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Baeµ;euue 

B HacTo.sm.eee BpeM.11 cywecTByeT gocTaTo'IHO 06nmpHa.11 n:H<f>opManrur ~ N N - ooau

Moµ;eiicTBH.11x npu mmKHX ::meprrurx. 
. . . . . 

.il:Be rnaBHhIX 'lepThl np0T0H-aHTHllp0T0IIHhIX peai1:1n:ii npn: HHOKllX a11epr11.11x cywe-

CTBelll!0 OTlIH~aIOT HX OT pp- OOallMOµ;en:CTBHll. Bo-nepBhIX, 3T0 CHllbHa.11 aHllllrllll.llI:IH.11 

B pp• cn:cTeMe B 0TJIH'lne OT pp. peaK1:1ri, rµ;e npo1:1ecchl aH11n:rnll.llI:1HH oTcyTCTByioT. 

Bo-BTophlx, aTo Bblcox'.a.11 aHHa0Tponrur ynpyroro pp-pacce.11m1.11 H peaKI:IHH n:epeoap.11µ;KH 

pp -> nn , B00lllIKaIOWa.11 0a C~eT HI1Tep<f>epeHI:11III MelKµ;y S - H 6onee ~h!COK~lt B0lIHaMlt, 

B TO BpeM.11 KaK npu aHanorH'IHhIX a11eprn:.11x '!3 pp-noam.mµ;~iicTBH.IIX cywecTnenua T0llbK0 

S· B0lllla. 

Oµ;HOll n:a HHTepeCHhIX oco6eHHOCTen: -aKcnepn:MeI1TMbHhIX )];aHHhIX .l!Bll.lleTC.11 TaK:lKe 

11eo6bl'Jl!Oe noBep;enne 0TII0WeHH.11 µ;eiicTBHTeni.noi'i: H MHltMOll 'lacTeii aMllllltTyp;hl ynpy

roro PP· pacce.11HI1.11 .snepeµ;, p = Refvti I mfv;;le=o , K0Topoe Bei:iHKo n 0Tpu1:1aTenbHo npn 

11yneBoi'1 aneprnn HMeTarowero aHTltnpoToHa, 6blcTpo pacTeT c pocToM Piab n HMeeT 

necK0llbK0 nyneii. 

XapaKTep11hle paccTo.11111t.11 B 11HOKoa11epreT1t'lecK11x ynpyrnx n a11mrrnll.ll~m11HbIX pp• 

BOaHMoµ;eiic·rBH.IIX nop.11µ;Ka 1 <f>M,II na TaKI!X paCCT0filIH.IIX Teop11.11 BOOMywenri KX.IJ: He 

npnMeHHMa. B 'aToii cuTyannn 4>e110Menm1or1!'IeCKnii a11an1m µ;rurHh!X npoBO)];HJIC.11 c nc

nonb00BaHHeM paomr'IHLIX noTeHI:IHMblihIX Moµ;eneii [1-5], 0)J;HaK0 TaKOII airamm .l!DmieTC.11 

cywecTBelIH0 M0)];eJibH0•0aBHCllMhIM. -

.IJ:pyroii: a:ran1m 6h!n BLmomren B paMKax npn6m1:lKe1IH.11 a4><l>cKTIIBHoro paµ;nyca [6,7,8], 

n, B np0TllB0ll0lIO:lKH0CTb npeµ;hlµ;ywcMy' .l!Bll.lleTC.11 npaKTH'leCKlI Moµ;ellbIIO•IIe:38.BlICllMbIM. 

3TOT ananm:, .IIBIIO Y'lltTh!BaeT 8.IIMHTH'IHOCTh n YHIITapH0CTb aMlllllITyµ; pacce.l!Illlil n 

cxeMe M - MaTpll'IH0ro <f>opMMllOMa (9,10]. 

Ilpep;MeTOM oco6oro llIITepeca .11Bll.lleTC.11 oonpoc o peoouancax ( HlIII 6apnonnyMax ) 

n CB.11:laHHhIX C0CT0.l!IllUIX B pp• CHCTeMe. 3TH CB.11:laHHhle o6cyJKµ;MHCb panec B pa6oTax 

[28-30]. 

M - MaTpJPUihln <1>opMaJIHOM 

KopOTKO Han0MIIUM 0CH0BHble cneµ;eml.11 06 M -MaTpll'IH0M 4>opMMHaMe, npep;no-



:lKeHHoM M.Ross n G.Shaw(9,10] 11= paccMoTpeHWI cncTeMhI HecK0lThKIIX IIBYX'IaCTII'!HhIX 

Kami.mm • .IJ:= napD;nalThHhIX aMnlIHTYII T;; = (j I T, I i) yCJioBne YHIITapHocTn UMeeT BII/1 

T;; -T;t 2i:ET;! Tn; (1) 
n 

r;1e i,j,n-HoMepa paccMaTpHBaeMhIX KaHaJIOB. B cny'Iae Hn3KoaHepreTn!ecKoro NN

pacceJIHIDI B03M0:lKHhI CJie;1yro~ne KaHaJII,I: pp, nii I! MH0:lKeCTB0 KaHaJIOB aHHlll'I!~ll

O6bI'IHO BCe Heynpyrne npo~eCChI He BhI;leillllOT KaK CaM0CT0JITelThHhie ~aHam,r, a ~ y'JeT 

npoU3BO;II!TCJI c Il0M0~bIO o6'bJIBJiemIJI MaTpll'IHhIX aJieMeHT0B M;; K0MnJieKCHhIMU (11]. 
' . ,, 

8TOT nyTb ~an9onee npocT, 0;IHaK0 OH He ;1aeT HUKaKOH nmpopM~I!I! 06 aMnlillTYllax 

Heynpyrnx KaHaJI0B • .IJ:pyroii cn?co6 aq>q>eKTllBHO y'IeCTb BCe aHHllrI!illl~0HHhie KaHaJihI 

