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<t>opManbHbie peaynbTSTbi, nonyqeHHbie B pa6oTel 1 I, aonycKaJOT npocToil: 

8H8nH3 npoueCCOB1 nepeHOpMHpy!OlUHX a<jxjleKTHBHbie CHnbi B HApax, H IT03BOnH

IOT HCITOnb30B8Tb peaynbT8Tbl pacq~TOB 9HeprHH CBH3H HAep H HAepHOil: M8-

TepHH AnH OUeHKH BenHqHHbl napaMeTpOB a¢l¢eKTHBHbiX CHn B HApax. l1ayqeHHIO 

9THX BOITpOCOB ITOCBHIUeH nepBbiil: paaaen H8CTOHIUeil: pa60Tbi. 

ByayqH cTporHMH, cooTHorueHHH, nonyqeHHbie B pa6oTe I 1 I, noaBonHJOT 

T8K>Ke 8H8nH3HpOB8Tb npoueCCbi1 OITHCSHHe KOTOpb!X Bb!XOAHT 38 p8MKH Me

TOllS C<t>. KaK npHMep B03MO>KHbiX npHMeHeHHil: MeToAa B paaaene 2 BbJqHcnH

eTcH ITOITp8BK8 K 9HeprHH nepeXOAOB1 B KOTOpbiX yqaCTBYIOT COCTOHHHH HApS 

c 6onbruoil: aHeprHeil: Boa6y>KAeHHH. 

§ J. flepeHOpMHpOBK8 3C/J4JeKTHBHbiX CHn 

KaK H B pa6oTel 1; ITOA a¢l<fleKTHBHOil: CHnoil: Mbl ITOHHM8eM Bbip8>KeHRH, 

KOTOpbie BXOAHT B ypaBHeHHH JJ.nH onepaTOpoB nepexoAa . b+ Me>KJJ.Y llBYMSI 

CT8UHOH8pHbiMH COCTOSIHHSIMH S1Ap8 

+ 
11> ab 1'0>, (1) 

B cooTBeTCTBHH c peaynbTaTaMH npeAbiAyrueil: pa6oTbi onepaTopbi caMocorna-

c.c. 
coaaHHoro nonH H R a¢l<PeKTRBHoil: cRnbi F onpeaenHJOTCH BapRauROHHbiMR 

npoH3BOAHb!MH ITO MaTpRue rrnOTHOCTH OT <flyHKUHOHana 
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E - H0 

1-Pm V 
E-Ho 

1 - Pm llK> -V + ... • 
( 2) 

E-Ho 

B ¢opMyne (2) IK > rrpeacraBnHeT co6ofi HeKoTopoe HeKoppenHpoaaHHoe 

COCTOHHHe, IIpHH8Ane~amee MOAenbHOMy IIpOCTp8HCTBY COCTOHHHfi 0 BKn!0'-1810-

llleMy orpaHH'!eHHoe '!Hcno HH3Kone~amHx KoH<fmrypauHfi raMHnhTOHHaHa H0 

MoaenH o6onoqeK; V - IIOTeHuHan B38HMOAefiCTBHH Me~AY CB060AHbiMH HyK-

nOH8MH
0 

M8TpH'!Hbie sneMeHTbl KOTOporo Me~y HeKoppenHpOB8HHbiMH COCTOH

HHHMH C'!HT810TCH KOHe'!HbiMH 0 XOTH 0 6b!Tb MO~eT, IIpOH3BOnbHO 6onbiiiHMH. 

OrrepaTop n YAOBneTBOpHeT ypaBHeHHIO 

0 = 1+ (3) 

B '!8CTHOM cnyqae, Koraa MoaenbHOe IIpOCTp8HCTBO COCTOHT TOnbKO 

H3 oaHofi KOH<jmrypauHH L K > ·, ¢QpMyna (2) orrpea e nHeT p HA TeOpHH B03-

MyUieHHfi AnH 8HeprHH CT8UHOH8pHoro COCTOHHHH HAp8 0 BOnHOB8H ~yHKUHH 

KOTOPOrO 

l'P > =O I K>. 
(4) 

CTonh y3Koe MonenhHoe rrpocTpaHCTBO H e norrycKaeT paccMoTpeHHH rrepe

xonoa, H B biKnaAKH pa60Tbl/ 1/ rrpH T8KOM orrpeaeneHHH ( m) TepH!OT CMbiCn. 

CocTOHHHH, yqHThiBaeMbie a cymecTBYJOlllHX MoaenRx RnepHofi ~H3UKH, 

llOCT8TO'IHO MHOrO'!HCneHHbl! OHH BKn!0'-!810T KOH4JHrypa UHH OAHOH HnH HeCKOnb

KHX o6ono'!eK, 6nH~afiiiiHX K 38IIOnHH!Ollleficg. Mbl 6yneM C'!HT8Tb B COOT-

BeTCTBHH C 9THM 0 'ITO MOnenbHblfi raMHJ1bTOHH8H H =H + V 0 
m 0 

TaK~e orr-

peneneH B AOCTATO'!HO IIIHpOKOM IIpOCTp8HCTBe COCTOHHHfi 1 He YTO'IHHH IIOK8 0 

K 8KHe HMeHHO KOH4JHryp8UHH BKnJO'!eHbl B Hero. 

