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BBEL{EHI1E 

Teopueif cna6oro B3aHMop;eftcTBim npep;cKa3LIBaeTc.a cymecrnoarome 
. HecKOnLKHX MOA ABOftHoro 6eTa-paCI'IaAa. 3KcnepHMeHTanbHO nOATBep~e
HO nHllll> cymecTBOBaHHe p;ayXHeftTpHHHoro ABOftHoro 6eTa-paCI'IaAa ( 2 v 2 {3 ): 

A{Z) ... A(Z+2) +2e- +2v • 
e 

(1) 

3nnHoTT, XaH H Mo 111 Ha6mop;anu B H3.RmHOM 3KcnepHMeHT~ M.R peaKIUm 

82 82 - -Se ... Kr + 2 e + 2 v 
8 

(2) 

I nepuop; nonypacnap;a 

I 
·i 

! 

I 
I. 
I 

82 . o.s 20 
T 1; 2 ( Se;2v2f3)=(1.1± )xlO neT. 

0.3 
(3) 

3Ta aenHtiHHa npup;aeT sec paHHHM reoxHMHtiecKHM ~LIM • 
.Zln.a pea~HH 6e3HeftTpHHHoro p;aoftHoro 6eTa-paCI'IaAa ( 0 v2 {3) : 

A(Z) ... A(Z+2) +2e- (4) 

.3KCnepHMeHTanbHO onpep;eneHa nHWb HH:>ICH.fl.fl rpaHH~a /2/: 

T ( 76 0e;Ov2a) >(5-10)xl0 23 neT. 
1/2 1-' - • . 

(5) 

Cpep;u 6onee 3K30THtlecKHX Mop; 2 {3-pacnap:a HaH6onee qaCTo o6cy)KAll
eTC.R ABOllHOH 6eTa-pacnap; C HCnyCKaHHeM HeftTpanbHOH qaCT~LI "MallO· 
poHa": • 

A(Z) ... A(Z+2) +2e- +M. (6)· 

Coo6meHHe 06 · 3KCnepHMeHTanhHOM o6HapY'f<eHHH 3TOH MOALI He Hawno 
noATBep:>K,D;eHim B nocnep;yromux pa6oTax~ 

L{ByXHeftTpHHHLm p;aofu!oft 6eTa-pacnaA 13-7/ npeACTaBn.ReT co6oH: 
oqeHI> peAKHH npouecc. OAHaKo cymecTBOBaHHe TaKoro paciJaAB. He Hapy
waer npep;CTaaneHHH Teopuu BaftH6epra - CanaMa o cPH3HKe cna6oro B3aH· 
Mop;eH:CTBim. llpouecc B coapeMeHHOM noHHMaHHH HHTepeceH caM no ce6e 

8illtiiil1t'1iia<\\ l:lHCTI.r"\:fT \ 
U-!~:Si.U UC.C .'3~JlDBlUUI 

6ftS11~:0T!\{A 
--~ -· 



BBH.nY CBOeH HCKJIIOliHTeJihHOH pe.n;Kocini, H rJiaBHhiM o6pa30M npe,D;CTaBJIJie'f 
B03MO:lKHOCTh npoaepHTh a,IJ;eKBaTHOCTh. MeTO,IJ;OB TeOpHH, H.npa, npHMeHHe
MhiX B aHaJIOrHliHhlX CHTYaiU'IHX, B llaCTHOCTH, AJIH H3BJie11eHHH qJH3HlleCKOH 
HH<f>opMaWfH H3 AaHHhiX no ( 0 v 2 {3 )_ -paclla,IJ;y. . 

_naoHHOH 6eTa-paCnaA C HCnyCKaHHeM MaHOpOHa B03HHKaeT B HeKOTO
pbiX CnelUfaJibHhlX MOAeJIHX HeCOXpaHeHHH JienTOHHhlX liHCeJI I 3-6/3KcnepH
MeHTaJihHOe o6Hapy)KeHHe TaKOrO npou;ecca npHBeJIO 6bi K AOCTaTOliHO rJiy- · 
6oKHM H3MeHeHHHM HaWHX npe.n;CTaBJieHHH 0 npHpOAe CJia6oro B3aHMO,IJ;eH
CTBHH. 

