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l.BaeaeHHe 

Ill . 
B H8JlUHeAHOA T60pKH IIOJlSI ypaaaeuue ~epMUOHHMX noneA HHB8pH8HTHO OTHOCHT91IbHO 

npeo6pB30BBHHR ( Y, - HHBBpHBHTHOCTb) 

(t) 

3TO 0Tp8>K89T TOT ¢8KT, ttTO ronbte lJ8CTHUbl ( ciJepMHOHbi) He HM6IOT M8CCbl 1 a M8CC 8 peanbHbiX 

Q:lepMHOHOB IIOSIBliSI eTCSl 6narOJl8pS1 B38HMO.O.eAcTBHIO. 8 TeOpHH caepxnpOBOLlHMOCTH T8K>Ke HMeeTCH 

aaanoruquaSI CHTyauug. 

Onupa~cb aa aaanoruu co caepxnpono.onMOCThiO, HeKoTopbte aaTopb/
2

•
31 

uccne.noaanH cao:A

CTBa peweHHlt H91IHHe.A:Horo. )'p8BH6HHSI II01ISI H IIbiT8JlHCb o6bSICHHTb IIOSIB1I9HH6 M8CChi. 0tteaU:ll,H01 

ttTO H8JlHqHe M8CCbl y peMbHbJX ipepMHOHOB 03H8qaeT Hapyweaue y 
6 

-un:aapHBHTHOCTH •. 0K83bi

B86TCSI, ttTO peWeHHe ypaBH9HHSl IIQnSI He o6na.aaeT pSI.O.OM CBOilCTB CH~MeTpHH 1 KOTOpbiMH o6na-

.ll88T C8MO ypaBH9HHe 
14

•
51 • 0.0.HO:A H3 STHX aapyweHHblX CHMM9TpH:A RBJIRGTCH y $ -n:aaapH-

8HTHOCTb. npu 3TOM O.QHOBpeM9HHO C H8JIHqHeM M8CCbl y cllepMKOHOB .QOJUKeH CyiUeCTBOB8Tb 

IIC9B.O.OCK8JIS1pHbiA M930H C M8CCO:A, paBHOR: Hynro/
2•

31
• 3TOT M930H Mhi H83hiB89M e -M930HOM. 

B pa60Te/J/ T8KJKe 6btn0 IIOK838H0 1 'ITO 9TOMY M930HY COOTB9TCTBf9T peweHHe npn6IIH~9HHOrO 
ypaaHeHHR BeTe-ConnHTepa, 

Hesaau:CHMO OT npe.acKaaaanH pa6oT12 • 3~ paccMOTpeane cne.ncTanA cymecTaoaaauJ:t t -Me· 

30H8 npe.aCT8BJISI9T C8MOCTOHT9JlbHhiA HHTepec. 8 npHpO,ae cyLUeCTBJIOT CIIHHOPHbie H BGKTOpHb19 

'1.8CTHUbl K8K C M8CCOJ1 1 TBK H 6ea M8CChl. CyiUeCTBYIOT T8K>Ke IICGB.llOCKanHpHbte M930Hb1 C MaccoA. 

EcTeCTBeHHO aoaHnKaeT aonpoc, cymecTayeT nH ncea.aocKanHpHbiA: MeaoH c ayneaoH. MaccoA. 

B H8CTOSIUtea pa6oTe Mbi paCCMOTPHM H9KOTOpbl9 cne.ncTBlHI cym9cTBOB8HHH e -Meaoaa. 

Vfs 9KCII9pHM9HT8JlbHblX .ll8HHbiX nonyqu:M 0U9HKH aepxaero npenena KOHCTBHT B38HMO!l9ACTBHSI 

sToro Mesoaa c cpepMHOHBMH. Mhl TaK>Ke 6y .a eM o6cy.>K.naTb aeKOTOpbie B03MO>KHOCTH o5aapy

meHHSI 9TO:A qacTHUbi. Caa~ana paccMoTpHM cnyqa:A aaau:Mo.a.eAcTBH.H c nenTOH8MH H aaTeM -

cnyqa:A B3SHMO,QeftCTBJUI C HyKnOH8MH. · 

2. nonpaaKa K aneKTpOM8rHHTHOA: BepWHHHOA: '18CTH H 8HOM8JlbHOMY M8I"HliTHOMY 

MOMeHTy nenTOH8 

B HH3WeM nopSI.aKe nonpaaKa K aneKTpoMarHHTHOA aepwu:auoa qacTH nenTCma sa C'ieT 

B38HMO.D.ei1CTBHSI C e -Me30HOM onpe.aen.H9TCSI ..Q.HarpaM~OA: H8 puc. }. 0603H8~IHM 'I.e pea pI H 

p
2 

4 -u:M~ynhebl J19IITOHOB B H8'18JlbHOM H KOl19'iHOM COCTO.HHHHX, COOTB9TCTB8HH0 1 H UOJIO>KHM 

q ~ P, - p
1 

MaTpH'IHbtll aneMeHT !lHarpaMMbl (I) paa eH 

. f, A c_! __ 
lL ( 217). 

1 -iZ , 
(2) 

r.ne f - KOHCT8HT8 B38HMO,QeACTBHH ,; -Me3 OHa C nenTOHOM1 m - M8CC8 nenTOH8. nocne 

sneMeHTapawx npeo6paaoaaHHA nonyquM: 

3 
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.\ D i 12 I 
V. (2rr J' Ya YV. Y{J la{J' (3) 

PRe, I. 

1 1 = r a'k ___ _!,__~_a_ __ _ 
a{J ( k >_ 2kp

2
)(k2 - 2kp

1
) k 2 

(4) 

Bbipa*euHe .anst HHTerpana ( 4) 6biJIO nonyqeao ¢eAHM8HOM H .aauo, uanpHMep, a KHHre · 
/6/ 

A.Yl.AxHeaepa H B.E. EepecTeuKoro • noncT8BHS!S! 3TO awpa:>KeHHe B (3) H 11peo6paaySI Iiony-

qeaaoe BbipaMeaae, Mhi nonyqaM aepwaaay10 qacTb AJJ. nocne nepeaopMHpOBKH aapg.a.a: 

R 

)o.IJ. 
u =-_!_fL_ (y" fi -qyv.)~u' 

87Tm 
sh 2 u = q 2 I 4m 2 , {3 = I 2 I 47T (5) 

nonyqeHHLifi pe3yJibT8T fiOK83blB88T 1 'ITO B HH3W9M nopst_.O.K8 B38HMO.ll9ACTBR8 C e -Meao· 

HOM He MeHaeT aneKTpHli8CKOI"O cPopM<!>BKTOpa nenTOH8 1 HO ll88T BK1I8.0 B M8I'HHTHbiA cj:lOpMrfJax

TOp. 8. qacTHOCTH, nonpBBKB K BHOMBribHOt..fY M8I'HHTHOMy MOM8HTY nenTOHB paaua 

e =-fJ/4-rr. v.,. (6) 

HanoMHHM, 'ITO a HaaweM nopJ~Lt.Ke aHOM&JILHJ.IA MB!'HRTHWA MOM8HT nenToua aa cqeT 

31l9KTpOM8I'HHTHOI"O B38HMO,lleACTBHZ paaeH 

< aa/2,. 

