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Baeneane 

0JlHOfi H3 HaH6onee B8lliHbiX XapaKTepHCTHK aneMeHTapHOfi 'IaCTHUbl SIB

nSieTCSI ee aneKTpoMa!"HHTHbiii l}lopMI}laKTop. B HaCTOHIUee BpeMSI xopomo H3-

BeCTHbi nHIUb aneKTpOMa!"HHTHbie I}JopMai}JaKTOpb! H Ma!"HHTHbiH I}JopM<jlaKTOp 

HeHTpOHa JlnSI npOCTpaHCTBeHHOnoao6HbiX nepeJla'I. 

B o6nacTH BpeMeHHnOJl06HbiX nepeaa'I Jl8HHbie o l}lopMI}laKTopax HyKno

HOB I}JaKTH'IeCKH OTCYTCTBYIOT. 

3Kcnepn:MeHTanbHOe H3y'IeHHe aneKTpOMSI"HHTHO!"O I}JopMI}JaKTOpa TT -

Me30HOB CTano B03MOlliHb!M cpaBHRTenbHO HeJlaBHO B OnbiTaX no aneKTpOpOlli

JleHHIO TT -Me30HOB Ha npoToHax I 1 I, !"Jle KOHe'IHbie aapSillieHHbie 'IacTHUbi 

pe!"HCTpHpyiOTCSI Ha COBnaaeHHe. 

B 9THX onbiTax l}lopMI}laK~op " -Me3oHa H3MepSieTCH B o6nacTH npocT-

paHCTBeHHonoJlo6HbiX nepeaa'l JlO k 2 ::-6 F-2 
• nng cpeuHeKBaJlpSTH'I-

HO!"O aneKTpoMa!"HH'I'Horo paJlHyca JlaeTCSI 3Ha'IeHHe r = 0,8:!: 0,2 F. 
B o6nacTH BpeMeHHnOJl06HbiX nepeJla'l l}lopMI}laKTop TT -Me3oHa H3MepeH 

B OnbiTSX Ha BCT~e'IHb!X ny'IKaX /2/ B6nH3H p -Me30HHO!"O pe30HaHCa lllfSI 

3Ha'leHHH 17 F -
2
< k 

2 
< 70 F - 2 

• nns:~ MeHbiiiHX BpeMeHHnOJl06HbiX nepe

Jl8'1 9KCnepHMeHTanbHbie JlSHHble OTCyTCTBYIOT, 3a HCKniO'IeHHeM Jl8HHbiX H3 

onbiTOB no paJlH8UHOHHOMy pacnaJly ( TT- p ) -Me30aTOMOB, KOTOpb!e IT03BO

nSIIOT~OUeHHTb TOnbKO BepXHIOIO rpaHHUY CpeJlHeKB8JlpaTH'IHO!"O pallHyCa TT

MeaoHa r < 2 F . 
p -

Hay'IeHHe 9neKTpOM8I"HHTHOfi CTpyKTypbl TT -Me30Ha HHTepeCHO He TOnb-

KO CaMO ITO ce6e, HO H ITOTOMy, 'ITO OHO B 3H8'1HTenbHOH CTeneHH onpeae!ISI

eT aneKTpOM8I"HIITHYIO CTpyKTypy HyKnOHOB. 

3 



B naHHOH pa6oTe nccnenyeTcg B03MO~HOCTb onpeneneHag ~opM~aKTOPOB 

npoToHa H rr -Me3oHa nng BpeMeHanono6HbiX nepena'I aa aHanaaa peaxuaa: 

rr +p-+e++e-+n. (1) 

B O.llHO~OTOHHOM npa6na~eHHH MaTpH'IHbiH sneMeHT peaKUHH ( 1) OIIHCbi

BaeTcg nnarpaMMOH pac. 1. llnarpaMMa pnc. 2 noxaabmaeT, 'ITO 6opHOBCKHe 
-"' 

'JneHbi MaTpH'IHOI"O sneMeHTa CO.llep~aT sneKTpOM8I"HHTHbie ~OpM~aKTOpbi TT-

Me30H8 H HyKnOHOB. 

PeaKUHg (1) OT peanbHOI"O ~OTOpO~.lleHHg OTnH'JaeTcg TeM, 'ITO KBanpaT 

'IeTbipex-nMnynhca He paBeH Hymo, k 2> 0 • BMecTe c TeM BeKTOP nongpn

aaunn BHpTyanhHOI"o ~oToHa Ell o6nanaeT KaK nonepe'IHbiMH, TaK H npononh

HOH n cxanSipHoft cocTa~nSIIOIUHMH. O.oHaKo B cnny ycnoBHSI Ell k IL = U 

CKangpHyiO KOMIIOHeHTY MO~HO HCKniO'IHTb H paCCMaTpHBaTb TOnbKO IIOIIepe'I

HyiO H npononhHyiO nongpnaaunn. 

B paanenax I H II npoBO.llHTcg o6ruee paccMOTpeHHe KBanpaTa aMnnH

Ty.llhi peaKUHH ( 1). noxaaaHo, 'ITO no yrnoBhiM pacnpeneneHHgM snexTpoH

no3HTpOHHOH napbi B nx CHCTeMe ueHTpa Mace paa.oenmoTCSI nonepe'IHbie, 

npononhHbie H HHTep~epeHUHSI npononhHhi x H nonepe'IHbiX 'IacTeft aMnnHTY.llhi. 

lloKa3aHa CBSI3b STHX 'IaCTeft C sneMeHT8MH nongpH3aUHOHHOH MaTpHUbi nnoT-

HOC THo 

B paanene III Ha npHMepe HeKoTopbiX nHarpaMM noKa3aHo, 'ITO B pSine 

Cny'IaeB MO~HO onpenenHTb IIOnSipH3aUHIO BHpTyanhHbiX y -KBaHTOB H TeM 

caMhiM npencxaaaTb yrnoBbie pacnpeneneHHSI po~neHHbiX nap 'IaCTHU. 

B pa3.oene lV npHBO.llHTCSI Bbipa~eHHe nnSI ce'IeHHg peaKUHH ( 1 ) H 

IIOK838H8 CBSI3b STOI"O Ce'IeHHSI C Ce'IeHHeM npouecca 

rr-+p-+n+y (BHpzyanhHbiH). 

B paanene V npHBOllSITCSI pe3yllhTaThi pac'IeToB ce'IeHHSI peaKUHH ( 1) 

B Monena ct>y6aHH, HaM6y, BaTai"HHa 1::31 .onSI sHeprHH Ha'IanhHhiX MeaoHoB 

275 MsB. noxa3aHo, 'ITO B ce'IeHae naroT BKnan TOnhKO snexTpa'IeCKHft ~opM

~axTop npOTOH8 H ~OpM~8KTOp TT -Me30H8o 3aBHCHMOCTbiO .llpyrHX ~OpM~aK

TOpOB OT k 2 MO~HO npeHe6pe'Ih 1 'ITO SIBnSieTCSI 'BeCbM8 B8~HbiM ~8KTOM, 
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P11c.2 • .UHarpaMMbi, cooTaeTCTBYIC 
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TCH B03MO~HOCTb orrpeneneHHH ~OpM~aKTOpOB 

6 peMeHHnono6HhlX nepena~ H3 aaanHsa peaKUHH: 

~e++e-+n. ( 1 ) 

sneMeHT peaKUHH ( 1 ) OUHChl

DOK83biBaeT, ~TO 6opHOBCKHe 

COAep~aT sneKTpOM8I"HHTHhie ~OpM~aKTOpbl TT-

~OTOpO~AeHHH OTnH~aeTCH TeM, qTO KB8ApaT 

aymo, k 2> 0 • BMeCTe c TeM eeKTop rronHpH

o6nanaeT KaK rrorrepeqHhiMH, TaK H rrpononh

MH. OnaaKo a cuny ycnoanSI c ll k ll = U 

H paCCMaTpHB8Tb TOnhKO rrorrepeq-

o6mee paccMOTpeHHe KeanpaTa aMrrnH-

qTo no yrnoahiM pacnpeneneHHHM sneKTpoH

Macc pa3.llenHIOTCH norrepeqHhie, 

H npo.llonbHhi x H rrorrepeqHhiX qacTell: aMIInHTYAhi. 

i1: c sneMeHTaMH rronHpH3aUHOHHO:ii: MaTpHUhi nnoT-

AH8I"p8MM DOK838H0 1 qTo B pHAe 

DOnHpH38UHIO BHpTyanbHbiX y -KBaHTOB H TeM 

pacrrpe}:leneHHH po~neHHhiX nap qacTnu. 

5I Bbipa~eHRe .llnH ceqeHHH peaKUHH ( 1 ) H 

c ceqeHHeM rrpouecca 

( BHPTY anbHhill:). 

pe3ynbT8Tbl pacqeTOB Ce~eHHH peaKUHH ( 1) 

BaTai"HHa 1::3/ nnSI saepi"HH aaqanbHhiX Meaoaoa 

CeqeHHe .ll8IOT BKnan TOnbKO sneKTpHqeCKHll ~OpM-

17 -Meaoaa. 3aBHCHMOCTbiO npyrHx ~opM~aK-

6pe~b, ~TO SIBnHeTCSI B9CbM8 Ba~Hb!M ~aKTOM1 
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P1!c.2. nl!arpaMMbl, COOTBeTCTBYIOIUHe 6opHOBCKIIM 'lneHaM. 
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IIOCKOJlbKY cymeCTB9HHO yrrpomaeTCSI 8H8Jlli3 9KCIIepHM9HT8JlbHbiX Jl8HHbiX1 li 

C03Jl89TCH B03MOJKHOCTb OIIp9A9JlHTb .[{Ba CB060AHbiX ·rrapaMeTpa1 He IIpHBJ19-

K8SI HHKBKHX M0.[{9JlbHbiX IIp9AIIOJ10lK9HHll OTHOC1iT9JlbHO OCTBJlbHbiX ljlopM!jlaKTO

pOB, 
HyJKHO OTMeTHTb, 'ITO 3Ha'leHIISI ljlopM!jlaKTopcm, rrony'leHHbre _ na peaKUHH 

(1), 6yAyT'B H9KOTOpOii: CT9II9HH 3aBHC9Tb OT T90p9TH'I9CKHX M0.[{9Jl9ll 1 1iC

IIOJlb3Y9MbiX .[{JlH 8H8Jlli39 9KCIIepHM9HT8JlbHbiX JlBHHbiX. TIOMHMO CT8Tii'19C

KOll MO.[{eii'n 131 1 KOTOpOii: Mbi IIOJ1b3Y9MCSI IIpH Bbl'IIICJ19HHSIX1 Cy!IleCTBYIOT 

peJISITHBHCTCKH9 liHBapHaHTHbi9 M0.[{9Jlll /
4 / 1 OCHOB8HHbi9 TBK:JKe Ha JlHCIIep

CHOHHbiX COOTHO!ll9HHHXo 0AHBKO B o6naCTH (3,3) pe30H8HCa .[{JlH He6Q_JlblllHX 

k 2 
( k 2 ~ 10 m ~ ) peaynbTBTbi Bbi'IHCJ19HHll B pa3HbiX M0.[{9JlSIX OTJlli-

'laiOTC H MeHee 'I eM Ha 1 Oo/o I 1 I. 

06mee p8CCMOTpenHe a.MIIIIHTYI!bi rrpouecca. 

