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I. B:seJieHHe 

B nocne~e ro~ CITeRTp MaCC Me30HOB KaK CBH3aHHHX COCTO~ 

KBapRa K aHTKKBapRa KHTeHCKBHO KCCJI8,Ity8TCH Ha OCHOBe ROBapKaHTHIDC 

~~CTwmHX ypaBHemtil, ITOJIY"'8HHIDC B paMKBX KBaHTOBOit T80pJm ITOJIR 

!I=-3!. K:aa3KnOT8HinffiJIDHOe ypaBHeHHe JioryHOBa-Tamce.mmae .IWl CBH-

3aHHOil CKCT8MI:i }I;Byx CRaJISIPHHX tiaCT~ O~aROBOil MaCCil (ttl 1. • #11a -= lt1) 
iiMeeT mm d!. 

(E"'-- E.rz.) Y(f:)-: (_!:_3. fv(fr,f;E) ~f~J E~ • 
o 2H) • (I.I) 

3.n;ecl> 'HI)- OOJIHOBWI !J!.YHKUHII OTHOCKTeJII>Horo ~HWI cMaaHHoil cKc

TeM!l , aaBKcmnaa OT KOBapBaHTHO onpe,n;eJie~rof 4/ BeKTOpa OTHOCBTeJil>

HOro BM!IYJ!I>Ca B CKCTeMe QeHTpa Mace ( CUJ,f) p ; ·w ~l; E.) - KBa3BIIo

T8~a.JI,Zf. -=-M - ITOJIHM aHepl"BSS B CI.IM, a Bee 4- JIIMITYJII>Cil npmJa,n;

Jre~T MaCCOBOil ITOBepxHOCTB 

(I.2) 

CneKTp Mace Me30HOB, oco6eHHO .1/y-- B Y- t~acT~.uccJte.ItOBa.JICH 
TruoKe ~a OCHOBe H8pe.7UITBBKCTCKOro ypa.BHeHKJI llipe~repa ( CM. o6-
aop / 5/) C tPeHOM8HOJIOI'H'I8CKHMII ITOT8~a.JiaMK, CO,ll;8pi.\alltm.tH 3anKpaiOOt.VIl 

'laCTl> (rHITOTeaa 0 R0~9HT9). 

Ha ocHo:se maBIIoTe~a.JII>HHX yprumemrll TBna ( 1. i) c KBa3K

noTeHUKa.naMK, co.n;e~ 3anHPal!lilYlJ tmCTl>, aa,n;aqa HaXCMi,!teHKJI cne.KTpa 

Mace K BOJ!HOBilX \[lyHKUHil, 3HaHKe ROTOP!lX He06XO,mii40, Hrutpm,tep, WlSi 
HaxoiK,lteHWI dlo.PMfJar«ropoB B lliH.PIDI pacna,n;a, !.teTo,noM BKE KcCJie.n;oBa.Jiaci> 

B pa6oTax /St. IIpe.ncTaB/UieT 6eayCJioBH!lii: HHTepec Haxo;.;,neHHe peJVITB

BKCTCRMX BOJIHOB!lX (O,VHKJ.UD1 K 3HepreTH'I8CKKX CIT8KTpoB Ha OCHOBe ROBa

pHaHTHHX ypamtemtit Tmia (I. I) C TaKKMII ITOT8~8Jiar,m, KOTOP!l8 .IIlWDOT

CSl peMTHBKCTCKID.m aHaJIOI'8.l,nJ KBaHTOBOf.-teXamJli8CKKX ITOT8HlijffiJlOB 3anH

pa.HBR: H BMeCTe c Tel.t .nonycKWOT TotiHoe perueHKe rmaaJUioTe~aJil>lWX 

ypaBHemm. 

3,necl> Mil BO BTOpoU paa,neJie pacCMOTpm;l yprumeHHe (I. I), B1:16K

pwi B Ra'I8CTBe KBa3HITOT8HlijffiJla BeJIB'IHHH, ROTOplle MOJKHO paCCMB.TpB

BaTl> RaK ITpoCT!l8 pe.lUiTHBKCTCKIIe o6o61!1eHKJl OCUK1IJlflTOpHoro ITOT8HnKBJia. 

3aTeM Mil B KM!IYJ!l>CHOl,! npe.ztCT~8HK_l ITOCTpom.I BOJIHOBH9 cWH~ ~ 

H8HWI ( I. I) c c:miryJUlpHillJI npH F = k KBa3KnOT8HUH8JIOM v "' ( F- k r~ 
CIT8KTP 3H8p!'Ki\ WlSi KOTOporo He OrpaHK'18H CBepxy .Ha.ROH~,Mil pacCMOT

pm.t Ta!Oite KBa3KnOT8HUHaJ.Il>H08 ypaBHeHKe NUl CJIY'lM CIIHHOBilX 'lac~. 



TOpl:le B Hepe.JIRTHBHCTCKOM npe,neJie nepeXO,niiT B urn:pOKO HCllOJI:b3J8l.!l:l8 

B CllSKTpOCKODHH KBapKOBI:lX CHCTSM THlla qapMOHHH HJIH 60TOHHH 

JIHHeii:HHii 11 oc~TopHidt noTeFmPia.n:. BHaqa.n:e, CJie.nyH 17 I, paccMoTpHM 

KBasmt~;";;.l) = -{2K)' /H 'w{ -:;, fff _;d ·/I, (£;,C)> (2. I) 

r.ne 

£:. 
NL ( E;, E.) = E (2.2) 

Ha :mepreTHqecKoil nonepxHoCTH E; = EK, ,._ E MHOml:TeJII> (2.2) paneH 

e~e. TotJHo TaK .)lte, B He peJIHTHBHCTCKOM npe,neJie ( m - oo) , Kor.na 

E/i"" ~ - #1 + 'R /t_ 1ft , a 2£ : 21+1 + ~~ , MHOD:TeJil> 

N1 (E;,E) ~ i . JierKo BH.neTI>, CJie,noBaTeJII>Ho, qTo Bl:lpaJKeHHe (2.I) 
MOl!teT paccuaTpHBaTI>CH B Ka"'ieCTBe pe.JIRTHBHCTCKoro o6o6meHHH KBaHTo

BOMeXaHH"'iecKoro oc~TopHoro noTeHcyia.n:a. IIoCJie no.ncTaHOBKH (2. I) , 
( 2, 2) B (I, I) Ml:l npHXO;D;HM K ypaBHemrn 

c . J ~ dt ~ 

( 
z 1 -)t} 1vt~) m w 'tb( .... l 

£-IH-fjLlf =--£- Jf'LfJ (2.3) 

Peme~IHHMH (2.3), KaK JierKO BH,neTI>, HBIIRIOTCH <PJH.KUHR 

1J:(F) oL "f't(J) Y,,.,(h;.), (2.4) 
r.ne 

,. • l . , c "i --r (' 3 c /) ) \ "l) 'Y:t ( P) = f e l. t. Fi. i + "Y - z ) c + z } Af 1, 
(2.5) 

MH o6osHa"'iHJIH 

E ,..,-~w-z. =A z (E'-m')E~ (~mlt,wf
1

-: r.· 
(2.6) 

YCJIOBHe HOPMHPOBISH ;rr,JIH. BOJIHOBOti <PYH.KUHR ypaBHeHHH JiorJHOBa-TanxeJIH,n-
se HMeeT BH.n /B/: ,, 

I * I> Jp I. 0 

i. : (2n)-s '!J:ltrlft:) . ' ":t'")(i:J-+) -( r ,/ J... _ t. P' 1 1 
(2.7) 

0 ~ D ~ 

- (z~i'(2t.,rJ~'~(F) E~~[ 0:~>:·•1. ;: 't "'tk; 
p E·E, ~e 

B CJiyqae KBaamtot,:e~a.n:a (2.I), (2.2) c npocToil napaMeTpH"'iecKoil aa

BHCHM>CTI>JO v ( r,;. E) OT a He prHH 2 E a TO YCJIOBHe MOlKBT 61:lTl> aanH-

2 

• 

)/ 

ir 

~ 
.Ji 

~ 

lj 

~ 
1,' ~. 

