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§ I. B B e D. e H H e 

Vf3y"'9HKe Boa6y)K.lleHHbtX COCTOSIIIHA SI.Qep SIBJISI9TCSI O.QHOA H3 OCHOBHbiX 38ll.81.{ Sl.llepHOA 

cf>H3HKII. 8 HBCTOSHUee BpeMSI .QIISI MliOf'HX Sl!lep C XOpoweA TO"lHOCTbiO K3M9p9 Hbl fl011Hbl9 WHpu

Ubl ypoeHeA:, o6p83YIOWHXCSI npH 38X88T9 pe30H8HCHbiX HeATpOHOil. 0D.H8KO IIHWb B H9MHOf'HX 

CJIY'IBSIX onpeneneHbJ CflKHbl 3THX ypoeneA • .3TO CBSI38HO C T9M 1 "'TO JliiSI Onpe,neneHHSI COHH8 

pe30H8HCHOI'O ypOBHSI H906XO.OHMO .QOBOnbHO TO'IHO H3M9pHTb H9ATpOHHYIO WHpHHY 1 'ITO SIBJiste TCSI 

M9T0Jl.H'l9CKH TPYOHOA 38.08'1911:. Ll.pyrast B03MO>KHOCTb 38Kni0'189TCSI B UpHM C H9HHH fl011SipU30B8H 

HbiX R.ll9p H flOIISipH3088HHOrO ny'IK8 ueATpOH OB . ,Llitsl fiOIISipH38UHH HeATpOHOB 06bi'IHO HCOOJ1b3y-

eTcH MBrHHTHoe aaanMo.aeAcTeue neATpouoa c cj>eppoMarneTHKaMu. OnnaKo 3TOT MeTOLl npaKTn

'lecKu npuro.aeH .OnH aHepruR ueltTpOHOB, He npeabJW8101UHX H9CKVIIbKKX 3119KTpOROBOI1bT. 

8 nocne.auee epeMH 6blno o6uapy>Keuo, 'ITO a aKcnepnMenTax ua6mo.oaeTCH ua6biTOK Ma

llbiX WHPHH no cpaaueHHIO c pacnpe.aeneuneM nopTepa -ToMaca
1 1 I. OauoR H3 npH'IHH 3TH X OTKno

HSHHA MO>K9T CllY>KHTb npHCYTCTBHe ypoeueA, B036y>KL189Mb!X H9ltTpOH8MH C Op6HT811bH biM MOMen 

TOM f::z J( p- ypOBHK). nosJB/19HH9 p -ypoeneA npK 3 HeprtHI HeRTpOHOB B H9CKOJ1bKO COT9H 

3119KTpOHOBOI1bT HBI199TCSI HHTepeCHbJM ciJaKTOM, T8K KBK 8 3TOM CJly qa e COOT89TC TBY I01UH9 p -

ypOBHH LlOIJ>KHbJ HM9Tb 8HOManbHO 6onbWH9 npHB9Ll9 HH bl9 H9ATpOHHbJ9 WHpHHbl. noaTOMy npg-

M09 ua6mo.aeuue peaouancHbiX p -yposne R npeacTasnHe T 6onbwo.R uuTepec . C aToR T 04KH 

apeuusr, noneauo paccMOTpeTb aaanMon.eRcTaue p -ue RTpouoa c BbrcTpoenHbiMH st.apaMt1. Ha 

3TO 06CTOHT9JlbCTBO o6paTHJ1 BHHMSHHe 8BTOpa <1>./l.Wanupo. 

Hu>Ke 6y.aeT paccMoTpeuo peaouaucuoe saanMOaeRcTsue u e RTpou os c stn.paMn npH uann'IHH 

rrpOH38011bHOR fi011SipH38UHH fiY'IK8 lf H.aep MHW9HH. npH 9TOM OK83bTB89TCH 1 'ITO .UilH H9D011HpH-

30B8HHOr'O ny'IK8 H9ATpOHOB BbiCTp8HB8HH9 SI.O.ep fi03BOI1SI9 T BhTJl911HTb p -ypOBHH 1 a T8KJK 9 

onpe.OellHTb HX CDHHbl . 

AMnnHTy.aa H.aepnoA peaKUHH THna a + .4 .... B + b onpe.aengeTcH xopowo uaaecTHbiM 

/2/ 
abrpa:>KeHueM 

F(asm, a's'm ' ) = ,j rr :£ (2 f. + 1) v. (Psornl1m) x 
J ff' 

x (f.'s'm-m'm'l1m)R(a sf;a'sT ; 1)Y JO.</>), 
V'm -m 

(t) 

rae HH.UeKC a onpe.aenHeT BH.U lf BHyTp9HHHe COCTOHHHSI lJSCTIIU a H A BXO.O.H OrO K8H8118 1 

s , m 1 f - COOTB9TCTB9HHO COHH, npoeKUH.SI COHHB H op6HT811bHbiA MOMeHT DXO.OHOr'O K8H8118 1 

1 - JlOJIHblA MOM9HT CHCTeMbl, ( f som I 1 .n) - K03<j)(jJHulleHTbl Kne6wa-)Kopa.aHa, y em (Oq,)-

c¢epuqecKaH cpynxunH. Yrnbi 0 cf> onpeaenRIOT uanpaBneHHe BblneTa 'IBCTHUbi b OTHOCH.Tenb-

uo n8D.8l0Ul9r"O ny'IKa (a CHCT9Me U9HTp8 Mace). illTpHXOB8HHbi9 HHD.9KCbl OTIIOCHTCSI K BbiXO.O 

HOMY xaHany. MaTpuua R CD.Haaaa c S -MaTpHueA cooTHoureuueM: R = 1- S • CyMMHpoaanne 

no f. f" npoao.auTCH c yqeToM coxpanennR \feTHOCTH. Bbrpa>Kenue ( 1) oTnnqae TcH o T aHenort.Pt-
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f-f' 
HOr"O Bbip8>K9HHH p860Tbl/

2/ OTCyTCTBHeM Q:>aaOBOf'O MHO)t{HTellH 1 KOTOpbtA HC'Ie3aeT, ec n H 

onpe,aenHTb S - MaTpHUY 8 COOT8eTCTOHH C Tpe60B8HHeM HHB8pH8HTH OCTH OTHOC KTel1bHO 06pawe

/ 3/ 
HHS1 Bpe MeHH 

npli H811H'IHH n011HpH38UHii H 8 '1811bHbiX lf8CTHU CIIHHOBOe COCTOHHH 9 BXO.OHOrO K8ll8118 OIIH CbJ 

naeTCH M8TpHUelt fll10THOCTH p ( S I m l 8 2 m 2 } • EcnH onep8TOp 0 COOTBeT CTByeT H3MepeHHIO CnH

HOB '18CTHU BbiXO.OHOrO K8H811 8 a , TO HHTeHCHBHOCTb H3Mepfi9MOA Bel1H'IHHbl H8 9.0HHHUY Tenec

/ 4/ 
noro yrna onpe.aenHeTCH Bbtpa>KeuueM 

< 0 > ~ >. 2 l: p (s m s m )F*(as m ,a's' . m ' ) x 
a 1 1 2 2 1 1 1 1 (2) 

x F(a s,m,. a 's '
2

:n '
2
)(s'

1 
m '

1
IOI s'

2
m '

2
) , 

r"ll9 .\a- .011HH8 21011Hbi 1 COOTB9TCTBYIO LU8~1 1338KMJIOMy .OBH>KeH HIO "18CTHU B O BXO.OHOM KaHane a 

CyMMHp~sanue a {2) nposo.a.HTCH no s 
1

, m 
1

, s 
2

, m 
2

, s~, m~ ,s;,m~. B 1.f8CTHOCTH, ecnu nono

>KH Tb 0 • 1, T O nony"'HM BbJpa>t< eune nnn JlHcf:KtJe peuuHanbHOro ce"' eHHH peaxuuH a .... a" 

~8TpHUY flllOTHOCTH B (2) y.006H O npe.aCTDBHTb B BH.Qe 11HH9AHOA K OM6HH8UHH HenpHBO.QH-

MbtX CmfH-TeH30pOB HH.OHBH.Uy81lbHbiX "1 8CTHU , T8K KBK 9 TH T9H30pbl HertOCpe.OCTE~eHHO CBSI38Hbi 

c TBKHMH ¢H3H'IeCKHMH senK"'HHBMH, K flK n o.rrstpH38UHH , BblCTpoeuuocTb H T • .a. Henpuso.aeMbiA 

cnuu-TeuaopHhi A: .onep.e.Top paara q (0 ~ q :S 21 J nnH 1.f8.CTHUbt co cnuu oM 1 onpe.aenHeTCSI 

" . 
""" C080KynHOCTb 2q + 1 onepaTopou T fiK I <0_ q) , KOTOpble npeo6paayJO .. cst npH 8pame-

HUH KOOpLlHHB.T c n enyJOWHM o6p83 0M 
/ 5/ K 

rJle 
(.) 

