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1. BBEAEHHE 

Ce4eHKR paAKaUKOHHOro saxeaTa 6~cTp~x HyKnOHOB o6~4HO pac
C4KT~Ba~TCR B paMKax MOAenK ~pRMoro-no nynpRMOro (DSD) saxea
Ta 11-8 / _3Ta MOAenb ycnewHo npKMeHRnacb AnR o nKcaHKA yrno e~x 
pacnpeAeneHKH ce4eHKH peaKUKH (N, y ) c eos6y~AeHKeM Mynb1Knonb
H~x rKraHTCKKX pe3OHaHCOB 4-7 . 0AHaKO AnR ycnewHoro o nKC a HKA 
3KCnepKMeHTanbHblX AaHHblX B paMKax DSD npKXOAKTCR BBOAKTb KOMn
neKCH~e ¢opM¢aKTOp~ ·s .· ,¢K3K4eCKKH CM~Cn KOTOp~x HeACeH. nep
B~e non~TKK 1,136e~aTb BBeAeHKR KOMnneKCH~X ¢opM¢aKTOpOB npeA
npKHRTbl B paMKax anbTepHaTKBHOii DSD MOAenK 4KCToro pe3OHaHc-

/ 9 10 ' Haro saxeaTa • ' (PRM) . O6e 3TK MOAeilK e Ka4ecTee napaMeTpoe 
Kcnonb3y~T KHTerpanbH~e xapaKTepKCTKKK r1,1raHTCKKX pe3OHaHCOB, 
onpeAenAeM~X K3 3KCnepKMeHTanbH~X AaHH~X, 4TO orpaHK4KBaeT 
npeACKa3aTenbH~e BO3MO~HOCTK MOAeneA. 

rKraHTCKKe MynbTKnOnbH~e pe3OHaHC~ KHTeHCKBHO KCCneAY~TCA 
B paMKax KBa3K4aCTK4HO-$OHOHHOH MOAenK 111 ' /K¢M/ AApa. Pac4e
T~ no K¢M xo powo o n1,1c~ea~T KHTerpanbH~e xapaKTepKCTKKK r1,1-
raHTCKKX pe3OHaHCOB ' 12~ npK 3TOM OHK onpeAenA~TCA 4epe3 napa
MeTp~ MKKPOCKOnK4eCKoro raMKnbTOHKaHa, 

B AaHHOH pa6or e M~ nony4KM e~pa~eHKR AnA ce4eHKH K yrnoe~x 
pacnpeAeneHKH B peaKUKR X paAKaUKOHHOro saxeaTa HyKnOHOB Ha 
4eTHO-4eTH~X c¢epK4eCKKX RApax C B036Y~AeHKeM rKraHTCKKX Mynb
TKnOnbHWX pe3oHaHCOB B paMKax KtM, Kcnonb3YA ¢opManK3M TeOpKK 
RAePH~X peaKUKH ¢ ew6axa 113(3TOT ¢opManK3M KCnonb3OBancA e 1 141 

AnA onKCaHKR ce4eHKH peaK UKH (y, n) K (y, p) Ha nerKKX RApax. Bo 
ecex nony4eHH~ X HaMK B~pa~eHKAX KCnonbsyeTCA CKCTeMa eAKHKU 
C h =C= l. 

2. CE4EHHE PAAHAUHOHHOro 3AXBATA 

npK CTOnKHO BeHKK HyKnoHa C RAPOM-MKWeHb~ B OCHOBHOM COCTOA
HKK aMnnKTYAa paAKaUKOHHOro saxeaTa B nepBOM nopRAKe no 3neKT
poMarHKTHOMY B3aKMOAeHCTBK~ AaeTCR B~pa~eHKeM 

➔ µ ➔ (+) 3 
T = eJA*(r ) < f l j (r) lll'k > d r, /1/ 
➔ µ N ➔ 

rAe k N - KMnynbc BXOAHOro KaHana; Aµ(r) - eeKTop-noT eH UKan 
3neKTPOMarHKTHoro nonA; I f> - KOHe4HOe AKCKpeTHoe cocTORHKe 
AApa; ej µ (r) - AAePH~A onepaTop 3neKTPOMarHKTHoro roKa; l1J1f~ >
cTaUKOHapHaR AAepHaA eonHOBaR ¢YHKUKA pacceRHKA,onpeAenAeMaR 
K3 ypaeHeHKA 

