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imym JIOepHI>IX uccAeooeaH_uiJ Ay6Ha 

11. BBE,l{EHHE 

PaccMoTpeuue nponeccoa 

y+N->rr+N, 

e+N .... e + rr+N, 
TT + N -> e+ + e- + N 

(D 
(II) 

(Ill). 

B paMKaX C~HHOH MO~CnH CCTCCTBCHHO, nOCKOnbKY B O~HO
J tlloTOHHOM npu6nH)KCHHH I puc. 1/ nH nponeccbl,,corilaCuo 
? T-uuaapuaHTHOCTH.,onHcLIBaiOTCB npaKTH'ICCKH o~uoii: H Toil 

)KC aMnnuTy~oB:. OTnH'IHe cocTOHT numb a o6nacTH H3Meue
HHB A 2 -Kaa~paTa "Macchi" , aupTyanLuoro <t>oToua. TaKoe 
paCCMOTpCHHC TCM 6onee u;enecoo6pa3HO, 'ITO OHO n03BO
.nBeT, Ha OCHOBaHHH HMCIOinHX.CJI ~aHHbiX no $OTOpO)K~CHHIO (I) 
H :meKTpOpO)K~CHHIO (II) ,cy~HTb 0 HCKOTOpbiX xapaKTepu
CTHKaX 3Ha'IHTCnbHO MCHCC H3Y'ICHHOrO npou;ecca pO)K~CHHJI 
nap (III) • llocne.nuuii: npe~cTaBnBeT cnenuanLHbiH HHTepec 
C TO'IKH 3pCHHJI B03MO)KHOCTH onpe~eneHHJI :meKTpOMar
HHTHbiX $opM$aKTOpOB nHOHOB H HyKnOHOB BO BpCMCHHno~o6-

? I,IOH o6nacTu {.A 2 > · 0 ) • B :HoM oTuomeuuu 3KcnepHMCHTbl ua 
BCTpC'IHbiX nyqKaX HC MOryT 3aMCHHTb HCCne~oBaHHJI npo-
necca (III), nocKonLKY o6nacTH A 2 < 4 ·m ~ u A 

2 < 4M 2 

ocTaiOTCB He~ocTynHLIMH B peaKUHBX e+ e- -• rr+ rr-u e+e-~ NN. 
Y cnemuoe on:Ucauue npouecc'oa ( H· III) npu uu3icux :Juep

'7rHBX B paMKaX ~Hcne'lCHOHHOrO MCTO,I.J.a CTano B03MO)KHbiM 
· 6nar~~ap' pa6oTaM 1 · 4 I. llpocTaB ~ucnepcuounaB Mo
~enL~, B KOTOpOH MHHMbiC <JaCTH HHBapHaHTHbiX aMnn,l!,.· 

) TY~ H, cne~oaaTenLHO, ~ucnepcHoH~~r-panbl- ~nB - --~eii:CTBHTCnbHLIX qacTeii onpe~enBIDT/CB MHHMOH qacTLIO pe-
_? 30HaHCHOH MarHHTHOH aMnnHTY~LI M I +,.c· TO'IHOCTblO npH

MCpHO 15~ OnHCLJBaCT ciJoTOpO)K~CHHC 3apH)KCHHLIX TT ·Me3o
HOB. ~o6HTLCB nonuoro cornacua c 3KcnepHMCHTanLHbiMH 
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.,D;aHHLIMH, no-BH.D;HMOMy, HeB03MO:>KHO 6e3 .BBe,neHHX napa

Me7flB, onpe,nenxeMLIX H3 :n<cnepHMeHTa.·Cornacuo pa6o

Te , TaKHe napaMeTpLI He06XO.D;HMO BBeCTH .D;JIX MYJIL-

? THnoneii E 0+ , E 1+ ;M 1_ B np.e,nnono:>KeHHH o6 onpe.neneu

HOM flOBe,D;eHHH c1Ja3 3THX MYliLTHflOJieH npH BLICOKHX 3Hep

rHXX. YKaJaHHLie napaMeTpLI MO:>KHo paccMaTpHBaTL KaK 

KOHCTaHTLI, 3c1JciJeKTHBHO Y'lHTLIBaiOutHe BLICOK03HepreTH-

? qecKHe BKna,nLI B npo:u;ecc npH HH3KHX 3HeprHxx. TaKas 
i 

cxeMa xopomo cornacyeTcx c 3KcnepHMeHTaJILHLIMH .nau-

HLIMH; O,D;HaKO npHBe,D;eHHbiH CflOC06 BBe,neHHH HOBhiX KOH

CTaHT Hellb3X C'lHTaTb ·e,nHHCTBeHHO B03MO:>KHLIM. 'll03TOMY 

BOllpOC 0 MO,D;eJILHbiX 'Heonpe,neJieHHOCTXX OflHCaHHH npoll,ec

COB ciJoTOpO:>K,D;eHHX B HaCTOHill,ee BpeMX OCTaeTCX OTKphiTh~;.t. 

Bee Tpy,nuocTH, OTHOCXIll,Hecx• ~ npouectaM ciJoTop~:>K
,neHHH, aBTOMaTHtieCKH nepeHOCHTCX Ha npoll,eCChl 3.rieKTpo

pO:>K,D;eHHH (II) H po:>K,neHHH nap (III) .O,nuaKo npouecc (Ill) xa

paKTepH3yeTCH TaKHMH KHHeMaTH'leCKHMH CBOHCTBaMH, KO

TOphle fl03BOJIHIOT CBeCTH· K MHHHMYMY MO,D;ellhHhie neonpc-

7 ,neJieHHOCTH B 06JiaCTH n~pBOrO Qe3okanca. 3TH'CBOHCTBa 

BLirO.D;HO OTJIH'laiOT npoll,eCC pO:>K,D;eHHH;nap OT lPOTOpO:>K.D;CHHH . . ' 
H 3fleKTpOpO:>K,D;eHHX rr-Me30HOB. 0HH CBX3aHhl C KBa3Hnopo-

) roBbiM noae.u.e~ ;7/ aMnJIHTY.D;hi npH k ... 0 :/ k -Mo,nym • 

3- HMflYllhCa BHpTyallhHOrO. lPOTOHa/, KOTOpOC OCylll,eCTBJUICT • 

ex TOJihKO a npouecce (III) .nnx 3Ha'leHHH MaCChi BHpTyanL

HOrO . ciJoTOHa, 6JIH3KHX K MaKCHMaJihHO B03MO:>KHOMY AnHJ'<- · 

=W.:..M /Vi - nonuax 3Heprux/. B 3TOM cnyqae nonepc'IHhiC. 

l':fYIIhTHnonH M 1 + , E 1 + , M 1 H npo,!J,OllhHhie L 1 , , L l.:- cTpe

MXTCH K HYJIID, flOCKOllhKY .OHH nponopUHOHaJihHhl k •. 11MeHHO . . ~ . 
3TH MYIIhTHnonH co.nep:>KaT Mo,neJILH~-J~BHCHMhie 'IJICHhi. 