D ' 
K K 

p :; • p·l - l: 
R K R 

K 

- cPYHKUHst BHrHep/
61

, 

(q) f q 

DI< .. K K, 

Cnuu-TenaopHbte onep.e.Topbl y .aosneTaopniDT ycnonu10 a pMHTOBOC TH 

"' q + q +K 
T Q (-1 J 

K 
r • 

-K 

H yC110BH~ OpTOHOpMHpOB.SHHOCTH 

"" .. , '+ 
sprr"• r"•, J - (21 + 1J B •• -a""'. 

(3) 

(4) 

(5) 

Dna .aayx TenaopHbiX onepaTopos X' "J 

"I 
H 

; -q, 
"• 

MO)KHO onpenenHTb Teuaopwoe nponase.aeuue: 

npu"'eM 9TO 

:; • ~ ! (q 
K I 

"z"., 
npouaae.aeuue 6y.neT Taxn< e 

q, Kl ", l q K)X ., t} ., 
Kl K2 

(6) 

HenpHBOLlHMbiM T9H30pHbiM onepaTOpOM, npeo6paayJOlUHM-

C R npu spaweHHH cornacuo (3) , H ecnu X q 1 fi : 2 
apMHTOBbl a CMbtcne (4) H KOMMyTnpy-

K I 
2 /5/ 

10T, TO H TeH30pHoe npOH3B9 ll9HH9 (6) 6y.a,eT 9pMHTOBO • Vfa COOTHOWeHKJI (5) Cne.nyeT, 'ITO 

/5/ 
.anst cnnu-TeHaopHbJX onepaTopos npuaeneHH&Je MB.TpH'IHble aneMeHTbl, onpeneneuuble cornacuo • 

B btp8>K GIOTCR Cllell.fiOlllHM o6p8.30M : 

(11\ T•\11) = i 0
[(21 + 1)(2q + 1)]~' . 

(7) 

npnse.aeM B SIBHOM au.ae cnau-TeH30pHb18 onepaTOphl HR3WHX paHrOB Jl.llst CfiHH8 I 

4 

fo _ 
0 -

r I 
- + ±I [ 21 

"2 2J 
T ~- -

0 N 

:;2 
~ + 

J 
±I -

:; ' - - J 30 r'i 
±.' N x 

Paa n o>Keuue MaTpnuhr nnoTHOCTH n c 

au .a: 

p(s
1

m
1

s
2

m
2

) 

f'Jle 

G 
K 

.2 -.- b l: (-1 J ; [ 
·•>. 

X (ab).K-). 1 

(
j a jr 
s 1 q s

2 
j - cnMaon, onpe.aeneuue 

l b 1 
T >.• ( i) , T • (f) - aHa~eHHst cnHH-TeH 

K-A 
BbiXOLlHbiX K8H8.110B p98KUHH yno5H O 

CT8BilSIIOlllHA co6oA TeH30pHOe npoua 

r•'~ l: (a'b ' " 
" K'K" K 

I 2 

MaTpH"'H&Ie aneMeHTbi o6o6we: 

/51 
xanana onpe.aenHIOTCSI, corn acao 

(s~ m'
1

1 TK~ I s'
2

m'
2

) = 
. •'+ b 
I 

x [(2s' · + 1)(2q'+ 1)]1< (s' 
' 2 

EcnH 8 (2) 8 Ka~ecT8e onepaTopa ( 

COOTHOWeHHst ( I), ( 9), H ( II), MO>t 

pa s&rxo.aHoro KaHana. B aTOM cnylf 

KOOp.O.HH.ST, 8 K OTOp OA OCb Z H8II 

.0811HTb CfiHH-T9H30pb1 BbiXO.D.HOrO KB 



f-f ' 
KOTOphiA nc 'leaae T, ecnn 

i8pH 8HTH OCTH OTHOC KTeJJbHO o6pawe-

COCTOSIHH e BXO.OHOI"'O K 8H8118 OO HCbl-

p 0 COOTBeTCTByeT H3MepeHHIO cnn

pHeMOA BeJJH'IKHbl H 8 e.O.HHHUY Tenec-

, a s~1 m '
1 

J x (2) 

:!HHIO '18CTHU SO BXO.QHOM K 8 H 8119 a 

;.s;,m'
2

• B 'iBCTHOCTn , ecnn nono

l f'O Ce'l.eHHSI pe8KUUH a -+ a 

! nuueAuoA KoM6nuauun aenpnso.an-

:!H30p bl Henoc pe.O.CTBeHHO CBH3 8Hbl 

•oeuuocTb H T • .a . Henpneo.a.uM&IA 

ifUbi CO COHHOM onpe.aensreTcH 

:oTop we npeo5pa3y10-.cH npe 8pawe-

(3) 

IMHTOBOCTH 

(4) 

(5 ) 

on peaenHTb TeaaopHoe npoHaeeDeHue: 

I !) 4 7 

K7 ' 

IOPH&IM onepaTopoM, 

(6) 

IHT08W 8 CMWCne (4) H J<OMMYTHpy-

1-:13 COOTHOW e HHSI (5) Cne.llyeT, 'ITO 

/51 
tneMeHTbt , onpe.lleneHHbte cornacuo , 

(2q + l)]~' . 
( 7) 

R3WHX paHroa .o.nst cnHHa I 

t' 
± l 

[21( 21+2) ] 

2,; 3 i 

T 7 
2 -

2V S [ 3,l 7 
- 1 ( 1 + 1) l 

o N • 

,j30 " " 7 
- N- ( [ r:!: i/ ,J N ~ [(21-1) 21(21 +2)(21 +3)] 

11
• 

Pa3no>K eH He MaTpHUbl n noTH OC TH no cnHH-Te H30paM npo8elleHo 8 
141 

H HMeeT cnellyiOtUHA 

BHD.: 

(g) 

rlle 

G 
K 

:£ (-I) "7 ;·•-• [ (2s +1)(2s + 1)( 2B + 1)( 2b + 1) 

..... (2j + 1)(21 + 1) 
X 

x (ab.).K->.iqK) ( ! , : :j T:(iJTK~>.(l), 
(~l : !

7
L j - CHMBOn, onpellen eHHe H CBO~CT!a /KOT OpOrO MO>KHO HaATH B 

15
•
11

, 
1 b d -

r\· (j) I T b (I)- 3 H8\f9 HHSI c nnn-Te naop oa 1.{8CTHUbl j H sr.apa I 60 BXO.O.HOM K8H8rte • .ilnH 

" K·h 
BbiXOLI.HblX. K8H8110B p e8KUHH y ,a05HO o npe,aenHTb o6o6weHH biA CIIKH-T8H30pHbiA onepaTOp, npea

CT8BnSUOWHA C060A T9H30pHOe npOK3Be,ll9HKe KH.llHBK.llyanbHbiX CIIHH- TeH30p08 KOHel.f:H biX '18CTHU : 

( 10 ) 

MaTpH1.1H&re s neMeHTbi o6o6meaa oro c nua-TeHaopa ( 10 ) n o cnuaos&I M cpya KUKSIM n &Ixoaaoro 

/51 
Kanana onpe.nensnoTCR, cornac ao 1 cne.ll y JOWHM Bbt pa>Ke aueM : 

(s' m' IT
0

Is' m' ) ~ 
l l K ' 2 l 

[(2i'+ 1)(21'+1)( 2a'+ 1 )( 2 b '+ 1) ]
11

x 

(I t ) 

x [(2 s' + 1)(2q' + 1)]
11 

(s ' q'm ' ,(ls ' m') 
2 2 2 I I 

Ecnu a (2) a KB'IecTee onepaTopa 0 eaRTb o6o6w.euubtA: cnuu-Teuaop ( 10), TO, Hcnon b3yR 

COOTHOWeHHSI ( 1) 
1 

( 9) 
1 

H ( 11) 1 MO>KHO nony'IHTb Cpe.a.Hee 3H8'1eHH9 npOH3BOnbHOrO Cfl HH-TeHaO-

pa BbiXO.UHOrO K8Hana. 8 9TOM c nyqae 3H81.J8HHSI CUHH-TeH30pOB 6yayT OTHeceHbJ K CHCTeMe 

Koop.aunaT, a KOTopoA OCb Z Hanpaaneua aaonb na.aarowero ny"'K4. O.o.aaKo yao6aee onpe

.aenuTb CfiHH-T8H30 pb1 Bbi XO.O.HOrO K8H8n8 OTH OC HTefl bHO HOBOA CHCTeMbl 1 OCb Z' KOTOpoA 

5 



uanpaan e ua Bll Ollb HMllyllbC 8 K OH e "'H OA "'BCTHUbl 1 8 OC b Y ' nepneH.QHKYF1RpH8 llllOCK OC TH pe8KUHH . 