. HW:I6onee HHTeHCHBHO B HaCTOHru;ee apeMH HCCJie,IJ;yeTCH, OAHaKO, .__, 
(0 v 2{3) -pacnaA1 3 -71 . Ero Ha6moAeHHe a npHpoAe paBHOCHJihHO YTBep)K)J;e-
HHHM: 

1) JienTOHHhie liHCJia He COXpaHHIOTCH, 
2) XOTH 6bi OAHH BHA HeiiTpHHO HBJIHeTCH MaHOpaHOBCKOH llaCTHIJ;eH 

( v = v) c Heeyneao:H Maccoli. . 
Mhi 3Aech He 6y,IJ;eM KacaThCH aonpoca o cyru;ecraoaaHHH TaK Ha3hiBae

MhiX npaahiX TOKOB. 
TaKHM o6paaoM, Ha6mo,IJ;eHHe (Ov2{3)-pacna,IJ;a npe,D;cTaanrmo 6hi nep

BhiH BhiXOA 3a paMKH CTaH,D;apTHOH MO,IJ;eJIH •. ,lLn:H HJIJIIOCTpau;HH CKa3aHHoro 
OTMeTHM, liTO cyru;eCTBOBaHHe HH)KHeH rpaHHIJ;hl (5) n03BOJIHeT YCTaHOBHTh 
npe.n;errhi MaCChi (MaiiopaHOBCKOro) HeHTpliHO. B 3aBHCHMOCTH OT HCDOJih-
30BaHHOH MOAeJIH paclleThi AaiOT orpaHHlleHHH (aepXHHH rpaHHu;a) no
PAAKa HeCKOJihKHX sB. 

3KcnepHMeHTaJihHhiH CHrHaJI, yKa3hiBalOIIJ;HH Ha Ha6JIIOAeHHe OAHOH H3 
Tpex ynoMHHYThiX pa3HOBHAHOCTeii 2 B -pacna,IJ;a, AOCTaToliHo OAH03Ha11eH 
·(eM. pHc. 1): cyMr.mpHaH sHeprHH AByx Hcnyru;eHHhiX sneKTPOHoB o6pa3yeT 
HenpephiDHhiH cneKTp, B KOTOpOM nOJIO)KeHHe MaKCHMyMa xapaKTepH3YeT 
( 2v2{3), (0 v2{3M) npou;ecc HJIH, AJIH ( 0v2{3)-pacna,IJ;a, BhlAeJIHeT OT,IJ;eJihHYIO 
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JIHHHIO, COOTBeTCTBYIOIIJ;YIO MaK
CHMaJihHOII, KHHeMaTHllecKH pa3-
peweHHOH sHeprHH; OrpoMHhie 
sKcnepHMeHTanhHhie TPYAHOCTH, 
conpoao)K)J;aroru;He pa6oThi no 2{3-
pacna,IJ;y, CBH3aHhl C TeM, liTO 
npHXO,IJ;HTCH Bhi,IJ;eJIHTb HCKJIIOliH
TfmhHO pe,D;KHH CHrHaJI Ha <f>o-

Puc. 1. CyMMapHaR ::mepnm: 3neKT· 

pOHOB, ucnycKaeMLIX npu IJ;BOHHOM 

6eTa-pacnap;e AIDI 2 v u 0 v MOA n: 

MOIJ;hi, CB~3RHHOH. C HCDYCK,iumeM MRH· 

opoHa. 

'> 

He pa3H006pa3HhiX AOCTaTOliHO 6biCTpO npoTeKaroru;Hx peaK-

IJ;HH. 
[(eJib HaCTOHIIJ;eH pa60Thl -:- o6cy,IJ;HTh COBpeMeHHhie TeOpeTHlleCKHe 

. no,IJ;XO,IJ;hl AJIH ou;eHKH CKOpOCTH (2 V 2 {3 )-paclla.Aa. 

1.METO.[( cnyqAAHbiX <PA3 
B PACqETAX (2v2t3) -PACIIA.[(A 

AMnnHTyAa AByXIiempHHHoro /3{j:-pacrnuta HMeeT BH.n 

1 

(2) i GF 2 1 - 2 
.<!IS li>=-(--) --(16p p k k ) X 

2 v'2 < 27d~ 10 20 10 20 

~ U(p1) ya (l+·y5) Uc (k 1). U(p2) ·y{3{1+·y5)Uc· (k2) Ja{3-

-(p1-p2) -(k1*' k2) +(P1<+.P2)(kl<+k2)' 

rAe 

(7) 

-i(p1+kl)x1-i(p2+k2)x2 ' 
J f.l=ife · · .· .<pf I T(J (x ) J

13
(x

2
)) I p >dx dx • (8) 

afJ a 1. 1 1 2 

3,IJ;ech 11epe3 p
1 

H p
2 

(k
1 

H k
2

) 0603Ha11eHhl 4-HMnyJihChl 3JieKTpOHOB (aHTH• 
HeHTpHHO) 7 pi H . Pr ·-'- 4-HMnyJihChl HallaJihHOrO. H KOHeliHOrO .HApa, a 
T(Ja (x

