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Ilax 0630p OCHOB TeOpHUU MPOTOHHOIO CUHXPOTPOHA. B mepBoil wacTu paboThI COMEPKATCS PACIETHI
XapaKTEPUCTUK MBUKEHUS JACTHUI] B UOCATHHON MAIIMHE, & TAKXKe aHAJN3 BIAUSHUS HA TUHAMUKY ITyIKa
BO3MYIIIEHUI BEOYIIIEr0 MATHUTHOTO TOJIS U yCKOPSIOIIEro HAIPSXKEHUs. BTopas 4acTh MOCBSIIICHA aHa-
N3y TOBENEHUsI BLICOKOMHTEHCUBHOTO YUK MIPOTOHOB C YYETOM COOCTBEHHOTO 3JIEKTPOMATHUTHOTO TOJIS
U TIOJIeH, CO3MAaBAaEMBbIX IIYYKOM B OKPYXKAaroIiieM ero obopynoBanuu. [lompobHO paccMOTpEHBI KaK CTaTH-
yeckne 3pdeKTHI (TaKkne, KaK YaCTOTHBIE KyJIOHOBCKUE CIABUIN ), TAK U IUHAMIYECKIE — HEYCTONINBOCTH
MIy4Ka, TPOTOHOB.

Abstract
Pashkov P.T. Main Principles of PS Theory: IHEP Preprint 99-42. — Protvino, 1999. — p. 113, figs. 38.

The survey of the PS theory main prinsiples is given. In the first part the calculations of particls’
motion characteristics in the ideal mashine and also the influence of magnetic field and accelerating
voltage disturbances over the beam dynamics are contained. In the second part the behaviour of the high
intensity beam with account of the electromagnetic self fields and fields caused by it in the surrounding
equipment is analysed. Static effects such Coulomb frequency shifts as well dynamics ones — proton
beam instabilities are considered in detail.
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Hacrosmas pabora mpencrapiiser, mo-CyTH, KypC JEKIWH, KOTOPBIA YMTAETCS aBTOPOM B
TeueHme psma JeT crymeHTaM dusnmdeckoro dakyiabrera MIY ma kadenpe ~dusumka ycko-
putenein BbBICOKUX dHepruir . I[aHHBIA KypCc COCTOMT W3 OBYX YaCTeH, KaxXmas U3 KOTOPBIX
U3ydJaeTcsl B TeUYEHUE OIHOI'O CEMECTPA.

B nepsom pazdese mepBoit "yacTU CONEPKUTCS AHAIU3 TONEPEYHOTO IBUKEHUS UYACTUIL B
UOeaIbHBIX MalllMHAX, B KOTOPBIX OTCYTCTBYIOT KaK HEJIWHENHOCTHU, TaK U BO3MYIIIEHUS Bemy-
IIer0 MarHUTHOTO MOJs. [IpuBemeHbI OCHOBHBIE CTPYKTYPHBIE XaPAKTEPUCTUKU YCKOPUTEIIEH
U KPUTEPUN yCTOWYMBOCTU IIONEPEYHBIX KOJeOAHUU JaCTULl, HAHbI HMOHATHUS AKCENITAHCA yCKO-
pUTENST W SMUTTAHCA IMydYKa. PacCMOTPEHBI CTPYKTYPHBIE 3JIEMEHTHI OOIBIINX KOJIAWIEPOB,
TaKMe KaK COTJIACOBAHHBbIE BCTABKMU [JIs NONABIIEHUS M BOCCTAHOBJIEHUS NOUCIEPCUM, a TaK-
K€ TPOMEXYTKU C MaJIbIMU BejinurHAMU [(-QyHKIUGA. AHAIU3UPYIOTCS BIUSHUE BO3MYIIEHUI
MarHUTHOT'O IIOJISI YCKOPUTENS HA XapPAaKTEPUCTUKU TIONEPEYHOrO MBUKEHUsS YaCTUIl, a TaKXKe
BIIMSIHE OINMOOK YCTAHOBKM 3aBOPAYMBAIONINX MArHUTOB W KBAaPYIOIbHBIX JIMH3 HAa MCKa-
JKeHne 3aMKHYyTON OpOMTHI YaCTUIl B YCKOpHUTEJle U OIIMOOK B I'pAaOUWEHTe MArHUTHOTO IOJIS
U CHCTEMATHUYECKUX HEIMHEHHOCTEN Ha YaCTOTHI O0€TATPOHHBLIX Kojiebauui wacturl. [lompobHo
PaccMaTpUBAIOTCA OCHOBHBIE PE30HAHCHI OGETATPOHHBIX KOJeOaHuil. 3akK/IIOUUTEIbHBIA pPa3el
IIEPBON YACTU HOCBSIIIEH aHAJIN3Y IIPOMNOJIBLHOIO MBIKEHUS YACTUII B IIPOTOHHOM CUHXPOTPOHE,
a TakXe aHaJIW3y BIINUSHUS BO3MYIIEHUN NapaMeTPOB YCKOPSIONIEW CHCTEMBI WM MATHUTHOIO
noJist Ha (a30BOe OBUXKEHUE YACTUII.

Bmopas wacmb paboThl mocBsiieHa n3ydeH0 3G(HEKTOB, BO3ZHUKAOIIUX MIPHU yCKOPEHUU
BBICOKOMHTEHCUBHBLIX IIYYKOB YACTUIl B MPOTOHHBIX CHHXPOTpPOHaX. Ilam 0630p OCHOBHBIX 3¢-
(peKTOB IPOCTPAHCTBEHHOTO 3apsda IIy4YKa W WX BO3NENCTBUS HA IIOIEPEYHbIE M IIPONOIILHBIE
xoyiebaHUsT YaCTUIl B YCKOPUTEISIX. B YaCTHOCTH, TPUBOMSTCS PACUETHI HEKOTEPEHTHOTO U
KOTE€PEHTHOI'0 KYJIOHOBCKIX CIOBUTOB OE€TATPOHHBIX YACTOT, AHAJIM3UPYETCS UX BIUSHUE HA IU-
HaMUKy dYacTuil. PaccMOTpeHBI OCOGEHHOCTHU MEePEXONa MHTEHCUBHOIO IIyYKa IPOTOHOB Uepe3
KPUTHUYECKYIO DHEPTUIO0 U CIOCOOBI OOPBHOBI C yBeIWUeHMEM HTPONOIILHOTO AMHUTTAHCA IIydKa B
sToMm parione. IlaHbl mpuMepbl pacuéra COOCTBEHHOIO 3JIEKTPOMATHUTHOIO TMOJIS MIyYKa IIIS
HEKOTOPBIX Hambojlee XapaKTePHBIX IeOMeTPHI BaKyyMHON KaMephl, & TaKXe IPOMNOJILHOTO U
TIOTIEPEYHOT0 MMIenaHcoB. [laércs mompoOHBIN BBIBON MUCIEPCUOHHBIX YPABHEHUN M IIOMe-
PEYHBIX M IPONOJIbHBIX HEyCTOMYMBOCTEN IIyYKa U M3JIATA€TCS METON UX PEILIEHUS C IOMOIIIbIO
OouarpaMM Ha, KOMILIEKCHOW IIOCKOCTH uMIenaHcoB. POPMyIbl [iIsl TOPOTOB U UHKPEMEHTOB
HEYCTOMYINBOCTEN OMHOPOMHOIO W CI'PYHIIMPOBAHHOTO IIyYKa AIOTCS B BUIE, YIOOHOM IJIS IIPaK-
TUYIECKUX OIEHOK CTEIEHUW OIIACHOCTU NAHHBIX HEYCTOWYMBOCTEN B HPOTOHHOM CHHXPOTPOHE.



1. IBM2KEHNE YACTUII B ITIPOTOHHOM CMHXPOTPOHE
BE3 YUETA X BSANUMOIEUCTBUA NPYT C APYI'OM
N OBOPYIOBAHUWEM YCKOPUTEJIA

1.1. CTPYKTYPHBIE XAPAKTEPUNCTUKN
ITPOTOHHOT'O CUHXPOTPOHA

1.1.1. YcTolumBOCTh MONEPEYHOTO NBUXKEHWUS JIaCTUIL

Ilomepeunsie xomebaHuss YacTUIl B MPOTOHHOM CUHXPOTPOHE MPOUCXOOSIT OKOJIO 3aMKHY-
TOI MPOCTPAHCTBEHHON KPUBOiA, HasbiBaeMol opbutoii. OHa ompenenseTcss KaK MEPUOLUYECKOe
pelileHre ypaBHEHWIA, ONMUCHIBAIOIINX MONEPEYHbIE KOJIeOaHus JacTull B yckopurese. B nmeass-
HOW MaIrmHe OpOUTa PACIONIAraeTCs B MEMUAHHON IJIOCKOCTH. ECan anmpoKCHMUPOBATE IO/ B
Mar"HuTaX, PacCIOJIOKEHHBIX BIIOJIb OPOUTHI YCKOPUTENIS, KyCOYHO-IIOCTOSHHON 3aBUCUMOCTBIO,
a TakKXe CUYNTATh, YTO (HOKyCHUPOBKA U NePOKYCHPOBKA IIyUKa OCYIIECTBIISIOTCS TOHKUMMU JINH-
3aMH, TO OopbuTou ycKkOopuTess OymeT 3aMKHyTass KpUBas, COCTOSIIIAs W3 OYT OKPYXKHOCTEN
B MeCTaX, Ile MMEETCs 3aBOPAYMBAIOIIEEe MATHUTHOE IIOJIE, U COIPSKEHHBIX C HUMHU HPSIMBIX
JIMHUI B NIPSMOJIMHENHBIX NPOMEXYTKAaX YCKOPUTEIIS.

Ilns ommcaHwst TOMEPEYHBIX KO-
J1e6aHUl YaCTUIl OTHOCUTEIHHO PaB-
HOBECHOI OpOUTBHI yHOOOHO BBECTHU
KPUBOJIMHENHYIO CHCTEeMYy KOOpOH-
HAT, IPEICTABIISIONIYI0O COOON ecTe-
CTBEHHBLII TPEXTPAHHUK U ITOKA3aH-
HYIO Ha PHUC. 1, TIie IPONOJILHAS KO-
OPIMHATA YaCTHUIBI § OTCUNTHIBAET-
Cs BOONb OPOWUTHI; T, 2 — IOIEPEU-
Hble KOODIWHATHI YACTUIIBI, OTCUU-
TBhIBa€Mbl€ B IJIOCKOCTSX, IEPIIEH-
IUKYJISIPHBIX K opbute (KoOpmuHa-
Ta & JIEXKUT B MEOWAHHOU IIJIOCKO-
CTH, a z — B BEPTUKAJbHOI); N, b,
t — enuHWYHBIE BEKTOPHI, HAIpa-
BJIEHHBIE COOTBETCTBEHHO II0 HOpDMa-

Jm, OMHOPMAJIN U KacaTeIbHOU K Op-

Puc. 1. EcrtecTBeHHBINT TPEXTPAHHUK.

oure.

PaccmoTpuMm BHauame mpeasbHYIO MAINUHY, B KOTOPOH OTCYTCTBYIOT HEIMHEWHBIE COCTa-
BJISIFOIIIIE MATrHUTHOTO IIOJIsI, & OpOMTa paclojaraercs B MEIUWAHHOW INIOCKOCTH. B Takom
ciryyae KojieOaHWS YacCTUII B HAINPABJIEHUSAX T W 2 INPOUCXONST HE3aBUCAMO, W YDABHEHUS
OBUXKEHWS MOTYT OBITH 3aIIMCAHBI B BUIE

Pr [ _ 1M
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2
b g(s)z =0, 2)
roe R(s) — panuyc xpusmsHbl op6uThl B Maruute; ¢(s) = —G/HR (G — rpaaueHT MarHut-
Horo mousi; HR — MarHuTHas KECTKOCTh — IIOCTOSIHHAS BEJIMYWHA [IPU ABUXKEHUM YaCTUIIHI
B UNCTO MAarHUTHOM noiie); Ap/py — OTHOCUTEIHHOE OTKJIOHEHHE MMITYJIbCa YACTUIBI OT
DPaABHOBECHOTO 3HAYEHUS P = Dy.
Ilpur ananM3e yCTONIMBOCTY IOIEPEYHOIO OBUKEHUS YACTUIl B yCKopuTese OyneM IojaraTh
Ap/py = 0. B Ttakom ciayuae ypasrerus (1), (2) MMEIOT ONMHAKOBBIN BHLI
d*u
e+ als)u=0, (3)
rae cMbICa ¢(S) 3aBHCAT OT PacCMaTpPUBAEMOIl HONEpedyHOll KoopauHaThl. Huke ob6oszHaueHnue
4 OymeT MCIOIB30BATHCS TaM, I'Ile HET HEOOXONMMOCTH PAa3jIndaTh I- U 2-KOOPIWHATHI.
Opbura ycKOpUTEss MNPENCTABIIET COOON 3aMKHYTYIO KDUBYIO, MOSTOMY ¢(S) sABIsSeTCS
HePUONNIecKOl (DyHKIWeNl NPONOILHON KOOpAMHATHI s ¢ mepmomoM 2mR, (Ry — cpemHuit
pamuyc yckopurens). Kak mpaBumiio, umeanbHas CTPYKTypa KOJIBbIEBOTO YCKOPUTENST COCTOUT
13 OOJIBIIIOrO YMCIIa IEPUONOB MIIM CYNEPIEPMONOB, MO3TOMY (GYHKIUS ¢ YIOBJIETBOPseT Ooitee
xkécrrkoMy ycnoBuioo — ¢(s+ L) = g(s), rme L — nmiuHA mepmona WM CyleplIeprona.
OGrriee perenue 0600 JIMHENHOTO OOBIKHOBEHHOTO MG GEPEHINAIBHOIO YPABHEHUS BTO-
pOro mopsimKa MOXKHO 3aIlICaTh B BUIE

u(s) = C(s, s0)u(sg) + S(s, so)u' (o), (4)
u'(s) = C'(s, s0)u(so) +5'(s, s0)u'(s0), (5)
rme pyukmun C u S, mOmoGHBIE CHHYCY W KOCHHYCY, 3aBUCST OT MPOIOJBLHBIX KOODPIUHAT
(HAYAIILHON Sy W TEKyILIell S) M HOPMaJM30BaHLI TakuM obpasoM, uto C(sg, So) = S'(Sg, So) = 1

u C'(so,50) = S(s0,80) = 0. Illrpuxom oGosmaueno nuddepennuposanme no s. [locmennee
BbIpakeHre yOOOHO IIPENCTAaBUTH B MaTPUUHON (opMe:

(w@) =610 (o) = (o) o) (i) (6)

CaoiicTBa CTPYKTYpBI ycKOpuTens comepxkarcs B Mmarpune M. Ounpemenurens MaTPUIBl w
paBen BpoHCKuaHy OT (GyHkumid C' u S U SBISIETCA MOCTOSAHHOU BEJIMYMHON, TAK KAK MCXOTHOE
mudbepeHnuanbHoe ypaBHeHne (3) He CONEPXKUT AUCCUNATUBHBIX UWIEHOB, IPUIEM w = 1, Kak
910 crenyer u3 (6), eciau HOJOXKUTH S = Sp.

IocnenoBarenbHOE IPUMEHEHNE MATPUYIHOIO BbIpaxeHus (6) K TOukaM OPOUTHI ¢ KOODAU-
HATAMH Si, Sg, . . . IOKA3BIBAET, YTO IepeMeHHble u(S;) U u/(S;) CBA3AHBI CO CBOMME MUCXONHBIMI
sHaveHUAME U(So) 1 u'(Sg) depes npousBeneHnss MATPUL. DTOT GHaKT UCIOIL3YeTCS IPU PACIETEe
CTPYKTYP YCKODUTEJIEH, & TaKkKe BCEBO3MOXKHBIX BCTABOK B DETYIIAPHYIO CTPYKTYDY.

Ocobenno mpocroil Bux MaTpuiia M mMeer B ciIydae KyCOYHO-IIOCTOSHHON GyHKImu ¢(s).
Tak, manpumep, mis Goxycupyromein muassl ¢ = G/HR > 0, u marpuna M umeer Bup

B cos & g ?sin¢
Mislso) = (_ 550 et ) @
roe £ = ,/g(s — s0). B ciayuae medoxycupyromreir mum3br (g < 0)
B cosh lg|~*/%sinh x
M(s]s0) = <\g\1/2sinhx cosh x ’ (8)

rre x = v/[gl(s - 0)-



Il HaXOXKIEHUS YCIOBHMA yCTOMUMBOCTU MHONEPEYHOr0 MBIDKCHWS YAaCTHUIl B ITPOTOHHOM
CHHXPOTPOHE paccMoTpuM Marpuiny mnepuona M = M (s + L|s). Jlrobyo Marpumy ¢ ompemenn-
TejeM, paBHBIM eOWHUIE, UM, B 4aCTHOCTH M, MOXHO 3alMcaTh B CIEOYIOIIEM BHIE:

M= <cosu0—|—asinp0 0 sin g > ()
—y sin g COS [ty — QuSIn g

ITapamerp py mpencraBmiser coGoit Haber (as3nl 6eTaTPOHHBIX KOjebaHWl HA TMEPUONE CTPYK-

TypBl ycKoputTenas — (opMysla IJII €ero BBIYUCICHUsS IOJIydeHa B CIEOyIOIIeM pa3sgeie, a

kodbdunumentor TBucca «, [ u 7y — mOKa HEKOTOPbie (HOPMAJILHO BBENEHHBLIE APAMETPHI,

(pusmaecKun CMBICI KOTOPBIX OYIET TakKXke sICeH W3 MajbHenero wiajoxenus. M3 ycmoBus

|M| =1 momyvaercs cremyiomias CBs3b IJis IapaMeTpos TBucca:

By —a®=1. (10)

OueBunno Takke, 4To €OS fy = Sp M/2. CobcrBennble 3HAUYeHHs A MaTpuubl M HaxXoOmsITCS
u3 ypasuenus |M — I\ =0, rne ] — enmamunas Marpuna, u paBHbL A = exp(tipy).

Kpurepuit ycroirunBocTr momepedyHbIX KOIeOGaHW YaCTUIl B YCKOPUTENE JIETKO IOJIYUUTh,
ecau mpencraBuTh MaTpuny M B BuUme

M = I cos pg + J sin g, (11)

rie MaTpuna J ompenesieHa BBIPAKCHUIEM
J = < « B > (12)
v —a
npuuém J? = —1. C yuérom storo, B3ss mpomssenerne M X M, nomyumm M? = I cos(2ug) +

Jsin(2p). IloBropsia mamHyio omepamuio k pa3, HALEM AHAJOIMYHOE BbIPDAXEHWE M k-Oi

crereHu MaTpuisl M:
M* = I cos(kpo) + J sin(kpy). (13)

Orcroga BUOHO, UTO MOMEPEUYHBLIE KOJEOaHUs JacTWIl OyIyT yCTOMUMBHI, eciiu Haber (asbl L
SIBIIIETCS [NENCTBUTENHHON BEJIMYMHON (WM, OPYTUMHI CIIOBAMY, NOJIKHO BBINOIHSTHCS CIIELY-
roiee ycsosue: |Sp M| < 2).