B 3 T OM Cny"'ae n o n o>KeH He H 0!30 A C HC T CMbl OTH OC HTell bHO C TSpOA. o npenenReTCR yrliBMH 3Anepa 

J 004J f , B 3 H8lJ.e HHR KOMriOH e HT C OHH-Te HOOp B 8 HOBO A C HCTeMe CBS138H bl CO 3 H8"1 eHJUIMH K OMn0-

/6/ 
H e HT 0 C T8poA C HC T e M e COOTH O W e HU e M 

T'• ~ l: D• 1"} (00 ¢ ) T ~ 
K KK K 

K 
( !I a) 

0 K OH'l 8 T e llbHOe B blpa>t<eHH e LlliR Cpe.ll,H ero 3 H8lJ.e HHR 0606WeHH OrO C llHH-Te H 3 0p8 ( 10) BbiXOLlHOr'O 

K 8 U8118 0 llOBepny T OA C HCTeM e K OO pil,HHllT HMee T C n e .nytoWHA BHLl: 

T • 
"' 

>.' 
_D._~ 

4 

-··•+··+· .1 +•'1+.;+ .;+q + q' 
(-1} X 

K+K ' +f1 + f~ 
X (-1) [i2i'+_!LU!..' :!:_Ll I" [(28 + 1)( 2b + n l"'x 

( 2j+ 1)( 21+1) 

X ((2a' + 1)(2b' + 1))1-\ s q s s ' q ' s' X 
(

j a i) ( j' a' j' ) 
/ b / 1: b' / 

• b (L) 

x (8hAK ->.I qK) TA (i) T K_A(I) D>" (0 0¢ ) x 

x R*(as
1

t
1

; a ' s~t '1 ; ~)R(as 2 f 2 ; a 's'
1

f ;;]
1

) x 

G"(I
1

t
1

s
1 

;Lq; I
2

f
2

s
2

)G",(l,f'
1

s '
1

;Lq';I
2

t '
2
s; ) , 

(12) 

r.ae cyMMHp088HHe npoBOD.HTCSI no q, I( , a, b, A , ]I , 12 If 1 .f2. r;. f '2. sl 's 2' s'l, s '2' L , 

a GK onpeaen eHo cne.nyJOWHM o6paaoM: 

G (11 s ;Lq ; Its ) = [(2I + 1)(2I +1)(2f + 1)(2f + 1Jl"' X 
I( 1 l 1 2 2 2 1 2 l 2 

x [(2 s +1)(2s +1)(2L + 1)(2q + 1)) "2 rt 1 oo JrOJ(qL"-" I rO) 
1 2 r 1 2 L r q i t2a) 

(

I
1 

f 
1 

s ') 

I,f, s, 
Bbipa>Ke nHe ( 12) RBnsteTcH uau6o n ee o6wnM .nnR cn nu-Te uaopoB Bbixo.nu o ro Kaua na H oTnuqaeT

C SI OT COOTBe TCTBYIOWero BblpS >KeHHSI p 8 60Tb/
4

/ H8KOTOpb1MH ct>aaOBbiMH H 'IHCfleHH biMH MHO>KH-

TenSIMH. 3TO OTnH"'He CBSI38HO C T eM , "'TV 8 Bbtpa>t<eHHe ( 1) .illlR 8MnnH TY.O bl pe8KUHH BBe.D,eH 

D.OriOnHHTenbHbiA ¢a30Bblfl MHO>KHTenb cornBC HO/a/ H C llHH-TeH30pbi HOpMHpOBBHbl yCllOBHSIMH 

(4), (5) H (7L 

!luQ:><I:>epeHUKMbHOe Ce'leHH e p e8KUHH a -. a nonyttHTcsr u a ( 12), ecnH non o>K HTb 

a· c b':::. q """' 0 H B OCnonb30B8TbCR H:l8 eC THbiMH CDO ACTB8MH 9 j - cHMBOn OB: 

~'!_C! __ 

d!l 

>.' .-•-• •+< + L+ P1+ J2 + • 1 +. 2 + • i( 2a+1)(2b+J) J" 
_ q_l; , (- 1 ) ( 2i+1)(21 + 1) 4 

6 

X 

X 

(

i 8 i) 
s 1 q s' 

I b I 

(8b AK -

x R• (a s 
1 

1
1 

; a ' s'f'
1

. 

X G K (I I f I s I ; Lq ; 

r.ae C YMMHpOB8H He n pOBO.O.HTCR 11 0 

a W npe .ncTa ansuo T co6oa x o pou 

TSlOlUe A tt 8CTHUeA RBFIReTCst y -pe 

06p830 8 81' b K npellCTSBlle HHJO ll011H 

R (a sf; a ' s'f'; 

rae 

r P g I • ' t, J = - ,; 2 r -1 J p r g 1 

g - llOFIHbtA M O M e UT y - KB8111 

.008 MSrH If THOrO TH118 p = Q , Ll ll 

PaKa. 

CnMaon S (f'p)H MeeT cneay: 

8 (1 ' p) {: 
o (f'pJ = { ~ 

0KOH'l8Tell bHOe B blpa>K e HH e .QllR y 

~= 
d!l 

A 2 • •- b 
~- l: i (-

2 
x [C.~..! ... Lil2b+ 1 ) r 

(:< 

{i 8 i) 
s 1 q s

1 

I b I 

R *(as
1

f 1 ; a'p ,~ 

x a"o, r, . , 



nepn e HD,HKynstpH8 nnOCKOCTH pe8KUHH. 

lpoA onpen.ensteTCH yrnaMH 3Ane pa 

Me CBH38Hbl CO 3H8\leHH SIMH KOMno-

sua: 

X 

s' 
I 

( 

j' 

q' s', X 
a' j' ) 

r b ' I' 

(0 O<i> ) X 

f
1
,f

2
• f; , f'

2
• s

1 
1 s

2
, s

1
,s 

O)(qL • -. I rOJ 

(

11 f 1 s 1
) 

L r q 

12 f, s, 

( II a) 

( 12) 

L, 

Op OB BbiXO.D.HOrO K8H8n8 H 0TflH1f8eT

IH cpaaOBblMH H 'IHCneHH biM H MHO>KH

) nnst aMnmtTy.Obt peaKuuu aee.oe H 

·TeH30pbi H0pMHpOB8Hbl ycnOBHSIMH 

Test u a ( 12), ecnu nono>KHTb 

9 j - c uMson os : 

(2a+I)(2b+ I) ~ 
1------ l X 
(2j+1)(2I +l ) 

., 

X 

( 13) 

rae cyMMHposauue n poao.llHTCSI no q, K., a , b, ,\, J 1 , 12 , f 1 , f 2 • Y; i~J· s 1 , s 2 , s' L 

a lY npe.a.cTannsuo T co6oa xopowo H3BeCTHble Ko::JcP¢uuue HTbt Paxa • B c ny1fae, ecnu Bbtne 

TaJOweR qaCTHUe ft HBn SieTCSI y -!CB8HT , TO R -M STpHUY B BbtpS>KeHHH ( 13 } He06X0.0HMO npe

o6p830B81b K npen,CT8Bn9HHID nonHOrO MOMeHT8 K l.f:eTHOCTH y -xa8HT8/?/ 

rJle 

R(asf;a's'f';1)= Z R(a sf;a 'p g; 1)(pg ls'P'), p. 

- ~ 
( p g I s'f' } = - v 2 ( -1} P ( g 1 -1I If '0 } 8 (f 'p ) [ ( 2 s' + I)( 28 +I} l x W (P '1] I '; J s' ) , 

~ - nonHbtR MOMeHT y - KB8HT8, p - HH.QeKC, npHHUMBK>WHA .0 88 3H8ll eHtiH: JlflR nepexo-

nos MarHHTHoro n ma p = 0 , .anR nepexon:JB 3n e KTpuq ecKor o Tuna P = 1 IV - Ko:>cj>cj>HuHeHTbl 

C nMaon li(P'p)nMeeT cne.oy10wnA CMbtcn : 

{: 
npH f' = g 

8 (f ' p} 

npH f' f g 

.anst p = 0 , ( 13a) 

{~ 
npH f' = g 

8 ( f' p) 

npH f' -1 g 

JlnH p I. 

0KOH"'aTenbuoe B bJ pam e nue .anst yrnoaoro pacnpe.ae neHHH y - KaaHTOB uMee T cne.oyJOu.tlf A s u.o : 

X 

(~ I : ~) 
I b I 

( 14) 

L q ; 12 f 2 s 2 } IV ( g I J I g 2 12 ; I' L} [{ L ( g I g 2 p I p 2 ) ' 

7 



r.ae CyMMHpyeTCR nO q,K,a,b,)!.,j 1 ,]
2

,f
1

.P
2

.s
1

,s
2

, g 1 ,~ 2 ,p 1 ,p 2 ,L 

!(L(g 1 ~ 2 p 1 p 2 ) = :£ (!1 1 I-1IIf'1 0)(~ 2 I-IIIf'0)8(1 '1 p ) li(Y'p ) x e; f."
2 

2 , 2 2 

"' x [(21~+IJ(2f;+IJl re ', f'
2

ooiLOJlV(g 1 f ' , s
2
Y>ILJ. 