OcTaarnuecx MYllhTHnonuE 0 + =Lo+; E2_=-L 2_ onpe,nenxroT

cx, B OCHOBHOM, 6opHOBCKHMH 'IJieHaMH 17/, TaK .'ITO onH

CaHHe npoll,ecca CTaHOBHTCH MO,D;eJihHO-He3aBH.CHMLIM /
28.(B 

3JieKTpopo>K,neHHH k, uanpoTHB, pacTeT c yaenuqeuueM.I A
2

: , 

H • MO,D;eJihHhie Heonpe,neJieHHOCTH aMflJIHTY.D;hl CTaHOBHTCX 

cyllJ,eCTBeHHhiMH. TaKHM o6pa3oM, npH ,nBH:>KeHHH a.nonh 

ocH A2 3aBHCHMOCTL onHcaHHX oi Mo,neJIH yMeHLIIIaeTcx. 

3TO o6CTOXTeJibCTBO fl03BOJIHeT Ha,D;eHThCX Ha flOJiy~eHHe 
HeHCKa:>KeHHOH HHciJOpMall,HH 06 3JieKTpOMarHHTHLIX dJopMdJaK~ 
To pax a,npouoB H3 auaJIH3a npo:u;ecca rr • + N ·.;, e+ + e-+ N. 

Mo.nenh, ucnoJih3yeMax uaMH, ue co,nep:>KHT ueH3BeCTHhiX 
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· napaMeTpOB, KpOMe • cl>opMcl>aKTOpOB qacTHl{, H.; yqHThiBaeT 
B AHCnepCHOHHhiX HHTerpanax TOJihKO BKJiaA ·pe30HaHCHOH 

.. MarHHTHOH AHnOJibHOH. aMnJIHTYALI'!\JI +~ ·. l130CKaJI11pHyro qacTb. 
aMnJIHTYAhl Mhl 6epeM paBHOH 6opHOBCKOH, 3a HCKJIIOqeuHeM 

' { 0) · E0 + , KoTopyiO IipupaauuaaeM K uymo. B AaHHOM cnyq;1e Mhl 
- "noJIL3yeMC11 pe3yJILTaTaMH MYJILTHnonLHoro a~aJIH3a/ B, 9 I 

·cl>oTopmKAeHHH, KOTOphle noKa3hiBaiOT, qTo Eh~) c pocToM 
3Hepruu yMeHLmaeTcH, ~0~TJIHque OT Eb0} 6opH., ocTaiOIUeiicH 
nocT011HHoii. · Ycnoaue EO+= 0 ynyqwaeT onucauue npouec
ca yn _, TT- p npHMepuo ua 10!J'o AJI11 6oJILWHX yrnoa H AJI11 
e = 180° AaeT cornacne. c 3KcnepHMeHTaJILHhiMH AaHHhiMH 
annoTL AO 3Hepruii · y -KaaHTOB, paBHhiX 750 M3B B na6. 
CHCTeMe. 

llonL3Y11Ch auanorueii B onucauuu npoueccoa 3JieKTpo
PO)I(AeHH11, cl>oTopO)I(AeHHH H pO)I(AeHHH nap, MLI npoH3BOAHM 
BblqHCJieHHH AJIH 3THX npol{eCCOB napaJIJieJibHO H cpaBHHBaeM 
pe 3 ynLTa Thl c HMeiO~HMilCH 3KcnepHMeHTaJILHLIMH AaHHhiMH. 
)l;eTaJILHhle pacqeThl AJI11 npouecca"- + p _, e++ e-+ n BLI
nonueubl npH nOJIHOH 3HeprHH B C.l{.M. W =1296 M3B, COOT
BeTCTBYIOll{eH 3KcnepHMeHTY, npoBeAeHHOMY B )l;y6ue /I 0 I 

<l»euoMeuonoruqecKoe onucauue np9uecca TT.+ N-. e+ + e-+N 
6Lmo AaHo a pa6oTax /II-I 3 I. BLJqucneuuH a H3o6apuoii 
MOAeJIH 6LIJIH BhinOJIHeHhl B pa6oTax /I 4 - I 7 I. 

2. KHHEMATHKA H j:(HctxPEPEHI(HA.JI.bHbiE CEqEHHR 

0603HaqHM qepe3 p l , p 2 , q qeTblpeXHMnyJihCbl HyK
JIOHOB H TT -Me3oHa, qepe3 k l , k 2 - qeThlpeXHMnyJILCbl 
3JieKTpOHa H n03HTpOHa •. :TorAa qeTLifeXHMnyJihC BHpTyam,-

. uoro y - KBaHTa k = k I + k 2 H A = k ~ - k 2 • B uaweii 
:MeTpHKe ao speMeuunoAo6uoii o6nacTH A 2 > 0 • 

· MaTpuqnLiii 3JieMeHT S -MaTpHULI 3anuweM a·auAe 

sri = afi +i(2TT) 4 a· (p 2 +k
1 

+ k
2 

-p
1 

-q). x 

eM /1/ 
ii(p2) Tu(pl ) • 

'./ 2 q o P 10 P2o k IO k 20 

B' npH6JIH)I(eHHH OAHocl>oTouuoro o6MeHa MLI · MO)I(eM 
3anucaTL, 

6 
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. I 
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,; 
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\i ( p 2 ) T u ( p I ) .·=. f ft J~ •. /2/ 

rAe (ll =~~e u.(kl)·y~v(k 2 ), ·~ :j 11 HBJIHeTCH MaTpHqHbiM 

3JieMeHTOM 3JieKTpOM~rHHTHOrO . aApOHHOrO .T,OI<a J Jl 
= < p

2
1 J ~ (0) I p 1 q > , 'me- Macca 3JieKTpoua~ 11:3 coxpaueHHH. 

