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P.lf.cllayqToB 
rJIY60KOl!eynpyroe paCC6.fll!H6 3.1JeKTpOl!OB . 
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I4HoxecTBeHHOe 'oopaaoaaane- aeiiTpaJli>HllX: tiacTllll: 

3 

24 

B . trP -B3~0;It6~C'l,'Bu.f{X• • • • • • • • • • • • _ • • 4T 

B.A.MaTBeeB 
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0 IIPOEJIEME :3iil\OHAJIA B IG3AHTOB0!1 TEOPIDi IIOIDI 

A.B.Ry~HHOB, C.II.RynemoB 

OOt.e~HHeHimlt HHCTHTYT SI~epllllX l!CCJte~OBaHiall, .l{y<lHa 

BneJieane 

31lKoHanLHoe npe~cTannem!e aMIIRHTY.lU>I pacceal!l!R III 
MOX6T <l!lTL 3~6KTl!BHO HCITORL30Ba!IO ~~~ T60p6Tllti6CKOrO aHaRl!3a 
3KCnepm.!6HTanLHI:lX ~aHHI:lX / 2/., TaK ·KaK npaBHRLIIO nepe~aeT 
OCHOBH!le 3aKOHOMepBOCTH pacceSIHHSl tlaCTHn llpl! B!lCOKHX 3BeprHRX Ha 
Man!le_yrn!l, B CBSl311 C 3THM D031!HKJiaBeO<lXO~HMOCTL O<lOCHOBaHHSI 
npnel;mxei!HSI 31lKOHana B paMKaX KBaHTOBOil TeOpHH nona. IlRO~OTBOpHllM 
B 3TOH o<lnaCTH OKa3aRCSl llO~XO~, HCITORL3YD~l!ll MeTO~ ~YHKnHOHaRL
HOrO .H!ITerpnpoaaHna 13 ,_4,5 • .nocTonncTBO noro ueTo~a cocTOHT - . . 
B TOM, tiT 0, 011 ll03BORSieT BblltTl! 3a paMKU CTa!l~apTHOI! TeOpHl'l 
B03MY!IIeHnlt, necMoTpR Ha aensClelltHOe Hc'nonLsoaaane npnelmmennll. 
Teu He Menee ~ynxnnonanLH!le KBa.llpaTypu, 3a ncKRDtl_enueu npocTeR
mnx, ocTaDTca ~o neKoTopoR CTenenn "ne~u a ceele",H-B pauKax 
M6TO~a cpyHKnnol!aJILHOfO .l!HTerpHpOBaHHSI HeT' ~OCTaTOtiHO Ha~eJB:HilX 

- I -· 
KpHTepHeB npoBepKH cnpaae~Rl!BOCTH H B!lSlCH6HHSl rpannn npHMeHHMOCTH 
ncnon~>syeMI:lX npe~onoxeana~· 

B_pa~e cnyqaeB 3TO MOX6T Cl!lTL C~enaHO C ITOMO!IILD TeOpl!H 
B03MY1116HHR, n·o~HH H3 npHMepOB - OClOCHOBaHl!e npHMeHHMOCTH 
M6TO~a.npSIMORHHeltH!lX nyTel! 76/ B pa3RHtiHllX MO~enax KBaHTOBOI! 
Teopnn nona,.KOTopoe paccuoTpeno B ~aHHOit paCloTe. 

§I. MeTO.II npaMOJIHH6HHllX n;{Teit H iiHarpaMMH!i!,l pa3JIOllt6HHSl CKa!IRpHOI! 
uo.;enn 

Po.c~MOTpHM .MO~eJI_L CKaJIRpHllX n HYKJIOHOB"' B3aHMo~eRCTBYD~HX 
CO CKaJIHpH!lMH "ue30HaMH", OITHC!lBaeuyD narpaHXHaHaMH B3aHMO~eltCT
BHJi: 
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~;..,.i = ~: l{l 2 (x)~(x): (I. I) 

MeTO,lt KOHTiiHyaJII>HOrO ID!TerpHpOBaHllll n03BOJilleT nonyqnn 
cne;zyvmee saMKHyToe Bllpa:a:eane .IVIll aMnnnTYAll ynpyroro pacceHHHll 
HYKJIOHOB B npeaeOpexeHHll pa;tUaUUOHHll!Jll.TIOnpaBKaMU, BKJia,D;aMII 
nOJillpU3aUllll BaKyyMa U qJieHOMj COOTBeTCTBYDIIU!M 3a.MeHe llJ,IllyJII>COB 
BllXO,D;llll!llX qaCTUU / 4/.: . 

51Cp1,p2 j 9s, 1:l)= i~2 ~d4 X DCx) ei.·Hp!.-'1•\, (1.2) 

.,. SJ)I S[ov,].:. [bV:z.l.::e~tp[-t~zA·sa~~~J~~2 DC~c'.i~h'<'~t)i'C~~)J, 
0 . 

r.n;e p l, Pz. - mmyni>cu aaqani>Hux, a q,, 'h. - nMnyni>cu: Koaeq-
aux qacTnn, · D ("~<) - «J>YHKUHll Tpnaa cBoelo.n;aoro M(i30HHoro nonH; 

){:'\(1'""2 
{'cz) =l d 7:. ... b (X;-J ... 2.p~ 7::. 90s) + 

-+- 2,q~7:.SC-7:.) + ~ ~ )hC2)dp). 
(1.3) 

0TMeTHM,.qTQ BUpaxeane (l.J)·onpe;tenlleT CKaJIHpHyD nJIOTHOCTl> 
Toqeqao~ KnaccnqecKo~ qacTnuu, ;tBlllEYII!e~cll B~oni> KpnBonnae~ao~ 
TpaeKTOpllll l(< (<;.) , 3aBHCllllle~ OT C00CTBeHHOrO BpeMeHH :... 
S = 2.m 7b .n y;toBneTBopHilllle~ ypaBHeHn~: 

. eh:<IP) m ~ = pi.9C~)+qiSC-~)-+-lJ~C7:.) (!.4) 

npn ycnoBnn >e ~CD) =Xi , i. = f ,2.. 

0CTaHOBHMCH BKpaTUe Ha «J>nsnqeCKOM CMllCJie «J>yaKUHOHaJll>HllX 
nepeMeaiiux lJi n \.J2 • BBe;teaaue .popMani>ao npn nonyqeann 
pemeanH ,ll)lll tPyHKUH~ rpnHa, 3TH nepeMeRHUe OrlllCllBaDT OTKJIOHeHHe 
TpaeKTOpllll qaCTUUll OT npllMOJIIIHe~HOrO nyTH. J{eltCTBUTeJII>HO, npll 
V~= 0 ypaBHeane (!.4) onucuBaeT KnaccuqecKyll TpaeKTopnD 

qacTUUU, ,ltBllJcyllle~CH C HMnyni>COM P npu 7.. "> 0 ll 9 
npn. 6 <: o. 

Ha ocaoBe KBaHTOBOMexaanqecKOH aaanornn cne~eT oxu-
·AaTL, qTo CYl!leCTByeT onpe;teneHHall KUHeMaTnqeCKaH oelnaCTI>, B 
xoTopol ;towuanpyD!IIH~ BKna;t B aMnnHTYAY pacceaaua BHOCHT nyTn 

4 

qacTun, aauaonee OnnsKo npuOnnxaD!IIUeca K KnaccuqecKnM. QqeBu;t
HO t TaKOit. oOnaCTLD llBJilleTCll oelnaCTL aCHMTITOTHqecKH ClOJll> mnx 
3Heprntt, B KOTOpott aaqaJll>HUe U KOHeqaue UMTIYJII>Cll p; ll 'ti 
MaJIO.OTJilfqaiJTCll ;tpyr OT .n;pyra, eCJill s«P«t>eKTHBHlltt TIOTeHUHaJI 
B3aHMO,Jte~CTBllll He CHUmKOM CHHrynHpeR B Ryne. 

ilpOCTettmelt B03MOXHOit annpOKCllMauHelt tPyHKUHORaJILHllX KBa.n;pa
Typ HBJIHeiCH npnOnnxeane 1.1;. = 0,. ao ·aao saBe;toMo aenpnMeHHMO K 
C00CTBeHHUM BpeMeHaM qacTHUll · $ , 0JII!3KHM K lly Jill, KOr .n;a 
KJiaccnqecKall TpaeKiopna qacTnuu ueaHei nanpaBneane. ToK nepexo
.n;a npH 3TOM HMeeT CJie,JtyDUilllt B~,Jt: 

• ( .f 
~(t:;p;,q;JlJ=O)=- '2.l!:fli+iO 

... ~ ) 
4.~9i- io • 

Ha ll3UKe .n;uarpaM!A ~eltaMaHa 3TO paBHocnnLHo npeaeOpexeann 
B HYKJIOHHUX llpOnaraiopax KBa,JtpaTnqaott 3aBUCHMOCTLD OT HMnynhCa 
llHTerpllpOBaRHH ~ , I • e • 

4 A 
__,.~ -· _, 

tn2- Cp-n:.)2 2.p~ 

qTo MOXei npHBeCTll K JlOJIBJieHHD paCXOAHMOCielt llHierpanoB no cfl~ 
aa BepxaeM npe;tene. llyqmee npnOnnxeane K KnaccnqecKouy TOKy . . 
ayKnoaa, yqnTUBaDUiee OT.n;aqy, ;taeiCJI cpe~HHM saaqenneM · BupaxeHnll 
(I.J) no «J>YHKUHOHaJihHOit nepeMeHHOit, l) 6/ : . 

'Jc~;~:,q;) = S[~~l .. :jc~;p<,q_i\V~) = 
( " . = - ~"'p;.H:2 ... ;o 

- . ~-. )· 
Ha·a3uKe;tnarpaw ~eltHMaHa 3TO osaaqaeT oiOpacuaaane B 

nponaraiopax HYKJIOHOB qneHoB ·'l:ll~a " tt;. ~~ , r,Jte ~; n 'l::i -
nMnyni>cu·pasnHqaux MesonoB: 

:r;}2-:. tp+~~.)~ - 2 p Z'lc:&. + z-~ ..... 
. ' 

TaKnM oOpasoM, npnelnuxenne npaMommettaux riyTelt qacTnu, 
ncnoni>syeMoe npu aaxox.n;eann aMnJIHIYAH ynpyroro pacceJIHHJI, 
3aKJIDqaeTCJI B no;tcTaHOBKe·B nOKaSaTeJII> 3KCnOHeHTll B «J>opMyne 
(!.2) UpOll3B.~,JteHHJI TOKOB, ycpe,JtHeHHllX no .tPyHKUHOHaJII>HI& nepe
MeHHllM vl ll v1 • B pauxax 3TOro npuOnnxeHHJI HeTpy~HO nony
tlllih·JIBHOe aupaxeane AJIJI aunnHTY.ltH.~cceJIHHJI B npe;tene 5: 

. ' 2 . 
:: (pl .. (l,.)2 .:..... ()(:) j t = (f'l-qL) ,.. cot't>.>t: 
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5~ (S,tJ = - i $ SJ2-;t:l. e't-1. .. (e.:.~ ~oCf41hl) -1 ) ' (1.5) 

r ~c ~::.~. = P1- q 1 , a - I< o - cflYHKUHH MaK-~oHaJib,l\a nynesoro 

nopa,I\Kao 
!{aK Clb!JJO 00Ka3UIIO Bblllle, B OCHOBe M6TO,I\a npllMOJIHHeliHbiX 

nyTell nexnT npe,ll;cTaBneHne o cyll\ecTBenaoll no,l\aBneHHOCTH Clonbmnx 
nepe~a~ UMllYJibCU B OT,I\6JibHbiX aKTUX B3UHMO~el!CTBHII ~aCTHU BbiCO
KHX 3Heprl!ll, TaKHM oelpa30M, ClOJibiUlle HMnYJibCbl, nepeHOCHMble ~aCTII

UaMH, nMeDT Ten~eHUHD K coxpaHeHHD, Bu~ ~acTHU, nepeHoca~ux 
ClOJibiUOl! HMllYJibC, MOXCT npH 3TOM H3M6HilTbCil B COOTBCTCTBHH C 
3MllHpH~CCKHMH 3UKOHOM6pHOCTIIMll, HaelJID~aeMHMll B lii!KJID3liBHbiX 
npoueccax. TaK,npu CTOJJKHOBBHHH ClblcTpblx HYKJIOHOB cne~yeT y~HTbi

BaTb-B03MOXHOCTb li3JIYt18HHJI 01li:6CTKOrO" M630IIU C nepe~aqel! eMy 
3HatiHTeJibHOll ~onn HMnynbca nepsonat~aJibHoro HyKnona, ITpn 3TOM 
npanoMepHoCTb Tex nnn HHbiX npe~nonoxeHnll u annpoKCHMauun uoxeT 
Clb!Tb donee nnn MeHee Ha~exHo nponepeHa numb c noMO~bD uccne~osa
Hl!ll ~narpaMMHbiX pa3JIOJJ:8HHll aMnJIHTY~bl paCCCJIHHil, 

B npeaeelpexenuu pa~auuoHHbiMH nonpaBKaMHH saMKHYTbiMH
nyKJIOHHbiMll neTJIJIMH aMnJIHTy~a ynpyroro paCC61lllllJI HyKJIOIIU B MO.JtCJJH 

- c narpanxuanoM (1.1) npe,ncTannaeTcll B nu~e cyMMbl ~arpaMM Tuna 

( puc.1 ) : 

p,: l R: ~. 
ft q~ 

Pnc.1 
ECJIH tiHCJJO HMnyJibCOB lii!TerpHpOBUHHJI ~ , a ~HCJIO BHyTpeH-. 

Hl!X JIHI!llll ,li;HarpaMMbl ~ . , TO 

• J 
F'-::. r\'1\!\···J"~~ n~~ .. lE ~a _ ,c, '" . 1 

r,ne r~ - Jll!HeliHble KOMClUHUUHll HMnyJibCOB liHTerpnpOBUI!llll 
H BII61UHHX HMnyJibCOB, BBO,li;JI d.- npe,ncTaBJI6Hll6, HMeeM 

6 

(1.6 ) 

~i 

~- ~ )(" r = C f) \ ( f.1. d<l< J cl4 ~i ••• ~~~r eJltp {i ll!c~. "'· 5. t 1} , 

r.~te 

I{ l . - t 
l¥= L ci; Cr; 2

- rn; 2 +iE )=%: a;
1
• ~tl<i • 2Z: {,; ~, +c: 

i•t ··i=• l"~~l 

ITocne sToro l.!Oli:HO nponssecTn HHTerpnposanne no l.l~ n 

nonytll!Th npe,nCTUBJie!llte .ltJIJI r B cflopue Hau6y / 7 I: 

~ t ""s ( n,.J ) ~ r . :()(ot,S,!) 1 
r = C.O\V> • 

0 
, .. Iii Ci(i) etKp l t c.c.r) • 

B aToll q,opyyne .. L -

II · .. , II Oii • : 

cco~.v::. J~ llaiill~ DCol,S,i:)= J,J h~:.:~~ ~t 
npHtleM ,li;6TepMHI!ai!T ~HCXOJibMa· ~ npe,li;CTaBJIJI6TCJI B BH,ll;e: 

':UCc*,~, -1:) = !"co~) ~ -+ CJ Cot) t + h Ccl) • 

H3JIO:IEHM KpaTKO OCHOBHYe pe3yJibTUTY paelOT / 8/, KOTOpbiMH 
Oy.neM noJihsosaTLCH npu usy~enuu acHMnToTntlecKoro nose,~teHHH 
BNpa:m:eana (I. 7) B npe.nene S-ao; t = C9fV>t. 

(1.7) 

(1.8) 

Qn~el6!6liH~, t -nyTeM Ha3NBaSTCJI TaKoe MHOJJ:eCTBO JIHHllll 
rprupa, o6pa3yD~HX HenpepbiBHYD ,Ityry, liTO 6CJIH CTJIHYTb BCe 

3TH JIHHHll B TOtiKy, TO rpacfl pa36UBaeTCJI Ha ,li;Be tiUCTH, C06,li;HH611Hble 
JIH!Ub B O.ltHOl! BepmHHe, a l!M6HHO B TOll, B KOTOPYD CTJIHYT t -nyTL, 
nput~eM HMnynbcbl pt n q, npucoe.~tHHHDTca K o.nnon us 3THX 
tlaCTell, a P2 H Cf~ - K ,ll;pyroil. 

]lJilrHOR t - nyTll Ha3biBU6TCJI tiHCJIO o6pa3yD~liX ero JIHHHR, 

ECJil! rpacfl t TaKOB, tiT 0 HaHM6llb!UM B03MO!:HUJI ,li;Jilllla f: -
nyTH paBHa J> , H HMeeTCJI M TaKl!X nyTeR, TO ero UCHMnTOTliKa 
,ltU6TCJI cflopMyJIOit: 

r.-... (~<~.)'"-1 s~ ( ~)~ {. <;!o-l + ~0 J" 
- $ ..p C~Col) So . ~p l CoC•ol) 

M t•) ,. .n o(i-~ol~') tJc~.J. 
,:1 . . (1.9) 

7 



B 4JopMyne (1.9): 

c;Joi+ho= :i)c.L,S,t.)lo~•:'"oj Co(ol)= CC.t)Jot~'1=o, 
o(~) ·- napa.MeTp!l JIHHHI, npHHa~neJmli\HX K. j- MY t- nyTH, 

a BeJIHqHHa Io nonyqaeTCJJ H3 ~Col) cne~Dli\HM otlpa3oM: npoH3Be~eM 
r. - npeotlpa3oBaHH·e napa.MeTpOB JIHHHI Kax.n;oro H3 t - nyTel: 

cl) - ?\: <kl(il 

~"J~~a ~ :b~\.'--z~·Jil) ).~-1 J">li n J J..t~' 
'I ~ . II . ' 

Tor~a ,.,. ,... \ 
5o:: ~ (c~.,'>l") ,.., .,. o • s - ~ 1··· AM ?(~,).) i 

B cnyqae, Kor~a B rpa4Jax THna F' ( pHc.I) nepe,Iiaqa HM-
nym.ca paBHa nynD, T,e~ p1 = q~ H p2 ;:_ 9oz. , MHOJreCTBO JIHHHH, 
B nponaraTopu KOTopux BXO,IiHT HMnyn&c P• , na3oBeM p -nyTeM. 
TaKHM 0 tlpa30M,B rpaqJalC HMeeTCJJ ~a f> -nyTH,. Kal[,l{lll! H3 KOTOp!lX 
otlpa3ye! nenpep!lBHYD ~ry. B paccMaTpHBaeMux Ha.MH rprupax 
nocne~HHe Moxao paccTaBHTI> TaK, qTotlu ? -nyTH c napol! nvtlux 
t - nyTel, He otlpa3yD~HX 3aMKHYTYD neTJlD, COBna,IiaJll!, 

B patloTe 191 tlllJlO noKa3aHO,. qTO cnpaBe~nHB!l cne~Dli\Ue 
YTBepx.n;enHa: 

YTBepx~eaue I. ·rrycT& 3a~aH TaKol! rpa4>, qTo BKJI~ B ero 
rnaBHYil UCUMnTOTHK:/ ~aeT. napa t- nyTel, He HMeD~HX otl~ei!-JlHHHU, 
Tor~a acHMnTOTHKa 3Toro rprupa He H3MeHHTca, ecnH paccTaBHT& 
HMnyJI&C!l HIITerpl!pOBaHllJ1 TaK, 'qTOtl!l· p -nynt COBna~aJll! C t 
nyTaMn, a 3aTeM·np6H3BeCTll cne~Dli\YD MO~llqJl!KaUHD nponaraTopoB, 
3aBHCJ111\l!X. OT BHemHIIlX HMllYJlbCOB p! 

-t ~ -('E:t:'()2 +2t=>r."'"'"p2-rm"-+ie. 2p~~· + ie ' 
(I.IO) 

T.e. npenetlpeq& MaccaMI/1 u npoH3Be~ennJJMH·l!1!nyn&coB nnTerplllpoBa

nna. 
YTBep~enHe 2. ITycT&-3a~aH TaKol rpa4>, qTo BKJla~ B ero 

rnaBHYD aCHMllTOTllKY ,IiaeT napa t - nyTel!, HMeDli\HX Otl~D JIHHHD, 
PaCCTUBl!M HMnYJibCH HHTerpHpoBaHHJ1 TaK, qTOtl!l t - nyTH COBnaJIH 
c p- nyTJJMH, Tor,Iia ero ariHMn.TOTHKa coBna~aeT c acHMnTOTl!Kol!_ 
pe~UHPOBaHHoro rpa4Ja; nonyqaeMoro H3 nepBOHaqan&Horo CTJJrHaa
nneM otll!lel JIHHHH B Toqp;y n yunoiKenneu Ha 4JaKTop ± i /~ 
3HaK (+) BHtlupaeTCJJ TOr,Iia, KOr,Iia BHemHue HMllYJibCH B Otlll\el! JlHHHl! 

8 
, 

nueDT o~nnaKoBoe nanpaBJienne, a 3HaK (-) - B otlparnou cnyqae. 
K pe~uupoBannouy rpa.tPy npi!MeHl!MO YTBep~:~euue I. 

TaKHM otlpa3oM, ortlpaCiiiBaa B IIJK1IOHHHX nponararopax qJJell!l 
nma ~._ 'c:i , T,e. npi!Menaa nptitlnulltenue npaMo1!Hnel1Hiilx nyTel!, Mlil 
nonyqnu, cor Jiacno YTBep:m:,Iiennv I, cyw.ry BKna~oB · B Kallt~YD 

,IillarpaLIMY t -nyTel!, COBna,IiaDntUX C HYKJlOHHHMl! ~ra!.m, B CBJ13U 
C 3Tl!M tly,IieM Bnpe,Ii& Ha3liiBaT& 3TH t -nyTH 1 a TaKll:e lllC BKJIU~!l B 
a!.!llJlllTY ~ pacCei!Hl!JJ 31!KOHUJlbH!lMl!, 

B patloTe 191 tlliiJIO yKa3aHo Ha TOT tPaKT, qTo B ,Iil!arpammx 
cTapmnx nopa,IiKOB no KOHCTaHTe CBII3ll ~ ( uuenHo, naqnnaa c 
BOCbMOro) HeOtlXO,Iil11JO yqlfT!lBaTb TaK:a:e ll .Ii_pyrne t -nyTII, 
,IiUD!IlHe BKJia,Iilil He MeH&me, qeJ.! :JI!KOHUJl&Hiile, PaCCMOTpl!M CTpyKTypy 
neai!KoHaJI&HiiiX BKJla~oB na npuMepe ,Iillarpamw BOC&Moro nopa~Ka, 
n3otlpaxennol! na p111c.2. B 3Tol! ,IillarpaMMe, KOTOPYD Mlil B .Iia1l&Hcl!-
meM tly,IieM HU31i1BaT& )(uarpm!Mol! )(X , cy!IleCTByeT qerupe t -ny..:. 
TH.O)(l!HaKOBOI! )(Jll!HH Tpn: (!,2,'a,lt) 1 Ci','2.','1',4 1 } 1 (j~2,3,4') 

H • ( ~. 2 ', 'a 1
1 l.j) , . O~HOBpeMeH!IO BKJ!U)( B aCUMllTOTIIKY 

MoryT ,IiUTb MUKCl!MYM ,IiBa f:.. -nyTH, n03TOMy )(OCTaToqno paCCMOT -
peT& BKJIU,Ii!l CJI9AJD!llllX ,IiOnyCTl!MiiiX nap t- nyTel!: (i 12,'3,4i !.',2:3;4'}1 

{!.,2.~'3',4; 1~'2,3,4 1 ) ll ( ~·.2~'3~4'j 1,2)'3',4 ). 

:: : :x; . X. ~ :: . 
. t 2. 1 a' .4 

~:x x ~ ,. 
p2 .1 1 ~ 3 If' \ 

P111c.2 Pl!c,3 
BKJIU.Ii B acnMnTotnKy ,IinarpaMM!l X X OT napu (i,2, "?. 14; 11

12',3',41) 

npiiCYTCTByeT B qJOpMyJie (1.5), B CBJ13H C 3TllM tly~eM Otl03HaqaTb ero 

~s r cu> 
$3 :l e4 ~ (t) • 

l!alt,Iiel.l Tenep& BKJia~ B acnMnTOTHKY ,IiiiarpaMJJ!l XX 
or t -nyTel! ( 1, 2.', 3 ', Lt) It. ( 1 ', 2, '3, L. ' ) • Paccraauu 
mmyn&cu nnTerpnpoaanua raK, qrotlu 3TU nyrn coBna.1n c p -ny
TH!.IU, Tor,Iia,corJiacno yTBeplE,Iiemm I,Mll MOl!tCM- B mmuax, BXO;tHI~nx 
B ~ i- nyTu, MO)(IIqll!Ul!pOBUTb nponaraTOp!l no TUllY (!,!0), C,!ieJiaeu 
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nocne noro 3aMeay m.myn&con HHTerpHpOBaHHH: 

\<i - ; ~·. 
Tipu 3TOM ayKnoaase nuauu 3aMeHHDTCH aa Me3oaase: 

~. tA_"l. . 

Drn ( \{ ~) = 1c• m• · · = iYJ>. Dr(...:)' 
I · -;:;"\ - tn2 ~ I E. . 

,.,. . 

. . . "'2 D ( ~ ' Dvn ( Pt-9l-'~<)- m-~ r <~l-1\l'l m -"~< J, 

T.e •. ! '- t. ~ , a cJlyHKUUH pacnpOCTpaHeHHH, COOTBeTCTBYDDtUe 
t -nyTHM, npnodpeTyT MHOJiUT.emt Bli,na · ~ _. Enaro.napa 

3TOMY MH :MOllteM cqnTaT& nee Jll1BUU 1 BXO.ItHDtlle B f- nyTH, MO,Itllcflll-
1\lipOBaHHIDIU HYKJIOH!niMH nuanaMu. B pe3yJI&Taie Ms. nonyqaeM rp£14l 
Toro xe nu.~ta, qTo n na pHc.2, uo n KoTopoM · !: ·-nyTH nanpanne
ns nion& HyKJionasx nnaHSt ( plic.3 ). TaKnM odpa3oM,uciowH nKJia,n; 

. . . 
dy,~teT UMeT& Blm: 

~ ( C•) • rl') - 1-'t r(•d (t: ~) 
Pl> 1n&<~ (t), '3'v..e:ttH)- m'- :le<~ m• • (I. II) 

Ecnn Maces qacTliU y,~tonneTnopaDT ycnonnn 
,..."l. 1 . 1::- i 
in' << J trii << ' 

TO BKJia,It (I.II) ne3StKOHaJI&HHX f - nyTeR MaJI no cpaBHeHnD C 
BKJia,ItOM 3RKoHaJI&HHX. 

PaCCMOTpHM BKJia,JJ; nocJie,JJ;neSt napH t -nyTeR ( 11
, '2.', 3~ 4 1

) 

li (~,21, '!'
1 
~) • Ecm1 CTHHYT& JlliHllli 3TllX nyTeR B TOqKy 1 

TO w·nonyqHM pe.D;YnnponanasR rpacJl nu.D;a, npe.D;cTanneaaoro. 
aa pnc-.4. 

f\ (h 

p2. (h 

Puc.4 
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OTCD.D;a cne.D;yeT, qTo BKJia.D; 3Tnx_ t ~nyTeR B acHMnTOTUKY ne 
3aBUCHT OT nepe~qu HMnyJI&Ca 11 npe,ItCTaBHM B BU,Ite: 

.~s , l"h(~~) 
~ r--a '-±"' ;n,_ • 

TaKHM Odpa30M 1 MH nonyqaeM CJie,JJ;yDDtee aCUMnTOTUqecKoe 
nspaxeaue .D;JIH ,~tnarpaMMH )( )( 

(l<'ll) ~ s r r (1<lf) r ('llll) (..L) } 5 · (!:);. ~-a l >J~fe (t) ... 3n.e<fc • ' 

r.D;e 
(,.,., ,.'l. r (~x) e) ., cp c E.) 

~ n-e<fc ( ~) = j;ji :3 e4\e. ( f: ,,_. .. r,. m• • 

(I.I2) 

Pa~CMoTpenue ocTaJI&HHX ,~tnarpaMM noc&Moro nopH.D;Ka no ~ 

TIOKa3HBUeT, qTO UMeeTCH Tpn TUna He3RKOHaJI&HSX t -nyTeSt, 
,ItaDDtllX BKJia,It B rJiaBHYD aCUM~TOTHKy. ]Ba 113 HHX yxe paCCMOTpeas 
BHme: 3TO naps ~-nyTeR1 JIUdO He UMeDDtHe OdDtUX JIHHUR 1 JIUdO . 
HMeDDtue o61JtYD ayKnonayD nuaun. · 

CyMMuponaaue BKJia,n;on nepnoro Tuna, TaK xe KaK .ItJIR BKJia,Ita 
31\KOHaJI&HSX t -nyTeSt, npHBO.D;llT K COKpaJlleHHD en ~ • nnn: 
BKJia.D;OB BTOporo TUna MOXHO C nOMO!ll&~ YTBep~eHUH 2 TIOKa3aT& 1 qTO 
B CyMMe BCeX ,ItUarpaMM OBU COKpaDtaDTCH. 

R TpeT&eMy THTIY OTHeceu naps He3HKOHaJI&HiiX r -nyTeR 1 

liMeDDtllX OdiJtYD Me30HHYD JlllllHII. BKJia,JJ; TUKHX t: -nyreH TaKXe He 
3anncHT OT nepe~qn nKnyJI&ca. 

B BOC&MOM nopR,ItKe UMeeTCH BeCKOJI&KO ,JJ;HarpaMM 1 OdJia,ItaDIJtllX 
i- nyrHMn rpenero nma. Ms paccuoTpnM .D;JIH npHMepa JIHIII& O.ItHY 

U3 BUX ( puc. 5), UMeH B BU.D;y 1 qTO BCe pe3yJI&TaT!i OTHOCHTCR 
TaKllte KO BCeM nO.D;OdHSM .D;UarpaMMaM. . .. ·nr . q. 

t':t ; ... 0 
1' 2' !' J,' l'l. 

Puc.5 
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B ,JtHarpaw.~.e, H306paxeBHOlt Ba pne. 5
1
UYTH ( i 1

1 lj,?.,4') 

H U.,'2.1
1
1'1 lt) - TpeTbero THna, H HX BKJia,Jt .MOliHO 3anneaTb 

B ~op.u:e, aHa~ornqBOlt (1.12): 

Q.nS f rncJ-H"\ 
~ r... 'f y:;;;. ) , 

~ . J_ -fAl e i 
npw~eu ~( ~.) .. ~"' · rna. npll t>->1 « . 

TaKli.M o6pa30M 1 ,Jt~II eyMMH ,JtllarpaM.M BOebMOrO UOpa,ltKa 

~ H.MeeM: 

sea')= ~ ( 5~~(t)~ 5~~~c.(~)), 
no 

(1.IJ) 
r_UI) _ ~' c-<•) (t ~) + -b.. IDII)( ~) 
:l' ,..eitt (t ') - m~ :l ,u\( m• !'- 'l ,..~ • 

KaK BH,JtHO H3 BHpaxeBHII (1.IJ) 1 B BOebMOM nopa,JtKe_ 
no KOHeTaBTe eBII3H He3ltKOBUJibHH8 BKJia,JtH B aeHMITTOTHKY H.MellT 
O,JtHH nopll,ltOK e altKOHUJibHHMH. 0,JtHaKO B BHelliHX. nopi.JtKaX eyllleeTBy
llT ,JtHarpaMMH, Be3ltKOBaJibBHe BKJia,JtH KOTOp!iiX HMellT 6onee e~bHYil 
aeHMnTOTHKY, qeM aJ!KoHaJibHHe. XapaKTepHHM npliMepoM IIBJIIIDTea 
,JtHarpnMMH, li306paliCBBHe Ba pHe. 6,7, Kall,ltUII H3 KOTOpHX HMeeT 
nona t.-nyTll .JtJiliBH Tpll: <1,2~3'1 4; ! 1,2,.1, z,) 

H (1,2. 11 f'1 ~j 11,?. 1 2 1 3') eoOTBete.TBeHBO. 

~·:x x~~\ H~~· k,. · · "" ,. H >,, ,, a' ~ 9, 

Pne.6 PHe. 7 

nna Hee~e,JtOBaHHII aeli.MITTOTHK 3TliX ,JtHarpaM.M npHMCHliM 
Ty xe .MeTO,JtHKy 1 qTQ H npH Hee~e,JtOBaHHH ,JtHarpaYM BOebMOrO 
nopa,JtKa 1 T.e. HanpaBHM ~ -nyTH B,JtOJI]) ~ -nyTeH II npOH3BC,JteM 
3aueBy li.Mllym>eOB (1.10). Tor,Jta npn yenoBHH ~ << i 
nocyqHM: 

r.Jte 

0 c~t .. 2.) ~$ ~t . 
T ~ ~3 (.rn~)t-2. l l ~ ~, 
2. ~ ~ 2. - nopa.JtOK KaQOH l13 ,JtRarpauu. 

(1.14) 
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PaeeMoTpeHHHe 
nmaM. HealiKOHa~bHHe 

t -nyTH O~BoeaTea K nepBOMY H tpeTbeMy 
t -nyTH BTOpOrO THna, BK~a~H OT 

KOTOpHX B BOebMOM nopl!,ltKe B ey:W48 eoKpaTHmieb 1 B etapmHX nOpl;I~

KaX npHBO.JtiiT K 6onee ena6ouy aemmToTnqeeKoMy noBe~emrn. 
Bee ~narpa~ ,JtUHHoro nopa,JtKa ( 2. t .. '2, ) no ca mt6o 

OTBOeaTel!. K THny OnHeaHBHX BHIUe H TOr,Jta ,JtUDT.BK~a,Jt B aeliMnTOTH-
Ky B eOOTBeTeTBIIH e ~OpMJJIOl! (1.14) 1 JIH60 HMellT ~ -nyTH 
60JI])IU8l! ,ltJIHHH 1 qeM Tpl1 1 · qTO npHBO,JtRT K 6onee ena6oMy aeHI.InTOTH
qeeKOMY noBe~eHHD npn ~ - 00 • Ee~ yqeen eOKPUillCHUe ens.· 
npH eJIOliCHHll rp~OB C Kpoee-eHMMetpl!qHJ,IMll l!M 1 MH.nplt,lteM K 
e~e,JtyDIJlCMY BHpaxeHHD ,ltJIII aeHMUTOTl!KH a.MllJIII:ry,nH paeeei!HHit -5<~f<2l 

B ( 2. t .. 'l.)- M nopa,JtKe no KOHeTaHTe eBII3ll ca 
(l.t•2) I ,.,. , ~t • 

5 ::-=...t - S'l tm")t-2. i "~ '3 
""A..>«<1 

3aMeTHM 1 qTO 3liKOHUJibHUB ~OpMy~a (1.5) · npl1 f.,. 0 

B TOM xe nopa,nKe no ~ UpiiBO,ltHT K eJie.JtYilllleMy_ B!ipaxeHI!J): 

rttt•a) (t=-o):: ~t 
~ CLI'/c . ~ t p.~ • 

TaKHM o6pa30M 1 B npeHe6pexeHint o6MeHHHMII rpa~Mit Heal!Kouanb
Holl H 3IKOHUJI])HOI aMnJIHTY.Jt B ,JtUHIIOM nopa,JtKe no KOHeTaH:re eBII311 
HX OTHOIUeHHB paBHO: 

5t:z.f"'2.) \ 
~ =~t 

cut•2.') s .... 
;) 4.\W. ~=·~t. 

e (..l.)t-3 mz- .,. • 
(1.15) 

H3 (1.15) B~Ho, qro B o6~e:r11 

$-<=; ~~ L..:i; $ .... rn'2. 

anKOHaJibHast aMnJIHTJAU MHOrO 60JibiUe 1183IKOHa~bHOlt 1 :r.e. 
~OpMy~a (1.5) npaBHJibiiO BOenp0113BO,JtHT r~aBHHC aeuMnTO:rl!qeeKite 
qJieHH B KaQOM nopH,JtKe no <J2. • EeJil! xe S » rrt2. , TO BKJia~H 

ll83HKOHa~bHHX t -nyTel ,JtOMitHitpyDT Ha,Jt 3l!KOHaJibiiNMI1. 
B 3aKJIJlqeaHe nero naparp* oTue:rHM, qTo Bee nanoxepHoe 

OnHpUJIOeb Ha Hee~e,JtOBUHHe BK~a,JtOB t -ny:rell, eBII3aHHHX e 
HY~IIJ.IH ~YHKUHH !(Ill') ( eM.(1.8 ) ). 
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§2 o jZltKOHaJII,JlOe npnclmureHHe B HeltOTOpllX MOJteJIIIX KBfiHTOBOII 
:reopHH TIQJIII 

Bume clUJIO TIOKa3aiiO, 'ITO yqeT BllCilll1X UOpll.ltltOB :reopHH 
B03My~eHHII B paMKaX CitaJ!BpHOII MOJteJIH BeneT K TIOIIBJieHHD He3l!KO
HaJ!bHHX BKJia.JtOB, KOTOpue0 "BOOcl~e fOBOpll, .JtOMHHHpyDT Ha.Jto3l!ItOHaJ!b
HUMHo Ho e~e B padoTe /I I 6UJIO yita3aHo na B03MOXHOCTb no.nasne
HHII TaKHX BKJia.JtOB B TeOpHIIX CO cnHHOM H paCCMOTpeHa MO.JteJib·HYKJIO
HOB CO cnHHOM 1/2, ~B38HMO,Jtel!CTBYD~HX C BeKTOpHUMU Me30Ha1Uio 
3.neCb :m:e Mil paCCMOTpnJ.ino.npoclHO MOJteJib C BeKTOpHUMH Me30HaMU 
H CitaJIIIpHHMH HyKJIOHaMH, OnHCUBaeMyD JiarpaHll:l18HOM B38HMO.Jtel!CT-
BHII (2ol), KOTOpOMY COOTBeTCTBYDT BepmHH!l JtBYX THnOB ( pHCoB)o 

~
,.. 

