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li 

Ill 
B npenbra:ywell paooTe paccMaTpHaanl!cb aKnonbHbre npaa11na cyMM (n.c . ) 

anR ITOPIT01lleHIIR ~OTOHOB HYKITOHaMH COriTaCHO MOaenH KBapKOB/
2

/ 0onyqeHHe II CpaBHe

HIIe C 2JKCrrepii MeHTOM npaBHIT CyMM npeacTaBITReT II HTepe<C ITO TOll npHqHJie, qTO 01111 OT

HOC IITCR K CrreUII~HqeCKHM npe1J,CKa3aHIIRM MOaeiTII, KOTOpbte He MOPYT 6btTb nonyqeHhl 

113 q iiCTO rpynrrODblX C006pa>KeHIIJI. LlnR BbtqiiCITeHIIR n.c. aocTaTOqJiO 3 H 8 Tb ITIIWb DOITHQ

DY!O ~YHKUHJO OCHOBHOro COCTORIIHR CIICTeMbl. B 3TOM COCTOIIT HX rnaBHOe aoCTOIIHC TDO. 

B HBCTORWell pa6oTe Mbt 6onee noapo6Ho ocTaHOBIIMCR Ha o6cy>Kae111111 11cxoaHbiX npea

nono>KeHHli II CneaCTBIIli, BbiTeKal01llHX 113 rrpi!MeHeHI!R n.c. anR 3ITeKTpllqecKOrO aHITOITbHQ

PO 11 "i<aaapynonbHoro nornoweHIIR ~OTOHOB HYKITOHaMII. OrMeTIIM, qTo paccMaTpHaaeMbre 

HII>Ke np8BIIIT8 CYMM aaBHO II C ycneXOM npiiMeHRITHCb anR aHaiTI!3a ~OTOMepHbiX peaKUIIA 

(eM., HanpiiMep/
31 

). EaiiHCTBeHHOe OTITI!qlle HalliiiX ~OPMYIT OT COOTBeTCTBylOWIIX ~op-
MYIT pa60T <1> ona11

141 
II X oxnoaa/

5 / COCTOHT B TOM, qTo Mbl IICIT01Ib3yeM BCJOay peni!TIIBIICT-

CKYIO KIIHeMaTIIKY II yqiiTblB8eM 3HepPHIO OTaaqll HYKITOHa. 

2. fnaBHblll IICTOqHIIK HeonpeaeneHHOCTII, B03HHKai01llel! npll cpaBHeHIIII TeOpllll C 3 K-

CII8pHM8HTOM1 38Kn10'188TCSI B TOM, 'lJ:TO npH BbiBOUe T80p8TH't{8CKHX n.c. HCII011b3Y8TCSI 

aiTHHHOBOITHOBOe np116IT11>KeH11e 

F 
L 

(cur)• (2L+l)!! JL (wr) 

(w r )L 

~ 1, 
( I) 

rae J (wr) - c~pllqecKaR ~YHKUIIR E eccenR. H11 >Ke , a Ta6n11ue I npHaeaeHbi HeKOTOpbre 
L. 

3HaqeHIIR F L ( w R) anR L = I, 2 a 3aBIICHMOCTII OT w , rae a KaqecTae xapaKTep-

HOPO pa3Mepa HYKITOH8 R Mbl B3SinH 3H8 '18HH8 R = 0,8 . ~. 

T a 6 n " u a 

w M3B 200 400 600 800 1000 

F
1 

(w R) 0,96 0,77 0,53 0,29 0,09 

F (w R) 
2 

0,95 0,82 0,66 0,44 0,26 

3 



rae 

PaccMoTpHM Tenepb n.c. CT (El) anR :;meKTpH'<eCKoro aunonbaoro nornomeHHR 
·1 

~ 1 (El)cJ 1+2w/M 

lAI l+w/M 
nop 

CTEJ(lAI) 

lU 

~ 

o,cfx,p(x)d\ 

dw 
1 ~ 

i!_<o2> 
3 

(2) 

H ycpeaHeHHe BeaeTCR no OCHOBHOMy COCTORHHID, QqeauaH00 'ITO OlUH6KH H3-3a HCnOfib-