C0CT0I!T B 3aMeHe UX 0;IHUM ;IByx'IaCTU'JHhIM KaHaJIOM, KOTOphIH 0TKpbIBaeTCJI npn aHep

rUJIX, paBHhIX aHeprn~ o6pa30BaHIIJI IIBYX "Il'tCTI!~ HeKOTopoii aq>q>eKTllBHOH MaCChI mo 

(12]. Tor11~ Bee N fl-: B3allMO;leHCTBlliI ~pu Hll3KUX aHeprlliIX M0:lKH0 onncaTb B p'aMKax 

TpexKaHaJibHOH 3a;1a'In: pp, nii n KaHana aHHnr=~nn. IIMnylThChI B cncTeMe ~eHTpa 

I!Hep~IDI ;lilll Ka:lKgoro I!3 XaHaJI0B 6Y11YT I!MeTb BUii 

✓ s -,--- 4m~ , ✓ s - 4m;. , . ' ✓ s - 4m5 
kpp =· --

4
--, knn = --

4
--, kann = --

4
--. 

.D:= aMillII!TY/1 f;; ' K0T0pbie onpep;eill!IDTCJI C00TH0IIIeHI!eM 

T = kl+I/2 f k'+I/2 

k- ,lllar0HalThHaJI MaTpn~ nMnyJibC0B k;; = k;8;; n k;-cooTBeTCTByro~ie nMnyJibChI 

B CI!CTeMe ~eHTpa Mace ), YCJI0Blle YHIITapH0CTI! nepennIIIeTCJI B q>opMe 

Im}-1 _p1+1 (2) 

PaBeHCTBO (2) 6meT YII0BJieTB0peHo aBT0MaTI!'IeCKII, ecim f 3anncaTb B BU,le ( .l!H;leKC 

l 11= f;; u M;; B ;IMbHenIIIeM onycKaeTCJI ;IJIJI ynpo~eHliJI 3anncn ) 

f = (M - ik21+1)-l (3) 

r;1e M ( s) - CID.!Me-rpwrnasi Ma1J)Hll3 I!3 ;1enCTBI!TeJibHhIX Ha pa3pe3e s > 4m~ <l>YHK~I!ll, 

2 

<l>opMyJIHpOBica MO~eJIII H uepexo~ K yau<J>opMHOHpyro~eii: 

uepeMeHHOH 

AMnJIIITY/la pacceJIHlliI JIBillleTCJI aHaJII!TI!'IesKoi°I q>yHK~UeH B IllI0CK0CTU KOMIIJieKCHOH 

nepeMeHHon s c pa3proaMu (puc.1). 

® 

01 oft 
'I 

PncyHoK 1. IInocKOcTb KoMnJieKcHon nepeMeHHOH s . 

s _ = O, am;, 4m; - T0'IKU BeTBJieHIDI K0pHeBoro Tnna. Ha pa3proe s 2: 4m; 

cy~eCTByeT TaK:lKe e~e 0;IHa T0'IKa BeTBJieHlliI K0pHeBOro xapaxTepa s = 4m~ , 0TBe'!a

lO~aJI nii - nopory, BJilliIHI!e ee Ha aMillIUTYIIY pacceJIHlliI Il3Y'IaJI0Cb B pa6oTax (12-14]. B 

HaCTOJI~en pa6oTe npn nepexoge K YHHq>Op11,!U3IIpyro~en nepeMeHHOH MhI He Y'IUThIBaeM 

oco6eHHOCTb aMillIUTY/1 B T0'!Ke s = 4m~ , a pa3HUey Me:lKIIY KaHaJiaMI! pp u nii 

Y'I!lThIBaeM KI!HeMaTu'IeCKI!. 8To 03Ha'IaeT, 'ITO ;llIJI Ka:lK;1oro I!3 KaHaJIOB pp I! nii 

BB0;IJITCJI pa3Hhie I!MllYJibChI : k1 H k2 C00TBeTCTBeHH0. ilHTepBaJI 4m; :'.S s < 4M2 

M 0TBe'IaeT ::ma'!eHn10 P1ab ~ 1 raB / c - napaMeTpy IUKaJihI HU3KOOHepreTu'!ecKnx 

B3allMO,leHCTBHH ) co;1ep:lKI!T B ce6e 60JibIIIOe K0lII!'IeCTB0 T0'IeK BeTBJiemrn 3a C'IeT MH0-

ronII0HHhIX npo~eccoB, HO UMH MhI TaK:lKe npeHe6peraeM, Il0CK0JibKY B noBep;eHI!H nonHoro 

ce'!eHlliI a1o,(pp) Ha <!TOM I!H'repBane He Ha6JIIO;laeTCJI KaKOH-lII!60 CTPYKTyphI. 

JleBee s = 4m; pacnoJIO:lKeHa Heq>U3H'IeCKaJI '!aCTb pa3proa, TaK:lKe cogeplKa~aJI B 

ce6e HeK0T0poe, K0He'IH0e 'II!CJIO T0'IeK BeTBJieHlliI. llx BKna11 B aMillII!TYIIY MO;lerinpyeTCJI 

HeKOTOpon 3q>q>eKTI!BHOH TO'IKOH BeTBlleHI!JI s = am; = 4m5 ' OTKpbIBaIO~eii gayx

'IaCTI!'IHhIH KaHaJI Heynpyrnx HeHa6n10,1aeMhIX npo~eccoa. Benn'InHa napaMeTpa a 

orpaHI!'IeHa CHU3Y l:3Ha'IeHI!eM, C00TBeTCTBYIO~I!M aHeprnn o6pa30BaHUJI IIBYX ,r - Me-

3 



OOHOB, a CBepxy pp - noporoM. TaxnM o6paooM, napaMeTp a MOJKeT llOMeHJITbCJl Ha. 

npoMeJKyTKe 4m;/m; < a < 4 . JleBbIH paopeo s :S O CBJIOaH c nepeKpecTHbIM 

npoqeccoM pp -+ pp . 