..;. ~ \. j 
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- (+) 
(E-H)l'I'➔ > =-0 

kN /2/ 

C COOTBeTCTBYIOllll1M11 rpaHl14HblMl1 YC110B11RMl1. 3AeCb H - nOIJHbJH RAep
k 2 

HblH raMl1IlbTOHJ.1aH Cl1CTeMbl (A+l) HYKJlOHOB; E:E Mlllllelllf + 2: , 

nepexoAR K c<1>ep114ecK11M TeH30pHblM KOMnoHeHTaM / 1 11 Iii' k N ,, 
A11R A11<1><1>epeH411anbHoro ce4eH11R (N,y)-peaK41111, ycpeAHeHHoro no 
Ha4aJlbHblM H npocyMMl1POBaHHOro 110 no11Rp113a411RM KOHe4HOro co
CTORHl1R, B AI111HHOBOIIHOBOM npJ.16I1HmeHl1l1 MOmHO nony~l1Tb cne-
AYIOUlee Bb1pameH11e ~ . 

..!!£.._k k )=-m-.}:}: w,\+,\'+l [(.\+1)(,\'+1)(2j+1)(2j+l)f½x 
elf! ( N' Y 4rrkN L H j (2.\-1)!!(2.\'-1)!! M '(2.\+1)(2.\'+1) 

.\'f'j, 

t+) .A . (+) X<m , . 
x IRe[<'l'kNfJ lli '1i(E.\)Hf,Jr>*<'l'kJ'j'll1 J1t(E.\ )llf,1

1 
> + 

A+A'+L 
+<'1'(+1_ 11?-1

'1l{M.\)llf,j >*<'l'(+J,.,lli,\~1 '.lli(MA')llf,j >] l+(-:-) + 
~r J r ~' J r 2 

, A+A+L 
+ 2Re[ <'1'~/1 Iii,\ '1l(E.\)llf, j ?*<'I' i:h, lll-1 

'1i(MA')llf,jf>] l-(~ l x 

X 

L+f+f' j -½ 
1+l-) (-) r 

2 [A 'A L} ➔ ➔ (j½j'-½ILO)(Al.\ '-ljLO) .. , . P (k •k /k k \, 
J J Jr L y N y N' 

/3/ 

3AeCb m - np11BeAettHa.R Mac ca a HyKnOHHuM Ka Hane; k y 11 w = lkr l -
11Mnynbc J.1 3HeprHR 11cnyl1leHHOro y -KBaHTa; p L - non11HOMbl .llemaHA
pa; nl(EAµ) 11 '1l(M,\µ) - 3IJeKTpl14eCK11e 11 MarHl1THble MYilbTl1110IJb
Hble onepaTopbl /CM 115, 16 -' /· j'I'(+) n. > - KOMnOHeHTbl a npeAcTaa-, k N t Jm 

neH1111 yrIJOBblX MOMeHTOB <l>YHK41111 q,J+>,HOPMl1pOBaHHOH Ha OAl1H na
kN 

AalOlllJ.1H HYKJlOH B eAl1H114e 06'beMa; q,~+)f jm YAOBIJeTBOp.ReT ypaBHe-
H11IO /2/. N 

noIJHoe ce4eH11e (N,y) -peaK41111 11MeeT a~ 

a (N, y) = ..!!!.. I w 2A + 1 A + 1 
k N ,\f j ,\ [ (2,\ + 1) !1 ] 2 

)< /4/ 

xlJ<'I'(+)_ lli,\'1i(EA)Jlf>j 2 +1<'1'(+) .lliA-l 'J!;(M,\)jif~• 2 l 
k NFJ kNfJ 

2 

4To6b1 HaHTl1 BOIIHOBble <l>YHK41111 l'I' i:hm >, aocnonb3yeMCR <1>op
Ma11113MOM npoeK4l10HHblX onepaTOPOB 11 Teop11eH BXOAHblX COCTORHl1H 
<l>ew6axa 1131• Pa306beM npocTpaHCTBO COCTORHl1H (A+l) -HyKJlOHHOH 
Cl1CTeMbl Ha Tpl1 noAnpocTpaHCTBa, BBeAR npoeK4110HHble oneparopbl 
P, d 11 q, TaK11e, 4To P+d+q=l 11 PHq =qHP =0. np11 3TOM 113 npoeK-