B HBCTOSilUee apeMSI 3KCnepHM9HTBnbHOe aaaqea~e 8HOM8nbHOI"O M8I"HHTHOI"O MOM9HT8 
. -517/ 

anexTpoaa cornacyeTcs c TeopeTaqeCKHM pacqeTOM c ToquocT~ AO qneaa nopsnxa 2•10 • 

nonpasKa ( 6) He MOJKeT npeswwaTb aToT npenen. TaKHM o6paaoM, nnSI aneKTpoaa: 

f3e ~ 4_rr. 2.10-5 - 2.10"~ (7) 

3xcnepaMeHTMbHoe aaaqeaae SHOMMbHOro MarHHTHOro IL -Meaoaa TSK>Ke cornacyeTCH 
. . -6181 

C 3KCnepHM9HTOM C TOqHOCTblO .0.0 qneH8 DOpHAK8 5•10 • noaTOMy D.nB ll -Me3QH8 Mbl 

HMeeM oneaxy: 

-5 
f31J. ~ 5.10 (8) 

4 

3, nonp8BK8 K naM60BCKOMY C!lBHry SHepreTH'IeCKHX ypOBHel\ STOMa BO!lopona 

LlnH onpeneneHHR nonpasxa K nsM6oscxoMy c.naary caaqana BIJqacnKM nonpasxy K noTeH

naany B3dHMJD.SICTBHR MB»e.O.Y aneKTpOHOM H CT8TH'I9CKHM 3.119KTpHq9CKHM noneM. 06oaaaqHM 

STY nonpaBKY qepea BU. HeTpy.nao .aoxaaaTb, qTo s aaaweM nopsr.nxe TonbKO n..aarpaMMa 

c aepwaaaoA qacTbJO .a.aeT BKIIan.. Hcnonb3yR peaynbTaTbl npe.nLI.nymero paa.aena, nony'IHM: 

8'0--~ y ~;, 
8rr m V. (9) 

rne E - aeKTOp aanps>KeHHOCTH anex.TpaqecKoro nons:~. Ha sToro sblpa>Keuas: .ana 8 U cne.ayJOT 

nonpaBKH " naM6oscKoMy cnaary aHepreTH'IecKHx yposuell 25% H 2P% aToMa aonopona aa c'!eT 

B38HMO.neACTBBB C e - M930HOM! 

sEe~-,~-. 
2 4rr 

(tO) 

HanoMHRM, 'ITO a aaaweM nops.ax.e senaqaaa paccMSTpHaaeMoro c.asHra aa cqeT snexTpo

MarHHTHoro B38HMO!leiiCTBHS! paaua/
9/ 

l>E = a
5
m . ~ '[l'n _}!I_ + .23 - _L l. 

2<. 24 5 (I J) 

l'n t .. = 7,6878. 

3x.cnepHM9BTAnb1109 3H8'19HH9 C,QBHI"8 H TeopeTH'l9CKHA p8C'l9T B BbiCWeM nopRLJ.Ke cornacyiOTCB 

C TO'IHOCTbiO !10 '1118H8 nopS!J:lKB 10-
4 l>Ee /?/• Yf3 3TOro 3H8'19HHR H swpa:>KeHHA (!0) H (II) 

nony'I.HM cne.ayiDIUYJO oueaxy aepxxero npenena KOHCTBHThl! 

-3 -5 
f3 e ~ 3.10 a ~ 3. 10 • (12) 

4. CsepxTOHKas cTpyKTypa 1103HTpOHHR 

838HMOLJ.eilCTBRe MB>K.O.f snex.TPoHOM H e -M930UOM TBK>K& MO>K9T Jl8Tb nonpasKy K CMe

uteHHIO aHepreTH'IecKHX ypOBHell OCHOBHbiX COCTOS!HRA napa- H OpT01103HTpoHHS!. qTOObl onpene

.llBTb s-ry nonpaaxy, Bbi'IHCnRM npe>K.oe scero sQJQJexTHBHhiA noTeanuan aaaHMo.neAcTBBH Me)K.a.y 

9HeKTpOHOM H 1103HTpOHOM 6naronapS! 06MeHy e -M930HOM, ]JnSI STOll nenB CH8'1Bn8 ·pacCMOT

pHM MSTpR'IHbiA sneMeHT pacCeHHHSI sneKTpOH8 HS fi03RTpoae. 0603R8'1BM 4-sMnynbChl STHX qac

THU .0.0 _H nocne ~accesHHH qepe3 p
1 

, p; (sneKTpoH) H p
2 

• p~ (n03HTpOH), COOTB9TCTB9HHO. 

MaTpH'IHbiA aneMeHT pacceSIHHB so aTopoM nopsnKe no I paaea (nxarpaMMbl Ha pac. 2): 

<II s 1 i >=-i(2rr)
4

ll 
4
(p

1 
+p,-p;-p;J T, 

T=I'["Q(p;J y 5V(-P;) ;(-p2 ) y 5 u(p 1)_J__ 
(pl+p,J 

-U (p') y u(p ) ; (-p ) y V{-p') __ 1_,) 
I 5 I 2 5 2 {p -P) 

I I 

5 

(13) 

(14) 
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nocneJ::tHHll •men a ( 14) eme MOJKHO uanucaTb a BHJ::te: 

f
2
ii(p')y u(p (ii(p')y u(p ). 

1 5 J 2 $ 2 
(15) 

8 H8W9M cnyq:ae aneKTpOH H ll03HTpOH MO)KHO p8CCM8TpHB8Tb K8K HepsmHTHBHCTCKHe 

'18CTHU~. 0603H8'1HM qepe3 X
1

oX
2

oX; 

nH. npH 3TOM B CHCTeMe U9HTp8 MBCC 

, )(i COOTB9TCTBYI01UH9_ ll.BYXKOMllOHeHTHble Cl1HHOpbl nay

(p-+ - -·p .. =P; P'···-P'·· ~'J 
l 2 1 2 

r= x' x' ~ (p' PJx x 
2 J I 2 J 

(16) 

~f(~', p) ~ I 2 .. -+ ... ... f2 ... 2 
-·--2 (u1 q)(u.qJJ, + -

4 2 (2- S ) , 
4m q m 

-+ .... -+, 
q = p -·p 1 ! = % (; ,+ ;;, ). (17) 

B HH3W9M nopSI.llK9 acPcPeKTHBHbiA noTeHUHM B38HMO.ll9ACTBHSI paaeH 5" ( P', p). nepexo.o.s B 

KOOp.llHHBTHoe npe.ncTaaneune, Mbl nony'IHM: 

U(rJ"" ____f!_[3(u~ t-J(u i!J-a;; ]i+~(2-·S2J8(rJ, 
4 m2 1 2 1 2 r 3 m 2 

~ 

v= i/r • 

(18) 