1. PoJKAeHne rrapbi e + e- B 11 N -coyJlapeHHSIX B rrepBOM rropHJlKe no 

KOHCTBHT9 TOHKOll CTpyKTypbl OIIHCbiBaeTCSI JlHBI"paMMOll 1 H306palK9HHOll Ha 

p11c. 1. 3arr!IIIIeM JlH!jlljlepeHUiiaJibHoe ce'leHne rrpouecca 

2.IMI2 a(q +p-p -k -k) d3kld3k2d3pl 
l 1 2 k k 

0 

1 2 PI 

d a= (2rr) -5 
---~ 

41 k 4 
( 1 ) 

I".[{9 q -HMIIYJlbC 11 -Me30H8 1 p H p 
1 

-'19TbipeX-HMIIYJlbCbi H8'18JlbHOI"O 

H KOH9'1HOI"O HYKJ10HOB1 k l H k 
2 

- '19TbipeX-HMIIYJlbCbi 9J19KTpOHa ll II03H-

2 2 '2 22~ 
TpoHa, k . = ( k + k } , , I = [ ( q p) - M m ] • 

1 2 1T ., 
MaTpH'lHbiii:: aneMeHT polKJl9HHH rrapbr M rrpencTaBJISieTCSI B Bane: 

M=£p.Jfl' 
rne 

£P. =m ~(k )yfl v(k) 
e 2 ) 

ll 

J fl = < p 
1 

I J P. (O) I q , p > 

SIBJ1Sl9TCSI MaTpH'IHbiM 9J19M9HTOM TOKB CHJlbHOB38HMO.[{ElllCTBYIO!IlHX 'IBCTHU. 

6 

:: 

I M 12 = Lp.v 

rne 

T /-(V = < £ I J ll ( 0) I • 

H B cnny COXpaHeHHSI TOKa YAOBJ19TBC 

kflTflv=.kv 

11a ( 2) BHAH01 'ITO · T p.v = T~ ll • 

T flV CHMMeTpH'IH8 1 a MHHMaSI - aHTHI 

ReT p.v -i Im Tp.v : Re ~v = Re TVfl 

TIOJISipH38UHSI BHpTyaJibHOI"O ljJO' 

Jl89T B KBaApaTe MOJlYJISI aMIIJlHTYJllo 

flV p. 
L = £ , 

KOTOpbill B SIBHOM BH.[{e IIp9ACT8BJlH91 

/-(V 
4L = [ kjl kv + .k v kll - 1. 

1 2 I 2 2 

_ _!__(Sfl~t +SvS!l)t 
2 

(SflkV SVkfl)(S k) + l 2+ 1 2 2 1 

• flV p a k ( s I 
-lffie£ p 1+• 

3AeCb s l H S 2,- CIIHHbi C + 

He Ha6JIIOJ18IOT IIOJlgpH38UHll C + C-

IIO S 
1 

H S 2". · B aToM cny'lae Tel 

Lp.v = kfl kv + kvl k 
1 2 



aaanH3 SKCIIepHM9HT8nbHbiX J:t8HHbiX, II 

t:tBa cBo6ot:tHhiX ·rrapaMeTpa, ae rrpnBne

!f>opwjlaKTo-

OT TeopeTH'l9CKHX MOt:tenefi, HC-

HbiX J:tBHHbiX. ilOMHMO CT8TH'leC-

IIpH Bbi'lHCneHHSIX, CyiUeCTBYIOT 

/4/, OCHOB8HHbie T8K)I{9 Ha J:tHCnep

o6naCTH (3,3) pe30H8HCa t:tnSI He60,nhlllHX 

Bbi'IHCneHHll B pa3HbiX MOt:tenSIX OTIIH-

aMIIIIHTYI1bi rrpouecca 

nopSit:tKe no 

~J-,TRAeTCSI J:tHarpaMMOll, H306pa)l{eHHOll Ha 

npouec~a 

p-p -k" -k) d3k d3k d3 
l I 2 I 2 PI 

k k 0 
I 2 PI 

(1) 

H p I -'leTbipeX-HMnynbCb! H8'!8IIbHOI'O 

- 'l9TbipeX-HMnynbCbi SIIeKTpOHa H n03H

)2-M2m2 ]~. 
TT ., 

M · npe.llCTaBnSieTCSI B BH.lle: 

Jll ' 

)yllv(k) 
l 

ll (O) I <i , p > 

TOKa. CHIIbHOB38HMOJ:t9llCTBYIOIIIHX 'l8CTHU. 
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i ~ 

2 /lV 
I M I = L T /lV ' ' 

rt:te 

T llV = < f I J ll ([))I i ><I I J v (0) I i > * (2) 

H B CHIIY COXpaHeHHSI TOKa YJ:tOBII9TBOpSieT ycnOBHIO 

v 
k 11 T llV = k T JLV = 0 . (3) 

l13 (2) BHJ:tHO, 'ITO TJLV = r;fl . 0TCIOJ:ta cnet:tyeT, 'ITO peanbHaSI 'l8CTb 

T 11 v CHMMeTpH'!Ha, a MHHMaSI - aHTHCHMMeTpH'IHa ( T llV = Re T
11

v + i lm TJLv = 

ReT /lV -i Im TfLV : Re ~v = Re TVJL , Im TJLv =- Im Tvll ) • 

TI OIISipH38UHSI BHpTyanbHOI'O tPOTOHa f /1 ( HIIH 8HHHI'HIISIUHOHHblll TOK) 

t:taeT B KBat:tpaTe MOJ:tYIISI aMnnHTYJ:tbi TeH30p 

L ll v = (JL ( * v 

KOTOpblll B SIBHOM BHJ:te npet:tCTaBnSieTCSI cnet:tyiOIIIHM o6pa30M: 

/1V 1 
4L =(kJLkV +.kVkfl -- /1Vk 2 J(l- S S )-12 12 2g 12 

_ _l_(S 11 
Sv +SvSJL )k 2-gv(S

1 
k

2
)(S2 kl)+ 

2 

+ < S11
1 k: + s ~ k~ ) ( s 2 k 1) + ( s; k ~ + s : k~ ) < s 1 k 2) -

• 11vpa 
-tme£ kp(S 1+S 2 )a. 

(4} 

3t:teCb s l H S 2-- CnHHbi e+ H e- • ECIIH B KOHe'!HOM COCTOSIHHH 

He aa6nro.llaiOT nonSipH3aunil e + e- -nap hi, To ( 4) Hat:to npocyMMHpOBaTb 

no S l H S 2 o B STOM cny-qae T9H30p 

LllV = k~JLkV 
I 2 

+ kv k ll 
l 2 
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0TCIDJla cneJlyeT BeiUeCTBeH-

!, I M I 2 
H SIBnsteTCst BeiUeCTBeHHbiM H CHMMeTpH'IHbiM. 

HOCTb n · CHMMeTpH'IHOCTb BKnaJla OT T p.v B 
fLII 

PaccMoTpHM L . T 1111 B .cncTeMe ueHTpa Ma~c nap hi 
+ -C C • ~ STOll 

CHCTeMe k=k 1 +k 2 =0, k o = 2 k 1· • Bbt6epeM CHCTeMy KOOpJlHH8T 

T8KHM 
1
o6pa30M 1 'IT06bl OCb Z 6hma HanpaBneHa B)lOnb HMnynbC8 p 1 

H nnOCKOCTbiD peaKUHH 6hma nnOCKOCTb XZ . • 3Ta. CHCTeMa. KOOpAHH8T, npeA-

,.-J 

CTaBneHa Ha puc. 3. 

i 

+ -
P!!c.3. Hllli!OCTpaUI!SI K CI!CTeMe u.M. c c -rraphi. 

PHc.4. 

8 

TiocKOnbKY Mbl paccMaTpHBaeM 

0 0 ' 

CKHM~, B HX C.U.M. k l = k 2 = k 1 = 
( 3) aannrneTcst B BHJle: 

k T -
0 .0 II-

TioaTOMY BCe KOMllOHeHTbl C HHJl9KC 

T =1 011 

3annrneM stBHO KOMllOHeHTbl HMnynh' 

"' L' -2- . 
k 11 = -Vk (l ; sm 

2 
Y'IHThiBast (5), nony'l·aeM, 'ITO B 1 

TOnbKO llPOCTP8HCTBeHH8st '18CTb 

i k "' 
L =-2k 1 

nanee, XOTst CHMMeTpH'IHast 

TeH30pa g fLII H KOMllOHeHT HMllYll 

3THX HMnynbCOB He HMeeT KOMllOH< 

T + T = 
12 21 

CneJlOBaTenhHO, 

I'Jle 

p.v 11 · 22 
L T 1111 = L T 11 + L T 22 + 

11 1 2 L =- k (1. 
2 

L 22 = _1 k 2 ( 1 -
2 

33 1 k: 
L =y 

13 .1 k 2 s 
L =-·T 



II CHMMeTpH'IHblM, 0TCIO}la CJleJlyeT BeiiieCTBeH-

OT T fLY B kIM I 
2 

B CHCTeMe UeHTpa MB_G.C napbl 
+ -e e , ~ STOll 

k 0 = 2 k 1· • BbiOepeM CHCTeMy KOOpllHHaT 

z ohina HanpaaneHa BllOJlb HMnynbca p 
1 

llJlOCKOCTb XZ . • 8Ta CHCTeMa KOOpAHHBT npeA-

i 

+ -
Tp8UHS! K CHCTeMe U,M, C C -rrapbl, 

PncA. 

8 

1 
f 

IlocKOJihKY Mbi paccMaTpuaaeM aneKTPOH I! noaiiTpoH yJlbTpapenSITIIBIICT-

o 0 ' = 
CKHM~, B !IX C,U,M, k 1 = k 2 = k 1 = k 2 = k , B pacc~aTpHB88MOH CIICTeMe 

(3) 38ll!Iill8TCSI B BIIJle: 

k T =kT =0· 
0 011 0 fLO • 

IlOSTOMY BCe KOMllOHeHTbl C IIHJleKCOM "Q" paBHbl HyniO 

Tw= Tvo= 0. (5) 

3aniiilleM SIBHO KOMllOHeHTbl IIMllYJlbCa ynhTpapenSITHBHCTCKOH '!aCTIIUbl e-( e+) 

k ll = _!_:_ J k 2 ( l ; sin 0 cos ¢ , sin 0 sin ¢, cos 0 ) . 
2 

Y'IHThiBaSI (5), nonyq·aeM, 'ITO a KaanpaT MOAYJISI aMllJIIITYilhi naeT BKnan 

1111 
TOJlbKO llPOCTP8HCTBeHH8Sl 'I8CTb L 

L n= - 2 k 1 kk + -4 o 1 k k 2 • 

nanee, XOTSI CHMMeTpH'!HaSI '!aCTb TeH30pa T /111 COCTaBJISieTCSI H3 

TeH30pa g /lll II KOMllOHeHT HMllYJlbCOB q 1 p 1 k 1 OllHBKO HII Oll!IH H3 

STIIX HMllYJlhCOB He IIMeeT KOMllOHeHTbl - 2 II 

T 12 + T21 = T23 + T32 = O • 

CnenoaaTenhHO, 

rne 

1111 11 22 33 13 
L T 

1111 
= L T 11 + L T 22 + L T 33 + L (T13 + T31 ) , 

11 1 2 2 2 )' L = - k (1 -sin 0 cos ¢ , 
2 

L 22 1k2(1 "2n"2...1.) =- -sm vsm 't' • 
2 

L 33 1 k 2 • 2" =y SlO v 

13 1 2 • 2 L =-Tk Sln o cos¢ 

9 
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Teneph nepefiJleM B ClfCTeMy ueHTpa Mace Ha'IanhHbiX .'IaCTifU. EyJleM 

o603Ha'IaTh ee 6yKBOll "C " • C -CifCTeMa JlBif>KeTCSI OTHOCIITen~HO CllCTeMbi • 

KOOpJlllHaT, CBSI3aHHOll C UeHTpOM Mace e -t- e--napbi, BJlOnb OCif Z "' 3 CO 

CKOpOCTbiO -kc 
V - . = c 

k 0 

Ha coxpaHeHIISI TOKa If cooTBeTCTByiOruero npeo6paaoBaHifSI flopeHua 

cnehyeT 

T _ k
2 

33- -
k 2 

0 c 

r3: ·, T 
13 

v'k2 
k c 

0 

T 
c 

13 

' ' 
(8) 

KoM61IHIIpyg ypaBHeHIISI (6 )-(8), nony'IIIM yrnoBoe pacnpeJleneHIIe napbi, 

PJle MaTpii'IHhie aneMeHTbl o6paTHOPO BIIpTyanhHOPO lfJoTOpO>KJleHifSI Bb!pa>Ke-

Hbl B c.u.M. rrN -CIICTeMhi. 

