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IlpeoucAoeue PeoaK~UOHHozo coeema 

B nocne,1u1He ro,nLI CoBeToM_ MOJIOJJ;LIX y11eHLIX H cne

uuanucTo:e O61>e,nuHeHH0ro HHCTHTyTa .H,IJ;epHbIX HCCJieJJ;oBa

HHB, Hap.HJJ;Y C npoBe,IJ;eHHeM Tpa,nuUH0HHblX WK0JI no ci>H3HKe, 

6hlJIH opraHH30BaHbl cneuHaJILHble UHKJibl JieKUHH ,nm1 Mo

JI0JJ;LIX C0TPYJJ;HHK0B ~HCTHTyTa. TeMaTHKa 3THX JieKUHH 

0XBaTLIBaeT WHpOKHH xpyr pa3JIH'IHblX npo6neM 4>H3HKH 

3neMeHTapHLIX 'laCTHU H aT0MH0r0 .HJJ;pa, pa3pa6aTLIBaeMLIX 

B OHJIH. K 11TeHHIO nexuuoHHLIX xypcoB 6LIJIH npHBJie11eHLI 

Be.IJ;YlllHe' cneuHaJIHCTLI HHCTHTYTa, a TaIOKe xpynm.ie y11e

Hhle Hay11HLIX ueHTPOB CoBeTcxoro Co103a H JJ;pyrux CTpaH -

y11acTHHU OHJIH. 

Y'IHTLIBa.H 60JILWOH HHTepec M0JIOJJ;LIX y11eHLIX K 3TOMY 

JieKTOpHIO, ,IJ;HpeKUH.H OHJIH CO'IJia B03MOiKHLIM y11pe,IJ;HTL 

cneuHaJILHYIO cepHIO 6poWIOp "JleKUHH ,nm1 MOJIOJJ;LIX y11e

. HhlX". B 3TOB cepHH 6y,nyT ny6JIHKOBaTLC.H Jiy'IWHe nex

UHOHHLie KYPCLI, npO'IHTaHHLie B ay,IJ;HTOpH.HX HHCTHTyTa. 

ff3,naHHeM Te3HCOB JieKUHH, npo'IHTaHHhlX JJ;OKTOpOM 

ci>H3HKO-MaTeMaTH'leCKHX. Hayx P .H.«l>aycTOBhlM B cl>eBpane

MapTe 1973 ro.IJ;a JJ;JI.H MOJI0JJ;hlX TeopeTHK0B O61>e,IJ;HHeHHOro 

HHCTHTyTa JI,IJ;epHhlX HCCJie,IJ;OBaHHH, Ha'IHHaeTCJI BhlilYCK 

,naHHOB cepHH 6pow10p. 

Pe.IJ;aKUHOHHhlii coBeT c 6naro,napH0CTLIO npuMeT 3aMe-

11aHHJ1 H npeJJ;JIO)KeHHJI, KOTOphle Il03BOJIJIT ycoBepweHCTBO

Ba TL pa6oTy Ha.IJ; BwnycxoM 6poWIOp cepHH "Jlexuuii · JJ;JIJI 

MOJIO,IJ;hlX y11eHwx". 

© 1974 O61>e0UHeHHblU UHClltUIIIYllt JI0epHblX UCCAe0oeaHUii ,[!y6Ha 
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1. BeeoeHue. 

Jl3M60BCKHH CJJ;BHr ypOBHeii 3HeprHH BO,IJ;OpO,IJ;OilOJJ;06-

H0ro aTOMa JIBJIJieTCJI OJJ;HHM H3 Ba)KHeiiwHX pa,IJ;HaUH0HHhlX 

34>ci>eKTOB /I ,2/' IlOJJ;TBep)K,IJ;aIOlllHX C 6oJILWOB T0'IHOCTLIO 

cnpaBe,IJ;JIHB0CTL KBaHTOBOH 3JieKTPOJJ;HHaMHKH. Kax xopowo 

H3BeCTH0 12 ,3 /, npH Bhl'IHCJieHHH BeJIH'IHHhl 3"foro 34>ci>eKT!). 

npHX0JJ;HTCJI 0JJ;H0BpeMeHH0 ycTpaHJITL KaK YJILTpacl>HoJieTO· 

Bhle; .TaK H HHci>paxpaCHhle paCXOJJ;HMOCTH. 3TO npHB0JJ;HT 

K TOidy, '11TO Ha npaKTHKe 06hl'IHO HCilOJIL3yeTCJI "cMeWaH· 

Hoe" paccMoTpeHHe 3TOH .npo6JICMbl: HepeJIJITHBHCTCK0e 

B. 06JiaCTH MaJildX 11acTOT ci>OTOHOB H peJIJITBBHCTCK0C • 

B o6nacTH 60JILIIIHX. Kax npaBHJIO~ B yKa3aHHhlX o6JiaCTJIX 

IlPHMeHJIIOTCJI cy~eCTBeHH0 pa3Hhle MeTOJJ;LI OilHCaHHJI B0JJ;0· 

pOJJ;OilOJJ;06Horo aTOMa, BCJie,IJ;CTBHe 11ero B03HHKaeT H3BeCT· 

HaJI ripo6neMa / 2 ,3 / "cWHBaHHJI" nony11eHHhlX pe3yJILTaTOB. 

OTMe'leHHYIO TPYJJ;H0CTL M0)KH0 H36e)KaT!,, ecJIH C caMoro 

Ha11ana· HCil0JIL30BaTL peJIJITHBHCTCK0e ypaBHeHHe ,L{upaxa 

BO . BHewHeM· none JIJJ;pa C Y'leTOM pa.IJ;HaUH0HHldX nonpa

B0K /I,2,4,/_. IlpH 3T0M, OJJ;Haxo, nonH0CTLIO 0TCYTCTBYIOT 

3clxbeKThl, CBJI3aHHble C JJ;BH)KeHHeM /KoHe'IHOCTLIO MaCCLI/ 

· JIJJ;pa. liLIJia npe,nnpHHJITa ·nonLITKa 151 HaHTH BLIX0JJ; H3 

3Toro IlOJIO)KeHHJI C IlOMO~LIO MOJJ;Hc!>HUHPOBaHHOro ypaBHe· 

HHJi ,L{Hpaxa, Y'IHTbIBaIO~ero JJ;BH:»eeHHe Ji,IJ;pa B HepeJIJITHBH· 

CTCK0M npH6JIH:»eeHHH. TeM He Me11ee, KaK 0TMe11a10T caMH 

aBT0pbl pa60TLI 151, ' B npe,IJ;JIO)KeHHOH HMH cxeMe, Ha3BaH· 

HOH " Mo,neni.10 34>ci>eKTHBHoro _n0Te11uuana", He c<l>opMynu

poBaHa nocJI'e.IJ;oBa Teni.HaJI npoue,nypa nocTpoeHHJI one pa Topa 

rroTeHuHana .11 HapyweHa . CHMMeTpHJI B onucaHHH o6eHx 

11acTHU. · 

< Yxa3airnaJ1 'BLiwe npo6neMa 6Lina BnepBLie peweHa 161 

Ha o'cHOBe K0BapHaHTH0r0 . ypaBHeHHJI lieTe-COJIIlHTepa. 

3,IJ;eci.·, 0,IJ;HaKo, B03HHKalOT CB0H xopowo H3BeCTHble Tpy,n-
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HOCTH, CBH3aHHble C qen,1pexMepHbIM xapaKTepoM BOilllOBOH 

4>yHKUHH. B 3TOM OTHOIIIeHHH 6onbIIIHMH npeHMYIUeCTBaMH 

o6naAaeT KBa3HnOTeHUHailbHbIH MeTOA IloryHoBa H TaBxe

IlHA3e /7 / no3BOilHIOJUHH COBMeIUaTb npoCTOTY H Harn.aA-
' , 

HOCTb TpexMepHoro onacaHH.11 HepenHTHBHCTCKOH KBaHTOBOH 

MeXaHHKH /ypaBHeHHe lllpeAHHrepa/ C KOBapHaHTHbIM an

napaTOM KBaHTOBOH TeOpHH non.a. KBa3HnoTeHnHailbHOe 

ypaBHeHHe 6bmO c ycneXOM npHMeHeHO All.II BbJqucneHH.11 

TOHKOH H CBepXTOHKOH CTpyKTyp BOAOPOAOnOA06HbIX a To-
MOB/8/_ . 

HeAaBHO YAanocb pa3BHTb ;9 I BeCLMa o6muii · MeTOA 

cyMMHpOBaHH.11 BKilaAa MHrKHX /HH4lpaKpaCHbIX/ 4>oTOHOB, 

OCHOBaHHbIH Ha ·HO~OM ypaBHeHHH Tuna J:(aiicoHa All.II AByx

qaCTHqHoii 4>YHKUHH rpHHa. 3AeCb Mbl IlPHMeHHM 3TOT 

4JopManH3M All.II BbJqacneHHB:' Il3M60BCKOro CABHra HH3Illero 

nopHAKa a (Z a) 4 AilB npOH3BOJlbHbIX Mace qacTHU B paMKaX 
. '. . ,. 

KBa3HnOTeHUHailbHoro no~XOAa. 

2. Kea3unome111,1uaAbHOe ypaeHeHue 6 npOU360/lbHOU 
cucmeMe omc'lema 

B .JJ,anbHeiillleM Mbl 6y,IleM paccMaTpHBaTb CBH3aHHYIO 

CHCTeMy .IlBYX pa3nHqHbIX qacTHU co cnHHOM 1/2 H Mac

caMH m I H m 2. 'lleTblpeXHMnynbCbl qacTHU B HaqanhHOM co

CTOHHHH o603HaqHM qepe3 q I H 42, a B KOHeqHOM - qepe3 

p 1 H P2 . TorAa, KaK noKa3aHO B pa6oTe 1101, KBa3HnOTeH·

naanbHOe ypaBHeHHe B npOH3B0IlbHOH CHpTeMe OTcqeTa 

HMeeT BH.JJ,: 

( 
. ➔2 2 / ➔ 2 2 :>, . 1 3 ➔ ➔ ,.. 