I 

. 
rx 

(l) -i~ (fH't'')r ('2.') :?.i~2~1'" 

PncoB 

-· :t't.J ":' i~ ~lQ"(lt) 'O,.tQ6c)N'(.c): + r~ft: t('•(1t)lf(x)A
2
(x): (2ol) 

ilOIIBJieHHe cnnHa y Me30HOB npHBOJtHT It HeOclXO.JtHMOCTH MO.ItH

~HUHPOB8Tb ~OpMyJIU (lo6) l1 (lo7), Talt KaK HaJIH'IHe CBII36l! C 
npOH3BO.!tHUMH l1 'll1CJIHTeJiell Me30HHUX nponaraTOpOB npHBO.ItHT K 
TIOIIBJieHHD B HMTIYJILCHHX HHTerpaJiaX MHOXHTeJIII . M1"'(~) ,, 

KOTOpHI! IIBJII!eTCII noJIHHOMOM no HMTIYJibCaM HHTerpHpOBaHHII ~~ 

3TO, B CBOD oqepe.nb, npHBO,HT K nOIIBJI6HHD B ~OpMyJie (lo7) 
:wiosu:rena Mc.t, l') /7 : 

-') ~ .. ""'' -') l; ~ H .. ,,. Cot) t"'~ .:£.._ 1 r•) -) M (d.,.) = !:: .. n (.t,l =- ~p 7i ~ .. -c:c:<1 ~ 'Ul~ '()!~ M b , 

MC><' - -t l ~ 1-\,..,,.c•) ,.~ ..Q. v ] "' _!_ co, 
(o!,.>) - "' ~.-.:• eco~.) S u-sC' 'U"S~ '1:! M CS) , 

-:5 ~ : C~ol) p~ (ot, p ')' 
(2o2) 

r~ (..t,p") = r.1;~ 2: dil.l) (~Itt r~), 
T't<.-l "' 

r.ne v-= ci,i) , 
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.! 

\ 
I 

. ) 
I 

r· 
~~ 

~
~; . 
'd ... 

'<· 
ti· 
~-"i: 
;J, 

H~
~ ··~ .. ,, 

1 
Hy,, (.r.)-=- Cot .. oto:.)-i. -~ (~)·E.:j,"'t; r•Ai r.:::ci,jl; s= c.::,e), 

tz('l',~") 

e;j,-=v = ± 1 , 
. ~Col) 

1-tw-,v-(<i.) =- '()o(y • 

r == C i, ) ) 03HaqaeT, 'ITO JIHHHII C napaMeTpOM <::J.v-

Hfi'IHHaeTCII B BepmnHe i H KOHtlaeTCII B BepmHHe j ; "fi U, ... , /~) 
oclo3HaqaeT 2-.nepeBLB paccMaTpHBaeMoll .nuarpaMMU, JtJIII KoTopux 

. l1l 

JIHHHU C napaL!eTpaMU .1-v-, ... , r:l A BBJIIIDTCII XOp.JtaMU j n d. 

oclo3aaqaeT npoH3Be.neaue napaue:rpoB xop.n 2-.nepesa, a Z:~ p~ 
IIICC.•t 

- CYMMY BHemHHX HMnyJILCOB, BTeKaD~X B BepmHH!l KOMTIOHeHT!l 2-.ne-
pesa, co.nepxal!lell Bepmnny i o 3HaK e ij, 1c' .nns Hac. 
Hec~eCTBen. 

BeJIH'IHHa M'•1 ( r) nonyt~aeTcB H3 M'•1 (tt) 3aMeHolt 
HMTIYJILca, TeKy~ero ~ noJioJ:HTeJILHOM nanpasneHnn Kax.noll JIHHnn, 
COO:rBeTCTBYDI!Iell BeJIHllHHOII 'J ';. 

ffaJIHqne CnHH8 npHBO.ItHT T8KJ:e It HeOclXO,Il;Hl40CTH l13MeHeHHB 
npaBHJI BLI'IHCJieHHII aCHMnTOTHK. I\poMe t -ny:rell BKJia,ll; B se.nyeyD 
8CHMnTOTHKY MoryT TenepL ~BaTL H T8K Ha3HBaeJ.u.te f ·- no.nrpa4JH, 
TononornqecKne xapaKTepHc:rnKH Ko:ropux aHanornt~Hu t -ny:raM, 

HO KOTOpue MoryT CO,Il;ep:a:aTL 3aMKHYTHe neTJIH~ ITpn 3TOM C TOllKH 
3peHHB aCHJ.IllTOTHtleCKOrO nose.ne.HHII t -no,Itrp~ 3KBHB8JieHTeH 
Ocl!l'IHOMY t -TIYTH ,ll;JIHHU: . 

~=t-d..'ol., 
r.ne Q -llHCJIO JIHHHlt 1 a 
ne:renb f - no.nrp84Jao 

~ - llHCJIO He3aBHCHMHX 3aMKHYTUX 

TaK ItaK sennt~HHa MC.t,~n caMa BBJiae:rca noJIHHOMOM no 
CTeneHBM ~ ' C K03cixlJHUHe~ITaMU, 3aBUCII~l.!H OT o( 

1 
OHa 

TaK:a:e H3MeHae:r acHMn:ro:rnqecKoe nose.neHne aMnJin:ry.nu no cpasHeHHD 
CO CKaJIBpHHM CJiyqaeMo neltCTBHTeJILHO, eCJIH paCCMOTpeTL BKJian B · 
8CHMnTOTHKY t -no.nrpa4Ja 3cixlJ6KTHBHOlt .ltJIHHLI _p , TO nOCJie 
COOTBeTCTBYDillero ). -npeoclpa30B8HHII M(o!,J') cly,ll;eT HMeTL 
BH,Il;: 

MC«,:n - '2: )!" S"' ~Q .... (ol,.t') o 
a,~o. 

QqeBH,Il;HO, 'ITO eCJIH \'nC<.fll ( b-a) = cJ 1 TO C yqeTOM ..... 
M co~.,:n. acHMTI:ro:ruqecxoe nose.neHne BKJia.na 1: -no.nrpa$1 

B aMnJIHTY.ItY pacceaHHII cly,IteT onpe.neJIBTLCB npnBe,ll;eHHOlt ,ll;JIHHOI! 
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i: -no,~trparpa, pannolt Jl-cl , u ueene,~tonamte aem.mToTut~eeKo-
ro none,~teHirH BKJia,~ta npousnon:t.nolt ,~tnarpaMMH n · aunnnTY.JiY paeeea
nua eno.ItUTeH K onpe,~tenemm neru1t1UHH d .ItJIH Kax,~toro t 
llO,Itrparpa II OTHeKaHl!D f. _;llO,~trparpOB HaUMelJ:t.melt npnne,~teHHOlt 

,ItJil!HH. 
PaeeuoTpiiM enat~ana nenuqnny d MH neeTHUtiHHX 

,~tnarpmJM, eo,~teplW.l!lllX TOJILKO nepm'unu tuna (I) ( pne.£3). ,Una 

npOUSBOJibHOll ,ItllarpaMMH nopH,ItKa ~~ 
If ' 

M 1"> ('n = n ( :l~,- 1 + :S.,.,; 1t;-s. ... 1,,) 
~l ' 

. KalE,li;Oe eKaJIHpHOe npOUSBe,IteHHe eOOTBeTeTnyeT O,ItJIOlt US UeSOHH!:lX 
JI11Hllll, npllHHTHe o60SHa<leHI1.!l llO.!leHHDTeH p11eyHKOJJ.: 

\\ ----~~~~~~r---r-~~~~ 

'?1. > 1 r r r f•-• '), I, C ) 'l,_ 

Pl1e.9 

Bs6epeM npoHSBOJILH!:llt ! -no,~trparp, UMelll!lllll I< nesanH-
ellMHX neTeJib H e JIHHlill, US KOTOpHX Q - MeSOHH!liX. IlyeTL, 
,~tJIH onpe,~tenenHoeTll, nepm11Hill, K KoTopuM npneoe,~tllHeHY nHemHne 
JII1HHU e HMllYJibeaMU fl l l1 91 t npHHa,~tJieJmT t. -no,~trpacpy • 

Paso6beM nee HYKJIOHHHe JIUHHll ( TOJibKO MH HllX eOOTBeTeTBYD-
lllUe Jv- l1 1-lv-,'> BXO,ItHT B M (cl,:)) ) Ha Tpll rpynml: 

I) mmuu, He npnHa.~tnexal!lne t - til ; 
2). JIUHUU, npuHa~Jie:EaJJIUe l: , eHHTUe KOTOplliX JIUJllaeT t 

eBHSHOeTU - £ 2.} j 
3) JIUHUI1, npUHll.,ItJiell:aJJI!le t , eH.!lTUe. KOTOpHX He JIHmaeT 

eiJO eBHSHOeTll- {3} 
Ilpo,~tenaeM t. - npao6pasonanne 11 paeeMoTpllM !..- ~JIH 

JillHlllt KalE,li;OfO Tnna n OT,IteJibHOeTll. Ilpll 3TOM 

p'"- II" t <?1. -Cl.\.l £,(a~.)• ~ ~1.(al.) + q., hC.t) oloO(>-) 1; .. 1: ftl. 

Tax KaK ,~tJIH nonyt~eHnH 2-,~tepena nyxno pasopnaTL nee netnn 
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t ~no,~trparpa, T.e.,no KpaltHell Mepe, 1< ero nnnnlt noll.JiYT n t~iwno 
xop,It. Eenn enaTo ponno K nHnnlt t: , To P~. u ql MOryT 
BXO,Itl1Tb TOJlbKO B B~e .pa~HOeTU ( p1 -'Jl) , TaK KaK llpH 3TOM 
OeTaBJliUeea JIUHHll t 06paSyDT O,ItHOeBHSH!:ll! llO,~trparp l1 UeJillKOM 
BXO,It.!lT B OAHY HS KOMnOHeHT 2-,~tepena. 

f',- - /iw. [ 9!l.(ol, ?,Cj) ""O(;o.) 1"; YE (2j , 

Tart Kart noene enatua nnnnu Tnrra 2 t -no,~trpa<P pas6nnaeten · 
Ha ABe KOMIIOHeHT!:l, I!MellJJIUe B 06111elt eJIOli:HOeTU \< rreTeJIL, MH 
paSMiliKaHU.!l KOTOpux,no Kpaltnelt Mepe,e111e K JillHUlt t ,ItOJIXH!:l 
BOltTU B tllleJIO XOp,It • 

r ... - r.w. [ %2 (cl,?,'\) + oc") 1·, v-e: ol, 

'to: - i JIUHllD t HYXHO BKJIIltlllTb B tllleJIO · XOp,~t Mil paSMHKa!IUH 
OeTaBmnxeH IIOeJie eHHTll'H. JIUHllU V' ~ -1 neT Jill 1: , e111e O,It!la 

~ JillHllR i: BOlt,~teT B t!UeJIO XOp,~t, TaK KaK IIOeJie paSMiliKaHll.!l neex 
~{\ neTeJib t -IIO,~trparp eTaHeT ,~tepenoM, a KOHU!ll JIUHHll V" 

~ ,ItOJIXHill npnHa,ItJielW.Tb paSHHM KOMllO!IeHTaM 2-,~tepena. 

~ ' ) ~ c: (ol) - }.... ( c (.<>~,ol') ./.. 0(?1) ' 

TaK Kart C(~) een · eyw.ui npoHsne.~teknn rrapauetpon xop,~t 
,~tepen:t.en, MH rronyt~eHHH KOTopux· nee rretnn t ,~tOJIXH!:l CluTL 

paSOMKIIYT!:l. 
CJie,~tonaTeJI:t.Ho: 

I J: I C I J\"- <pt-Cf~.)f,Cot.)+f,_-r2(.t) ... ~:l·J'3(oe.)+oc.i'); re(f], 

'Sv--. ct,t'(ot,p
1
q) ·-~- OO); re[~!, 

r~- ~2.'(.,.,f'9) •oc,.); rel3J. 

.Una ertanapHux nponsne~eHnlt Cly,~teM nMeTL: 

(lr,I~:~) == A~o+ B?\$ +O<"")i v-,..~:~ef1J, 
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{'' 

TaKKaK Cpt-CIL1 p:t), Cp1-qt,~'2.) 1 Cp~,q 2 ) 1 Cpt-Cfi.)z. 
HyJteBolt nopa.n;oK no ~ • • 

lrMeDT 

.Bo acex ocTanbHHX cnyqaax cKanapHue nponsae.n;eHHH uoryT 
.n;aBaTb BKna.n; B aCHMllTOTHKY nopa.n;Ka ~ , qTo COOTB8TCTByeT 
!!aKCUMaHbHO B03MOl!:HOlt BenHqlme •. 

TaKIIM o0pa30M, KalE,ItHlt 113 COMHOlltHTenell ( 'J',..,_l .. r .. :, Te;•i ... Jf;) 
Oy.n;er aen~IqHHolt nopa.n;Ka · S ~ ecnH xora au o.n;uH HS qerupex 
111JllYHbCOB COOTBeTCTByeT HyKHOHHOlt HHHHH t -no.n;rpa!f}a. EcnH BCe 
qeTHpe HMnYHbCa COOTBeTCTBYDT HHHIIRM THna fi/ , TO CKaHHpHoe 

0 . 
npoH3Be.n;eHHe nueer nopH.n;oK ~ • 

Cne.n;oaaTenbHo, .n;na npoH3BOnbHoro l - no.n;rpa!f}a H M'"'(J) 
BemrquHa d · sa.n;aeTcH ¢opMynolt III/ : 

d=N-rn 
' 

(2 .3) 

r.n;e m - .qHcno uesoHHHX nHHnlt, He HMeDI!IHX oamiix aepmHH c 

t -no.n;rpa¢011. 
ITpe,ItCTaBHM aMIIHHTy.n;y pacceaHHR F' B BH,Ite: - -(~) r = :2: 1 (s,i:)' 

- - "-:t.o 

I t'-) - C~l -) r.n;e cooTBeTCTByeT saMe He M lJ, ... ) Ha M ( c1, J , 

H paccMoTplrM acHMnToTnKy 1101
( s, t) npn ~ ..:.oo. 

BudepeM npOI13BonbHHI1 t -no.n;rpa¢ H HaR.n;eM era npnae.n;ea-
HYD .n;mmy, .n;na qero .n;OCTaTOQHO BHQllCHHTD BeHHQHHY 1'11 • f. -
no.n;rpa¢ HMeeT · n ,., f +i- K BepmHH. ECHH 0 !.1830HHHX HllH11lt 
npnna.n;nexaT t . , TO n-2.ct = f+i-k -2o Mesonnux mmnlt 
HMeDT o.n;ny Bepmnny, npnHa.n;nesai!IYD t -no.n;rpa¢y, npnqeM .n;pyrne 
aepmnHH 3Tnx nnnnlt t -no.n;rpa¢y ne npnHa.n;nezaT, nnaqe 
.n;o0aBnenHe K t TaKOlt Me30HIIOlt HHHHH Oes· l13MeHeHHH m yMe!lbm}l!' 
Jl na e.n;nHmzy. 

llcero q11cno CYIJl8ClBennux mmnlt, T.e. TaKHX nHHHR, .n;nR 
KOTOpHX CKaHSIPHHe npOH3Be.n;eHHSi HMeDT nopH.n;OK S , dy.n;eT 
paBHO: 

a+ c.n-2o):::: f .. i-'<-a. 

Tor.n;a .n;na n pnBe.n;ennoR .n;nnnu t. -no.n;rpa<Pa HMeeu: 

·t-¢'1(-(e .. s.-IG-a) = a-\<-i. 
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(2.4) 

QqeBH.n;IIO, 
Me30HI!He HHHHI1, 
pa3 BK!IIl'leHHR B 

qro .n;na odpasoBanns nepBolt nernn neodxo.n;HMH .n;Be 
npndaBnenne Kas.n;olt noBolt nernn Tpedyer KalE.ItNlt 

t. . e111e o.n;Holt Me3oHHOlt nnHHH, cne.n;onarenbHO, 
npn 1< ¢ o 

Cl-1<-:1.~0. 

Ecnn 'K = 0 , TO. MOXHO llOHY'IHTb W'IHHMaHbHOe B03MOlltHOe 
3Haqenne npHBe.n;eHHOlt .n;mmu, paBHO~ -I. 3TO COOTBeTCTByer a"" 0 , 
T • e. 3l1KOHaHbHH11 t -llYTSIM, COBna.n;alliJliiM C HyKJIOHHH.I.Ilr .n;yra111r, 
lr aCHMllTOTirite: 

r~~Q.ns. (2~5) 

B KaqecrBe npHMepa paccuorpnu .n;narpaMMy XX ( pnc.IO). 

·~ 2£ -, X" 0 •• 

z. ' .If S" ' ~ 'l .. 

Pnc.IO 
BuqucnHM .n;na aee ~:~' npn ycnoBnn, qro napaMerpu nnanlt 
t -nyTH (5, 7 ,IO) 0nH3KU It HYHD~ B CKaHS!pHolt MO.n;enl1 3TOT nyTD 

.n;aeT BKna.n; B aCHMllTOTI1lty TOrO xe nopa.n;Ka, QTO 11 3ltKOHanbHHe 
t -nyTI1 ('1,2,3) 11 (4,5,6). 

ITpe.n;cTaBHM rt B BH.n;e: 

(\'I . U"). 

P1 = ri ... A. rl . 

r:') COOTBeTCTByer CYMJ..!e .no 2-.n;epeBbHM Tz. (I)' .n;na ltOTopux' 
nnnnn 5,7,10 ne SIBnBilTCSI ~op.n;ru.m. Taxnx 2-.n;epeBbeB6 ( pnc.II). 

x=x X_X·XJ 
.X_Z >CL u 

Pnc.II 
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Toqnua BH~ P~~., nec~eCTBeH. AHanorHqHo suqHcnanrca 
f"z. H r., • Talt xaK paeeua.TpHBaeuial t. -nyT:& He ru.teeT 

aaMKHYTHX neTen:&, To: 
r~·) = J,ol~o/1. Cpa-q ,) - (clt./l<i't ., ola ol~tlc., r/.2~ .. 11{,-+ .t,IIL .. ol"J) P~., JJol'"'l '/1.' 
C C.ol,o(~ )I) J11 • 0 • 0 • 

0TeD~a oqeB~HO, qTQ ~B Me30HHOl JIHHHH 8 : 

( '!1 • !2; p~ .. :r .. ) =A So ... 13·>. ~ • or)l), 

ItaK n dune noroaaauo B od~eu enyqae. AHanorHqno, e~tanapnoe nponase
~eHH.e, eOOTBe TeTBYD~ee Me30HHOl JIHHI-Ul. 9, TO:a:e, ru.teer 3qxpeKTHBHHl 
nopa~oK $ 0 

• TaKHM odpaaou, t -nyT:& (5,7,10) uoxeT ~aT:& 
cne~yD~Hl BKna~ B aeKMnTOTHKy: 

~2. lC ~-~ = s,-J, 
qTo ·Ha ,JtBa nopa~Ita no S enadee Bltna~a alKOHan:&HHX f; -nyTel. 
,Una suaeneHHB aeru.tnTOTHqeeKoro nose,;eHHH I·~) ( '$., i:) , h ":> o 
HeOdXO~HMO 3HaT:&, ltaK H3MeHBD_T·ea BeJIHqHHH Jh,"' npH 1\ -
npeodpaaosaHHH napaueTpoB nHHHl npoHaBon:&uoro t -no~rp~a, 
Talt ItaK In''l nonyqaeTelt H3 J<•> 3aMeHaMH nap 1"C !~ 
BennqJ.IHaMH i rc~l, g ,.,.., c. PaceiloTpeHHe' aHanorHqHoe 
npHBe~eHHOMY sume,no&a3HBaeT, qTo noene~uee BHpaxeHHe ,JtaeT BKn~ 
""'S , TOn:&KO ltOf,Jta, ada HWiyJI:&ea .· j\" H j..,. eOOTBeTeTBYDT 

HyKnoHHW nHaHau t - rio,Jtrp*· Ho B now cnyqae OHH .1:1 B . I,,., 
,JtaDT BKna~ .., ~ , e_enH BXO~RT B O~BO CKaJISipBOe np0.1:!3Be~eBHe, 

nHdO - ;_ -z. , 'eeJIH BXO~BT B1 pa3HHe. B JIDdOM eJiyqae OT Ta.KOl· 
3aMeHH BenHqHBa d Be yBeJIHqHTea. , 

PaeeuoTpHM Tenep:& donee no,JtpodBo BKJia,Jt 3lKOBaJI:&HHX t -
nyTel B aCHMnTOTHKy. ·Hai,JteM BeJIJ4qJ4BH C&aJiapBHX npOH3Be,JteHHI, 
eOOTBeTeTBYD~HX Me30HHUM JIHHHaM. ilpH 3TOM BeJIHqHHH ~ -napa
MeTpOB, aCCO~HpOBaBHHX e JIHHHSMH 31KOHaJI:&HHX t -nyTei,uo:a:BO 
nonoXHr:& paB~HMH o. TaKHe BHpaxeBHR dy,Jteu odoaaaqar:&THn&.JtaMH. 
Rexo~noe supaxeaHe ,;na cc~) HMeeT BH,Jt: 

l 

c cc~.) = ~ (no~.). 
T~ 

HeayJieBHMH dy.JtYT Ton:&KO Te enaraeuue, ~a KOTopux see 
JIHHHH t -nyTel Be aBJIBDTea xop~aua,H ene~oBaTen:&ao, xop,~;auH 
xa~l paa dy,~;yT see ueaonaue JIHBHH, Kpoue O,JtHol. TaKHM odpaaou: 

20 

E cc~.) "" n d., " c ~ c~.. ) 
[i,.J .. {• .. ! ... ' 

r~e { i.~e, 1 - nadop HH~eKcoB ueaoanux mmnl. llcxo~noe supaxenue 

~nB p~ HMeeT BH~: 
t•J . 

r" = d.;• ~ ( n ol) ( t: . b.,.). 
T2Cv) "":r, r 

HenyneBHMH dy.JtYT cnaraeMHe, ~na KOTopux xop~aim 2- ~epe-
Ba llBJIRDTCil nHHHH V' H { Me30HHbiX JIUI!Ult. IlyCTb HYKJIOHHaa 
JIHHHJI y nexHT Ha aepxneM t. .-nyTu. Tor~a B03MOXHbl 2-.Jtepea&a 
~YX KOHtPUrypartHlt ( pHe.l2) • . . 

CJi 

~, ; y ~(h 

1"1. / . ~lf: p .. = p~. 
' 'l2 

PHc.I2 

TaKml odpaaoM: 

f!.,. = A\pi+ ~)9i, 
r~e A.._ u ~ '1. - nonoxHTeJI:&HO onpe~eneHHble noJIHHOMH crenenu t 
no napaMeTpaM MeaoHHbiX JIHHHlt, npnqeM 
AnaJiornqao, ~na nyKnoaaux JIHHnl nnxnero 

A .. + Bl = c. 
f. -nyrn nMeeM: 

Fv = A~ p._ ~ Bl ~-z. j .A~, Y31 ~Oj ,A-3 ~ B" =c. 
B TaKOM Bl'l~e MOXHO npe,ltCT8BUT:& l'l BHelllHUe UMHYJibCH, .TaK, 

HanpnMep, p" ::. ~ c Ap1 + Bq,) ·, A .. c, a ... o • llDCloe crmnapnoe 
npouaae~enue uMeer Blf.lt: 

~~·rCA-. .. Aa.) Pt~ Oh.~P..2)q1i (Al"'A .. )p~-t (13'3~ a..,)9z1. 
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Y.Jtepxunaa t~JieHH nopB.JtKa 'S. , noJiyt~m.t: 

:1. 5/z [As. -4- Az. •8.1. + Bz]lA"l + Azt+Bl + ~.,J =- 2 S , (2.6) 
..... .. )"" 
M. ($) = (2.<;. 

. . ' 
r,Jte ~-tor . - nopa,Jtox ,Jtnarpa.JoWH. 

TaKm.t oOpa3ou, alrtxoaaJI&HHe t· - ny:rH ,Jtelrtc:rnn:reJI&Ho ,JtaDT 
HaU00Jiee CUJI&HYD B03.1LOli:HyD aCm.tnT,OTUKY ';. ~ <;; • nJia 
,Jtitarpaw, CO,ltepJ:aiiiHX ti8TBeplii>18 BepmHHH THna (2) ( pHc.8), .ILOJ:HO 
nOKa38T&, ti_TO BKJI8,1tH 3lrtKOH8JI&HHX . r -ny:relrt B aCm.tnTOT>IKy7 no 
xpalrtael! i.tepe,aa o,~tHH nopll,ltOK no S cJiaOee BKJia.~ta Jiec:rant~aux. 
,JtHarpa.IL.IL :roro. ze nopa,~tKa no ~ • llo,JtaBJieane ae31rtKoHaJI&HHX 
BKJia,JtOB npORCXO,ItHT 3,1t8C& 8H8JIOrRtiHO paCCMOTpeHHO.ILY BHme. 

TaKR.IL o0pa30.IL7 .1LOZHO C,JteJiaTL BHBO,Jt 7 tiTO B npeaeOpezeHRH . . . 
pa,~tna~ROHHH.ILR nonpaBKa.ILR, a :raxze BKJia,~ta.MR noJiapn3a~Hn BaKyyua 
H nepeKpyqeHHHX ,JtUarpa.IL.IL ,ltJill paCC.MaTpRBa8.1LOl! MO,JteJIH cnpaBe,JtJIHBO 
~e,~tc:raBJieane 3lrtKoHaJia /5/.: 

s ( 'S,t.) = f (~-,'U) SJt'IC" di".4t ( e- ~'tto(,.IY1I) -1 ). 
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rilYE>OKOHEYnPYrOE PACCEIIHI1E 3flEKTPOHOB HA HYKflOHAX 

P .H .C!JaYCTOB 

Ofi•eAHHCHH~~ HHCTHTYT RACPH~x HccneAOBaHH~ 

nocKOflbKY 3flCKTPOH C B~COKO~ T04HOCTbD RBnRCTCR_3flCMeHTapHO~ T04C4HO~ 4aCTH

~e~ c xopowo H3BCCTH~MH 3flCKTPOMarHHTH~MH CBOHCTBaMH, TO pacceRHHe 3flCKTPOHOB 

RanReTcR HAeanbH~M cpeAcTBOM HccneAoBaHHR CTPYKTYP~ 6onee cnomH~x ofioeKTos, Ta

KHX KaK aP.POH~, RAPa, aTOM~. 6oMfiapAHPYR MHmeHb.nY4KOM c HasecTHOH 3HeprHe~ H Ae

TeKTHPYR pacceRHH~e 3flCKTPOH~, MOmHO onpCACflHTb pacnpCACflCHHe 3aPRAa H MarHHTHOrO ' . . 

MOMCHTa BHYTPH OfibCKTa H noJiy4H;b HH~OpMaUH~ 0 COCTaBJIRmll!HX ero 3JI.eMeHTaX. TnKHM 

o6pa30M, ~ HMCeM YHHKanbHYD B03MOmHOCTb KaK fi~ aarflRHYTb BHYTPb OfibeKTa,H B 

3TOM C~cne MOmHO rOBOPHTb 0 11nenTOHHOM OCBellleHHH 11 /f>bepKeH/. 

B 4acTHOCTH,M~ o4eHb Mana aHaeM o CTPYKTYPH~x aneMeHTax.TeM HHTe

pecHee oKaaanHcb peaynbTaT~ 3KcnepHMeHTOB no rnyfioKOHeynpyroMY pacceRHHD aneKTpo

HOB Ha HYKnOHaX, KOTOp~e OfHapymHnH T04C4HO-nOAOfiHOC noseAeHHC CC4CHH~ 3THX HH

KnD3HBH~X npoueccos. _11AeR 0 TaKOrO POAa noseAeHHH nonH~X Ce4eHH~ HeynpyrHX peaK

~HH c Y4acTHeM nenToHos 6~a sneps~e s~cKaaaHa M.A.MapKoa~M. 

06HapymeHHOe noseAeHHe ce4eHHH MOmHO HHTepnpeTHPOBaTb TaKHM o6pa30M 0 4TO pac

CeRHHC 3flCKTPOHOB./MOOHOB/ nPOHCXOAHT KaK 6~ Ha KBa3HCBOOoAH~X T04e4H~X 3flCMeH

TaX, COCTaBnRDUlHX HYKnOH /napTOH/. 

KpoMe fionbWOH /T04e4Ho-noA06Ho•V aenH4HH~ ce4eHHR 3KcnepHMCHT~ ofiHapymHnH 

TaKme 3aMe4aTCflbHYD 3aKOHOMCPHOCTb- aBTOMOACflbHOC /MacwTafiHO-HHBapHaHTHoe/ noae

AeHHe HeynpyrHX ~OpM~aKTOpOB, T.e. OTCYTCTBHC KaKHX-nHfO paaMepH~X napaMCTPOB, 

xapaKTepHaYDIIlHX cTPYKTYPY cocTaaH~x aneMeHTOB HYKnOHa /obepKeH; 6oronD6os,MaTse

ea, MypaARH, TaaxenHA3e/. 

Ha APYroM R3btKe, Hcnonb3YDIIleM HAeH AYanbHOCTH, MOmHo cKa3aTb ,4TO aaTOMOACnb

HOe noBeAeHHe,B03HHKaeT KaK PC3YflbTaT YCPCAHeHHR CYM~ BKnaAOB 6onbWOrO 4Hcna 

HYKnOHH~X pe30HaHCOB, B036ymAaC~X HaneTaDUlHM nenTOHOM /onyM,rHnMaH/. 

npH noArOTOBKC 3TOrO pa3Aena neK~HH ~ WHpOKO HCnOflb30BanH neK~HH H ofiaop~ 

/eM. 3-6/. 

1. 1. KI1HEI-'ATI1KA nPOUECCA 

PaccMDTPHM HHKnD3HBH~~ npo~ecc Heynpyroro pacceRHHR aneKTpoHa Ha HYKnOHe 

e + N - e' + L hadrQilli. (I .I) 
n Wlobserved 

rAe ACTCKTHPYCTCR TOflbKO KOHC4H~~ aneKTPOH, 3TOT npouecc H306pameH rpaC!JH4eCKH 

Ha PHC, 1 ' 

24 

p·:s; 
Pn. 

PH c. 1· 

rAe k H k 1 -Ha4anbH~~ H KOHe4H~H 4CT~peXHMnynb~ aneKTpOHa C Maceo~ m ~ q=k-k'

nepeAa4a 4CT~PCXHMnynbca, HeCOMaR BHpTyanbH~M C!JoTOHOM, a p-4eT~pCXHMnynbC HyK

IlOHa MHWeHH C MaCCOti M. AAPOHbl B KOHe4HOM COCTORHHH ln) B CHilY 3aKOHOB coxpa

HeHHR HMCDT 4eT~peXHMnynbC 

H KBaAPaT HHBapHaHTHOH Mace~ 
pn 

2 
Pn 

p +_q 

= s = ~ = Cp + q)2. 

YAOfHO TaKme BBCCTH HHBapHaHTHYD nepeMeHHYD 

~ = p-q P2 = ~ -w-. . ' 

(1.2) 

(1.3) 

KOTopaR e nafiopaTOPHOo:i .(JI.) CHCTeMe OTC4eTa /Ha4anbHbl~ HyKnoH B noKoe , p=O I 

pasHa 3HeprHH BHpTyanbHOrO C!JoTOHa 

rAe 
P·k 

E=r;r, 

0 
,· ~ = qlab. 

-k' 
E' =11:!· 

E - E' 
' 

(I .3a) 

-3HeprHH Ha4aflbHoro H KOHC4HOrO 3fleKTpOHOB B n.CHCTCMe. 11HBapHaHTH~~ KBaAPaT ne

PCAa4H HMnynbca 
2 2 2 ' 2 22 

q = (k-k') ·= 2m - 2(k·k'), k = k' =rn 

B n.CHCTeMe HMeeT BHA 2 2 8 
· q = -2EE'(I-eos8)=-4EE'sin 2 ~ o, (1.4) 

rAe 8-yron pacceRHHR. 3Aecb H a nocneAYDU\CM _M~ npeHefiperaeM Macoi1 3neKTpoHa no 

cpaeHeHHD C ero 3HeprHeH, 11HOrAa M~ fiYAeM TaKme ynoTpefinRTb nonomHTenbHO onpeAe

neHHYD nepeMCHHYD 
2 . 2 

Q = -q :;;.o. (I.S) 

3HaR "\) H q
2

, nerKO Ha~TH HHeapHaHTHYD Macey KOHC4H~X aAPOHOB, HCnOflb3YR COOTHO; 

WeHHe 

s = 1-l = J + q
2 

+ 2M"\). (I.6) 
11cnOflb3YR 04CBHAHOC HepaseHCTBO 

s~~. 
OTCDAa cpa3y MOmHO nOflY4HTb rpaHH~Y C!JH3H4CCKO~ ofinaCTH npo~ecca (I.I) 

2 ·2 
q + 2M,J~O, Q ~2!>'.,) • 

B AanbHe~weM 4acTo fiYACT HcnonbaoeaTbCR 6eapaaMepHaR 

. W = ~2·=-rr~= ~2M2 +I=+ , 

B TCpMHHaX KOTOPO~ HepaaeHCTBO (I.7) npHHHMaCT BHA 
W ~ I. 
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(1.7) 
nepeMeHHaR 

(I. B) 

(I. 7a) 



rpa(fO<'IeCKH ¢'13H'IeCKaR o!iJlaCTb npoqecca (I ,I) H306palKeHa Ha pHc.2. • 
. 2 2 t q =- q ... 

~." 