1.1.2. AMmnuryna 6eTaTpOHHBIX KOJieGaHUi

Ypasrenue nsumxkenus (3) ¢ mepuonmueckoit dyukimeit g(s+ L) = g(s) npencrasisier coboit
ypaBHeHue Xmuia. U3 Teopembl Pioke cliemyeT, UTO JMHENHO-HE3aBUCUMBIE DPEIICHHS TAKOTO
YpaBHEHUSA MOTYyT OBITL 3aIINCAHLI B BUIE

uy(s) = p1(s) exp(+ipgs/L), (14)

uz(s) = pa(s) exp(—ipos/L), (15)
rae dyakuuu py, (k= 1,2) nepuonuunsr ¢ nepuonom L — pi(s+ L) = pi(s). Orciona cuenyer,
gTo

ug(s+ L) = ug(s) exp(Lipo). (16)

C mpyroit cropousr, dyukimn ux(s + L) um ug(s) cBa3aner uepes marpuny M, Tak 9ro

up(s+ L) = (cos g + asin pg)ug(s) + (Bsin pg)uy(s) = ug(s)(cos pg T isinpg),  (17)



OTKyZHa, IpUpaBHUBas KO3(GOUIMEHTHI MPU Sin fiy, ITOJIyIaeM

+i—a
Bepst manee norapudmuyueckne IpOM3BOLHBIE OT IPABOI U JIEBORl uacTell ypaBHeHus (18)
g uw_ o F (19)
up  Ug ti—-a O
u npeobpasysi JieByo 4acThb ypaBHeHus (19) x Bumy
w w, g8  Hi-o (20)
uh ug +i—« g

HOJIyYaeM, IPUpaBHUBAs IpaBble uacTu ypasHeHuil (19) u (20), cremyrorue COOTHOLIEHUS

B = 2 (21)

o' =gB—1. (22)

Haxkoren, npounTerpupoBas HowieHHO cooTHoineHue (18) ¢ yuérom dopmynsr (21), nveem
ui(s) = AB?(s) exp(ip(s)), (23)

rne u(s) = [*ds'/B(s'), A — mocTosHHas BeIMUWHA, 3ABUCALAS OT HAYAIBHBIX YCJIOBHIL

Ypasrenue (23) mokaseiBaeT, uTO GeTaTPOHHBIE KOJI€OAHUS SBILAIOTCS KBAa3UTaPMOHWYECKIMUI
C MTIHOBEHHOW ammuTymoit, mponopnuosaimbuoit ($/%(s). CpasHuBas pemenus mis uy(s) u
ug(s+L), HeTpynHO BumeTh, uTo Haber dasbl 6eTATPOHHLIX KOJeGaHNI Ha IEePUONe CTPYKTYPHI

yckopuTenas o paBEH
s+L ds/
e [ 2
) B

IIpounaTerpupoBan u(s) BIIOJIb BCEUW 3aMKHYTOUN OPOUTHI U PA3NESINB MOy UeHHOE BHIDAXKEHUE
Ha 27, HalméMm guciio 6eTaTOHHBLIX KoJjieGaHwil 3a 06opoT ():

1 s+2mRo ds/
Q-5 gt (24)

OTKyZa JIErKO OIpenesseTcs cpenHee 3HadeHwe GyHkmum ((s): B = Ry /@Q. Takum oGpasowm,
BBeNEHHBIE GOPMAJIBHO BEIWYMHBL Lo U ( TOJYyYWiId HATIISOHBIA (QU3MIECKWA CMBICI: flg —
5To Haber ¢a3el 6GeTaTPOHHBIX KoseGaHWil Ha mepuome CTPYKTYpHI, a Gymkmus [/ 2(s) —
orubaroias NOIePEYHbIX KOoJjieOaHUI JacTUIl B YCKOPUTeEIe.

1.1.3. OMuTTaHC OyYKa M aKCEIITAHC yCKOPUTEJIA

Koopounaruas nmockocTs ¢ ocsiMu u 4 P, TO€ P, — OMEPEUHBIN UMITYJIbC, KAHOHUIECKN
CONPSIXKEHHBIN C KOOPOWHATOW U, HA3LIBAETCA (Da30BBIM MPOCTPAHCTBOM. TakK KaK UMIIYIILC
Py TIPU TIOCTOSHHOW SHEPTUM IIy4YKa OTIUYAETCS OT MPOM3BOMHON U JIAIIL TOCTOSHHBIM MHO-
XKUTeEeM, TO B KadecTBe (Ha30BOrO MPOCTPAHCTBA YACTO WCIOJIB3YETCs MPOCTPAHCTBO (u,u’).
Wcnonb3oBanne B Teopum yckopuTenein HOHATHA (HA30BOrO MPOCTPAHCTBA OKA3aJIOCh BEChMa,



IJIOIOTBOPHBIM, B OCOGEHHOCTY TIPU PELIEHNM 3a1ad, CBA3AHHBIX C BBOIOM U BBIBONOM ITyd-
Ka TPOTOHOB, YTO OOYCIIOBJIEHO BO3MOXKHOCTBIO TPUMEHEHWs IIPU DPACCMOTPEHWUH TIOHOOHBIX
BOIIPOCOB MATEMATHUYECKOTO AllapaTa aHAJINTUYECKON MEXaHUKU.

IIycts u(s) — mefcTBUTENLHOE DEIIeHNe yDABHEHWs NOBYKEHUs (3) U JaCTUIBI, MMEIO-
el MAKCUMAJIbHYI0 aMIuynTyny kosebanuii. CocTaBuM onpenesuTesib BpoHCKOro w it OBYX
NUHeHO He3aBUCHMBIX pelteHmit ypasHenus (3) — u(s) u uy(s) = BY/%(s) exp(iu(s)), koTopsii,
KaK OTMeJaJioch BBHINIE, HE 3aBUCUT OT KOODIWHATHEI § U HE paBeH Hyto. Beramcmsas |w|? c
yuétom |u,|? = B, a Takxe dopmynsl (18) mia ), momydaeM TaK HA3BIBAEMBIN MHBADUAHT
Kypanra-Cuaitnepa:

u® + (qu + Bu')? = Be, (25)

roge € — IIOCTOsIHHAi BEJINMYNHA.
PaccmoTprumM TOuky OpOUTBI C KOOPOUHATON S = Sg, e GyHKIUS  UMEeT SKCTPEMYM, TakK
gto o = 0, corsmacuo (21). B Takom ciyuae ypaBaenue (25) mMmeeT BUI ypaBHEHUs DJUINICA B

2 / 2
u u
i =1 26
<umaw> * <u;naw> ’ ( )

TOe Umar = VELB U UL, = /€Y, IPUIEM NAHHBIA SJUIMIC OrPAHMIMBAET (PA30BYIO ILIOIIANb,

paBHyi0 7e. HemocpencTBEHHBIM BBIYMCIIEHHEM C KCIOIb30BaHueM GopMyisl (25) HeTpymHO

!/
max

TJIaBHBIX OCAX

IIOKa3aTh, YTO IIPUBENEHHLIE COOTHOIIEHUS IS Upmqr U U COXPAHSIOT CBOU BUI U B OOIIIEM
ciiydae TPOU3BOJILHO OPUEHTUPOBAHHOTO 3IIIUICA. TaxkuM 06pa3oM, 10 Mepe MBUXKEHUS BIOIIb
OpOUTHI YaCTUIBI C MAKCUMAJIBHON aMILUIUTYIOW IOIEPEYHBIX KOJieOaHUM, €€ m300pakeHue Ha
(a30BO IIJIOCKOCTU II€pEMEITAETCS IO 3JUINICY, OTPAHUYMBAIONIEMY ILIOIIANL 7E, COBEPIIIAs
TIOJTHBIM OOXOI 3JIIMICAa 33 ONWH Iepron OeTaTPOHHBLIX KosebaHuil. Benmuuuny & Ha3bIBAroT
HOIIEPEYHBIM HMUTTAHCOM IyYKa (BEPTUKAJIBLHBIM KM TOPU30HTAIILHBIM).

Nusapuant (25), BooOIIe TOBOPs, CIPaBEMJIUB I JIFO0O YACTUIBI, IOITOMY YACTUIBI C
MEHBIIUMHI aMIUIITyOaMU KOJeOaHui OyoyT TakKKe MBUTATHCS IO DJIIUAIICAM, PACIOIIOKEHHBIM
BHYTPM T'PAHUYHOTO BJIIANCA. B CBOIO Odepenb, SIUIUICH IO MEPEe MOBIUKEHUS JYACTUIL BIOIb
OpOUTHI HENPEPBLIBHO M3MEHSIOT CBOIO OPUEHTAINIO, COXPAHSS OXBATHIBAEMYyI0 MMHI (Pa30BYIO
IUTOIIAIb, U PACIOJIATAIOTCS B TJIABHBIX OCSAX JIMIIL B TEX TOYKAX OopouTwl, rae [-QyHKIwms
uMmeeT dKcTpeMmymbl. Ha puc. 2 mpemcrapiieH rpaHUYHBIA (A30BBIA BJIINANC IIy4YKa, PACIIOIIO-
JKEHHBI B IIPOM3BOJILHON TOYKE OPOUTHI YCKOPUTEINS, C KOODAMHATAMU BCEX €r0 XapPaKTEPHBIX
TOYEK, BBIPAXKEHHBIX Yepe3 SMUTTAHC € U Kodbdumumentor TBucca.

IMMupuna daszoBoro ssIuiica B HANPABICHUM KOOPAWHATHI % OTPAHUYEHA AalepPTypPOd Ba-
KYYMHOII KaMmepbl yckopuress. MakcuMmanabHas BEIUYNHA €, CYIIECTBYIOIIAas B yCKOPHUTEJE,
Ha3BIBAETCS AaKCEIMTAHCOM. AKCENTaHC SIBIISIETCS XAPAKTEPUCTUKON MAIIUHLI, B OTJIUYUE OT
SMUTTAHCA €, SBILIOIIETOCS XapaKTEPUCTUKON IIy4YKa, W OIpeneiseTcs Hambosee y3KUM Me-
CTOM amepTypbl BaKyyMHOI KaMepbl yckopuTesis. s Toro 4robbl sMuTTaHC OBIJI COTIaCOBAH,
ero dopMma Ha $a30BOU INIOCKOCTH NOJIKHA ObITH HONOOHA AKCENTAaHCY IJIs JIIOOOr0o a3mMyTa
yckopuTesisi. B mpoTuBHOM ciiydyae peub MOXeT uatu 06 3(PHEKTUBHOM IMUTTAHCE, KOTOPBIT
IpencTaBisieT COOOI COTJIACOBAHHBIN SJIINIC, OMMCAHHBIN OKOJIO (pa30BOr0 M300paKeHUs IIydKa
u comepxaimii Bce dactunsl (uHorna 99 miam 95% myuxa, B 3aBUCHMOCTH OT BHOA PACCMATPH-
BaeMOll (GyHKUUM pacIpeneseHns JacTul B (a3oBoM mpocrpadcTse). Ecim sMuTTaHc mydka
COTJIACOBAaH C (PAa30BBIMU TPAEKTOPUSIMUI YACTUIl, TO YACTUIBI 3AIOHIIOT MIHIMAJILHYIO YaCTh
akcenrauca. lIporecc coracoBanus SMUTTAHCA MYyYKA C aKCEITAHCOM — HEOOXOMMMBIN 3TAIl
IIPU CO3MAHUU CUCTEM BBOMA-BBIBOIA ITyUKa.
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Puc. 2. KoopouHaThbl XapakKTepHBIX TOUYEK (Ha30BOTO BIIIUIICA.

OMuTTaHC, BLIUNCIEHHBLI B KAHOHWYECKNX KoopamHaTax (u,p,), HA3BIBAETCS MHBAPUAHT-
weiM. Ero Bemumuwmba cOXpaHsSeTCS B IPOIECCE YCKOPEHUs IIyYKa, UTO SIBIISIETCS CIIEICTBUEM
TeopeMbl JlmyBusiis, yTBepxKmAlolier, 9TO m300paKarolme TOYKU B (PA30BOM MIPOCTPAHCTBE
BenyT cebsi MONOGHO HECKMMAEMON JKUAKOCTH (INIOTHOCTH YACTUI] BOIN3M JIFOGON KOHKDET-
HOIl M306paKaloIieil TOUKN He M3MEHSIeTCS C TEUEHUEeM BDPEMEHMU), €CIIM TOJIbKO AMHAMUIECKAs
CUCTEMA SIBIISIETCS KOHCEPBATUBHOU. IIpr oTCyTCTBUM CBSI3U MEXITy TOPU3OHTAILHBIM U BEPTU-
KaJIbHBIM IBIXKEHUSIMU, YTO B HACTOSIIIEM pa3neile IPEeNnojaraercs, (pa3zoBble OOBEMBI IIyUIKa
COXPAHSIOTCS HE3aBUCUMO B KaXXIOW M3 IJIOCKOocTed. B obirieM ciiyuae MOXHO TOBOPUTH JIUIIb
O COXpAHEHWN IIECTUMEPHOr0O (a30BOr0 OOBEMA IIYUKA.

Crenyer Takxke OTMETUTh, YTO B IIPOIECCE YCKOPEHUS MIyYKA WHBAPUAHTHBLIN SMUTTAHC HE
TOJILKO COXPAHSETCS, HO M OCTAETCS COIVIACOBAHHBLIM C IONEPEYHBIMU (ha30BLIMU TPAEKTOPUSI-
MHI YaCTHIl, TaK KaK W3MEHEHUEe JHEPruy IIyIKa IIPOUCXOOUT OUYEeHb MENJIEHHO II0 CPaBHEHUIO
¢ mepmomoM GeTaTpoHHBIX Kojebanumii. Tax Kax IONEPEedYHBbI UMITYJILC P, = pu’, TO € po-
CTOM DHEPIUY YACTUI] HEMHBAPUAHTHBIA SMUTTAHC € HNOJIXKEH IIO3TOMY yMEHBIIIATHCS OOpaTHO
MIPOTOPIIMOHAJIEHO BEJIMYUHE UMITYJIbCa p. Hcmu 06o3HaunTh yepes A,,,, MAKCUMAJIBLHYIO aM-
MTyay 6eTaTPOHHLIX KoseOanmil YacTull — Apae = VE€Bmar, TO MOMKHO OBITE Aoy ~ 1/4/D
(n3menenueM [3,,,, B IPOIECCE YCKOPEHUS IIydYKa OOBIYHO MOXKHO IIpeHeGpeds).

B nmanpreiinrem yacto GymeT HCIOIB30BATHCS GasoBoe mMpocTpaHcTso (v,dv/d¢), rme ¢ —
HOBasl He3aBUCUMas IIepeMeHHasl,

B ds 7&
o= | are = @)



B KOTOpPOM (ha3oBble TPAEKTOPUM YACTUI NIPENCTABIISIOT COOOM OKPYXKHOCTHU, & BO3MEUCTBUE
HAa UYACTHUIly SJIEMEHTa CTPYKTYPHI yCKOpUTens ¢ (a3oBbIM HabGeroM fis) HpPOSBIISETCS Kak
BpallleHNEe II0 OKPYXKHOCTU TOUYKH, M300paKaIoIIell MaHHYIO YacTHUIy Ha (Ha30BOH IJIOCKOCTH,
Ha yroui f 1o dacoBoit crpenke. Csisb Mexnay mnepeMenHbiMu (v,dv/d¢) n (u,u’) maércs

(wfao) = Cgue i) (1) o

IIpoussens ¢ momormpb0 cooTHOmIEHUs (28) 3aMeHy HEPEMEHHBIX B yDaBHEHUM IBIKeHUS (3)
¢ yuérom dopmyn (10), (21) u (22), caseBatorux koddunuentsr TBucca Opyr ¢ mpyrom,
nosiyunM BMecTO (3) ypaBHEHHE I'apMOHIYECKOTO OCLUIUIATOPA

MaTpuIen

d*v _
qgr tQv=0, (29)

1.1.4. HucnepcuonHas QyHKITUAS

Panuanbuoe oTKIOHEHWE OPOUTHI YACTUIBI C UMIYJILCOM P 7 Py OT OPOUTHI PABHOBECHON
gacTuisl Az(S) ONMCBHIBAETCS OUCHEPCUOHHON GyHKImein D(s), SBISIOMENCS IepuOIIIecKuM
pelleHreM HEeOTHOPOTHOTO Au((HEPEHIINAIBLHOTO yPABHEHUST BTOPOTO HOPSIKA, MOy YaloIerocs
u3 ypasrenus (1) mpu Ap/py = 1,

65813 +< = —g(s)>D— - (30)

tak 9T0 Az(s) = D(s)(p — po)/po-
B npororrOoM cuEXpOoTpOHE (DyHKIMS ¢(S) OOBIYHO KYCOYHO-IIOCTOSHHA, IOTOMY AUCIEPCH-

ouHyI0 (OyHKImIO D(S) MOXKHO HAWTH, UCHOIB3YsT MATPUUHBIN METOI I PELIEHUs yDABHEHUS
(30). Bamerum cpasy, uro mamHOe mu(GHEPEHINAILHOE YDABHEHHE MMEET YACTHOE DEILeHHe
U (s, So), IpU4IEM, KaK CJIeLyeT U3 HAYaJIbHBIX yCIOBUIL, HOIKHO ObITh U (Sq, So) = U’(sq, S9) = 0.
Banumtem perrerne ypasHerus (30) B MATpUYHOM BuIe

D(s) D(s0)
D'(s) | = M(s|so) | D'(s0) |; (31)
1 1
C(s,s0)  S(s,8) Uls,so)
M(s|so) = | C'(s,80) S'(s,s80) U'(s,80) |- (32)
0 0 1

s Maraura ¢ COBMEIIEHHBIMIA QYHKIWSIME, OCYIIIECTBIISIONIEr0 HOKYCUPOBKY YaCTHUIl C OTHO-
BPEMEHHBIM WX IOBOPOTOM Ha yron & = ,/g,(s — so), rne g.(s) = 1/R*+ G/HR > 0, maTpuna
M nmeer BuUR

cos§ g, '/?sing  (1/Rg.)(1 — cos§)
M(s|so) = | —g/?sin¢ cosé (1/Rgl/?) sin¢ , (33)
0 0 1
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a it nis nedoKyCupyIonero MarHiTHOTO OJIoKa —

cosh x (1/1g2"?)sinh x  (1/R|ga|)(cosh x — 1)
M(s|so) = | |g|'/?sinh x cosh x (1/R|g.|*?) sinh x , (34)
0 0 1

rne g, = 1/R>—G/HR <0, x = 1/]g.[(s — 0)-

IIpu BBIUKCIIEHUN CTPYKTYPHBIX XapaKTEPUCTHUK MPOTOHHOTO CHHXPOTPOHA PE3yJILTUPY-
omas MaTpuna nepuona cTpyKTypsl M(sg + L|sy) mpencrasiser co6oil IpOM3BENEHUE Ma-
Tpuw, nonobHBIX (33) m (34). s HAXOXKIEHNS HAYAIbHBIX 3HAUEHWN AWCIEPCUOHHON (yHK-
mun Dy = D(sg) u eé mpomssomuoit Dy = D'(sy), HEOOXOOUMO PEIIUTH CIEAYIOLLYI0 CHCTEMY
YPaBHEHUI:

D(s0) D(so)
D'(sg) | = M(so+ L|so) | D'(s0) | - (35)
1 1

AnasmuTiueckoe BbIpakeHHe I OUCIEPCHOHHON (yHKumu D(s) HETPYOHO HOIYYUTH, Ie-
peiinss B ypasHerun (30) or mepemenubix (D, s) k mepeMeHHBIM (U, ), BBENEHHBIM paHee C
moMoIIbi0 cooTHOweHus: (28) (momaras B mocienueM u = D). B pesymbrare Bmecto (30)
noay4gaeTrcs cienymollee nuddepeHnnalbHoe ypaBHEHUE:

2 1
T Q= @ (36)
KOTOpOe IIpencTaBiseT cobOil ypaBHEHNE I'apMOHUYECKOTO OCIUJIISITOPa C BHEITHEW BO3MYyIIla-
IOHlefI CUJION. Pemaﬁ €ro MeTOOOM BapMaluM IIPOU3BOJIBHBIX ITOCTOAHHBIX, MOXKHO BBIIOC/IINTH
nepnoamn4veCKoe peIIeHne C mnepuogoM CTPYKTYPBL L BepHyBHH/ICL 3aT€M CHOBa K HMCXOIOHBIM
nepemenueiM (D, s), nMeem

gas) [ GY(s)
D) = 3 gm0 / R(s')

Ouenum cpemsee 3HAUYEHUE MUCIIEPCUOHHON GyHKIuuM [ Ha mepuone CTPYKTYPHI, MOICTABUB

cos(u, (") — pa(s) — Q.| ds'. (37)

B ypasrenue (37) Bmecto dyukumn 3,(s) eé cpemmee smauenme 3 = Ry/Q,, a Taxxe mosaras
P (8') = pa(8) = mQe = X, dx = ds'/By:

o BQ /WQT RO
D~—2% dx = —- 38
2Ry sin(1Q,) J-ro. coRXax Q3 (39

Bemuunnra o = D/R ~ 1/Q? naseiBaercs K03pdOUINEHTOM PACHIMPEHUs OPOUT B yCKOPUTEJE.