30BaHHll anHHHOBOnHOBOrO npa6nalKeHHll OnpenenRIDTCll OTHOCHTefibHWM BKnaaOM B HHTe

r pan (2) o6nacTu BhtCOKHX aaeprull. npu Bhtaoae n,c. (2) noMHMO ( 1) 6htno caenaao 

eme oaao npeanonolKeaue. CMhtcn ero nyqwe acero noRCHHTb aa ocaoae paanolKeHHR 
-+ .... ... ........ 

aeKTop-noTeauuana aneKTpoMarHHTHoro nonR A (x) = t exp (i k· x ) H8 "rpa.oHeHTHyro" 

H " coneHOHaanbHyiD* 'laCTb C nOMOlllbiD TOlKaeCTBH <l>onau: 

~ .... .... ... ... ... r. ... .... .... ... ... ... 1: ...... 
(j · A ) = (j · V )[ ( •· x ) f ds exp(i s k·x )] +i ((j x x] { k x t)) f ds s exp (is k · x ) , (3) 

0 0 

rae j (x ) - onepaTop n4~oTHOCTH aneKTpoMarauTaoro TOKa. Y'IHThtaaR aaKoH coxpaaenuR 

TOK8, MOlKHO Bbtpa3HTb nepawll 'lneH B (3) qepea onepaTOp nnOTHOCTH aap11aa p(; },Paa-

nara51, aanee, aKcnoueaTy a pRa a OCTaanSIR nepahte aaa qneua paanolKeHHR, Mht nony'IHM 

Toraa •aapMoawe• onepaTopht E1- a E2-nepexoaoa a unuaaoaonaoaoM npu6nalKeHHH, 

BTopoll qnea a (3) xpoMe onepaTopoa ML -Tuna coaeplKHT TaKlKe onepaTopht EL -nepe

xoaoa, KOTOpbte B OTnH'IHe OT 'aapll.llOBbiX' onepaTOpOB Mbl 6yaeM Ha3hiBaTb 'TOKOBhiMH' • 

Bxnanhl "'TOKOBhiX' EL -nepexoaoa HMeiDT TaKoll lKe nopRaOK aenH'IHHht, 'ITO H BKna'Jibt 

nepexoaoa M (L+ 1) -Tuna, T.e. nonpaaKa K aneKTPH'<eCKOMY aunonbHOMy nornomeauiD aa 

cqeT 'ToKOBhtx' onepaTopoa 6yaeT nopRaKa aKnaaa OT MarauTaoro Kaaapynofibaoro 

nornomeHHR H T.a. TaK KaK MBrHHTHOe KaaapynonhH?e H OKTynonbaoe nornomeuue <j>oTo

HOB ayKnOHaMH MBnO B 06nBCTH He CnHlllKOM BbiCOKHX 9HeprHll, TO Mbl 6yaeM aanee pac

CMaTpHBBTb TOfihKO •aapRaoabte' onepaTopbt E 1- a E2-nepexoaoa, 

BepaeMCR Tenepb K o6cylKaeauiD n.c. (2), l{To6bt Bht'<HCnHTh npaayiD qacTb (2), 

HaM HYlKHO npHHRTb HeKOTOpbte MOaenhHbte npeanonolKeHHll OTHOCHTenbHO BHaa onepaTopa 

p(; H BOnHOBOli <j>yHKUHH OCHOBHOrO COCTORHHR HyKnOHB, 8 paMKBX MOaenH KB8pKOB 

Mht npeanonOlKHM, 'ITO 

1. BonaoaaR <j>yHKUHR a KOH<j>urypaunoHHOM npocTpaHCTBe Tpex KBapKOB RBnReTCR 

nu60 nonHOCTbiD aHTHCHMMeTpH'IHOli ('ITO COOTBeTCTByeT npHHaanelKHOCTH HyKnOHa K 

56-nneTy rpynnht SU (6} npH 06bt'IHOll CTaTHCTHKe <l>epMH), na6o nonHOCTbiD CHMMeTpH'I-