411H nonHoro raM11I1bTOH11aHa H, TO ecTb PHP ,dHd 11 qHq, TOJlbKO PHP 
11MeeT HenpepblBHblH cneKTp. npocTpaHCTBO COCTORHl1H d OTBe4aeT 
BXOAHblM COCTO.RHl1RM, a npOCTpaHCTBO COCTO.RH11H q BKJll04aeT co
CTO.RHl1.R 6onee CJlOmHOH CTPYKTYPbl. TOrAa <!JopMaJlbHOe peweH11e ypaa
HeHl1.R WpeA11Hrepa All.A 11CKOMOH BOJlHOBOH <l>YHK41111 pacce.RHl1.R 1131 

(E-H) I q,(+)> = O, /5/ 

OTBe4alOUlee ycpeAHeH11IO T-MaTPl14bl no COCTO.RHl1.RM q-npocTpaHCTBa 
C I1opeH4eBCKOH BeCOBOH <l>YHK411eH, MOmHO 3an11caTb B B11Ae 

lq,<+>> = I r./J <+> > + 

(+) 1 (+) 
+'Gp HPd' 1 Hdplr./J >76/ 

E-Hdd-HdPa<;>HPd -Hdq . Hqd+il/2 
E-Hqq+il/2 

l H I·'·(+)> + dP ~ ·' 
E-H -H a(+)H -H l H +il/2 

dd dP P Pd dq E-H +il/2 qd qq 

rAe lr./J(+) > - peweH11.R ypaaHeH11.R (E-Hpp) lr./J (+)>=0 ;Hpp=PHP,Hpcf'PHd, Hdq= 

•. c+> t r =dHq 11 T.A., Gp= E ·o - <l>YHK411.R p11Ha. 
-Hpp+l 

HHTepaan ycpeAHeH11.R I Bb1611paeTC.R TaK,·4T06bl OH 6blIJ MHoro 
6onbwe cpeAHero paccTO.RH11.R MemAy COCTO.RHl1RMl1 q-npocTpaHCTBa. 
YA06HO BBeCTl1 3pMl1TOBbl onepaTOPbl ~ 11 F: 

t ·; rt H a<+> H ~ -l 2 = dP P Pd• 

17/ 
!l 

~ • -i/2r• = Hd .l Hqd , 
q E-Hqq +il/2 

a TaKme nponaraTop 

-1 t • - i t + -1 
j (E+il/2) =[E-Hdd -(~ +~ )+2(r +r +I)] 

3aMeTl1M, 4TO, XOT.R np11 B036ymAeHl111 B peaK411.RX BXOAHble COCTO.RHl1R 
nemaT a HenpepblBHOM cneKTpe nonHoro raM11I1b!OH11aHa, np11MeHeH11e 
npoeK4110HHblX onepaTopoB no3B0Jl.ReT on~yblBaTb COOTBeTCTBYIOUll1e 
11M pe30HaHCbl C nOMOUlblO nponaraTopa j (E+il/2) B d -npOCTpaHCTBe, 
KOTOpblH .RBIJReTC.R A11CKpe_THOH MaTp114eH. 3aAa4a HaxomAeHl1R 3Toro 
nponaraTopa, T,e. 06pallleH11.R MaTp114bl5, 6blna 6bl 3KB11aaneHTHa 
06bl4HOH 3aAa4e Ha A11aroHaI1113a41110 3cll<l>eKT11BHOro raM11_IlbTOHl1aHa: 
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H3qiq;. = Hdd +Lit +Li+ - ~ (rt +r •+1), /8/ 

ecm1 6bl He aHTl13PMl1TOBa 4aCTb, KOTOpaR B c1111y noI10>Kl1TeI1bHOH 
onpeAeneHHOCTl1 onepaTopoer cMe~aeT co6cTBeHHble 3Ha4eH11R 
H 3<pqi.11, CI1eAOBaTeI1b HO, no1110ca ero pe30I1b BeHTbl J-1 B H11>KHIOIO 
no11ynI10CKOCTb E,rAe ,OHl1 COOTBeTCTBYIOT BXOAHblM pe30HaHCaM pac
ceRHl1R. 