1.1.5. CTpyKTYpHhI KOJIBIEBBIX YCKOPUTEJIEN IIPOTOHOB

CTpyKTypoOil KOJIBIIEBOTO YCKOPUTENS MPOTOHOB HA3BLIBAIOT HAOOP JIMHEMHBIX OSJIEMEHTOB,
OCYILIECTBIIAIONIAX IIEePUOANYecKyl0 (OKYyCHPOBKY M He(dOKYyCHUPOBKY YaCTHIl, a TaKxXke CO3la-
IOIIX 3aBOPAYMBAIOIIee MAarHUTHOE II0JIe, KOTOpPbIe O0eCHeunBalOT MOBUXKEHUE YaCTHUIl BOIM3U
3aMKHYTOIl KpuBoil (op6utsl). CTPYyKTypa yCKOPUTENS CONEPKUT TaKXkKe IPSIMOJIMHENHBIE IPO-
MEXYTKHU, UCIOJIb3yeMBIE I YCTAHOBKHU PAa3JIMIHOIO 0O0OPYINOBAHUS, BKITIOYAsl YCTPOMCTBA IJIs
BBOIA U BBIBOMIA IIyYKA, YCKOPSIOIIYIO M BaKyYMHYIO CUCTEMBI, CUCTEMY MNUATHOCTUKM ITydKa
u Oop.
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OCHOBHBIMU XapPaKTEPUCTUKAMU YCKOPUTENS SBJIAIOTCS BBENEHHAS BBHIIIE CTPYKTYPHAS
byskus ((s), xapakTepusyolias NOBeIeHne Orubarolieil 6eTaTPOHHBIX KosebaHuil, u Haber
¢a3pl 6eTaTPOHHBIX KOJIeOAHWI Ha IIEpUONie CTPYKTYPHI [, XapaKTEePU3yOIINN YCTONIYNBOCTD
HOIIEPEYHOIO [BIDKEHNS YaCTHUILl OTHOCUTENLHO OpbuThl yckopurens. [IpenBapurenbHbil (dep-
HOBOII) PACYéT YKa3aHHBIX CTPYKTYPHBIX XapPaKTEPUCTUK IPOU3BOAUTCSA OOLIYHO B IPUOGIIMKe-
HUW TOHKUX JIMH3, TAaK KaK Ha IPAKTUKE, KAK [PABUJIO, BBIMOIHSIETCS CJEAYIOIIee YCIOBUE:
V9l < 1, rme | — xapakTepHas [UIMHA dJ€MEHTa yCKOpuTess (B manbpHeiiem mom | Gymem
HNOHVMATH IUIMHY JUH3bI). I[Ipm 5TOM MOXHO HpeHe6pedb BIUSHUHEM MOBOPOTHBIX MATHUTOB,
TaK KaK WX BO3MENCTBUE HA (GPOKYCHUPOBKY UACTHUI[ SBISETCS OOCTATOYHO CJIAOBIM U MOXKET
ObITH yYTEHO IPU OKOHYATEIHLHOM (UMCTOBOM) PacdyéTre CTPYKTYDHL.

Yupoctum MaTpunbl jguH3, ycrpemuB miauHy | ¥ Hymo. Dokycupyrommas cumga 3iIeMeHTa
[OIXKHA COXPAHSITHCS, TODTOMY T'PDALUEHT JIMH3BI CTPEMUTCS MIPU DTOM K OECKOHEYHOCTH, TaK
uyTo BenmuuHa o = gl = const u Marpuusr (7), (8) u (33), (34) mpumyT Ciemyroumit Bu:

1 0
MD,F = (:I:a 1> ; (39)
1 0 0
MD,F = +o 1 Aﬁ/n 5 (40)
0 O 1

rze 3HAK! IUIIOC ¥ MUHYC OTHOCSTCS COOTBETCTBEHHO K MaTpunaMm Mp (mias medoxycupyrorei
mauH3bl) 1 Mp (1 GOKyCupyomet InH3bL); IapaMeTp ¢ 06paTHO IPONOPUUOHATIEH (HOKYCHOMY
PACCTOSHUIO KBAIPYNOIbHON JIMH3LI; A1) M 1 — COOTBETCTBEHHO YIOJI MOBOPOTA YACTUILI U
YKUCII0 MArHUTOB HA, TIEPUONE CTPYKTYPHI.

B mpoToHHBIX CHMHXPOTPOHAX HOBOJIBHO YaCTO HCHOIb3yeTcs cTpykTypa FODO, cxema-
TUYECKN W300paK€HHas Ha PUC. 3a, & €€ TOHKOJIWH30BBIN aHAJOT IIPENCTaBiIeH Ha puc. 306.
CTpyKTypbl TAKOrO TWIIA KCIOJB3YIOTCSA, HAIPUMEpP, B IMPOTOHHOM cuuxpoTporne VPBO, B
ocHOBHOM KoJjiblle yckopuresis FNAL, B yckopurensx SPS, PEP, PETRA u mp.

b,

D
M - | - o1
FLM T F i

_ L . L

=

Puc. 3. Crpykrypa FODO (a) u eé Torkonuu30Bb1# aHAIOr (6).

Paccunraem ocuoBHble xapakTepucTuku cTpykKTypbl FODO, npuuse 3a Hayajio oTCUéTa
TOYKY OpOUMTHI, PACIIOJIOXKEHHYIO C JIEBOI CTOPOHBI (QOKYCHUPYIOIIeN JIMH3bI, B HEOCPENCTEHHOMN
6mm3octu kK Henl. Torma marpuiy mepuwoma M miast CTPYKTYpBI, IPENCTABICHHON Ha puc. 30,
MOXHO 3allICATh B BUIE IIPOU3BENEHUS YETHLIPEX MaTPUIL:

v=(o ) D T 1) )
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rne L — nnuua nepmona cTpyKTYphI. IlanbHelee yupoIeHne IoIyJaeTcs B ClIydae PaBeHCTBA
cun dokycupyrolei u nedoKyCUpyoIel IUH3: Op = —0p = —0. B TaxoM ciyJae IIOBENEHUE
mapaMeTpoB TBuCCa OOUHAKOBO MO O0OOMM HAIPABIIEHUSIM U TOCTE MEPEMHOXKEHUS MaTPUIl B
npaBoil yacTu BblpaxkeHus (41) MoxHO 3amucarts Marpuuny M B Bunme

1—Lo/2—(Lo)*/4 L+ L%c/4
M = ( _{Lg2;2 M 1-+.La/é >' (42)

CpaBHuBas moJIy4eHHOE BhIpaxkeHune ¢ marpunein TBucca (9) u BBons HaGer dasbl Ha mepu-
one CTPYKTYPHI [y B KaUeCTBE HE3ABUCHMON IIEPEMEHHON, IIOJIYYaeM CJIEAYIOIINe COOTHOIIIEHNUS:

Lo = 4sin(po/2); (43)
Br.p = L[1 £ sin(ue/2)]/ sin po; (44)
app = —[+1 +sin(uo/2)]/ cos(po/2), (45)

rae 3HaKU INIIOC U MHUHYC OTHOCATCSA K (POKycHUpyIoLIed U OedOKyCHPYIOIIel JIMH3aM COOTBET-
crBenHo. Bemumunuer Br u Bp B 3aBucmMocTu oT Habera (asbl iy IPEOCTABICHBI HA puc. 4,
u3 KOToporo BumHO, uTo dyHKuusa [Br(uy) uMeeT MuHUMYM B pailoHe po ~ 80°, mosToMy Ha
IpaKTUKE OOBIYHO CTPEMSTCS K TOMY, 4YTOOBI BendynHa Hadera ¢a3bl 0eTaTPOHHBIX KOJleOaHUMi
Ha mepuone cTpykTypsl FODO 6buta 6iin3ka K NpUBENEHHON 31ech Iudpe.

B/L
4_

20° 45° 70° 95° 120°
Puc. 4. Tpenmenbubie saavenns dyuakuun G(po) s crpykrypst FODO.
AHajOrMUHBIA PACYET MOXKHO TPONESATh W IJIS JUCIEPCUOHHON GyHKIuu [, TOJBLKO mpu

STOM HEOOXOMUMO TEPEMHOXKUTH MATPUILI pa3MepHOCTHIO 3 X 3. C y4éToM cuMMeTpuu mepuona
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CTPYKTYPBI OIPAHUYIUMCS PACCMOTPEHMEM €r0 IOJIyIIepHona — OT CEPENUHBI (POKYCUPYIOIIen
KBAIPYIOJBHON JIMH3BI [0 cepenwHbl medoxycupyroiiein. MaTpuia mooBUHBI EPUONA CTPYK-
TYPBI IPENCTABISAET COOON NMPOM3BENEHNE UETHIPEX MATPUIL:

1 0 0\ /1 L/4 0\ /1 0 0 1 L/4 0 1 00
M=[o/2 1 0]{0 1 offo 1 Aav2]{0 1 off[-0c/2 1 0]. (46)
o o1/\o o 1/\o o0 1 0 0 1 0 01

Iocne mepeMHOXeHWsT MaTpUIl B IpaBoil yacTu (46) momydaeTcs Clemyomee BhIPAKEHUE MIJis
maTpuisl M:

1—Lo/4 L/2 LAY/8
M=\ —Lo?/8 14+ Lo/4 (1+Lco/8)A¥/2|. (47)
0 0 1
[Ipomssonguass mucnepcmonuoil dyukumn D' = 0 B cepenuHax IWH3, TOITOMY 3HAUEHUS

dyukmn D B yka3aHHBIX TOYKaX MOXKHO HAWTHU W3 CUCTEMBI YDaBHEHUI:

Dp Dp
0 | =M 0 |, (48)
1 1

OTKyHa CIlemyeT
LAY[1 +sin(po/2) /2]

2
4 sin”(po/2)
re 3HAKWM IUIFOC M MUHYC OTHOCSTCS COOTBETCTBEHHO K (DOKyCHpPYIOLIeil u HedOKyCHPYIOLIei
JIMH3aM.

Dpp = , (49)

B saxsirouenre HACTOSINErO pas3mesia OTMETHUM, UTO B HEKOTOPBLIX CUIILHOMOKYCUPYIOLIIX
yCKOpUTESIsIX TPOoTOHOB, B yacTHocTu B CPS u B Bpykxeiisenckom AGS, ucmonbsyercs CTpyk-
typa FOFDOD, B x0TOpOil 1yIsl CO3MaHUs MPSIMOJIMHENHBIX IPOMEKYTKOB Pa3pPhIB NEIAeTCSI He-
MMOCPENCTBEHHO B (GOKYCHUPYIOINX U HedOKYyCUPYIOIIX MArHUTHBIX Oj0Kax. B mpsaMonuseinbix
MIPOMEXYTKAX TAKOW CTPYKTYPhI 3HAUeHUs (-QYyHKIUN I BEPTUKAIBLHOIO U TOPU3OHTAIBLHOTO
HaIPaBJIEHUI CUJIHLHO PAa3IMYAIOTCSA, UTO MEJIAeT BO3MOXKHBIM CO3MaHUE HE3aBUCUMBIX CUCTEM
KOPPEKIIMY MATHUTHOTO IO/ YCKOPUTENS 10 O0OMM HampaBjeHusM. B xadecTBe HemocTaTka
TAKOW CTPYKTYPBI OTMETHM (0Jiee BBICOKYIO BEJIMYUHY TPaIMEHTa MarHUTHOroO mojist (G, HeoO-
XOOUMYIO ISl CO3MAHUsI TAKOro ke, 9yrto u B cTpykTrype FODO, mabera dasn 6eTaTpOHHBIX
KOJIe0aHUl Ha TEpUone CTYKTYPHI fg. Auamus ctpykTypsl FOFDOD mono6en mposemenHOMY
Boie mist cTpykTypsl FODO, u MbI He Gymem Ha HEM CHENUAIBLHO OCTAHABIIMBATHLCA.

OTMeTuM Tak¥ke, UTO TMEPBBIE CUILHO(POKYCHUDYIOIIAE YCKOPUTEIN MPOTOHOB COOUPAIUCH
13 MATHUTHBIX OJIOKOB, B KOTOPBIX COBMEINAINCH GYHKINM (POKYCUPOBKU U MOBOPOTA UACTHMII.
B nocsiennee Bpewms, OmMHAKO, IMPOKOE PACIPOCTPAHEHUE IMOJYUYNMIN MATHUTHBIE CUCTEMBI C
pasmenéHubiMu QYHKIUAME. B HUX GOKYyCUPOBKA YaCTUIl OCYIIECTBIIAETCS KBAMIPYIIOIbLHBIME
JIMH3aMM, & MOBOPOT YACTHUI[ — MATHUTAMU C ONHOPOMHBIM MATHUTHBIM mojieM. [lpu sTom
CYIIIECTBEHHO YMEHBIIAIOTCS KAaK BEC JKEJIe3a, MCIOJIb3yeMOrO ISl CO3MAHUS KOJIBIEBOIO DJICK-
TPOMArHUTA YCKOPUTEJS, TAaK U MOTPeOsIsseMas YCKOPUTEIEM SJIEKTPOSHEPTUS.

1.1.6. CorstacoBaHHbIE IPOMEXY TKU

IIpoToHHBIT CHHXPOTPOH C PEryJISIPHON MATHUTHOW CTPYKTYPOW MMEET PSI CYIIIeCTBEHHBIX
HEOCTATKOB. JTO, BO-IEPBBIX, OTCYTCTBHE MECTa MJIS PACIOJIOXKEHUs CICHUAIBHOIO 000pY-
[OBaHUsI, HAIPUMEDP TAKOro, Kak yckopsomme BY-cranmuu, cucTeMbl BBOIA-BBIBOMA IMyYKA U
np. JaHHBIT HEMOCTATOK MOXKHO MPEONOJIETh 3a CUET MCKAXKEHUS PEryIIPHON CTPYKTYPHI.
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B ycxopuresne UPBD c sToit menbio Beimeseno 12 cymeprepuonos, comepxkarux no 10 mar-
HUTOB, YETHIPE U3 KOTOPHIX YKOPOYEHBI U MOMAPHO MPUABUHYTHL APYT K ApPyry. Takum obpasoMm,
B KaXKIOM CYHEePIEPUONE YCKOPUTEIIS OPTaHU3YIOTCS OB MJINHHBIX, TPU CPENHUX U MITH KOPOT-
KX TPSMOJIMHEHHBIX TPOMEXYTKOB. IIpu TakoMm cmocobe, OmMHAKO, YXYOIIAIOTCSI CTPYKTYPHBIE
XapaKTEPUCTUKNA YCKOPUTENS U, KaK CJIEACTBUE, YBEJIWIUBAIOTCS IOMEPEUYHBIE PAa3MEPhI ITyUYKa,
npu PUKCHPOBAHHBIX BEIUYMHAX SMUTTAHCOB. BO-BTODPBIX, 3a49acTyi0 TpeOyeTcs HAJIWYue CIe-
nudrueckux 3HaveHnn [G-QYHKIUN B 3aIaHHBIX MECTAX YCKOPUTENS, B OCOOEHHOCTH B CIIydae
KOJIIAMIEPOB. XapPAKTEPHBIN MpUMED — [JIMHHBIA TPSIMOJIUMHEHHBIN MTPOMEXYTOK C MAaJIbIMUI
3HaUEHUAMY (G-QYHKIUA B MECTe BCTPEUM IIYYKOB.

TpynoHOCTH PEryispHONl CTPYKTYPBI MOTYT ObITH NPEOHNOJICHBI BBENEHWEM B HEE COIJIACO-
BaHHBIX MPOMEXYTKOB. [loMeriias momo6HyO BCTABKY B YCKOPUTENIh, Mbl HE NOIXKHBI BO3MYTUTh
mapaMeTPhl PEryasapHOl cTPpYKTYphl. [losToOMy critbl KBaOPYHOJIBHBIX JIMH3, BEIIMYUHBI IIOJICH B
MarHnTaX, a TaKXe Pa3dMephl IPSIMOJIMHEMHBIX ITPOMEXYTKOB B TaKNUX BCTABKAX MOOOMPAIOTCS
TakuM 00pa3oM, YTOOBI aMIUIUTYIOHBIE (YHKIUU B MECTE pa3pPbIBa PEryJISPHON CTPYKTYPHI
BOCCTaHABIWBAJINCL Tpu Bo3deincTBuu Marpuibl M BcraBku. [IpuMepbl BO3MOXKHBIX BCTABOK
B PETYIISIPHYI CTPYKTYDPY YCKOPHUTEJIS MOKA3aHBI HA PHUC. D.