4 

BaeaeHHe MoaenbHoro rrpoc TpaHCTBa Ka~eTCH paayMHhiM 

nH!OlllHM ynpOCTHTb OTbiCK8HHe p e meHHH ypaBHeHHH AnH OIIepaTo 

MynaX (2) - (4) AnH CHCTeM MHOrHX HyKnOHOB0 IIOTeHUH8n 

Me~AY KOTOp blMH HMeeT OTT8nKHB8 TenbHYIO '!8CTb K8K 9TO IIOI 

I 
I 
I 
I 
I 
I ,r al 

PHc . 1. Pa3neneHHe rroTeHuHana Ha KopoTKYJO V • 11 naneKyJO 

~yHKUHH ~ (r) l1306pa*aeT 38BHCl1MOCTb OT paCCTOHHI 

HYKJ10H8Ml1 BOJlHOBOH ~YHKUllll CB060JlHOrO llBll*eHHH lll 

HOB. ~YHKUllH ~(r) COOTBeTCTByeT H8J1H'IHIO KOppenH 

aaHHhiX V • • napaMeTp cerrapauHH d B MeTone C 
KOBCKOrO Bbi6HpaeTCH T8K 1 'IT06b! B STOJ\1: TO'!Ke J10r8f 

llp0113BOJ1Hb!e ~ ( r ) H ~ ( r ) COB!l8J1H . 

ilnH Toro qTo6bi noKa3aTb sTo , paao6beM rrpoHaaonhHbiM cnocoe 

CTBHe H8 nanbHIOIO ( V f) H KOpOTKYIO ( V s) '!8CTH 

V = V x( d-r)+V x(r-d)=V. +Vp, 

rne X ( e) - 4>YHKUHH XeBHCaifna ( 4>YHKUHH CTyrreHbKH). 

fpaHHUY 1 OTnenH~IIIYIO ypOBHH 0 BXOJlHlliHe B MOJlenhHOE 

( m), Bbi6HpaeM T8K 0 'IT06bi YAOBneTBOpHTb HepaBeHCTBy 
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Bse.uenHe Mo.uenbaoro npocTpa HCTBa Ka)l{eTCH pa3yMHbiM lllaroM, no3 Bo

nHJO!UHM ynpOCTHTb 0Tb i C K 8 HHe pe !UeHHH ypaBHeHHH .UnH o nepaTopa Q B QJOp

Mynax (2) - (4) .UnH CHCTeM MHOI"'HX HyKnOHOB0 ITO TeHUH8n B38HMO.Uei1CTBHH 

Me)I{.Qy K OTOpblMH H M e eT OT T8nKHB8 TenbHY IO '18 CTb K8K 8 TO ITOK838HO Ha p Hc, }, 

I 
I 
I 
I 

:..,. ol r 

Pwc . I . Pa3neneHHe noTeHuHana na KopoTKYIO V a w naneKyJO Ve qacTH . 

¢yHKUHH ¢ (r) H3o6p8)1{8eT 38BHCHMOCTb OT paCCTOHHHH Me)I{.Qy 

HyKnOH8MH BOnHOBOll ~YHKUHH CB060.UHOI"'O .UBH)I{eHHH .UBYX HyKnO -

HOB, ¢yHKUWH c/J ( r ) COOTBeTCTByeT HanH'IWIO KOppenRUHt\ 0 Bb13-

B8HHblX Va • napaMCTp cenapauww d B MeTone CKOTTa - Mow -

KOBCKOro Bhl6WpaeTCR T8K 0 'IT06hl B 8TOti TO'!Ke norapH~MW'IeCKHe 

npoW3BO.UHbie ¢ ( r ) w 1/1 ( r ) coBnanw . 

llnH TOI"'O 'IT06bi ITOK838Tb 8T0 0 p8306beM npOH3BOnbHbiM CITOC060M B38HMO.Uei1-

CTBHe H8 .UBnbHIOIO ( V f) H KOpOTKy!O ( V 
5

) '18CTH 

V = V X ( d - r) + V X ( r - d ) = V 
8 

+ V· p ( 5 ) 

r ne x <e> - ¢YHKUHH XeaHcaA.ua (cpyHKU HH cTyneH b KH), 

fpaHHUY 0 OT.UenHI<llliYIO ypOBHH 0 BXO.UHll!He B M O.UenbHOe n pO C T pBHCTBO 

( m) , Bbi6HpaeM T 8 K 0 'IT0 6bl Y.UOBneTBOpHTb HepaBeHCTBy 
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:I 

2 
l<vpl Ve .lv'p.'-p.'v'>l . 

..., ,v'~ , "'F 
l + l tv - : ( , 

p.,p.' >v = x < 1, ll ll v 

I :I <v,v'l ve lw'-v'v>l 
v, ll~liF 

(6) 

B KOTOpOM X - Hanepea aaaaHHOe 'IHCJI0 1 Me·Hbll!ee eaHHHUhl • Bo3MOlKHOCTb 

yaoBneBopHTb aToMy ycnoBHIO o6cylK.aanacb Bl 1 I; KalKeTcH ecTecTBeHHbiM 

C'IHTaTb pa.llHYC ae~CTBHH CHJI HaxoaHll!HMCH B o6paTHO~ CB513H C BepOHTHOCTb!O 

B036ylKaeHli51 qaCTHU Ha Bb!COKOJielKall!He ypOBHH, 

B HyneBoM rrpH6nHlKeHHH no X ypaBHeHHe (3) rrpHo6peTaeT BHLI 

0 .. 0 =1 + • ( 7) 

qeM 60nbllle d , TeM MeHbllle COCTOHHHA MOlKHO OCTaBHTb B MOaenb-

HOM npOCTpaHCTBe H TeM npome crreKTpOCKOITH'IeCKaH '!aCTb aaaa'IH 1 CBOLIH

maHCH C .llH8f'OHaJIH3aUHH MO.llenbHOf'O I'aMHnbTOHHaHa, 

C apyroA CTOpOHbl 1 pellleHHe ypaBHeHHA ( 8) 1 ( 7) MOlKHO ynpOCTHTb 1 

eCJIH npeo6naaal0ll!He MaTpH'IHhie ane.MeHTbl y 8 COOTBeTCTBYIOT .llOCTaTO'IHO 

6onbll!HM B036ylKaeHHHM1 anH KOTOph!X 3HaHHe TO'IHOI'O 3Ha'!eHH51 aHepreTH'IeC-

KOI'O aHaMeHaTenH E _1 H 
0

' HecymecTBeHHo, CB06oay B Bhi6ope napaMeTpa 

d ( T,e, B onpeaeneHHH V 8 ) MOlKHO HCnonb30BaTb TaK, 'IT06h! aeACTBHe 

onepaTopa 0 
8 

Ha BOnHOBYIO ~YHKUHIO H.llpa 6binO 6nH3KHM K aeACTBHIO 

aByxqaCTH'IHOI'O onepaTopa 

(0) 

0 • - 1-
1- Po 

H
0
- Eo 

6 

v 0 (0) 