HOll ('ITO MOlKeT 6hiTb, HanpHMep, ecnu KBapKH noa'IHHRIDTCR napaCTaTHCTHKe), 

2. OnepaTop p (;) HMeeT BHa! 
3 

p (x) = I 
1=1 

e, /3 ( ~ -; ) . 
I 

T.e, KBapKH nuweHbt co6cTaeuaoll aneKTpOMarHHTHoll cTpyKTypht, Toraa neTpyaao 

nony'IHTb anR npOToHa 

4 

(4) 

1!. 

j_ 

'f 

<o 2> 

rae x 
1

- KoopauaaTa i -ro KE 

MOlKHO Bbtpa3HTb qepe3 CpeaHE 

B paccMaTpuaaeMoli Moaena on 

C y'leTOM (5) 6y ae M HMe' 

2 p 
npu < r > = 0,64 

ch 

q,2. 

.lln11 npoaepKH cnpaaeamtaocTu 1 

neneHHbiM H3 nonaoro c e qeHH R 

poKol! o6nacTu aaepruli, KOTOpht 

TtlKHX ABHHbiX CelJ:ttaC He HMe eT< 

KB8HTOB H8 npOTOHe 38 BbJtleTO~ 

MeHTBnbHbie aaHHhle pa60T/a-S/ 

HHR N*
33 

H3 <j>OTOpolKaeHHll HE 

Mht nonyqaeM 

0TnH'IHe 

a. 1 (tot) -a. 
1 

(M 1) 

a (w) OT p83HOCTH C 
El 

B8HHH B .llHllOnbHOM nornome HHH 

KOMneucupyiDT apyr apyra, Oaa1 

HO HHTepnpeTHpOBSTb HeKOTOpOe 

CneayiDlUHe aaa 06CTORTenbCTBa! 

1, Bauay nnoxoli cxoauMoc 

B HHTerpan o6nacTH aaeprull 

HHR (7)) npeae6pelKeHue a<j><j>eKT 

npuaeCTH K 3H8'1HTenhHOli norp• 

2. BoaMOlKHOll npuqaaoll HE 

MoaenbHbtX npeanonolKeauli o6 ot 

UHH OCHOBHOrO COCTORHHR, Ecnu, 

MarHHTHaR CTPYKTypa, TO anR n, 

a 
·1 

rae < r 2 > q - aapRaOBhtli paauy 
ch 



JonbHoro nornoweHHH 

{2) 

~TO OWH6KH H3-3B HCITOnh-

enbHbiM aKnBAOM a HHTe-

<HMO ( 1) 6bino cnenaao 

HB OCHOae paano>KeHHH 

k· ; ) Ha "rpBAHeHTHyiO' 

.. .. 
.s s exp (is k · x ) , {3) 

fTbi BBSI 38KOH COXpaHeHHSI 

!OTHOCTH aapHAB p(; ).Paa-

•aano>KeHHR, Mbi nonyt~HM 

~OnHOBOM npH6nH>KeHHH, 

'BK>Ke onepaTOpbi EL -nepe-

·.ueM H83biB8Tb ..,TOKOBbiMH.., • 

•nonhHOMY nornoweHHIO aa 

Horo KaanpynonbHoro 

nonhHoe nornomeHHe <!>oTo-

, TO Mbi 6yneM nanee pac-

o.oa. 

IHTb npaayiO 'lBCTb (2) 1 

OCHTenbHO aHAB onepaTopa 

paMKBX MOAenH KaapKOB 

TpeX KBBpKOB SIBnReTCH 

nne>KHOCTH HyKnOHB K 

:H60 nonHOCTb!O CHMMeTpH'l

·apaCTBTHCTHKe) . 

{4) 

1 

j 

l 

.. 
rAe x

1
- KOOpAHHBTB 

< i) 2> ,.,. e 2 < r 2> P = e 
ch 

-ro Kaapxa, X= V3 I 
I 

{5) .. 
X I • nng HeliTpOHB aenH'lHHY 

MO>KHO abipB3HTb 'lepe3 cpenHeKaanpaTH'lHbill paAHYC pacnpeneneHHR MarHBTHoro MOMeHTa, 

B paccMaTpeaaeMoll MonenH OH paaeH aapHAoaoMY panHycy npoToHa. 