E-ypl+ml-\ P2+m2)'Pp(P1= (211)3fd q'V(p,q;:P}'Pp(q), /2.1/ 

rAe nonHLIH qeTblpeXHMnynbc CHCTeMhl 

➔ ·:;--;- 2 
:P=lE,:i'l= p +p, E =v:P +M 

I 2 /2.2/ 

M - ,Macca CBH3aHHOH CHCTeMbl. OTHOCHTCilbHbIH qeTblpex

HMnynhC CHCTeMbl ,nByX qacTHU y,no6HO BBeCTH cne,nyIOIUHM 

o6pa3oM: 
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p :, 1/ p + p; 
1 1 1/ 1 

2 2 2 _ M +m 1 -m 2. 
- 2M 2 

p 2= 11/- - p 

2 2 2 M +m2- ml 

1/ 2 = 2M 2 /2.3/ 

p = 1/ 2P 1 - 1/ l 2 ; 1/1 +1/ =1 2 • 

( p • p) = E po _ p. p = ..l [( p 2_ m 2) -( p 2 _ m 2 )]. 
2· 1 1 2 2 

TaKOH Bbl6op y,Ilo6eH TeM, qTo Ha MaCCOBOH noBepXHOCTH 

P. 2= m 2 p 2 = m 2' (:P • p) = 0 
1 1 ' 2 2 ' 

HMnynbC p, onpe,IleneHHbIH paBeHCTBaMH /2.3/, COBnaAaeT 

C H3BeCTHbIM qeTblpexaeKTOPOM OTHOCHTeilbHOro HMnynbca, 

BBe.JJ,eHHhIM rop.JJ.HHrOM H BaiiTMaHOM. B cnyqae cna6o 

CBH3aHHOH CHCTeMbl, KOr,Ila 

M=m1+m2+'Y' 1w l«ml +m2, /2.4/ 

HeTPYAHO BH,11,eTb, qTo 

m 
1/ ;; 1.2 , /2.5/ 
1,2 m 1 +m 2 

a Mbl npHXO,IlHM K o6blqHOMY Hepen.aTHBHCTCKOMY onpe,Ilene

HHIO OTH~CHTeJlbHOro HMilYilbCa. 
Boruioaa.a q>YHKUHH '11 cnpoeKTHpoaaHa Ha no,IlnpocTpaH

CTBO nonO)KHTenbHbIX qacTOT H HMeeT ABYXKOMnOHCHTHble 

CilHHOpHble HH,IleKCbl /B,IO/. OnepaTOP KBa3HilOTeHUHana 

V y,11,06HO onpe,nenHTb B TepMHHaX aMililHTY.ItbI pacce.aHH.11 

BHe 3HepreTaqecKOH noaepXHOCTH: 

V=T(l+'ct;>T )-
1 

=T-T'G'~+>T+ ... , /2.6/ 

r.ne 
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r:::tG <+>( ➔ ➔• p) _ (2rr.)
3 o (p-q) 

0 p,q, -
E- y ➔p2+in2- ., ➔p2+m2 

I I V 2 2 

/2.7/ 

a yMHO)KeHHe nOHHMaeTC.H B onepaTOPHOM CMLICJie KaK 

HHTerpupoBaHHe no npocTpaHCTBY OTHOCHTem.HLIX Tpex

HMilyJibCOB. AMnJIHTYAa pacce.HHH.H 

'I= ['{;1~+) ]-I ~'G'(+)[rct;> J -:I 

~'G(+~ 'G'(+) -'G'(+) 
- 0 

BLipa)KaeTC.H qepe3 ~ypbe-06pa3 ABYXBpeMeHHOH 

rpuHa B HMnynLcH<>M npocTpaHcTae 

'G1( p, q ; p ) = ~ {dp0 dq0 G (p,q; p L 
·- (-217} --00 . • • 

/2.8/ 

~YHKUHH 

/2.9/ 

cnpoeKTHpoBaHHOH Ha noJIO)KHTeJibHO qacTOTHLie COCTO.HHH.H: 

r.:tG(+>r ➔➔ @) * c·· )* (--)□G(_,; ➔ @) o o () () 
\p,q; J =Ul P1 u2 P2 p,q; J YI Y2 ul qi u2 qi. /2.10/ 

* ,[l;HpaKOBCKHe cnHHOpLI u { 2 · HOpMHPOBaHLI YCJIOBHeM u u = 1 . 
HMnynLcLI qacTHU B cucieMe ueHTpa Mace 0603JiaqeHLI Ha 

puc. 1. 

6 

E 0 -?t + p ·, p 

E O ➔ 

?2 -p '-p 

E O ~ 

71 +9 ,-~ 

72E-~o,-9 

Puc. 1. 
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,D;ayxqacTHqHa.H ~YHKUH.H rpuHa G YAOBJieTaop.HeT ypaa

HeHHIO lieTe-Go.rµ1HTepa /onepaTopHoe yMHO)KeHHe 03HaqaeT 

HHTerpHp0BaHHe no npocTpaHCTBY OTHOCHTeJibHLIX qeTLipex -

HMnyJibCOB/: 

'G = 'G0 + G0K'G_ = 'G O+ 'G KG0 = 

='Go+GoK'Go+ 'GOK'GK'Go 

rAe /2.11/ 
4 4 . 

G
0

(p,q; P)=:i(2rr) o (p-q)S
1 

(p
1
)S

2
(p

2
), 

s-1 (p)=p•y . -m 
1,2 ·. 1.,2 1,2 

m 1,2 - ~H3HqecKa.H /Ha6JIIOAaeMa.H/ Macca qacTHULI. RAPO 

K onpeAeJieHO KaK 6eCKOHeqHa.H CYMMa HenpHBOAHMblX 

B CMLICJie AByxqacTHqHLIX ceqemdi AHarpaMM . <l>eiiHMaHa. 

OAHaKO B paccMaTpHBaeMOH 3a.l{aqe o6LiqHa.H TeOpH.H B03-

MYIUeHHH HenpHMeHHMa AJI.H nocTpoeHH.H HAPa: K. YKa3aH

Ha.H TPYAHOCTb B03HHKaeT u3-3a:Heo_6XOAHMOCTH yqHTblBaTb 

3~eKTLI "CB.H3aHHOCTH" /B3aHMOAeHCTBH.H/ B npoMe)KyToq-: 

HLIX COCTO.HHB.HX CHCTeMLI ABYX qacTHU. 3TO o6CTO.HTeJib

CTBO TeCHO CB.H3aHO C HaJiuqueM HH~paKpaCHblX pacX0AH

MOCTeii B 3JieMeHTaX MaTpHUl.I pacce.HHH.H Ha MaCCOBOH 

noaepxHOCTH, KOT0pLie HCnOJib3YIOTC.H AJI.H IlOCTpOeHH.H KBa-

3HnOTeHUHana B TaK Ha3LIBaeMOM "npu6JIH)KeHBB pacce.H -

HH.H". Heo6XOAHMO no3TOMY npOH3BeCTH BLI6opoqHoe- cyM

MHP0BaHHe 6eCKOHeqHLIX IlOCJieAOBaTeJibHOCTeii AHarpaMM, 

BXOA.HJUHX B HAPO K' qTO npoiue acero ocymecTBHTb C no

MOuibIO nOAX0A.HIUero ypaBHeHH.H. B pa6oTe "/9/ 6LIJIO noKa-

3aH0, qTO ~APO K noAqHH.HeTC.H ypaBHeHHIO THila ,D;aiicoHa 

/B.12/ /cM. IlpUAOJICeHue B/. HcnoJib3y.H 3TO ypaaHeHHe 

a 
0

HY)KHOM npH6JIH)KeHHH /puc. 9 H lla/~ MLI nonyquM AJI.H 

HHTepecy10meii 
0

Hac BeJIHqHHbl ~ G CJieAy10mee npe.l{CTaB

JieHHe: 

~ G· = ·G-G O;;; G ol K; + K cl G O , /2.12/ 
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r,n;e 

K (p,q)=e
1 

e
2
y

1 
ifP (p-q)y 

2 . 
; Ov(k) = d(k \ gp.v _ kp. k v) 

k 2 k2 , y µ 2v 

/2.13/ 

52( P2)KG( p,q; p )S2(q 2)= 

1ie1 d \ . . . . m 
--4- f 2 Y1 {G(p-7J 2k , q-½k, J -k) -
(211) k µ 

/2.14/ 

. . 4 4 µ 
-S

1 
( p

1
-k), 2_ 2 S

2
(p

2 
)(211) o (p-q)]y1 , e 1 =-e ,e 2=Ze. 

p Cm 1 

3TH BLipa:>KeHHJI H306pa:>KeHLI B BH,D;e ,n;HarpaMM Ha 

puc. 2. 

LJ 
llG== + 

Puc. 2 

B COOTBeTCTBHH c npe,n;cTaaneHHeM /2.12/ H Ha OCHOBaHHH 
onpe,n;eneHHH /2.6/ ~ /2.8/ KBa3HilOTeHI~HaJI 

'V;;;T ='V +'V , 
y G 

/2.15/ 

r,n;e 

'V = [~(+) ]-I ['G K G' ] (+)[ti'(+)] -I 
y,G O O y, G O . 0 .· • /2.15a/ 
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IIOCKOJILKY R.IlPO K BKJllOqaeT ,!{HarpaMMY 0.I{HOi);IOTOHHOro 
o6MeHa / puc. 2/, y'.I{o6Ho B RBHOM BH,n;e Bhl,n;enHTL KynoHoa
CKH:e: IlOTeHI~HaJI: 

·v = 'V + LtV , ·v (k) = - Ze
2

. /2.16/ 
e · e ~2 

YpaBHeHHe /2.1/ B HepeJIJITHBHCTCKOM npe,!{eJie, oqe
BH'AHO, nepeXO.I{HT B 06LiqHoe ypaBHeHHe · IIIpe.I{HHrepa: . 

.· n 2 .. ➔ · 1. d3 (➔➔ )·m( ➔) ( W - -L:.- ) lJI (p ) = -- f q'V P ,q; w T q , 
2µ . . (211) 3 . 