~T06bl_Onpe.ll~nHTb nonpBBKY K CM9IU9HHID aaepreTH'I9CKHX ypoaueA OCHOBHhlX COCTOSIHRA 

napa- H OpTOll03HTpOHHSI .ll0CT8TO'IHO BbftlHCnHTb Cp8ilHH9 3H8'19HHH llOT9HUH8n8 ( 1_8) B STHX 

COCTOSIHHSIX. 0TM9THM, 'ITO cpe.aaee 3H8'leHH9 nepsoro 'llleHa BO BCeX S - COCTOSIHHSIX p8BHO aynro. BTo

poll 'lneH. OTnH'l9H OT HynH TOnbKO .anSI CHHrneTHbiX COCTOSIHHi:t. !lnSJ OCHOBHOrO COCTOSIHHSI napan03HTpo-

HHSI Mhi HMeeM: - f3 a 3 m 
U=--

4 

TaKHM o6p830M 1 nonpaaxa K CM8LU9HH~ SHepreTH'l8~KHX ypOBHeA OCHOBHMX COCTOSIHHA napa

H OpTOfi03HTpOHHSI p8BH8 

I>E.;= fJ.a'm 

4 (19) 

B anaweM nopSI.axe no aneKTpoMaranTHOMY B38HMOlleAcTBHIO aenn'lHHa CMellleHHH pasua
161 

a E =..!.. 
• 12 

6 

• a m (20) 

3Ta aen&'IRRa Tax>Ke 6.blna pacC'IBTaRa a B.biCllleM nopSIJlJ</ 101• Oaa cornacyeTCSI 
-4 Ill/ 

TOM c TO'IHOCTbiO JlO 'Uieua nopSIJ::txa 2•10 8 E. • TaJ<aM o6paaoM , 

aE"., .• 
0
., 

--~·- _ ... _._ ~ 2.10 '13. ~3.1 : 
8 E. 2a 

5. 3<jxpeJ<THBH.biA OOTeHnBan B3aRMOJleACTBHH Me>K,lly q,epMHORaMH 

Ha 60nbWBX p8CCTOSIBHBX 

c sx:cnepaMeH-

(21} 

PaccMoTpRM aaauMoJ::tellcTBae Me>KJlY JlB:YMSI aepenSITBBHCTCXHMH q,epMHoaaMa, aaxoJ::tSilll&

,..HCSI ua 60JiblllBX paccTORIIBSIX. B suameM nopuJ::txe noTenuuan B3aHMOJ::teAcTBBR aa c'leT o6Me

ua ( -Me30HOM ODpeJlenSieTCH UBpB.biM 'lneHOM B npaaoJI 'laCTH ( J8). 0rMeTBM HeiCOTOp.ble oco-

6eHHOCTH STOrO DOT8HUBSna. Bo-nepsbi.X, DOT9HIIRan S38HMO.ll9ACTBBH M9>K.lly .llBfMH '18CTHII8MH 

npH 6onbWBX paCCTOSIHHHX paaeu DOT8HUH8nf B38HMO.ll8ACTBHH M9JK.lly '18CTHU9A H 8HTH'l8CTHUeA, 

B OTnH'IHe OT cny'IBH aneKTpOM8rHHTHOrO B38HMO.ll9ACTBBH. 3TO 06ycnoanH~89TCSI T9M, 'ITO 

nces.oocKanspaaH senuquaa '¢; Y t/J He MeHsteT aHaxa npn aaps.aosoM conpa:meuau, a eex:Top-- . . 

H8SI aenHqHH8 t/J Y IL t/J M9HS19T 3H8K. Bo-BTOpbiX, 9TOT nOT9HUB8n 38BHCHT OT CDHHOB '18CTHil 

ll8>K9 B HH3WeM nopH.rtKe H y6biB88T C pOCTOM p8CCTOJIHUH K8K t/r 3 , B OTnH'IHe OT. cnyqag 

saaaMo.aeAcTnaa aa C'leT o6Meua sexTopuoa una cxanapaOA ~acTaueA c Maccoa, pasuoa uynn. 

Ecna · HMeiOTCH nsa MaxpocxonuqecKHx Tena, co.oep:mamax anexTpOHhi H uyxnoaw, TO nonpas

xa K DOT9HUB8nbHOA 9HeprHB 38 ClJ8T B38HM0.08ACTBHH C e -M930HOM p8BH8 CfMMe fiOT8HilHa'

noB ( 18), npH'I8M CyMMHpOB8HHe DpOBO.llHTCH no BCeM D8p8M '18CTHU. QqeBH.OH0
1 

'ITO ST8 CyMM8 

p8BH8 HyniO He38BRCHMO OT M8CC 'l8CTHU H KOHCT8HT B38HMO.lleaCTBHR. 3To o6ycnOBnBB89TCSI T9M
1 

'ITO fiOT9HUHM B38HMO.OeitcTJ;JHSI D.ByX '18CTHU 38BHCHT OT Dp09KilHH CDRH8 K8>K.llOi 'l8CTHUhi • .llns:r 

Tore 'IT06bi Onpe.oenHTb nonpaBKy K n~TeHUHSnhHoA SHeprHB CHCTeM .OBYX M8KpOCKODH'I9CKHX 

ren, HYJKHO Bhl'IHCnHTb noTeauuan B38HMOD.eAcTBHB .asyx '18CTHU s qeTsepToM nopB.llKe no f 

DOCKOnbKY TOnbKO B 9TOM nopSI.OK9 MO)K9T DOBBnBTbCSI qneu, He 38BHCSIIllHli: OT CDHH8, 

0TM9THM, 'ITO B BhlCWHX DOpSI.OK8X DOT9HUH8n B38HM0.09ACTBHSI He• COBD8.089T C 8MDnHTy

JlOA pacceHHHSI 1 HO ecnH Mbl 3H8eM 8MIInHTy.lly paCC9SJHIUI, TO Mbl MO>K9M BOCCT8HOBHTh flOTeH

UH8n. B xaqecTae npHMepa paccMoTpHM cnyqall nsaaMo.o.eAcTBHH Me*.OY .o.ayMH anexTpOHSMH. 

~aTpaqabiA aneMeHT pacceHHHR HMeeT BH.ll: 

<tiSii> = - i(211) •a 
4

(p1 + v
2 
-p~-p~J[Trv;.v;;v 1 ,p

2
J- Trv;.v;;v, ,p

2
Jl, (22) 

r.c:te p 1 .p2 H p~·,p;· - 4 HMnynhCbi 1f8CTHU .0.0 H nocne p8CC9HHHH 1 ~COOTBGTCTB9HHO. B CHCTe-

Me U9HTp8 MBCC MO>KHO 38DHC8Tb T(p;,p;; p
1 

,p 
2

) B BH.Qe ( 16). 