1
) J{3(x2)) o6o3Ha11aeT xpoHonom!JecKHii onepaTop H,D;epHhiX a,D;po:H

HhiX CJia6hiX TOKOB J a H J (3• 
l1cnorih3YH onpeAeJieHHe 

T( J a (x
1
)'J 

13
cx

2
)) =O(x o.-y0) Ja (x) J f3(y) +0 (y0 -x c) J {3(y) J a (x) 

H HHTerpHpyH no apeMeHHoii KoopAHHaTe, nony11aeM 
... ...... -io ..... _,. -io 

- i ( p +k ) X ...;. i ( p + k ) X 

Ja{3 =211o(Er-Ei +P10+k1o+P2o+k20)Je 1 1· .1e 2 2 ~ 

x!. 
n 

l .. <Pr !Ja(O,x1)1Pn>.<pn1Jt3(0,~~1Pt> 
En-Ei+P2o +k2o 

. ' .<pr I J {3(0,x2) I pn >,<,Pn p a {O,x!),l pi > 

+ ----------~----~ 
En- Ei + P10 +klO 
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+ 

... ... 
}dx1dx2 • 
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Pm:. 2. t!acTH'!HO (HeiiTpoa)

Abipoi!Hoe (npoTOH) (a) H 

'laCTH'lHO-tlaCTH'!HOe B3aHMO· 

p;eHCTBHH (6). 3HaK MHHyc, 

CBH38HHblH CO BTOpblM qne· 

HOM, YKa3biBaeT Ha npHTH· 

rHBIUOIUHH xapaKTep 'laCTW!· 

HO·'IaCTH'lHOrO B3aHMO]l;eH· 

CTBHH, npHBOAHmHH K KOMneHCIIIUIH BKnap;a OTTanKHBIUOIUero .qaCTH'lHO•]J;blpo'lHOrO 

~~neaa. 

,,> 

MHorotJHCJieHHbie no.IlbiTKH HCllOJib30BaHHH noJIHOTbi (~ IPn>.<p~ I = 1) 

CHCTeMbi COCTOJIHH_!i npoMe»CyTOtiHOrO .R,npa (nOCJie Bbi60pa HeKOTOpOU 

cpe..n;Heii sHeprHH E B sHepreTHtJeCKHX 3HaMeHaTeJIHX B ¢op~ne (10)) 
npHBeJIH K BbmOJzy 0 HeB03MO:lKHOCTH OTBErrCTBeHHOrO Bbi6opa E, TaK KaK . 

Pe3YJ1bTaT O'lleHb '~~YBCTBHTeJieH K sTou BeJIH'IJHHe. 

BonbliiHHCTBO TeopeTH'IlecKHX pa6oT no 2- tl-pacnaAy, ony6JIHKOBaHHbiX 

B llOCJie,n;HHe ro,!l;bi, CM., HanpHMep, /8-11; llOCBHI.QeHbl Bbi'IJHCJieHmo cneKTpa 

I En .IPn >I B paMKax oAHoii H3 HAepHbiX MOAeneu., ,l1)m (2 v2 /3) -pa;na,!l;a, 

KaK npaBHJIO, orpaHH'IJHBaiOTCH Bbl'IJHCJieHHeM cneKTpa COCTO.IIHHH C J = 1 +. 
CyMMHpoBaHHe no cocroJIHHHM npoMe~otJHoro HApa B ypaBHeHHH (10) 
noCJie sToro npoBO,!J;HTCH tJHCJieHHo. TnnHtJHbie Pe3YJibTaTbi, nonytJeHHbie B 

paMKax o6oJIO'IJetiHOU MO,!l;eJIH (MO,!l;eJIH CJIY'IlaHHbiX ¢a3), npHBOAHT K OUeH

KaM nepHOAa nonypacnaAa B 10 7100 pa3 HmKe sKcnepnMeHTaJILHbiX HHJK-

HHX npe,n;enoB /12-13( . 