·W 

:~~ 

'I 

'iJj: 
- . ----· ·--~ ·~·~-· . ~~· ·-""" 

CaKO KaK , 

(27if 1 s i(l.1(ii) [ 3E,.a- E; }1:"'Y#) Jjt' - 1 V 1 ia• - 2 E.,. "" +,. (~ 
lis YCJIOBMII HOPMHPYBMOCTJ/I BOJIHOBOI <IJyH~ (2.4), (2,5) llOJIY'iaetl 

yCJioBHe KBaHToBaHRII, KOTopoe MOJiteT 6HTI> npe.ncTaBJieHo B liloPf.te 

f£:{E: -m') = 2mv;;'w{2tr+f+ }) ; n:J./")'" 
(~ 

0TMeTBM, liTO B OTJIH"'iHe OT HepeJIHTHBHCTCKOro CJrY':IM anepl'CTJII'IE 

cneKTp, onpe,neMer..mil <!x>PMYJIOI (2, 9), He .fm7m8TCH 3I\.Blf.IOICT8HTHJ:D, 

TaR liTO, Hanpm,re p, npH 60Jil>nnDC 3HalieHHHX rJiaBHOro KBaHTOBOl'Q ~ 

Jia h. E,. "- n"'S' • 
OtieBH,ItHO, liTO llOT9HJ.tlfM (2.1) C 38MeHOI !1U!Oml:T8JIH (2.2) JU 

Nz (E; ,E) : 
E: 

I'Y1 
(:: 

Truate 6y,neT JIIMeTl> CBOHM H9peJIHTHBHCTCIOfl1 npe,neJIO!,I OC~TOPHW 

noTeJmHaJI, Pememw.m ypaBHeiiWI (I.I) n aTOM CJiy-qae 6yJI.YT <IJyHron 
ro J1e BH,na (2.4), (2,5), r,ne, O.nHaRO, nap&eTpH ~ R r 381. 

CH COOTB9TCTB9HHO Ha 

A
1

-= (miA}f' j f' 1 -:{E'-111•)(2mwf', (:: 

TaK qTo yCJioBHe KBaHTOBaHHH npl1IHln&aeT BH.n 
11t 

£, = [m' +Zmt.V(Zh+f• ~)] c:: 

Hopr.mponoqHWl MHOD:TeJII> C npH aTOM 6y,neT onpe}leJIHTI>CH YCJIOJ 

( -~ f I . .., ~ J , J fr 
21) -y rr> Vttt· .. p~· -= t 

(:: 

TaR KaK , c yqeTorA (2.IO), Mil m.reeM He arumCJIII{Jdt oT aHepl'HH ZE. 
KBa3J/IIIOTeHcyiaJI , 

PaccrlloTpm.t Tenepi> ypanHeHHe (I.I) c KBa3J/IIIOTeHUHaJIOrA, KOT< 

aa.na.nHM B CJie.nyY.11ler.l BH.ne : 
l' c ~ ~ y v { ;;, ;, E) = g 1i , 'A "" { E:, E) ( f- k)- I 

{: 

r.ne N~, ( £;, E.) onpe}leJieHo B (2. 2). IIaparABTP fl , urpan!Udl .P< 
KOHCTaHTI:l B3IDII.iO,r:ei:cTBHH, Bl:l6pa.H 6e&pa3MepiWM, IlpH TaKOM Bl:l60p 

KBa3J/IIIOTeHcyiana npuHaH qacTI> ypaBHeHHR 

3 
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TOpHe B Hepe~THBHCTCROM ilpe~ane rrepeXO~T B WHpoRO HCITQn:D3yerAHe 

B crreKTpOCKOITHH KBapKOBHX CHCTSM THITa ~apMOHHH ~ 60TOHHR 
Jil'!HefuiiDi H OC~TOpHirlt ITOTeHlU'IaJI, BHaqaJie, CJie~R / 7 , paccMOTpm,t 

RB1l3HIIOTe l!I.tl'!aJI r 
Vf'f);E} = -(2r)'m'w'r:;, Jff-kd·Af,IE;,E}, (2.Il 

r~e 

£.:. 
NL (EZ,E) = E (2.2) 

Ha :mepreTnqecRo:li rroBepxHOCTH E;. = EK, : £ MHOJKHTeJI:o (2.2) paBeH 

e~e. To~o TaR Jite, B HepanRTHBHCTCKOM rrpe~ane ( m- oo) , .Kor~a 
.~ ,...., 

£:., -= V"' -. IC - - /J1 + I< /2,.. , a 2£ "' 2m + ~' , MHOJK.HTeJI:o 

N1 (E;,E) ~ i. . Jier.Ko BMeT:o, CJie~oBaTeJI:oHo, qTo BHpaJKeHHe (2.I) 
MOJKeT pacmnaTpnaTMR B KaqecTBe p~THBHCTCRoro o6o61!leHM KBaHTO

BOMexamrqeciwro OC~TOpHOI'O IIOTeHlU'IaJia, lTOCJie ITO~CTaHOBKH (2, I), 
(2.2) B (I.I) Mhl IIpHXO»>M K ypaBHeHHIO 

,., ~ . J :. dt .. 
( 

l 1 -) t} "'" 1 "'+) m w 11, ..... , 
£ -m-r I L(f =--£-if~ z.fr; (2.3) 

PellleHWiwt ( 2. 3) , Ka.K Jier.KO BMeT:o, RBJIJnOTCR WYHKinm 

" I) 

1J:(f) t¥ Y',(f') yltot ("kp)' (2.4) 
r~e 

). • l - ., -c"i -r:r (!.+}._c /)) \~l} 
"i:'t (I') - F e 1. F~, z y z ) c + z ) "f 1, (2.5) 

Ml:l o603Ha~ 

E IJ!- 1w-z-= X' ( E '- mz) E ~ (2m~ w) -t.""' r .. 
(2.6) 

YCJIOBHe HopwrpoBI)H .D;JUI BOJIHOBO:Ii qiyiiKUJm ypaBHeHM JiorYHOBa-TaBXe.Jil'I~-
3e HMeeT BM /8/: ,, 

I * D Jp 1. 0 

j_ = {.211)-s l:l"lf->) . , :t'"'(i:J .... ) -( /' .L t. Pi , I 
(2.7) 

~ ~ c ~ 

- (27if'(2 E.,rJ~'hrh f.l[ ~:;~"''1. ;~ 1t ·rkJ 
,. E-sE., IC 

B c.rryqae RBa3uyo;remmaJia (2. I), (2 .2) c rrpocTo:li rrapaMeTp~ecKo:li 3a

BHCHMocT:DJO V(;;',k, E) oT :=meprHH 2E aTo yCJioBHe MOJKeT 6HT:o sarrH-

2 

• 

I~ 
~ 

II 

~ 
')1!1 

. 'I 

'· 
;111 

'• ·,;~ 

~· 

ij 

~ 

:~ 
;;;;;-ii······----~·Y'¥1·0 .,,K.,; ~~.4 

CaHO Ka1< , 
(2~J_',fi .. ,riiJ[3E' -E:]1:,.r#) Jif' -= .t .. r .I~·. !it' 2 E ... 