/2.~7/ 

r,n;e 

W=M-m -m ; p. = m1m2 
I 2 m

1
+m

2 
1/3 IO/ B . cnyqae KYJIOHOBCKoro IlOTeHD;HaJia MLI nonyqaeM ' 

B Kaqec·Tae peweH:eR ypaaHeHHR /2.17 / xopowo H3BecTHLie 
6opOBCKHe YPOBHH :rneprHH 

w 
en 

( Za) 2µ 

~ 

2 
a= e 

A11 ' 0 =1 2 , ' ... /2.18/ 

u' KYJIOHOBCKHe ao~oai.ie i);iyHK~ 'Pen ; KOTOpLie npHMe~ 3a 
HCXO.I{~oe npH6JIH:>KeHHe. B ,n;anLne_:e:weM naM n~rna,n;o6HTCR 
311aqe11He cne,n;yIOllleH BeJIHqHHLI: 

1 _.:_LI d3 p 'P ( p) 12 = I qi . (?=o)i2 = (µZa)\ ,/2.18a/ 
(211) 3 en en 770 3 eo 

r,!{e f - . op6HTaJILHOe KBaHTOBoe qucno. C.n;BHr YPOBHe:e: 
:meprHH onpe,n;emreTcJI o6LiqHo:e: i);iopMyno:e: TeopHH B03 -
MYllleHH:e: 

~E n=<nj~'V .In>= 

/2.1,9/ 

1 3 3 ·* ➔ ➔ ➔ ➔ 
=-fdpdq'P (p)~'V(p,q;E)'P (q). 

(27T )6 en en 
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Ilepei.I(eM Tenepb K IlOCTpOCHHIO KBa3BilOTCHUBana 'V B JIB• 

HOM BB.I(C. 

· 3. Iloc11poeHue onepa11opa 1<ea3uno11eH'IUCllla 

«l>yuxnuro TpHHa G, xoTopaJI BXOABT B BLlpaJKeHHJI /2.14/, 
/2. 15/, Mhl MO)KeM- :u:aiTH TOilbKO npH6.mDKeHHO. )J;nJI 3TOro 

3aMCTBM, 'ITO BCe 34xi>eKTbl "CBJI3aHHOCTH" npOJIBJIJIIOTCJI 

nHlllL npu MaJibIX HMnynLcax BHpTyanLHoro tl>oToHa. Ilapa

MeTp A ' orpaHH'IHBalOIJlHH 3TY HH3KO'laCTOTHYIO o6naCTb, 

cne.I(yeT Bhl6paTb TaKHM, 'IT06LI 

2 
(Za) IL« A«µ . /3.1/ 

Ha npaKTBKe YA06Ho B3JITb A - Zaµ. .. B cooTBeTcTBHH 

c 3TBM HHTerpan no HMnynLcy BHpTyanLHoro tl>oToHa pa-

306LeM Ha ABC 'laCTH . 

f d
3 

k dk O = [ J i k + f d 
3
k ] j d k O 

• /3.2/ 
lk.l < A 

➔ 

lkl•>A -00 

IloCKOilLKY · rnaBHyro ponL B 34xi>eKTaX "cBJI3aHHOCTH" 

urpaeT KynOHOBCKOe B3aHMO.I(CHCTBHe, TO B HH3KO'laCTOT· 
➔ . . 

HOH o6nacTH I k I<>. Mhl MO:>KeM ucnonL3oBaTL KynoHOBCKyro 

tl>YHKUHIO rpuHa uepenJITHBHcTcxoro · ypaBHeHBJI filpeAHHrepa 

/2.17 /. MOAHWBilHPOBaHHYIO COOTBCTCTBYIOIJlHM o6pa30M. 

C 3TOH uenLIO paccMoTpHM ypaBHCHHe /2.11/ c KynOHOB· 

CKHM JIAPOM 

Kc(p,q)=· e1e2Y10Y20_ 
. ( ... ➔) 2 p -q 

/3.3/ 
~ · . .: 

IlocKOilbKY JI.APO Kc He 3aBHCHT OT OTHOCHTCilbHOH 3HeprHH 

/MrHOBCHHoe B3aHMOACHCTBHe/, TO C yqeTOM onpe,I(eneHHJI 

/2.9/ypaBHCHHIO /2.11/ MO:>KHO IlpH.I(aTL BB.I( 

'G = G O + G 
0

K G O + 'G
0 

K 'G" K G 
0 C • C C C C . /3.4/ 

10 

I 
I' 
j 
1 

I 

HilB 

G - I SG G -I "' K + K 'G' K 
0 c O c c_c C' 

/3.5/ 

r.I(e 
~ 'G C = G C -G O • 

B CBOIO oqepeAb, KaK cne.I(yeT H3 COOTHOlliCHBJI /3.4/. ABYX· 
~ 

BpeMeHHaJI WYHKUHJI rpuHa Ge YAOBneTBOpJieT ypaBHCHBIO: 

Cl r::l r:::, r:::, r:::, r.:::, ~ 
Gc=Go+GoKcGO+ GOKcGcKcGO. /3.6/ 

,l].OMHO)KaJI paaeHCTBO /3.5/ cneaa u cnpaaa. Ha BCilH'IHHY 

'Go B BCil0Ilb3YJI ypaBHCHBe /3.6/. Mhl npBXO.I(BM K none3 -

HOMY COOTHOilleHBIO: 

· 'G' G -I ~-G G -I'c;' = ~ 'G' 
0 0 C O O C 

/3.7/ 

rAe 

~'G1 ='<;1 -'G'o C C 
B paccMaTpHaaeMOH o6nacTH HMilYilbCOB BHpTyanLHoro 

tl>oToHa c HY)KHOH TO'IHOCTLIO AOCTaTO'IHO ucnonL30BaTL 

numb nono:iKHTenLHo qacToTHYIO npoeKUHIO WYHKUHH rpuHa 

G. IlpBMCHJIJI onpe.I(eneHHe /2.10/ B o6eux 'laCTJIX CO OTHO· 

meHBJI /3. 7 /, Mhl Hai.I(eM: 

'f}-+)[G (+)]-1 ~G(-t)[G(+) ]-I'c;1(+)=~'(;'( +) 
0 0 C O O ,c 

HilH 

~G(+)= G(:i,( 'cf+) ] :,..i~'G<+\'ct+)]- 1 G (+) 
c O O c O O' 

/3.8/ 

r~e 

(+) 4 . 4 (+) (+) 
G

0 
(p,q)=:i(2rr) o (p-q)S

1 
(p

1
)S 

2
(p

2
), 

/3.8a/ 

~) ➔2 2 -I 
5 1,2 (p)=(P

0
- VP +rnl,2). 

TenepL Mhl MO)KeM a npHHJITOM npu6nu:>KeHHH OTO)K,I(eCTBHTb 

ABYXBPCMCHHYIO 4iYHKJlHIO rpuHa G (+) C HepenJITHBHCTCKOH 
C 

KynoHOBCKOH4iYHKUHCH rpuHa 

II 



Cl(+) ➔ ➔ - lp (➔ ·* ➔ 
Ge (p,q;P) ::·G:m (p,q;W)= I en p) 'Pen (q) 

n W-W +iO n . 
/3:9/ 

r.u;e CYMMHpoaaHHe -Be,D;eTCH KaK no ,D;HCKpeTHOMY' TaK H no 
aenpephIBHOMY cneKTpy :mepruu. TaKHM o6paJoM, cooTHo
weHHe /3.8/ npHHHMaeT OKOH'laTeJILHYIO it>opMy: 

G~+) _G~+~G(~)['(;1~) ]-I [G:R_'(;1(;)][~~+1-1 G~+>. /3.10/ 

IlOJIO>KHTeJibHO 'laCTOTHaH 'laCTb KYJIOHOBCKOH ii>YHKIJ;HH rpu
Ha .u;aeT CJie,D;ylOIQ!IH BKJia.u; B npe.u;cTaBJieHHe /2.14/ ,D;JIH 
s.u;pa KG·: 

5 iP2)KG(p,q; P)S2(q2)= 

ie1 d 4k (+) ➔ ➔ (+) 
= -~4 I -2 Y1 A I (pl-k )A2 (p2)[ G ({>-7] k,q-77 k; P--k)-

( 21r) k µ e 2 2 

4 4 (+) ➔ ➔ <+> ➔ . µ 
-SI ( pl--k)I s (p )(277) 0 ({>-q)] }' y A 1' (q -k)A 2 (q2)Y. Y, Y. ' 

p~2 2 'Z IO 20 I IO a> I 
I I 

/3.11/ 

r.u;e npoeKUHOHHhlii onepaTop 

(+) :"I 1/2 a ➔ * a ➔) 
A (p' = I u I 2 (p) u I 2 (p . 

I ,2 a=-1 /2 ' ' 

B peJyJILTaTe Mhl npHXO,D;HM K HCKOMOMy Bhlpa)KeHHIO ,D;JIH 
H,D;pa KG a o6JiaCTH MaJihIX HMnyJibCOB il>oToHa: . 

·< 
S 2 (p 2) K G ( p' q; p ) S 2 ( q 2) = 

ie
2 

d 4k ➔ ➔ ➔ (+> m 
= ~ f ~y u /P1-k)u2 ( P2) [Ge ( p-112k ,q-7J2k;J~-

( 211)4lkJ<,\ k Iµ . . . 

/3.12/ 

12 

I 
i -

( 
i' 
I 
'~ 

l 

( 
f 

(+) (+) 4 4 - ➔ ➔ - µ 
:-s1 ( P1-k)lp2=m2S2(pl211) 0 (p-q)lu/q1-k)uJq2)yl' 

- * U=Uy , 
0 

I I 

r .u;e il>YHKUHH rpuHa G !+> onpe.u;eneHa cooTHoweHHeM /3 .10 /. 
,lJ;JIH Toro 'IT06hl HaiiTH COOTBeTCTBYIOIUHH HHJKO'lac

TOTHhIH BKJia,D; B KBaJHnoTeHu;HaJI ·v, Tenepb oc.TaeTCH no.u;
CTaBHTb Bhlpa)KeUHe /3.12/ a onpe.u;eneHHe /2.lSa/. 