2M, 

PHc.2 

.CornaCHo·npas«naM KBaHTOBOH aneKTpo~HaMHK« 1 • 21 aMnnHTYAa npouecca 

MOlKeT 6~Tb aan«caHa s BHAe aneMeHTa S-MaTPHll~ 

sf, 2 < fiS It)=< fl i.) • i.(21r)4 ~ 4 (p • k -p .. - k') <tiT I i) , 

1f,=<ttTti.>= 4~f uCk'>ortLCkJ<pniJ"'(oJip>. cr.9) 

rAe OAHO'IaCTH'IH~e BeKTop~ COCTO~HHA H AHpaKOBCKHe CnHHOPW HOp~HpOBaHM YC~OBH~MH 

(pip'):: E~p>(2tr) 3 8 3 (p-p') , u(p)U(p):: 1 , 
z. E(p) = ~p2.• M~ 

" o<.= 4~ :: _,;
7

- nocToRHHaR TOHKOH CTPYKTYP~· Hac HHTepecyeT AH¢l¢JepeHu«anbHOe 

Ce'leHHe HHKfl~3HBHoro npoqecca(I.I) 1 rAe AeTeKTHpyeTCR TOflbKO KOHe'IH~H 3fleKTPOH 

" POlKAa~TcR sceso3MOlKH~e /HeHa6n~AaeM~e/ aAPOHH~e cocTo~HHR. CornaCHo o6~,.H~M 

npas«naM HHeap«aHTHoe ce'leH«e.TaKoro npouecca HMeeT BHA 
21 

.1 · mM 'IT. I~( )4\'4( ) md'k' 
uO' = t: )z z z L- f' lfi 0 p•Cf- p .. (211)1 <=' 

v(p·k-mM n ""' (I.IO) 

z. d'l<' ~.--~ ~ ~rr;l<21r)"~6(p•q-p .. l<2tr>'E~' ~:..=vk'~·mz, 
rAe npocyMMHPOBaHO no KOHe'IH~M aAPOHH~M COCTORHHRM tn> . C y'leTOM COOTHOWeHHR 

(I,4) aneMeHT ¢laaoeoro o6oeMa e na6.cHcTeMe 

~3~· = \k'ldE'dQ' = 1T' d: dq~ · 
B 061JleM cny'lae peaKUHH c nonRP«aosaHH~MH aneKTpoHaMH " npoToHaMH 

peHllHaflbHoe Ce'leHHe B n,CHCTeMe MOlKHO npeACTaBHTb B BHAe 6/ 

dtr _ 4ot'E' 1...!,. .. ( ) W. (s) 
.ur.tE' - q•E a r" • 

rAe 

L ,.(tr) :o mzLur(k)1ru""Ck'Ji.,u''"(k) · 

(I. IDa) 
ABOHHoe AH¢Jcl>e-

(I. II) 

(I.I2) r : -tT;( iC1•fs&)(k•m)~l'(k'•ll1)'3',] 
Wr., (s) : (2fr)'L: (p.sJJ,.(O)Jn)<nJJ,(O)I p.s) 84

(p•q- p .. ), (I. I3) 
.. f\ ,. A • t' 
k • ~- k • 'l 1( , a= ctJ' 1 • 

nonRpH3aUHR nenTOHOB. " HYKflOHOB xrpaKTepH3YeTCR cnHHOB~MH nceBAO&eKTopaMH a.f' 

H sl" ' YAOBneTBOPR~MH ycnoBHRM 

u 2 = ::. 2 =-I, <t•k=:S·p=O, 
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. - 2 
TaK 'ITO B CHCTeMe nOKOR (p=O), p=(M,O), S=(O ,S), S = I, 11cnonb3YR CBOHCTBO TpaH-

CflRUHOHHOH HHsapHaHTHOCTH, nerKo HenocpeACTBeHHO nposepHTb, 'ITO TeH30P w,... .. 
xapaKTePH3Y~I!IHH CTPYKTYPY HYKflOHa, MOlKHO 3anHcaTb B ¢lopMe l)ypbe-o6pa3a OT KOMMY-

TaTopa TOKOB: , · lt . . 

w,. .. (s) = (2~) ~d4x etct (p.sJ [Jy<:x:),J,(o)Jip.s), CI.I4) 

rAe sTopoi1 ..neH o6paiJlaeTCR e Hynb «a-aa coxpaHeHHR 3Hepr«« AfiR -j) > 0. BblpameHHe 

(f.i4) noKa3~eaeT,'ITO BeflH'IHHa Wr>~c TO'IHOCTb~ AO MHOlKHTeflR RBnReTCR11MHI1MOH 11 

'laCTb~ aMnnHTY~ KOMnTOHOBCKOrO pacceRHHR snepeA BHPTYaflbH~X •$OTOHOB 

( )
2 2 . . 

C MaCCOH =q , ~eHCTBHTeflbHO, 3TY aMnnHTYAY MOlKHO npeACTaBHTb KaK 

C,.~(q) = ie2 ~d4X eiqx(piT JI'(~)J-(O}J p), 
. • . .. (I.IS) 

T J,.(,cJJ,(o) = %(:Y:0}JI"(x}J,(O) + -8-(-x )J.,<o>J,.<x). 

"cnonbaYR onpeAeneHHe T-npo«aseAeHHR H HHTerpanbHoe nPeAcTaeneHHe AfiR &-¢JYHK4HH, 

Mbl nony~HM: ~ rd I [ Wr•<q~.q) . w,.. .. (-q~.q)J' . 
c,...,(q):.e ~ 9.o __ q~-qo-iO- 9_~+q-i0 "(I.I6) 

0TC~Aa, HCnOflb3YA H3BeCTHOe COOTHOWeHHe 
__ t __ = fjl..!. + ifr~(x) 
x- .. o x ' 

M~ cpaay HaXOAHM /CM.pHc,3/ 
Im Crv(q) :=. 41ro~.Wrv(q) • (I.I7) 

·~ ImCrv(q) = ~ P«c.3 

1'"( p ' p 
nenTOHH~H TeH30P ~ 0') pa3flOlKI1M·iia. CHMMeTpH'IHY~ H aHTHCHMMeTPH'IHY~ 'laCTH 

L f [s] • eAI 
.r., :: L.."" + ' r• • . (I • Is) 

. rAe C Y'leTOM ManOCTH Mace~ aneKTPOHa qt · 
Lt;~ = i[k"k~ + k,k~ • &r" 2 J 

f A (1.19) 
t~ .. "2 mEr"-''t" q rt'C . 

C«MMeTPH'IHaR 'latTb TeH30Pa L,.v ,KaK H cneAoeano OlKHAaTb, coenaAaeT c peaynbTa

TOM YCPeAHeHHR no nOflRPH3aUHRM Ha'lanbHOrO nenTOHa 

~~ .. ::-!-~ Lr,{O') · (!.20) 

npOH3BeAeM aHanorH'IHOe pa36HeHHe H B aAPOHHOM TeH30pe 

w. ::. w.r~J .. 1-W. [AJ r" r" ,. .. (I.2I) 

rAe,KaK H B npe~AYIIleM CflY'Iae,cHMMeTPH'IHaR 'laCTb COOTBeTCTeyeT YCPeAHeHH~ no no

nRpH3aUHRM Ha'lanbHoro HyKnoHa. Hcnonb3YR penRTHBHCTCKY~ " rpaAHeHTHY~ «HeapHaHT-

w. [SJ 
HOCTb,MOlKHO 3anHcaTb ,. .. B BHAe 

w. [') - .! '"W. <~> = 
f'" - 2 7- ,. .. 
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= [- g,., + q~;·J W. ()),Q2J + ~z p,.p~ ~( v, QZ) ' 
~ . (p·q:> . (- ) 0 (!.22) 
p,.=pr-qrcr: • p·q=, 

TaK 4TO aeTOMaTH4eCKH B~nonHR~TCH ycnOBHR, B~TeKaD~e H3 COXpaHeHHR TOKa: 

orW.Isl _ 
L J'~ - fW,.L:I = o. 

H3 BHAa cnHHOBOH MaTPH4~ nnoTH~CTH A"R 4aCTH4~ co cnHHOM 1/2 

u~(p)ii~(p) = P2~M·f·(l+~s5) (I. 23) 

H PT -HHBaPHaHTHOCTH CilBAYBT ,4TO aHTHCHMMBTPH4HaR 4aCTb TeH3opa wl'~ AOil~Ha OOTb 

IlHHBHHa no CnHHOBOMY BBKTOpy 5 H MO~BT 6~Tb npBACTaeneHa B BHAB 

1. Wrl:1(!>) = .. ~ Tr[Cp • Ml}sS G,.~ 1 . s = s· 0 , (I .24) 
rAe B HaH6onee 06~eM BHAB 

GJ'" = 2~ {[ 'b'r· r.](p··q)- [~f'· qj P~- [q.ll',] PrJ Gt ( v. 0 2
) • 

+ ~Hlr·}•]q2.- llr•q]q_ .. -[q.&•lq,.}G2tv. 0
2
).(1.25) 

HHaap~taHTH~e ~YHK4HHG1,2. 3ABCb a~6paH~ cornacHo onpeAeneHHD 6bepKeHa71 • B~4H~eHHe 
wnypa nPHBOAHT K 6onee npOCTOMY B~p~eHHD 

~~A] = Ef' .. fO" 9..r SCI G1( ...,, Q2) + 

+ ~ E,. .. .r ... q1 [(p·q)s<~- (s·qlpajG2(-.,Q2). (!.26) 

AHTHCHMMeTpHR TeH3opa Er .. fro6ecne4HaaeT a~nonHeHHe.Tpe6oaaHHH 3aKOHa coxpaHeHHR 

TOKa: 
rW.lAI = q~ V/.. LA!= O 9. ~ r~ • 

+ . 
0TMBTHM, 4TO 3PMHTOBOCTb onepaTopa TOKa J: J BBABT K 3pMHTOBOCTH aAPOHHOrO . .. 

TeH3opa Wr~ = '.<{.. "'• KaK CilBACTBHe 3Toro, K ABHCTBHTenbHOCTH acex HHaap~taHTH~x 
CTPYKTYPH~X ¢YHK4Ht1 Wt,z H Crl,2, BXOAR~aR B B~pa~eH~te(J.II) AnR AH~BPBH4Ha1lbHOro 
CB4BHHR KOMCHHa4HR nenTOHHOrO H npoTOHHOrO TeH30POB MO~BT 6~Tb nepenHCaHa KaK 

I I'"W. : 1 J'~ \{f.[U _ I J'" \{f. [A) 
L.. I'" L.. (s] r~ L..{A) ,... • CI.Z7J 

CornacHO paBBHCTBaM (1,19), (1.20) H (1,22) nepa~H 4nBH B COOTHOWBHHH (1,2J)cooT

BBTCTBYBT YCPBAHBHHD no CnHHaM Ha4a1lbHOrO nenTOHa H ,HYKnOHa, H BKnaA ero B AH¢¢e

PBH4Ha11bHOe CB4BHHe (1,11) . HMBBT BHA 

Ju~. 
dQaE' 

= 4oc.z.~·z.[2~(1),Q2)sin2 ~ + W2 (v,U2)cos 2 ~ ].(1.28) 
Q . ' . 

HHBHHO 3Ta BBilH4HHa H3MePRilaCb AO CHX nop B 3KCnepHMBHTaX no rny6oKOHeynpyrOMY 

pacceRHHD 311BKTPOHOB Ha HYKnOHax, a KOTOP~X 6~o o6Hapy~eHo npeACKa3aHHOe 6bepKe

HOM RBneHHe MaCWTa6HOH HHBapHaHTHOCTH, 

· BTOPOH 4nBH B COOTHOWBHHH (1,27) OnH~aaeT 3aBHCR~e OT cnHHa 3~~eKT~,H,KaK 

BHAHO H3 ero B~Pa~eHHR, AnR HX Ha6n~ABHHR HBOCXOAHMO pacCBHBaTb nonRPH30BaHH~~ 
311BKTPOH~ Ha nonRPH3oaaHH~x npoToHax. TaKHe 3KcnepltHBHT~ ceH4ac nmiHHPYDTCR a 

HBCKOilbKHX Ila6opaTOPHRX /SLAC,fNAI/, 8 npeAnOilO~BHHH of. HHBapHaHTHOCTH no OTHOWe

HHD K ocpa~eHHD BPBMBHH KOMnOHeHT~ CnHHa,HopHailbH~e K nnOCKOCTH pacceRHHR,He AaDT 

3¢¢eKTa, TaKHM o6pa3oM,AOCTaT04HO nPHAaTb ABe He3aBHCH~e KOH~rypa4HH HYKnOHHo

MY CnHHY, OpHeHTHpOBaHHOMY napanneilbHO HilH nepneHAHKYilRPHO HanpaB~eH•m ny4Ka B 

n110CKOCTH pacceRHHR 311BKTPOHa, 0TC~Aa CilBAYBT, 4TO AOCTaT04HO H3MBPHTb ABB accH

MeTpHH B nafOpaTopHOH CHCTBMB OTC48Ta 5,6 ': 

d2crU dza" 4 zr 
dQ'clE1 - d2aE' =-. :aa {(E + E'c.o.sMGlil, Q)- Q

2
G2 ('\1, Q1.JJ , 

dzaf... dzcrt• 
~'-dQ'dE'"" 

4t~r E'stn8{G1(v,Qz) + 2EG2 (v. Q2J} 

4TO·n03BonReT,a npHH4Hne,pa3Ae11H(b aKnaA~ G1 ~t Gz • 

1.2. CflEJICTBH.Il YHHTJIPHOCTH 

(1.29) 

KaK 6~0 noKa3aHO B~we, aApOHH~H TBH30P Wl'~ MO~O paCCMaTPHBaTb KaK 11MHHMYI011 

4aCTb aMn11HTY~ KOMnToHoacKoro pacceRHHR anepeA aHpTyanbH~x ~ToHoa, TorAa onTH-

4ecKaR TeOpeM~, RBilR~aRCR CileACTBHBM YHHTapHOCTH MaTPH4~ paCCBRHHR, no3B011RBT 

CBR3aTb HHaapHaHTH~e CTPYKTYPH~e ~YHK4HH 0 BXOAR~e B TBH30p WI'"> C nonH~MH Ce4e

HHRMH norno~eHHR BHPTYailbH~X ¢QTOHOB, KOTOP~~ B OT11H4HB OT peanbH~X KPOMB ABYX 

nonepe4H~X cocToRHHH nonRPH3a~HH HMeDT e~e OAHO nPOAOilbHoe. PaccMOTPeHHe YA06Ho 

npoaOAHTb a ~PMa11H3Me CilHPanbH~x aMnnHTYA· TeH30PHaR KOMnTOHoacKaR aMnnHTYAa 

c,.. Ta~e MO~eT 6~Tb·pa3nO~eHa Ha CHMHBTPH4HYD H aHTHCHMMBTPH4HYD 4aCTH 

c, ... = cW+ i cr*l • (I.30) 
. . .. . wlsl 

KOTOp~e HMBIOT T04HO TaKyD ~e HHBapHaHTHYD CTPYKTYPY,KaK HX MHH~e 4aCTH J'~ H 
~I .. w,.. ,nPBACTaaneHH~e B~P~BHHRMH (1,22) H (1,26), HHaapHaHTH~e CTPYKTYPH~e 

~YHK4HH, BXOAR~e B cJ~l .~ 06o3Ha~HM COOTBBTCTBBHHO 4epe3 c1 2(~,Q~. a BXOAR-
CAI 2 ' I 

~e B. c,.~ -4ePe3 HI 2c~.Q ).TaKHM o6pa30M, Ha OCHOBaHHH paaeHcTaa (1.17)~ 
' HMBBM 

Im Ct.l = 4~oc. ""*·;. , 
Im H •. :t = 41i2<X G-4,1 • 

(1.31) 



AnA S-KaHanbH~x cnHpanbH~x aHnnHTYA KOHnTOHoecKoro pacceAHHA enepeA eeeAeH coK

pa~eHH~e oEo3Ha4eHHA 

{ 

< 1, VziTIL %.) = Ty2 

(X,siTI.t..,s)= .. (1.-1-'21Tit-Yz) =Ts12 
(O,Y2ITIO, Yz) =T~. 
(~i,!.YzlTI 0,!%) = T 'h. I.. 

(I .32) 

IICHo, 4TO 4Hcno He3aBH~x cnHpanbH~x aHMHTYA AMli<HO paBHRTbCA 4Hcny He3aBHCH

H~X HHeapHaHTH~x cTPYKTYPH~X ¢YHK4HH,T,e. e AaHHOH cny4ae 4eT~peH. OHH HOrYT 

6~Tb e~pall<eH~ APYr 4epe3 APYra n~~eHH~H o6pa3oH 
6~ 

11;
2 

-= C1 • l v H1 + 'i2 ij2.) , 

(I .33) 
Tv

2 
= C1 - [ v H, ~ q2Hz] , 

T~. =(1- ::)C1 - C, , 
T.tzL = -J2i9ii[H1 + vHz]. 

0nTH4eCKaA TeopeHa ,KaK H3BeCTHO, B cny4ae peanbH~X ¢QTOHOB rnaCHT 

lm Tlv) = s ;:
2 

O'tot , v=(s-M 2
) 

' (I .34) 

rAe S -KBaApBT 3HeprHH B CHCTeHe 4eHTpa HaCc,paBH~H KBaApaTy 3¢¢eKTHBHOH Haec~ 

poli<AaiOUleH aAPOHHOH CHCTeH~. B HacToAu•.ee epeHA ofi~4HO nPHHHHaiOT cornaweHHe e~6H

paTb KHHeHaTH4eCKHH ¢aKTOp 11 noTOKa11 BMpTya~bHbiX ¢QTOHOB TaKHHH ll<e, KaK B cny4ae 

peanoH~x. 

TaKHH o6pa30H, 3KBHeaneHTHaA 3HeprHA BHpTyanbHOro ¢oTOHa,pOli<AaiOUlero CHCTeHY 

aAPOHoe c Haccoih/s,paBHa 2 . 9.~ Qz 

. . K =. s;~ = "ii + 2M :: '\) - 2M • (1.35) 

11cnonb3YA paeeHCTBa( 1·.31) ,(1,33) H (1,34), H~ HaHAeH HCKOH~e COOTHOWeHHA 

. 1 1 [ 1 41i20l"' 
o;.="2{0't,t

2
• 0"%):: 2.Klm Tr/2•'1312 = ""}{"" vv1·, 

O't.. = y lm 1";. ~ 4~cx [(1 + ~~)W~ - W1) , CI.36) 

t<0\- O''h) = 2k 1mlTv2 -Ts,2 } = 4~~ ["' G1 - Q
2G2l 

f 41fZQI.. _ ,- [ r .1 O'y
2
t.:: K lm Tr;2t. = K v202 G1 + 'l)u2 

KpoHe Toro,4aCTO BBOAHTC>I eenH4HHa ICMMMeTpMM 

A ( 02) O'ttt - 0"¥2 ..> Gt - G2 Gz, 
1 v, = 2"' = W ' (I 37a) 

A 2 ~"''' I • 
2(v,Q)=o-... '" 

H OTHOWeHHe ce4eHHi< norllOUieHM>I nPOAOnbH~ H nonepe4H~X11¢QTOHOB11 

CJ"L .,)Z) \(h R = a;= ( 1 • Q1 -w, - 1. CL37bl 
flerKO l!l.nHcaTb TaK!Ke o6paTH~e COOTHOWeHHA t 

w,:: 4~Zoo. 0',-' W2: 4~o< (0:,. + CJ',.) Q1~ v 1 ' 

JL [·at o-.. . J , _ K [..>~-A ] ·1 p.3BJ 
G, = 4,.-zC)( ~ ~2 • A,OT .:J4Qi • Gz -411-tOl v2o.• ,G".,. -:s'·a• 
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B TepHHHBX BBeAeHH~X nonH~X Ce4eHHH ¢oTonorno~eHHA Ha6n10AaeH~e AH~epeH4HanbH~e 

ce4eHHA npHHHHaiOT BHA /napaHeTpH3B4HA XaHAa/ 51 : 

rAe 

cFo-•• - r((5: • ElY) 
dQ'dE' - .r L -

J2 H JZ <>" { E ·) ..Ja,_ u. j ~.- l"'dE' = 2f (1- £..E At crT • e. E--.12 '/2.'- , (1.39) 
clQ'aE me , 
,}2()'t... JZO't.. ~fl. r7.- . E' 
~·- JQ'dE' = zr{vtE{1•E) EA,<rT- Vf+E(i- LE)o-Y~LJ 

oc. K E(2.) r =- 41f2 Qi E' 1=E. • 
1. (. ~~)l zl} 
f: =1 • 2 1• Q~ g 2 (I .40) 

0THeTHH, 4TO B. cny4ae peanbH~X nonepe4H~X ¢QTOHOB 

Q'-= 0, K= .V, <>~.(.Y, 0) ~ O"t/:
2

'-(-.>, 0) = 0 • 
4Jil . 

o-.,.(v,O): ~\.({(v.O) = il<rA('l))-t-O'p("~>J]. (I.36a) 

H cr112 - cr-%] = 41fzO(u(v. O) = ![ cr..,b')- trp{-i>)] , 
rAe O'A,P -nonH~e ce4eHHA nornOU!eHHA ¢QTOHOB CO. cnHHOH ,aHTHnapannenbH~H {A) H na

pa~~e~bHbiM ( P) cnHHY npoToHa. 

BeeAeHH~e e~we eenH4HH~ nonH~X ce4eHHI< ¢oTonorno~eHHA no3eonAIOT npeAcTaeHTb 

B Har~·~HOM BHAe HeKOTOp~e CBO~CTBa ~HeapHaHTH~X ¢YHK4HH, BXOAA~HX B aApOHH~i< 

1:eHaop W,..; B 4aCTHOCTH, yll<e yno,HHHaeweeCR ceoi1cTBO 3PHHTOBOCTH 3Toro TeH3opa 

npHBOAHT K ycnOBH~ nonOli<HTenbHOCTH 

0.1' w~' ... n" ~ o (I.41) 

A"A noc~x KOHnneKCH~X eeKTOpoe al'. ·,!lenaA pa3yHH~H e~6op eeKTOPOB a,= E; 'rAe s
HHAeKc cnHHa HYI<JlOHa, HOli<HO nony4HTb B/ orpaHH4eHHA Ha HHBapHaHTH~e ¢YHKUHH Vv'J,z 

H Cri,Z • 0AHaKO B~BOA HX AOBOnbHO cnoll<eH, 3Ha4HTenbHO· npo~e YBHAeTb · npOHCXOli<AeHHe 

3THX orpaHH4eHHH H'\_ ycnoBHH nonOli<HTenbHOCTH nonH~X ce4eHHH ¢oTonornOU\eHHA. noA-

4epKHeH,4TO,HeCMOTPA Ha 6onbWYn HarnAAHOCTb 3TOrO HeTOAa,ero Henb3A C4HTaTb anon

He CTporHH, nOCKOflbKY peMb HAeT 0 ce4eHHAX He¢H3H4eCKHX npo4e~COB C Y4aCTHeH BHp

TYanbH~X ¢QTOHOB, nonOli<HTenbHOCT.b KOTOP~X He CTOnb 04eBHAHa, TeH !ie HeHee, HHeA 

e BHAY 1 4To cy~ecTeyeT fOnee cTporoe AOKa3aTenbcTeo,npHHeH,4TO e~nonHAIOTCR ycnoeHA 

cr,. ::,:. o , u~.. ~ o , G'v, ~ o • 0'3" ~ o, 
2 f . - 2. 2. 2. 

2 

cr,. ~ 4 (<T,~z. ().,.> • A < f • 
OTKYAa, C Y4eTOH COOTHOWeHHi< {1.36) cneAYIOT HepaeeHcTea: 

(1.42) 

WT:-w;~o 
2. 

\({ = u. at)~-\<{ ~ o. 
W1 ~ I'))Gf- n2G2l 

(I .43) 
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Ewe OAHO HepaseHCTBO MOmHo nony4HTb, ecnH Hcnonb30BaTb HepaseHCTBO THna KowH

DyHHKOBcKoro-Ulsapqa: 

<cxJTTior->qJfTI.P> :) I <cxJTTlp> 12
• (!.44) 

OocKOnbKY B CHnY OnTH4eCKOH TeopeM~ /yHHTapHOCTH;MaTPHll~ pacceAHHH/ 
o;,.oc Im (cxiTia<> = t<co.ITTI ot> , 
f!f$.,. ce I m (O<ITI j)) = .! <co.ITTI p . 

TO HepaseHCTBO (I ,44). OPHHHMaeT BHA 2 

2 
0'"' O'p. :) acx P 

B Ka4ecrse 4acrHoro npHMepa HepaseHcrsa (1.45) B03bMeM 
2. 

O"y& 0"~,. ~ O'vat. 

(1.45) 

(!.46) 
HnH, BBOAA CTaHAapTHOe 0603Ha4eHHe (1.37s) ' 

(jt.:RO'T, 
<Tv, R cr.,. ~ o-~ '- • (I.46a) 

0TC~Aa, HCnOnb3YH COOTHOWeHHA (1.36) , M~ nony4HM HCKOMOe HepaseHCTBO AnH HHsa-

pHaHTH~X <IJYHKllHH . 

~ 2Q2 [ G, + "J>G-2]'l. (I.47) 
. . [W1 + 1J c.-. - 0 2Gz] RW1 

HHOrAa 6~saeT YA06Hee Hcnonb30BaTb 3TO HepaseHCTBO B APYrOH <I>OPMe, nocKOnbKY co-

rnacHo nocneAHeMy H3 HepaseHcrs (1.43) 

'lit~ -vG,- Q2G-2, 
TO H3 HepaseHCTBa (1,47) cneAYeT orpaHH4eHHe 

RW/ ~ Qt(G, +- vG2J 2, (!.48) 
KOTopoe HaM nQHaA06HTCA npH o6cymAeHHH csepxTOHKOH CTPYKTYP~ yposHeH 3HeprHH aro

Ma BOAOPOAa • 

1 , 3 BKJW! OAHOHYKJlOHHhiX 4flEHOB 

PaccMOTPHM 6onee nOAP06Ho sKnaA OAHOHYKnOHH~X npoMemYT04H~X cocTOHHHH a sw

pameHH~ (1,13)An" aAPOHHoro reHaopa 'Vf,.,,coorsercT~YIOUIHH ynpyroMY pacceHHH~ ane

KTPOHa Ha HYKnOHe, C 3TOi1 qenb~ BOCnOnb3YeMCA XOPOWO H3BeCTHOH napaMeTpH3aqHeH 

MaTPH4HOrO 3neMeHTa aneKTPOMarHHTHOrO TOKa MemAY OAHOHYKnOHH~MH COCTOHHHAMH 2/: 

<p:s'IJr(OJip.s) = u":<p'Jfj.(q)u~{p) 

rrCq> = orG<q2J • z~ a-,." q\)Fz<q2J 
o-,.,= ·~Jar·~,]· . 

c!lopMC!JaKTOp~ F; 2 HOPMHPOBaH~ TaKHM o6pa30M,4TO(p -npOTOH, n-HeHTpoH) 

. F/(OJ-=1. Ft<o)-:0, 
F P (0) = il!p • F2.n (0) = Clen, 

iJ?p,1l-aHOManbH~H MarHftTH~H MOMeHT HyKnOHa. 06~4HO BBOAATCH TaKme 3neKTPH4eCKHe H 

·rAe 

(!.49) • 

(I. SO) 

MarHHTH~e <I>OPM<I>aKTop~ r = F _ .9...2 F. 
UE 1 4M 2 ' 
GH = F1. F2. •• 

B TepMHHaX 3THX <I>OPM<IJaKTOPOB OAHOHYKnOHH~H BKnaA B HHBapHaHTH~e <IJYHKllHH HMeeT 

- . az ' az 
cneAY~Uli1H BHA· w,•t ( ~. QZJ : 4M f..';., ( QZ) ~ ( 'i) _ 

2
M ) 

1 
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w;tcv,a2J " [ F/ca•J • Lt~.FJ<a•J J ~(~- 2~·) " 
·z 2 Q2 . 2 ,· 

_ c,;E(O:) + 4M•GM(Q) \'( _ Jr) 
- a•. 0 v 2M • 

-1 + LiM> 

. c..;tc")},a•) = 2~ r;<a•)&,..(a•J~(il- 2~) • 

&~L(v,a•)= -~Fz.<o.z)G-M<uz)~{,J- z~) 
HeTPYAHO BHAeTb,4TO HMe~T MeCTO COOTHOWeHHA 

_.,Gel_ a•Get == W't 
., ' 2. • ' a•· 
,..el + il&el = ....i. GMG-It o(v- 2M) ' 
.... , :t t2M . a• 
VJ. el (1 v)w.•l wet_ ad{""--) 

L " • Q2 2" - . 1 - . F 2M • 

(LSI) 

(I.S2) 

B napTOHHOH MOAe~H naproH onpeAenHeTCH KaK T04e4H~H o6oeKT, Macca /4eT~pex-

HMnYnbc/KOToporo cocrasnReT 4aCTb X or Maccw /4erwpexHMnynbca/ HYKnOHa, a 3aPAA 

paseH eie . B cny4ae,ecnH napTOH HsnReTcH To4e4HOH AHPaKoscKOH 4acTHlleH /r.e. 

COHH 1/2,f
2
=0/, ~ Ha OCHOBaHHH COOTHOWeHHH (1.5"1) H (1.52)HaHAeM,3aMeHAA B HHX 

M~Mx: 
2MW1i-= 

~w; = 

2Milu; 

Cr~ = 0 

e~ d(x- .!, ) 
z. ~ 1 ' 2.M i e, xo(x.- u:;) = wwt ' 
e~ S(:x.- th) = 2MW;, 

2Mil 
tO-= .--w- . 

(1.53) 

1.4 HACWTA6HAll HHBAPHAHTHbCTb /ABTOMOAEnbHOCTb/ H OPABHM CYHM 

0TI1H4HTenbHOH 4ePTOH rnyfuKOHeynpyroro pacceAHHH 3neKTpOHOB Ha HYKnOHaX HB

nHeTCH aBTOMOAenbHOe noBeAeHHe HHsapHaHTH~X <IJYHKllHH \<.'t,t·. 3KcnepHMeHTanbHO 06Ha

pymeHo, 4TO npH V H Q2~oo Wr H \V;,. CTaHOBRTCH HeTpHBHanbH~MH <IJYHKllHRMH 6e3paa

MepHOrO napaMeTpa w = 2Mv /Q2 , TeopeTH4ecKH TaKoe nose~eHHe 6~o nPeAnomeHo 6bep

KeHoM9/. Cyu1ecrey~r paanH4H~e ~eopeTH4eCKHe cxe~, KOTop~e nPeACKa3~Ba~T asToMo

AenbHoe noBeAeHHe, 00CKOnbKY aAPOHH~H TeH30P Wi'" B~pamaeT;. 4epe3 KOMMYTarop ro

KOB1T01KaK HeTPYAHO noKa3aTb, ,aCHMOTOTH4eCK07 noBeAeHHe ~ Wl>~ nPH q
2
,.;) _. 

00 Tec

HO CBR3aHO C xapaKTepOM OC06eHHOCTeH KOMMYTaTopa Ha cseTOBOM KOHYCe X
1

=0. HaH6o• 

nee nonHoe HccneAosaHHe aroro sonpoca Ha ocHose cneKTpanbHoro npeAcTasneHHR 

~ocra-fleMaHHa-Aai\coHa An" npH4HHHoro KOMMYTaropa 6~o nposeAeHo a pa6orax 

H. H. 6oro~~6osa, a·:c .·B~aAHMHpoaa H. A. H. Tasxe~HA~e 10 1 H a noc~eAY~UIHX pa6orax
11 

'· 

noHCHHM KPaTKO,no4eMY noseAeHHe CTPYKTYPH~X <I>YHKllHH B nPeAene 6bepKeHa 
2 · . 2M"V . · d q -oo, -.>-oo. ---2- ~ w -.fu:e , 

'l 
TeCHO CBH3aHO C noBeAeHHeM COOTBeTCTBY~~ero KOMMYTaTopa TOKa s6nH3H cseTOBOrO 

KOHYCa X2=0, AnH 3TOrO sepHeMCH K.Oypbe-npeACTasneHH~ (1.14), B~6epeM CHCTeMY 

orc4era, rAep=(M,O), q=(q0,0,0,q3), q0 :v, q3:.y'"l)t-q_z.. 
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/. 

TOrAa CKanRPHOe npOI13BeAeHI1e. (q•x)s 3KCnOHeHTe MOlKH0,04eB11AH0 1 3ani1CaTb B B11Ae 

(q·x) = f<q•- q')(x0- x3) • -}cq• .. q•)(xo-XJ)• 

B B~6paHHOH CI1CTeMe OTC4eTa 

(q•- ql) :: ~- .../~2- 9.1 ~--..!:!.' 2-.>- w 

('I.• + q3) = ~ + '".../v•- q_z 
. z w 

2'1> = - q M' 

li3eeCTHO, 4TO OCHOBHO?! BKI!aA B 11HTerpan ¢ypbe AaeT o6naCTb 3Ha4eHI1H (q·X) ~ 1 , T. e. 

2. 2W 
I Xo • :X:al"' lq•- ql/ :: M ' 

2. 2M 
l?to-?t31 ~l<t"+<t.'f: lq"lw' 

TaKHM ofpa3oM, cy~ecTBeHH~ 3Ha4eHI1R 11HTepeana 
2 -2 4 

X =: (Xo-X.5)(Xo+X3)- X.L < (:X:o-:X:3)(Xo~X,)- Jq2J o. 
q~~ 00 • 

napTOHHaR MOAel!b npeAnonaraeT,4TO HYKI!OH nocTpoeH 113 K~a311CB06oAH~X T04e4-

H~X COCTaBnR~I1X 4aCT11U, Ha3~eae~X napTOHaMI1. 3Ta MOAenb Onl1paeTCR Ha TOT 3Kc-

nep11MeHTanbH~H $aKT, 4TO Ce4eH11e,npOI1HTerpl1pOSaHOe no '\) ,nPI1 ¢11KC11POSaHHOM '1.2 
HMeeT TaKOH me nOPRAOK senH~HH~,KaK H MOTTOBCKOe .ce~eHHe pacceRHHR Ha TO~e~HOM 

HYKIIOHe. HHsapl1aHTH~e <!>YHKU1111 \</.;,z nPH 3TOM nony4aooTcR 11HTerpl1posaH11eM no X nap

TOHH~x ~YHKUHH (1.53), YMHOlKeHH~X Ha <I>YHKU1111 pacnpeAeneHHR A01111 X npOAOI!bHOro 

11MnY11bCa 11 CYMMI1POBaHI1R no seeM napTOHaM: 

2MW,(v,01)::};: effdxfi(x)J(x- .!;J = F,(w) , 
. .. 0 . 

vW2 (-J, 01
) = ~ e~ J;d:x: X fi(X) o(:x:- ~) = F2 (W), 

F;(w) = ~ F;(w), 

R=u .. _VI.t-(1+~2)-1== 4M2 
- O'T - Wz QZ atw2 

rAe ~(X)HopMHposaHa ycnosl1eM 

J;dx f;.(x) == < Nt>. 
(N;} -cpeAHee 411cno napToHos 1..-ro copTa •. 

(I. 54) 

TaKHM o6pa30M, rny6oKQHeynpyroe pacceRHI1e S napTOHHOH MOAen11 CBOAHTCR K 

CYMMe HeKorepeHTH~x ynpyr~~x-pacceRHI1H Ha To4e4H~x napToHax. BYWe ~ npeAnonaran11, 

4To napToH~ 11Me~T cni1H 1/2 /HanpHMep, KsapKI1/. HMeeTcR o6wHpHaR nHTepaTypa, no

csR~eHHaR nOAPOfHOMY paCCMOTpeHHIO 3TOH MOAen11 121 , S 4aCTHOCTI1 S~BOAY 11 aHanH3Y 

·pa3nH4H~x npae11n cyMM. 

