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OT H3)J;A TEJlbCTBA 
3Ta KHHra npo.zi;omKaeT cepmo «Relata Refer0>> (.zi;ocnoBHbIH 

nepeao.u - paCCKa3bIBalO paCCKa3aHHOe ). 

Ilo.u 3THM rpmpoM H3)J;aTenLCTBO 11pe.n;ocTaBm1eT TpH6yiiy 

aBTopaM, 11T06LI BLICKa3aTb 11y6nH1IHO HOBLie H)J;eH B HayKe, 

o6ocHOBaTh HOByro T011KY 3peHHH, ,D;OHecn1 .no o6mecTBa HOBYJO 

HHTepnpeTaI:.(HIO H3BeCTHblX 3KCnepHMeHTailbHblX ,naHHbIX, etc. 

B c11ope pa3HbIX To11eK 3pemrn: TOilbKO aep.n;HKT Bem1Koro 

cy.n;hH BpeMeHH Mo:>KeT CTaTL pemaromHM H 

OKOH11aTenbHLIM. CaM :>Ke 11poIJ;ecc noHcKa lf cTHHbI xopomo 

xapaKTepmyeTCH H3BeCTHbIM BbICKa3LIBaHHeM ApHcT0Tem1, 

BbIHeCeHHbIM Ha o6no:>KKY HaCTOHIIJ;eii cepm1: aBTOpHTeT 

Y1JHTenH He .uon:>KeH )J;OBilCTb Ha)]; yqeHHKOM H npenHTCTBOBaTb 

IIOHCKY HOBLIX IlYTCH. 

Mb! Ha,neeMCH, 11TO ny6nHKyeMbie B 3TOH cepHH TeKCTLI 

BHeCYT, HCCMOTpH Ha CBOe OTKilOHeHHe OT ycTaHOBHBIIIHXCH 

KaHoHOB, caoii BKna.zi; B no3HaHHe lfcTHHbI. 

BBE)J;EHl:IE 

c cepe.n;HHbl 20 BeKa CTanH IlOHBilHTLCH pa6oTbl, B KOTOpLIX 

npe.zi;naranacb MO,UenL cpH3H11ecKoro aaKYYMa, o6na.uaromero 

CBOHCTBaMH CBepxTeKyqeii :>KH.UKOCTH, COCTOHI.U;eii H3 nap 

3IleKTpH11CCKH pa3HOHMeHHO 3ap.SI:>KeHHbIX qacTHI.( - cpepMHOHOB 

c HyneBbIM CYMMapHblM CITHHOM rrapLI [1-3]. TaKaH MO,UenL 

OilHCLIBana ,UH3IlCKTpH11CCKHe CBOHCTBa BaKYYMa H po:>K,UeHHe B 

HeM 11ap 3neKTpH11ecKH pa3HOHMCHHO 3ap.SI:>KeHHLIX 11acTHIJ; 

(HarrpHMep, 3neKTpoH-IT03HTpOH). CaepxTeKyqHe caoiicTBa 

cpH3H11eCKOf0 BaKYYMa o6'b.SICH.SIIlH 6e3,D;HCCHilaTHBHOe 

.UBH:>KeHHe He6eCHbIX Ten (HarrpHMep, 11naHeT conHe11HOH 

CHCTCMbl) B KOCMOCe. Pa3BHTHe Teopu:u: caepxTeKyqHX cpe.u 

IlOBilHHilO Ha C03,UaaaeMLie MO.n;enu: cpH3H11eCKOro eaKyyMa: B 

11aCTHOCTH, CTanH paCCMaTpHBaTL cpa30Bbie nepeXO)J;LI B 

BaKyYMe, aaanom11Hbie cpa30BLIM 11epexo.n;aM a csepxTeKyqeM 
3
He-B [4-5]. ABTOpbl pa6oT [6-8], 6a3HPYHCL Ha CBOHCTBax 
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cnepxTeKyqero 
3
He, BbUIBHJUI CB513b qm3HKH KOH)],eHCHponaHHbIX 

cpe)], c TaKHMH o6JiaCT5IMH 3HaHH51 KaK <l>H3HKa qacTH:Q H 

KOCMOJIOfH51. 

B HaCT05I1I.1,eii pa6oTe (CM. TaK>Ke [9-12]) 3HaqnTeJihHO 

pacumpeHa aHanorH51 Me)l()],y cnoiicTBaMH <l>H3nqecKoro 

BaKYYMa H CBOHCTBaMH cnepxTeKyqero 
3
He-B. B OCHOBHOM, 3TO 

pacurnpeHHe npOH301IIJIO 3a cqfa yqfaa CBOHCTB BHXpeii, 

o6pa3)'101I.l,HXC51 B CBepxTeKyqeM 
3
He-B: CilHHOBOM H 

3JieKTPHqecKOH IlOJI5IpH3al.(HH cpe)],bl B BHXp5IX, HHepl.(HOHHbIX 

CBOMCTB BHXpeii H caepxTeK)'1IHX CilHHOBbIX TOKOB Me)l()],y HHMH. 

B rnase 1 )1,aHHoii pa6oTbI rrp1rne)1,eHbI caoiicTBa 

cnepxTeKyqero 
3
He-B, IIOJIO)l(eHHbie B OCHOBY rrpe)],JiaraeMOH 

MOJJ.em1 <l>H3HqecKoro BaKYYMa. B JJ.aJihHeiimeM <l>H3nqecKnii 

BaKYYM c 3THMH CBOHCTBaMH 6y)1.eM Ha3hIBaTh CBepxTeKyqHM 

<l>H3HqecKHM BaKYYMOM (C<I>B). 

B rJiaBe 2, HCX0)],51 H3 CBOHCTB C<I>B H Ha OCHOBe MO)],eJIH 

TpexMepHoro eBKJIH)],OBa rrpocTpaHCTBa H He3aBHCHMOro 

BpeMeHH, BbIBe)],eHbl ypaBHeHH51, OilHCb1BaI01I.1,He BHXpe-

BOJIHOBOM npouecc B C<I>B. 3TH ypaaHeHH51 MO)l(HO 

paccMaTJ)HBaTb H KaK ypaBHeHH51 pacnpOCTJ)aHeHH51 CIIHHOBO­

MarHHTHbIX B03Mylll,eHHM B C<I>B (HMeIOTC51 B BH.ll.Y CIIHHbl 

qacTtt:Q, cocTaBJI5IIOlll,HX C<I>B, n JJ.aJibHeiimeM 6yJJ.eM Ha3bIBaTb 

HX «MHKpoqacTHI.(aMH»). 3JieKTpnqecKHe 5IBJieHH51 5IBJI5IJOTC51 

COilYTCTB)'IOlll,HMH B 3TOM rrpouecce. IloKa3aHo, qTo ypanHeHH51 

MaKcneJIJia, onnchrna10mne pacrrpocTJ)aHeHne 3JieKTJ)HqecKHX H 

MarHHTHbIX B03MymeHHM, 5IBJI5IIOTC51 CJie)],CTBHeM BbIBe)],eHHbIX 

ypaBHeHHM. 

B rnase 3 IIOKa3aHo, qTo BOJIHOBbie caoiicTBa KBaHTOBhIX 

o6'beKTOB MOfYT 6bITb CB513aHbl c peanbHbIM <1>11311qecKHM 

npo:u;eccoM: C03JJ.aHHeM 3THMH o6'heKTaMH a11xpeii B C<I>B. 

CornacHo caoiicTBaM C<I>B B 3THX BHXp5Ix npo11cxo)1.HT 

npe:u;ecCH51 CilHHOB MHKpoqacTH.Q, COCTaBJI51IOlll,HX C<I>B; 

qacTOTa 3TOM npeueccHH npHHHMaeTC51 paBHOM qacTOTe 

BOJIHOBOM <l>YHK.QHH llipeJJ.HHrepa KBaHTOBOro o6'beKTa. 

IIpaBoMepHocTb npHH51Toro rrocTynarn JJ.OKa3bIBaeTC51 TeM, qTo 
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Ha ero OCHOBe MO)KHO o6'L.HCHHTb u.eJibIH p.H,ll, 

3KCIIepHMeHTaJibHO Ha6JIIO}l,aeMblX .HBJieHHii: H3JIY'IeHHe 

<l>oTOHa IIpH H3MeHeHHH 3HepreTHtieCKOfO COCTO.HHH.H aTOMa, 

B3aHMO}l,eHCTBHe <l>oTOHa c KBaHTOBblMH 061,eKTaMH, 

Koppen.Hu.mi no <l>a3e HeCKOJibKHX <l:>oTOHOB, 3<l><l>eKT Baannoaa-

1IepeHKOBa, <<peJI.HTHBHCTCKa.H» }l,06aaKa K Macce. 

Ecnn paccMaTpnBaTb caeT KaK rrpou.ecc B C<I>B, TO 

Heo6XO,ll,HMO peIIIHTb HeKOTOpbie rrpo6JieMbI, CB.H3aHHbie c 

BBe}l,eHHeM TaKoro «CBeTOHOCHOro 3<l>Hpa», B 11aCTHOCTH, 

IIOKa3aTb, tITO 3KcrrepHMeHTaJibHO rrpoaepeHHbie 

KHHeMaTHtieCKHe ypaBHeHH.H crreU.HaJibHOH TeopHH 

OTHOCHTeJibHOCTH (CTO) MO)KHO IIOJI}'11HTb, OCTaBa.HCb B 

paMKaX MO}l,eJIH TpeXMepHoro eBKJIH,ll,OBa rrpocTpaHCTBa H 

He3aBHCHMOfO OT Hero BpeMeHH. 3TO BbIIIOJIHeHO B rnaBe 4. 
IloKa3aHo, 11To, rrpHHHMa.H 3MHCCHOHHYIO TeopHIO PHTU.a, 

KJiaCCHtieCKHH 3aKOH CJIO)KeHHSI CKOpOCTeii H }'11HTbIBa.H 

B3aHMO,ll,eHCTBHe CBeTa c H3MepHTeJILHOH CHCTeMoii 

(,ll,eTeKTOpOM CBeTa) HJIH c rrpo3patIHOH cpe,ll,OH, MO)KHO }l,JISI 

OIIHCaHHSI rrpO,ll,OJILHOfO H nonepetIHoro 3<l><l>eKTOB ,[(orrnepa H 

,ll,JISI OIIHCaHHSI pe3yJILTaTOB OIILITa <l>H30 nonyqHTL <l>opMyJILI, 

COBIIa}l,alOII.J.He c BLICOKOH CTeneHLIO TOqHOCTH c 

aHanornqHLIMH <l:>opMynaMH, nonyqeHHLIMH B CTO. TioKa3aHo, 

tITO 3HeprHSI U.HpKyn.HpHO-IIOJISipH30BaHHOro <l:>OTOHa rrpH 

B3aHMO}l,eHCTBHH c H3MepHTeJILHOH CHCTeMoii npeo6pa3yeTCSI 

no TeM )Ke 3aKOHaM, tITO H 3HeprHSI ,ll,BH)KYII.J.eroc.H 

MaTepHaJILHOro 061,eKTa, o6na}l,alOII.J.ero BHyTpeHHHMH 

BpameHH.HMH OTHOCHTeJILHO u.eHTpa Mace. Ha OCHOBe aHaJIH3a 

3KcnepHMeHTaJILHbIX H TeopeTHtieCKHX }l,aHHLIX BLI}l,BHraeTC.H 

rrpe,ll,IIOJIO)KeHHe 0 BLipaBHHBaHHH CKOpoCTH CBeTa }l,O 3HatieHHSI 

<l>YH.ll.aMeHTaJibHOH KOHCTaHTbI c B Tex CHCTeMax OTCtiera, r}l,e 

MaTepHanbHLie ofo,eKTbI o6na,ll,alOT BOJIHOBLIMH CBOHCTBaMH. 

CornacHo caoiicTBaM C<I>B HMeeT MeCTo 3JieKTpHtieCKa.H 

rron.HpH3aU.HSI C<I>B B cep,ll,etIHHKax BHxpeu. Cne,ll,oBaTeJILHo, 

ecnH BOJIHOBLie CBOHCTBa KBaHTOBLIX o6'beKTOB o6ycnoaneHLI 

C03}l,aHHeM HMM BHXpeii B C<I>B, TO cymeCTBYeT 3JieKTpHtieCKHH 
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)l;HilOJibHblH MOMeHT' CB.SI3aHHblH c BOJIHaMH MaTepHH 

KBaHTOBbIX 061,eKTOB (B pa6oTe OH Ha3bIBaeTC.H 3,[I;M-BM). B 
rJiaBe 5 IlOKa3aHo, qTQ, )'1IHTb1Ba.sJ:, 3,[I;M-BM KBaHTOBblX 

061,eKTOB, MO)KHO o6'b.HCHHTb p.sr;:i: <l>H3nqeCKHX .HBJieHnii: CilHH­

op6HTaJibHOe B3aHMO)l;eHCTBHe, HapymeHne qfaHOCTH B 

OilTHqecKHX 3KCilepHMeHTax, B3aHMO)l;eHCTBHe B BaKyyMe ;:i:ayx 

He3ap.sr)KeHHbIX naparrrreJII>HbIX MeTarrrrnqecKHX nrracTHH 

(3<l><l>eKT Ka3HMnpa), H3MeHeHHe pa3Mepoa cncTeMbI 

3JieK'i'pnqecKHX 3apMOB, HaXO)l;.Hll.l;eiic.sr B paBHOBeCHH no;:i: 

;:i:eiiCTBHeM TOJlbKO 3JieKTPOCTaTHqeCKHX CHJI,- nocrre 

npHBe)l;eHH.H ee B )l;BH)KeHHe. 

B rJiaBe 6 noKa3aHo, qTo, yqnTLrna.sr B3aHMo;:i:eiicTBHe 

3JieKTpOHOB Bem;ecrna, o6ycJIOBJieHHOe HaJIHqHeM y HHX 3,[I;M-
BM, MO)KHO co3;:i:aTh Mo;:i:errh B03HHKHOBeHn.sr 

CBepxnpOBO)l;HMOCTH. 3Ta MO)l;eJib Il03BOJI.HeT BbIBeCTH 

<l>opMyrry, OilHCbIBalOll.1;)'10 3KCnepnMeHTaJibHO norryqeHH)'IO 

3aBHCHMOCTb KpHTHqecKoro MarHHTHOfO IlOJI.H 

caepxnpoao;:i:.srm;ero MaTepHarra OT TeMnepaTypbI. B paMKax 

Mo;:i:errH C<l>B o6pa3oBaHHe KyneponcKnx nap MO)KHO 

paccMaTPHBaTb KaK pe3yJibTaT CilHH-CilHHOBOfO 

B3aHMo;:i:eiicTBH.H MHKpoqacTHU (B3aHMO)l;eHCTBHe 

MHKpoqacTHU, onpe;:i:err.HeMoe B3aHMHOH opHeHTauHeii HX 

CilHHOB) B o6ne)l;HHCHHOM cep;:i:eqHHKe BHXpeii, C03;:i:anaeMbIX 

3JieKTPOHaMH KynepOBCKOH napbl. 

TaK KaK, cornacHo Mo;:i:errH C<l>B, JJ:BH)KeHne KBaHTOBblX 

o6neKTOB B C<l>B conpono)K)l;aeTc.sr o6pa3oBaHHeM nnxpeii, 

IlOTOK 3JieKTPHqecKH O)l;HOHMCHHO 3ap.H)KeHHbIX KBaHTOBblX 

o6neKTOB o6pa3yeT B C<l>B BHXpeayro HHTb. B rJiaee 7 
BblBO)l;HTC.H COOTHOIIJeHHe Me)K)l;y UHPKYJI.HUHeii BeKTOpa 

CKOpOCTH, C03)l;aaaeMOH BHxpesoii HHTblO B C<l>B, H 

3JieKTpnqecKHM TOKOM, C03)l;al0ll.l;HM 3TY BHXpeByro HHTb. 

IlpHBO)l;.HTC.H 3KCnepHMeHTaJibHbie H TeopeTHqecKHe ;:i:aHHbie, 

06ocHOBhIBa10m;ne cB.H3b cKopocTH C<l> B c MarHHTHoii 

HHJl:yKUHeii. 
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r JiaBa 8 IIOCBSIIl(eHa BOIIpOCaM B3aHMO,ll;eHCTBHSI 

MaTepHaJibHbIX o6'beKTOB rrocpe.n;CTBOM caepxTeKyqHX 

CIIHHOBbIX TOKOB, B03HHKalOil(HX Me)Kl(y CIIHHOBbIMH 

CTPYKTypaMH, c03,n;aaaeMbIMH 3THMH o6oeKTaMH a C<l>B. 

I1oKa3aHo, 11TO rrocpe,n;CTBOM TaKHX TOKOB ocymecTBJISieTCSI 

,n;eHCTBHe CBepXMaJlbIX ):(03 6HOJIOfH11eCKH aKTHBHbIX aemecTB H 

HH3KOHHTeHCHBHOI'O 3lleKTpOMarHHTHOI'O H3ll}'1IeHHH Ha 

6HonorH11ecKHe o6oeKTbI. PaccMorpeHa B03MO>KHOCTb 

HCIIOJib30BaHHSI Mo,n;enH C<l>B ,n;nSI o6oSicHeHHSI pe3yJibTaTOB 

HeKOTOpbIX 3KCnepHMeHTOB no l(HCTaHQHOHHOMY ,n;eiicTBHlO 

11enoaeKa (IICHXOKHHe3) Ha cpH3H11eCKHe CHCTeMbI. 

B 3aKJllO"':leHHH nepe11HCJieHbl OCHOBHbie cpH3H11eCKHe 

SIBJieHHSI, KOTOpbie MO>KHO 06'bSICHHTb, HCIIOJib3YSI Mo,n;eJib 

cpH3H11eCKoro BaKyyMa, Ha,ll;eJieHHOro CBOHCTBaMH 

caepxTeKyqero 
3
He-B. 
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CnucoK coKpam:euuii 

EAB - 6HorrornqecKH aKTHBHoe semecTBO 
OII)J;- o,n:Hopo,n:Ho-npeueccHpyromHli ,n:oMeH 
CM)]; - csepxMarrrur ,n:03a 
CTO - cneuHarrLHruI Teopm1 OTHOCHTerrLHOCTH 
C<l>B - csepxTeKyq:Hii <l>H3HqecKHH saKY)'M 
UEPH (CERN) - EsponeiicKrur rra6opaTopm1 <l>H3HKH qacTHU 
3)J;M-BM- :meKTPHqecKHH ,[{HilOJibHbIH MOMeHT, CBSI3aHHblH c 
BOJIHaMH MaTepHH 
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rJiaBa 1. CBOHCTBa cnepxTeKy'Iero 
3
He-B, 

IlOJIO*CHHbie B OCHOBY MOAeJIH csepxTeKy'Iero 
4>H3H'ICCKOro BaKyyMa 

CornacHo rrpe,wiaraeMOH Mo,nem1 $HJnqecKHH BaKY)'M 

o6n~aeT CBOHCTBaMR caepxTeKyqeH: :>KR,D;KOCTH, COCTO.s:meH: H3 

nap 3JieKTPHqecKH pa3HORMeHHO 3ap.s::>KeHHblX qaCTHU (B 

,D;aJibHeHIIIeM 6y,neM Ha3bIBaTb RX <<MHKpoqacTHU:aMH»), 

HMeIOmHX CilHH. B HCB03MymeHHOM COCTO.S:HHR CyMMapHbIH 

crrRH napbI paaeH HYJIIO. 

Cpe,na c YKa3aHHbIMR caoH:cTaaMH (Ha30BeM ee 

«caepxTeK)'1IHM $HJnqecKHM aaKY)'MOM» - C<l>B) JJ.OJI:>KHa 6bITb 

BO MHOfOM rro,no6Ha caepxTeKyqeMy 
3
He-B, aTOMbl KOTOporo 

TaK:>Ke HMeIOT HeHyneaoii CilHH H o6pa3yIOT rrapbl, IlOJIHbIH 

MOMeHT KOJIHqecTBa ,ll;BH:>KeHH.S: KOTOpblX ( CyMMa opfolTaJibHOfO 

H CilHHOBOfO MOMeHTOB KOJIHqecTBa ,ll;BH:>KeHH.S:) B ((qJICTOM» 

COCTOHHHH paaeH HYJIIO. IlepeqHCJIHM CBOHCTBa 
3
He-B, 

IlOJIO:>KeHHbie B OCHOBY MO,D;eJIR caepxTeKyqero $H3RqecKoro 

BaKY)'Ma. (l1crroJih3yeMa.s: JIRTepaTypa: [ 13-16] ~ 

CBOHCTB 1-12 H [17-25] ,wIR CBOHCTB 13-15.) 
1. B HeB03MymeHHOM COCTO.S:HRH caepxTeK)'11Hll 

3
He-B 

.S:BJIHeTC.S: O,D;HOpo,nHOH H H30TpOI1HOH cpe,noii. 

2. B caepxTeKyqeM 
3
He-B, KaK H B n106oif .npyroii 

caepxTeKyqeii :>KH,D;KOCTH, OTCYTCTByeT c,naHroaa.s: (nHHeiiHa.s:) 

BH3KOCTb. 

3. B caepxTeKyqeM 
3
He-B rrpH apameHHR o6pa3yIOTC.s: 

KBaHTOBaHHbie BHxpeBble HHTH, B KOTOpbIX MOMeHT KOJIHtJeCTBa 

,D;BH:>KeHH.S: cnapeHHbIX aTOMOB 
3
He paBeH nh ; h - IlOCTOSIHHa.H 

IlnaHKa, n = 1, 2 ... 
4. KBaHTOBaHHbie BHXpH, o6pa30BaHHbie B 

3
He-B, B 

CTaUHOHapHOM COCTOSIHHH He .nn<l><l>YH.nRpyIOT. 

5. l1MeeT MeCTO HaMarHHqHBaHHe cep,ne11HHKOB BHxpeii B,D;OJib 

OCH BHXpSI, TO eCTb, HMeeT MeCTO CilHHOBa.H I10JISipH3aU:H.S: 

caepxTeKyqeii :>KH,D;KOCTH B cep,ne11HHKe BHXp.S:. 3TO SIBJieHHe 

CBH,neTeJibCTByeT 0 TOM, qTo B ceepxTeKyqeM 
3
He-B ,neH:cTByeT 

3$<l_leKT EapHerra: rrepe,naqa MOMCHTa KOJIHt.IeCTBa ,IJ;BH:>KeHH.S: 
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crrapeHHbIX aTOMOB 
3
He, COCTaBJUIIOII(HX BHXpb, CIIHHaM 3THX 

aToMoa. IIpoQecc :noT oco6eHHO 3Ha'IHTeneH a cep,ne'IHHKe 

BHXpSI. C)'Il(eCTBOBaHHe Jq><peKTa EapHerra B caepxTeKyqeM 
3
He-B cornacyeTCSI H c 3KCnepHMeHTailbHO ycTaHOBneHHbIM 

<l>aKTOM: BHXpH c npOTHBOIIOilO)KHO HanpasneHHbIMH cnHHaMH 

COCTaBmIIOII(HX HX aTOMOB xapaKTepH3yIDTCSI 

npOTHBOnonO)l(HbIM HanpaaneHHeM QHPKYilSIQHH BeKTopa 

CKOpOCTH )KH,l(KOCTH. 

6. B CBepxTeKyqeM 
3
He-B Moryr o6pa30BbIBaTbCSI BHXpH, 

OKaH'IHBaIOII(HeC.st BHYTPH )KH,l(KOCTH 3a C'IeT nonHOH nepe.na'IH 

MOMeHTa KOilH'IeCTBa .l(BH)KeHHSI cnapeHHbIX aTOMOB 
3
He, 

COCTaBn.stIOIUHX BHXpb, op6HTanbHbIM MOMeHTaM H cnHHaM 

3THX aTOMOB. IlpHMepaMH TaKHX BHxpeii SIBilSIIOTCSI BHXpH THna 

"hedgehog". 

7. 3KcnepHMeHTbI no MarHHTHOMY pe3oHaHcy, npoae.neHHbie c 

apamaromHMCSI CBepxTeK}"IHM 
3
He-B, BbUIBHilH npeQeCCHOHHOe 

,ll;BH)KeHHe cnHHOB aTOMOB 
3
He B cep,ne'IHHKax BHXpe:H. 

8. 11MeeT MeCTO 3<l><l>eKT 3iiHIIITeiiHa-.ne f aa3a (HnH, HHa'Ie, 

J<l.><l>eKT PH'Iap.ncoHa): B cnyqae caepxTeKyqero 
3
He-B - 3TO 

epameHHe 06'.beMa )KH,nKocTH npH HaMarHH'IHBaHHH. TaK KaK 

HaMarHH'IHBaHHe aTOMOB 
3
He 03Ha'IaeT H HX cnHHOByID 

noJUipH3aQHIO, TO 3<l><l>eKT 3iiHIIITeiiHa-.ne f aa3a - 3TO BpameHHe 

06'.beMa )KH)J;KOCTH ecnH HMeeT MeCTO as I I ot :;:. 0 ' r.ne s I -

CYMMapHbIH CIIHH paccMaTPHBaeMoro 06'.beMa )KH,ll;KOCTH. 

9. Cep,ne'IHHKH BHxpeii B CBepxTeKyqeM 
3
He-B SIBilSIIOTCSI 

3IleKTPHtJeCKHMH )J;HIIOJUIMH, 3IleKTPHtJeCKHH )J;HnOilbHbIH 

MOMeHT KOTOpbIX MO)KeT 6bITb HanpaaneH B,l(Oilb OCH BHXp.st. 

10. B cep.netIHHKe BHXpSI caepxTeKyqero 
3
He-B 3a ctieT 

opHeHTaQHH CIIHHOB aTOMOB 
3
He B O.D;HOM HanpaaneHHH 

npOHCXO,ll;HT $a30BblH nepexo.n: o6pa3yIDTC.st caepxnpOBO,l(SIIUHe 

A <l>a3a HnH cnoHTaHHO <l.>eppoMamHTHa.st p -<l>a3a. <l>a30Bblii 

nepexo.n rrpHBO.D;HT K H3MeHeHHIO HHepQHOHHbIX CBOHCTB 

)KH,ll;KOCTH B cep.ne'IHHKe BHXpSI no cpaBHeHHIO c 

HHepQHOHHblMH CBOHCTBaMH )Kff,l(KOCTH B OCTailbHOM 06'.beMe. 
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11. B caepxTeKyq:eM 
3
He-B CKOpOCTb )KH)J.KOCTH, 

UHpKy1urpyrom:eii: BOKpyr oceCHMMe'fPHlJHOro cep,n;elJHHKa 

BHXpH, H3MeHHeTCH c paccTOHHHeM r KaK llr. 
12. 0THOCHTeJibHOe )1.BH)KeHHe qacTHI..(, COCTaBJIHIOI.UHX 

KynepOBCKyID rrapy B CBepxTeKyq:eM 
3
He-B, COOTBeTCTByeT p-

COCTOHHHIO. B 3TOM COCTOHHHH Me)K)J.y 3JieKTpHtJeCKH 

0)1.HOHMeHHO 3apH)KeHHbIMH lJaCTHI..(aMH co CIIHHaMH, 

opHeHTHpoaaHHbIMH B)J.OJib 0)1.HOH rrpHMOH, )1.eHCTByIDT CHJibl 

rrpHTH)KeHHH. 

13. B caepxTeKyq:eM 
3
He-B MOrYT cymecTBoaaTb o6nacTH c 

0)1.HHaKOBO opHeHTHpOBaHHblMH H KorepeHTHO 

rrpeueccHpyIDI.UHMH CIIHHaMH aTOMOB 
3
He, TaK Ha3bIBaeMbie 

O)J.Hopo)J.HO rrpeueccHpyrom:He )1.0MeH&I (OII,ZJJ OII,ZJ, MO)KHO 

xapaKTepH3oBaT& CYMMapHoii aeJIHlJHHoii rrpeueccHpyrom:Hx 

CIIHHOB s D' qacTOTOH rrpeuecCHH {1)D' yrJIOM rrpeuecCHH 

(<f>a3oii rrpeueccHH) a H yrnoM HYTaum1 p (pHc. 1.1). 
14. B caepxTeKyq:eM 

3
He-B yrn&I rrpeueccHH H HYTaUHH 

rrpeueccHpyIDI.UHX CIIHHOB aTOMOB HBJIHIOTCH yrJiaMH 

opHeHTaUmf rrapaMeTPa rropH)J.Ka, H cymecTByroT npoqecc&1, 

C'fPeMHmHeCH BbipaBHHTb KaK 3Ha1JeHHSI yrnoB rrpeueccHH, TaK 

H yrnoa HYTaUHH ao aceM o6neMe )KH)J.KOCTH. TaKHMH 

rrpoueccaMH a caepxTeKyq:eM 
3
He-B HBJIHIOTCH caepxTeKyq:He 

CIIHHOBbie TOKH. Harrp1rnep, BeJIHlJHHa caepxTeKyq:ero 

CIIHHOBOro TOKa B HarrpaaneHHH OCH z, Jz' orrpe,n;enHeTCH KaK: 

oa op 
Jz = -g1 oz - g2 az ' (1.1) 

r,n;e gl H g2 - K03<f><f>HUHeHTbl rrporropUHOHaJibHOCTH, 

3aBHCHI.UHe OT yrna p H CBOHCTB caepxTeKyq:eii )KH)J.KOCTH. 

15. B caepxTeKyq:eM 
3
He-B cymecTByeT TaKoe HBnenHe KaK 

rrpOCKaJib3bIBaHHe <f>a3bl rrpeuecCHH. IlpH HeKOTOpOM 3HalJeHHH 

pa3HOCTH yrnoa rrpeueccHH l!J.ac .ll.Byx OII,ZJ, rrpoHcxo)J.HT 

npOCKaJib3bIBamrn <f>a3bI (c6poc <f>a3b1) npe.qecCHH Ha BeJIHlJHHY 

2trn (n = 1, 2 ... ). BeJIHlJHHe l!J.ac cooTBeTcTByeT KpHTHtJeCKHH 
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csepxTeKyqHH: cnHHOB1>1H: TOK Jc. Ha pHc. 1.2 npHBe)J.eH 

npHMep xapaKTepa 3aBHCHMOCTH HOpMHpoBaHHoro 

csepxTeKyqero cnHHosoro TOKa JI Jc Me)K)J.y .l1.BYMg OII,[( c 

qacTOTaMH npeueccHH mi H ~ ( C01 tt C02) OT 

rHITOTeTHtieCKOH pa3HOCTH HX yrJIOB npeuecCHH tirp' 
onpe)J.eJigeMoH: KaK ti rp = (mi - m2 )t , r)J,e t - speMg. ,[(o 

3Ha11eHHj{ tirp' paBHOro tiac' rHITOTeTH11eCKM pa3HOCTb paBHa 

pa3HOCTH yrnos npeueccHH, onpe,n;erunomeH: csepxTeKyqHH: 

CITHHOBblH TOK, tia' TO ecTb, tirp = tia. l13MeHeHHIO 

CBepxTeKyqero CITHHOBOro TOKa B npouecce npOCKaJib3bIBaHHj{ 

<Pa3bl COOTBeTcTByeT KpHBM a-b, c6poc $a3bl npOHCXO,ll;HT Ha 

BeJIHtIHHY 2;r ' ti ac = 7r • 

mo 

PHC. 1.1. 
XapaKTepHCTHKH OIT)J,: 
SD - CYMMapHblH CilHH 

aTOMOB, COCTaBJIHIOIQHX 

OIT)J,, ro D - qacToTa 

npeQeccuu, a - yrorr 

npeQeccuu, p - yrorr 

HYTaQHH. 

a 

0 ~~~~~----"-~~__,,.,-~~ 
'l 11 

. PHC. 1.2. 
3aBHCHMOCTb HOpMHpOBaHHOro 

cBepxTeKyqero CilHHOBOro TO Ka 

J I Jc OT rnnoTernqecKoii pa3HOCTH 

<l>a3 (yrnoB) npeQeccHH tirp. C6poc 

<l>a3bl IlOKa3aH JIHHHeH a-b H 

npOHCXO)J.HT Ha BeJiuqnHy 2tr npH 

!:we = tr • ,ll;o llrp =!lac HMeeT 

MeCTO tirp = tia . 
KaK cne.nyeT 113 npHBe)J,eHHOH 3aBHCHMOCTH, CITHHOBbIH TOK J 
BHe o6JiaCTH npOCKaJib3bIBaHHj{ $a3bl MO)KHO CtIHTaTb 

nponopUHOHaJibHblM tia : 
13 



J=k/~.a. (1.2) 

r,ne k j - K03<l>qm.u;HeHT rrporrop.u;HOHaribHOCTH. 

B noCJZeoy10UJUX i?Jlaoax nepe1.1uCJZe1-11-1b1e B 3mou i?JlaBe ceoucmea 
ceepxmeKy1.1ezo 3He-B paccMampuea1omcR KaK ceoiicmea 
ceepxmeK)'IJe20 pU3UIJeCKOZO BllKYJ:Ma (C<l>B). llpu 3mOM 
nooo61-10 moMy, KaK ceepxmeKytJuu He-B cocmoum U3 amoMOB 
3He, C<J>B cocmoum U3 MUKpottacmuij. 
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r Jl383 2. Buxpe-BOJIHOBOU npo~ecc B CBepxTeKyqeM 
<1>u1uqecKOM saKyyMe 

TaK KaK csoii:cTBa C<l>B no.no6HhI csoii:cTBaM csepxTeKyqeii: 

:>KH.l(KOCTH 
3
He-B, TO cornacHO CBOHCTBaM 1-5 H 8 (rnasa 1) 

.n1rnaMHKa C<l>B B Hecrnu:uoHapHoM cnyqae B 3aBHxpeHHoii: 

o6naCTM MO.:>KeT 6b1Tb on:ucaHa MO,l::(eJibIO :u.neanbHOH CilMHOBOH 

.IKH.l(KOCTM, TO eCTb, .IKM,IJ;KOCTM, B KOTOpoii: OTCyrCTByeT 

C,IJ;BMrOBruI (JIHHeHHruI) BSl3KOCTb M MMeIOTCSI BHyrpeHHHe 

CTenem1 CB06o,nbl, xapaKTepM3yIOII.J;Meca BeKTOpOM A 
CYMMapHoro cn:uHa 6ecKoHeqHo Manoro 3JieMeHTa o6'beMa 

:>KM.D;KOCTM :u spamaTeJihHOii: Ba3KOCTbIO. BpamaTeJibHruI 

BSl3KOCTb o6ycJIOBJIMBaeT nepe,naqy MaKpOBpameHMH B 

.IKM,IJ;KOCTM MHKpospameHMSIM M Hao6opoT. 

YpaBHemrn .D;BM.:>Kemrn .:>KH.l(KOCTH, ecn:u npeHe6peqb 

IlOTOKOM MMilYJibCa qepe3 rpaH:uu;y, MO.IKHO 3an:ucaTb B BH,IJ;e 

[26]: 

P 8u =(V·P·-)3 .. 
81 , 11 1, (2.1) 

r.ne p - IlJIOTHOCTb .IKM.l(KOCTM, u - BeKTOp CKOpOCTM .l(BM.:>KeHMSI 

:>KH,IJ;KOCTM, 3j - 6a3HCHbIH BeKTOp, P.ii - KOMilOHeHTbI TeH30pa 

Hanpa.:>KeH:nii: B 3TOM 6a3HCHOM BeKTope (i, j = 1, 2, 3). B 

.l(eKapTOBOH CHCTeMe KOOp.l(HHaT 

aPj1 aPj2 aPj3 
ViPji =fu+fy+&°. (2.2) 

llcnOJib3YSI cpopManM3M, pa3pa60TaHHblH B MexaHHKe .l(JISI 

3anHcM ypaBHeH:uii: .l(BH.:>KeH:ua cnJIOIIIHhIX cpe.n c BHYTPeHHHMH 

CTeneHSIMH CB060):(bl, npe,nCTaBMM KOMilOHeHTbl TeH3opa 

HanpSI.:>KeHHSI ~i B BM.l(e [26]: 

Pji =BjumAtm• !, m = 1, 2, 3, ... , (2.3) 

r.ne Aim KOMilOHeHTbI aHTMCHMMeTPMqHoro TeH30pa 

nHyrpeHHHX spameH:nif. B Mo,nen:u C<l>B TeH3op xapaKTepmyeT 
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C)'MMapHhIH CITHH 6ecKOHeqHQ MaJIOfO 3JieMeHTa 061.eMa 

)l(H.Zl.KOCTH. Onpe.n:em1eM Aim B BH,n:e: 

3 
Aim= L &q/maq =a1&11m +a2&21m +a3&31m · (2.4) 

q=l 

Ko3<l><l>Hn;HeHThI &q/m onpe,nemnoTCH KaK 

{

l npu q,l,m = 1,2,3; 2,3,l; 3,1,2 

&q/m = -1 npu q,l,m = 2,1,3; 1,3,2; 3,2,1 

0 B ocma.JlbHblX CJZYllClJlX. 

Bn1pa)l(aH &q/m 11epe3 ,n:eJILTa KpoHeKepa, 8, ypaBHeHHe (2.4) 

3aITHChIBaeM B BH,n:e: 

Aim = a1 ( 8128m3 -8138m2) 

+a2 ( 8138m1 -8118m3) + a3 ( 8118m2 -8128m1 ). ( 2.5) 

Ko3<P<l>nnneHTDI B jilm 3asnc.SIT OT csoiicTB )l(~KocTn; TaKHM 

o6pa3oM, OHM ,n:OJI)l(HhI <l>opMnposaTh TeH3op IV paHra n He 

.L{OJI)l(Hhl H3MemIThC}l npn JII06hIX opTOrOHaJihHhIX 

npeo6pa3oBaHn»x Koop,n:nHaT. KaK )')Ke 6Lmo CKa3aHo BbIWe, 

cpe,na, Mo,neJinpyroinaH csoiicTsa C<l>B, xapaKTepn3yeTca 

BHyrpeHHHMH CTeneH»MH CB060.L{bl, OTCyrCTBHeM C.U,BHTOBOH 

(JIHHeii:Hoii) B.SI3KOCTH H BpainaTeJibHOH BH3KOCTblO, 

npo.SIBJIHIOID;eiic» B HeCTaD;HOHapHOM cnyqae. ,L(JI}J TaKOH cpe.n;LI, 

npH ycJIOBHH 0.L{HOPO.U.HOCTH H H30TPOilHOCTH npOCTPaHCTBa 

( CBOHCTBO 1, rnaBa 1 ), B JIHHeii:HOM CJiyqae, B .n.eKapTOBOH 

CHCTeMe KOOp.U,HHaT paccMaTPHBaeMhIH TeH3op HMeeT 

CJie.n;yroinne KOMilOHeHTbI [9, 27]: 

Bji/m =q8jm8il +J>i8ji8/m +~8j18;m, (2.6) 

r.u.e b1 ' b2' b3 - KOHCTaHTbI. Ilo.u.crasmIH (2.5) H (2.6) B (2.3), 

MhI noJiyqaeM Bhipa)l(eHHe .n:m1 KOMilOHeHTOB TeH30pa 

HaIIpH)l(eHHH B <PopMe: 
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Pji = (bi c5jmc5il + /Jic5jic5/m + IJ:3c5jtc5im) · [al ( c512c5m3 - c513c5m2) 

+a2 ( c513c5m1 -c5nc5m3) + a3 ( c5nc5m2 -c512om1 )l 

= bi[a1 ( c5j3c5i2 -c5j2c5t3) + a2 ( c5j1ot3 -oj3oil) 

+a3 ( Oj2oil -c5j1c5i2 )l +1J:3[a1 ( c5j2c5i3 -c5j3c5i2) 

+a2 ( oj3c5il -oj1c5;3 )+a3 ( c5j1c5i2 -c5j2c5i1)1. (2.7) 

YqHThIBajf (2.4) a ypaBHeHHH (2.7), HMeeM: 

Pji =bi (-a1&Iji -a2&2ji -a3&Jji) 

+b:3 ( a1&tji + a2&2ji + a3&3ji) = -(bi -b:3 )Aji · (2.8) 
3anHCbIBaeM ypaBHeHHe (2.1), HCilOJib3Yjf (2.2) H (2.8): 

HJIH 

- p OU =(8A11 + 0A12 + 0A13 )31 
bi -b:3 ot ax 8y az 

(
BA21 BA22 BA23 ) 3 + --+--+-- 2 
ax 8y Bz 

+(8A31 + BA32 + 8A33 ) 33 = (8a3 _ aa2 ) 31 
ax 8y az 8y az 

+(Ba1 - Ba3 )32 +(Ba2 - Ba1 )33 = rotA, 
Bz ax Bx ay 

(2.9) 

Cornacno caoH:cTBY 8 (rnaaa 1) a C<l>B .n;elicTByeT 3<l><l>eKT 
3H:n111TeH:na-.n;e faa3a (HJIH, HHaqe, 3<l><l>eKT PHqap.n;cona), ro 
eCTb, HMeeT MeCTO rrpeo6pa30BaHHe MHKpOBpfill(eHHH B 
MaKpoapa:rn;eHH}I H MO)l(HO 3ailHCaTb: 

aA 
Bt =-z·rotu, (2.10) 

r.n;e % - K03<l><l>Ha;HeHT nporropu;HOHaJibHOCTH, npHqeM 
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z>O. (2.11) 
B o6hitIHoii: HecaepxTeKyqeii: cpe.l(e BHyrpeHHHe apaw,eHH.sI He 
Moryr pacnpOCTPaH.sJ:TbC.sl KaK BOllHOBOH npouecc BCne,l(CTBHe 
3HatIHTenhHOH .l(H<l.><l.>y:mH BHxpeii:. Ho cornacHo caoii:cTBY 4 
(rnaaa 1) B C<l>B KBaHTOBaHHhie BHXpH He ,l(H<l><l>YH.nHpyIOT. 
EcnH cyw.ecTByeT B C<l>B MexaHH3M, KOTOpb1ii:, no.naan.si:.si: BHXpb 
B o,nHoii: TOtIKe npocTPaHCTBa, o,nHoapeMeHHO TPaHcnopTHpyeT 
3Heprmo BHXp.si: B coce,IJ;HHe TOtIKH npOCTPaHCTBa, BHxpeaoii: 
npouecc MO:>KeT pacnpocTPaH.sJ:ThC.sI a C<l>B. 
Bae,neM KOHCTaHTY ~: 

~=Jz(h,P-bi)_ (2.12) 

I1cnonh3y.si: (2.12) B ypanHeHH.si:x (2.9) H (2.10), nonyqaeM: 

ou =~.rot({ AJ, (2.13) 
ot x 

a(~ AJ =-~·rotu. 
ot 

Bae.n.si: o6o3HatieHHe 

Y=-{A, 
z 

3anHCbIBaeM (2.13) H (2.14) B BH,IJ;e: 
OU 
-=-~·rotY. 
ot 
oY 
-=~·rotu. 
ot 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

3TH ypaaHeHH.si: onHchrnaroT BHxpe-aonHoaoii: npouecc a C<l>B, 
pacnpocTPaH.si:row,Hii:c.si: co CKopocTblO ~. PaccMOTPHM 

<l.>H3HtieCKHH CMbICn nepeMeHHOH y' KOTOpa.si: cornaCHO (2.11 ), 
(2.12) H (2.15) nponopuuoHaJihHa A, HanpaaneHa 
npoTHBonono:>KHO A H HMeeT pa3MepHOCTh cKopocTH. ,n:n.si: 3Toro 
o6paTHMC.si: K caoii:cTBy 9 rnaBhI 1. CornacHo 3TOMY caoii:cTBy B 
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cep,l(eqHu:Ke BHXps.c, o6pa3yiomerocs.c B C<l>B, MO)l(CT HMCTb 

MecTo 3JieKTpnqecKas.c rrons.cpH3aum1 C<l> B, HarrpaaneHHas.c B.l(OJih 

OCH BHXps.c. 