(2.8) 
Iris YCJIOBM HOpMHpyeWCTH BOJIHOBO:Ii qJyH.KUD (2,4), (2.5) IIOJiyqaeM 

yCJioBHe .KBaHTOBaHHR, .KOTopoe MOllteT 6HTL rrpe~cTa:MeHo B I!Jopr-.re 

fi:{E:-m'): 2m.;;;;'w{ur+f+});n=1,J) ... (2.9) 

0TMeTBM, ~0 B OTJIJiqHS OT He~HBHCTC.KOI'O CJiy'iM aHepreT~ec.KHit 

cneKTp, OIIpe~~er.mit i!JopMyJIOit (2. 9), He .fiD11JieTCSI SI\Blf,ItltcT8HTH!:lU 0 

TaR ~0, Harrpm,rep, npH 60JIDIIIHX 3HaqeHHRX rJiaBHOro KBaHTOBOI'() 'IIIC-

Jia h. E,.~h.~~ • 
CPl:eBH.nHO, ~0 IIOTeHUHaJI (2,I) C 33MeHOil l:IHOliiHTeM (2,2) Ha 

Nz (E; 
1 

E) -: 
£: 
I'YI 

(2.IO) 

TBJOJte 6y~eT HMST:b CBOHM HepanRTHBHCTCIOfll rrpe~anOl,l OC~TOpmtlt 

IIOT6HinfaJI, PemeHJiR:f.!H ypaBHelfilf! (I.I) D STOM CJiyqae 6y~ qiyl!KUJm TO

ro JKe :sz.na ( 2, 4) , ( 2, 5) , r,ne , O,nHaKO, IIQpal.teTpH ~ H r 3a!M!WI!OT-

CSI COOTBeTCTBeHHO Ha 

A.t -= (h-nAJf' J 
ft~. -={E 1

-ffl
1)(2mwf', (2.II) 

TaK ~To yCJIOBHe RBaHTOBaHBn rrpHHHMaeT mm 
lt, 

£h = [m' +21t1W(2h+f+ J,z)] . 
' (2.I2) 

Ho.PMHpoBoqH!:l:li MHolKWran:o C rrpH aTor\ 6l~eT orrpe~~T:oCSI yCJioBHer.t 

( 
- s J I .. ,r ~ ,~ J p 2r) ~ , ) v~~ .. pl. I ~ i O 

(2.I3) 
TaR Ka.K , c yqeTou (2. IO) 1 MH :m.teeM He aaBHCSilltltlt OT aHepnm l£ 
KBa3miOTem.:t:HaJI , 

Paccr.~oTpm.t Terrep:o YpaBHeHHe (I.I) c KBa3HIIOTeHUHaJIOIA, .KOTopHA 

38.Ita.n:HM B CJie.IJ:Yl'llle!.l BH.Ite: 

l' c " • " v'1t ;, E) = 81i ,•;.. ~ (E,:,E) rF -kr) 
(2.I4) 

r.ne N, ( E; 1 E.) orrpe.neJieHo B (2.2). llapareTp ~ , Hrpamodi .PO'IL 

.KOHCTaHT!:l B3amio;.e~cTBM, BH6PaH 6eapa3Me.PJIHM. ITpz TaKOM BH6ope 

KBa:jfmoTeHIUfa.na npuBM ~acT:b ypaBHeHHR . 
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• 

( 
z 1 !,) !.) i. ""f -lli~""J . ~)d.+ 

E -m -r ~tr = (2,>l "E (r-fiJ" }:(1< k 

(2.I5) 

HM99T B~ CB9PTKH B 3B~OBOM KMITY~l>CHOM npocTpaHCTBe H, ~e~o

Ba.T9~l>HO, ,wiJl HB.XOJK,II;eHWt pememrll (2. I5) nMecoo6pa3HO HCriMl>30BaTl> 

npeo6pasoBa.HHe ~~J>e: ., 

'!t'(r) ~(2~~r1 e ipr"1:lf)Jfr ; "i{jt)-= fe-•p; 1J:l;) dt . c2.r6> 

Ilpl'l TaKOM npeo6pasoBamm BMHOBO~ !PYHKIJ;Xm nepeMeHHaR:\; I KaHolm'!ec

KH con~Ha~oBapl'laHTHO onpe~e~eHHOMY BeKTOPY O~HOCHT9~l>HOro HM

ny~~ca B CUM~. TO ecTl> caMS. JmJIRBTCJI HHBapRaHTor/8~a x:sa.sRnoTeHn:I'IM 

B r - npe~CTaMeHHH onpe;neJIR:eTCii RaR ( r ":: IF' I ) 

{ ) 
111 J -•f~ -In ,•A 1 .. V r, E -= - e _ a~ = 

(2H)s£ 1 ~ I 

4 ~,;•J -
TE. 

-J 
() 

$L'tz (7 r) 

'1,.. 
(df 
(' 

(2. I?) 

Ilpl'l Bwm~eHHH aToro IDITerpa.na HcriMJ>syeM peryJIJipHsanmo, paccr.~aTpH

BaBIJIYIOCF!, HanpHMep, B / 9/, T.e. BOCriMl>SyeMCii tPoPMY~Oit 
-s . ) ,._, , 1r i. . J. 

0 

4) 1., (? r ~ 0 1 --= · l -t " -r-fl--11.-)_co_s"""'(,....,..~.,.....,.) 

Tor;na 6y,:neM HMeTl> ( 0 ' r < oc> ) 

V{r, e)-: m"A E-t. r, (2.IB) 

TO 9CTl> llOT9Hn:I'IM B KO~OHHOM np~CTaM9Hl'I:I'I m!JUi9TCJI 3an:I'Ipa

IJIIHM. 06paTH09 K (2.17) npeo6paso:awme np:I'I 8TOM llOHHMa9TCH B CMHM9 

....... 
V ( ~ 'E ) = f ~ s € • ' ,.. 1H ., ). E -t r- e-c,. d;! . ( 2. I9) 

0TMeTHM s,:necl>, '!TO peryJIJipl'ISa.nw£ 0 HCriMl>SyeMrut B (2.I9), 06bl'n!O 

ripHMeHH9TCii, HanpHMep, npl'l H8.XOlK,ll;9Hl'IH B~a KBaHTOBOM9XaHH'l9CKOro 

KY~OHOBCKOro noTem~wra B m.my~l>CHO!If npocTpaHcTne. 

Ilo~e l'IHTerpHpoBaHKil B (2.I9) riO yr~aM C HCriMl>30BaH:I'I9M 

. saTeM tPoPMYJIH 

4 

'~: 
. '~ 
;(~: 