IIpoHJBe,D;H npoeKIJ;HIO Ha noJIO)KHTeJihHO 'laCTOTHhle co
CTOHHHH c noMOIIJ;blO COOTHOWeHHH /2.10/ .u;o HHTerpupoaa
HHH no OTHOCHTeJibHhIM 3HeprHHM, Mhl noJiy'IHM COOTHO

weHHe: 

r:::,G <+> 'V < r::iG <+> -
O G O -

d_ I dpo<ll° s<:>(pl) f d 4;rrl (pl)yl u /P1-k)x 
i( 211) 

6 !kl<>. k µ /3.13/ 

' (+) (+) . (+) 4 4, 
x[ Ge ( p-71 k, q....,, k; p --k) -S (p -k >1 2 2s2 (p2)(2rr) 0 lp-q)]x 

2 2 1 I p =m 
l I 

xii cct -k>rµ u ci >s<+>cq >-
11 1111 I 

IloCKOJILKY HepeJIHTHBHCTCKaH KYJIOHOBCKaH il>YHKIJ;HH rpuHa 
G NH iie JaBHCHT OT oTHOCHTeJILHhIX 3Hepruii p O H · q 

O 
, 

e 
HHTerpupoaaHHe no 3THM napaMeTpaM B pa13eHCTBe /3.13/ 
MO)KHO JierKO BhIIlOJIHHTb C noMOll{blO TeOpHH Bhl'leTOB. 
C y'leTOM COOTHOWeHHH /3.10/ Mhl HMeeM, HanpHMep, 

HHTerpan 

f dpO ' 
➔ ➔ 

(E 1+Po_ E .CP1))(E 2 _Po-E2 (p2))(E 1-ko+po-E l(pl-k)) /3.14/ 

13 



(-211:i) 
➔ 

➔ ➔ ➔ ➔ 

(E-£1(P1)- £iP2))(E-k 0 -£ l (pl-k)-£2(p2)) 

rAe 

(➔) ➔ 2 2 ·o E = T/ E , ( p = v p + m -11 
l ,2 1,2 1,2 1,2 

B aHanorH'IHblH HHTerpan no dq 0 • 

TaKHM o6pa3oM, Ha ocHoBaHHH cooTHoweHBJI /3.13/ 
Mbl npHXOAHM K cneAyromeMy BLipa)KeHHIO AHJI HHTepe?'ro
meii Hae HH3K0'18.CTOTHOH qa~TH KBa3Bn2TeHUBana ·v G B 
cucTeMe ueHTpa Mace /rAe P =0 , p = p /: 

l 

·v < (p,q; P) = 
G 

e 2 d 4k ➔ ➔ ➔ NR ➔ ➔ ➔ k➔ m '·) :J.._f -u(p)r, .u (p-k)[Ge (p-.,,
2

k,q-T/, ;J--
. ( 2 ) 4 k2 l · lµ l . 2 

:1 TT lk I<,\ 

/3.15/ 

3 3 ➔ ➔ ➔ · 
i(211) o (p-q) ]u

1 
(q-k)yfu

1
( q), 

( (p)- ( (p-k')-kO+ :iO 
l I 

➔ 

P =IM, O l-

Hcnonh3YJI JIBHOe Bblpa:>KeHHe /3.9/ AHJI KYHOHOBCKOH 
<PYHKUBB rpeHa G ~R' MLI CMO)KeM 6e3 TPYAa npOBHTerpe
poBaTb B paBeHCTBe /3.15/ no Hyneaoii KOMnoHeHTe BM
nynLca <POTOHa II B pe3ynLTaTe HaiiAeM: 

< ➔➔ 
'VG (p,q;W)= /3.16/ 

2 d3k ➔ 
e - ➔ (➔ k) I" = - .....:..i_ I - u (p)y u l p- ,,;;., 

( 211)3 k<,\ 2k l Iµ n 

➔ ➔ * ➔ ➔ 
'I' (p-T/ k)'P (q-T/ k) 

en 2 en· 2 
W-W -k +.iO 

n 

14 

l 

'• i 

) 
! 

't 
I 

<211>3 cl< ➔ ➔ ➔ ➔ p q) - ➔ ➔ ➔ 
fl({))-£ l (p-k )-k + ti O l ul ( q-k >'. ul ( q), 

➔ 

k =:lkl 
➔ IIpH Bbl'IHCneHHH BKnaAa BblCOKO'laCTOTHOH o6naCTB 

I k I>,\ B npeACTaaneHHB /2.14/ AOCTaTo'IHO npHMeHHTh 
06L11rnyro TeopBro B03MymeH11ii. An» BXOA»meii TYAa <PYHKUHH 
rpHHa: 

~G(p,q; p )= el e2 Sl (pl )S/P/Y1µ Dµv (p-q)~v S l (ql)S2 (q2)+ .... 

/3.17/ 

TorAa Bhipa)KeHue /2.14/ An» yKa3aHHoii qacTH »Apa Kc 
npHHHMaeT cneAyrom:eii .npoCTOH BHA: 

> 
KG(p,q ;P) = 

• 3 
.1e1e d4k 2 f K µv 
-( -2 11-) .... 4-➔ ~ y l S l ( P1 -k )ylµ S/ q 1-k )y l D (p-q) y = 

lkl'::A K 2v 

(2) µv 
/3.18/ 

=-ele2['lµ (p1,qi>D (p-q)y2v, 

rAe r ) 2> - 06hI'IHaJI BeplllHHHaJI <PYHKUBJI BToporo nopHAKa, 
B3o6pa)l(eHHaJI Ha puc. 3, B KOTopoii npOH3BeAeHO HHqipa
KpacHoe o6pe3aHHe no TpexMepuoMy HMnynLcy qioToua. 

Puc. 3 

15 



) 

2 
B cuny ManocTH cpe,nHHX 3Ha11eHuii HMnyn1>con (<p '>c =-2 µWe) 
H 3HeprHH CB113H W c , 11aCTHU:hl, C0CTaBJI1IIOll{He no,nopo,no

no,no6HhlH aT0M, Haxo,nHTC.li B6JIH3H Macconoii nonepXH0CTH. 

linaro,nap11 3T0My 06cT011TeJibCTBY npH Bhl'IHCJieHHH BbIC0K0-

'laCT0TH0ro BKJia,na B KBa3Hil0TeHl{HaJI 'V 6 M0)KH0 C ,no -

CTaTO'IHOH T0'IH0CTblO Il0JIH0CTbJO npeHe6pe111> 34i<lieKTaMH 

"CBH3aHHOCTH" H B0Cil0Jib30BaTbC11 TaK Ha3blBaeMblM "npu-

6JIH'.lKeHHeM pacce11HH1I", C'IHTa11, 'ITO o6e 11acTHU:hl Jie:lKaT 

Il0'ITH Ha MaCCOBOH nonepXH0CTH. C 3TOH u:eJiblO Mhl Il0JI0:lKHM 

B .H,npe K g 0TH0CHTeJibHhle 3HeprHH p0 H q0 paBHbIMH 

HYJIIO, 110 no- npe:lK11eMy 0CTaBHM . 

E f v p 2+ m ~ + v 1>2+ m ~ , i>2 ,b q 2 , 

11eM onpe,neJIHM cnoco6 Bhlxo,na 3a 3HepreTH11ecKy10 nonepx -

H0CTh. lionee cTporoe o6ocHoBaHHe TaKoro MeTo:ba no

cTpoeHH.H KBa3Hil0TeHl{HaJia co,nep:lKHTC11 B pa6oTaX /
7

' •
11

( 

r.ne Il0Ka3aHa ero 3KBHBaJieHTH0CTb MeTo,ny ,nnyxnpeMeH

HbIX cl>YHKU:HH rpuaa npH Bbl'IHCJieHHH ypoBHeii :rneprHH CB.H-

3a11HOH CHCTeM1>1. Cne,ny11 npe,nno:iKeuaoii npou:e,nype, c y11e

T0M onpeJ{eJieHH.H /2 .1 Sa/, Haii,neM HCKOMYIO 11aCTb KBa3H

Il0TeHl{HaJia: 

> ➔➔ - ➔- ➔ > . ➔ ➔ 
VG(p,q)= u/p~ul-p)KG (p,q)lpo=qo=O ul(q)ui-q)= 

/3.19/ 
_ ➔ (2) ::'\ -µv _ ➔ ➔ 

=-ele2 ul(p)rlµ (p-q)ul(q,u (p-q)u/-p)y2vu2(-q), 

p-q = (O,p➔-q). 

OnucaHHbIH BbIWe no,nxo,n npHMeHHM TaK:lKe H ,nn11 nony

'leHH.H o,naocl>oToHHOH 11acTH··Kna3unoTeHu:uana ·v , cooTBeT-

CTBYJOll{eii .H,npy /2.13/: y 

'Vy ( p➔, q) = u l (p)u2 (-p) Ky (p,q) I po=qo=ou l(q) u2(-q) = 

/3.20/ 
➔ ➔ µv - ➔ ➔ 

= -el e 2 ii)p)ylµul(q )D (p-q) u2 (-p)y2v u2 (-q). 

16, 

)I 

1 

1 

Bnu,ny cxo,ncTBa 11acTeii KBa3Hil0TeHU:Hana /3.19/ H /3.20/ 
ecTeCTBeHHO . 061,e,nHHHTb HX BMecTe: 

·> ➔➔ > ➔➔ ➔➔ 
'Vy (p,q) ='VG (p,q)+'Vy(p,q)= 

/3.21/ 
• ➔ ➔ µv - ➔ ➔ 

=-e e ii(p)r1 (p-q)u
1
(q)D (p-q)u

2
( -p)y u (-q), 

l 2 µ · · · 2v 2 

➔ 

p-q=(O,p-q), 

r.ne 

( ) 
(2) r k = y +r (k), 

lµ l µ l µ 

2 . µ V 
- Dµv (k) = ..ill.K:)c g µv _ LL). 

k2 . . k 2 

~ BepwHHHa.H cl>YHKl{H.H rl · HMeeT xopow~ H3BeCTHYIO CTpyK-
<:::> Typy: µ 

~. 2 
~..> r (k)=y p(k ) + 
_ ~ l µ lµ 1 

,1 V --a k ·. 2 
2 m l l µv f 1 ( k ) . /3.22/ 

0 ·> 
........... KBa3HilOTeHu:HaJI 'Vy IlPHB0,nHT, B 11aCTH0CTH, K o6bl'IHOMY 

T0HK0MY H CBepXT0HK0My pacll{enneHHIO KYJI0H0BCKHX ypon

Heii 3Heprua / 8< K0Topoe Mbl He 6y,neM 3_nec1> paccMaTpa
BaT1>. 