, .~JieKTJ?O~ar;HHT.J{hi_X TOKOB a.l;(P_OHOB H _nen~OHOB . ~Jie_AyeT 
k ll J 11 = 0 ~?· kp ,/ ~ = 0 • . . • . . .· ..•... 

MaTpuua T pa3naraeTcHno cTpyKTYPHLIM Ko3tWJHuileu-
. ·Ta~ M i H ,!JLipa>KaeTcH · qepe3 uuaap~(l.HTH~H~ "'aMnnuryAhi 

Ai ( s, t • A 2 
) 

6 . ·.• . 2 
T = ~ M i A i ( s, t, A ) 

i = l . 
/3/ 

rAe s = ( p I + q) 2 ·, t = ( k - q) 2 
• 

CneAYH pa6oTe /~ 0/ahi6HpaeM !\I i B. JJHAe 

r 
M I = ~- i y 5 y ~ y v F ~v M 4 2 y y P F - \1\1 · ;, /1 I' J1V . I' 

. . 

./4/ 

1\12 p q F ' 2 j )' S ~ V , J1 11 • 
M s • k n F 

I)'') /l I 11 Jl I' 

M3 
.. . F 

y 5 y 11 q l' ~ l'. ' 
M C: ·= y. k y l· 

l .'l JL I' I' I'' 

1 
rAe l~v = < JL kv - t v k11 , P = 2 ( Pt + p 2 ) • CTpyi<Typhi 
·Mi 11BHOKaJIH6pOBOqHO HHBapHaHTHhl: 

OTMeTHM, qTO ace llJOPMYJihl 6YJJ.YT JanHChiBaThC11 B BH
Ae, npHHHTOM AJI11 npouecca 3JieKTpopO)I(AeHHH. llocKOJihKY 
no OOJIHpH3al{HHM HYKJIOHOB H JieOTOHOB npOH3BOAHTCH CYM-

··MHpoaa~ae, T-uua~paaHTHOCTh noJBOJIHeT npaMeH11Th no
nyqeHHhie cl>opMyJihi AJIH npouecca· po)I(AeHHH nap 6e3 H3Me
ueuuii. MeHHIOTCH TOJihKO ·npocTLie KHHeMaTaqecKHe Mno
)I(HTenu B cl>opMynax .D.JIH ceqeuuii. TaKoii noAXOA YA06e~ 
AJI11 BhlllOJIHeHHH BhlqHCJieHHH OAHOBpeMeHHO AJIH npol{eCCOB 

3JieKTpOp0)1(AeHH11 H pO)I(AeHHH nap. 
Bhlpa3HM, KaK o6hlquo, MaTpaqHhiH 3m!MeHT T-MaTpHUhl 

qepe3 aMnJIHTYJJ.hl CHCTeMhl l{.M.: 
\i(p2) T u(pi) = x; F X I' 

rAe X I H )(2 - nayJIHeBCKHe. CnHHOpbl. 
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F=i(J.( 
A A A 

_,_..-+_,.) - ..... ~ ... {-+·_.!. 
a•k k·c F 1 + a•'qa• k xc F 2 + 

A ~ A. . A ! ! A A A ~ ~ 
''+i·;T.·krij~'f- q·kk·1) F3 +i;;·qCq·f"-q•k k·i") F4 + 

• ,2• ~~ I \2 _,;•'!'~·' ->' "· /5/ 
· '' -• k k ... E . 1\ k F . +.~j(-'"·" ~ • C. •:;. + l.kn U ~ q. • f 6 

o· .. · · o · · · 
,-... ' ' " '·~ ' .. 

3.z{ecL .k H ·q - e,D;HHH'IHLIC. BCKTOpLI. B TaKOH. 3aJIHCH 

o'I~B~JJ.Ho,,_~To F[ 1 ; 2 , 3 , 4 1 omtc:;LI~a.IOT npou;ecc c nonepequo 
non.H:J?H30BaJIHLIMH y· ~KBaHT~MH·, a· F[5 ,, 6 ] - c npo,D;oJILHo 
non.iipH30BElHHLIMH. CB.H:3L aMnJIHTy,n F i H A i ,D;aeTCJI B 
HpwwJICeHuu. · 

B H30TonuqecKoM npocTpaHcTBe F i /B. \ i I .H:BJI.H:IOTC.H: 
MaTpHUaMH 

. ( 0 ) • (+) 1 . (-1 
E< i = r a F i + Da 3 F i · ± 2-::Jr a , T3 ] F i , /6/ 

r ,D;C nOJIO>KHTCJILHLIH 3HaK nepe,D; TpeTLHM 'IJICHOM OTHOCHTCJI 
K npoueccy y* + ~ ... rr + ~, a oTpHUaTeJILHLiii - K "+ N ... 
-~ y ~< .. ~ I y * ~ BHpTyanLHLiii ciJoTou/. 

.L(n.H: tiJH3H'ICCKHX npOQCCCOB HMeeM: ! 

Fi (yp ~ rr+ n)' = .J2<F<p )+ I-l-l) 

Fi ( yn tt rr-p) = i2<F\~)-. F~-)) 
/7/ 

~-~ <r r.· ~ ~o _p) F~ol·+F~+) 
.l l, • ' 

F. (yn ~ .T 0 n) ==· .:. F.(O)+ F~+). 
1 . . . l I 

)J,u41cllepeuu;uanLHLie ceqeuu.H: .npou;eccoB ·lneKTp~po)f(,I(e • 
, HU!l H,pO)f(,I(CHHJI nap HMCIOT CJIC,D;YJOIUHH BH,D;: . 
. · a/ o cnyqae JJieJ<Tpopo>K.zieuu.H: /l 9! . . 

da 

tt n L .1 kL d n· 
e 2 :r 

i.t 
., 

) ~ 
wo7 

l k kL l -· ---·-
~~·-·(--\;!) ·.1-'f 

'1 .. l. 
-· -x 
~. '4' 

/8/ 

x[ r, f f cos !.<)T:!! \!-,\,2\'2•(c r l) WSI;~r3. ,'t(-A 2) T4]' 

8 

'1' 

j 

·~ . 

~ f ,. 