· 0KoW!aTem.HO 11:bI npnxoµ;nM K MOµ;enn, B KOTopoii aMilllllTyµ;a pacceJIHllJI KaK <PYHKI:(llll 

KOMillleKCHoii nepe:MeHHoii s o6naµ;aeT TpeMJI TO'IKaMll BeTBlleHllll KOpHenoro Tnna npn 

s = 0, am;, 4m; n npeµ;cTa&.'lileT~ MepoMopq>Hoii <f>y1mqneir Ha cBOeii pnMaHOBoii 

noBepXHOCTll. 

Cy~eCTBeHHhIM B HaCTOJl~eii pa6oTe JIBlllleTCJI nepexoµ; K yHn<popMnonpy10~eii ne

peMeHHoii, BBeµ;eHHOH paHee B [i5] µ;rill OilllCaHllll aMilll~Tyµ;hI pp · pacceJIHllH Bnepeµ;. 

YHnq>opMnonpy10~eii nepeMenHoii HaobIBaeTcJI nepeMeHHaJI, B KOTopoii aMnnnTyµ;a pacce

JIHllll JIBlIJleTCJl MepoMopq>HOH <PYHKI:(IIeii. TaKaJI nepeMeHHaJI nueeT Bnµ;: 

z=(4~o)½(8~a)½-(4~af (8: 4f. (4) 

3µ;ecb llCilOllbOYIOTCJl HOpMnpoBaHHbie Ha Macey npoTOHa mp t3Ha'!eHIIJI s n a . 

-1 

-U«) 

PncyHoK 2. IInocKOCTh KoMnneKcHoii nepeMeHHoii z . 

To'IKH BeTBlleHIIJl s • IllIOCKOCTH COOTBeTCTBYIOT TO'IKaM aHalIHTH'IHOCTH MepoMopq>Hoii 

<PYHKI:(HH B IllIOCKOCTH z: (O,a,4)·. -¢==> (0,-i,1) •. BecKOHe'IHO yµ;aneHHaJI TO'!Ka 

KOMillleKCHOH s C IllIOCKOCTH nepexoµ;HT B TO'IKH ±✓~~'$, ±J~~"!J!;. IIlIOCKOCTH z . 

CTporo rOBOpJI, 0TH TO'IKH 6yµ;yT JlBlIJITbCJl norapHq>MH'leCKHMll TO'IKaMH BeTBlleHllll, TaK 

KaK B HllX coeµ;HHJIIOT.CJI MeJKµ;y co6oii 6ecKOHe'IHOe 'IHClIO lIHCTOB pHMaHOBOH noBepXHOCTH 

<PYHKI:(HH f(z) ' COOTBeTCTBYIO~llX noporaM MHOrO'laCTH'IHbIX npoqeccoB npH BbICOKHX 

0HeprHJIX, IIOOTOMY oaµ;a'la He µ;o KOHI:(a ynHq>OpMHOHpyeTCJI. <Pnon'leCKHH lIHCT nepexoµ;HT 

4 

B HHJKHIOIO IIOlIOBHHY eµ;HHII'IHoro xpyra. Y'laCTKH µ;eiicTBHTem.HOll OCH z - nlIOCKOCTH 

[-1, -IS') 11 ( ✓ ~~~' 1] , JIBlIJIIOTCJl o6paoaMn COOTBeTCTBeHHO HIIJKHero 11 BepXHero 

6eperoB paopeoa q>no11'!ecxoii 06nacT11. 

llepexoµ; K ynmpopMnoHpYIQ~eii nepeMeHHoii HMeeT 6ollbmoe OHa'!eHIIe µ;lIJl µ;aHHoii oa

µ;a'IH, nocKOllhKY o6naCTb cxoµ;HMOCTH paolIOJKeHIIJI, a OHa'IHT 11 o6naCTb npnMeHIIMOCTH 

BCex TeopeTU'leCKHX BbIKllaµ;oK, YBelIH'IUB~CJl- .D:eiicTBUTem.no, paµ;uyc cxoµ;HMOCTH mo-

6oro paoooJKeHIIJI onpeµ;elIJleTCJI 6lIHJKaiimeii oco6eHHocThIO, noo,ToMY µ;lIJl ero ynelIH'le

HIIJI µ;ocTaTo'!Ho nepeiiTn K µ;pyroii nepeMeHHoii, rµ;e BTa oco6eHHoCTh KaKUM·TO o6paooM 
• ' • . • i 

OTOµ;BnHeTCJI HlIH Y'll'!TbIBaeTCJI .!IBHO u TaKHM o6paooM He 6yµ;eT coµ;epJKaTbCJl B aMIIlllITY-. . ' 

µ;ax. Hama ynmpopMllOHPYIO~aJI nepeMeHHaJI nOOBOlIJleT .!IBHO Y'leCTb Tpn _cy~eCTBeHHbie 

TO'IKH BeTBlleHllJI s = 0, am;, 4m; , nooTOMY MbI Bnp~e OJKuµ;aTb, 'ITO peoyllbTaTbI 

TeopeTU'leCKHX BbIKllaµ;oK 6yµ;yT µ;aBaTb KoppeKTHOe OIIUCaHIIe 0KcnepUMeHTallbHhIX µ;aH

HbIX B µ;ocTaTO'IHO IIIHpOKOM µ;uanaooHe HMilfllbCOB. 