C y'leTOM (5) 6yAeM HMeTb 

npH < r 
2 

>" = 0,64 <1? • 
ch 

u.
1 

(El) 
4

"
2

e
2

<r 2 >" =635MK6 
3 ch 

{6) 

nng npoaepKH cnpaaenneaOCTH MOAenH TeopeTH'leCKOe 3 HB'leHHe .{6) HY>KHO cpaaHHTb c abi

neneHHbiM H3 nonHoro Ce'leHHH <jJoTonornomeHHSI AHITOnbHbiM <!>OTOpO>KAeHHeM Me30HOB a WH

pOKOll o6naCTH 3HeprHll, KOTOpbie cymecTaeHHbl AnH Bbl'lHCneHHH HHTerpana (2) , flOCKOnbKY 

T<lK HX ABHHbiX Cell'lBC He HMeeTC H1 Mbl ITOACTBBHM B (2) non HOe Ce'leHHe nornomeHHH y -

KBBHTOa HB npOTOHe 38 a bi'leTOM BKnBAB aoa6y>KAeHHH 3,3 - H306apbl, 11cnOnh3YH 3KCnepH

MeHTBnbHbie ABHHbie pa60T/B-S/ H OUeHHBBH BKnBA MBrHHTHOrO AHITOnbHOr0 1 aoa6y>KAe-

HHH N* H3 <!>oTOpO>KAeHHH HeliTpanbHbiX ITHOHOB H H30TOITH'leCKOli HHaapHBHTHOCTH/
1/, 

33 

Mbi nonyqaeM 

0 ., 
4,5 Ba a 

(tot) - o. 
1 

(M 1) = f 1 + 2 cu/ M 

"hop cu(l +cu/ M ) 

[o (cu) -~a (cu)]dcu=460MK0 
tot 2 YP~"OP {7) 

0 (cu) OT pa3HOCTH Ce'leHHli B HHTerpane (7) o6ycnoaneHO a<l><i>eKTBMH 3BITB3Abl
E1 

aBHHH a AHITOnbHOM nornoweHHH H aKnBAOM BbiCWHX MynbTHITOnel!, lfBCTH'IHO 3 TH <i>aKTOpbl 

KOMneHCHpyiOT Apyr Apyra, 0AHBKO HMeiOIIlBHCH Heonp.eneneHHOCTb He IT03BOnHeT 0AH03HB'l

HO HHTepnpeTHpOaBTb HeKOTOpoe paCXO>KAeHHe Me>KAY (6.) H (7), Mbl OTMeTHM 3AeCb nHWb 

cneAyiOWHe ABB 06CTOHTenbCTaa: 

1. BaHAY nnoxoll CXOAHMOCTH ITOAHHTerpllnbHOrO abipa>KeHHH ( TBK 1 HanpHMep, aKnBA 

a HHTerpan o6nacTH aHeprHll 1 Baa < cu < 4,5 Baa naeT oKono 50% OT acero 3Ha'le-

HHH (7)) npeHe6pe>KeHHe a <!><i>eKTBMH 3BITB3AbiBBHHH a o6naCTH abiCOKHX 3Heprul! MO>KeT 

npHBeCTH K 3HB'lHTenbHOli norpeWHOCTH npH CpaaHeHHH TeOpHH C 3 KCnepHMe HTOM, 

2. BoaMO>KHOll npH'IHHOll Ha6niOAaeMoro pacxo>KAeHHH MO>KeT cny>KHTb aapyweHHe 

MOAenbHbiX npennonO>KeHHli 06 OnepaTOpe nnOTHOCTH 3BpHAB H CHMMeTpHH ·aonHOBOli <i>YHK