3. BOnHOBAR <llYHKUHR PACCERHHR HYKnOHA HA 
4ETH0-4ETHOM RAPE B K<llM 

nepei71AeM K onpeAeI1eHl1IO npoeKTOPOB 11 no11y411M RBHble Bblpa>Ke_Hl1R 
<I> i111 r AI1R raM11IlbTQHl1aHOB H PP' HPd , H dd , Hd B paMKax K M • aMl111b-

TOH11aH K<llM BKI1I04aeT cpeAHee none B ~OpMe noTeH1.111a11a CaKCOHa
ByAca, cnap11eaTeI1bHble Cl1Ilbl, MYI1bTl1nOI1bHOe 11 cn11H-MYilbTl1nOI1b
HOe 1130CKa11RpHoe 11 1130BeKTOPHOe B3al1MOAeHCTBl1R. 3TOT raM1111b
TOHl1aH, 3an11caHHblH B TepM11HaX onepaTOpOB PO>KAeHl1R 11 YHl14TO>Ke-
H11R KBa3114aCTl11.1 (a +j , a j ) 11 (j)OHOHOB (Q+i (,\µ ), Q. (,\µ)), 11MeeT 

/11/ m m 1 
B11A 

H = H0 + Hqph , 

~ + 1 ~ X r (,\i) + X'(,\i') ,.., + (,\. ) Q (.,\ ) 
H = -w f a. a - - ., -======"" . µ , µ , /9/ 

0 jm j Jm jm 4 r,\µ y''!l'(,\i)'!l '(,\i') 1 i 

f ,\ V <+> · ,\ 
H h= __ 1 __ 2 JiJ2 JiJ2([Qi(,\-µ)± (-)-µ Q;(,\µ)]x 

qp 2fi, T J1J2 V '!J T (,\i) 

~i . / / J2-m2 + 10 
x[(-) a. a. ],\ +h.c.1. 

J1 m 1 J2-m2 -µ 

3 V <+> -
A_rCb f j - OAHOKBa3114aCTl14Hble 3Hepr1111; J1J 2 = Uj1 U j + V J1 V J2 

u )"i12= u Jt V j 2 ± u j2VJ1' rAe u j , V j - K03¢¢111.111eHTbl npeo5pa30BaH11R 
lioro11106oea; f1 J 

2 
- OAH04aCTl14Hble np11eeAeHHble MaTpl14Hble 311e

MeHTW Mf.I1bTl1~ohbHoro (f ,\ ( r) i,\ Y ,\/L (0,cf, )) 111111 cn11H-MYI1bT11no11b
Horo (f - 1(r) i - 1 1aY,\-1 l,\/L ) onepaTOpa. BepxH11e 3HaK11 B /10/ 
OTHOCRTCR K MYilbTl1nOI1bHblM onepaTopaM, a Hl,1>KH11e - K cn11H-My11b
Tl1nOI1bHblM, r - 1130TOnl14eCKl1H 11HAeKC, np11H11Ma10~l1H A Ba 3Ha4eHl1R 
0 11 p. Benl1411Hbl xr (,\i), '!J' (,\i)HaXOARTCR ~~ peweHl1R ypaeHeHl1H( ) 
RPA nocne ¢11Kc11poeaH11R 1130CKaI1R

0

PHblX K t 11 1,130BeKTOPHblX K t 
KOHCTaHT MYI1bTl1nOI1bHblX 11 cn11H-MYI1bTl1nOI1bHblX Cl1I1 • no11Hble Bblpa
>KeHl1R AI1R Hl1X ,qaHbl a 111,121 • 