MeToµ; Bq>q>eKTUBHoro paµ;uyca OCHOBbIBaeTCJI Ha paolIOJKemm B pHµ; MaTpl'l'IHhIX 0lle-
' ,., 

MeHTOB M;; no MallhIM HMIIYllhCaM oµ;Horo no KaHalIOB • B µ;aHnoii pa6oTe ucnollbOy-

eTCJI npeµ;cTaBlleHIIe M - MaTpl'lr(bI B Bnµ;e pllµ;a no CTeneHJIM z . MbI XOTHM, 'IT06bI 

paonoJKeHne pa60Tall0 B OKpeCTHOCTH TO'IKH Z = l , OTBe'laIO~eii pp - nopory. 0Ta 

r;::7a. 
TO'!Ka c µ;Byx cTopoH oxpyJKena TO'IKaMn BeTBneHIIJI z = V 2+va' z =·J~ ~ 
KOTOpbie BOOHHKaIOT npu OTo6pa,KeHim 6eCKOHe'!Hoyµ;aneHHOll TO'!Kll s = 00 Ha Ka

JKµ;hill llO lIHCTOB 'leTbipexlIHCTHOll pUMaHoBOii noBepXHocTn. PaoooJKeHUe B p.s:µ; Teiinopa 

OKOlIO z = l ( aHalIOr paonmKeHIIJI Bq>q>eKTUBHOro paµ;nyca ) pa6oTalIO 6bI lIHIIIb B 06-

nacTn, OaIIITpHXOBaHHOll Ha 'IepTe)Ke; HO 0TOro Heµ;ocTaTO'IHO, T.K. CUMMeTpl'l'IHaJI TO'!Ka 

z = -l ( peoyllhTaT oTo6paJKeHIIJI pp - nopora Ha HllJKHeM 6epery paopeoa) He BKmo

'!aeTCJI B paccMOTpeHne. 'IT06bI 0Toro no6eJKaTb, HYlKHO co6lIIOµ;aTb cnMMeTpHIO OTH°: 

CllTellbHO HYlIJl n pa6oTaTb B KOllbr(e MeJKµ;y OCTaBIIIllMllCJI oco6eHHOCT.!l:Mll • .n:lIJl TaKOll 

nocTaHOBKll oaµ;a'IU BnOlIHe npnroµ;eH pHµ; JlopaHa, nocTpOeHHblll B oxpeCTHOCTll z = 0 : 

00 

M(z) = L Mnzn . ·.·(5) 

OH 6yµ;eT cxoµ;nThCJI B KOllhr(e c HeTO'IHO H3BeCTHbIMll paµ;uy=, coµ;epJK~eM eµ;llHH'l

HYIO OKpylKHOCTb. MoJKHO npllBeCTll HeKOTOpbie coo6paJKeHIIJI, Bcneµ;cTBne KOTOpbIX B 

paonoJKeHim (5) cneµ;yeT OCTaBHTb lIHIIIb '!eTHbie CTeneHU z. 
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•. Bo-nepBLIX, 0TO Tpe60Ba:aue µ;en:CTBllTeJlbHOCTll M -MaTp~ Ha OTpeoKe µ;eHCTBH

TeJibHOll OCll (0, a) KOMIIJieKCHOH s - IIJIOCKOCTll. 0'1:eBlll];HO, 'ITO IIpll nepexoµ;e B 

IIJIOCKOCTb yirn:cpopMIIDllpyi<>~eu nepeMeHHOll 0TO Tpe6oBa:alle OCTaeTC.!I B cmre, no-

0TOMY Ha npoMe2KyTKe (-i, i). ( o6pao OTpeoKa (0, a). ), rµ;e z - 'IllCTO MHHMail 

BeJI.ll'IllHa, KOOq><p~HeHTbI Mn l];OJI:lKHbI 6bITb µ;eHCTBllTeJibHbIMH, a CTeIIeHH Z 

l];OJI:lKHbI 6bITb '!eT~. 

. !I 

• Bo-BTOpLIX, 0TO YCJIOBlle CHMMeTpt!'IHOCTH M -MaTp~bI OTHOCHTeJibHO aaMeHbI 

z Ha - z . · IIoi:iecTH<>, 'ITO M - MaTp~a µ;oJI2KHa 6bI;b oµ;uHaKOBOH Ha µ;Byx 

tiep~r~ paaproa s > 4m; B corJiaCllll c ycJIOBHeM yHllTapHOCTll, T.e. OHa He MO

:lKeT :im~eIDIT:bC.!I npti nepexoµ;e c• BepXHero 6epera paopeoa Ha HH:lKHllll: 06paoaMH 

BepxHero ll HH:lKHero 'i5eperoB Ha IIJIOCKOCTH y1mcpopMIIDHpyro~eu nepeMeHHOH .!IBJI.lI-

•·· . . •'•.· . . ( ~ ] [ ~ ... 
IOTC.!I oTpeOKll µ;eucTBHTeJibHOll ocll .. V ~• 1 ll -1, -y 2M} , pacnon~2KeHHbie 

CHMMeTpH'IHO OTHOCHTeJibHO TO'IKll z =. 0 . Torµ;a nepexoµ; c oµ;Horo 6epera Ha 

µ;pyron: B IIJIOCKOCTU , S COOTBe-i:-CTByeT OaMeHe Z Ha - Z B IllIOCKOCTH Z : ThKa11 

;miil:eHa He UOMeHUT Bill]; M -·MaTp~ TOJibKO B TOM ·CJiy'Iae, ecJiu B pa3lIOJKenuu 

(5) ~CTa:HYTC.!I JIUlllb 'IeTH~e .CTeneHu nepeMeHHOll z .· 

Y'IUT.bIBa110TU coo6paJKeHU.H, MOJKHO nepenucaTb Bbipalf(eHU.H l];lI.lI aneMeHTOB M -MaTp~ 

B Buµ;e 

00 

M(z) = L M2nz2"' = 
n=-oo 

1 2 = ··•+M-22 +Mo+M2z +··· 
z 

(6) 

3µ;ecb · M 2n - µ;en:CTBHTeJibHbie BeJIH'IUHbI. IIoJiara.H, 'ITO TaKOH p.!Iµ; 6yµ;eT 6bicTpo cxo

l];HTbCJI B oKpecTHOCTH eµ;HHH'IHon OKPYJKHOCTH, ocTaIJUM HeCKOJibKO nepBic.i:ii ero 'InenoB 

M(z) = M2z2 +Mo+ M_2/z2 . L 

Koacpq>HD;UeHTbI M2n .!IBJI.!IIOTCJI c~6oµ;HbIMH napaMeTpaMH B Moµ;u4>11o;up·oBaHHOH Mo

l];eJIH aq>q>eKTHBHOro paµ;11:i:~a: 

-i -~. ~ •;, '. 