3JICKTP1fqecKas.c rrons.cpu:3auu:s.c rrpOHCXO,l(HT BCJIC,l(CTBHe 

OTHOCHTCJibHOro ,l(BH)l(CHHS.C B cep.l(eqHu:Ke BHXpS.C 3JICKTPu:qeCKH 

pa3HOHMCHHO 3apS.C)l(CHHbIX MHKpoqaCTHu (IIO.l(p06HO CM. rnaey 5). 
IlonaraeM, qTo rrepeMCHHas.l y o6o3HaqaeT CKOpOCTb ,l(BH)l(CHHS.C 

MHKpoqacTHU B cep.l(eqHu:Ke BHxps.c OTHOCHTCJibHO C<l>B, rrpu: 

3TOM CKOpOCTb 3JICKTPHqecKH pa3HOHMeHHO 3apS.C)l(CHHbIX 

MHKpoqaCTHU OTHOCHTCJibHO .l(pyr .l(pyra 6y.l(eT paBHa 2 Y. 
PaCCMOTPHM COCTaBJIS.CIOmu:e 3Hepru:u: BHxpe-BOJIHOBOro 

rrpouecca B C<l>B. 

1. y ,l(CJibHas.l KHHCTlfqecKas.c 3Hepru:s.c Wu ' CBS.C3aHHas.l co 

CKopoCThIO u .l(BH)l(eHu:s.c C<l>B: Wu = pu,2 I 2. B rnaae 7 6y.l(eT 

rroKa3aHo, qTo .l(BH)l(CHHe C<l>B BhI3hIBaeT MarHHTHhie s.caneHHs.c, 

u: cKopocTb C<l>B u cas.c3aHa c MarHHTHoii HH.l(yKUHeii B 

COOTHOIIIeHHeM B = 2-f;p ·U (CM. 7.7). llCIIOJib3YS.C 3TO 

COOTHOIIIeHHe B Bbipa)l(eHHH MS.C Wu , rronyqaeM Wu = B2 I ( 8Jr) 
• TaKHM o6pa30M, y.l(eJibHas.l KHHeTu:qecKas.c 3Hepms.c C<l> B, Wu , 
paBHa y.l(CJibHOH MarHHTHOH 3Hepmu: [28]. 
2. y ,l(CJihHas.c KHHeTu:qecKas.c 3Hepru:s.c, CBS.C3aHHas.l co CKOpOCTblO 

y ,l(BH)l(CHHS.C 3apS.C)l(CHHbIX MHKpoqaCTHU B cep,l(eqmfKC BHXps.c, 

Wy: Wy = pY2 I 2. KaK ~e 6hmo cKa3aHo BhIIIIe, 

OTHOCHTCJibHOe ,l(BH)l(CHHe 3JICKTP1fqecKH pa3HOU:MeHHO 

3apS.C)l(CHHbIX MHKpoqaCTHU B cep,l(eqHHKe BHXps.c Bbl3bIBaeT 

3JICKTPu:qecKyio rrom1pn3aunro C<l>B B cep.l(eqHnKe. Cqu:Tas.c, qm 

ecs.c 3Hepms.c Wy rrepexo.l(u:T B y.l(eJihHYJO 3Hepmro WE 

B03HHKIIIero 3JieKTPHqecKoro rrons.c E [28]: WE= E2 I 8Jr, H, 

npu:HHMas.c E tt Y , rronyqaeM: 

E = 2/;p · Y. (2.18) 
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3. 3Heprn.si, CB.sI3aHHa.si c rrpeu;eccHpyIOll(HMH CilHHaMH 

MHKpoqacn1u;. 

CornacHo CBOHCTBY 7 (rnaBa 1) B cep,L\eqHHKax BHxpeii C<l>B 

HMeeT MeCTO npeu;eccm1 CilHHOB MHKpoqacTHIJ;. 1IacTOTa 3TOH 

rrpeu;eccHH mv (w1oe1<c v - om aH211,. vortex (euxpb)) onpe,L\eJI.sieT 

3Heprmo, CB.sI3aHHyIO c npeu;eccHpyIOll(HMH CilHHaMH 

MHKpoqacn1u; Wv [26]: 

Wv = Svmv, (2.19) 

r,l(e Sv - C)'MMapHa.sI BCJIHqHHa npeu;eccHpyIOll(HX CilHHOB. 

TaK KaK, B COOTBCTCTBHH co CBOHCTBOM 5 rnaBbl 1, B C<l> B 

npOHCXO.l(HT nepe,L\aqa MOMCHTa KOJIHqecTBa ,L\BH)KCHH.sI nap 

MHKpoqacn1u;, COCTaBJI.sIIOll(HX BHXpb, CilHHaM 3THX 

MHKpoqaCTHIJ;, TO cornacHO CBOHCTBY 3 (rJiaBa 1) cyMMapHbIH 

CIIliH Sv MHKpoqacn1u; B BHXpe MO)KeT 6LITb paBHbIM nfz, n = 1, 

2, 3, ... IlpH n = 1 HMCeM: 

Sv = n. (2.20) 
Tor.l(a ypaBHeHHe (2.19) 3amnneTc.si B BH.l(e 

Wv = 1imv. (2.21) 

HcnonL3y.si (2.18) H (7. 7) (CM. rnaBy 7), ypaBHeHH.si (2.16) H 

(2.17) MO)KHO npeo6pa30BaTL CJie.l(yIOll(HM o6pa3oM: 

8B 8t == -~ · rotE, (2.22) 

BE 
- == ~ · rotB. (2.23) at 

l13necTeH TOJibKO O,L\HH npou;ecc B npHpO.l(e, KOTOpblH 

xapaKTepH3yeTC.sI 3JieKTPHqeCKHMH Ii MarHHTHbIMH .SIBJieHH.sIMH 

H OilHCLIBaeTC.sI ypaBHeHH.sIMH, aHanorHqHbIMH no CBoeii: 

CTPJKType ypaBHemrnM (2.22) H (2.23) - 3TO pacnpocTPaHeHHe 

3JieKTPH1leCKHX H MarHHTHbIX B03Myll(eHHH, OilHCbIBaeMLIX 

ypaBHeHH.sIMH MaKcneJina. KpoMe Toro, nMeHHO :meprH.sI 

pernCTPHpyeMoro <PoTOHa CB.sI3aHa c qaCTOTOH <l>oTOHa 

COOTHOIIIeHHeM, Il0,L\06HLIM (2.21 ). TaKHM o6pa30M, MO)KHO 
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npe.nnonO)KHTh, qTo npouecc, KOTOpbIH B cpH3HKe HOCHT 

Ha.3BaHHe «3neKTpOMarHHTHhIH», .HBn»eTCll BHXpe-BonHOBhIM 

npoQeccoM n C<I>B, TO ecTh, MO)KHO npHH»Th, 11To: 

~ = c' (2.24) 
r.ne c - CKOpOCTh CBeTa. 

Ilo xapaKTepy pacnpOCTPaH.HIOil(HXC.H cpH3HqecKHX 

B03Myll.(eHHH (CM. (2.9), (2.10), (7. 7)) BHXpe-BOnHOBOH npouecc 

B C<I>B »Bn»eTc» cmmoBo-MarHHTHhIM rrpoueccoM, a 

3neKTPHqecKHe .HBJieHH.H .HBmIIOTC.H COIIyrCTByIOil(HMH 3TOMY 

npo.u:eccy. 0TMeTHM, qTo rotE B ypaBHeHHH (2.22) 
xapaKTepH3yeT He BHxpesoe )J.BH)KeHHe B 3neKTPH11eCKOM none, 

a .u;HpKyn»QHIO BeKTopa E, »BJI»IOil(yIOC» pe3ynhTaToM 

3neKTPH11ecKoli rron»pH3aQHH C<I>B B cep,ne11HHKax BHxpeii. 

TaK KaK CITHHhl MHKpOqacTHU B BHXp»x COBepniaIOT 

npe.u:eccHOHHbie KOJie6aHH.H, BHxpe-BOnHOBOH nponecc 

o6na,naeT rHpocKonH11ecKHMH csolicTBaMH. 3To 03HaqaeT, B 

qacTHOCTH, coxpaHem1e IlJIOCKOCTH CilHHOBOH (H 

cooTBeTcTBeHHO 3neKTPHqecKoii) rron»pH3an1m C<I>B B 3TOM 

npo.u:ecce. 

CornacHo cBoiicTBY 10 (rnaBa 1) HHepunoHHhle CBOHCTBa 

cep.ne11HHKOB BHxpeH: B C<I> B oTnHqaIOTC» OT HHep.u;HoHHhIX 

CBOHCTB C<I>B n ocTanhHOH o6nacTH. TaKHM o6pa3oM, nHxpe­

BOJIHOBOH npouecc o6na.naeT HHepQHOHHhIMH CBOHCTBaMH, H, 

CJie,l(OBaTeJibHO, conpoBO)K)J.aeTCSI B03Myll.(eHH.HMH B 

rpaBHTa.QHOHHOM none. 

IlpUMettauue. TaK KaK ypanHeHHe (2.9) nonyqeHo ,nnsi 

3aBHxpeHHoif o6nacTH C<I>B, 3JieMeHT o6'heMa cpe,ll.hI, 

,l(BH)Kyll.(HHC.H co CKOpOCTbIO u, 6y.l(eT xapaKTepH30BaTbC.H 

MOMeHTOM KOJIH11eCTBa .l(BH)KeHHSI. Cne,noBaTeJibHO, 

nnxpe-BOJIHOBOH npol(ecc B C<I>B »BJI»eTC}I H npoueccoM 

pacnpOCTPaHeHH.H MOMeHTa KOJIHlJeCTBa )J.BH)KeHH.H: 

npoHCXO)J.HT nepe.naqa MOMeHTa KOJIHlJeCTBa )J.BH)KeHH.H 

3neMeHTa o6'heMa cpe)J.bl CilHHaM MHKpoqacTHQ, 

COCTaBJI.HIOil(HM C<I>B, H o6paTHO. 0TMeTJ:IM, qTo HMeHHO 



pacnpOCT})aHeHJie CBeTa paccMaT})HBaeTCH B cPH3HKe KaK 
pacnpocT}laHeHne MoMeHTa Konnqecrna ,D.BmKeHnH [29]. 

llcTopuqecKaH cnpaBKa. B 1839 ro,D.y cl>n3HK )J,)I(. MaK 

Kynnarx (James McCullagh) co3,D.an Mo,D.enb 3cPHpa, KOTopb1ii 
o6na,D.an cnoco6HOCTbIO rrpOTllBO,D.eiicTBOBaTh apall.(aTeilbHOMY 
,D.BH)l(eHnIO coce,D.HHX qacTnn ( cocrnaJrnIOII.(HX 3cPHP ). OH 
nonyqnn, npaKTHqeCKH, Te )Ke cPOPMYilbI ,lJ.IlH CBeTa, qTo H 
MaKCBenn, H npaBHilbHO onncan MHOrne onTnqecKne HBneHHH 

[30]. CaM MaKcaenn Ha,D.ennn caeTOHOCHYIO cpe.D.y caoiicrnaMn, 
nopa3HTeilhHO 6nH3KllMH CBOHCTBaM cnepxTeKyqero 
cl>n3nqecKoro aaKyyMa. OH npe,D.nono)l(Hil [31, 32]: 
1) apall.(em1e qacTnn cpe,D.hI, qTo, cornacHo Mo,D.enn C<l>B, 
conocTaBHMO c HannqneM cnHHa y MHKpoqacn1n, 
COCTaBil.sIIOII.(HX C<l>B; 
2) IIOCTynaTeilbHOe ,lJ.BH)l(eHHe qacTHI.( cpe,D.bl 6e3 T}leHHH Me)l(,D.y 

co6oii ll 6e3 noTepn 3HeprnH, qTO coapeMeHHhIM H3hIKOM 
MO)l(HO llHTepnpeTnpoBaTh KaK OTCYTCTBHe C,lJ.BHfOBOH BH3KOCTH 

n caepxTeKyqecTh; 
3) apall.(eHne qacTHI.( Jcl>npa 6e3 npocKanh3bIBaHnH, qTo, no 
cyll.(ecrny, HBnHeTCH npall.(aTeilhHOH BH3KOCTbIO; 
4) o6pa30BaHne BHxpeii BO BpeMH pacnpOCT})aHeHH.sI 
3neKT})OMarHHTHhIX KOne6aHnii, qTo IIOJIHOCTbIO COBIIa,l(aeT c 

BhIBO,D.aMn paccMaT}lnaaeMoii MO,D.enn C<l>B; 
5) ,D.mneKT})HqecKne caoiicrna caeToHocHoii cpe,D.hI; MaKcaenn 

Ha3bIBM COCTaBilHIOII.(YIO 8E I 8t B CBOHX ypaBHeHHHX <<TOKOM 
cMell.(eHnH», HMeH n Bn,D.y, qTo JneKTpnqecKoe none co3,D.afacg n 
cneTOHOCHOM 3cPHpe 3a cqfa OTHOCHTeJibHOro ,lJ.BH)l(eHHH 
COCTaBnHIOII.(HX ero pa3HOHMeHHO 3apH)l(eHHhIX qaCTlll.(, qTO 

cornacyeTCH c BhIBO,D.aMn paccMaTpnaaeMoii Mo,D.enn C<l>B; 
6) o6pa30BaHHe 3HaqnTenbHOH MaCCbl B anxp.s1x, MHOfO 
6onhIIIeii Macchi qacn1n cpe,D.hI, qTo n,D.eHTHqHo caoiicrny 

anxpeii a C<l> B. 

BbIBOJJ:hl K n1aBe 2 

1. B cl>n3nqecKOM aaKyYMe co caoiicTBaMn caepxTeKyqero 
3He-B (TO eCTb, B caepxTeKyqeM cPll3HqecKOM BaKyYMe) MO)l(eT 
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pacnpoc'Tpam1TbCH au:xpe-aonHoaoif npou.ecc. Ilo xapaKTepy 
<Pu:3u:qecKu:x npou,eccoa, npou:cxo;:v111.1;u:x a C<l>B, JTOT npou,ecc 
HBJIHeTCH CITHHOBO-MarHHTHbIM (u:MeIOTCH B BH~Y CITHHbl 
MHKpoqacTHIJ,, COCTaBJIHIOIIJ,HX C<I>B). 3JieK'TpHqecKHe HBJieHHH 
HBJIHIOTCH COITYTCTBYIOIIJ,HMH B 3TOM npou,ecce. Ilo cyIIJ,ecTBy, 
ypaBHeHHH, OITHCbIBaIOIIJ,He CilHHOBO-MarHHTHbIH rrpou,ecc, 
CBH3bIBaIOT KJiaccu:qecKyro 3JieK'TpO~HHaMHKY c KBaHTOBOH 

<i>H3HKOH. 
2. Bu:xpe-BOJIHOBOH rrpou,ecc conpoao)K,l:{aeTCH npeu,eccu:eif 
CITHHOB MHKpoqaCTHIJ, B o6pa3yIOIIJ,HXCH BHXpHX, qTo 
onpe~enHeT ru:pocKonu:qecKu:e caoiicTaa npou,ecca, B qacTHOCTH, 
coxpaHeHHe ITJIOCKOCTH CITHHOBOH (H, COOTBeTCTBeHHO, 
3JieKTPHqecKoif) no;rnpH3au,u:u: C<I>B. 
3. Bu:xpe-BOJIHOBoii npou,ecc conpoao)K,l:{aeTCH o6pa30BaHHeM 
MaCChI B BHXpHx, qTO o6yCJIOBJIHBaeT B03MyIIJ,eHHH B 
rpaBHTaIJ,HOHHOM none. 

4. Ilo~o6u:e BbipIDKeHHH ~JIH y~eJibHOH MarHHTHOH B2 I (Sn) H 

y~eJibHoif 3JieK'TpHtJecKoif 3Heprnu: E 2 I (8;r) (B H E 
COOTBeTCTBeHHO MarHHTHaH HH~yKIJ,HH H HanpH)l(eHHOCTb 
3JieK'TpHqecKoro IlOJIH) o6ycJIOBJieHo TeM, qTO o6a Bbipa)l(eHHH 
onpe~eJIHIOT y~eJibHyIO KHHern:qecKyro 3HeprnIO C<I>B. Ilepaoe 
Bbipa)l(eHne onpe~enHeT y~eJibHyIO KHHeTnqecKyro 3Hepru:IO 
~BH)l(eHHH C<I>B BOKpyr cep~eqHnKOB au:xpeif, a BTopoe -
y~eJibHyIO KHHeTnqecKyro 3Heprnro ~BH)l(eHHH C<I> B BHYTIJH 
cep~eqHHKOB BHXpeif. 
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r JiaBa 3. BOJIHLI MaTepHH 

B 1923 ro.ny Jl)'H .ne Epoiinh [33, 34] BhI.1J.BIIHYJI mrroTe3y o 

TOM, qTO c Ka)l(.IJ;OH MaTepHaJibHOH qacTm:.\eii CBH3aHa BOJIHa. 

Cne.rtyroll.lHe HecKOJibKO ,neCHTHJieTnii 6bIJIH nocBHII.\eHbI 

IlOHCKaM «4_>H3nqeCKOH» BOJIHbl, KOTOpaH Morna 6bI 

conpOBO)l()J.aTb MaTepHaJibHyID qacTH:u;y, - TaK Ha3bIBaeMOH 

«IlHJIOT-BOJIHbI» [35, 36]. 0.n;HaKO 3TH IlOHCKH HH K qeMy He 

npnaeJIH, H 6hIJIO npHHHTO, qTO qacTOTa B BOJIHOBOH 4_>yHKI.\HH, 

OilHCbIBalOmeii MaTepHaJibHbie qaCTHI.\bl, He HMeeT 

4_>n3nqecKoro CMblCJia, T. e. He HBJIHeTCH qacTOTOH KOJie6aHHH 

KaKoro-nn6o 4_>mnqecKoro npo:u;ecca. 3TOT nocTynaT 

«YCTPanaan» yqeHoe coo6mecTBo n TeM, 'ITO .n.enan 

HenpHHI.\HilHaJibHbIM rrpOTHBOpeqne B onpe.n.eneHHH qaCTOTbl 

BOJIHoaoii 4.>YliKI.\HH .n.e EpoiiJIH a HepeJIHTHBHCTCKOM 

npn6JIJI)l(emm, t»s' JI BOJIHOBOH 4_>yHKI.\HH illpe)J.HHrepa, {J)Sh 

[35]. ,[(eiiCTBHTeJibHO, )J.JIH CB060,1J.HO )J.BH)l(ymeiicH qaCTHI.\bI 

HMeeM: 

(3.1) 

(3.2) 

r.n.e mo H u k - COOTBeTCTBeHHO Macca ITOKOH H KHHeTnqecKaH 

3HeprHH qacTHI.\bl. B OTHOIIIeHHH BOJIHOBOH 4_>yHKI.\HH 6bmo 

npnHHTO npe.n.no)l(e1rne MaKca EopHa, cocToHmee a TOM, qTo 

4_>:mnqeCKHii CMbICJI HMeeT TOJibKO KBa.n.paT a6cOJIIOTHOf0 

3HaqeHHH BOJIHOBOH 4_>yHKI.\HH: OH onpe.n.enHeT IlJIOTHOCTb 

BepoHTHOCTH HaXO)l(,L{eHHH qacTHI.\bl B KaKoii-nn6o TOqKe 

npOCTPaHCTBa. c 3TOH TQqKH 3peHHH HeT rrpOTHBOpeqnH Me)l(.n.y 

aonHOBhIMH 4_>yHKI.\HHMH illpe.n.nHrepa n .n.e EpoiinH: oHH 

OilHCbIBalOT O)J.HHaKOBYIO IlJIOTHOCTb BepOHTHOCTH HaXO)l(,lJ.eHHH 

'IaCTHI.\bl B KaKOR-JIH6o TO'!Ke npOCTPaHCTBa. 

floKa)l(eM, qTo MO.D.eJih C<I>B rro3aonHeT CBH3aTh c qacToToii 

BOJIHOBOH 4_>yHKI.\HH KBaHTOBblX o6'beKTOB peanhHblH 

4_>mnqecKnii rrpo:u;ecc [10, 11, 37]. 
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KaK 6y.neT noKa3aHo B rnaBe 5, MaTepmmbHbie qacTHUbI, 

po)l(,[(aeMbie cpOTOHOM, .HBJUllOTC.H KBa3HKOnnancaMH 

MHKpoqacTHU, cocrnBn»IOlllHX C<l>B. CYMMapHbiii cnHH 

MHKpoqacTHU B KBa3HKonnance paBeH h 12. CornacHo cBoii:cTBy 

12 rnaBbl 1, Me)l(,[(y MHKpoqacTHI.J;aMH, COCTaBn.HIOlllHMH C<l>B, 

B03MO)KH0 B3aHMO,neii:CTBHe, 3aBHC.Hlllee OT B3aHMHOH 

opueHTaI.J;HH HX cnHHOB (n ,nanbHeiimeM .nn» 3TOfO 

B3aHMo,neiiCTBH.H 6y,neM HCnOnb30BaTb TepMHH «CnHH-

cnHHOBOe B3aHMO,neiicTBHe MHKpoqacTHU»). CornacHo Mo,nenH 

C<l>B, B B03MyII.J;eHHOM C<l>B (HanpHMep, n 3anHxpeHHoii 

o6naCTH) napbl MHKpoqaCTHU, COCTaBn.HIOlllHX C<l>B, HMelOT 

HeHynenoii CYMMapHbiii cnHH. Cne,noBaTenbHO, B 

B03MyII.J;eHHoii: o6nacTH C<l>B B03MO)KHO cnHH-cnHHoBoe 

B3aHMO,neii:CTBHe Me)l(,[(y MHKpoqaCTHI.J;aMH, o6pa3yrolllHMH 

KBa3HKOnnanc, H .npyrHMH MHKpoqacTHI.J;aMH, COCTaBJI.HIOlllHMH 

C<l>B. 

flpUMe1Ja11ue. Bo3MyII.J;eHHe C<l>B MO)KeT HMeTb MecTo H 

B 3neKTPHqecKHX non»x. B 3neKTPHqecKHX non.SIX 

ysenHqHBaeTC.H pacCTO.HHHe Me)l(,[(y 3neKTPHqecKH 

pa3HOHMeHHO 3ap.H)KeHHbIMH MHKpoqacTHI.J;aMH napbl H, 

cne,noBaTenbHO, cornaCHO (5.32) YMeHblIIaeTC.H CIIHH­

CnHHOBOe B3aHMO,neii:CTBHe MHKpoqaCTHI.J;. y MeHblIIeHHe 

3Toro B3aHMO,D;eHCTBH.H npHBO,D;HT K ysen11qeH1ilO 

((qynCTBHTenbHOCTH» MHKpoqaCTHU nap bl no 

OTHOlIIeHHIO K BHelIIHeMy B03,neii:CTBHIO, 

opHeHTHpyromeMy CIIHHbl MHKpoqaCTHI.J;. 

TaKHM o6pa3oM, ,nBH)KeHHe MaTepHanbHOii qacTHUbI n 

B03MyII.J;eHHOM C<l>B 6y,neT conpono)K,naTbC» H3MeHeHHeM 

xapaKTepHCTHK cnHHOB MHKpoqacTHU B C<l> B, qTo cornacHo 

(2.10) MO)KeT npHnecTH K B03HHKHOBeHHIO nHxpeii n C<l>B. B 

COOTBeTCTBHH co CBOHCTBOM 6 (rnana 1 ), 06pa3yroll1HeC.H B 

C<l>B BHxpH MOrYT oKaHqHnaTbC» BHYTPH o6neMa cpe,nb1. 

CornacHo cnoiicTBy 7 (rnana 1) n cep):(eqHHKe nHxpn HMeeT 

MeCTO npeueccH.H CnHHOB MHKpoqacTHU. B COOTBeTCTBHH c 

(2.21) 3HeprH.H, CB.H3aHHa.H c npeueccHeii: cnHHOB, u v' MO)KeT 

25 



6hITh Bhipa)l(eHa qepe3 qacTOTY rrpeu.ecc1rn cov cooTHomem1eM, 

aHanornqHhIM (3.2). IlonaraeM, qTo 3Ta aHanorm1 HecnyqaiiHa 

H MO)l(HO rrpHmITb: 

msh = Wv • (3.3) 
TaKHM o6pa30M, CIIHHhI MHKpoqacTHU. B cep.n;eqHHKe BHXp», 

co3.n;aBaeMoro .n;BH)l(YID.elic» qacTnu.eii B C<I>B, rrpeu.eccttpyroT c 

qaCTOTOH, paBHOH qacTOTe BOJIHOBOH <PYHKU.HH lllpe.n;HHrepa. 

IlpaBOMepHOCTh 3TOro IIOCTyJiaTa .ZJ;OKa3bIBaeTC» TeM, qTQ Ha 

ero OCHOBe MO)l(HO 06'b»CHHTh u.eJibIH p».n; rrpirne.n;eHHbIX HH)l(e 

3KCrrepHMeHTaJihHO Ha6mo.n;aeMbIX j{BJieHHH. 

1. ll3Jiy11eHHe ct>oTOHa 8TOMOM 

CornacHo rrocrynary Bopa [38, 39] H3JiyqeHHe <PoTOHa 
rrponcxo.n;HT npn nepexo.n;e 3JieicrpoHa B aToMe Ha 6onee HH3KHH 

3HepreTHqecKHii ypoBeHh. l13MeHeHne 3HepreTHqecKoro ypoBlij{ 

3JieKTpoHa, B COOTBeTCTBHH c (3.2), 03HaqaeT H3MeHeHHe qaCTOThI 

BOJIHOBOH <i>YHKD.HH 3JieKTpOHa COsh. 

B Mo.n;enn C<I>B H3MeHeHne cosh, B cooTBeTCTBHH c (7.4) (cM. 

rnaBy 7), Bbl3bIBaeT H3MeHeHHe U.HpKyJI»lUIH r BeKTopa 

CKOpOCTH C<I>B, u, BOKpyr cep.n;eqHHKa BHXp», C03,ZJ;aBaeMoro 

3JieicrpoHOM B C<I>B. B cooTBeTCTBHH c (2.16) - (2.17) 
HepaBeHCTBO au I 8t '* 0 »BJI»eTC» YCJIOBHeM B03HHKHOBeHH» 

BHxpe-BOJIHOBoro (crrnHoBo-MarHHTHoro) rrpou.ecca B C<I>B. 

Ilpou.ecc corrpOBO)l()J;aeTC» B03HHKHOBeHHeM 3JieKTpnqecKoro 

IIOJI» B <t>mnqecKOM BaKyYMe. 
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llpwwettanue. PaccMarpnBaeMa» Mo.n;eJih C<I>B OTBeqaeT 

Ha O.ZJ;HH H3 rJiaBHhIX BOIIpOCOB 

3JieKrp0.D;HHaMHKH: rroqeMy 

KJiaccnqecKoii 

OTCYTCTByeT 
3JieKrpOMarHHTHOe H3JiyqeHHe rrpH ,ZJ;BmKeHHH 

3JieKrpOHa B HeBo36~.n;eHHOM aToMe? ,[{eiiCTBHTeJibHO, 

TaK KaK .ZJ;BH)l(eHHe 3JieKrpOHa B aToMe »BJI»eTC» 

ycKopeHHhIM, TO .n;n» co3.n;aBaeMoro HM JJieKrpnqecKoro 

non» E HMeeT MeCTO 8E I 8t -:t:. 0 . CornacHo ypaBHeHH»M 

l\.f aKCBeJIJia 3TO HepaBeHCTBO »BJI»eTc» ycJIOBHeM 

B03HHKHOBeHHIO 3JieKTpOMarHHTHhIX KOJie6aHHH. 



CornacHo Mo.n;em1 C<l>B CBeT HBJrneTcH BHxpe­

BOJIHOBhIM, HJIH no xapaKTepy cpH3H'IeCKHX npou;ecCOB, 

npOHCXO,ll;HIIJ;HX B C<l>B, CITHHOBO-MarHHTHbIM, 

npou;eccoM, a 3JieKTPH1IeCKHe B03MyIIJ;eHHH HBJIHlOTCH 

COITYTCTByIDIIJ;HMH B 3TOM npou;ecce. Il03TOMY 

HepaBeHCTBO 8E I at * 0 MO)KeT He 6bITb ycJIOBHCM 

B03HHKHOBeHHH 3JieKTPOMarHHTHhIX KOJie6aHHH. 

2. B3aHMO)J;eiicTBHe <J>oTona c ,ll;pyrHMH KBaHTOBhIMH 
06'he1aaMH 
lfa 3KCnepHMeHTOB H3BeCTHO, 'ITO 3HeprmI, nepe.n;aBaeMruI 

cpOTOHOM KBaHTOBOMY o6'beKTy, paBHa nOJph. EcJIH 

npe.n;nOJIO)KlfTh, 'ITO cpoTOH npH B3aHMO.n;eiiCTBHH c KBaHTOBblM 

o6'hCKTOM C03,ZJ;aeT BHXpb c qacTOTOii npeu;ecCHH lVv, 

onpe.n;eJIHeMoli KaK: 

(3.4) 

TO, cornaCHO (2.21) 3HeprHH cpoTOHa paBHa 3Heprm1, 

3aKJil01IeHHOH B npeu;eccHpyIDIIJ;HX CITHHaX BHXpH, 

c03.n;aaaeMoro cpoTOHOM B C<l>B. TaKHM o6pa3oM, 

B3aHMO.n;eiiCTBHe cpOTOHa c KBaHTOBhIM o6'beKTOM MO)l(HO 

paccMaTPHBaTb KaK CIIHH-CITHHOBOe B3aHMO,ZJ;eHCTBHe 

MHKpo11aCTHIJ;, COCTaBJIHlOIIJ;HX ,ZJ;Ba BHXpH, O,ll;HH H3 KOTOpbIX 

o6pa30BaH KBaHTOBhIM o6'beKTOM, .n;pyroii cpoTOHOM. 

3. KoppeJIHQHH <J>a3hI <J>oTouos 
CornacHo cBoiicTBY 14 (rnaBa 1) B C<l>B CyIIJ;ecrnyeT 

BbipaBirnBaHHe cpa3bl npeu;eCCHH CITHHOB COCTaBJIHlOIIJ;HX ero 

MHKpo11acTHu;. TaKHM o6pa30M, ecJIH KBaHTOBbie o6'heKThI 

HMelOT 0,ll;HHaKOByID 3HeprHlO H, CJie,ZJ;oBaTeJibHO, 0,ll;HHaKOByID 

qaCTOTY HX BOJIHOBhIX cpyttKIJ;Hii, TO npeu;ecCHH CITHHOB 

MHKpo11aCTHIJ; B C03,ZJ;aBaeMbIX KBaHTOBhIMH o6'beKTaMH 

cep.n;e'IHHKax BHxpeii MO)l(eT npOHCXO,ll;HTb KOrepeHTHO. 3TOH 

KOrepeHTHOCThlO MO)l(HO o6'bHCHHTh Ha6JilO,ZJ;aeMyro B 

3KCnepHMeHTax KOppemIIJ;HlO no cpa3e cpOTOHOB o.n;1rnaKOBOH 

lJ:aCTOThl He3aBHCHMO OT cnoco6a HX npHrOTOBJieHHH. 3TOT 
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3<l><l>eKT OTHOCHTCH K HBJieHHHM KBaHTOBOH HeJIOKaJibHOCTH 

[40-42]. 
4. 34>4>eKT BaouJiooa-qepeHKOBa 
TaK KaK ,n;BH)KeHHe KBaHTOBblX o6neKTOB corrpoao)K,n;aeTCH 

06pa30Bam1eM BHxpeli B C<I>B, TO, eCJIH CKOpOCTb KBaHTOBOro 

o6neKTa rrpeBbICHT CKOpOCTb <<pacnpOCTPaHeHJrn» BHXpe­

BOJIHOBOrO rrpouecca, B03HHKHeT CaM BHXpe-BOJIHOBOH rrpouecc 

( CIIHHOBO-MarHHTHbIH rrpouecc, corrpOBO)K.D;aIOIIJ;HHCH 

B03HHKHOBeHHeM :meKTpnqecKOro rrom1 B <l>H3HqecKOM 

aaK}'YMe ). TaKoli 3<l><l>eKT o6Hap)')KeH - :no cBeqeHne, 

C03.n;aBaeMoe 3JieKTPOHOM, )J;BH)K)'Ill;HMC}I B cpe.n;e co 

CKOpOCTbIO, rrpeBI>Imaroru;eii <l>a30ByIO CKOpOCTb 

pacrrpocTPaHeHH}I CBeTa B 3TOH cpe.n;e (3<l><l>eKT BaBHJIOBa­

qepeHKOBa) [ 43-45]. 
0TMeTHM, qTo H3JI)'11eHne Baan11oaa-qepeHKOBa 

aHaJIOrHqHo y.n;apHOH BOJIHe, rrpOH3BO,ll;HMOH B MOJieKyJI}lpHOH 

cpe.n;e 3ByKOBbIMH Kone6aHl:l}IMl:I, B03HHKaIOIIJ;HMH rrpH 

)J;BH)KeHHH MaTepHaJibHOro TeJia co CKOpOCTbIO, rrpeBI>Imaroru;eli 

CKOpOCTb 3ByKa B 3TOH cpe.n;e. 

H3BeCTHO o61>}1CHeHne 3<l><l>eKTa BaBHJIOBa-qepeHKOBa 

naypeaTaMH Ho6e11eBcKoii rrpeMHH H. TaMMOM H H. <I>paHKOM 

[46]. 0HH o6'b}ICHHJIH ero H3JI)'11eHHeM 3JieKTPHqeCKH 

rroJIHpH3oBaHHoli cpe.n;I>I, qepe3 KOTopyro ,n;BH)KeTCH 3JieKTPOH. B 

paMKax paccMaTPHBaeMoli Mo.n;e11n H3JI)'11eHne BaBHJIOBa­

qepeHKOBa MO)KHO Ha6Jiro,n;aTb H rrpH ,ll;BH)KeHHH co CKOpOCTbIO, 

rrpeBblmaroru;eii CKOpOCTb CBeTa, qaCTHUbI, He Bbl3bIBaroru;eii 

3JieKTpnqecKOH II0JI}lpH3aUHH cpe,n;I>I. 

5. «PeJIHTHBHCTCKaH» ,A0088Ka K Macce 
B COOTBeTCTBHH co CBOHCTBOM 10 (rnaBa 1) cep,n;eqHHK BHXp$1, 

co3,n;aBaeMoro B C<I>B, o6Jia,n;aeT HHepunoHHbIMH CBOHCTBaMH, 

TO eCTb, cep,n;eqHHK BHXp}I MO)KHQ xapaKTepH30BaTb Maccoii. 

<l>oTOH HBJIHeTcg BHxpeBhIM o6pa3oBaHHeM B C<I>B. 3To 

o6nHCHHeT, rroqeMy cl>OTOH MO)KeT po)K,AaTb B <l>H3HqecKOM 

BaK}'YMe qacTHUbI c HeHyJieBoii MaCCOH IIOKO}I. 3KcrrepHMeHTbl 

IIOKa3aJIH [35], qTQ B 3JieKTPHqecKOM IIOJie ».n;ep aTOMOB <l>oTOH 
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MO)KCT po)K,n:aTb napy qacTH.Qa-aHTH'Iacnu~a c CYMMapaoif 

u u Ii I 2 MaccoH mph, orrpc,n:c;rncMoH KaK mph= mph c 

Ha OCHOBamrn (3 .4) MO)KHO rrpc.n:rrono:>KHTb, 'ITO Macca, 

o6pa3yeMruI B cep,n:C'IHHKC BHXp», mv ' CB»3aHa c 'IaCTOTOH 

npc.QCCCHH CilHHOB MHKpoqaCTH.Q B cep,n:C'IHHKC BHXp», mv, 

TaKHM )KC COOTHOIIICHHCM: 

(3.5) 

Tor.n:a B COOTBCTCTBHH c (3.3) Macca msh' CB»3aHHM c 

qacTOTOH BOJIHOBOH <i>YHK.UHH, msh' mo6oro KBaHTOBOro 

o6nCKTa, onpc.n:cn»CTC» KaK: 

limsh msh = -
2
-. (3.6) 

c 
PaccMO'fPHM cJiyqaii, Kor.n:a noJIHM :mcprm1 KBaHTOBoro 

o6nCKTa paBHa cro KHHCTH'ICCKOH 3HcprHH u k : 

2 
Uk= m~v ' (3.7) 

r.n:c v (v<<c) H mo- COOTBCTCTBCHHO CKOpOCTb H Macca IlOKO» 

KBaHTOaoro o6ncKTa. Hcrron1>3y» (3.2) H (3.7) a (3.6), 

rronyqacM: m Sh = m0 v
2 I ( 2c2 

) . C TO'IHOCTbIO .n:o BToporo 

rrop».n:Ka no p = v I c aeJIH'IHHa m Sh coarra.n:acT c aeJIH'IHHoif 

«PCJIHTHBHCTCKOH» .l(06aBKH D.m K Maccc .l(BH)Kym:crocH 

MaTcpHan1>Horo o6ncKTa, nonyqcHHoif a CTO [30]: 

D.m=mol~I-P2 -m0 =mo(P2 /2+o(P2
)), r.n:c a(p2

) 

cnaraeM1>1c 6oncc a1>1c0Koro rrop».n:Ka MaJIOCTH, 'ICM p2 
. 

IlpUMe'la1me. H3 (3.6) cne.n:yeT, 'ITO ace BH.D:bI 

3HeprHH KBaHTOBOro 06ne1<Ta, BJIURIOU/Ue Ha 6eJlUl/U1lY 

msh , 6y.n:yT amrnTb H Ha msh . 
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6. :Unepuuonnh1e cnoiicTna MaTepuu 

Ifa (3.2), (3.3) H (3.7) cne.nyeT: v=~21imvlnzo, H n 

COOTBeTCTBHH c (5.8) H (5.10) (rnaea 5) HanpaBJieHHH Cllv H v 

cna3aHhI .npyr c ,npyroM. TaKHM o6pa3oM, H3MeHeHne 

BeJIHqHHbI :n/HJIH HanpaBJieHHH CKOpOCTH KBaHTOBOrO o6oeKTa 

03HaqaeT H3MeHeHne eennqnHhI H/mrn HanpaeneHn» qacTOThI 

npeu.eccn:n CilHHOB MHKpoqacTHI.J. B cep,neqHnKe BHXpH, 

o6pa3oeaHHOM KBaHTOBhIM o6oeKTOM B C<l>B. Cne,noeaTeJibHO, 

HHepU.HOHHbie CBOHCTBa MaTepHaJibHbIX o6oeKTOB MOrYT 6bITb 

CBH3aHbl c rnpoCI\OnHqecKHMH CBOHCTBaMH cep,neqHHKOB 

enxpeii, co3,naeaeMhIX 3THMH o6oeKTaMH B C<l>B, TO ecTh, 

HHepU.HOHHbie CBOHCTBa MaTepHaJibHbIX o6'heKTOB MOI'YT 6bITb 

HeoT,neJIHMbI OT HX BOJIHOBbIX CBOHCTB. 

TaKHM o6pa3oM, MO)KHO npe,nnoJIO)KHTh, qTo He TOJihKO 

BOJIHOBbie, HO H HHepu.noHHbie CBOHCTBa MaTepnn o6H3aHhI 

CBOHM cyiu.ecTBoBaHH.eM o,nHOMY H TOMy )Ke B3aHMO,neiiCTBHIO, 

a HMCHHO CilHH-CilHHOBOMY B3aHMO,neiicTBHIO B B03MYII.J.eHHOH 

o6nacTn C<l>B Me~y MHKpoqacTHI.J.aMn, o6pa3yrom:nM:n 

MaTepHaJibHbIH o6oeKT, H MHKpoqacn1u.aMH, COCTaBJIHIOIUHMH 

C<l>B. 