OnpeAeI111M d-npOCTpaHCTBO KaK npocTpaHCTBO COCTORHl1H 
ld>=[arQt (,\)] JMI O >, rAe j - COBOKynHOCTb OAH04aCTl14HblX 11H
AeKCOB nfJ; IO> - eonHoeaR ¢YHK1.111R ocHOBHoro cocTORHl1R 4eTHo-

4 

'., 

4eTHoro c¢ep114ecKoro RA pa. B i<a4ecTee, q -npbcTpaHcTea Mb!' Bb16e
peM npocTpaHCTBO cocTORHl1H jq>=[aj [ G,x"1i 1 GA2 i 2111 JM IO> • P -
npocTpaHCTBO BKill04aeT cocTORHl1R IP> Henpepb1eHoro cneKTpa noTeH-
1.111a11a CaKCOHa-ByACa • Hbl orpaHl1411BaeMCR paCCMOTpeHl1eM OAHOro 
OTKPblTOro HYKilOHHOro Ka Hana• np11 Bbl411CI1eHl111 MaTpl1,4HblX. 3IleMeH
TOB, COAep>Ka~l1X ¢YHK1.111IO rp11Ha· 'G <t? 11CnOilb3yeM AI1R . Hee . KOOPA11HaT
HOe npeACTaBI1eH11e. nocne OTAeileHMR yr110Bb1X nepeMeHHblX paA11a11b-
HaR ¢YHK1.111R rp11Ha 11MeeT B11A 114,171 . 

G fJ (E + iO, r, r ') = + i 2
: u fJ (r) u fJ (r ') + 

2
; v fJ (r > ) u fJ (:r <) , /11/ 

rAe u fJ (r) 11 VfJ (r) - peweH11R ypaeHeH11R UlpeA11Hrepa c OAH04acrn;
HblM noTeH411a110M; Ufj - perynRpHoe_ B HY Ile peweHl1e C ac11MnTOTl1KOl1 

Uo. (r)-+ cos(kr-(f+1) 2" -yln2kr +ao +oo); 
LJ _ r ➔ oo L . L . 

V 0. (r)--➔ sin(kr -<e + 1) .!!... -yln2kr + a 0 + 00 ); 
LJ r ➔ oo 2 r. r. 

r< = min(r,r'); r> =max(r,r'); ae - Ky110HoecK11e ¢a3bl; y - Ky-
110HOBCK11e napaMeTpbl; of - RAepi-lble ¢a3bl B OAH04aCTl14HOM noTeH-
1.111a11e. AnR no11ylleH11R Bblpa>KeH11R AI1R eo11Hoeo11 <l>YHKl.11111 /6/ a . 
K<l>M Heo6xoA11MO Bb1411c1111Tb MaTpl14Hble 3I1eMeHTbl < p I 'G <VH p di d > , 
<plHpdld> 11 <dl1-1(E+il/2)ld'>. np11 HaweM pa3611eH1111 npocT-
paHcTea Mbl no11y411M 

<di Hdd Id'> =<[Q,\i aj] JM I Ho l[a;,Qt,i,] JM> 

= (c + (u,\i) o .. ,o,\,\,oii, ' 
J. JJ ' 

<qlHqqlq'> = 

=<[[Q). i Q,\ i ]Iaj]JMIHol[aj~[Q,v1' Gf,1,]1,]JM> 
.. 22·11 11 22 

= (£ 
1 

+ eu ,\ 
1 

+ eu ,\ . ) oJJ , s). _ ,\, o 1 1, a . 1, , 
1 1 2 l 2 "1 1 1 1 12 2 · 

<p_lHpqlq>=<plH qphlq> = 0. 

3AeCb Cu Ai - 3Hepr1111 (j)OHOHOB, onpeAeI1ReMble 113 peweHl1H ypaeHeHl1H 
RPA. 

<dlHdql q> =<di Hqphl q>. 