~ I M I 2 
= + k 

2 
[ ( T I~ + r2:) (1 + cos 

2 e ) - ( TJ~- r2:) sin 
2 e cos 2 ¢ + 

+~ 2T
2 

k 2 33 

0 c 

2 v' k c c 
sin 2 e - k c ( T 13 + T3 I ) sin 2 e cos ¢ ] ' 

0 

(9) 

PJle e -yron pacceSIHifSI BllpTyanhHOPO ¢oTOHa. Bee 'IneHhl B (9) lfMeiOT 
c 

'IeTKIIfi ¢H31I'IeCKIIfi CMhicn: ( T ; 1 + T 2:) COOTBeTCTByeT pO>KJleHIIIO Henong-

pii30BaHHOPO nonepe'IHOPO lfJoTOHa. flpll k2
-+ 0 9TOT 'IneH nepeXOJliiT B KB8Jl-

2 e · 
paT MOJlyng aMnnHTYJlhi peanhHOPO o6paTHOPO ¢oTopo:>KJleHHR. k T 33 

2 
COOTBeTCTByeT pO>KJleHIIIO npO)lOnhHO nongplf30B8HHbiX lfJoTOHOB. flpll k -+ 0 

OH IIC'Ie3aeT. flocneJlHifll 'IneH COOTBeTCTByeT llHTep¢epeHUifii aMnniiTYJl po>K

)leHIIR nonepe'IHbiX II npOJlOnhHhiX ¢oTOHOB. flpii k 2 -+ 0 OH T8K>Ke llC'Ie3aeT. 

BTopofi 'IneR COOTBeTCTByeT pO>KJleHIIID nonepe'IHhiX 'I8CTII'IHO nonRp1I30B8H-

Hb!X lfJOTOHOB. 

, II • Teneph paccMoTplf.M penRTIIBifCTckyiO CTPYKTYPY TeHaopa · T JLV, 

UCXOJlR lf3 o5ruux coo6pa>KeHifll I!HB8PII8HTHOCTH II CllMMeTpufi. Mbi llOJlpaay

MeBaeM, 'ITO Ha'IanhHoe cocTOSIRne ae nonRpuaoBaRo n B T JLV BKniO'IeHO· 

ycpeJlReHne ll cyMMUpOBaHue no Ha'IanhHbiM U KOHe'IHhiM ClllfHaM. floaTOMY 

10 

j 

I 

i ,• 

T JLV. JlOn>KeH 6hiTh nocTpoeH 

k • Mo>KHO HafiTif TISITh He3aBI 

lf3 cneJlyiOrulLX npocTpaHCTBeHH 

z JL.= p 

y JL = ( JLV f 

X JL =·( JLVI 

HOpMilpOBaHHbiX cne)lyiOrulfM Of 

z!L = Z fL 

(-Zv Zv)~ 
yfL 

3TH 'IeTblp.ex-BeKTOpbl Op 

naphi e + e - , PJle k = 0 , OJ 

OCbiO Z , HanpaBneHHOll B)lOJ 

HOpManlf K nnOCKOCTif peaKUifU 

C rioMoruhiO 'IeThipex-BE 

B KOBaplfaHTHOM BlfJle: 

Tf.Lv = Fl zfL zv + F2 yfL Yv + 

+ i F5 (X 
. fL 

floCKOnhKY X , y , Z 

eTCSI KanH6pOBO'IHa9: lfH~apllaH 

Hbie, CKanSipHbie ¢yHKUiflf OT ~ 

TpeX lfHBapll8HTHbiX nepeMeHHI 

-·YrnoBoe pacnpeJlenemte 

aa nonHoe 'IHCno cny'IaeB, If~ 

W(O,¢)=[F (l-cos 2 0)+F I 
I 2 

- F4 sin 2 e cos 



B CHCTeMY UeHTpa Mace Ha'lanbHbiX 'laCTHU. By~eM 

, • C -cncTeMa ABH:lKeTcsr OTHOCHTen~Ho CHCTeMbr' 

Mace e + e--naphr, B~Onb ocn z = 3. co 

-kc 
V=--· kc 

0 

H COOTB8TCTByiDmero npeo6pa30BaHHSI nopeHUa 

•' 

k 2 

(8) 
c c 

T33 
T 

13 
T 

13 
·, 

k 2 
Oc 

v'k 2 

k e 
0 

rrony'IHM yrnoBoe pacnpe~enenne naphr, 

o6paTnoro BHpTyanbHoro .PoTopo:lK~eHnsr Bhrpa:lKe--

Tc) (1 + cos 
2 

() ) - ( T1~- T2 ~ ) sin 2 
() cos 2 ¢ + 

22 . 

v' k 2 

kc 
0 

c c 

( T 
13 

+ T
31 

) sin 2 e cos ¢ J , 
(9) 

BllpTyanbHoro .PoToHa, Bee '!neHhi B (9) HMeiDT 

(T;
1
+ T

2
:) COOTB9TCTByeT pO:lK~9HHID Henonsr-

k2
-> 0 STOT 'lneH nepeXO~HT B KB8~

peanbHoro o6paTHoro .PoTopo:lKaeHnsr. k2Te. 
33 

2 
npo~OnbHO nonsrpll30B8HHbiX 4JoTOHOB, npn k -> 0 

COOTBeTCTByeT llHTep4JepeHUilll aMIInHTY~ pO:lK-

4JOTOHOB, npn k 2 -+ 0 OH T8K:lKe llC'l8389T, 

PO:lK~eHnro norrepe'lHhiX 'laCTH'lHO rronsrpnsoBaH'-

pensrTHBHCTckyro cTpyKTypy TeHsopa · T !LV , 

HHBapnaHTHOCTn n CHMMeTpnii:. Mbr rro~pasy

cocTosrHne He nonSipnsoBaHo ir B T p.v BKniD'leHO· 

no Ha'lanbHbiM ll KOHe'lHbiM cnnHaM, n OSTOMy 

10 

t 

I 
l 
i 
'\ 

' 

j 

.l 

T p.v ~on:lKeH 6hiTb nocTpoeH TOnbKO n~ HMnynbCOB, HanpnMep, . q , p , 

k , MO:lKHO HaHTil nsrTb He38BilCilMbiX Bbipa:lKeHnii:, KOTOpbie y~06HO COCT8BilTb 

ll3 cne~yiDIUR:X !IpOCTpaHCTB9HHOnOJ:I06HhiX 'leTbipeX-BeKTOpOB: 

zP. = PP. -kP. (kp1) 
1 k 2 

IL p.vpo· k p q 
Y = c v !p a 

(10) 

X P. = c p.vpa k Y · 
v p P 1 a·' 

HOpMnpoBaHHbiX cne~yiDIUilM o6pa30M: 

zll _ Z IL ---
(-Zv Zv )~ 

yll 
'xll= xll 

(-XV XV)~ 
y IL = 

(- yvyv 0 
OTil 'l9Tbip.ex-BeKTOpbl OpToroHanbHbl K k p. 1 ll B CllCTeMe UeHTpa MaCe 

napbi e + e - 1 r~e k = 0 1 OHil COCTaBnSIIDT OpTOHOpMilpOBaHHbiH 6a3HC C 

OCbiD z , HanpaBneHHoii: B~Onb HMnynbca p 
1 

, a ocb y HanpaBneHa no 

HopMann K nnocKocTn peaKunn, KaK aTo nso6pa:lKeHo Ha pnc. 3, 

C nOMOIUbiD 'l8TblpeX-BeKTOpOB X 1 y z MO:lKHO sarrncaTb TeHsop 

B KOBapnaHTHOM Bll~e: 

T p.v = Fl z IL zv + F2 y IL Yv + F3 X IL xv + F4 ( xp. zv +X v zll ) + 

(11) 

+iF5 (x z -x z ). 
1L v v p. 

nocKOnbKy X 1 y 1 Z OpTOrOHanbHbi k 1 aBTOM8Til'l9CKil BbiTIOnHSI-

eTCSI Kann6pOBO'IHaSI llH~apnaHTHOCTb, nSITb 4JopM4JaKTOpOB . Fti -BeiUeCTBeH

Hhie, CKansrpHbie 4JyHKUilll OT llMrrynbCOB q 1 p , k 1 T,e. OHil 38BilCSIT OT 

Tpex nHsapnaHTHhiX nepeMeHHhiX1 HarrpnMep, k2, ·t2 = (q-k)2, w 2= (q +p) 2. 

·YrnoBoe pacnpe~enenne B cncTeMe u.M. e+ e--naphr, HOpMnpoBaHHoe 

Ha rronHoe 'lncno cny'laeB, llMeeT Bn~: 

· W ( () , ¢ ) = [ F ( 1 -cos 2 ()) + F ( 1 -sin lt1 sin 2¢) + F ( 1 -sin 2 
() cos 1 ¢ ) -

I 2 , 3 (12) 

- F4 sin 2 e cos ¢ J I ~ ( F 
1 

+ F
2 

+ F3 ) • 
3 \,..[ 

11 



AHanH3Hpyg aTo yrnoBoe pacnpeneneHHe, MO*HO onpenenHTh ¢opM¢aK

TOpbi F 
1 

- F 
4 

• F 
5 

HCKniO'IaeTCR npH cyMMHpOBaHH~ no cocTORHHSJM no

-ngpH3aUHii aneKTpoHa H nosHTpoHa. KaK BHAHO H3 ( 4) H ( 11 ) , F 5 BXOAHT 

B BbiP8*8HH8 

m F £ J1. v pa x z k ( S + S ) 
e5 JLVP 1 2a 

H nponopUHOHaneH nongpH38UHH XOTSI 6bi OAHOH H3 '18CTHU napbi BllOnh HOp
:._.; 

ManH K nnoCKOCTH peaKUHH, 

TaKoe onHcaHne TeHsopa T J1.V HMeeT TO npeHMymecTBo, 'ITO oHo RBHO 

KOBapHaHTHO, ¢opM¢aKTOpbi - B8ll18CTB8HHbie CKangpHbl8 ¢YHKUHH, H, KaK BHA

HO H3 cpaBH8HHSI ( 9) H (12), HM8IOT onpeneneHHbiH ¢H3H'I8CKHH CMbiCn: ecnH 

rrepeiiTH B c.u.M. rr N , TO HMnynhc BHpTyanhHoro ¢oTonHKa k 6yneT Harr

paBneH BAOnb ocH z_ , H, o'leBHAHO, 'ITO F2 + F3 orrpenenReT ce'leHne po*• 

neHHR nonepe'IHOro ¢oToHa: 

a Y = ( 2 rr )-2 

T 

a F l - npononbHoro 

Mz 

81 
XJ(F+F)dOk w 2 3 

y ( 2 )-2 M 2 k c F d 
a= 1T ----f l nk 

L 81 W 
HaKOHeU, ¢opM¢aKTOpbi MO*HO CBR38Tb C aneMeHT8MH MaTpHUbi nnoT-

HOCTH, OIIHCbiB8IOII18H PO*Il8HH8 BHpTyanhHOro ¢oTOHa. Ecna BB8CTH BeKTOpbi 
(;\.) 