7. «llaMBTb» CCl>B 
CornacHo ceoiicrny 4 (rnaea 1), B C<l>B B crnu.noHapHOM 

COCTOHHHH KBaHTOBaHHbie BHXpH He .nmiJ<l>YH.nnpyroT. 

Cne,noeaTeJihHo, B03MO)KHO o6pa3oeaHne cHcTeMoii KBaHTOBhIX 

o6oeKTOB BHXpeBbIX CTPyKTyp, KOTOpbie He 6y.nYT ncqe3aTh 

IIOCJIC y,naneHHH CHCTeMhI H3 3aHHMaeMOH ero o6JiaCTH 

npocTPaHCTea. To ecTh, MO)KHO roeopHTh o B03MO)KHOCTH 

C03,naHHH CHCTeMOH KBaHTOBbIX o6oeKTOB TaK Ha3bIBaeMhIX 

«cne,noe» cnoero Haxo~eHHH B KaKoii-nn6o o6nacTH 

npOCTPaHCTBa. 

BhlBO~bI K rJJane 3 

1. Mo,neJih C<l>B CBH3hIBaeT BOJIHOBhie ceoiicTna KBaHTOBhIX 

o6oeKTOB c co3,nam1eM HMH enxpeii B B03MYII.J.eHHOM C<l>B. B 

cep,neqHnKe 
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MHKpoqacnn~, cocrnsm110mHx C<I>B. qacTOTa 3TOH npeneccHH 

panHa qacTOTe mpe,nHHrepoBCKOH BOJIHOBOH <l>YHKUHH 

I<DaHTOBblX o6'beKTOB. (,n:m1 cpOTOHa OHa paBHa qacTOTe 

cpoTOHa.) 3TOT IIOCTyJiaT o6MJ.CH.sieT cne.nyrorn;He cpH3HqeCKHe 

.smneHH.s1: 

- u3nyqem1e aToMa; 

B38HMO,neiiCTBHe cpoTOHa c .npymMH KBaHTOBblMH 

o6'beKTaMH; 

- KOppeJI.sIUHIO no cpa3e cpoTOHOB O,D;HHaKOBOH qacTOTbl 

ne3aBHCHMO OT cnoco6a HX npHroTOBJieHH.sI; 

- 3cpcpeKT BaaHnoaa-qepeHKosa; 

- <<peJI.sITHBHCTCKyro» .no6aBKY K Macce. 

2. B Mo,nenH C<I>B BOJIHOBbie H HHepnHOHHbie caoiicTaa 

MaTepHH MOrYT 6bITb o6ycJIOBJieHbl CIIHH-CIIHHOBbIM 

B38HMO,neHCTBHeM Me)K.ny MHKpoqacTHnaMH, o6pa3yIOil.J;HMH 

MaTepHaJibHbie qacTHUhl, H MHKpoqaCTHU8MH, COCT8BJI.sIIOil.J;HMH 

C<I>B. 
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rnaBa 4. BLIBO)l. <l>opMyJI )l.JIH OIIHCaHHH 

3<1><1>e1na ~OIIJiepa H pe3yJILTaTOB OIIhITa <l>H30. 

Ilocry JiaT 0 IIOCTOHHCTBe CKOpOCTH CBeTa 

B rnaBe 2 6bIJIO IIOKa3aHo, qTO CBepxTeK)"IHH cpH3HqeCKHH 

BaKY)'M SIBJUieTCH CBeTOHOCHOH cpe)J.OH, TO eCTb, CBeT 

pacnpocTPaH»eTC» B aeM KaK npouecc. KaK B 3TOM cnyqae 

OIIHCaTb rrorrepeqHbIH 3cpcpeKT ,lJ,orrnepa, pe3yJibTaT OilbITa <l>H30 

H )J.pyrHe CBeTOBbie HBJieHHH, ycnenrno o6bHCHeHHble 

crreUHaJibHOH TeopHeH OTHOCHTeJibHOCTH (CTO), 

«ynpa3)J.HHBIIIeii» CBeTOHOCHblH 3cpHp? 

B )J,aHHOii rnaBe 6y)J.eT rroKa3aHo, qTo, rrpHHHB 

3MHCCHOHHyro Teopmo PnT:ua, KJiaccnqecKnii 3aKOH cno:>KeHH» 

CKOpocTeii H )"IHTblBaH B3aHMO)J,eHCTBHe CBeTa c 

H3MepHTeJibHOH CHCTeMOH HJIH c rrp03paqao:ii cpe)J.OH, MO:>KHO 

)J,JIH OilHCaHHH rrpO)J.OJibHOro H nonepeqHoro 3cpcpeKTOB 

,lJ,onnepa H )J,JIH OIIHCaHHH pe3yJibTaTOB OilblTa <l>H30 IlOJI)"IHTb 

cpopMyJibl, COBIIa)J,aIOIUHe c BblCOKOH CTerreHbIO TOqHOCTH c 

aHanomqHbIMH cpopMynaMH, rronyqeHHbIMH B CTO. B 3TOH 

mane ncrronb30BaHbl pe3ynbTaTb1 pa6oT [10, 11, 47-51], 
BbIIlOJIHeHHblX anTopoM COBMeCTHO c H.B. CoTHHOH. 

4.1. 3MnccnoHHaH Teopun PnTu,a 

B 1908 ro)J.y PHTU npe)J.nono:>KHJI, ~o cpYff)J.aMeHTaJibHa» 

KOHCTaHTa c - 3TO CKOpOCTb CBeTa OTHOCHTeJibHO HCTOqHHKa B 

BaKY)'Me H BepeH KJiaccnqeCKHH 3aKOH CJIO:>KeHHH CKOpOCTeH 

[52]. TaK Ha3brnaeMa» <OMHCCHOHHa»» TeopH» PHTUa o6n»CHHJia 

3cpcpeKT 3Be3)J.HOii a6eppaunH H orrbIT MaiiKenbCOHa, a TaK:>Ke 

60JibIIIHHCTBO .n;pyrnx 3KCnepHMeHTOB, IlOCTaBJieHHblX )J,JIH 

o6Hapy:>KeHHH <OcpHpHoro BeTPa» (53]. 0)].HaKO 6bIJIH HBJieHirn, B 

qaCTHOCTH, pe3yJibTaTbl 3KcrrepnMeHTOB MaiiKenbcoaa-Mopnn c 

BHe3eMHblM HCTQqHHKOM CBeTa H pe3yJibTaTbl 

crreKTPOCKOilHqecKOro aaanma CBeTa OT L{BOHHblX 3Be3)J, [54, 55], 
o6bHCHeHHe KOTOpbIX c IlOMOJUblO 3MHCCHOHHOH TeOpHH 

BCTPeTnno TPY.D;HOCTH. OKoHqaTeJibHbIH, KaK Ka3aJIOCb cpH3HKaM, 

OTKa3 OT TeOpim PHT:Ua rrpOH30llleJI nocne 3KCrrepHMeHTa, 
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BhIIIOJrneuuoro B U:EPHe, B }l{eueBe, B 1964 ro,ny [56]. B JTOM 

3KCrrepnMeHTe H3MepHnOCb BpeMH rrponeTa <)>oToHaMH c 

3Hepmeii: 6 f 3B, o6pa3yIDIIIHMHCH npn pacna.n;e 

BhICOK03HepreTHqecKHX Heii:rpanbHbIX IlHOHOB, nym, paBHOro 

80 MerpaM. IlHOHbI o6pa30BbIBMHCb rrpn 6oM6ap,nHpOBKe 

6epHmmeBOH MHllieHH rrpOTOHaMH 19,2 r:~B H HMeJIH CKOpOCTb, 

paBHJ'IO 0,99975 c. B rrpe,nenax 3KcrrepHMeHTMbHOii: omH6KH 

6bIJIO Haii.n:eao, qTo CKOpOCTb HCrr~eHHbIX ,l\BH)K~HMCH 

HCTOqHHKOM <)>OTOHOB rrpH rrponere yKa3aHHoro rrym 

paBmmach c. 
B 3TOii: rnaBe 6y.n:eT rroKa3aHo, qTo nonyqeHHbie B QEPHe 

pe3yJihTaTbl MOryr 6hITb o6'hHCHeHbI B paMKax 

paccMarpHBaeMoii: B pa6oTe Mo,nenn C<l>B H rrpn coxpaHeHHH 

3MHCCHOHHOH TeOpHH. 

4.2. 3,IHl>eKT ,Ll,onJiepa JJ:JIH cseTa 

13hIBO,n <)>opMyJibI, OIIHCbIBaIOIIIeii 3<)><)>eKT ,LJ;orrnepa BbIIlOJIHeH 

JJ:JIH IJHpKym1pHo-rrom1pH30BaHHOro <)>OTOHa, HaXO,nRIIIerOCjJ: B 

lJHCTOM COCTOHHHH, TO eCTb, c onpe.n:eJieHHbIM HMilYJibCOM H 

nonHpn3aIIneii:. 

c TOqKif 3peHHH HHepIJHOHHbIX CBOHCTB <)>OTOH 

paccMa'TpHBaeTcH KaI< ,nBH)K~aHCH Macca OTMeTHM, qro nepBbie 

KopnycKyJIHpHbie MO,ZJ;enH CBeTOBoro IIOJIH, COCTOjJ:lIJero H3 

:meMeHTapHhIX qaCTHIJ KBaHTOB, IIOjJ:BHJIHCb rrocne 

3KcnepHMeHTOB A. KoMrrToHa no paccejJ:HHIO peHTreHOBCKHX 

nyqeii: (1922 r.) [57]. Ha6nro,naBmeecH B HHX H3MeHeHHe 

lJaCTOThl pacceHHHOro H3JiyqeHHjJ: Morno 6bITb o6'hjJ:CHeHO 

ynpyrnM coy,napeHHeM 3JieKrpoHa H qaCTHIJbI, o6na.n:aroIIIeii 

3Hepmeii: nm ( {J) - qacTOTa H3JiyqeHHH) H HMIIYJibCOM nm I c. B 

1929 ro.ny r. H. JlbIOHC Ha3BM 3TY qaCTHIJY <)>oTOHOM. 

3neprHSI <l>OTOHa B CHCTeMe .i:i:eTeKTOpa 
PacCMOTpHM HHepIJHMbHyID CHCTeMy OTCqeTa, CBjJ:3aHHyID c 

,neTeKTOpOM, B KOTOpoii HCTOqHHK CBeTa Maccoii M ,llBH)KeTCJI 

co CKOpOCTblO 1>o • IlpHHHMaeM, qTO HCTOqffHK CBeTa IlOKOHTCjJ: 

OTHOCHTeJibHO 3eMJIH. 3HeprHJI HCToqHHKa CJiaraeTCjJ: H3 
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K1men:1qecKoii 3HeprnH M ~ I 2 H eHyrpeHHeii :meprnH W0 

8036}')1(.n;eHHblX aTOMOB. IlpH H3JiyqeHHH <t>oToHa BHyrpeHHJIJI 

3Heprm1 HCTOqHHKa H3MemieTCB H CTaHOBHTC51 paeHOH W1 . 

KpoMe Toro, H3-3a .n;aeneHHB H3JIY'fCHHB HCToqHHK 

HCilbITbIBaeT OT.n;aqy: ero CKOpOCTb IlOJiyqaeT npHpam;eHHe 

'l>1 - '\Jo ( '\)l - CKOpOCTb HCTOqHHKa IlOCJie HCilYCKaHHB 

<t>oTOHa). 113 3aKOHOB coxpaHeHHB 3HeprHH H HMnym.ca 

HMeeM: 

2 (M m )n.2 
M Vo m - ph ~1 w; u 
-2-+rro = 2 + 1 + ph' (4.1) 

M1'0 = ( M - mph ) 'l>1 + mph ( c + 1Jo) , (4.2) 

r,n;e U ph - 3HeprnB <l>oroHa e CHCTeMe ,n;eTeKTopa; mph - Macca 

<t>oTOHa, CB513aHHa51 c xapaKTepHCTHqecKOH qacTOTOH 

H3JIY'feHHB aTOMa, mo, COOTHOUieHHeM [30]: 

- nmo mph --2 • (4.3) 
c 

Y qffTbIBa51, qro 

n{J)0 = w0 -w1 , (4.4) 

H3 ypaeHeHHH (4.1) H (4.2) nonyqaeM: 

Mu6 (M,,o -mph ( c+1lo) )
2 

Uph-1i~ =-2-- 2(M-mph) 

_ mphu6 +2mph ( c·1Jo)-m~h ( c+,,0)2 IM 

- 2(1-mph IM) 

Ecnu Macca M HCTOqffHKa MHOro 6on1>Uie Macchi <t>oroHa, mph , 

qneHaMH, co,n;ep)l(am;HMH omoUieHHe mph I M , MO)l(HO 

npeHe6pe%. B noM npH6JIH)l(eH1u1 HMeeM: 

U ph = 1i ~ + mph ( c · 1Jo ) + m phuJ I 2 , HJIH: 
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(4.5) 

Ilo.n;cTaBmrn: ( 4.3) B ypaBHemrn ( 4.5), nonyqaeM: 
2 

U mph(c+1>o) liaJo (4.6) 
ph = 2 +-2-. 

B qacTHOM cnyqae, npH Vo= 0 (HCToqHHK CBeTa HaXO)J;HTC.sI B 

nOKOe OTHOCHTeJihHO BbI6paHHOH HHepuHaJihHOH CHCTeMbI 

oTcqern) c yqfaoM (4.3) ::mepm.s1 Hcnym;eHHoro <l>oToHa U ph 

paBHa 1i w0 . 

TaKHM o6pa3oM, ::meprH.s1 <t>oToHa U ph KaK o6»eKTa c 

Maccoii mph npe.n;crnBHMa B BH.n;e .n;Byx cnaraeMhIX. IlepBoe 

cnaraeMoe KHHeTHqecKa.sI 3HeprH.s1 ueHrpa Mace B 

npe.n;nono)l(eHHH, qTo B HeM cocpe.n;oToqeHa BC.sI Macca <l>oTOHa, 

DTOpoe - 3Heprn.s1, o6ycJIOBJieHHaH )J;BH)l(eHHeM BOKpyr n:eHTpa 

Mace, xapaKTepmyroma» BHyrpeHHHe CTeneHH cao6o.n;hI 

<t>oTOHa. Ilpe.n;CTaBJieHHe (c TQqKH 3peHHH 3HeprHH) 

UHpKyn.»pno-non.»pH30BaHHoro <l>oToHa KaK o6»eKTa c 
BHyrpeHHHMH CTenemIMH cao6o.n;hI cornacyeTC.sI c TeM, qTQ B 

KBaHTOBOii MexaHHKe 3aKOHhI coxpaHeHH.sI )J;JI.sI CHCTeM, 

COCTO.sIIu;HX H3 MaTepHaJihHhIX qacTHU H <i>OTOHOB, )"lHTbIBaIOT 

HaJIHqHe y <l>oTOHa MOMeHTa KOJIHqecTBa )J;BH)l(eHH.sI Ii. 
(OrMeTHM, qTQ BHyrpeHHHX CTeneHeii CB060)J;hl y 

MaTepHaJihHOro o6'heKTa MO)l(eT 6hITb 6ecKOHeqHoe MHO)l(eCTBO, 

o.n;HaKO npH nocrpoeHHH <i>HJHqecKOH MO)J;eJIH )"lHTbIBaIOTC.sI 

TOJihKO Te BHyrpeHHHe )J;BH)l(emrn, KOTOphie npOHBJIHIOT ce6H npn 

B3aHMO.n;eiiCTBH.sIX.) 

81aHMO.n;euCTBHe ~OTOHa c .n;eTeKTOpOM (HJMepHTenbHOH 

CHCTeMOH) 

11.3 3KCnepHMeHTOB (HanpHMep, <l>oT03<l><l>eKT) H3BeCTHO, qTQ 

ceeT nornomaeTc.sI KBaHTaMH 3HepmH licot, r.n;e cot - tiacTOTa 

perncTpHpyeMoro mnyqeHH.sI. 
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EcnH Macca .neTeKTOpa, KaK H Macca HCTOqHHKa, senHKa, TO 
.nsmI<eHHeM .neTeKTOpa 3a cqeT ,n;aBJieHml CBeTa MO)KHO 

rrpeHe6peqb, H, cne,n;oBaTeJibHO, MO)KHO rrpeHe6peqb IIOTepHMH 

:meprHH <t>oToHa. Tor.na rrpH B3aHMo.neiicTBHH $oToHa c 

.neTeKTOpOM BCH :meprHH u ph <t>oTOHa B paccMaTpHBaeMOH 

HHep~HaJibHOH CHCTeMe OTcqeTa paBHa perHCTPHpyeMOH 

3HeprHH Ii m, ' H $op Myna ( 4.6) rrpe,n;CTaBHMa B BH,n;e: 

2 
Ii mph(c+vo) ttrvo (4.7) 
mi= 2 +-2-. 

Bse.neM BeKTOp w, HarrpaBJieHHblH OT HCTOqHHKa K ,n;eTeKTopy 
(p:uc. 4.1): 

W = C +Vo . ( 4.8) 

HcIIOJib3YH (4.3) H (4.8), BBe,n;g yron (} Me)K)l;y BeKTOpaMH w H 'Uo 

H o6o3HaqeHHe p = v0 I c, $opMyny (4.7) MO)KHO 3arrHcaTu B 

BH,ne: 

36 

f;. f;. (l (vo·w) v5J riWJ. = rtaJo + --
c2 2c2 

( 
w 1 2) = nrvo 1 +-;; /JcosB-

2 
/3 . (4.9) 

\la 

4- \ ---------~ 
~ 

PHc. 4.1. CxeMa xo.ua nyqa cBeTa OT HCToqHJ1Ka K npHeMHHKy. 

c - CKOpOCTb CBeTa, HcnyIII,eHHOro HCTOqHHKOM; \lo -
CKOpOCTb HCTOqHHKa CBeTa OTHOCHTeJibHO ,UeTeKTopa CBeTa; 

w - pe3yJibTHp}'IOIII,aJI CKOpOCTb CBeTa, HanpaBJieHHOro OT 

HCTOqHHKa K ,UeTeKTopy; 8 - yron Me>K,D;y BeKTOpaMH W H \lo . 



BemPrnHa w/c orrpe.nem1eTca H3 cooTHOIIIeHmI 

c2 = ( w - u0 )
2 = w2 + vJ - 2 w · u0 cos(} . Pa3.nenna o6e qacTH 

:noro COOTHOIIIeHml Ha c2 
' HMeeM 

( w/ c )2 -2pcosB( wl c )-(1- p 2 ) = 0. YqHTbIBWI, qTO w/c > 0, 

H rrpHHHMWI /3<<1, nonyqaeM TOJibKO O.ZJ;HO peIIIeHHe: 

wlc=PcosB+~l-P2 sin2 B. (4.10) 

ITo.ncTaBJiaa ( 4.10) a ( 4.9), nonyqaeM: 

ll'1 = lL\J (I+ P cos O(/J cos 0 + J1 - p2 
sin2 0)-~2 } ( 4.11) 

c TOqHOCTbIO .no p3 ypaaHeHHe ( 4.11) MOJKHO 3aIIHCaTb B BH.ZJ;e: 

WJ = WQ(l + p cos(}+ p 2 cos2 
(} 

2 3 p3 
- ~ - ~ cosfJ+ 2 cos

3 B+o(p3
)), (4.12) 

r.ne o ( p3 ) - cnaraeMbie 6onee BbICOKoro nopa.nKa MaJIOCTH, qeM 

p3. 
<I>opMyna (4.12) coarra.naeT c TOqHOCTbIO .no p2 

Bl<JIIQqHTeJibHO (a npH 8 = rt/2 C TQqHOCTblO ):(0 p3 

oKJI10qnTeJibHO) c cpopMynoii, orrnchrnaromeii 3cpcpeKT ,D;onnepa 
e CTO [30, 58]: 

Wi =WrJ I/ =WrJ(l+pcose+p2 cos2 B 
1- ficos(} 

P2 p3 
----cos(}+ p 3 cos3 B+o(p3)). 

2 2 
PaccMOTpHM HeK0Topb1e qacTHhie cnyqan, cne.nyromne R3 
cpOpMyJibl ( 4.11 ). 
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- IlpH cos B = 0 rronyqaeM rrorrepe1rnh1ii 3$$eKT ,l(orrnepa 

<q = % ( 1 -p2 I 2) . 
- IlpH cos B = 1 H cos B = -1 rronyqaeM KJiaccHqecKHH 
rrpo.l(OJibHhIH 3$$eKT ,l(orrnepa, COOTBeTCTBeHHO 

cq = ~ ( 1 + p + p2 I 2) H cq = ~ ( 1 -p + p2 I 2) . 
TaKHM o6p33oM, ecnH rrpHHWTh 3MHCCHOHHYJO Teopmo PHma 

H yqeCTb B3aHMO,l(eHCTBHe $oTOHa c H3MepHTeJibHOH CHCTeMoii, 
TO MOJKHO IIOJI)"IHTb <l>OPMYJibl ,l(JIH OIIHCaHHH rrpO.l(OJlbHOro H 
rrorrepeqHoro 3$$eKTOB ,l(orrnepa, HCIIOJih3YH KJiaccHqecKHii 
3aKoH CJIO)Kemrn CKopocTeii. 
IlocTyJiaT 0 IlOCTOHHCTBe CKOpOCTH CBeTa 

,l(JIH B3aHMO,l(eHCTBHH $OTOHa c ,l(eTeKTopoM (H3MepHTeJibHOH 
cHcTeMoli) xapaKTepHo cne.Ayromee. 
1. CoxpaHeHHe 3HepmH $oToHa; npeo6p33osamrn 3Hepnm 
npOHCXO,L(HT no $opMyJie ( 4. 7). 
2. CoxpaHeHHe MOMeHTa KOJIHqecTBa .ABH)KeHHH <t>omua, Ii . 
3. CBH3h Me)K.L(y 3Hepmeli U ph H 11aCTOToli cv1 $OToHa 

onHChIBaeTcH <t>opMynoli cq = U ph I Ii . 

4. H3MeHeHHe KOJIHqecTBa .ABH)KeHHH $oToHa. KonH11ecTBo 
,L(BH)KeHHH $oTOHa B CHCTeMe ,L(eTeKTOpa B pe3yJihTaTe 
63aUMooeucm6lm c ,L(eTeKTOpOM (H3MepHTeJibHOH CHCTeMoii) 

H3MeHHeTCH OT mphlc+t>ol, CM. (4.2), ,L(O licvilc, B 

cooTBeTCTBHH c ,L(aHHhIMH 3$$eKTa KoMnToHa. YIJ:HThIBaH (4.2), 
(4.3), (4.8), (4.10) H (4.11), MO)KHO onpe,l(eJIJITb p33HOCTb !!.p 
Me)K.L(y KOJIHqeCTBOM ,l(BH)KeHHH $OTOHa (n HanpaBJieHHH w) ,l(O 
ero B3aHMO,l(eHCTBHH c ,L(eTeKTOpOM H KOJIHqecTBOM ,l(BH)KeHHH, 
orrpe.l(eJIHeMoM B npo~ecce B3aHMO.l(eiicTBHH. 

lip= li<q - limo w = limo [1 + (/J cos 8-1) 
c c2 c 

·(PcosB+~l-/32 
sin

2 B )- ~
2 

]. ( 4.13) 
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ITpn /3 = 0 ll /3 = 2 cos e lip = 0 ' TaK KaK B 3THX CJiyqa51x w = c 
, CM. (4.10). 

HecoxpaHeHne KOJill'IeCTBa .n;BH)l(eHJrn CB.SI3aHO c H3MeHeHneM 

1rnepunoHHhIX cBoiicrn cporoHa rrpn mMeHeHHH ero qacroThI. ,no 

B3aHMO)J,eHCTBll.SI c )J,eTeKTOpOM B CHCTeMe .D:eTeKTopa Macca 

cporona, B cooTBeTCTBim c (4.2), rrpHHHMaJiach paBHoii liOJo I c 2 , a 

rrpH B3aHMO)J,eHCTBHH c )J,eTeKTOpOM Macca CTaHOBHJiaCh paBHOH 

tzcq I c 2 . 0TMen1M, tJTO, B cooTBeTCTBHH c BhIBO,llaMn rnaBhI 3, 

Mace a 06pa3yeTc.SI B BHXp.Six C<l> B. 
5. PaBeHCTBO CKOpOCTH CBeTa OTHOCHTeJihHO .n:creKTOpa 

cpytt,llaMeHTaJihHOH KOHCTaHTe c. 3ToT BhIBO,ll CJie,llyeT ll3 Toro, 

tJTO B 3JieKTpHtJeCKHX IIOJI.SIX aTOMHhIX .Sl,llep cpOTOH MO)KeT 

po)l(.zlaTh rrapy tJaCTHua-aHTHtJaCTHua c C}'MMapnoii Maccoii 

tzcq I c 2 , a ero KOJIHtJeCTBO .D:BH)KeHmI paBHO li°'J. I c. 

Cne,lloBaTeJihHO, B paMKax Mo.n;enH C<l>B npH B3aHMo.n;eiicTBHH 

cpoTOHa c )J,eTeKTOpOM ero CKOpOCTh H3MeH.SieTC.SI OT 

lwl = !c+'lJ0 j, CM. (4.2), .n;o c. 

TaKHM o6pa3oM, Ha ocHoBaHHH rrepeqncJieHHhIX Bhune 

xapaKTepHCTHK 3 4 H BhIBO)J,OB rnaBhI 3 MO)KHO 

ccpopMyJinpoBaTh YCJIOBH.SI BhipaBHHBaHH.SI CKOpOCTH CBeTa npH 

B3aHMO)J,eHCTBHH c .n;eTeKTOpOM )J,0 3HatJeHH.SI cpytt.n;aMeHTaJihHOH 

KOHCTaHThI c. CKopocTh cpoToHa BhipaBHHBaeTc.SI B Tex 

CHCTeMax OTC'Ifaa, r.n;e cpoTOH 06pa3yeT BHXph, B cep.n;etJHHKe 

KOTOporo tJaCTOTa rrpeueccHH WJ. CIIHHOB MHKpotiaCTHU, 

cocTaBJI.SIIOIUHX C<l>B, cml3aHa c 3Hepmeii cpoTOHa U ph 

cooTnomeHHeM cq = U ph I Ii , a Macca cep.n;etJHHKa paBHa 

tzcq I c2 . 

3TOT BhIBO,[( OTHOCHTC.SI He TOJihKO K B3aHMO)J,eHCTBHIO CBeTa 

c ,AeTeKTOpOM (H3MepHTeJihHOH CHCTeMoii). B CHCTeMe 

JICTOlJHHKa, OTHOCHTeJibHO KOTOporo, corJiaCHO 3MHCCHOHHOH 

TeOpHH PHTUa, CKOpOCTh CBeTa paBHa cpytt.naMeHTaJihHOH 
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KOHCTaHTe c, 3Hepnu1, 1:1acT0Ta 1:1 Macca cpoTOHa cornacHo (4.3) 
1:1 ( 4.4) CBH3aHbl Me)R'..ny co6oii TaKl:IMJ:I )R'.e COOTHOIIIeHJ:IHMJ:I, KaK 

1:1 np1:1 a3a1:1Mo.z:r.eiicTa1:11:1 c .z:r.eTeKTopoM. B TO )R'.e apeMH, B 

paMKax Mo,nen1:1 C<l>B (cM. rnaay 3) cpoToH o6pa3yeTCH np1:1 

1:13MeHeHJ:IJ:I xapaKTepl:ICTl:IK Bl:IXpH, C03,naaaeMoro 3JieKTPOHOM B 

aTOMe. 

TaKl:IM o6pa3oM, 1:13 Mo.nen1:1 C<l>B cne.z:r.yeT, 'ITO cKopoCTh 

CBeTa BbipaBHl:IBaeTCH .no 3Ha':IeHl:IH <l>YH.z:r.aMeHTaJibHOH KOHCTaHTbl 

c B Tex Cl:ICTeMax OTC1:1era (B Tex 1:13Mep1:1TeJibHbIX Cl:ICTeMax), B 

KOTOpbIX KBaHTOBbie o6'beKTbl C03,ZJ,aIOT Bl:IXpl:I B C<l>B, a l:IMeHHO B 

CJ:ICTeMax, B KOTOpbIX, cornaCHO BblBO,lI,aM rnaBbl 3, B03Hl:IKaIOT 

BOJIHOBbie CBOHCTBa MaTep1:11:1. 3TOT BblBO,lJ, B onpe,neneHHOH 

creneH1:1 cornacyeTca co aropbIM nocrynaTOM cne~HaJibHOii 

Teop1:11:1 OTHOCl:ITeJibHOCTJ:I, cornaCHO KOTOpOMY CKOpOCTh CBeTa B 

BaKYYMe B JII06bIX J:IHep~aJibHbIX Cl:ICTeMax OTC1:1era paaHa 

<l>YH.z:r.aMeHTaJibHOii KOHCTaHTe c He3aBHCl:IMO OT ,lJ,BJ:l)R'.eHJ:IH 

J:ICTO'IHJ:IKa (30, 58]. 
flpUMet1a11ue. Bb1paBHJ:1BaH1:1e CKOpOCTl:I CBeTa ,ll,0 

BeJIJ:l'Il:IHbl c B nonax, CBH3aHHbIX c 3eMneH:, o6'bHCHJ:IJIO 

6bI pe3yJibTaTbl 3KCnepRMeHTa, BbIIlOJIHeHHOro B 

U:EPHe (CM. pa3,lI,eJI 4.1 ), TaK KaK B 3TOM 3KCnep1:1MeHTe 

CKOpOCTb cpOTOHOB 1:13MepHJiaCb OTHOCJ:ITeJibHO 3eMJIJ:I. 

4.3. Ilpoxo~eHHe CBeTa qepe3 ,!J;B8'KYIUYIOCB cpe,11;y. 
OrrbIT <l>H3o 

Ew;e B 1818 r. <l>peHeJib npe,nJIO)R'.J:IJI cpopMyny, onpe.z:r.en»10m;yIO 

CKOpOCTb CBeTa ct) B npo3pa1rnoii cpe.z:r.e, KOTopaH ,lJ,BJ:l)R'.eTCH 

OTHOCl:ITeJibHO Ha6JIIO,ZJ,aTeJIH co CKOpOCTbIO v [30]. 

c• < +(1- n
1
2 Ju. (4.14) 

3.z:r.ecb n - nOKa3aTeJih npenoMJieH1:1SI cpe.z:r.b1. <l>opMyna (4.14) 
coana.z:r.aeT c TO'IHOCTbIO .z:r.o f3 = v I c c cpopMynoii, nonyqeHHOH 

B CTO. 3aMeTHM, 'ITO 3Ha1:1eH1:1e ITOKa3aTeJISI npeJIOMJieHl:IH n 
npl:IHl:IMaeTCJI He 3aBl:ICHfil;l:IM OT ,lJ,BJ:l)R'.eHl:IH cpe,lI,bI no 

OTHOIIIeHl:IIO K l:ICTO'IHl:IKY CBeTa. 

40 



<l>opMyJia ( 4 .14) 6hlJia 3KcrrepHMeHTaJibHO IIO,ll.TBep)l(,ll.eHa 

<l>H30 B 1851 r. CYTh ero orrhITa 3aKJiroqanach B cne.n.yromeM 

[30]. Jlyq OT HCTOqHHKa CBeTa pa3,ll.BaHBaJICjJ CHCTeMoii 3epKan. 

3aTeM O.D.HH nyq rrpoxo.n.Hn qepe3 TPY6Ky c .D.BH)l(yll(eiicH 

)l(H,ll.KOCTbIO B HarrpaBJieHHH v, BTopoii nyq rrpOXO,ll.HJI qepe3 

:ny )Ke Tpy6Ky B rrpoTHBOIIOJIO)l(HOM HanpaBJieHHH. ITocne 

rrpOX0)1(,ll.eHH51 Tpy6KH o6a nyqa IIOCTYIIaJIH Ha 

HHTep<iJepoMeTp. lh-3a pa3JIHqHjJ CKOpocTeii nyqeii 

OTHOCHTeJibHO HeIIO,ll.BH)l(HbIX CTeHOK TPY6KH Me)l(.n.y HHMH rrpH 

BhIXO,ll.e H3 Tpy6KH B03HHKaJia pa3HOCTb xo.n.a, H3MeHHIOma51CjJ c 

H3MeHeHHeM cKopocTH TeqeHHjJ v . ITo cMemeHHIO 

HHTep<iJepeHQHOHHbIX IIOJIOC H3MepjJJiaCb Cu • Bcjl ycTaHOBKa 

IlOKOHJiaCh OTHOCHTeJibHO 3eMJIH. 

HH)l(e 6y.n.eT rroKa3aHo, qTO <iJopMyny ( 4.14) MO)l(HO 

IIOJiyqHTh, OCHOBhIBajJCb Ha 3MHCCHOHHOM TeopHH PHTQa H 

KJiaCCHqeCKOM rrpHHUHIIe CJIO)l(eHHjJ CKOpOCTeii, eCJIH yqecTb 

B3aHMO,ll.eMCTBJie cPOTOHa c aTOMaMH (MOJieKyJiaMH) rrpo3paqHoii 

. cpe.n.hI. 

3aMeTHM, qTQ CKOpOCTb u B ypaBHeHHH (4.14) He 3aBHCHT 

OT ,ll.JIHHbI IIYTH, rrpOXO,ll.JiMOro CBeTOM B IIp03paqHoii cpe.n.e. 

Cne.n.oBaTeJibHO, BhIBO.D. <iJopMyJihI MO)l(eT rrpoH3BO.D.HTbCjJ ,lJ.JijJ 

3JieMeHTa cpe.D.hI rrpoH3BOJihHOii .D.JIHHhI I. PaccMOTPHM ,LI.Ba 

CJiyqa51. 

1) v = 0. 06o3HaqHM qepe3 

l 
t0 =- (4.15) 

c 
BpeWI rrpoxo)l(.n.enHjJ <iJoTOHOM IIYTH .D.JIHHoii I B BaKYYMe (BHe 

cpe.n.h1). Tor.n.a BpeMjJ rrpoXO)l(,ll.eHJijJ <lJoTOHOM TaKOro )Ke IIYTH 

BHYTPH IIp03paqHOM cpe,ll.bl orrpe.n.eJijJeTCjJ KaK 

l ·n 
t0 +~t =-, (4.16) 

c 
r.n.e M - CyMMapHoe BpeMH 3a.n.ep)l(KH <lJoToHa Ha .n.mrne I 3a 

cqeT B3aHMO,ll.eiicTBHjJ cPOTOHa c aTOMaMH cpe,ll.hl. 
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2) v '# 0. ,l(onycTHM, qTo '\) HanpaBJieHa OT HCTOqHHKa K 

HHTepcpepoMeTPY (pe3yJihTaT He H3MeHHTCSI, eCJIH CKOpOCTb '\) 

HanpaBHTh B npoTHBonono)l(HOM HanpaaneHHH). Tor.n.a B 

CHCTeMe, CBSI3aHHOH c ,ll,BH)l(yw,eiicSI cpe.n.oii, CKOpOCTb cpOTOHa 

BHe cpe,Ll,hI, B BaKyyMe, paaHa c- v H, cne.n.oaaTeJihHO, apeMsi 

npoxo)l(,Ll,eHHSI cpoTOHOM nynr ,Ll,JIHHOH I B aaKyyMe 6y.n.eT paaHo 

I 
t1 =-, (4.17) 

c-v 
a apeMSI npoxo)l(,l],eHHSI cpoTOHOM TOro )l(e rryrn B cpe.n.e 6y.n.cr 

paBHO 

I 
t1 +M =--;, (4.18) 

c 
* ,.h ~ r.n.e c - cpe,ll,HSISI CKOpOCTb 'f:'OTOHa B CHCTeMe, CB513aHHOH c 

,Ll,BH)l(yw,eiicj{ cpe.n.oii. 

lb 3KCrrepHMeHTOB H3BeCTHO, qTO IIOKa3aTeJib rrpeJIOMJieHHj{ 

n cna6o 3aBHCHT OT qacTOTbI. yqHTbIB~ 3cpcpeKT ,l(orrnepa, 3TO 

03HaqaeT, qTQ B rrepBOM rrpH6JIH)l(eHHH no /3 BpeMj{ 3a.n.ep)l(KH 

MO)l(HO cqHTaTh He 3aBHCjIIIJ;HM OT CKOpOCTH v. TaKHM 

o6pa30M, MO)l(HO cq1uaTb, qTO B COOTHOIIIeHHj{X ( 4.16) H ( 4.18) 
HCIIOJih3yeTCj{ 0,l],HO H TO )l(e 3HaqeHHe lit. lb ( 4.15) - ( 4.18) 
rronyqaeM: 

I I In I 
-=-+---. (4.19) 
c* c-v c c 

Hcrronh3Yj{ ( 4.19), orrpe.n.eJij{eM cKopoCTb cpoToHa cv 

OTHOCHTeJibHO HeIIO,Ll,BH)l(HOro HHTepcpepoMeTPa: 

* c(c-v) c2 -uc(l-n)+v2 (1-n) 
Cu =c +v= +v= . 

en + u(l - n) en + u(l - n) 
l13 rrocne.n.Hero COOTHOIIIeHHj{ c ToqHOCTblO ,l],0 /3 rronyqaeTCji 

cpopMyna <l>peHem1 (4.14): 
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Cv = c 1/ n - fJ In+ fJ + p2 In - p2 = c(!- fJ + fJ + p2 - p2 J 
1-/J(l-lln) n n n 

{1+p(1-!)+p2(1-!J2 +.+: +(i- .~ )v. 
BLIBOJJ.hl K rJiaBe 4 

1. IlocTyJut:pyR: ae;rn:q1rny CKopocrn: CBeTa OTHOCHTeJibHO 

HcmqHHKa paaHoii c, :meprmo f!>omHa KaK o6neKTa c Maccoii 

mph MO)l(HO npe,D;CTaBHTb B BH,D;e ,D;Byx CJiaraeMbIX. IIepBoe 

cJiaraeMoe KHHeTHqecKaH 3HeprHR: neHTPa Mace B 

npe,D;nOJIO)l(eHHH, ~o B HeM cocpe,D;oToqeHa BCR: Macca f!>oToHa, 

nmpoe - 3Hepma, o6ycJioBJieHHaH ,IJ;BH)l(eHHeM BOKpyr neHTPa 

Mace, xapaKTepli3)'lOII.J,aH BHYTPeHHRe CTeneHR CB060,IJ;bl f!>oToHa. 

2. OcHOBhIBaHCL Ha 3MHCCHOHHOH TeopHH PHTUa, KJiaccHqecKOM 

3aKOHe CJIO)l(eHHH CKOpOCTeii H npHHHMaH, qTo npH 

B3aHMO,D;eHCTBHH f!>oTOHa c H3MepHTeJibHOH CHCTeMoii BCH 

3HepmH CB060,IJ;HOf0 f!>omHa pemCTPHpyeTCH KaK 3HepmH licq 
(cot - pemCTPHpyeMaH qacTOTa f!>oTOHa), MO)l(HO noJiyqHTb 

cpopMyJiy ,lJ;JUl OITHCaHH.H 3cpf!>eKTa ,ll,onJiepa, COBITa,z:J.aI-OII.J,)'10 c 

P2 v ~ v v 
TQqHQCTbIO ,D;O c aHanomqHoH 'f'OPMYJIOH, noJiyqeHHOH B 

CTO. 
3. OcHOBhIBaHCh Ha 3MHCCHOHHoii TeopHH PHTUa, npHHHMaH 

KJiaccHqecKHH 3aKOH CJIO)l(eHHH CKOpOCTeH H yqHTbIBaH 

)J;HHaMHqecKOe B3aHMO,IJ;eiicTBHe f!>oTOHa c aTOMaMH cpe,D;bl, 

MO)l(HO ITOJiyqHTb cpopMyJiy <l>peHeJIH )J;JIH CKOpOCTH CBeTa B 

,D;BH)l(yll.J,e.iicH cpe,D;e. 

4. lfa MO,D;eJIH C<l>B CJie,D;yeT, ~o CKOpOCTh CBeTa BbipaBHHBaeTCH 

,ll;O 3HaqeHHH f!>YH,IJ;aMeHTaJibHOH KOHCTaHTbl c B Tex CHCTeMax 

OTcqfaa, B KOTOpbIX KBaHTOBbie o6neKThI C03,D;aI-OT BHXpH B C<l>B, 

TO eCTL, B CHCTeMax, B KOTOphIX, COrJiaCHO BhIBO,D;aM fJiaBbl 3, 
B03HHKaIOT BOJIHOBbie CBOHCTBa MaTepHH. 
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rJiaBa 5. 3JICKTpuqecKHH ,ll.HilOJlbHhlH MOMCHT, 

CBSI3aHHhlH c BOJIHaMH MaTepuu KBaHTOBblX OO'bCKTOB 

CornacHo BbIBO,UaM rnaBbI 3 BOJIHOBbie caoilcTBa KBaHTOBbIX 

o6neKTOB o6ycnOBJleHbl C03)l.aHHeM 3THMH o6'beKTaMH BHXpeH: B 

C<I>B. B cooTBeTCTBHH co caoilcTBOM 9 (rnaaa 1) cep,ueqHnK 

BHXpH HMeeT 3JieKTPHqecKHH ,uHilOJlhHhIH MOMeHT. 

3JieKTPHqecKruI IlOAApH3aUH.SI cpe)l.bl B cep.ueqHHKe BHxpsr B 

CBepxTeKyqeM 
3
He-B npOHCXO,uHT 3a cqfa .ue<t.>opMaU,HH aTOMOB 

3
He, COCTosrmnx H3 3JieKTPHqeCKH pa3HOHMeHHO 3apsr)l(eHHbIX 

:meKTPOHOB n npoToHos. MexaHH3M o6pa3oBaHH» 

3JieKTPHqecKoro .UHilOJibHOro MOMeHTa cep,ueqHHKa BHXpH 

cymecTByeT H B C<I>B. 