-~~~~.1 
~~~ ,, 
:,,, 

• 
:I 

·~ 

: .. ~ .. ; 
.• ~.1~·.·:.· '. ,,, 
f)' 
,1 

'., 
\ ·~~\ 
pi 

·~.1 ,1, 
.'11.'Y 

ll~ 
':, ·; 

\~ 
~( 

I, 
~ 

f, 

'v 
I 
i1 

~ .. , 
'.( 

-~ r"'·' s;n(~r-) e.-£r cl r -:: 

0 

f(ot) &1h& IU"t'~ t 1 
(ql+tl).yl 

(2.: 

ripl'IXO;nHM K riOTeH~MY (2.I4). 
YpaBHeHHe (2. I5) B r - npe,:nCTaMeHIDI ,wiJl <!>YHKinm "'!'( r) • c 

,:neJieHHOii B (2.16), ID/leeT BH.n 

[ rr ( z l) ~"~ J '\J..{-") -olr1-E.-~ +T,.. ~ ... =o. 
(2.: 

H B neHTpaJil>HO-CIDI!l>leTpl'l'lHOM ~yqae "t(r) ~ "t'(t)cBO,nl'ITCii, rryTeM ~HHE 
HOfi 3aM9HH nepeMeHHHX, K ypaBHeHHID 3npH. ~e~OBaTe~J>HO,peWeHRe 

(2.2!), y6llBa.IOIIIee npH r - oo , ecn 

r £1-"'1 ) (., .. A )1. ] 
r't(t")-== C ,Ai L(r-~ E -£- " . (2.2 

\MYHKnKfl 3iipH A ( ~) npu sToM onpe~eJIJieTCii KaK 

QO '\ 

_,4~(~)-:: ~~(~ +U\)d~ 
0 

(2.2 

a C ecTD HOpMHpOBO'lHM KOHCTaHTa. liruKe uy~eT riOKa3aHO, 'ITO 

KBaHTOBaHne ypOBHeH aHeprmr onpe~eJIJieTCii H3 yMOBHfl r"f(r) 1,. .. :- ( 
'!TO ,:naeT 

E't t - m 

(~~~)· 
) 

,, 
("';~ • ~ - k 

(2. 

r;ne - f k - HYJIU cfJYHKinm 3i1pu ( - f" < 0 ) • TIOKrui\eM Tenepl>, 

BO B HMriY~l>cHou npe,:ncTaBJieHIDI, onpe;neJIJierlfB.R: H3 ( 2. I6) , ( 2. 2I) , 
y,:noBJieTP.r!.PJI9T O,nHOPO.nHOMY HHTerpa.lll>HOMY ypaBHeHHID (2, I5) npH yc. 

BID! (2.24). TipoUHTerpi'IpoBaB B (2.15) !10 yr~aM, 6y~eM HM9TbB neE 

HO-CI'IMMeTpH'lHOM ~yqae ypaBHeHHe 

(~1 ~~'-E~) ~"itp) = 

':: 

rn ~A 
JiE 

OC> 

H~~K)' 
0 

- (p~k.)t 1 K"tt~) ~i:: 
(2.25 

5 



z l ... l ... i ,., - JiiiiH 0 " o , J I \ J 

( E -m - t' ) ~(f) =- (
2
,)J E , ~ ~\(1 'lf{k) dk 

(2.15) 
HMeeT B~ OBePTRH B 3B~OBOM HMUY~DOHOM npooTpaHOTBe H, ~e~o

BaTMDHO , .IWt HaxOJli,II;eHWI pememnt ( 2. 15) I:(e~e ooo6 paaHo HOIIOJID30Ban 

npeo6paaoBaHHe ~~De: • 

".t'(r)-:{ur1 e'P;-1J:{f)Jfr; 'Y:(f)-= fe-·~r:-1J:(;)J; . (2.16) 

llp:a TaKoM npeo6paaoBaHHH BOJIHOBO!t @.YH.KI.tml nepeMeHHwt\; I KaHomttieo

KB oon~eHa~oBapHaHTHO onpe~M8HHO~ BeKTOPY OTHOOHT8~DHOro HM

ny~DCa B Cl{M ~· TO eCTD caMB. .II:BJIJI9TCH HHBap:aaHTorl8~a KBa3HnoTeHI:(H8JI 

B f - npe~cTaBJiemm onpe~eJDieTCII ICaR ( r -= I;' 1 ) 

( ) "" J -•f~ -IIi ,,A 1 .. V r E -= - e at~ = 
> (2TrlE f" 1 

""""..\ 
TE. 

-J 
0 

$t.;z(1r) 

'lr 
(df 
(' 

ilpH B~~eHHH 3TOro KijTerpana HOIIOJID3Y8M pery~pH3at:(HD, 

BaBI!fYlOCJI, HanpHMep, B / 9/, T.e. BOCTIOJID3Y8MCJI qx,pM,V~Oil: .... s ) ,_, d lr i. . J. 
s i~-t ( ~ r ' f -= T -,." -r-{1--lt-)_co_s_,{,...,..~..,.....~") 

( 0'~~"< Oc:>) 
0 

Tor~a 6y~eM HMeTD 

V( r, E) -: lt1 "),E-t · r-, 

(2.17) 

paoor.w.TpH-

(2.18) 

TO 9CTD TIOT9HI:(HBJI B KO~OHHOM npe~CT8BJI9HHH .II:BJIJI9TCSI 38.IIHpa

DI!HM. 06paTH09 K (2.17) npeo6pa30BaHR9 npH 9TOM TIOHHMa9TCSI B CML1~9 
........ n s l,,... ., ' -t -tr , ... 

V(~ E)= rim e m toE r- e otr . <2 19) 
) £ .... 0 • 

0TMeTHM 3~8CD, 'ITO pery~pll3at:(Wi, HOIIOJID3yeMWI B (2.19), 06W!HO 

npHMeH.Il8TCII, Hanpm.rep, npH HaxOJK,ll;eHJm ~a KBaHTOBOMeXaHH'I80KOro 

ey~oHoBcxoro noTeHI:(HaJia B mmy~DCHOM npooTpaHoTne. 

ilOCJie HHTerpHpoBaHWi B (2.19) IIO yr~aM 0 HOliOJID30BaHH8M 

38TeM rPoPMYJW 

4 

• 

'I 
l.l;;: ~ . 
(' 
~~ ·~ 

~~'·· ' I , 

I 

' l~ ~ • 
1' 
·~ 

~ 
•• 1 
~ \ 
•'!.· 
~ r :' :t 
' i~ , 

.~,-. \,1 
.' :_ 

1:' 
I 
I 

I I 

li. 't 
~ 

-.11 

f, 
\~ 

I 
·' 
"r~J 

·1 r"'-' s~n.(~r-) e-t:r J r = 
0 

rtot) s,,& ,u-t·~ -t 1 
(ql+(l)~ 

!IpHXO~ .K IIOTeHI:(HWIY (2.14). 
YpaBHeHHe (2. 15) B P - rrpe~oTaBJieHIDI ,lJ,liR <!JYHKI:(HH ·'If( r-') 

~eJieHHoil: B (2.16), mJieeT B~ 

(2.20) 

, onpe-

[ 
cC { 1 1) ~" ~ J -u- ( '""') -olr~- E.-l-11 + T,.. ~ r -=O, 

(2.2I) 
H B I:(8HTpaJIDH0-0ID.1MeTpH'IHOM CJiy<rae '1{(~)-::'J:I(r)cBO~TCR, rryTeM JIHHefi

HOfi 3aMeHH nepeMeHHHX, .K ypaBHeHHID 3fipn. CJie~oBaTeJIDHo,pemeHne 

(2.2!), y6llB8JOI!18e npH r -+ oc> , eon 

r't(t)~CJt[(r- ~;~'EJ(:'A)i]. (2.22) 

Y/yHKI:(KI'[ 3itpH .A i ( ~ ) rrpn 3TOM onpe~e~eTCR KaK 

i 
.Al(~) ":; ]i 

..... '\ 

J~(~ +~q)dtt 
0 

(2.23) 

a C eon HOpr.nrpOBO'IHWI KOHOTaHTa. I!IDKe Oy~eT liOKa3aHO, 'ITO 

KBaHTOBaHHe ypoBHeii 3Hepi'IDI onpe~e~eTCR H3 Y~OBWi rY(r) I,.,:=- 0 ' 
'ITO ~aeT 

E't t 
- l'vl 

( th~~) ('"~~ r·." -k 
(2.24) 

r~e - J., - HyJiu <!JyHKI:(HH 3fipH ( - f.. < 0 ) • lloKruiteM Tenep:&, 'ITO 

BO B HMIIY~DCHou npe.noTaBJiemru, orrpe~e~eMM H3 ( 2. 16) , ( 2. 21) , 
y~oBJieT:P.nPffeT o~opo~oMY nHTerpaJIDHOMY ypaBHeHHID (2. 15) IIPH YCJIO-

mm (2.24). ilpollHTerpnpoBaB B (2.15) IIO yr~aM, 6y~eM HMSThB I:(9HTpaJID

HO-OID,nJieTpH'IHOM CJiy<rae ypaBHeHHe 

(~1 ~~o,'-E~) ~"ilp)-= 

-
= 

rnljA f r 1 

JiE j L~--k)~ 
0 

- ( p~k)t 1 K"tt~) ~~ 
(2.25) 

. 
5 



1', 

(I 0 

r.ne r-: I r I 
<l?YHRUHH k"'J::(It) 
RaK 

(' ~ 
, K .... I K I . C y<IeTOM cooilcT:sa He'l:eTHOCTH 
:mtTerpa.n B npaooft 'l:aCTH (2,2 5) CJie,IJyeT UOJmMaTl> 

h\ ~~ 

tE. 

-
(-1p) 1 

-OP 

1... ~'\!:(~) olk • 
(' 0 p-k. (2.26) 

.. " 
IlpH STOM BOJIHOBrut <!JYH~ r "t( p) B U9HTpaJI:bHO-CliMM9TpH'l:HOM CJI,Y"'ae 
onpe,neJUleTCfl, RaK aTo CJie,nyeT H3 (2.I6), CJie.IJYlllniM o6paaoM: -f"!C~) = l,r f s\n(pr) r~(r) Jr 

0 (2.27) 

OT.KY.na, C HCUOJI:b30BBHH9M ,nH{MlepeHUHaJI:bHOI'O ypaBHeHHii (2,2 ) , HMeeM 
TaiOJte _ 

(~'\ -E1 
.. ~1)f'1(~) = 4:"' ~l ~~ i c~~t) r'l{r)Jr + 4r t\!Ct-)/,.:o . 

p 0 (2.28) 

C UOMOfll:bRl peryJUl.PH3SUHH, aHaJIOrH'l:HOft HCUOJI:b30BaBWeftCfi Ha.MH B (2.I9), 
,IJ,7I.fl BOJIHOBIDC <lJYH~ B HMnYJI:bCHOM npe,nCTaBJI9Hlm UOJiy<IaeM, C HCUOJI:b-

30:saHHeM (2.2I), (2.22) H (2.27),CJie~ee :mtTerpa.n:&Hoe npe,ncTaB

JieHHe: 

f-1!!.'-iut.{ 1 
0 fiJ' l -
p1f (p) ": ( e fo+up .,t 

-<~~> 

+ (J l J J/,f 
f-ur -it (2.29) 

( 
IM'A ) l 

r.ne p-:. y , a ,IJ,7IR (2o:.28) .~?oTBeTCTBeHHO 

't , , c ~~~ o C h. ~A a I ' t ' 1Ll J f ' i -•llf. ' · r -E.,., l p) = --, a~.~e ()-- - 0-- _.~,.. • ~ ~/' lJ E Jp v f"f +t.l ~-UJ3-tl 7(2.30) 

-- no 
Ilo,ncTaHOBRa (2.29) H (2,30) B ypaBHeHHe (2.25) C yqeTOM (2,26) H ~p-

MYJI - - dJ( 
d. f { JJ( ~ I~ i 

_, 
; i-" -;;- ---

; JC-)- ~ -= J -+at 
-- '(2.3I) J( -..L a-~ -- -01> 

CUpaBe~ ,IJ,7IR J~oL >0 , 06palll8eT ypaBHeHHe (2,25) B TOJK,n9CTBO, 

~CJIH BHIIOJIH.IleTCH YCJIOBHe r"±Cr)/,...-=-0. TaK:m.l o6pa30M, pemeHWtMH 

6 

• ' 

It' 
!{[1 

,:·~~ 
·' 

'J.i 

~A 

'i 

' t 
1: 

,\;~ 

I 

~ ,, 

~ I 

ypaBHeHHii (2. I5), ,neilcTBHTeJI:&Ho ,.FIBJIRJOTC.FI <PYHKinm (2.29), a yCJiol 
KBSHTO:saHH.FI ypoBHeft aHeprHH HMe9T BH,n (2.2~). 

0TMeTHM, 'iTO C BliCOKOil CTeneH:&Rl TO'l:HOCTH ~ eyJieft tPYHKinm : 
PH- ~... cnpaBe~Ba <PoPMYJia j ~ =/) li(fl..+ J!J , npH'l:eM TO'l:HOCT:& 1 

TeM BliWe , 'l:eM 60JI:&me h. • CJie,no:saTeJI:&Ho , aaBHCHMOCT:& E.._ oT rJia: 

Horo KBSHTOBoro 'l:HCJia npH 60JI:&IIIHX h. HMeeT BH.n E.._""' n. It , T. e. 

.nHCKpeTHI:rlt cneKTp aHeprHft He orpaHH'l:eH coopxy. 
BH60p B BflpaJKemm (2. 14) ,wi.FI KBa3HUOT9HUHaJia MHOl!GtTeJUl ~~~ 

BM9CTO Jllft.i~ G,) npHBO,nHT K H93Ha'l:HT9JI:bHOl.\V H3M9H9HHRl npHBe,IJ;eHH 
pacc.YJimem. Yc.iroBHe KBaHTOBaHH.FI B aTOM CJiy<Iae npHHHMaeT BMecTo 

BH,n --3S . / .t. ")~) ~ 
-(S.t_m'Jfn3.a) = -f,_ j E~~. = fIn + ~ (m A. / J 

(2 

a BOJIHOBHe <l?YHKUKB B HMUYJI:&CHOM npe,ncTaBJieHHH 3a,na:RJTC.FI RaK 

- '11
3 

' 