P } P P @)

P | P Insertion P P b)

P | P |insertion | Insertion | P | P | ©

Puc. 5. IIpuMmepsl paspblBOB pErysspHON CTPYKTYpPHI (P — mepuon cTpyKTypHI).

B xagecTBe mpocreiieit BCTaBKM, C IOMO- i
IILI0 KOTOPON MOXKHO CO30AaTh IJIWHHBIA COTJIa-

COBAHHBIN HPSIMOJIMHEMHBIN IIPOMEXYTOK, MOXK- . - -
HO WCHO/IB30BaThb BCTaBKy KommuH3a, COCTOs-

LIYI0 U3 OBYX KBAIPYIOJEN M TPEX IIPOMEXKYT- A ¥
KOB (E:M puc. 6). Kax noxasbisaer COOTBETCTBY- S, s, S,
IOIINIT aHAIN3, MaKCUMAaJIbHAs [POTSKEHHOCTH = =

COTJIACOBAHHOTO TIPSIMOJIMHEHOTO IIPOMEXYTKA

oJryJaeTcss B CiIydae, eciu Haber ¢da3bl 6eTa- Puc. 6. Ipomexytok Komnuusa.
TPOHHBIX KOJIeOQHUN Ha JIMHE BCTABKU PaBEH

/2. Marpuna mepemaum mjis pacCMaTPUBAEMON CEKIMU IIOJNYdYaeTCs B PE3yJIbTaTe IepeM-
HOXEHUs TISITH MATPUIl IJIsi CBOOOMHBIX HTPOMEXKYTKOB W JUH3. KCim KBagpyImOIbHBIE JTUH3BI
CUNTAThb TOHKWMU, 8 UX CUJIBI — PaBHBIMU IO BEJIMYWHE, TO IS PE3YIILTUPYIOIEN MaTPUIIbL
M monyduaeTcs criemyroias (GopMmyria:

M (1 + 089 R 025189 281 + 8o — 0'22'3%32> ' (50)
—0" 89 1—0'82—0'8182
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Ilonaras maGer (a3pl HA IJIMHE BCTABKU [ PABHBIM 7/2, BbIpasuM maTpuiy M dwepes
M = < a B > (51)

IIpupaBuuBas manee coorsercrByioume sieMeHTsl Marpur (50) um (51), maiiném TpebGyemble

mapamMeTpsl 1Bucca

COOTHOIIICHUST MEXKIy mapamerpamu BcTraBku Kosmmasza u kosbdunuentamu TBucca:

s1=97% ss=a’y7 o=ya . (52)
W3 (52) cnemyer, uro mymua cexnmu KomawH3a paBHA IPUMEPHO 3HAYEHHIO [-GOyHKIUU B
MeCTe Pa3pbIBa PETYIISIPHON CTPYKTYPHI.

Ilns corsacoBaHmsT BCTABKU IO IBYM HAIPABIEHUSIM OMHOBPEMEHHO HEOOXOMMMO, YTOOBI B
TOYKE Pa3pbIBa PErYISPHON CTPYKTYPHI BBIIOJIHSINCH CJIEAYIOIINE COOTHOIIEHUS: O = —Q,,
Yo = 7z, KaK 510 BumHO 3 dopmyn (52). B FODO crpykType TakuMm TOUKaM COOTBETCTBYIOT
CEepeNUHBI PIMOJIMHERHBIX MPOMEXYTKOB. OTMeTUM TakXKe, UTO IPHU BBENEHUU B PErYIISPHYIO
CTPYKTYPy NOHOGHOW BCTAaBKU nucnepcuonHas ¢&yukmus D(s), Boo6Ie roBopsi, W3MEHseTCH,
€CIM TOJIBKO B TOYKE Pa3pblBa CTPYKTYPHI He BuImosiHsgoTcs yeiaous D = D’ = 0. Ilosworo
COTJIACOBAHMS MOXKHO OOOUTHCS JIUIIbL B TOM CIIydae, Korma mMarpura M BCTaBKU MPENCTABIISET
c0o60ll eMUHMWYHYIO, C Pa3MEPHOCTBHIO 3 X 3, MaTpHILy.

IIpocrefiinnit cmoco6 60psOBI C BO3MYIIIEHHEM CTPYKTYPHBIX XapPAaKTEPUCTUK IIpU HAPY-
HIEHUN PETYJISIPHOCTUA CTPYKTYPBHI YCKOPUTEIS — WCIOJIb30BaHME IBYX BCTABOK B ONHOM
npomexyTke (puc. 5B). [lapameTpsl HepBOil BCTAaBKHM BHIOMPAIOTCS TaKuM 00pa3’oM, 4TOGHI
CTPYKTYpHBIE (DYHKIINU MTOCTUTAIIM TPeOyeMbIX 3HAUYEHUA B IPOMEXYTKE MEXKITY BCTABKAMU.
IleficTBre BTOPOU BCTABKM IIPOTHUBOIOIOXKHO IEPBOH, IPUUEM COIVIACOBAHUE CYIIIECTBEHHO 00-
JIerdaeTcsl, €CIU Pa3PbIB PErYIISPHON CTPYKTYPHI OCYIIIECTBISETCS B TOYKE CUMMETPUH, IIIe
o, =a, =D =0 — B TakoM ciiyyae BCTABKHU 3€PKAJIHHO OTPAKAIT OPYT OPYTA.

IIpu cosmanwu COrsIaCOBAHHBIX MPOMEXKYTKOB B IPOTOHHOM CHHXPOTPOHE OOBIYHO, 33 MC-
KJIIOUEHNEM HEKOTOPBIX TPUBUAJIBLHBIX CIIydaeB, IPUXOOUTCS IIPONEILIBATHL OOJIBIIIOE KOJIUde-
CTBO UYHCJIEHHBIX PacuéToB ¢ moMmornbio OBM. Yucino He3aBUCHMBIX TapaMeTpPOB IIPU PEIeHUN
TaKoO! 3allaull PaBHO IO KpallHeW Mepe YUCILy YCJIOBUM, HAJIOXKEHHBIX Ha CTPYKTYpPHBIC (DYHK-
uuu. Ype3BBIYAWHO TPYOHO OMHOBPEMEHHO VIOOBIETBOPUTL BCEM OJTUM YCIOBHUSAM, IIOITOMY
IIpoIiecC pelreHusl pa3buBaeTcs Ha dTanbl. Ha KaxIoM sTale yIoBIETBOPSETCS YacTb U3 HAJO-
JKEHHBIX YCJIOBMI, KOTOPBIE HE MOJKHBI HAPYILIATHCS IIPU BLIIOJIHEHNU IIOCIIENYIOIIIETO 3Talla.
B xauecTBe mpumepa paccMOTPHM, KaK OCYIIIECTBIISIETCS PACUET COIJIACOBAHHOIO IIPOMEXKYTKA
¢ MAJIBIMU 3HAUYEHUSIMU [-QYHKIUN U TONABIIEHHON IUCIEPCUEN.

B cepenmue paccMaTpmBaeMoro mpoMeXyTKa MOJIKHBI BBIIOJIHSITHCS CICIYIOIINE YCIOBUS:
oy, =D =D"=0, a Takke OOJKHBI ObITH O0OECIIEUEHBI MaJjIble BEIWYIMHBI GYHKIUHR (3, ,, Tak
9TO B HAHHOM CIIy4ae MMEETCS IIeCTh HE3aBUCUMBIX MapamMeTpoB. Ha mepBoM srame ocyire-
CTBIIIETCS YMEHbIIeHre 10 Hyss Gyukiuu D u eé npoussonuoit D’'. Takast BcTaBKa Ha3bIBAETCSI
y4JacTKOM momaBiieHuss mucnepcun opbur. Ha BTOpOM sTame HEOOXOOMMO yIOBIETBOPUTDL Ue-
TBIPE OCTABIINXCS YCJIOBUS IS QYHKIUA « ,, By ., OIS 9€ro HEOOXONUMO HMETh IO KpalHe:
Mepe dYeThIpe KBAIPYIOJbHBIE JIMH3BLI, NPUYEM, TaK KAaK BO BTOPOH BCTaBKE OTCYTCTBYIOT
MaranTel, yskuus D(s) = 0 Ha TpPOTSKEHUN BCell 3TOil BCTABKU.

Ilns ynpaBsieHus BEJIMYUHON OUCIEPCUU OPOUT HEOOXOMMMO MMETHh B IPOMEXKYTKE IBa CBO-
6omubix mapamerpa. lIpocTeiitiee yCTPORCTBO MJIs MOMABJICHUS MUCIEPCUN TOKA3aHO HA puC. 7.
Ono coctouT m3 nByX cranmapTHbx nepuomoB FODO, B KOTOPBIX CHJIBI JIMH3 COOTBETCTBYIOT
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Puc. 7. YwuacrTox momaBseHus OUCIIEPCUN.

CBOMM PaCYETHBIM BeJIMYMHAM, & MOJII B 3aBOPAYUBAIONIIX MArHUTaX OcCiabieHbl. B mpu-
OIMKEHUN TOHKUX JIMH3 U KOPOTKUX MArHUTOB MOXHO TOJIyUATH Cienyroime GOpMYJIbl st
yriioB moBopora wacTull Ay m Ay B maraurax M1 m M2 cCOOTBETCTBEHHO, IPU KOTOPBIX
MPOUCXOMOUT TIOJHOE TOHNABJIEHNE IUCIEPCUN:

AY
AV =AYl — ———|; AYy=—F——, 53
! 4sin®(10/2) ? 4sin®(po/2) (53)
roe AY u fip — COOTBETCTBEHHO YIOJI MOBOPOTA YACTHULEL M Haber a3l GeTaTPOHHBEIX KOJIe-

GaHuil Ha HOPMAJILHOM mepuone. Boipaxenus (53) GbLIM MOIyYEHBI C IOMOLIBIO CIEIUAIILHON
IIPOrPaMMBI [JIsI MAHUIYJISAIUN C aJIre0pamdeCKIMU BBIPAXEHUSMU Iy TEM YMHOXKEHUS HaJaJjIb-
Horo BekTopa (D, D’ 1) nociaenoBarenbHo Ha 17 MATPUIl ¢ PA3MEPHOCTHIO 3 X 3 U UCIONIB30-
Basmuch mpu paspaborke mpoekta LEP B IIEPHe. Tax xak cuibl uH3 B paccMaTPUBAEMOM
BapUAHTE HE 3aTPArWBaIOTCs, TapaMeTpbl TBUCCA OCTAIOTCS HEBO3MYIIIEHHBIMIU.

N3 dpopmyn (53) Bumso, uro Ay + Ay = AY. Ilpu py = 7/3 mis nonasieHns MUCIEPCHN
HeoOXONUMO yHNaJNTh MarHUTHL w3 omHoro mepumoma (AvY; = 0, AvYy = AJ); upu g = 7/2
B IIBYX COCENHUX IEPUOOAX IIOJISI B MArHUTAX COCTABIIAIOT IIOJIOBUHY HOPMAJILHOW BEJTMYINHBI
(AVY, = AYy = AY/2); mpu py < 7/3 HeOOXOOMMO M3MEHUTBH 3HAK IOJS B MArHATAX OIHOIO
U3 TEPUOIOB CTPYKTYPHI.

Ilpyroii mMeTom MOMaBIEHWS AUCIEPCUU — CO3OAHUE BO3MYIIIEHWUS TPALUEHTA MATHUTHOTO
HOJI B IBYX COCENHUX KBAAPYNOJIbHLIX JMH3aX (MO B MAarHUTAX OCTAIOTCS IIPU TOM He-
n3MmeHHbIME). Taxas cxema Goiiee mpocTa, OLHAKO OHA M3MeHseT mapamerpbl TBucca. YTo6bI
CBECTH DTU WU3MEHEHWS K MUHUMYMY, KBAIPYIOJbHBIE JIMH3BI C BO3MYIIEHHBIMU 3HAYECHUS-
MU T'PagleHTa MArHUTHOTO IIOJIS NOJIXKHBI PACIOJIAraThbCs IPUMEPHO Yepe3 MOJIOBUHY IIJTUHBI
BOJITHBI O€TaTPOHHBIX KOJIeOaHUI.

B xomnaiimepax miist momydenuss TpebGyeMoOil BEIWYUHBI CBETUMOCTHU IIONEPEYHBIE PAa3MephI
IIy9JKOB B MECTaX HUX BCTPEY MOJIKHBI OBITHL MHOIO MEHBIIE B CPABHEHUN C WX pa3MepaMmu
Ha OCTAJbHBIX yYaCTKAX HAKOIMUTEIbHBIX KoJeil. s sToit mesm o6bIYHO pa3pabaThbIBAIOTCS
CIlennajIbHbIe MPOMEXKYTKH, B KOTOPLIX QyHKIuN (3, , IMEIOT MaJjible BeanmduHbl. KOHKpeTHbIE
BEJIMYUHBI [3, ., KOTOpBIE yHA€TCS IOJIyYNTh Ha IPAKTHKE, 3aBUCAT OT IJIMHBI IPOMEXYTKA,
CHJIBI JIMH3, & TAaKXe OT WX KOJIudYecTBa. 1pebyercs, Kak MUHUMYM, OBa KBAIPYIOJIS IS
YMEHBIIIEHNs 3HaUeHul (-GyHKIWiA Mo o6OMM HAMPABIEHUSAM; CTOJBKO Xe JinH3 Tpebyercs
IJIsI BOCCTAHOBJIEHUSI HOPMAJIBHBIX 3HAYEHUN 3TUX (PYHKIWA B KOHIIE CIEIMAJIBHOTO ITPOMEXKYT-
ka. OObIYHO B CIIENUAJIBHBIX ITPOMEXKYTKAX C MAaJbLIMU 3HAUEHUAMU [F-QyHKIUA UCIOIB3YeTCs
Gosplile YeTHIPpEX KBanpymosiedl. Her Takxe TBEPOBIX MPABUII COMVIACOBAHUS MOMOOHBIX ITPO-
MEXYTKOB; PEIlleHIe UITEeTCS MEeTOIOM Hpob m omubok, mepebopKoil MHOXKECTBAa BAPMAHTOB HA

OBM.
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1.2. OCHOBHBIE XAPAKTEPUCTUKNA
IIOIIEPEYHOI'O NBUXKEHUSI YACTUIL C YUYETOM BO3MYIIIEHUN
MATHUWTHOI'O IIOJIA YCKOPUTEJIA

1.2.1. Bo3mylIiienune naeajibHON OpOUTHI YacTUIl B IIPOTOHHOM CUHXPOTPOHE

MaruuTHBIE 6JI0KU KOJIBIIEBOTO 3JIEKTPOMATHUTA, YCKOPUTENIS HE MOTYT OBITH M3TOTOBJIEHBI
UOeaIbHO ONWHAKOBBIMU — OHM OTJIMYAIOTCS IPYT OT OPYyTra KaK FeOMETPUUECKUME pa3MepaMu,
TaK ¥ MAarHUTHBIMU XapaxTepucTukaMu. Kpome 3TOro, ommbKy B MATHUTHOM II0JI€ YCKOPUTES
BO3HUKAIOT W3-338 HETOYHOCTHU PACCTAHOBKM KBAIPYIOJBHBIX JIMH3 OTHOCUTEILHO WIIEAJILHON
OpOUTHI YACTMUII.

IlycTs MarauTHOE MOJIE YCKOPUTENS OTIIMYAETCS OT UAeaJibHOro Ha Benuuuny AH na wma-
oM yuacTke opbutsl muuon | < 1. Torma wacruma, mpoxoms yepe3 BO3MYIIIEHHBIN yYaCTOK,
HOJIyYaeT MONOJIHUTEIbHBI noBopoT Ha yron AY = IAH/HR. Tlono6uble ommbKn MOTYT BO3-
HUKATh, €CJIM MarHUTHOE II0Jjle B OOHOM 13 OJIOKOB KOJIBIIEBOTO JJIEKTPOMArHUTA HE COBIALAET
C HOMUHAJbHBIM 3HAUYEHWEM, WM W3-3a OIIMOKM B YCTAHOBKE KBAIPYIOJLHON JIWH3BI, JIOO
MarHATHOTO OJIOKA C COBMEIIEHHBIMU (QDYHKIWSIMU OTHOCUTEIBLHO WIEAJILHOWM DABHOBECHOM Op-
6utnl. [lomobnoe BO3MYyIllEHME MATHUTHOIO IIOJS MOXKHO CUMTAThH TOUYeUHBIM. lIpm Hammawm
TAKOT'0 BO3MYIIIEHUSI B IIPOU3BOJILHON TOYKE MIEAIIHHOU OPOUTHI C KOOPOAMHATON § = Sy ypaBHe-
HUsI [BIDKEHUS MMEIOT HOBOE MEePUONNYECcKOe peleHne (BO3MyILEéHHY0 opbuty). Ero merpymsHo
HAWTH, PEIINB Cjenyiolllee MaTPUIHOE yDaBHEHUE:

< u > B <cos(27rQ) + g sin(27Q) Bo sin(27Q) u (54)
u) —70 sin(27Q) cos(2mQ) — ap sin(27Q) J\ v’ + AV )’
rme u = x, z; uagekcom ( momeuennbl 3HadeHwust KosddunumentoB TBucca mpu s = Sg; 2mQ) —

Haber ¢asbl GeTaTpoHHBIX KosebaHWil 3a OOUH 060OpOT wacTun B yckopurene. Permas (54)
OTHOCHTEIBHO U ¥ U, TIOJIydaeM

w= B, cot(wQ)ﬁI—}é; (55)
W = —[1+ cot(wQ)]ﬁf—}é (56)

®opmynsr (55) n (56) marOT OTKIIOHEHWs OT WMIOEAbHON OpOUTHI B MECTE DACIOJIOKEHUS
BO3MyIleHUs (npu S = Sg). OOLMI Bux BBIPAXKEHUS Il BO3MYILEHHON OPOUTHI MOXKHO HANTH
B pe3yjbTaTe PpelleHus HEeONMHOPONHOro nuddepeHnnaibHOr0 ypaBHEHHs BTOPOTO IOPSIKA,
nono6Horo ypasHeHuio (1), B KOTOPOM HEOGXOAMMO 3aMEHWUTH OTKJIOHEHWE HUMITYJIbCA TACTULBI
OT paBHOBeCHOIO 3HaueHus: Ap/p, Ha Bo3MylueHne marauTHoro mois [(AH/H)d(s — sg), roe

0 — 0-dyuxnust upaka. Ero perenue mmeeT Cliemyromuil BUT:
oo cos[mQ — p(s)| IAH
u(s) = yBofi(s) sin(rQ) 2HR’ (57)

Kak mokaseiBaer dopmyia (57), OTKIOHEHWs OPOUTHI OT WOEAILHON KPWBOW U3-3a BO3-
mytnenus AH MOryT mOCTHraTh UpPE3BBIUANHO OOJBINNX BEJIUYUH B CIIyUYae, €CIId JacTOTa
6eTaTPOHHBIX KosebaHuit () CTPEMUTCS K IeIoMy YHCIy (TaK Ha3bIBAEMBIN IENIbI PE30HAHC).