B pSJ.o.e pa6oT
112

-
131 

6bino noxaaauo, 'ITO CHCTeMH TaJOKe MOJKeT 6hlTb onucaaa c no

MOlllbiO noTeHuHana U(i/',p .... ). Bo sTopoM. nops.aKe no noTenuuany &MnnHTy.aa pacceHHHSJ HMeeT 

BH.ll: 

5(P .... ~ PJ = u rP'; PJ, +· u rP·,; J, 
... , ... ,2 
p = p E2 _,m 2' 

(23) 

7 
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DpH'IeM M (p-+;p) YJlOBn9TBOpReT JlHCnepcHOHHOMy COOTHOW9HHIO DO E , H MHHM8B '18CTb 

I m M rP', ; ) onpe,llensieTCB c DOMOlllbiO ycnoanH YHHT8pHOCTH B HH3W9M nOpSI.ll.Ke: 

1 M ~. ~ pE J n +~.,. ~ ~ ~1 ~1 
2m (p,p)~ ~ du,.U (p 1 lC)U(Ic,p), 1c •p • 

(2rr) • 
(24) 

8 HH3W9M nopH.O.Ke DOT9HUHan U(jt~·PJ COBD8.ll89T C 8MDJJHTy.aoA:.' 

u1 (p',pJ 5"1(p~ p ). 
npe.O.UOJJO)KHM, 'ITO DOT9HUHM 38.0.88 B '19TB9pTOM DOpS1llK9 DO 

STOM nopa.o.Ke paana 
• AMnnuTy .o.a pacceaHnH B 

5"/p',p~) = U4 (p',p) + M1 (p',pJ, (25) 

.. ..., E .. .. ... .. 
21m M ( p ~ p ) • _P__ ( d {l ;u 1 ( p ~ k ) U 1 ( k, p ) • 

1 , (2rr)1 
(26) 

CoOTHOW8HHSI (25) H' (26) U03BOJ!li!OT BOCCTBHOBHT_ UOT8HUH!IJJ B '18TBepTOM nop<UlKe no f 

H3 8Mfl1JHTy.D.bi paCC~SIHHSI B 9T<?M n~psu:uce. 

B ~eTaepTOM nopSI.llK9 npouecc paccesruaa onncblaaeTcSI .auarpaMMSMH ua p11c. 3. Mbi 6y.o.eM 

p8CCM8TpHB8Tb TOJJbKO 'IJJ9Hbi, He 38BHCSilllH9 OT CDHH8 qa<;:THU. 0"19BH.O.HO, "'TO TOJJbKO JlHSI"pSM

Mbl (3a) H (36) MoryT naTb aTH 'lneHbl. MaTpH'IHblli aneMeHT nHarpaMMbi (3a) paaea 

~ t~ 

I 

.,.,_ (\, 

Pac. 3. 

) ( ] i. ' / .._, 
1~1 , 1 r., 

'' I 
I, 

I ' 
I ' 

h 1:{ 
s 

• i/ 4 
4 0 ,, ·" 

T
4
=--

4 
(d ku(p;Jy r(p,,+.lc) _, m 

(2rr) 1 (p1 +1c) 2 + m 2 
y 

6 
u (p

1 
). 

~( , ) i(p' -k) - m 
P2 \P -k) 2 + m2 

2 

y,u(p2) _1_ 
lc2 

q = P, - p~
nocne TpHBHMbHhiX npeo6p830B8HHA Mbl HMeeM: 

(k + q)' 

. t" • 
T·= -'--u(p')y u(p )"ii(p')y u(p )1a/3, 

• (2rr)• l a l 2 fJ 2 

8 

(27) 

(28) 

.1 
afJ 

r a '1c 
lcaicfJ 

(lc 2+'21cp,)(lc2-2kp2)1c'tk + q_) 2 (29) 

AuanorB'IHO .. aTpH'IUbiA aneMSHT llHBrpBMMbl (36) TSIOKe HMeeT BHll (28) C 3BM9HOll 1a~ 
6 ~. 

HS 1a/J , npH'I':M 

6 • !caleB 1a{J·--·fd 1c (lc'+21cp
1 

)("-lc-=-2+w._-2-lcp_;_)k-2"(-lc-+-q)-:;-2 (30) 

Bu':mcneuae HHTerpMOB (29) H (30) npoaeneuo a npuno)l(eHHH. noncTSBJillll sua'leHHll aTux au

Terpanes· B MaTpH'Uible sneMeHThl, Mhl nonyquM nocne: sneMeHT8pHhiX Bbittucneuua BJU18llbl .nua

rpSMMbl (3a) a (36) a aMnnu:r;rny 5" (p', p). Mb! 6yneM paccMaTpHBBTb TOJibKO 'lneabl, ae sasu-
. . •• o 6 0 

.CSJWH9. OT CUHH8. 0603H8liHM 9TH qneHbl '19pe3 9" tl B 5" 
4 

, COOTB9TC~B9HHO. lJ.JUI HepenSITHBHC~ 

CKHX 1:1:8CTHI1 H8 6onblliHX p8CCTOSIHHSIX Mbl HMeeM: 

·6,0 t• 1 q2 
5", ~ 32 2 2 In -,-

rr m m 

... 
5". 

(31) 

3.oec& Mbl npeae6peraeM qneaaMH 1 ne aaaucnmuMu OT 

UOCKOJibKY 'IJI8H THUS (31) llBeT UOTeHUH!IJJ THUa 1/r I 

~ 2, H qneH8MH THUS -~· q:l Jn ~, q:z H T • .0.
1 m 

1 8 OCT8nbHble 'lneHbl Jl810T UOT9HUHanbl 

Tuna ,8(r) , 1/r 1 H T.Jl. 

6.o ..• 
,0TMeTHM, 'ITO 5" 4 H 5"4 JIOrSpH,PMH'IeCKH pBCXOllliTCH UpH q• ~ 0 H B STOM npe.llene 

OHH 8CHMUTOTH'I9CKH COBU8ll8IOT. 3TOT peayn&T8T TAK>Ke MO)l(HO UOHSITb 6ea Bbl'lBCneHHH. JleA

CTBHTenblio; HHTerp!IJJbl (29) H (30) CXOllliTCSI np11 q 2 -/-0 • npH q 1 ~ 0 OHH norap!!<lJMH'IeCKH 

p8CXO.llHTCSI. J.1X p8CXO.llSIUlH9CSI 'ISCTH paBHbl 

-·(d 41c kalcB 

(21cp,)(2kp.) ( lc 2 
).