TaK11M o6pa30M, B paMKaX K<l>M Mbl eee1111 pa3611eH11e npocTpaHCTBa 
COCTORHl1H, YAOBileTBOpRIO~ee YCI10811RM, np11 KOTOPblX BblBeAeHO 
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Bbtpa>KeHHe AflR BOnHOBOH <l>YHKLIHH /6/. BBeAeM o603Ha4eHHe 

r(j j Air)=[ 2\+l ]½ fA V 
1 2 (2j +1) '!Jr (Ai) i1i2 J1i2 

1 

' . ' TorAa MaTpH4Hble 3neMeHTbl onepaTopa 6. - ·~ r HMelOT BHA 

(A' .i ' Jr 
Ll (z) - -r (z)) ,\ ,, , , 

2 .,,,1, J " i 

=.!..{ l: r2(jj1A1i1r) o.,oM,01·' + 
2 J1A1i1 Z-£j -c,h1-"'Ai JJ 1 

1 ·~ 1 . 

/12/ 

J+J'+A+A' ----- lAj r} rcH1A'i')r(j'hAi) 
+(-)' y(2j+1)(2j'+1)l: A'J. · · I, 

h J Z - £ J
1 

- '",.Ai - «>A '1' 

rAe Z= E '+½I;E 'OTflH4aeTCR OT E Ha 3Heprn10 ,CBR3H HYKflOHa. ,llnR 
OCTanbHblX HCKOMblX MaTpH4HblX 3neMeHTOB Mbl nony4aeM cneAYIOl!IHe 
Bblpa>KeHHR: 

<plHpdld>=<i/,Et~r 11Hqphll[a;Q{1] J > 

=<¢(+) llfA(r)IINfjr>N,f1
, 

ELJr jni 
rAe 

Jr (2,\ + 1) 
N - -u V ) 

jAi - J 2'!J 1 (,\i)(2J + 1 {

<LJII iA y A II fj> 

<LJll?-11;yA-l lAII fj>. 

BepxHee Bblpa>KeHHe B <!>HrypHblX CK06Kax OTHOCHTCR K M)nbT~nonb- ' 
HblM onepaTopaM, HH>KHee - K cn11H-MynbTHnonbHb1M; <if,i~Jrllf (r)IINfjr>= 

00 A · 4rr -i(aL +°r, ) 
= f ¢Nfj/r) f (r) uELJr(r) drx ke • 3AeCb ¢:Nfjr- OAH04ac-

o w C TH4Hble BOflHOBble <l>YHKLIHH CBR3aHHblX COCTORHHH noTeH1.11-1ana aKco-
Ha-ByAca. HaTpH4Hble 3neMeHTbl onepaTopoe 6. t - i rha10TcR Bb1pa>Ke
HHRMH 

t i t Jr 2m Jr Jr 
(6. - 2r > JAi, J 'A '1' = TNJAiN Ji ·1, x 

oo A r A' 
x {[ J cf,NfJr (r) f (r) vELJr(r)dr /¢N'f'j'r (r')f (r')uELJ/r')dr' + 

6 

i 

l 
19 

t' Ir 

I 
• ii) 

. 1, 
\4 

I 

oo A' r A 
+ f cp_ ,a,, (r)f (r)v (r)drJcf, 

0 
·(r')f (r')u ' (r')dr~]-

0 N L j r ELJr O NLjr ELJr 
/13/ 

i oo A "" A' 
-

2 
[ J cf,Nfjr (r) f (r) uELJr (r) dr x J cf,N, f'j'/r) f (r) u ELJr(r) dr ]I • 

BonHOBaR <l>YHKLIHR pacceRHHR HYKflOHa /6/ a K<l>H HMeeT BHA 

lq,<+) >=a+ IO>· 
ELJMr ELJMr X 

i cz-1 , Jr t Jr 
x t1-- l:. CJ (E +il/2)),11 J'''t' r., 1 J'A'i' I+ 

· 2 JAi, j 'A '1' .r• • " J" 1 
/14/ 

+jAt7j'A)a7"'iJJMI0>(5-
1
(E '+il/2))j{~, j'A'i, N/~ ,1, <N' f'j' 1l, (r) !ELJr>. 