6 

Y'IeT AHHaMH'IeCKHX CHHryJI.11pHOCTei 

Oµ;nou IID OCHOBHbIX Tpyµ;HOCTen B UCilOJibOOBaHIIU MeToµ;a 3<pq>eK;UBHOro paµ;Hyca 

.!IBlI.lieTC.!I OD;eHKa o6JiaCTU CXOl];HMOCTU paoJio'iKeHU.!I M(s) B p.!Iµ; IIO MaJibIM UMIIYJibCaM. 

lpamn:~ 0TOH o6JiaCTU onpeµ;eJI.!IIOTC.!I, KaK o6bI'IHO, 6JIHJKallll!UMII OC06bIMU To-...i:iaMH aM

IIJIUTY)l;bI pacce.HHU.H. B cJiy'Iae N N - pacce.HHH.!I _µ;uHaMu'!eCKue oco6eHHoCTU ( noJI10ca ), 

o6ycJIOBJieHHbie t. - Ka:HaJibHbIMU MeOOHHbIMll o6MeHaMH ( 11'-, p-, ll T.µ;. MeoOHbI), Jie

JKaT O'IeHb 6JIUOKo K N N - nopory u, TaKHM o6paooM, BHOC.!IT B aMIIJIUTyµ;y pacce.HHU.H 

6bICTpo MeHlllOII1~eCl1 B~Jiaµ;bI, 'ITO MOJKeT cy~eCTBeHHO orpaHU'IUBaTb o6JiaCTb 
0

IlpHMe

HHMOCTU paoJIOJKen11u acpq>eKTUBHoro paµ;~yca. JJ;lI.lI ynpyroro pp - ;acce.HHU.H 11 peaKo;uu 

nepeoap.!Il];KH pp ....:. nfi IlOJIOJKe;~e 6JIUJKallll!UX K pp - nopory ~OllIOCOB Spol = 4m; - µ2 , 

rµ;e µ - Macca npoMeJKyTO'IHOro MeoOHa,u HUJKe MbI annpOKCUMUpyeM BCe DOJIIOC!,i oµ;HHM 

acpcpeKTUBHbIM. 

IIoKaJKeM Ha IIpHMepe Ol];HOKa:HaJibHOro pacce.HHU.!I ( pp ..... pp ). KaK MOJKHO .!IBHO BbIµ;e-
;, 

JIUTb nOJIIOChl, TaK 'IT06bI M(s) coµ;epJKana 6bI TOJibKO Meµ;JieHHO MeH.!IIO~UeC.!I BKnaµ;bI. 

Cµ;eJiaeM B q>OPMYJie (3) CJieµ;y10~10 oaMeHy nepeMeHHbIX 

M l 8 - SpolMI _ lk21+1( )I 
. ~ gl·· i __ .. sP?'' 

rµ;e g' - BbI'IeT napD;UaJibHOll aMIIJIHTYl];bI J1 ( s) B TO'IKe IIOJIIOca, 

{ 
1, np11 'IeTHLIX l 

g-
- -1, IIpll He'IeTHbIX l 

Torµ;a BbipaJKeHHe l];lI.lI aMIIJIHTYl];bI pacce.!IHU.!I 6yµ;eT HMeTb BIii]; 

(I)_ 1 
j - •-;,01 M(l) - ik~1+1 - elk~1+1(spol)I' 

rµ;e 

k - ✓s-4m2 1- _.P 
. 4 ; 

k1(Spol) = ,J ISpol - 4m~1 
' 4 . 

(7)' 

JlerKO y6eµ;HTbC.!I, 'ITO TaK OaIIHCa:HHa.!I aMilJIHTyµ;a pacce.HHH.!I HMeeT IIOJIIOC, CBlIDa:H

Hbill c µ;llHaMH'Iecxou ctrnryJI.!IpHocTbIO IIpH s = Spol . 

B CJIY'!ae HeCKOJibKUX Ka:HaJIOB OaMeHa nepeMeHHbIX 6yµ;eT a:aanorH'IHOlt, HO BMeCTO 

q>YHKD;Hn M(s) H J(s) IIO.!IBlI.lIIOTC.!I M~n J -MaTpllD;bI: 
t • , ' •• i. , ~ 

S - SpolM, lk21+1( )I~ Mi; -+ --,- ij - € i .Spol u;;, 
9;; 
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ThKnM o6panoM MhI MOJKeM y"l'.eCTb ,IRHa.MR"l'.eCKRe cmirylLl!pHOCTR B M - MaTplI"l'.HOM 

no,1xo,1e. B ,laHHOM pan,1ene MI.I paccMaTpnnaeM JIBHO TOllbKO ,1na Kaml.lla pp n nn , a nee 

Heynpyrne nponecc~ Y'llIThIBae~ npn noMO~lI BBe,IJ;eHRJI KOMnlieKCHhIX KOOq>q>nnneHTOB 

panJIOJKeHRJI M - MaTpRilht B Pl!/1, KaK 0TO 6:bilIO c,1eJiaHO paHee B pa6oTax [6,16). 
,,."'' ' . . .. 