ComacHo caoilcTBY 12 (rnaaa 1) B caepxTeKyqeM 
3
He-B 

aTOMbl 
3
He o6pa3YJOT napbl B p-COCTOSIHHH. 3TO COCTOSIHHe, B 

KOTOpOM Me)l(.lly 3JieKTpnqecKH 0,lJ;HOHMeHHO 3apSI)l(eHHbIMH 

qacTHU,aMH co CilHHaMH, opneHTHpOBaHHbIMH B O,uHOM 

HanpaBJieHHH, .ueilcTByroT CHJlbl npHTH)l(eHHSI, a Me)l(.lly 

3JieKTPH11eCKH pa3HOHMeHHO 3apSI)l(eHHblMH qacTHUaMH co 

CilHHaMH, opHeHTHpOBaHHbIMH B O,UHOM HanpaBJieHHH, 

.ueiicTByroT CHJibl OTTaJIKHBamrn [35, 59, 60]. EcJIH cymecTByeT 

aHanOrHH Me)l(.lly B3aHMO.D;eHCTBHeM COCTaBJIHIOmHx 

CBepxTeKyqnH: 
3
He-B 11aCTHU H B3aHMo.n;eilcTBHeM 

COCTaBmrromnx C<I>B MHKpo11aCTHU., TO Me)l(.lly O,ll;HOHMeHHO 

3apH)l(eHHblMH MHKpo11acTHUaMH co CilHHaMH, 

opHeHTHPOBaHHhlMH B O)l.HOM HanpaBJieHlm, )l.eHCTByIDT CHJibl 

npHTH)l(eHHH, a pa3HOHMeHHO 3apH)l(eHHblMH co cmrnaMH, 

opHeHTHpOBaHHhIMH B O,UHOM HanpaBJiemm CHJibl 

orranKnBaHHH. TaK KaK cornacHo csoiicTBy 5 (rnasa 1) B 

cep.n;e11HHKe BHXpsr C<I>B HMeeT MecTO cnHHOBruI nonHpn3aUHH 

C<I>B, TO ecTb, OpHeHTalJ,HH CilHHOB MHKpo11aCTHU, B O)l.HOM 

HanpasneHHH, B cep.n;e1:IHHKe o6pa3YJOTCSI .n;Ba npOCTPaHCTBeHHO 

pa3.n;eneHHbIX, 3JieKTPH1:leCKH pa3HOHMeHHO 3apH)l(eHHblX 

«KBa3HKOJ1Jianca» MHKpoqacTHU.. Cne.uoaaTeJihHO, MO)l(HO 

rosopHTb 06 3JieKTPHqecKOM .UHilOJibHOM MOMeHTe cep.n;e1:IHHKa 

BHXpH H COOTBeTCTBeHHO 3JieKTPHl.J.eCKOM .UHilOJlbHOM MOMeHTe 
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KBaHTOBOro o6'beKTa, co3.n;a10mero 3TOT BHXpb. B )l;ailbHeihneM 

3TOT 3JieKTPHqeCKHH )l;HIIOJibHbIH MOMeHT 6y.n;eM Ha3bIBaTb 

3,LI;M-BM (3JieKTPHqecKHH )l;HIIOJibHbIH MOMeHT, CBH3aHHblH c 

BOJIHaMH MaTepHH). B .l{aHHOH mane 6y.n:YT paccMoTPeHbI 

HBJieHHH, o6ycnonneHHbie cymeCTBOBaHHeM 3,LI;M-BM. 
HcrroJih30BaHhI MaTepHa.IIbI pa6oT [ 61-63]. 

06o3HaqJIM nenu:qHHY 3ap.si:.n;a KBa3HKOJIJiarrca, 

o6pa3YJOIUeroc.si: B cep.n;eqm:1Ke n11:xp.si:, qepe3 qv, a paccTmrnu:e 

Me:>K.n;y KBa3HKonnarrcaMH qepe3 L. Tor.n;a nenu:qu:Hy 3,LI;M-BM 
BHXp», d v ' MO:>KHO rrpe.n;cTaBHTb B BH.n;e: 

dv = qvL. (5.1) 

Onpe.n;eJIHM 3,LI;M-BM de .n:n.si: JJieKTPOHa, TO ecTh, dv =de. 

I1pu: orrpe.n:eneHHH qv npHHHMaeM, qm y.n:enhHbIH 3apM 

KBa3HKOJIJiarrca B cep.n:eqHHKe BHXpH, C03.l{aBaeMoro 

3JieKTPOHOM, paBeH y.n;eJibHOMY 3apH.n;y :meKTPOHa: 

2qv = _!.__ (5.2) 
mv me 

r.n:e e H me COOTBeTCTBeHHO 3apH,ll; H Macca 3JieKTPOHa, mv -

Macca, 3aKJIJOqeHHa.sI B cep.n;eqHHKe BHXp», TO eCTh, CYMMapHa» 

Macca .n:nyx KBa3HKOJIJiaIICOB. 3aMeTHM, qTO eme B. PHTU 

OTMeqan, qTo 3KcrrepnMeHTbI Kay<i,lMaHa no MarHHTHOMY u: 

3JieKTPHqecKOMY OTKJIOHeHHIO 6ern-rryqeU: pa,nH.si: «Ilpl:IBOMT K 

y6e:>K,UeHHIO», qTo Macca 3JieKrpOHa HMeeT IlOJIHOCTblO 

JJieKTPOMarHHTHyIO rrp1:1po.l{y (30, 64]. B Mo.n:en1:1 C<l>B JTO 

03HaqaeT, qTo 3JieKrpOH j[BJI»eTc» KBa3HKOJIJiarrcoM TOJibKO 

3JieKTPJ:lqecKH OTpHl.(aTeJibHO 3ap.si::>KeHHbIX MHKpoqaCTHU, 

cocrnnn.si:10m1:1x C<l> B, rro3HTPOH - TOJibKO rrorro)KHTeJihHbIX. 

PaJMep )l;HIIOJI» L onpe.nenHM crre.n:YJOIUHM o6pa30M: 

L = y"i.., (5.3) 

r.n:e y - KOJ<i,l<i,lHUHeHT IIpOIIOpUHOHa.IIbHOCTH; A - ,[{JIHHa 

BOITHbl BOITHOBOH <i:lYHKUHH KBaHTOBOro 06'beKTa, CB.sI3aHHa.sI c 

ero KOJIJ:lqecTBOM .D:BlDICeHIUI p KaK (35]: 
A.= 1i Ip . (5.4) 
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BMpa)J(eHJie (5.1), orrpe,nemnomee 3,l(M-BM 3JieKT}JOHa, c 

IfCIIOJib30BaHlleM (3.3), (3.5), (5.2) If (5.3) rrpeo6pa3yeTCSI K 

yen 
BH,ny: de = 

2 
mshA.. HnH, c yqfaoM (5.4) If Bbipa)J(eHHH 

2mec 

.nrrH MarHeToHa Eopa [28] µ8 = eli I (2mec), HMeeM: 

de= rµsliOJsh . (5.5) 
cp 

Ilo,ncTaBJIHH (3.2) B ypaBHeHHe (5.5), rronyqaeM AJIH de : 

de= yµBUk . (5.6) 
cp 

YlIHTbIBaH paBeHcTBa Uk= mev2 I 2 H p = mev (v- CKopocTb 

3JieK1'pOHa), IfMeeM: 

de= yµB V. (5.7) 
2c 

QqeBHAHO, lITO Bbipa)J(eHif.Sl (5.6) If (5. 7) 6YAYT crrpaBeAJIIfBbI 

TaK)J(e H MH 3,l(M-BM II03H1'pOHa, dp. 

PaccMOTJJHM B3aHMH)'IO op11eHTanmo v 11 dv. CornacHo (5.3) 

pa3Mep AHIIOJIH, o6pa3oBaHHoro B C<l>B ABH)J(yIUHMCSI 

KBaHTOBLIM ofr.t.eKTOM, orrpe,neJIHeTC.Sl MHHOH BOJIHbI ero 

BOJIHOBOH <l>YHKnHH. IlpHHHMaeM, lITO dv tt ksh HJIIf 

dv t J.. ksh' r.ne ksh - BOJIHOBOH BeKTOp rnpe,n1rnrepOBCKOH 

BOJIHoaoii <l>YHKnHH KBaHTOBoro 061,eKrn, ksh tt p [35]. EcnH 

KBaHTOB.bIH o6'beKT 3JieKTp11qecKif 3ap.SI)J(eH, TO ero 

31leK1'piftieCKOe none ,neHCTByeT Ha C03,naaaeMbIH HM 

3JieK1'plfqecKHH AHIIOJib KaK MOMeHT. Cne,noBaTeJibHO, B 

3aBHCHMOCTif OT 3HaKa KBaHTOBOro o6'beKTa, rrpH ycJIOBiflf 

p tt v ' C03,naaaeM.t.IH HM 3,D,M-BM HanpaBJieH BAOJib CKOpOCTif 

3Toro o6neKTa HJIH rrpoTHBOIIOJIO)J(HO. TaKHM o6pa3oM, 

HanpHMep, .nrrH 3JieK1'pOHa: de tt v ' .nrrH Il03H1'pOHa: d p t .J, v ' 

IfJIH B o6meM BH,ne: 

46 



(5.8) 

r.ne I - 3neKT})H11ecKu:H: TOK, co3,naaaeMLIH ,nBH')K~HMCH 

3apH')KeHHbIM KBaHTOBbIM o6oeKTOM. 
Ilo onpe,neneHHIO 3neKTpu:11ecKoro ,nu:nonLHoro MOMeHTa: 

dv t .J.. E , r.n;e E - Hanpx')KeHHOCTb 3neKTpn11ecKoro nonx B 

,nnnone (a cep,n:e11HHKe anxpx). CornacHo (2.15) H (2.18) 
Hanpaanemrn 3neKT})H11ecKoH: nonxpn3au;nn C<l>B a cep,ne11HHKe 
BHXpH IIpOTHBOIIOJIO')KHO HanpaaneHHIO CIIHHOBOH IIOJIHpH3a:LlHH 
C<l>B, TO ecTL, HanpaaneHHIO CyMMapHoro CIIHHa BHXpH Sv. 

TaKHM o6pa30M, 

dv tt Sv. (5.9) 

CornacHo caoH:cTBY 7 (rnaaa 1) cnu:Hoaax nonxpn3aUHH C<l>B B 
cep,ne11HHKe au:xpx conpoao')K)l;aeTcH npeneccneH: (c 11acT0ToH: 
rov) CIIHHOB MHKpo11acTHU, COCTaBJIHIOIUHX C<l>B. IlpH 

He3Ha11u:TeJILHOCTH yrna HYTannn a noM npeu;eccu:oHHOM 

,IJ;BH')KeHHH cnpaae,rornao: Sv tt rov. Y11HTLIBaH (5.9), HMeeM: 

dv tt rov. (5.10) 

Ha pnc. 5 .1 npe,ncrnaneHa cxeMa B3aHMHOH opneHTau;nn 
BeKTOpOB V, Sv, rov H dv, B COOTBeTCTBHH C (5.8)-(5.10), .ZUIH 

,IJ;BH')K~HXCH 3JieK1'pH1IeCKH 3apH')KeHHbIX KBaHTOBbIX o6oeKTOB: 

IIOJIO')KHTeJibHOro e + H OT})HUaTeJibHOro e - . 

<i>v· '--- C<li; ---+ 
Sv+-- Sv~ 

v +-{---••if-- d. y ·+-<---t••'----+ cl" 
e- e+ 

Pu:c. 5.1. B3aHMHM opu:eHTaum1 cKopocTH v H xapaKTepu:cTHK 

cep~e•:IHHKOB BHXpeif, C03~aBaeMbIX ~BH)KYID:HMHCB 

JJieKTPHqeCKH 3apB:>I<eHHbIMH KBaHTOBbIMH 061,eKTaMH: 

nono:>I<HTeJibHbIM e+ H OTPHD;aTeJibHbIM e-: Sv - cyMMapHbIH 

CIIHH, (l)v - qacTOTa npeuecc1m CIIHHOB, dv - 3,[(M-BM. 
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CyinecTBOBaHHeM :meKrpHqecKoro ,nHIIOJibHOro MOMeHTa 

KBaHTOBoro o6'beKTa MO:>KHO 06M1cHHTb ~eJibIH PM 
3KCIIepHMeHTanbHO Ha6mo.naeMbIX HBJieHHH. 

1. CnHn-opfiHTaJibHoe B3aHMOJJ.eii:cTBHe 
PaccMOT}JHM ,nBH:>KeHHe 3JieKrpoHa B aToMe. B 3JieKrpHqecKoM 

rrone aTOMHOrO H,npa Ea Ha cep,neqHHK BHXpH, C03,IJ;aBaeMoro 

3JieKT}JOHOM B C<I>B, KaK Ha 3JieKrpHqecKHH .n;Hrronb, 6y.ner 

.neifcTBOBaTb MOMeHT M [28]: 
M = dv xEa. (5.11) 

PaccMOT}JHM aToM Bo,nopo.na, Haxo,ngrn;HifcH B HeBo3M)'lneHHOM 

COCTOHHHH. B 3TOM cnyqae IIOJIHaH 3HeprHH 3JieKrpOHa paBHa 

KHHeTHqecKOH 3HepmH. 11.CIIOJib3YH (5.7) H (5.8) (cqHTaeM, qTQ 

3JieKrpHqecKoe rrone Ea He BJIHHeT Ha BeJIHqHHY 3,ll;M-BM 

KBaHTOBoro o6'beKTa) B (5.11), HMeeM: 

M=yµB(vxE
0

). (5.12) 
2c 

IlpH µB tt (Ea xv) H 

r=t (5.13) 
npaBaH qacTb ypaBHeHHH (5.12) COBna.n;aeT c Bbipa:>KeHHeM MH 
3HepmH CIIHH-op6HTailbHOro B3aHMO):(eHCTBHH 3JieKT}JOHa B 

aToMe ao.n;opo,na [60, 65]: U5 _ 0 =-µB(E 0 xv)1(2c). TaKHM 

o6pa30M, eCJIH CIIHH-op6HTailbHOe B3aHMo,neifcTBHe 3JieKT}JOHa 

orrpe.nenHeTCH MOMeHTOM, .neif CTB}'lOI.ll;HM B 3JieKrpHqeCKOM 

none H,npa Ha ,nHnon1>, co3.n;aBaeMLIH 3JieKrpOHOM B C<I> B, TO 

3,ll;M-BM 3JieKT}JOHa de' B COOTBeTCTBHH c (5.6), (5.8) H 

(5.13), MO:>KHO rrpe,ncTaBHTb B BH.n;e: 

de= µB~k p. (5.14) 
cp 

,ll;nH 3JieKT}JOHa amMa eo.nopo.na, Haxo,ngrn;erocH B OCHOBHOM 
-24 t 

COCTOHHHH (Uk = 13,6 38, p = 2·10 Kr'M'c" ), B COOTBeTCTBHH 

c (5.14) HMeeM: de:::: 10-34
Kn·M (7·10-

1
4e·cM). 
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JlpUMe1Ja11ua. 
1. PaBeHcTBo r = 1 cornacHo (5.1) H (5.3) 03HaqaeT, qTO 

npH npHH51THH «nnaHeTapHoU: Mo.nenm> aToMa pa.n.Hyc R 
op6HTbl 3neKTpOHa B OCHOBHOM COCT051HHH KpaTeH 

pa3Mepy C03)l.aBaeMoro HM 3neKTpHqecKoro )l.Hnon51 B 

C<l>B, TO ecTh, R = neL , r.ne ne - rnaBHoe KBaHTOBOe 

1rncno, xapaKTepmyiom;ee 3Heprmo 3neKTpoHa B aTOMe. 

(He HCKJIIoqeHO, qTO HMeHHO pa3Mep )l.HnOn51, 

C03.ZJ.aBaeMoro KBaHTOBhIM ofo,eKTOM B C<l>B, 

onpe.nen51eT .nmppaKU:HIO KBaHTOBblX 06'beKTOB ). 

2. B COBpeMeHHOH KBaHTOBOH MexaHHKe, B CHCTeMe 

qaCTHU:bI, )l.BH)l(~eU:c51 co CKOpOCTblO v B 

3neKTpHqecKOM none Ea, BenHqHHa (I/ c)(Ea xv) 

HHTepnpeTHpyeTC51 KaK MarHHTHOe none, 

OpHeHTHpyiom;ee cnHHOBblH MarHHTHblH MOMeHT 3TOH 

qacTHII;bI B.nonb (Ea xv). B paMKax paccMaTpHnaeMoii B 

pa6oTe Mo.nenH C<l>B, cornacHo (5.11), ponh 3Toro 

opHeHTHpyiom;ero MOMeHTa BblilOnH51eT MOMeHT M. Ilo.n 

.neU:cTBHeM MOMeHTa M npoHCXO.ZJ.HT opHeHTaI . .\H51 cnHHa 

qacTHU:bI B.nonb M H, cne.nonaTenhHO, opHeHTaUH51 ee 

cnHHOBoro MarHHTHOro MOMeHTa. 

3. B HaCT051ID;ee BpeM51 BO MHOrHX na6opaTOpH51X 

ae.nyTc51 3KCnepHMeHTbI no onpe.neneHHIO 

3neKTpHqecKoro ,ll.HITOnbHOrO MOMeHTa 3neKTpOHa. 

CornacHo rronyqeHHbIM .naHHblM, ecnH 3neKTpHIJeCKHH 

)l.HnOJibHblH MOMeHT 3neKTpOHa c~ecrnreT, TO ero 

3HaIJeHHe He ,11;0Jl)l(HQ npeBbIIIIaTb -10- 7
e 'CM [66]. 

BbilJHcneHHoe BbIIIIe 3Ha1IeHHe 3,[(M-BM 3JieKTpoHa B 

a To Me ao.nopo.na He npOTHBOpeIJHT 3THM 

3KCnepHMeHTaJibHbIM .naHHbIM, TaK KaK 

paccMaTpJfBaeMbIH B )J;aHHOH rnaae 3JieKTPHIJeCKHH 

)J;HTIOnhHbIH MOMeHT KBaHTOBOro o6'beKTa He .sJ.Bn51eTC51 

CBOHCTBOM caMoro o6'beKTa, OH B03HHKaeT B 

caepxTeKyqeM qm3HlJeCKOM BaKYYMe TOnbKO npH 
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.n;amKemrn: o6'beKTa (HMeeTCH B BH.D;Y .D;BmKeHHe, c 

KOTOpbIM CBH3aHa BOJIHOBaH cl>YHKUHH IIIpe.D;HHrepa). TaK 

KaK 3,D,M-BM HBJUieTCH xapaKTepHCTHKOH BOJIHOBOH 

cl>YHKUHH qacTHUbl, 3KCrrepHMeHTaJibHOe orrpe.n;eJieHHe 

3HaqeHHH 3TOH xapaKTepHCTHKH CBH3aHO c rrpo6JieMoii 

H3MepeHHH B KBaHTOBOH MexaHHKe. 

4. l:IcrrOJib30BaHHe cpopMyJILI (5.14) .D;JIH orrpe.n;eJieHHH 

3,D,M-BM cpoTOHa d ph .n;aeT: d ph = µB. 

2. Cnuu-op6uTaJibHOe BJaHMO,ZJ.eiicTBHe npu paccesrnuu 
ueiiTpouos ua H,ZJ.pax 
113 3KCIIepHMeHTOB no pacceSIHHIO HeHTPOHOB Ha SI.n;pax 

CJie.n;yeT, qTo .n;IDI HeHTPOHa, .n;BmKymerocSI B 3JieKTPHqecKOM 

IIOJie H.n;ep, CIIHH-op6HTaJibHOe B3aHMO.n;eiicTBHe HMeeT .n;ae 

COCTaBIDIIOJUHe: TaK Ha3bIBaeMoe «3JieKTPOMarHHTHOe» CIIHH­

op6HTaJibHOe B3aHMO.n;eiiCTBHe, orrpe.n;eIDIIOJUee IIIBHHrepoBCKOe 

pacceHHHe (B [61, 62, 67] HCIIOJIL3yeTCH TepMHH 

«KYJIOHOBCKOe» CIIHH-op6HTaJibHOe B3aHMO.n;eiicTBHe ), H 

SI.n;epHoe CIIHH-op6HTaJibHOe B3aHMO.n;eiicTBHe [67-69]. 
Mo.n;eJIL C<l>B rrpe.n;JiaraeT o6'bHCHeHne cnHH-op6HTaJILHoro 

B3aHMO.n;eiicTBHH HeHTPOHOB. IlpH pacceSIHHH HeHTPOHOB Ha 

SI.n;pax aemecTBa 3HeprHH HeiiTPOHa 6y.n;eT co.n;ep>KaTL .n;aa 

CJiaraeMLix: KHHeTnqecKYJO 3Heprn10 Uk H 3Heprn10 Unu, 

orrpe.n;eJIHeMYJO H.n;epHbIMH CHJiaMH, .n;eiicTBYJOIUHMH Ha 

HeHTPOH. EcJIH 3HeprnH u nu BJIHHeT Ha qacTOTY BOJIHOBOH 

cl>YHKUHH IIIpe.n;nHrepa HeiiTPOHa, a 3,D,M-BM HeiiTPOHa, dn, 

TaK >Ke KaK H y 3JieKTPOHa, HBJUieTCH cl>YHKUHeii 3TOH qacTOTbl, 

CM. (5.5), TO B COOTBeTCTBHH c (5.11) (B 3TOM CJiyqae dv =dn) 

IIOJIHbIH MOMeHT M, ,ZJ;eHCTBYJOIUHH Ha HeiiTpOH B 

3JieKTPHqecKoM rroJie H.n;pa, 6y.n;eT co.D;ep>KaTL .n;ae 

COCTaBJIHIOIUHe: Ml ' CBH3aHHYJO c u k ' H M 2 ' CBH3aHHYIO c 

U nu . MoMeHT M 1 MO>KHO HHTeprrpeTHpoaaTb KaK 

3JieKTPOMarHHTHOe (KYJIOHOBCKOe) cmrn-op6HTaJibHOe 
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B3a11Mo.n;eiicrn11e, a MOMeHT M 2 KaK g.n;epHoe cn11H-

op611TaJibHOe B3al1MO.n;eiicrn11e. 

llpUMel./,aUU.R. 
1. TaK KaK HeMTPOH HBnHeTCH 3neKTP11tiecKH 

HeHTPaJibHOH tiaCTHIJ:eH, OH He C03.n;afa :meKTPHlleCKOfO 

MOMeHTa, KOTOpbIH .n;eHCTBOBaJI 6hI Ha 3IleKTPHlleCI<HH 

.n;11nonh, co3.n;anaeMhIH HeHTPOHOM B C<I>B, TO ecTb, 

BeKTOp dn MO)KeT 6bITb HanpaBneH KaK no CKOpOCTl1 

HeHTpoHa, TaK 11 npoTl1B CKOpOCTl1. Tor.n;a, B 

COOTBeTCTBl111 c ( 5 .11) He onpe.n;eneHO H HanpaBneH11e 

MOMeHTa M, 11, cne.n;oBaTenbHO, c o.n;11HaK0Boli 

BepOHTHOCTbIO cn11H pacce11BaeMOfO HeHTPOHa MO)KeT 

6bITb op11eHT11poBaH KaK B)J;Oilb CBOero op611TaJibHOfO 

MOMeHTa, TaK H npoTHBOnonO)KHO. 0TMeTl1M, llTO, XOTH 

3Ta paBHOBepOHTHOCTb npOTHBOpe1111T (B 

onpe.n;eneHHOCTl1 3HaKa) npHHHTOMY B ocp11U11aJibHOH 

HaYKe Bbipa)KeHl1IO .n;ng 3IleKTPOMarHl1THOfO cn11H­

op611TaJibHOfO B3aHMO.n;elicTBl1H HeHTPOHa: 

(11 c )µn(Ea xv) (µn - cn11HOBblH MarHl1THbIH MOMeHT 

HeHTpOHa), OHa He nponrnope1111T 3KCnep11MeHTaJibHbIM 

.n;aHHbIM no pacceHH11IO HeliTpOHOB. )J,eikTBl1TeilbHO, npH 

pacceHHl111 HeHTPOHOB BemecTBOM paBHOBepOHTHO 

n106oe nono)KeH11e HeHTPOHa OTHOCl1TeilbHO 

paccenBa10mero H.n;pa (pnc. 5.2), cne.n;oBaTenhHO, MH 
pacce11BaeMoro HeHTpOHa paBHOBepOHTeH n106oli 3HaK 

Jl.n(Ea xv). 
PHc. 5.2. PacceaHHe Hei:iTpoHOB B 
none a.n;epHI>IX cHJI. 
n - pacce1rnaeM1>1e HeihpoHM; 
H,npo - pacceHBaIOil.(ee a.n;po; v -

CKOpOCTb Hei1TpoHoB; Ea 
Harrpa)l(eHHOCTh :meKTpH'leCKOro 
ITOJI}l Mpa, µn - CITHHOBbIH 

MarHHTHbIH MOMeHT HeiiTpoHa. 
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2. B cooTBeTcTa1u1 c (5.11) H c yqfuoM 3aBHCHMOCTH 

3,D,M-BM OT :mepmH MO)KHO yraepiK,D;aTJ., 'ITO Bee BH,[(bl 

3HeprHH .l(BH)KymerocSJ: B 3JieKTPH'IeCKOM IIOJie 

HeHTPOHa, orrpe,neJISJ:IOII.(He 'IaCTOTY ero BOJIHOBOH 

<l>YHKI.(HH lllpe,nHHrepa, BHOCSJ:T BKJia,l( B CIIHH­

op6HTaJibHOe B3aHMO,l(eHCTBHe HeHTPOHa. 

3. Hecoxpaueuue qeyuocTu B aToMax 
Ha 3JieKTPOHbI aToMa a 3JieKTPH'IeCKOM none H,npa ,ne:HcTByeT 

3JieKTPH'IeCKM CHJia, rrpoeKI.(HSJ: KOTopo:H Fd Ha 
e 

3JieKTPH'IeCKHH .l(HilOJibHbIH MOMeHT 3,D,M-BM de 3JieKTPOHa 

onpe.nerrSJ:eTcSJ: Bblpa)KeHHeM [28]: 
Fd = degradEd , (5.15) 

e e 

r.ne Ed - npoeKI.(HSJ: HanpSJ:)KeHHOCTH 3JieKTPH'IecKoro noJISJ: 
e 

SJ:,npa Ha de. ,lJ,rrSJ: npHMepa paCCMOTPHM CHJiy, .ue:HCTBYIOillYIO 

Ha 3JieKTPOH B aTOMe ao.uopo.n;a, HaXO,USJ:II.(eMCSJ: B OCHOBHOM 

COCTOSJ:HHH. B 3TOM crryqae ITOJIHM 3HeprHSJ: 3JieKTPOHa paBHa 

ero KHHeTH'IeCKOH 3HepmH Uk. B COOTBeTCTBHH c (5.14), 

(5.15) H c yqfuoM pa3MepoB ,UHIIOJISJ: (5.1), (5.3), (5.4) H (5.13) 
cHrra Fd onpe.uerrSJ:eTCSJ: KaK: 

e 

µBUke 
(5.16) 

ra - paccTOSJ:HHe MeiK,IJ;y 3JieKTPOHOM H 51:,UpOM B aTOMe. ,D,rrSJ: 

3JieKTpOHa aTOMa BO,n;opo.ua, HaXO,USJ:II.(erocSJ: B HeB03M}'meHHOM 

COCTOSJ:HHH: Uk = 13,6 3B, p = 2x 10·24 
Kr"M/c, ra = 5,3x10·11

M. 

Ilo,ncTaBJISJ:SJ: 3TH 3Ha11eHHSJ: B (5.16), norryqaeM Fd ~ 10·13
H. 

e 

ITonyqeHHM neJIH'IHHa Ha mecTb rropSJ:,nKOB MeH1>me 

KYJIOHOBCKOH pa,nHaJibHOH CHJibl MeiK,IJ;y 3JieKTpOHOM H SJ:,npOM, H 

Ha TPH.UI.(aT1> 11eT1>1pe rropH,n;Ka 6orr1>me rpaBHTal.(HOHHo:H CHJibI. 
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Cyinecrnosam1e CHJibI Ed Me)K)J;y :meKTpOHOM H MPOM B 
e 

aTOMe o6'MICHaeT Ha6mo.n;aeMoe B pMe 3KCnepHMeHTOB 

HecoxpaHeHHe qfaHOCTH B aToMax [70-71]: HanpHMep, 

onTH'lleCK)'IO aKTHBHOCTb aToMapHoro BHCMYTa - spa~eHHe 

nnocKOCTH nonapmaa;HH npoxo.n;a~ero qepe3 Hero csern. 

0TMeTHM, 'llTO cyinecTBOBaHHe CJia6oro 3JieKTpOHHO-Sl,ll;epHoro 

B3aHMO.ZJ;eHCTBHH ( cna6ee pa.n;HaJibHOro 3JieKTpH'lleCKOro, HO 

CHJibHee rpaBHTal.(HOHHOro ), B KOTOpOM coxpaHHIOTCH 

3JieKTPH'lleCKHH 3apa.n; H see KBaHTOBbie 'llHCJia, 6bIJIO 

npe.D;CKaJaHO e~e B E.n;HHOH TeopHH rn3JJ.IOy-BaiiH6epra­

CanaMa [72]. 
4. BlaHMOJJ.eiicTeue '.)J]eKTpuqecKu ueiiTpaJibHbIX 
napaJIJieJihHbIX npoBOJJ.HIJJ,HX nJiaCTHH (Jlf>lf>eKT KalnMupa) 
B paMKax Mo.n;eJIH C<l>B Me)K)J;y .n;syMa MeTaJIJIH'lleCKHMH 

IlJiaCTHHaMH MO)KeT B03HHKHYTb 3JieKTpH'lleCKM CHJia, 

o6yCJIOBJieHHM cyinecTBOBaHHeM 3,D,M-BM 3JieKTpOHOB 

npOBO.ZJ;HMOCTH. ,D,na .ZJ;Byx napaJIJieJibHblX MeTaJIJIH'lleCKHX 

nnaCTHH CHJia Fd onpe.n;enaeTca KaK [28]: 

Fd = 3d1:2 ' (5.17) 
re 

r.n;e di H d1 - COOTBeTCTBeHHO CYMMapHblH 3,D,M-BM 

3JieKTPOHOB npoBO.ZJ;HMOCTH nepBoii H BTOpoii IlJiaCTHHbl ( 

d1 t"' d1 HJIH di tt d2 ); re paCCTOHHHe Me)K)J;y 

nnacTHHaMH, re .l d1 ( d1). Ecmr nnacTHHbI n.n;eHTH'llHbI, TO 

d1 = d 2 • 0TMeTHM, 'llTO HCilOJib30BaHJie cpopMyJibl ( 5 .17) 
npaBoMepHO npH ycJIOBHH MaJIOCTH pa3Mepos .ZJ;HilOJieii, 

C03.D;aBaeMbIX 3JieKTPOHaMH npOBO.ZJ;HMOCTH no cpaBHeHHIO c 

paccTOsrnHeM Me)K)J;y nnacTHHaMH. B cooTBeTCTBHH c (5.3), 
(5.4) H (5.13) pa3Mep L 3JieKTpH'llecKoro .n;Hnona, co3.n;asaeMoro 

3JieKTpOHOM npoBO.ZJ;HMOCTH B MeTaJIJiax, onpe.n;enaeTCH KaK 
-io -9 n I p ' 'llTO COCTaBJIHeT ~ 10 M. B 3KCnepHMeHTax re ~ 10 M. 

IIonaraeM, 'llTO BeJIH'llHHbl di H d1 MO)KHO onpe.n;eJIHTb 
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rrpoCTLIM C)'MMHpOBaHHeM :meKTPHqecKHX .D:HIIOJILHLIX 

MOMeHTOB 3JieKTpOHOB IIpOBOJI.HMOCTH B Ka>K,JJ.OH nnaCTIIHe, 6e'3 

yqeTa pa.3MepoB .D:HIIOJieH, Tor.n;a HCIIOJih30BaHHe cl>opMyJILI 

( 5 .17) npaBOMepHO. 

PaccMOTPHM rrnacTHHLI e,n:HHH11HoH: rrnoma.z:ur, yqHTLIBruI 

TOJILKO 3JieKTPOHLI, pacnOJIO)KeHHLie B noaepXHOCTHOM CJIOe 

ITJiaCTHHbl TOJIIUHHOH ( • IlpHMeM ,llOCTaT011HO CHJihHOe 

.n;onymeHHe: 3JieKTPH11eCKHe AH.IIOJILHLie MOMeHTbl 

paccMaTPHBaeMbIX 3JieKTPOHOB K~OH IIJiaCTHHhl 

opHeHTHpoBaHLI B o.naoM HanpaBneHHH. Tor.n;a H3 (5.14) H 

(5.17) nonyqaeM: 

2 2 
F = 3µ9Uk ,,-2N.2 

d 422'=' 0, 
rec p 

(5.18) 

r.ne No - KOHUeHTpal.(HH 3JieKTPOHOB npoBO}l;HMOCTH B 

MeTaJIJiax. 

3HeprHH 3JieKTpOHa npOBO,ll;HMOCTH B MeTannax, u k ' paBHa 

3HeprHH <I>epMH 8 F ; KOJIH11eCTBO }l;BH)KeHHH p 3JieKTPOHa 

npOBO,ll;HMOCTH B MeTaJIJiax orrpe.neJIHeTCH cl>opMynoH: 

p = ~2me&F. c }'1leTOM 3TOro (5.18) npHHHMaeT BH}l;: 

2 
F = 3µ9&F ,,-2 N.2 

d 4 2 ':i 0. 
rec 2me 

(5.19) 

KoHneHTPaUHH JJieKTPOHoB rrpoBo.n»MocTH B Memnnax N0 
22 

HMeeT nopH}l;OK 10 ' a 3HeprHH <I>epMH orrpe,n;eJIHeTCH 

BLipa)KeHHeM &p = h2(3K2 N0 )
213 I (2me) [59]. Ilo.ncTaBJIAA B 

( 5 .19) Bblpa)KeHl.fe ,llJIH 8 F ' 3Ha"lJ:eHHH KOHCTaHT H npHHHMruI ( 

-10 
paBHOH aTOMHOMY pa.3Mepy 10 M, rronyqaeM: 

Fd = 4·1 o-23 (H). (5.20) 
r.4 
e 

B1>1pa)KeHHe (5.20) cornacyeTcH c B1>1pa)KeHHeM, 

onpe.nenHIOIUHM CHJIY Ka.3HMHpa, F, JJ.elicTByiow,yio Ha 
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e)J,HHHU.Y IIJIOIIJ,a,rJ,H )J,Byx He3apsDiceHHbIX napanJieJibHbIX 

MeTaJIJIHqecKHX IlJiaCTHH, pacCTOSIHHe Me)KLJ:y KOTOpbIMH He 

npeBbIIIIaeT HeCKOJibKHX aTOMHbIX )J,HaMeTJ)OB: 

F = 1icJr2 I ( 240a:) •:d 0-23 I rc4 (H) [73, 74]. 

3HaK CHJibl Fd 3aBHCHT OT B3aHMHOro HanpaBJieHHSI 

BeKTOpOB d1 H d2. IlpH di t-!, d1 Fd SIBJISieTCSI CHJIOH 

npHTSI)l{emrn, npH di tt d2 - CHJIOH OTTaJIKHBaHHSI (nocJie)J,HHH 

BapHaHT SIBJISieTCSI HeycToif:qHBbIM no OTHOIIIeHHIO K 

B03MymaroIIJ,HM B03;:i:eiicTBHSIM). TaKHM o6pa3oM, cornacHo 

Mo,nenH C<I>B MeiICJJ.y )J,BYMSI He3apsi)l{eHHbIMH MeTMJIHqecKHMH 

nnaCTHHaMH MOrYT ;:i:eiiCTBOBaTb KaK CHJibl npHTSI)l{eHH.SI, TaK H 

OTTaJIKHBaHHSI. 3TOT BblBO)J, cornacyeTCSI c 

3KCnepHMeHTaJibHbIMH ;:i:aHHblMH: 6bIJIO o6Hap~eHO KaK 

npHTSI)l{eHHe ;:i:ayx He3apSI)l{eHHblX napanJieJibHblX 

MeTMJIHqecKHX IlJiaCTHH [73, 74], TaK, npH orrpe)J.eJieHHbIX 

ycJIOBHSIX, H OTTaJIKHBaHHe [75]. IlocJie)J,HHH 3$cpeKT HOCHT 

Ha3BaHHe «3cpcpeKT Ka3HMHpa-J1Hcpnmu.a». 

TaKHM o6pa30M, K HMelOIIJ,HMCSI B HaCTOSIIIJ,ee apeMSI 

o6'bSICHeHHSIM CHJibI Ka3HMHpa: HanpHMep, c HCIIOJib30BaHHeM 

KOHIJ,enIJ,HH BHPTYMbHbIX qacTHU. [73, 74] HJIH CHJI BaH-;:i:ep­

Baanbca [75], MO)l{HO ;:i:o6aBHTb eme H 06'bSICHeHHe, 

yqHTbIBaIOIIJ,ee B3aHMO)J,eHCTBHe KBaHTOBbIX ofo.eKTOB, 

o6ycJIOBJieHHOe HaJIHqHeM y HHX 3,l(M-BM. OmMemUM, ttmo 

npu onucanuu CWlbl Ka3UMupa c ucnoJlb306aHue.M l<Olfl/enljuu 

6UpmyaJlbflblX ttacmUlj [73] 6600UmCJl Oonyu,enue 0 

603.MO;J/CHOcmu CJZO;J/CeHUR 3Hepzuu Bcex BupmyaJlbHblX ttacmulf 

6llKY.)l.Mll, C6Jl3llllllblX c np0600JlU,UMU MacmUlla.MU. 

fipoC.MampuBaemcR llflaJl02UJl 3m020 Oonyu,eHUJl C 

oonyu,enue.M, npuHRmbl.M 6 npuBeoenno.M Bbzwe onucanuu CWlbl 

Ka3UMupa c ucnoJlb306aHUe.M .MOOeJlU C<PB: 3Jle1<mputtecKue 

OUnOllbHble .MO.MeHmbl 3JleKmpOll06 KQ;J/COOU MacmUllbl, 

yttumbzBae.MblX 6 <ftop.Mylle (5.18), opueHmupoBallbl 6 ooHo.M 

nanpa6lleHuu, mo ecmb, cK!laOblBa10mcR. 
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llpUMel.lanue. CornacHo BbIBo,naM rnaBbI 6, 3<jJ<jJeKT 

K8.3HMHpa 6y,neT oTCYTCTBOBaTb ,nJUI rniacTHH, 

HaXO,ZVII.I~HXCH B CBepxnpoBo.n;HmeM COCTOHHHH, TaK KaK B 

CBepxnpOBOMmHX BemecTBax 3JieKTpOHbl o6pa3}'IOT 

KynepOBCKHe napbl c HyJieBbIM cyMMapHblM ,l.J,HilOJihHbIM 

3JieKTpHqecKHM MOMeHTOM. 

5. HJMeueuue paJMepoe CHCTeMhl 3JieKTpuqec1rnx 3apHJJ;OB, 

HaX0,1.J;H~encH B paBHOBeCHH D0,1.J; ,1.J;eHCTBHeM TOJILKO 

3JieKTpOCTaTH11eCKHX CHJI, DpH npHBe,1.J;eHHH ee B ,ll;BH~eHHe 

Eme JlopeHI~ 3aMenm, qTo p8.3Mepb1 cHcTeMhI 3JieKTJmqecKHx 

3apH,nOB, Haxo,nHmeiicH B paBHOBeCHH rro.n ,l],eHCTBHeM JIHIIlb 

3JieKTpOCTaTHqecKHX CHJI, H3MeHHIOTCH npH npHBe.n;eHHH 

CHCTeMbl B ,lJ;BH)l(eHHe. Ko3<jJ<jJm~HeHT COKpameHHH p8.3Mepa 

CHCTeMbl B HanpaBJieHHH ,lJ;BH)l(eHHH, cornaCHO npe,nJIO)l(eHHOH 

HM TeopHH, paaeH ~ 1- v
2 I c 2 

( v - CKOpOCTh CHCTeMbl 3apH,ll,OB, 

c - CKOpOCTb CBeTa). (Cne.nyeT OTMeTHTh, qTo BnepBbie 

rRilOTe3a 0 COKpameHHH .nmrn B HanpaBJieHHH )J;BH)l(eHHH 6bIJia 

Bhl)J;BHHYTa B 1832 ro.ny <l>mu:pKepanb)J;OM [30].) 
IlpoaHaJIH3KpyeM 3TO ~rnneHKe, )"IKTblBruI HaJIHqHe 

3JieKTpRqecKoro .n;HnOJihHoro MOMeHTa y ,nBH)l(ymerocH 3apH,na. 