3. nonHOe Ce l.feHHe peaOH8HCHOA peaKUHH npn H8flHl.fHH nonHpH38UHH 

Bbipa)Keuusr ( 13) H ( 14) .anH yrnoBbiX pac npe .aeneunA B birns:~.aHT rpoM03.0KHMH n cnom

HbiMH, O.O HBKO npaKTHqeCKH acer.aa HM eiOTCH ctJaKT Opbl, KOTOp bie npHDO.US1T K CyLUeCTBeHHOMY HX 

ynpoweu n 10. TaKoe ynpoweuHe 6yneT HMeTb Me cTo , ecnH peaKuHR npo xOJIKT ttepea na onnpoaau-

Hb!A ypoaeHb COC TBBH0£'0 R.Op8 CO CITHH OM ) 

poaaune no I 
1 

H ] 
2 

H nono>KHTb 1
1 

0:::: 1
2

- I 

B 3TOM cnyqae a ( 13) c ne.ayeT onycTHTb c yMMn

Bhipa>Keune .anSI nonuoro ceqeunSI nonyl.fHTCSI, ec -

nH B3HTb na ( 13) yMHO>Keun&rA ua 4" ttn e u c L= K. .... O: 

2 f 
u ~ rrA (2 I +IJ'"··• ·b ,-f.+• -1 a a a - 1 (-I) • 2 [!_.!_~+I)(2b~] "'( j a i) 

( 2j + I) ( 21 + I) s 1 q s 2 

I b I ( 15) 

x [ ( 21 1 + I)( 2Y 
2 

+ I) ( 2 s 1 +I)( 2 s 
2 

+ I) l 11 
( a b;.. - ,\ I qO I 1 ,\• (j) 1_~ ( l) x 

X R. (a • 1 f 1 ; a 's 'f' ; I ) R (as/ 2 ; a's' f'; I) ( f 1 f 2 00 I qO) It (f1 s I f 2 • 2 ; I q ) ' 

npHtteM cyMM8 6epeTC SI no q, a, b, A , t J I e,. f ' . s 1 , s,, s" • Ecnn npeue6pettb .anSI K8Hana ynpy-

roro pacces:~unsr BKnanoM noTeuunanbuoro paccesruusr, TO e6nuan naonupoaauuoro peaoHauca R -

M8Tpl1UY MO>KHO 3 8IT RC 8 Tb c n e.a,yiOll.l HM 06p830M /
2/ 

R(asf;a's 'f'; I) ~ -i e 'f"'a C+wa'f' 1 ~~a','P' ( 16) 
E

0
-E - y, ;! 

r-ne "'aP Wa'P' - Ql&3bJ 110TeHU118nbHOro pacceSI HHSI, Eo - pe30H8HCH8SI 9HepruSI, r -
nonHaSJ wnpHHa yposus:~. BenHl.fHHhi g a .P CBSI:38Hbl C napuuanbHbiMH WHpHHBMH ra .e COOTHQ-

we HH e M: 

ga . c = :tr ! I "' a•P ( 16a) 

llpe.anono>KHM .nanee , l.fTO napuuanbHhie wnpHH bl He aasncst T oT cnnua KaHana. Tor.aa 

g , u gy-+ [ ....l._ r ·, J"' 
a•< a - n(],f ) a< ( 17) 

r.ne r af =; r a • f , n( j 1 e)- l.fHCnO 3 H8 1.f.eHHA CD HH 8 K8H8118 , KOTOpble npH CllQ)KeHHH C op-

6 HT81lbHbiM MOMeHTOM MOryT o6p830B8Tb CITHH ypOBHSl ] • .finH HeATpOHOB pe3 0H8HCHhlX 

3HeprHA MO>K HO Cl.fHT8Tb1 lJ:TO SO BXO.QHOM K8H81le cyweCTBeHHbl nHWb MHHHM81lbHble 3HB'ieHH1t 

op6uTanbHoro MOMeH Ta. cosMeCTH M ble c npaaunaMH oT6opa no tteTHOCTH . YI.(HTbiB &SJ 9TO o6cTosr

TenbCTBO u Hcnonb3ysr Bbipaa<eHHSJ: ( 16) u ( 17), nerx:o nony'IHTb ua ( 15 ) cne.ay10we e Bbipa>Keuue: 

8 

l 

u =u (Di ~~ [( 
n(l, r) 

x [(2a + I)(2b + I)(2 

x r u oo 1 qO J w res, e s 

rne u ( 0 ) = " ,\ 2 <!.!.l!_+_0__ 
(2i+I)(2 f +I) 

- ~!!...f_ 
(E- E

0 

[' ' = :£ [' ' ' f' 
a • "f" a • 

- nonHBSI WHpHH8 

ecnH l.f eTHOC Tb ypOBHH COCTBBHO r o Sill 

MHW eHH ( S - yposeHb) 1 H f "" J , 

OTCyTCTBHH n o nsrpH38UHH B (18) cne.a 

J1erKo npoaepHTb, 1.f.To a 3TOM cnyqae 

aueCTH BKnan a ce qe une, onpe.aenSJIOT 

Ha (ffOO lq0 ) H (ab>.-AiqO) • LlnH 

q ac THUhl j n T _: (A) .ansr sr.apa M : 

HbiX l.f8CTUU 8 = 0
1 

H n OnSl pH38UHSl Sl.Q 

SlBnSle TCSl HeATpOH 1 TO M8KCHM8nbHOe : 

uoro ny l.fKa 6y.aeT cywecTaeu e u cnnu-

p - ypOBHSl q MO)f(eT n pHHHM8Tb .a 

TO cooTHoweHHe I q- al S b S q +a 

BKna.a cmw-Teuaop T: ( I) , CBSI38HHb 

Ecmr none , o pneHTHpyrowee sr.apt 

H8 B.OOnb OCH CHMMeTpHH 1 TO OT11H'1H bl 

aopoa • .D.nSJ omt caunSI c mw osoA opneu 1 

Hbl C uyneBbiMH KOMITOHeHTBMH t.: ITHH-T• 

npH'ieM npe.ncTasnSJ:eT co6ol\ n< 
1 

( 19) ne r KO BH.QeTb, l.fTO 

t, I 
T 

Y1cn o nb3ysr Bbrpa>KeHHe (7) .ansr npn a e. 

"'lliTb, l.fTO 

(1 ; , m 



1
; 1L J. 

"'HH 0011SipH38UHH 

Bblf'/lH,aSIT I"pOM03.0.KHMH H CllQ>K-

,Je OpHD OllSI T K CyUJ,eCTBeHHOMy HX 

KUHH npoxo.aHT qe pea naon upoaaH

ae e ( 13) cneLlyeT onycTHTb cyMMH -

lSI nonuoro ceqeu uSJ nony'iHTCSI, ec-

( 15) 

~cn u npeue6pe 'ib anSI KaH a na ynpy-

au uaonHpoaauuoro peaouauca R -

~~ (16) 
• E -y, ; r 

Eo - pe30HaHCH8SI 3He prHSI, r -
811 bHbiMH WHpHH8MH ra • f COOTHo-

(16a) 

oT cnHHa Kauana. Tor.aa 

I" 
(17) 

1 KOT0pbl8 npH Cli0>K8HHH C op

nnSI HeATpOHOB pe30HaHCHbiX 

Hbl IIHW b MHHHManbH bl8 3H8'19 HHSI 

]0 'teTHOCTH. Y'I HT&IBBSI 3TO o6cToSI-

KTb ua ( 15) cnen.y10wee Bbipa>KeHue: 

, -l(i a (-1) 2 

S I q 

I b 

x [(2a + 1)(2b + 1)(2s
1

+ 1)(2 s
2

+ 1Jl "(abA - AiqO JT,(iJT• ( l) x 
A - A 

( 18) 

x r r. e oo 1 qo > w r e s 1 e s 2 ; J q J , 

ro "A 
2
a_(l_l +_~_)_- raf I' a· rne a ) <= _ _ - ceq eH I! e pC8KUHH npH OTCy T C TBHH 0011SipH 38UHH 1 

( 2i + 1)(21 + 1) (E:'E-;1+ \< 1:;
2 

ra' = ~ r , T 
• 'f' a • 

- nonHaH wupuHa BbiXOll.Horo KaHana a'. 8 ( 18) cnenye T 6paTb P = 0 

ecnH "' eTHOC Tb ypOBHH COC T8BH Of' O H.apa COBn8,aaeT C "' eTH OC Tb~ OCHOBHOf'O COC TOH HHSI R.O.p8 

MHWeHH ( S - ypoaeHb), H. i :z J 1 eCilH 3 Tii tteTHOC TH npOTHB 0110110>KHbl ( p -ypoaeHb). n pu 

OTCyTCTBHH 0 0 11SipH38UHH 8 ( 18) cneayeT y'ieC Tb TOilbKO CmtH-TeH30pbl H ylleBOf'O p a Hra a=-= b = Q, 

/Ief'KO npoaepHTb1 1.fTO B 3 TOM Cnyqae o =a (O) • 3H8"leHHSI p8Hf'8 CO HH- TeH30p08 1 KOTOpbi e MOf'yT 

saecTH BKnan a ceqeuue, onpe.nensuoTcSI npaaunaMH oT6opa .anSI K03cP<tmuneuToa Kne6wa->Kop.na-