06~mi BR/I _MaTpRilhI j c BKJIIO"l'.eHneM ,IRHaMR"l'.eCKIIX CRIII'Ylil!pHOCTe:ii CJie,D;YIO~n:ii: 

. }(s) = ( 
~M' _. ·k21+1 -'- lk2'+ic )I . •-r••' M' . )-1 911 11 z l e l Spol 912 12 

•-r··· M' •-r•ol M' - ik21+1 - c:lk21+1(s )I . 9
21 

21 922 22 . 2 2 pol 

(8) 

Tenepb M;; - rna,1Kue cf>YHKnmt, Me,1neHHo MeHl!IO~ReCJI n6mron nopor~,. nooToMy npe,1-
• •. ; ' ' ', 1/-, ' 

cTanneHHe M;; B nn,1e pl!,la TeMopa 6Y,l~T-6onee o6ocHOBaHHhIM. ,!J;lLII MaTpH"l'.HhIX ane-

MeHTOB M;; ncnom.ayeTCJI pannoJKeHne aq>q>eKTRBHoro pa,1nyca, ::mnircaHHoe B c-r;aH,1ap

THOII q>opMe [9,10] 

1:0 1 1 2 M;; = - + -
2

r;;k2 , 
ai; 

M!':' 1 = ~ .:_ ~~k~ 
'' b;; 2 R;; -2 ' 

r,1e o;;, b;;, r;;, R;;-KoMnJieKCHhie'q>nTnpyeMhte KOHC'l'cLHThI. 

qHCJieHHhIH aHaJIHO aJCcnep:aMeHTaJILHhlX ~aHHhlX 

(9) 

Ilpn aHanuoe MhI ncnon1,0yeM aKcnepnMeHTallbHhie ,laHHhie no ,1uc;f><pepeHflHallbHhIM ce

"l'.eHRJIM ynpyroro"paccemrnJI due1/dO (17], ,1nq>q>epeHilliallbHhIM Ce"l'.eHRJIM nepeoapJI,IKII 
. . . 

ducez:/dn [18,19], noJIHhIM ce"l'.eHHJ!M O'tot , O'eJ , u • ., (17,18,20,21,22,23] a TaKlKe ,laJrnhie o 

BeJIH"l'.IIHe OTHOWeHRJI ,1eHCTBIITelibHOll_II MHHMOH "l'.acTe:ii a.MnJIRTY,lhI ynpyroro paccel!HRJI 

nnepep; p [20,24,25) • liHq>OpM~RJI o BeJIH"l'.RHe p(Piab = 0) nonyqeHa Ha OCHOBe ,laHHhIX 

no c,1nury 0HeprI1I1 n wnpnHe ls - cocTol!HRJI aHTnnpoTOHRJI, AEi, - iri,/2 [26,27]. 

8KcnepI1MeHTaJibHhie ,laHHhie o ,1uq>qiepeHil1IaJibHhIX ce"l'.eHRJIX ycpep;HeHhI no cnnHy, n no

aToMY, B aHaJIHOe He npOBO,IRTCJI'Y"J'.eT p83lIR"l'.HhIX CnIIHOBhIX COCTOJ!HIIH. 

1. <Pum c y11,urfiop.uu3upy10uwu nepeM.e11,11,oiJ. 

0KOH"l'.aTem,Hhte q>OPMYJihI, nenoi:r1,0yeMhte npu aHaJIHOe peoym,TaTOB aKenepHMeHTOB, 

ene,1y10~I1e: 

8 

l 
! 

I 
I .. 

~ 
l 

S-BOJIHa 

Mf1 = 01z2 + 02 

Mf2 = d1z2 + d2 + ds'fr 
0 2 ' 1. 

M33 = c1z + c2 + Cs,2 

Mf~ = f1z 2 + /2 
Mf3 = b1z2 + bi• .. 

\ M:lh = ~1z2 + e2 

p-BOJIHa 

Mf I = 03Z
2 + 04 

MJ2 = d3z2 + d4 + dt,'fr 

M:h = C3Z
2 + C4 + C(j* 

Mf2 = /3z2 + /4 
Mf3 = ~z2 + b4 + bt;'fr 
MJ3 = e3z2 + e4 

(10) 

\.:i 

1:fmmMaJibHOe "l'.RClIO napa.MeTpoB, Heo6xo,1llMhIX ,IJLII Y,IOBJieTBOpHTellbHoro OnRCaHRJI ,laH

~. paBHO 31 ( no_~ 29 Kooc;f><pnnne11;ToB panJIOJKeHRJI MaTpH"l'.HbIX 0JieMeHTOB Mf; B Pl!/1 

H 2 aq>q>eKTRBHbIX napa.MeTpa <to n <t1 ' CBJIOaHHhIX C OTKphIBaIO~RMHCJI HeynpyrHMn 

KaHaJia.MH B s - n p - BOJIHax ). lix "l'.HCJieHHhie OHa"l'.eHRJI onpep;elil!IOTCJI npu nOMO~H 

nponep;yphI MHHRMHOanHH no MeTO/IY x2 ,llLII cnep;yIO~ero Ha6opa 11== du.,!dn 

npu P1ab = 181,287 MaB/c; du=fdO npu P1ab = 183,22_8,MaB/c; p, ue1, 0-0., 11 O"tot 

npu HMnyn1,cax aHTRnpOTOHOB Piab < 600 MaB/c •. PeoynI.TaThI q>HTa npep;cTaBJieHhI B 

·Ta6nune 1. 

f'rur,ll! Ha rpaq>HKH, MOJKHO CKa:JaTb, "ITO B flelIOM noJiy"l'.eHO HenJIOXOe Ka"l'.eCTBeHHoe co-: ' ,· ·, ,:, ,- , '.. ,, ,, . 

rnacne c aKcnepnMeHTOM, oco6eHHO ,llIJI KpRBhIX p = p(Piab) , r,1e l!BHO BocnpOHOBO,IRTCJI 

' o~TopHhtll xapaKTep noBep;eHRJI, II du.,!dO npn Pi~b = 181 MaB/e. IlpII onneamm 

KpIIBhIX do-0.,/df>, OKa:JhIBaeTCJI He)IOeTaTO"l'.HO yqRThIBaTb TOllbKO_ S- _n p- BOJIHhI. 