,lVIH rrpOCTOTbl pacCMOTpHM CHCTeMy H3 )J;Byx 3JieKTpHqecKH 

3apH)l(eHHblX KBaHTOBhIX 061,eKTOB, ,lJ;BH)l(ymHXCH co CKOpOCTbIO 

v (HMeeTCH B BH,ny ,lJ;BK)l(eHHe, c KOTOpbIM CBH3aHa BOJIHOBaH 

<PYHK~HH lllpe,nHHrepa). BBe,neM o6o3HaqeHRH: q1 H d1 -

COOTBeTCTBeHHO 3apH,n H 3JieKTpHqecKHH ,lJ;HIIOJihHhIH MOMeHT 

nepBoro KBaHTOBoro o6neKTa; q2 H d2 - aHanomqHJ,1e 

xapaKTepHCTHKH BToporo KBaHTOBoro o6neKTa. CHJia 

B3aHMO,neiicTBmI Me)l()J;y o6'heKTaMH CKJia)J;hIBaeTCH H3 .n;Byx 

CJiaraeMbIX [28]: CHJibl, o6ycJIOBJieHHOH RX B3aHMO,lJ;eHCTBHeM 

KaK 3JieKTpHqecKHX )J;HIIOJieii - Fd ' H CHJihl, o6ycJIOBJieHHOH HX 

B3aHMo,neiicTBHeM KaK 3JieKTpHqecKHx 3apH.n;OB - Fq , 

Fq = kqq~q2 (5.21) 
rq 
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r~e kq - K03<J>qmuu:eHT, orrpe~em1eMbIH CHCTeMOH e~HHHU, B 

KOTopoii rrpOBO)UITCH Bblqu:cJieHHH, rq - paCCTOHHHe Me)K)J;y 

3apH~aMu:. PaccMoTpHM ~Ba aapu:aHTa ~BmKeHHH KBaHTOBhIX 
o6'beKTOB: B~OJib o~oii IIpHMOH (pu:c. 5.3a) H rrapaJIJieJihHO 

~pyr ~pyry (pu:c. 5.36). 
2 

cl1 d2 
•11 
'11. 

q1 v q2 v 
1 

l-r.~ 
) 1 'ft 

I 
qz 
di 

2 
6) a) 

PHc. 5.3. BapHaHThI B3aHMHoro pacnoJIO)l(eHJn1 ,ZJ;BH)l(Yll.\HXC.SI 

co CKOpOCThlO v .n;ayx KBaHTOBhlX 061,eKTOB c :meKTJ>H'IeCKHM.H 

3ap».n;aMH qi H q2 H c 3,D;M-BM COOTBeTCTBeHHO d1 H d2 ; 

rq - paCCTOHHHe Me)l(,ZJ;y 3apg.n;aMH. 

Orrpe~eJIHM pe3yJILTu:pyioruyro cu:ny, ~eiicTB)'lOIU)'lO Me)K)J;y 
~BYMH 3apMaMH ~JIH aapu:aHTa HX B3aHMHOfO paCIIOJIO)l(eHHH, 
rrpu:ae~eHHoro Ha pu:c. 5.3a. Cu:na Fd a 3TOM cnyqae 

orrpe~eJIHeTcH KaK [28]: 

Fd -- 6d14d2 . (5.22) 
rq 

B cooTBeTCTBHH c (5.8) npu Jl106blX 3HaKax q1 u q2 CHJlhI Fq u: 

Fd HanpaBJieHhl B pa3H.ble CTOPOHbl B~OJib rrpHMOH 1-1. 

Ilo3TOMY BeJiu:qu:Ha CYMMapHOH CU:Jlbl, ~eiiCTB)'lOIUeii Ha 

3apM.bl, Fi I B cooTBeTCTBHH c (5.21) H (5.22) orrpe~eJIHeTCH 

KaK: 

(5.23) 
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Onpe.[{em:1M pe3yJihTHpyromyio c1:1Jiy, ,[{encTByromyio Me)K):(y 
.[{BYM.SI 3apSl,[{aMl:I ,[{JISI Bap1:1aHTa l:IX B3al:IMHOrO pacnOJIO)l(eHJrn, 

np1:1ae.n;eHHoro Ha p1:1c. 5.36. C1:1Jia Fd B 3TOM cJiyqae 

onpe.n;em1eTcg KaK: 

Fd = 3d1d2. 
r4 
q 

(5.24) 

B cooTBeTCTBHH c (5.8) npu Jll06blX 3Ha1<.ax q1 u q2 CHJibI Fq 1:1 

Fd HanpaBJieHbl B o.n;Hy CTOpOHY B.D;OJib npgMoH 2-2, 

nepneH.n;HKyJigpHoli cKopoCTH 3apMOB v. BeJI1:1q1:1Ha 

CYMMapHoli CHJibI F22 , .n;elicTByiomeli Ha 3apg.n;b1 

nepneH,[{HKYJigpHO CKOpOCTl:I v' B COOTBeTCTBl:Il:I c ( 5 .21) l:I 
(5.24) onpe.n;eJigeTcg KaK: 

D =IF F I= kqqlq2 1 3d1d2 
r22 q + d 2 + 2 • 

rq kqqlq2rq 
(5.25) 

TaKHM o6pa30M, .[{B1:I)l(eH1:1e 3apg.n;oa Jiro6oro 3HaKa 
npl:IBO.D;l:IT K OCJia6JieHl:IIO 3JieKTPHqecKOH Cl:IJibI, .n;elicTByiomeli 
Me)K):(y Hl:IMl:I B HanpaBJieHHl:I .D;B1:I)l(eH1:1g, c K03cpcp1:1n1:1eHTOM 

6d d 
OCJia6JieHl:Ij{, cornaCHO (5.23), 1 1 2 2 ' l:I K yaeJI1:1qeH1:IIO 

kqqiq2rq 

Cl:IJibl, .n;elicTByiomeli B nepneH.n;HKYJij{pHOM HanpaBJieHHl:I, c 

3d d 
K03cpcp1:1n1:1eHTOM yc1:1JieH1:1g, cornaCHO (5.25), 1 + I 2 2 . 

kqqiq2rq 

EcJIH .D;BH)l(ymHMHcg 3apMaMH gaJigroTcg 3JieKTPOHbI 1:1/1:1JI1:1 
Il03HTPOHbI, l:I 3Hepr1:1g 3Tl:IX 3apSl,[{OB paBHa K1:IHeT1:1qecKOH, TO B 
COOTBeTCTBl:Il:I c ( 5. 7) l:I ( 5 .13) K03cpcp1:1n1:1eHT OCJia6JieHl:Ij{ 

3 2 
onpe.[{eJigeTcg Bb1pa)l(eH1:1eM 1-p2 µ~ 

2 
, a K03cpcpnn1:1eHT 

2kqrq e 

3 2 
ycnJieH1:1g Bbipa)l(eHHeM 1 + p2 µg 

2 
, p = v I c. 

4kqrq e 
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IlpH ycJIOBHH, 'ITO CHCTeMa HaXO,l\HTC.SI B paBHOBeCHH rro.n 

,neiicTBHeM JIHllib :meKTPOCTaTH'IeCKHX CHJI Me)K,l(y 3ap.SI,naMH, 

YKa3aHHOe H3MeHeHHe 3JieKTPH'IeCKHX CHJI rrpHBe,neT K 

H3MeHeHHIO pa3Mepoa CHCTeMbl 3JieKTPH'IeCKHX 3ap.SI,nOB rrpH 

,nBmKeHHH. 

CJie,ZJ;CTBHe 1. 3JieKTp11qecKoe Bl&HMO,ZJ;eucTBHe npoBOJJ:OB c 

TOKOM; npu OTCYTCTBHH TOKa npOBO,ZJ;a HBJIHIOTCH 

3JieKTpHqecKH ueil:Tp8JibHblMH 

B paMKax Mo,nen11 C<l>B, Me)K,l(y rrpoao,naMH c TOKOM 

(3JieKTPH'IeCKH HeHTPaJibHbIMH rrpH OTCYTCTBHH TOKa) 

B03MOiKHO He TOJibKO MafHHTHOe B3aHMO,neHCTBHe, HO H 

3JieKTPH'IeCKOe B3aHMO,neHCTBHe 3JieKTpH'IeCKHX ,l\HIIOJieH, 

co3,naaaeMbIX ,nBHiKYJ.UHMHC.SI 3ap.SI~aMH a C<l>B, rrpnqeM JTH 

B3aHMO,neiiCTBH.SI HMelOT rrpOTHBOIIOJIOiKHbie 3HaKH. 

PaccMOTPHM ,naa rrapannenhHO pacrronoiKeHHbIX npoao,na c 

TOKOM, HMelOII.J;HX 6ecKOHe'IHyIO ,l\JIHHy, H cpaBHHM ,nae CHJibI: 

MarHHTHYJO, Fm, H JJieKTPH'IecKyro, Fd , ,neiicTayrorn;11e Ha 

e~HHHUY ,nnHHbI rrpoao,noa. MarHHTHa.SI c11na orrpe,nen.SieTC.SI KaK 

[28]: 

212 
Fm =-2-, 

c 'w 
r,ne r w - paccTO.SIHHe Me)K,l(y rrpoao,naMH. 

(5.26) 

IlonaraeM, 'ITO TOK I o6pa3oaaH JneKTPOHaMH, Tor,na: 

I= N0vse, (5.27) 

r,ne No - cpe,nH.Sl.SI KOHUeHTPaUH.SI JJieKTPOHOB npoao,n11MOCTH a 

MaTep11ane rrpoao,na, e - 3ap.SI,n JneKTPOHa, v - cKopoCTb 

JJieKTPOHOB, s - nnorn;a,nb ce'IeHH.SI npoao,na. 3neKTPH'IeCKa.SI 

CHJia Fd orrpe,neJI.SieTC.SI cpopMyJIOH (5.17), B KOTopoii re= 'w H 

d1 =d2 =N0vsde, (5.28) 

r,ne de - 3,[l;M-BM 3JieKTPOHa (pa3Mep ,l\HIIOJI.SI He 

IIPHHHMaeTC.SI BO BHHMaHHe ). Cpe,nHee 3Ha'IeHHe CKOpOCTH 

3JieKTPOHOB, o6pa3yIOII.J;HX TOK, paBHO CKOpOCTH v ,npeiicpa 
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:meKTpOHOB. TaKHM o6pa3oM, npH onpe,neneHHH cpe,nHero 

3HaqeHHH 3.IJ;M-BM 3JieKTpOHa npoBO)J.HMOCTH B cpopMyJie (5.7) 
CJie,nyeT HCilOJib30BaTb CKOpOCTb v. Tor,na, B COOTBeTCTBHH c 

(5.7), (5.13), (5.17) H (5.28) HMeeM: 

3Ni2v4s2 µ2 
F _ 0 B. 
d- . 

4c2r.4 w 

(5.29) 

Onpe,neJIHM OTHOilleHHe Fm I Fd, yqHTbIBaH (5.26), (5.27) H 

(5.29): 

(5.30) 

3 2 -24 2 lh (5.30) cne,nyeT, 1ITO Fm > Fd npn rw Iv < 10 M°C • IlpH 

ou;eHKe rw Heo6xo,nHMO npHHHMaTb BO BHHMaHHe, 'ITO 

ypanHeHne ( 5 .17), npn re = r w, cnpane,nJIHBO TOJibKO npn 

rw >> L, r,ne L pa3MepbI ,nnnoneii, 06pa3yeMbIX 

)J.BlDKynJ.HMHCH 3apH)J.aMH B npoBO)J.e. 

CJieJJ,CTBHe 2. Po~euue JJieKTpouuo-no3HTponuL1x nap 
cl>OTOH8MH 
B Mo.z:teJIH C<l> B JKcnepHMeHTaJibHO o6Hap}?KeHHoe po)l()J.em1e 

3JieKTpOHHO-Il03HTpOHHOH napbl cpoTOHOM B 3JieKTpH1IeCKOM 

none TH)l(eJiblX H,z:tep [35] 06'bHCHHeTCH pa3pyI11eHHeM CBH3H 

Me)l()J.y )J.BYMH 3JieKTpHqecKH pa3HOHMeHHO 3apH)l(eHHbIMH 

KBa3HKOJIJiancaMH, o6pa3yroIIJ;JIMJICH B cep,ne1IHJIKe BHXpH, 

co3,nanaeMoro cpoTOHOM B C<l>B. 

CYMMapHbIH cn11H cocTaBJIHIOIII,JIX C<l>B MHKpoqacnn1., 

co,nep)l(aIIJ;JIXCH B Ka)l()J.OM 113 KBa3JIKOJIJiancoB, cornaCHO (2.20), 
paaeH 1i I 2 . Macca Ka)l()J.Oro KBa311Konnanca onpe)J.eJIHeTc», 

cornacHo (3.5) KaK nmv I ( 2c2 ), r,ne COv - qaCTOTa npeu;eccHJI 

CITHHOB MHKpoqacTHU: B cep,neqHJIKe BJIXpH. 3TH 

xapa:r<TepHCTHKH KBa3HKOJIJiancoB, o6pa3yroIIJ;HXCH B BHxpe, c 

yqeTOM (3.4) H)J.eHTHqHbl COOTBeTCTBYlQIIJ;HM xapaKTepHCTHKaM 

qacTHU:, o6pa3yeMbIX cpoTOHOM. 
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AHaJIH3 TaKoro HBJieHHH, KaK po)K){eHHe nap1>1 qacnni;a­

aHTHqacTmi;a, 1103BOJrneT rrpoH3BeCTH oueHKY CHJihl, 

.neU:cTByrou:i;eli Me)K){y CIIHHaMH MHKpoqacTHU. y CJIOBHeM 

pm1<,neHm1 rrapbl qacTHUa-aHTHqacTHIJ;a SlBJISieTCSl COOTHOlleHHe 

F* ~ 0, r.ne F* - pe3yn1>THPYJOIUaH CHJia, ,nelicTayrou:i;nH 

Me)K){y KBa3HKOJIJiarrcaMH B cep,neqHHKe BHXpH H COCTOHll(aH H3 

cne.nyrou:i;HX KOMIIOHeHTOB: 1) Fe - KYJIOHOBCKaH CHJia Me)K){y 

KBa3HKOJIJiarrcaMH, B COOTBeTCTBHH c (5.1) H (5.2) 

orrpe,ne;rneMaH KaK Fe= kqq'?; I L2 ; 2) Fm - rpaa1:1TaUHOHHaH 

CHJia, orrpe.nem1eMaH c yqeTOM (3.5) KaK: Fm =Gm'?; I ( 4L2), r.zi;e 

G rpaa11TaUHOHHaH IIOCTOSIHHaH; 3) Fs CHna, 

orrpe,neJIHIOll(aH CIIHH-CIIHHOBOe B3aHMO,neHCTBHe 

MHKpoqacTHU; rrpe,nCTaBHM ee B BH,ne: Fs = Di 1i2 I ( L Di ). r.ne 

Di 1:1 D2 - Ko3<l><l>HUHeHT1>1; 4) Fn - 3JieKTp1:1qecKaH c1:1na, 

,neHCTBYJOll(aH Ha KBa3HKOJIJiaIICbl B 3JieK'IpHqecKOM IIOJie H,npa, 

B OKpeCTHOCTH KOTOporo <!>OTOH o6pa3yeT rrapy, ee 

MaKCHMaJihHOe 3HaqeHHe orrpe.zi;enHeTcH KaK Fn = 2qvEa, r.ne 

Ea - HarrpH:>KeHHOCTb 3JieK'IpHqecKoro rroJIH H.zi;pa a MecTe 

HaXO)K,I{eHHH KBa3HKOJIJiarrcoB (B ,naHHOM cnyqae pa3MepoM 

.zi;HIIOJIH, co3.zi;aBaeMoro a C<I>B l}>oTOHOM, rrpeHe6peraeM). 

HcrroJib3YH 11p1rne,neHHble Bb1pa:>KeH1u1 .z:i;nH CHJI, rrpe.z:i;cTaBHM F* 
B BH.z:i;e: 

k 2 2 .,,,2 
F* = qqv +G mv -~-2qvEa. 

L2 4L2 LD2 
(5.31) 

B KBaHTOBOH MexaHHKe TOT <t>aKT' qTQ <l>oTOH o6pa3yeTCH B 

3JieK'IpHqeCKOM IIOJie H.ri;pa, o6'bHCHHeTCH 'Ipe6oaaHirnMH 

3aKOHOB coxpaHeHHH. B Mo.z:i;enH C<I>B H.zi;po rnaBHbIM o6pa30M 

BbIIIOJIHHeT pOJib .z:i;eTeKTopa (mMepHTeJibHOH CHCTeMbI), rrpH 

B3aHMO.z:i;elicTBHH c KOTOpbIM <t>oTOH o6pa3yeT BHXph. 
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<l>OTOH, C03,naromHii 3JieKTJ>OH-Il03HTJ>OHHYJO napy, 
o6pa3yeT a C<l>B BHXpb co cJie,nyromHMH xapaKTepHCTHKaMH: 

mv = 2me , qv = e , A. = Ii I { mvc) . 11cnOJib3yg 3HaqeHHg 3THX 

KOHCTaHT a (5.31), nonarag Fn <Fe H npHHHMag B (5.4) r = l, 
* nonyqaeM, qTo ycnoaHe F = 0 BbrnOnHgeTcg npH D1 ~ 

2 2 
150M c /Kr H D2 ~ 5. To ecTb, 

2 
Fs ~ 1505/i (H). (5.32) 

L 

(HanpHMep, y cpOTOHa c 3Hepmeii 2mec2 
' TO eCTb, y cpOTOHa, 

po>K,ZJ;aromero ~JieKTJ>OH-n03HTJ>OHHYJO napy, F8 ~ 7·10-3 (H).) 

IlpUMel./aHue. c Ka>K,ZJ;OH MaTepHaJibHOH qacTHQeii 
cag3aHa 3HeprHg W, onpe.nemi:eMag Bbipa)KeHHeM: 

W = nOJB, r,ne OJB qacTOTa BOJIHOBOH cpYffKQHH ,ne 

Epoiimi:, CM. (3.1). 3Heprmi: W 3aKJiroqeHa B 
npeqecCHPYJOlllHX CilHHax .nsyx <<rpynm> MHKpoqacTHQ; 
B nepsyro <<rpynny» BXO~T MHKpoqaCTHQbl, 
COCTaBJij{IOil.lHe KBa3HKOJIJianc, KOTOpblH o6pa3yeT 
qacTHqy; KO BTOpoii «rpynne» OTHOCncg 
MHKpoqaCTHQbl, COCTaBJij{IOil.lHe cep,neqHHK BHxpg, 
C03,nasaeMoro 3TOH qaCTHqeii B C<l>B npH ee ,UBH)KeHHH. 

BLIBO,!J;bl K rJiaee 5 

1. CornacHo Mo,nenH C<l>B c sonHaMH MaTepHH KBaHTOBoro 
o6oeKTa CBSl3aH 3JieKTJ>HqecKHH ,UHilOJibHblH MOMeHT (B ,naHHOH 
rnaae OH Ha3BaH 3.ll;M-BM). HanHqHe TaKoro MOMeHTa 
o6ycnoanHaae-r cne.nyromHe srnneHHg: 
- CilHH-op6HTaJibHOe B3aHMO,neiicTBHe 3JieKTJ>OHa B aTOMe; 

3JieKTJ>OMarHHTHOe H si:,nepHoe CilHH-op6HTaJibHbie 
B3aHMO,neiiCTBHj{ npH pacceHHHH HeHTJ>OHOB Ha g,npax; 
- HecoxpaHeHHe qeTHOCTH B aTOMax; 
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B3aHMO,neiiCTBHe ,nayx napanneJihHbIX 3JieKTPHqeCKH 

aeiiTJ)a.JihHhIX npoao.n.simHx nnacTHH (3<l><l>eKT Ka3HMHpa); 

- H3MeHeHHe pa3Mepoa CHCTeMhl 3JieKTJ)HqecKHX 3ap.si,noa, 

Haxo,n.simHXC.sI B paBHOBeCHH no.n ,neiiCTBHeM JIHIIlh 

3JieKTIJOCTaTHqeCKHX CHJI, npH npHBe,neHHH ee B ,IlBH>KeHHe; 

- 3JieKTJ)HqecKoe B3aHMO,neHCTBHe npoao,noB c TOKOM; npH 

OTCyrCTBHH TOKa npoao,na .sIBJI.sIIOTC.sI 3JieKTJ)HqeCKH 

HeHTJ)a.JihHbIMH. 

2. CornacHo Mo,nenH C<l>B o6pa3yeMhie <t>oTOHOM qacTHUhI 

.sIBJI.sIIOTC.sI KBa3HKOJIJiancaMH MHKpoqaCTHU, COCTaBJI.sIIOJnHX 

C<l>B. 
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r JiaBa 6. CsepxnpOBO)J;HMOCTL 

CornacHo B1>1Bo,naM rnaa1>1 5 KBaHTOBhlH o6neKT o6na,naeT 
3JieK'TpHqecKHM )l;HilOJibHhlM MOMeHTOM, CBH3aHHblM c BOJIHaMH 

MaTepHH 3Toro o6neKTa (3JJ.M-BM). B3aHMO.D.eiicTBHe 
KBaHTOBblX o6'beKTOB, o6ycnoaneHHOe cymecTBOBaHHeM 3JJ.M­
BM, BJIHHeT Ha BH3KOCTb cpe,nbI, COCTO»me:H H3 KBaHTOBblX 
o6neKTOB. 0,nHHM H3 crroco6oa YMeH1>WeHH» B»3KOCTH cpe,n1>1 
HBJijJeTC» C03)l;aHHe rpynrr KBaHTOBbIX o6'beKTOB c HyJieBbIM 

CYMMapHbIM 3JJ.M-BM. IlpHMepoM TaKoli rpyrrn1>1 »BJI»eTC» 
KynepoacKM napa 3JieKTJ'OHOB a caepxnpoao.nHHKax [59, 76]. B 
paccMa'fPHBaeMoli Mo,nenH C<l> B caepxnpoao.nHMOCTb 
B03HHKaeT npH YMCHbWeHHH BH3KOCTH, CBH3aHHOH c 3JJ.M-BM 
KBaHTOBbIX o6'heKTOB. B 3TOH rnaae Ha ocHoae YKa3aHHOH 
KOHuem~HH BbIBe,neHo 3KCnepHMeHTaJibHO arrpo6HpoBaHHOe 

ypaaHeHHe, CB»31>rna10mee TeMnepaTypy H KpHTuqecKoe 
3HaqeHHe MarnHTHOH HHJJ:YKUHH B caepxrrpoao,nHHKax. B mane 
HCI10Jlb30BaHbl MaTepHMbl pa60T [77, 78]. 

6.1. 3JieKTpuqecKHii .r.unOJibHhlH MOMCHT, C03.r.aeaeMhlH 
KynepOBCKOii napoii 

KynepoacKM napa cocTOHT H3 ,nayx 3neK'TpOHOB. CornacHo 

ypaBHeHHHM (5.5), (5.8) H (5.13) 3JJ.M-BM 3JieK'TpHqecKHX 
)l;HDOJieii, o6pa30BaHHblX 3JICKTJ'OHaMH KynepOBCKOH napbl, 

COOTBeTCTBeHHO di H d2 paBHbI: 

µBli ( 0Jsh )I 
d1 = 2 Pt• (6.1) 

CP1 

µ Bli ( OJSh )2 
d2 = 2 P2, (6.2) 

CP2 

r.ne ( OJsh )1 H ( OJsh )2 qacTOTa BOJIHOBOH <l>YffKUHH 

lllpe,nHHrepa, a P1 H P2 
COOTBeTCTBeHHO nepaoro H BToporo 3JICKTPOHa KyrrepoBCKOH 

nap1>1. 
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TaK KaK KyneposcKrui rrapa o6pa3osaHa TOiK,ZJ;ecTseHHbIMH 

3JieKTPOHaMH, To rrpH T= OK H B = 0 (T - TeMrrepaTypa, B -
MarHHTHaH HH.L{)'I<IJ;m1) HMeeM: 

( msh )1 = ( msh )2 = msh, (6.3) 

Pt= P2 = P · (6.4) 

Cornacao csoiicTBaM KyneposcKoii: rrapb1 rrpH T = 0: 
Pt = -P2 · (6.5) 

Ha paccTO»HHH X P OT rrapb1, 3HaqHTeJibHO npesb1maromeM 

pa3Mep rrapbl x P , 

xp >>xp, 
ITOJIHbIH 3,[(M-BM rrapbI ds : 

ds =di+ dz 

(6.6) 

(6.7) 

cornaCHO (6.1)-(6.5) MO)KeT 6bITb rrpHHHT paBHblM H)'JIIO. 

Cne):{osaTeJibHO, MeiK,ZJ;y KynepoBCKHMH rrapaMH, 

y.naneHHblMH .npyr OT .npyra Ha paccTOHHHe x p' 

y,nOBJieTBOpHIOII(ee )'CJIOBHIO (6.6), 6y.neT OTC)'TCTBOBaTb 

:meKTPHqecKoe .L{HIIOJibHOe B3aHMO):{eHCTBHe, H cpe,ny, 

COCTOHII()'IO H3 TaKHX nap, MO)KHO MOJ(eJIHpOBaTb cpe):{OH c 

MHHHMaJibHblM B3aHMO):{eHCTBHeM COCTaBJIHIOII(HX ee 

KOMITOHeHTOB. 

IlpoaHaJIH3HpyeM, KaK 6y,neT 3aBHCeTb d s OT MarHHTHOH 

HH.L{yKIJ;HH B H TeMrrepaTyphl T. 
1 CJiy'laii: B if:. 0, T = OK. 
3KcnepHMeHTaJibHO ):{OKa3aHO, qTo CilHHbl 3JieKTPOHOB B 

KynepOBCKOH nape opHeHTHpOBaHbl B3aHMHO rrpOTHBOilOJIO)KHO, 

Il03TOMY HaJIO)KeHHe MarHHTHOro IlOJIH 6y):{eT H3MeHSITb 

3HeprHIO 0.L{HOro 3JieKTPOHa rrapbl Ha BeJIHqHHY µBB' a 

.z:lpyroro -µ8 B. CornacHo onpe):{eJieHHIO qacTOTbI sonHosoii 

<i>YHKIJ;HH llipe,nHHrepa [35] B 3TOM cnyqae HMeeM: 

( OJsh )1 = OJsh +µBB I h' ( OJsh )2 = OJsh - µBB I h. (6.8) 

65 



B COOTBeTCTBHH C (6.1), (6.2), (6.4), (6.7) H (6.8) 
C}'MMapn1>1:H 3~-BM rrap1>1 yx<e ne 6y,neT paaen nymo, n ero 
BeJJnqnna d s COCTaBHT: 

2µ'i B 
ds=•---• (6.9) 

cp 

BBe.z:teM KpHTuqecKoe 3HaqeHne d s , a HMeHHo d sc , rrpn 

KOTOpOM rrporra.z:caroT CBepxrrpOBO,WIII(He CBOHCTBa cpe.n1>1. 
HcrroJIL3YSI ypaBHeHHe (6.9), CB»:>KeM Benuquny dsc c 

KpHTHqecKHM 3HaqeHHeM MarHHTHOH HH.IlYKUHH rrpu T = OK, 
Bco. (PaccMaTpHaaroTc» qucT1>1e cBepxnpoBOMillHe 3JieMeHTLI, 

xapaKTepmyrom11ec» TOJibKO 0,l(HHM 3HaqeHHeM KpHTHqecKoro 
MarHHTHOfO IlOJI».) 

2 
2µB Bco 

dsc = (6.10) 
cp 

2 cJiy11aii. B = 0, T-:/= OK. 
Cornacno orrpe.neneHHro qacTOTLI BOJIHOBOH <l>YHKUHH 
lllpe.z:cunrepa [35] H c yqfuoM (6.3) HMeeM: 

( Wsh)1 = Wsh +kT I tz' ( Wsh )2 = Wsh +kT In' (6.11) 

r.ne k - nocTo»HHM :SoJILUMaHa. KonuqecTBo ,nBH:>KeHHSI 
3JieKTpOHOB KynepOBCKOH napbl, }'11HTbIBM (6.4), 6y,neT paBHO: 

P1 = p + z, P1 = -p + z, (6.12) 
r.ne z - KOJIHqeCTBO ,nBH:>KeHmI, CB»3aHHOe c TeITJlOBbIM 
,nBH:>KeHHeM: 

z = '1,_2m_e_k_T , (6.13) 

r.z:ce me - Macca 3JieKTpOHa. 

Cornacno (6.1), (6.2), (6.7), (6.11), (6.12) H npu ycnomrn, 

qTo C}'MMapHM BeJIHqHHa 3.[(M-BM ( ds )sh, onpe,neAAeMM 

TOJibKO msh , rrpH nro6o:H TeMneparype paana nynro: 
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(6.14) 

Bblpa)Kem1e )UISI d s MO)KHO 3ailHCaTh B BH)J.e: 

µ kT µ kT 
ds= B 

2
(p+z)+ B 

2
(-p+z). (6.15) 

clp+zj cj-p+zl 
,I:(Jrn npocTOThI npHHHMaeM: z tt p . Tor.na: 

ds = µ 8 kT 2z . 
c p2-z2 

(6.16) 

HcnoJIL3YH nocJie,llHee ypaBHeHHe, Bhlpa3HM d sc qepe3 

KpHTH1IeCK)'lO TeMnepaTypy Tc H COOTBeTCTB)'lOIUee 3Haqeuae 

d = µBkTc 2zc 
SC C p2-z; 

(6.17) 

3 CJiy11ali: Bi= 0, Ti= OK. 
KaK H B npe.nnmymeM cJiyqae, npHHHMaeM, qTo z tt p. 

XapaKTepucTHKH :mexTpoHoB rrap1>1 6y.llYT onpe.nensincsi 
ypaBHeHHeM (6.12) H npHBe)J.eHHhIMH HH)Ke (6.18)- (6.19): 

( msh)1 = msh +kT I Ii+ µBB I fz, (6.18) 

( msh )2 = msh +kT In- µ9B I fz. (6.19) 

CornacHo (6.1), (6.2), (6.7), (6.12), (6.14), (6.16), (6.18) H 

(6.19) MaKCHMaJihHOe 3HaqeHHe ds' (ds)max' paBHO: 

2 
( d ) = µBkT 2z µBB 2 p . 

s max c p2 -z2 c P2 -.z2 

/l.JIH npoH3BOJil>Hoii T (a .zwanaJoHe TeMnepaTyp 0-Tc) 

cymecTByeT KpHTH1iecxoe 3HatJeHHe MarHHTHOH HH)J.)'KU:HH Be, 

npH KOTOpOM ( ds )max = dsc: 
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(6.20) 

Pa3J(CJIHB o6e CTOpOHbl ypaBHCHH.SI (6.20) Ha dsc' HCIIOJIL3Y.SI 

ypaBHCHH.SI (6.10), (6.13) H (6.17), rronyqaeM: 

Be -- p2 - z2 p2 - z; (-T )3/2 
Bco p2 p2 Tc 

(6.21) 

CoBMeCTHoe pemeHHe ypaaHeHHH ( 6.10) H ( 6.17), rrpH 

ycnoBHH He3aBHCHMOCTH p OT TeMrrepaTypbI H co6mo.neHH.SI 

HepaBeHCTBa p > Zc (HHaqe TeopeTHqeCKH B03MO>KHa 

OCTaHOBKa O,!J;HOro H3 3Jiel<TpOHOB KyrrepoBCKOH rrapbI), 

II03BOJI.SieT rronyqHTb cne.nyromee B1>1pa>KeHHe )lJl.SI p: 

p = kTczc ( 1 + 1 +(2µsBco )2 J. (6.22) 
2µsBco l kl'c 

B Kaqecrne rrpHMepa Ha pHC. 6.1 IIOKa3aHbl 3aBHCHMOCTH 

Be I Bco OT TI Tc )lJl.SI onoBa (Sn) B caepxrrpoBoMmeM 

COCTO.SIHHH: CilJIOIIIHM KpHBM arrrrpoKCHMal.(H.SI 

3KCnepHMeHTaJibHO rronyqeHHLIX .naHHbIX [79]; OTJ(CJILHbie 

TOqKH - 3HaqeHH.SI, BLiqHCJieHHble IIO cpopMYJie (6.21). B 
Ta6nHue 6.1 rrp1me,neH1>1 xapaKTepHCTHKH Sn, Haxo,ZJ;.S1meroc.SI B 

CBepxrrpOBO,!J;.Slll.(eM COCTO.SIHHH. BenHqHHbl p H d SC BblqHcneHbl 

IIO cpopMynaM (6.10) (HJIH (6.17)) H (6.22). 

Ta6nHua 6.1. 

XapaKTe- Tc Bco Zc p dsc 
pHCTHKH (K) (Tn) (Kr'M/c) (Kr·Mfc) (Kn'M) 
OJIOBa (Sn) 
3HaqeHH.SI 3,72 0,0306 0 96'10-.to 1 7'10-L4 3'10-41 

' ' 
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' 

Pwc. 6.1. 3aBHCHMocrn 

Be I Bco OT T /~ ,wu1 

OJIOBa (Sn): CIIJIOillHIDI 

KpHBIDI - annpoKCHMa~HH 

3KcnepHMeHTaJibHO 

i10nyqeHHblX .ZJ;aHHblX; 

OT.ZJ;eJibHble TQqKH 

1 n 

0.8 

0.6 

0.4 

0.2 3HaqeHHH, BbiqHCJieHHble 

0 .....,,-....... -....----TIT c no fl>opMyne (6.21 ) . 
. 0.2 .0.4 0.6 0.8 1.0 

B HacTo.snuee speWI B <l>n3HKe .rorn: CBH3H Be I Bco c TI Tc 
HCnOJib3YeTCH npn6JIHX\eHHOe ypaBHeHne, no11yqeHHOe H3 

aHaJIH3a HMeIOIUHXCH 3KCnepHMeHTaJibHblX ){aHHbIX: 

Be I Bco = 1-(T /Tc )
2 

[59, 79]. 

CJiei.cTBHH 

1. YpaaHeHHe (6.21) nonyqeHo ncxo.n:H H3 .n:onymemrn o 

cymeCTBOBaHHH KpliTH'leCKoro 3Ha'leHH.Sl C)'MMapHoro 3}.J.M­
BM 311e1<TpOHOB xyrreposcxoii nap:&1. Ilpn npesDirnemrn 3Toro 

3Ha'leHH.Sl semecTBO TepHeT csepxnpoBO){HIUHe CBOHCTBa, HO 

xyrrepoacKHe napbl MOrYT coxpaHHT:&CH. MMeIOTCH 

3KcnepHMeHTaJibHble .n:aHHbie, CBH){eTeJibCTByIOIIJ;He 0 

B03MO)K}{OCTH coxpaHemrn KyrrepoBCKHX nap nocne noTepH 

CBepxnpoBO,WIIIJ;HX CBOHCTB [80]. 
2. C no3HIJ;HH paccMaTpHBaeMoH: Mo.n:eJIH C<l>B o6pa3oBaHHe 

nap 3JieKTpOHOB He HBJI.SleTCH Heo6xo.n:HMblM ){JIH 

B03HHKHOBeHHH caepxnpOBO){HMOCTH. 06pa30BaHHe nap 

3JieKTpOHOB Bbl3blBaeT TOJlbKO yMeH:&IIIeHHe BH3KOCTH cpe.n::&I 3a 

cq(;T yMeH:&IIIeHHH 3JieKTpH'leCKOro ){HIIOJibHOro 

B3anMo.n:eH:cTBH.Sl 3JieKTpOHOB B cpe,Ae. ToT )Ke caM:&IH 3<l><l>eKT 

MOX\eT 6oITb noJiyqeH, eCJIH 3JieKTpH'leCKHH ,ll;HnOJibHblH 

MOMeHT' CB.sI3aHHbIH c HecnapeHHbIM 3JieKTpOHOM, no BeJIH'lHHe 

6y.n:eT MeH:&IIIe KpHTH'lecKoro 3Ha'leHH.Sl d sc . HanpHMep, H3 

ypaBHeHHH (5.7) H (5.13) cne.n:yeT, 'ITO, ecJIH CKOpOCTb Ve 

3JieKTpOHOB cpe.n::&1, o6rra.n:aromnx TOJlbKO KHHeTH'leCKOH 
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3HeprHeii mev; 12, y.nonneTBop.KeT ycnoamo: Ve::;; 2cdsc I µB, 

B 3TOH cpe.ne Moryr IlOSIBHTbCSI caepxnpOBO.L\Sl:tnHe CBOHCTBa 

(HanpHMep, cornaCHO .naHHbIM, npHBe,LleHHblM B Ta6mu~e 6.1, 
rorn Sn 3To ycJIOBHe BblllOJIH.KeTCR npH v e < 1 Mic). 0.n;HaKo npH 

JTOM Heo6xo,n;HMO, lJT06bI pacCTORHHe Me)K.Lly :meI<TpOHaMH x 
6bIJIO 60JibIIIe pa3MepOB C03,LlaBaeMbIX HMH B C<I>B )J,HilOJieii, TO 

eCTb, corrraCHO (5.3), (5.4) H (5.13) .n:om1mo BbIIlOJIHSITbCSI 

ycnoane: X > 1i I ( meve). 

3. KpHTHlJecKM TeMnepaTypa HHTepnpeTnpyeTc.K cornacHo 

(6.11) Ii (6.12) KaK HCTOlJHHK ,ll;OilOJIHHTeJibHOH :mepnrn kTc H 

.D:OilOJIHHTeJibHOro KOJIHlJeCTBa .D:BH)J(eHHR Zc ,ll;JIH :meKTPOHOB 

KynepoBCKOH napbl. c 3TOH TOlJKH 3peHHR poJib KpHTHlJeCKOH 

TeMnepaTypbI MO)J(eT BbIIlOJIHSITb npOCTO )J,BH)J(eHHe 

KynepoBCKOH napbI co CKopocTbIO ~2kTc I me . 3To 

TeopeTHlJeCKOe CJie,LlCTBHe H3 pacCMOTPeHHOH MOJleJIH 

CBepxrrpOBO,LlHMOCTH no.n;TBep)J(,ll;aeTCR 3KcnepHMeHTaJibHO [59, 
79]: c~ecTByeT KpRTHlJeCKoe 3HalJeHHe 3JieKTPH1IeCKOfO TOKa, 

npH KOTOpOM CBepxnpoBO,LlHMOCTb HClJe3aeT. (BJIHRHHe Ha 

CBepxrrpoBOM:tnHe CBOHCTBa Be:inecTBa MarHHTHOro IIOJI.K, 

C03,UaBaeMoro TOKOM, He paccMaTPHBaeTCR.) MHHHMaJibHblH 

KpHTHlJeCKHH TOK (le )min, C03,UaBaeMbIH O)J,HOR KynepOBCKOH 

napoH H COOTBeTCTByIOinHH Tc , onpe,neJIReTCR KaK 

(le )min = 2e~2kTc I me . 

6.2. 06pa30B8HHe KynepOBCKOH napbl 

0.n;HHM H3 KJIIOlJeBbIX BonpocoB B TeOpHH CBepxnpoBO)J,HMOCTH 

RBJI.KeTCSI aonpoc 0 npnpo.ne CHJI, coe,LlHHHIOinHX 3JieI<TpOHbl B 

KynepOBCKOH nape. 

KynepoBcKa.K napa 06pa3yeTcR H3 3JieKTPOHOB, BOJIHOBhie 

<l>YHK~HH KOTOpbIX HMelOT O,ll;HHaKOBble xapaKTepHCTHKH 

( <<To)J(,n;eCTBeHHbIX» 3rreKTpOHOB ). PaccTO.KHHe Me)J(.D:y 

3JieKTPOHaMH KynepoBCKOH napbl MeHbIIIe HX ,lI;JIHHbl BOJIHbI. 
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B Mo.nem1 C<I>B BonHOBble CBOHCTBa KBaHTOBLIX o6neKTOB 

06ycnoanett1:.1 co3,uaHHeM 3THMH o6neKTaMH BHxpeH: a C<I>B. 
To)K,ZJ;ecTBeHHOCTL KBaHTOBLIX o6neKToa, cornactto (3.2), (3.3), 
(5.1) (5.3) H (5.4), 03HaqaeT, qro CilHHbl MHKpoqacTHU B 

cep.ne1IHHKax 3THX BHXpeH: npeueccHpyroT c O,UHHaKOBOH 

11aCTOTOH, a 3neKTpH1IeCKHe ,uHilOnH, o6pa3yK>ll{HeCH B 

cep,l(e1IHHKax (MO)l(HO npe,nnOJIO)l(HTb, qro H caMH cep,Ile1IHHKH), 

HMeIDT o.n;HHaKos1:.1e pa3Mep1:.1. EcnH paccTOHHHe Me)K,ZJ;y 

KBaHTOBblMH o6'beKTaMH MeHLIIIe pa3MepOB HX MHHLI BOnHLI, 

TO, B COOTBeTCTBHH c (5.3) H (5.4), cep,ueqHHKH BHXpe:H, 

C03.UaBaeMble 3THMH o6'beKTaMH 6y)l;yr 06'be,lJ;HHHTLCa B 0,lJ;HH 

cep,ll;e11HHK. B COOTBeTCTBHH co CBOHCTBOM 14 (rnaaa 1) B 

o6'be,lJ;HHeHHOM cep,ll;e"l!HHKe 6y)l;eT HMeTb MeCTO BbipaBHHBaHHe 

yrnoB rrpeuecCHH H nyrau1rn CilHHOB MHKpoqacTHI.{, 

COCTaBMIOll{HX C<I>B. B rnaae 5 Ha OCHOBe CBOllCTBa 12 
(rnasa 1) noKa3aHo, 1ITO Me)l(,l{y MHKpoqacTHUaMH cymecTByeT 

B3aHMO,l{eHCTBHe, xaparcrep KOTOporo onpe,ll;eMeTCH B38HMHblM 

nanpaaneHHeM HX CIIHHOB (TaK Ha3bIBaeMoe «CIIHH-CIIHHOBOe 

B3aHMO,UeHCTBHe»). IlonaraeM, 1ITO 3TO CilHH-CilHHOBOe 

B38HMO,UeHCTBHe MHKpoqacTHU B o6oe,l(HHeHHOM cep,ueqHHKe 

BHxpeli, co3.uasaeMbIX 3JieicrpoaaMH B C<I>B, H onpe,ll;em1eT 

B03HHKHOBeHHe KyrrepOBCKHX nap. 

B o6ocnoaanHe noro npe.nnono)l(eHHH cpaBHHM crroco61:.1 

propYIIIeHHH I<yrrepoBcKoli nap1:.1 B paMKax Mo,nenH C<I> B H 

cnoco6bl pa3pYIIIeHHH nap, na6n10.naeM1:.1e B 3KcnepHMeHTax. 