2 
H 

• 1c 1c" - r d k a~!::."---
(21cp, )(2k p;}(lc 2

)
2 

QqeBH.llHO, 'ITO 3TH Bbip8}1(9HHH p8BHbl 1 UOCKOnbKY npH ;;2 = 0 Mbl HM99M p .2 = p'z • 

.!lnll Toro, 'IT06bl onpenenHTb u. r;·;;) cornacao (25),uy>KHO Bbi'IHCJIHTb M,(p'-, p~ J • 

Mbi 6y.aeM p8CCM8TpHB8Tb TOllbKO trlleHbi, He 38BIICSIIUH9 OT CDHH8 1 II 0603H8l!HM HX qepea 

M: (E. q. ) • Mbl IIM88M: 

n [;J(p'-k)·;; (p'-k)][; rt-p)•; rt-p) l du.. I 1 2 

• (p'-fi')2 (p-tt) • 
1 p 

21m!.f2 (p',p)= (8
11

)' V (32) 

He aaBHCHUlSH oT'cnHaa qacTb paaua 

21mU 0 (E,q 2)= _I _ _ P_ (dfl [(p _,f)(p'-k~)]• 
2 

(811) 2 E' •r;-rJ•r;'-k~J· 
(33) 

CooTHoweaae (33) IIOKB3b1BaeT, 'ITO MHHMBll 'IBCTb 1mM:(E, q 2
) KOHe'IHB npH q 2 = 0 

1;n~l 0 
(E, 5"0) = __ P __ 

2 
4 32rr 2 E 2 

-+ 2 

TaKHM o6pa3oM, Jr2° ( E, il 2 J ae co.aepJKHT qneaa THna In__!_ , KOTOpbiA Mor 6bl .oaTh 
m2 

noreauHan THna 1/;. 3 , 11 noTeunaan U 
4
° ( q 2 J ua 60llbllHIX paccTOSIHHSIX · ( MMbiX q 2 ) onpe-

.ll9liH9TCSI 3H8lf.9HH9M 5" • 
• 

9 
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u:(q .. 'J • 16rr 2 7 

;. 
~ 

nepeXO..O.SI B KOOp.O.BB8TH09 npeLtCT8BJieHHe, Nhl BN98N: 

• a• U (r) • --- _!_ 
4 2rr m 2 r" 

{34) 

{35) 

npa 3H8'19HRR {21) ltOBCTaHThl a. DOTeH!IBM {35) .lliUI Bll91<TpGHOB Mea &We rp8BKTHIIBOH-

aoro noTeauaana .llByx sneJ<Tpoaos aa uaJ<pocJ<onB'Iecux paccTOHHHHx. B .llHnbHeAweu Mhl yaa-

. -· .llBM, 'ITO llllll HYI<IlOHOB. aN :: 10 • 11a STHX oueaolt cnenyeT, 'ITO nonpasu It noTeHuKMbHoA 

SHeprKR B38HMOlleACTBBII MHitpOCitODR'IeCJ<HX Tell 38 C'IST B38BMOlleACTBBII C e -ueaOBOM HR'I

TO>KHO M8nbl no CpaBH9HBIO C rp48BT8IlBOBHhiM DOTBHIIB8nOM. 

6. Hanyt~euae ..anuuuoaonuoablx ueaouoa 

Kax uaaecTHO, aapst>KeHHble '18CTHilLI, .nau>Kymuecs c ycx:opeuueM, uany'18JOT anexTpoMar-

HHTHhle BOilHhl - llllHHHOBOilHOBhl9 cPOTOHblo 0603HH'IHM 'lepea afb saepra~ aany'leaaA c 'IBCTo-

TSMH M9>Klty "-l H cu + dru • .Llna CfW9CTBOB8HHSI 3.Jl9KTpoM8rHHTHhiX BO.JJH H905XO.llHMO, t!T06bl 

..!!..§_ CTpeManoch npu w .. 0 x KOHe'IHOMY npeneny, a ue a uyn~. OTC~na cnenyeT, 'ITO se-· 
aw . 

pOHTHOCTb HCllyCKBHHH 4JOTOH8 CTp9MHTCSI K 6eCKOH9'1HOCTH. 3TO CBSI38HO C T8K H83hiB89MOA 

HH¢paKp8CHOA KHTSCTpo<!JoA B 91leKTp0llHH8MHKe, 

PaccMOTpHM uanyqeHHe .llllHHHOBO.JJHOBblX e -Me30HOB. Llns npHMepa a:ccne..ayeM nponecc 

TOpM03Horo uany'leHHB e -M930HOB npu pacceSIHHH aneKTpoua B xynOHOBCKOM none. B HH3WeM 

nopB.llKe nponecc onHChiBaeTCSI .auarpaMMSMH ua pac. 4. MaTpH'IHhiA aneMeHT paccMaTpuaaeMoro 

rrpouecca paaeu 

M- 21tli(E -E -w) Ze• I 1 ii (p J[y i(p,+q)-my + 
I 2 V20J (pi-p.- q J' • s 2p,q 4 

i(p-~)- m 
+y• 2 y,]u(pl), 

PI q 

(36) 

rne p l r p 
3

- 4-aMnynbCbi sneKTpOH8 B H8'18nbHOM H KOH811BOM COCTOBHHSIX1 q - 4 HMIIynbCbl Me-

30H8, E1 = p
1
°, E

2
=p

2
°, cu = qo. 

Puc. 4. 

Bbipa>KeHne .o.n.sr ceqeuun .o.oaonbHo rpoM03.0.Ko. OnuaJto HaM .aocTaTO'IHO 

paccMoTpeTb cnyq~A uepenBTHBHCTCKHX 'IBCTHU (I p 
1 
I<< m ) • B ~TOM cnyqae ceqeuue paauo 

10 

z• .,, .. .. • au • _·_a_,_,., ..J!..l [(p, -·p,) • :,;'] · 

.4rr
2

m 2 
p1 [(p~--p-:,J'l' 

"' a., d{l .. an ... . "• 
.. 
n • #q. 

06oaHa'IHM qepea d o 8 ceqeuue y'npyroro pacceauus aneztTposa a JtynoaoacxoM none:· 

a 4m 2 Z 2 a 2 

u -
• [(P,-P',J'l' 

an .. 
"• 

(-37) 

(38) 

113 {37), {38) ClleJlyeT, 'ITO Ce'19HBe.TOpM03ROro H311Y'I9HHII pasHO npOH3BeJleHH~ C9'19HBII ynpy-

roro p8CC9SIHHH do~ H aepOSITHOCTH H3ny11eHHSI ~ -M830H8 d J' e 1 IIpH118M 

W a [ .. .. .. 2 ., a., n a t • ~ (v - v )•n] -~ a ... 
~ (.4rr) • 1 2 m • • 

{39) 

HanoMHHM, liTO ceqeuue TOpMoauoro eanyqeuus ~oToHa s uepensTHBHCTCKOM npenene Tax-

~e p8BH0 IIpOH3B9.l18HU~ C8"19HRB ynpyroro p8CC9SIHHSI do~ H BepOBTHOCTH HCIIYCK8HHSI ¢oTOH8 

dW y , npH119M Bhlp8:>K9BUe Jl.n.B sepOSITHOCTH 

aw • -4-[(~ -v )·Z:] 2~ an .. 
Y (21r ~ . I 2 OJ 

0 (40) 

uaxo.auTC.B a cooTseTCTBHH c xnaccuqecxoA Teopaea aany'leHaH
161• Kax 6blno OTMe-leao, dWyldru 

CTpeMHTCSI K 6eCKOH9"1HOCTH npH ci, ..., 0 • 3TO 8CTb, ycnoBHe cyiUeCTBOBSHHB sneKTpOM8I'HHT-

HbiX BOnH - ,llnHHHOBOnHOB~X ~OTOROB. 