2k[ (} . . . 
rAe c == (1- -- tg2 __!:_ )-1 • kL 

)\2 2 , l 
kL 

2 - Ha'laJILHa.H: H KO-

L 
He'IHa.H: 3HeprHH 3JieKTpOHa B Jiafi. CHCTeMe; fl e - Tenec-
HLIH yron pacce.H:uuor_-o 3JieKTpoua B na6. cucTeMe; (J L 
yron pacce.H:HHJI 3JieKTpoua B na6. CHCTeMe, n 1T - TeJieCHLIH 
yron rr_-l.{e30Ha .BC.D;.M. rrN-cHCTCM.LI; ¢- yron MC)f(,I(y 
nnocKOCTLIO peaKu;HH y * N .... rr N H nnocKOCTLIO pacce.H:
HH.H: 3JICKTpOHa; k L - HMJIYJILC y -KBaHTa B nafi. CHCTeMe. 

6/ B' cnyqae po>K,D;eHH.H: nap /1 I, 12/ 

da I k I 2 - r T1 • < 1 + cos o .. ) -2 -
a 

dO dfl a A 2 l6rr 2 A 2 q 
y e /9/ 

- sin2 Oe cos 2¢T2 \1 A2 sin 2(}e cos<,b_T3 -l 2sin 2 Oe • A.2 'l4l, 

r,D;e n - TCJICCHLIH yrOJI pacce.H:HH.H: y--KBaHTa B C.D;.M. 
nHOHa l HYKJIOHa, . n (' - TeJieCHLiii yron pacce.H:HHR 3JICKTpoua 
B C.I{.M. napLI, ().,- yrOJI .MC>K,D;y HMnyJIJ.CaMH KOHC'IHOrO 
HYKJIOHa H 3HeKTpOHa B C~D;.M .. napLI, cp- yron MC>K.IJ.Y nnoc
KOCTLIO peaKUHH TTN ... y*N u·nnociCoCTLID(c+c-)-napLI. 
B ciJopMynax /8/, /9/ MLI npeue6peraeM MaccaMu nenTouoB. 

Bee 'IJICHLI B /8/, /9/ HMCIOT RCHLIH cPH3H'ICCKHH CMLICJI; 
T 1 onucLIBaeT n~ou;eccLI }' * N ·• " N . c n'onepe'IHLIMH 

ueno.ll.H:PH30BaHHLIMH y -KBaHTaMH u npu A 2-. 0 nepexo,IJ.u:r 
B KBa,D;paT MO.IJ.YJIR aMnJIHTY.IJ.LI peaJILHOrO cPOTOpO>K,D;CHHR; 
T2 COOTBCTCTBYCT npou;eccaM c'none~e'IHO.nOJIRpH30BaH

HLIMH !lloToHaMu, ·a T 4 - c npo.IJ.OJILHO. nonJipu3oBaHHLIMH; 
T 3 onucLIBaeT HHTep4Jepeuuuro npo.ztoJILJio · u nonepequo no-
JI.H:pH30BaHHLIX 4JoTOHOB. . .· 

Ecnu B npouecce pmK,D;CHH.H: nap 11e 4JuJ<cupyeic.H: 3ap.H:,D; 
JienTOHa, TO CC'ICHHC y,D;BaHBaeTCR. 

CB.H:3L T i c aMnnuTy,D;aMu l·j HMeeT cne,D;yroiD;Hii BH.IJ.: 

. ·r. a '\t 2 r II' I 2 I F' I 2 - 0 R (F I' ·• ) J T l = -·-2 .1! + i • 2 I - 2 cos e • I • 2 + 2 ' 
"~ . . 2 . 

T2 = aM,2 sin2 0Jt f·j !2 + [-F 1 !2 +2Bc0· 1 1·,J"+ 1· 2 1-f +-co&OF 3 F4)l, 
2TT" · • . ~ . ·. 

T3 = ;~~ sin O[(F2 + F l + cos 0 F.t ) Fs +_(Fl + F4 + cos OJ:3)F6 ], 
• 2 . . . 

T al\1 1 'F 12 IF~ · 2 (JR {F I'"')] /10/ 4 = --;,2l I 5 1 + 6 : + 2 cos e S • 6 , , 
2 iT ri 
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r .ne e - yron pacce.HHH.H B peaKQH.HX y * N ~ TT N n 

· c.u.M., a = 1/137. 
3. l{HCIIEPCHOHHbiE COOTHOmEHHJI 

. ,lJ;ucn'epCHOHHbie COOTHO-IIIeHHH no . s. npH 4JHKCHpOBaHiiOM 

t ,nnH H30BeKi'opiihiX uunai>illl;HTHhiX a'MnnHTYA HMeiOT au.n 120 I 

. (±) . 2. . . . . (:...) . 2 . . 1 :. 
"Ai (s,t,_A ) =.R 5 (t, X)+ Ri (-2-

M - s 

1 Joo d , I A(±) ( , \ 2 ) ( 1 + - s m . s , t; 1\ -,- • 
TT . 2 'I S - S- H' 

(M+Inrr). 

+ 71 i -7t2' -_- ) + 
- u 

+ 71i /11/ 
- s' _- u ) • 

r.ne 71i orrpe,nenHIOT nepeKpeCTHYlO CHMMeTpHlO aMnnHTYA 

H paBHhi: 

7)[1,2,4]~1, 71[3,5,6] =-1; ·u =2M2+ n~.+ J-2- s - t. 
. _: .· ...... 

. IlepnLre .naa qneua n /11/ npe,ncTannHIOT co6oii -6opuon

cKue. qacTH. aMnnHTYALI,. ,npu'-leM;. R (5-) opiOpHTC1! TOnhJ<O 

· K i.aMrrnHTy.ne A<; ) . li opuoncKa.H '-laCTh y .no:J!SneTnop.aeT Kanu6-

pQBO'-IHOH HHBapHaHTHOCTH, nOCK0.1lhKY, KaK·6.binO:npe,nnO)I(eHO 

B .pa60TC (20~ K ·MaTpH'-IHOMy,3neMCHTY 3.1leKTpOMarHHTH01"0 

TOKa .no6anneiJ qneu, nponopuuouanhHW~ 

.:.:~']' ~'~F~-,k~. ; . ., .... ,_:,·... .· -- ... ·:·:···~:.·: 
' . (~) . .. . . . ..... 