B cny4ae 3aBHCRwero oT cnHHa rny6oKOHeynpyroro ·pacceRHHR Heo6XOAHMO AOnon

'HH'renbHO Y4ecT.b cnHHoe~e cTeneHH ceoGoA~ napToHos /KeapKos/6~ TenePb ylKe B03HHKa

IOT ABe <!>YHKUH_H pacnpeAeneHHR fi'(X) H ft(x) ,cOOTSeTCTBY~He CnHpanbHOCTH napTOHa, 

HanpaeneHHOH napannenbHO 111111 aHTHnapannenbHO cnHpanbHOCTH HYKI!OHa: 

L:fu(x)(i,'-IA/i.~) = t(fi'(X}- f;'(x)}. (1.55) ,. ·. 

34 

04eBHAH0,4TO HCnOnb30BaHHaR_ paHee_<!>YHKUHR 

f,(~l = flfl<x> + ft(:icl]. _ . 
B pe3Y11bTaTe C Y4eTOM S~palKeHHH ( 1.53) AI!R napTOHH~X <!>YHKUHH·cr: lM~ HaHAeM 

2M'll G-t('\1, a•) = L ,. s;axx[U(x)- f;.'(x)] ~(X-.!;):: g,(w). (1.56) 
G-2 (v,Q2)a0. _ _ 2 1 · 

B npocTeHWeH KSapKOBOH MOAenH.' rAe p =(uud),n =(ddu) ,eu= 3• ed = ·- 3• HCnDI!b3YR Re-

H~H eHA BOI!HOS~ <!>YHK4HH, MOlKHO HaHTI1 13/ . 

-2
1 (f~(X)- f~(X)]:. tfu(X), 

. 4 ) 
f[fJtx)- ficx>J =--sfd<x · 

6 3TOM cny4ae B~pameHHR (1.54) H (1.56) npHHHMaiOT BM.II. 

F/(w} = .ffu(w) + -9
1 fa(w), 

I f - ~ 
g,P(w) "' ~fu(W)- vfd lW), 

F;"Cw) = 1fu(w) + ff.J(W) ' (1.57) 

g,n(W) :~fu(W)- ~fd(w) • . 
113 COOTHOWeHHH (1.57) cneAYIOT orpaHH4eHHR Ha senH4HHY aci1MMeTPHH-; paBHYIO S 3TOM 

cny4ae A (w) = gi(W) 
i 2 F,<w) 

-i' Ai(w) ~ j ' -3 ~ A~<w) ~ 
Ecn11 AononHHTenbHO npeAnonolKHTb, 4TO fu(X):: f.t{X) 

AfCw} = f · A:<w) =: o, 

f 
3' 
,To 

11 cnpaeeAnHso npae~o~no CYMM 
5 

S~~.gt(w) = S~~A1(w)~(w) = 9' 
HnH C Y4eTO~ ( 1 .59) ' . 

f""dw 
Jf wz f1 (WJ.= I • 

(1.58) p 

(!.59) 

(1.60) 

B 6onee o6weM cny4ae cnpaeeA1!11SO npaBHno CYMM,KOTopoe nony4aeTcR Ha ocHoee anre-
67/ 

6p~ TOKOB , j_ G 
r~z[g}<w>.;. g~n<wJJ- = 31 u: I_ . (1.61) 

rAe CrA/Uy -oTHOWeHHe aKCI1anbHOH H seKTOPHOH KOHCTaHT cna6o·ro B3aHMOAeHCTSHR. H113-

K03HepreTI14eCKaR TeopeMa np11BOAHT K npaeHny CYMM fepacHMOea 31 /cM.(I.36a) i : .:-
ae1 Joo dv _ 1 ~ ""dv [ ] LjW =-. 1o ~ G,('I>,O) - 8tr20<. Jo. "7$" O"pN)-CTA(v) • 

0AHHM 113 OCHOBH~X CBOHCTS naPTOHOS RBnReTCR HX T04e4H~i1 xapaKTep, T.e. OTCYTCTSI1e 

pa3MePH~x napaMeTpoe, onpeAenR~Hx:Hx CTPYKTYPY· EcTecTseHHo no3TOMY S~AenHTb 

3TO CSOHCTBO H C<I>OPMYI!HposaTb ero S BHAe o6~eH rHnOTe3~ 06 OTCYTCTBHH S rny6oKO

Heynpyri1X nenToH-aAPOHH~x npoueccax KaKHx-nl16o pa3MePH~x napaMeTpos /KPOMe Mac~ 

HYKnOHa/, onpeAei!RIOU~X WKany HMnynbCOB 11 Ce4eHI1H, npH 3TOM see senH4HH~ CTaHOSRT

CR MaCWTafHO-nDAO~~MH, T.e, MeHRIOTCR npH OAHOBpeMeHHOM paCTRmeHHH BCex HMnynbCOS 

p- >.p ' <I- J.q 
KaK OAHOPOAH~e ~YHKUHH COOTSeTCTSYIOWHX pa3MepHOCTeH. 
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TaKaA o6~aR rwnoTeaa 6~na enep~e c¢oPMY11~poeaHa B.A.MaTeeee~M,P.M.MypaARHOM 

~ A.H.Taexen~A3e 141~ ~aeecTHa KaK np~HU~n aeTOMOAe11bHOCT~." 
O~acTb np~MeH~MOCT~ 3Toro np~HU~na onpeAenAeTCR ycnoe~A~ 

Z qz . lq2f»Mz. M~=(p·q)>>M • tp·ql. f•ud. 

AHan~a paaMepHocTeH noaeonAeT TOrAa "npeACKa3aTb xapaKTep aaBMCMMOCTM paan~4H~X 

Hafin~Aae~x aen~qHH OT HHBBPHBHTH~X KHHeMaTH4eCKH~ nepeMeHHYX. 8 4BCTHOCTH,RCHO, 

4TO 6eapaaMepH~e ~YHKU~H MOryT 3aB~CeTb JlHWb OT MaCWTa6Ho-~HeapHaHTHOrO 6eapaa· 

MepHOrO OTHOWeH~A W = ·2M~/q2 = k ,a Be11~4~H~ T~na Ce4eHHA ,HMeJOIIlHe pa3MepHOCTb ' 
" [o-]=m-z 
MOrYT f'~Tb npeACTaeneH~ B BHAe: f 

0'(11. (t> = cp F (W). (I .62) 
npHMeHHM 3T~ npOCT~e C006pameH~A K,PaCCMOTpeHHO CBOHCTB HHBap~aHTH~X ~YHKU~H 

~.2. ~ &1,z. cPopMY11~ (1, 38)c Y4eTOM onpeAeneHHA ( 1. 35) se11~4~~~11nOTOKa11 B~PTYaJlb• 
Horo ¢oToHa 

K = 2~(1-w) = .Y(1- ~). W- fi..;ced, 
M paBeHCTBa(1,62) npHBOAAT K yme 3HaKO~M COOTHOWeHI1AM: 

2MWd"'l,<J1) = F1(W} , 

-.>Wz(v,q1)-= F2 (w) , 

2M'l)G1('ll,q1) = g1(W), 

2M'Il1Gz(-.),q2) = g2 tw). (I .63) 

npH B~BOAe nocneAHero ~3 COOTHOWeH~H (1.63) Tpe6yoTCR HeKOTOp~e AOnonH~TenbH~e 
6/ " ' 

npeAnonomeHHA, OAHaKO M~ He 6yAeM Ha H~X OCTaHaBJlHBaTbCR .8 OT11H4He OT aHano• . . 
rH4HYX COOTHOWeHHH napTOHHOH MOAen~ 3AeCb OTCYTCTBYOT CBA3H MemAY MacwTa6Ho·~HBa• 

P~aHTH~~ «!>YHKU~A~ ~.z ~ g,,2 H, eoo6u1e roeopA, g
2
'¢ 0, HHeapHaHTHaA ¢YHKU~A 

IY(W) YAOBneTeOpAeT csepxCXOAR~eMYCR npaBI111Y CYMM 
~" s-dw ' 

. ' w• gaCW) = 0, 
KOTOpoe Ha~6onee npOCTO B~BOAHTCR C nOMO~bO anre6p~ 

(I.64) 6 
TOKOB Ha CBeTOBOM KOHyce5 • ( 

MacwTa6HaA ~HsapHaHTHOCTb AOBOJlbHo xopowo nOATBepxcAanacb 3KCnepi1MeHTa11bHo., 

0AHaKO B nocneAHee epeMR HaOJlOAaOTCR He60JlbWHe OTKJlOHeHHA OT MacwTa6HOH ~HeapH• 

aHTHOCT~ /cM.neKU1111 H.A,CaeHHa Ha 3TOH WKone/. Boo6~e AaeHo Yme 3aMe4eHo, 4TO 

no nepeMeHHOH 
11

CKeHIUtH r
11 

HBCTYnaeT paH bWe H ny4We BbiOOllHReTCR 

M 2 · s 
w' = w + at :: Q2 + 1 

16/ 11 B no11b3Y 3Toro 11MeOTCR HeKOTOp~e C006pameHHA, OCHOBaHH~e Ha HAee AYaJlbHOCT~ 

HMeHHo HYKnOH H HYKnOHH~e peaoHaHc~ Mac~~ npH HH3KHX 3HeprHAX co3AaoT HeAH¢· 

,PaKUHOHHYO OCHOBHYO 4aCTb11CKeHJl~Hra" ~ COOTBeTCTBYK>T Ha11~4HO t ·KaHaJlbH~X 06MeHOB 

npH B~COKHX 3HePrHAX, OTJ1H4H~X OT noMepoHa. 8 K011114eCTBeHHOH ¢oPMe 3Ta CBR3b MO• 

"meT f~Tb B~pameHa B Tep~HaX o6o6~eHH~X npaeHn' CYMM npH KOHe4HOH 3Hepr~l1. 

APyroH.WI1POKO HcnonbayeMOH s nocneAHee BPeMR nepeMeHHOH RMAeTcA TaK Haa~ea· 
eMaA t ·nepeMeHHaA 

151
• 0Ha ecTecTeeHHo B03H11KaeT H3 cneAYo~~ npocT~x paccYmAe-
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HHH. nycTb napTOH BHYTPH HyKnoHa HMeJl AO pacceAHHA 4eT~PexHMnY11bC 'l;p ,rAe p -

HMnYn•c HYKnOHa. TorAa nocne pacceAHHR Ha-napToHe BHPTYanbHoro ¢oToHa c HMnYn•

COM 't napTOH npHo6peTaeT" HMnYJlbC ~p+q , nocKOJlbKY MaCCa napTOHa nP,HHHMaeTCR 

paeHOH Hyno, To AnR"KBaaHceo6oAHoro napTOHa ~MeeM ycno~e 

(\p+ 'tf = 0 

~1111 

eM2+t~a-Q2 
= o, 

rAe ~H ~Cn011b30BaH~ COOTHOWeH~A az 
z Mz :x:-- a• = - «tz • p = • - lCp·ql 

PewaA 3TO KBaApaTHoe ypaBHeHHe oTHocwfenbHO I'; , HaxoAHM 

t - 2:x - X 
- 1 + " 1 1 + 4v2M"/0~ Q'~-

(!.65) 

(I.66) 
V ~ x:rc.ot~st 

06~4HaA nepeMeHHaA :X: nony4aeT"CR, ecn~ e ypaBHeH~~ ( 1.65) npeHe6pe4b 4neHoM,npo-

nopu~oHanbH~M M2 
• TaKHM o6paaoM, s HeKOTOPOM ycnosHOM c~cne MomHo C411TaTb, 

4TO nepeMeHHaA l noasonAeT Y4eCTb nonpasKH "Ha KoHe4HOCTb Mac~ napTOHa. KpoMe 

Toro, 3Ta nepeMeHHaA 'oKaaanac• secbMa noneaHoH.nP~ ~n•coHoscKOM paanomeHHH npo-

H3BeAeHHA onepaTopos. 

4TO KacaeTCA 3KCnepHMeHTOB no 3aBHCR~eMY .OT COHHa r11Y6oKOHeynpyroMY"" 3JleK· 

TpopomAeHHo, To noriy4eH~ nepe~e AaHH~e, noATsepmAa~e e rpy6~x 4epTax MacwTa6-

HYD HHBap~aHTHOCTb ~ 3Ha4eHI1; ('1 ·.,59) AnA se11114~H~ ac~MMeTpl111 A1• AnA 3Tor~,KaK 
OTMe4anocb, HYmH~ no11API130BaHH~e 11enTOHH~e nY4K~ ~ no11APH3oeaHH~e HYKnOHH~e MH" 

weHI1, MooHH~e nY.4KH e H¢83/npoTe~Ho/, 6pyKXeHeeHCKOH Hau11oHaJ1bHOH 11a6opaTop~11, 

¢HAI1e/1Ct:JA/ 11 UEPHe asToMaTI14ecKI1 'o611aAaDT npoAonbHOH no11AP~aaul1eH 11a·aa ~x"npo-

11CXOmAeH~A a Clla6~x pacnaAax nHOHOB, B CflAKe ycTaHoBJleH 11CT04HHK no11API13oeaHH~x 
I 

311eKTPOHOB, 

2, CBEPXTOHKAR CTPYKTYPA BOAOPOAA H HEYnPYrOE 3flEKTPOPOMAEHHE 

Beni14HHa ceepxTOHKoro pac~en11eH~A c~HrlleTHoro ~ TP~nlleTHoro ocHOBH~x ypos

HeH 3Hepr~~ BOAOPOAa AMAeTCA B ,HaCTOA~ee epeMR Ha~6o11ee T04HO ~3BeCTHOH ~3~· 

4eCKOH nocTOAHHOH, HaMepeH11A, npoeeAeHH~e c noMO~bD BOAOPOAHoro Maaepa
181

, AaDT' 

3Ha4eH11A 
6'llhh = 1 420 405 ?Sf. 7662 (3) Hz (2.I) 

- . 10~i3 c YA11B11TellbHOH T04HOCTbO • 

TeopeT~4ecKHe 

19/ 
pac4eT~ 3TOH Be11H4~H~ OCHOBaH~ Ha ~C0011b30BaHI111 KBaHTOBOH 

3JleKTPOA11H a~ KH ~ penAT11~cTcKHx ypaeHeH~H"CBA3aHH~x cocTOAHHH 
201

• B Ka4ecT· 

Be TaKOrO ypaeHeHHA HaH6onee "YAOiiHO 11CODnb30BaTb" TpexMepHOe KBa3~00TeHU11aJ1~-
" 21/ -

Hoe ypasHeH11e floryHosa-Taexen~A3e s ~MnYilbCHOM npeAcTaeneHHI1 

(E -.../p1•ma.- .Jpt1-M1)lpCpJ =- J~)~ V<p.p';E)ll!Cp?. C
2

•
2
l 
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rAe BOilHOBaR «!>YHKliHR l.lf(p) OnHCbiBaeT. OTHOCHTellbHOe ABH>KeHHe 311eKTPOHa C MaCCOH tn 

H npoToHa C MaCCOH H B CHCTeMe lleHTpa Mace C OTHOCHTellbHbiM TpeXHMnYilbCOM p. Baa· 

HMOAeHCTBHe Me>KAY 311eKTPOHOM H npoTOHOM onpeAellReTcR KBa3HnoTeHliHallOM VCP,p;E) , 
KOTOPbiH RBilReTCR, BOOfi~e roeopR,HellOKallbHOH /T.e,3BBHCR~eA He TOilbKO OT pa3HOCTH 

p - p' I H RBHO aaBHcR~eH OT 3HeprHH 4>YHKliHeA, B HepellRTHBHCTCKOM npeAelle 

p2 «m2
, Mz.; W= E-m-M « m + M. (2.2a) 

Kea3HnoTeHt~HallbHOe ypaeHeHHe (2.2) nepeXOAHT e oEb14Hoe ypaBHeHHe WpeAHHrepa 
p• d'. 

< w- 2 f.) l!fCpJ = S fi£• vc;;. "P'> W<fi'>, 
rAe nPHBeAeHHaR Macca mM 

S""m.M 
KeaaHnoTeHliHall V o6bi4HO ~aAaeTcR B TePMHHax aMnnHTYAbl pacceRHHR BHe Maceo-

soH noeepXHOCTH C nOMO~b~ onepaTOPHOrO COOTHOWeHHA 

V = T.,.(1 + C.oT.rt: T.,. -T .. Cr.T .. + ••• (2. 3) 

KOTOpoe nollY4aeTCR 113 COOTBeTCTBY~~ero YPaBHeHHR flHnnMaHa-WBHHrepa AllR aM1111HTYAb1 

pacceAHHR T.,. = V +VuoT 
«<>YH'KliHR rpHHa CBOOOAHbiX ~aCTHll (2fi)3 s•(p- p') 

(2. 4) r (~~.E) - c 
U 0 p,p, - E---/pt .. ml.-"'p••Mt 

AMnllHTYAa pacceRHHR,cnpoeKTHPOBaHHaR Ha nollO>KHTellbHO 4aCTOTHble COCTORHHR: 

"T:Cfi.p:EJ = u,<p'>UM<-ji'JT(p.p';E,E=E'•O)u,(f>JuM(-p), (2. 5) 
rAe aMnllHTYAa T 3aAaeTcR e TePMHHax AHarpaMM «<>eHHMaHa, napaMeTpH30BaHHbiX,KaK 3TO 

noKa3aHo HapHc.4 • 

m E -
m:M·P~ 

Tn 
m•ME, p'· 

m~ME,-p~ M 
~E,-p' 

PHc,4 

OpHMepbl AHarpaMM HHawero noPRAKa, Y4HTb1Ba~He CTPYKTYPY npoToHa, nPHBeAeHbl Ha 

.PHC.5 , 

~ ~ 
a 

PH c. 5 b 

8 HCXOAHOM npH6nH>KeHHH Mbl, KaK H ClleAOBallO O>KHAaTb, HMeeM 4HCTO KYilOHOBCKOe B3a• 

HMOAeHcTeHe. Hac 6YAeT HHTepecoeaTb eKilaA e ceepxTOHKoe pac~enneHHe AHarpaMMbl 

l ABYx«t>oToHHoro o6MeHa /pHc'.5e/, nocKOilbKY oHa BKI1~4aeT a ce6.R aMnnHTYAY KOMnToHoe

CKOro PaCCeRHHR BHPTYBilbHbiX «!>>TOHOB Ha HYKilOHe. 
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CoeMecTHbiH BKilBA e ceepxToHKHH CABHr ypoBHeH j:lHarpaMM OAHo- " ABYX¢oTOHHoro o6Me-
22/ 

Ha HMeeT BHA 

6E.~~ .. l'}E:l. =- 1 llf,Co>l1{ ~!,"'M {-i•ae)<cr.· iYr> .. 

411' - ~ r <l'<t V,(<{) • <l;,<o.o> > - 3mM <-1 • aeJ<O'.· O'r> J (2:11')' t'.V..- :~y (2 .6 J 
~- ~ 

rAe T21 (0 ,o) -aM111HTYAa ABYX«!>oTOHHoro o6MeHa, ea.RTa.R npH Hyneeblx _aHa4eHH.RX Tpex-

HMnYilbCOB npOTOHa 11 311eKTpOHa.' ill: •BHOMB.ftbHbiA MarHHTHbiH MOMeHT npOTOHa /B ej:lHHH• 

liBX RAePHOrO MBrHeTOHa/, KYilOHOBCKHH noTeHliHBil 

v. (a} - _ ~ _ 4:1T"' 
c. ~ - ---.1 --~ 

KYilOHOBCKHe ypoeHH 3HeprHH q ~ 
W. = - O<zp , n ·= 1. 2, ... 

' 2n 
a KBBj:lPBT MOj:lyllA KYilOHOBCKOH BOilHOBOH «!>YHKliHH B KOOpj:lHHBTHOM npeACTBBileHHH npH 

r = o lw,coW ::: <r«>3 
1i n• 

B pe3.YilbTaTe Be11H4HHY pac~enneHH.R TPHnneTHoro 11 CHHrlleTHoro ocHOBHblx ypoaHeH MO>K· 
22/. 

HO npeACTBBHTb B BHAe 

l!.Vhfs = E(lSt)- Ees.) = l!.vF(f+d}, (2.7) 

rAe T.H. «t>epMHeecKoe pac~enlleHHe 

6.vF = 3~~ ( f • ae) IW,COJI 2 
, 

~ = ~ { 3~1 r .1
4

'1. W ~a,)W"'(a) - KM(1+-ae) t"" dq } • 
:r.(i+ae)M ·h1Tt J '14 ,.~ -.. ~ -L Jo ,._ 2rW, 

N;-: = tTr(tCi•~o>isirsH;:!'] = C~':!e,p(s,>. (2.8) 

TaKHM oEpaaoM, TeHaop llf,,coanaAaeT c aHTHCHMMeTPH4HOH 4aCTb~ 3aBHC.R~eH oT cnHHa 

KOMnTOHOBCKOH BMnllHTYAbl, eCilH HanpaBileHHe BeKTopa COHHa B CHCTeMe OOKOR 4BCTH~bl 

BblfipaTb no OCH Z. 8 HHTerpalle (2.8) MO>KHO COBepWHTb BHI<OBCKHH noaopoT HylleBOH 

oc11 00= i.'lo H nepeHTH TaKHM o6paaoM a 3BK11HAOBO npo~TpaHcTBO HMnYilbCOB Q. ,rAe 

Q
1 =·9.2 > 0. 8 pe3yllbTaTe, HCnOilb3Y.R Pa3110>KeHHe Ha HHBapHBHTHble «!>YHKliHH (1.26) 

H Bblpa>KeHHe ( 1. 19) f Mb1 HaHAeM: 

~- ~ S c1~a. [(2a'• 'l>1Hit(i'II,Q2) .. 
0 - ~l('f•oe) a~(Q.+4ml'll) 

• 2 • z~ 8c<m r..;. aa 
• 3t110 H2hll,Q )J- 1f lo a•- 2rWc. 

(2.9) 

JlnR ¢YHK4Hli H1 2 np11 12 < 0 cnpaeeAilHBbl AHCnepcHoHHble 

' .. J'll'a . ' • 

COOTHOWeHHA HHBapHaHTH-biX 

H,,t ( "'· Qt} = ~.,~ ~L G-u ( "'· a ) , 
rAe HB4al10 HHTepBallB HHTerpHpOBBHHR 

a a 
ila = 2M 
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COOTBBTCTBYBT nonomeHHO npoTOHHOfO nonoca /6opHOBCK?MY 4neHy/, a finHmaHWHH pa3-

pe3 HaLIHHaeTC:>I npH i (Q'l m· 2) 
~fr = 2M ._ * + "''If • 

noACTBBn>l>l ·j1HcnePCHOHHble COOTHOWBHH>I ( 2.10) B BblpameHHB ( 2. 9 )
1 

Mbl CMOmeM 

npej1CTa8HTb BBnHLIHHY d B cnej1Y~BM BHj18! 

. ~ = ()e + ~1 + ~z • (2 .II) 

f/18 1100PHOBCKa>l 11 LlaCTb ~B COOTBeTCTBYBT BKnaAY ¢eHHMaHOBCKHX j1HarpaMM, H306pa-

meHHbiX Ha pHc.6 C ¢oPM~aKTOPaMH ~3HLIBCK0f0 npOTOHao 

~ 
PH c. 6 ~ 

3TOT 4nBH yme BbiLIHcneH 19 •221:. 

~& =- (34.5!.2) ppm, 1 ppm. = 10-'. (2.I2) 
OcTaBI!JHeC>I 11ea 4neHa HMeoT BHA 

~ - O<Ttl. 6 , 
o1,2- 21rM(1+ae) 1,2 

fAB A - s- aa:t { .1 F.z(a~J - 4Mz r .. d» pi( t:) G1 ( v, QZ)} 
L.>1 - 0 a2. " 2 J.,1T " 

- .:~a• - ( ,2) < a~J 62 = -i2MzJo a• S,1rd»pz a• Gz ~. ' (2.I3) 

p,(8) = 2-6- 2H2 -2(2-~)y9(-8+-1), .Y~ 
.l\z<ill=1+2B-2vac-o .. o. fl= a•· 

TaKHM o6pa30M Mbl BHAHM, LITO nonpaBKH K ¢ePMHBBCKOMY ceepXTOHKOMY pac~enneHHO, 

CBR3aHHble c ABYX¢oTOHHOH CTPYKTYPOH npoToHa, BbiPa>«aJOTCR Llepe3 HHBapHaHTHble · CTPYK

TYPHble ~YHKUHH, KOTOpble OnHCbiBaJOT 3aBHC~~ee OT CnHHa Heynpyroe 3neKTPOH-nPOTOHHOe 

pacceRHHe. npH onpeASnBHHH BKnaj1a ,c.
1 

MOmHO HCnonb30BaTb TaKme AaHHble no 3aBHC>I~HM 

OT CnHHa nonHbiM CBLIBHHRM norno~BHH>I peanbHbiX ¢QTOHOB, nOCKOnbKY nPH q2= 0/cM.pa

BBHCTBa (1.36)/ 

e2 G1(v,O) = i[O'p<v)- O'A(v)j, 
H npHBeAeHHble a npeAbiAY~BM pa311ene npaeHna CYMM. B pe3ynbTaTe YAaeTC>I nonyLIHTb 

oueHKY 

I o11 IV 1 + 2. ppm . (2.I4) 
CnomHee o6cTOHT 11eno c oueHKOH BKnaAaA

2
• B oTCYTCTBHe KaKOH-nH6o np>IMOH 3Kc

nepHMeHTanbHOH HH~OpMaUHH 0 CTPYKTYPHOH ¢YHKUHH u2 Mbl CMOmeM eocnonb30BaTbC>I Te

MH OrpaHHLIBHH>IMH, KOTOpble BbiTBKaJOT H3 YcnOBHR nonomHTBnbHOCTH TBH30pa ~r~/3pMH

. TOBOCTH onepaTOpa 3nBKTPOMafHHTHOfO TOKa/. H3 HepaeeHCTB (!,43) H (1.48) cnej1YeT 
·/23/ 
~· ·, 4TO 

Cr (-i>, Q2)) - V/;(~.QZ) ( 1 + /R .i_~} 
z v:t .. a• vI Q2 , 
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,,I 

!' 

> 

(f" sa~) 

{

. R~z 

c. < v a•> ~ w; (..>, a•J 
:z. , ~··a• J~ 

l.Ro:.-fJ, 
R = cr.;a,. . 

~2 

RQ"• ~ i6 

., .. 
R0• > 1& 

(2.15) 

Hcnonb3Y>I HepaBBHCTBa (2.1~ , MOmHO HaHTH COOTBBTCTBY~He orpaHHLIBHH>I j1nR 

aenHLIHHbl ~ 2 • onpe11eneHHOH paaeHCTBOM (2.13). Cy~ecTBYIO~e 3KcnepHM8HTanbHble ·AaH-
. · 2Y 

Hble An>! ~YHK4HH w1 H OTHOWBHH>I R n03BOnROT AaTb LIHcneHHble oueHKH BBPXHBH 

H HHmHeH. rpaHH4 nonpaeKH ~1 : 

-2ppm ' d2 ' 3ppm . (2.16) 
CpaeHeHHe TeopeTH4ecKoro H 3KcnepHMeHTaAbHoro 3Ha4eHMA eeAH4HHbl 

19/ 
~enneHH>I OCHOBHOfO YPOBHR BOAOPOAa npHBOAHT K COOTHOWBHHIO 

.o.'))up - l\-.lt~ - ( 2 5 + 4 0) - ~ - 0 

ceepxTOHKOro pac-

(2.17) _, - . . - . ppm o 1 2 • 
Avth 

LITO cornaCYBTC>I C OUBHKaMH (2.14) H ( 2,15) AnA CTPYKTYPHbiX nonpaBOK S
1 

,
2

, 
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MHOlKECTBEHHOE OEPABOBAIME HEilTPAJlli.IHX tiACTifil 
B 5'( p -BBAHMQUE!aCTBIDIX 

B.C.PyM!lH~e:n· 
RHCTHTYT ~HSHKH AH BCCP, MHHCK 

D.A.By~aro:n, B.B.~~nrnH 
06:I>e~HH8HHblit HHCTHTYT ~epH!lX HCC~e~O:BaHHfa, J(y6Ha 

I. B ~poH~~pOHIWX :eaanuo~encT:eHHX npn :n~coxnx aaeprnnx.~oun
anpym~m po~» nrpamT npo~eccu MHO~ecT:eeHHoro o6paao:eaann qacTn~· 
O~anu na aan6o~ee ~o~oT:eopHbiX ueTo~o:n nonyqeHKH ~pMaURH ·o 
~naaunKe sTHX npouecco:n oxaa~cn na~man:eaun no~xo~. Bnep:eue.aa 
TaKYID :B03MO~HOCT1> 6U~O yxaaaHO :e pa6oTaX/!~ "HT6HCH:BH08 3KCnepn
LI6HTa~:LH06 n TeopeTnqe·cxoe ncc~e~o:eaane na~man:eaux pea~nn :e 
aaaqnTe~I>HOit cTeneHn 6u~o cTm&y~nP.o:eaao non:e~eaneu rnnoTea Macin
Ta6aota HH:eapnaHTHOCTR (CK6~~nHra)72/n npe~e~:LHOn wpar~eHTaUHH/3(. 
Cor~aCHO STHM rnnoTe3aM HH:eapnaHTHN6 ~n~epeHUH~1>HH6 ceqeHHH · 
HH~ID3H:BHNX pea~n!a(RH~IDSH:BHN8 cneKTPH) :B acHMTITOT~eCKOn oci~ac
TH aaeprntt(s~oo) nepecTaiDT aa:enceT» H:BHJlM.o6paaoM oT aaeprnn. 
0TM6THM

1 
qTO OCHO:BHN6 aCHMilTOTHqeCKH6 C:BO"CT:ea HH~ID3H:BHNX cneKT

po:e MOZHO npHM!lM H SKOHOMHilM o6pa30M no~yqrtT:L HS rHUOT83il a:eTOMO-
~e~:LHOCTH c npnMeHeHneM o6o61JleHHoro aaa~naa paaMepHociren/

4
/. .. · 

~an»Helimee paa:enTne n~en MacmTa6aon na:eapnaHTHOCTH npn:ne~o K 
ycTaao:n~eanm acm.mToTnqecKnxcooTHOmeitnn ;r.~~H ueJioro pMaxaoaK
TepncTHK npo~eCCOB MHOZ8CT:B6HHOrO po~eHHH(CMo 1HanpHM8P{5-Bf), 
llpo:nepKa cne;r.~cT:nnn rnnoTeahl cKetannHra Tecao · c:em3aaa q, liccJie;r.~o:na
aneM npo6neu o cooTnomeann ynpyrnx n aeynpyrnx na~man:nahlx npo
uecco:e, o nonyqeann c:ellaen, .:e pauKax aar.JIH'H~X Mo~e~en, Me~y paa
Jinqm.a.m wopMaMH uacmTa6HilX aaKOHOM8pHOCT8H 

9
/. B;r.~ec:L MOlK6T oxa

aaT»CH qpea:n~qaf,iHO no~eSHhiM MHOrOKOMllOH8HTHilH no~o~f!O/, KOTOphl~ 
paCCMaTpHBa8T npOU8CC!l MHOE6CT:B6HHOrO pOE;r.16HHH C TOqKH Sp8HidH Ha
JlHqHH H6CKOJl1>KliX KOHKypnpyiOIJlHX M8XaHH3140B. 

B HaCTOHIJl86 :npeMH aaKOUJleHa o6mnpHaH HHWOpMa~HH 06 HH~IOSH:BHNX 
peaKunnx :n mnpoKOM ~anaaoae aaeprnta. llo;r.~po6aun aa~na co:epeueH
aoro cocTOHHHH aTnx nccJie;r.~o:naann npe~cTa:B~eH :n ~o~~e/II/, O~Ha
KO ilO;r.la~JIHIOIJl66 60JI:LmHHCT:BO SKCnepnMeHT~l>HHX .~aHHNX OTHOCHTCll K 
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o6paaonaHmo · aa:piDKellHHX tJ:ac T~. BMecTe c TeM nanecTHO, '!TO CYJileCT

~eHHaH illl~OpMauiiH 0 rrpo~eccax B3aiiM0~8HCTBIIH CO~e~TCH _TaKXe B 

RHKniD3IIBHHX :peaKUIIHX C 06pa30BaHIIeM HeHTpa~:&BUX '!aCT~~ 06 3TOM 

rOBOpiiT yEe TOT qaxT,tJ:TO B n:po~ecce MHOX8CTB8HHoro po~eHRg 

HeHT:pa~:&HUe tJ:aCTRml /5f
0
MII (!' ,K~/\0/ COCTaBJIJllOT"II:pHMepHO OJtHY 

T:peT:& UOJlliOrO tJ:IICm BTOpR"!HHX H YHOCHT ORO~O 20}& rio~oft :JHeprRII. 

KpoMe TOrO,aRaJIIIS COBMSCTHOrO o6pa30BaHRH HeiiTpaJlDHHX II sapiDKeH .. 

BUX '!aCT~ OTRpmJaeT ~OITO~IITe~Hl:le BO~OXHOCTR ~ R3YtJ:eHM sa ... 
pJmOBOll 3aBIICHMOCTH RO:ppe.7.IJ!!:Wi, '!TO .I!BMeTCH "lyBCTBRTS~HUM .Rpn

TepneM nponepRII pa~HHX MO~e~eft~ 

CYJI1eCTBYJO!l1WI B HaCTOHillee_ BpeMH HH(fJopMrimm o npo~eccax :po~e

HIIH aeitTpa~:r.Hl:lX tJ:aCT~ ~ono~:r.ao orpaHIItJ:eaa. B oco6eaaocTn aTo 

OTHOCHTCH R Sip_- B3aiiMO~eitCTBIDIM, r~e 3RCUepHM8HTa~HUe ~aHre, 
RaR n:paBH~O, ia6o RMeroT HR3RYID CTaTHCTH"!SCRyro Q6ecnetJ:eHHOCT:&* , 

~6o orpaHntJ:eHH on:pe~e~eaaoit o6mcT:r.ro ~aonoro II:pOQTpaHCTBa. B 

CBHSR c aTHM . aRcnepRMeHTH no ncc~e~onaruno nHRJJIOa.HBaux pea~mt c 

o6pa30BaHHeM HeitTpa~HHX '!aCT~ B . · T!" p -B3aHMO~eiiCTBMX npe~
CTaBJIJllOT HSCOMHSII.Hllli HHTepec o C~e,IzyeT OTMeTHT:&, '!TO ~ 3TRX -

pearoJ.HH nee eri!e ocTaeTca OTRpiiTHM ~eJI!rll: :psm nonpocon. 3To non-.. 

pocu o ~opMe npe~e~HUX pacnpe~e~eHHH paa~tJ:Horo Tnna, o xapaR

Tepe rrpn6JIIDKeHM R aCHMUTOTHtJ:eCROMy peXRMy, 0 rpa~ rrpru.teHH- _ 

MOCTH MacmTa6Hoit rumapnaHTHOCTH. B 3T.Oii CUTY~ oco6yro aRTyaJI:&

HOCT:& npno6peTaroT·aRcnepnMeHTa~Hl:le ~HHHe B o6mcTn cpe~anx n 
HII3RHX SHepriDi.' . 

B·aacTORmeii ~e~ 6y.zzyT paccMoTpeau peay~TaTH, no~eHHUe 
II:pH HCC~e~OBaHRII MaCUITa6HOll rutBapHaHTHOCTR B pearoJ.RHX MHOXeCT-. 

. G ' -

BeHHOrO 06pa30BaHM ~-Me30HOB. II t -RBaHTOB B 5ip -:S.3anMo.n;eliCT-

BIIRX II:pH .aHeprnnx 5 - 205 raB. 0CHOBHOe BHHMaHI!e 6y~eT y.n;e~eHo 
aHa~ay ~aHHuX npn 5 raB, OT~Te~HOll "!SpTOll ROTOpllX.HB~H8TCH 
B!lCORaR CTaTRCTH"!SCRaH o6ecnetJ:eHHOCT:&o .8TOT 3RCITepnMeHT BllUO~ea 
Ha MeTponoi1 ~onaaonoli nysup:&Ronoii RaMe:pe Jia6opaTO:PIW- ~e:pHHX. 
n:po6~eM O.IDIH 2/. Peay~TaTu ony~onaH!:l n pa6oTax' J.3/. 06pa-
6oTRa 3Rcne:pRMeHTa~HOH HH~O~.II:pOBO~RTCH COTp~HtJ:eCTBOM 
~6Ha- Komnge- T6~cn- F.penaa- MnacR- roMe~- EaRY. 