.AHanH3 TaKou He6naronpHHTHou cHTYaUHH 18 - 111 noKa3aJI, tJTo npn

BeAeHHaH cxeMa Bbl'IJHCJieHHH .~t.nepHoro MaTpHtJHoro 3JieMeHTa 2f3-pacna,na 

npe..n;eJibHO tJYBCTBHTeJILHa K Bbi6opy OCTaTO'IJHOrO . HyKJIOH-HYKJIOHHOrO 

B3aHMO,!l;eUCTBHH. 0Ka3aJIOCb, 'IJTO Hap.R,ny C npHBbltiHbiM B3aHMOAeHCTBHeM 

npoToHa H HeiiTpoHHoii AbipKH (pHc. 2a) .<p 1n~1 1 V\p2 n;1 
>J Heo6xo,!l;HMO 

YtJHTbmaTb TaKJKe 'llaCTH'IJHO-'IlaCTH'IJHOe B3aHMO,!l;eUCTBHe (pnc.. 26) 

.<p1n 1 \ V lp2 n 2 ~· KOTOpbiM B APYrHx 3a,!l;a'llax CTPYKTYPbi H,!l;pa MO:lKHo npe

He6pe'llb BBH,!l;y ero MaJIOCTH. 06paTHMCH K 6onee llOAp06HOMY OllHCaHHlO 

B03HHKaiOmeu CirryauHH. 

B pactJeTax /t0-11/ ncnoJib30BaJIHCb peanHCTHtJeCKHe B3aHMOAeiiCTBHH 

B ¢opMe 6oHHCKorq H napHJKCKoro noTeHUHaJIOB. TaKne noTeHUHaJibi xa

paKTepH3yroT B3aHMO,!l;eUCTBHe CB060,!l;HbiX aYKJIOHOB H AJIH npHMeHeHHH B 

3aAatJax .~t.nepHoii crpyKTYPbi HY~aiOTPH B nepeHopMnpoBKe, YtJHTbiBaiOI.Qeu 

3¢¢eKTbl H,!l;epHOU cpe,!l;bl, a TaKJKe nepeHOpMHPOBKe, CB~3aHHOU C Bbi60-

poM KOHetiHoro (a ¢aKTH'IlecKH - O'IJeHb orpaHHtJeHHOrO) MO,!l;eJibHOrO 

npocrpaHCTBa; B KOTOpOM npOBO,!l;HTCH paC'IleT H,!l;epHbiX BOJIHOBbiX <lJyHK

UHU. KoH~peTHo AJIH noro npoBOAHT 3aMeHy 

4 

~ 

') 

:;-

- 1 I vI · - 1 - 1 1 vI - 1 
<P1°1 P2°2 >J ... gph <P1°1 P2°2 >J (11) 

.<p1n1 1VIp2 n 2 >J ... gPP<p 1n1 1VIp2 n2 >J' (12) 

a BeJIH'IJHHbi gph ·n gpp· HHTepnpeTHpyroT KaK CBo6oAHbie napaMeTpbi. Mo:lKHo 

OJKH,!l;aTb, 'liTO gph H gpp 6yAyT1JIH~~ HeHaMHOrO OTJIH~aTLCH OT e..n;HHHI.lbl· 

BenHtJHHy gph ¢HKCHpyroT 
8 

-
1 

TaKHM o6pa3oM, 'llT06bi pacc'llHTaHHbie 

B paMKaX npH6JIHJKeHHH CJiytJafu;JbiX ¢a3 B036yJKAeHHH raMOB·TeJIJiepoBCKOrO 

rnraHTCKoro pe3oHaHca BocnpoH3BOAHJIH 3KcnepHMeHTanLHbie AaHHbie AJIH 

peaKUHH nepe3apH,!l;KH ( p, n) Ha MaTepHHCKOM .R,npe 2f3-paCna,!l;a. : 

HAepHbiU MaTpH'I!HbiU 3JieMeHT ( 2 v 2 {3 )-pacna,!l;a, eCJIH ero paCC'IJHTbiBaTL' 

HCDOJIL3YH TOJILKO 'IJTO 3a¢HKCHpOBaHHOe 3Ha'lleHHe KOHCTaHTbl g ph' HBJIH

eTCH 6biCTpo y6biBaiOI.QeU <lJyHKUHeU g pp· 3Ha'lleHHe MaTpH'IlHOrO 3JieMeHTa 

MeHHeT 3HaK B oKpecTHOCTH g PP = 1. TaKoe noBeAeHHe AaeT B03MO:lKHOCTL 

noHHTL 6oJiblllHe BpeMeHa nonypacnaAa, Ha6JIIOAaeMbie Ha 3KcnepnMeHTe 

AJIH (2v2{3}paCna,!l;a. IloTpe6oBaB, HanpHMep, npaBHJibHOrO OllHCaHHH raMOB· 

TeJIJiepoBCKOU CHJIOBOU ¢YHKUHH {3+ ~o36y~eHHU p -> n H3 AO'I!epHero B 

npoMe:tJ<YTOtiHOe H,!l;po, y,!l;aeTCH 3a¢HKCHpOBaTb HeKOTOpbiU HHTepBaJI ,!1;0· 

nyCTHMbiX 3Ha'lleHHU g (B OKpecTHOCTH gpp = 1). 11HTepBaJI 3TOT 3aKJIIO'Ila-
. pp .. 

eT, O,!l;HaKO, BO BCeX paCCMOTpeHHbiX CJIY'IlaHX TaKJKe 3Ha'IJeHHe gpp' 3aHYJIHIO-

I.Qee MaTpH'I!HbiU 3JieMeHT (2v2f3)-pacna,!J;a. 