Ha (PPoo lqO J H (abA-AiqOJ • JlnH s - ypoeHH q = o , H pa11r11 cn uH-TeH3opoe T ;uJ LlnH 

'iBCTH Ubi n T_~(A) .nnSI SI.npa MHWeHH o rpa HH'-leH&l ycnoaueM a = b • .[lnSI u enonSipn aoaau-

H biX '-lBC THU a = 0
1 

H n ons:~pHaauun nae p ue CKaabtsaeTCH ua ce q e uuu. Ecm-t na.aa10weA lf. BC THueA 

Sl811SI8TCS1 H8ATpOH, T O M 8 KCHM8nbH08 3 H8"t 8H H8 a Or'p8 HH'-l 8 HO 8.0.HHHU8i\, T.e • .anSI nOnS1 p lt30BaH-
I 

HOf"O ny'-lK8 6yn eT cywecTaeueu cmtn-T e u aop T ->.. (I) CBSI38H HbtA c nonHpit38UI-IeA SI.Opa. nnn 

p - ypOBHSI q MO>KeT npHHH MaTb llB8 3H8'-l8HifSI: 0 H 2, H Q.nSI a H b 6y.aeT HM8Tb Mec-

TO cooTuoweuue ! q- a I .$. b ~ q +a • B 3TOM c ny1.1ae npn a = 0 a ce q e uH e 6ya.e T auocHTb 

BKnan. cm-m-Te u aop T: ( I) , cnsr aauubiA c B biC TpoeuuocTbJO g.n e p MHweuu. 

Ecnu none, o pueuTupyrowee sra.pa, o6na.aaeT aKcuanbuoA C HMMeTpueR u OCb z uanpaane

ua B.O.Oilb OCH CHMM8TplHI, T O OTilH''-lHbiMH' OT HYilSI 6yn.yT TOilbKO HYI18Bbl8 KOMI10H8HTbi cmtu-Teu -

30p0B, JlnH OflHCBHHH C nHHOBOA Op119H T 8Uiflf HLlep BBOLlHTCH napBM9Tpbl /
8

/ , KOTOpb 19 CBH3a-

Hbl C HYli8BbiMH KOMI10H 8HT8MH t..: mtH-T8 H30pOB COOTti OW8H H 8 M: 

I ( 19) 
• 

npu'-leM I 
I 

npe.OC T 8BIISI8T co6o R 11011SipH38UUIO SI.Q ep, 1
2 

- BbJC TpOe HH OCTb If T,Ll, V1 3 (8) H 

( l 9) JJ8f"KO BH.ll8Tb1 'iTO 

1 
I, ~ T I' [ 31: - I ( I + I)] . 

1(21 - 1) 

( 19a) 

Vlcnonb3ySI Bb!p8>K8HHe ( 7) llfiSI npnaen.eun&IX M8TpHlfH biX 3JJeM8HTOB cmfn-Te u aopa , n e rKo nony-

'IUTb, "'TO 

r11r•1/J 
0 

i • ( 21 + 1) y, (/II - I I qO ) . 

9 



Tor.na B 11pOH3BOnbHOA CIICTeMe KOOp.C.HH8T KOMnOHeHTbl COHH-T9 H30p8 6yiJ.y T cne.ayJOWHM o6pa-

30M Bblp8>K8TbCH l.fepea B'1nH'IHHbJ f q , H3 HtepeHHble OTHOCHTenbHO HanpaaneHHH nonH: 

q 4" Ya Ya 
T = (--) i

0
(21+1) (lll-Iiq())Y 0K(IJ'I>)f 0 2q + 1 

(20) 

rae cciJepl.PieCKHe yrnbt 0<1> on pe.aenHJOT HanpaaneHne ocn cnMMeTpnu nonH. Vfcnonb3yH Bblpa-

>K8HH8 (20) H T80peMy 0 CnO>K8HHH c<tJepH'i8CKHX <tJyHKUHA, n erKO nony'iHT b H3 ( 18) LlnH 

ypOBHeA XOpOWO H3BeCTHbJe COOTHOWeHHH: 

( o; I .. .. 
o=o (1+-- PP) 

J + 1 n I 
.nnH 1 • I + lfl , 

(0) ... ... 

(J = (J ( 1 - P n P1 .o.nH 1 .. I- Yl , 

r.Qe p n tp I - COOTBeTCTBeHHO Be KTOpbl nonHpH38UHH HeATpOHOB H SI.Qep. 

llnH P - ypOaHeA paCCMOTpHM 6onee npOCTO.R, HO TeM He MeHee HHTepeCHbiA: cny qaA: He-

nonRpH30B8HHOT'O nyLJK8 HeATpOHOB. 8btpa>KeHHe D,nR Cel.feHHR: c n e.nyeT H3 ( 18 ), ecnH nonO>KHTb 

8 = 0 1 f ., 1 U BOCOOnb30B8TbCSI H3BeCTHbiMH CBO ft.CT88MH 9 j -cHMBOnOB H K03QlQlHUHeHTOB 

Kne6wa- .>KopaaHa , a TBK>Ke COOTHOW8HH8M (20). npH 9TOM LlnH 1 = I + ~ n (1 , I) = I. a 

- 2 
.ans1 I = l :!: 'h n ( 1, 1) = 2 • CyMMa no s 1 H s 2 nerKo Bbi't:HCns:~eTCH 1 H OKOH't:aTen bH O nonyl.fa-

e TcR cne.ayJOwee Bbtpa>Keune .anR nonuoro ceqeunR p eaoHaHcHoro aaanMo.aeAc TBKA He n o nRpKao

aaHHbiX p -H eft.T pOHOB C 8 biCTp09HHbiMH R.O.p8MH: 

(Ol 
" = " I 1 + 12 F J p 2 (cos 0) I • (21) 

(0) 

rae 0 - Ce l.f eHHe D.nH HeOpHeHTHpOB8HHbJX R.aep 1 f
2 

- BbiCTpOeHHOCTb Sl,nep MHWeHH, onpe-

aenReMaR: Bbtpa>KeuneM ( 19a) 1 0 - yron Me>K.n.y uanpaBJieHHeM BbJCTpanaaHUH sr.n.ep u na.aaJO

W.HM nyLJKOM, P
2 

- nonHHOM ne>Kau.apa. Ko3<P<PnuneHTbi F 
1 

onpe.aenR.JOTCR c ne.aytotUHM o6-

paaoM: 

F 
1- \\ 

F 
1 +\\ 

F I- ..L = - 1 ; 
2 

____ I ____ 1(21- 4)(21 + 1)- 6J2[(21-1)( 21 +2 Jl 11 I 
2( 21 + I) ( 21 + 2 ) 

21- I 
2( 21 + I )(21 + 2)(2i+

3
Y 21 + I) ( 21 + 6) + 6J l [ 21 ( 21 + 3 ) ] 

11 

I 

F 1+ 2.... == -
2 

21 ( 21 - I) 

(21 + 2 ) ( 2 1 + 3 ) . 

(21a) 

KaK BH.O.Ho H3 ( 21), M8KCHMBI1bHbul 3ct><Pe KT 6y neT ua6mo.oaTbCst npn BbiCTpanaaHHH s:raep napan

nenbHO na.aa10w.eMy ny"'Ky. B 3TOM cnyqae 

(O! 
o

11 
= a ( 1 + I 

2 
F

1 
) • 

8 Ta6nnue 1 np~tse.a e ll bl 3H8 1.fe HHH OTHOWeHHSI uo I u (o> a aaan cn MOCTH OT cnnua I HLlp8 

MHWeHll n c nnua I yposusr cocTaauor o st.a pa, npn1.1eM s e pxHn e unQlpb! a Ka>K.aoA cTpoxe cooT

aeTCTBYJOT BbiCTpOeHHOCTH f 2 ,.. 1 1 B HK>KHHe - f l = 0,5 • 1-13 3 T Ql\ TB611HUbi BH.OH0
1 

'ITO npH 

1 = 1- 3 
2 pe30H8HCH09 Cel.feHH e HLl,epl TIOnHOCTbtO BbiCTpOeHHbiX B.0 011b DJ'IK8, o6p8LU 89TCSI B 

10 

r 

Hynb. 3TOT cPaKT Henocpe.aCTBeHHO CI: 

MOMCHTa • .O.eAcTBHTCJi bH 0 1 .o.on>t<uo Hf\ 

np<laneHa a.o.onb nyqKa, TO I .= t_I , P 

.nns:~ KOToporo \ ] \ ~ I- ..!.._ , a 3TO 
' 2 

4. Yrnoaoe pac npeneneHf. 

Bbipa>KeHne n n H yrnoaoro p acnp 

pnaaunn c n enyeT na o6we A QlopMynbi 

H30nHpOB8HH biA ypoaeJI b COCT8B HOrO flJ 

y -nepexO.O.bl c onpe.aeneHH OA MYflbTJ 

B8HHOMY COC TORHHJO KOJiel.fUOrO Sl.llpa C 

MOCTO ObiOB >K8 1liiH ( 16 ), ( 16a) H ( 17) 

r a' •' P' 38Me HSI 9 TCSI H8 I ', . p , 
a P • 

38XB8Te HeTI011stpH OOB8HH biX n e ATp'JHOJ'\ . 