B HHTepecyroll{ee aac pa,naau:aouaoe CMell{euue ypoBHeii 

3Hepr-HH, CHHMaIO.ll{ee Bhlp0)KJ{eHHe YPOBHeii S l/2 H pl/2 
/JI3M60BCKHH c,neur/, ,naeT BKJia,n cne,ny10ll{a11 'laCTb KBa3H-

Il0TeHl{HaJia 'V; /CM. JipUAOJICeHUe A/: 

> ➔➔ 
~·v y1f (p,q) 

el e2 

f2 
~2 

2 k 2. 2 
{[p1(k )--f (kJ]d(k )-1+ 

4 m2 l 
1 

[px➔q] ➔ m
1 

2 
+ :i --

2
-.a l (1 + - ) f1 (k ) }, /3.23/ 

2m 1 m2 

➔ ➔ ➔ 2 ➔2 
k = p-q, k =-k 

CO'buJS!!Hil!:!HLI!i l!P.C'i'D'r)Y 
o;::;;;;pum m::c.,ono~ImQ 

6M5J"iMOTEKA 
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,IJ;m1 41opM41aKTopoB ~(k2 ) , fl k 2) H «l>YHKUHH d( k2) H3-

BeCTHLI /1,2/ JIBHLie BLI~a:>KeHHJI, K0T0pLie npH MaJILIX ne

pe.u;a11ax HMnynLca HMeIOT BB.u;: 

P (k 2)-;, I + k 2 d p(k 2) l = 1 + ~ ( fu m I +. !.!,_ ) £ ~ 
I dk2 Jk 2=o , 3 rr 2,\ i4 m~ 

a 
f (ki ;;fl(O) =K1=z;-, 

I 

2 
2 - a k d(k ) = 1- -- - , 

1511 m2 . 

/3.24/ 

r.u;e ,\ - uu4>paxpacuoe o6pe3aHHe no TpexuMnynLcy BHpTy

anLHoro cl>oTOHa. llaCTO npH ycTpaHeHBB BHlflpaKpacHOR pac

X0.U:BM0CTB BB0.U:BTCJI «l>HKTHBHaJI ManaJI Macca cl>oTOHa m ½ ~ 
CBJ13aHHaJI C HMnynLC0M o6pe3aHHJI ,\ C00TH0WeHBeM 12•37 

fu 2 ,\ 5 
01=6. 

y 
/3.25/ 

TaKHM o6pa30M, paBeHCTBa /3.16/, /3.23/ n /3.24/ non

H0CTLIO onpe.u;enJIIOT H}')KHYIO HaM 'laCTL KBa3Bil0TeHUHana. 

TenepL MLI nerxo M0:>KeM BLI'IHCnBTL cooTBeTCTBY10LQy10 

nonpaBKY K YP0BHJIM :meprBH. 

4. lI3M6oecKuil coeuz ypoeHeil 3Hepzuu 

Ha11HeM C HH3KO'laCT0THOro BKna.u;a B C,IJ;BHr YPOBHeii 

:meprHH. IIo,ncTaBnJIJI BLipa:>KeHHe /3.16/ ,nnJI 'laCTH KBa3H

Il0TeHuaana 'V~B 4lOpMyny /2.19/, MLI nony'IHM nonpaBKY 

K YP0BHJIM 3HeprBB: . 

< 
~E 

n 

/4.1/ 
2 * ➔ d3k ➔ ➔ -':..)_ f d3 pd 3q 'l' (p) f -- u (p)y u ({'t-k) x 

(217 )9 en k<,\2k I Iµl 

18 

i 
' -
l 

' , 
l 
l 
'( 
I 
I 

l 
', 

' I 

I 
I 
l 
\ 
l 
1\ 

i( 

~ 

➔ ➔ *" ➔ ➔ 

x{I 
'l' en'(p- 77 2k ) 'l' en' (q-772 k ) (2 ) 31:-3( ➔ -➔) 

1T u p-q I 
➔ X 

n ' ;W - W , - k + :i O 
en en 

f (pJ-E (i>-k)-k + 1i0 
I I 

➔ ➔ ➔ 

.x u
1 
(q-k )yfL u 

1
( q)\JI (q). 

I en 

XopOWO B3BeCTH0 /
3

,
4
/, 'ITO B cny11ae Kyn0H0BCKHX B0nHOBLIX 

ci>YHKUHH cnpaBe,nnBB0 C00TH0WeHHe: 
2 

➔ 2 (Zaµ) 
< n.l P- I 0 •> = - 2 fL W en= --2- · 

- 0 
/4.2/ 

C y11eToM ycnoBHJI ,\- Zaµ MLI BH.U:HM, 11To 

k < y <p2,>. /4.3/ 

TaKHM o6pa30M, C .nocTaTO'IHOH TOlfHOCTLIO M0:>KeM nono

:>KBTL 

iil(p)y u (p-k)~l( q-k)/ u (q);:; 
Iµ I . I I 

;;1_(p-q)_· 

m2 
I 

. /4.4/ 

CoOTBeTCTBeHHO, BLipa:>KeHHe /4.1/ pa36BBaeTCJI Ha .u;Be 

'laCTH. IIepBylO 'laCTL, B03HlIKWYIO OT e,nBHH'IH0r0 cnarae

Moro B paBeHCTBe_ /4.4/, npeo6pa3yeM, BocnonL30BaBWHCL 

T0)K,D;eCTBaMH: 

1 

W -W , -k 
n n 

1 

1 -+ 
k 

( (p) - ( (p➔ -k ) -k = -
I I 

➔ 

( I ( p)- f 1<f-k) 

k2 

2 
(Wn-Wn,) 

k 2 ( W -W ,-k) 
n n 

W -W , 
n n 

k 2. 

➔ ➔ ➔ 2 
l [El(p)-fi<p-k)] 
-+-------k 2 ::'\ ➔➔ k [£

1 
( p,-( .Cp-k)-k] 

/4.5/ 
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C yqeTOM ypaaHeHHH /2.17 / Jlil.11 BOilHOBblX IPYHKUHH HeTpy,ll

Ho IlOKa3aTb, qTo 

(W -W, )J d 3pW (p)lJI ;(p-71 k);;;;· 
n n en en .2 

* ➔➔ 
;;;; f d3p q, (p) ( p-k) q, ,(p-71 k). 

en m 
1 

en 2 

/4.6/ 

C TaKOH )Ke ToqHOCTbIO MO:lKHO IlOilO:lKHTb 

➔ ➔ ➔ (p-k> 
fl (p)- fl (p-k): -- . /4.7/ 

ml 

KpoMe 3Toro, HaM noTpe6yeTC.II yCilOBHe nonHOTbl J,'lil.11 Ky

IlOHOBCKHX BOilHOBbIX IPYHKl.{HH 

➔ * .... 33 ➔➔ I q, (p)lJI (q)=(277) o (p-q). n en en /4.8/ 

IlocneJ,'lHHe qneHbl a TO:lKJ,'leCTBax /4.5/ BKilaJ,'la He J,'laIOT 

BCile,llCTBHe yCilOBH.11 nOilHOTbl /4.8/ H nOCKOilbKY 

J d3k ( P • k ) = 0 

nocne HHTerpHpoaaHHH no yrnoBblM nepeMelDlblM. BKnaJ,'lbl OT 

nepBbIX cnaraeMblX TO)l{AeCTB /4.5/, oqeBHJ,'lHO, B3aHMHO 

YHHqTo:lKaIOTC.11, H B pe3yilbTa Te C yqeTOM COOTHOWeHHH / 4.6/, 
/4.7 / H /4.8/ Mbl npHXOJ,'lHM K cneJ,'lyIOll.{eMy Bblpa:lKeHHIO AJl.11 

CJ,'lBHra ypOBHeii 3HeprHH: 

2 * 3 <_ e1 3 3 ➔ d k 1 ➔➔ 
~ E n = ~ f d Pd q q, en (p) J · 2f" -2 [ ( p • q) -

(277) k<,\ ml 

/4.9/ 
➔ 1 <P-k>c q .k > 1 :r 'I' , <P-, k >1.-<<i-, 2k H w -w ,-k 

2 , en 2 n n k n 

1 
( (➔) ➔ l q, ( .... ) 

l p - f 1 (p-k ) - k en q · 

20 

IloCKOilbKY Mbl y:lKe BblJ,'leilHilll B .IIBHOM BHJ,'le "MailbIH" MHO

)KHTeilb nopH,llKa <p2>, TO Tenepb MO:lKeM, He yMeHbWa.11 

To-•rnocTH, npeue6peqL "3ana3,llbIBaHHeM", T .e. npeHe6peqL 

Be3J,'le HMnynbCOM k no cpaBHeHHIO C HMnynbCOM p B Bbl

pa:lKeHHH /4.9/. liuTerpupyn no yrnaM, Mhl nonyqaM 

➔➔ ➔ ➔ 

Jik [{ p•q)- ( p•k)~ i.k) ]=477 ~ (p.q)J k
2
dk. - /4.10/ 

TaKHM o6pa30M, Bblpa:lKeHHe /4.9/ npHHHMaeT J,'lOBOilbHO 

npoCTOH BHJ,'l: 

~E<;;~- f dk I <n!pjn'><n'Jqln'>(Wn-W ,) 
n 2 , n. , 

377m
1 

k<,\ n W -W ,-k +:i0 
n n 

/4.11/ 

r,lle 

<n!p!n',>=-1 - f d1JW (p)plJI ,(p). 
. ·(277) 3 en en 

liHTerpan no nepeMeHHOH k nerKO oepeTC.11, H Mbl 
HaXOJ,'lHM: 