• • ( 7') 

c onepaTopoM npoeKTHpOBaHHH Po H 3HeprHe~ E 
0 

, onp 

aByxqaCTH'IHb!X COCTOHHHii: B 06ll!eM none, BKn!O'IeHHOM 

( T,e, 'IT06hi ypaBHeHHe ( 7) aonycKano pemeHHe B raaoBOM 

To'IHOCTb raaoBoro npH6JIHlKeHHH TeM 6onbme, qeM Me.HIJ 

aoBaTeJibH0 1 B03paCTaeT C yBeJIH'IeHHeM 'IHCna KOH~Hrypau 

npocTpaHcTBa H3--Ga ycnoBHH ( 6), KalKeTCH ecTecTBeHHbiM H 

HOe 3Ha'!eHHe X H d , 'IT06b! yqeCTb B03MOlKHO 60Jiblllee Ko 

XOLIOB 1 OCTaBnHH B ypaBHeHHH (7) TOJ!bKO Ty qacTb ITOTeH 

aonycKaeT HCnOJib30BaHHe ra30BOf'O llpH6JIHlKeHH51, 

PacqAThl anH HaepHO~ MaTepHH H KOHe'!HhlX Haep (aoc~ 

HaH 6H6nHorpa¢HH npHBeaeH a B pa6oTel 1 I) noKa3hiBaiOT, 'ITO ;y 

ph!X f'OBOpHJIOCb Bh!ll!e 1 HBJIHIOTCH aocTaTO'IHO CJia6biMH
1 

a HMe 

HaJibHbie MaTpH'IHhie 3JieMeHThl V p 3Ha'IHTenhHo npeo6naaaK 

HanhHhiMH, ecnH d ~ 1 . OpH aToM Bee MaTpH'IHhie aneMeH 

HHlKa~ll!HMH KOH~HrypaUHHMH Manbi1 TaK 'ITO CpaBHHTenbHO I 

lKeHHH anH aHepreTH'IeCKHX 3HaMeHaTene~ H 3aMeHa orrepaT• 

BaHHH 1- p m Ha eaHHHUY He CHnhHO BnHHIOT Ha oueHKy 8H 

HYKJIOHOB, 003TOMY KalKeTCH ecTeCTBeHHh!M HCnOJib30BaTb an 

MeTpOB a~eKTHBHOf'O raMHnbTOHHaHa YlKe HMe!Oll!HeCH pac..:; 

BpaKHepa, B KOTOph!X aanbHHH qacTb noTeHUHana B3aHMoae~c 

Th!BaeTCH B nepBOM nopHaKe TeOpHH B03MylUeHH~1 a onepaTOp 

Y'IHThlBaeTCH npH6JIHlKeHHo, 

KaK H B pa6oTel 11 1 Hac HHTepecyiOT1 B OCHOBHOM, nap 

THBHOf'O B3aHMOaeii:CTBH51 HYKJIOHOB1 onpeaeneHHble ~OpMy; 

F 
8

2
h 

0 
12 

8K(x' x) BK(x'x 
1 I 2 2 

rae K(x, x'),., l: cp~ (x) cpv(x ') - MaTpHua rrnoTHoc· 
V=JI 

onpeaenHIOll!aH HeKop~enHpoBaHHoe cocTOHHHe I K > · • 

3~eKTHBHaH Macca HYKJIOHa B raMHnbTOHHaHe MoaenH ( 

paeTCH 06h!'IHO paBHOii: Macce CB060aHoro HyKJIOHa 0 H KHHeTH"' 
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c onepaTopoM npoeKTHpoBaHIHI Po H 9HeprHel!: E 0 , orrpeaeneHHb:MH am1 

ABYX'IaCTH'IHb!X COCTOSIHHl!: B 06llleM none, BKniO'IeHHOM B onepaTop H O 

( T.e. 'IT06bi ypaBHeHHe ( 7) aonycKano perneHHe B raaoBOM npH6nH)I{eHHH). 

To'IHOCTb raaoBoro npH6nH)I{eHHSI TeM 6onhiUe, 'leM MeHbiUe d, a, cne

AoBaTenhHo, B03p8CT8eT C yBenH'IeHHeM 'IHCna KOH¢HrypauHl!: MOAenbHOT'O 

npOCTpaHCTBa H3-3a ycnOBHSI (6). Ka)l{eTCSI ecTeCTBeHHbiM H8l!:TH OIITHManh

HOe 3Ha'leHHe X H d , 'IT06bi y'leCTb B03MO)I{H0 6onbiUee KOnH'IeCTBO nepe

XOAOB0 OCTaBnSISI B ypaBHeHHH (7) TOnbKO TY '18CTb IIOTeHuHana, KOTOpaSI 

aonycKaeT HcnonhaoBaHHe raaosoro npH6nH)I{eHHSI. 

Pac'IAThl AnSI SIAepHOl!: MaTepHH H KOHe'IHhlX SIAep (AOCT8TO'IHO IIOAp06-

H8SI 6H6nHOrpa¢HSI npHBeAeHa B pa6oTe/ 1/) TIOK83b!B8IOT0 'ITO ycnOBHSI 0 0 KOTO

pbiX T'OBOpHnOCb BbiiUe, SIBnSIIOTCSI AOCTaTO'IHO cna6biMH 0 a HMeHHO, 'ITO AHaro-

3HB'IHTenhHO npeo6naaaiOT HaA neaHaro-

H8nbHbiMH 0 ecnH d ~ 1 . npH 9TOM BCe M8TpH'IHbie 9neMeHTbl V
8

{1 
8 

Me)I{AY 

HH)I{al!:IUHMH KOH¢HrypaUHSIMH Manbi0 T8K 'ITO Cp8BHHTenbHO rpy6bie iipH6nH

)I{eHHSI AnSI anepreTH'IecKHX 3HaMeHaTenel!: H aaMeHa onepaTopa npoeKTHpo

BaHHSI 1- p m H8 eAHHHUY He CHnbHO BnHSIIOT Ha oueHKy 9HeprHH CHCTeMbl 

HyKnOHOB. no9TOMy Ka)l{eTCSI ecTeCTBeHHbiM HCTIOnb30B8Tb AnSI OUeHKH napa

MeTpOB 9¢¢eKTHBHOT'O raMHnbTOHH8H8 y)l{e HMeiOlllHeCSI p8C'Ii!!Tbl IIO TeOpHH 

EpaKHepa, B KOTOpbiX aanhHSISI 'laCTb noTeHuHana B3aHMOAel!:CTBHSI V f 

TbiBaeTCSI B nepBoM nopSIAKe TeopHH B03MyiUeHHl!:, a onepaTop ( 1-P m) / ( E- H0 ) 

y'IHThlBBeTCSI npH6nH)I{eHHo. 