- B paMKax MO,lJ;eJIH C<I> B pa3p)'IlleHHe nap1:.1 MO)l(eT 

ocymeCTBMTbCH B03,n:eikTBHeM Ha CilHHbl MHKp01IaCTHU B 

o6oe,ZJ;HHeHHOM cep,ll;eqHHKe BHXpeH:, o6pa3yeMbIX :)JieKTpOHaMH 

KyrrepoacI<oli rrapbl a C<I>B. 3To MO)l(HO ocymecTBHTb, 

aarrpHMep, o6nyqeaneM caepxrrpoao,n:Hll{ero aemecTBa 

cpoTOHaMH, TaK KaK cpOTOHbl Tal()l(e npe,ll;CTaBMIOT co6o:H B 

C<I> B BHXpH, a cep,ue1IHHKax KOTop1:.1x npoHcxo.nHT cnHHOBaH 

n0Mpmaum1 C<I>B. 3KcnepHMeHTaJILHO o6aap~eao 
pa3pYIIIeHHe KyrrepOBCKHX nap npH o6nyqeHHH 

caepxrrpOBO,lJ;HHKa cpOTOHaMH [81]. IlpH1IeM, rrpH IlOrJIOll{eHHH 
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<PomHa KyrreponcKoif napoif Ha6mo.naeTcH Ta :>Ke 

KBaHTOBaHHOCTb, qTQ H npH IlOrJIOII(eHHH <t>oTOHa 3JieKTpOHOM 

B aTOMe, conpoBO:>K,naIDII(eMCH H3MeHeHHeM xapaKTepHCTHK 

BOJIHOBOH <l>YJJKl.{HH 3JieKTpoHa. 

- B paMKax Mo.nenH C<l>B napa pa3pyruaeTcH, ecJIH 

3JieKTpOHbl napbl nepeCTalOT 6b!Tb TO:>K,necTBeHHbIMH 

qacTHl.{aMH HIHJIH paccTOHHHe Me:>K.ny 3JieKTpoHaMH CTaHeT 

6oJILWe HX ,nJIHHbl BOJIHbl. 3To MO)l(HO ocymecTBHTb 

IlOBbIWeHHeM TeMnepaT}'Pbl H/HJIH HaJIO)l(eHHeM MarHHTHOfO 

nom1 Ha CBepxnpOBO.UHHK; npH 3TOM, B COOTBeTCTBHH c (5.3), 
(5.4), (6.12), (6.18) H (6.19) 3JleKTpOHbl nepeCTalOT 6bITb 

To:>K,necTBeHHbIMH. Pa3pyweane napbl npn noBhIInemm 

TeMnepaTypbI csepxnpoBO.UHHKa HIHJIH npH HaJIO)l(eHJm 

MarHHTHOfO IlOJUl Ha6JIIO,llaeTCH B 3KCnepHMeHTax [59, 79]. 
IlpHBe,neM eme OJJ:HO JJ:OKa3aTeJibCTBO COCTO.HTeJibHOCTH 

npeJJ:JIO)l(eHHOR Mo,z:i:em1 o6pa30BaHH.H KyrrepOBCKOH napbI. 

Cornacao Bbrno,z:i:aM rnaa1>1 3 cnHa-cnHHOBoe B3aHMo.neiicTBHe 

MHKpOqacTHI.{ B cep,z:i:eqHHKe BHXp.H, 06pa3yeMoro KBaHTOBbIM 

o6oeKTOM B C<l>B, npHBO.UHT K nmrnJieHHID TaK Ha3bIBaeMoH: 

peJJHTHBHCTCKOH .no6aBKH K Macce KBaHTOBoro o6oeKTa. 

061,e,nHHeHHe cep.neqHHKOB BHXpeH, C03,UaBaeMbIX 

3JieKTpoHaMH naphI B C<l>B, rroamrneT Ha xapaKTep cnHH­

CIIHHonoro B3aHMO,lleHCTBHH B 3THX BHXp.HX, H, crre.nosaTeJibHO, 

Ha BeJIHqHHY <<perr.HTHBHCTCKOH» .no6aBKH K Macce. To ecTb, 

Macca KyrrepoacKoif nap1>1 6y.neT He paana CyMMe Mace 

3JieKTpOHOB, BXO,UHII(HX B napy. 3TO HBJieHHe 6bIJIO 

o6Hap~eHO 3KCnepHMeHTaJibHO [82]. 
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llpm1e11a11ue. IlonaraeM, qm paccMOTpeHHLIH BhIIlle 

MexaHH3M B3aHMO.lleHCTBHH TO~eCTBeHHbIX 'IaCTHI.{ 

Jie)l(HT B OCHOBe TaK Ha3bIBaeMoro o6MeHHOro 

B3alIMO)leHCTBHH. 06MeHHbIM B3aHMO,lleHCTBHeM B 

KBaHTOBOH $H3HKe o6oHCHSieTCSI, HanpHMep, npHHl.{Hil 

Ilaym1 H o6pa3oBaHHe ,noMeHOB B <t>eppoMarHeTHKax [35, 
59, 60). 



r 
r: 

BLIBO.zlLI K rnaBe 6 

1. ComacHo Mo.nenH C<l>B caepxnpoao.nHMOCT.b B03HHKaeT npH 

)'MeHI,me1:1HH BH3KOCT~I aemecTBa, o6ycnoaneHHOH 

B3aHMO,neiiCTBHeM 3ne.KTpOHOB, Bcne,nCTBHe Hanwma y HHX 

3Jie.KTpHqecKoro .l(HilOilbHOfO MOMeHTa, CBH3aHHOro c BOnHaMH 

MaTepHH. 3Ta KOHI.{enuHH Il03BOJUleT: 

- BbIBeCTH ypaBHeHHe, OilHC.bIBaromee 3KCnepHMeHTM.bHO 

rronyq:eHHyIO 3aBHCHMOCTb KpHTHqecI<oro 3HalJeHHH MarHHTHOH 

HH.D:YKUHH csepxnpoBo.D:Hmero MaTepHana oT TeMnepaTyp1>1; 

06'bHCHHTb cymecTBOBaHHe KynepOBCKHX nap npH 

TeMnepaType BbIIUe KpHTHqecI<oii; 

onpe.nenHTb MHHHMMbHOe 3HaqeHHe KpHTHqecKoro 

3JieKTPH"'leCKOfO TO Ka, Bbl3bIBaromero Hcqe3HOBeHHe 

caepxnpoao,na.w;Hx caoiicTB. 

2. 06pa3oBaHHe KynepoBCKOH napbI o6'bHCmieTCH cmrn­

CilHHOBbIM B3aHMO,n;eH:CTBHeM MHKpO"'IaCTHI.J; B 06'be.l(HHeHHOM 

cep,neqHHKe BHXpeii, co3.o:aaaeM1>1x B C<l>B 3neKTPOHaMH, 

COCTaBnHIO.W:HMH napy. 
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r JiaBa 7. MarueTH3M 

B 3TOH rnaae 6y,z:i:eT IIOKa3aHo, qTQ ,namKem1e C<l> B a 

OKpeCTHOCTH cep,z:i:eqHHKOB BHXpeii Bhl3bIBaeT MarHHTHbie 

RBJieHHSI, B qacTHOCTH, CKOpOCTb 3TOro ,l{BmKeHHSI orrpe,z:i:eJIReT 

MarHHTHYJO HH.ll:YKl.lHIO. 

PaccMOTpHM .z:t:BH)J(eHHe 3JieKTpHqecKH 3apH)J(eHHbIX 

KBaHTOBblX 061.eKTOB. 

1. CornacHo BbIBO,z:i:aM rnaaI>I 3 ,nBH)J(Yil.lHHCH KBaHTOBblH 

o6J.eKT co3,nath' BHXpb B C<l>B, a cornacHo BDIBo,z:i:aM rnaaDI 5 
IIOTOK 3JieKTpHqeCKH 3apR)J(eHHbIX KBaHTOBbIX o6J.eKTOB (TOK I) 
MO)J(HO MO,ne;mpoBaTb BHXpeBOH HHTblO B C<l>B. Jfa ypaBHeHHH 

(2.10) H (2.11) CJie,z:i:yeT, qTo HarrpaBJieHHe llHPKYJIRl.lHH r 
BeKTopa CKopocn1 C<l>B BOKpyr cep.n;eqHHKa BHXp» 

IIpOTHBOIIOJIO)J(HO HarrpaBJieHHIO CYMMapHoro CIIHHa s v 

MHKpoqacrn:n B cep,z:i:eqHHKe BHXpR. Cne,z:i:oBaTeJibHO, B 

COOTBeTCTBHH C (5.8) H (5.9): 
r tt 1. (7.1) 

AHanomqHo HarrpaaneHa l.lHPKYJIRUHR MarHHTHOH HH.U:YKl.{HH B 
BOKpyr rrpoao.n:a c TOKOM IIO OTHOIIIeHHIO K HarrpaBJieHHIO TOKa 

[28]. 
2. CornacHo caoiicTBY 11 (rnaBa 1) B C<l>B MOrYT 

o6pa30BbIBaTbCR BHXpH c oceCHMMeTpHqHbIM cep,neqHHKOM, 

CKOpOCTb C<l>B BOKpyr KOTOporo 3aBHCHT OT paCCTORHHH r OT 

OCH BHXpR KaK 1/r. TaKaR )J(e 3aBHCHMOCTb OT pacCTORHHR 

xapaKTepHa )lJIR aem1qHHbl MarHHTHOH HH.ll:YKI.J,HH BOKpyr 

npOBO,l{HHKa 6ecKOHeqHOH )lJIHHbl c TOKOM [28]. 
3. qacToTa aonHoaoil cpYffKI.J,HH IIIpe,IJ.HHrepa ,nBH)J(Yil.lHXCR 

3JieKTpHqecKH 3apR)J(eHHbIX KBaHTOBbIX o6J.eKTOB 

( orrpe,neJIRIOII.J,aR cornaCHO npHBe,IJ.eHHOMY HH)J(e ypaBHeHHIO 

(7.4) llHPKYJIRI.J,HIO r) H MarHHTHaR HH.llYKl.lHR, C03,l{aBaeMaR 

3THMH ,ll;BH)J(Yil.lHMHCR o6J.eKTaMH, orrpe,z:i:eJIHIOTCH B 0,l{HOH H 

TOH )J(e cHcTeMe oTcqern. HarrpHMep, MarHHTHa» HH,n~HSI B 
BOKpyr npoao.na c TOKOM onpe,nenReTCR CKOpOCTblO ,ll;BH)J(eHHR 

3JieKTpHqecKH 3apR)J(eHHblX KBaHTOBblX o6J.eKTOB 

OTHOCHTeJibHO «MOJieKyJIHpHOH CHCTeMbI» 3Toro npOBO,l{a [28]. 
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r 0THOCHTeJibHO TOH )Ke CHCTeMbl onpe.D;eIDieTCH 3HeprHH, a, 

. . CJie,ZJ;OBaTeJibHO, H qacTOTa BOJIHOBOH lf>YHKUHH 3THX o6'beKTOB. 

4. B pa6oTe [26] noKa.JaHo, qTo HMeeTc.a aaanonrn Me)K,Zl;y 

CTpyKTypaMH lf>opMyn, OIIHCbIBaIDmHx MarHHTHbie 

B3aHMO,ZJ;eHCTBHH TOKOHeCymHX npOBO,Z{OB H CTPyKTypaMH 

lf>opMyJI, OIIHCb1Ba10mHx B3aKMO,ZJ;eHCTBHe BHXpeii: B H,ZJ;eaJibHOH 

HeC)KHMaeMoii: )KH.ZJ;KOCTH c OTPHUaTeJibHbIM .l{aaneHHeM. 

Mo)KeT JIH cBepxTeKyqRii: lf>H3HIIeCKHii BaKyyM 6bITb TaKoii: 

cpe.n:oH:? 

B paMKax rH.D;pO.l{HHaMHqecKoii: MO.l{eJIH cTauHoHapHoe 

,Z{BH)KeHHe CBepxTeKyqeii: )KH,Z{KOCTH OIIHCl>IBaeTCB ypaBHeHHeM 

[84]: pu2 I 2 + pµ = canst , r,ZJ;e µ - XHMHIIecKHii noTeHuHan, 

p - nnoTHOCTb Cct>B. Bcne.ZJ;CTBHe lf>a.JoBoro nepexo,ZJ;a BHYTPH 

cep,D;eIIHHKa BHXpH ( CBOHCTBO 10, rJiaBa 1) IlOTeHUHaJI µ 
MO)KeT He npo.aBIDITbCH BHYTPH BHxp.a [9]. B CBH3H c 3THM 

,ZJ;eHCTBHe CBepxTeKyqeH: )l(Jf,Z{KOCTH Ha cep,Z{eqHHK BHXpH MO)KeT 

6bITb MaTeMaTHIIeCKH OilHCaHO BBe,ZJ;eHHeM ,ZJ;aBJleHHH p Ha 

rpaHHUe cep,D;eqHHKa BHxpn B CC!> B. 3HaK ,ZJ;aBneHHH 3aBHCHT OT 

xapaKTepa BHYTPeHHHX nanp.a)KeHHii B cpe,D;e. EcnH 3TH 

BHYTPeHHHe Hanpa)KeHHH HMeIOT xapaKTep «BcecTopoHHHX 

pacrn)KeHHH» [84], TO ,ZJ;aBneHHe 6y.ZJ;eT OTPHuaTeJibHbIM. 

«BceCTOpOHHHe paCTH)KeHHH» 3TO TO, qeM MO)KHO 

oxapaKTepH3oBaTh CC!> B B 3aaHxpeHHoii o6nacTH. 06ocHyeM 

3TO yrnep)K,Zl;eHHe. 

B cooTBeTcTBHH co caoiicTBOM 5 Cct>B (rnaBa 1), 
C)'MMapHbIH CilHH napbl MHKpOIIaCTHU B cep,n:eIIHHKax BHXpeii: 

He paaea ay1110. CornacHo cBoii:cTBY 12 Cct>B (rnaaa 1) 3TH 

rrapbl o6pa3yIDTCB B p-COCTOSIHHH; B 3TOM COCTOHHHH Me)K,Zl;y 

IIpOTHBOilOJIO)KHO 

MHKpoqacn1uaMH c opHeHTHpOBaHHbIMH B,Z{OJlb O,ll.HOH rrpHMOH 

CilHHaMH cyrn,eCTByIDT CHJlbI OTTaJIKHBaHmI. B rnaBe 5 
IlOKa3aHO, qTo pe3yJlbTaTOM ,ZJ;eHCTBHB 3THX CHJI SIBJIHeTCa 

B03HHKHOBeHHe 3JleKTPHIIeCKOro ,ll.HilOJibHOrO MOMeHTa 

cep,D;eIIHHKa BHxp.a H po)K,Zl;eHHe lf>oTOHOM napbI qacTHua­

aHTHIIacTHua. KpoMe Toro, TaK KaK cep,D;eqHHKH BHxpeii: B Cct>B 
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HBJIHIOTCH 3Jie.KTJmqeCKHMH ,I:\HilOJIHMH, B 3aBHxpeHHOH o6nacTH 

HMeeT MecTO 3JieK'IpHqecKaH nonapH33UHH C<l>B, TO ecTL, rrpo 

rrapL1 MHKpoqaCTHU, cocTaBJIHIOJ.QHe C<l>B n 3aBHxpeHttoii 

o6nacTH, MO:>KHO CKa3aTL, qTo OHH «paCTHHyrbI» B,I:\OJib 

3JieicrpnqecKoro noJIH. 

TaK KaK po:>K,I:\aIOJ.QHecx H3 naKY)'Ma qacTHULI c HeHynenoil 

MaCCOH IIOKOH HBJIHIOTCH KB33HKOJIJiarrcaMH MHKpoqaCTHU, 

cocTannRIOIUHX C<l>B (cM. rnaBy 5), nnoTHOCTL C<l>B MO:>KHO 

cqHTaTb IlOJIO:>KHTeJILHOH. 

TaKHe xapaKTepHCTHKH C<PB KaK O'IpHUaTeJILHoe .n:aBJieHHe 

H IIOJIO:>KHTeJILHaH IIJIOTHOCTb, He npOTHBOpeqaT 

cyruecTBYJOIUHM MO,I:\eJIHM <<KOCMHqecKOro» BaKY)'Ma [85-88). 
CornacHo 3THM MO,I:\eJIHM, OKOJIO 70% BceH: :meprHH BcenenHoii 

cyruecTByeT B BH,l{e TaK Ha3bIBaeMOH TeMHOH 3HeprRR RITH 

«KBHHT3CCeHUHR», xapaKTepH3YJOIUeiicH O)lHOpO,l.lHblM 

pacnpe.n:eneHHeM IlOJIO:>KHTeJibHOH llJIOTHOCTH H 

O'IpHI.(aTeJibHLIM .l{3BJJeHHeM. «KBHHT3CCeHUHH» He H3JiyqaeT, 

He nornoruaeT H He O'Ipa:>KaeT CBeT, qTo BIIOJIHe o6'bHCHHMO, 

ecJIH npe.unoJIO:>KHTb, qTo OHa HBJIHeTCH CBeTOHOCHOH cpe.IJ;OH. 

(OrMeTHM, qTO B pH.rte pa6oT [ 4-8, 89] o6cy:>K,I:\aIOTca aHaJIOrHH 

Me:>K,I:\y HeKOTOpbIMR CBOHCTBaMH CBepxTeKyqero 
3
He H 

KOCMOJioruqeCKHMH HBJiemrnMH.) 

TaKHM o6pa3oM, MO:>KHO npe.n:rroJIO:>KHTL, qTo .IJ;aBJieHHe p na 

rpanuue cep.L(eqHnKa BHXpH B C<l>B y.n:osJieTBOpSleT ypaBHeHHIO: 

pu2 I 2-p = const. (7.2) 

(EcnH, KaK 3TO rrpHHSlTO B rH.IJ;pO.L(HHaMHKe, paCCM3'1pHB3Tb 

CRJIY KaK HHTerpaJI F == -f s,pnds' r.n:e n - BHeIIIHHSl HOpMaJib K 

HenpoTeKaeMOH rroBepXHOCTH S ', a ds - 6ecKOHeqHo MaJibIH 

3JieMeHT 3TOH IIOBepXHOCTH, TO, npHHHMaH BO BHHMaHHe (7 .2), 

nonyqaeM: F = - ~ f s,pu2nds. To ecTb, see )J.HHaMHqecKHe 

xapaKTepHCTHKH 6y.uyr HMeTb 3Ha.K, npoTHBOIIOJIO:>KHbIH TOMy, 

KOTOpbIH OHH HMeJIH 6b1 .ztJIH o6@qHOH H.L(eaJibHOH 
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HeC)l\.HMaeMOH *HAKOCTH c TeMH .>Ke CaMbIMH 

KHHeMaTHqecKHMH CBOHCTBaMH [26]). 

IlonaraeM, qTo paccMOT}JeHHasI B nepeqncneHHbIX BbIIIIe 

Il)'HKTax 1-4 aHaJIOfHSI Me>K,D;y xapaKTepHCTHKaMH no.IDI 

CKOpOCTeH, C03,UaBaeMoro B Ccf>B BHxpeBblMH HHnIMH, 

o6pa30BaHHbIMH ):(BH.>K)'IUHMHCSI 3ap.sI,naMH, H 

xapaKTepHCTHKaMH MarHRTHOfO no.IDI, C03,lJ;aBaeMoro 3THMH 

3ap.sI.z:r;aMH, He cnyqaiiHa. To eCTb, .UBH.>KeHHe Ccf>B BoKpyr 

cep,ueqHHKOB BHXpeii o6ycJIOBJIHBaeT MafHHTHbie .sIBJieHHH. 

Ha 6a3e ypaBHeHHH (7 .2) MO.>KHO BbIBeCTH COOTHOIIleHH.sI, 

ycTaHaBJIHBaIOIUHe CBH3b Me>K,lJ;y xapaKTepHCTHKaMH 

MarHHTHOfO noM H KaK ):{HHaMHlJeCKHMH, TaK H 

KHHeMaTHqecKHMH xapaKTepHcTHKaMH Ccf>B. 

BlaHMOAeiicTBHe ABYX oecKoue~rnoii ,a:JJHHLI BHxpeBbIX 

HHTCH H B38HMO.l(CHCTBHC ABYX OCCKOHC'IHOH .l(JIHHbl 

npOBO.l(OB C TOKOM. 

CHna, ,ueiicTBywIUasi Ha e.nHHHUY MHHbI Ka~oii H3 .z:r;Byx 

napanneJibHbIX 6ecKOHeqHbIX no ,IUIHHe BHxpeBbIX HHTeii c 

UHPKYJISIUHeH r' paBHa F = pr2 1(2trrw)' r.ne rw -
paccTo.KHHe Me~y sHxpeBbIMH HHT.sIMH [26]. Cima, 

.neiiCTBYJOIUasI Ha e,n:HHHUY MHHbl Ka>K,lJ;OfO H3 ,n:Byx 

6ecKoHeqHbIX no .nmrne napa.nneJihHbIX nposo.noa c TOKOM I, 

pasHa F = 212 I (rwic2
), r.ne c - cKopocTb CBeTa, rw1 -

paCCTOSIHHe Me>K,lJ;y npoao,n:aMH c TOKOM, npHHHMaeM rwl = rw 

[28]. IlpupaBHHBa.sI BbIIIIenpHBe.n;eHHbie Bbipa)l(eHlrn ,I{Jlj{ CHJI H 

yqHTbIBasI, qTo npH 0,I{HHaKOBOM HanpasJieHHH TOKOB, TaK )Ke 

KaK H npn o,n:HHaKoBoM HanpasneHHH UHPKYJIHUHH BeKTopa 

CKOpOCTH Ccf>B BOKpyr BHxpeBblX HHTeii, paccMaT}JHBaeMbie 

CHJibl .KBJI.sIIOTC.sI c1maMH npHTH)l(emrn, HMeeM: 

r= 21 ~. (7.3) 
c v-P 
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l1cnOJib3Y» COOTHOIIIeHH» (3.2) H (7.3) H BI>Ipa)J(WJ TOK KaK 

I = qv q ( q senHqHHa 3apJ1.n;a, npoxoMmero qepe3 

nonepeqHoe ceqem1e npoao.n:a s e.n;HHHny speMeHH, v q -

CKOpOCTb 3apRJJ,a), MO)J(HO IlOJiyqHTb CBJ13b r C qacTOTOH 

BOJIHOBOH <l>YHKI.\HH (l) Sh 3apa>KeHHbIX KBaHTOBbIX o6oeKTOB, 

o6pa3)'10IUHX TOK. PaccMOTpHM cnyqaH:, Kor.n:a 3TH KBaHTOBbie 

o6oeKTbl HMeIOT OJJ,HHaKOBbie 3HaqeHHa MaCCbl mq ' 

3JieKTpHqecKoro 3apa.n:a, H IlOJIHWI 3HeprHJI K~oro H3 HHX 

paatta KHHeTH1IecKoli 3Hepnrn mqv2 12. Y'lHThIBWI (3.2), (5.8) 

H (5.10), nonyqaeM: ..----
r = - 2q 2Jrn rosh. (7.4) 

c mqPWsh 

EcnH 3apa.n: s1>1pa3HTb a Kynottax, TO <t>opMyny (7.4) cne.n:yer 

3ailHCaTb B BHJJ,e: 

•----,ro Sh• 
mqPWsh 

Ilone CKOpOCTeii:, o6pa30B8HHOe 1aMKHyroii BHXpesoii 

HHTblO, H MarHHTHaH HHJJ;YKUHH BOKpyr neTJJH c TOKOM. 

Ilone CKOpOCTeH u, C03,naaaeMOe 38MKHYfOH BHXpeBOH HHTblO C 

nHpKyJianHeH r B):{OJib npOH3BOJibHOH neTJIH, OXBaTbIBaIOIUeH 

BHXpeayio HHTb, onpe.n:eJIJleTCJI KaK [26]: 
r f dlxr 

u =-4 L'--3-, 
Jr r 

(7.5) 

r.n:e di - 6ecKOHeqHo MaJibIH BeKTOpHbIH 3JieMeHT HHTH, i 
- MHHa BHXpesoii HHTH, r - BeKTOp paCCTOJIHJUI Me)J(JJ.y 

3JieMeHTOM di H HCCJie.n:yeMOH TOqKOH. BHe BHXpeBOH HHTH 

rotu = 0. CTpyITTypa ypaaHeHH» (7.5) cosna.n:aeT co 

CTPYKTypoH: ypaaHeHH» .n:na MarHHTHOH HHJJ.yKI.\HH B BOKpyr 
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npoH3BOJlbHoro rrpoao.na MHHbl i c TOKoM I (3aKOH Eu:o­

Caaapa) [28]: 

B=i_JL'dl~r. (7.6) 
c r 

Pemrut COBMeCTHO )rpaaHeHIUI (7.3), (7.5) H (7.6), rronyqaeM 

ypaBHeHHe, CBSI3bIBaIOII.{ee B co CKOpOCTblO cpe.Abl u: 

B = 2.j;p ·u. (7.7) 

flpUMettaHue. YpaaHeHHe (7 .2) 3aITHCaHO .nnsi 

3aaHxpeHHOH o6nacTH C<l>B. (3Ta o6nacTb 

xapaKTepH3yeTcsi :meKTPHqecKoH: nongpmauHeM: C<l>B B 

OKpeCTHOCTH BHXpeH:, a TaIOKe 3JleKTPHqecKOH H 

cnu:Hoaoii rronsipmauHeH: C<l>B a cep.ne'IHHKax BHxpeH:.) 

Cne.nosaTenbHO, ypasHeHHSI (7.3) - (7. 7), SIBJlSIIOII.{Hecsi 

cne,nCTBHSIMH ypaBHemrn (7 .2), cnpaBe,L{IlHBbl B 

3aBHxpeHHoii o6naCTH. Cnpaae.nnHBOCTh nx B 

He3aBHxpeHHOH o6nacTH C<l>B He paccMaTPHBaeTcsi. 

lfa (7.7) cne,nyeT, 'ITO .L{BHiKeHHe 061.eKTa B 3aBHxpeHHOH 

o6nacTH C<l>B paBHOCHJlhHO Ha.TIOiKeHHIO Ha Hero BHemHero 

MarHHTHoro noJ1S1. EcnH rrpHHSITh nrroTHOCTh C<l>B B 3TOH 

o6rracTH paBHOH npHHSITOH B KOCMOJIOfHU: IlJIOTHOCTH 
-27 3 

«KBU:HTICCeHUHU:»: 7. 10 Kr/M [85, 86, 89], TO o6'beKT, 

rrernll.{HH co CKOpOCTblO CBeTa B CCI> B, HCilbITaeT Ha ce6e 

.l{eiicTBu:e MarHHTHoro nonsi senu:'lu:Hoii B = 3 · 10-
9
Tn, qTo 

COCTaBJlSieT ~10-4 OT BeJrnqu:Hbl MarHHTHOro IlOJlSI 3eMJlH. 

11MelOTCSI 3KCnepu:MeHTaJibHhie .n;aHHhie, KOCBeHHO 

CBH,n:eTeJlbCTBYIQII.{He 0 TOM, qTo npu: OTCyrCTBU:H MarHHTHOfO 

IIOJlSI B CU:CTeMe t}>H3HqecKoro BaK}')'Ma B CHCTeMe 

,nBHiKyll.{erocsi o6'beKTa MarHHTHOe none Cyll.{ecTByeT. 

11cnoJih30BaH TepMHH «KOCBeHHO», TaK KaK B 

paccMaTPHBaeMbIX 3KCIIepu:MeHTax ,n:aHHble OTHOCSITCSI K 

HeHTPHHO, CBOHCTBa KOTOporo BO MHOfOM ell.{e rrpe,n:CTaBJISIIOT 

3ara.n1<y. Ha cospeMeHHOM nane pa3BHTHSI t}>H3HKH HaH6onee 

rrpHeMJleMOH cqu:TaeTCH KOHUenIJ;HH MaCCHBHoro HeHTPHHO, 
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HMeromero HanpaaneHHbIH B,llOnb CilHHa MarHHTHbIH MOMeHT. 

IlpH ,nBmKeHHH OTHOCHTenbHO <<I<OCMHqecKOI'O» BaKyy~rn 

opHeHTal.\H» cnHHa HeHTJ>HHO npOTHBOilOnOJKHa HanpaaneHHIO 

CKOpOCTH, B TO JKe BpeM» npH JlBHJKeHHH B MarHHTHOM none 

(cymecTBeHHO npeB1>111IaromeM MarnHTHoe none 3eMnH) cnHH 

HeHTJ>HHO opHeHTHPYeTC» B.llOnb MarHHTHOH HH.llyKl.\HH [90-92]. 

Mcnon1>3)'» <flopMyn1>r (2.16), (2.17), (2.24) H (7.7), MOJKHO 

3anHCaT1> CHCTeMy ypaBHeHHH, onHCbIBaIOmyro BH:Xpe­

BOnHOBOH npOl.\eCC B C<l>B, c yqeroM non» CKOpOCTeii, 

C03,l(aBaeMoro BHXpeBOH TJ>Y6Koii, o6pa3oBaHHOH 

.llBHJKYIUHMHC» 3ap».naMH. 

OU 
-=-c·rotY, at 
8Y • -+er =c·rotu, at 
"' r.n:e r - l.\HPKYJHil.\H» BeKTOpa CKOpOCTH C<l>B BOKpyr 

BHXpeBOH TJ>Y6KH, C03.llaHHOH o,nHOHanpaaneHHbIM .llBHJKCHHeM 

3neKTJ>HqecKH O,nHOHMeHHO 3apSIJKCHHbIX qaCTHI.\, .neneHHaSI Ha 

nnoma.n» ceqeHH» BHxpeso:H TJ>Y6KH. 

Jfcmopu'-lecKaR cnpaeKa. Eme B Haqane 20 BeKa r. A. nopeHI.\ 

Bbl.llBHHyn npe.nnorroJKeHHe, qTo xapaKTepHCTHKH MarHHTHOrO 

nonsi onpe,neJISIIOTCSI CKOpOCTblO CBeTOHOCHOro 3qmpa [93-94]. 

ll3JIOJKeHHaSI B 3TOH rnaBe Mo.nenb B03HHKHOBCHHSI 

MarHHTHOro rronH n03BOnHeT rrpe.l(JIOJKHTI> o6nHCHeHHe 

3<P<l>eKTa «BI>ITMKHBaHHH» BHenmero MarHHTHOro non» H3 

MaCCHBHOro CBepxnpOBO.l(HHKa. 

3<P<PeKT HMeeT MecTo KaK B cnyqae, Kor.na MarnHTHoe none 

B, B < Be (Be - KpHTHqecKoe 3Haqemre MarHHTHoii HH.D:yKl.\HH 

npH rrpOH3BOnbHOH TeMnepaType 1) HMOJKeHO Ha 

CBepxnpOBO,nHHK npH TeMrrepaType T, MeHI>llleH KpHTHqecKOH 

TeMrrepaTypbI Tc , TaK H B TOM crryqae, Kor.na MarHHTHoe none B 

HaKJia,n1>rnaercH npH T > Tc , H JIHWb 3aTeM npoHcxo.nHT 

oxrra)K.l(em1e MaTepHana .no T <Tc (l<l><l>eKT MeiicHepa-
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0Kcempenb.IJ.a [95]). 3TOT 3<P<l>eKT noKa3bIBaeT, 'ITO 
CBepxrrpOBO.IJ.HMOCTb HeJib3}{ paccMaTpHBaTb KaK npoCT)'IO 
n0Tep10 npoBO.IJ.HHKOM 3neKTpH'lecKoro conpoTlrnneHHa. Ecm1 
6bl o6bl'IHblH npOBO.IJ.HHK, Ha KOTOpbIH HMO:>KeHO MarHHTHOe 

none, npH oxna:>K.IJ.eHHH .n.o T < Tc cTaHos11ncx 

CBepxnpOBO.IJ.HW:HM, TO B HeM .IJ.OJI:>KHO 6bIJIO 6bl coxpaHHTbC.K 
MarHHTHOe none, KOTOpoe 6bIJIO B MOMeHT rrepexo.n.a B 
cBepxnposo.n.amee cocToaHHe. 

B Mo.n.enn C<t>B, cornacHo (7.7), cymecTBoBaHHe 
MarHHTHoro nona B KaKoii-nn6o o6nacTH npocTpaHCTBa 
03Ha'laeT .IJ.BH:>KeHHe C<l>B B 3TOii o6nacTH. B paMKax 
rH.IJ.pO.IJ.HHaMH'leCKoro 01rncaHm1 C<l>B «BbITMKHBaHHe» 
MarHHTHoro rronx H3 csepxnpOBO.IJ.HHKa CBH)J;eTenbCTBYeT 0 
TOM, 'ITO senH'IHHa .n.asneHHa C<l>B, p, B o6nacTH Haxo:>K.IJ.eHHa 
csepxrrpoBO)J;HHKa OTilH'laeTca OT BeJIH'IHHbl ,ll;aBneHHH BHe 3TOH 
o6naCTH. 0.n.Hoii H3 npH'IHH H3MeHeHHH .n.asnem1a MO:>KeT 6bITb 
paseHcTBo Hyn10 CYMMapHoro :meKTpH'lecKoro ,nHrronhHOro 
MOMeHTa KyrrepoBCKOH napbl, CM. (6.14). 

B1>1BO.l(LI K n1aBe 7 

Cornactto MO.ll;enH C<I>B: 
1. MarHHTHbie BJaHMo,neiicTBHa o6ycnosneHbI 
B3aHMO,neHCTBHeM BHXpeBblX HHTeii, o6paJOBaHHblX 
,nBH:>KymHMHC}{ 3neKTpH'leCKHMH 3apa,naMH B C<l>B. MarHHTHaa 
HH.D:YKI.IJ1H rrponopUHOHMbHa CKOpOCTH C<l>B BOKpyr BliXpeBOM 
HHTH. 
2. ,[(BH:>KeHHe ofrr:.eKTa a 3asnxpeHHoii o6nacTH C<l>B no 
Bbl3bIBaeMbIM <l>H3H'leCKHM asneHHHM 3KBHBaneHTHO 
HMO)KeHHIO Ha o6neKT MarHHTHOro nonx. 
3. 3<P<PeKT <<BbITMKHBaHHH» MarHHTHOro rrona H3 
CBepxnpOBO.D:HHKa MO)KeT 6bITb Bb13BaH H3MeHeHHeM CBOHCTB 
CBepxTeKyqero <l>H3H'lecKoro BaKyyMa B OKpeCTHOCTH 
KyrrepoBCKHX nap. 

81 



r JiaBa 8. B3aHMO.l(CHCTBHe Ofi'LCKTOB B 4>H3H1{CCKOM 

BaKyyMe nocpeACTBOM cuepxTeKyl{HX CllHHOBblX TOKOB 

B 3TOH rnaBe Ha OCHOBe MO,UeJJH CBepxTeKyqero <i>mHqecKoro 

aaK)'YMa npe,lJJlo)l(eHa HHTepnpernum1 cne.uyioIUHX .sIBneHu:ii: 

)J.eHCTBHe CBepXMa.JlbIX )J.03 6HOJIOfHqecKH aKTU:BHbIX Bem.ecTB 

Ha 6U:OJIOrHlJeCKHe 06J,eKT1>I; .l(JICTaHU:HOHHOe B03)J.eHCTBHe 

qeJIOBeKa Ha cpH3HqecKHe CU:CTeMbI. 

CornacHo BLIBO.D.aM rnaBI>I 3 KBaHTOBble 061,eKThl co3.n.a10T 

B C<I>B BHXpH. B COOTBeTCTBHH co CBOHCTBaMH 5 H 7 MO)J.eJIH 

C<I>B (rnaBa 1) B cep.neqm1Ke BHXpH npoHcxo.n.HT opHeHTau1u1 

B.llOJib OCH BHXPH H npeueccHH CilHHOB MHKpoqacTHU:, 

o6pa3)'IOIIJ.HX C<I>B. Cne.n.osaTeJILHO, cep.ue'IHHK BMXpH MO)l(HO 

paccMaTpHBaTb KaK CilHHOB)'IO CTp}'KTypy, 

xapaKTepH3)'IOIU)'IOCSI BeJIH''IHHOH CTIHHa, qacTOTOH npeuecCMH, 

yrnoM npeneccHH H yrrroM HYTaU:HH. YrnLI rrpeueccm1 H 

Hyran1m SIBJISIIOTC» yrnaMH opu:eHTaUHH napaMeTpa nopH.uKa B 

csepxTeKyqeii cpe.ne, JI n cooTBeTCTBHH c 14 CBOHCTBOM C<I> B 

(rnana 1) B 3Toii cpe.ne cymecrnyioT npou;eccbI, cTpeMHiu;Hecx 

BbipaBHHT.b KaK Yf Jlbl npeueccu:H, TaK H Yf Jibl HyrauHu:. TaKHMH 

npou;eccaMH HBJIHIOTCH cnepxTeKyqHe CITHHOB.bie TOKH. TaKHM 

o6pa3oM, cnnHoBL1e CTJ'YKTYPLI, C03)J.aBaeMbie B C<I>B 

KBaHTOBbIMH o6neKTaMH (a, cne.nonaTeJibHO, H caMH ofrbeKT.bI), 

Moryr B3aHMO)J.CHCTBOBaTb rrocpe.n.CTBOM CBepxTeKyqHx 

CilHHOB.bIX TOKOB. TaK KaK nee MaTepHaJibHbie Tena COCTOHT H3 

KBaHTOBl>IX o6neKTOB, C03,!l.aIOIUMX B C<I>B CIIHHOBbie 

CTp}'KTypbI, TO, CJie)J.OBaTeJibHO, Bee MaTepHarrbHbie Tena Moryr 

B3aHMO)J.eikTBOBaTh .npyr c .npyroM rrocpe,UCTBOM CBepxTeKyqHX 

CilHHOBhIX TOKOB. 

Orrpe.n.enem1e 3aBHCHMOCTH OT BpeMeHH cnepxTeKyqero 

CITHHOBOro TOKa, B03HMKaIOm.ero Me)l(.Zly .D.BYMH o6naCTHMH c 

rrpeu.eccHp)'IOiu;HMH CTIHHaMH (HanpHMep, 0,!l.HOpO,ll,HO 

rrpeu.eccnpyIOIUHMH .n.oMeHaMH - OTI,[{, CM. pHc. 1.1 ), B o6iueM 

cnyqae »BJUieTCH CJIO)l(HOH 3a,ll,a1Ieii, TaK KaK CKOpOCTb nepe.n.aqn 

HHcpOpMaUHH 0 HaJIH1IHH rpa,ll,IleHTa yrna npeuecc1rn D 

CBepxTeKyqeii cpe.ne HBJIHeTCH TeopeTu:qeCKH 6ecKOHelJHOM, a 
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CKOpOCTL CBepxTeKyqero cmrnoBoro TO Ka KOHeqHa [24]. KpoMe 

Toro, .uom1rna 6b1Tb npHmITa BO BHHMaHHe B03MO)l(HOCTb 

npocKaJib3bIBamrn: $a3hI (rnasa l, csoiicTao 15). PaseHcTBO 

yrnoB npeueccm1 H HyraUHH JmH B3aHMO.UeiicTB)'IOIIUIX OII)J, 
6yJJ.eT )lOCTHrHyro, TO eCTb, B3aHMO,ZleHCTBHe 6yi:i:eT HaH6oJiee 

<o<t><t>eKTHBHO», eCJIH paCCTO»HHe Me)l()ly HHMH, x, H pa3HOCTb 

Me)l()ly Hx qacToTaMH rrpeueccHH, /:l{J), 6y.uyr y.uosneTBop»Th 

cne.nyromHM ycJIOBH.HM: 

/:l{J)~O, 

x~o. 

(8.1) 
(8.2) 

IlpUMe1.1a11ue. B COOTBeTCTBHH c BhIBO,ZlaMH mas 3 H 5 
qacToTa rrpeueccm1 cnHHOB MHKPoqacnm: B cep.ueqHHKe 

BHXp», C03)laBaeMoro KBaHTOBbIM o6oeKTOM, HBmieTCH 

qacTOTOH BOJIHOBOR <l>YHKUHH .KBaHTOBOfO o6oeKTa, a 

MHHlfMaJihHblH pa3Mep cep):J.eqHHKa BHXpH orrpe.neJIHeTCH 

)lJIHHoH: BOJIH1>1 A. BOJIHosoH: <l>YHKUHH 3Toro o6oeKrn 

(HanpHMep, MHHHMaJihHhIB pa3Mep cep.u:eqHHKa BHXpH, 

C03.ZlaHHOro 3JieKTpOHOM HJUI Il03HTpOHOM, paBeH 

A. I (2;r)). Cne;:i:oBaTeJihHO, COOTHOllieHHH (8.1) II (8.2) 
03HaqaIOT, qTo B3aHMO.ZleiicTBHe KBaHTOBbIX o6oeKTOB 

Han6onee «3$$eKTlfBHO», Kor.n:a OHH OIIHCbIBaIOTCH 

BOJIHOBblMH <l>YHKUHHMlf c O.ZlHHaKOBhlMH qacTOTaMH, a 

pacCTOHHHe Me)l()ly HHMH MeHbllie HX .ZlJIHHbl BOJIHbl. 