Paccmorpum Teneps Bosmytienune AH, pacupenesiéHHOE MO TEPUMETPY YCKOPUTENs IO
HEKOTOPOMY 3aKOHY. Y paBHEHUE IBUKEHUS UMEET B TAKOM CIIy4ae BUI

d*u N AH(s)

¥ g(s)u= “HR (58)
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Ilepexonst mamee K IEPEMEHHBIM U U ¢, BBENEHHBIM DaHee € IOMOIIBIO COOTHOuIeHus (28),
nosyunM BMecTo (58) ypaBHEHHE rapMOHHYECKOTO OCHIIIIIATOPA C BHEIIHEHl BO3MYILAOLIEl

CILJION P2 AH
a"v 2, _ 2733/2 59
=@ (59)
[EPUONNIECKOE PEIIeHNe KOTOPOro Mo aHajormu ¢ (opmyioit (37) MOXHO 3amucaTbh B BUIE
UHTerpaJa
Q P27
= * — d 60
W) = gy [, S0 eoslQr o=, (60)

rne f(x) = B*?AH/HR.
HeficTBue IeJOr0 pe30HaHCA MOXKHO IOKa3aTh 0Oojee HAIJIAIHO, €CIM Pa3JIOXKHUTh B DA
dypre dyukuno f(¢),

1

T 2r

£6) =X feospliho), o= [ 1(6) exp(-iks) do. (61)

Henocpencreenno peurast ypasaerue (59) ¢ yuérom pasnoxkenus (61), umeem mist v(¢) BbIpa-
2KEHINE B BUIOEC PAOa
Q? fr exp(ik®)
v = —_— 62
Ek: Q2 — k2 ’ ( )

OTKyIla OYEBMIHO, YTO opbmrTa vacTuil Hambojee UyBCTBUTEIbHA K kommnomeHTam Pypoe ¢
JacToTaMu, ONMM3KUMU K OeTaTPOHHOU YacTOTe.

Ha OpaKTUKE OETAaJIbHOE IIOBEOCHUEC BO3MyLHeHI/I$I MAaT'HUTHOTO IIOJIS BOOJIB Op6I/ITI)I yCKOpI/I—
Tenst AH (s) 3a9aCTyI0 HEM3BECTHO, B OCOGEHHOCTH, €CIIM YCKOPUTENb eIE TOIBKO MPOEKTUpYy-
ercs. HeobGxomumo mosToMy yMETh OIEHHBATH MAKCHMAJILHOE BEPOSTHOE OTKJIOHEHUE OPOHUTHI,
3Has1 BeJH/I‘{I/IHy CpeogHEKBaIpPATUIHOTO BO3MyLHeHI/I$I MAaTHUTHOI'O IIOJIsA yCKOpI/ITeJISI. C 3T0ﬁ
eSO COCTABUM cllefiytoniee Bhipaxkenue: V = v? + Q?(dv/d¢)?, mmerormee CMBICT KBagpaTa
aMHJH/ITyJIbI OTKJIOHECHU A 0p6I/IT])I opy HaJIN4YIA BO3MyLHeHI/I$I MAaT'HUTHOTO IIOJIA (HO AHaJIOT N
C KOneGaHWsIMI YACTUIBI OTHOCHTENLHO WIEAJIbHON OpOuTHI, miss KoTopoil v = Acos(Qd),
V = A?). C yuérom coorromenus (60), iz V momydaeTcs CemyIoliee BBIPAKEHUE:

VO =g [ W00 cosQuu - dx (63)

PaccmoTprmM nmpakTuuecku MHTEPECHBIN CIIydall OTCYTCTBUS KOPPEISIUA MEXIY BO3MYIIe-
HUSIMH B OTIEIBHBIX OJIOKaX KOJIBIIEBOTO 3JIEKTPOMATHMATA, IpeArojaras TakxKe, UTO IJIMHBI
6JI0OKOB MAJIbI TI0 CPABHEHUIO C JIMHOW BOJIHBI GeTaTpoHHBIX Kojebanuit. Torma cucremarmye-
CKUIl BKJIAJI B ABOWHON MHTerpai B dopmyse (63) GyayT maBaTh TOILKO T€ yYaCTKU OPOUTHI
YCKOPUTENIsL, TIe ¥ M X OTHOCSATCSA K OOHOMY M TOMY e MarHuTHOMy Oiioky. B Taxom ciyuae
MOXKHO HOJIOXUTH coS[@Q(1) — x)] ~ 1, u mocnie ycpenueHus mo aHcaMOIIIO OBOMHOM MHTErpasl B
(63) mpeobpasyercss B CyMMy IO MATHUTHBIM GJIOKAM yCKOPUTEIIs

1 AH;\?
V() 3= —a -z.2< > 64
(9) 4sin®*(7Q) 2;@ *\HR )’ (64)
roe l; — nomHa i-ro MarHuTHOro 6ioka; Ay, = Ay; = l;/Qf;. AMmiuryna OTKIOHEHUS
BO3MYIIIGHHON 3aMKHYTO# OPOMTEI B MarHUTHOM Ojioke ¢ HOMepoMm k ecth wuj, = (B;Vi)'/?,
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IIOATOMY OXUOAEMOE OTKJIOHEHUE OPOUTHI ma€Tcs HopMyson

AHi>2. (65)

2 B 72
< U == 4R?sin®*(1Q) Eiz@li < H

Ilocnenuss dopmyna MoxkeT OBITH HCIONIB30BAHA B ABYX CIIydYasx: IUIS aHAJIM3a WCKAXKEHWH
OpOUTHI, CBA3aHHBIX C OMIMOKAMU yCTAHOBKU KBaJPYIOJbHBIX JIMH3, a TakKxke C pa3dpocoMm
HoJIeE B 3aBOPAUYMBAIOIINX MarHUTAX.

IlycTs kBampymosibHasi JIMH3a YCTAHOBJIEHa C OIuOKol mo pamuycy, pasuoir Az. Ilpwm
STOM HA PABHOBECHOU opOuTe TOosBjseTcs ommbka B mone, pasuas AH = g,H RAx. Borun-
CIIUM OTKJIOHEHHE OpPOUTBHI B MECTE DACHIOJIOKeHUA (DOKYCHUPYIOIIed KBAaIPYIOJIbHON JIMH3BL OIS
cryktypsl FODO. C nomomsio (65) u ¢ yuérom dopmyn (43) — (45) oI TOHKOIXH30BOTO
IPUOTIIKEHNS TIOITY IAM

7 47 Q Ax)?
B o [1—sin(uo/2)] sin®(7Q,)”

IIpu npoexkTupoBamum ycKOpuUTEsss HEOOXOMUMO 3HATH HE TOJBKO CPEIHEKBAIPATUIHOE OT-

(66)

KJIOHEHVE OpOUTHI, HO U CTENEHb BEPOSTHOCTHU, C KOTOPOW CIIENYET OXKUMOATh €Il OOJIBIImX
oTkJyioneHuii. C 5TOH IIEJIBI0 MOXKHO BOCIOJIB30BATHCS. M3BECTHBIM (PAKTOM — BEPOATHOCTD
HaWTU OTKJIOHEHWE OpOWMTHI, PABHOE T, ONUCHIBaETCs pacupenereaueMm ['aycca-Poames

2z x?

’U)(.’L‘) = =exp|{—=]. (67)

2 2
x x

CrenoBaTeibHO, YTOOBI BBIYUCIUTEH BEPOSTHOCTH TOIO, YTO OTKJIOHEHWE OPOUTHI MPEBBICUT

3aIaHHYIO BEJIWYUHY &, HeOOXOAMMO IPOMHTErPUPOBATH BhIpaxkeHue (67) B mpemesnax oT & IO

OECKOHEYHOCTH, B Pe3yJIbTaTe Yero IOJIydndM

2

P(z) = exp(—%). (68)

X

EC.HI/I BBIYNUCJIATE BEPOATHOCTHL TOIO, 4YTO OTKJIOHECHUE Op6I/ITbI IIPEBBIIIACT yJIBoeHHyIO
CPEeIHEKBAIPATUIHYIO BEJIMUINMHY, TO OHA OKaxeTcs paBHOI ~ 2%, kak s1o cienyer u3 (68). ITo-
5TOMY MaKCHMAJIbHOE OXUIAEMOEe OTKJIOHEHHNE OPOUTEI Tp,qp MOXKHO OIEHHTH U3 COOTHOIICHUS

N — 4 TQ, 1 yenv
Tmaz = 2@ ~osin(mQ,) \| o 1 —sin(po/2) (Az)?. (69)

HOCJIGHHHH Cl)OpMyJIa IIOKa3bIBa€T, YTO ommOKu B YCTaHOBKE KBaJAPYIIOJIbHBIX JIMH3 HOOJI2XKHBI

OBITE OrPAHUYEHBI XKECTKUM HOIIYCKOM, TaK KaK OOYCJIOBJIEHHBIE STUMU OINMNOKAMW UCKAXKEHUS
OpOUTHI MOI'YT YCHIMBATLCA B HeCATKH pas. Tax, Hanpumep, B yckopurere UDPBD (ug ~ 1,
Q. ~ 10) cpenmekBampaTwuHas OIIMOKA B YCTAHOBKE MATHUTHBIX OJIOKOB, COCTABIIAIOIIAS
~ 0,1 MM, mpuBonuT, coriacHo dopmyre (69), K MAKCHMAIBHOMY OTKJIOHEHUIO OPOUTHI, PaB-
HOMY Zopar =~ 4,5 MM.

Pas6poc noseit B MaruuTHBIX GI0KAX YCKOPUTENS TAKXKE MOXKET MPUBOMUTH K CYIIIECTBEH-
HBIM WUCKAXKEHUSIM 3aMKHYTOW opbuThl. 3Has CpemHuil KBampaT pasbpoca moseir B Giokax
(AH/H)? HeTpymHO OLEHWUTH € HOMOLIBIO GdopMyiasl (65) cpemHuil KBagpaT pPaLuabHOIO
UCKaXKeHUsI OpOUTHI:

2 77251?3 W7

% = 5
npsin”(7Q,) \ H

(70)
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rie np — YUCIO MAarHUTHBIX 670KOB B yckopurese. [loncrasmss B dopmyny (70) npusenes-
HBIE BBIIIEe mapameTpbl yckoputesias UPBD, a Takxke BLIYUCIAS TPOU3BENEHME CTPYKTYPHBIX
dyrxmmit Bp3 = L*[1+sin(uo/2)]/ sin® o = 3,13-10° Mmm? u mosaras BelWYWHY CPETHEKBAIPA-
TUYHOTO pas3bpoca moseit B 670kax pasHoil 1073, momygaem A—x% = 51,4 mm2. CrenoBaTesbHO,
Tonaz == 14 MM.

Ecnu B yckopuTese umeroTcst cOTIacOBaHHBIE TPOMEXYTKU C GOMBINIIMEI 3HAUECHUSIMU DYy HK-
nuu 3, TO MCKAXKEHUsI OpPOUTHI MOT'YT OBITH CYIIIECTBEHHO 6Ojiee CHIILHBIMU IO CPABHEHUIO C
PACCMOTPEHHBIMU BBIIIE CIIYYAsIMU. DTO MPOUCXOMUT KAaK W3-33 YBEJIUYEHUS BKJIAMA TAHHOTO
IpOMEXyTKa B cymMMy B dopmyie (65), Tak u u3-3a Bospacranus kosdbuimenta [Gr. [TosTomy
KBaIPYNOJIN B TAKOM IPOMEXKYTKE MNOJIKHBI OBITH OCOOEHHO TIIIATEIbHO OTHIOCTHIPOBAHBL.

Ilpu mamuuum pe3yabTATOB MATHUTHBIX U TE€OMO3UYECKUX U3MEPEHUI PEAIbHBbIC MCKAYKCHUS
opbuTel B yckopuTeje OObIYHO uccienyoT Ha OBM ¢ moMompio crenuajbHBIX ITPOTPaMM.
Ilonyuennnie ke BoIle GOPMYIILI UCIOIL3YIOTCS I OBICTPHIX OIEHOK WCKAaXXEHW OpOUTHI, a
TakXe IPU PaCcue€Tax MOIMYyCKOB Ha YCTAHOBKY KBAAPYIOJBHBIX JIMH3 U Ha pPa3bpoc Imojel B
MarHUTHBIX OJIOKaxX yCKOPUTEJS.

s yMEHBIIEHUST WCKAXEHUT OPOUTHI YACTHUIl, MPUBOOIIINX K HEIDHEKTUBHOMY WUCIOIIb-
30BAHMUIO YaCTU alepTypbl BaKyyMHOU KaMepbl, HA BCEX HPOTOHHBLIX CHHXPOTPOHAX WMEIOTCS
COOTBETCTBYIOIIME CUCTEMBI KOppeknuu. OTKJIOHEHUS IEHTPA TSKECTH IIyYKa OTHOCUTEIHLHO
[IEHTPA BaKyyMHOI KaMePhl M3MEPSIOTCS C MOMOIIILI0 PA3PE3HBIX MUKAI-3JIeKTPOonoB. s mosry-
YeHUsl NETAJbHOU KAapTWHBI IIOBENEHUsS 3aMKHYTON OpOMTHI B yCKOpUTEJIe HEOOXOMMMO, UTOOBI
Ha JIFOOOM €€ OTpe3Ke IPOTSKEHHOCTHIO IOPSNKA MJINHBI BOJIHBI OeTaTPOHHBIX KOJeOaHWHA
pacrosarajioch Mo KpaWHell Mepe TPpHU-UeThIpe IMMKAI-3JIEKTPONA.

WcnomunTenbHbIM OPraloM CHCTEMBI KOPPEKInyu OpOUTHI YACTHUI] ABIISICTCS HAOODP IUIIOIIb-
HBIX MArHUTOB (MM HAGODP NONOJHUTENLHBIX OOMOTOK B 3aBOPAYMBAIOIINX MATHUTAX ), KOTOPLIE
BO30YyXKOAIOTCSA TaKuUM 00pa3oM, YTOOBI MUHUMU3WPOBATL OTKJIOHEHUS OPOUTHI OTHOCHUTEIHLHO
IIeHTPa BaKyyMHOU KaMepBHI.

. 5i+£

i 5,0 ¥ it

Puc. 8. Bammnosas xoppexuus opouTHI.

B mpoTomHBIX CHHXPOTPOHAX WMCHOB3YIOTCS OBA CHOCOOa KOPPEKIU OpOUTHI YACTHUI[ —
GammoBbIl u rapMonmdeckuit. [Ipm 6aMmoBoil KOppekiuu OpOuTa KOPPEKTUPYETCS MO YYacT-
xaMm. Ha yuacTke, rme opbura mckaxkeHa Hanbojee CHIILHO, BHIOMPAETCS TPOWKA KOPPEKTOPOB
TaKuUM 00pa3oM, YTOOBI CpemHUN KOPPEKTOP PaCIojarajics BOIW3M MaKCHMyMa MCKaXKEHUS Op-
6uter (cM. puc. 8). Tok B KOppEKTOpe, DACIOIOXKEHHOM B TOYKE S; 1, HOOOUPAETCS TAKUM
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o6pa3oM, U4TOOBI OpOUTa YACTUI] B TOYKE €€ MaKCHMAJBHOIO OTKJIOHEHWUS S = §; IPOIILJIa, de-
pe3 LEHTP BaKyyMHOW KaMepbl. 3a CYET MEACTBUSA BTOPOrO KOPPEKTOPa BOCCTAHABIUBAELTCS
BeJIMYNHA OTKJIOHEHUS OpPOUTHI B TOYKE S;y1, MMEBIIAs MECTO IO BKJIIOUYEHHUsS KOPPEKTOPOB.
TpeTuil KOPPEKTOP WHCIOIB3YETCS JI BOCCTAHOBJIEHUS yIJla HAKJIOHA OPOUTHI B TOUKE S; 1.
IIpu Taxom cmocoGe xOppekiuu OopOUTa W3MEHSIETCS JIWIIML HA BBHIOPAHHOM OTPE3Ke, OrUPaHU-
YEHHOM KOODIWHATAMU S; 1 W S;11 U HEe MEHSeTCS Ha OcTajbHOU eé dactu. llocie xoppekuuu
MaKCHMAJBbHOTO OTKJIOHEHUS] OPOUTHI CHOBA HAXOOUTCS MECTO €€ HamOOJIBIIIEr0 MCKAXKEHNs, BhI-
OupaeTcst HOBasl TPOWKa KOPPEKTOPOB U IIPOIECC MOBTOPSIETCs. 1TOYHOCTHL 6aMIIOBON KOPPEKIINN
3aBUCUT OT YHCJIA WCIOJIB3yeMbIX KOPPEKTOPOB U HAa IPAKTUKE NOCTUTAET BEJIMUWHBLI IOPSIKA
OOHOTO MWJIIIMETPA.

IIpu rapMonwyeckoil KOppeKnwu u3 CIeKTpa OpOUTHI YCTPAHSIOTCS KOMIOHEHTHI Pypbe ¢
yacToTaMu, GIM3KUMHI K YacTOTe GEeTATPOHHBIX KOyiebaHWil, KOTOpble, corsiacHo (62), BHOCAT
HambONBIINY BKJIAM B mckaxeume opburbl. Ha mpaxTuke OOBIYHO YCTPAHSIIOT TPHU-YETHIPE
TaKye TapMOHUKU. DJIEKTPUUECKAS CXeMa KOPPEKIIMU KaXXIOW M3 TapMOHUK COCTOUT U3 MBYX
HE3aBUCUMBIX IIeTlell, KOPPEKTUPYIOINE CUTHAJIBI B KOTOPBIX COBUHYTHI IO (a3ze OPYr OTHO-
curenbHO apyra Ha 90° (cuHycHas m KocuHycHas nenu). ['apMoHmYecKas KOPPEKIWs OpOUTHI
npocTta # ynobHa B paboTe, OMHAKO MMEET CPABHUTEIHLHO HU3KYIO TOYHOCTH — IMIPU HCHOJIb-
30BaHUU TONOOHON CXEMBI HMCKAaXEHUs OpPOUTHI MOTYT OBITH YMEHBIIIEHB! JIAIIbL [0 BEJIMIUHBI
~ 1 cm. K mocrowmrcTBaM rapMOHHYECKOW KOPPEKINU CIIEAYyEeT TAaKXKe OTHECTH OTHOCUTEIHLHO
HeOOJIbIIINEe BEJIMUYNHLI TOKOB B CHCTEME.

1.2.2. Bo3myiileHue rpagueHTa MAarHUTHOTO IIOJISI

Boswmyiierne rpammerTa MarHuTHOTO IOJIST B YCKOPUTENE BIIASET, B MEPBYIO OYEpEdb, HA
9acTOTHI O€TATPOHHBIX KOJIEOAHUN U, CIeNOBATEIHLHO, HA yCTONYNBOCTD IIOIIEPEYHOTO TBUXKEHUS
gactui. Kpome 5TOro, mpyu HaJuduu BO3MYIIEHUS TPALUEHTA MOTYT 3aMETHO W3MEHSITHCS
CTPYKTYPHBIE XapaKTEePUCTUKNA YCKOPUTENS, & TakXKe MOXKET BO30yXKIOaTHCS HNapaMeTPUIeCKUn
pe3oHaHC OeTaTPOHHBIX KOJIeOaHUN YaCTUII.