KaK H B pa6oTe/ 1/ 0 HaC HHTepecyiOT0 B OCHOBHOM, napaMeTpbl 9¢¢eK-

THBHOT'O B3aHMOAel!:CTBHSI HyKnOHOB0 onpeaeneHHbie ¢opMynol!: 

F 
12 

( 8) 
BK(x' x) BK(x'x 

1 1 2 2 

rae K (X, x')"' ~ tP ~ (X) tP (X ') - MaTpHua nnoTHOCTH, OAH03H8'1HO 
11= ·11 F II 

onpeaenSIIOlllaSI HeKoppenHpoBaHHoe cocTOSIHHe I K > • 
3¢¢eKTHBHaSI MaCCa HyKnoHa B raMHnbTOHHaHe MOAenH o6ono'leK Bbi6H

paeTCSI 06bi'IHO paBHOl!: MaCCe CB060AHOT'O HyKnOHa, H KHHeTH'IeCK8SI 3HeprHSI 
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CHCTeMbl HyK n O HOB He n epeHo pMH pye T CH H 3 -38 orpaHHqeHHH npOCT p8 H CTB8 

COCTOHHHH. H o KHHeT HqeCK8H 9HeprHH B HeK OppenHpOB8HHOM COCTOHHHH nHHeHH8 

no M8T pHUe nnOTHOCTH 

T 

... 
fdxdx'(x \ ;: lx')K(x'x) ( 9) 

... :1. 

= tr (-p- K ) 
2m • 

ITo a ToM y BMeCTO 4JopMynbi ( 8) MO>t<HO aanHC8Tb T8K>Ke 

F 

2 
8 E pot ( 8') 

12 8K
1
8 K

2 

- Bb!pa>t<eHHe, HCnOnb30B8HHOe B pa6oTe/2/ J.ia ctJopMynbi ( 8) BHJJH0 1 qTO 

TOqHOCTb oueHOK F 
12 

onpeJJenHI<>T HMeHHO noTeHUH8flbHbie a HeprHH B38HMOAelt 

CTBHH HyKnOHOB1 a He 9HeprHH CBH3H HAp8 1 B KOTopyi<> BXOAHT pa3HOCTb AByX 

6onblllHX senHqHH ( E bin d -I .E p ot I - T ) • 

CBH3b a4J4JeKTHBHolt cHnbi H3 4JopMynbi (8) , (8') H MaTpHUbi peaxuHH 

BpaKHepa Mo>t<eT 6biTb ycTaHoaneHa paccMoTpeHHeM AHarpaMM TeopHH aoa

MymeHH~t/3/ ans h 0 • BbipaaHM a,HeprHI<> E p o t B BHJJe cyMMbi CBH38HHbiX 

AH8rpaMM 6e3 BHelllHHX nHHHit, nerKC y6eJJHTbCSI 1 qTO K8>KAOit Llbl pOqHOit nH

HHH H8 L1HarpaMM8X COOTBeTCTByeT M8TpHU8 nnOTHOCTH K (X, X ') B 4JopMyne 

AnH 3HeprHH (2) H qTO 0LlHOKp8THOe BapbHpOB8HHe no K COOTBeTCTByeT 

LlH8rpaMM8M 1 nonyqai<>mHMCSI H3 HCXOLlHOit pa3pb!BOM OLlHOH LlblpOqHQH nHHHH. 

OnpeaenHM M8TpHUY peaKUHH K8K CYMMY BCeX LlHarpaMM neCTHHqHoro THna 

( CM, pHC, 2),B KOTOpblX npH CyMMHpOB8HHH no BHpTy anbHbiM COCTOHHHHM qac

THU HCKni<>qaiOTCH ypoBHH H3 MOaenbHOro npocTp8HCTB8 (m), 

8 

\l 
.i 

~ 
.t 

+ --

PHc . 2. llHarpaMMbi , yqTeHHbie B Ma T pHu e peaKUHH, Ypo BHH 

npHHanne >KaT MOAenbHOMY npOCTp8HCTBy , 

LlHarpaMMbi1 LlBI<>mHe H8H60nblllHH BKIT8Ll B 3HeprHIO h 

nnoTHOCTHX ( H yqHTbiBaeMbte B pacq~Tax no TeopHH BpaKHepl 

6onblllOit qHcno LlbipoqHbiX nHHHit, ITpocTeltlllaH H3 HHX nonyqaeTc 

BHelllHHx nHHHit AHarpaMMbi 2 H npeacTasnseT raaosoe npu6nH>Kt 

rHH cpeLlblo LlByKp8THOe B8pbHpOB8HHe BKnaaa OT Hee B E p o 

MaTpHue peaKUHH G Cneayi<>mHe no cno>t<HOCTH LlHarpa~ 

H306pa>t<eHbl H8 pHC, 3, 0HH COOTBeTCTBYI<>T LlOnonHHTenbHOH n 

a¢4>eKTHBHOH CHnbi 1 aenaromelt ee OTnHqHOH OT M8TpHUbl peaK 

CTBYI<>mHe LlHarpaMMbi ans F 12 H306pa>t<eHbl H8 pHC, 4, 

PHc . 3. 