B <1>opMyne /14/ paAH npocTOTbl a 4HcnHTene BToporo cnaraeMoro 
Mbl 3aMeHHflH ·a<t,>Ha -irro (E-Hpp) .EcnH orpaHH4HTbCR paCCMOTpeHHeM 
nepexoAOB e OAHOKBa3H4aCTH4Hble cocTORHHR If>-= a!0JO>, TOrAa 
nerKO nony4HTb H3 /14/ Bblpa>KeHHR AflR aMnnHTYAbl 3neKTPH4eCKoro 
<jmjiA"1(EAµ)l11'Jt>JM> H MarHHTHOro <jmliA-l'1J(M\µ)l11'Jt>JM > nepe
XOAOB. HHTepecy1011111H Hae np11BeAeHHblH MaTpH4HblH 3neMeHT EA 
nepeXOAa AaeTCR Bblpa>KeHHeM 

<11',(+) lliA'11(EA)llj >=u. '11Jj (EA)x 
EL Jr · r Jr r /15/ 

. i -1 , Jr t Jr I 
x 11+-2 l:. (5 (E -il/2)),11 J'''·' rJ, 1 J'A'i' + 

JAt,j'A'i' .,., , " 1 ", 

(+) A ., Jr (cz-t(E' 'I/2))Jr 
+ l:. <tfr If (r)IJ >N.,,,,J -I ·'A'·' J Ai ,_ , , ELJr J I\ i J 1 • f 
jl\ii . 

M J(EAi) • 

3AeCb '11JJ/EA)- OAH04aCTH4Hble MaTpH4Hble 3neMeHTbl onepaTopa 3neKT' 
PH4eCKoro neoexoAa MYflbTHnonbHOCTH A;Bblpa>KeHHR AflR HHX MO>KHO 
Hc3HT"1 B 

115
•
161

• 

<j liAU >f.A. (u<+) ) 2 £ 
M (EAi)=y 2J+1 }:, e 1 2 J1J2 JtJ2 J1J2 , /l 6/ 

J 2,\ + 1 j1j2r r y2'!Jr (,\i) (£ j~j2 -wfi) 

rAe er - 3<l><l>eKTHBHblH 3aPRA; (_J 1J 
2 

- 3Hepr1-11-1 ABYXKBa3H4aCTH4HblX 

cocTORH"1H. EcnH e Ka4ecTee rAj j HcnonbaoeaTb <j1 lrA lj 2>, TO 
· . 1 2 

Bb1pa>KeH1-1e /16/ C T04HOCTblO AO MHO>KHTenR paBHO X1 (,\i);exOARl!IHM 
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B raMl1IlbTOHl1aH /9/. B c11y4ae MarHl1THblX nepeXOAOB Mbl. 11MeeM Bbl
pameHl1R, aHa11or114Hble /15/. noAiTaBilRR /15/ B /3/ 11 /4/, Mom-

. HO pacC411TaTb Al1<!>c)>epeH411aI1bHble ce4eHl1R (N, y) -peaK41111. 
8 ·3aKJ1~4eH11e npOAeMOHCTp11pyeM, 4To, 11cno11b3YR c)>OpMaJ1113M 

npoeK4110HHblX onepaTopos, MOmHO no11y411Tb Cl1CTeMy ypaBHeHl1H AilR 
HaxomAeHl1R 3Hepr11H 11 K03()>()>11411eHTOB BOilHOBblX <l>YHK411H K<l>M, 
KOrAa OHl1 11Me~T B11A 

+ Cl'Ai + '+ 
'l'v(JM)=CJv(aJM + ·t-';i, j (Jv)[aj Q,\i ]JM + 

J l . 

"1 i:r\2 i2 + + + + I .F .1 (Jv)[a. [Qi_ i QL 1 ] 1 ] JM l 10> , 
"111..\212 l l "'1 t ·"'2 2 

/17/ 

jl 

nepeonpeAeI111M P-npocTpaHCTBO KaK npocTpaHCTBO OAHOKBas114ac
Tl14Hbl_X A11CKpeTHblX COCTORHl1H 11 _nonom~M I =O' TO eCTb He 6yAeM 
npOBOAl1Tb ycpeAHeHl1R no COCTORHl1RM KBa3114aCT114a nn~c ABa 
c)>OHOHa. TorAa rt_=;r.l,=0. . 