~~~ • '(, 's-t"J" / L f ffJ -= c J e [}--1'-~~-~~-, :.t_,~,...+-,-.t + . -' f'l" 
/-um.AJ.;j-•. 1! (:2 _ .... 

Hopt.mpoBo'l:Hlift MHOl!GtTeJI:& C B (2.29) Haxo,nHTCfi H3 yCJioBWl, com: 

1119!'0 no <lx>PMe C (2,8), a KOHCTaHTa C 
1 

B (2,33) tPHKCHpyeTCfi YCJ 

(2.I3). 
HapR,ny c KBS3HnOTeHUHaJI:&HHM ypaBHeHIIeM ~oryHoBa:-Ta:axe~ae 

MH pacCMOT.PHM Ta.Klle KOBapHaHTHOe ypa:BHeHHe ,IJ,7I.fl "l:aCTHU CO CIIHHOM 

B03HIIKSmmee B rBMHX:&TOHOBOft <lx>PMY~HpoBKe KBSHTOBOI TeOpHH UOJI.FI 
O,nHOBpeMeHJlOM <l>ojlMBJIH3Me U,PB npoeUJllpoBaHHH Ha UOJIODTeJI:&HQ-'l:aCTC 
COCTMHH.FI / 3 ,IO/: 3" 

pE; -~E)?/:(,p~ =-/ .:_)3/Vfj; Z E) ~f~e7;'~ ~~. 
I {'/()/ J:; (: 

YpaBHeHHe (2.3:4) TB.Kllte HCUOJI:b3Y9TC.FI ~ OnHCaHWl peJUlTHBHCTCKOft 
'l:QCTH'l:HOft CHCTeMH, TaK, B pa6~j/II STO ypaBHeHUe 6HJIO pemeHO 
noTeHUHaJia o<mwrJI.F~TOpHoro THna. MH paccMOTPHM a.D;ec:& ypaBHeHHe (: 

C KB83Hn0T9HUH8JIOM, KOTOplift 38,na,nHM B BH,ne 

o " ) aJ7::/ m
3 

1 
V(,fi:?; E = - ri} -~ )l 'y£1h£,i +-tm.l' J (: 

- ---r.ne "nOJIYHMUYJI:&cH" !ii;. 17~ onpe,neJUllOTCH RaK 

-- Jl / • .::? I /f.:) ~ .lfJ -=- 1» ,s' 17 1 {:J n;~ ~ II,; ~ In ¥-'It I ~ ';t h" 1 

---
x>CM. Ta:K ae 60Jiee pamme pa6oTH /I2/. 
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II o 

p-:.IFI 
(' ~ 

, K "" II< \ • C Y'IBTOM cooAcT:aa He'ieTHOCTK 

KUHH l<:"'.i:CI<) HHTerpa.n B npaBOA 'iaCTH (2.2 5) CJIB,IIYBT ITOHHMaT:& 

~,~ 

tE. 

.... 
(-:c) s p _.,.. 

i. k\1:(~) ~k 1 

~-k (2.26) 

.. •. 
IPK 3TOM BOJIHOBWI <IJYH~ r 't( p) B ~eHTPaJil>HO-C:HMMeT PH'iHOM CJIY'Iae 

npe,neJIJJeTCSI, KaK 3TO CJIB,IIYBT K3 (2.I6) 1 CJIB.ItYUJlHM 00pa30M: 
..... 

~"l:(r) -= ~l' f s\n(pr) r'Hr) Jr 
0 (2.2?) 

TKY.zta, C HCITOJI:&30BaHK8M .nP$IJepeHI.tHaJI:&HOro ypaBHeHWi (2.2 ) 1 HMe8M 
a~e _ 

(~'\-E1-+~')p\l:C~) ~ q~tt.,l d~ ic~(r~) r'!(r)Jr +4rr~(~"-)/,.:o 
r o (2.28) 

ITOMOII.II>IO peryMPH3~, aHaJIOI'H'iHOli HCTIOJI:&30BaB1118liCSI HaMH B (2. I9) 1 

BOJIHOBHX WYH~ B HMITY~:&CHOM npe,ncTaBneHHH no~Y'IaBM 1 c Kcn~

oBaHHeM (2.2I) 1 (2.22) K (2.2?),CJie~ee HHTerpa.n:&Hoe npe,ncTaB

eHHe: 

- u' · { 1 ·- -111/C 'l ,. o IIJ' ~ 
p'l (pl~cfe r•uf'•·• 

-... 