(Q,) (a 

Don pa BKH K raa o BOMY npH6nH>KeHHIO nm1 E pot. llHarpa 1 

BHOCRT BKn8Ll npeHMymeCTBeHHO H3-38 K OpOTKOAeHCTBY 

noTeHuHan a V •, AHarpaMMa s ) csRaaHa c V p 

9 



+ --

PHc. 2. llHarpaMMbi, y'ITeHHbie B MaTpHue peaKUHH. YpoBHH p, p ' He 

I!pHHaane*aT MoaenbHOMY npoCTp8HCTBy. 

fiHarpaMMb!1 A810IUHe H8H60nblllHil: BKnSA B SHeprHIO h0 IIpH ManbiX 

nnoTHOCTSIX ( H Y'IHTbJBBeMbJe B pac'I~Tax rro TeopHH BpaKHepa), HMeiOT He-

6onhrnoA 'IHCnO ablpO'IHb!X nHHHA. npocTeil:ll!SSI H3 HHX rronyqaeTCSI ;38MblK8HHeM 

BHernHHx nHHHA aHarpaMMbi 2 H rrpeACTaanSieT raaoBoe rrpH6nH>KeHHe AnSI aHe·p-

rHH cpeAblo fiByKp8THOe B8phHpOB8HHe BKn8A8 OT Hee B E p ot I!pHBOAHT K 

MaTpHue peaKUHH G CneAylOIUHe no cno>KHOCTH AHarpaMMbJ AnSI E p ot 

H306pa*eHbl H8 pHC. 3. 0HH COOTBeTCTBYIOT AOIIOnHHTenhHOil: rrepeHOpMHpOBKe 

a<f$eKTHBHOA cHnhi, Aena10meA ee oTnH'IHOil: oT MaTpHUbJ peaKUHH. CooTBeT-

CTBy!OIUHe AHarpaMMbl AnSI F l2 H306pa>KeHbl H8 pHC. 4. 

(Q,) 

(8) 

PHc. 3. nonpaBKH K raaoaoMy rrpH6nH*eHHIO anSI E pot. llHarpaMMbi a) H 6) 
BHOCHT BKnaa rrpeHMymeCTBeHHO H3-38 KOpOTKoaeACTBYIOllleA 'IBCTH 

IIOTeHUHana V • • aHarpaMM8 B) CBSI38H8 C V P. 

9 



(a) 

to J tiJ 
PHc. 4. 

ilHarpaMMbl H8 pHC. 4 H B KHHre EpayHa /4/ OnHCb!B810T CYLU9CTB9HHO 

pa3nH'IHbJe npouecCbi nepeaopMHpoBKH, flepeHopMHpOBKa no Epayay B03HHKaeT 

H3-3a cy*eHHH Moaenhaoro npocTpaHcTBa ao KoH¢HrypauH~, npHHaane*a

LUHx TOnbKO OUHO~ o6onO'IK9 0 H Bb!3B8Ha TOnbKO aanbHel!: '18CTbiO noTeHUHana 

B38HMOU9l!:CTBHH V f • flepeHOpMHpOBKa, paCCM8TpHB89M8H 3U9Cb 1 Bbi3B8H8 

npeHMyLU9CTB9HHO KOMnOH9HTOl!: v 8 H BKniO'I89T 60nblll09 'IHCnO BHpTyanb-

Hb!X nepeXOUOB H3 OCHOBHOI'O COCTOHHHH MOaenH 060n0'19K Ha BbiCOKOne*a-

LUH9 ypOBHH, 

ct>opMynbi (8), (8'), aonycKaH aHanH3 aa H3 bJKe aHarpaMM, aaiOT TaK*e 

B03MO*HOCTb nonyqaTb OU9HKH napaMeTpOB CHn HenocpeUCTB9HHO no U8HHbiM 

pacq~Ta HU9pHOl!: M8T9pHH, 3Ta B03MO*HOCTb 6bin8 HCnOnb30B8H8 paHeef 2/ 

UnH OU9HKH a¢<l>eKTHBHbiX CHn B npH6nH*eHHH HyneBOI'O paaHyCa ael!:CTBHHx/, 

x/3 a MeTHM, 'ITO HOpMHpOBKB CHflbJ B / 2 / O T flH 'IBeTCH OT ll[JHHHTOH B J)B60 -

TBX rpynnbi Mnrasna . B a TOM oTnowennH cpssnenne Bbi'fHCnBHHbiX nspsMer poB 

8 -cHnbi H aMnnHTYI:lbi pacceHHHH Mnraana B ra6nnue 1 pa6orbi /2/ Henpa 

BHnbno : ecnn ITpn.aep.>KHBBTbCR nopMHpoBKH MnrasnB, reopeTH'Iecxne oueHKH 
cne.ayeT psa.aenHTb H8 2. 

10 

Pacq~Tbi, npoaenaHHbie B pa6oTe/ 2/, noKa3anH, 'ITO a<jl<jleKTbi 

xi 
o6CY>KU8BIIIelfCH Bb!III9 0 BenHKH 

flepeHOpMHpOBK8 CHn UOn*Ha H3M9HHTb MynhTHTIOnbH 

HccneaoBAHHbi il EpayHoM, OueHKY aono nHHTellbHbiX MynhTHnon 

B a <jl<jleKTHBHOl!: CHne MO>KHO JJOny'IHTb1 He npa6eraH K pe3ynbTl 

Bocnonh3yeMCH MeToaoM cerrapauHH CKOTTa H MornKOBC KOr< 

ITOTeHUH8nbHYIO 9H9pi'HIO B38HMOUel!:CTBHH E pot B BHUe 

E 
pot 

1 

2 
Jdx

1 
dx

2
dx;dx'

2
(x 

1
x

2
1 V(l'; 1 -r"Jx (r-d 

x K (x ', x 
I 

)K(x'x)= 
2 2 

AS 1 

2 
tr 

1 
tr 

2 
V f ( 1, 2) K 

1 
K 

2 

B ¢opMyne ( 10) x ( 0 - <jlyHKUHH XeaHcal!:aa; ... r"" ; _;+ 
1 2 

napaUHH d 38B~CHT OT pacrrpeaeneHHH HYKnOHOB, 3Ta 388! 

paeTcH a oqeHb cneuHanhaol!: <jlopMe: napaMeTp d rronaocTI 

BenH'IHHOl!: 

1 2 
r 2 = ·- ·h v K , 

N 

BbJ'IHCnHH rrepay10 aapHauHOHHYIO npoH3BOUHYIO oT E J 

MocornacoaaHHbil!: noTe HuH an), nony'IHM 

x /QnpeaenHTb TO'IHOCTb 3THX pBC'I~TOB MO*HO flOKB flHWb no ] 

BepOHTHOCTH p - 3BXBBTB B HJ:lpBX 
14 0, npHBeaeHHblM B /5/: 8 -

(eM, pa6ory/ 2 / Jno3BOnHJOT onncarb 3BXBBT Ha ypoBHH 0-, I- Hapa 

H £lBJOT 3BBbJWeHHYJO B 2,5-3 pB3B BenH'IHHY sepoHTHOCTH 3BXBBTB . 