Cl>opMaJlbHOe BblpameH11e AI1R BOilHOBOH <l>YHK41111 /6/ 3~B11Ba11eHTHO 
cneAY~~eH c11cTeMe· ypasHeH11H: 

(E-Hpp)X Pl'l'> = HpdX dl'l' >' 

(E-H dd -Hdq E _\ Hqd)x dl'l'> = HdP xPl'l'> • 
qq . 

/18/ 

Tenepb He3pMl1TOBa MaTp114a -~(E+il/2) nepeXOAl1T r 3PMl1TOBy: 
5(E) =E-Hdr<ti ++tit); Pl'l'> "'CJvlljM IO>; dl'l'> =CJvi / (Jv HatQfi ]JMIO>. 
Hs /18/ Mbl no11y4aeM 

1 . . ..\i 
(E-EJ)CJv =--= I r(Jj,\i),ij (Jv)CJv, v 2 ..\1J · 

/19/ 

.1, - ,\ 'i' 1 . . 
:£ [(E-Ej-w'i)ajj'a,,,ai., -::ti,~-- ·'''i'rn ., (J11)CJv=--:-r(JJ..\1)P1v· 

,\'(·' I\ 1\1\ l Jl•l,J I\ J • ./2 J V /20/ 

noACTaB11B B / 19/ BblpameH11e AilR ti J,' AaBaeMoe c)>opMyJlOH / 12/ np11 
I =0, 11 nepeo6osHa411B E=TJJv' HaXOA11M 
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EJ-TJJv- ...,L. I :i~
1
(Jv}r(Jj,\i) =0, /21/ 

y2 ..\ij 

r 2(jj '..\ 'i ') 
1 

_ 
;~ ~i (Jv)[~j +w,\i -TJJv- ! j'~i' Ej, +w,\i+w,\'i'-TJJv /22/ 

1 . J+J +..\-1--h' . . , f ,\ j1 j 'J r(jj i..\'i'>r <rh ,\ i > Cl'..\',i 'cJ >
- I (-) y(2J+1)(2J +1) ,\'J. -....:....--~-•;!, j v -
2_j1j',\'i' . J Ej1+w,\i+w,\'i'-71Jv 

= 1 r(Jj,\i). 
y2 

f 

YpaBHeHl1R /21/, /22/ T04HO cosnaAa~, C ypaBHeHl1RMl1 /9/, /10/, 
BblBeAeHHblMl1 s 118~0TMeTl1M, 4TO ypaBHeH11e /20/ C y4eTOM /19/ 
MOmeT 6b1Tb san11caHO B B11Ae, 3KBl1BaJleHTHOM ypaBHeHl1~ WpeA11Hre
pa AI1R raM11I1bTOH11aHa H

3
<W,(8/, KOTOPblH cTaHOBl1TCR 3PMl1TOBblM. 

3AKJll'l4EHHE 

8 HaCTOR~eil panoTe Mbl B paMKax K<!>M no11y4111111 Bb1pameHl1R J:IIlR 

ce4eHl1H (N, y) -peaK411H, KOTOPble MOmHO 11cnOI1b30BaTb B KOHKpeT
_HblX pac4eTax. Bee He06XOA11Mble AI1R pac4eTa BeJ111411Hbl Bblpama~TCR 
4epe3 napaMeTpbl raMl1JlbTOHl1aHa KCl>M,11 HeT HaA06HOCTl1 BBOA11Tb 
B pac4eTbl xapaKTep11CTl1Kl1 r11raHTCKl1X pe30HaHCOB c)>eHOMeHOI10r11-
4ecK11,. KaK 3To AenaeTcR B DSD 11 PRM. 

ABTOPbl Bblpama~T CBO~ 611aroAaPHOCTb npoc)>. B. r. Co110BbeBy sa 
nonesHoe 06cymAeH11e saTpOHYTblX B pa6oTe npo611eM. 
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