8.1 • .l(eiicTBHe ceepxMaJI1>1x ~03 6uoJiorH'lecKH aKTHBHbIX 
sew,eCTB ua DHOJioruqecKHe o6'beKTbl 

Cne;:i:yeT OTMeTHTh, qTo cTaHoBnemie 3Toro HanpaBnemrn B 

HaYKe 0 )l(HBbIX CHCTeMax 6bIJIO HenpOCThIM - OT IIOITHOfO 

OTpHI.{aHHH caMoro HaJIHlJH51 rrpo6JieMbl H ):{OCTOBepHOCTH 

3KCIIepHMeHTaJibHbIX )laHHbIX .llO OC03HaHH51 ee KaK HOBOfO 

HayqHoro HanpaBneHH51. YpoBeHh 6nonorHtJecKoli 

opraHH3aI.{HH, Ha KOTOpOM rrposIBJI»eTCH .neiicTBHe CBepXMaJibIX 

.ll:03 (CM)],) 6HonornqecKH aKTHBHblX BemecTB (EAB) BeChMa 

pa3Hoo6pa3eH - OT MaKPOMOJieKyJI, KJieTOK, opraHOB If TKaHeii 

.Zl0 )l(HBOTHblX H pacTHTeJibHblX opraHH3MOB. 
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B Hacmsnn:ee apeMH .no3a 6AB cqHTaeTc.a cBepxMa.JioH:, 
-13 

eCJIH KOHUeH1pal.(HH :noro semecTBa COCTaBJIHeT 10 M H 

HH)Ke [96, 97]. 0TMeTHM, qTo npH BBe,nemrn: B opraHH3M 
-12 -13 

semecTBa B .no3ax l 0 - l 0 M B KJieTKe 6y.neT co.nepiKaThCH 

rrpH6JIH3HTeJibHO 1-10 MOJieKyJI :noro semecTBa. To ecTD, rrpH 

10-14 v ,J.. 
KOHl.(eHTpal.(H.SIX HH)Ke M, B paMKax KJiaCcHqecKOH 'PH3HKH, 

B KJieTKe He co.n:ep)KHTCH HH O)J.HOH MOJieKyJibl BBe,neHHOro 

semecTBa. Ilocne.nHee .n;eJiaeT KpaiiHe CJIOiKHbIM o6'bHCHeHHe 

.n;eH:cTBeHHOCTH CM)]. B paMKax KJiaccn11ecKoH: $H3HKH. 

K 1IHCJIY 3$$eKTOB, xapaKTepHbIX JJ:JIH .n:eiicTBHH CM,ll. BAB 
Ha 6HOJIOrM1IeCKHe o6'beKTbl, MO)KHO OTHeCTH CJie.nyiomrre [96-
100]: 
1. KHHeTH1IeCKHH rrapa,noKc, a HMCHHO: BblCOK03$$eKTHBHOe 

Bo3.neH:cTBMe CM)J, BAB Ha KJieTKY mrn opraHH3M, Kor.na B HHX 

HMeeTCH TO )Ke aemecTBo, HO B )J.03aX Ha HeCKOJibKO rropH)J.KOB 

si.1me Tex, KOTOpb1e HCITOJib3)'IOTCH KaK CM,ll.. 
2. l13MeHeHHe 1I}'BCTBHTeJibHOCTH (KaK npaBMJIO, yaem111eHMe) 

6HOJIOrM1IeCKOfO o6'beKTa K rrocJie)J.yIOJUHM B03)J.CHCTBHHM 

CM)J, BAB. 
3. 3aBHCHMOCTb «3HaKa» J$$eKTa (rro.nasrremrn n:nrr 

CTHMYJUl.l.(IUI) OT Ha1Ia.JibHblX xapaKTepHCTHK 06'beKTa 

B03)J.eHCTBHH. 

4. HeMOHOTOHHaH, rronHMO)J.a.JibHaH 3aBHCHMOCTb <<.n;o3a-

3$$eKT». B 6oJiblllHHCTBe cJiyqaes MaKCHMYMbI aKTHBHOCTH 

Ha6mo.naIOTCH B orrpe.neJieHHblX HHTepBa.Jiax )J.03, pa3)J.eJieHHbIX 

Me)K)J.y co6oH. TaK Ha3bIBaeMbIMH «MepTBbIMH 30HaMH». Mnor.na 

o.nHHaKoai.1e 3$$eKThl rroJiyqaIOT MH )J.03 BAB, 
pa3JIH1IaIOmHXCH Ha 5-8 rropjl)J.KOB. J.foor.na B )J.030BOH 

3aBHCHMOCTH Ha6JIIO)J.aeTCH H3MeHeHife «3HaKa» 3cpcpeKTa. 

5. J.foqe3HOBCHHe rro6o1IHbIX 3$$eKTOB npH yMeHbllICHHH .z:t:03bl 

BAB (npH coxpaHeHHH aKTHBHOCTH CM,ll. BAB). 
3aKoH rro.no6MH raHeMaHHa («no.no6uoe ne11HT no.no6Hoe») 

[101, 102] MO)KeT 6blTb CJie.z:t:CTBHCM 'IC'reaproro CBOHCTBa: 

MaJib1e .no3bI KOHUeHTpaurrH onpe.n:en~nuoro eemeCTsa JieqaT 
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f 
, 6oJie3HI>, a 60JI1>1Irn:e .r\03bI Toro :>Ke caMoro BemecTBa Moryr 

Bbl3BaTb ee. 
TioKa:>KeM, qro nepeqHcJieHHbie Bhlme xapaKTepHCTHKH 

MOX<HO o6'bHCHHTb csoikTBaMH CBepxTeKyqHX CilHHOBbIX 

TOKOB, B03HHKalOIUHX Me)l():\y cnHHOBbIMH CTPYKTYPaMH, 
co3,I:\aBaeMbIMH B caepxTeKyqeM cpH3HqecKOM BaKyyMe CM,L( 

EAB H 6HoJiomqecKHM o6neKToM (6Hoo6neKToM). (B rnaue 
HCilOJil>30B8Hbl pe3yJibT8Tbl pa6oT [103-106].) 

,L(rrn y,no6CTBa H3JIO:>KeHHH npHHHMaeM, qTo CIIHHOBM 

CTPYKTypa, C03,I:\asaeMM B C<I> B 6Hoo6neKTOM, 
xapaKTepmyercH e.n;HHCTBeHHbIMH 3HaqeHHHMH qacTOTbl 

npeueccHH, yrna npeueccHH H yrna ttyraUHH, TO ecn,, HBJIHeTCH 
o,n;Hopo,n;Ho rrpeueccnpy10IUHM .r\OMeHoM (OTI,L() B C<I>B. 

,L(JIH «KOJIHqecTBeHHoro» orrpe,neJiemrn ,D;03bl CM,L( EAB B 
paccMarpHBaeMOH MO,I:\eJIH BBe,neM IIOHJITHe <<KBaHT». «KBaHT)) 
- 3TO TaKaH ,z:i:03a semecTBa, KOTOpaH C03,l(aeT B C<I>B CilHHOByID 

CTPYKTYPY, xapaKTep1ny10myrocH e,z:i:HHCTBeHHhlMH 3HaqeHHHMH 
qacToT1>1 npeuecCHH, yrrra npeueccHH H yrJia HyraUHH, To ecn,, 

CTPYKTypy, JIBJIHIOll.{yIDCJI OTI,L( B C<I>B. 
flpUMel/aHue. Bsn,ny He,I:\OCTaTKa 3KCilepHMeHTanhHhIX 
,z:i:aHHblX 06 oco6eHHOCTJIX 3aBHCHMOCTH CilHHOBbIX 

TOKOB OT pa3HOCTH yrJIOB HyraUHH CIIHHOBbIX CTPYKTYP 
npH aHarrH3e B3aMMOJJ:eiicTBHH CM,L( EAB H 
6Hoo6ueKTa yrn1>1 HyraUHH He paccMarpHBalOTCH. 

1. 1IT061>1 onHcaTI> CIIHHOB1>1e CTPYKTYPhl, C03,I:\aBaeM1>1e CM,ZJ. 
BAB B C<I> B B KOJIHqecTBe O,I:\Horo <<KBaHTa» H 6I1006ueKToM, 

sse.z:i;eM cne.nyromne o6o3Ha11eHH.a: i:q1 - 11acT0Ta rrpeuecc1m B 

cnHHOBoii CTpYKType, co3,ri:aaaeMoii CM,ZJ. BAB, 0121 - qacTOTa 

npeuecCHH B CTIHHOBOH CrpYKType, C03,[(aBaeMOH 6Ho06'beKTOM, 

!l.a, - pa3HOCTL yrnoB rrpeuecCHH B paccMaTpHaaeMLIX 

CTPYKTypax. HH,ri:eKc t YKa3hIBaeT Ha To, qTo 3HaqeHHH 
COOTBeTCTB)'lOll.{HX BeJUflIHH OTHOCJITC.sI K MOMeHry BpeMeHH t. 

,L(orrycTHM, 1ITO B3aHMo,nelicTBHe CM,[( EAB H 6Hoo6»eKTa 

H81IHH8eTC.sI B MOMeHT BpeMeHH t = T1 • Pa3HOCTI> yrJIOB 
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npeneccHH Aa,
1 

a MOMeHT apeMeHH i-1 onpe.nem1eTca 

BLipIDKeHHeM: 

Aa,1 =(<OJ,, -a>i,, )z-1 +Aa0, (8.3) 

r.ne Llao pa3HOCTb yrJIOB npenecCHH CilHHOBblX CTJ>)'KTYP B 

MoMeHT apeMeHH t = 0. B qacTHOM cnyqae npH lla0 = 0 

ypaBHeHHe (8.3) TpaHccpopMHPYeTC.H B 

Aa,t = ( <Oir1 -a>i,1 ) z-1 . (8.4) 

CoCTaairn10rn:aa caepxTeKyqero cnHHOBoro TOKa, (J) ' 
•1 

o6ycnoaneHHaa_ pa3HOCTbIO ymoa npeqeccm1, Aa,
1 

, a 

COOTBeTCTBHH c (1.2) onpe,neJIHTCH KaK: 

(J),
1 
=kjAa,

1
• (8.5) 

Ecmf pa3HOCT.b L\(JJ = <Oj,
1 
-mi,

1 
no,nq1rnaeTca ycnoBHIO (8.1) 

(ycJIOBHe (8.2) MO>KHO cqHTaT.b B.b1Il0JIHHIOII1;HMCH 

aBTOMaTlfl-IeCKH), TO B COOTBeTCTBHH c 14 CBOHCTBOM C<l>B 

(rnaaa 1) npoHCXO)J.HT a1>1paBHHBaHHe yrnoa npen;ecCHH. KaK 

cne.nyeT H3 ypaBHeHHH (8.3) H (8.4), CJie)J,CTBHeM 

a1>1paBHHBaHHH yrnoa npe.u:eccHH HBJI.HeTca YMeHI>llleHHe 

pa3HOCTH llaCTOT npenecc1rn B CIIHHOBblX CTpyxTypax, 

co3,nasaeMhIX CM,[( BAB H 6Hoo6'heKToM B C<l>B, TO ecTh, )J.JIH 

MOMeHTa BpeMeHH Z-2 > TJ (npH ycJIOBHH, qTo lVtt He MeHHeTCH 

B HHTepaane speMeHH r2 - i-1 H paaHa <Oj,
1

) cnpaBe)J.JIHB.bI 

CJie)J.YIQII.J:He COOTHOIIIeHHH: 

Aa,
2 
~o, 

ll0Jr1 -aJ:zr2 I< j<OJrl -a>ir1,, (8.6) 

r.ne nepeMeHHbie Aar2 H li>ir2 COOTBeTCTBYJOT nepeMeHHbIM 

Aa,I H li>ir1 ' HO 3HaqeHHH HX B3J1Tbl 8 MOMeHT BpeMeHH z-2. 

TaKHM o6pa3oM, B03)J.eHcTBHe CM.ll 6AB Ha 6Hoo6neKT a 
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HHTepmme npeMeHH r 2 -r1 rrpH co6mo.z:.temm ycJIOBHii (8.1) H 

(8.2) IIpHBO)J;HT K TOMy, qTo xapaKTepHCTHKH CIIHHOBbIX 
CTPYKTYP, co3.D;aaaeMLIX 6Hoo6'beKTOM, npH6mrnca10TCH K 
cooTBeTCTBYI<>W:HM xapaKTepHCTHKaM CIIHHOBLIX CTPYKTYP, 
co3.z:.tanaeMI>IX CM,[( EAB. C JToii ToqKH 3peHHH MO)l(HO 
roaopHTb 0 <~yBCTBHTeJibHOCTH» 6Hoo6'beKTa K .n;eHCTBHIO 
CM)J,EAB. 

0TMeTHM, qTo ycJIOBHe (8.1) BCer;:i;a BblIIOJIHHeTCH /1.JIH 
6HOJIOrHqecKH aICTHBHOro 8ell{eCT8a, KOTOpoe )')Ke co;:i;ep:>I<HTCH 
8 6Hoofo.eKTe, HO B .n;o3ax, Ha HeCKOJlblCO nopH)J;IC08 8bIIIle Tex, 
KOTOp1>1e HCIIOJlb3YIOTCH KaK CM,[(. BLICOKM KOHl~eH1pal.(HH 

TaKoro 8ell{eCT8a B 6H006'beKTe rrpH80,l(HT K TOMY, TIO HMeHHO 
OHO onpe;:i;eJIHeT xapaKTepHCTHKH cnHH080H CTPYKTYPLI, 
co3,na8aeMOH 6Hoo6'beKTOM B C<t>B, H JTo npH80AHT K 

MHHHMaJibHOH pa3HOCTH qaCTOT @ii-
1 

H <OJ.i-
1 

• 

3mom meopemu1.Jec1<uu BblBOO coZJT,acyemcR c nepBbl.M 
CBOUCmBO.M oeucmBWl CMP Ha 6uoo6beKm {KUHemu'-leCKUU 
napaoo1<c): BblCOKo3cjJ<jJeKmuoHoe oo30eucmoue CMP BAB Ha 
K!lemKy wiu opzauU3.M, 1<02oa B uux U.MeemcR mo ;)!Ce Beit.fecmoo, 
HO B 003ax Ha uecKORbKO nopROKOB BblUte mex, Komopble 
ucno.n,b3y10mcR KaK CM/I. 
2. B rrpe;:i;1>m~eM nyHKTe 61>IJI0 noKa3aHo, qTo B pe3yn1>TaTe 
,neilcTBmr CM,[( EAB Ha 6Hoofo.eKT qacToTa npeueccmr B 
crrHH08oii CTP)'KType, co3.z:.taHHOii 6Hoo6oeKToM 8 C<t>B, 
H3MemreTCSI. 3To H3MeHeHHe npH80):(HT K TOMy, 'llTO npH 
B03.n;elicTBHH Ha O.l(HH 6Hoo6oeKT nocne,uo8aTeJ11>Ho ,l(Byx CM,[( 
EAB qyacTBHTerr1>HOCTh 6Hoo6oeKTa no OTHollleHHIO K 
803,l(eHcT8HIO 8TOpoii CM,[( EAB 6y;:i;eT 3aBHCeTI> OT C80HCTB 
rrepnoro. ,[(eHCTBHTeJILHO, ycnoBHe (8.1) MO:>ICeT nepecTaTL 
co6mo,uaTi.cg rour BTopoH: CM,[( EAB, xorn: /1.0 803/1.eHcTBHH 
rrepaoro OHO co6mo.n;anac1>, mm Hao6opoT, ycno8He (8.1) 
Ha'llHfa co6n10.z:.taT1>cH /1.JISI BToporo CM)J, EAB, xoTSI .no 
ao3,neiicTmu1 nepsoii CM,[( EAB OHO He co6n10.nanoc1>. 

PaccMOTPHM Tenep1> cnyqaii, KOr,D;a qacToTa npeueccHH B 
cmmonoH: CTPYKType, c03,n;anaeMoii rrep8oii CM,[( EAB ( oHa 
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o6o3HaqeHa a1>1IIIe KaK aJiri ), paaHa qacToTe npeuecc1rn n 

cnHHoaoH: cTpy1aype, co3.naHHoH: nocJie.nyromeH: CM,ZJ; EAB. 
KaK cne.nyeT H3 (8.6), nocne .neiicTBmI nepaoii CM,ll; EAB n 

HHTepnane apeMeHH r 2 - r 1 Ha 6HonomqecKHH o6neKT 

BeJIHqHHa l:lm = ll1r1 -mir2 (HCilOJih3)'eMaJI B )'CJIOBHH (8.1 )) 

HMeeT 6onLIIIHH nop.sm;oK MaJIOCTH, qeM .no .neiicTBHH nepaoii 

CM,ll; EAB, Kor.na OHa 61>ma paaHa aJir
1 

-a>ir
1 

• 3TO 

yaenHqHaaeT qyacTBHTenLHOCTL 6HonorHqecKoro o6neKTa K 
nocne,nyromHM no3.neiiCTBHHM CM,ZJ; EAB, cnHHOBaJI CTp)'KTypa 

KOToporo HMeeT TY )Ke qacToTy npeueccHH aJir,, qTo H nepaaJI 

CM,ll;. 
IloJ1y1.JeHHble BblBOObl co2J1acy10mcR co emopblM ceoucmeoM 
oeucmBUJl CMP EAB: U3MeHeHue 1.JyecmeumeJlbHOcmu 
6uoJ102u1.JecKozo o6&eKma K noCJ1eoy10U/UM eo3oeucmeuR.M CM/( 
EAB. 
3. C qacTOToii npeueccHH m cnHHon CBH3aHa 3HepmH U: 

U=Sm, (8.7) 
s - C)'MMapHLIH CIIHH CIIHHOBOH CTp)'KTyphI. EcnH qaCTOTa 
rrpeuecCHH H3MeHHeTCH, TO H3MeHHeTCH H 3HeprHH. 
PaccMoTpeHHoe BLIIIIe B II)'HKTe 1 B03,neiicTnHe CM,ll; EAB Ha 

6H006neKT B HHTepaane npeMeHH '2 - 'I rrpHBO,ll;HT K TOM)', qTQ 

B COOTBeTCTBHH c (8.6) qaCTOTa rrpeuecCHH, CBH3aHHaJI c 

6H006neKTOM, H3MeHHeTCH Ha nenHqHHY ll>ir2 - mir1 . 

Cne.nonaTen1>Ho, 3HepmH cnHHonoii CTp)'KTyp1>1, C03JJ:aHHoii 
6Hoo6neKTOM B C<I>B (MO)KHO rrpe.nnoJIO)KiiTL, H 3Hepmg 
caMoro 6H006neKTa), cornacHO (8.7), H3MeHHeTCH Ha BenHqHHY 

l:lU: 
(8.8) 

B 3aBHCHMOCTH OT 3HaKa a>ir
2 

- a>ir
1 

.neiiCTBHe CM,n; EAB no 

OTHOIIIeHHIO K KOHKpeTHOMY EO MO)KeT 6LITh 
oxapaKTepH3oBaHo KaK «oxna>K,Zl;a10mee» HJIH KaK 
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«Harpeaa10mee». EcJrn: a MOMeHT r 1 pa3HOCTI> yrnoa rrpeu:ecc1rn: 

Aar1 orrpe,nemieTCSI BI>Ipa)l(eHJleM (8.4), TO B COOTBeTCTBJIJI c 

(8.6) JI (8.8) IIPJI <Ozr1 < lVtr1 IIOTOK 3Hepnrn: HarrpaBJieH K 

6J1006'&eKTy, a IIpJI <Ozr1 > lVtr1 OH JIMeeT rrpOTJIBOIIOJIO)l(HOe 

HarrpaaneHJ1e. CornacHo (1.1) JI (8.4) HarrpaaneHJ1e IIOTOKa 
:meprJ1J1 coarra,naeT c Harrpaanem1eM caepxTeKyqero crrJ1Hoaoro 
TO Ka. 

B o6meM cnyqae, KaK cne,nyeT Jl3 (8.3) JI (8.5), HarrpaaneHJ1e 

caepxTeKyqero CIIJIHOBOro TOKa ( J)r1 B MOMeHT BpeMeHJI '1 

orrpe,neJISieTCSI He TOJII>KO pa3HOCTI>IO <Ozr1 -mir1 , HO TaK)l(e 

aenJ1qJ1Holi JI 3HaKOM Aa0 . 

Ec;m cemamb «3ftaK» 3</J</JeKma om eo3oeucmewt CM/I. Ha 
6uoo6aeKm c Hanpa6!1eHue.M ceepxmeKy~ezo cnuHoeozo moKa 
.Me:JJCoy cnuHOBbl.MU cmpyKmypa.Mu, co3oaHHbl.MU U.Mu e C<PB, 
mo no;ry~ae.M no;moe co2.llacue c mpembU.M ceoucmeo.M 

oeucm6Wl CM/I. EAB Ha 6uo.nocu~ecKUU o6oeKm: 3a6UCU.MOCmb 
«3HaKa» 3</JpeKma om Ha~a.nbHozo cocmoRHUR 6uo.no2u~ecK020 

o6aeKma. 
4. IIpoaHaJIJ13J1pyeM oco6eHHOCTJI so3,nelicTBJ1SI CM,l], Ha 
6J1006oeKT rrpJ1 ycnoBJ1J1, ~o CM,l], cocTOJIT He Jl3 o,nHoro 
«KBaHTa», KaK BO acex paCCMOTPeHHI>IX BI>IIIIe CJI)'11MX, a Jl3 z 
«KBaHTOB». 0603HaqJIM qepe3 j; caepxTeK)'11JIH CIIJIHOBI>IH TOK, 

B03HJIKIIIJIH Me)l(,ny crrJ1HoaoH: CTPYKTYPOH, c03,naHHoli a C<l> B 
i-M «KaaHTOM», JI crrJ1HOBoli CTPYKTypoH:, co3,naHHoli 
6J1006oeKTOM. CYMMapHI>IH csepxTeK)'11JIH CIIJIHOBI>IH TOK J sum 

z 
orrpe,neJIJITCSI BI>Ipa)l(eHJleM: Jsum = L j; . ,lJ,orrycTJIM, j; paBHI>I 

i=l 

no BeJIJlqJIHe JI 3HaKy MS! Bcex i, TO eCTI>, h = j' TOr,na: 

Jsum = Z · j · (8.9) 
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CornacHo csoiicTBY 15 (rnasa 1) rrpH HeKoTopoM !:l.ac (H, 

COOTBeTCTBeHHO, KpHTHqecKOM TO Ke Jc ) HMeeT MeCTO 

rrpocKaJib3bIBaHHe (c6poc) yrna ($a3bI) rrpeueccHH Ha 

BenHqHHY 21rn (n = 1, 2 ... ). B COOTBeTCTBHH c (8.9), MO)l(HO 

BBeCTH KpHTHqecKoe KOnHqecTBO <<KBaHTOB», Zc, rrpH KOTopoM 

Jsum =Jc: 

Zc =Jc I j. (8.10) 

BenHqHHbl !:l.ac H Jc He jIBil.SIIOTCH IIOCTOHHHblMH .nirn: 

CBepxTeKyqeii cpe,n;bl H orrpe.nenHIOTCH, B qaCTHOCTH, 

xapaKTepHCTHKaMH crrHHOBbIX CTPYKTYP, Me)l(,n;y KOTOpbIMH 

B03HHKaeT CBepxTeKyqHH CilHHOBblH TOK. HanpHMep, B 

3KcrrepHMeHTax, pe3ynbTaTbI KOTOpbIX rrpe.ncrnsneHbI Ha 

pHC. 1.2, c6poc $a3bl rrpoHCXO,[{HT Ha BenHqHHY 2;r' a !:l.ac = Jr 

; pe3ynhTaTOM c6poca $a3bI HBnHeTcH H3MeHem1e 3HaKa 

CBepxTeKyqero CIIHHOBOro TOKa, a, cne.nosaTeilbHO, H 

HarrpasneHHH 3HepreTHqecKHX IIOTOKOB. CornacHO .npyrnM 

3KCrrepHMeHTa.JlbHblM .n;aHHbIM (23], !:l.ac MO)l(eT rrpeBbIIIIaTb 

2;r . B 3TOM cnyqae c6poc $a3bl Ha senHqHHY 2;r MO)l(eT 

Bbl3BaTb He H3MeHeHHe 3HaKa CBepxTeKyqero CIIHHOBOfO TOKa, a 

TOilbKO ocna6neHHe rrocne.n;Hero. 

BenHqHHa Zc, KaK cne.n;yeT H3 (8.10), cyw:ecrneHHO 

HeIIOCTOHHHa: Bo-rrepBbIX, OHa 3aBHCHT OT HeIIOCTOHHHOfO Jc ' 

BO-BTOpbIX, OT CBepxTeKyqero CIIHHOBOfO TOKa j, KOTOpbIH, B 

CBOIO oqepe,n;b, orrpe.nenHeTCH xapaKTepHCTHKaMH (yrnaMH 

rrpeueccHH H HYTaUHH) cnHHOBbIX CTPYKTYP, co3.z:i;aHHb1x a C<I>B 

«KBaHTOM» CM,ZJ; H 6Hoo61,eKTOM. Bcne.n;CTBHe 3Toro MH 

o.n;Hoii H Toii )Ke napbI «CM,ZJ; - 6Hoo6oeKT» senHqHHa Zc 

MO)l(eT rrpHHHMaTb HecKonbKO 3HaqeHHH. TaKHM o6pa3oM, 

cyw:ecTBOBaHHe 3$$eKTa rrpOCKa.Jlb3blBaHHH $a3bl .nenaeT 

3aBHCHMOCTb CYMMapHoro csepxTeKyqero CIIHHOBOfO TOKa 

Me)l(.[{y crrHHOBbIMH CTPYKTypaMH, co3,nasaeMblMH CM,ZJ; BAB H 

6Hoo6neKTOM, OT KOnHqecrna «KBaHTOB» HCMOHOTOHHOH H 

IIOilHMO,[{a.JlbHOH. 
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Ec!lu KOJ1u11ecmeo KBaHmoe onpeOeJlRem 003y CM/( EAB, mo 
noJ1y11eHHblU meopemu11ecKUU BblBOO coZ!lacyemcR c 
11emeepmbl.M CBOUCmBO.M oeucmBUR CMJ( EAB Ha 
6uo!lOZUIJeCKUU o6beKm: He.MOHOmOHHWl, no!lUMOOa.JlbHaR 
3aeucUMocmb «003a-3</J</JeKm». B HeKomopblX CJ1y11aRX 
Ha6!llooaemcR U3.MeHeHue «3HaKa>> 3</JpeKma. 
5. Cornactto nne,neHHOMY B pa6oTe onpe.n:eneHHIO, <<KBaHT» -

3TO TaKruI .ZJ:03a nemecTBa, KOTOpaH C03,naeT B CCl>B CilHHOBYIO 

CTPYI<TYPY c e,nHHCTBeHHbIM 3HaqeHHeM qacTOTbI npeu:eccHH 

cnHHOB MHKpoqacTHU:, cocTann»10mHx CCl>B, TO ecTh, cornactto 

o603HaqeHHIO, BBe,neHHOMY B n. 1, c 0.l{HHM 3HaqeHHeM qaCTOTbl 

wit. EcnH ,no3a co.n:ep)l(HT HecKOnbKO KBaHTOB, TO 3TO 03Haqacr, 

qTo npHMeHHeMrui: ,n03a EAB xapaKTepH3yeTC» ttecKOilbKHMH 

3HaqeHHHMH qaCTOTbl lOtt H COOTBeTCTBeHHO MO)l(eT 

B03J{eHCTBOBaTb O.ZJ:HOBpeMeHHO Ha HeCKOilbKO 6HonorHqecKHX 

061,eKTOB, .z:tn» KOTOpbIX co6n10.n:a10Tc» ycnoBH» (8.1) H (8.2). To 

eCTb, qeM MeHbIIIe ,n03a, TeM c MeHbIIIHM KOnHqecTBOM 

6HonornqecKHX o6oeKTOB B3aHMo.n:eilcTByeT CM,[( EAB. 

Ec!lu KOJ1u11ecmeo KBaHmoe onpeOeJlRem 003y CM/( EAB, mo 
noJ1y11eHHblU meopemu11ecKuu BblBOO coZ!lacyemcR c nRmbl.M 
CBOUCmBO.M oeucmBUR CM/( EAB Ha 6UOJlOZUIJeCKUU o6beKm: 
uc11e3HOBeHue no6011HblX 3</J</JeK11J_OB npu y.MeHbUleHuu 003bl 
CMJ( EAB (c coxpaHeHue.M aKmueHocmu CMJ( EAB). 

TaKHM o6pa30M, nepeqncneHHbie B ttaqane rnaBbI 3cpcpeKThI, 

xapaKTepHbie .n:n» .n:eilcTBHH CM,[( 6HonornqecKH aKTHBHbIX 

nemecTB Ha 6nonorHqeCKHe o6'heKTbl, MOfYT 6bITb OilHCaHbl 

CBOHCTBaMH CBepxTeKyqHx CilHHOBbIX TOKOB, B03HHKa10m11x B 

CCl>B Me)l(.ZJ:y cnHHOBbIMH CTPYI<TypaMH, co3,naHHbIMH B CCl>B 

cnepxManoil ,no3ott 6.ImnornqecKH aKTHBHoro nemecTna H 

611onor11qecKHM o6oeKTOM. 

CJie.ncTBHSI 

I. Cl>OTOHbl, KaK H MaTepHanbHbie KBaHTOBbie o6'beKTbl, C03J{aIOT 

B CCl>B cnHHOBbie CTPYI<TypbI, H, ncne.n:cTBHe 3Toro, MOrYT 

B3aHMO,nettCTBOBaTb c .n:pyrHMH KBaHTOBbIMH o6'beKTaMH 

91 



nocpe,nCTBOM CBepxTeK)"IHX CilHHOBbIX TOKOB. 3To o6'bSICHHeT, 

noqeMy 3cpcpeKTbI, Ha6mo,naeM1>1e npH ,neif cTBHH CM.ll: EAB, 

HMeIOT MeCTO H npH ,neHCTBHH Ha 6HonornqecKHe o6'beKTbl 

HH3KOHHTeHCHBHOfO 3lleKrpOMarHHTHOro H3nyq:eHHSI 

( 3lleKrpOMarHHTHOe H3ll)"IeHHe OTHOCHT K HH3KOHHTeHCHBHOMY 

npH IlllOTHOCTH IlOTOKa MeHee 1MKBT/CM
2
) [96, 97]. 

II. CsepxTeKyq:He cnHHOB1>1e TOKH, nocpe,nCTBOM KoTOpbIX 

B3aHMO,neifCTByIOT CM,n: EAB. H , 6HonornqecKHH o6neKT, 

pacnpoCTpaHHIOTCH B 6onee <<TOHKOH» 'cpH3HqecKOH cpe.ne 

(csepxTeK)"IHH cpH3HqecKHH BaKYYM), qeM MoneKynHpHM. 

Cne,noBaTellbHO, CBepxTeKyq:He CITHHOBhle TOKH MOryT He 

3KpaHHpOBaTbCSI MoneKynHpHblMH semeCTBaMH. lfMeHHO 3THM 

MO)l(HO o6MICHHTh pe3yn1>TaTbl HeKOTOpbIX Ha6nIO,neHHH, 

np1rne,neHH1>1e B KHHre EennasHTe H CHH1>op1rne "Bo3HHKHOBeHHe 

HaYKH roMeonaTHH" [107]: <illMeIOTCSI npe,nsapHTellbHbie ,naHHbie 

0 TOM, qro 3cpcpeKT MO)l(eT 6b1Th nonyq:eH He TOllbKO npHMbIM 

Hcrron1>3oBaHHeM roMeorraTHqecKoro neKapCTBa B pacTBope, HO H 

HCilOllb30BaHHeM 3aKpbITblX aMrryn, co,nep)l(aJUHX 

COOTBeTCTByIOIUHH paCTBOp H HaxO,[{HlUHXCH B KOHTaKTe c 

qenoBeKOM HnH )l(HBOTHbIM». 3TH aBTOpbl CCblllaIOTCSI Ha 

3KcnepHMeHTbl, OilHCaHH.ble B pa6oTe [108]. 

III. B paMKax Mo,neJrn C<l>B MO)l(HO o6'bHCHHTb 

3KCrrepHMeHTanbHO Ha6nIO,naeMoe B3aHMO,[{eHCTBHe Me)l(,[{y 

KlleTKaMH H rrpOJlYKTaMH HX CHHTeTHqecKOH ,neSITellbHOCTH, 

ecnH rrpe,nrrono)l(HTb, qTo c11HHOB1>1e CTPYKTyp1>1, c03,nasaeM1>1e 

B C<l>B KneTKOH H rrpOJlYKTOM ee CHHTeTHqeCKOH 

,neSITellbHOCTH, xapaKTepli3yIOTCSI 6nH3KHMH qacTOTaMH 

npeu:ecCHH CIIHHOB MHKpoqacTHU:, COCTaBJIHIOIUHX C<l>B. 

PaccMOTPHM rrpHMep H3 o6nacTH cpH3HonornH pacTeHHH. 

O,nHOKneTOqH1>1e so.nopocnH Chlamydomonas eugametus, 

HeIIOJlBH)l(Hbie B TeMHOTe, CTaHOBHTC.sl IlOJlBH)l(HbIMH rrpH 

o6nyq:eHHH HX CBeTOM B TeqeHHe 4 MHHyT (nocne 2-x MHHyT 

o6nyq:eHHSI IlOSIBllHIOTCSI )l(fyTHKH, a nocne eme 2-x MHHyT 

o6nyq:emrn KneTKH CTaHOBSITCSI IlOJlBH)l(HhlMH) [109}. 
0Ka3anOCb, qTo ,neHCTBHe CBeTa MO>KeT 6bITL 3aMeHeHO 
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<PHnnT}JaTaMH Kyn1>Typ, y)Ke no;::i;aeprumxca ocaemeHHIO. TaK, 
KapOTHHOH)l; KpOUHH, B03HHKllIHH B KYITl>Type Heno;::i;BH)KHl>IX 

KneTOK nocne ee 2"'.'x MHHYTHOro ocaemeHH», npH pa3ae;::i;eHHH 
-14 -

10 M BDI31>1Ban noaaneHHe no;::i;BH)KHOCTH KneTOK B TeMHOBoii 

(He no;::i;Bepr11Ieiica ocaemeHHIO) Ryn1>Type. ,[(na <PH3HonoroB 
no;::i;o6Hoe ;::i;eiiCTBHe KapOTHHOH)l;a KpOUHHa aBnaeTca 

-14 
T}Jy;::i;Hoofr1>aCHHM1>IM aBneHHeM. IlpH pa3Be;::i;emrn 10 M Ha 1 
KITeTKY B KYITl>Type npHXO)l;HTCH He 6onee O)l;HOH MoneKyn1>1 
BAB. XHMHqecKHe peaKUHH Me)K)l;y MoneKynaMH KpOUHHa H Hx 
nmoTeTHqecKHMH peuenTopaMH npH TaKHX KOHUeHT}JauHax 
npaKTHqecKH HeB03MO)KHDI. PacqeT cKopocn1 peaKUHH no 

<PopMyne AppeHHyca noKa31>rnaeT, qTo npH 3THX 

KOHUeHT}JaUHHX H ycnOBHHX peaKUHH KpOUHH MO)KeT 
06pa30B1>1BaT1> cneuH<PHqecKHe KOMnneKCDI c rm10TeTHqecKHMH 
peuenTopaMH 3aMeTHoro q11ena KneToK nHIIII> nocne MHOrHx 
neT, ecnH He ;::i;ecaTHneTHii npe61>rnaHHa B Kyn1>Type [110]. 
IV. B paMKax Mo;::i;enH C<l>B B03MO)KHO «3apa)KeHHe» o;::i;Horo 
opraHH3Ma OT ;::i;pyroro ;::i;a)Ke He3apa3HDIMH c TOqKH 3peHHH 

o<PHUHaITl>HOH Me)l;HUHHl>I 6one3HHMH. 3TO «3apa)KeHHe» MO)KeT 
npOHCXO)l;HTI> 3a cqeT B3aHMO)l;eHCTBHH 6on1>Horo opraHa 

O)l;HOro opraHH3Ma co 3)l;OpOBl>IM opraHOM BTOporo opraHH3Ma, 

ecnH 3TH opraH1>1 c03;::i;a10T B C<l>B cnHHOB1>1e CTJJYKTYPl>I c 
6nH3KHMH qacTOTaMH npeuecCHH. 0TMeTHM, qTo 3a cqeT 

H3MeHeHHH B npouecce TaKoro B3aHMO)l;eHCTBHH xapaKTepHCTHK 

cnHHOBl>IX CTJJYKTYP, C03)l;aBaeM:blX 6onl>Hl>IM opraHOM, 
B03MO)KeH H 03)l;OpOBHTen1>HDIH 3<P<PeKT. 

lfaBeCTHO, qTo BnITOT:b )l;O 19 BeKa ITIO)l;H BepHnH, qTo 
6one3HI> MO)KHO nepeHeCTH Ha )KHBOTHl>IX; H, HanpHMep, BO 

MHOrHx CT}JaHaX Ha 6a3apax npo;::i;aBanHC:b IlTHUDI aB)l;OTKH 
(Burhinus oedicnemus; aH2Jl,. stone-curlew HITH thick knee) ;::i;na 
nepeHeceHHa Ha HHX )KenTyxH. BoT qTo nH11IeT no 3TOMY 
noBo;::i;y H3BeCTHDIH aHrnHHCKHH 3THOnor, 3HaTOK MarnqecKHX 
pHTyanoB, ,[{)KeHMC ,[{)Kop;::i;)K <l>p33ep [111, CTJJ. 26], [112]: 
";::i;peBHHe yrBep)K)l;anH, qTo, ecnH 6on1>HOH, CT}Ja)l;alOIUHH 
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iKeJITyxoii, oqeHb rrpHCTaJibHO CMOTPeJI Ha IITHUy, a IITHUa 

yrropHO CMOTPeJia Ha Hero, 60JibHOM BbIJieqHBaJICSI». 

V. CornacHo Bhrno.n;aM rnaBbI 3 qacToTa rrpeueccHH crrHHOB 

MHKpoqacTHU B CIIHHOBOM CTPyr<Type, C03.n;asaeMOM KBaHTOBblM 

061,eKTOM, paBHa qacTOTe BOJIHOBOM <PYHKUHH :3Toro 061,eKTa. 

qaCTOTbl BOJIHOBbIX <PYHKUHM 3JieKTPOHOB B aTOMe seruecTBa 

orrpe.n;eJISIIOT crreKTP co6crneHHbIX qacTOT aToMa, H rrpH 

HeKOTOpblX ycnoBH.SIX, HarrpHMep, IIpH HOHH3aUHH aTOMa, 

qacTOTa BOJIHOBOM <PYHKUHH :meKTPOHa COBIIa.n;aeT c Ol(HOM H3 

ero co6cTBeHHbIX qacTOT. To ecTh, qacToTa 3JieKTPOMarHHTHOro 

H3JiyqeHHSl aTOMa MOiKeT COBIIal(aTb c qaCTOTOM rrpeuecc1m 

CIIHHOB MHKpoqacTHU B co3,nasaeMOM aTOMOM CilHHOBOH 

CTP)'KType B C<I> B. l1 3TO MOiKeT 6nITb o6nHCHeHHeM .npeBHero 

rrpHHUHIIa neqeHHH MHOrHx 3a6onesaHHii: «Ilo.no6Hoe neqHT 

rro.no6Hoe». BoT HeKoTopbie xoporno H3BeCTHbie peKoMeHl(al{HH, 

6a:mpYJOIUHeCH Ha 3TOM rrpHHUHIIe: pOiKHCTbie BOCilaJieHH.SI, 

HMeIOIUHe KpaCHbIM l{BeT, HMO JieqHTb HaJIOiKeHHeM Ha HHX 

TKaHeR KpacHoro UBeTa, a BOCIIaJieHHe iKeJiqHbIX rrpoTOKOB -

HaJIOiKeHHeM TKaHeH iKeJITOro l{BeTa. flo cyrH l(eJia, TaKOe 

csolicTBO so3,nelicTBHH CM)]; EAB KaK KHHeTHqecKHR rrapa,noKc 

HBJIHeTCH rrpOHBJieHHHM HMeHHO 3TOro rrpHHUHIIa. 

VI. CornacHo Mo.nenH C<l>B rrepeMeHHhie MarHHTHhie rrom1 

6y.nyr BJIHSITb Ha 3<jl<jleKTHBHOCTb Bo3.n;elicTBHH CM)]; BAB Ha 

6Hoo6neKT. B cooTBeTCTBHH c (7. 7) H3MeHeHHe MarHHTHoro 

IIOJIH 03HaqaeT mMeHeHHe CKopocTH .n;BHiKeHmI C<I> B. 
l13MeHeHHe cKopocTH ABHiKeHHH C<I> B BhI3hIBaeT H3MeHeHHe 

xapaKTepHCTHK CIIHHOB MHKpoqaCTHU, COCTaBJISIIOIUHX C<l>B, 

CM. (2.9), qTo, B CBOIO oqepe.n;b, MOiKeT IlOBJili.SlTb Ha 

xapaKTepHCTHKH crrHHOBbIX CTP)'KTYP, c03.n;aaaeMhIX CM)]; BAB 

H 6Hoo6'beKTOM B C<l>B, H, cne.nosaTeJibHO, Ha HX 

B3a1iMo.n;eiicTs1:1e. B pa6oTe [96] rrpHee.n;eHbI .n;aHHbie o 

IIOJIOiKHTeJibHOM 3<jl<jleKTe KOMilJieKCHoro neqeHHSI: c 

rrpHMeHeHHeM CM)]; BAB H <jlH3HqecKHX noneli, a qacTHOcT1:1, 

Hl:l3KOl:IHTeHCHBHOro MarHHTHOro IlOJIH. 