IIOnSJpH38UHH CIIHpanbHbiX COCTORHHH: 

(<+11=- 1 (0:1,i,O), 

(-1) 
l 

...;2 

1 
...;2 

( 0 ; -1 ' i ' 0 ) ' 

((0)=<0;0,0,1), 

rne Mbi Bhi6apaeM HanpaBneHne HMnynhca Bnonb ocn z 

( 11 ) nony'laeM' 

12 

(0: 0,0,1 ),TO H3 

\ .... 

·! 

'l, 

p11 =p-1-1 =_!_ ci< + 
. 2 2 

1-1 
p 

P oo= F 
1 

1 ( F 1 + I 

=p-u =_!_ ( F -
2 2 

* plO=pOl =-p-10 1 ( F · ---- 4 
- ...;2 

YrnoBoe pacnpeneneHne, Bbipa*eHH« 

aMeeT Ban: 

W(o, ¢)=[pll<l +cos 2 O)+ P 

00 ' 2 Q • f~2 Re }I +p Sill v+y p 

2 11 00 1 
H o, y'IHTbiBaR, 'ITO p . + p · = 

W(O,¢)= 11-[p 11 sin 2 0 -p
1 

+ p 00 cos 2 0 - v 2 Re 

llonSipHsaUHSJ aneKTpoHa (nos 

Bbrpa*eHne .B (15), saKniO'IeHl 

BhlM pacnpeneneHaeM pacnana BeKT 

THUbi /5/. EcnH o6osHa'IHTh aTo p. 

W(0,¢)=[1-·-
1 

3 r.qe N = -- • Hs (14) BHAHO, ' 
4rr 

pe'IHoft 'lacTeii aMnnHTYAbi HY*H« 

pacnpenen.eHHe no ¢opMyne 



pacnpeneneHHe, MO:lKHO orrpenenHTb <jJopM<jJaK

HCKnro~aeTCR npH CYMMHpOB8HH~ no COCTORHHRM no

li no3HTpoaa. KaK imnao H3 ( 4) H ( 11), F 5 BXonHT 

m F c f.L v pu x z k ( S + S ) 
eS f.LVP 1 2U 

ongpH38UHH XOTR 6bi O.UHOH H3 ~aCTHU napbl BllOnb HOp-

··' 
Teaaopa T !LV HMeeT TO rrpeaMyiUeCTBO, ~To oao RBHO 

- BeiUeCTBeHHbie CKangpHbie <jJyHKUHH, H, KaK BH!l

H (12), HMeiDT onpeneneHHbiH <jJH3H'IeCKHH CMbiCn: ecnH 
-t 

, TO HMIIynbC BHpTyanbHOrO lPOTOIIHKa k 6yneT Han-

' a, o~eBHnHo, ~To F2 + F3 orrpenenReT ce~eaae po:lK-' 

<jJOTOHa: 

y = (277)-2 ~ 
T 81 

LJ(F+F)dOk w 2 3 

Y = ( 277 )-2 ~ ~ f F dO •. 
L ·. 81 W I k 

KTOpbi MO:lKHO CBR38Tb C aneMeHT8MH M8TpHUbl nnoT

pO:lK!leHHe BHpTyanbaoro <jJoToaa. EcnH BBeCTH BeKTOpbi 

CIIHpanbHbiX COCTORHHH: 

(+I I . 1 ( 0. 1 . D ) ( =--= . '1' ' 

(-1) 
( = 

..;2 

1 

..;2 
( 0 ; -1 ' i ' 0 ) ' 

t-
101

= (0; 0,0, 1)' 

aarrpaBneaHe HMnynbca Bnonb OCH z 

12 

(0: 0,0,1 ),To lf3 

. 
) 
J. 

·"( .. 

1 

P 11 = p -1-1 = _1 ( F + F ) 1 ( F + F + F ) , 2 2 3 I 2 3' 

p 00= F I I ( F I + F 2 + F3 ) ' 

P1-l =p-ll=+<F2-F3)1(Ft+F2 +F3), (13) 

* p 10= POl = -p-10 =--1-<F +iF )I(F +F + F ) . ..;2 4 5 I 2 3 

YrnoBoe pacnpeneneaHe, Bbipa:lKeaaoe ~epea aneMeHTbi MaTpHUbi rrnoTHOCTH, 

HMeeT BH!l: 

W ( (}, ¢) = [ p 11 ( 1 + cos 2 
(} ) + p I-I sin 2 (} cos 2 ¢ + 

00 
+ p 

Ho, y~HThiBaR, ~To 

sin 2 
(} + ..;2 Rep 10 sin 2 (} cos¢ ]I~ 

J 
2 11 00 1 

p + p = ' 

W ( (}, ¢) = 11 - [ p 11 sin 2 
(} - / -l sin 2 (} cos 2 ¢ + 

+ p 00 cos 2 
(} - ..; Z Re p 10 sin 2 (} cos ¢ l I I ~ . 

3 

(14) 

(15) 

nonRpaaauHR aneKTpoaa (nosaTpoaa) nporropuHoaanbaa Ln p 10 . 
Bbipa:lKeHHe B ( 15), 3aKniD1JeHHOe B KB8!lp8THble CK06KH, RBn5leTC51 yrno

Bb!M pacrrpeneneaHeM pacnana BeKTopaoro Mesoaa aa .rtBe · 6eccnHHOBbie ~ac-

THUbi /5/. EcnH o6osaa~HTb 9TO pacrrpe.ueneaHe ~epes W 
0 

, To 

r.ue N = ~ 
477 

W( 8,¢>= u_-_i_w (8, ¢>11 ...!E_. 
N ° 3 

(16) 

• Hs (14) BH.UHO, ~To .nn51 aaxo:lK.rteHHR rrpononbaoil: H none-

pe~HOH ~aCTeii aMnnHTY.Ubl HY:lKHO aaanlf3lfpOB8Tb He 38BlfCRtnee OT cp 
pacnpe.uen.eaae no <jJopMyne 

13 



I"Ae 

-"" 

3 
8rr 

\V'(O,¢)= A+Bcos 2 e, 

A = _1_ ( P 11 + P oo ) , 
' 2 

B = _1_ ( P 11 _ p oo ) 
2 

m . HeKOTOpbie !IpHMepbi yrJIOBbiX pacnpe.aeJieHHH 

PacCMOTpHM MeXaHH3M OAHOITHOHHOI"O o6MeHa -uccneAyeMOll peaKUHH 

(AHarpaMM8 b 0 pHC. 2). llpH pacceSIHHH BllpTyanhHOI"O tjJOTOH8 BITepeA BKnBA 

B npoUeCC A8IOT H3 STOll AHarpaMMbl TOnhKO npOAOnhHbie ( CKansrpHbie) , tjJOTO

Hbi0 ITOCKOnhKY 6eccnHHOBaSI ~aCTHU8 1T -Me30H He MO*eT HCITyCTHTh BAOnb 

ABH*eHHSI nonepe~Hhiii tjloTOH HS-sa saKoHa coxpaHeHHSI MOMeHTa. B aTOM 

cny~ae He coxpaasrnach 6bi npoeKUHSI nonaoro MOMeHTa aa HMnynhc rr -Me-

30Ha. TaKifM o6pasoM, llHarpaMMa onaonHOHHoro o6MeHa npH paccesrHHH, Bne

pen coAeP*HTCSI TOnhKO B <PopMtjlaKTope F 1 H AaeT n·pocToe yrnoBoe pac-

noeneneHHe 

W(e.¢)= sil) 2e. 

cllopMyna (16) cnpaBeAmma H nnS! peaKUHH c PO*AeHHeM BeKTopHoro 
0 0 

Mesoaa c era nocneAYIOIIIHM pacnanoM V .... e+e- (pRe. 5). EcnH V -Meso-

Hhi pO*llaiOTCSI ITpH 60nblliliX 9Hepi"HSIX Ha~anbHhiX 1T -M930HOB1 TO B npH6-

nH*eHiiH oaHoMesoHaoro o6MeHa B03MO*eH o6MeH G ·- ~eTHhiMH H G -ae-

~eTHblMH COCTOSIHHSIMHo TipH G -He~eTHOM o6MeHe - po*neHHe p o -Mesoaa 

C 06MeHOM 1T -Me.30HOM - )lnSI paCCTOSIHUSI BIIepell, KaK H B ·cny'Iae BUpTy

anhHOI"O tjJOTOHa, B03MO*Hbl COCTOSIHHSI TOnhKO C npononbHO nonSipH30BaHHbiMU 

p 0 -Me3oHaMH. Tip11 aTOM p 00 = 1 · 11 piJ =0 1 rAe ii ,j 0 • YrnoBOe 

pacnpeAeneHHe 

w (f + _(e.¢)=_3_sffi2e. 
p ->_e e 8rr 

EcnH p o pacnanaeTcsr aa "+ rr- , TO 

14 

I 
0 

t 
} 
~ 

}~ 
iu 
~\ 
' 

·,.r'"' 

w + -( e , ¢ ) = -
pO-+ 1T 1T , 

TipH G -~eTHOM o6MeHe - pO*AeHHe 

PO*AeHHSI BnepeA p 11 , p l-'-l ,j 0 

AnSI w .... e+e-

wO 

, .ace 

W ( e , ¢ ) = - 3- [ 1 - ..!. sin ~ 
W -> e+ e- 8 17 2 

H npH ycpeAHeHHH no cp nony~aeM 

w ++(e.¢)=_] 
W-> e e 16 

TaKHM o6pasoM, H3Mepsrsr yrnoBoe p1 

MOCTh OT 8 H cp ) 0 MO*HO nony~HTh 

p u -Me30Ha H onpeAenHTh npHMeCh W 

PaccMoTpHM PO*AeHHe ~ -Mesoaa 

Ha SIApaX (AHarpaMMbl a, 6, pH C. 5). llpl 

Me30Ha BnepeA y ~ -Me30Ha TaKaS! *e 

KBaHTa. T .e. pO*AaiOTCSI,_ nonepe~ao nonsr 

yrnoBhie pacnpeneneHHSI nnsr pacnanoB ~. 