. · II~ HarroMHRM RpaTRO ocao:BHUe xapaRTepnCTRRn ::mcne:pRMeHTa n:pn 

~He OTHOCRTCH R ~aHHUM 0 peaKUmf ""-p-r+X npn 40 raB, 
(; r~e no~eHa CTaTHCTRRa 7300 ~- RBaHTOB/!6/ • 
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5 raB •. 3Itcrrepru.!eHTa~Hlle ~aHHlle OCHOBaHll Ha pesy~TaTax o6pa60T- ·

Rll 230000 cTepe~oTorpa~ni1 • .Jl;m ~e~eli .naHHoro aRcrrepm~eHTa 6~o 
oro6paao 7940 t- RBaHTOB ~ MeTo.I(HllecRHe ncc~e~oEaHIIJI ri(maaami, . 

'!TO CYI118CTB8HHHX CRCTSMaTHtJ:eCRRX IIOTep:r. ~-:- RBaHTOD,ROTOp!le MOn-. 

~ 6!l II:pRBSCTH R IICRaJKeHIDO ~Opf,fll. CIISRT:pOB,He Ha6JOO.D;a8TCHo 0CHOB

H!lMR BS~"!RHaMn, Ha. ROTOp!le HO:pMHpyroTCH RHRJJl03HBHlle CIT8RTpN,HB

JIJllOTCH cpe~HHa MHOJiteCTBeHHOCT:& ~ - RBaHTOB Ha O.IJ:HO Heyrrpyroe .. 

:saam.to.n;elicrnne <nl) n IutRJJJoau:saoe celiem:te o6paao:saHRH. ~
RBaHTOB.6(~) • 3Ha"!8HRH <nt} R 5"('6) COCTaBJIJl!OT 2,58 ± 0,07 
lil 6I.,4 ± 2 ,I M6 COOTB8TCTB8HI!O~ Be~RHa {nr) orrpe.n;e~eHa B. 

rrpe,n;rro~OXS.EtRII, liTO e.n;RHCTB8HHHM HCTOliHRROM -~ - RBaHTOB · .I!B~H
IOTCH pacna.n;II f1"

0

-2~ • )(OM~- RBaHTOB OT .n;:pyrruc RCTOliHHROB · 

17-n ,~0

-/\°K ,. . . I ITO HaUIRM o~eHRaM .Ete rrpenwuaeT I%. Ha- pnc .I 
llORa3aHll HMizy~:&CHOe If yr~OBOe pacn:pe.n;e.JreHM ~ --RBai!TOB. B M6. 
CMCTeMeo Bn.n;ao, liro IIO,n;aBJIJl!Oil!ee 60JIDIJJIDiCTBO ~ - IillaHTOB cocpe-

. 
3 
'"'2 

<P>•O.S31.tQ009G$ 1 15 ~ <cos&>•O.?Qnqoos 

10 

. 6 cos9 

Plil.c .I 

. .IJ:OTOlieHO B o6mCTH MQJI!lX 

yr~OB OTHOCHTe~:&HO,HanpaE

~8HRH nepEHl!Horo RMITy~:r.~a. 

HeRoTo:pue cpe.n;Hne HMrry~:r.c
Hlle xapaRTepucTHRn ~ - _ 

RBaHTOB ITpHBe.n;eii!l B · Ta6-
~e I. 
Cpanaeane HamnX .n;a.Etaux c 

+ 
.n;aHHUMH .IJ:M fi-_N-n pp- . 
~ B3aHMo,n;eHCTBHi1 npa _6~ 
~ee :sucoRHX aaeprnax n~ 

Raaa~o, liTO 3Hali8HRH Be-
~RH <Pl.)_ n {P{> B 06MCTH 5 - 300 raB Ma6o aamicaT RaK 

Ta6~I -----...., 
(P{}. 

( P)Aali <~/·05 (p)"~M <~,}CU,M ( PJ.). 

raB/c rsB/c raB/c raB/c 

. 0,53I 0,476 0,242 0,060 -· ±o,ooo ± 0,003 ±o,om ± 0,003 
L-. __ . - ------~--.:._ ----

raB/c 

-----
O,I72 ·-

± 0,002 
------'---

2 
(raB/c) 

- -·--···--· 
0,050 

±o,oor 
OT SHe:prun ,TaR R OT COpTa CT8J!RHBaDI!I4XCH '18CTKU. ::rro llOBe.n;eHRe 
COrMcyeTCH C H3B8CTHUM CBOHCTBOM OrpaHR'IeHHOCTH BeJJ:HtnlH!l 
.n:~a CJIY!iaa MaccHBHUX: qacTH~. 
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m. ITpoBepKa ranorea CRe!.lnHHra H npe~en»Hoi wparueara~HH aaKnD
~aeTCfl B H3y~eHHH 3HepreTH~eCKOJ.1 3aBHCHMOCTH ~HwwepeH~HaJI»HOrO 
ce~eHHH 11 .. onpe~eneHHhlX o6nacrnx waaoBoro npocrpaacna ( .11 coor
BercrBHH c Bena~HHOi npo~on»Hoii xounoHeara aunyn»ca f.

1 
· ) npH WHK

capoBaHHhlX SHatleHHflX p.L·· o · flpH OTCyTCTBHH ~aHHhlX 0 ~Ba.Jir,1la ~.J:leH
~HaJI»HllX ce~eHHflX Hayt~aDTCfl ~HwwepeH~Han»Hlle C6ti6HH!I1 llpOHHTerpH-
poBaHHh16 no f:l. · 

]{aHHble 06 HHKnll3HBHllX. peaK~llflX C o6pa3011aHHell , ~ -KBaHTOB 11 
pp -B3aHKO~el.tCTBHflX Hll61lTC!I. li.HHTepBaJie aneprHiii !2 -I500raB. 
ITony~eHO yKa3aHH6 0 TOll, ti!O HeaaBHCHIIOCTb ce~eHlilfl dfS/dy Of 
aaeprHH B ~eHTPaJI»Hol.l o6nacTH (llamJe aHat~eHHH Y= (1/2)en[(e+Pu)/(E-P11)] 

B cacreue ~.M., E- aHepran peracr~apyeuol.l qacTHuH ) aaqaaaeT -
npo!IBJIHT»CH npH aHepru,..., 70 raBII I. B cnyqae 5fp -Baaauo;ztel.lcnaii, 
6naro:ztapH, OD-liH;ZJ;HilOily, OC066HHOC!Hil OHOHHOJ.l CHCT6Kll 1 TaKOe llOBe
;zieHH6 Ha6JID~aerca npH 6onee · HH3KHX aHepranx. TaK,:ztJIH peaK~HH 

j(p-~+X (I) 
cKe!.lnaar B ~eHTpan»Hoi o6nacra (Ha ocHoBe cgaBHeHHH c pp-:ztaaHhl
u~npa 1500 raB) 6NJI o6HapyzeH npH 40 raBII I. SKcnepHileHTaJI»Hh1e 
;ZJ;aHHh1e 0 peaR~HH (I) HM61lTCH TaKKe npH aaeprHHX !8,571?1, roofiBI 
H 2051191raB. B aux pa6orax aHaJIRa aHepreraqecxol.l aaBHCHMOcTH 
HHKJIIl3HBHh1X Cll6R!pOB He OpOBO:ztHJICHo 

PaccuoTpHu renep» ;ztaHHNe o pea~HH 

. 40 

..D 

5 30 
-~ 

~ 
> S!. zo 
10 
u 

10 

. 1fP-Y+··· l 
' ' : + 
' ' ' + .. I : 

i t i ~fl 
t t'fh ~+f 

5 GeVI; 
a 40 Gtlll; 
o 100GeVI: 

t 
i +i + 

~ 

i . ' .. ·-'······· ·3 -2 -1 

Pac.2 

t 

0 

•• + 
•• + ·· ... ~ 

2 y lC.M.) 
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(I), nonyt~eHHHe npa 5 raB. 
Ha pac.2 npe~craBJieno ce
t~eHlile d&/dY='n~E.(d 3tr/d3p)ctp; 
B 3aBHCHKOCTH OT y B 
cacreue ~.w. TaM ze :ztnn 
cpaBH6HHfl npHBe;zteHll :ztaH
HNe npa 40 a roo raB. B~
ao, t~To npa 5 raB BeJIHt~H

Ha dfS/dy ll o6nacTH 
O<V<0,6 :ztOCTHraeT llaK
cauyua H ll npe:ztenax no
rpemaocrel.l coBna;ztaeT c 
:ztaHHh11lH npH 6onee BNCOKHX 
aHepranx. 06nacT» uaxca
KaJI»HWC 3HatleHHJ.1 d~/dy 
C POCTOK 3HeprHH CTaHOBHT
CJI mzpe. 

ITepeaAeu x aaauHay ceqeHHI 11 o6nac~nx ~par.eHTaqBH.MHmeHH (ua
JIYe npo:ztoJIDaae HKnyJibCH 11 na6.cBcTeue) H Hane~aD~ero ~- -ueaoua 
(KaJIHe npO:ztOJIDHHe HKnyXDCH 11 aHTJJia6~CHCTeMe). . 

lllllt 
ttf+H + t 4 f f • •• • • 

T 
t + • 

-" t t + E 

~sa 
~ 1fP-Y·-~ + w J • 5GtNJ; 

.. 40Ge\ll: 

3Q.D 

IQD 

·~ u 
t 

-' ;::: 
~ 

~' 
"!t'.o 

a.s 

t 

• 4 • 
••••• 'tf 4 

t t t 

n·p-J+-· 

+ 

+ 

• 5'-lll: 
... 406t:Vk 

t. 

~ u f _1Jl--.-.-.-.-.-~-·-.--~-~--:-~ 
'• 11.4 t.O 1.5 
"" 11.0 0.5 

~-~ 
=1~ ~=t _J_L·-1'·-~~-~-~--~---:-- ~ ---
a: I I I I I 1 I 

~ITAR&ET),~ 0 Z 4 I 
lt(I'IIIILtTII.£l,&elll: 

PKC~3 ' PKc.4 

Ha pac.3 npKn:zteaa ce'leHHH E (d~/dft1 ) = jl'SE {d3()/d3p)dp; 
np• 5 B 40 raB 11 aa»BCHKOCTJI.OT r., 11 na6.cKcTeue. T&K ae noxaaauo 
OTBO.eHHe 8THX 11eJIII11HH R • BH;ZJ;Ho, tn!O B oCSnacu fn< 0,5 raB/c 
pacnpe:ztenHHll npaxuqecu co11na:ztaDT (cpe,AHee aeqeue R = 0,98.± 
.;tO, ffi. AHauorKt~Hae pacnpe:zte.neHHll 11 aHTHJia6.cKcTeMe npeJ(CTaDJieHH 
Ha pHc.4. B a:rou cny11ae ceqeHHH E(dG"/dP.)coEa:ztaDT 11 6onee ••po
xol o6JiaCTH r.< 2 raB/c, r:zte cpe,AHee SHaqeue R= I,OQ±0,05. 

DpH116J{6HHae liH•e ;ZJ;8JIBY8 :ztaDT OCH0118BH8 J(JIH CJIB.Q.,.U 11HBO;ZJ;011: 
lH~epeHqH~uoe ceqeHJie peSRqJIH (I), npoHHTerpKpoBaHRoe no 

p~ ,He SaDHCHT (11 npe;ztenax norpe.HOCTel) OT SHeprHH 11 ~eH:r~ 
HOI o6JiaCTH 11 HHTep11aH8 .5 - 100 l'aB H 11 o6eu: o<SJlaCTJlX c»plll'lleH
TaqBH 11 BHTepBaxe 5 - 40 raB (JlaHHHX 11 COO:rBeTCTBy~ o<SJlaCTJlX 
npH 60Jiee 11HCORHX 3BeprHHX HeT). . 

11. PaccuoTpKK TenepJ> xapanepHCTHU :ztlla.:ztli Jl~pf:uonra~J.Horo 
ceqeBHH peSRqJIH (I) npll 5 l'aB H pesyJIDTaTH KOCBeBBOI o~eHU 
SaDHCHKOCTH 8TOrO ceqeHHH OT SHeprHH npH c»HRCHPOBaHHHX 3HaqeHH-

*/ * * . HX X= r. r"' I( p.L • S:ztec:r. P. -npo:ztOBH8.JI ROGOHe~~:ra HKDYXD-
ca 11 cKcTeJie -~·~~·, a P: -ero KaxcKKanHoe aHaqesKe. ]bl:a aaa-
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(' 

JH!Sa IICllOJI:&syeJl llOJIY'lBHHYIO Ha.J.!II annpOKCIILII!pyiO~IO ipopJlyJiy 1 nos:ao
JIHIO~IO :a y~o6Hoa ipopL!e npe~c~a:aa~:r, llc'lepnu:aam~IO IIHwopuatiiiiO o 
peax~HII (I) np11 5 raB. · 

]{ll~epeH~IIaJI~Hoe ceqeHHe :a nepeMeHHbiX X · 11 P1. IIMee~ 11~ 

E d3 6"/d3p = (E~/!irp;)d15jdxdp{ = f{x, P.1.). 

3aBHcnuocu qiyHK~HII f o~ S (Kll~pa~' nOJIHolt aHeprHII B c>tcreue 
~.M.) pa~H npocroru He yxasaHa. 3xcnepi!MBHTaJI:&HNe ~aHHble 11 qiopue 
IIHTBrpaJIOll 

{1/~r;) ~ f (x .. r.~.)dp.l1 (2) 

APf 
~JIH Ha6opa IIHTep:aaJio:a 6 P.1.2 npe~c~a:aJieHbl ua pac .5. B pacnpe~eJie
HIIll f ( X1 rJ.) Ha6JIIO~a!O~Cll onpe~eJI(mHUe SaKOHOMBpHOCTH. 1Ip11 qil1KC~I-

100 

"I~ E':; 
.B 

"'/"'bUJ'b 10 

-0.4 0;0. 
X=P,j'Pmox 

0.2 

Pllc.5 

.. F? 0.005 •0.015, (Gev!c)' 
c 0.015 -!-0.030 
• 0030+0.070 

0.070+0.150 
0.150 +0.310 

poBaHHUX p1 ~aHHue corJiacyiOTcfi c axcnoHeH~HaJI:&Hott SallHCHMOCT:&IO 

Ae~X:p(-Blxl) J. (3) 

np:a'leM ll nepe~Heit noJiycqiepe (X::=; 0 ) napa.J.!eTp HaKJiomi. B ueH:&me, 
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'lBK :u s~aeii ( X < 0 ) • C POCTW sHa'leHHii p1 napa~~urp B YKBH.L
maercH. IIpllHHIIaH BO BHHIIaHI/Ie 5TH xapaKTepHCTiriKIII f (x., PJ.) lrl rpe-
6yH noJioli:HreJI.LBOCrH napa~~erpa B :IE) np1r1 JIIl6lilx SHa'leHHHX PJ. · 
annpOBCHIIHpy~D qiyH~HIO IIOJI:HO npe~cTalllriT.L B CJie~y~eii qiopMe 

\{x,pJ.) = c:t1et.Xp(-B\"\-.a4 P.1.), 
. 2) B = a2.encp (-a3 PJ. , ( 4) 

r~e Ot-c:ao6o~Hiile napaMerplil. 9xcnepHMBHraJI.LHiile pacnpe~eJieHliH, 
npe~CTRBJIBHBHB Ba pHC.5 1 annpOKCirllllrlpOBaJIIIC.L COOTBBTCTBYIOmi!JlH HH
rerpaJialllri·OT \liYH~IIIIrl (4). PesyJI.LTRTiil annpoxc!rllla~HIII npHBB~BHbl Ha 
plrlc.5 (cnJIOIIHiiiB JIHBHH) Ill B ra6JIH~B 2. 

Ta6JIH~a 2 

a" ~'6Hj(r"3S/c3) 
. -2 -t 

Q2. al(r~B/c). a-4 (rlB/c). 

X<O~X,z: 18 
354, ± 30 II,rot0,80 4,07±0,87 8,68±0,33 I 

IIQ 36 T04eK I 

X>O, 7CZ=43 9,9?io,27~ H(l 51 TO'IeK 55I, .t 38 ' 7,o2±o,36 4,46±0,65 

Ha p1r1c. 6 H 7 npH:ae~eHiil sxcneplrllleHTaJI.LHiiiB pacnpe;zteJieHHJI 

F1 (~)=)f(x,p.1.)dp{, · F2 (f11)=)f(x,P1)dx-

H COOTBBTCTBYD~e HHTerpanH OT qiyH~HH (4). CpaBHBHHB annpOKCH
IlHpyiOJIIBi qiyH~HH c sxcnepHKBHTaJI.LHiilllH ;ztaHHiilinf ~fl -f(x,p.l), F1 (x} 
H F1(1i) CBH;zterencuyer, ~ro qiyHK~H ( 4) HllJIHercH ~ex:aarHiilll 
npe;ztC!faBJIBHHBil ~~~epeH~KaJI.LHOro CB'lBHHH peax~HH (I) npH 5 rsB. 

RallepeHHB ~~~epeH~aJI.LHOro CB'lBHHJl KaK qiyH~Hirf X H r~ no
SBOXHB!f UOCTaBHT.L BOUpOC 0 npo:aepxe rKnOTBSiil CKBinHHra B CTpo
roll COOTBB!CT:BHH C ee qiOpJIYXHpOBKOi, T.e. ~H qiHKOHpOBaHHiiiX . 
SHa'lBHHA X Ill r~ . B CBH31rf C orcyrcrBHBil ~auHiiiX 0 SHa'leHKfiX 
f{l,P~) nplll 60JIBB BliiCOKKX SHeprHJIX npHJIOB cpallHBHHB npOBBCTH 

· :IE)IIoJiourenaocr~ 8 o6ecnnnaer Henpeplil:anoe yKeH.Lmense f(x,pJ 
c npHdnHli:BHHBK apryKBH!fOB X H Pl x KHHeKarHqecxoA rpaHH~e. 
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ttl tH 
t 
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PHc .. 7 

H6B03MO.lltHO. c Tell He MeHee, HCUOJI:F.Byli peayJI:F.TaT!l HBMepeHHli napa
llBTpOB HaKJioHa B (cu.tflopuyJiy (3)) 11 ;llaHHHe o tflYHK~Hli F2 ( P.L2) 

npH 40 raB/20•15/, Mollllio c.iteJian onpe;lleJieHHhle BLIBO;llH o xapaKrepe 
aaepreTlltiecKoli aaBHCHMOCTI1 pacnpe;lleJieHI1li f(x, p.L) .• B ra6JII1~e· 
3 npllBe;lleHH anat~cHI1H napaMeTpoB HaKJiona B npH 5 11 40 raB ]!JIH · 
Ha6opa 11HTepBaJIOB no· p

1
• • B OCl011X CJiytianx· napaMeTpLI HaKJIOHa 

Ta6JII1~a 3 

P.L (r_aB/c) B, )(<. 0 BJ X>O 
cepe;llHHa 
UHTepBaJia 

5 raB 40 raB 5 raB 40 raB 
. . ; • c •• 

0,05 II,5 ± 0,80 26,7 ± 4,3 6,94 ± 0,36 I9,3 ~ I,2 . 

0,15 I0,6 ± 0,76 II19 ±. 2,I 6,35±0,34 II,5 ± 0,9 
.-,· 

0,25 9,0 ± 0,80 5,9 i I,8 5,30±0,35 6,4 ± I,O 

0,35. 7~3 ± q,~o 3,9 ± 2,7 4,06±0,39 3,5 ± I,4 

3aBHCliT OT p.L 11 llellt;lty HHMI1 ll'lCl~!UITC.fi CJie]lyiOI!lHe COOTHOmeHHli!. 

~1 j 

I 

•1i 

I 
I 

i \. 
!c 

*} 
B""0 >Bs .ztJia P.1.~ O,I5raB/c, 

S.qo=Bs ;llJlii p.L = 0,20 raB/c. 

&_10~ Bs AJia PJ. ~ o',25 raB/c. 

C ]lpyroii cTopoHhl,tflYHK~HH F2.(P1
2

) B o6JiacTH P.L-=50,25 raB/c npH 
yneJIHtieHHH aneprHH c 5 ;llO 40 raB B npe;llenax norpemnocreii ocTaeT
cn UOCTOHHHOli (CM.pHc.7). STO rOBOpi1T 0 TOM, q,;oo ;!!Jlli JII060ro qiHK
CHpOBaHHOrO BHatieHllH f.1. B OClJiaCTH.~ ~ 01 25 raB/C cnpaBe;llJIRBO paBeH-

,CTBO: 
2 

( -B
10

IXI -B5 1XI 
f2 ( P.L) = ) A"'0 e d x = ) A 5 e d x • 

OTCD;lla, na ocuone coo,;ouomeHHH lWlK.1{Y napaueTpaMH B40 11 B5 , 

uoeo o~en11n o,;onomen11e BeJIHtiHH A-10 H As H,cne.ztoBaTeJI:F.Ho.oT
nomenHe tflYHimHil f40 (JCJP.L) 11 {5(x,P1 ) ~ IlpHBe;lleHHhle anaqeuHH napa-
MeTpoB B noaBoJIHm' cKaaau cJie.ltYIOI!lee: · 

a) B OClJiaCTH p.i::::: 0,20 raB/C,r;lle Bl(o"='Bs, 3HatieHHJl cpyHK~HH 
. npH 5 H 40 raB }tOJilltHll COBU!I,1!aT:r. npH Bcex 3HatiBHHIDC .\XI ; 

6) B 06JiaCTH li~ 0,15 raB/c, r;lle B,o>B.r,ci>YHKI{HH dy;llyr nepe-. 
CeKaT:F.Cli npH H6KOTOpHX UPOMellty~oqHJ>X 3HaqeHHHX \X\ , DpHqeu 
.ltJIH txtzo anaqenHe f(x,pJ.) npH 40 raB .ltDJI:atHo 6HT:& 6oJI:F.me, qeu 
DPH 5 raB. 

IlpHB6.l{BHHll6 .l{aHHlle H C006pazeHHH CDH;lleTeJ!:F.CTDYIOT B DOJ!:F.By TO
ro, qTo J!OKaJI:F.Ho ( B onpe.l{eJieHHHX o6nacTax X H P.1 ) ;!!Htiltflepeu
~HaJI:F.Hoe ceqeHHe peaK~HH (I) npH 5 raB cornacyeTCH c uacmTa6no 
HHDapHaHTHHM noDe.l{6Hll6Mo 

Y. llacmTa6naH HHDapHanTHOCT:F. .ltHtiltflepeH~HaJI:F.HllX ceqenaa npano
.ltHT K DOHDJIBHHD onpe.l{eJieHHHX.CDOiiCTD E pacnpe.l{eJieHHJlX UOCMHO-
ZeCTDBHHOCTH DTOpHqHilx qaCTH~. TaK,aCHMnTOTHqecKOe COOTHomeHHe 
}tJili pacnpe]teJ!eHHit DO MHO:ateCTDeHHOCTH/5/(KHQ-cKeiJIHHr) ClHJIO UOJ!y-' 
qeno B Dpe.l{DOJIO:ateHHH cnpaDe}tJ!HEOCTH tjlenHMaHODCROrO CReiiJIHRra.· 
Cornacno KHD-cKeitJIHHry ceqenHe conuecTnoro o6paaonaHHH K-THDDD· 
qacTH~ 6 (n.,nl, .•. n ~t) .l{OJIEHO Y.ltODJieTBOPHTl> ycnODHD 

3£) HnneKcaMH "40" H "5" o6oanaqeHhJ anaqeHHH napaueTpon npa 
COOTDBTCTDYD~HX SHeprHHX. 



(' 

6'(n-t,n2 , .... n,.:) fill(.!!:! .!!.! ,. .• , n~e )· (5) 
<n4)(n2)··-(nt:) G"· s-:::a r (n,)'(nl) (n") 

Ln · 

3.n;ec:& ni (<ni>) -MHOlKBC!l':BeHHOCT:& (cpe,l:lHJHI llHOlKBCT:BBHHOCU). qacrm:~ 
THna i. , 6'i.n -Heynpyroe CetJeHHe, "f' -<fJyHK~Hll, He 3aBHCl!IIIalJ RB
HO OT ::JHeprHH. 

AHaRH3 pacnpe,l:leneHHH no MHOlKBCTBBHHOCTH 3apg~eHHHX tJaCTH~ no
Kaaan, tJTO npH llh!COKHX ::meprHlJX .( ~ 50 raB) KHO-cxettmmr llimon
HlJBTClJ C TOtJHOCT:&D ,1!0 HBCKOR:&KHX npo~eHTOB 2If. Eonee roro, .qJBHQ
MBH01!0rHtJeCKalJ MO.n;HqmK~HH KHD-cxettnHHra122/ (n -.n-S> <n>-+<n-p) 
llhlnOHHffBTCH,HatJHHalJ yJKe C HBCKOH:&KHX raB. 3,1leC:& YMBC!rHO HanOMHHr:&, 
tJTO Ha6nn.n;enHe KHO-cxettnHHra B o6nacrH SHeprwtt, npH KOTOphlX wettH
MaHOBCKHH CKBHnHHr Bille He ,l:lOC!rHrHyr, MOJKer CBH.zteTen:&CTBOBar:& HH-
6o o HanHtJHH 6onee YHHBepcan:&nott aaxoHouepHocrH, na6o o cnyttatt
HOM COBna,l:leHHH .ztaHHHX, KOTOpoe MOlKei' HapymHT:&C.!t' npH 6onee BbiCO
KHX aHeprwRX. 

MH(Popua~HH o cetJeHHl!X 5(n,,nz, ... , nK) npaKTHttecxH orcyrcrByer. 
MMeDTCH RHm:& .l\aHHble 0 nonyHHKnD3HllHbiX CBtJBHHlJX 06pa30BaHHlJ Hettr
pan:&Hb!X qacrH~ 5n (j) = 15'n.(nj)" ( 6'n-rononornqecxoe cetJeHHe, 
(nj)l\ -cpe~Hllll MHOlKBCTBBHHOC!r:& Hettrpan:&Hh!X tJaCTH~ i'Hna j B 
.n;annon rononorHH). 

YtJHTh!BaH aro o6croHren:&cTBo, aBroph! pa6orh!161noxaaanH, qro 
npHMBHBHHe COOTHOillBHHH (5) ,B tJaCTHOCi'H ,l:lRH OnHCaHHlJ CS'n (:JT 0),npH
B0,1lHT K CKBHHHHrOBOH 3aBHCHMOC!rH 

<n>G'n(11o)=F(~= ~,5)--+- cp(i!} • 
<no) <Sin (h) s-..oo (6) 

r.n;e <n> {<no)) -cpe.n;HHH MHOlKBCTBBHHOCU aapHlltBHHbiX qacrw~ ( Tt 0 -Me-
30HOB), cf(i!) -(PyH~HlJ1 He 3aBHCHillaR RBHO Oi' 3Hepr~m. 

~YH~Hll~(Z)B cnyqae pacnpe.n;eneHHlJ no MHOlKBCi'BBHHOCi'~ 3apa
lKBHHhlX qacrw~ nopuwpoBana ycnoBHHMH .,.. .... 

.· )"1'(2)d~ = )e"''(i!)dl = 2.. 
0 0 

MOJKHO noxaaar:&, qro ,l:lHlJ cf(e} 3TH HHTerpanh! HMBDT 3HaqeHHH 

""" OQ [ foe J 
11 = ~ ~(i!)dl = 2, 1z = ) 2f(i!)dz = 2 1+s~: (n)~no) ' (7) 

0 0 

r.n;e f;e= (n0 tt)-<no)(h) ..;.Koppenlt~HOHHhlH HHrerpan. 
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TaK KaK npH Bh!COKHX 3HeprHRX Ha6RD,1laei'Cll IIOHOlltHTen:&HalJ KOppe-
HH~HlJ i BbiXO,l:lax TI0 -ueaonoB H aapgllteHHh!X qacrn~, Bennqnua · 
.n;onzna 6h!r:& > 2. 

ITpoBepKa coorHomeHHH (6) c nouom:r,n .n;annux o pp -Baanuo,l:lettcr
BHl!X npH 3HeprHl!X > 50 r3B M ·pp -,l:laHHbiX npH IS r3B noxaaanal~/ 
tJTO BOB 3TH ,l:laHHhle Y.1lOBHBTBOpHTBH:&HO OIIHCh!BaDTClJ \PYH~Hei;t, 
napaMeTpH30BaHHOll B BH,l:lB 

4 

<t> (l.) .: A0 exp (~At zl) , (
8

) 

r,l:le A;_ -cBo6o.n;Hh!e napaueTph!. . .. 
AnnpoKCHMa~HH .n;aHHh!X 0 'Jip ..;B3aHuo.n;ellCTBHlJX npH 40 r3B/23/ c 

nouom:r,D \PYHK~HH (8) ,l:lana pe3Y.H:&TaT,6HH3KHH (no 3HatJeHHHM napa
MeTpOB) K peayn:&TaTaM pa60i'bl_76/. CKeiitJIHHrOBOe COOTHOmeHHe TRilla 
(6) Bh!nonn,eTCH TaK'e H B cnyqae o6paaoBaHHll nettrpan:&Hh!X crpan
Hh!X qacTHU 24/. 3aueqeuo raue, qro \PYHK~HH cp (z) .n;nll Sf!' , K~ H 
/\

0 6nnaxn .n;pyr .n;pyry/25/. . 
. ~a 

Haun 6blnH npoanannanpoBanu ,l:laHHHe o BhlXO,l:le ll -ueaonoB B 
~-p -B3aHM0,1lBHCTBHlJX !IpH 3HeprHl!X 5/28/, I8,5/17,26/, 25/2?/, 

4o/I5,29/, roo/I8,30/ H 205~I9,3I/raB. Ha pnc.8 npeACTaBneHh! 
3KcnepHMeHTan:&Hhle pacnpe,l:leneHHH (<n>G'n ('Jt0 ))/{<no'><ri.n) = F (.i! ,s) 

F 
np-n,·n· .... 

l-~jhl-~1~, 
~~· "\ 

I,(. H 
"li 11 t 
r ~,· ... 

to' 

~ml :Jfp -ll3aHM0,1lBHCTBHH B cpaBHe-
. HHH C if>YH~Heli <f>(z) , nonyqeHHOH 

.1lHH pp -BaaRMo.u;elicTBHuf61·. Ana.7l1Ia 
3THX pacnpe~enennli noxaaan, qTo: 
- !IpH 3HeprHlJX ~ 40 r3B 11MBBT Mac
TO xopomee cornac11e c \PYHK~Heiit 
<t'(~) 
- npH 3H~prHlJX <': 40 r3B Ha6nn
,IJ;3DTCH CHCT6M3THtJBCKH6 OTKJIOH6HRH 
OT KpHBott; 
- STI1 OTKJIOHBHH!J YBBHHtJI1BaDTClJ C 
YMBH:&meHHBM 3HeprHHj 
- (Papua pacnpe,l:leneHntt F(z,S) 

10•u,o--:'o.:-s -7-, --:'::t.s-~2-....._:-', npaKTHtJBCKH He 3aBHCHT OT aHeprHHj 

P11c .8. 3aBHC~J.f~CT:& (<n>G'n.(no))/((no)G'in.) or i = n/<n> .n;ng1fp -BaaH
J.fO.n;eil:cTBHH IIPH 5-e, 18,5-<>, 25-C, 4D-l!., IQQ-0 205-V r3B 
KpHBal! - peaynnaT annpoKcHua~HH pp- H pp -BaaHuo,l:lettcuHtt. • 
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3TH oco6eHHOCTH B noBe~eHHH WYHK~nii F{z,s) noaBo~nnn npe~nono
~HTD, qTo paannqne pacnpe~eneHnii MOXHO onncaT:& aHanHTnqecxn c no
MOI!U>IO C~BHra no OCH i! Ha BBHHtUIHY ,aaBIICHIQYKl OT aHeprHH. EBe~eM 
~nfl aToro HOBY!O nepeKBHHYD 

ol. 
l = z + -~ ' 

" <n) (9) 

r~e cl.. H ~ -napaMeTp.bi,HB 3aBI!Cfll!lHB OT 3HeprHI!. 
0TMBTHM, qTo 2'\~~ • 

YqHT.biBafl ~anee, qTo ceqeHHH neynpyrwx npo~eccoB c Manon MHo
~ecTBBHHOCT:&Kl aapfl~BHH.biX qaCTH~ 6.biCTpO YMBH:&maJOTCfl C pOCTOM aHep
ri!H~) 11 npe~nonaraa ananornqnoe noBe~eHne B'acnMnTOTliKe, napa
MeTpnaa~liJO filYHK~lln q> (21) Bhl6epeM B qiopMe· 

cf(~.) = Bo~!,e;x:p(F:1 Be~~), (IO) 

r~e B t -CB06o~Hhle napaMeTp11. 
Hannyqmlfe:peayH:&TaTlJ annpOKCliMa~Hll MBTO~OM HaliMeH:&lliliX KB~paTOB 

+ np- n..•ll'• ... 

ll' 

.,.. 

FD~~~~~--~~~ 
0.~ 1.5 2.5 •• 

~OCTliraiOTCH npn 3HaqeHIIH {ll= 2. 
E aToM cnyqae npw rn = 2. nonyqeno 
cTaTllCTifqecxu y~oBneTBOPHTe1I:&Hoe 
onwcan11e (P('X..1)== 0,2.2) .Be ex UMeiO
IllHXcH aKcnepliMBHTaHbHhlX ~aHH.biX 
~JIH 'l1<2,6 <J!yilx~neii (IO). 

llapaMerpu HMeiOT cne~yiOIQHe aHa
qeHHfl E0=D,68±o,oa; Er2,55±o,r6; 
E2=I,65:!:0,05; rJ.. =I,8I O,I8. llpn 
aTOM 3HaqeHHH HOpM11pOBOqHIJX HH
TerpanOB paBHN: Ir=I,96 w 12=2,20. 
YBenl!qeHHe q11cna napaMeTpOB 6t 
He ~aeT CTaTHCTUqecKII 3HaqliMOrO 
yJiyqmeHIIH peayn:&TaToB annpoKCHMa
~Hll. SxcnepnMenTan:&H.ble pacnpe~e-

Puc .9. SaBIICIIMocn(<n)6'11 ('lf
0))/(<no}IS'in) · OT i!

1 
= i! +r:l./<n>" .06oaHaqeHIIH 

axcnepliMBHTan:&HlJX ToqeK HMBDT TOT lite CM.biCH, qTo H Ha pnc.8. 
KpHBaH - peay~DTaT annpoxcwxa~Hll 5r-p ~aBHNX qiyHK~lleii (IO) 
'.ll;H.IJ 11\'= 2. . 

M) HanpHMeplTononornqecxoe ceqeHne 6o npn yBe~uqennw aneprn11 
C 5 ~0 2u5 raE yMeH:&maeTCH Ha ~Ba nop~Ka. 

54 

~eHIIH F (~ 1 ,s). BMecTe c noJIYqenHott. qiyHKIXHeli .«P (i!1) noxaaaHN Ha 
pRe. 9. Cor~acne qiyHK~Hll 9 (~1) c oT~e~:&HNMII. axcnepliMBHTan:&BNMII pac
npe~e~eHHHMII B:~cTpHpyeTcH Be~lfqi!HaMI1 11 'X} /q11c~o axcn.Toqex", 
KOTOpNe npi!Be~eHN B nop~Ke BoapacTaHIIH aneprl'ln: 5,4/4; 1,2/6; 
5,7/7; !6,2/8; 8,2/8; 7,6/10. SHaqeHllfl aTliX Be~nqHH CBH~eTeH:&CT
BYIOT 1 qTO qiopMa annpOKCHMHpyro;qeii \PYHK~I'U! B.blcJpaHa y~aqHo. 