Kax u mpu amamuze BO3MyIIIEHUsS 3aMKHYTOH OPOUTHI YCKOPUTESIsl, PACCMOTPUM CHAYAJIA
TOYEUHOE BO3MYIIIEHIE TI'DAaOWeHTa, KOrOa pa3MePbl NCTOYHWKA BO3MYIIIEHUS MHOTO MEHbIIIe
IJINHBL BOJIHBI OeTaTpOHHBIX Kojebauwmit. IlycTh Takoe BO3MyIlleHWE CO3MAETCS C TIOMOIIIBLIO
TOHKOM JIMH3BI CWJION O, TOTZa MaTpPHUIA Ilepenadu Ijis 000poTa MOXKET ObITH 3aIllCaHA B BUIE

1 0 [ cos(2mQy) + v sin(27Qy) Bo sin(2mQy)
M = . . . (71)
o 1 —Yo sin(27Qo) cos(2mQp) — v sin(27 Qo)
3necs n Hmxke unekcom () 0603HAUEHBI mAapaMeTphl TBHUCCA, OTHOCAIINECS K HEBO3MYIIEHHOI
CTPYKType YCKODUTENsl B TOYKE S = Sp, Tl PACIOJIOKEH WCTOYHUK BO3MYIIEHUs TDAJUEHTA
MarHuTHOrO noiist (ToHKas jmH3a). C OpYroll CTOPOHBI, BO3yIIéHHAs MaTpuna obopora M wmo-
xeT ObITh 3amucasa B Buze (9). U3 cpaBrenus Boipaxkenuit (9) u (71) momydaercs criemyroras
dopmyna s mmypa mMaTpuist M:

1
ESpM = cos(27Q) = cos(27 Qo) + %(sin 27Qo), (72)
rme () — uacToTa GeTATPOHHBLIX KOJeOAHWN MPU HAJUYUN BO3MYIIEHWUS TPANUEHTa MATHUT-

Horo mouis. Ilomaras B (72) Q = Qo + AQ (|AQ| < @), HETYIHO HOIYUYUTH OTCIOAA CIBUD
0eTaTPOHHOU YaCTOTHI, OOYCIIOBJIEHHBIN TAaHHBIM BO3MYILIEHIEM, KOTOPBIN IOJIydaeTCs PaBHBIM
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AQ = -7, (73)
4am
AnanoruuabiM 00pa30M MOXKHO OIEHWTH IIMPUHY TOJIOCHI ITaPaMEeTPUUECKOTO PE30HAHCA
GeTaTpoHHBIX Konebauuii. Kcmu GeraTponHas wacToTa (g OIU3Ka K IEJIOMY WM K TOJIyIE-
jgoMy 3HaueHUsM, TO |cos(2mQo)| ~ 1 u, cormacro (72), Bemuuuna |cos(27(Q))| MoxeT mpeBBI-
CATHh EOUHWITY u3-3a NOOABOYHOTO WIEHA B MPABOI dYacTu 3TOro paseHcTsa. llommas mrmpuua
3aIPEIIEHHOT0 YaCTOTHOrO MHTepBaja §() paBHA, OYEBUIHO, YIBOEHHON BeIMUMHE CIOBUTA Oe-
TaTpoHHOI yacToThl AQ, maBaemoro dopmyinoit (73) — 6Q = [yo /2.
M3-3a BO3MyIleHUs rpagueHTa MATHUTHOTO TOJIST W3MEHSETCsS TakXke mapamerp TBucca
(. OTO MOXKHO IOKAa3aTh OJjisd IPOM3BOJILHON TOYKM OPOUTHI C IPOHOJILHON KOOPIMHATON S,
IIPENCTAaBUB MAaTPUIy 000pPOTa B BUAE HMPOU3BENEHUS TPEX MaTPWHII,

1 0
M=A B 74
o 1 ’ (74)
roe A u B — MaTpumel mepenadm OT TOYKU Sy, TIE PACIOaraeTcs BO3MYIIAOMIAs TPAIUEHT

TOHKAas JIMH3a ¢ GOKYCHPYIOLIEN CUJION O, K TOUKe S U OT S K Sy COOTBETCTBEHHO (cM. puc. 9).
Ilepemuoxas marpuusl B (74), HaLEM H3MeHEHUE SJIEMEHTA Mip MaTpuubl M:

Amu = O'algblg. (75)

A -

Puc. 9. Cxema Bbraucienus: Bo3MyIeHus (3-QyHKInun.

Il HAXOXKIEHUS SIIEMEHTOB (15 U b1y MaTpuil A u B BOCIONIB3yeMCs BBIPAYKEHUEM MaTpU-
ubl nepenaan N (Sp|s;) Mexmy OBYMs IPOU3BOJIBHBIMU TOYKAME CTPYKTYPBI C KOODIMHATAMU
$1 U Sz, KOTOPYIO HETPYIHO IOJIyYNTb, PEIIas HENOCPEINCTBEHHO ypaBHeHHe npuxkenus (29) c
MOCIIEMYIOIIIIM TIEPEXONOM OT KOOPOUHAT VU, ¢ K KOOPIAUHATAM U, S. DIIEMEHT 7119 DTOU MATPUIIHI
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paBer nyy = (B162)/?sin(x2 — x1), Toe Bia T X12 — COOTBETCTBEHHO 3HaveHms (GyHKIAm 3 u
(asel 6eTATPOHHBLIX KOJebaHUN Y B TOUKAaX S; U Sp. ClienoBaTeNbHO, IPOU3BENEHNE SJIEMEHTOB
a12 M bjy MOXHO 3ammcaTbh B BUIE

BoB(s
ay2b12 = OT()[COS(27TQQ —2Ax) — cos(2mQy)], (76)
rme Ay — Haber ¢asbl 6eTATPOHHBLIX KOJIEOAHWIA OT TOUKU Sy OO TOYKH S.

C Opyroii CTOPOHBI, U3MEHEHUE SJIEMEHTA 7M1, W3-38 BO3MYIIEHUs TPAIUEHTa MATHUTHOTO
MOJIS B TOYKE S PaBHO

Amyy = AB(s)sin(2mQg) + 2m3(s) cos(2mQo) AQ. (77)

IIpupasuusas seipaxenus (75) u (77), a Takxe yuntbiBas cooTHorrerus (73) u (76), momyuaem
CllemyTonryo (GopMysIy IJis M3MEHEHUs 3HadeHUs (3-QyHKIUM B TOYKE S:

A(s) = 5700

= Tsm(@rQy) cos(2mQo — 2Ax). (78)

B ornumume oT BO3MyIIEHHS 3aMKHYTON OpOUTHI, ONMCHIBAEMOIO BhIpaxkeHmeM (57), 3HaMeHa-
Teslb B HOCIenHel (HOpMylie IPOXONUT Uepe3 Hyjlb HPU HOJIyLeIbIX 3HadeHusAX (Jy, a JacTora
BO3MYILIEHUs B IBa Pa3a BBILIE.

O606tmv  dopmynsr (73) u (78) Ha cioyuall BO3MYILIEHUs TDafWEHTa MAaTHUTHOTO IIOJISL
AG, pacupeneséHHOIO BHOIb OPOUTHI YCKOPUTEINs, CUXTasi, YTO BO3MylleHue GyHKimu ¢(s),
BXOZsIIel B ypaBHeHust nBikenus (1) u (2), omucsiBaercst Mason nobaskoit Ag(s). Paccmorpmv
GECKOHEYHO MAaJIbIi MHTEPBAJI dS OPOUTHI yCKOpUTENns BOIM3U TOYKH S = Sqg. BosmericTBue
Bo3MyieHuss Ag(s) B 9TOIl TOUKe MOXKHO OIMCATH TOHKOH JIMH30I ¢ cuioll, pasHoil —Ag(s) ds,
KOTOpasi, Kak ObLIO MOKA3aHO BBIIIE, IPUBOAUT K CJIELYIOIIEMY M3MEHEHMIO LIIyPa MaTPHIIBL:

Sp M = 2cos(2mQ) = 2 cos(2mQo) — B(so) sin(2mwQo)Ag(so) ds, (79)

OTKyIla BUIHO, YTO IIOJIHOE W3MEHEHWEe IImypa MaTpuibl M momydaercs MHTErpUpPOBAHUIEM
BIOJIb PABHOBECHOI OpOUTHI NOGABKU B IPABOW 4YacT BbipaxeHus (79), CBI3aHHOI C BO3IEN-
cTBUeM Bo3mylleHuss Ag Ha paccMaTpuBaeMoM uHTepBaje ds. IlosTomy cmBur GeTaTpoHHON
gacToThl AQ) maércs ciaemyroeit GopMyIoit:

1 27 Ry
AQ= [ Bs)Ags) ds (80)
4 0
IMono6GuBIM )e 06pa3oM IMPpK HAJIMYMA BO3MYyIeHus rpanueHTa AG, pacipeneiéHHOrO BIOIhL
opbuTHl ycKopuTess, BMecTO (HopMmyibl (78) MOXKHO IOJNYUYUTH CIlEAyIOLlee BBIDAKEHUe IJis
U3MEeHeHNs aMIyIMTynHoi dyukumu ((s):

AB(s) = % /R Ag(s)B(s') cos 2[rQo + X(') — x(s)] ds'. (81)

CpasuuBas dopmynsl (81) u (60), a sarem dopmynst (60) u (59), HETPYAHO BUIETH, UTO
dbyuxmus AB/((¢) momxHA yHOBIETBOPATH ciemyiouieMy nuddepeHIalIbHOMY yPABHEHHIO:!

d?> Ap JAB o
ﬁ? + 4Q07 =2Q38%(s)Ag(s)- (82)
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Ecnn rTemeps mpaByio uacTh ypasHeHus (82) pasnoxurs B psan Pypre Ha rapMoHIKI
~ exp(ik¢), TO mepmomMUECKOe PpEIeHNe 3TOr0 yPABHEHWs MOXKHO OyIeT 3alucaTb B BUIE
psana

T =y LD, (59)

rme fi = (1/2m) [;7 B(s)Ag(s) exp[—ikd(s)] ds

Beipaxenue (83) HAr/sIIHO NMOKA3bIBAET, UYTO OCHOBHOI BKJIAL B BO3MYyIIeHHE GYHKIMN
B(s) maooT rapMOHHKEM C HOMepamu k, GIKAfINM@ K yIBOGHHOMY 3HAUEHUIO OeTaTpPOHHOI
qacToThl. Takue TapMOHUKU MOMJIEXKAT OO0S3aTEILHON KOPPEKIUU, Uil YEro B IIPOTOHHBIX
CHHXPOTPOHAX OOBIYHO MPEIyCMATPUBAIOTCS COOTBETCTBYIOIME cucTeMbl. st mocTpoenus
TapMOHMYECKON CHCTEeMbl KOPPEKINU BO3MYIIEHUN I'pagUeHTa MAarHUTHOTO IIOJISI MCHOJIB3YIOT-
Csl Te XK€ IPUHLIUIBI, YTO W HPU CO3IaHUU HONOOHOW CHUCTEMBI MJjIsi KOPPEKINU BO3MYIIIEHUN
3aMKHYTO OPOWTHI YCKOPUTENS, PACCMOTPEHHOW B MPEnbImyIeM pasmeiie. Kpome rapmonu-
YEeCKOM CHUCTEMBI KOPPEKIINU BO3MYIIEHWN T'PAOUEHTa MATCHUTHOTO IIOJISI, MCIOJIB3YEMON ISt
octabiieHnsT NeNCTBUS ITapaMeTPUUECKUX PE30HAHCOB OeTaTpPOHHBIX KOojeOaHWI, B IIPOTOHHBIX
CHHXPOTPOHAX MPENYyCMaTPUBAETCS TaKXKe CUCTEMa KOPPEKIMU BeJWYMHBI rpamuenTta G, mo-
3BOJISIIOIIAsT B cOOTBeTCTBHM C (hopmysont (80) m3MeHSTH GeTaTPOHHBIE YACTOTHL (), . C LEIbIO
HAXOXIEHUS ONTUMAJIBHOTO TOJIOXKEHUs pabouell TOYKM YCKOPUTENsI, a TaKXKe B pPEXUMaX
BBOIA-BBIBONA ITyYKA.

1.2.3. Bausunme cucreMaTmMYeCKUX HEJIMHEHOCTEN MArHHUTHOrO II0JIs
Ha 6eTanOHHI:Ie JacTOoThbl yCKOpUTEJIA

PaspabarbiBas umeanbHy0 CTPYKTYPY YCKOPUTENISI, CTPEMSITCA OOECIeYNUTh yCTONUYMBOCTH
MIONEPEYHOIO NBVXKEHUS YACTUI[ 33 CUYET MPABWIBLHOIO BBIOOpa Habera da3bl GeTaTpPOHHBIX
koyiebaHUl Ha TEpPUoONe CTPYKTYPHI Lg. PeanmbHOEe MATHUTHOE IIOJIEé MOXKET, ONHAKO, CYyIIe-
CTBEHHBIM 00pa3oM WM3MEHUTH HUMeaJIbHble CTPYKTYPHbIE XaPAKTEPUCTUKM yCKOPUTENS, TaKue
HaIpuMep, KaK 9acTOTHl OETATPOHHBIX KOJIeOAHWM, HEIIOCPENCTBEHHO BIIMSIOIIAE HA yCTONYIU-
BOCTDH TIONIEPEYHOIO MBUKEHUS YACTUII.

Mg yike paccMaTpUBAIN JIMHEAHBIE BO3MYIIIEHUS MATHUTHOILO IOJIST YCKOPUTEIISI U €ro I'pa-
OUeHTa, a TakxXe OOCYXKIanu WX BIUSHUE Ha OPOUTY YCKOPUTENS W YACTOTHI OEeTaTPOHHBIX
xonebanuit yactuil. PaccMoTpuM Temeph HENMWHEHHBbIE BO3MYIIIEHUS MATHWUTHOTO IIOJISI, BO3HU-
Kalollle U3-3a PA3IMYHBLIX NPUYNH. B 4YacTHOCTHM, OHU CO3HAIOTCS 3a CUYET TUCTEPE3UCHBIX
SBJICHUI (OCTATOYHBIE TOJSL B 2Kejle3e), BUXPEBLIX TOKOB B BaKyyMHOI KaMmepe yCKOPUTEILSI
(BO36y2KIaeMBIX NIPM W3MEHEHWN BELYIIEr0 MArHUTHOTO IIOJIA), HEPABHOMEPHOIO HACBIIIEHUS
JKejle3a MarHuTOB U JIMH3 IPU OOJIBIINX 3HAYEHUSX MATHUTHOTO IIOJIS, NeeKTOB M3TOTOBIIEHUS
Mar"HuTOB U JIMH3 U T.H.

PaccmoTpuMm cHavasia Tak HasblBaeMble CHCTeMaTwdecKue (yCpemHEHHble [0 NEepUMeTPy
YCKOPUTEIIsl) HEeJMHENHOCTH MarHuTHOro noisiss. OHu BAMSIOT Ha GeTaTPOHHBIE YACTOTHI, HEeIIas
WX PA3INYHBIMU IS PA3HBIX YaCTUIl. Y BendeHme paszbpoca GeTATPOHHBIX YACTOT MOXKET
OBITH ONMACHBIM, TaK KaK IIPU 3TOM BO3pacTaeT IJIOINIAOb, 3aHUMAaEMas IIyIKOM Ha IJIOCKOCTHU
6eTaTpoHHBIX 9acTOT (Q,, Q. ), ycyrybmass TaxuMm o6pa3oM BO3MYIIEHUE IIONEPEYHBIX PA3MEpPOB
MyJYKa W3-3a BO3MENCTBUSA Ha YACTUILI PE30HAHCOB 6eTaTPOHHBLIX Kojebanuii. C mpyroit cTopo-
HBI, UleajbHAs MAIIWHA, B KOTOPOW OTCYyTCTBYET pa3dpoc OeTaTPOHHBIX YacTOT, abCOIOTHO
HepaboTOCHOCOOHA W3-3a HEYCTONYMBOCTEN ITyYKa, BO3HUKAIONINX IIPU €r0 B3aUMONENCTBUU
¢ obopymoBanumeM yckopurens. [lo »Toil mpumuymHe B MPOTOHHBIX CHHXPOTPOHAX O00s3aTEIBLHO
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IPenyCMaTPUBAIOTCS CHACTEMBI IJIS YIPABJIEHUS CPEOHUMU 3HAUEHUSMHN KBAaIPATUYHOM U Ky-
OrYecKol HEJIWHENHOCTEN MArHUTHOTO IIOJIsl, T.€. 3aBUCUMOCTSIMU OETaTPOHHBIX YacTOT OT
UMITYyJIbCA YACTUIBI U aMIUIATYIBI €€ MOIEePEYHBIX KOJIeOAHUN COOTBETCTBEHHO.

B mpoTonHBIX CHHXPOTPOHAX MIJIMHBI MArHUTOB OOBIYHO BEJIUKU 10 CPABHEHUWIO C IOIEped-
HBIMHU pa3MepaMU BaKyyMHOM KaMepbl yCKOPUTENs, IIO3TOMY MAarHATHOE II0jle B OOJIBIIIMHCTBE
CIIy4aeB MOXHO CUMTAThH OBYMEPHBIM. I[aHHOE MPENNOIOXKEHWE He SBJISIETCS CIUIIKOM TPYy-
ObIM, TaK KaK BJIMSHUE KPAEB MATHNUTA MOXET OBITH YUTEHO C IIOMOIMIBIO MOIOJTHUTEILHOTO
OBYMEPHOTO MArHUTHOIO TOJsA. B cilydae INIOCKOTO MO BEKTOPHBIN MOTEHIINAJI MATHUTHOTO
[OJIST UMeeT €OUHCTBEHHYIO MPOMOILHYI0 KOMIOHEHTY A, = A, yIOBJIETBOPSIOIIYIO IBYMEPHOMY
ypaBuenuio Jlammaca,

AQA - 0, (84)

pellleHne KOTOPOro B HOJNISIPHBIX KoopauHaTax (r, ) mmeeT Bup

A= Z a,r" sin(nd) + Z b,r" cos(nf). (85)

Usnensr ¢ HoMepoM 1 B dopmyse (85) COOTBETCTBYIOT MArHUTY, MMEIOIIEMY 27 IIOJIFOCOB, TaK
KaK Ha OKDPYKHOCTH IIOCTOSHHOIO paguyca MArHUTHOE IIOJIE MEHSEeT 3HaK 2n pa3, IpUIEM
BTOpas U3 CyYMM OIIICBIBACT PEr'yJIIpHBbIC MYJIbTUIIOJIBHBIE MAarHUTHI, HE MMEIOIINE IIOJIIOCOB B
MeHI/IaHHOﬁ IIJIOCKOCTH; IIEpBas XK€ CyMMa CUMMETPpUYHA OTHOCUTEJIILHO MeHHaHHOﬁ IIJIOCKOCTHI
U COOTBETCTBYET KOCHIM MYJIbTUIOIBHBIM MarauraMm (cMm. puc. 10).

a) \ b)

N\
PN
N

A

Puc. 10. Hopmanbasriit (a) 1 kocoir (6) CeKCTYNOIbHBIE MATHATHIL.