TaiCHM o6pa30M, BHAHO, 'liTO XOTH Mbi H llpOHCHHJIH npHpOAY npo6Jie

Mbl TOOpeTH'I!ecKHX OUeHOK BepOHTHOCTeU ( 2 V 2{3) -paCna,!l;a, y6eJK,!l;aeMCH 

O,!l;HOBpeMeHHO, 'IJTO TeOplUI Ha 3TOM nyTH TepHeT npe,n;CKa3aTeJILHyiO CHJIY 

H no3BOJIHeT BLI'I!Hcmrib JIHillb HIDKimii npeAeJI nepHoAa (2v2{3)~nonypacnaAa 
IlpHMepbi TeopeTH'I!ecKHX H 3KCllepHMeHTaJibHbiX pe3yJibTaTOB, B3HTbie H3 

pa6oTbi 17 I, npHBe,n;eHbi Ha pnc. 3. 

Puc. 3. CpaBHE!HHe 3KcnepHMeHTanbHLIX H 

TOOpeTW!eCKHX nepuop;OB nonypacnap;a p;nH 

; 2 v2{3-pacnap;a. 3KcnepHMeHTanLHblM. pe-

3ynLTaTaM COOTBeTCTBYIOT nyCTbie CTpenKH 

H npHMoyronbHHKH •. TeopeTW!eCKHe 3Ha'le-'· 

Hrui (crpenKH C TO'IKOH) nony'leHbl B KBa3H· 

'laCTll'lllO;.... npH6nHlKeHHH cny'l_aHHblX liJa3 /7 ( 

5 

1026 ----:------

1024 

1-

~ 1022 

b 
.t 1020 
0 

·,.-;.., 
.,.;::. 
~ 1018 

~~ . 

o··ul 
-~ 

t 

-~ 

ol 

~l I 
~ ~l 

76 Ge ezse10%128Te1XITe136)(e1SONd 



2. HOBbiA METO.U BbiqHCJIEHIDI 
AMllJIHTY ,Ubi ( 2 v 2{3 )-P ACllA.UA 

B&I'IHCJIHTeJihHaH cxeMa MoJKeT 6hiTh nepecpopMyJIHpoaaHa B TaKoM 
BH.U;e, B KOTOpOM nocrpoeHHe cneKTpa COCTOHHHH npoMeJKYTOqHOrO Mpa 
He Tpe6yeTCH /14-15/. ,llJIH 3TOrO 3anHWeM ypaBH!ilHHe (9). B 3KBHBaJieHT-

HOM BH.U;e KaK l 
T(Ja (x) Jf.l(y)) =Ja(x) Jf.l(y) + () (y0,-x o) [ Jf.l (y), Ja(x)], 

A 

H noJiy'IHM BMeCTO (10) BhlpaJKeHHe 

(13) :1 

Jaf.l =1 ~ 2rro(Er -E
0

+p10 +k 10)2TTo(E 0 -E1 +p20 +k20 )x 
..,.n -. -+ -+ -+ .... 

-i(p1+k1)·xl -i(p2+k2)•x2 .... ... ........ 
x fe e <Pr1Ja(O,x 1)lp 0

>.<p
0

1Jf.l(O,x2)1p1>dx1dx2+ 

-i(p +k .... ).; -i(p +it )· ~ 
+i2rro (Er-E i +P1o +klO +P20 +k20 ) fe _1 1 1e 2 2 2 x 

00 i(p20+k20)t .... . .... ....... 
x J e <Pri[Jf.l(t,x2),Ja~O,x 1 )]1p 1 >dtdx 1dx2 • (14) 