,!J;lLll.~Toro Tpe6YIOTCJI napnnam,_,Hhte BOJIHhI e. 6onee BhieOKRMR oHa"l'.eHHl!Mll l. B= 

<to II <t1 . '.- noJiy"l'.eHHhie B peoym,TaTe q>~na, MOJKHO epaBHHT~ e Hau6onee BepOJITHhIM 

oHa"l'.eHile~ aHeprnn o6panoBaHRJI M:S:oronnoHHoro ~oeTOJ!HRJI, panHhIM 4(m0/m,,)2 

4(0.7)2 = 1.96 (12]. Bn,1Ho, "ITO Bee Tpn BelIU"l'.RHhI ,1oeTaTO"l'.HO 6mroKn ,1pyr K ,1pyry. 

'I ~06:bI nOHl!Tb npR"l'.RIIY He06hI"l'.Hor~?OBe,D;eHRJI p '. <:Jiep;yeT paceMOTpeTb BOOMOJKHhie 

N N- peooHaHehI = c~aHHhie eoeTol!HRJI HHJKe pp - nopora • IIono~eHRJI peooH\l-Heon 

= eBJIOaHHhIX eoeTOl!Hlm eum,Ho:ii "l'.aeTI1 aMnJIRTY,lhI pace= onpe,leJIJ!IOTCJI KaK KOpHH 
. ! ' ' , ' . ·,, 

ypanHeHH:ii 

Re D1 = o·, r11e 

Peoym,TaThI npep;eTaBlreHhI B Ta6JIRile 3. 

Di= det(};-j1) 
M;h-ik21+1 

. 3 

,9 

(11) 



2. <1>u.m c ou.11aMu."lecicu.Mu. no,uocaMu. 

AHamronpOBll.lICJI TOT :lKe Ha6op :n,cnepUMeHTll.libff;b!X µ;amn.oc:, 'lTO II B n.1. lfa coo6pa

:lKeHim: npoCTOTbl MbI He BBOp;Illlll p;llll Ka:lKµ;oro lID MaTpWllibIX aneMeHTOB_ paaHble Bbl'leTbl, 

a orpaHil'llllIIICb lllllllb p;Bj'MJI µ;oIIOllHIITellbHblMII CB06oµ;Hb1Mll napaMeTpaMII g0 II g1 µ;llll 

s - II p- BOllH. -Ta.KUM o6paaoM,,nollHOe 'IIICllO CB06oµ;~ napaMeTpOB pa.BHO 27. Hx 

'IIIClleHHble 0Ha'leHUJI TaK:lKe onpeµ;~cb npII IlOMO~II npon;eµ;ypbl MIIHIIMlID~llll no Me

TOµ;y x2 • OxoH'laTellbHble Bellil'IIIHbl napaMeTpOB CBep;eHbl B Ta6nmzy 2. Mb! npnBoµ;UM 

llIIIIIb TPII rpa¢nxa µ;= du.1/dn npII P1ab = 181,287 MaB/i: II p . · Bbic;pbUI pocT p;IlcJ>

cpepeHD;Ila.JibHblX C~'leuni yrrpyroro paCCeJIHW! npu 'k.raJibIX yrnax OT~e'lae~ xynoH:OBCKOMy 

BOauMoµ;eicTBUIO. 

3aKJIIO'leHHe 

MeTOp;bI, OCHOBaHHble H~ pa3lIO:lKeHUJIX acp<peKT~~Horo paµ;~ca, npaKTI!'IeCKH MOp;ellb

HO•HeoaBUCHMbl'.u MO:lKHO c~nTaTb ux oµ;m>i HO ~mµ;ucpux~uii'naprruMbHO ~OlIH~:soro aHa

n:iroa. KpnTH'leCKHM B BTHX MeToµ;ax JIBlll!eTCJI on;eHKa o6naCTH cxoµ;HMOCTH paalIO:lKeHUH 

acpcpeKTIIBHOro paµ;uyca. MMOCTb ,;::r,oii o6naCTH µ;ellaeT ~~o6JieMam•rnoft BOOMO:lKHOCTb 

rrpnMeHeHHJI TaKHX paano:lKeHHi µ;= orrucaHHJI cy~eCTBYIO~HX B HaCTOJl~ee BpeMJI axc

nepUMeHTll.libHbIX }iaH~bIX no N N -peax~, rrooToMy rrpeµ;cTa.Blll!eTCJI, ~~HbIM HaHTU 

cnoco6 YBellH'lemrn paµ;uyca cxoµ;UMOCTH. B cnyqae N N - KaHaJIOB 6nnoocTb t - KaHaJib

. HbIX CHHrYlIJIPHOCTei x ;opory N N npUB0µ;HT x He~6xoµ;HMOCTH .II~Horo BKll~'leHHJI B 

cxeMy acp<peKTUBBHOro paµ;uyca TaKHX CHHryllllpHO~Tei, a npeµ;noJKeH~ B HaCTOJI~ei 

pa6oTe MeToµ; J1BlllleTCJ1 µ;ocTaTo'IH0 o6~UM u Mo:lKeT 6bITh'ucn'o=oB·aH u B gpyrux oa

µ;a'lax. 

E~e oµ;Ha BO0MOJKHOCTb YBelln'leHHJI o6nacTn cxoµ;UMocTu - aTo yµ;a.;rnoe KOH<p0pMHoe 

rrpeo6paaoBaime p;llll aMillIIITyp; paCCeJII!HJI. ,I(llll BTc:;li D;ellll COBepll!aeT~. nepexoµ; OT ne

peMeHHOI1 s (xBaµ;paT aHeprun' B cucTe~~ 'n;eHTpa UHepn;=) K yH:ncpopM:ironpyIO~e:li: 

nepeMeHHOH Z , KOTOpall JIBHbIM o6pa30M Y'IIITbIBaeT TpH cy~eCTBeI!H~X O·~o6eHH~ 

CTII aMilllllTyp;bI pace= OOlllIDU pp - nopora. 8To TO'IKU BeTBJieHHJI KOpHeBoro TUIIa 

s = 0, am;, 4m; , OTBe'laIO~ue coo~BeTCTBeuHo noporaM xpoccUHr-rrpon;eccoB, aHHuru

llllD;UOI!HbIX npon;eccoB u nopory yrrpyroro pacceaHJUI. Taxoe npeo6paa0Bam1e rrooBolll!eT 
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rrpoµ;nu:rb pa3lIO:lKeHue M - MaTpUD;bI B o6naCTb 6onee BbICOKHX BHeprui. 