8blpa>K9~Be (39) DOK83hiBSeT, 'ITO ·aWe/ aw CTp9MHTCII K Hyll~ IIPH W .. 0 , .TSKIIM o6pa-

30M, .llnSI npoUecca acnycKSHHSI e -Meaoua ae CyiUeCTnyeT-KnaccaqeCK~I"O npe.aena, B OTnu

'IHe oT cnyqas ~OTOHa. linn nceanocKanspaoro Meaoaa c HyneaoA.MaccoA He HMeeTcH auanora 

pa.a.a OBOnHbi.· 

7. Pacna.a. noaHTpOHHSI 

BbiWe Mbi noxaaana, 'ITO, ecnH e -M930H aaauMo.aeacTayeT c aneKTpOHOM, TO B38HMo

.l19ACTBHe ,non)KHO 6hiTb 0'18Hb cna6biM. Eonee TOro, ..DlUl STOI'O M930H8. He 'HM99TCH Kn8CCH

'19CKOrO npenena {nanhHonel!CTBy~wax can a na¢paKpacuoro uany>ieuaH). nosTOMY sacnepnMen

Tanbaoe o5uapy:>Keaae sToA qacTHUhi o:ttaabiaaeTCSI aecbMa Tpy.O.HbiM. Onua~o B03MO:>KJIOCTh o6ua_. 

py>KeHHSI e -Me30H8 eme He HCJtn~"l89TCSI. PaCCMOTpHM nponecc, KOTOpbiA MOl" 6hl fl03BOnHTb 

06Hapy:>KHTb e -M930H, ecnH K~HCT8HT8 f3. •3• 10•
6

, 8 HM9HH0 p8CD8.ll D03HTpOHHSI. 

KaK aasecTHO, napanoaaTpoaaa ( e +.e- )
0 

Mo:>KeT pacnanaTbCSI TOnhKO ua 'leTHoe qacno (jJo

Toaos, 8 OpTOD03HTpoHBA ( e + e-) 1 - H8 H9'19THOe. 8 OCHOBH~M. OHH p8CU8.l1810TCSI H8 2y H 3y 

Ecna cymecT~ye:r e -Meaoa, TO B03MQ)KHbi ewe pacna.llbl (e +·e-)0 H8 li~THOe 11HCno ~OTo-
HOB H e -Me30H, a (e+·e-,1·- H8 H8119TH09 qacno t:PoTOROB H ~ -Meaou. B '18CTHOCTH, 803-

Mo>Kea pacnan 
+ -- ~ (e e ) 

1 
.. y +. ~ • 

BepostTHOCTb aToro pacna.na Momao nonyqaTb ua ceqeaus nponecca 

e + +- e _,... y +: e 

11 

{41) 

{42) 
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npa CTp&MRBHBB CXOpaCTH '18CTHU K Hyn~/B/• .h\eTpR'IHWA aneMAHT npouecca (42) pABBK 

Jl - ~. v(-p j[ r i(it,:-q)-m y + y i(f>+-q)- m- rJu(p_), 
2~ + 2p q I S 2p+ q • 

(43) 

r.ae C&J, H fa - SHeprHB tf>oTOHS H B91tTOp, X8p8KT9pH3YlOillHA era nonspii38UHOHH09 COCTOHHHe, 

OJ II- q-aReprHll H 4-aunynbC e -ueaOHA. p+ H p_ - 4 HMOyRbCbl 003HTpOH8 H 3RBKTpoKA. 

Ha aTOro uaTpR'IHOro aneueRTa cne~yeT BepoRTHOCTb pacna~a(41). BaposTHOCTb pacna~a 

(e+e-)
1

->Jy 
(44) 

6blne Bbi'IHCneHa s pa6oTe1141• 0Taoweaae seposTROcTeA pacna~oB (41) R (44) pas11o 

!e + e -· ,, .. y + e = :11. P .• _ 
(e e-) .. 3y 4(tt2 -·9) a 2 

' . 

(45) 

Ecna fJ. • 3· 10 -· , To aTo OTHOWBHHe pllBHO I/10 • Pacna~ (41) B npHHUHUe MO>KHO OTnH-

qaTb oT pacna.aa napanoaaTpoHBH Ha 2y , nocxonbKY a nocneaueu pacna.ae MoryT 6hlTb pera

CTpaposeHKblMH o6a <t>oTOHa, 8 II pacna~e H8 y + e - TORbKO O~HH. Anll 3TOA uenK, KOHB'IHO, 

HY>KHO OT.aen.HTb paCCM~TpRB88MhiA npouecc OT ciJoua. 0TM9THM 1 'ITO 'IHCno C06blTHA pacna.aoa 

OpT0003HTpOHHll npHMepHO B 3 p838 6onbWe 'IHCR8 C06b!THA pacne~OB Ollp8003HTpoHHll, HBCMOTpll 

Ha To, 'ITO sepoHTHOCTb pacna~a nepsoro npaMepuo B 372 paaa MenbWe. noaTOMy ecna oTuo-

weuue (45) p8BHO 1/10, TO o6uapy>t<OHR9 pacna~a (41) He liBOliBTCll HCKD!O'IHTBObHO Tpy~HbiM. 

s. B38HMo.aeiicTBH9 c HyKn.OH8MH. H pacnantd K ... , + e, TT
0 

.... e + + e-

Ecnu aaauwo.aeAcTBHe · e -M930H8 C ciJepMHOHSMH YHHB9pcMbH0 1 TO KOHCTSHT8 B38HMO-

aellcTBHH c KYKDOKOM TeK>Ke pasHa {3 • B (21). PaccMOTpHM cny'laA, xor~a saaaMo~eAcTBHe 

KeyHHBepcanbKO, R o6oaK8'1HM KOHCTBKTY fj ~Oll HyxnoROB ... epe3 fjN • EcnR e -Me30K 

B38HMO.O.eA:CTByeT C HyKn.OHOM (Hn.H B006We C 6apHOH8MH), TO B03MO>KHbl T8K}Ke cne.o.yiOWHe 

aenenTOHHLie pacna.nbi runepouoa H K -Meaoaoa: 

+ 
:! .... p +·.; , 

,\-> n + e I 

K
0 

.. "•+e, ' . 

K± .. u±+ e, 

nopBbiA pacnan. DblrJUI.ilen 6bl, KB.K p8.JlH8UHOBHbii:t pacnaa 

:s+_,p+y. 