H3 ( 14) npn o = 0, !l = g - I ,p =p =U "m' 
J 2 J 2 

do 
-~ 
d!1 

(0) 

" y 

x :!: ;·•(- I). 1 T
0

(1) ( 
K 

QK. L • 1 • 2 

x W(s 1 /s 2 1 ;jq)GK( . 

KL(1p) = :!:, (JI-11 1 
t, £2 

X ( ( 2f I + 1 ){ 2 f 2 + 1) J 

r.ae 0 (OJ_ nonuoe ceqeune napunanbH 
y 

xoacP<Pnun e HTbl Paxa, <f>yuxuHH G K o . 

Vfa Bblp8>K8HHA (22) H (J3a) BH.C 

MO>KeT CO.O.ep>K8Tb TOilbKO rapMOHHKH I 

o T6opa anH Koe<l><!>HuH e HTOB PaKa II' ( 1 

sxo.as:rwux a BbJpa>KeuHe .ana K L( 1 p) , 

f
1

= .. ±. ... l
2

== 1±1· Jlon onHHT~IlbllbJ e o 

<PHuHeHTOB Kne6wa-.>KopaaHa ( 1l 00 I rO 

<tJyHKUHH GK • Tax, nnsr S -ypo8HH r 

L = q • CneLJ.osaTenbHO, .a ns:r Bbi CTpoeui 

pacnpe.aeneHHJt, KOTOp8B o6ycnasnHaaeT 

ocTaTO'IHY IO BbiCTpoe HHOCTb. B bi p S)f(QHH' 



IIHH-T9H30p8 6 yD.yT CJ1 9LlYIO lUHM o6pa

CHT91lbHO H8npBB119HHR r!OJIR : 

·o1> J 1. , (20) 

>cH CHMMeTpHH nonsr. Vfcnonb.3ySJ BLrpa-

A, nerKo nonyl.tHTb K3 ( 18) Llllst s 

:n 1 ~ I- y, , 

OHOB H Sl,a.ep. 

" He Meuee HHTepec nbrA cnyt.taA u e

:ur cne.ayeT Ha ( 18) , ecnn nonO)f{HTb 

MH 9 j - cHMBOnOB H KOa<j:><j:>HUHeHTOB 

t .nnn 1 m I + _!_ n ( 1 , 1 ) ~ 1 , 6 ·- 2 
SblttHC11SI9TCSI , H OK0Ht{8T9JlbHO nonyqa-

iCHOrO B38HM O.O.eACTBKSI H91l0!1SipHaO-

s II J I , (2 1) 

SbiC Tp09HHOCTb H.aep MHWeHH, onpe-

3HH9M 5biCTpBHB8HHS1 sr.a,ep u na.aa10-

F 1 onpe.nenRIOTCR cne.nyiOLUHM o6-

>J 2 [(21-1J(2l+2Jl" I; 

(2 1a) 

3) 

ITbCSl ll pH BbiCTp8HB8HHH st.aep napan-

' a aaaucnMOCTH OT cnuua I 

JfH9 UH¢lpbl 8 KB>KLlOA CTpoKe COOT-

3TOA T86JlHUbl BHD.HO, 'ITO npH 

HbJX e.aonb nyqxa, o6patU aeTCst 8 

A 

I 

I 
I 

Hynb. 3 ToT ~BKT Henocpe ncTse HHO cnenye T Ha 38KOH8 c c xpaHeH HR npoeKuHH nonHoro yrnosoro 

MOMCHTa • .lleACTBUTCJi bll t) , .aon>Kuo HM e Tb MeCTO pa.seHCTso: 1, = I, + P, + j, . Ecnu ocb Z Ha-

npasneHa a.aonb nyY.KB, To I, = ±J. P, = o, j , = !. % • Cne.aosaTenbHO , cocToRnHe c 1 - 1- .L, 
2 

.a.,sr KOToporo I 1, \ ~ 1 - ~ , a 3 TOM cnyY.ae o6peaoaaTbCR He Mom e T. 
2 

4. Y rnoaoe pacn pe.aen eHHe peaoHBHCH OA pe aKuH H (n. yJ HB BbiCTpoeHHbiX Sl.apax 

Bbtpa>Kenne .nnR yrnonor o pac npe.aen e HHSI peaKU HH {n, y J npn HanHt.tHH n po HaaonbH oA nons:~

pHaauHH cne.nyeT ua o6weA cpopMynbJ (14). OrpaHH LIHMCR cny1.1aeM peaKuHH, npoxon.suueA "'epea 

H30JlHpOB8HHblil: ypOB9Jib COCT8BH0("'0 fl.D,p8 1 CnHH KOTOpOrO 1 1 H 6 y.Q eM p8CCM8TpHB8 Tb "'iHCTbl9" 

y - nepexo.abt c onpe.aeneHuoA MYJibTHnonbHOCTbiO g n qeTHOCT biO p , npnso.asnuue K cilHKCnpo-

aaHHOMy COCTOSI HH IO KOn e 1.1noro s:~.npa co cnnHoM I ' • DnR R - MaTpUUbl no-npe >t<H e My 6y.ayT HMP.T b 

MCCTO DLI PtHK e UilSl ( 18 ) , ( 16a ) H ( 17) HpH yCJI Ot\HH, LITO .!{.!l SI DbtX D.!lUOrO KOH.l/18 (l) a ' f' = 0 , a 

I"" a'.· P' aaMe HSI 9 TCSI Ha l 'a ' vg • P accMOTpHM ! Htn0.1bH ble y -nepeXOllbi, B03HHK810WU e npH 

aaxsaTe Henon s:~pH ~oaaHH biX neltTp-:>HOP.. Yrnoooe pacnpenene HHP nnst 8Toro cny'ia SI nony1.1aeTcSJ 

H3 ( 14) npH a = 0, g = 8 "" J,p =p=U 11J1H I : 
1 1 1 1 

!.!!..:r_ = (0) 3( 21 + 1 )'/o f+ I'-I + J + J+t 
a Y ---=-------- (-I) 

dll J" n(1,f) 

(22) 

rne 0 co;_ nonHoe ceqeuHe napunanbHoro y -nepexo.aa .ansr u eopKeHTKposaHHbJX R.aep, W -
y 

K09QxPHuHeHTbl Paxa, 4;>yHKUHst G K onpe.nensteTCH Bbipa>KenHeM ( 12a). 

VIa Bbl:pa)f{eHHA (22) H ( 13a) BHllHO, &~To yrnoeoe pac npe.aen euue .aHnOnbHbiX y -K881fTOB 

MO)KeT co.a.e p>K8Tb TOnbKO rapMOHHKH c L =0 H L ..,. 2 • 3 To orpaHH"leHue BbrTeKaeT H3 npaenn 

oT6opa .nnn Ko:a<j:>cpHuH eHTOB PaKa II' ( 11 1] ; !' L ) H Kne6wa-)f(op.naua ( e I e, OOILO) ' 

sxonstlUHX a BbJPB*enue .ansr K L( 1p). ecnH yqecTb, 'f.TO .ansr p = 0 f
1 

= P 
1

: 1 • a .a.nst p -

f
1 

= ~ ± ~ , f
1 

= 1±1· .Uon on HHTel1bH bie orpauu&~eHHSI .ansr L cne.ayJOT ua npasHn oT6opa .O.JISI K03cil

<j:>HuHeHTOB Kne6wa-:>Kop.naua ( l'f 00 I ro) H ( qL" -K! rO) • BXOLlRlUIIX 8 onpe.neneHHe ( 12a) 

cpynKUHH G K • T aK, .ansr s -ypoaH 9 f. = 0 
1 

u 3HBLI9 HHH L 6y .ayT orpaHH'f.eHbi ycnosHeM 

L = q • Cne.n.osaTenbHO, .ansr &biCTpoeHHhiX sr.aep 6yneT na6mo ,aa TbCH aHH 3 oTpomtSI yrnoBor o 

pacnpeaeneHHH, KOTopasr o6ycnaenHsaerest Te M, 'i TO npH aa.xnaTe s - u e ftTpo ua H.apa coxpaHSI JOT 

ocTa TO"lHY IO ewcTpoe nHOCTb. B btpa)KeHue .nnSI yrnoBoro pacnpe.a.e ne HHR nnno JJbllhiX y -nepexonoe, 
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B03HKK810WKX npu pe30H8HCHOM 38XB8Te HeDOIU1pH30B8HHbJX S - ueA:TpOHOB B hJC TpOeUH blMH R.O.pa-

MH, n o nyqaeTCH H3 (22) RpH = 0 H HMeeT cne.nytoUlHA BH.O! 