+ 11 J.. J df4 
f-ur - il (2.29) 

(,.J)t 
•.ne f3-::. y 1 a ;u;m (2.28) cooTBBTCTBeHHO - , .. 

, , ~ 1•, o C "''A a I t ' .,L 
I f ,· i -••f. , . 

E -+#I 1- {p):: ---;;- aLii .,-- - ,-- +ri:lt- · )f' E Jp v '"f' "E ~ -UJHE j 7<2. 30) -- ~() 
.O,ItCTaHOB.Ka (2.29) H (2.30) B YpaBH8HH8 (2.25) C Y'IBTOM (2.26) H <!Jop-

- - Jx f i dt. ~ I ~ J. -~ 

lC-)- )(-+-< ':. d +at ; ; -;;- ----- ,(2.3I) )C- ..t J -<>( -.... -01> 

ITpaBe~ lW! ]~~otoL >0 1 00palll88T ypaBHeHHe (2.25) B TOJK,ll;8CTB01 

CJIH Bl:liiOJIHJIBTCSI YCJIOBHe r 1:: Cr-) I -: 0 • TaKKM 00pa30M, pemeHWIMH ,... 

6 

... 
---- ------~--- ._.,...~···~ 

"'.~·· 'f. 

l(' 

~, 
I 

t 
I· 
' 

ypaBHeHHH (2.I5), .neAcTBHTe~:&HO,RBnRDTCR WYHKUHH (2.29)1 a yCJioBHe 

KBaHTOBSHHH .. YpoBHeli 3H8pi'HH HMeBT BH,n (2.2~). 
0TMBTHM, 'iTO C BbiCOKOli CTeneH:&IO TO'iHOCTH ./!:f!_ ey~eA tPYHKUHH 3A

pH- ~~... cnpaBe,MKBa cpopMy~a ft ~:f) li(fL~ J!J 1 npH'ieM TO'iHOCT:& ee 

TeM Bblille 1 t~eM OOJI:&me h. • CJie,no:aaTM:&Ho 1 3aBHCKMOCT:& £"'- OT r~aB
Horo KBaHTOBoro 'l:HCJia npH OOJI:&IllHX h. HMeeT BH.n E~~.."' n. ~ 1 T. e. 

,IJ;l'ICKpeTHHil cneKTp 3H8pi'Hli He orpaHH'iBH CB8pxy. 

BHOOp B BflpalKBHKH (2. I4) WIJI KB83HnOT8HUII8.118 MHODTSJm ~~~"'_§· 
BMBCTO ~ ~~~E) npHBo,IJ;HT K He3Ha'iHTB~:&HoMy · K3MeHBHHIO TIPHBB.ItBHHHX '" 

paccYJK,nem. YCJioBHe KBaHTOBaHKJI B aToM CJiytiae npHHHMaeT BMeCTO (2.2.~) 

BH.n --3S • . - / .t 1: ., )~J ~ 
-(E3._m~fn3.a.) = -~,._ J E~~.. - r In -1- ?~r (m A. / J 

a ~OB!i8 <PYIIKUHH B HMey~DCHOM npe,nCTSBHBHKH 3a,na.IOTCSI KaK 

(2.32) 

- ·1/.J ' f'Jj • 1 (, '.3 -ellf, j :L f if) -:: C j € [}_'1"_11_11_1 :.\-~"'"".;.-, .-E + . .L f'lzt ' 
/-wm.A~-.·~: (2.33) --

HoPMHpoBo'IHHA MHOJitKTM:& C B ( 2. 29) Haxo,IJ;HTCSI K3 YCJIOBHJI, coBna.ztaiO

IIIBro no <Ix>PMe c (2.8) 1 a KOHCTaHTa c 1 
B (2.33) <PHKCKPYBTCll yCJioBHeM 

(2.I3). 
Ha.P~mY c KBa3HnOTBHurtaJI:&HHM ypaBHeHHeM JloryHo:aa-TaBXMH.zt3B (I. I) 1 

MH paCCMOTPHM TaRle KOBapHaHTHOe ypaBHeHHB lW! 'iaCT~ CO CTIHHOM I/2, 

B03HHKamm88 B rBMKn:&TOHOBOli <lx>PMY~HpoBKe KBSHTOBOA TeopHH ITOJIR KnK 

o,nHoBpeMeH!lOM <lx>JlM8.11H3Me ITPH npoeurrpoBaHKH Ha nMoJKHTe~:&Ho-t~acToTHHe 

COCTOJIHHJI / 3 ,IO/: 3" 

pE; --<E)11:(;o~ =-/ ~J3jVf/ZE) 1itl7;_':-c~. 
/ (;,vi ,/:; (2.34) 

• 
YpaBH8HH8 (2.3:4) TaiOKe HCITOJil>3YBTCSI ;v:::, OTIHCaHHJI peJIRTHBHCTCKOA ,nByx
'iaCTH'iHOli CHCTBMH. Tax, B paO~J/II 3TO ypaBHeHHe OWIO pemeHO lW! 
TIOTemntaJia O~OpHoro THna. Mli paCCMOTPHM 3,ll;8Cl> YpaBHBHH8 (2,34) 

C KBaSHTIOTBHltHaJIOM, KOTOp!iA 3a,D;a,nKM B BH,ne 

" " ) oli.::lm
3 

j 
V(J:?; E = - (~ -~ )l /£mEt. +..t~».l' , 

- --r.ne "nOJIYHMIIY~l>Cii" Ji;.~ Ji~ onpe,neJIJUOTCJI KaK 

~ I' / ~ J ~ ..:? I /f,:J ~ 
.111 -::. 111 ,s n 1 lt: 1 n.; ; .11,: "' 111 .Yh 1 ~ 7' "IC. , 

ol 

x>CM} TaK EB 60Jiee paHHHe pa6oTH /I2/. 
7 

(2.35) 

(2.36) 



8CJIH 
v ~ .Y! ~ ' ~ ............ " ~ _,... .2. -..c. I' c: 1n dYJ n_~ .- 1e = 1n · /.< n-,; .i h;·=-n.:,·={i. 37> 

ECJIH B ypa.BHemm (2.34) c RBaSIDIOTeHUHaJIOM (2.35) rreperm:can B TBJ}

MHHax rroJIYHMIIYJIMoB Tme cBo6o.IU1YJO WYHKin'IIO I'pHHa ~ f~~E)=Pij --;2€).-..t 
TO OHO IlpHMeT BH..n (1-(j):?ff/i) " 

1 J 
/ -.L ..=".;(.)~; ~ .I (_ - Jii .A. In ?I ~) c/.3~--( ./li' - );E J y ( 1i)) -= f.2ii)~ If'- ffj_) I (.7/J / 111, (2. 38) 

IIOJIHOCT:b!O aHaJIOI'lf'Ulli:ii ypa.BH8HHIO (2.15). llpH IIOJI,Y'iBHD (2.38) M1i 

BOCIIOJI:b30B8JIHC:b TBM, 'ITO rlt .. r;;.:t..: dt'-';;-"}
1
H BB8JIH 06063Ha'leHHe Jj="= (.l£ -~. 

PeweiOOI ypa.BHBHHSI (2.38) MOrYT 6HT:b IIOJIYlJ:BH.!l rryTeM WlJ:b9-npeo6paso

BaHHSI BOJIHOBOit IPYHKIU'IH .... ~ 
1f• ( J/-) : j~ I fl j' ~· !j~) ;;I :r~ 

(2.39) 
H IIOTB~HaJia C Y'IBTOM peryJISipHSaUHit,HCITOJI:bSOBBHH.IlX B.llllie.CJie~OBaTeJI:b

HO, BOJIHOBM QJYHI\IU'ISI ypa.BHBHRII ( 2. 38) MOJKBT 6HT:b SaimCaHa B IJ;BHTpaJI:b

HO-CHMMBTpH'IHOM CJIYlJ:88 1/!fif)= ?f(/i{/) .KaK 

J{/!f (7i)) = c)~ 1 lj:' -o1 .J 1 _ J ~ . 
I -r> l.Jyf+Uh1.J 3_,.11:. 