N

N

B kauecTBe mpmMmepa pacCMOTPUM CEKCTYIOJIbHOE MarHuTHoe mnosie (n = 3). Borumcmas c
noMotbio (85) a3suMyTalbHYIO U PaAMaIbHYI0 KOMIOHEHTHI MarauTHoro mons (hy = —0A/Or,
h, =r710A/06), a 3aTem mepexons K NEKAPTOBBHIM KOMIOHEHTaM h, u h., HOJydaeM CIEmyio-
[II1€ BBIPAXKEHUS:

h, = 3[as(z* — 2*) — 2bsw2]; h, = —3[2asw2z + bs(x® — 2%)]. (86)
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IlocTosiunabie KO3(hduImeHTH! 3 U b3 BHIPAXKAIOT OOBIYHO YEpe3 OTKJIOHEHUE MATHUTHOTO IIOJIS
yckopurens ot HomuHanga AH,, Ha Kpaio BakyyMHON Kamepbl yckopurens (mpu r = b) 3a
CU€T KBAOPATWYHON HenmHelHOcTu. Tax, HampumMep, B CiIydae HOPMAJbHOW KBaIpPaTUIHON
HesmuHeiHOCTH Ko3bduiment by = —AH,,, /(3b%), rne AH,, = h.(b,0), n ypaBHeHUS NBUKEHUS
MIPUHUMAIOT CJIEOYIOUINA BU:

h 1Ap AH 1 Ap
" z Ke 2 2
T = — —— = —(2" — —-—; 87
et =-grt R, “eER® YRS, (87)
h AH
" o T K6

doxycupyromie CBONCTBa YCKOPUTEN XapakTepusyiorcs mapamerpoMm g = +G/HR. Pas-
6poc mO MMIyJIbCaM HPUBOOUT K pasbpocy dokycupymommx cmi, pasHomy Ag/g = —Ap/po.

B coorBercTBum ¢ dopmynoin (80), GeTaTpoHHAs YACTOTA YACTUIBI C UMIYILCOM Py + Ap
M3MEHSITCS TIPU DTOM OTHOCUTEIBLHO (o Ha BemumuuHy A(Q), paBHYIO

AQ éﬁp

Qo Do
Koadpdunment nponoprumonansaoctu £ B dopmyne (89) Ha3BIBAETCS XPOMATHYHOCTHIO (B
MAHHOM CJIydYae, B OTCYTCTBHE CHCTEMATUYECKON KBAIPATUYHON HEJIMHENHOCTHU, 6O0Jjiee TOYHOEe

(89)

Ha3BaHUEe 3TOro KoshUIMeHTa — eCTeCTBEHHAs XPOMATHYHOCTL). Bripaxkas B dopmyie (80)
Ag gepe3 Ap/po, momydaeMm st  CleLyoliee BbIPaKEHUe:

=g | Bl ds (90)

OrMeruM, 9TO s GOJBIIMHCTBA MPOTOHHBIX CHHXPOTPOHOB C XKECTKOW (HOKYCUPOBKOW 3HA-

YeHNe €CTECTBEHHOU XPOMATUYHOCTH COCTABJISET NMPUMEPHO —1,3 KaxK OJjIsS TOPU30HTAJBHOTO,
TaK U IJI1 BEPTUKAJILHOTO HAIIPABJIEHUIN.

Kpanparuunas HeIMHERHOCTH, CBSI3aHHAS C HEUICAIIHLHOCTHIO MATHUTHOTO IIOJIST YCKOPUTEIIS
(HanmpuMep, ¢ BUXPEBBIME TOKAMI B CTEHKAX BaKyyMHOI KaMepbl, OCTATOYHBIMU IOJISIMU B
IUNOJISIX W T. M.), OAET NONOJHUTENbHBIN BKJIAL B XPOMATHYHOCTH. JTO IPOUCXOAUT W3-33
TOTO, YTO HA YACTUILy C UMITYJIHCOM, OTJIMYHBIM OT PaBHOBECHOI'O, NENCTBYET MNOIOITHUTEILHBIN
TPanyeHT MAarHUTHOIO TOJIs, PABHBIN

2AH, .D(s) Ap

AG, , ==+
' b2 Po

(91)
Tak yto u3 dopmynasr (80) momyuaercs mob6aBKa K XPOMATHIHOCTH, OOYCIIOBIIEHHAS KBaIpa-
TUYHON HEJIMHENHOCTHIO MATHUTHOTO IIOJISI YCKOPHUTEIIS,

Aéw,z =4

! / T Al 5 D(s) ds. (92)

27Q, b2 HR

Ioncrasisis B HOCHENHOI (GOPMyIly CPeJHUE 3HAUEHWs BEJIMYMH, 3aBUCSIIUX OT HIPONOIIBHON
KOODIMHATHI §, UMeeM Cliemyioryio onenky: A, . ~ +(R}/Q; RV?)(AH,./H).

Takum o6pa3oM, U3MEPUB XPOMATUIHOCTH YCKOPHUTENS, MOXHO PACCUUTATH CUCTEMATUYIE-
CKYIO KBAIPATUYHYIO HEJIUHEHHOCTH MATHUTHOTO MOJIA. B cmcTeMe KOPPEeKIuu KBaapaTUIHON
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HEJIMHENMHOCTU KOPPEKTOPHI OOBIYHO pacmojaraioTcs BOIu3m GOKycupyromnero n nedokKycupy-
IOIIETO MaIr'HUTHBIX 6.HOKOB, Opy 5TOM MOXHO IIOYTH HE3aBUCHMO KOPPEKTHUPOBAThb XpOMaTHU4-
HOCTHU IIO X- " Z-HallIPpAaBJICHUIM (HOJIO6HO KOPppEeKIuMn rpagueHTa MarHUTHOIO HO.HSI).

B saxmroueHne pasmena IprBenéM TaK:Ke OCHOBHBIE (OPMYJIBI M KyOWUeCKON HeInHeH-
HOCTU MArHUTHOI'O IIOJIA, OKa3bIBaIOHIefI OCHOBHO€ BO3JI€I71€TBI/I€ Ha 3aBUCHUMOCTBH 6eTan0HHbIX
9acTOT OT AMIUIUTYOBLI momepevHbrx konebanwuii. o amamoruu c (86), MO2KHO IIOJIy4YUTH C IIO-
MoIIIBIO (hopMyIibl (85) Ciiemyrole COOTHOIIEHNS Il HOPMAJIBHON KyOU9IeCKON HeINHEHOCTH
(n=4):

h, = Sl _AHyys
Hp? Hbp?

roe AH,,s mpencrasnser coboit, momobHo AH,,, OTKJIOHEHHEe MO HA KPAK BaKyyMHOI

(2* — 322°); h, = (2* — 3z22?%), (93)

KaMepbl OTHOCUTEJIbBHO HOMMHAJIBHOI'O 3HAYCHUA M3-3a Ky6H‘~I€CKOI71 HEJIMHEMHOCTH. ypaBHeHI/ISI
OBU2XKECHUSA NMEIOT IIPU 5TOM BHULO

AH,

"+ g, = ﬁgf(xg — 322°); (94)
AH,

2+ g,z = ﬁgf(zg — 3z2%). (95)

Bumnso, 94TO mpu 3aMeHe X Ha z IepBOe yPaBHEHME MEPEXOMUT BO BTOpOe W HaobopoT. Permas
ypasHerus (94) u (95) MeTomoM Bapwanuy IPOM3BOJILHBIX HOCTOSHHBIX B IPEIIOIOKEHNM, ITO
PE30HAHCHI YeTBEPTOTO MOPAAKA OTCYTCTBYIOT, TOJIy4aeM I COBUTOB OETATPOHHBIX YaCTOT
B 3aBUCHMOCTH OT AMIUIATYIbI MONEPEYHBIX KOJIeOAHUI CIIMyIOIIee BBIPAKEHIUE:

3R, < AH,ys
537,2 T

A - 20
@ez = S s H o=

> _2€z,w < %5&352 >>7 (96)
rzie yrJIOBbIE CKOOKY O3HAYAIOT YCPEMNHEHUE IO IEPUMETDY YCKOPUTeNs; €, , = Ay . /Be. (Ap. —
AMIIUTYOBI [ONEPeYHbIX KojleOaHuil). B IPOTOHHOM CHHXPOTDOHE C COBMEIIEHHLIMU (YHKI[V-
svu (AH,,5)r ~ —(AHyys)p, m03TOMYy BTOpORl wieH B ¢opmyie (96) mourm He BimsieT Ha
GeTaTpOHHBIE YACTOTHI. HenuHeiHOCTL B GOKyCUPYOIIMX GIOKaX BUsSeT B OCHOBHOM Ha AQ),,
a B nmedokycupyommx — Ha AQ,.

1.3. PEBOHAHCHI BETATPOHHbBIX KOJIEBAHUN YACTHUII

Pe3OHaHCbI IIOIIEPEYHBIX KoJieOaHu YJaCTUIl HACTYIIAIOT B CJIy4ae, KOoraa uX 6eTan0HHbIe
YaCTOTHL YAOBIETBOPSIOT CIEAYIOIEMY yCIoBuio: n,Q, + n.Q, = k, rne n,, n,, k — uessle
qucna, n = |n,|+ |n.| — nopsnok pesonanca. IIpu BBIOIHEHNN DAHHOIO yCJIOBUS HaXKe OYEHb
MaJibl€ BO3MYIIICHUS MAarHUTHOTO IIOJIS YCKOPUTEJI MOTYT IIDUBOOUTH K 6I)ICTpOMy pocTy
IIONIEPEYHBIX Pa3MePOB YCKOPSIEMOTO IIydKa IIPOTOHOB. B HaCTOsAIIEM paszere PacCMaTPUBAIOTCS
HanboJIee ONACHBIE DE30HAHCHI GETATPOHHBIX KOJIEOGAHWN YACTUIL B IPOTOHHOM CHHXPOTOHE.

1.3.1. ITapameTpudeckuil pe30HAHC

B xauecTBe mpocTeiiliero mpuMepa MapaMeTPUYecKOr0 Pe30HAHCA PACCMOTPUM MAsATHUK C
HUTBIO, IJINHA KOTOPOW M3MEHSeTCs BO BpeMeHu ¢ mepuonoM 1’ = 27 /w: | = ly+1; cos(wt + ¢y),
ly € ly. B mepBoM mpubiamkeHUM MOXKHO TOJOXKUTB X = Xmaz COSWot, TOE X — YIVIOBOE
OTKJIOHCHME MAasSTHUKA OT MOJIOXKEHUs paBHOBECUS, w, — ero cobcTBeHHas duacToTa. Cmia
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HaTSXKEHUs HUTH MasTHUKa I mpm sToM KomebieTcs ¢ yOBOEHHOH dwacToToil: F' ~ cosy =~
1—x2/2=1—=X20:/4— (X2raz/4) cOs 2wyt, Tax uTo pabora W, coBepiraemas Hall MasTHUKOM,
paBHa:

t t
W = / F(dl/dt)dt ~ chiZ,,, / cos 2wyt sin(wt + ¢y) dt.
0 0

Orcroga BUmHO, YTO CpemHss pabora 3a mepuon kosiebamuii 1’ OoTiWYHA OT HYJIS JIAIIL B
clIydJae mapaMeTPUUIeCKOro Pe30HAHCA, KOTOa YacTOTa BO3ZMYIIIEHUS W COBIANIAET C YIBOEHHBIM
3HAYEHUEM COOCTBEHHON 4YaCTOTHI wy. B mociemueMm ciiydae aMIInTyOa KojieOaHU@ MasTHUKA
OymeT BO3pacTaTh C TEeYEeHWEM BpEMEHU, aXKe eCIM B HAYaJIbLHBIM MOMEHT BpPEMEHH OHA
YMEHBIITAIACH.

B npororHOM CHHXpPOTpPOHE HmapaMeTPUYECKU PE30HAHC 6eTATPOHHBIX KOJIEOAHUN BLI3LIBA-
€TCsl a3UMyTaJIbHBIMU T'apMOHUKAMU BO3MYIIIEHWS T'DAINEHTa MArHUTHOTO TOJIS YCKOPUTEIS.
YcnoBue pesoHaHca mMmeeT Bun 2@, , = k, ClleOBaTEIbHO, IAPAMETPUYECKUN PE30HAHC MMeeT
MECTO TPHU IEIbIX U MOJYIENbIX 3HAYCHUAX OeTaTPOHHBIX 4acTOT. IIaHHBIN PE30HAHC SIBIISI-
eTcsl OMHUM M3 HamboJjiee OMIaCHBIX, IIOATOMY PabOUyI0 TOYKY YCKOPUTEJISI OOBIYHO CTPEMSITCS
pacmosiaraTh Kak MOXHO HAJIbIIE OT YKA3aHHBIX PE30HAHCHBIX JIMHUIM.

YpaBHEHUs MOMEPEYHOr0 MBUKEHUS YACTUIl MPU HAJUYAN BO3MYIIECHUN TPAIUEHTA MAar-
auTHOro nojiass AG uUMET BuUm

" _ AG
T+ g, = HRw7 (97)
" _AG
2"+ g.z = TR (98)

Ypasrenus (97) u (98) MmeHTUYHBI, TOITOMY IS ONPENEIIEHHOCTH OCTAHOBUMCS HA DELIeHWUN
[EPBOTO U3 HUX, BOCIOJIB30BABIINCH [JI 5TOT0 METONOM BAPUAIAU IIPOM3BOJILHBIX IIOCTOSHHBIX.
3mece M HUXKE — IPU PACCMOTPEHUM MOCIEAYIOUMX DPE30HAHCOB — YHOOHO IIPENCTAaBIISATH
HEBO3MYII[EHHOE DeIIeHNe COOTBETCTBYIOIIEr0 OTHOPOMHOIO auddepeHnnanbHOro ypaBHeHns
B BUIE T = ay + a*p*, roe a U a* — KOMIJIEKCHble aMIIIUTYObl IOIEPEYHBLIX KOoJjebaHui,
noiexkarye Bapuanny; ¢ u @* — dyuknun Prioke, HOpMUPOBAHHBIE COOTHOIIEHUEM

P — @ = —2A,

rme A =1 M — HOpMEpOBOuUHAs mocTosiHHASA. CBA3L MEXIY BBEIEHHOU paHee MpPU PacCMOTpe-
HUN CTPYKTYPHBIX XapaKTEPUCTUK ycKopuTesis [-dyHkimein u momyrieMm ¢dyakimun Proke |¢|
cnenytomas: 3 = |¢|?/A. Pemas ypasuenue (97), nepeiiném x nuddepeHInanILHOMY yYDABHEHIIO
IIEpBOr0 IIOpsAOKa OTHOCHUTEJIBHO KOMHJIeKCHOfI aMHJII/ITyJII)I a

da . ZRQAG

- _ = *2 _ 9y *
79 2HRAf exp(—2iQ9)a”, (99)

roe f — mepuommueckas dacth dyukuuu Proke: ¢ = f(9) exp(iQV), ¥ = s/R,. IIpu nepexone

ot ypasuerus (97) x (99) orT6poren ujeH, TPONOPIMOHAIBHBIN |(p|?, He MMMl OTHOIIeHNs

K IIapaMETPUYECKOMY PE30HAHCY OeTaTPOHHBLIX KOJIeOaHWM, a NPUBONAIINN JIAIIL K CIBUTY

6eraTpoHHON yacTOTHl A(Q), I KOTOPOro paHee yxke mosydena dopmyma (80).
PacknanbiBas nasee mepumommaeckmil 1o ) MHOXKUTENb Iepel 9KCIoHeHTOW B (99) B psan

Dypee,

1 [ AG

—— f*? exp(—ik?) dv,

AG _ 1
_271'0 HR

HRf*Q = Ek:ck exp(zkﬁ% Ck
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U [pOU3BOAs 3aTeM yCpenHeHWe B mpasoil uactu (99) BIOIL DPaBHOBECHON OpPOUTHI YCKOPU-
TeJlsl, T.e. OCTABJIAs JIIIb PE30HAHCHBIN wieH ¢ k ~ 2(), momyduaem BMecTo (99) cremyroree

ypaBHEHUE:
d
d—g ~ P exp(—2i60)a", (100)
roe 0 = Q —k/2, |§] < 1; P — KOMIUIEKCHasI BeJIMYNHA, Ha3blBacMas CIJIOM DEe30HAHCA,
iRy AG
P,,=4+—" < —p 101
I 2A HR Sow,z ( )

B dopmyne (101) yrioBble cKOOKEM O3HAYAIOT yCpPEOHEHHE IO 06OpOTy, a 3HadeHue GyHKIUN
dnoke ¢, ., 6epércs npu Q = k/2.

Iloncrasnsiss B ypasrenue (100) KOMIUIEKCHYIO aMIUIATYyny @ B Bume a = |a|exp(in) u
pa3mesisisi ero MpaByIo U JIEBYIO YACTH HA PEAJIbHBIE W MHUMBIE BEJINYMHBI, MOIYYAEM BMECTO
(100) cmemyroiryo cucTeMy #3 ABYX OOBIKHOBEHHBIX HU(MDGEPEHIMAIBHBIX YPABHEHUI EPBOIO
MOPSIIKA:

la|" = |aP| cos(2n + 2§09 — arg P); (102)

n' = —|P|sin(2n + 20¥ — arg P), (103)

rze mwrpuxoM o6o3HadeHo nuddepenupoBarre 10 . MOXKHO HEIOCPEICTBEHHO IPOMHTErPUPO-
BaTh cucreMy ypasreHuit (102), (103), onHako €€ peleHus BEIPAXKAIOTCS YePe3 SIIIUITIUECKIE
MHTErPAJIbl U CIIUIIIKOM IPOMO3IKH I aHAIM3a. AHAJIN3 NapaMeTPIUECKOrO PE30HAHCA IPOLLe
BCEro mpoBomuTCs B nepemennbix I = |al?/2, w = n+ 8§09 —arg P/2, B KOTOPbIX ypaBHEHUS IBU-
KEHWsT UMEIOT KaHOHWYeCKyo dopmy ¢ ramuiabToHnasoM H(I,w) = I(§ —|P|sin2w). Tak xak
raMuIbTOHUAH H He 3aBUCUT SIBHO OT BPEMEHU, TO KPUBBIE H = const SBISIIOTCS UHTErPAJIAMU

@ | pren
C/&@ > o %Lr

a) b) c)

OBUXKCHNA.

Puc. 11. ®asoBble muarpamMMbl I7isl TapaMeTPIYIECKOTO pe3oHanca (2Q = k).