!.:::t_ = c/0) ___;}_ (-1) 1 ' -I + 21 -\< (21 + 1)(21 + l)Y, X 

dfl y 2,/rr 

X L ~ i-. T • (I) ( 11 - 111 qO) II' ( 1 I 1 I ; y, q ) X 

q = 0,1K K 

( 23) 

-I' 
X 11'(1111;1'q) (2q+ 1) Y• (0¢). 

OK 

Yfcnonb3yst .o.nH r• 
K Bb!pB>K e Hae (20) H <jlopMyny LlRH Cno>KeKHH c<jlepHqeCKHX <jlyHKUHA, MO>KHO 

npeL!CTBBHTb (23) c neLtyJOLUHM 06p830M: 

du 1 (OJ 

--L = - u I 1 + I A P (cos 0) I 
dfl 4" y 2 2 

(24) 

r.a.e f 2 - BbiC TpOe HHOC Tb Q.n,ep, p'l- nOIJHHOM fle>KSH.O.p8 1 8 - yron, OTC'IHTbiBSeM biA: OT OCH 

a&rcTpauaaHHSI . Ko3ct><PuuueuT A cne.ayJOI.UHM o6paaoM Bbipa>t<aeTCsr qepea cnHH bi peaouaucuoro 

YPOBHH 1 
I ' : 

1 OC HOBH Oro COCTOHHHH H8'18nbH0f'O H.O.pa [ H KOHe'IHOf'O COCTOHHHH ~.a,pa - npo.O.yKT8 

A 
JJO 1'-1+21 - ~< 

- (-1) 
2 

(21+1)[ (2 1 -..!11_21 + 1)21 I' 
-----] X 

(2 1 + 2 )(21 + 3 ) 

X IY(]11I ;•h 2) i¥(1111;1' 2 ) . 

3asucHMOCTb A OT cnuua H8'18nbHOro H.apa I .a.nst pa3nH'IHbtX B03MO>KHbiX 3 HB'IeuuA J H I' 
. 17/ 

n erxo n ony"'HTb, ucnonb3yH HBH &te s&rpa>Keuust .anst KoacpcpuuueuToa PaKa : 

y, LtnH 1' ~ 1- -f. 

A= -{ 
21- 2 

1'= 1- y,, 1 = I - Y,; - --- LtnH 
21 + 1 

(21-2)( 21 -1) 
Y, ----- LtnH ~' = I + y,; 

(21 + 1)(21+ 2 ) 

( 21 -1) ( 21 + 4 ) 
Y.-- ----- .QnH f' = [ - %1 

(21+1)(21+ 2) 

1 = I + Y,; A = 
(21-1)21 (21 +4) __ LtnH I '= I+ Y,, 

(21 +1)(21 + 2 ) (21+3) 

( 21 -1) 21 
y, ------

(21+2)(21+3) 
LtnH /' ~ 1 + -f· 

Y:ucneHH&Ie 3Haqeuusr xoact>Q:>uuueuTa A npuse.aeHbl a Ta6nnue 2 • .Llnst: p -ypoaueA yrnoaoe 

pacnpe.a.en e uue .nnnonbuoro y -u3ny'teHHR s&tpa>KaeTcst: cne.ayiDWHM o6pa3oM : 

du 1 (OJ 

~ ~ 4rr"y 11+ 12 F 1 P2 (cos8)+ 

+ B I I Y (8, <I>) Y (0, cb ) C •• I , 
Q qK 1- K qK 

(25) 

12 

r.ae () , 0 . - uanpnnneuH e Bbi lleTa 

na paMeTp bl I q o npe.nen 5110TCH Bbtpa 

HMeK>T cn e.ayiOWit H ann: 

8 _ 12rrvT 

;_j2 n(i:iJ 

c. K ~ ( lll -11 qO I ~ . . 
I 

x ll'(l s 1 1.•
2

; 1h2 )( 

Ecna a ( 25a ) n epec'TaBHTb HHLteKCb 

COK = (-1) ° C 0 K , T, e , B (25) 6y 

HM eeT M eC TO paaeHCTBO C qK. • C q _ 1 

uanpasneuu e BbiCTpoeuuocTu H.nep. E 

aoA.a. e T TOilbKO qneH C K • 0 1 T. e . I 

cnyqae yrnoe oe pacnpe.aeneuu e 6y.a. e 

H8 H8nH'IHeM Bbt.QeneHHOA: nnoCKOCTH , 

uneM BbiCTpoeuuocTH st.aep. CyMMY 

s o3MO>K Hbtx 3H&'IenuA ] u I ' , o.a.uaJ 

H fi03TOMy Mbl HX 3.QeCb He npHBO.QH 

Bbi'IHCnHTb C nOMOlllbJO T86nHU K0 3Q:xi 

npnMeH9HHe BbiCTpOe HHbiX H.Qep 

M9TO.OOB npRMOf'O 06Hapy>KeHHR pe301 

eTCH TO, 'ITO B.biCTpOeHHOCTb H.Qep 

xo .a.nR p -yposueA. Cornacuo Ta6nuu 

50% OT C9'19HH A .QnH HeOpHeHTHpOB8HI 

10 .ao 50%. J..13Meueuue ceqeuusr, cast 

ua pe3ouaucuoro ypoBHH. Kax au.auo 

H onpe.aeneHHe COHH8 pe30H8HCHOf'O 

Cne.ayeT 38MeTHTb, 'ITO npu Bbll 

'18CTb 8MflnHTY.Ohl pe8KUHH. noaTOMY 

nuue 1, npnMeHHM.bl, cTporo rosopR , T 

llnR nonHblX ce'f:eHuA cne.a.yeT y'IHTbtE 

unA:, KOTopast o6bi'IHO ue o'leHb cymec 

>KeHHe ( 16) Ltn" R -MaT pHUhl aaec TH 



S -ue A:TpOHOB BbJCTp08HHblMH Hllpa 

IA BHD.: 

+ 11( 21 + 11y, x 

Y,ql x 
(23) 

IO>K8HHSI c<j:lepn'leCKHX ¢YHKUHA:, MO>KHO 

•S II II • (24) 

(} - Yf'OII, OTC'IHTbiB8eMwA OT OC H 

•IP8}t(89TCH "lepea CnHHbi p 830H8HCHoro 

:OH9'1HOrO C OCTOHHHR R.llp8 - npo.QyKTB 

:_!_L£2 1 + 1 I 2 _:_ _ l y, X 

+21(2 1 +3 1 

'2 I · 

lHttHbiX B03MO>KHbiX 3 H8l! e HH A } H [' 

IHeHTOB Pa~/71 : 

[' = 1- 'h' 

1' = 1 + y, ; 

1'= 1- %, 

" / ' = 1 + y,. 

tue 2. llnsr p -yposHeA yrnoaoe 

lY!OlUHM o6p830M: 

(cos 81 + 

' I, 
(25) 

. 
I 

r.ne (} 1 Q • - H 8H p a e n e HH9 BbJJteT8 y - K88HT8; 8, cf> - H8npasneHH e OCH BbiCTp8HB8HHH H.Q. e p, 

napaMeTpbt {q o npe .ne nHJOTC SI B btpa>K e HHeM ( 19), FJ Bbtp8>K8JOTCH cpo pMynaM H ( 2l a) , B H cqK 

HM8iOT c n e .nytO WH11 BUll : 

Ecnn 

C QK ~ (ll/ -1jqojl": ( -1) • 1({2s
1

+ 1){ 2s
1

+ l) ) " x .. ' 1 2 

B ( 25a ) n e p e C'T8BHTb HH.09KC bl CYMMHpOB8 HHR S 
1 

H s
2 1 TO 118f'KO y6e.aHTbCH 1 'ITO 

(25a) 

c 
OK 

= (-J) q C qK 1 T.e. 8 (25) 6y.OyT BXOLlH Tb T011bKO '18THbte 3H8'18HH R q 1 .011H K OTOpb !X 

HM eeT M8CTO paaeHCTBO C qK = C q _K • Ha su.a yrnosoro pacnpe.neneHHSI cymecTaeuuo annsreT 

uanpasneHne BbiCTpoeuuocTn s~:.aep. Ecnn Sl.llpa BbiCTpoeH&I a.oonb na.oaiOwero nyqxa, TO e (25) 

aoA:neT TOflbKO qneu c K - 0 , T.e. a .aTOM c nyqae aaencnMoCTb OT yrna ¢ Hcl.lea u e T. B o6meM 

cnyqae yrnoeoe pacnpe.oeneune 6y.n.eT o6na.n.aTb aauMyTanbuoR ac nMMeTpne A, xoTopasr o6ycnoane-

ua uannqneM Bbt.oeneuuoA nnocxoCTH, onpe,aensreMo A uanpaeneuneM na,aaJOLUero nyqxa u uanpaene

uneM BbiCTpoeuuoCTH sruep. CyMMY a ( 25a) MO>KHO Bbi 'IHCnHTb a o6meM eu.ae .ansr paanHttHbiX 

aoaMO>KHbiX auattenuA ] K I ' , o.auaxo xouequhle Bbipa>Keuusr n ony'laiOTCSI uecxonbKO rpoM03LlKHMH 

H 003TOMY Mbl HX a.aeCb He npHBOLlHM. Jlnsr KOHKpeTHbiX Cnyqaee K03<txPHU HeHTbl B (25) MO>KHO 

B&IttHcnnTb c noMOtUbiO Ta6nnu xos¢<PnuneuToa Paxa (uanpnMe p /
91 

). 