Re ~E < _ 2 a 
n -

377 m 
2 
l 

! I <n.,I Pl n 1>!
2 (W ,-W ) fn __ ,\ 

n ' · n · n :J W - W , I 
n n 

/4.12a/ 

Im~ E = -~ ! I < n' I p I n > I 2 
( W - W , ) . n . 2 . . n n 

3m 1 W11 <Wn 

/4.126/ 

.HcHo, •uo J,'leHCTBHTeilbHa.H qacTb nonpaBKH ~E< npe,llCTaB

m1eT co6oii HCKOMblH BKilaJ,'l B pa,llHal.{HOHHblH CJ,'lBHr YPOBHeii 

3HeprHH, a MHHMa.11 qacTb onHCblBaeT ecTeCTBeHHYIO WHpHHY 

IlHHHH H onpe,llen.HeT, cne,llOBaTeilbHO, BepOHTHOCTb pacna,lla 

B036y:lKJ,'leHHOro COCTO.IIHH.11 aTOMa 

r =W =2lm ~E 
n n n 

· 2 3 4aµ . . ➔ . 2 ) = _;___ I I <n' .f r.l n>I (W -W , , 
3m 2 W ,<W . ·· n _n 

l n n 

/4.13/ 
'-
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rAe AHilOJILHblH MaTpH'iHblH :meMeHT 
·* - ➔ 

<n'ltln>= f <l 3riJI, (r)-; 'I' (r)·· 
en en 

II pH BblBOAe Bblp_a:>KeHHJI / 4.13/ Mbl BOCilOJIL3OBaJIHCL H3BecT

HblMH onepaTOpHbIMH COOTHomeHHJIMH: 

(Wn -Wn, )<n'lfln·> =<n' I [?,Hlln•> = 

• ➔ 

=1!..<n'lpln•>, 
/l 

rAe HepeJIJITHBHCTCKHH raMHJILTOHHaH 

p2 
H = -=r;-+ 'Ve ' /l 

mlm2 

m 1+m2 

/4.14/ 

3TOT pe3yJILTaT HJIJilOCTpHpyeT o6~ee YTBep)K'AeHHe 

KBa3HilOTeHJ.{BaJILHOro MeTOAa, corJiaCHO KOTopoMy MHHMaJI 

11acTL KBa3HilOTeH.QHana xapaKTepH3yeT ueynpyrHe npo

.QeccLI, npOHCXOAJl~He B ABYX'iaCTH'iHOH CHCTeMe, HanpHMep, 

pacnaAbl HeCTa6HJILHblX COCTOJIHHH. 

BepueMc.11 Tenepi K paccMoTpeHHIO AeiicTBHTeJILHoii 

11acTH nonpaBKH Ll E < . IIpeo6pa:iyeM Bblpa:>KeHHe / 4. l 2a/ 

TaK, 1iT06bl OTAeJIHTL JIBHO 3aBHCHMOCTL OT napaMeTpa 

HHcl>paKpacuoro o6pe 3aHHJI A • 

< 
Rell En 

2 
= 2a { en ( Za) µ + 

377m 2 2Ll W av 
I n 

2,.\ ➔ 2 
+ 8,, en-----,-- I I I< n' Ip In ,e =0 > I ( W , -W ) , 

LO (Za)2µ n' n n 

rAe, no onpeAeJieHHJO, 

en ZLlw:v I l<n'lpln,e=O>l 2 (W ,-W )= 
( Z a) 2 /l n , n n 

I :1< n' :jpln•>:!2
(W , -W ) en 2 IW n-Wn'! 

n' n n (Za)2µ 

22 

,/4.15/ 

CyMMY, CTOJl~YIO B npaeoii 11aCTH paBeHCTBa /4.15/, JierKO 

Bbl'iHCJIHTL, BOCilOJIL3OBaBmHCL one pa TOpHbIM COOTHome
HHeM: 

(W , -W )<n,lpln, £=0> = 
n n 

➔ 

= < n, I [H ,p 11 n ' e = 0 ·> = /4.16/ 

= < n' I [·v , pl! n, e = o ·> • . e 

3AeCL, KaK H npe)K'Ae, 

ff= ...e.:_ + 'V 
. 2µ C 

B pe3yJILTaTe, C y11eTOM YCJIOBHJI IlOJIHOTLI /4.8/ HMeeM: 

Il<n'lpln,f=0>1 2
(W ,-W )= 

, n n 
n 

= .l. I { < n , e =0 I p I n ' > < n: I [ 'V , p ] I n , £ = 0 ·> -2 , . e 
n 

-<n,e =Ol['V ,p]ln'><n'lpln,e=O>l= 
e 

/4.17/ 

1 ➔ ➔ 
= - < n, £ = 0 I [ p, [ V , p]] I n , £ = 0 > . 

2 e . 

HcnoJIL3YJI JIBHblH BHA KyJIOHOBCKOro IlOTeHQHaJia H COOTHO-: 

meHHe /2. 18a/, OKOH'iaTeJILHO IlOJIY'iHM: 

Il<n'lpln,£=0>12
(W ,-W )= 

n' n n 

ze2 
=-2-<n, 

➔ 4 µ3 
e = o I s 3 

< r ) 1 n , e = o > = 2c z a) 7 · 
/4.18/ 

TaKHM o6pa30M, nocne IlOACTaHOBKH pe3yJILTaTa cyM

MHpoBaHHJI /4.18/ e paeeHCTBO /4.15/ Bblpa:>KeHHe AJIJI HH3-

KO'iaCTOTHoro BKJiaAa B nonpaBKY K YPOBHJIM 3HeprHH npH
HHMaeT BHA: 
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4 
3 (Z )

2 
2,\ 

.Re~E <= ·4 a ( Za) µ I f'n a µ +o f'n--,--J./4.19/ 
n 377n 3mi 2~W:v fo (Z~

2
µ. 

Ilepeii.o;eM TenepL K BLI'IHCJieHHIO 

BKJia.o;a B C,Il;BHr ypoBHeii :rneprHH 

·> '> 
~En = < n l ~ 'Vy f I n> , 

BblCOKO'laCTOTHOro 

/4.20/ 

> 
r.o;e COOTBeTCTBYIOIQaH qaCTL KBa3HilOTeHUHaJia ~·vyl: 
onpe.o;eneHa paBeHCTBaMH /3.23/ H /3.24/. Ilocne HeCJio:>KHLIX 

npeo6pa3oaaHHii Haii.o;eM: 

~E> -n -
4 3 m1 _!..!:__ 4 a ( Z a) µ I [ fu - + 24 

377n 3 m 2 
l 

2,\ 

2 3m 
-~---l]o + 
5 m2 Sm 2 f o 

/4.21/ 

+ .lr 1 _ 1 J c1+~ )l,; =e ± 1-,e =0,1,2, ... 
S e + 1/2 j + 1/2 m 2 2 

CKJia,D;LIBaH BMeCTe o6e qacTH nonpaBKH K YPOBHHM 3HeprHH 

/4.19/ H /4.21/, MLI BH,Il;HM, 'ITO 3aBHCHMOCTL oTnapaMeTpa 

HHci>paKpacHoro o6pe3aHHH, KaK H cne~oaano o>KH.o;aTL, Hc-

11e3aeT, H B pe3yJii.TaTe C,Il;BHr ypoaHeii 3HeprHH ':eMeeT BHJJ,: 

,f < ·> 
~E =~E +~E = 

n n n 
. 

. 4 3 
4a(Za) µ 

377n 3 rn2 
l 

-2 11 
{ [fn( Za) + 24 -

/4.22/ 

2 m
1 

m 1 3m 1 ---+fn(l+-)- --]oe + 
5 m 2 m 2 Sm 2 O 

24 

+ fu (2 a) 2 µ 

2~ way 
n 

3 1 1 ml +~[ ___ --HI+ -)L 
,4 2 e + I 2 j + 1 m 2 

TaKHM o6pa3oM, MLI IlOJIY'IHJIH BLipa:>KeHHe JJ,nH paJJ,Ha:UHOH

Horo CJJ,BHra YPOBHeii 3HeprHH BOJJ.OPOJJ.OilOJJ.06uoro aTOMa 

c TO'IHOCTLIO JJ.O 'IJieHOB nop.SIJJ,Ka a( Z a) 4 = a [ f s ] MH 

npoH3BOJILHLIX Mace 11acTHU. B cny11ae peaJILHoro aTOMa 

BOJJ.OPOJJ.a HY:>KHO IlOJIO:>KHTL m l , paBHOH Macce 3JleKTpOHa, 

a m 2 - paBHO:ii Macce npoTOHa H, CJieJJ,OBaTeJILHO, C'IHTaTL 

rn 1 << m 2 , m = m 1 • 

KpoMe Toro, Tpe6yeTC.JI y11eCTL BJIH.JIHHe 3JieKTPOMarHHTHOH 

CTpyKTYPLI /cl>opMcl>aKTOpa/ npoTOHa, 'ITO npHBeJJ,eT K IlO.11B

JieHHIO JJ,OilOJIHHTeJILHOro BKJiaJJ,a, nponopl{HOHaJILHOro cpeJJ,

HeKBaJJ,paTH'IHOMY pa.o;uycy npoToHa /B/ /cM. IIpU110J1CeHueA/: 

r.o;e 

4 
A E s tr 2 (Z a ) 3 2 s:-
Ll =-µ < f •>ue 

n 30 3 E2 0 

<r 2 > =6 
E2 

2 dGE 2 (k ) 

dk2 \ 2=0 ' 

a 3JieKTpH11eCKHH «l>opM<i>aKTOP npoTOHa 

2 2.. k 2 2 
GE2 ( k ) = p (k J + .- f 

2 
( k ). 