UHH OCHOaHoro COCTOHHHH. EcnH, HanpHMep , y KBBpKOB HMeeTCH C06CTaeHHBH aneKTpO

MBrHHTHBSI CTpyKTypa, TO AnH n . c . O·l (El) MO>KHO nony'lHTb 

4 2 2 
o (ED= ~e[ < r 2 > " - < r 2> q], {8) 
·1 3 ch ch 

rne < r 2 > q - aapHAOabiii panHyc KaapKa. 
ch 



YqeT acex 3THX <j>aKTopoa yMeHbwaeT pacxolKAeHHe M9lKAY 3Ha'leHHHMK (6) H (7), 

3, YMeHbWHTb BnHHHHe OWHt50K BCneACTBHe HapyweHHH AAHHHOBOAHOBOrO npHt5AHlKe-

HHS! (I) npH t5onhwHx "' MOlKHO nyTeM nonaaneHHH aKnana abtCOKHX aHeprHll c noMo-

IUbiO nOAXO.llHIUell BeCOBOll <j>yHKIXHH B HHTerpanax THna (2), C 3TOJI IXeAbiO Mbl paCCMOTpHM 

n.c. o (E 2) 
-3 

liAS! aneKTpH'IeCKOro KBaApynOAbHOrO nornomeHHS! <j>OTOHOB HyKnOHaMH, 

11CnOAb3YH CHMMeTpHIO BOnHOBOJI <j>yHKIXHH OCHOBHOrO COCTOS!HHH H S!BHbtJI BHA onepaTopa 

p(x) , nonyqaeM cnenyiOmee BbtpalKeHHe nnH n.c. o_ 
3 

(E2) 

o. 
3 

(E2) 
j (1+ 1»/ M) 2 

OJ 1-t<U/ M 

0E2(0J) dOJ = !!3.!_2<r' > P 
OJ 3 15 c h (9) 

nop 

3apS!AOBbiJI <j>opM<j>BKTOp npOTOHB 

q2 .. 0 

F (q 2) 
ch 

B HMnynbCHOM npeACTBBneHHH HMeeT BHA npH 

• 
F (; 2) = 1 __ 1 < r 2 > 

ch 6 ch 
q2+_!_ < r' > 

120 ch 

.. 
q 

(10) 

TBK 'ITO a npaaoll 'IBCTH <j>opMynbt (9) CTOHT aKcnepHMeHTanbHO H3MepKMaH aenH'IKHa, KaK 

-3 
BHAHO H3 ( 9) 0 ot5pe3aiOIIIHll <j>aKTOp OJ nenaeT HeCyWeCTBeHHblM BKnaA Bb!COKHX 3Hep-

rKll B KHTe rpan, TeM CaMblM B 3Ha'II!TeAbHOll Mepe yCTpaHHeTCS! rnaBHbtl! HeAOCTaTOK 

n,c, o (E1) - nnoxaH CXOAHMOCTb IIOAHHTerpanbHOrO BbtpaJKeHHS!, Mbt Bbi'IHCnHM OTHD-
·1 

WeHHe e = 0.3 (E2)/ 0.3 (tot) C y'leTOM 3KCnepHMeHTanbHbiX .llaHHbiX no <j>OTOpOlKAe-

HHIO Me30HOB/
6-S/ H aneKTpOMarHHTHbiM <j>opM<j>aKTOpaM eyKnOHOa/

9
/. 0HO nony'IHnOCb 

paBHbtM: 

e = o,25 (II) 

npH < r > = 1,5 q.4• 
ch 

BKnan E2- nornomeHHH a HaHt5onee cymecTBeHHOA nnH Bht'IHCneHHH HHTerpana ot5naCTH 

a HeprHH (no 600 Mas) npencTaanHeTCH CHAbHO 3aBhtweHHbtM (npHt5AH3HTenbHO a 3 pa3a) 

no cpaaHeHHIO c aKcnepHMeHTOM, CToAb t5onbwoe pa3nH'IHe He MOlKeT t5btTb o!YbHCHeHo Ha

pyweHHeM nnHHHOaonHoaoro npHt5nHlKeHHH, B e poHTHee acero, 'ITO npHH>IToe HBMH BbtpalKe

HHe (4) AnSI nnOTHOCTH 3BpHAB He COOTBeTCTByeT nel!CTBHTeAbHOCTH, 3TO 03HB'lBnO t5bt 0 