(45a) 

(456) 

(45s) 

(45r) 

(46) 

Ha 3XcnepHMeHTBI!bHbiX ~aHHbiX 115- 171 cne~yeT, 'ITO aepo9THOCTH pacna~oB (45a) H (46) co

cTaa:uuoT npaMepao 1% sepoSITHOCTH pacna.aa 
.+ 

. .k _, p + no. (47) 

3TO 03H8qaeT, ~rro KOHCTBHT8 {3N He MO>K9T npeBbiWBTb npe,aen IIOpSIJlKS 1% ,KOHCT8HTbi 

CHflbHOro B38HMO.O.e.A:CTBHH g ~~ 4rr .,. 15 • 3Ta OU9HK8 T8K)i{e nonyqaeTCSI 113 9KCIIepHM9HTanbHbiX 
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.aaHHbiX no pacna.o.aM K -MeaOuoa •. 0rM8THM, llTO pacna.n K -+ rr. + y . aanpewea. noaroMy 

>IOH 06Hapy>Kei!Hll e -Me30H8 BOCbMil >KeOBTBObHO HCKilTb pacna~ (45r.). 

Ecna B38HMO.aeACTB He e _:M930H8 .C Hyltn.OHOM H30TOIIH119CKH HHB8pBaHTH01 TO e -ueaOH 

HMeeT H30TOIIH'I.eCKHA CIIHH 1 a 0 Mo)KeT cnyllHTbCS, 'ITO e -Me30H cymecTayeT, H B38HMo-

.oeACTBHe STOre M930H8 C HYIUIOHOM nonHOCTblO HapywaeT R30TOD8'19CKflO RHB8pB8HTHOCTb. 3TO 

He npHBOllH'~ K npoTHBOpe'I.HlO C 9ltCIIepHM9HTOM, UOCKOllbKy KOHCT8HT8 B38HMOll9ACTBHSl C .; 

M930HOM Mana no cpa8HeHHIO C KOHCT8HTOA Clf.nbHOro B38HMO.Q9ACTBHst. 

PacCMOTpnM no~po6KO 3TOT cnyqall. EcnH 838HMO~ellcTBHe e -Me30Ril HapywaeT R30TO

nnqecxyro HHB8pH8HTHOCTb1 TO e -Me30H MO>KeT 'po>K.0.8TbCH B pacna.a.e 

I • .. ,\• +. e . (48) 

npu'l.eM STOT pacna.o..npOHCXO.llBT C aepORTHOCTbiD, Cp8BHHMOA C B9pOSTHOCTbiD pa.O.HSUHOHHOrO 

pacna,0a uno Meubwea ee: 
I o .. ,\o +· y • 

(49) 

Pacnanbl '(48) a· (49) B npHKUHne Tax>Ke MO>KHO OTDR'IHTb, xo~ll ,aTo Tpy~Ho. Bonee Toro, 

B03~0)KeH BHpTyanbHhiA nepeXO.O. 1T O -+ e 
nepexo~ Mor 6bl npHBO~HTb x·pacna~y 

uanpaMep, qepea napy uyxnoa- SHTHHYKJIOH • 3ror 

"o ... e++e 

CoOTBeTCTByiOWBS .o.sarpaMM8 uao6pa>KeHa H8 pac. 5a. rpy6as oueHKS llOK83biB8eT, 'ITO 

weHHe sepoHTHocTell pacnaaa (50) H pa~RBUHOHHoro pacna~a 

• 1T ... y +: y 

npaMepao paaao 

+ e +e 110 .... ,; .... fJN {3• 

1To-+y+y ~ 

I Ecnu f3N ~ 10 -· H {:3 e = J •10 1 TO STO OTHOWeHH9 HMeeT 

. .-:' ...• :t~ 
PHc. 5. 

-3 
aenH'IHHY nop11~xa 10 • 

• 
(50) 

OTHO-

(51) 

(52) 

OrMeTHM, liTO npouecc (50) MO}KeT· npoacxo.aHTb B BbiCWeM npu6na>KeHHH no sneKTPOMar

HHTHOMy aaaHMOlleAcTBHIO. Coo;aeTCTByromasr .o.aarpaMM8 aao6pa}KeHa ua pac. 5 6. MarpHlf.HhiA 

sneMeHT STOA .aaarpaMMhi nponopuaoaaneR e " • Bone-e roro, STOT MaTpH'IHbiA sneMeHT ua-aa 

Y
1 

HRBapHSHTHOCTH snexTpOM8rHHTHOr0 B38HMO.O.eAcTBHR nponopUHOHarieH M8CCe aneKTpOHS H 

paaea Hyn10, ecnu nono>KHTb m.= o • nosroMy, ecna nponecc (50) npoucxo.o.aT a ocaoauou 

qepea napy npOMe>KyTO'IRbiX BHpTyMbHbiX <i>OTOROB (cornaCRO. ~HarpllMMB. 56), Mbl HMBBM: 

0 . + -
rr -+ 2y-+ e + e 

.,o .... y + y 
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3TOT peaynbT8T T8K>Ke 6biJI nonY'leH B pa6oTe/l
7 / C nOMOlllbiO KOHKpeTHbiX Bhi'IHCJ19HHD: npH 

HeKOTOpOM npeLI!IOnO>KeHHH 0 BHLle <j:>OpM<jlaKTOpa. 

3B.KJIJO'l9HH8 

nanyqeHHbJ9 peayJibT8Thl UOK83biB810T1 'IT0 1 ecnH e -M930H CyiUeC-TByeT, TO KOHCT8.HTbl 

B38.11MOll.eACTBHA C nenTOH8MH H HYKJIOH8MH .O.OJI>KHbi 6biTb MMbiMH: 

f3.~ 3·10~6 , f3,. :;j .3·10" 1 
, {3N~ 10"

1
• (54) 

Eonee Taro, cymecTaosaHue aToro MeaoHa c Maceo~, paaao!i Hynro, ue npuso.o.HT K nosmneHHIO 

KJI8CCHli9CKHX aciJciJeKTOB THll8 H3JiyqeHHH llJIHHHOBOJIHOBbJX M930HOB H ll.8JlhHOJl9itCTBYIOillHX CHJI. 

EcnH xoHcTaHThi aaaaMo.aeA:cTBHSI fJ • ." {3N npHHHMSIOT a uaqeHHSI nopsuJ.Ka aepxHero npe

.aena a (54), TO .; -Meson MO)I(HO o6eaey>KHTb a pacna.o.e noauTpOHRS! H K .-MeaoHoa. EcnH 

B38UMO.a.eiiCTBHe e -Me30H8 C HyKJIOHOM llOJIHOCTblO H8pywaeT H30TOmPieCKyiO MHB8pK8HTHOCTb 

(HanpHMep, e -Me~OH B38HMO,O,eitCTByeT C npOTOHOM, HO He B38HMO,aeitCTByeT C HenTpOHOM, HJlH KOH

CT8HTbl B38HMO,aeA.CTBHA C p H n HMeiOT pa3Hble 3H8KH H O.OHHBKOBYIO BeJJH'IHHY) • H KOHCTBHTbl {J c 

H f3N npHHH~BIOT aHa':leHHH nopHJlKa aepxaero npe.aena a (54) HJJH MeHbWHe aTHX npe.o.enoa aa nopH

ll.OK;'"'TO.sTOT f-Me30H MO>KHO 06Hapy>KHTb KOCBeHHO B pacna,ae ,ret-+ e+ + e~. 