113 !lJopMyn (14) H (15): 

w..... ( e , ¢) = -
8 'I'-> KK 

w ..... + .(e, ¢).= 
'¥-+ee 

3 
16 

B nepBOM cny~ae npoliCXOAUT P.-pacna; 

A.liaHrnnmrnsr e +e - B n ~Reno 6e 

anhHblll tjloT"oH BeAeT K KOHe~HOMY COCTOSIE 

ecnH n ~eTHOS. B CliCTeMe ueaTpa M~ 

o6naAaeT TOnhKO npoAOnhHOii nonsrpli3~ 

e + + e _, -+ p -+ rr + + 

e + + e - -. -~ .:. K + 
1 

Hs ( 15) npocTo aaxollHM yrnoBoe pacnp€ 

lE 



W'(8,¢)= A+Bcos 2 8, 

ll + p 00 ) , B = _1_ < p 11 _ p oo ) 
2 

npHMepbi yrnoBbiX pacnpeo.enenrrii 

_..< 

OAHOOHOHHOrO OOMeHa-nccneayeMOH peaKUHH 

Tipn pacceHHHH snpTyanbHoro ~OTOHa snepea BKnaa 

TOnbKO npoaonbHbie (cKanHpHbie) -~OTO-:_ 

TT -Me30H He MOMeT HCOyCTHTb BAOnb 

OH H3-38 3aKOH8 COXpaHeHHR MOMeHTa. B STOM 

npoeKUHR nonaoro MOMeHTa na HMnynbc rr -Me

aMMa OAHOOHOHHOrO OOMeHa llpH pacceHHHH BOe

B ¢opM~aKTope F 1 H aaeT npocToe yrnosoe 'pac-

W(e.¢), sii:I 2 8. 

a n anR peaKUHH c poMaenneM BeKTopnoro 

0 0 
·V ... e+e- (pnc. 5). Ecnn V -Meso-

aneprngx Ha'!anbHbiX 

o6MeHa B03MOMeH o6MeH 

TT -Me30HOB 1 TO B npno

G ·- 'leTHbiMH n G -ae- · 

G -He'leTHO¥ o6MeHe - poMaenne p o -Meaona 

AnR paCCTORHHR BOepea1 KBK H B'cny'lae BHpTy

COCTOHHHR TOnbKO C OpOAOnbHO nOnRpH30B8HHblMH 

OM p 00 = 1· n piJ =0 , rae ij I= 0 • Yrnosoe 

+ _(8,A)=_3_sin28. 
e e 'f' , 8rr 

TT+ TT- , TO 

14 

f 
J 
.;_}' 

I 

\ 
l 
.! 

:tt ? 

w + -( e , ¢ ) = -
3- cos 2 e 

pO-+TT TT 4rr , 

Tipn G -'leTHOM o6MeHe - poMaenne 

poMAeHHR snepea p ll, p 1 "'"
1 I= 0 

anR w ... e+e-

w 0 c o6MeHOM 

, see ocTanbHbie 

p -Me30HOM - ang 

p 1 1 = 0 • T aK 'ITO 

W + _ ( e , ¢ ) = -
3- [ 1 - _!_ sin 2 e U - 2 p 1 

-l cos 2 ¢ ) J 
W-+ee 8 77 2 · 

n npn ycpeanennn no cp nony'laeM 

W ++(8.¢)=_1_<1+cos 28). 
W-+ e e 16 TT 

TaKHM o6paaoM, naMepRR yrnosoe pacnpeaenenne p 0 ... e +e- (aasncn-

MOCTb OT (} H cp ) 1 M02KHO nony'lHTb CBeAeHHR 0 M8X8HH3Me pOMAeHHR 

p u -Meaona n onpeaennTb npnMeCb w ... e +e - s pacnaae p _,. e + e- •. 

PaccMoTpnM poMaenne <I> -Meaona y -KB.aHTaMH 6onblliHX sneprnii: 

Ha HApaX (anarpaMMbl a, 0 1 pnc. 5). Tipn KOrepeHTHOM ¢oTOp02KAeHHH <I> -

M830Ha BOepeA y <I> -Me30Ha TaKaR Me OpHeHTBUHR COHHa 1 'ITO H y y .

KBBHTa. T .e. poMABIOTCR. nonepe'lHO nonRpnaosaHHbie <I> -Me30Hbi. Torna 

yrnoBbie pacnpeaeneHHR anR pacnaaos <I> ... KK n <I> ... e + e- nerKo onpeaenHTb 

H3 ¢opMyn (14) H (15): 

w.... ( e ' cp ) = --
3- sin 2 8' '<'-+ KK 8 TT 

w.... + _( (}' cp) = -
3 - ( 1 + cos 

2 
(}) • 

'<'-+ee 16rr 
B nepBOM cny'lae nponcxoanT P -pacnaa; so BTopoM - S- n D -pacnaa. 

AJianrnnRUHR e +e - B n 'lncno 6eccnnHOBbiX 6oaoiios qepea snpTy

anbHbiii: ~oT'-on seaeT K KOHe'lHOMY cocTORHHIO c P =-l · 1 G = l ; J 21 · 1 T = 1 1 . . 

ecnn 0 'leTHOe. B CHCTeMe UeHTpa MaCe peaKUHH O'leBHAH01. 'ITO cpo_TOH 
'' 

o6naaaeT TOnbKO npoaonbnoii: nonRpnaauneli 1 nosToMy ang'npoueccos 

e + + e -· ... p _,. rr + + rr - •. 

e++e- ... <I>"" K+ +K-. 
. I 2 

Ha (15) npocTo naxoAHM yrnosoe pacrrpeaenenue sin 2 e. 

15 
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Pnc.6. OrrTnMa!IbHaH reoMeTpnH O!IhiTa A!IH per[lcTpaunn cny'laH c (}, 0 ° , 
!(! ,k 2 • ' 

J=> 
/I/ N 

8' 
Pnc.5. 

17 
16 



HaKoneu, paccMOTPHM AnarpaMMY c p -Me30HHhiM o6MeHOM (pnc.5B). 

llpn pacceSIHHH y -KB8HT8 BIIepeA H p -Me30H, H BllpTyaiibHhlll lj!OTOH o6-

II8A8IOT TOnbKO norrepe'IHOil non11pnaauneil. llpn aToM rronepe'IHhJe KOMIIOHeH

Thi Tenaopa T pv paBHhi 

T =T 
II 22 

11 Ha'le roBopll, p 1-J = 0 
.,!. 

, n na ljlopMyiihJ (14) cneAyeT, 'ITO yrnoBoe 

pacrrpeAenenne B c.u.M. naphi e+ e- He 38BHCHT OT cp 

W(O,cf>)= - 3-(l+ros 2 0). 
16 " 

3TH rrpnMepbl IJOK83hiB8IOT, 'ITO B pi!Ae cnyqaeB MeXaHH3M B38HMOAeil

CTBHS! IJ03BOIII!eT orrpeAeiiHTb IJOIII!pll38Ull!O rrpoMelKyTO'IHOll 'l8CTHUhl, 'ITO 

ABeT B03MOlKHOCTb IJO ljlopMynaM (14) H (15) rrpeACK838Tb yriiOBOe pacrrpe-

Aenenne rrpoAyKTOB pacnaAa. 

IV • .ilnljlljlepenunanbHhJe ce'!eHHII 

nony'lnM na (1) AnljlljlepenunanbHOe ce'leHne • .iln11 aToro nepeilAeM K 

rrepeMeHHhiM 

K=k 1 +~ 
-> -> 

1\=k -k 
I 

TorAa ljlaaoBhiil o6'heM 

3 
. d k l 

dP=o(q+p-pJ-kl-k2l -k-
1 

d 3k 2 d 3 p 1 = __!:.._ 0 ( q + p - p 
-- --0 4 -k)o(p 2 -M

2
). 

1 
k 2 p1 

3 

4 
dKd 3 1\ 

• d p --
1 kl k 2 

d3K k d
3
1\ - n __ o __ 

ko klk2 
MOlKeM paCCMOTpeTb rrepBy!O B C -CHCTeMe, 

-> ~ 

B nocneAHeil cncTeMe 1\ = 2k 

lloCKOIIbKY BeiiH'IHHhl 

1~1 2 = k
2 

k d 3
1\ 

0 2d0~ dk 2 . 
k k 

1 2 

k 
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(17) 

. S!BIII!IOTCII HHBapnaHT8MH, Mhl 

a BTOpy!O - B C,U.M. naphl. 

• lloaTOMY 

Toraa ns (1) 

a 3 . 2 l 
_____ a ___ = (2 IT) -s~ 

an cank a k 2 161k 
K 

CBIDKeM (18) c ce'leHneM. po)i{aeHHSI BnpTya1l 

peHUHSnbHOe Ce'leHHe 3TOI:'O npouecca B c.u. 

y* 
da =(Zrr)-t_L_! 

·d cos (}k 81 w 
rae 

l: I My 1
2 

= l: < € f € ~ Til) ~ 

B CHCTeMe llOKQSI BHpTyanbHOI:'O ¢oTOHa 

2 
l: I M y I = T u + T 22 

I1oaTOMY Mbi MO)I{eM pasaennTh (19) Ha nor 

d a.Y day*· d 
--'-+-

d cos (} dcos (} d 

Y'IHTbiBasr (19), (20) H HHTerpnpysr B_bipa)l{e 

2 

.k 2 d a a d --<-
dcosedk 2 3rr da 

H 

k2~=-a-· (a 
dk

2 
3rr 

0'leBHllHO, 

l
. 2 d d + 
lffi k e e-

k2-+0 dk2 

19 



J:U!BrpaMMY C p -Me30HHbiM 06MeHOM (pHC,5B), 

p -Me30H1 H BHpTyailbHbiH <jJOTOH o6-

nomipH38UHeii, npH STOM llOllepeqHbie KOMllOHeH-

T =T 
11 22 

1 
H H3 <jlopMynhr (14) cnenyeT 1 qTo yrnoBoe 

bi C+ C- He 38BHCHT OT 

__ 3_ (1 + cos 2 0) • 

16 1T 

cp .... 

qTO B pane cnyqaeB MeXaHH3M B38HMonell

llOUS!pH38UH!O npoMe.>KyTOqHOil qaCTHUbi 1 qTo 

(14) H (15) npencKa3aTh yrnoBoe pacnpe-

.llaljJ<jlepeHUHanbHhie ceqeHHSI 

.dldlePeHUHanhHOe ceqeHHe • .llnSI sToro nepellneM K 

l + ~ ' 

-+ -+ 

1Lk -k 
I 

k 

3 3k d 3 1 ( 2 M 2) . d k 1 ~ _P_1 =- s(q+p-p -k) s P
1

- • 
---- 0 4 

kl k2 pl 

4 d
3
K d 3 11 

. d p 
I kl k 2 

d3K k d3 11 
- n -"-o __ 

ko klk2 
B C -cncTeMe 1 

~·l~l 2 =k 2 

2dO~ dk 2
• 

k 
2 

18 

( 17) 

. S!B/JS!IOTCS! llHBapH8HT8Mll 1 Mbl 

a BTopyro - B c.u.M. napbi, 

• nosTOMy 

Tor !IS ua ( 1) 

a 3 a· 
an -(2 -s 

Keafikak2- rr) 

e2 M2 

16 I k 4 
~21MI 2 • 

w (-.18) 

CBIDKeM (18) c Ce'IeHHeM pO:>K):teHHSI BlfpTyanbHOl"'O ¢oTOHa (puc.4). nn¢¢e-

peHUHanhHOe ce'IeHue aToro rrpouecca B c.u.M. 

y* 
da =(2rr)-1___!12 

81 d cos ()k 

c 12 ~ 21 My I w 
{19) 

l"'Ae 

IM 2 ( P.vT ELV 
2 y I = 2 ~ ..\ ~:: ..\ 

11
) = - g T p.v 

B cucTeMe ITOKQSI BHpTyanhHoro ¢oToHa 

2 

2 I My I = Tn + T 22 + T33 · 

f1 OSTOMY Mbi MO:>KeM pa3):tenJITh ( 19) Ha rrorrepe'IHYIO lf rrpOAOnhHYIO 'l8CTH: 

daY day* da( 
t +---=--

d cos e 
(20) 

d cos () dcos () 