2 4m2 
2 

/4.23/ 

IlonpaaKa /4.22/ JJ,Jl.11 aTOMa BOJJ.Opo.o;a npHBOJJ,HT K cne

JJ.YIOIQeMy 'IHCJieHHOMy 3Ha11eumo Jl3M60BCKOro pacIQenneHH.11 
YPOBHe:ii 3HeprHH C n =2': 

f := E (2S1IJ-E (2P1I2 ) = 1050, 556 MI't1. /4.24/ 

HMeIOTCH MHoro11ucneHHL1e JJ.OilOnHHTeJILHLle nonpaBKH K 

C,Il;BHry YPOBHe:ii 3HeprHH /4.22/, OJJ,Ha H3 KOTOPLIX np~

CTaaneHa BLlpa:>KeHHeM / 4.23/. lfa HHX HaH60JILWH:ii BKJia.o; 4 / 

JJ,aeT nonpaBKa IlOp.llJJ,Ka a( 2 a) 5 • IlonHOCTLIO BLl'IHCJie-

HLI 
14

•
5

•
6
•
8

• IS/ TaIOKe 3Ha'leHHH'IJieHOBilOp.JIJJ,Ka a(Za) 6 , 

a
2
(Za)

4 
npH (m/mJ=<> H 'IJieHa (Za) 5 .nm1 npOH3BOJILHLIX 
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\ 

Mace qacTHn. Ilocne,IUIHH qneH B cnyqae aToMa B0A0P0Aa 
(m1«m2) HMeeT nop.llA0K (Za) 5 (m/rn2) H no3TOMY 
AaeT ManbIH BKilaA. C yqeT0M BC ex 3THX nonpaB0K Te ope -
THqecxoe 3HaqeHHe 112/ n3M6oBcKoro pac~enneHH.11 

th 
·f H = 1057, 911 ±0,012 MI'll . /4.25/ 

HaH6onee ToqHoe 3KcnepuMeHTam,Hoe 3HaqeHHe 
1121 

3TOH 

BenHqHHbI 

f ;P = 1057, 90± 0,06 MI'll . /4.26/ 

IlpexpacHoe cornacHe 3HaqeHHH /4.25/ H /4.26/ Ail.11 f H 
cny:>KHT Ba:>KHbIM n0ATBep:>KAeHHeM cnpaBeAilHB0CTH KBaH
TOBOH 3neKTP0AHHaMHKH ·H pen.llTHBHCTCKOH Te0pHH CB.113aH
HbIX COCTO.IIHHH ABYX qacTHn. 

IIPHJIO)KEHHJI 

A. KeaaunomeHijUUA OOHO,POIIIOHHOZO o6MeHa 

O60\ee Bblpa:>KeHHe Ail.11 KBa3HnoTeHI.J;Hana OAHO<!iOTOHHOro 
o6MeHa B "npH6IlH:>KeHHH pacce.llHH.11" HMeeT cne.nyro~H BHA 
/B CHCTeMe neHTpa Mace/: 

➔➔ ➔ ➔ µv - ➔ ➔ 
'Vy(p,q) =e1 e2 ui(pHiµ (k) ul( q) D (k)u2 ( ;>)~v (-k)ul'-q),/ A.I/ 

rAe 
2 • V 2 r (k) = y p (k ) + -·1- u k f ( k ) , 

µ. /l 2m µ.v 

2 fl- V 

011v (k) = d(k ) ( 
8

µv _ ~ ), 
k2 k2 

p (0) = 1 , f (0) = K , d (0) = 1 , 
1,2 1,2 1,2 

➔ ➔) k = ( 0 ,p-q • 

26 

·* ,L{upaK0BCKHe cnHH0PLI, H0PMHP0BaHHLie ycn0BHeM u u = 1 , 
B03LMeM B CTaH,D;apTH0M npeACTaBneHHH: 

u Cp) = ...; dp) +m < 
2dp) 

1 
}•p )w,dp)=yp2+m2, 

t(p)+m 

/A.2/ 

3p;ecL, w - ,llBYXKOMnoHeHTHLIB naynHeBcKHi cnuuop. Ilpo
H3BeA.II pa3IlO)KeHHe no ( p2/ m 2.) B paBeHCTBe / A.I/ H 

ocTaBHB nHWL qneHLI nepBoro nop.llAKa no 3T0MY napaMeTpy, 
nocne HecnmKHLIX npeo6pa3oBaHHii uaiiAeM: 

, (➔ ➔ d(k 2i . 2 2. 
Vy p,q) = e 1 e 2 -··--1 G (k )G ( k J + k 2 El · E2 

+ p/k2)p/k1 [ p2 + q2' 
2 mm 

(p2-q2 )2 

4m m k2 
. 1 2 

➔ 2 
k 

- 8µ. 2 ] + 
1 2 

+ i[pxq] .; P (k2)[( ...!..+ .2..)p (k2)+ 2£ ( k2)]+ 
·4m l 2 m m I µ. 1 . 
. 1 I 2 

+ 

➔ ➔ 

i[pxq] .;; P (k2)[( J...+.2..)p (k2)+ .3._f (k2)]-
·4 21 mm 2 µ.2 

m 2 2 1 

l 2 2 ➔ ➔ ➔ 2 ➔ ➔ 
- -

4
-GM/k )~2Ck H< a1-u2)k -ck .;1)< k. ; 2)J 1,. 

mlm2 

➔ ➔ ➔ 2 ➔ 2 
k = p-q, k = -k , µ 

m Im 2 

m1+m2 

/A.3/ 

rAe BBeAeHLI o6LiqHLie 3IleKTpHqecKHe H MarHHTHLie <!iopM· 
<!iaKTOpbI: 
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2 

'G (k
2
)=p (k 2 ) + .!.__f( k 2) 

E ·4 2 .m 

GM(k
2
) =p(k

2
) + f ( k

2 
). 

JfaM60BCKYIO 'laCTb KBa3HilOTCHUHaJia /3.23/ MO)KHO Bbl.IJ;C. 
JIHTb H3 Bblpa)KCHH.H / A.3/, CCJIH IlOJIO)KHTb B ~CM pJ.k 2) = 1 
H f2(k

2
) =0. B KBa3HilOTCHUHaJic /A.3/ CO.IJ;Cp)KHTC.H TaK)KC 

'IJICH, npHBO.IJ;.HlqHH K nonpa.BKC / 4·.23;. 

B. YpaeHeHUe ,l(aucoHa OAR oeyx~acmu~HOU ¢YHKijUU 
·rpuHa 

PaccMOTpHM 4>YHKUHIO rpHHa .IJ;BYX pa3JIH'IHbIX 'laCTHU 
c MaccaMH ml H m2 H CilHHOM 1/2: 

- ·, -
'G(x1, x2; y 1 , y 2),,, -i< 0 :1 T I tf,

1 
(x

1
)tf,

2 
(x

2
)tf, /Y 

1
) tf, /Y 

2
) I IO >./B.1/ 

B . KBaHTOBOH 3JICKTpO.IJ;HHaMHKC. HCilCpCHOPMHPOBaHHbIC rcii • 
3CH6cprOBbl oncpaTopbl CilHHOpHbIX IlOJICH tf, I 2 - IlO.IJ;'IHH.HIOTC.H 
ypaBHCHHIO: ' 

- ~ 
(p -m )tf, (x)==eA(x)tf, (x) , 

X 0 /B.2/ 

r.IJ;c - . a ... µ 
p = :1 -- y ; A (x) = A (x) Y. , m 

O 
= m -om . 

X axµ µ µ 

Aµ ( x) • rcii3cH6cproB oncpaTop noJI.H i!>oToHoB. Ilo.IJ;ciicTBy· 

CM onepaTOpOM (t-m
0
) Ha 4>YHKUHIO rpHIIa G. Tor.IJ;a, HC· 

noJI&3y.H onpcACJICHHc T ·npoH3BC.IJ;CHH.H 11cpc3 0 ·4>YHKUHH, 
ypaBHCHHC /B.2/ H KaHOHH'ICCKHC O.IJ;HOBpCMCHHbIC KOMMy· 
TaUHOHHbIC COOTHOIIICHH.H .IJ;JI.H oncpa TOPOB tf, , Mbl IlOJIY'IHM 
COOTHOIIICHH.H: · 

{ p - rn ) G ( x ,x ; y , y ) =:i o 4 
( x -y ) S ( x - Y. ) -

x I 01 I 2 I 2 I I 2 2 2 . /B.3/ 

µ - -
-ielylµ <O!TIA (x1h''1 (xl)tf,2(x2)tf,l (yl)tf,2(y2)}10·>, 

28 

3.IJ;CCb 
S(x-y) =-:i< 0 :1 T { tf, (x)°;j (y) 110 > 

• . IlOJIHa.H O.IJ;HO'laCTH'IHa.H q,yHKUH.H rpHHa /nponaraTop/ 
q,cpMHOHa. IlcpBblii 'IJICH B npaBOH 11aCTH paBCHCTBa /B.3/ 
nonyqaeTC.S: OT .IJ;HqJqJepCHUHPOBaHH.S: 0 ·q,yHKtiHii. 

Onpe.IJ;CJIHM Tencpb BepIIIHHH}'IO q,yHKUHIO r ,IJ;Byx11aCTH'I· 
HOH CHCTCMLI aHaJiorH'IH0 TOMY, lCaK 3TO .IJ;CJiaCTC.S: .IJ;JI.S: 
cny11a.H o.IJ;Hoii 11acTHULI. C 3TOH ucn&10 paccMOTPHM n.s:TH· 
TO'IC'IH}'IO q,yHKUHIO rpuaa . 

µ µ - -
R (x

I
,x

2
;y 

I
,y 

2 
l z)=<0I T{tf,

I
(x

I 
)tf,/x2 )~ (z)tf,1 (y1)tf,/yJ ll 0-> 

H IlOJIO)KHM 

r.IJ;c 

Rµ=DµvG * r *G, 
V 

Dv(x-y)=:i<OI T IAµ{x) Av(y)L!O-> 

/B.4/ . 