~ 

+ '0•-a~.1l(J -e-·1::.1 /t( (2.40) 
',P 

YCJioBHe KBaHTOBaHRII sHepreTH'!ecKKX ypoBHe:ii B CJIYlJ:ae KBaSIDioTeHIJ;HaJia 

(2.35), .KaK HBTPY.IUiO BH..nBT:b, MOJKBT 6HT:b rrpe~CTaBJIBHO B !PopMe 

2EI1. =- ~h1 (i +rlJ~~.. ~ g
6 ) 

(2.4I) 
C'!HTBJI KBapKH, :1!:3 KOTOp.llX COC.TaBJI8H.!l M9,0HI:.t, 'laCTHIJ;aMH CO CilliHOM 

I/2 H B.!l6Hpast qleHOMeHOJIOI'll'lBCKHil KB83HIIOTBHIJ;HaJI B BH..nB (2. 35) 1 IlpH

MBHHM YCJIOBHB KBaHTOBaHHSI (2. 4I) W1JI OITHCaHM CIIBKTpa MaCC B036.YJK,neH

H.IlX COCTOSIHHA 1l - , Y - H _j -MB30HOB. Macca CBSI3aHHOro COO-. 

TOSIHRII IIPH STOM C'IHT88TCSI pa.BHOA ~ ::..2 ~ , a ~a rrapaMeTpa Teopo -

• Macca RBap.Ka h1 =- ~n1 H xoHCTaHTa A ilJHKCHpYJOTCSI rro ;a;BYM :~raBeCTHHM 
ypoBH.IIM (3KCII9PJiiMeHTaJI:bHI:.tB ~aHHble B3SITI:.t Ha.MH H3 o6aopa / 5/). llpH 

STOM WUI 'Y: - 'l8CTHIJ; HMeeM tnL = 1,.2. raB, Ac-=-0i·D , ~SI 
I' -'laCTHIJ; hit ::. li, 3 6 raB, , ./lr::· t3 o 3 6' , a WUI f-

MeaoHoB B rrpe~OJIOJKBHlm 1 'ITO rre~BOB B036~eHH~e COCTOSIHHB HMBBT .J(a 
I, 25 TaB, m .. = o, 07 raB , A, - J, gg 1 ( 11 = .2 >. ~Ma TaMHIJ;.Il BH..nHo , 

'ITO WIJI H3BBCTH.IlX ~8JI:bH.IlX B036~eHH:ii TBOpM ~eT HBIIJIOXOB corJia

CHB C 3KCIIepHM9HTOM. llpHBe~eHI:.t TaKJKe rrpe~C.Ka3aHM W!.II B.llCillHX p~BJI:b

H.IlX B036YJI,Il;BHHA. 

8 

• 

3. 3a.Kino'leHHe 

TaKHM o6paaoM, B paMKax KBa3HIIOTBHIJ;H8JII>Horo rro~o~a B KBaH· 

TOBOA TeOpHR IIOJISI ~ti paccMOTpeJIH H9CKOJI:bKO B03MOJKH.IlX o6o6~eHHA l 

peJI.fiTHBHCTCKKX qleHOMBHOJIOI'H'IBCKKX IIOTBHIJ;HaJIOB aarmpamtli. TOT qlru 
'ITO B ROHqllilr,yp~OkHOM rrpe~CTaBJI9HHR 1 KOTOpoe 3~9C:b IIOSIBnSIBTCSI ~ 

KO JIHilll> B Ka'CJBCTBe BCITOMOraTeJI:&HOro, ITOTeHIJ;HaJI SIBJIJIBTCSI 3aliHpB.I(JJ 

oaHa'laeT, 'ITO B JiiMIIy.ir:r:.cHoM rrpe~cTaBJie1m:ll V (p: ~ej E) o6Jia.I(aeT 

CHHr.YJISipHb!M IIpH ?....,.~ iC IIOB9~9HHBM. ~ ~yx IlpoCT.IlX B03MOZHOC· 

TeA Bl:.t6opa B38HMO~eacTBKff THITa OCIJ;HnJISITOPHOrO ITOJIYlJ:BHI:.t B HMnYJII>C 

HOM rrpe~cTaBJiemm BOJIHoBHe tPYH~ H yCJiomm KBaHTOBamtli ypoBHei 

SHepnm. Ha OCHOB9 ypaBHeHM JioryHOBa-TaBXBJIH..n3B IIOJI,Y'ieH TO'IHHA 

CIIBKTP SHeprliiA H H~eHO HHTerpan:bHOB rrpe~CTaBJieHHe· W1JI BOJIHOEWO 

tPY'HKIJ;d: B HMIIYJII>cHoM ~J_>e~cTaBJieHHR B CJIY'lae BH6opa qleHOMeHOJion 

tJecROro rroTeHIJ;Hana Vr.r-; ~~ £) ... (?...._?) -~. c ,Y'ieToM rrpmmToA o6!NHc 

per,yJI.flpH3a.J:Um qlaKTH'l8CKii IIOKasaH0 1 'ITO STOT KBl:iaiDIOTBHUHBJI OTBe· 

'l8BT ~HHeAHo pac~eMY B KOHqJHrypauKOHHOMnpe~CTaBJIBHHR IIOTBHqHE 

Jry. PaccMOT,PeH aHano!'H'iH.Ilit Ba6op .KBaamroTeHqHaJia B ,ClJIY"l8e yprume 
crrpaBe~HBOro ~ CITHHOBWt 'l8CTHIJ;, ~ KOTOporo TaiOJte B.lliTHCaHH 1 

HOBHe WYHKIJ;HH B HMnYJII>CHOM rrpe~cTaBJieHHR H IIOJI,Y'ieH sHepreTHtJBCRJ 

CIIBKTp, cpaBHeHHe ROTOporo C H3BBCTHI:.tMH CITBKTpaMH MaCC M930HOB 

~aeT xopomee corJiacHe TeopHH H sKcrrePJiiMeHTa. 

B aaKJIIO'leHHe a.BTopa 6Jiaro~aPf!T B.r. IDwm!eBcxoro, A.,IJ;. Jimu 

BH'la, B.M. Ca.BpHHa, A.B. CH..nopoBa H M.B. 1!mlroBa aa o6.cYJK,D:eHM. 

h.. 

I 
2 
3 
4 
5 

Ta6mma 
Macca Bo36YJK.D:eHHwc ctCTOS!HHA "£. -, Y - H J - MeaoHOB 

~ IIO~BHIJ;HaJia 3aiiHpaHM (2.35) 

M-t ThB ~'-~r ThB MJ ran 

3KCII, TeopM 3KCII. TeopKR 3xcrr. 