AaTop Bbipa>KaeT 6.rtaro.oapHOCTh npocp. M.A. MapKoBy aa npenno>Keaay10 TeMy H ueHHbJe 

coseTbi, B.H. Banyesy, C. C. lepuTTeAHy H B. H. OrHeseuxoMy aa HHTepeCHbie o6cy>KLleHHH. 

npHJJO)KeHHe 

B aToM npHnomeHHH KpBTKO Hano>KeHo Bbl'lHcneHHe HHTerpana (29). HHTerpan (30) Bbl'lH

cnSieTCH aaanorHqao. 3TH nHTerpanbl CXO.lUITCH. O.aaaKo npn: npoMe>KyTOlJHbiX Bbl'IHcneHHSIX BCTpe

qaiOTCSJ HHcflpaKp8CHO pacXOlUlWHeCSI HHTerpanbi. B aTOM cnyqae Mbl aae.neM ManylO Macey e -Me

aoua. nocne 38BepweHHH •acex BbllJHCJleHHJl M8CCY e -Me30H8 Mbi fiOJlO>KHM p8BHOA Hynto. 0KoH

li&TeJlbHblA. peaynbTBT OK83biB89TCH KOHe'IHhiM. 

06oana~mM l!epea s , u H t nepeMeHHble Mau.aenhCTBMa H nono>KHM 

Jo,]a,Jaf3 
r a• k 1, ka,ka k{J -

· (k 2 +2kp1 Jfk 2 -2kp2 )k 2 (k + q J 2 

I 
G_, Ga 

., 1, ka r a k -
(k 2 ::; 2kp

1 
> k 2 fk +qJ 2 

F;-Fa·~ f d 4 k 
l,ka 

(k 2+ 2~p1 )(k"-2kp2)(k + q) 
2 

' H ' H ;. I d. k -~--_l._!_u_ ___ --
a (k 2 +2kp 1 )(k,2-2kp

2
)k 2. 
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BbilJHCJlHM 

4 kakf3 
1 = r a k ---------2 
a/3 (k 2+2kp1 )(k 2-2kp 2 )k (k+q)

2 
(A.I) 

Ha o6utHX coo6pa>KeHHA cneLlyeT, 'ITO la/3 HMeeT BHLI: 

Ja{J-a a a PJ[j +·ba P2f3+ ca q/3 + <[ja!J' 
(A.2) 

HnH 

· a +b aa -ba 
Ja{3a ~(p1 + p2 ){3+ -2- (p1-p2){3+ ca q/3 +•oa/3. 

(A.3) 

YMHO>KSSI o6a Bblpa>KeHHSI (I) H (2) HHTerpana }af3Ha iPJf3, 2p 2 {3 H 2qf3 

nyqeHHble peaynbTBTLI, Mhl nony'IHMt 

H Cp4BHHB8SI no-

-2m 2 aa-(s-2m
2
Jba-tca+2rp1 a = a:-Fa 

(A.4) 

- ( s - 2.n 
2
)·a a -· 2:n 

2 
b a + tea + 2tp :za = Fa - G :·, 

(A,5) 

t ( b a - a a- 2c a ) + 2< q a = t] a + H a - Fa (A.6) 

PemaH CHCTeMy ypaBH<!HHll (4)- (6), Mbl uony'luM: 

1 1 2 
aa + ba = s[Ga-Ga+ 2<(P 1 +p 2 J~), 

(A.7) 

a -b =·.!...[tl +F +H- G
1
-G

1
+2<(P -p) -2<q I, a a u a a a a a t :za a 

(A.B) 

ca = _L[G 1 + G 2 -2F -2<(P -p) + s-4m
2
(tl +H -F· -2<q J). (A.9) 

2u a a a 1 :z a t a a a a 

HHTerpan }a, BXOLISIUlHll B (7)- (9), MO>KHO C'lHT8Tb 8H8nOI'R'lHO. 8 peaynbTBTe Mbl HMeeM! 

J a ~ a ( p 1 _, p 2 ) a + c q a ' 
(A.IO) 

a = _} F - 2G + t] 0 (A.ll) 
2u. 

c =-(4 +a). (A.I2) 

HaTerpanot H, H , F , F , G , G 1 c TpeMst. MHO>KHT'enSIMH a aHaMeaaTene· Momao ClJHTaTb 
a a a 161 1 

no CTSHJJ.BpTHOMy MeTo.ay, asno:>KeHHOMY, aanpaMep, a KHHre • HnTerpanbl Fa, H a H G a HMeJOT 

BH.Q: 

1 • 
G a = A p za + B qa , 

a:=-Ap2a+ Bq:a, 

Ha= D(p1-p2)a' 

Fa= D(p1-p2)a -(F+.2D)qa 
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(A.I3) 

(A.I4) 

(A.I5) 



r.ae cxangpHhie ¢YHKUHK A • B H D aBTOMaTuqec'fH nony'ialOTCSI npn BbPincneaau. B peaynb-

TaTe Mbl HMeeM: 

rne 

fa {3= [ 0 lJ a(3 + [I (pI + p 2 Ja (pI + p 2 ) {3 + [ 2 (pI - p 2) a (pI -p 2 ) (3 

+ l,[(p 1 - P2)a q(3 +(pi -p2).f3qa] + l•qa q(3' 

[ 2 = 

I, = 

10 ':1. f ' 

rl A + 2< 

2s 

ta +·2D -·A + 2< 

2u 

A+ a (s -4m 2)-2D-2t 

2u 

1 _ ( 4 2) 2D +F-2t 4D + 2F+2B+(s-4m")c 
4 - s- m ----- + 

2tu 2u 

Unst onpenenenast Koa,PqmuuenTa I 0 paccMoTpHM cyMMY faa • <PopMyna (·16) naeT: 

faa= 4< + (p
1 

+ p 2 )
2 11 + (p

1
-·p

2
) 2 12 + 2q(p

1
-p

2
)1

8
+q 21

4
• 

C npyroll cTopOHbt, cornacuo onpenenenaro f a{3 u F Mbl HMeeM: 

faa= F 

Cpasuusast (18) a (19), Mbl nony•mM: 

I 0 = t s-4m 
2 

t t (s-4m~t 
---F +-A+ -B +----(a+ c). 

2u 2u u 2u 

(A.IB} . 

(A.I7} 

(A.l8) 

(A.I9) 

(A.20) 

8 COOTHOWeHHSIX .(16), (17), (20) H (II), (12) HHTerpan fa{3 Bb!p8>K8eTCSI qepea HHTe-

rpanbi / 0 , G • F = H , KOTOpble MO.>KHO C'IHT8Tb C DOMOlllbiO CTBHtl,BpTHOrO MeTOJJ.B/S/• H K0-

1 
aQlQlHuHeHThi A , B , D , nonyqeauble npH BbJ'IHCneHHH HHTerpanoa G a , H a H ~ • 
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