BeHb 2-, 
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Pac'I~Thi, rrpoJJena HH hie B pa6oTe/ 2/, rroKa3anH, 'ITO a<jl<jleKThi rrepeHopMHpOBKH, 

xl 
o6cy)I(JJ8Bllle~cSI B hillle, senHKH 

f1epeJ-!OpMHpOBK8 CHn JJOn)I{H8 H3MeHHTb MynbTHITOnbHb!i% COCT8B CHn, 

HccneJJOBA HHhli1 EpayHoM. OueHKY JJorro nHHTenbHhiX MynhTHrronbHhiX KOMITOHeHT 

B SQlQleKTHBHO~ CHne MO)I{HO rrony'IHTb
1 

He rrpli6eraSI K pe3ynhT8T8 M pa60Tbl/ 2/ • 

Bocrronb3yeMcSI MeTOJJOM cerrapauHH CKoTTa H MolllKOBCKoro/4/ H 3 arrHrneM 

IIOTeHUHBnbHYIO SHeprHIO B38HMOJJe~CTBHS! 

E 
pot 

1 
2 

xK(x;,x 

AS 1 
2 

trl tr2 V f (1,2)K 1 K 2 

E pot B BHJJe 

( 10) 

B <jlopMyne ( 10) x ( ~) - QJYHKUHSI XesHcattaa; .. r .. ; - i" • ITapaMeTp ee-
l 2 

rrapaUHH d 38B?CHT OT pacrrpeaeneHHSI HYKnOHOBo 3Ta 38BHCHMOCTb Bbi6H-

paeTCSI B oqeJib crreuHanbHott <jlopMe: rrapaMeTp d rronHOCTbiO orrpeaenSieTcSI 

BenH'IHHO~ 

r 2 = · - 1- 'h v 
2 

K • 
N 

( 11) 

Bbi'IHCnSISI rrepsy10 BapHBUHOHHYIO rrpoH3BO.r:IHYIO OT E pot 

MOCOrnaCOB8HHbl~ IIOTeHuHan) t rrony'IHM 

( T.e. ca-

x / QnpeDeflHTb TOqHOC Tb 3 THX pac qeTOB MO*HO llOKB flHWb llO p BcqeTBM 

BepoHTHOCTH p - 3 8XBBTB B RDpB X 
10 0, llpHBeDeHHbiM B / 5 / : 8 - CHflbl 

( e M. pa6oTy/ 2 / ] nos son RIOT onHCBTb 3BXBBT HB ypoBHH 0-, 1 - RDpB 10 N 

H DBIO T 3 8 BbiWeHHYIO B 2,5-3 p838 BeflHqHHy BepoRTHOCTH 38XBBTB HB ypo

BeHb 2-. 
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BE 
V a.e. pot 

";' 

BK 

tr V A.S 
2 e (1,2)K

2 
+ 1 

2 
tr tr 

2 3 

B V ;·s (2,3) 

BK 
I 

K K 
2 

( 12) 

BTopoA qneH B rrpaao~ cTopoae ¢opMynbi (12) rrpeacTaBnReT co6oA 

BKnaa 3HeprHH rrepecTpO~KH B Cpeaaee none. yqHTbiBaR, qTO 3aBHCHMOCTb 

OT K a vf BXOaHT TOnbKO qepe3 r 2 ( CM • . ¢opMyny ( 11)) 1 3aiTH!lleM 

::>TO T "!ITeH B BHDe 

a Epot B r 2 

: . ; 

a ;- 2 B K I 

1 
:=-

N 

aE 
~.2 
a; 2 •. r I 

( 13) 

EcnH aenHqHHa V = tr V D ( 1,2) K 
l 2 t 2 

B KOH¢HrypaUHOHHOM rrpOCTpBH-

CTBe MO*eT 6hlTb arrrrpoKCHMHpOBaHa ¢opMyno~ 

k 
V = - ' r 

2 
( 14) 

C K03¢¢HuHeHTOM *eCTKOCTH, RBnmOIUHMCR ¢yHKUHeA OT d HnH -; 2 , TO 

yq~T rrepecTp OHKH rrpHBOaHT rrpoCTO K rrepeHOpMHpOBKe k • BbiqH cneHHe 

BTOpOH sapHaUHOHHOH rrpOH3BOaHOH OT E 
pot 

rrpH Tex *e rrpearrono*eHHRX 

aaeT 

A.S. 2 2 
F = v e (1, .2 ) + K r r , ( 15) 

12 1 2 

12 

I 

l 
l 

I 

I 

rae 

K = · ...L 
2N 

dlt 1 
-~---- ·+ __ , 

d r 2 N 2 

2 a E pot 

a< ;-'2) 2 

EonbiUOH BKnaa saeprHH rrepecTpOHKH B oaaoqaCTHqHbiH 1 

aaeT OCHOBaHHe ayMaTb, qTQ ao6aBKa K MOHOITOnbHOH KOMITOHe 

Myne (15) He Mana . Ee pacq~T rrpoH3BoaHTCR. 