Y'IHThiBasr (19), (20) n HHTerpnpysr B_hipa:>KeHne (18) rro dU"' 
k 

, rronyqaeM 

2 
k 2 d a 

dcosOdk2 

da·* da·* 
_a __ ( t + 1 

3rr dcosO dcosO 
(21) 

lf 

k 2 ~ = __ a_ (a* + a·* ) . 
2 3 t l dk 1T 

(21) 

OtJeBHAHO, 

• 2 dd+-lllll k e e = __ a- a 

k 2 ->o dk 2 3rr Y 
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....;. 

rne a y - nonHoe ce'leHI!e npouecca rr- + p ... n + y • 

PaccMoTpiiM Tenepb cTpyKTYPY MaTpii'IHOro sneMeHTa sneKTpoMaPHIIT-

HOPO TOKa CllnhHOB3ai!MOJ:IeHC.TBYIOmiiX 'laCTIIU: 

J ... = X' +F X• 

rne x 11 X - CITIIHOpbi c onpeneneaaoii cnl!panhHOCTbiO, B c -cl!cTeMe 

... 
k = (0, 0, .-l) , ~ = (-sin(), 0, -cos () ) , 

() () . 0 
_ ros T -sm -z- l 

x ~ - ' , x u = ' ·x , = ·x , = 
2 • () -n () ~ ' -~ 

sm -- ros -- 0 l · 
2 ... 2 16 

B sToii )!(e .CIICTeMe rrpeACTaBI!M F B Billie I· 

~ ,, -+ ,, " 
F .... F ........ F ....... F =la 

1
+aqaxk 

2
+lakq 3 +i;~~F 4 + 

,, ,, 
+lakkF + 

5 

,, " ........ 
a q k F 

6 

3Aech F[J, ... ,st .pyaKUIIII oT k 2
, w, ()Y rAe () Y - yron 

paCCeRHHR BllpTyanhHOPO ¢oTOHa B C,U.M,, II B 1130TOIII!'IeCKOM IIpOCTpaHCTBe 

RBnRIOTCR 2 x2 MaTpi!UaMI!, l1X MO)!(HO Bb!pa311Tb 'lepea aMIIniiTYllbi C paani!'I

HbiMII 1!30TOITII'IeCKIIMII cni!HaMII 171 

3/2 l l ~ ~ F ( 5 - - r r ) + -,- r ( F + r F ) , a3 3 a 3 ;, a s 3 v ' Fa 

PAe a -aapru:tOBbiH IIHJ:IeKC 11 -Me30Ha, B ni!TepaType BCTpe'laeTCR TaK)!(e 

paa611eHHe 

(+l l (-) ( 0 J 
F =5 F +-[r,r].F +T F.· 

a a3 2 a 3 a 

nerKO MO)!(HO HaRTl! CBR3b Me)!(AY aMITnHTYA8MII! 

Ft+l= _l_ ( 2F3/2 + Fl/2 )-, 
3 v ' 

20 

(22) 

F'-'= 1 
3 

F' o) 

nerKO HaRTH CBR3b STHX aMIInB 

C IIOMOlllhlO 

TaK: 

HaxomrM 

F ( "-P ... y n) = 

F· 1 IIpOCTpaHCTBeHHbl 

T. 
1 k 

_t_r 
2 33 

I F, I 2 
+ 

5 

_1_r 
2 22 

IF 2 
. I I -' 

1 
2 

t'· . 
T u = 2 Tzz +Slr 

+IF . 3 

_l (r + T ) = 2 siny e Re [ F' 2 13 . 31 5 

rne 

F' =F + F +X F 
5 • 5 ' 1 3 

3aMeTHM, 'ITO T ·-T rrponopUH< 
11 22 

DepennmeM (9) B mrne: 



ce'leHIIe npouecca "- + p ... n + y • 

Tenepb CTpyKTypy MaTpii'IHOPO 9lleMeHTa sneKTpOM8PHIIT

O)leilC.TBY!OIIliiX '18CTHU: 

... . ... 

J = X' +F X • 

cniiHOpbi c onpeneneHHOil cnHpanhHOCThiO. B c -CIICTeMe 

" ··' ) . q=(-sin8. O,-cos8), 

• 8 
l 0 -sm --z-

', x_% = 
8 

'·x~ = '·x'% = 
0 -2 

~sz l 
npeJlCT8BIIM F B B11Jl8 / 6 /. 

;;xkF +i;;f~F 
2 3 

+iJ~~F 4 + 
,, ,, ,, " 
kkF

5
+iJqkF 

•• , 6 J <jJyHKUIIII OT k 2 
, W , 8 y , Pile 8 y - yron 

<jJOTOHa B C,Jl,M,, II B 1130TOllii'I8CKOM npOCTpaHCTBe 

Bbipa311Th 'lepe3 aMnlliiTYilhi c pa3llll'l-

o __ 1_r T ) 1 (F% % 
a 3 3 a 3 + -3- T + T F ) , a s 3 v ' 

(22) 

11Hil8KC 1T -Me30Ha. B lliiTepaType BCTpe'laeTC.II T8K)!{e 

(+) 1 (-) ( 0) 
oF +-[r,r].F +T F.· 

a3 2 a 3 a 

CB.II3b M8)!{Jly 8MlllliiTYJl8MII: 

F c + l 1 F 3/z F l/z ) 
=-(2 + ,. 

3. v 

20 

r 
F<-1 = _1_ ( F~ - F3/2) 

3 V 'I 

F< oJ 1 ~ 
=- F 

3, s 

nerKO HBHTH CBB3b STHX BMUnHTya C aMnnHTyaoli ang HaWeH peaKUHH 

-
F ( rr-p ~ y n) = .::B_ ( F ~-- F ~ F3/2 

3 s v + 

C IIOMO!llblO F· 1 IIpOCTpaHCTBeHHbiS KOMIIOHeHTbl TeH30pa T pv Bblp8)!{8JOTCSI 

TaK: 

T. = Sp F. F + 
1 k 1 k 

HaXOJlHM 

_l_ T = I F ' I 2 
+ 2 x Re ( F ' F '* ) + I F ' I 2 

, 2 33 5 5 6 6 

_1_T == I F I 2
- 2x Re( F

1 
F

2
*) + I F

2 
12

, 2 22 l 

f-ru= ~-T22 +sin
2

eY[2Fe(F1 F4*+F2 F; )+ 
(23) 

2 2 
+IF

3
1 +2xRe(F3 F~>+IF4 1], 

_l <T + T ) = 2 siny e Re [ F, ( F + F + X F )* + F , ( F +X F + F ) *] • 2 ]3 31 5 2 3 4 . 6 1 3 4 

rae 

F'=F +F +xF, 
5 5 1 3 

F , 
6 

y 
=F

6
+ xF

4
, X= cosO 

3aMeTHM, 'ITO- T ·-r rrponopuHoHa1IbHa 11 22 
sin 2 oY • a T + T -sin eY. 

13 31 

TiepenHIIIeM ( 9) a BHne: 
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·cr 

~ I M 12 = - 1- k 2 
[ T '( W, k 2

, .eY) ( 1 +cos 
2 

e) + 
4 

+ T f ( W, ·k 2 , .e Y) sin 2 e + C( \V, k 2 , 0 Y) sin 2 
0 Y sin 

2
0 cos 2 cp + 

+ D ( W, k 2 
, o y) sin e Y sin 2 e cos ¢ l . 

(24) 

.--' I 
3neeh T oTsetiaeT pO)KAemno rrorrepe'IHOI'O HeiiOIHipli30BaHHOI'O supTyanhHO-

r ro clJoToHa, T - rrpononhHO rromrpuaosaHHoro clJoToHa. C orrpenemreT rro-

rrepe'IHYID rrongpuaauuro, D - eooTseTeTsyeT IIHTepciJepeHUilli rrorrepe'IHOH H 

IIpOAOnhHOll rrongpuaaUHBM. Bee 8TH seni!'IIiHhl1 IIOMIIMO rrepeMeHHbiX \V , 
k 2 

1 
0 y aasuegT TaK)K~ OT sneKTpOMai'HIITHbiX ciJopMclJaKTOpOB el!flhHO-

B3ai!MOAeHeTBYIDIIlliX 'IaeTI!U. TioeKOflhKY qneHbl B (24) xapaKTepli3YIOTeB -paa

flH'IHOll yrnOBOll 3aBI!eliMOeTbiD1 B IIpliHUIIIIe IIX MO)KHO pa3flli'I8Th 9Keiiepi!MeH

Ta1IhH01 IIpOBOAB aHa1IIl3 THIIa clJa30BOI'Oo 0nHaKO rroeKOflhKY TaKOll II01IHbiH 

aHaflll3 rrpeAeTaB1!BeTeB eliO)KHbiM II Tpe5yeT 501IbiiiOll eTaTI!eTHKII 1 Bbi5epeM 

TaKyiO KI!HeMaTIIKY, Korna ciJopMyna ( 24) eymeeTBeHHO yrrpomaeTeB. PaeeMoT

pliM enyqaii:, KOI'Aa BlipTyanhHblll clJOTOH ABII)KeTeB IIOA yr1IOM 0Y= 0 • Tipli 9TOM1 

O'IeBIIAH0
1 

B (24) oeTaiDTeB TOflbKO IIepBbie ABa 'IlleHa. 

~IMI 2 =-1-k 2 [T 1(W,k2 ,0Y=O)(l+cos 2 0)+Tf(W,k 2 ,0Y=O}sin 2 0]. ) 4 (25 

B aToM enyqae ciJopMclJaKTOp rr -Me3oHa eonep)KI!TeB TOnhKO B rrpononb-

noii:. aMII1IIITYAe
1 

rroeK01IhKY, KaK yrroMuHanoeh Bbiiiie (eM. III ) 1 nuarpaMMa 

pue.4 1 OTBe'IaiDIIlaSI ciJopMclJaKTOpy 
1T -Me30Ha, naeT BK1IaA T01IbKO B 

T f B 

euny eoxpaHeHIIB rrpoeKUiili II01IHOI'O MOMeHTa Ha HaiipaslleHile ABI!)KeHHB TT -

e I MO)KHO H3MepBTb T t 
Meaona. AHanuaupysr ciJopMyny (25) no yrnaM 

f 
H T no OTAellhHOeTu. 

V • BnHHHHe ¢opM¢axropoB na -ce"leHHe peaKUHH 

Borrpoe o B03MO)KHOeTII H3MepeHHB ciJopMciJaKTopos a peaKUHH 
rr-p ... e+ e-n 

CBSI3aH e BOIIpoeoM qyseTBHTenhHOCTH Ce'IeHIIB STOll peaKUHH K sneKTpOMai'

HHTHOll CTpyKType 'IaCTHU. 

22 

KoHKpeTHhie paetieTbi rrposonum 

rr--Meaonos s na5opaTopnofi eucTe~ 

Mbx rronhayeMCB aMrrnuTynoii: ct>yl 

,eHa H3 OAHOMepHbiX nuerrepeHOHHbiX 

HOBeKHX 'IlleHOB B AHeiiepei!OHHOM HH1 

5apblo 3Ta aMII1IIITyna l!eii01Ih30Ba1Iaei 

TpOpO)KAeHIIID TT+ -Me30HOB Ha IIpOTOH 

Me30Ha Ilpli IIpOeTpaHeTBeHHOIIOA05Hbl 

TipH yKa3aHHOll 9Hepi'HH Ha'Ia1II 

'IaCTh a ciJopMyne (25) no cymecTsy 

¢opMclJaKTOpa IIpOTOHa, a BCe OCTallbl 

ciJaKTOpb1 0 B TOM 'IIlelle Mai'HIITHOe AHII< 

Tyny Menee 10%. 

