

onHa'IaeT, '-ITO B cJirrne CllJibHOro C)KaTJIH cyMMa p;Byx q>ao MO)KCT 

npIIHlIMaTb TOJibKO O)];HO onpe;a;eJieHHOe nHa'IeHIIe, paBHOe Y;JJ;BOeHHOII 

cpaoe C)I(aToro BaKyyMa. TaK)Ke noJiy'IeHhl npocThle aHaJIIITII'-IecKue 

cpopMyJihi ;IJ;JIH cpep;HIIX nHa'IeHIIII II ;a;ncnepCI·IlI KOClIHyca II c1rnyca one

paTopa cyMMhl cpao. IloKaoaHo, 'ITO B cJiyqae CIIJibHOrO C)KaTllH O)Kll;IJ;a

eMhle nHa'-!eHUH onepaTopoB KOCUHyca II ClIHyca. cTaHOBHTCH COOTBeT

CTBYIOI.QIIMII cpyHKqHHMII y;a;BoeHHOH <paohr C)I<aToro BaxyyMHoro cocTo

HHllH. B 0TOM CJiyqae ;o;ncnepCIIll cTaHOBHTCH paBHhlMII HYJIIO, lI CIIHYC lI 

KOCIIHYC cyMMhl cpao 6Y.;JJ;YT xopOlllO onpe;a;e~eHHbIMII. 8TII penyJibTaThl 

cpaBHIIBaIOTCH C penyJibTaTaMII, noJiy'leHHhlMU Ha OCHOBe cpopMaJIImMa 
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CaccKuH;o;a-ThoroBepa. 
Ilpe;o;no)KeH cnoco6 npoBepKII npaBIIllhHOCTll Bhl6opa ¢anoBoro OKHa 

nyTeM cornacoBaHIIH IlOBe)];eHIIH CaMOU ¢anhI C IlOBe;o;emxeM ee KOCirnyca 
II CIIHyca. 

Pan;o;en 3.6 IlOCB.llll.\eH m3y~eHIIIO KBaHTOBhIX ¢nyKTyau;utx II KOppe
lI.IID;lIII ¢an B napHhIX KorepeHTHhIX C0CTO.IIHII.IIX. IIony~eHO Bhipa::..KeHIIe 
;o;n.11 COBMeCTHOro pacnpe;o;enemrn BepO.IITHOCTII ¢an ;ll;BYX MO;ll;, II IlOKa
:JaHo, ~TO 3TO pacnpe;o;eneHIIe ¢an :JaBIICIIT TOllhKO OT cyMMhl ¢an ;ll;BYX 
Mo;o;, ~TO O:JHa~aeT cyll.\eCTBOBaHIIe CIIllhHOU KOppen.11u;1rn MC)K;ll;Y M0-
)];aMII. YcTaHOBlleHo, ~TO ¢anhl oT;o;enhHhIX MO)];, TaK)Ke KaK II panHOCTh 
¢an, paBHOMepHo pacnpe;o;eneHhI, B TO BpeM.11 KaK cyMMa ¢an pacnpe
;o;eneHa HepaBHOMepHo. Koppen.11u;110HHM <PYHKD;II.11 ¢an Bcro;o;y oTpnu;a
TenhHa II noHJI)KaeT ;o;ncnepcuro onepaTopa cyMMhI ¢an. Ilpn yBenu~e
HIIII 1(1 ( ( = 1(1 exp( icp) - co6CTBeHHoe :JHa~eHne napHoro onepaTopa 
YHII~TO)KeHII.11) Koppen.11u;noHHM <PYHKD;II.11 yMeHbIIIaeTC.11 ( ee a6conIOT
HOe :JHa~eHIIe yBenu~nBaeTc.11), Bcne;o;cTBIIe ~ero ;o;ncnepcu.11 onepaTopa 
cyMMhI ¢an TO)Ke yMeHhIIIaeTc.11. B npe;o;ene 1(1 -+ oo )];IIcnepc1rn onepa
Topa cyMMhI ¢an CTpeMIITC.11 K Hyn10, II cyMMa ;ll;BYX ¢an nplIHIIMaeT 
TOllhKO O;ll;HO onpe;o;eneHHOe :JHa~eHIIe, paBHOe cp. 8To CCTh 3(p(peKT 
naT.11r1rnaHII.11 ¢an (phase locking). 

TaK)Ke BhI~IIcneHhI cpe;o;Hee :JHa~eHIIe II ;o;ucnepcII.11 Koc1rnyca onepa
Topa cyMMhI ¢an u npoBe;o;eHo cpaBHeHixe c penynhTaTaMu, nony~eH
HhIMII Ha ocHoBe ¢opManimMa CaccKirn;o;a-ThoroBepa. 

B 3aKJIIOqeHHH npIIBO)l;.IITC.11 OCHOBHhle penynhTaThI II nepe~eHh 
OCHOBHhIX IlOlIO)KeHIIll ;ll;lICCepTau;un, BhIHOCIIMhIX Ha :Jall.\UTY. 
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