94 



r VII. Comacuo npe/l,JlaraeMOii MOJleJJH C<!>B, 6uo•ozu"ecKU 
! aKmuB11oe Beit1ecm60 - 3TO aemeCTBO, reHepHpyromee TaK)'IO 

cnHHOB)'IO CTP)'KTYPY a C<l>B, a KOTopoH: qacToTa npeueccHH 

CilHHOB MHKpoqacTHU paBHa aHaJIOrHqHOH qacTOTe npeueccHH 

B cnHHoaoH: CTP)'KType, co3;:i;aaaeMoH: 6HonomqecKHM 

o6neKTOM. ,lij>yrHMH cnoaaMH, ecnH CM,l( ;:i;eH:cTByeT Ha 

6Ho06'beKT, TO 3TO 03HaqaeT, qTo qacToTa npeuecCHH CilHHOB 

MHKpoqacTHU B cnHHoaoii: CTP)'KType, co3;:i;aaaeMoii 3Toii CM.D: 
B C<l>B, HMeeT TOT )Ke rropH.11.0K ae1JHqHHhI, qTo qacToTa 

npeuecCHH CIIHHOB MHKpoqaCTHU B CilHHOBOH CTP)'KType, 

C03,D;aBaeMOH 6Hoo6'beKTOM. 

VIII. Pa3Mep CTP)'KTyphl, co3,naaaeMoii CHCTeMoii, cocToxmeii: 

H3 KBaHTOBhIX o6'beKTOB, onpe,nenxeTCH pa3MepaMH 

cep,neqHHKOB BHXpeii:, C03,D;aaaeMhIX KBaHTOBbIMH o6'beKTaMH B 

C<l>B. B cao10 oqepe,nh, pa3Mep cep,neqHHKa BHXpx ,noJI)l(CH 

6bITb He MeHbIIIe pa3Mepa o6pa3yromerocx a HeM 

3JieKTPHqecKoro ,nHnonx. B rnaae 5 6bIJIO noKaJaHo, CM. (5.3) H 

(5.13), qTo pa3Mep 3JieKTPHqecKoro ,D;HIIOJIH, co3,naaaeMoro 

KBaHTOBhIM o6'beKTOM B C<l>B, HMeeT IIOpH,D;OK ,D;JIHHbl BOJIHbl ;:i;e 

EpoH:Jix KBaHTOaoro o6neKTa. .ll:JIHHa BOJIHbI ,11,e EpoH:Jix 

KBaHTOBoro o6'beKTa MO)KeT Ha HeCKOJibKO rropx,D;KOB 

npeab1111aTb ero pa3Mepb1. HarrpHMep, MHHa BOJIHbI ,ne EpoHJIH 

3JieKTPOHa B aTOMe B0.11.0pO.D.a, HaXO.D.Hmeroc.SI B OCHOBHOM 

COCTOHHHH, Ha IlHTb rropH.D.KOB rrpeBbIIIIaeT ero «KJiaCcHqecKHH» 

Pa.D.Hyc. B pe3yJibTaTe 06b1qHoe rroH.SITHe KOHUeHTPaUHH 

aemecTBa a 3TOM cnyqae Tep.SieT CMbICJI. 

IX. PaccMoTPeHHaH B pa6oTe MO.D.CJib .D.eiicTBHH CM,n, xorn H 

OCHOBaHa Ha npHHUHrrax KBaHTOBOH MexaHHKH ( CBepxTeKyqHe 

CIIHHOBbie TOKH), 0)1.HaKo paccMaTPHBaeT B3aHMO;:J;eHCTBHe 

6HOJIOrHqecKH aKTHBHOro BemecTBa c 6HOJIOrHqecKHM 

o6'beKTOM He KaK B3aHMO)J.eHCTBHe aHCaM6Jieii KBaHTOBblX 

o6'beKTOB, a KaK B3aHMO)J,eHCTBHe e)J,HHHqHblX KBaHTOBbIX 

o6'beKTOB. To eCTb, HCilOJib3YeTCH He CTaTHCTU:qecKoe, a 

,neTepMHHHpOBaHHOe onu:caHHe 3TOro B3aHMO)J,eHCTBH.SI. 3TOT 

IlO)J.XO)J. HaXO)J.HTCH B cornacHH c HeKOTOpbIMH BbIBO)J,aMH, K 
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KOTOpbIM npmneJI OCHOBOITOJIOJKHHK KBaHTOBOH MexaHHKH 

3. lllpe,nHHrep. B CBoe:H KHHre «qTO TaKoe JKH3Hb?» [113, 114]: 
OH 1mcan: ")J(HBOH opraHH3M rrpe.nCTaBIDieTCH 

MaKpOCKOIIHqecKOH CHCTeMoii, qacTHqHo rrpH6JIHJKaIOmeiic.SI B 

CBOHX npO.SIBJieHH.SIX K qHCTO MeXaHHqecKOMY (no KOHTPaCTY c 

TepMO,lJ;HHaMH1IeCKHM) IlOBe,neHHIO, K KOTOpOMY CTPeM.SITC.SI ace 

CHCTeMbl, Kor.na TeMnepaTypa npH6JIHJKaeTCH K a6COJIIOTHOMY 

HYJIIO H MOJieKyrrHpHaH Heynop.SI,noqeHHOCTb CHHMaeTC.SI." 

<l>aKTHqecKH, TO JKe CaMoe HMeeT MeCTO B 

paccMaTPHBaeMoii Mo,nerrH .neHCTBHH Cl\1,ZJ; 6HorrorHqecKH 

aKTHBHbIX BemecTB rrpH B03,lJ;eHCTBHH HX Ha JKHBbie opraHH3MbI: 

,neTepMHHHpoBaHHOe Bo3.neiicTBHe, npmrcxo,ngmee B 

lf>H3HqecKOM B8KYYMe, HMeIOmeM CBOHCTBa MOJieKyIDipHOH 

JKH.D:KOCTH, KOr,na ee TeMnepaTypa npH6JIHJKaeTCH K HyJieBOH 

TeMnepaType no KeJibBHHY (cBoiicTBa cBepxTeKyqero 
3
He-B). 

8.2. 0 JJ;HCTaHU:HOHHOM 803,ZJ;eiicTBHH qeJIOBeKa Ha 

«(Ju1uqec1rne cncTeMLI (ncuxo1rnue1) 

CymecTByeT 6oJibllIOe KOJIHqecTBO 3KCnepHMeHTOB, B KOTOpbIX 

o6HapYJKeHa B03MOJKHOCTb ,lJ;HCT8HUHOHHOro B03,ll;eHCTBHH 

C03HaHH.SI qeJIOBeKa Ha pa3JIHqHbie lf>H3HqecKHe CHCTeMbl. 

06'bHCHeHHe 3TOro .SIBJieHH.SI B paMKaX COBpeMeHHbIX 

lf>H3H1IeCKHX KOHuenuHH .SIBJI.SieTCH HepaJpellIHMOH 3a;:i:aqeii. 

Hcnorrb30BaHHe Mo.nenH C<l>B B 3THX uerrnx He pelllaeT 

nOJIHOCTblO npo6JieMbl. 0.nHaKO HeKOTOpbie Bbl.SIBJieHHbie 

3KCnepHMeHTaJibHO oco6eHHOCTH IlCHXOKHHe3a He 

npoTHBopeqaT paccMaTPHBaeMoii Mo,nerrH C<l>B. PacCMOTPHM 

3TH oco6eHHOCTH, B3HB 3a ocHosy pe3yJibTaTbI 3KcnepHMeHTOB 

c TaKHMH npH6opaMH KaK H3Mep.SIIOinHH MarHHTHYIO HH.D:YKUHIO 

repMaHHeBhiii .naTqHK XoJIJia [115], raJopaJpH.D:HbIH cqfaqHK 

[116], MHKpOKaJIOpHMeTP H lf>oTopeJHCTOp [117]. 
1. "CerreKTHBHOCTb": qenoBeK-onepaTop MOJKeT BJIHHTb TOJibKO 

Ha O,ll;HH H3 HeCKOJlbKHX p.SI,[(OM pacnoJio:>KeHHblX O,!J.HOTHIIHblX 

npH6opoB. ,ZJ;o Haqana B03,ll;eHCTBHJI cymecTByeT CTa,ll;H.H 

«ycTaHOBJieHH.H KOHTaKTa» onepaTopa c npH6opoM; Ha 3TOH 
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CTaJJ.HH orrepaTop «IIOJJ.6Hpaen> TaKoe cocTO.SIHHe caoero 

opraHH3Ma, rrpH KOTOpOM pe3yJII>TaT .SIBJI.SieTC.SI MaKCHMaJibHbIM. 

2. He3aBHCHMOCTb pe3yJI1>TaTa BOJJJ.eHCTBH.SI OT HaJIHqH.SI 

:meKTPOMarHHTHblX 3KpaHOB. 

3. Bo MHOfHX CJiyqa.Six He3aBHCHMOCTb pe3yJibTaTa B03,lJ,eHCTBH.SI 

OT paCCTO.SIHH.SI Me)J()l.y orrepaTOpOM H rrpH6opoM (B 3KCIIepHMeHTax 

paCCTO.SIHHe aapbHpOBaJIOCb OT 0,5 M )l.0 2000 KM). 

4. HmpopMaTHBHOCTb B03JJ.eiicTBH.SI: HarrpHMep, rrpn 

B03,l(eHCTBHH Ha reHepaTop IIIYMa orrepaTOp MO)l(eT no CBOeMy 

)l(eJiaHHIO KaK IIO,l(aBJI.SITb BbIXO)l.HOH CHfHaJI, TaK Ii Bb13blBaTb 

reHepan;HIO IIOCJie,l(OBaTeJibHOCTH CHfHaJIOB. 

PaccMOTPHM, KaKHM o6pa30M 3TH oco6eHHOCTH MO)l(HO 

o6'b.SICHHTb B paMKax MOJJ.eJIH C<l>B [118-132]. 
"Ce.neKmU6HOCmb,, Ilpe,l(IIOJiaraeTC.SI, qTO Ha CTaJJ.HH 

«ycTaHOBJieHHR: KOHTaKTa» orrepaTop H3MeH.SieT COCTO.SIHHe 

CBOero opraHH3Ma TaKHM o6pa30M, qT06bI CTaJIH paBHblMH 

qacTOTbl rrpeu;ecCHH CIIHHOB MHKpoqaCTHI.t;, COCTaBJI.SIIOll.lHX 

C<l>B, B CIIHHOBbIX CTPYKTypax, C03,l(aaaeMbIX orrepaTopoM H 

$H3H1IeCKHM rrpn6opoM B C<l>B. KaK pe3yJibTaT 3TOro Ha 

CTa,rJ,HH B03,lJ,eHCTBH.SI orrepaTop BJIH.SleT TOJibKO Ha TOT rrpH6op, c 

KOTOpbIM y Hero 6bIJI ycTaHOBJieH KOHTaKT, TO eCTb, 

BblIIOJIH.SieTC.SI ycJIOBHe (8.1 ). 
He3a6ucUMocmb pe3Jllbmama om 1-1aJ1Ul./.Wl :JJ1e1<mpoMawumHblX 
3KpaH06. CaepxTeKyqHe CIIHHOBbie TOKH He .SIBJl.SIIOTC.SI 

3JieKTPOMarHHTHbIM rrpon;eccoM B C<l>B. CrreJJ.OBaTeJibHO, OHH 

Moryr He 3KpaHHpOBaTbCH 3JieKTPOMarHHTHbIMH 3KpaHaMH. 

He3a6ucUMocmb pe3Jllbmama om paccmoRHUR. 06'b.SICHeHHe 

3TOro CBOHCTBa He .SIBJI.SleTC.SI 0,l(H03HaqHbIM. c 0,l(HOH CTOpOHbl, 

cornaCHO (1.1), TeopeTnqecKH CBepxTeKyqHe CIIHHOBbie TOKH He 

3aBHC.SIT OT paccTO.SIHH.SI. c .upyro:H CTOpOHbl, BbipaBHHBaHHe 

xapaKTepHCTHK crrHHOBbIX CTPYKTYP, c03JJ.aBaeMbIX B C<l>B 

B3aHMO,UeHCTBYJOll.lHMH o6'beKTaMH, HMeeT MeCTO rrpH 

co6rr10,uemm ycrroBHH (8.1) H (8.2). B HTore MO)l(HO CJJ.erraTb 

crre,UYJOillHH BbIBO,l(: o6'beKTbl, C03,l(aIOmHe B C<l>B CIIHHOBbie 

CTPYKTYPbI, 6yJJ.yr B3aHMOJJ.eiicTBoBaTb Ha rr1060M paccTO.SIHHH, 
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HO 3cpcpeKTHBHOCTb 3TOro B3aHMO.D;eiicTBHSI (TO eCTb, CTerreHb 

BbipaBHHBaHHSI xapaKTepHCTHK B3aHMO.n;eiicTB)'IOIUHX 

crrHHOBbIX CTPYKTYP) 3aBHCHT OT xapaKTepHCTHK 3THX 

crrHHOBbIX CTPYKTYP H paccTOSIHHSI Me)l()J;y HHMH. 

H1upopMamuenocmb eo3oeiicmeua. CornacHo (8.6) H (8.8) 
B3aHMo.n;eiicTBHe CIIHHOBbIX CTPYK'fYP corrpOBO)l()J;aeTCSI 

H3MeHeHHeM 3HeprHH 3THx CTPYK'fYP acne.n;cTBHe H3MeHeHHSI 

llaCTOT rrpenecCHH CIIHHOB COCTaBilSIIOIUHX HX MHKp01IaCTHl.l. 

IlpH11eM xapaKTep H3MeHeHHSI 11acToT rrpeneccHH orrpe.n;eMeT H 

xapaKTep H3MeHeHHSI 3HepmH B3aHMo.n:eiicTB)'IOIUHX CTPYKTYP· 

TaKHM o6pa3oM, ecnH orrepaTop MO)KeT H3MeHSITb 11acTOT1>1 

rrpeneccHH B co3,naBaeM1>1x HM a C<I>B crrHHOBbIX CTPYJCTypax 

( CBOHCTBO «ceneKTHBHOCTH» CBH.D;eTeilbCTByeT 0 TaKOH 

B03MO)KHOCTH), OH crroco6eH KaK rrepe.n:aaaTb 3HeprHIO 

cpH3H1IeCKOH CHCTeMe, TaK H OT6HpaTb. 
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llpUMettaHue. HeKOTOpbie rrpOSIBileHHSI IICHXOKHHe3a 

MO)KHO OTHeCTH K MarH1IeCKHM o6pSI.n;aM, B qacTHOCTH, K 

KOHTamo3HOH MamH [111, 112, 119, 123, 133-135]. B 

COOTBeTCTBHH c KilaCCHcpHKanHeii ,!VKeiiMca ,[()KOp)J;)Ka 

<I>p33epa, KOHTarH03HaSI MarHSI OCHOBbIBaeTCSI Ha aepe B 

TO, 1ITO <<BeIUH, KOTOpbie pa3 rrpmwm B corrpHKOCHOBeHHe 

.n:pyr c .n:pyroM, rrpo,UOil)KRIOT B3aHMO,UeHCTBOBaTb Ha 

paccTOSIHHH rrocne rrpeKpameHHSI rrpSIMoro KOHTaKTa» 

[111, 112]. HarrpHMep, a .n:peBHOCTH y Bcex Hapo.n:oB 

cymeCTBOBan 061>111aii ( coxpaHHBIIIHHCSI .n:o CHX nop B 

HeKOTOpbIX paiioHax MHpa) rmarenbHO npSITaTb 

OCTPH)KeHHble BOilOCbl H HOITH, BbIIlaBIIIHe MOilO'IHbie 

3y61>1 pe6eHKa. C11HTanoc1>, 'ITO 11epe3 3TH aern:H MO)KHO 

HaHeCTH ape.n: Hx 61>rn111eMy ana.n:en1>ny. TYJeMl.lbl 

ABCTPMHH ,UilSI Toro, 1IT06bl HaBpe,nHTb CBOeMy apary, 

IlOXHIUMH y Hero BeIUH, a 3aTeM KOilOTHilH HX H 

.n:ep)KanH Ha,U orHeM, C1IHTRSI, 1ITO TRKHM o6pa30M 

HaHOCSIT Bpe.n: H caMOMY Bpary. 

Ilo noao.n:y cpH3H1IeCKHX npHHl.lHilOB, KOTOpbie MOrJIH 61>1 

Ile)KRTb B OCHOBe KOHTamo3HOJi M8rHH, c?>pe3ep nHcan: 



' f 

«BeIIJ,H B03,l{eiicTB}'IOT .z:tpyr Ha .z:tpyra Ha paCCTOHHHH H 

HMITYITbC nepe.z:taeTCjJ OT O,l{HOH K .z:tpyroli nocpe.z:tCTBOM 

qero-TO IlOXO:>Kero Ha HeBH,[{HMblH 3cpHp». c Il03HIJ,HH, 

H3ITO:>KeHHbIX B .n;aHHOH pa6oTe, MO:>KHO npe.n:norro:>KHTb, 

qTo 3TOT <<HeBH,[{HMblH 3cpHp» no CBOHM CBOHCTBaM 

no.n:o6eH caolicTBaM CBepxTeKyqero cpn311qecKoro 

BaKYYMa. 

0TMeTHM, qTQ B3aHMO,[{eHCTBHe nocpe.z:tCTBOM 

caepxTeKyqHx CilHHOBblX TOKOB B03MO:>KHO Me:>KJJ:y CilHHOBbIMH 

C'fPYKTypaMH, C03,[{aBaeMbIMH MaTepHarrbHbIMH 061.eKTaMH 

mo6oro THna, KaK o.n:ymearreHHbIMH, TaK H Heo.z:tyllieBrreHHbIMH. 

BbIBOt(hl K rJiase 8 

I-h paccMaT}JHBaeMoli B pa6oTe Mo.n;errH C<l> B crre.z:tyeT: 

1 . .[(eliCTBHe caepxMarrhIX .n;o3 6norromqecm aKTHBHoro aemecTBa 

Ha 6norromqecKHli o6neKT ocyrn:eCTBAAeTCH nocpe.z:tCTBOM 

caepxTeKyqHx CilHHOBbIX TOKOB, B03HHKaIOIIJ,HX Me:>KJJ:y 

cnHHOBbIMH CTpYKTypaMH, co3.z:taaaeMbIMH B C<l>B 611orromqecKH 

aKTHBHbIM aemecrnoM H 6norromqecKHM o6neKTOM. 

2. ,[(eHCTBHe HH3KOHHTeHCHBHOro 3ITeKT}JOMarHHTHOro 

H3rryqeHHH Ha 6norrornqecKHH o6neKT ocyrn:ecTBITjJeTCSI 

nocpe,n:CTBOM CBepxTeKyqHx CITHHOBbIX TOKOB, B03HHKaIOIIJ,HX 

Me:>KJJ:y cnHHOBbIMH C'fPYKTypaMH, co3.n;aaaeMbIMH B C<l> B 

611orror11qecKHM o6neKTOM H cpOTOHaMH, COCTaBITHIOIIJ,HMH 

3ITeKT}JOMarHHTHOe H3rryqeHHe. 

3. HeKoTopoie caolicTBa ncHXOKHHe3a (ao3.n;elicrn11e C03HaHHSI 

qerroseKa Ha cpH3JfqecKHe CHCTeMbl) MOrYT 6bITb OilHCaHbl 

CBOHCTBaMH caepxTeKyqHX CITHHOBblX TOKOB, B03HHKaIOIIJ,HX 

Me:>KJJ:y CilHHOBblMH C'fPYKTypaMH, C03,[{aBaeMbIMH qerroBeKOM H 

o6neKTOM ero B03.z:telicTBHH B C<l>B. 

4. B03MO)KHO .n;elicrn11e .n:pyr Ha .z:tpyra nocpe.n;cTBOM 

CBepxTeKyqHX CilHHOBbIX TOKOB KOCHbIX (He)KHBbIX) o6neKTOB, 

TaK KaK csepxTeKyqHe CilHHOBbie TOKH MOrYT B03HHKaTb Me:>K.n;y 

CilHHOBblMH C'fPYKTypaMH, C03,[{aBaeMbIMH KBaHTOBblMH 

o6neKTaMH rr106oro nma. 

99 



3AKJIIOqEHHE 

Ha.n;enem1e 4>n311qecKoro BaKyyMa caoil:cTBaMH caepxTeKyqero 
3He-B - B .u.aHHOH pa6oTe 4>H3HqeCKHH aaK)'YM c TaKHMH 
CBOHCTBaMH Ha3bIBaeTC.SI CBepxTeKyqHM 4>H3HqecKHM BaK)'YMOM 
(C<l>B)- Il03BOJIHeT: 
I. BsecTH cncTeMy ypaaHem1ii, on11cbrna10mnx mnyqeHHe, 
pacnpocrpaHeH11e 11 nornomeHHe caera. YpaaHeHHH MaKcserrrra 
.SIBJI.SIIOTC.SI CJie)J,CTBHeM 3THX ypaBHeHHH. 

B Mo.u.enH C<l>B caeT aaJIHerca a11xpe-BoJIHOBbIM (11n11 no 
xapaKTepy C03,z:(aBaeMbIX HM B03MymeHHH CilHHOBO-
MarHHTHbIM) npon;eccoM B C<l>B, conpoBo)K)l;a10mHMca 
:meKrpHqeCKHMH B03MymeHHHMH. 
II. 06»aCHHTb coxpaHemrn nnocKOCTH 3JieKrpHqecKoii 
nonapman;1rn caera. 

JlsneHHe o6ycJIOBJieHO npen;eccHeH CITHHOB MHKpoqacTHD;, 
coCTaana10mHx C<l>B, npH pacnpocrpaHeHHH csera. 
Ill. 06'bHCHHTb crpyKTypHoe CXO.U.CTBO Bbipa:>KeHHH .u.mr 
y,neJibHOH :meprHH 3JieKrpHqecKoro H MarHHTHoro noneil:, 

cooTBeTCTBeHHo: E 2 I 8tr H B2 I 8tr, r.u.e E - Hanpa:>KeHHOCTb 
3JieKrpnqecKoro noJrn, B - MarHHTHaa HH.U.YKn;Ha. 

B paMKax Mo.u.enH C<l>B o6a Bbipa:>KeHHa onpe.u.en.SIIOT 
y.u.eJibHYIO KHHeT11qecKy10 3HepmIO .U.BH:>KeHHH O.U.HOH H TOH :>Ke 
cpe.U.bI (csepxTeKyqero <t>mHqecKoro aaKY)'Ma) B pa3HbIX <t>a3ax 
ee .U.BH:>KeHHX. 
IV. BaecTH peanbHbIH 4>H3HqeCKHii npon;ecc, orrpe.u.ena10mHil: 
BOJIHOBbie CBOHCTBa KBaHTOBbIX o6'beKTOB. 

TaKHM npon;eccoM aan.Sierca 06pa3oaaH11e KBaHTOBbIMH 
o6»eKTaMH BHxpeil: a so3MymettHoM C<l>B. qacToTa aonttosoil: 
<i>YHKD;HH IIIpe,nHHrepa - :no qacTOTa npen;eCCHH CIIHHOB 
MHKpoqacTHn;, cocTaBJIHIOIUHX C<I> B, e cep,neqH11Kax 3THX 
BHxpeil:. ,[(.rrHHa BOJIHbI orrpe.u.enaercSI pa1MepoM cep,neqm1Ka 
BHXpa. 
V. OnHcaTb B3a:HMo.u.eil:crnHe <t>omua c KBaHTOBblM o6»eKTOM, 
HMeIOW:HM HeuyneByIO Macey IlOKOSI. 
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B3aHMo,neiiCTBHe cpoToHa c KBaHTOBLIM 061,eKTOM MO:>KHo 

paccMaTpHBaTb KaK CllHH-CIIJfHOBOe B3aHMO,ZJ;eHCTBHe 

MHKpOqacTHU, COCTaBIDIIOll{HX BHXpH, KOTOpbie o6pa3YJOTCSI 

cpoTOHOM H KBaHTOBbIM o6oeKToM B C<l>B. 

VI. 06oSICHHTb TaKoe SIBJieHHe KBaJITOBOH HeJIOKa.JibHOCTH, KaK 

KoppeIDII.{HSI cpa3 cpOTOHOB, HJIH, qTQ TO :>Ke caMoe, cpa3 BOJIHOBbIX 

cp)'HKUHH cpoTOHOB. 

3TO SIBJieHHe, no cymecrny, rrpe,ncraBIDieT co6oii rrpouecc 

BbipaBHHBaHHSI yrnoB npeuecCHH COHHOB COCTaBIDIIOll{HX C<l>B 

MHKpoqacTHU B cep,neqHHKax BHxpeii, C03,ZJ;aBaeMbIX cpoTOHaMH B 

C<l>B. 

VII. 06oSICHHTb rrpoHcxo:>K,neHHe TaK HaJbIBaeMoii 

peIDITHBHCTCKOH .n.o6aBKH K Macce ,ll;BH:>K)'IUHXCSI KBaHTOBbIX 

o6oeKTOB. (3.n.ecb H ,narree ,nBH:>KeHHe KBaHToaoro o6oeKTa 

paccMaTpHBaeTCSI OTHOCHTeJibHO TOH CHCTeMbl OTcqfaa, B 

KOTOpOH KBaHTOBbIH o6oeKT xapaKTepH3yeTCSI BOJIHOBbIMH 

CBOHCTBaMH.) 

B paccMaTpHBaeMoii Mo,nenH C<l> B <<peIDITHBHCTCKWI» 

.n.o6aBKa K Macce o6ycJIOBJieHa BOJIHOBhlMH CBOHCTBaMH 

KBaHTOBOro o6oeKTa, a HMeHHO, HHepUHOHHbIMH CBOHCTBaMH 

cep,neqHHKa BHXpSI, C03,naaaeMoro KBaHTOBbIM 061.eKTOM B 

C<l>B. BenHqHHa ,no6aBKH K Macce, D,.m, CBSI3aHa c qacToToii 

npeuecCHH CilHHOB MHKpoqaCTHU B cep,neqHHKe BHXpSI, HJIH, 

qTQ TO :>Ke caMoe, c qaCTOTOH BOJIHOBOH cp)'HKI.{HH lllpe,nHHrepa 

OJsh COOTHOIIIeHHeM: D,.m = n<:osh / c2 (c- CKOpOCTb CBeTa). 

VIII. 06oSICHHTb 3cpcpeKT Brumnoaa-qepeHKOBa - caeqeHHe, 

C03,naaaeMoe :meKTpOHOM, ,ll;BH:>K)'IUHMCSI B cpe,ne co CKOpOCTblO 

Ve, rrpeBblIIIaIOmeii cpa30BYIO CKOpOCTb pacnpocTpaHeHHSI CBeTa 

B 3TOH cpe,ne, - He BBOM 3Jiel<TplfqecKyio llOIDipH3aIJ;HIO cpe,nbI, 

B KOTOpoii ,ZJ;BH:>KeTCSI 3Jiel<TpOH. 

3cpcpeKT o6ycnoBJieH C03,lJ.aHlleM KBaHTOBbIMH qacTHI.{aMH 

BHXpeii B C<l>B H o6pa30BaHHeM BHxpe-BOJIHOBOro npouecca B 

C<l>B npR rrpeBbIIIIeHHH 3THMH qaCTHUaMH CKopocTH CBeTa. B 

paMKax paccMaTp1rnaeMOH Mo,neJIH C<l> B 3cpcpeKT 6y,neT HMeTb 

MeCTO rrpH ,ll;BH:>KeHHH JII06oi1 KBaHTOBOH qacTHI.{bI, B TOM q11cne, 
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He co3,na10meH: 3JieKTpHqecKoii noJUipH3a1urn cpe,ll,bI, qepe3 

KOTopyio OHa ){BH)KeTC.SI. 

IX. 06'b.SICHHTb cnHH-op6HTaJibHOe B3aHMo.neiicTBHe, He BBO.ll..SI 

MarHHTHoe none B CHCTeMe )l,BH)Kymeroc.SI KBaHTOBoro 06'beKTa. 

3To B3aHMO,neiiCTBHe o6ycnOBJieHO MOMeHTOM, 

.neHCTB)'IOlllHM B 3JieKTPHqecKOM none Ha C03,ZJ,aBaeMblH 

KBaHTOBbIM o6'beKTOM B C<l>B BHXpb KaK Ha 3neKTPR'IeCKHH 

,ZJ,HnOJlb. 3TO o6'b.SICHeHHe npnMeHHMO H K .SI,nepHOMY cnHH­

op6HTaJibHOMY B3aHMO,ZJ,eHCTBHIO HYKJIOHOB, pacce1rnaeMbIX 

.SI,ZJ,paMH aemecTBa. 

x. 061>.SICHHTb 3cpcpeKTbl HecoxpaHeHH.SI qfaHOCTH B onTHqeCKHX 

3KCnepHMeHTax. 

3TH 3cpcpeKTbl o6'b.SICH.SIIOTC.SI cymecTBOBaHHeM CHJlbl, 

.neiicTByiomeli B 3JieKTPHqecKoM none .SI,npa Ha co3.naaaeMbie 

3JieKTPOHaMH aToMa B C<l>B BHXpH KaK Ha 3neKTpHqecKHe 

,ZJ,HnOJIH. 

XI. 06'b.SICHHTb B3aliMo,neiicTBHe B BaKyyMe ,nByx 

He3ap.SI)KeHHblX napanneJibHblX MeTaJIJIHqeCKHX nnaCTHH, 

paccTO.SIHHe Me)K.l(y KOTOpbIMH He npeBbII.I.IaeT HeCKOJibKHX 

aTOMHbIX .z:tHaM~OB (3cpcpeKT Ka3HMHpa). 

3TOT 3cpcpeKT o6MICHSieTCH 3JieKTpHqecKHM 

B3aHMO){eHCTBHeM BHXpeii: (KaK :-meKTpHqeCKHX ){HnoneH:), 

C03,ZJ,aBaeMbIX B C<l>B 3JieKTPOHaMH rrpoBOJJ:HMOCTH 

MeTaJIJIHqecKHX rrnacTHH. CornacHo Mo.neirn C<l>B 3cpcpeKT 

6y.n;eT OTCYTCTBOBaTb y CBepxnpOBOJJ:HIUHX IIJiaCTHH. 

XII. 06'b.SICHHTb Ha6JIIOJ];aeMoe eme JiopeHI.{eM H3MeHeHHe 

pa3MepOB CHCTeMbI 3ap.sr.nos, HaKOJ];.SIJUeHCH B paBHOBeCHH 110.n; 

.n;eHCTBHeM TOJibKO 3JieKTpOCTaTHqecKHX CHJI, rrpn npnae,neHHH 

CHCTeMbI B )l,BH)KeHHe. 

HcKa)KeHHe 3JieKTPHqecKoro rrom1 JJ:BH)Kymeroc.sr 3ap.sr.n;a 

rrpOHCXOJ];HT H3-3a HaJIHqH.SI 3JieKTpHqecKoro ){HIIOJibHOro 

MOMeHTa y BHXpeii, C03J];aBaeMblX J];BHiK}'lllHMHC.SI KBaHTOBbIMH 

06'beKTaMH, rrpHqeM BeJIH'IHHa :noro MOMeHTa 

rrporropl{HOHaJibHa CKOpOCTH KBaHTOBOfO 06'beKTa. 
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XIII. 06MICHHTb o6MeHHOe B3aHMo,neiiCTBHe 

<<TO)K.l{eCTBeHHbIX» KBaHTOBbIX o6neKTOB. 

B paMKax Mo.nenH C<t>B <<TO)K.l{eCTBeHHOCTb» KBaHTOBI>IX 

o6'beKTOB 03Ha'laeT' qTQ CilHHbl MHKpoqacTH:U B cep,ne'IHHKaX 

BHxpeii, o6paJyeMbIX 3THMH o6neKTaMH B C<t>B, HMeroT paaHLie 

qacTOTbl npe:uecCHH, a cep,neqHHKH 3THX BHXpeii HMeIOT 

O,l{HHaKOBbie pa3Mepbl. 06MeHHOe B3aHMO,l{eHCTBHe B03HHKaeT 

3a cqeT CIIHH-CilHHOBOro B3aHMO.ZJ:eHCTBHH MHKpOIIaCTHI.{, 

cocTaBIDIIOil.J;HX C<t>B, npH o6'be,nHHeHHH cep,neIIHHKOB 3THX 

BHxpeit 

XIV. 06nHCHHTL o6pa3oaaHHe KyneposcKHX nap B 

CBepxnpOBO.ZJ:HHKax. 

KynepoacKHe rrapI>I o6pa3YJOTCH 3a c11eT o6MeHHoro 

B3aHMO,neiicTBH.H <<TO)K.l{eCTBeHHbIX» 3JieKTJ>OHOB B C<t>B (cM. n. 

XIII). 
xv. 06'bHCHHTb CTJ>}'KTypHoe CXO,llCTBO ypaBHeHHH, 

OllHCb1Bal011.J;HX MarHHTHOe B3aHMO,neHCTBHe npoao.n:oB c TOKOM, 

H ypaBHCHHH, OIIHCbIBaIOil.J;HX B3aHMO,lleHCTBHe BHXpeBl>IX 

HHTeii B H,n:eaJibHOH HCC)l(HMaeMOH )l(H.ll:KOCTH c OTJ>H:QaTCJibHbIM 

.naaneHHeM. 

Cxo,llCTBO o6aHCHHeTCH TeM, 'ITO MarHHTHaH HH.n}'K:UH» 

onpe.nenaeTcH cKopocT1>10 .n;BH)l(eHHH C<t>B B B03MYI:QeHHOii 

(HanpHMep, 3aBnxpeHHoii) o6nacTH. CBoiiCTBa C<t>B B 

3aBHXpeHHOH o6nacTH MO)l(HO MO,L{eJIHPOBaTb CBOHCTBaMH 

H,n:eanbHOH HeC)l(HMaeMOH )l(H,ll;KOCTH c IlOJIO)l(HTeJibHOH 

IlJIOTHOCTblO H OTJ>H:QaTeJILHbIM )laBneHHeM. 

XVI. 06T>HCHHTL oco6eHHOCTH .n;eiicTBHH cBepxMan1>1x .n:o3 

6nonomqecKH aKTHBHOro BemecTBa Ha 6HonornqecKHii 061,eKT. 

Bo3)leiicTBHe ocymecTBJI.HeTC.H nocpe,ncTBOM cBepxTeKyqHx 

CilHHOBblX TOKOB, B03HHKaIOil.l;HX Me)K.l{y CilHHOBblMH 

CTJ>}'KTypaMH, co3.n:aaaeM1>IMH B C<t>B 6nonomqecKH aKTHBHLIM 

BemeCTBOM H 6HOJIOrHqecKHM o6'beKTOM. 

XVII. 06n.s1CHHTb HeKOTOpbie oco6eHHOCTH MeHTaJibHoro 

)leHCTBH.H qenoBeKa-onepaTopa Ha <l>H3HqecKHe CHCTeMbl 

( IlCHXOKHHe3 ). 
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3TH oco6eHHOCTH Moryr 6b1Tb o6MICHeHbl CBOHCTBaMH 

CBepxTeKytIHX CIIHHOBbIX TOKOB, B03HHKaIOmHX Me)l(,[{y 

crrHHOBbIMH CTPYKTYPaMH, co3.nasaeMhIMH qenoseKoM H 

o6oeKToM ero B03.Ueif cTBH» B C<I> B. 

XVIII. Ilpe.unmKHTb o6o»cHeHHe o6pa3oBaHH» :meKTPOHHO­

rro3HTPOHHOH rrapbl cpoTOHOM B 3JieKTPHqecKOM rrone aTOMHOro 

».upa. 

Po)l(,[{eHHe qacTHU rrpoHcxo.nHT 3a cqfa pa3pbrna CB»3eif 

Me)l(,[{y 3JieKTPHqecKH 3apH)KeHHbIMH «I<Ba3HKonnarrcaMH» 

MHKpoqacTHU, COCTaBJI»IOmHX C<I>B. «KBa3HKOnnaIICbI» 

o6pa3YJOTC» B cep.neqHHKe BHXp», C03,UaBaeMOro cpOTOHOM B 

oKpecTHOCTH aTOMttoro ».npa. CyMMaptta» Macca m 
rropo)l(,[{aeMbIX qacTHU CB»3aHa c qacToToif rrpeueccHH mv 

CIIHHOB MHKpoqaCTHU B BHXpe COOTHOIUeHHeM: m = hroy I c 2 . 

CrrHH Ka)l(,[{oif H3 po)l(,[{a10mHxc» qacTHU pasett CyMMapttoMy 

crrHHY MHKpoqacTHU:, cocTaBn»10mHx «I<Ba3HKonnarrc:1>rn: 1i I 2 . 
XIX. Ilpe.uno)KHTb rrocrynaT o Bb1paBHHBaHHH cKopoCTH csern. 

CKopoCTb csera BhipaBHHBaeTc» .no 3HaqeHH» 

cpytt,UaMeHTMbHOH KOHCTaHTbl c B Tex CHCTeMax OTcqfaa, B 

KOTOpbIX KBaHTOBbie 06'heKTbI C03,UaIOT BHXpH B C<I>B, TO eCTb, B 

CHCTeMax, B KOTOpbIX B03HHKaIOT BOJIHOBble CBOHCTBa MaTepHH. 

YqHThIBa», qTo 3TH csoifcrna xapaKTepHbI .an» HHepuHanbHbIX 

CHCTeM OTcqfaa, 3TOT rrocrynaT B orrpe.neneHHOH CTerreHH 

cornacyerc» co BTOpbIM IIOCTynaTOM crreuHanbHOH TeopHH 

OTHOCHTeJibHOCTH, cornacHO KOTOpoMy CKOpOCTb CBeTa B BaKyyMe 

B JII06bIX HHepUHMbHblX CHCTeMax OTcqera paBHa 

cpytt,UaMeHTMbHOH KOHCTaHTe c He3aBHCHMO OT ,l{BH)KeHH» 

HCTOqffHKa. 

xx. Ilpe.uno)KHTb o6MICHeHHe CBepxrrpOBO,UHMOCTH. 

B paccMaTP1rnaeMoif Mo.nenH C<I>B caepxrrposo.nHMOCTb 

B03HHKaeT rrpH yMeHblliemm B.R3KOCTH semecrna, 

o6ycJIOBJieHHOH B3aHMO,UeHCTBHeM 3JieKTJ>OHOB, BCJie,UCTBHe 

HanHqffjJ y HHX 3JieKTPHqecKoro ,llHIIOJibHOfO MOMeHTa, 

CBH3aHHOfO c BOJIHaMH MaTepHH. Ha OCHOBe 3TOH KOHUeIIUHH 
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BbIBe;::i:eHO ypaBHeHHe, OilHCb1Ba10mee 3KcnepHMeHTaJibHO 

nonyqeHHYIO 3aBHCHMOCTb KpHTHqecKoro 3HaqeHHH MarHHTHOH 

HH.ll:YKUHH OT TeMnepaTypbl ):{JIH qHCTblX csepxnpOBO):{HHKOB (He 

cnnasos). 

XXI. Ilpe;::i:cKa3aTh cymecTBoBaHHe cna6oro 3JieKTpHqecKoro 

IlOJIH OKOJIO npOBO):{HHKa c TOKOM. B OTCYTCTBHH TOKa npOBO):{ 

HBJIHeTCH HeHTPaJibHbIM. 

3neKTPHqecKoe none co3;::i:aeTCH 3a cq~ 3JieKTPHqecKoH 

nonHpH3aUHH cep;::i:eqHHKOB BHxpeH:, 06pa3yeM1>1x B C<l>B 

):{BH)l(ymHMHCH :meKTpHqecKH 3apH)l(eHHblMH KBaHTOBbIMH 

061.eKTaMH. 

XXII. Ilpe;::i:cKa3aTb B03MO)l(HOCTb He3JieKTPOMarHHTHoro, 

HerpaBHTaUHOHHoro, HeaKyCTHqecKoro H HeTenJIOBOfO 

):{HCTaHUHOHHOfO 
11
B3aHMO,l:{eHCTBHH11 He:>KHBblX o6'beKTOB. 

B Mo;::i:enH C<l>B csepxTeKyqHe cnHHOBbie TOKH MOrYT 

B03HHKaTb Me)l():{y cnHHOBbIMH CTPYKTYPaMH, co3;::i:asaeM1>IMH B 

C<l>B o6ueKTaMH n106oro BH;::i:a. Cne.u;osaTeJI1>Ho, B03MO)l(HO 

;::i:eHCTBHe ;::i:pyr Ha ;::i:pyra He:>KHBblX (KOCHbIX) o6'beKTOB 

nocpe;::i:cTBOM CBepxTeK)'11HX CilHHOBblX TOKOB. 

XXIII. Ilpe;::i:cKa3aTh B03MO:>KHOCTb coxpaHeHHH B csepxTeKyqeM 

$H3HqecKOM BaKYYMe TaK Ha3bIBaeMbIX «CJie,l:{OB» CHCTeMbl, 

COCTOHw;eii H3 KBaHTOBblX o6'heKTOB. 

3To HBJieHHe o6ycJIOBJieHo cnoco6HOCTblO CBepxTeKyqHx 

cpe;::i: xpaHHTb HeKOTOpbie BH,l(bl ):{BH)l(eHHH, HanpHMep, 

BHxpeBbie CTPYKTYPbI, TeopeTHqecKH 6ecKOHeqHo ;::i:onro. TaK 

KaK CHCTeMa, COCTOHIUaH H3 KBaHTOBbIX o6'beKTOB, C03;::i:aeT 

BHXpH B C<l>B, TO HMeeTCH B03MO)l(HOCTb coxpaHeHHH 3THX 

BHXpeH: H IlOCJie y;::i:aJieHHH CHCTeMbl H3 o6JiaCTH npOCTPaHCTBa, 

B KOTOpOH OHa HX C03,l(aJia. 
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YilmeMlde 'lllTaTemd YllaiKaeMwe BBTOpwl I~ I Hawe H3MTI:JlbCTBO cneuH8JIH3HPYeTCll Ha BblilYCKe HayqHolt H yqe6Holt 
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CKOlt aKa.neMHH HaYK. HayqHO-HCCJie.D;OBaTI:JlbCKHX HHCTHTYfOB H yqe6Hb1X 
Jaae.neHHlt. Mbl npe.nnaraeM aBTOpaM CBOH ycnyrH Ha Bbll'O.D;HblX JKOHOMH­
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