3 a K n JO q e u n e 

npnMeHeHHe BbiCTpOeHHbiX sr,aep B n e ATpOHHOA CneKTpOMeTpHH MO>KeT Cny>KHTb O.QHHM H3 

MeTO.llOB npHMOrO 06Hapy>KeHHSI pe30H8HCHbiX p -ypoaueA. npeHMYW9CTBOM 3TOrO MeT0.08 SIBnst-

eTCH TO, 'ITO BbiCTpOeHHOCTb R.Oep H3MeHHeT DOflHble Ce'lSHRSI HenonsrpH3088HHbiX HeATpoHOB TOni 

xo .anst p -ypoaueA. Cornacuo Ta6nuue 1, OTflH'lHe nonublx ceqeunA .ans SID.ep c BbiCTpoeuuOC TbJO 

50% OT ceqeHHA LlflSI HeOpHe HTHpOB8HHbiX H.Qep COCT8BflSI9T, 38 e,O.HHH'IHblMH HCKniO'le HHSIMH, OT 

10 ,ll O 50%. YfaMeHeHHe Ce'leHHS1 1 CBSI38.HHoe C BbJCTpoeHHOCTbJO R.n.ep, 3 8BHCHT OT 3H81f:eHHSI CDH· 

ua peaouaucuoro ypoBHR. K a x au.auo H3 Ta6nnuhl 1, a 6onbWHHCTee cnyqaea B03MO>KHO TBK>K e 

H onpe.aeneun e c nuua peaouaucuoro p -ypoausr. 

Cnel!yeT aaMeTHTb, 'ITO npn BbiBOlle <!>opMyn (21) H (21a) yqHTbiBanacb liHWb peaoHaHcna 

'18CTb 8MDflHTYLlbl pe8KUHH. noaTOMY 8bip8)KeHHH (2 1), (2}a) H pe3yflbT8Tbl 1 npHBe.QeHHble B T8 

nuue 1, npnMeHHMbi, CTporo roeopsr , TOIJbKO.ansrceqeuua pa.anauuoHHoro aaxeaTa 

nnSI flOflHblX Ce'le HHA cne,aye T y'IHTblBSTb HHTep¢epeHUHIO OOTeHUH&nbHOrO H JX .2.0H8JiCHOrO p8CCf 

HHA, xoTopaSI o6bi'IHO He oqeub cywecTeeuna .ana p -ypoeueA. 3To ner1to c .aenSTb, ecnn a DbiJ 

)KeHHe ( 16) Jl.flSI R -M&TpHUbJ BBeCTH 'fneH, COOTBeTCTBYJOWHA OOTeHUHSnbHOMY pacceBHHIO. 
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npu Hn.enTH¢lnuHponaHHH p -yposueA no nonHbiM c e qeu:nRM uan6onee uenecoo6paauo H3Me-

pRTb OJlOUJ.allH p e 30H8HCHbiX npOBSJlOB H 8 KpHBbJX npo nyCKBHKH KJlH DJlOWBllH pe30H8HCHb.IX DHKOB 

B DOJlJi biX BbiXOllSX y -ny'leA, TSK K8K 3TH OJlOWBllH He 38BHCRT OT paape w e HHR c neKTpOMe Tpa 

H9 ATpoHOB H llJlR TOHKHX 06p83 UOB nponopUHOH8JlbHbl ceqeHHAM. VfaMepeHHSI yrnOB biX pacnpe n.e 

J19 HHA napunanbHbiX y -nepexon.oa MeTon.nqecxn Tpyn.u&r, oco6euuo nnH p -ypoaueA, KOT Op ble 

6bi8810T 1 K8K npa BHJ1 0 1 llOBOJlbHO Cl186biMH. LJ..nsr p -ypOBHeA T8KH9 H3M e p 9 HHSI M O>KHO p8CCMaT

pHB8Tb xax .aononue une x n a M e p e HHRM no nonHbiM ceqeuHRM. O.auaxo .anR s -ypoaue A naMe p e 

HHSJ yrnOBbiX pacnpe.aeneHHA 118pUH8 Jl b HbiX y -nepe XOLlOB MOryT npe.llCTBBHTb C8MOC T ORT9 JlbH bJA 

liHTe pe c KSK O.llHH H3 M 9 T O.ll 0 B o npe ,ae neHHSI C DHHOB ypOBH9R COCT8BHOro Rnpa. 

B a axn10 qe uu e anTop B brpa >K ae T rny6o xy 10 6n a roaa puoc Tb <P.n.W a nupo, no nHnunaTnse 

KOT Oporo 6biJ1 8 BbiOOJ1He H8 H 8 CTOSIW8 SI p860 T8. 

Ta6nHua 

Ju a q e un e OTH OW 9 HHSI 0 I ,I o (O ) B 38B HC HMOCTa OT c naua J Rnpa MHW e HR lf CDHH8 } p -ypOB Hst 

COCT a BHOr O RJJ.p8 . BepXnHe UH¢lpb1 COOTBeT C T By iOT BbJ C TpOe HH OCTH 1
2 

= J, HH )K HH e - 1
2

., 0,5 

~I I 3/2 2 5/2 3 7 / 2 4 9/ 2 

0 0 0 0 0 0 0 
I - ,J, 

0,5 0,5 0,5 0,5 0,5 0,5 0 ,5 

0,04 0,23 0 ,40 0 ,54 0 ,64 0, 73 0, 80 0,86 
1 -y, 

0,52 0, 6 1 0,70 0,77 0,82 0,8 7 0,90 0, 93 

1,42 1, 60 1,68 1,71 1,73 1,73 1,73 1,72 
I + y, 

1,21 1,30 1,34 1,36 1,38 1,36 1,36 1,36 

1 +-} 
0,90 0 ,80 0 ,71 0,64 0,58 0, 53 0 ,49 0,45 

0, 95 0,90 0,86 0,82 0,79 0,77 0,74 0,73 

Ta6 nuu a 2 
3 H8 'leJHfst K03¢QlHUH9H T 8 A s / 24/ a aaa HCH M OCTH OT cnnna naqan bH Or o st.a pa I Jl llSI p aamtttH bi X 

a u a q e nn i\ J If I' . 

~I I 3/2 2 5/2 3 7/2 4 9 / 2 

I' = I -312 

I - y, - 0 ,5 0, 5 0 ,5 0, 5 0 ,5 0 ,5 0, 5 

/' c I - 1 

I -•~ 0 - 0,25 -0,40 - 0 ,50 -0,57 -0, 62 -0,66 -0,70 

I + VJ 0,25 0 ,35 0,40 0,43 0,44 0 ,45 0,4 6 0,4 7 

I' - I + I 

1- Y, 0 0,05 0,10 0,14 0,18 0,21 0,23 0,25 

I+ y, -0,20 -0,35 -0,45 -0,53 -0,58 -o,64 -0, 68 -0,71 

I '= I + 3/2 

I + % 0,05 0,10 0,14 o.• 8 'l,21 0,23 0 ,25 0,2 7 

~ 
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qeHHQM Hau6onee uenecoo6paaHo H3Me 

tHHQ HflH nnowaau pe30H8HCHbiX nHKOB 

86HCSIT OT paapeweHHQ cneKTpOMeTpa 

HQM ~ YlaMepeHHH yrnOBbJX pacnpeae-

oco6euHo .an 51 p -ypOBHeA, KOTOpble 

ueA: T8KHe H3Mepe HH SJ MO>KHO paCCMaT

M~ OaHaKo .nnSJ s -ypoeueA uaMepe

MoryT npe.UCTllDHTb CSMOCTOSJT en bH bi A 

aA COC T8BHOI"O R.Qpa. 

OCTb ct>./l.Wanupo, no HHHUH8TKBe 

H.npa MnweHu 1t cnuua ] p -ypoBHg 

:~uocTu I 2 =. 1' HH>KHHe - 12 = 0,5 

3 7/2 4 9/2 

0 0 0 0 

0,5 0,5 0,5 0,5 

0,64 0,73 0,80 0,86 

0,82 0,87 0,90 0,93 

1,73 1,73 1,73 1,72 

I ,36 1,36 I ,36 1,36 

0 ,58 0,53 0 ,49 0,45 

0 ,79 0 ,77 0,74 0,73 

Ha HaqanbHoro st.apa 1 .O!Ist paannqlfbiX 

7/2 4 9/2 

0,5 0,5 0,5 

- 0,62 -0,66 -0,70 

0,45 0,4G 0,47 

0,2 1 0,23 0,25 

-o ,64 -0, 68 -0,71 

0,23 0,25 0,27 
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