0 

MoJKHO BH.U;eTL, tfl'Q nepBhiH qneH B BhlpaJKeHHH (14) COOTBeTCTBYeT ABYM 
nocn~oaaTeJILHhiM 6era-pacna.n;aM. ,UaoH:HoH: 6eTa-pacna.zi, o.IUiaKo, MOJKeT 
Ha6mo,D;aTLCH JIHlllL B TOM CJiyqae, KOr,D;a npOCTOH 6era-pacna,D; CHJILHO nO,D;aB· 
JieH HJIH 3anpemeH no 3HeprHH. <l>opMaJILHO 3TO OTpaJKeHO ,D;eJILTa-cpyHKUHeH 
c noJioJKHTeJILHLIM apryMeHTOM E 0 -E 1 +P20 +k 2o > 0. TaKHM o6pa30M, 
B ypaBHeHHH (14) HeHyJieBOH BKJia,ll; B03HHKaeT JIHlllL OT BTOporo qneHa, 
co,D;epJKamero KOMMyTaTop JmepHhiX TOKOB Ja n J (3· 

,UnH Jaf.l nonyqaeM, 
• -+ ...... -t -+ -+ -+ 

J tJ. = i2rro(E -E.+P +k +P +k ) f -1(Pt+kl)xl -i(p2+k2)x2 
a~-' r 1 10 10 20 20 e e x 

E r-Et (15) 
00 i( 

x f .!.. I e P2o + k20 + 

0 2 

2 ) t .... .... . 
<Pr I [Jf.l(t/2, x 2), Ja(- t/2, x 1)] I p1 > + 

j 

. . Er-E i 
i(Pto+ k1o + 2 ) t .... ... }1~_) ,_, 

<pr I [ Ja ( t/2, x 1), J 13<- t/2, x 2 )] I p1 > ldtdx1dx2 : \j! + e 

. PacCMOTpHM HaH6onee HHTepecHhiH CJIY'IaH 2{3 -nepexo,D;OB o+ ... o+ H ·. 
np~nOJIO>KHM, tfl'O HCnyCKaeMhie 3JieKTpOHhl H aHTHHeHTpHHO HaXO,li;HTCH B 
S1; 2 C?CTOHHHH. . . 

6 

H,ll;epHhiH a,D;pOHHhiH TOK B HepeJIHTHBHCTCKOM HMnyJILCHOM npH6Jll! 
JKeHHH HMeeT BH.U; 

_., + -t -+ ..... 

Ja (O,x) =I rn(oa4 +igAoak (an)k) o(x-xn). 
n 

r.D;e cyMMHpOBaHHe npoao.D;HTCH no seeM : HYKJIOHaM · Jmpa. 
(15)' nepenHllleM a BH.U;e 

Jaf.l = 2 " 8 (Er - E i + Pto + k 10 + ·p2o + k 20) x 

x ( 8a4 8{34 M vv- -} g! 8ak 8{3k M AA) 

r,D;e Er -Ei 
i ( p + k + --- ) t 

00 . 20 20 2 
. Er-Ei Er -Ei 

oo 1<P2o+k2o+-2-)t i(p1o+k1o+ 2 )t 
i I Mvv = - f I e + e x 
2 0 

x.<O:I[V(t/2), V(-t/2)110r>dt, 

Er-Et 
• oo i(P2o+ k2o+~) t 

Er-Et 
t(p 10 ;t-k 1o+ 

2 
)t 

(17 

YpaaHeHH 

(18 

(19 

MAA =.!-f{e + e I x 
(20 

2 0 

x.< 0 +r I [A (t/2) • A (-t/2)11 o:> dt' e e 1 

r,D;e 

V(t/2) = eiHt/2 V (0) e-iHt/2 • 

Ae ( t /2) = e iHt I 2 Ae (0) e- iHt /2 • 

H 

V (0) =I 
n 

r+ 
n ' 

. +(-> 
Ae(O) = I r 0 an)e • 

n 

(2: 

(2! 

(2: 

(2· 

3.D;ecL H o6o3Ha'laeT MepHLiii raMliJibTOHHaH • .R.D;epHhie MaTplfqHLie 3JieME 
Thi MvvH M AA MoryT 6&ITh Bhi'IHCJieHLI a 3aM.KHyToM BH.U;e ,li;JIH raMHJILTolu 
Ha. H o6mero BH.ZUl, ~o,D;epJKamero TeH3opH&Ie H cnHH-op6HTa.libHi:.Ie cHJI 
qT06hi H36eJKaTh HanHCaHHH rpoM03,ll;l(HX cpOPMYJI, npo,D;eMOHCTpHpyeM CI 
co6 Hi Bhl'IHCJieHHH WIH 6onee npocroro JmepHoro raMHJILTOHHaHa 
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H=Ho+V0 +V8 , (25) 

rp;e H 0 - raMWibTOHHaH CBo6op;sbiX HYKJIOHOB, Vc - onepaTop noTeHUHaJih
Hoii :meprHH eynoHoBCKoro B3aHMOAeiicrmm HYKJIOHOB, 