;;&• 

R <bopMyne,/11/ R 5 , u _R i paBHhi. 

R(- f: .... 2g 
5 - --[ 

;.,.2 

~ ·:t' fl (.\ ) 

t-m 2 -X 2 
' . 1T 

. ,, . •: F ir(A..2)-. . . . J'' ' 
t 

"2' ·- ! . - m . ,,•". 
TT. .,, •. 

•, 

r .. 
. __ .,_ /12/ 

:lRl =-·{-Elv(/...2) ,., 
. / ... ' ··g,·> ',; , .. 2. , .... ' " 

R 3 = .R 4·= 2 F 2 (A . ) ,. 

R = 2 

gFlv(,\2) 
R 5 =R 6 =0 

t - m2 - ,\2 . ,, . 

/13/ 

1T 
H3ocKanHpHLie aMrrnHTYALI Mbi 6epeM paBHWMH 6opiloncKHM: 

( 0 i 2 xi (s,t,,\) 
- s 

., 
:\1- - u ; 

/14/ R ~ (-__.:.... 
I '> .:\]-

+ 
71i 

.• :;1 

lO 

, .. 

..,. 

~· 

r: -

r.ne R o 
1 

. 0 
R2 = 

= -.1£ F)' 0. 2 ), 
. 2 

R ~ ~ R ~ = ~ F z( >.
2 

) , 

g F I (},2) 

t - m 2 - J-2 . 
R~ = R~ = 0 • 

TT • 

'B 4JopMynax /12/-/14/ F} , F 2 , F I , F 2 - H3oneK

Topu:bre u H30CKan.HpHLie 4JopM4JaKTOphi uyKnouon, F ,. - 4JopM-

4JaKTop rr -Me3oua~ H npHHHTa cne,nyromaH - uopMuponKa: 

Fv(o) =Fs(o) = F (0) =1, 
1 I TT /15/ 

2MF;(o) = 3,7, 2MF2"(o)·= -0,12: 

g- nepeHOpMHpOBaHHa.H KOHCTaHTa . i1 ~,.:.B3aHMO,D;eHCTBHH;• -- . g2 -
""4'; = 14,6. 

,lJ;HcnepCHOHHWe COOTHOIIIeHH.H /1}/ OAHHaKOBO npkMe· 

HHMhl .D;nH npOCTpaHCTBeHHO" H 8peMeHHllO.D;06HbiX ll ~ • Bo 

BC.HKOM cnyqae, He Hy)I(HO ,nena Tb HOBbiX IIpe,nnonO)I(eHHH, .D;.1lfl 

o6nacTH >.2 ·. 0 no cpanHemiro c o6naCTbiO ~~~ · O.BMccTe 
• • C) ·) ·) 

c TeM, 3aMeTHM, '-ITO ,nnH npeMeHuno.no6HbiX A- npu A- · 111;;. 
B .D;HCnepCHOHHOM. HHTerpane nOHBnHeTCH He4JH3HlJeCKafl o6· 

nacTb (M + m;)2 ,::: s'<OI·+ A)~O.nuaKo :no He Bbi3biBaeT Tpy.n· 

HOCTeH, nOCK0.1lhKY yKa3aHHbiH HHTepnan :nieprHH He CBfl 'Jail 

C HOBbiMH OC06eHHOCT.HMH flO ~,.. ' · 

IlpH ;.,.2 ·. ~ m; 4JopM4JaKTOpbl lJaCTHU,-B006IUC I'OBOpfl, 
KOMnneKCHhl, HO 3TO He MeH.HeT BH,D;a .D;HCnepCHOHHbiX COOT· 

HOIIIeHHH, llOCK0,1IbKY 4JopM4JaKTOphi·BXO.D;flT KaK -, MHO)I(HTenH 

B aMll.1IHTy,nax H _BhiHOC.HTCH .3a 3HaK HHTerpana; · 

C noMOlUblO 4JopMyn npuno)l(eHHH H 4JopMy.il MYlibTHnonb

Horo pa3.1IO)I(eHHH aMnnHTYA F j MO)I(H.O HaHTH· CBH3h uu

BapHaHTHhiX aMnnHTYA c MynLTHnonhHhiMH aMnnuTy.n;aMli. 
TaK )l(e, KaK B pa6oTax /l, S./, Mh,I orpaHHlJHBaeMCH BKna-

~ ~/2 
.D;OM pe30HaHCHOH aMnnHTY.D;hl \1 J.t B MHHMbie lJaCTH HH-

BapHaHTHbiX··aMnnHTy.D;. Ilpu 3TOM Y'-IHThiBaeM 3aBHCHMOCTh 

~tf{2 OTiA 2 KHHeMaTH'!-IeCKH H '-lepe3 4JopM$aKTOp. - . 
,lJ;nH MHH_MhiX lJaCTeH HHBapHaHTHbiX aMnnHTYA nonyqaeM 

Bblpa)l(eHHH: 

(±) . 2 
. I m A: i ~-s, l. ,\ ) ..!.(2) 

3 -1 

rrG~1 (A2 ) sin 2 o_1 ~(W) 
g~ ~q3[(W -~ :\1)? ->.2] 

• ai ,/16/ 

II 



r~e a1 

a2 

# 

= }<W+M)(3t-m~- A2)+ q
2
° [(W+ l\1)2 + 

2 2 A (W+M+ q 0 ) -~(W+l\1), 
t _ m2 _ A2 2 2 ·. 