1 2 y m T ( k , w, .e = o) = 4 r < --
m+ w 

rne F -aneKTpH'IeCKiill ciJopM¢aKTOJ 
p 

TOpHblll Mai'HHTHblll 1 • H30CKa1IBpHblll Mai 

ciJo~MciJaKTOpbl HYK1IOHOB, COOTBeTCTBE 

Meaona a c.u.M. TiocK01IhKY. see ¢op: 

Ma1IOM IIOIIpaBO'IHOM 'IlleHe, He HMee 

OT k 2 H AellaTb KaKile~1IIl50 rrpeATII 

IIOA05HOll o5naCTII. 3TO AaeT B03MQ)Kl 

'IeCKiill ciJopMciJaKTOp IlpOTOHa A1IB k 
2 

B rrpononhHYID 'IaCTh ¢opMynhi ( 

IIOpUIIOHallbHbie aneKTpll'IeCKOMY ciJop~ 

MeaoHa. 

T = 2 [ ( b F ( k 2
) + b F 

p P. 1T 

rne 



_!__ k 2 [ T 1( W, k 2 , ,()Y) ( 1 + cos 
2 

0 ) + 
4 

sin 2 () + C(W, k2
, eY) sin 2

6Y sin 
2
0 cos 2¢ + 

D ( W, k 2 
, 0 Y) sin () Y sin 2 0 cos ¢ ] . 

(24) 

~ 

po~neHHID nonepe~HOrO HenonHpU30B8HHOPO BUpTyanbHQ-

nonHpH30B8HHOrO «lJOTOHa. C onpeaenHeT no-

- COOTBeTCTByeT UHTep«lJepeHUHH nonepe~HOll H 

aUHRM. Bee 9TH BenH~HHhi, noMHMO nepeMeHHbiX \V , 
HT TBK~~ OT aneKTpOMarHHTHbiX «lJopM«lJaKTOpOB CUnbHO-

~aCTUU. iloCKOnbKY ~neHbl B (24) XapaKTepuayroTCH _·paa

MOCTbiD1 B npHHUHne UX MO~HO paanu~aTb 9KCnepUMeH

THna «lJaaoBoro. 0aHaKO nOCKOnbKY TaKOll nonHblll 

CnO~HbiM H Tpe6yeT 6onblll0ll CTBTHCTHKU1 Bhi6epeM 

Korna «lJopMyna ( 24) cymecTBeHHO ynpomaeTCH. PaccMoT

BUpTyanhHhiii «PoTOH aBu~eTCH noa yrnoM oY"" 0 • Opu 9TOM, 

TaroTCH TOnhKO nepBhle aBa ~neaa. 

T 1( W, k2
, .(} y"" 0 ) ( 1 +cos 2 6) + T e ( W, k 2 , 0 y"" 0) sin 2 

0 l . 
(25) 

" -Meaoaa coaep~HTCH TOnhKO B npononh

onbKY, KaK ynoMHHanocb Bhime (eM. III ) , anarpaMMa 

" -Meaoaa, aaeT BKnaa TonhKO B T e B 

nonaoro MOMeHTa aa aanpaBneaue aBu~eHHH " -

no yrnaM () 1 MO~HO H3MepHTb Tl 

BnHHHHe ¢opM¢aKTopoB HB ceqeHHe peaKUHH 

H3MepeHUH «lJopM«lJaKTOpOB B peaKUHH 77-p-> e+ e-n 

~YBCTBHTenbHOCTH ce~eHHR 9TOii peaKUHH K aneKTpOMar

'laCTHU. 

22 

KOHKpeTHhie pac~eTbl npoBoannHCb ang KHH,eTH~eCKOll 9HeprHH ny~Ka 

TT- -MeaoHOB B na6opaTopaoii cncTeMe E 17 = 275 MaB. 

Mbi nonbayeMCH aMnnnTyaofi ct>y6nau, HaM6y, BaTarnHa, KoTopag rrony

,eHa H3 OaHOMepHbiX aucrrepCHOHHbiX COOTHOIIleHHll /3/. 3aeCb IIOMHMO 6op

HOBCKHX ~neHOB B ancnepCHOHHOM UHTerpane Y~HTbiBaeTCH BKnaa (3,3)-uao-

6apbl. 3Ta aMnnuTyaa ucnonbaoBanacb TaK~e npn aHanuae aaHHhiX no aneK

Tpopo~aeHuro "+ -Me30HOB Ha npoToHax ang onpeaeneaug «PopM«lJaKTopa "-·

MeaoHa npu npocTpaHCTBeHHonoao6HbiX nepeaa~ax Ill. 

ITpu yKaaaaHoii aaepruu Ha~anhHhiX ~acTHU n ang or= 0 nonepe'IHaSI 

'laCTb B «lJopMyne (25) no cymeCTBY 38BHCHT TOnbKO OT aneKTpH~eCKOrO 

«lJopM«lJaKTopa npoToHa, a Bee OCTanbHhie ~neHbi, coaep~alllne apyrne «lJopM

«PaKTOphi, B TOM ~HCne MarHHTHOe annonbHOe H3ny~eHHe 1 aaroT BKnaa B aMIInH

Tyay MeHee 10%. 

T 
1 

( k 2, \V, .(} Y"" 0) = 4 [ ( _m_) 2 F \ k 2 ) + A ( 11 , 11 , F J ], 
m + w P nonp. v s 

rae F -aneKTpnqecKnii «lJopM«lJaKTop npoToaa, f1 , f1 s , F s - uaoBeK-
P V 

TOpHblii MarHHTHbiH, H30CKanRpHblii MarHHTHblii H H30CKanRpHbiH aneKTpH'IeCKHH 

«lJo~M«lJaKTOpbl HyKnOHOB, COOTBeTCTBeHHO; W - 9HeprHH Ha~anbHOro TT -

Meaoaa B c.u.M. nocKOnbKY BCe «PopM«lJaKTOpbi, KpOMe F ' coaep~aTCSI B 
p 

ManOM rronpaBO~HOM qneHe, He HMeeT CMb!Cha Y'IHTbiBBTb HX 3BBHCHMOCTb 

OT k 2 
H aenaTb K8KHe-nn6o rrpeanono~eHHH 06 HX IIOBeaeHHH BO BpeMeHH

rroao6HOii o6naCTH. 3TO aaeT B03MO~HOCTb HeaaBHCHMO OrrpeaenHTb aneKTpH

'IeCKHii «PopM«lJaKTop npoToHa ang k 2 > 0 . 

B npoaonbHyro ~aCTb «lJopMynhi (25) OCHOBHOii BKnaa aaroT ~neHb11 rrpo-

IIOpUHOHanbHhie aneKTpu~eCKOMy «lJopM«lJaKTOpy llpOTOHa H «lJopM«lJaKTOpy lT -

MeaoHa. 

T = 2 [ ( b F ( k 
2

) + b F (k 2 )) 
2 

1- B ( y , F ) ] , 
P P " 

17 norrp. s s 

rae 
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b = 
m 

p m+w 

q(q+k), b =-m-
71 2mw lll+W 

(k -q)(2 -k) 

to. + 1 

fo. 2 d=2(k w-kq)-k 2
• 

0 

3JleCh q -HMllyllbC Ha'lallbHOrO 71 -Me3oHa B C.U,M.; k 11 k 0 

HMitynhc 11 aHeprHSI BHpTyanhHoro ljloToHa B Toil: lKe CIICTeMe. B nonp. , aaBH

CSillliili OT yKa3aHHblX ljlopMijlaKTOpOB, )laeT nonpaBKY K aMllllHTyJle MeHee 15%, 

Ha Bhillleii3nolKeHHOro cne)lyeT, 'ITO BbipalKeHIIe (25) ljlaKTH'leCKH aaBH-

CRT TOllbKO OT ljlopMijlaKTOpOB F 
p 

II F 
71 

, 'ITO 3Ha'lHTenhHO ynpomaeT aHa-

llH3 9KCnepiiMeHTallbHbJX )laHHblX, 

Bbi'lHCnHM Jlii¢¢epeHUIIanhHOe ce'leHIIe npouecca B npeJlnonolKeHHH, 'ITO 

cpeJlHeKB8Jlp8TII'lHbJe paJliiYChi npoToHa II 11 -Me3oHa r P = r 71 = 0, 8 F . 
Ha 9TH 3Ha'leHIISI cpeJlHeKBaJlpaTII'lHhiX paJlaycoa yKa3bJBaJOT aKcnepiiMeH

TanhHbJe JlaHHbJe JlllSI npocTpaHCTBeHHOllO)lOOHbiX nepeJla'l /
1
,8/ • 

3anameM JlH¢¢epeHUIIanhHOe ce'!eHHe B BIIJle: 

d3 
a· a 2g 2 

dcosOdcos 0 dk 2 6471 2 m2 q 

~ [(1+cos 2 0)T
1+sin 20Tf], 

k 2 

(26) 

rJle 

a 
1 

137' 
g = 15. 

'Y:TOObl yCHlliiTb BKnaJl OT npOitOnhHOil: 'laCTH aMllllHTYilhl, a TeM CaMbiM 

BKlla)l ljlopMijl8KTOpa 

TT 
rr -Meaoaa, Mhl nonolKHM q = -z- . nocKonhKY nn11 

OOnhmiiX k 2 Ce'leHIIe HaH60nee 'lYBCTBHTenhHO K ljlopMijlaKTOpaM, Ha OllbJTe 

cneJlyeT oT6apaTb co6hiTIISI, 6nii3KIIe K 
k2 

max 
, npii )laHHOil: 9HeprHII ny'l-

K8 71 -Me30HOB: 

k • = (\V- m) 2 

max 

3TO COOTBeTCTByeT cny'la!O, Korna B C,U, 

HeilTpOH noKOIITCSI, llnSI aHepriiii E " = 275 Maa

Ha piiC. 7 KpHBbie noKa3hiBa!OT aaBIICHMOCTb 

Topoa. Ecna npOIIHTerpnp.oBaTb (26) B IIHTepaane 

nony'liiM 
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MaCC Ha'lallbHbiX 'laCTIIU 

k 2 =6,5m 2
• 

max 1T 

T 1 11 T f oT ljlopM!jlaK-

5 m 2 < k 2 <6,5 m 
2 

, 
1T- - 7T 

lo 

I 

~' ':'<rl .. I 
~I ,_I 

I 
I 
I 
I 

tt:) 

'!\ 

2 



q(q+k), b 
2mw 

11 

m 

ffi+W 

(k -q)(Z -k) 

"" + 1 

6. 2 +1-Z(k w-kq)-k 2
• 

' 0 

TT -Me30Ha B C.U.M.j k H k 
0 

!floTona a TOH lKe CHCTeMe. B nonp. , aaan__. 
naeT nonpaaKy K aMnnnTyne Menee 15%. 

'ITO BbipalKeHHe (25) !flaKTH'!eCKH 3aBH

f H F , 'ITO ana'IHTenhHO ynpomaeT aua-
P TT 

ce'lenue npouecca B npennonolKeHHH, 'ITO 

"-MHMa rP=r 71 -~8F. 
panuycoa yKa3hiBaJOT SKcnepHMeH

/1,8/. 