§2. nonp8BK8 K Mero.ay CC/J .anH nepexo.aoB c 6onbl 

H3MeHeHHeM aHeprHH 

T1orrpaBKH K MeToay CcP, B03HHKaJOIUHe H3-3a 3aBHCHMO< 

raMHnbTOHHaHa Hm ( z ) = H 0 + V n ( z ) OT 3HepreTHqeCJ 

Z 
1 

MOryT OKa3aTbC51 cymeCTBeHHb!MH anR OITHCaHHR rrepexoao J 

*aiUHe COCTORHJ.IR Rapa. 3aBHCHMOCTb OT Z BnHReT KaK Hl 

TORHHH,TaK H Ha BepORTHOCTH rrepexoaoB, OaHaK01 paCCMOTpE 

Tpe6yeT aHanH3a rrepeHOpMHpOBKH 3apRaOB H rrpeacTaBnReT 

HYIO 3aaaqy 1 KOTOpy!O Mbl OCTaBnReM 3aecb fe3 paCCMOTpell 

f1penrronaraR 3aBHCHMOCTb OT Z cna6oH, pa3no*HM H 
rr. 

rreHRM Z - E o ( Eo - 3HeprHR OCHOBHOrO COCTORHHR CHCTe 

+ 
ypaaaeHHR nnR orrepaTopa rrepexona b H qaCTOTbi rrepexo 

(1) ¢QpMyna (20)) ITpH06peTaJOT BHD 

+ z -Eo 1 
[H,b I =hwll- (Ho'+ -

2 
(z-E )H "+ •. 

hw o o 

< "1 o > .. o, z-E 
0

=hw), 

rne 
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rJie 

K = · ....L 
2N 

_..;d;.,:k;.-_.+ _1_, 

d r 2 N 2 

2 
iJ E pot ( 16) 

a< f"'2> 2 

s.c. 
Eonbrno~ BKnaJI sHeprHH rrepecTpo~KH B oJIHoqacTHqHbi~ rroTeHunan V 

JiaeT OCHOBaHHe IIYM8Tb 0 qTQ JI06aBKa K MOHOIIOnbHO~ KOMIIOHeHTe CHn B ~op-

Myne (15) He Mana . Ee pacq~T rrpoH3BOJIHTcg. 

§2. norrpBBKB K MeTo.ay CC/J .anH rrepexo.aoB c 6onbiiJHM 

H3MeHeHHeM 3HeprHH 

f1orrpaBKH K MeToJiy C<t>, B03HHKaJOmne na - aa aaBHCHMOCTH MonenbHoro 

raMHnbTOHHaHa Hm ( z ) = H 0 + V 0 ( z ) OT 9HepreTHqeCKO~ rrepeMeHHO~ 

Z 1 MOryT OKa3aTbC.II cymeCTBeHHblMH Jing OIIHCaHHg rrepeXOIIOB Ha BbiCOKOne-

anngeT KaK Ha sHeprHJO coc-

TOgHH~,TaK H Ha BepogTHOCTH rrepeXOJIOB, OJIHaK01 paCCMOTpeHHe IIOCneJIHHX 

Tpe6yeT aHanH3a rrepeHOpMHpOBKH 38p.IIJIOB H rrpeJICT8Bn.lleT C8MOCTO.I!Tenb

HYIO aanaqy , KOTOpyiO Mbl OCTBBngeM 3JieCb fea paCCMOTpeHH.II. 

f1penrronara.11 aaBHCHMOCTb oT z cna6o~, paano)I(HM Hm ( z ) rro cTe-

rreHgM Z - E o ( Eo - SHeprH.II OCHOBHOrO COCTOgHHg CHCTeMbl). f1pH STOM 

ypaBHeHng Jing orrepaTopa rrepexona b + H qacTOTbJ rrepexoJia h w (eM. 

(1) ~OpMyna (20)) IIpHo6peTaJOT BHII 

rJie 

z -Eo 1 + 
_ _..;:;..(Ho' + -

2 
(z-E )H "+ •.• )I b + 

hcu o o 

< rr I o > ~ o, z-E o=h w), 
0 
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(n) 

Ho 

n 
a H(z) 

a zn 

+ 

z-=E ( 18) 
0 

PaCCMOTpHM cnyqali, Koraa OIIepaTop b CBH3biBBeT COCTOHHHH C p83Hb!MH 

KBBHTOBbiMH 'IHcnaMH, o6IUHMH anH orrepaTopos H, H o , P m ( HaiipHMep, 

COCTOHHHH p83HOli 'leTHOCTH). B 3TOM cnyqae Y CIIOBHe 

H b!X <jlyHKUHli HMeeT IIpOCTOli BHA 

OpTOrOH81IbHOCTH IIOII-

rae 

+ 
< «~>o I b I«~> o > 0 . 

ITycTb H3BeCTHO peweHHe ypaBHeHHli MeToaa c~ 

+ + 
[ H , b 

0
] = h w 

0
b 

0 
+ rr 

+ 
[b

0
,b

0
]"" l+Q, 

bol«~>o>-=0, rr l «1> 0 >=11 1«1> 0 >=0 . 

<«<> I Q I «<> > =O . 
0 0 

3aMeT HM 0 'ITO 
+ + 

< «<> 
0 

I b
0 

[ H , b ] I «<> 0> · - < «<> 0 I [ b C1 H ] b I «<> 0 > = 0 . 
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( 19) 

( 20) 

( 21) 

( 22) 

KoMMYTBTOpbl B <jlopMyne ( 22) MO>KHO o rrpeaenHTb II pH IIOMOIUH YP< 

H a pMH TOBCKH corrp H >KeHHoro ypaBHeHHIO ( 20). IT pH aToM rronyqae M : 

+ 
(hw-hw 0 )<«1> 0 lb 0 b 1 «1> 0 >-

= hw<«1>
0

lb
0

(H' +~hwH"+ ••• )b+l«1> 0 >. 

+ 
0TCIOA8 rrepB8H IIOIIp8BK8 K 3HeprHH H8XOAHTCH 38MeHOli b ~ b 0 

B rrpaBOli '18CTH <j>opMyllbl . 