'ITO Hat5niOABeMbte B OnhtTBX no pacCeS!HHIO aneKTpOHOB aneKTpOMBrHHTHbte <j>opM<j>aKTOpbt 

HyKnOHOB He MOryT t5htTb Ot5'bHCHeHbl B pBMKBX MOll enH C TpeMH TO'Ie'IHbiMH KBBpKBMH, 

KaapKH AOnlKHbl ot5nB.llBTb COt5CTBeHHOll aneKTpOMBrHHTHOll CTpyKTypol! AOCTBTO'IHO t5oAb

WOrO pa3Mepa, 8 npHHIIHne BOnpoc 3AeCb ynHpaeTCS! B C03A8HHe 'MHOrOKB8pKOBOl!' MOAenH 

t5apHOHOB H Me30HOB. 0.llH8KO He HCKniO'IeHB B03MOlKHOCTb HCIIOAb30B8HHS! <j>eHOMeHonorH'Ie

CKOll MOAeAH C TpeM>I 'a<l><i>eKTHBHbiMH' KBBpK8MH AnSI OIIHCBHHH CBOliCTB OCHOBHOrO COCTOH

HHS!, 8 aTOM cnyqae MHoroqacTH'IHhte acneKTbt MonenH MOlKHO t5btno t5bt, HanpHMep, yqecTb 
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y 3H8'19HHSIMH ( 6) H (7 ). 

TIHHHOBOflH OBOrO rrp H6nH~e

B biCOKHX 3 H9prHI\ C nOM0-

3 T Oll U9flbl0 Mbl paCCMOTpKM 

!HSI <jlOTOHOB HyKnOH8MH o 

Sl H SIBHbll! B Hil one p8TOp8 

(9) 

J 9 UCT8 Bfl9 HHH HM99 T BH U npH 

(10) 

:,Ho H3 M e pHM8SI aenH"'HH B . KaK 

~e HHbiM BKn8.Q BblCOKHX 3 Hep

~TCH r naBHbiA HellOCT8TOK 

:>KeHH5I. M bt a bi"'HCnHM aruo-

tnbHbiX n a HHbiX no <jloTopo~ue

/9/ 
lO HOB 0HO nony'IKflOCb 

( 11) 

:c n e HHH HHT e rpana o6nac TH 

l (npH6flK3 11T9flbHO B 3 paaa) 

H e M0~9T 6 b1Tb 06'bHCH9HO H8-

' 'ITO npHHSITOO H8MH Bblp8lK9-

~nbHOCTH. 3To oauattano 6ht • 

! TpOM8rHHTHbl9 <jlopM<jlaKT Opbi 

p 9 MSI T O'I9'1Hb1MH KB8pK8MH . 

:TpyKTypol! UOCT 8 T O'IHO 6onb

U8HH9 "MHOrOKB8 p KOBOll" MOA9flH 

<C nOnb30B8HHH <jleHOM9HOflOrH'I9 -

8HHH CBOliCTB OC HOBHOrO COCT OH

KHO 6binO 6bi , HanpHM9p, y q eCT b 

I , 

' 

BB9A9HH9M ' 3<P<i>eKT HBHbiX " K OHCT8HT CBH3 H 1 <jlo pM<jl8K TOpOB H T . n. - TO'IHO T 8K >Ke 
1 

K8K 

3TO uenaeTCH a aacT oHmee apeMH a HAepaol! <jlH3HKe. Maaqe Tpyoao o6'bHCHHTb ycneXH 

MOUenH B n peACK 838HH H M8rHHT HbiX MOM9HTOB 1 p8AH8UH OHHbiX pac n a UOB
1 

3 n9KT pOM8rHHT

HOr O pacmenneHHSI M 8CC H uenoro pHAa ApyrJfX CB OliCTB '18CTHU. 

B 3aKnJO'IE:HH e Bbipa>Ka JO r ny6oKyJO 6 n arooapHOCTb A.M. BanuuHy aa HHTepe c K HaCT OH

wel! pa60Te H CTHMYIIHPYJOmue o6cy~A9HHH. 
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