1 Y0 = - I. g
0 

(r .. ) 0 , 
2 i of j lJ r (26) 

rp;e 

Or= ..!.(t+r.0 )(1+r?) , 
4 1 J ·"' 

(27) 

H V8·- onepaTOp IJ;eHTpaJibHOrO B3aHMOAeRCTBHR: 

Vs = 12· I. (gw(r .. ) +gB(r .. ) p -gH(r .. ) Pr -gM(r .. ) Pr p ) 0 

i ~ j lJ lJ u lJ lJ u 
(28) 

3p;ecb Pu H Pr - npoeKIJ;HOHHbie onepaTopbi 

1 ... -+ 
pu = 2 (1 + ui • uj ) (29) 

1 -+ -+ 
pr = 2 (1 + ri • rj ) ' (30) 

H ga ( r ij ) , a = W, B, H, M npep;cTaBJimoT cKannpHhie iflYHKUHH OTHOCHTeJlb
Hoii Koopp;HHaTLI r ij i:l3aHMop;eiicrByromnx HyKnoHoB; g 0 (r ij) = e

2 
lr ijo 

PaccMoTpHM MaTpHtiHhiH :meMeHT 

+ [ + M AA ( t) = < 0 t I A e ( t I 2) , A e ( - t I 2) 11 0 i > , (31) 

npH 3TOM npep;nOJIO:lKHM, liTO BKJiaAaMH 3-, 4- H MHoroqaCTH'IHhiX onepaTO

pOB MOIKHO npeHefipe%. 
llonyqnM 

M (t)=.<O+I.!_ I. [eiGt/2(A ) e-iat/2,e-iatll('t) eiat/110~>. (32) 
AA . r 2 n;f m nm e ·-nm e 1 

rp;e 

. G = gc(rnm)Or + gB{rnm) pu -gH(r nm) pr -gM(rn~? pup r '· (33) 

·A ·· =·r+;; + r+;; , nm n n m m (34) 

~ " 

8 

npH 3TOM 6biJIO ytiTeHO, liTO 

. 1 
[A ( 0) , H

0 
+ - I. g ( r .. ) ] = 0 o 

e 2 w lJ 
(35) 

.[{ByxqacrnqHLIH onepaTop B MaTpnqHoM 3JieMeHTe (32) MOJKHO nepenncan 
B 6onee npOCTOM BHp;e, AJIR qero BblqHCJIHM Bbipa)KeHHe 

... ig0 or t/2 ... -igcOr t/2 
Bnm = e Anm e 

00 

I. 
k=O 

k pa3 
( ig tl2)k I • [10 A looo1. 

C [Or o o o r • nm 
k! 

(36) 

(37) 

HCllOJlb3Yfl paBeHCTBO o; =Or ' qTo ll03BOJifleT npocyMMHpOBaTb pn.n KOMMy 

TaTopoB (37). llonyqliM 

-t -t -t .... -t 

Bnm = Anm - Or A nm - A nmOr + 2 Or Anm Or + 

. -+ ... ... 
+cos (g 0 tl2) (OrAnm + Anm Or - 20r Anm Or)+ (38: 

... 
+ i sin (g

0
tl2) [ 0 __ , A ]. r nm 

AHanor~o HMeeM: 

. .k p83 

(igBtl2)k ~ -+ 
[ P~ .. o [ P , B ] o o ] 

v a nm • • 
igBP t/2 -+ -igBP t/2 oo u u . 

e Bnme = I. 
k=O 

(39 
k! 

. 2 
11CllOJib3Yfl paBeHCTBO p u = 1, MO)KeM npocyMMHpOBaTh pRA KOMMyTaT< 

pOB (39). llpH 3TOM nonyqHM 

igBP t/2 -+ -igBPut/2 1 {B ... +P~BnmPu'+ 
u B e =- nm v e nm 2 

(40 
• -t .... ~ 

+cos ( gBt)( B - P B P ) + 1 sin ( gBt) [ P , B ] } o nm u nm u u nm 

lloBTOpHoe npHMeHeHHe ( 40) C 3aMeHOH gBP Ha gHP H gMP P npHBOAI-
. U r U r 

K pe3yJILTaTy 

M AA (t) =2i .<0~ I I. r;r; l-3sin (2gHt+2gBt+g0tl2) 
n,m 

+ (2sin(g0tl2) -sin(2gHt-2gBt+g0tl2))rr~ I 0~ >, 

9 

"u + 
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rp;e 

TTa = .!.. (1 - P ) 
8 2 a 

TTa = .!.. (1 + P ) • 
t 2 a 

(42) 