§3. 3BKlliO'lHTenbHbie 3BMe'lBHHH 

CaenaeM HecKonbKO aaMe'laHH li o6 OTHoweHHH peaynbTaToB, 

aaecb H B pa6oTe/ 1 I, K apyrHM rroaxoaaM B rrpo6neMe orrHcaHKl 

HAep C HCil01Ib30B8HHeM peanHCTH'IeCKHX CHII B38HMOAeliCTBHH 

lleTBIIb, OTIIH '18IO!U8H rrpeanaraeM blli <jlopM81IH3M OT IIOAXOA.E 

B TeOpHH EpaKHepa, COCTOHT B HCKIIIO'IeHHH H3 ypaBHeHHH AIIH ~ 

8KUHH pHAB HH3KOIIe>KB!UHX COCTOHHHli '18CTHU. ITo-BHAHMOMy, KOII 

H3MeHeHHH B OUeHKBX 3 HeprHH E pot = < K I v n I .K >. Ha-aa T < 

qeHHH AOII>KHbl 6b!Tb O'leHb HeBenHKH. ApryMeHT8UHH B § 1 IIOKE 

CXOAHMOCTb pHAOB AIIH E pot aon>KHB yny'IWHTbCH scneac· 

HCKIIIO'IeHHH , B TO >Ke BpeMH TBK orrpeaeneHHBH M8TpHU8 peaKUl 

- E pot HMeiOT HeiiOCpeACTBeHHOe OTHOWeHHe K rrapaMeTp8M 0 HCIIC 

MOileiiSIX CTPYKTYPbl Hnpa. 

Bhrpa>KeHHH nnH a$jleKTHBHbiX cHn, rronyqeHHbre Bhrwe, 

HnpaM 6ea rrapHbiX KOppenHUHA. ITocneaHHe MoryT 6biTb 6ea Tpy, 

B paCCMOTpeHHe BBeneHHeM B OIIpeneneHHe HOpM81IbHOrO rrpOH3B 

Ha-aa aHoManbHoro crrapHBBHHH U"" < K 5 I «<>( x) II' ( x ') I K 5 >. Ta: 

meHHe naeT B03MO>KHOCTb BKIIIO'Il!Tb B paCCMOTpeHHe rrepeXOllbl 

HllpO rronyqaeT HIIH OTnaeT rrapy HYKIIOHOB. CH1Ib1 0 orrpeneiiHIOI 
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KoMMYT8TOpbl B ifK>pMyne ( 22) MO>KHO orrpeaenHTb II pH IIOMOIIIH ypaBHeHHH ( 17) 

H 9pMHTOBCKH COIIpH>KeHHOrO ypaBHeHHIO ( 20) • npH 9TOM IIOnyqaeM: 

+ 
(hcu-hcu 0 )<¢1 0 lb 0 b l¢1 0 >= 

( 23) 

1 + 
hcu<¢1

0
lb

0
(H' +-z-hcuH"+ ••• )b l¢1

0 
>·. 

+ + 
0TCIOL18 rrepB8H Il0Ilp8BK8 K 3HeprHH H8XOL1HTCH 38MeHolt b -+ b O , h 61 -+ h CLl O 

B IIp8BOlt '18CTH ifK>pMynhi. 

§3. 3BKIIIO'IHTeJibHbie 3BMe'IBHHH 

CaenaeM HeCKOnbKO 38Me'I8HHlt 06 OTHOWeHHH pe3ynbT8TOB, rrony'leHHbiX 

3LleCb H B pa6oTe/ 1/, K LlpyrHM IIOL1XOL18M B rrpo6neMe OIIHC8HHH CTpyKTypbl 

HLlep C HCIIOnb30B8HHeM peanHCTH'IeCKHX CHn B38HMOLleltCTBHH HyKnOHOB • 

.ileTanb, oTnH'18JOW8H rrpeanaraeMbii! !jJopManH3M OT rroaxoaa K rrpo6neMe 

B TeOpHH EpaKHepa, COCTOHT B HCKnJO'IeHHH H3 ypaBHeHHH LlnH M8TpHUbl pe-

8KUHH pHL18 HH3KOne>K8WHX COCTOHHHlt '18CTHU. no-BHLlHMOMy, KOnH'IeCTBeHHble 

H3MeHeHHH B OUeHK8X 9HeprHH E pot = < K I v n I .K >. H3-38 T8KOro HCKnJO-

'l:eHHH LlOn>KHbl 6biTb O'leHb HesenHKH. ApryMeHT8UHH B § 1 IIOK83biBaeT, 'ITO 

CXOLlHMOCTb pHLlOB LlnH E pot LlOn>KH8 yny'IWHTbCH BCneLlCTBHe T8KOrO 

HCKnJO'IeHHH • 8 TO >Ke BpeMH T8K OIIpeaeneHH8H M8TpHU8 pe8KUHH H 3HeprHH 

- E pot HMeJOT HerrocpeLlCTBeHHOe OTHOWeHHe K rrapaMeTpaM, HCIIOnb3yeMbiM B 

MOLlenHX CTPYKTYPhl HLlpa. 

Bbipa>KeHHH anH scl><l>eKTHBHhiX cun, rrony'leHHble BbiWe, OTHOCHTCH K 

HLlp8M 6e3 rrapHbiX KOppenHUHlt, nocneLlHHe MoryT 6biTb 6e3 Tpyaa BKnJO'IeHbl 

B paCCMOTpeHHe BBeLleHHeM B orrpeaeneHHe HOpManbHOrO npOH3BeLleHHH CBH3H 

H3-3a aHoManbHoro cnapHBaHHH IL = < K5 I ~(x) II'( x ')I K B > .. TaKoe o6o6-

weHHe aaeT B03MO>KHOCTb BKn!O'IHTb B paCCMOTpeHHe rrepeXOLlbl 1 B KOTOpbiX 

HLlPO rrony'l:aeT HnH oTaaeT rrapy HyKnoHOB. CHnbi, onpeaenHJOWHe SHeprHIO 
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oTpbiBa napbi HyxnoHoB, nony'iaiOTcSI BapbHpoBaHHeM E pot no p. H 3H8'iH

TenbHO 6nH)I{e K onepaTopy, HccneaoBaHHoMy B pa6oTax BpayHa/4/. 

Bonpocbi, paccMoTpeHHbie aaecb H B pa6oTe/ 1 I, HeoaHoxpaTHo o6cy*Lta-

nHcb MHOIO c 3.BoXHaUKH H B.Pbi6apcxoa, a T8K)I{e c E.B. Banb6yueBbiM, xo
TopbiM Sl HCKpeHHe 6naroaapeH. 
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