1T 

_W+rrl\1( ( W+l\1)2 
a3 = - 4 n 

m;,] 3 2 2 
+-;r(t-mn' +A), 

a 
4 

= ! { t - m ; - A 2) + ( W+ l\1) ( W : M. + ~ ) , 

as 
s-l\1 2 . qo 3( 

2 2 2 (W+M+-2) +-2 W-l\1) 
t.- m17 -X 

a6 -' -} ( t- m~ - A 2 ) - 1° ( W + M) - m ~ 

GM = F1v + 2MF2 ·W = v s • 

A 2 ] ' 

/17/ 

B BepxHeM npe~ene HHTerpHpOBaHHH B /11/ Mhl orpa

HH'IHBaeMCH 3HeprHeii W = 1, 7. T3B. 
Kai< BH~Ho H3 ,4JOpMyn /12/;_/14/ H /17/, B aMnnHTy~ax 

A 
2 

H A ·s HMeeTCH KHHeMaTH'IecKaH CHHrynHpHOCTh npH 

t - m ~ - . A2 =-0 , KOTOpaH .B03HHKaeT B CBH3H C HCTI0flh30· 

BaHHeM ycnOBHH KanH6pOBO'IHOH HHBapHaHTHOCTH /no~po6-
HOCTH eM. B pa6ore A~nepa/18/j. ,D;nH·npou;eccoB 3neKTpo

pmK~eltHH ( A 2 < 0) 3Ta CHHrynHpHOCTh Haxo~HTCJI B 4JH3H

qecKoii o6nacTH, a ~nH npou;eccoB· po:>K~eHHJI nap ( A
2 > 0) -

B HeliJH3H'IeCKoii o6nacTH. B o6oHx cny'laHx Heo6xo~HMO c~e
naTb Bbl'IHTI;i.HHH ~nH ycr.paHeHHH CHHrynHpHOCTH •. B , ~eqe
HHHX CHHrynHpHOCTh . o6ycnoBneHa -~Bhlpa)KeHHeM (s-M )A 2 + 
+ A 2 As • lf3 ycnoBHH 

lim ( t 2 
2 

-Ill 
t-> m + )1.2 1T 

A2)[(s-l\J2)A2+A2 As]=O /18/ 
1T 

cne~yeT, 'ITO ~nH ycrpaHeHHH CHHrynHpHOCTH He06XO~HMO 
Bhl'leCTh.H3 A(5)· BenH'IHHy: 

2 
t -rn;=- A2 

12 

l 
·rr 

·"" d r s I" . -,--2 1111 ['( 2 2 (-) 

( 
•t 2 s -l\1 2 • l-m -A}~ (. 't,\2)] 
" +mrrl t-+mrr +A- 1T S s, A, • 

/19/ 
J 

j 
l 

l· 

I" 
r ; 

'\· 
·'· •'. 
,; 
' .II' 

f 
). 
l 
l 

3aMeTHM, 'ITO, KaK. TIOKa3hlBaiOT Bhl'IHCneHHH,. B. cny'lae 

npou;ecca po~eHHJI riap Bhl'IHTaTerihHhlH qneH /19/ cna6o 

BflHHeT Ha pe3yflhTaThl• . . . 

· H3 MynhTHnonhHoro aHanH3a.4JoTopo~eHHH /B,9 I cne-

~yeT, 'ITO TipH 3HeprHHX Bhlliie 8(1236) -pe30HaHCa. H30-

CKanHpUaJI ~HnonhHaH aMnnHTy~a E~~ 1 
6hlcTpo · y6hlBaer 

H CHflhHO OTflHI.J:aeTCH OT ee 6opHOBCKOrO 3Hai.J:eHHH. IJ03TOMY 

npH 3THX 3HeprHHX Mhl6epeM E~~l= 0. IIocKonhKY E(O) 
~aer BKna~ TOnhKO B F~ 0 ~ npH pac'leTax HMeeM: 0+ 

F ( o )_ F( o )6opa. _ E( 0) 6opa. 
1 - 1 0+ ' 

/20/ 
R(O) = F(O) 6op~. 

(2, .... 6] [2, ••• ,6] 

r~e 
2 

1 - X ) ' 
2 /21/ 1 1 

T f dx(F 1 -F2 x + F 4 
-1 

EO+ 

x = cos e . <o > 
K TaKo'My H3MeHeHHIO E 0 + ~oBonhHO 'IYBCTBHTenhHO ceqe-

HHe pacceHHHH Ha 6onhrnHe yr.nhl. 

4. PE3YJibTATbi 

B 3TOM paJ~ene npHBO~HTCJI pe3ynhTaThl Bhl'IHcneHHH 

B paCCMOTpeHHOH MO~enH .H HX cpaBHeHHe C 3KCTiepHMeH

TaflhHhlMH .~aHHhlMH HO 4JoTOpo~eHHIO H.3neKTpopo~eHHIO. 
Ha puc. 2 npHBe~eHbl Bhl'IHcneHHaH _; 4JyHKI.\HJI B030y)l(

~eHHH npH 0 = 180 ° H COOTBeTCTBYIOII.\He 3KCnepHMeHTanhHhle 

~aHHhle f 2l/ ~nH TIP.OUeCCa y + n ~ 1T- + p. 'I'eopeTH'IeCKaH 

KpHBaH. XOpOlliO ODHChlBaeT 3KCTiepHMeHT BTiflOTh ~0 3HeprHH 

y·KBaHTa 750 M3B jW ~ 1500 M3B/. HanoMHHM, ·qTo 

Mo~enh y'IHThlBaeT TOnhKO 8( 1236) -pe3oHaHc. ToT 4JaKT, 

'ITO TeOpHH CQrnacyeTCH C 3KCTiepHMeHTOM BTiflOTh ~0 

W~1500 ¥'3B,_yKa3hlBaeT Ha no~aBneHHe npH_TaKHX 3Hep-· 

THJIX BKna~OB .. BhlClliHX• pe30HaHCOB B. Cei.J:eHHC pacceHHHJI 

11a3a~ ~nJI IIpou;ecca y + ii -+ rr - + p • ... 
-,'f~::-

Ha puc. 3 reope'iH'IecKoe · · .h.H414JepeHu;HanhHoe ce'leHHe 

npou;ecca yn ~ rr- p npH 3HeprHH · y -KBaHTOB 350 M3B 

1,3 
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do 
d.Q 

(1'1K~HI 
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20 

10 
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• 

+ 
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DL-----~------~----~----~~----~-----
02 Qlf Q6 08 f.O f.Z 

. E~atJ (r38) 
Puc. 2. Ce'leHue pacce.RHU.R Ha3ao OII.R npofleccq Y;" -• rr- p 
3KcnepuMeHmallbHbre oaHHbJe B3.Rmbl U3 pa6ombJI2 r • 

s: 
~ 

rn -7fp E1 ~JSO 

·~ 
~·20 

~ 
'-.:... 

+Bonn /23/ ~· -

~···10 
"ts '' 

+ ·RB~HHI"('/2 2/ ;_ ~ 

- ... ~. ""·' ~ ~--

.. ~ : ... 