AHanorwrnhiM nyreM MO)KHO norry'IHTh 

+I + Myy(t) =<Or [V(t/2), V(-t/2)]1_91 > = 
(43) 

+ + + . I + = 21<0r I I. rnrmsm(g 0 t/2) 0 1 >. 
n,m 

Ilop;craamrn (41) H (43) B ypaaHeuiDI (19) H (20), npoaep;eM HHTerpHpo
BaHHe no BpeMeHHOH KOOp,li;HHaTe. )lJUI 3TOrO HCnOJib3yeM CTaH,ll;apTHyiO 
onepa,uHIO BblKJIIO'IeHllii B3aHMO,ll;eHCTBHH npH t-+ .oo : 

00 00 

J iat. (b)d I" ( i(a+i£)t. (b)d I" e sm t t -+ 1m . e sm t t = 1m 
0 £-+0 0 £->0 

= :J' b + iTT8(b2 -a2 ), 
b2 -a2 

b 
_...;_..,.2--2 . 

b -a -I£ 

(44) 

(45) 

rp;e P- CHMBOJI rnaaHoro 3Ha'IeHIDI. IlorryqaeM nocne HHTerpHpoBaHIDI 

MAA =<0; I I. 
n,m 

+ + 
rn rm 

6(2gH +2gB+ g0 /2) 
1-------- 2 2 

( 2gH+ 2gB+gc/2) -~22 
TTa + 

8 

-2g . c 
+ ( + 

2 2 
(gc 12 ) -~22 

2(2g H- 2gB+ g
0 

/2) 

(2gH-2gB+.gc/2)2-~2 ) "~10~>. 
22 

-g I + + + c _ o
1 
>. o+ I I. r r 2 2 

Mvv=-< t n,m n m (g
0

/2) -~22 

rp;e 

' 10 

(46) 

(47) 

Er - Ei 
~22 = -.i'\11 = (p20+k20+ ----). 

2 
(48) 

lliiTerpHpOBaHHe no nepeMeHHOH rnm B H,ll;epHbiX MaTpWIHbiX 3JieMeuTax 
llpOBO,li;HTCH B CMbiCJie rJiaBHOrO 3Ha'IeHIDI. 

H,~:~;epHhie MaTpH'lHhre 3JieMeHTbi M AA H M vv cooTBeTCTBYIOT B MeTop;e 
cny'IaHHbiX cpa3 Mal'pH'IHbiM 3JieMeHTaM Mo·r" MF: 

MoT= I. .<o; I I. r~(;.) 11+ ><1+ I I. l((!.) I 0~ > 
n il1e a njJJe 1 

En -()!:i +Er) /2 
-------,(49) 

E. -Er 2 2 
(En- . 12 ) -~22 

MF= I.<Otl~ rtl1~><1~1~ r+J·IO~> 
n 1 J 

E
0 

-(E
1 

+E
1
)/2 

----E";" +Er -2--2- • 
(En -:-----

2
-) - t;22 

(50) 

B pa6oTe 1141 p;pyrHM MeTop;oM 6hiJIH nony'IeHbi cpopMyJihi, a:HanorH'I
Hbie ypaBHeHlliiM ( 46) H ( 4 7) , B HHX, O,li;HaKO, He y'ITeHO KYJIOHOBCKOe 
B3aHMO,ll;eHCTBHe HYKJIOHOB B raMHJibTOHHaHe H , pOJib KOTOporo MO)KeT 
oKa3aTbCH cy~ecTBeHHoii. TeM He MeHee 'IHCJIOBbie pe3yJihTaTbi, nony'IeH
Hbie B pa6~Te /14/, noKa3biBaiOT, 'ITO ,li;JIH MaTpH'lHbiX 3JieMeHTOB (2 v2,8)-pac
ml,ll;a MeTO,ll; npHBO,IJ;HT K 2 7 6-KpaTHOMY yMeHbllleHHIO no CpaBHeHHIO C Bbi
'IHCJieHHHMH no MeTO,IJ;y CJiy'laHHhiX cpa3. 

3Ha'IHTeJibHbrH nporpecc 3KCnepHMeHTaJibHbiX HCCJie,IJ;OBaHHH ,8,8-pacna
.o;a H H3JIO)KeHHbl6 Bblllle H,IJ;eH HOBOrO TeOpeTHIJeCKOrO no,IJ;XO,ll;a n03BOJIHIOT 
Ha,IJ;eHTbCH Ha cy~eCTBeHHOe npO,Il;BH)KeHHe Bnepe.o; B HallleM nOHHMaHHH pep;
'IaHlllero npo~ecca Y*e a 6JIH)KaHllleM 6y.o;y~eM. 
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