E aa~IOqenlle cqiopMy~HpyeM nonyqeHHNe a~ec& ocHOBHNe peayn:&
TaTN: 

I. llpoBe~eHHNli aHanl!a axcnepi!MeHTan:&HNX ~aHHNX roBopliT B non:&
ay Hamen rwnoTea.bl o no~o61'lll pacn~e~enennii F(2,S) B ~-p -Baan
Mo~eiicTBHHX np11 aHeprl'lflX 5 - 205 raE. 

2. ITpe~nollteHHOe npeo6paao11a~11e mxam>~ :"= '2+~/<.n>' noaBonHno 
e~HHhlM o6pa30M Oill!CaTb BCB IIMBIOIQIIBCH aKcnepi1MBHTaH:&!lble ~aHHhle 
~1IH 5fp -B3aliMOAeHCTBllii. 

3. !IpeAnonaraH, q~o qiyHK~HH <f (21) oTpalltaeT qiopMy pacnpe~eneHHH 
np11 S-+ 00 1 nonyqeHHhiH peay1I:&TaT MO~HO HHTepnpeTHpOBaT:& KaK 

. -~ . 
KOmtqecTBeHHOe On11CaHrle ( ""(n) ) B03MOlKHOH qiopM.bl B.biXO~a 

pacnpe~e~ennli F(~~s) na acnMnTOTIIKY· · 
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MHOrOKBAPKOB~E CHCTEM~. 

TEOPH~ H 3KCnEPHMEHTAflbH~E CflEACTBH~. 

B.A. MaTaeea 

06oeAHHeHH~H HHCTHTYT RAePH~X HccneAOBaHHH 

B HaCTOR~HX neKUHRX o6cymAaeTcR npo6neMa cy~ecTBOBaHHR H 3Kcne

PHMeHTanbHoro noHcKa 3K30TH~eCKHX MHOrOKBaPKOB~X CHCTeM, a TaKmE 

ponb KaapKoa~x cTeneHeH cao6oA~ npH onHcaHHH RAePH~x RaneHHH, Ha 

npHMepe KOHKpeT~OH MOAenH AeHTPOHa KaK 6-KaapKOBOH CHCTeM~ noKa3aHa 

He06XOAHMOCTb nORBneHHR B036ymAe~HH "CKP~Toro UBeTa" B RAepHOH.Ma

TepHH, B aaKn~~eHHe npoaeAeH KBaPKOB~H aHanHa 3K30TH~ecKHX KaaaH

RAePH~x cHcTeM c 6apHOHH~M ~HcnoM B= 2,3 H 4 IAH6ap~oH~, TPH6apH

oH~ H TeTpa6ap~oH~/. 

flEKUH~ 1: 3K30TH4E~KHE AAPOHHWE COCTO~HH~ 

- AYanbHOCTb H 3K30TH~ecKHe aApOH~, 

- npo6neM~ CTa6HnbHOCTH 3KaOTH~eCKHX aAPOHOB, 

- 3KCnepHMeHTanbH~H nOHCK 3K30TH4eCKHX COCTORHHH. 

flEKUH~ 2: MOAEflH KBAPKOB~)< CHfl 

flEKUH~ 3: 

KBaHTOBaR. xpoMOAHHaMHKa KaK TeopHR -UBeTH~X KBaPKOB H_ 

rn~oHoa, 

MOAenb KBapKoaoro MewKa, 

UBeTOMarHHTH~e CHn~ H xapaKTep aAPOHH~X cneKTPOB, 

~APO KAK MHOrOKBAPKOBA~ CHCTEMA 

TeOPHR WeCTHKBapKOBOrO MeWKa, 

RBnReTCR nH AeHTpOH 6cz.. -cHcJ:eMOH7 

~BaPKOB~H aHanH3 MHOr06apHOHH~X CHCTe~ 

fl E K U H ~ 

3K30TH4ECKHE AAPOHH~E CHCTEM~ 

npeACTaaneHHe 0 TOM,~TO ace aApOH~ nocTpoeH~ H3 ·KaapKOB ,nPO~HO BOwnO B co

speMeHHY~ TeOpH~ 3neMeHTapH~X ~aCTHU, XOTR CaMHX KBapKOB e~e HHKTO C ysepeHHOCTbD 

He Ha6n~Aan. 

MeHee o~eBHAH~M RanReTCR npeAnonomeHHe, ~To a nPHPOAe peanH3YDTCR nHWb 

npocTeHWHe KsapKoa~e CHCTe~, COAepma~e TPH KBapKa I 3lf_ I HnH KBapK-aHT~-tKaapKo-

ayn napy Jitj_/ H COOTBeTCTBYIO~e Ha6nJOAae~M· 6apHOHaM 1-1 Me30HaM, 
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/ 

Bonpoc o cy~ecTsosaHHH 3K30TH~ecXHx aAPOHH~x cocTORHHH,KOTop~M cooTBeTcTsy-
" . -n m(i 1 21 

lOT KBaPKOB~e CHCTeM~ THna iJ_ iJ_ n+m )',3), CO" speMeHH nepB~X pa6oT ' H A0 

HaCTOR~ero speMeHH RBnReTCR OAHHM H3 HaH6onee HHTpHrY~HX B KBapKOBOH TeOPHH. 

8 HaCTOR~eH neKUHH ~ paCCMOTpHM npocTeHWHe 3K30TH~eCKHe CHCTeM~, o6pa3y-" 

IOLltl-teCR B ynpyrHX M HeynpyrHX peaKlt,HRX 838HMOAeAcTBHR ··aAPOHOB 1 0fiCYAHM npo6neMY HX 

CTa6HnbHOCTH, a TaK*e HeKOTOp~e H3 BeAY~HXCR CeH~ac HnH nnaHHPYe~x B 6nHmaHWee 

BpeMR 3KCnepHMeHTOB nO nOHCKY noA06H~X 3K30TH~eCKHX COCTORHHH. ~ 6yAeM HCXOAHTb 

H3 HaH6onee npOCT~X H B TO me speMR AOCTaTO~HO 06~X apryMeHTOB, onHpa~XCR Ha 
" 3/ 

HAeiO AYanbHOCTH 

AYAJlbHOCTb 11 3K30TI14ECKI1E AAPOHbl 

HanoMHHM cy~ecTseHH~H AnR noHHMaHHR npHHUHna AYanbHOCTH ¢aKT, ~To s KBaH

TOBOH TeOPHH nonR CHn~ MemAY ~aCTHUaMH B npRMOM KaHane o6ycnaanHeaiOTCR 06MeHOM 

~aCTHU HnH pe30HaHCOB B nepeKpeCTHOM KaHane /eM. PHC 1/ .• 

X 
PHc.1 

npHTRmeHHe B CHCTeMe ~aCTHU, He06XOAHMDe AnR nORBneHHR CBR3aHH~X HnH pe30HaHc

H~X cocTORHHH, o6ecne~HaaeTcR npH 3TOM Tpe6qaaHHeM, ~To6~ MaTPHua 
\ {r) a {r) -mr· I'"" 

Vab~ eel = Lr ga,c r:Jhd e /r 
HMena OTPHUaTBnbH~e C06CTBeHH~e 3Ha~eHHR, npHBOAR~HM K seCbMa CHnbHOH KOPPBnRUHH 

cneKTpa B03MO*H~X 3Ha~eHHH KBaHTO~X ~HCBn ~aCTHU B npRMDM H nepeKpeCTHOM KaHa• 

nax. 

8 npHPOAe.o6Hapy•HaaeTCA PRA YAHBHTen~H~x 3aKoHoMepHocTeH noA06Horo POAa 1KoTo-

p~e MOryT 6wTb B~pameH~ B TepMHHaX nPHHUHnOB rno6anbHOH H nOKanbHOH AYanbHOCTH. 

B cooTaeTcTBHH c npHHUHnoM rno6anbHOH AYanbHOCTH cyMMa BKnaAOB 

~aCTHU H pe30HaHCOB B S-KaHane BOCnPOH3BOAHT B CPeAHeM, T.e. nocne HHTerpHposa

HHR no KOHe~HOMY, AOCTaTO~HO WHPOKOMY HHTepsany 3HeprHH 0 B~COK03HepreTH~eCKOe 

noseAeHHe aMnnHTY~, onPeAenReMoe" PeAme·noniOCH~MH o6MeHaMH s t·KaHane. MaTeMa

TH4ecKoH.¢oPMYnHposKoH npHHUHna rno6anbHOH AYanbHOCTH RBnRIOTCR KOHe~H03HepreTH

~eCKHe npaBHna CYMM HnH F E S R 41 • ~ 
npHHUHn noKanbHOH AYanbHOCTH RBnReTCR 6onee CHnbH~M YTBepmAeHHeM, 

B COOTBeTCTBHH C KOTOp~M OnHCaHHe B TepMHHaX s-KaHBnbH~X H t-KaHanbH~X COCTO

R~H R~ReTCR AOnonHHTBnbH~M, T.e. 3KBHBaneHTH~M, npH nl06~x 3Ha~eHHRX KHHeMaTH

~eCKH~ nep~MeHH~X /CM.PHc.2l 
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L:H 
S- KaHan 

,~:x 
PHc. 2 

Ba*H~M HHcTpyMeHTOM aHanH3a cooTH9WeHHH AYBnbHOCTH RBnRIOTCR AYBnbH~e HnH KaapKo

s~e AHarpaMM~. YA06CTBO KBaPKOB~X AHarpaMM 3aKniO~aeTCR He TOnbKO B TOM,~TO OHH 

HarnRAH~M o6pa30M onH~BaiOT nepepacnpeAeneHHe KBapKOB H HX KBaHTOB~ ~Hcna nPH 

B3aHMOAeHCTBHH COCTaBH~X ~aCTHU, HO TaK*e H nOTOMY,~TO S-KaHanbHOMY H t-Ka

HanbHOMY. 06MeHaM COOTBeTCTBYIOT TOnonorH~eCKH 3KBHBBneHTH~e AHarpaMM~ S//CM.PH"c~3/• 

T) ~{ = )?4u~u v\t'n 
7i ~ 4 ~7T 1{ 7T /.!... " . T'~7T 

PHc.3 npHMep KBaPKOB~X AHarpaMM,OnHC~BaiO~HX ~-pacceRHHe 

HH*e M~ npocneAHM Ha npHMepe KaapKos~x AHarpaMM, onHc"""''lli"X npouecc~ Me3oH

Me3oHHoro /MM/, Me3oH-6apHOHHOrO /MB/ H 6apHOH-aHTH6apHOHHOrO /88/ pacceRHHR, 

KaKHM o6pa30M H3 AYanbHOCTH c Heo6xoAHMDCTbiO cneAYeT nonaneHHe 3K30TH~ecKHX 
6/ . 

KBapKOB~X CHCTeM 
!:!!t...E,acceRHHe: 

I 

I ) I c X I + M I 
I 

-
'1'1 

MB- pacceRHHe: 

A 
I c =>C ) I 
I + B 
I 
I 

3'1 
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(' 

BB- pacCeRH«e 

X ) c + d) (( +··· 
:l"j.1.9 

* M 

HeTPYAHO B«AeTb,4To a OTn«4«e aT MM- " MB- pacceRH«R, rAe a npoMe~yTo4H~x cocTo

RHHRx, OnH~BaeM~ KBapKOBWMH AHarpaMMaMH, nORBflR~TCR nHWb HOpMaflbH~e, He3K30TH-

4eCK«e c«cTeM~, 'a cny4ae BB- pacceRH«R M~ cTanK«BaeMCR c Heo6XOA"MOCTb~ noRene-

H«R 3K30T«4eCK<1X COCTORH«H, nOCTpOeHH~X 113 2 KBapKOB 11 2 aHT« KBapKOB, 

B OAHOH «3 MaTeMaT«4eCK«X aepc«H AYanbHOCT«, «cnonb3Y~eH nOHRT«e CTPYH~, 

COCTSBHbiM KBapKOB~M C<1CTeMaM, nORBnR~«MCR B npoMe~yT04~X COCTORH«RX,- 3AeCb 

COOTBeCTBeHHO HOpMaJlbH~e Me30H~ /M/, 6ap«OH~/B/ <1 3K30T«4eCKaR C«CTeMa z'if 2Cf/M if/, 

COnOCTaMR~TCR o6pa3Hble C<1MBOn~, np«BeAeHHble cneaa OT C00TBeTCTBY~Ifii1X peaKli«H, 

CneAYeT OTMeT<1Tb e~e OA«H Ba~H~H KnaCC 3K30T«4eCK«X KBapKOBbiX C<1CTeM, KO

TOPble o6pa3y~TCR B «HKn~3<1BH~X peaKli«RX! 

138~8+X 

B 
-ll-

8. 
~L_L..\_ 

:t 
B > 

= 1.4tt 
) -8" 
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8 8 ~ M*+ X 

8 

B 

.f; 
]) 

* B nepaoM cny4ae M~ «MeeM Aeno c ceMeHCTBOM 3K30T«4eCK«X 6ap«OHOB B* ,·ao 

BTOPOM- C ceMeHCTBOM A«6ap«OHH~X COCTORH<1H 0* , o6pa3y~~«XCR acCOll«aT«BHO C 

3K30T«4eCK«M« Me30HqM« M*. 

nP06flEMA CTA611flbHOCH1 3K30TI14ECKI1X, AAPOHOB 

np«BeAeHH~e B~We Ka4eCTBeHH~e apryMeHT~ B nonb3Y cy~eCTBOBaH«R 3K30T«4ec-
' K«X KaapKoa~x c«cTeM.Heo6xoA"MO AOnon~«Tb coo6pa~eH«RM« .o6 «X.cTa6«nbHOCT«. OcTa-

aaRcb a paMKax noAXOAa, on«pa~erocR Ha np«Hll«n AYanbHOCT«, M~ c¢opMYn«pyeM o6~ee 

npaa«nO,Aa~~ee Kn~4 K peweH«~ npo6ne~ CTa6«nbHOCT<1 3K30T<14eCK<1X ~APOHOB. 

nP11HU11n nflAHAPHOCTI1 KBAPKOBWX A11ArPAMM: 

CpeAH acex B03MO~H~x KBapKoa~x A«arpaMM, on«CbiBa~x AaHH~H npot~ecc,. pa3pe

weHH~M« RBnR~TCR n«Wb nnocK«e /nnaHapH~e/ CBR3aHH~e A«arpaM~. HennocK«e/Henna

HapH~e/ Hn« HeCBR3aHHble KBapKOB~e A«arpaMM~ AOn~H~ ~Tb OT6poweH~. 

3TOT np«Hll«n, <13BeCTH~H KaK npae«nO 0KY6o-UaeHra-11«3YK« (02t-ruleJ7< AaeT 

npocTy~ " HarnRAHY~ «HTepnpeTall«~ Y30CT« 4enoro PRAa TR~en~x pe3oHaHcoa, o6naAa-· 

~«X 6onbW<1M 4<1cnOM OTKP~T~X KaHanoB pacnaAa• KnaCC<14eCK<1M np«MePOM RBnReTCR 

Y30CTb TR~eni.rx aeKTOPH~x (/'- ""f1;r -pe3oHaHcoa. Tar<, a cny4ae pe30H;Hcaq' ,;,SS· 
AOM«H«PY~«H <p~KK« nDAaBneHH~Hq:'~.27TKaHan~ pacnaAa on«·C~Ba~TCR COOTBeTCTBeHHO 

nnaHapHOH 11 HennaHapHOH KBapKOB~M« A«arpaMMaH« /cM,pHc,4/, 
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¢~KK q, ~ 7171 
-

:s ;----oc i '/. .ss c ~9: __....,.~ 1_q, q_s 
nnaHapHaR HennaHapHaR 

P11c. 4 Pa3peuJeHHaR lnnaHapHaRI 11 3anpell\eHHaR IHennaHapHaRI KaapKoabre 
A11arpaM~, on11~aa~ll\11e Me30HH~e pacna~ pe3oHaHca 9' =ss. 

.AHanOr114HbiM o6pa30;., 11nn~cTp11pyeTCR ¢aKT Y30CTI1 pe3oHaHCOB ·'f l;j =CC', 

npi1MeH11M.Tenepb npi1H~I1n nnaHapHOCTI1 KBapKOBbiX 

cTa6HnbHOCTI1 3K30TI14eCK11X Me30HOB I M *I, 6apl1oHoa 

AHarpaMM K aHan113Y aonpoca o 

IB *I· 11 AH6apHoHoa ll>*l. He-

TPYAHO BI1AeT~ 0 4TO Ha116onee BblrOAHble B OTHOWeH1111 aeni1411Hbl ¢a30BOrO 06oeMa·MO~ pa-

cnaAa.3THX 3K30TH4eCKHX CHCTeM,T.e. 

M'*.....,>MM, B~BM,l>-llr-BB, 
COOTBeTCTBYIOT n116o HennaHapHbiM , n1160 HeCBR3aHHbiM KBaPKOB~~ A11arpaMMaM 

H RBnRDTCR 1 TaKHM 06Pa30M,nOAaBneHH~MH. 

M>~:--P> MH. 

I X H 13 

H r 13 

a*~BH 
~ • B H 

·): B 

A B 8 

D*~BB 
8 y 

:E<:~ 13 ~ 
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AoM11H11PY~I1MI1 MOAaMI1 pacnaAQB 3T11X 3K30TI14eCK11X CI1CTeM, KOTOpble oni1~Ba~T-

CR nnaHapH~MH CBR3aHH~MH ~arpaMMaMH, RBnR~TCR 

* -M ~ BB, 

s1< ...;. iiee, 
rf_, BBM*, 

"* BM, 

e"e. 
nepabiM 113 yKa3aHHbiX B 3TOM PRAY MOA pacnaAa 3K30TI14eCKI1X aAPOHOB COOTaeTcT

BY~T Te me KBapKOB~e Al1arpaM~, KOTQp~e Oni1~Ba~T 11X o6pa30BaH11e. 0cTaBWI1MCR 

COOTBeTCTBY~T cneAY~I1e Al1arpaM~: 

B B _8 B 

:J ·C ~ C ::J B~~ B H* }~ : :::> D•--'» B g'< . } s* 

CneAYeT ynoMRHYTb TaKme cny4aH a~pomAeHI1R,KDrAa KBaHTOB~e 411cna MHoroKaap

KOBOH CI1CTeMbl M~ 11n11 B~ coanaAa~T c KBaHTOBbiMI1 411cnaMI1 HopManbHoro Me3oHa M 

11n11.6ap11oHa B. B 3TOM cny4ae oKa3biBa~TCR ao3MOmHbiMI1 nepexo~ M.,._,M 11 B~ B, 

4TO npi1BOA11T K KpaHHeH HecTa611nbHOCT!' COOTBeTCTBYIOIJII1X MHOrOKBapKOB~X CI1CTeM·, 

0TMeTI1M,HaKOHe~,4TO Ha6n10AaeM~e Me30H~ 11 6ap110H~ HOrYT,B npi1H~I1ne, COAepmaTb 

o6ycnoeneHH~e TaK11MI1 nepeXOAaMI1 npi1MeCI1 MHOrOKBapKOBbiX COCTORHI1H. Ha CI1MBOnl14ec

KOM R3~Ke TeOpl111 AYanbHOCTI1 nOA06H~M np11MeCRM COOTBeTCTBYIOT "neTnea~e AHarpaMM~
10 

BHAa 

~ ~ 
B KOHe4HOM 11Tore peweHI1e eonpoca o cTa611nbHOCTI1 11n11 o~eHKa apeMeHI1 m113H11 

3K30TI14eCKOro COCTORHI1R Tpe6yeT 3HaHI1R ero MaCe~ 11 aHanl13a OTKP~T~X KaHanoa pac

naAa• noAo6H~H aHanl13 HOmeT 6b1Tb npoBeAeH ni1Wb B paMKaX AHHaM114eCKOH MOAen11,Ha

npi1MeP B MDAen11 KaapKOBOro MeWKa,•o KOTOpOH 6yAeT 11ATI1 pe4b B nocneAYIOIJII1X ABYX 

neK~11RX. HeKoTop~e 113 3K30TI14eCK11X aAPOHoa, HanPI1Mep npeAcKa3~aae~H HO-

Aen•~ KBaPKOBOro MeWKa ABam~ cTpaHH~H A116ap110H H(2150) C J'p= 0+, HOrYT OKa3aTbCR 
. 91 

cTa611nbH~MI1 oTHOCI1TenbHO cl1nbH~ pacnaADB • APyrne, 6YAY411 HecTa611nbH~MI1, Mo-

rYT o6Hapymi1Tb ce6R nocpeACTBOM ~en11 nocneAOBaTenbH~x pacnaADB 11n11 aae3A T11na 

BB _, B + e* 
~B + M~ 

~BB 
"" .. 

BB _, !t_ + ~B 
• BB 

" + B 
~B + "" ~SB 

MB~ BM.>i. 

~BB 
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3KcnEPHMEHTAflbHbiA noHCK 3K30TI14ECKHX COCTOJ!HHA 

noHCKH 3K30TH4eCKHX aApOHOB, COOTBeTCTBY~HX B KBapKOBOH HOAenH CHCTeMaM TH-
-i'f m -

nat[_ 'f_ C n+m>3, HMeiOT AaBHIOIO HCTOpHIO. 3AeCb Mbl flHWb KPaTKO OfiCYAHM HeKOTOpble 

H3 aeAY~HXCR B HaCTOR~ee BepMR HflH nnaHHpyeMbiX B finHmaHWeM fiYAY~eM 3KcnepHMeH

TOB no nOHCKY KBa3HRAepHbiX, fiapHoH-aHTH5apHOHHbiX CHCTeM, AHfiapHOHHbiX COCTORHHH 

H Me30H-Me30HHbiX KBapKOBbiX MOneKyn. 

KBA3HJ!~EPHbiE BB-CHCTEMbl i6APHOHHYM/ 

11AeR o TOM,4TO. NN-cHcTeMbl MOrYT o6pa30Bb1BaTb CHflbHO CBR3aHHble cocTORHHR, 

KOTOPble ofiHapymHBanH fibl cefiR nocpeACTBOM ·i -nepeXOAOB H3 COCTORHHH 11nPOTOHHYMa11 

/sneKTpOMarHHTHO CBR3aHHaR aTOMHaR CHCTeMa pp /, fiblna BbiCKa3aHa B pafioTaX H.Wa

nHPO H.coTPYAHHK~B I~/3KcnepH~~HTbl, BblnonHReMble rpynnoi1 T.KanoAmepononyca H3 CH

PaKY3 /CWA/, KameTCR, o6HapymHnH AHCKpeTHbiH cneKTP j a pd-aHHHrHnRilHH, o~aKO 
. . 11/ 

fieAHaR cTaTHc:HKa He no3BOnRna CAenaTb onpeAeneHHbiX 3aKnl04eHH~ • HoaaR aepcHR 

3Toro 3KcnepHMeHTa, BblnonHeHHar. Konno6opaljHei1 l.lEPH/Iia3enb/Kapncpys/CTOKronbM, 

rloATBePAHfla CY~eCTBOBaHHe ,no Kpaf1Hei1 ·Mepe, 4 AHCKpeTHbiX flHHHH B cneKTpe i- KBaH

TOB a HHTepaane 3HeprHH aT 100 AO ~00 H3B 12~ 
CpeAH HOBbiX 3KcnepHHeHTOB, COAepma~x YKa3aHHR Ha cy~ecTaoaaHHe Y3Koi1 peso

HaHCHOH CTPYKTypbl B pp-cHCTeMe, OTMeTHM cneAY~He: 12 •13/ 

- 1936 MsB : 3KcnepHMeHT c nY3b1PbKoaoi1 KaMepoi1,ablnonHReMbli1 Konna6opaljHei1 

f= 9MsB l.lEPH/nHaepnynb/MoHc/ naAYR/PHM/TpHecT/6Hn 

- 2020 :t 3 MsB : "Jl" cneKTpoMeTp-

2204± 5 M3B l.lEPH/Konnem Ae ~paHC/3KOflb nonHTeKHHK/0pC3 

f"'20 MsB 

B nocneAHeM 3KcnepHMeHTe H3Y4anacb peaKilHR 71-P~/}71-(pp) npH 3HeprHH Ha4anb

Horo nHotia 9 H 12 rsB. neTR~aR anepeA a na6opaTopHoi1 CHCTeMe napa {P,: 7r-) o6pa3y

eTCR e ocHoeHoM nocpeACTBOM pacnaAa H3ofiap Ll•(1236) HNl1520), TOrAa KaK napa 

pp neTHT B·3aAHIOIO nonyc~py. KaapKoaaR AHarpaMMa, onHCbiBaiO~aR 3TY AMarpaMMY, 

OTHOCHTCR K HHPY~HX T.e. AOMH 3peweHHWX, -

KnaccY~~PF 

,~ ~} 
p (pp)~ H* 

l:eAaBHO B 3TOM 3KcnepHMeHTe fibln ofiHapymeH HOBbiH Y3KHH nHK npH 3HeprHH 2950 M3B. ,, 
KpoMe Toro, rpynna 6piOCCenb/l.lEPH/noHAOH/MoHc/0pc3, H3Y4aR aHHHrHflRilHIO pp npH 12 

fsa, ofiHapymMna Y3KHH nHK B CHCTeMe ("'D.rrN11 )c MaCCOH 2600 MsB. 3TOT TaK Ha3blaae

~H Jr -pe30HaHc MOr fibl CTaTb nepBbiM npHMePOM fiapHOHHR,Hecy~ero CTpaHHOCTb. 
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~6APHOHHbiE COCTOJ!HHJ! 

npocTei1wee AHfiapMOHHOe COCTORHHe·

cna6oCBR3aHHOe COCTORHHe (pn >J:J 
Aei1TpoH- npeAcTaenReT co6oi1,KaK H3eecTHo, 

-v, 
paAHYCOM R.,j "-' (.ffneJ €,}) '2. ~ ~ <!>H. 

C 3HeprHeH CBR3H €,j Z 2,2 M3B H 3<!>¢eKTHBHbiM 

Cpa3Y me nocne BBeAeHHR e TeopHIO c~nbHblx esa-

HMOAei1cTeHi1 SU
3

CHMMeTpHH noRBHncR PRA pa6oT, aaTopbl KoTopblx cTaeMnH eonpoc o aos

MOmHocTH cy~eCTBOBaHHR cTpaHHbiX rHnepRAepHbiX• COCTORHHH 
141 

noHCK 3THX COCTORHHH 

eeAeTcR yme e Te4eHHe 

cTeMe (/Jp) Y3KHH nHK C 

AflHTenbHOro apeMeHH 151 • B 4aCTHOCTH, Hafin10AaiO~i1cR a cH

Maccoil-2129 M3B H WHPHHOH- 6 MsB B 3KcnepHHeHTe no K.d-"> 
_,.1fllp peaKilHH, npoeeAeHHOM HeAaBHo rpynnoi1 l.lEPH/rei1Aenb6epr/MKJHxeH, a cornacHH 

/16/ -C fionee paHHHMH OnbiTaMH,nPOAenaHHbiMH B ~fiHe , MOr fibl 6b1Tb KOMnaHbOHOM AeHTpOHa * 1U . no !Q -nneTY su
3

rpynnbl. TeopeTH4ecKHe pac4eT~ noKa3biBaiOT ,4TO 3TO cocToRHHe 

MOrno 6bl paCCMaTPHBaTbCR KaK CBR3aHHOe 3.s
1
-coCTRHHe e·cHCTeMe2r/V C 3HeprHeH·CBR-

3H <::::: 3 MsB. 

B HacToR~ee epeMR TPYAHO cKasaTb, RBnRIOTCR nH noAOfiHble cna6ocBR3aHHble rHnep

RAepHble COCTORHHR aHanorOM TeX 3K30TH4eCKHX 61. CHCTeM, KOTOpble B03HHKaiOT B TeOpHH 

AYaflbHOCTH. 0TMeTHM OAHaKO ,4TO• MOAMb KBapKOBOrO MeWKa AflR 6'j. CHCTeMbl npeACKa3bi

BaeT cy~ecTaoaaHHe cTafiHnbHoro ABamAbl cTpaHHoro S-aonHoeoro AHrMnepoHa c Maccoi1 
. + ·. ·. 9/ 

2150 MsB H cnHH-4eTHOCTbiO 0 , cooTaeTcTBYD~ero cHHrneTHOMY cocTORHHIO SU3rpynnbl 

noHCK 3Toro TaK Ha3biBaeMoro H-AHrHnepoHa npeAnonaraeTCR npoaecTH B finHmai1-

weM fiYAY~eM Ha YCKOPHTene AGS KOnn~fiopaljHeH 6pyKXei1BeH/npHHCTOH. 6yAeT H3Y4aTbCR 
++ . 

peaKilHR pp~ H KK. npH HMnynbce npoToHa '/i = 5 rsB/c c H3MepeHHeM HMnynbcoa 

ofioHX KaOHOB. 0TMeTHM,4TO.COOTBeTCTBYIO~aR 3TOMY npoljeCCY KaapKOBaR AHarpaMMa He-

nnaHapHa H,cneAoBaTenbHo,noAaaneHa c npaaHnoM OZI: 

p 

p "* }H J<.+ 
AHanH3 pa3peweHHbiX KBaPKOBbiX AHarpaMM,npoaeAeHHbli1 a npeAbiAY~ei1 neKilHH,roao-

PHT B nOflb3Y o6pa30BaHHR H-AHrMnepoHa COBMeCTHO C 3K30TH4eCKOH Me30HHOH' CHCTeMOH .. 
PP~H+ Hs=Q=2, 

CBR3aHHOH CO cneAYIO~HMH 6apHoH-aHTH6apHOHHbiMH KaHanaMH 

N,t\ 

M:=•·•{ ( s ,n 
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B HacTon~ee epeMA B n"TepaType o6cymAaeTcn eonpoc o cy~ecTeoeaH"" ~6ap"oHa 

B pp-c"cTeMe (I•~), KOTOp~~ n03BOn"n 6~ 06oACH"Tb PAA.aHOMan"~• Hafin~AaeM~X B 

3KCnep"MeHTe no ynpyrOMY pacceAHH~ nPOAOnbHO nonAPH30BaHH~X npOTOHOB,nPOBOAHMO~ 

rpynno1'1 A.l1oKocae~ B AproHHCKO~ HaLtHOHanbHO~ na6opaTOPI1H /CWA/ 181 • Hacca 3Toro 

3f
3
- pp- COCTOAHI1A•2250 H3B, ,WI1P11Ha -v250 H3B. 

E~e OAHO "3BeCTI1e 0 npeAnonaraeMOM A116ap110HHOM COCTOAHH" CBA3aHO C Ha6n~Ae

H11eM aHOManbHOH CTP.YKTYP~ nonApl13aLtl111 npOTOHa B peaKll11" ¢QTopac~enneH11A AeHTPOHa 

d 19 20/ . t ~pn ' · • 06HapYJKeHO, LITO npH 3Heprl1" E.r-500+550 H36 nonnp"3all11A KOHeLI
. . 

Horo npoToHa, neTA~ero noA yrnoM 9p=90° e c11cTeMe LteHTpa Mace, AOCT~<raeT eecbMa 

6onbworo 3HaLieHHA f>R: -80%. . p 
AMnnHTYAa o6pa3oeaHHA e npnMOM KaHane ~6aPHOHHoro pe3oHaHca c Maceo~ 

Vm~ -t:Zmd:Er/ ~ l35D "HTeP¢eP~<PYeTcn c 6opHoecKHMH aMnnHTYAaMH T~<na 
/ey::::536 H3B ~~ + t~ 

d_j. 17i d-'· 
LITO n03BOnAeT AaTb 0n11caH11e Ha6n~AaeMOro noeeAeHHA nonApl13aLtH" KOHeLIHOrO npOTOHa. 

HHTepecHo, LITO npi1BeAeHHaR 3AeCb Macca YA11BI1TenbHO 6n"3Ka 3HaLieH11~,npeACKa3aHHo-
. 21/ (. )I:O 

MY B pa6oTe <P.Aa~COHa AnA CBA3aHHO~ C"CTeM~ .d[l ::J"p: 3+. npoeeAeHH~e HeAaBHO 

Teop"e.TH4eCKHe paC4eTbl 8 paMKaX MeSOHHOH MO,qeJlH R,qepHbiX CHJl noJ:nBepJKAaiOT B03MO)I(

HOCTb cy~eCTBOBaH!<A nOA06HOH CHnbHOCBA3aHHO~ .dl1 -CI1CTeM~20/. 

KBAPK-HE30HHbiE H011EKYI1bl 

Cyl!leCTBYeT AOCTaTOLIHO Ofiw11pHaR nHTepaTypa no Te0p1111 KBapKOB~X Me30HH~X MOne

Kyn. <PaKTHLie.CK" OHH ABHnHCb nepB~M TeopeT"LieCKHM 06oeKTOM ,Ha KOTOPOM "cn~T~ea

nHCb TeopeTHLieCKHe MOAenH Hac~~eHHA KBapKOB~X CHn " 3K30TI1LieCK11X MHOrOKBapKOB~X 

COCTOAHH~ 221 • 

B nocneAHee apeMA "HTepec K KBapK-Me30HH~M MOneKYnaM 6~ CBR3aH C HX B03MO-
+- 23/ 

IKHOH ponb~ B on"CaHI111 CTPYKTYP~ KOHeLIH~X '\IAPDHH~X COCTO,RHHH- B aHH11rl1nRlll111 ee-n"F• 
B LlaCTHOCTH, HanHLIHe MOneKYnRpH~X o6pa30BaH11H B C"CTeMaX T"na (ccqq) npH.BOAHnO ~ 

K 10% B~OAY V'/~ LlaCTHLt 3a CLieT nepepacnpeAeneHHA LleT~pex KBapKOB B KOHeLIHOM co

CTOAH1111. nocneAHHe 3KCnep"MeHTanbH~e AaHH~e no 11HKn~311BHOMY 06pa30BaHH~ V' /j Ha

XOARTCA B C"nbHOM npOTHBOpeLIH" C 3TI1MH OIK"AaHHAMH. 
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H 0 ~ E 11 H K B A'P K 0 B ~X C H 11 

3AeCb M~ n03HaKOMI1MCA C HaHconee nonynRpH~MH CeHLiaC MOAennM" KBapKOB~X CHn, 

T.e. CHn,yAePIKHBa~~HX ~Bap~H BHYTP" aAPOHOB. 

nepB~M npoTOTHnOM AHHaMHLieCKHX KBa'pKOB~X MOAene<1 AB"nacb MOAenb 11AY6HeHCKO-: 
2~ . 

ro KBapKOBOrO MeWKa11 , B KOTOPO~ YAepiKaHHe KBapKOB B aAPOHaX o6ecneLIHBanOCb 

HeOCXOAHMO~ B~COTO~ 6apbepa noTeHLtHana CHn, 11CoeAa~~HX11 MaC~ KBaPKOB. npHHLtH

nHaJlbHO HOBbiM MOMeHTOM RBHJlOCb yKa3aHHe Ha B03MOmHOCTb TeopeTHKO-nOJleeoH pea-

n113a411H HeOrpaHHLieHHO paCTY~!HX C paCCTOAHHeM KBapKOB~ noTeHLtHanOB B paMKaX 

KBaHTOBO~ XPOMOAHHaMH~ 251 . 
Ha11eonee ynoTpe6HMan ,noiKany~, a HacTon~ee apeMR MOAenb 11MaccaLiyceTcKoro 

KeapKoeoro MewKa 11 (MIT Bag Maciel) npeACTaanneT co6o<1 ;no cy~ecTBY, ceoeo6pa3HOe 
26/ 

cnHAHHe.nepe~x ABYX noAXOAOB 

KBAHTOBAH XPOMOAHHAHHKA KAK TEOPHH UBETH~X KBAPKOB H r11r.DHOB 

KaK "3eecTHo, peweHHe npo6neM~ cTaTHCTH~ KeapKoe noTpe6oaano eBeAeHHA a 

TeOpH~ Tpex T11noe <PYHAaMeHTanbH~X TPHnneTOB 271 . nonaneH"e CBR3aHHO~ C 3THM Ho

BO~ CTeneHH'CB060Abl ~ QBeTa- npHBenO B AanbHe~weM K BeCbMa 6oraTbiM'CJ1e,qcTBHRM. 

npHMeHeHHe np11H411na noKanbHOH KanH~POBOLIHOH ."HBapHaHTHOCTH K npeo6pa30Ba

H"RM KBapKOB~X noneH B COOTBeTCTBI111 C LtBeTHOH SU~olor_CHMMeTpHeH npHaeno K ¢Qp

MYnl1pOBKe KB~HTOBOH XPOMOA11HaMH~ (QCD)- TeOPHH LtBeTH~X KBapKOB " rn~HOB. 