3,095 3,095 9,46 9,46 0,776 
3,686 3,6I4 IO,OI IO,OI I,25 
4,04 4,04 I0,38 I0,45 I,55+I,65 
4,4I 4,4I I0,54 I0,85 

4,75 II,22 
----------------- -------------------
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<) " .r;/ ~ . ' ___.. -I- . ,., _,.. _..,. .2. -...z. 
b = h1 d ,.. n.. ,, K = 1n .7x n." · h··=n··=.l. r J'f' ~"' / x. J I' ~ (2.37) 

B ypa.BH8HID! (2.34) C .KBa3IDIOT8HLIHaJIOM (2.35) nepermcaT:& B Tep-

ax noJr,YHMIIYJI:&coB T~e cBo6o.rur.YJO <liYHRLIHIO rpmia 0i f~;E)=PLjr -.2€}.-.r 
OHO npHMeT Blf.n (Jf(/):'!ft/'l) 

.-..,;~_ ~-~.)~; /,::1' .I J; -Jii 1m.:J /7/ --; c/.3._-
.iil'' - );E j y /7/:?)-= -/---:j3 /~-· .7':.)/ ::t: (.#,J II: 1 

I' 1'.2il.; t I~ - II k_' (2. 38) 

HOCT:&IO aHaJIO!'Wlli!l:ii ypa.BH6!000 (2.I5). ITpH llOJrytl8HHH (2.38) Mbi 

ICllOJI:&SOBaJIHC:& T8M, 'ITO rfk~~-= dt'-';77i,H BB8JIH 0606SHa'!eHHe J:F/= (.ZE -~. 
8!00! ypa.BH6HH.sl (2.38) r.«>rJT 6HT:& ll0Jrytl8Hll rryTeM qiy:p:&e-rrpeo6paso

BOJIHOBOil cf>YH~ .:..-*~ -) j ljlj' r?!, /~ 1 /3~ 
1f·(Jt; =- e ~tf/t-YJ 

(2.39) 
lllOT6HUHaJia C Y'I6TOM peryJI.sipHSai.~Hfi,HCllOJr:&SOBaHHHX BHrne.CJie~OBaTeJI:&

BOJIHOBM QJYHKUW! ypaBHeHH.si ( 2 •. 38) MOlKeT 6HT:& SaiiHCaHa B U6HTpaJI:&-

CMMMeTpH'IHOM CJI:::ae tV:(fi,1= 71(1-;/) .Ka.K 

-111./ ,) }' ,·u
3 <tt·J:~· J. 

'/.o Yrli.r;"' C .e :r- ,.., ---
'!' /'. . .;;:. ... u 1111 ~'T'( 't 

-- 1' 

T 

-+- 'j.•-a~.16 -~.·~1 /1( (2.40) 
..,. 

OBHe 

35), 
.KBaHTOBaHRa 3H6preTH'I6CKHX ypoBHeil B CJiyciae .KBa3HllOT6HI.IHaJia 

.Ka.K HeTpy.zuro Blf.n6T:&, MOJK6T 6HT:& npe~CT8.BJI6HO B cpopMe 

2 Eh ::o :<. n1 ( i + oZ J~a- :::/ :t~ ) 
(2.4I) 

M .KBap.KH, HS .KOTOP!lX COC.Ta.BJI6H!l M630HLI, 'laCTlfUBMH cq CIJHHOM 

H BH6HpM cf>eHOM6HOJIOI'HlJ:6C.KHil .KBa3IDIOT6HLIHaJI B B~e (2.35), llpH-

M YCJIOBHe .KBaHTOBaHRa (2.4I) .!WI OIIHCaHW! Cll6.KTpa MaCC B036~eH-

COCTOIIHH:ii 'IJ:. - , y- - n: _f -MesoHoB. Macca cMsaHHoro coc-

npn: STOM ClJ:KTaeTC.si pa.BHO:ii N,._ ::..2 S. , a ~a napaMeTpa T60PHH -

CCa .KBap.Ka /h : IJ'If. li KOHCTaHTa ). qJliRCHpYJOTC.si llO l{ByM H3B6CTHHM 

;H!lM (aRcnepHMeHTaJI:&HLie ~aHH.Iie BS.siT!l HaMH HS 06sopa / 5/). I1pH 

.!WI 11: - lJ:aCTHU HMeeM Inc..= 1,.2 raB, Ac=-0i·D ' ~.II 
-'IacTn:u h1 1 = !i, 3 6 raB, , .!lt-=- ~ o 3 fi , a .zwr .f-
RoB B llpe~QJIOJK6HHH, 'ITO ne pBoe B036~eHH06 COCTOIIHHe HM66T ...t(. 

ThB, h1.. = 0,07 rsB, A 11 = 1, S!J7 (11:-t,\~)Ms Ta6.1ntuLI BH.IXHo, 

~ H3B6CTHLIX ~8JI:&HilX B036~eHlfil TeOpM ~eT H6llJIOX06 corJia

C SRcnepHMeHTOM. I1pHB6~6HLI Ta~e npe~C.KaSaHRa ~ BLICWHX P~8JI:&
B036~eHH:ii. 
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... 

3. 3aKiu!ReHHe 

TaimM o6pasoM, B p8Ml<8X .KBaS:mtOT6HLIHaJI:&Horo no.n;xo.zta B KBaH

TOBO:ii TeOpHH llOJr.si ~~ paCCMOTpanH H6CROJI:&.KO BOSMO*HHX 0606~eHHft He

p~THBHCTCKHX cpeHoMeHOJiorH'!ecKHX noTeHUHaJIOB sarmpaHH.si. ToT cpa.KT, 

'ITO B .KOHcf>Hrypai.~HoffiioM npe~cTaBJiemm, .KOTopoe s~ec:& nOR:BIUieTC.si TOJI:&

.Ko JIHlll:& B .Ka'C!6CTBe BCllOMOraTeJI:&HOI'0 1 llOT6HUHaJI JmJIR:6TCII 3aiiH:PaDilHMt 

osHatiaeT, 'ITO B m.myJI:&CHOM npe~cTa.BJielnm V (;:>: Kj E) o6Jr8J(aeT 

C:HHryJr.siPHHM llpH /,--~-= fC llOBe~eHHeM. ,lJ,m ,ItByx npoCTHX BOSMOJKHOC-

Teit BH6opa BSaKMO~eitcTBRR T:mta OC~OPHOI'O ll0Jry'!6Hll B KMITJ,n:&C

HOM npe~cTB.BJiemm BOJIHoBHe IPYH~ H YCJIOBWI KBaH'l'oBaHM ypoBHeit 

SHeprHH. Ha OCHOBe ypaBHeHH.si J!OryHOBa-TaBXeJm,ll;36 llOJrytleH TO'IIH!dt 

cne.KTp sHeprHit H H~eHo mrTerpaJI:&Hoe npe~cTSBneHHe ~ BOJIHOBHX 

qi,YH.t<Inrll B HMityJI:&CHOM !1?6~CTa.BJI6HHH E CJI'Y'Iae BH6opa cpeHOMeHOJIOrH

'C!6C.KOI'O llOT6HI.IHaJia vr,-; ~e:iJ-1?--R'J"l. c yqeTOM npmurroa OO!l'IHO 

peryJI.sipHSa.rniH cf>a.KTH'I8CKII llO.KaSaHO 1 'ITO STOT .RBEisiDIOT6HLIHaJI OTBe

tiaeT JIHHeilHo pacTyme~ B KOHcf>R~OHHOMnpe~CTaBJieHHH llOTeHUHa

JrY. PaOCMOTpeH aHaJIOI'Irnill!! BH60p KBa3IDIOT6HI.IHaJia B , CJI'Y'Iae ypi:mHeHH.si, 

cnpaBe~HBOI'O .!WI CrmHOBWt 'IaCTHU 1 .!WI .KOTOporo TaKllt6 BlliiHCa.Hll BOJI

HOBLie ~RUHH B lfMilYJI:&CHOM npe~CTaBJieHHH H llOJrYlJ:6H sHepreTH'!eCRHA 

Clle.KTp, cpaBH6HH6 .KOTOporo C H3B6CTHLIMH Clle.KTpaMH MaCC M630HOB 

~eT xopomee corJiacme TeopHH H s.KcnePKMeHTa. 

B srucmo'!eHHe aBTOPH 6Jraro~a.PfiT B.r. Ka..D;HmeBcKoro, A • .U. J!HHRe

BH'Ia, B.M. CaBpmia, A.B. CrmopoBa H M.B. lfuoBa sa ocic~eHH.f! • 

h. 

I 
2 
3 
4 
5 

Ta6.Jmga 

MacCH B036yJK,lteHHHX COCToruutlt "£ -, 't - H J - Me30HOB 

~ no~e~a sanzpaHH.si (2.35) 

M '!t ThB ~'-~r ThB MJ ThB 

3Kcn. Teopwr 3.Kcn. TeopHR: 3.Kcn. 

3,095 3,095 9,46 9,46 0,776 
3,686 3,6I4 IO,OI ro,or I,25 
4,04 4,04 I0,38 I0,45 I,55+I,65 
4,4I 4,4I I0,54 I0,85 

4,75 . II,22 
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Teopwr 

0,776 
I,25 
I,64 
I,98 
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