IlpoBeµ;eHHbII1 HaMu aHalIII0 axcnepuMeHTaJibI!bIX µ;aHHbIX MO:lKHO C'IUTaTb 6onee axxy

paTHbIM, 'leM aHaJIOrH'IHble aHll.lIH0bI: Yµ;oBJieTBOpHTellbHO OIIUCaHbI llMeIO~UeCJI B Hallll

'llm axcnepuMeHTll.libHble µ;aHHble µ;o aHeprui nop.11µ;xa 600 MaB . 

Oµ;nH no aBTopoB (M.Il.,I(.) npnoHaTeneH IO.A.Ila.BnoBn'l oa rroMo~b B BbI'IUC..'IeHHJIX. 

Pa6oTa Bi>lTTOJIHeHa npH <!mHaHcosoft noMepJKKe Poccnil:cKoro <j>OHJW <l>YH.!laMeHTaJihHi>lX 

HCCJie)IOBaHHH (93-02-3807). 

Ta6nun;a 1. 3Ha'leHUJI napaMeTpoB. <l>nT 1 

a1 4.133 ± 0.002 d1 .. -5.066 ± 0.033 

a2 2.907 ± 0.001, d2 21.899 ± 0.023 

aa 3.994 ± 0.004 ,da 2.871 ± 0.008 

a4 2.331 ± 0.002 d4 -0.631 ± 0.011 

Ct 8.038 ± 0.008 d, 3.139 ± 0.006 

C2 8.893± 0.011 d6 0.254 ± 0.002 

C3 67.369 ± 0.207 e1 1.956 ± 0.006 

C4 78.313 ± 0.380 e2 5.196 ± 0.010 

C5 0.455 ± 0.002 ea 20.829 ± 0.087 

Ct; 7.946 ± 0.001 e4 -1.649 ± 0.027 

b1 6.934 ± 0.001 !1 5.958 ± 0.004 

b2 3. 732 ± 0.003 !2 3.551 ± 0.002 

ba 22.244 ± 0.091 fa 2.062 ± 0.005 

b4 15.081 ± 0.022 f4 ' L144 ±0.005 

b6 0.461 ± 0.001 °'o 2.070 ± 0.007 

01 2.487 ± 0.004 
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Ta6nm:~a 2. 3Ha'lemra napa.MeTpon. <l>HT 2 

au 0.041 + i0.015 

a22 0.068 + i0.006 

a12 0.077 + i0.~22 

ru 16.50+ i72.35 

r22 295.2 - i32.84 

r12 138.0 + il 12. 7 

bu 0.006 - i0.003 

b22 0.015 - i0.009 

b12 0.005 - i0.002 

Rn 0.002 - i0.002 

R22 -0.001 - i0.004 

R12 0.002 - i0.003 

·spol 3.77 

go 1.40 

gl. 2.38 

Ta6n:m:~a 3. MacchI n wnpnHhI peooHaHcon. <l>HT 1 

l m/mp m(MeV) I'(MeV) 

0 1.993 1870.0 10.3 

0 2.013 1888.7 48.9 

1 1.935 1815.7 53:3· 

12 

..... ... 
~ 0.1 
.Q 

C 
"C 

)0.01 
"C 

P1m= 1B1 MeV/c 

--ibT 2 
--~1 

e 

PncyHoK 3 . .I(mlxpepeH~liMbHoe ce'!emre ynpyroro pp- pacce.11= npn liMIIYJibCe HaneTa

IOWIDC aHTlillp0T0H0B P1ab = 181 M:,B/c . 

..... ... 
Ill 

ii" 

0.1 

0.01 
C 

~ 
tS 
-c 0.001 

1 .J. 

P1o1:,= 2B7 MeV/c 

--~2 
--h.-1 

e 

PncYHOK 4. ,I(nqxpepeH~lialibHoe ce'leHHe ynpyroro pp- paccMHWI npn liMIIylibce HaneTa

IOWIDC aHTlillp0T0H0B P1ab = 287 M3B/c. 
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0.40 

0.20 • 

-o.oo ~ -:i=ur- s.:.:: ,1Hlll:lll!:--

-0.20 

0.. -0.40 

-0.60 

-o.eo-

-1.00 

__ 0n- 2 
--h'r1 

-1.2~.do' I I I ~&,:0() ii 200'.0() I I ~'.oa ii ~'.oa ii boo'.oa I I e'do'.oo 
P1a1> ( IJ.eV/c ) 

PucyHOK 5. OTHOll!eHHe µ;ei°icTBUTellbHOH u MimMoii: '1:aCTeii: aMIIlIHTyp;bI yrrpyroro pp 

pacceJIHIDI Bllepeµ; KaK cl>YHKqIDI HMrryllbC0B HaJieTa.JO!IlliX aHTlillp0T0H0B. 

600.0 

400.0 

.D 

E 

b 200.0 

0.0 
0.0 200.0 

P1ab 

400.0 
MeV/c ) 

600.0 

PucyHox 6. Ce'!eHJrn: pacceJIHliJI: rroJIHoe, yrrpyroe u ce'leHue rrepe::mpJIµ;xu xax 4>yHx~uu 

HMITYllbC0B HaJieTa.JO!IIHX aHTHllp0T0H0B. <l>nT 1. 
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