8 OTn"LI"e Ol':Kaa.HTOBOH 3neKTPOAHHaM"KH (QED) HOBaR T.eopHR ABnAeTCA Hea6ene

BOH, T.K. rpynna ee Kanl16poaoLIH~x npeo6pa3oB~HHH HeKOMMYTaTHBHa. HMeHHo c 3THM 

CBOHCTBOM QCD TeopeT"KH CBA3~Ba~T CB011 HaAeiK~ Ha nonaneHHe HeorpaHHL17HHO pac

Ty~HX noTeHLt"anOB H 06oACHeHHe a6con~THOr0.3aKn~LieHI1A KBapKOB BHYTP" aAPOHOB. 

0AHHM 113 OCHOBH~X nonoiKeHH~ QCD RBnAeTCA YTBePIKAeH"e, LITO LtBeTH~e KBap~ 

" rn~H~, Hecy~He Ha ce6e LtBeT, He cy~eCTBY~T 1130ni1POBaHHO B nPHPOAe, a e~H-
. x/ 

CTBeHHO Ha6n~AaeM~MI1 06oeKTaMH ABnA~TCR 6eCLtBeTH~e aAPOH~ • 

npHBeAeM 3AeCb 06111enp11HRTY~ apryMeHTaLtH~ 0 Hecy~eCTBOBaH1111 3apRIKeHH~X,T.e. 

LtBeTH~X, Ten B KBaHTOBOH XPOMO~HaMHKe B OTnHLIHe OT KBaHTOBO~ 3neKTPO~HaMI1~ • 

x/ 

QED: 
e. 

9' = 471r ....... 
-+ e nr E = 47rr.J 

QCD: 

tf .-v r { noTeH411an c11n) 
~ ~ 
F- consi x nr { c"na) 

3To YTBePIKAe~He,npHHHMaeMOe noKa 6e3 AOKa3aTenbCTB, 113BeCTHO cpeA" TeopeTHKOB 

KaK"AorMa QCD". CM.no 3TOMY noaoAY,OAHaKo, AOKna~ A.Ae Pyxyru" A~CanaMa Ha XYW 

MemAYHaPOAHO~ KOH¢epeHLt"" no <PI13"Ke e~coK"x 3HeprH<1 /T6~<nHcl1,1976/. 

\"' 
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QED: 

) . .'. ~ 
e=~EJs 

R 
PepeHOPMHPOBKa 3apR~a 3a C4eT 
3<IJ<!JeKTOB KBBHTOBOH nOflRPH3BUHH 
aaeyyMa 

eA, ..,, 

e'fuJ 

I3KpaHHPOBBHHel R 

3HeprHR nonR oc e:J 1 
· 477 a-

£l -pa3Mep 3BPRmeHHoro Tena 

QeD: 

th~~ 2 
:y[ds (3<1l¢eKTHaHbli1 3aPRN oc R 

~enOKanH3BUHR UBeTHOrO 3BPRAa 38 C4eT 
11

0AeBaHJ.iR
11 

nOJTeM rn!OOHOB, nepeHOCRUJ.Io1X 
UBeT 

3<1l<!leKTHBHbiH 3apR~ / 
/ 

,/R2 

laHTH3KpaHHPOBBHHel 

3HeprHR nonR ocL 

R 

L: - flHHeHHbiH pa3Mep 60flbWOro npocTpaH
CTaeHHoro o6~eMa 

TaKHM Oopa30M 0 B KBBHTOBOH XPOMO~HHBMHKe PBCXO~HMOCTH Ha 60flbWHX paccTORHHRX 

-

11

HH<IJpaKpacHaR KBTacTpO<!Ja" - npHBO~T K HeB03MOmHOCTH fl0KBflH38UHH UBeTHOro aapR

~a H,cne~OBBTeflbHO, K nOflHOMY 38Kn~4eHH~ KBBPKOB H rn~HOB BHYTPH OeCUBeTHbiX rn~
OHOB I "~orMa QCD"I. 

MO~Enb KBAPKOBOro MEWKA 

H3nomeHHble BbiWe C006pameHHR nemaT B OCHOBe penRTHBHCTCKOro 0606UleHHR"~6-
HeHcKoro KsapKosoro MewKa': 

PB3BHTOro a pa6oTax rpynnbl aaTopoa H3 Macca~yceTcKoro 

HHCTHTYTa ICWAI H H3BeCTHOrO KBK MO~enb "Macca4yCeTcKOrO KBapKo-
TexHonorH4ecKoro 

sora MewKa"
261

• 

8 OCHOBe 3TOH MO~enH nemHT nonomeHHe 0 TOM,4TO 3fleMeHTapHble o6pa3Y~He a~
POHOB- UBeTHble KBBPKH 11 rn~Hbl- CBR38Hbl B KOHe4HOH 06naCTH npocTpaHCTBa, orpa

HH4eHHOH HeKOTOPOH noaepXHOCTb~$(r)lcM.pHC.51: 

np 
S(t) 

P~<c.s. CxeMaTH4ecKaR Mo~enb KaapKosoro MeWKa 

TeH3op 3HeprHH- HMnYflbCa CHCTeMbl onpe~enReTCR 

· quark-gluon 
Tp-; -
0 

cne~IOIIlHM o6paaoM 

Tfll1 (Bag) B 9. I BHYTPHI 

'Jllll BH e Mew Kal , 
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r~e B_- HeKOTopaR KOHCTaHTa c pa3MepHOCTbiO nflOTHOCTH .3HeprHH. npH 3TOM BblnonHR

r.lTCR cneAYIOutHe )'_-paBHeHHR 

tJp Tpy = 0 IBHYTPHI np Tpv= 0 I Ha rioaepxHOCTHI 

rAe np - eAHHH4HbiH npocTpaHCTBeHHO-n0~06HbiH BeKTO.p, OpToroHanbHbiH K noflOCTH Mew

Ka B 4-MepHOM npOCTPBHCLBe-apeMeHH • 

~aHHble ypaaHeHHR o6ecne4HBB~T Hei13MeHHOCTb HHTerpana ~eHCTBHR np11 aapHaUH

RX <IJOpMbl nosepxHOCTH KBapKOBOrO MeWKa, 4TO rapaHTHpyeT peflRTHBHCTCf<Y~ HHBapHaHT

HOCTb noAXO~a. 

113 HHX cne~~T ypaaHeHHR AflR onepaTOPOB nonR 3fleMeHTBPHbiX COCTBBflRIOIIlHX. C 

onpe~eneHHbiMH ycnOBHRMH. B 4BCTHOCT~<, TeH30P HanpRmeHHocTei1 aeKTOpHoro rniOOHHoro ""' . . ' . 
nonR ~~ y~~~eTBOpReT Ha noaepxHOCTH KBBPKOBOro MeWKa flHHeHHOMY rpaHH4HOMY 

ycnOBHIO np Fpv = 0. 4TO aBTOMaTH4eCKH npHBO~HT K Tpe6oaaHH~ ODPall\eHHR B HYflb 

ueeTHoro 3apR~a cHcTeMbl, T .e. 

c = jRxi = jd3x d/vE/E"'· _ 2. = jds(np~v)·= 0. 
i. - IOi. Stt) -

06UlHH CflY4BH npOH3BOflbHOH 3BBHCRIIleH OT apeMeHH noaepXHOCTH RBnReTCR BeCbMa 

cn'omHbiM • 06b14HO. npe~nonaraiOT, 4TO npH OnHCaHHH OCHOBHOrO COCTORHI1R ~OCTBT04HO 

orpaHH4HTbCR npH6nHmeHHeM CTBTH4eCKOH c<!Jepl14eCKH-CHMMeTp114HOH nonOCTH, B KOTOPOH 

CBR3aHbl KaapKH ("cavity approximat,ion") 29/. B 3TOM cny4ae peweHHe aaAB4H MomeT 

6b1Tb nony4eHO B RBHOM BH~e. 8 4BCTHOCTH, 113 ypaaHeHHR ~paKa 

f +-+) . l(t)-mp-~t'rJ..·V 1f=O, r<R 
-A R C rpaHH4HbiM YCflOBHeM 1.ff1rlf = 0 ·nPH r = HBXOAHTCR cneKTP KBBPKOB 

~ ~ XfJ. ~X . - X " cu=m+-' = · 
• RZ. ' 1-mR- VX~+(mR)l 

AnR 6e3MBCCOBbiX KBapKOB (m=O) HHmai1we~ COCTORHHe HMeeT 3HeprH~t: =2.04IR 

BamHbiM 3fleMeHTOM MO~em1 RBnReTCR Bbi4HcneHHe 3HeprHH HyneBbiX KOne6aHHH <!JyH

~aMeHTBflbHbiX nonei1 a nonocT~< KaapKoaoro MewKa. 

PaCCMOTPHM B Ka4eCTBe npHMepa cny4aH CKanR~HOro nOflR ¢ (x,t), CBR38HHOrO 

B oAHoMepHoi1·o6nacT~< c pa3MePOM ~ • BKna~ Hyneablx Kone6aHHH nonR a aHeprH~ aa

KyyMa onpe~enReTCR H3BeCTHOH <!JOPMYflOH (m = 0) 

E _ 1 \ cJ , . ,_, _ K _ 7/'n • 
0 -?iLK K J «JK ::- - T _4)$11.. 

ablpameH~<e, aao~R 3KcnoHeHuHanbHOe o6peaaHHe E
0
=.J[1<:4JIC.e , 11 PerynRpHayeM aTo 

nepe>i~eM K npe~eny.Jl:+OO nocne Haxom~eHHR CYMMbl p>i~a. HMeeM,o4eBHAHO, 

- _71!17; I J(;· -( ) 
_ I d L. - --- ' Eo- -2;r[ e . - 2e1~ 1- exp-~ 

n=ro · · 
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oTKYAa cneAYeT a npeAene 1:-+ 0 : 

Eo~ .12:2.. ~11 -f 2~ + O(Y.a). 
Hac 11HTepecyeT ,oAHaKo, 3Hepri1-R Hyneablx Kone6aHI111 a nonocTI1 paaMepa L 3a Bbl4eToM 

3Heprl111 aaKyyMa oKpyma~~ero npocTpaHcTaa, KOTopoe COAepmi1T BKJ1aA Tl1na 

£
1 r/:t.. 1 

1 
0 = ..JL. 27T X I n11Hei1Hb1!1 o6beM npocTPaHcTaal, 

rAe.fl- HeKOTOpb1!1, aoot5~e rOBOPR, ·0Tni14Hbli1 oT.fl npeAenbHb1!1 napaMeTp. 

0CHOBHaR rl1nDTe3a Macca4yceTCKOI1 MOAenl1 KBapKOBOrO MewKa COCTOI1T B npeAnOnO-

/ .t ''") meHI111 0 4TO pa3HOCTb ABYX 6eCKOHe4HbiX aeni1411H, 3AeCb (:.tl-.Jl , RBJ1ReTCR KOHe4H0!1 

senH~HHoH- YHHSepcanbHOH nOCTOflHHOH. 

nepeXOAR K TpexMepH0!1 3aAa4e 11 11CnOnb3YR AJ1R npOCTOTbl BbiKJ1aAOK B Ka4eCTBe 

BbiAeneHHol1 nonoc:ru KY6 c nHHeHHbiM paaMepoM L ,nonY411M AJ1fl 3Heprl111 Hyneablx Kone-

6aHI111 BblpameHHR n<na . Eo ~12~ 3 V- 7T:J. ._!_ 
7(2 120 L ' I aeKTopHoe none I , 

Eo ~s{'. 6~- .I.. 712
• J... 

7T 4 :;.:zo L 
. 
' I A11PaKoacKoe none I . 

0TC~Aa AJ1R 11HTepecy~~el1 Hac 3aAa411 BOCbMI1 4BeTHbiX rn~HHbiX none11 11 Tpex TpHnne

TOB 4BeTHbiX KBapKOB HaXOAHM: 

4 - 3 "11":1. ( =1- ) I E =8 ...I!R --l!- 8+-·9 ·-
0 3 5"40 ~ R 

noA4epKHeM, 4TO nDCJ1eAH11H 4J1eH 3TOrO COOTHOWeH11R HaXOA11TCR 6ea nepeHOpMI1po-

BOK B KOHe4HOM BHAe 11 OKa3biBaeTCR paBHbiM ~- 1,361R, TOrAa KaK ~11TI1POBaHI1e Mace 

11aaecTHbiX MeaoHoa 11 fiapHoHoa AaeT aecbMa fn113Koe aHa4eH11e - 1,841R. 

CneAY~~.,,;; aamHbll1 11HrpaAHeHT MOAenl1 - aaa11MOAel1cTal1e KaapKoa a MewKe nocpcA

CTBOM o6MeHa 4BeTHbiMI1 aeKTOPHbiMI1 rn~HaMH. Y4eT 3'.!r.epr1111 3Toro aaa11MOAel1cTBHR ·· 

npOI13BOA11TCR B H113WeM nopRAKe no KOHCTaHTe c(c=9cl47o npH4eM AJ1R nerKI1X KBap

KOB ( m a 0 )ni1Wb M3rH11THaR 43CTb B3ai1MOAei1CTBI1R OKa3biB3eTCA CY~eCTBeHH0!1 

!1. J' 3 [3(~<;..):2 
E k l =Li EM =- % IJc J i( 8 • 

quar -g uon . B<i:i tt-=l 

TaK KaK BaneHTH~e KBaPKH 3aHHMa~T HH3Wee 3HepreT~~eCKOe COCTORHHe B MeWKe, HX 

qseTH~e TOKH, a cneAOBaTeflbHO, H reHepHpyeM~e HHH ~BeTH~e nOflR RBnR~TCR CTaTH-

4eCKI1M11. 

Ann 4BeTHoro MarH11THoro nonn 11MeeM ypaaHeH11e 

rot Ba = J~ = 
1 

-r """ '1f oCj" y. ; r<R ' 

C rpaHH4HbiM 

div B3 = o-, 
.. •ot. 

YCJ10BI1eM rx B = 0 

Pewan 3TH ypaaHeH11R, HaxOAHM 

np11 r =R , 

E \(-~ <t.) /:"~ <1.. 
quark-gluon = - "'c I'J L · cr A ·l cr). ). 

i-:Fj 'f J 
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• ~ 0 

rAe. o(G = 0 ,55: iJ _A,.,HBMI14eCKI1H ~aKTOP, onpe,rienneMbll1 HHTerpanOM nepeKpbiTI1R BOnHO

BbiX ~YHK41111 KB3PKOB B nonOCTH MewKa. 

UBETOMArHHTHbiE CHllbl H XAPP.KTEP MPOHHbiX CnEKTPOB 

nony4eHHOe BbiWe BblpameHI1e AJ1R 3Hepr~l1 KBapK-rn~HHOrO B3311MOAei1cTBHR B HH3-

WeM noPRAKe no ·ole: nony411no Ha3aaHI1e 3Heprl111 qaeToMarHMTHLix c1111 113-3a ero cxomec

TI1 C COOTBeTCTBY~M BblpameHI1eM AJ1R 3HePr1111 MarHI1THOr? B3ai1MOAei1CTBI1R 3J1eKTpOHOB, 

onpeAenn~ero xapaKTeP-caepxTOHKoro pac~enneH11R a aToMax. 

CTPYKTypa 3Toro BbiPBH<eHI1R no6YAI1na P • .QII<a~~ .91 eaecTH noHRTI1e cn11H0-4BeTo-
' sc aol1 . rpynnbl C11MMeTpi1H SU

6 
• 

KaaPK11 c onpeAeneHHbiM 3Ha4eH11eM ''apoMaTa" npeo6paayiOTCR no 6-MepHoMy ~YHAa-

npeAcTaBJ1eHI1~ 3Tol1 rpynnbl·c reHepaTopaMI1 

{

'ttlJI/(3 - 3 

A = I @ ').'7{2 - 8 
+ It, 

~®A1V,2 - 3·8 

MeHTanbHOMY 

Bcero- 35 

c HOPM11POBKOI1 Spllli(ll,.=~!'ol.p ("',P=I,~, .. ,3!i). 
KaaAPaTI14Hbll1 onepaTop KaaHMHpa 3To11-rpynnbl ecTb 

.JS' - . 

scI .2. '(l· .. ):J. I (' ,..:..):1 'rr- ..... "'-).2 06'= 11.t=;- ,cr,· .+- LA.-i +-lL O:·A,· ' 
J.=l v . i :2 • !l ; ' ' . 

npl14eM · . " 

( ' "-).2. color · · · c ..&...; ~ i . . = C3 . = 0 (AJ1R C11HrJ1eTOB SUJ ) :1 ·cr. .-;.;{t)~- r6n+ .X. c~A4J,· (?A"-); , 
Z I 1:/-d' ·_ 

rAe n -o6~ee 4HCJ10 KaapKOB 11 aHT11KaapKOB, o6paay~~X COCTORHI1e. 

TaKI1M o6paaoM, ablpameH11e AJ1R 3HePrl111 qaeToMarHI1THbiX c11n , 

8 sc 
Equark-gluonoc 16 n + 3 J·(J +.I) - 2 c6 

nOACKa3biBaeT HaM KJ1aCC11~K3411~ BAPOHHbiX COCTORHI1!1 B TepMI1Hax Henpi1BOA11MbiX npeA

CTaBJ1eHI1il rpynnbl su~c. Ha KOTOPbiX AH,aroHanl13yeTCR onepaTop Ka311MI1pa c~c. 
( sc 

CocTORHI1R. npi1HaAJ1e~ca~l1e OAHOMY Henpi1BOA11MOMY npeACTaBJ1eHH~ su6 • pac~ennR-

IOTCR 3aTeM fnarOAaPR 4neHy J[:J+i) laHanor CBePXTOHKOrO pac~enneH11RI. np11 3TOM
0 

np11 aaAaHHOM 3Ha4eH1111 nonHoro yrnoaoro MOMeHTa :T Ha116onee BblrDAHbiM, To ecTb 11Me

~M Ha11MeHbWY~ MaceY, 6yAeT T0 0 'KOTOpOe COOTBeTCTayeT Hal16anbWeMY 3Ha4eHI1~ one-
SC · < SC 

paTopa Ka311MI1Pa c6 • 0TMeTI1M, 4TO 6onbWI1M 3Ha4eH11RM c6 C~TBeTcTBy~T.npeAcTa-

BJ1eH11R su6sc 6onee BbiCOKOH paaMepHOCTI1. Hai1AeHHaR 3aKOHOMepHOCTb npeACTaBJ1ReT co-

6oH ,a HeKoTopoH cH~cne,aHanorH~ c npae~noM XyHAa B TeopHH aTOMH~x cneKTpoe • 
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J1 E K U 11 fl 3 

fl A P 0 KAK MHOrOKBAPKOBAfl CI1CTEMA 

CoeepweHHO 04eBH~O, 4TO aTOMH~e RAPa, RBflRO~eCR OTHOCHTeflbHO cna6o CBR3aH

HbiMH CHCTeMaMH .HYKllOHOB, He MOryT 6b1Tb Om1CaHbl B TCPMHHaX MOACI1H KBapKOBOrO Mew

Ka, no KpaHHeH Mepe, B paMKaX npH611HmeHHH,·Hcnonb3YCMbiX npH onHcaHHH aAPOHOB 

cavity approximation). 

TeM He MeHee, aToMH~e RAPa npeACTaenRDT HaM ceoeo6paaH~H npwMep MHoroKeap

KOB~X CHCTeM H npH onpeAeneHH~X YCflOBHRX MOrnH 6~ paccMaTpHBaTbCR KaK MOAenb aA

pOHOB C 4HCflOM 3neMeHT3PH~X COCTaBn~D~HX, H3MeHRD~HXCR B WHpoKHx·npeAenax 311 . 

B 3TO~ ceRaH eoaHHKaeT eonpoc- KaKYD pan• wrpaoT KeapKoe~e cTeneHH ceo6oA~ 

npH oriHcaHHH RAePH~X RBneHHH7 ,[lnR Taro· 4T06bl OTBeTHTb Ha 3TOT H APYrHe B03HHKaD

tllHe 3AeCb eonpoc~, cneAYeT o6paTHTbCR K H3y4eHHJt) KOHKpeTHbiX AHHaMH4eCKHX MOAe

neif KB33HRAePH~X MHOrOKBaPKOB~X CHCTeM 32 •33/ 

TEOPI1fl WECTI1KBAPKOBOrO MEWKA 

HHme M~ PaCCMOTPHM MOAenb AH63PHOHa - npocTeHWeif KBa3HRAePHOH CHCTeM~, COC

TOn~eH H3 6 KBaPKOB H HHeD~eif 6aPHOHHOe 4HcnO 8= 2. 

6yAeM npeAnonaraTb, 4TO WeCTb KB3PKOB HaXOAflTCR Ha HHmaHWeM 3HepreTH4eCKOM 
. · •P 1 + - 2 04 ypoeHe C yrnoB~M MOMeHTOM H 4eTHOCTbD d = Y:2 H 3HeprHeH f:<j.: .R ,onpeAenRe-

MOH ypaeHeHHeM AHPaKa AllR c¢epH4eCKH-cHMMeTpH4HOii cTaTH4ecKoii nonocTH paAHYca R . 
0TKnaA~BaR Ha epeMR o6cymAeHHe eonpoca o ~H3H4ecKoii HHTepnpeTa~HH, non~TaeMcR 

AaTb.no-eoaMOmHocrH nonHoe onHCaHHe ceoiicTe noA06H~x o6beKToe 331 • 

npH nocTpOeH.HH BOflHOBQ,:j ~YHK~HH 6-KeapKOBOif CHCTeM~ - /lHUapHOHO cneAYeT HC

XOAHTb H3 cneAYD~HX npHH~Hnoe: 

1/ npHH~Hn naynH (aHTHCHMMeTpHR BOflHOBOH ~YHK~HH AH6apHoHa no OTHOWeHHD K 

KB3PKOB~M nepeMeHHbiM ) spin isospi'n color 
P,:: = P, .. X A· X p.. = - 1 

" '(f '<I 'rl 
( z'; ; = 1 • 2 •••• ,6 ) • 

2/ 6eC~BeTHOCTb ~H3H4ecKOrO COCTORHHR (BOflHOBaR ~YHK~HR AH6aPHOH3 COOTBeT
color CTBYeT CHHrneTHOMY npeACTaeneHHD rpynn~ SU

3 
). 

04eBH~O, 4TO eAHHCTBeHHO AOnyCTHM~M THnDM.CHMMeTpHH ~BeTOBOH 43CTH BORHO

eoif ¢YHK~HH AH6apHoHa C HyneebiH ~BeTOM RBnReTCR CHMMeTpHR,OTBe4aD~aR AHarpaMMe 

rltira : ~BeT 

mE 5 
6 
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npHH~Hn naynw noaeonneT no waeecTHOMY THny cHMMeTpHH ~eeToeoii 43CTH eonHo

eoii ~YHK~HH.MHOrOKBaPKOBOif CHCTeMbl onpeAeflHTb THn CHMMeTpHH ee CnHH-H30CnHHOBOif 

~acTH: 
~eer 

§ill 5 

6 

. npHH~Hn nayn;; 

CnHH-H30CnHH 

~"' 
~ 

s:r 
~ -nneT rpynn~ su4 : 

nonHOCTbD aHTHCHMHeTpH4HaR B nepeMeHH~X·~aeTa,cnHHa H H30CnHHa BOflHOBaR ~YHK~HR 

6-KeapKOBOH CHCTeM~ onpeAenReTCR npH 3TOM B~pameHHeM BHA3 . . c 

s-wave. ~4 OOSI 
Y'rb1..) = . ...L 11-:£ ~a)· -:2.. s- ·.x ~ 2 3 

) IGO ~, t= ,,.2,3 3 t> ~ o 6 
a=4.5i& 

rAe AJlR KPaTKOCTH OTAenbH~e 4aCTH .eonHOBOif ~YHK~HH 0603H34eH~ COOT!leTCTBYD~MH 

HM AHarpaMMaMH IOHra, w · P.;; -onepaTop nepecTaHOBKH KeaPKOB -f. H j. 
CnHH-HaocnHHoeoe coAepr.<aHHe ceMeiicl'sa AH6apHoHoe, o6paayo~ero 50-nneT rpyn-

s:r ( • ) n~ SU4 M~ HrHOPHPYeM 3AeCb AJlR npOCTOT~ CTpaHHOCTb H wapM , ABeTCR paanome-

HHeM B TepHHH3X (2J + 1 1 2!+ 1): 

5"0 =(3,1)+(-1,3)+(5",3)+{3,5") r (71,-1}+{1, 7). 

TaKHM o6paaoM, ceHeiicreo AM6apwoHoe eKno4aeT a ce6n cneAYD~e cocroRHHn: . 
J I 
1 0 - d-nOA06Hoe COCTORHHe 
0 1 - S~ nOA06Hoe COCTORHHe 
2 1 

1 2 
3 0 
0 3 

4TO ABeT MOAenb KBaPKOBOro HeWKa AJlR 3HeprHH 3THX AH6apHOHH~X COCTORHHif? 

8 o6~eM cny4ae CHCTeM~ n HeCTP3HH~X KB3PKOB, H3XOAR~HXCR Ha OAHOM.H TOM me 3Hep

reTH4eCKO..; yposHe E:: ¥"' B c¢ePH4eCKH-CHMMeTpH4HOH nonocTH PaAHYCa R ; .Mace a •• 

OnpeAenAeTCA MHHHMyMOM B~pa•eHHft 

E(n -KsapKos) =n.2,04- 1• 84 + 47T 8R3+ Ee~uqrl<-tJiuon 
R R .3 I 

3AeCb 
- olc·IJ L (~4-?J,: ().<-(?)i 

i:#i . 
Equark-gluon 

ecTb yme o6cymAaBweeCR B npe~AY~eii neK~HH B~PB>KeHHe AJlR 3HeprHH KsapK-KBBPKOBQ-

ro B33HMOAeifCTBHR nocpeACTBOM rnDOHHOrO 06HeHa; rAe 

o(C = 0,55 - KOHCTaHTa KBapK-rnroHHOrO B3311MOAeHCTBHR, 

'7 . = 0,085 f -AWH3MH4eCKHif c!JaKTOP, 
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11 

ll~<aroHam<3aljHR noRBITRKJll\erocR 3AeCb onepaTopa Moelf<i" 6b1Tb npoHaBeAeHa c Hcnonb-
c s :r 

30BaHHeM npHHI.IHna nay-nH P..4· • P1.d = - ·Pt'd , OTKYAa CIJeAYeT, LITO 

~ -- ~.... " ~ .;;. (1 + ~1·. cr-d }( .!l+ ~;~,. ~~) = -( 1 ~t;·.Yi) 
•m~< 

(. <.-~) . "'"""' 8 <-_<I. .2-- -~ . _..,. ._. 
- ~cr ·(;t rr)J·=---i-.A.·J,/+ -rr·a:· + .;)·r:·-t· 

·1 3 I . ~ (/ 3 "\ d o£ '( d 

TaK>IM 06pa30M, Bblpa»eeHHe ~~~ 3Hepn1H KBaPK-rnKJOHHOrO B3ai1MOAeHCTBHR MOlf<eT 

6b1Tb nPHBeAeHo K BHAY 

E1.w-£-~/Ut)lf = o,-t.:H> :_{nr~-6') +:J(:J-+~)+._3I(I+l>}, 
rAe 6blno 11cnonb30BaHO, 4TO (X;(:) = 0 AnR ¢il13114eCKHX COCTORHI1H. Tpe6oBaHHe 

CT a6Hn bHOCTI1 "(.£/)R. = 0 AaeT • l "; 

E ( n- '/•U<Yic:.) = 0, 6.2 (;:e V • '}) V.q 
·V = n-o. go -t-o, o6 [ntn-6) + i(:J+ 1) +3I (r+t)j. 

f>eaynbTaTbl Bb1411cneHHH 3HeprHH AH6apHOHOB nPHBeAeHbl Ha PHC. 6. 

I= 0 

235} 
:1'=3 

2163 -:T=/ 

I= 1 

.2357--'J=2 
22Lt1 
:J'=O 

I=2 

.:1.510 

-:J= 1 -

I =3 
~ H3B/c

2 

3=0 

:2480-

LlLl- Hrr;eshtJ/d 

2280-

iJN- fhreshotcf 

If> 80- NN--fhresir~td 

P11c. 6. CneKTP 3HeprHH AH6apHOHOB (B = Y = 2)e paMKax MOAenH 
6-KsapKosoro MewKa. 
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KaK BHAHO 113 npHBeAeHHbiX 3AeCb pe3ynbTaToe, AH6api10HHble COCTORHI111 OKa3biBaKJT

CR, B006~e rosopR, KnaCCH4eCKH HeCTa6HnbH~MH OTHOCHTenbHO AeneHHR Ha ABa H3onHpo

eaHHbiX 6apHOHa, 

06paTHMCR Tenepb K o6cYlf<AeHHIO 3neKTpoMarHHTHbiX ceoi<cTe AH6api10HOB. Hai<AeHo, 

4TO 

- ¥.2 ~4 
( r~) = o, 6 3 ii>H • v 
:211/) = 1, 08 9H · Y 
G = o 

... cpeAHeKsaApaTH4Hbli1 aneKTPOMarHHTHbiH paAHYC, 

- MarHHTH~H MOMeHT, 

- KBaAPYOOilbH~H MOMeHT, 

rAeV= n- 0,90 + o,o6{!l(n-6)+:J(J'+t)+3I(I+I)]. 

3AeCb ;jj,1 -:: <}; ();r e.) -r .,. _ 1 . "i .- MarHHTHbiH ¢aKToP, onpeAenReMbiH 
"" "''".2-~L. E 

cTPYKTYPOH eonHoeoi< ¢YHKllHH 6-KeaPKOBOH cHcTeHbl. OnpeAenHM 3TOT ¢aKTOP AnR KoH-

KPeTHoro nPHMepa - WeCTHKeapKOBOH CHCTeMbl C KBaHTOBbiMH 4HcnaMI1 AeHTPClHa .11 J,e =+ 1 

/cM.Ta6nHqy1/: 
TA!illHUA 1. AeKTPOHonoAo6Hoe COCTORHHe (J =1) 

. z--
KeapKoeaR KOH¢Hrypalji1A Bee .L e<r: 

I u1u-t-u1d"'d-~'df oi/l!i' r/.3 
II u1'u1'ufd·f'dfldl- 11/Hi' V3 

III u""u'h.Ji-d1'df-d-1' .:2/6' -¥3 
0TC10Aa HeTPYAHO Hal-iTI1, 4TO g

11
(d-like state) = -1/3, -peaynbTaT ,KOTOPbiH B AeHCTBI1-

T,e.nbHOCTH MO>KeT 
0 

6b1Tb HaH.qeH Ha de Hose I'IHWb · H30CK811RPHOH npHPOAbl AaHHOrO COCTOR-

HHH. 

Op11eeAeM HHlf<e ~~~ cpaeHeHHR 3neKTPOMarHHTHble xapaKTePHCTI1KI1 peanbHoro Aei<T-

poHa 
341 

11 AeATpoHonOA06Horo 6-KeapKoeoro MewKa: 

d - noso6Hb1H MeWOK ~ 
(r-2)'1.:.~.:::: t ii>H 

{2Mp) = 1 ,88 

a = o 

peanbHbiH seHTpoH 

<0:: 2 ii>M 

1,71 

::: 0,29 II>Mz 

11HTepecHo yaH aT b, HaCKOnbK.O 4YBCTBHTenbHr,l 3TH. peaynbTaT,. K Y4eTY 3¢<1leKToe, 

o~ycnoeneHHbiX rnKJOHHbiMH o6MeHaMH7 B 4aCTHOCTH, Y4eT OAHOKPaTHoro o6MeHa npi1BOA11T 

K cneAYIOU\HM nonpaeKaM AnR MarHHTHOrO MOMeHTa CHCTeMbl n HecTpaHHbiX KBaPKOB3~ •341 

i -r-
. -----·---
a==---=--=~ + 

.... 
i 

~ § 

, I(~~ ....... ) tp = c R . r e IJ"'r r ;. 
'1-

" \ {~4.. 1+ -4.. op =CRL r, ea; .· /. 
l>~:i 1.. J. 
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rAe ~<i.. r= ~~ct 
c = 0,004 

'B pe3ynbTaTe nony~aeM 

KBapK•rnDOHHaR aepWHHa, 

- A~HaM~~eCK~H $aKTop. 

J'p gluon/exch. = dfl '+ J'p "= 

o,oos-, R ·Jz..fo/r+~)·r"t9H(n-3)+'J(8Q-n.:.2J). 
3AeCb 

~A=< LT3 lSi! >:rr = J"; IJ =I 
- aKc~anbHO-BeKTOPHaA KOHCTaHTa, HHTepeCH~M o6pa30M, OAHaKo, OKa3~BaeTCA,~TO 

~A= 0 AnA BCeX ~eHOB 50-nneTa ~6ap~OHOB,T.e, aKC~anbHO~BeKTOPH~H TOK.He ~MeeT 
OTnH~H~X OT HYnA ~aroHanbH~X MaTp~~H~X 3neMeHTOB. ~eHCTB~Ten~Ho, ~3 Bcex ~neHOB 

50-nneTa nHWb napa COCTOAH~H (3,5) ~(5,3) o5naAaeT. OAHOBpeMeHHO cn~HOM ~ H30-

COHHOM, OPHI.IeM 

/SO;(?J~5");J:z=:t,I3 =2) -:v u""'u""'u·f'ufu'-dfl; 

150 '(1..-3)·· '-2 I ·\ . .f\·1' ·t 't-....J·fl~,·f' _ ' :J, , v:&- , 3 =I/ ·"" U U U U ~ c;.r • 

H3 3Toro o5cTonTenbcTBa cneAYeT, ~To ~A==Nu·"'+Nd't--N11 ?-Nd'"'=O J U 

f)H = <frrr~e > /e= r~/2.+ '16 = -J:Iz.+.z..l.< .[r3rsr)j ~- =.l.J. 
'f . t"o.rl<.s J'r=:J 3 

B. ~Tore $QpMYn~, onpeAenAIOil!~e MafH~THble MOMeHT~ A~6ap~oHOB " nepB~e nonpaB

KH K H~M 3a c~eT rniOOHHOro 06MeHa, CYU!eCTBeHHO YnPOU!aiOTCA H nPHHHMaiOT BHA: 

p = 0 ,2R· J'l3 I B eA~H~[Iax ef.2HI ; 

tp = -0,02.R·'J(.2Q-1); 

(ofljfl)6'i-=- o,3(2Q- 1). 

. KaK ClleAYeT ~3 nocneAHero COOTHOWeHHA, rniOOHH~e nonpaBKH K MarH~THOMY MO-

MeHTY A~6apHOHa MOryT np~H~MaTb OrPOMH~e 3Ha~eHHA, AO 150% np~ Q = Qmax= .1. 
YKa>KeM AnA cpaBHeH~R, _~To AnR HYKnoHa cooTBeTcTBYIO~e nonpaBKH cocTaMAIOT Ben~
~"HY I0%1nPOTOH/ " 0% IHeHTPoHI. TaKHM o6pa3oM, MHOrOKBaPKOB~e ~cTeM~ OKa3biBa

IOTCR ropa3AO 6onee ~YBCTB~TenbH~MH K 3~~eKTaM rniOOHHOrO 06MeHa, npH~eM Teop~R 

B03MYr.qeHHi1 MOJ:<eT OKa3aTbCR 3Aecb OPOCTO HenPHMeHHMOH. 