· ·s(rpail) 

Puc. 3. j(u¢¢epeHfiUUIIbHoe ce'leHue npoflecca }' n ~ 
np~ 3Hepzuu y :: K8UH!fi08 350 M3B e 11a6 •. ·C:UC1!feMe._., 

•• '.. " ','; ~ ...... : s" > . ,. 1 • ~ · ,. ~· ~ • ':. • .. • • • '· -. 11 ~ j' •• • • .._ •• 

1;41 

.; ~- '. ,J 

TT- p 

-·~ ~! 

/na6. CHCTeMa/ cpaBHHBaeTCJI C ,naHHhiMH pa60T /
22

• 
23/ . 

KpHBaH xoporno orrHCLIBaeT JKcnepHMeHTaJILHhle_ ,naHHLie. 
liLIJIH pacc .. IHTaHLI Tai>::>Ke rrorrepe1.1Hoe(at) H rrpo.nonL

Hoe(ae) ce1.1eHHH rrpoueccoBJJieKTpopo~eHHH.llpHpacqeTe 
IIOJiaraJIOCh, l.ITO ciJopMciJaKTOpbl y,nOBJieTBOpHIOT CJie,AYJOIUHM 

COOTHOIIIeHHJIM: 

· 2 . n 
2) · . 2 -2 

Gr1 (A. ) GM (A. = Gk(A-2) =[l-A- 2 /0,7l(r3B/c) ·.l.:.1 
. f.Ln llp 

"/22/ 

·en 0 F Fv-*) 
E = ' = I• ' . TT 

PeJyJILTaTLI pacqeTOB rrpH A 2 = - 5fm~2 
B o6nacTH 

3HeprHH /1,1+1,3/ T~B IlpHBe,neHhl Ha puc. 4. 3KCIIe,HMeH
TaJibHbie TOl.IKH B3JIThi H3 OllbiTa li3TUHepa H ,np/

26 
, B KO

TOpOM perHCTpHpOBaJIHCh COBMeCTHO ,ABa rrpouecca: ep -> 

... err 0 p H ep -> err+· n • . Mo,nenh xopowo cornacyeTCH 

C 3KCIIepHMeHTaJif;>HbiMH ,naHHbiMH; 
Ha puc. 5,6 ·iipe,ncTaBneHLI .nuciJclJepeHuHaJILHLie ceqeHHH 

rrpoueccoB 11-p--> y* n /y*- BHpTyanhHhiH ciJoToH/ rrpH 
A. 2 = 0,063 I T3B/c/ 2 H W = 1296 ·}J3B. · ,I(nH cpaBHeHHH 

rrpliBe,neHLI cooTBeTCTBYIOIUHe 6opHOBCKHe ceqeHHH. B cny
qae rrpo_nonhHO IIOJIJlpH30BaHJibiX ciJoT(>HOB. tel.leHHe rrpaKTH
qecKH c'oBrra,naeT. C 6opHOBCKHM.; 3TO. 06'bHCHJleTCJI MaJihiM 
BKna,noM MarHHTHOH ,tiHIIOilhHOH aM-IIJIHTY.Ald M l+ B. ,nHcrrep
CHOHHhiH HHTerpan. Ha H3b1Ke HJo6apHoii Mo,nenH JTO cooT
Be~cTByeT cna6oMy BoJ6y)K,neHHIO L'1( 1236). -_li3o6aphl rrpo-

.nonLHO IIOJIHpH30BaHHhiMH }' -KBaHTaMH. ,: 
.,I(JIH ,neMOHCTpaUHH KBa3HIIOpOrOBOrO JciJciJe.KTa Bbll.IHCJIH

JiaCh 3aBHCHMOCTh BeJIHl.IHHhl T1 ( 'T 1 "' daTI d U, ciJopMy
na /9/) H .·ee·6opHOBCKoii qacTH oT ·VIA-2 I urrpoueccax 

- 'y*n·; i' ii- p ': ··'KaK H. cm~,tioi:JaJio O)KH,naTL, ,nn.li rrpouecca 

~II) OTHOCHTeJihHhiH BKJia,n 6opHOBCKHX qJieHOB yBeriHl.IHBaeTCJI 
c pocTOM A-2 /rrpH A.~ax BeJIHl.IHHa T 1 cTaHOBHTCH 6opHoB
cKoii/, Tor.na KaK B cnyqae JJieKTpopo~eHHH oH yMeHLma-

eTCH rrpH 6oJILWHX I .\2 1 I puc. 7/. . 
B pa6oTe 127 1 6b1JIO IIOKaJaHO, l.!TO B IIJIOCKOCTH (W, e ) 

CyiUeCTBYIOT KpHBble, B,AOJih KOTOpbiX Cel.leHHe ciJoTOpo~e-

* PaAeiJCTBO F 11 = F1 v cornacyeTCH c1 y~JYJILTinaMH 
pa6oTLI 24/ H ,naHHhiMH rro JJieKTpopo~eHHIO t2 I. 

- .15 
"--~ 
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Puc. 4. 3/leKmpopOJICOeHUe. CnAOWHbre 'KPU6bre ,. at u a f • 
6bl'lUC/leHHb)e f OUHHOU pa6ome. 3KcnepUMeHmaAbHble 1110'lKU-/26 . . U3 pa6ombr • . . . 

t6 

d6r 
7fll 

( lfli4Hj 
cmep 

40 

20 
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\ / 
\ / 

'-.:.......-

W' =12U61f90 

/ 
./ 
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/ 
/ 

/ 

JO 60' go . 120 

9 (2paiJJ 

..,. __.-

fS(J 110 

:-'/ 

P_ui:.'. 5. ):!u~epeHIIUClAbHO~ Ce'leHUe npo'lleCCa ·rr- p -> · y * n 
npu , · >..2 = 0,063 · /T3B/c/ 2 u -W = 1296 M3R IIonepe<~HaJI 

_ <~acmb. JlyHKmupHaJI KpueaJI - coomeemcmeyro111ee 6opHOecKoe 
ce<~eHue. 

17 
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cmep 
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20.0 

100 
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Puc. 6. ,l{u,P,PepeHIIUaAbHOe ce'leHue npo11ecca rr p ... r * n 
. npu .\2= 0,063 /F:JB/c/ .:! u. \\ = 12~6 M3B ~AJl npoooAbHO 

nOAJlpU306aHHbiX fPOTIIOH06. IJyHKTIIUpHaJl Kpriaaif - 6opH06,CKOe 
Ce'leHU~ .•. 