•penuuanhHOe ceqeuue B anne: 

a 2g 2 

64TT 2 m2 q 

1 
a= 137' 

!:.__ [(l+cos 2 0)T\sin 20Tf), 
k 2 

g = 15. 

(26) 

BKnan OT npononhHOH '!aCTH aMnnHTYllhi, a TeM CBMbiM 

TT 
" -Meaona, Mhi nonolKHM q = --z- . nocKonhKY nnSI 

'IYBCTBHTenbJIO K !flopM!jJBKTOpaM, Ha OOhiTe 

SI, 6nH3KHe K k 2 
• npu l18HHOH sueprHH nyq-

max 

k 
2 

=0V-m) 2 

max 

cny'!aro, Korna a c.u. 

E 11 = 275 Msa 

llOKa3biBa!OT 3aBHCI!MOCTb 

o·oaa,.... (26) a IIHTepaane 
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MaCe H8'18nhHhiX '!aCTI!U 

k 2 .6,5m 2
• 

max TT 

T • ·re II OT !flopM!jlaK-

5 m 2 < k 2 < 6,5 m 2 
, 

TT- - 1T 

~ 
~I 
~ 

..... ,_I 
I 
I 
I 
I 
I 

l.r, tt) 

~ .. ~ 
co ~ 
~ 
~ 
~ 

\ 
\ 0..0 

I \ 
I ~\ ... 

~ 
\ ..::r 

\ 
\ 

..,., 
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:d> 
1:!-
»"' E-o 1:! 

[:§~ 
I:: = 
::E t: 
<tl I:: 

::E -= <tl 

0 ·= = 0 
P' = 
(]) "' O.r: 
(]) 0 
I:: 1:! 
0 0 
I:: 0. 

"' I:: 
E-o "' {) E-o 
0 {) 
::E 0 = ::E {) = = {) 
Ill = <tl Ill 
[') ttl 

E-o [') 
~ I cO 
ttl(]) = 
Ill = 0 
;J;-o:: [') 

[') "' (]) 
<tl = ::E 5 0:: I 
I:: • 1: 

Ill 
(]) 0 
:;; 0. 
Ill 0 <tl = E-o 0. 0. ~ 0 
~ <tl E-o 
-&~ 

(]) ::E "' = 0.-& = 0 ::E >:-&a, 
g.E-oo 
coo-& 

1-
0 
= 0.. 



,i .,. 

!1 a-

2 
6,5 m 

I 
2 Sm 

1I 

1T d 3
a ( 0 = 0, 0 = T) 

dcosOdcosO dk
2 

dk 2 
= 44 .10.:_:
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2 • 

EcnH ~yBCTBHTenbHOCTb ce~eHHH K ~OpM~aKTOpaM orrpenenHTb OTHOWe

HHeM, Torna rrony~HM: 

~ 

11 a ( F p ' F" ) = 1, 6 ' 

t1a0, l) 

11a(Fp ,F")-=1,5, 

t1a(F ,1) 
p 

t1ae(F ,F) 
p 1I 

2,' 
11 ae (F ,1 ) 

p 

(27) 

(28) 

(29) 

rne (27) rroKa3biBaeT ~YBCTBHTenbHOCTb ce"!eHHH K ~opM~aKTopaM F H F , p 'U 

(28) - K ~OpM~aKTOpy 1T -Me30Ha, (29) - ~yBCTBHTenbHOCTb rrpononbHOll 

~aCTH CelJ:eHHH K ~OpM~8KTOpy 11 -Me3oHa. 3TH ~ucna yKa3biBaiOT Ha 6onb-

WOll BKnan ~OpM~8KTOpOB rrpOTOH8 H 11 -Me30Ha B ce"!eHHe peaKUHH. -Oco-

6eHHO ~YBCTBHTenbHa K 9neKTpOM8I"HHTHOll CTpyKType 1T -Me30H8 rrpononb-

H8H ~aCTb Ce~eHHH. 

TaKHM o6paaoM, Bbi~ucneHHSI yKa3biBaiOT Ha ·BrronHe peanbHYIO_ B03MO)!{-

HOCTb H3MepeHHH ~OpM~aKTOpOB rrpOTOHa H 11 -Me30H8 AnSI BpeMeHHITOA06-

HbiX rrepena"' B peaKUHH "-p ... e+ e - n • · 

PaccMOTPHM reoMeTpHIO 9KcrrepuMeHTa, rrpu KOTopoM 6ynyT perucTpH

poBaTbCH C06biTHH, YAOBneTBOpHIOillHe ycnOBHIO (} "' 0 1 H k 2 
1 6nH3KHe 

K M8KCHM8nioHbiM. KaK 6hin0 yKa38HO Bb!We, k 2 
COOTBeTCTByeT cny~aiO, 

max 

KOI"A8 B C.U.Mo CTanKHB8IOillHXCH qaCTHU HellTpOH ITOKOHTCH, T.e. HMITynbCbl 

aneKTpOH8 H IT03HTpOH8 paBHbl ITO BenH~HHe H HarrpaaneHbl B rrpOTHBOITOnO)!{

Hble CTOpOHbl. 0AH8KO ~T06bi B na6opaTOpHOll CHCTeMe BHpTyanbHbill ~OTOH 
• 1T 

o6nanan HMITYnbCOM, HarrpaBneHHbiM BITepeA, Heo6XOAHMO, ~T06bi 0 = 2 
Torna B na6opaTopHoii: cucTeMe aneKTpoH-rrosuTpoHHaH rrapa 6yneT ucrryc-
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KaTbCH rron- 0 L = 75°. Ecnu rrpoT5m 

paTOpHOll CHCTeMe, KaK ITOK838HO H~ 

C06b!THH C k 2 
, 6nH3KiiMli K M8KCH 

ITOCKOnhKY IIMITynbCb! aneKTpOHa II ITO 

WHMII, ~To6hi ux saperucTpupoaanu." 

0 1 6nH3KHMII K eyniO. 

3 a K JilO 

CunbHaH saBUCIIMOCTb ce"!eHHH 

TpH~eCKOI"O ~OpM~8KTOpa rrpOTOHa H 

B03MQ)!{HQCTb IIX 9KCITepHMeHTanbHOI"C 

HhiX rrepenaq 0 < k 2 :S 3, 5 F - 2 

HOI"O y -KB8HTa rrpeACTaBnHeTCH Hi 

.ITOCKOnbKY naeT B03MO)!{H0CTb li3Mepl 

pe'IHYIO '18CTH Ce'l:eHIIH.- l13MepeHue 

ITOCKOnbKY OHH AaAyT HH~OpMaUHIO O( 

BOll ITOBepXHOCTII AnH k 2 > ·o . 

• ABTOpb! 6naronapHbl n.n. HeM• 

a T8K)!{e C.M. EuneHbKOMY H c. re~ 

fluTe 

1. C. W.Akerlof, W. W.Ash, K.Be 

1.47, 1.966; Phys.Rev., 1.63, 

2. V.L.Auslander, G.I.Budker, · J, 

433, 1.967. 

3. S.Fubini, Y.Nambu and V.Wat 

4. N.Zagury. · Phys.Rev., 1.45, 1.: 

of the International Conferenc. 

Report No. ·A.NL-71.30, 1.965; 

D. Weaver. · Nucl. Phys., BL; 



d 3a < e = o, e = 7-) 
cosedcose dk

2 

d k 2 
= ~ 4 • 10_:
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2 • 

/ 

ce"leimSI K ¢opM¢aKTopaM orrpeAenSITb oTHOUie-

f). a < F p • F 11 ) = 1, 6 , • 
/).a(l, 1) 

,..J 

(27) 

f).a(Fp,F11 ) 

/).a ( F ,1) 
= 1,5' 

(28) 

p 

f).af(F ,F) 
p 11 2 ' (29) 

' 
/)oaf (F , l ) 

p 

ce"leHiiSI K ¢opM¢aKTopaM F li F 1 
p 11 

(29) - "'YBCTBiiTenbHOCTb npOAOnbHOll 

" -Me3oHa. 3Tii "lliCna yKa3hiBaiOT Ha 6oJib

rr -Me3oHa B ce"leHiie peaKUiili •. Oco-

aneKTpoMai'HiiTHOii: cTpyKType 11 -Me3oHa npoAonb-

hi"llicneHii51 yKa3biBaiOT Ha ·BnonHe peanbHYIO_ B03MOJK-

... e+ e-n.· 

11 -Me30H8 An51 BpeMeHiiiiOA06-

npli KOTOpOM 6yAyT pei'IiCTpli

(J , 0 , li k 2 
, 6n!i3KHe 

k 2 COOTBeTCTByeT cny"la!O, 
max 

"laCTHU Heii:TpOH IIOKOHTC511 T,e, HMnynbCbl 

no Benli"'HHe n HanpaBneHhi B npoTnBononoJK

To6bi B na6opaTOpHOii: C!iCTeMe BlipTyanbHblll tPOTOH 
11 

B!lepeA 1 He06XOAiiMO, "'T06bi 0 = 2 • 

CHCTeMe·aneKTpOH-!l031iTpOHHa51 napa 6yAeT HCnyc-

26 

KaTbC51 !lOA e L = 75°, Ecnli npOT51lKeHHbie Ae'I,;eKTOpbl pacnonOlKiiTb B na6o

paTOPHOH C!iCTeMe, KaK IIOKa3aHO Ha p!iC. 6 1 TO OHH 6yayT pei'HCTpnpoBaTb 

C06biTHSI C k 2 
1 6n!i3KHMll K MaKCHM8JibHOMY 3H8"leHll~. C Apyi'Oll CTOpOHbi, 

IIOCKOJibKY liM!lynbCbl aneKTpOHa li !l031iTpOH8 AOnlKHbl 6hiTb AOCTaTO"'HO 6onb

UlliMH, "'T06hi liX 3apei'HCTp!ipOB8nli AeTeKTOpb1 1 6yAyT OT6npaTbC51 C06hiTHSI C 

e 6nn3KiiMii K HYniO. 

3 a K n ro ~ e H H e 

C!inhHaSI aaBiiCHMOCTb ce"leHHSI peaKUHii 11- p ... e+e.-n OT aneK-

Tp!i"'eCKOI'O ¢opM¢aKTopa npOTOHa H 

B03MOlKHOCTb HX 9KCIIepliMeHT8nbHOI'O 

HhiX nepeAa"l 0 < k 2 :S 3, S F - 2 

" -MeaoHa yKa3biBaeT Ha peanhHYIO 

onpeAeneHiiSI B o6nacTn BpeMeHnnoAo6-

• Cny"lall pacceSIHii51 BnepeA BlipTyanb-

HOI'O y -KBaHTa npeACTaBnSieTCSI Han6onee 6naronpliSITHhlM AnSI aTOll uerili, 

IIOCKOnbKY A8eT B03MOlKHOCTb H3MepliTb B OTAenbHOCTH npOAOnbHY!O ll none

pe"'HY!O qacTn ceqeHiiSI. l1aMepeHne aTnx qacTeii: HHTepecHo caMo no ce6e, 

IIOCKOnbKY OHii AaAyT HHtPOpMaUH!O 06 aMnriHTyAe tPOTOpOlKAeHiiSI BHe Maceo-

BOll IIOBepXHOCTH AnSI k 2 > 0 . 

ABTOpbl 6naroAapHbl n.n. H eMeHOBY 3a MHOI'O"'HCtreHHb!e o6cyJKAeHHSI, 

a TaKJKe C,M. olineHbKOMY li C. fepacnMOBY aa noneaHhie aaMe"laHHSI, 
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