HHme CYMMHPOBaH~ peaynbTaT~ B~LIHCfleHHH MarHHTH~X MOMeHTOB KBaPKOB~X CHCTeM-c 

5apHoHH~K1 ~Hcna,..,; B= I ,2 " 3, npH~eM AnR epasHeHHR np;<BeAeH~ 3Ha~eHHR MarHHT

H~x MOMeHTOB HYKnOHOB H RAep C COOTBeTCTBYIOU!HMH KBaHTOB~MH ~~cnaMH: 
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(.2J"~I,:JI+-1) ~ ;)H 

3- KBaPKOBaA CHCTeMa 

I -It 

(2,2) J-,:z.. 

T3=-~ 

6- KBapKOBaR 

( 3,1) 

(7 ,1) 

(3 ,5) 

(5 ,3) 

" 
0 - .2(3 

CHCTeMa 

1 'V;; 
3 1 

I "'13 
2 .2f3 

9 - KBaPKOBaR CHCTeMa 

(2,2)r.3-=Y.z. 2 _2 I 
3 

TJ·=-1.2. I I 

{.,2Mf1)8 tt~ (.2Hf)Exp 

1. 88 

6,28 

2,28 

4.19 

-7,13 

10.7 

2,79 (P) 

- 1,91 (n) 

1,71 (d) 

-6,4 (3He) 
8,96(H 3) 

Bpjfl 

- 10% 

0 

- 30% 

- 150% 

- 30% 

- 90% 

- 60% 

- 50% 

0TMeTHM HaKOHe4, 4TO y4eT KsapK-rn~oHHoro ssaHMOAeHcTBHR npHBO~T K noRsne

HHIO HaBeAeHHoro KBaApynonbHOro MOMeHTa aa c~eT AHarpaMM T~na 

·+-
~ 

l¥ 
3/.+: ;1.2 1 gluon 

I 

+ 
~. 

Ot~eHKH Aa!OT Gl ex: o(c r; z o, 5 QM 2 .~TO no nOPRAKY 

HHeM KBaAPynonbHOrO MOMeHTa peanbHOro AeHTPOHa • 

aenH4HH~ coenaAaeT co sHa4e-

3aBePWHB Ha 3TOM KPaTKoe o6cYlKAeHHe A~HaMH~ecKHx acneKTOB MOAen~, nepeHAeM 

Tenepb K BecbMa BalKHOMY eonpocy o 6apHOHHOH KOMn03HliH~ 6-KBap~oBoro MewKa. • 

Paao6beM MbiClleHHO 6-KBapKOBYIO CHCTeMY Ha ABe n~ACHCTeMbl no TP~ KBapKa B. Kam-

AOH 

( 6'l>s"=2 -? (Jf~l + (3f.)B=I 

H OnHrneM CBOHCTBa B03HHKa~~HX TaKHM 05pa30M KOMn03H4HH. 

~R KOHKpeTHOCTH paccMOTpHM 6-KBapKO_BYIO CHCTeMY C KBaHTO~MH. 

Ha" 3Ha~eHHeM npoeK[IHH yrnoBoro MOMeHTa:T~= I. HMeHHO 3TOT cny~aH 

PeceH C TO~KH 3peHHR ¢'13H~eCKHX npHnom.eHHH. 
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~HcnaMH AeHTpo

HaH6onee ~HTe-



,, 

OnHweM HaH6onee o~esH~H~e KOMnoHeHTN ~eHTpoHonoAo6HoH 6-KsapKosoH CHcTeM~: 
d~= 1 ~ Py.;l. +ny.J. ; 

+" +tJ + 0 

-7 Ll ~ Ll h J Ll-Y.z L)_& ' 4_~ .LJ :Sf.z. ; 

+t-- +i-- H ~ 
-7 Ll ~ Ll ~ .7 Ll 312 Ll_ ~.z. J .4_ ~ Ll -l/z. ; 
"7 LITO ell\e 7! 

4T06~ npop,eMOHCTpHpoeaTb, LITO HHKaKOH H3 B~nHCaHH~X 3p,eCb KaHanoe AHCC04Ha-. 

4HH, HH BCe BHeCTe B3RT~e He B COCTORHHH BOCnPOH3BeCTH HCXOP,HYIO CTPYKTypy d -no

p,06Horo C0CTOAHHA 0 06paTHMCA K Ta6nH4e,rp,e nPHBep,eH~ OTHOCHTenbH~e eeca pa3nHLI

H~X KBap"OB~X KOH¢Hrypa4Hit AnR HeKOTOP~X 013 3THX KaHanOB, 

TA6flHUA 11, 0THOCHTenbH~e Beca KBaPKOB~X KOH¢HrYPa4HH AnR COCTOAHHR~Jif~ 

t/1u' 1 u~ cl"'d ~w. u11u-1u "-tl~fld t u1uofu'1'dtc/~1-
d:rr-.,. I (fot-q.f) .2/;;-- '0o- .2/,·s-
~j + " o/e 5"/~ ~/g 
~nV; """'Lly, Ll ~ 
Ll++~ A V-1 0 4 0 

I Jt J1I 
4Hcna, npHBep,eHH~e 3p,ecb, nonyLiaiOTCR eecbMa npocTo, HMeeM,HanPHMep, 

~~ 
a-:- 8,

0 
'V ru 11t./d"'rv c/'u"tJ1'l.fu~ 11d 11 (f} u 11d 1dU-7 

t. Y.2. L' ....,_ "-.:!.L" - .- J 

PY; hyl.: 

+ " Ll Y.z.Ll~: 

......._ - --?""' 11----r .!!. 

o/.3 
~3 

}3 

~ 

% 
j/3 

)3 

'¥3 
rp,e CTPenKaMH CBA3aH~ 'lneH~, P,aOU\He BKnap,~ B 0603HaLieHH~e KBaPKOB~e KOH¢Hrypa401H 

I, II HnH III d-nop,o6HOH CHCTeM~. nepeHHOmaA npHeep,eHH~e nop, CXeHOH Beca 3-

KBapKQB~X no~~CTeM ~ B~nOflHRR 1 8CflH He06XO~HMO, CYMMHPOBaHHe, HaH~eM 
CTPOLIKY Ta6nH4~ III.AHanorHLIHO HMeeM 

BTOPYIO 

L11' Ll~ ..... {u 11u1'u•1')·(d11d1'd~), 
LITO p,aeT TpeTbiO CTPOLIKY Ta6n014~ III.0THOCHTenbH~e Beca KBaPKOB~X KOH¢Hrypa4HH 

OCTaflbH~X H3 0603Ha~eHH~X S~We KaHaflOB MOiYT 6~Tb 1 B npHH~Hne,HaH~eHW H3 

Ta6nH4~ K03t!J<1lH4HeHToe Kne6w-ropnoHa rpyn~ .su!I, onpep,enAIOU\HX CBA3b d -nop,o6Horo 

COCTORHHA C Pa3nHLIH~MH 2-6apHOHH~HH CHCTeMaHH, 

78 

TA6flHUA III, KOHCTaHT~ CBA3H d -nop,06Horo COCTOAHH.A C ,J'.i! =1 C 2-6apHOHH~HH 
~CHcTeMaMlo1 

~ I I 3 I _J_ I ~ 
3 P A 2'2 2' -2· .2. ::z. 

Ll++ .a- .!fa flo - 'lfio - Ym 
L:J.+ Ll 0 -2/.3/70 11/30 '/130 
pn fi'/3110 - -

AHanH3HPYR nonyLiaiOU\HecR TaKHM o6pa30M pe3ynbTaT~,. nPHXOAHM K 3aKniOLieHHIO o 

TOM, 4TO KPOMe BblnHCaHHbiX Bb1W8 KaHaflOB.., .JlHCCOLtHa~HH CYtq8CTBeHHblf:1 SKila~· B CTPYKTY

py d -nop,o6HOro COCTOAHHR BHOCRT KaKHe-TO HH~e 2-6aPHOHH~e CHCTeHbl, OCTaewHecA 

noKa 3a np.ep,enaMH Hawero BHHMaHHA. 4To me 6~o ynyll\eHo 7 

HHme H~ noKameM, LITO npH aHanH3e AH6apHOHHOH KOHn03H4HH 6-KBapKOBOH CHCTeHbl 

J.lCfCI11CliHTeilbHO Ba>KHO Y4H"Tb1BaTb 4BeT KBapKOB. 

B~nHWeM pa3nHLIH~e He3KBHBaneHTH~e Pa36HeHHR 6-KeapKOBOH CHCTeM~, cnep,R KaK 

3a CnHH-H30CnHHOB~HH ,TaK H 3a 4BeTOB~HH CTeneHAHH CB060p,~ KBapKOB, 

CnHH-H30CnHHOBAR CHMMETPHR Csu:r) 

1:1~1!1 rv !1l2l3lxl4l5l61 

cdD3l 
LI@TI 

2..Q 

UBETOBAR CHMMETPHII 

m 5 

6 

1 

m 5 

6 

.!. 

c 
(SU

3 

.r'\,/ 

/""V 

""'-' 

20 ® 20 

WIJ.x [il5l 
~m--

:1.01 ® 20 1 

00·~ 
1 ® 1 

[114]~ 
{IJX~ 

! ® ~ 
u c 

• laKHH 06pa30H, B TePHHHaX SU
4 

X SU
3 

- CHHHeTpHH 6apHOHHaA KOMn03H4HA 

6-KeapKOeoro cocTOAHHA onpep,enAeTcR ¢oPHYnoH 

(50, 1) = (20,1) X (20,1) 

=(20
1
,8) X (20

1,8) 

BB 

- BcBc 
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i! 

-\ 

ii 

1-1 COAeP>KHT KaK HOpManbHYJO BB - KOMnoHeHTY, TaK 1-1 KOMnoHeHTY B cBC co 11cKPb1TbiM 11 

UBeTOM, 4T06~ CAenaTb 3TOT ~BOA 6onee OOHRTHbiM, npi-1BeAeM Hl-ime TH~ CI-1MMeTPI-1H,Xa

paKTepH3Y~~e HOpManbH~~ B- ,T.e.6ec4seTH~H, H 4BeTHOH Be- 6apHOH~: 

B 

B : 
c 

s, r:{ 
rr:r:JxtJ = (20. 1) 

~ = (2,2) + (1;,4) - (2::ri-/,2I+I) 

1-,-,Sf C I 

tJ X HJ ={20 ,8} 

£g
1 

= ( 2 ,4 J + { 4,2) + ( 2 ,2) - (2J'·+-i,2It-l) 

HTaK, Mb1 OPI-1XOA"1M- K BbiBOAY, liTO UBeTHble 6aps.10HHble COCTORHHR t.1 COCTaBJleHHble 

H3 HHX KOMOOHeHTbl CO 
11

CKPb1TbiM UBeTOM11 HeH36emHO noRB.nRIOTCR npH paa.nO>KeHHH 6-Ksap

KOBOH CHCTe~ no nonHOMY Ha6opy 2-6apHOHH~X COCTORHHH. 

BenHKa nH AonR KOMnoHeHT~ co CKP~T~M 4seToM s paccMaTpHsaeMo~ 3Aecb MOAenH 

6-KsapKOBOrO MeWKa? 4T06~ HaHTH OTBeT Ha 3TOT sonpoc,~eAOCTaTO~HO OAHOH nHWb cnHH

H30CnHHOBOi1 SU~I,- 3HaHHe CTPYKTYP~ nonHOH <!JYHK4HH AH6apHOHa RBnReTCR He06XOAH

M~M. B pa6oTe nonR Cop~ H asTopa 6~no npeAnomeHo Hcnonb3osaTb scnoMoraTenbHY~ 

rpynny CHMMeTPHH suSIC , o6oeAHHR~~~ CnHH, H30CnHH H 4BeT.8 TepMHHaX rpynn~ CHM-
SIC 12 

MeTPHH SU12 , AH6aPHOH~ H 6apHOH~ BXOART B COCTaB rHnOTeTH~eCKHX MYnbTHnneTOB 

924 (1
6
) H 220 (13) , COOTBeTCTBeHHO • 6~no HaHAeHO, ~TO sec a HOpManbHO~ KOMnOHeHT~ H 

351 KOMnOHeHT~ CO 11CKP~T~M 4BeTOM11 onpeAenR~TCR 06061J1eHH~MH H30CKanRPHO~MH ¢aKTOPaMH 

( 
220 220 1924 \ 1 

(20,1) (20,1){5D,yj{s; (ss) 

( 

220 

(20
1
,8) 

220 1924 \ 2 

(20',8) (50. 1)) = '{5 (Be Be) 

B HTore 5apHoHHaR KOMno3H4HR 6-KsapKosoro MewKa c KBaHTOB~MH 4HcnaMH AeH

TpoHa onpeAenReTCR KaK 

npOTOH-HeHTPOH - l0/90 ~ 11% 
8 napa H3o5ap - ;

90 
~ 9%, 

6aPHOHHaR napa - 72;
90 

= 80% •• 
CO CKp~T~M 4BeTOM 

TaKHM ofpa3oM, COAepmHMOe c/-noA05Horo KsapKosoro MewKa CY1J1eCTaeHHo oTnH~
eTcR OT peanbHOrO AeHTpoHa. 

KonaqecraeHHOe onp9.neneHae npaMeca aao6apHhtX cocrosmufi a nefirpoHe, 
nocrpoeHHOM ua wecru KBapKoa, npoBOllHnocb T8K)I{e a pMe pa6or36/, 

HBflHETCH nH AEATPOH 6q-CHCTEMO~? 

KaK M~ TOnbKO ~TO noKa3anH, cl-nOA06H~H WeCTHKBapKOB~H MeWOK Ha 80% COCTOHT 

113 naP.4BeTH~X 6apHOHOB B oTnH~He OT peanbHOrO AeHTPOHa, RBnR~II1erOCR npeHMYIJ1eCT

BeHHO cna50CBR3aHHOH Cl-1CTeMOH npoToHa H HeHTPOHa, 

noAllepKHeM, liTO 3TOT peaynbTaT BbiTeKaeT H3 npeAnOnomeHHR 0 TOM, liTO ace 
. . ·P ,.-t 

KBapKH CHART Ha OAHOM H TOM xce 3HepreTH~eCKOM yposHe C q = ~ B CTaTH~eCKOH ca>e-

PHlleCt01-CHMMeTpHliHOH nonOCTH, 9AHH H3 B03MO>'!HbiX nyTeH K 5onee peanHCTHlleCKOH 

KSapKOBOH MOAenH 1',eHTPOHa COCTOHT B paCCMOTpeHHI1 f'onee 051J1HX 3aBHCRW.I1X OT speMeHH 

rpaHH4 nonocTH,. B KOTOpOH 3aKn~~eH~ KBaPKH, npHBOARIJ111X K. 6onee.'5oraTOMY c~eKTPY 
KBaPKOB~X COCTORHHH. B3aMeH ~ 5yAeM HCXOAHTb 113 npeAnOnomeHHR, ~TO paCCMOTpeHHaR . 
BbiWe MOAenb 6-KsapKOBOrO MeWKa AaeT pa3YMHOe onHcaHHe peanbHOrO AeHTPOHa B npo-

4eccax c 5onbWHMI1 nepeAa~aMH HMnYnbca; OcHOBH~e csoHcTsa 3TI1X npo4eccos, onpeAe

IlReMble J:lHHaMHKOH B3aHMOJ:leHCTBHR Ha MaflbiX paCCTORHHRX, He MOryT 3aB~CeTb OT TaKHX 

AeTane~ MOAenH Ha 6onbWHX pacCTORHI1RX, KaK ~pMa 11nH pa3Mep KBapKOBOrO MeWKa. 

HeAaBHHe H3MepeHHR ~neKTPOMarHHTHOro <!JoPM$aKTopa AeHTPOHa npH 6onbW11X nepe- . 
2 · 371 ( 5o+ 5 Aa~:~ax 0,8:$'q ~ 6,0 /f3B/c/ 2,, npHBeAWHe K pe3ynbTaTy f5('l')""' ;.J '-; noKa3anH 

3aMe~aTenbHoe cornac11e c npeAcKa3aHHRMH pa3MepHoro KsapKosoro c~eTa A"R 3KcnoHeH-

( 
1 )n;-1 · · · · 38/ T~ .:...., 

1 
rAe nd -MHHHManbHOe ~HcnO 3neMeHTapH~X COCTaBnR~IJ1HX AeHTPOHa . 

fe . . 
B TO me speMR 6blno o6HapymeHo, ~To npRMOe aHanHTH~ecKoe npoAonmeH<te 3THX AaH-

H~X K TO~Ke f2.= 0 AaeT 3Ha~eHHe,~a nOPRAOK senH~HH~ MeHbWee, ~eM TO, KOTopoe cne

AYeT 011<11AaTb 113 HopManH3a4HH Ha.. nonHbiH 3a.!!fP" AeHTPOHa, T.e. ~ t")= 1. HanPHMep, 

"neHTanonbHaR" <!JoPMYna ~{t/}= A (1-'I'J'J c a=0 151 f3B/c2 AaeT f=dt•)= A=7x10-
2 

/cM..pa6oTy 39/;. 

PeweHHe 3TOrO napaAOKCa COCTOHT B TOM, ~TO peanbH~H AeHTpOH 11MeeT nHWb He-

5onbwyro(~7%) sepORTHOCTb nepeXOAa B COCTORHHe,onHC~BaeMOe MOAenb~ 6:KBapKOBOrO 

MewKa. MexaHH3M 3Toro nepexoAa 3aKn~~aeTcR a TYHHenHposaHHH npoToHa H HeHTPOHa, 

COCTasnR~IJ111X Ae~TPOH, nOA 6apbep Meii<HYKnOHHOrO OTTan~saTenbHOrO KOpa. 3Ta HAeR 

npeAnOII<eHa B pa6oTe33/. 3AeCb M~ KpaTKO O~epTHM OCHOBH~e MOMeHT~ 
AaHHoro noAXOAa. 

KaK H3BeCTHO, MOAenb KBaPKOBOrO·MeWKa npeACKa3~saeT Han11~He OTTanKHBa~ero 

KOpa Y Meii<HYKnOHHOrO noTeH411ana /CM.pHc.]/, B~COTa KOTOporo OnPeAenReTCR 113 COOT-

HOWeH~R 

uc E£1. - 2E3~ I = 270 H3B. 

· d- nOA06HOe COCTORHHe • 



•' 

uc U,; Ect- .2Ej'i/ . - 210 HoB 

!d-t.'ke. 

t= \'t -Ed --- - .. r 

PHc.7. Me>:<HYI<JlOHHbiH noTeH~~<an AllR AeHTPOHa KaK 6'/- -CHcTeMbl. 

HcxoAR H3 npeAnonomeH"" o npi1MeHI1MOCTI1 KBa3~<KJ1acCH~ecKoro np~<finHmeHHR AllR 

aepoRTHOCTI< TYHHel1HpoaaHI1R nOA 6apbep OTTallKI<Ba~ero KOPa AO CJ111RHHR ABYX HYKJIO-

HOB 8 eA11HYIO 6 'l. -c~<cTeMY, nron'-"y'-~-M----, 
-? .Tmj "e~r/.2mJ (-~.~- u,j ,)( "" e , o· ; 

m.t = m,m,frm,+m,J 
€:.1 = 2·,2 HoB, 

Bbt6~<paR AllR PaAHYca Kopa 3Ha~eHI1R a I<HTepeane ~ = 0, 4.;.o, 6 <PM, Hai1AeM cneAYIO

UJYK> O~eHKY AllR BepORTHOCTI< nepeXOAa 0( = lJ + 5 %, ~TO XOPOWO cornacyeTCR CO 

3Ha~eHHRM11, onpeAel1Re~MI1 H3 aHal1~<3a aneKTPOMarHHTHoro ¢oPM!PaKTopa AeHTPOHa 371 

~ - 40/ " npo~eccoa KYMYllRTH BHoro o,·pa3oaa.HI1R n~<oHoe Ae11TPOHaMI1 

AHanorH~HbiM o6pa30M MOrYT 6b1Tb paccMOTpeHbl nepexOAbl APYr~<x nerK~<x RAeP e 

COOTBeTCTBYIOwl<e MHOrOKBapKOBble COCTORHHR, BepORTHOCTH 3THX nepeXOAOB MOrYT 6b1Tb 

OLf,eHeH~ KaK 

D 
o( ·-

7 x !0 - 2 (rc= 0,5 <PM) 

3
He ... ~.'"' -3 2 15 X 10 

4
He <>1.

3/J.'- 5 17 x I0-5 

H AllR 6onee TRmeJ1biX'RAeP npaKTH~eCKH paBHbl HYJ110, 

0THOCHTeJ1bHO He60J1bWaR aepoRTHOCTb nepeXOAa AeHTpoHa 8 WeCTHKBaPKOBOe KOM

naKTHOe o6pa30BaHHe npHBOAHT, OAHaKO, K noRBJleHHIO Y AeHTPOHa onp"'·AeneHHOH npH

MecH t<OMnoHeHTbl co 
11

CKPb1TbiM useToMu-. UcxoAR s-t3 6aPHOHHOH KOMn03Hlf.HH 6t -MeWKa 

H Bb16HpaR AllR BepORTHOCTI< nepeXOAa 3Ha~eHHe 7 xl0-2 , npHXOAHM K CJleAYIOweH O~eHKe 
AllR eenH~HHbl 3K30TH~eCKHX npHMeCeH B AeHTpOHe 

.d~ ~ KOMnOHeHTa <'V 0,6%, 
11 CKPb1TbiH Lf,BeT 11 5,6% • 

o~ea~~·o. ~To HCnOJ1b30BaHHaR 3Aecb MOAellb AeHTPOHa MOmeT npeTeHAOBaTb JlHWb 

Ha Ka~eCTBeHHOe OnHCaHHe KBaPKOBOH CTPYKTYPbl AeihpoHa H, B ~aCTHOCTH, He Y~Tbl

aaeT]) -aonHoeo'i np~<MeCH. TeM He MeHee H3 3THX peaynbTaTOB CTaHOBHTCR RCHbiM, 

TO OPTOAOKcanbHaR TeOPHR RAePHOH MaTePHH, 11He 3HaiOOJ,aR 11 qeeTa, He HBJlReTCJ=I non

HOH .Ha ypoeHe HecKOJlbKHX npoqeHToa. 
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KBAPKOB~A AHAnH3' MHOrOoAPHOHH~X CHCTEH 

npeACTaBJ1ReT HHTepeC o6o6weH11e pe3yJ1bTaTOB MOAeJ111 KBapKOBbiX MeWKOB AJIR 6o

nee CJlOmHbiX MHOr06api10HHbiX CHCTeM, ~eM AH6api10Hbl 8=2, a I<MeHHO AJIR TpH6apHo

HOB B=3 H TeTpa6apHOHOB B=4 361 • np .. 3TOM Mbl 6yAeM Y~I<TbiBaTb B AaJlbHeiiweM CTpaH

HOCTb, ~T~ npi<BOAHT K CI1CTeMaT11Ke COCTORHI<H 8 TepMI<HaX SU~I X SU~. 

DOJlbWaR ~aCTb MHOrOKBapKOBbiX COCTORHHH C 6~2,3 H 4, KOTOpble 6YAYT o6CymAe

Hbl HHme, OKa3biBa~TCfl KnaCCH~eCKH HeCTa6HJ1bHbiMH H MOlYT npeACTaBJlfiTb HHTepec 

JlHWb npH OnHcaH1111 ~AepHbiX RBJleHHH, npoTeKa~I<X Ha MaJ1biX paCCTORHHRx
411 . 0TAeJ1b

Hble H3 HHX fiBJ1R~TCR,OAHaKO~CTa6H~~H~MH•OTHOCHTenbHO AeneHHR H MOryT COOTBeTCTBO

saTb OTHOCHTenbHO AOnromHBY~HM COCTO~HHRM, pacnaAa~HMCR 3a C4eT cna6oro. B3aHMO

,qeHcTBHR. 

H1o1me Mbl ona.tweM cneKTP Mace s.-t KBaHtos~x 4Hcen MHoro6apHottH~x coc-r:onHHH c 

8=2,3 H 4, I<CXOAR H3 CTaHAapTHOH MOAeJ111 KaapKOBOrO MeWKa. BBHAY TOro, ~TO o6wHH 

cny~aH KaapKOB C pa3J111~Hb1MH MaccaMH npeACTaBnReT 3Ha~HTeJ1bHble TeXHH~eCKI<e.TPYA

HOCTH, Mbl orpaHHLIHMCR B· 3THX neKU,HfiX cnyt.&aeM. 6e3MaCCOB~X. KBapKOB_, OTAaJ3afl nep:

BeHCTBQ,aHanH3Y MaCCOBbiX pac~enneHHH, o6ycnosneHHbiX 4BeTOMarHHTHbiMH CHnaMH. 

KaK Mbl yme 3HaeM H3 npeAbiAY~eH neK4HH, 3HeprHR uaeToMarHHTH~x cHn, o6R3aH

HbiX KaapK-rJliOOHHOMY B3aHMOAeHCTBI1?• onpeAenReTCR BblpameHI<eM THna (n7~ =0) 

E 0C /6n + _!.JIT. 1)- ·' C SC. 
quark-gluon . .3 £..1 't' "" (; ' 

.sc 
rAe c6 - onepaTop Ka311MI1Pa 4BeTOCnHHOBOH rpynnbl s~~c. " n -~11CJ10 ecex KBapKOB 

Ha HH3WeM 3HepreT_Hl.leCKOM YPOBHe • 

CneKTP Ma~C onpeAeJ1ReTCR np11 3TOM ~OPMYJ10H 3~. m [.2,o'tn-1. 9~+ o. o3:25A 7 ~. ( 
P 3, 5'0 J ' np<~ m'i.. =O), Mbag 

rAe 

~ = .24n -f. 4J {:J+I) - 3 c;c. 

3aMe~aTeJ1bHO,OAHaKO, ~TO GnarOAapR npi<H~Hny naynH.BblnOJlHReTCR COOTHOWeHHe 

.a= 3n{n-I0)+4:J(:J+!)+3C/, 

rAe cf -onepaTOp Ka311.MI1pa SUf- CHMMeTPHI< CHJlbHbiX B3ai1MOAeHCTB11H, ~TO no3BOJ1ReT 
3 K 

H36emaTb KnaCCH¢HKa4HH COCTORHHH B TepMHHaX UBeTocnHHOBOH rpynnbl SU6 . 

npi<BeAeM HHme none3HYIO AJIR AallbHeHWHX np11110meHHH Ta6nHqy 3Ha~eHI1H onepaTo
f 

pa Ka311MHpa c~ AJ1R pa3J111~HbiX Henpi1BOA11Mb1X npeACTaaneHHH rpynnbl SU3: 
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L:· 

I 
lr 

PaaMepHocTb npeACTaaneHHR 
rpynnbl su5 

PaaMepHOCTb 

1 

OnepaTop Ka3HMHpa c; 

OnepaTop 

0 p=q=O 
12 p=q=1 

4 
/P+q+pq+3p+3q) 

8 
10, 10x 

27 
24 p=3,q=0 H Hao6opoT 
32 
72 
48 

28 
35, 35x 

64 60 p=6,q=O H Hao6opoT 

Uenble 4Hcna p H q onpeAenRDT KOOH4eCTBo CHMMeTpH4HbiX BePxHHX H HH~HHX HH-

AeKCOB COOTBeCTBYD~ero HenpHBOAHMOrO TeH30pHoro npeACTaaneHHR. 

npHBeAeM Tenepb Pe3YObTaTbl KBaPKOBOrO aHaOH3a AOR MHOro6apHOHHbiX CHCTeM C 
B= 2,3 H 4. 

6q -CHCTEMA, AH6APHOHW 

HCXOAR H3 AHarpaMMbl ~Hra, OnpeAeORD~eH THO CHMMeTpHH CHHrneTHOH 4BeTOBOH 

4aCTH KaapKOBOH CHCTeMbl, HaXOAHM C OOMO~bD 0PHH4HOa naynH COOTBeTCTBYD~HH THO ee 
f SI . 

SU3 (SU ) 4aCTH. 
6 4 

OPHH4HO -

""50 (SUSI) naynH - 4 rncolor . EEBsf 490 (SU6sf) 

• sf s f • Paano~eHHe no COHHy-apoMaTy (SU6..,. su2 X SU3)onpeAenReTCR <!lOPMYOOH 

. *" . * 490 = (1, 10) +{5j 2'/t-S)·r (3) 3:r;.JO riO+ 8) +(1, .2$ +.21- r-1) 

HeTPYAHO TaK~e onpeAeOHTb COHH04BeToayD CTPYKTYPY COCTORHHR. AeHCTBHTenb-
f I HO, AOR Ka~AOro HenpHBOAHMOro npeACTaaneHHR SU
3 

HOH SU
2 
C~eCTByeT OHWb OAHO 

sc 
HenpHBOAHMOe npeACTaaneHHe rpynnbl SU

6 
,KOTOpoe 003BOOReT CKOHCTPYHPOBaTb non-

HOCTbO aHTHCHMMeTpH4HYD BOOHOBYD <!lYHK4HD CHCTeMbl. HanPHMeP, 

suf susc 
3 6 

35 35 

28 I 

H T.A. 

Pe3ynbTaT~ 3Toro aHanH3a BMecTe c B~4HcneHH~MH no ¢opMyne HaccaMH ~H6apHo
Hos /OpH '"q = 0/ OpHBeAeHbl BTa60H4eiV. 
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TAonHUA IV: S- BOOHOBble AH6apHOHbl 

susc Ll M theor /H3B/ 
6 

.. STATES Y=2 J I =2 suf 
y 3 

0 

I 

2 

3 

3 28 

I 27 

2 

0 

I 

0 

I 

35 

Io* 

IO 

8 

27 

8 

Io* 

I 

I89 

490 

35 

175 

280 

896 

I89 

896 

175 

9q-CHCTEMA, TPH6APH0Hbl 

~ ~OPHH4HO 
tttlnaynH 

PaanomeHHe·no cnHHy-apoMaTy 

980= (.2,.35+35*+21-+8) + 

I44 

24 

-72 

80 

8 

8 
. 

-28 

4tl 

-I2 

48 

r... 

+ (4, 6Lt+:11·f- 10 +to*+ s ·t-1) + 

980 

* 20 

+(6,21-+8+1)+{8,8) + (10,10) 

Paano~eHHe no COHHy-HaocnHHY (Y= B= 3) 

20* = (2,2) + (4,4) ' 

2805 

224I 

I753 

25IO 

2I63 

2163 

I<J82 

2357 

2063 

2357 

(SUs f) 
6 

(SU2I) 

(I. 7) 

s 

(3.5) 

d 

(5.3) 

(7 .I) 

rAe nepBbiH 40eH COOTBeTCTByeT 9q COCTORHHO C KBaHTOBbiMH 4HCOaMH RAeP 3He H H3:T • 

PeaynbTaTbl KsapKosoro aHanHaa TpH6apHOHOB npHBeAeHbl s Ta6nH4e Y. 

. 
TA6nHUA Y. S-sonHosble TPH6apHOHbl 

J suf susc 
3 6 Ll Mtheor. STATES with Y=3 

I/2 35 70 I20 3,52I 

35 70 I20 3,521 3He,T 

27 540 n· 3,3I7 

8 I960 I2 3,057 
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TA6flHUA Y. /npoAo~eHHe/ 

3/2 64 

27 

IO 

IO 

20 I68 3,72I 

5/2 

71 
2 

9/2 

8 

27 

8 

I 

8 

I 

540 

560 

560 

I960 

980 

540 

I960 

980 

I960 

980 

I2q - CHCTEMA, TETPA6APHOHM 
color r==I=H=l ~k1Hl!Hn ';> 

ttttJnaynM 

84 

60 

60 

24 

-I2 

I04 

44 

8 

7Z 

72 

sf e 

3,369 

3,266 

3,266 

3,109 

2,950 

- 3,454 

3,I97 

3,039 

3,3I7 

3,3Ir 

490 *csu sf) 
- 6 

·""-' 
.!. (SU4 SI} 

(4.4) 

Paano~eHHe no cnHHY-aooHaTy 
aHanorH4HO paano~eHHO AnR AH6apHOHH~X COCTORHHH 

c aaHeHoH noeAcTaaneHMH rpynn~ su! Ha conpR~eHHble. 

CocTORHMe c Y= 8 = 4 cooTeeTCTBYeT KeapKoeoHy HeWKy c KBaHTOBbiHH 4McnaHH 
RApa 4He. 

PeaynbTaT~ KBapKoeoro aHanMaa TeTpa6apMoHoe np•1BeAeH~ a Ta6nM4e Yl. 

TASflHUA VI S-aonHoe~e TeTpaGapMOH~ 

J suf susc 
A Mtheor. STATES Y=4 3 6 

28 I 288 4932 
4He 27 I89 I68 4474 I 490 72 4096 

0 

35 35 224 4689 IO 175 I 52 44I2 IO 280 I 52 44I2 8 896 116 4270 

I 

27 I89 I92 4567 8 896 132 4333 

2 

3 IO I75 I92 4567 
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TaKMH oGpaaoM, KeapKoaaR TeopHR npHBOAMT ecTeCTBeHH~H o6paaoH K eecbHa 
6on•woMy 4HCny MynbTH6apHOHH~X cocTORHHH, 6onbwaR 4aCTb KOTOp~x He YAOBneTeopA

eT Tpe6oeaHHO KnaccH4eCKOH cTa6MnbHOCTH. TPYAHO AaTb.OAH03Ha4H~H oTeeT Ha eon

poe 0 B03MOmHOCTH 3KCnepHMeHTanbHOrO ~a6n~AeHMR MynbTH6apHOHH~X MHOrOKBapKOB~X 

CHCTeM AO pa3BHTHR 6onee AeTanbHOH TeOpHH, n03BOnR~~eH onHCaTb 3BOn~liMD nOA06-

_H~X o6pa30BaHHH C y4eTOM KaK paapeweHH~X KaHanOB AHCC04Ha4HH, TaK H aanpe~eHH~X, 

o6na,qaiOUV1X 11CKPb1TbiM u.seTOM11 • B onbiTax c penRTHBHCTCKHMH RAPaMH npH 6onbwHx nepe

A•~•x HMnynbca KnaCCH4eCKH HeCTafiHnbH~e HHOro6apMOHH~e o6paaoeaHHR MOrnH 6~ 

npoABHTb ce6R KaK 11¢nyKTOH~", HAeR KOTop~x 6~na e~CKqaaHa A.H.6noxMHlleB~H MHo-

ro neT Ha3aA. 

He HCKn~4eHO Ta~e, 4TO B RAePHOH MaTepMH MOryT Cy~eCTBOBaTb B~COKOne~a~He 

eoa6~AeHMR, o6naAaiO~Me npeHMy~ecTeeHHO 4HCT~M 11cKp~~H 4BeToH11 ,noA06Ho TOMY 

KaK B ¢H3MKe aneMeHTapHbiX 4aCTHll o6Hap~eHHe ~ I:J 4aCTHll AaeT HaM npMHep npe

HMyuteCTBeHHOrO 4HCTOrO C•KPbiTOrO wapMa, B OTilH'·I~e OT W .H 'f' Me30HOB, COAep)f{aW,HX 

nHwb Manyo ero npHHeCb. 

3AKJ1104EHHE 

00HCK 3K30TM4eCKHX COCTOAHHH, He yKnaA~Ba~HXCR B TPaAHliHOHH~e paMKH.HOAe

neH C ABYHR H TpeMR aneHeHTapH~HM o6pa3yiO~HMH, B·TOH 4HCne HynbTH6apHOHH~X 

MHOrOKBapKOBbiX CHCTeM, a TaKme H3Y4eHHe npORBlleHHR KBapKOBbiX CTeneHeH CB060Abl 

B RAepHOM BeuteCTBe RBilReTCR aamHO~ 3a,qa4eH Ha nyTH K OOHHMaHHIO.OCHOB KaapKO-

BOrO CTpOeHHA MaTepHH. 
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