/B.5/ 

• noJIHa.S: O.IJ;HOqJOTOHHaB q,yHKUH.S: rpuHa, a 'G • ,IJ;Byx11aCTH'IHLIC 

l}>yHKUHH rpHHa, onpc.IJ;CJICHHbIC paBCHCTBOM /B .1/. B one· 
paTOPHOM paBCHCTBC /B.5/ 3HaK(*) 0603aa11aeT "cBepTKY" 
no .IJ;Byx11acTH'IHblM BHPTYaJihHhlM npoMC)KYTO'IHbIM cocTo.s: • 
HH.S:M. rpaqJH'ICCKH onpc.IJ;CJICHHC /B.5/ MO)KHO H306pa3HTb 

B BH.IJ;C .IJ;HarpaMM puc. 4: 

--

Puc. 4 

29 



YpaBHeHHe /B.3/ ;IJ.JI!{ 4>YHKQHH rpHHa G M0:>KH0 TenepL 
nepe~HCaTL, HCil0JIL3YJI onpe;u,eneHHe /B.4/, cne;u,yIOllUIM 
o6paJoM: 

A 4 · 
(p x1-mOI )'G(x1,x2;y I 'y2)=1io (xl-yl)S2 (x2-y2)-

-ie y Rµ(x
1
,x

2
;y

1 
,y

2 
ljx

1 
). 

I Iµ . . . 
/B.6/ 

Ilepeii;u.eM C Il0M0JULIO 4>ypLe-npeo6paJ0BaHHJI B HMilYJILCH0e 
npocTpaHCTB0. Tor;u.a, c r1eToM onpe;u,eneHHH /B.5/ 0606- · 
1QeHHoii aepWHH:uoii $yHKUHH r, ypaBHeHHe /B.6/ npHHHMaeT 
cne;u.yrollUlii onepaTopHLiii BH;u,: 

S~
1
G(P)=il

1
S

2 
-

/B.7/ 
-.ie y Jd4 k Dµv ( k) 'G(P -k) * r ( P -k, P) *G( P). 

I Iµ V 

3;u.ecL P - IlOJIHLIH 'leTLipexHMilYJILC CHCTeMLI JJ.BYX 'laCTHU, 
S r - . 4>YHICUHH rpHHa /nponara Top/ cao6o;u,Hoii 11acTHULI 
/6e3 y11eTa B3aHM0;u,eiicTBHJI C Il0JieM $OT0HOB/, YJJ.0BJieT
B0pHIOU(aJI ypaBHeHHIO 

... 
(p - mo ) Sr (p) = 1. /B:8/ 

YpaBHeHHe /B. 7 / M0)KH0 H306pa3HTL C Il0M0JULIO ;IJ,HarpaMM 
cl>eiiHMaHa: 

s, 
-- + 

-@--
s G r G 

Puc. 5 

30 

Bae;u.eM TenepL, cornacHo ~aiiCOHY, 0;IJ.H0'laCTH'IHLIH 
MaccoaLiii onepaTop no $opMyne 

s =Sr +SrMS 

HJIH 

M =s-1 -s-1 
r . /B.9/ 

YpaBHeHHe BeTe-ConnuTepa ;IJ.JIJI ;u.ayx11acTH11Hoii $yHICUHH 
rpHHa HMeeT BH;IJ.: 

G ==Go +Go* K'* G ' /B.10/ 

r;u.e 

G =iiS 
1 

S 
2

, 

OTICy;u,a ;IJ.JIJI H;IJ.pa K nony11aeTCJ1 cne;u.yroiuee onepaTopHoe 
BLipa:>KeHue: 

K == G- 1-·G -I. 
0 /B.11/ 

HcnOJIL3YJI onpe;u,eJieHHJI /B.9/ H /B.11/, HaH;IJ,eM HCIC0M0e 
npe;u.cTaaneHHe ;IJ.JIH H;u,pa K': 

K(P)==-e y .S-
1

J d\oµv(k)G(P-k)*r(P-k,P)+ 
. I ]µ 2 v. 

-1 
+iM S 

] 2 

/B.12/ 

C IlOMO[QLIO ;IJ.HarpaMM cl>eHHMaHa ypaBHeHHe /B .12/ M0:>KH0 
H3o6pa3HTL B HarJIJl;IJ.H0M BH;u,e: 

•= .K ~I 

I' 
Puc. 6 

.1'1 
--0]-

* 
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-1 . 
3.D,eCb 3HaK ~- o6o3Ha1.JaeT qiaKTOP S • Ilpu B3rm1.D,e ua 

paBeHCTBO /B.12/ H Ha puc. 6 cpa3Y 6pocaeTCJI B rna3a 

qiopMaJibHOe CXO,IJ.CTBO :JToro npe.D,cTaBJieHHJI .D,JIJI JI.D,pa K 
C ypaBHeHHeM )];aiicoHa .D,JIJI O.D,HO'-laCTH'-IHOrO MaCCOBOro 

onepaTopa M': 

M(p)=-iey Jd4kDµv(k)S(p-k)r (p-k,p)-, 
µ Ov 

/B.13/ 

HJIH Ha J13b1Ke .D,HarpaMM: 

- I I' -
M s fa 

Puc. 7 

IlpH npaKTH'-leCKOM HCil0Jlb30BaHHH ypaBHeHHJI /B.12/ 
Y.IJ.06HO npe.D,cTaBHTb BeJIH'-IHHbl G H r B cne.D,y10meM BH.D,e: 

'G ='G +G TG 
0 0 0' 

/B.14/ 

BG-I -1 
r= --\ . -• ~Aext· Aext =-.1ro1S2 -iS•· r +A 

· u· =0 02 ' 

/B.15/ 

8 K ~ A = --e-x ext o' 
8A A = 

r.D,e T - . aMnJIHTY.D.a pacce.11HHJ1 BHe MaccoBoii noBepx

uocTH, a r O - O.D,H01.JaCTH1.JHaJ1 BepUIHHHa.11 qiyuKUHJI, COOTBeT

CTByIDuta.11 .D,HarpaMMe puc. 8. 
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Puc. 8 

P ewa.11 ypaBHeHHe /B .12/ HJIH /B .13/ BTepauH.HMH no MO

.D,BqlBUBPOBaHHOH TeopBH B03MymeHBH, IlOJIY'-IBM B xa

qecTBe BCXO.D,Horo npH6JIH)KeHBJl .D,JI.H JI.D,pa K .D,HarpaMMY 

O.D,HOqlOTOHHOro o6MeHa / puc. 9/. 

K(i)= 

Puc. 9 

CoOTBeTCTByromee npH6JIH)KeHHe .D,JI.H qiyHKUHB rpuua 'G (1) 

Mbl IlOJIY'-IBM, pewa.H ypaBHeHHe /B.10/. 3TO npu6JIB)KeHHe, 

01.JeBB.D,HO, OilHCblBaeTCJl CYMMOH necTHH'-IHblX .D,HarpaMM 

puc. 10. 

Gc1)= +I+~ : +• .. 
Puc. 10 
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Tenepb Mbl B C0CT0JIHHH HaHTH CJie,n;yroIQee npH6JIIDKeHHe ,IJ;JIJI 

s.n;pa, HCil0Jlh3YJI C0BMeCTH0 ypaBHeirne /B.12/ H npe.n;cTaB

JieHBJI /14/ H /15/. IIo.n;cTaBJIJIJI Ty,n;a GO) BMecTo G , 
Mhl HMeeM coBoKynHociL l{JleH0B, 11306pa>KeHHhIX rpa'1m-

11ecKH Ha puc. 11. 

K(2
)= ~M - n 

+ 
a 

+ -I+ 
b 

+e=-I+ 
C 

+ (\\\\\~ - --x 
d V e 

Puc. 11 

OCHOBHbIM ,lt0CT0HHCTB0M H3JI0>KCHIIOH npoue.n;yphl 1IBJIJI -

CTCJI B03M0>KH0CTb JIBHoro H IlPJIM0ro y11eTa CBJl3aHH0CTH 

B npoMe>KyTO'IHbIX . BHpTyaJibHbIX C0CT0HHH.IIX 11.n;pa B3aHMo

.n;eiiCTBHJI. ,B CaM0M .n;ene, .n;a>Ke nepBoe /JieCTHH'IHOe/ IlPH" 

6nm1ee1rne 'G (_I) ,IJ;JIJI <l>YHKUHH rpuHa B0Cilp0H3B0,IJ;HT cyiQe -

CTBYIQUUie CBJl3aHHble C0CT0JIHHJI. ,lJ;nJI CJia6o CBJl3aHHbIX 

CHCTeM B KBaHTOBOH 3JieKTP0.ltHHaMHICe CBJ13aHH0CTb Ba:>KHa 

TOJibK0 B npoMe;KyTO'lllhlX C0CT0.IIHHJIX C IIH3K0'laCT0TllbIMH 

tpOTOHaMH. B 3TOH o6naCTH Mbl M0>KeM HCil0Jib30BaTb ue-
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pemITHBHCTCK0e Bblpa>KeHHe ,IJ;JIJI .ltBYX'laCTH'IHOH <i>YHKUHH 

rpuna. O6naCTb BbIC0KHX qacT.0T• M0>KeT 6b1Tb 0ilHCaHa 

C Il0M0I.QblO o6bl11HblX 6opHOBCKHX npH6JIH>KeHHii. CyMMa 

o60HX BKJia,IJ;0B .n;aeT Il0JIH0CTblO CXO,IJ;JIUUIHCJI B HH<i>paKpacnoii 

o6naCTH pe3yJibTaT ,ltJIJI C,IJ;BHr0B YPOBHeii 3HeprHH CBJl3aHHblX 

COCTOJIHHH. 

IlepeH0pMHP0BKa ypaBHeHH~ /12/ ,IJ;JIJI a.n;pa 'K He 

npe,n;cTaBJIJleT oco6bIX TPY.ltHOCTeii H MO)KeT 6b1Tb BbIIl0JIHeHa 

CTaH.n;apTHbIM cnoco6oM /cp. nepenopMHP0BKY ypaBHCHHH 

,D;aiicoHa/ •• OHa C0CT0HT B npHilHCblBaHHH K0HCTaHTbl Z 1 -
nepeH0pMHP0BKH BeplllHHbl - K ronoii /To11e11Hoii/ BepWHHe 

B ypaBHCHHH /12/ H BBe.n;eHHH TaKHX nepeH0PMHP0BaHHbIX 

BCJIH'IHH, KaK 3apa.n;, Macca, nponaraT0pbl H BepWHHhl. 
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