18 

7;.(~:,~;) 

100 

50 

...,.,..------------

400 

A2 <0 

200 

El =.30 
0 

I 
// 

----,.,.,I 

I 
I 

I 
I 
I 

I 

400 
71.2>0 

Puc. 7. HAAIOcmpa!IUJl KlJa3unopozoaozo noae~~HUJl T 1/cM. 
meKcm/. CnAoumaJl KpuaaJl - pac'leTII no MooeAu. IlyHKmupHaJl 
KpuaaJl - 6opHoacKaJl 'laCTIIb. 
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Puc. 8. JfAA~cmpa~uR 3¢¢eKma KOMneHca~uu e npo~eccax 
y* n <! rr- p /eM. meKcm/. CnAoUJH&Je Kpue&Je pacc'-lumaHbl 
no MooeAu e npeonoAoJICeHuu o mo'-le'-lHocmu '-lacmu~ ( I• = l) u o 
ounOAbHOii 3Q8UCUMOCI!!U rjjopM¢aKmopoe om A 2( F cj. l) • 
JiyHKmupHaJI u wmpux- nyHKmupHaJI Kpue&Je - coomeemcmey~

JIIUe 6opH08CKUe eeAU'-l_UHbl. 

20· 

HH.ll .llBn.lleTC.ll 6opHOBCKHM BBH):(y B3aHMHOH KOMIIeHCaUHH 
BKna,noB rrepepacCe.llHH.ll H HX HHTeptiJepeHUHH C 6opHOBCKHMH 
•meHaMH. qT06LI IIOCMOTpeTL, COXpaH.lleTC.ll nH 3TOT 3tlJtlleKT 
rrpH >.. 2 I 0 , 6Lina BLiqHcneHa 3aBHCHMOCTL rrorrepeqHoro 
ceqeHH.ll daTI dfl" o:r >.. 2 ,nn.ll W = 1296 M3BH ()=70° 
/rrpH 3THX 3HaqeHH.llX HMeeT MeCTO KOMIIeHCaUH.ll B rrpouecce 
y n ... rr- p /. Coo:rBe:rc:rBywiti.He KPHBLie T 1 (>.. 2 ) rrpe,ncTaB
neHLI Ha puc. B.BLiqucneHH.ll ~poBo,nH~HcL_ B .u;Byx ~a3nHt{HLIX 
rrpe.nnono:lKeHH.llx: 

'.' .1/ ·qacTHULI' paCCMaTpHBanHCL KaK. :roqeiuiLie /KpHBa.ll 
"F= l "/; · 

2/ 3aBHCHMOCTL tiJopMtiJaKTO.pOB OT A 2 yqHTLIBanaCL 
cornacHo ):(HIIOIILHOH tiJopMyne /KpHBa.ll "F ;ll 'f. 

BH):(HO, liTO ,nn.ll.rrpouecca um 3tlJtlleKT KOMIIeHCaUHH co
xpaH.lleTC.ll II pH BCeX 3HaqeHiuix -}. 2 , Tor,na KaK B 3JleKTpO
pO:lK):(eHHH OTllHt{He OT 6opHOBCKOrO ceqeHH.ll CTaHOBHTC.ll 
3aMeTHLIM rrpH-V j>..2j ~- 2oo M~B/c. I(poMe :roro, cpaBHeHHe 
KpHBLIX "F= l ,, H. "f_;l-l"noKa3LIBaeT,· q:ro . IIpH j;\2'j ? 
0,04 ( T3B/c) 2 o-rqe:rnH~o .IIPO.llBn.lleTC.ll 3neKTpOMarHHT-: 

Ha.ll c:rpyK:rypa qac:rHti. TaKHM-o6pa3oM, aHanH3HPY.ll.npouecc · 
po:lK,neHH.ll nap IlpH orrpe,nene~HHLIX KHHeMaTHqecKHX ycno
BH.llX, MO:lKHO, IIO- BH):(HMOMY ~-· ·rroJiyqHTL' . ):(OCTOBepHyw HH-
tiJopMaUHIO 0 tiJopMtiJaKTOpax a,npOHOB. , . - . . 

ABTOpLI cqH:raro:r CBOHM rrpH.llTHLIM ~oJiroM · rro6naro.na
pHTL B.A.MeiUep.ll:KoBa-'H JI.JI.HeMeHoBa 3a rrone3HLie o6-
cy>K.n e HII.ll ~ 

~ . ~ IIPlfJIO)l(EHHE 
:;'~ .. ~ \, 

CB.ll3L aMrrnH:ry.n. F i c HHBapHaHTHLIMH aMrrnH:ry.u;aMH 
Ai HMee:r' cne,nyiOIUHH,BH):(: 

F 1: kw + M)2 _:~2] 1/2 [(W'+ M)2- m;,]1/2. ~[(W~M) AI-

1 . . 
- 2 ( t - m; - >.. ~) (A 3 - A-4 ) . + ( W - M ) 2 A 4 - >.. 2 A 6 ] ' 

I · · · 1- · (W+M)2-m2 
F3=[(W-M)2 -A.2]~ 2[(W--_M)2 -m~)1 2 . 2 .rr:x· 

_BMW-
.. : 

x [( s - M2) A 2 + ( W + M) (A 3 _: A;) + >.. 2 A 5], 
; ~-· ~ 

21 



• 

~ 

( 
2 2. 

F 5 = _1_ ( W + M) - m!T I/2 1 . 2 . 2 
4MW (W + l\1)2 :: A2] !~{t- m7T- X) [(3s + M2

-A2)A2+ 

+ 2 W (A 3 - A ·4 ) + ( s - M 2 + A 2) A 5 ] + [ ( W + l\1) 
2 

. ...: A 
2 
][ A .1 + 

+ (\V- M) ( A4 -A 6 ). ] + ( s - M 2 + m; )[ ( s - M 
2 l A 2 + 

. 2 
+(W+M){A 3 -A4) +A AsH· 

. <t>oi>MYllbl JinH F[2• 4, 61 , 
$opMallbHOH JaMeHbl W· ->~·- W : 

nony'laiOTCJI C ITOMOUlbiO 

F
2

(W} ~F1 {-W),F4 (W) =-2F3(-"), F 6 (W) =F5 (-W). 
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