Ha puc. 11 B xauecTBe mpumMepa HOKa3aHBI Takue Kpusble Ha tockoctu (I, w) mus H =
const. Bunzo, urto Bmamm or pesonanca (mpu |§| = 10|P|) xpuBble 3aMKHYTBI, TaK dTO
[IOTIEPEYHOE NBIDKEHNE YaCTUIl yCTonumBO. [Ipm 3TOM m3-3a 6IM30CTH PE30HAHCA IIPOMCXOISIT
OmeHUs! aMIUINTYOBI KOJleOaHUl, TIyOMHY KOTOPBIX HETPYIHO ONPENEINTD, IPUPABHIB 3HAUEHUS
raMuiIbTOHUaHA H npu sin 2w = £1, oTKyIoa MOIydaeTcs

|alimaz _ (‘5‘ + ‘P‘>1/2
6] — | P|

(104)

‘a‘min
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Ilepuon 6Guenuit MOXKHO HAWTH, BOCIOJIBL30BABIINCH YPABHEHUEM IBUKEHIUS

OH

w' = — = § — | P|sin2w. 105

r=6-|P] (105)

Pasnenus B (105) nepemenHble, a 3aTeM IPOMHTErPUPOBAB IO W B Ipeneiax oT —7/2 mo m/2,
momydynM muis nepuoma 6uenuint T dopmyity

1 1
T=———— 106
2 JETPE (106)
rae fo — dwacToTa obpalleHus mydka B yckopurene, |§| > |P|.
Ilpu |§| = |P| macTymaer cOGCTBEHHO PE30HAHC, (a30BblE TPAEKTOPUU DPA3PLIBAIOTCS, U

HoNepevHoe IBIKEHNe YaCTUIl CTaHOBUTCSA HEYyCTOMUMBBIM. PaccMoTpuMm Hambosee OMaCHBIIM
ciaydait, korma paccrpoika § = 0. Hudbdepennupys no ¢ npaByroo u JIEBYI0 YaCTH ypaBHEHUs
(100), monyvyaem muddepeHnuaIbHOe ypaBHEHNE BTOPOTO MOPSIKA

a’ = |P|*a, (107)
peIIeHre KOTOPOTO UMEET BHIL
P, .

a = agcosh |P|Y¥ + ﬁao sinh | P|9, (108)

OTKyZla TOJIydYaeTCs CIefyIollee BBIPAXKEHHe I MOMYJIs KBAIPATa AMILIATYIBL:

2
a

la|? = %[(1 + cos x) exp(2|P|9) + (1 — cos x) exp(—2|P|9)]. (109)

daza x B (109) 3aBucuT OT HaYANBHLIX ycioBuil. IIpu Gompiunx ¥ mmeeMm oTcoOma

14 cos
= \/?Xexp(\Ph?). (110)

Bunwo, uro ammimTyma mnomepedHBIXK KOIeOAHUN WACTUI IPU MapaMETPUUECKOM PE30HAHCE

a

Qo

BO3pacTtaeT B e pas 3a n = (2m|P|)™! oboporoB myuka B yckopurene. K mpumepy, ecim
|P| =1072, To n ~ 150 060poTOB. YIcHO TO3TOMY, HACKOIBKO ONACEH MAHHBLIA DE30OHAHC.

1.3.2. JInHeNHbLIA PAa3HOCTHLIA PE30HAHC CBSI3U

CBs13b TIONEPEYHBIX KOJIEOAHWIA YACTUIl B YCKOPUTENE MOXET MPUBONUTL K IOTEPE da-
CTU WHTEHCUBHOCTHU IIy4YKa Oake B TOM CJIydae, KOIa OCTaJIbHble IapaMeTphbl YCKOPUTEIIS
HE BBIXOOSIT 33 HOIMYyCTUMBIE Hpenerbl. [Ipenmoso)uM, UTO MPU WHKEKINUA TOPU30HTAJILHBIN
SMUTTAHC IIyYKa B TOYHOCTU PAaBEH NOPU30HTAJILHOMY aKCENTAHCY BaKyyMHOU KaMephbl, a Tak-
e, 9TO IPU KCHOJIB30BAHUM TOHKOTO IIydYKa OCYIIEeCTBIIEHA HeoOXommmas KOppeKIus OpOuTHI,
0eTaTPOHHON YaCTOTHI, XPOMATUUYHOCTH U IOPYTUX IIapaMETPOB YCKOPUTEIIS M BCE BBITJISIOUAT
abCcoMOTHO HOPMAJIBHBIM. OIHAKO TOC/Ee WHXKEKIWK TOJHOMACIITAOHOTO IIYYKa IOSBIISIOTCS
morepu wacTuil. lIpmumHOW NONOOHBIX MOTEPH YAIE BCETO SBISETCS HAJIWINE B YCKOPUTE-
Jle KOCOro KBaIPYIOJIbHOTO TOJIsI, IPUBOMSIIEr0 K CBSI3U IOPU30HTAJILHOTO U BEPTUKAIHLHOTO
OBYDKEHUN YaCTH’IL.

CusnbHast CBsI3b 6€TATPOHHBIX KOJIEOAHUA YACTUI] B NBYX BEPTUKAJBHBIX HAIPABJIEHUSIX II0-
noOHa OBYM CBSI3aHHBIM I'apMOHUYECKUM OCHUJLISTOPaM, KOTOa MMeeT MeCTO Ilepelrada HEPruu
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OT ONHOTO OCHMIIATOPa K IPYIOMY Ha YacTOTe, PABHOM PA3HOCTU UX COOCTBEHHBIX YaCTOT.
Ilpu 5TOM rOpM3OHTAIBHBIN SMUTTAHC IIy9YKa MOXKET IIOJIHOCTHIO IIEPEXONUTDH B BEPTUKAJILHBIM,
B pe3yJIbTaTe 4ero IIy4oK MOXKET IPEBBICUTH IOIyCTUMYIO B BEPTUKAJIBHOM HAIIPABJICHUU alep-
Typy-

JIuHENHBI pPa3HOCTHBIA PE30HAHC CBSI3M BO30YXKIOAETCS B YCKOPUTENSX a3UMyTajIbHBIMU
rapMoOHUKaM® 60 KOCOTO KBaIPYIOJBLHOIO, OO MPONOJIBHOIO MarHuTHOro mojeii. Paccmo-
TPUM IIOOPOOHO CIIy4dall KOCOTO KBaIPYIOJBHOIO IIOJSA, SBJAIOIIETOCd OCHOBHOM NIPUYMHOR
IIaHHOTO PE30HAHCA, KaK OyneT BUOHO U3 majbHenirero. [Ipu Hamuaum KOCOro KBaAPYIOILHOTO

marauTHoro nosst h, = G,z u h, = —G.x (G, — rpamueHT 5TOro HOJsl), TaK YTO yPABHEHUS
NBIKEHWUS UMEIOT BT
G
"+ g,x = _H—;%Z; (111)
G
2"+ g,z = _H—Is%w' (112)

Metronuka pernenus ypasHermit (111) u (112) anajormuHa HCIOIB30BAHHON BBIIIE IPH
perternu ypasuenus (97). [Ipumenss MeTon Bapuaruu IPOU3BOIBHBIX HOCTOSHHBIX U YCPEIHSI
1o 06opoTy mosyuuBLInecs nuddepeHIanbHble YPABHeHN IJIsi KOMIUIEKCHBIX AMIUIUTYI G,
u a,, umeeM BMecto (111) m (112) cremyromyto cucreMy W3 ABYX YKOPDOUYEHHBIX yDABHEHWUIL:

da, . .
% = 1P exp(—idd)a.; (113)
da, . .
d(; = 1P" exp(109)a,, (114)
roe 0 = Q, — Q., |§] € 1, a cuna pesonanca P ompenenena cooTHoleHneM
Ry G,
P=— *
B oo (115)

B KoTOpOM 3HaueHus Qyukuuit Pmoke 6epyrcs npu § = 0. IIpu nepexone ot ypasuenuit (111),
(112) x yxopouernubiM ypasaeHusM (113), (114) oT6GpoLIeHbI WIeHBl, IPOIOPUUOHAJIBHEE k%,
UMEIOIINe OTHOIIEHNE K JIMHEHOMY CyMMOBOMY PE30HAHCY CBS3M, KOTODBIA PACCMATPUBAETCS
B CJIEAYIOIIEM Das3medie.

CocraBnsss ¢ momorpio (113) m (114) ypaBHeHus s KBAIPaTOB MOYJIEH AMIUIATYII,
HETPYIHO MOKA3aTh, YTO CyMMAapHAs AMIUIATYAA MOMEPEYHBIX KOJIeOAHNI OCTAETCS HEM3MEHHOM
IpU JIMHEHHOM DPAa3HOCTHOM pe3oHaHce cBssm: |a,|? + |a.|?> = const. CrnenosaTtenbno, eciu
[ONEPEYHBbIE SMUTTAHCHI IIyYKa PABHBL Ui OOOUX HANPABJIECHWUN, TO MAHHBII PE3OHAHC HE
npencrasiser onacuoctu. OMHAKO HA MPAKTUKE YACTO OBIBAET TaK, YTO PANUAILHBIN SMUATTAHC
B HECKOJIbKO Dpa3 TIPEBBIIAET BEPTUKAJIBLHBIN. B mOCIenHeM ciiydae Pa3HOCTHBIN DPE30HAHC
MOXKET MPUBOOUTEL K TOTEPSIM YACTHIL.

IIponuddeperunposas obe uwactu ypasaerus (113) mo O, momyunm muddepeHIIaAIBEHOE
YPaBHEHIE BTOPOTO MOPSAKA OTHOCUTEIHHO KOMILIEKCHOU AMILIATYIbL G

al +idal, + |P|*a, = 0. (116)

3pmecy u Huke (IO KOHIA HACTOSINEN [JIaBBI) IITPUXOM 0603HauaeTcs nuddepeHImpoBaHne IIo
9. AHajormuHOe ypaBHEHNEe OTHOCUTENLHO aMIUIUTYOBI G, oriamdaercs oT (116) mauims 3HAKOM
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nepen BTOPBIM YJICHOM. HOBTOMy O6H_II/Ie pemenus OJiss KOMILJIEKCHBIX aMIIJIATYyHO MOT'YT OBITH
3allICaHbl B BUIOEC

s = Au - expl-i(0 — )] + B, . expl-i(£5 + )3 (a17)
rne 1 = (0% + 4|P|?)Y/2. Muddepermmupys namee ypasmenms (117) mo ¥ m npuwpasHEBas co-
OTBETCTBYIOLIINE PE3yIbTaThl K IpaBbIM dacTsM ypaseeHuil (113) u (114), a Taxxke momaras
A, = A uw B, = B, nony4aeMm CjenywoIme CBA3M MEXIy ITOCTOSHHBIMU KOd(duumenTamm:
A, =A(n-40)/2P; B, = —B(n—0)/2P*.

IMoncrasnss B (117) mosyumBInmecs COOTHOLIEHNs M BBIUUCIIASA MOLYJIN KBAAPATOB AMILIA-
TyI, TOy9aeM sl |a,|? BeIpakeHme

AB*
P

_5)2
2 _ 4|2 B2(77 _‘
ouf? = 4P + B

(n — 6) cos(n?d — x). (118)

Ypasuernue mis |a,|* momyuaercs u3 (118), ecin B HEM mOMEHATH MecTaMu NOCTOsHHBIE A u B
7 U3MEHUTH 3HAK Iepen mociaenHuM uieHoM. CrenoBaTesnbHO, GopMysia O CyMMBI KBaIPAaTOB

MOLYJIEN aMIUIUTYII MOXKET OBITH 3aluCcaHa B BUIE

ul? +laf? = (A2 + B 1+ L] (119)
4| P|?

N3 dopmynsr (118) meTpynHo HaliTh mepuox OGMEHWI AMIUIATY[ NONEPEYHBIX KojeGaHumil
vacTur | mpu pasHOCTHOM PE30HAHCE CBs3U, mojiaras 1Y = 27, oTKyna

1 1
T=———— (120)

fo /62 +4]P]

Yrobbl ompenenuTh TNIyOmHy OWEHWI, MPEANOJIOXKUM, YTO B HEKOTOPBHII MOMEHT BPEMEHU
IMy40K OBII PE3KO CMEIIEH B FOPU30OHTAILHOM HampapsieHuu. Hauambaas ammnTyna kosrebaHui
Iy4YKka B BEPTUKAJILHOM HAIPABJIEHNN DaBHA HY/II0, modToMy u3 dopmynst (117) momywaercs
cllenyomas CBsi3b Mexny kosbdumuenramu A u B: B = —A(n—0)/2P. IlonHoe n3MeHeHne KBa-
IpaTa MOMYJIs aMIUIATYObl B IpOIecce OMEHUil HaiméM, BOCIOIL30BaBIINCH dopmysoi (118),

—0 (n—9)*
Ala,|? = 2|AB* |1 =2 — 1421 =9 121

Brraucnsas saTem KBampaT MOMyJis HAYAIbHON aMIUIATYAbI KOJNeGaHWN Mydka |a.|® ¢ mo-
Morpio nEBapuanTa (119),

—6)? 2
o2 =142]1 L] 122
aol? = 471+ St | (122)
I COCTAaBIIsLsl OTHOLIeHMe BbipaxkeHmit (121) m (122), mosmyduaeMm mOcie HECIOXKHBIX Ipeobpas’o-
BaHUN

Ala,|*  4|P?
lazo|?2 4| P2+ 02

dopmyna (123) mokaseiBaer, uTo npu pesoHance (0 = 0) riybuna GueHuit mMeeT HAUGOIIb-

(123)

IIYI0 BEIMYMHY, MPUYEM MOMYJIAIUSA aMIIUTYObl Kojebanuii myuka mnocturaetr 100%. Bmamm
or pesonasca (upu |§| > |P|) riyGuna GueHuil DaéTcsi BEIPAsKEHHEM
Alag* 4P

lagol? 62

(124)
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Ormernm Takxke, uro popmyssl (120) u (123) mo3BOISIOT OTHOCHTENIBEHO IPOCTO ONPENEIISITH
paccTpoiiky 0 u cuiy pe3oHaHca |P| mo pesynbraraM MMepeHWN TIyOMHBI U Ieprofa GueHuit
[OCIIe PE3KOTO CMEIEHNUs Iy9Ka 110 OMHOMY W3 TONEPEUHBIX HAIPABIICHMUIL.

IIpy suHEHHOM PA3HOCTHOM PE30HAHCE CBA3M MOXKHO BBINEJIUTH TJIABHBIE OCH, BIOJbL KO-
TOPBIX TIONEPEYHbIE KOJeOaHWs JACTUIl UMEIOT ONUHAKOBBIE YACTOTHI, HA3LIBAEMBIE COOCTBEH-
weiMu. O6osaunm Q = (Q, + Q.)/2, Tak uro Q.. = @Q + /2, n 3ammmem, ¢ y4érom
dopmyiner (117), pemenus ypasreruit (111) u (112) B BuIE

-6
x = Af, exp [z(Q + Q)ﬁ] — Bfgc77 exp [z(Q — Q)ﬁ] + x.C.; (125)
2 2P~ 2
_ , n n—2o , n
Z = sz exp Z(Q — §)'l9 + AfZW exp Z(Q + 5)19 + K.C. (126)
Ecmu Teneps B Boipaxenusx (125) u (126) crauana nonmoxuts A =0, a 3avem — B =0, 10

TakuM 00pa30M OIPENESIATCI HAIIPABJIEHUS TJIABHBIX OCEN KOjebaHUM,

5+ /o T APP
2| P|

2= ‘ﬁ (127)

Pz

z

Ilpn pa3HOCTHOM pE30HAHCE CBs3U CHAYaja U3MEPSIOTCA COOCTBEHHBIE YaCTOTHI Kojeba-
Huil, paBHble () £ 1)/2, a 3aTeM pPaCCUUTHIBAIOTCS YACTOTHL (Q, ., MOCIE IPEOBAPUTEIHHOIO
OIpeleseHns. 3HaYeHuit 0 1 |P| ¢ MOMOIIBbIO ONMCAHHON BBIIIE METONUKI.

1.3.3. JInHENHbLIA CyMMOBBIN PE30HAHC

Ecnu GeraTpoHHBIE YACTOTHI YOOBIETBOPSIOT COOTHOIIEHUO @, + Q, = k+ 0, rne kK —
nestoe 4ucio, |6 < 1, To MMeeT MeCTO JIMHEHHBI CyMMOBBI pe3oHaHC. uddepenimansabie
YyPABHEHUs [JIs1 KOMIUIEKCHBIX aMIUIATY[ [OJIy9aroTcs u3 ypaBHeHuil mprkenus (111) m (112)
AHAJIOTUYHBIM 00Pa30M, KaK U B CIIyYae PA3HOCTHOTO DPE30HAHCA, 3& WCKIIOUEHWEM TOTO, UTO
YCPEOHEHUIO II0 000OPOTYy B HPAaBBIX YACTSIX yPAaBHEHUU Telleph MOIJIEXAT OTOPOIIIEHHBIE pa-
Hee WIEHbI, IPONOPIMOHAIIBHBIE ¢*p*. YKOPDOUEHHBIE yDABHEHHS OTHOCHTEIBHO KOMIUIEKCHBIX
AMIUITATYII MOTYT OLITH 3aIIUCAHBI B BUIE

da, . .
d(; = 1P exp(—idd)ay; (128)
da, . .
d(; = 1P exp(—id9)a;, (129)
roe cuina pesoHaHca P OIperneneHa COOTHOLICHIEM
RO Gs
p=2 " 1

rze, KaK U B OpeablayIeM pasnere, dyukius G (1) omuceBaeT 3aBUCHMOCTH KOCOTO IDaUEHTa
MArHATHOTO TOJIS OT a3UMyTa yCKOPUTEJIS.

Ioncrasnsst B (128) u (129) KOMIIJIEKCHBIE AMIUIUTYALL B BUOE Oy, = |Gy .| e€xp(in )
U OTHEeNSsl B YPABHEHMAX PEAJIbHLIE W MHHAMBIE YaCTH, NPUXOOUM K CJICAYIOIIEH CUCTeMe
OOBIKHOBEHHBIX NU(M(HEPEHINATLHBIX YPABHEHMIA:

‘aw‘/ = ‘azp‘ Sin(ww +wz)§ (131)
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‘az‘/ = ‘awp‘ Sin(ww + wz)? (132)

n., = Z—Z | P| cos(w, + w,); (133)
!/ a’w
== | P| cos(w, +w.), (134)

roe Wy, =1, + (00 —arg P)/2.
CrenaeM Temnepb CIIENYIOLIYIO 3aMeHy IepeMmeHubix: I, = |a,|?/2 u I, = |a.|*/2. B nepe-
MeHHBIX ([, w) ypaBHEHUS CTAHOBATCS KAHOHWYECKUMHI C TAMUIJILTOHUAHOM H, PaBHBIM

0
27

HE 3aBUCAIIINM SIBHO OT BPEMEHU U ABJIAIOIITUMCA IIOSTOMY HUHTETPDAJIOM OBUXKCHUS.

H = 2|P|\/I,I, cos(w, +w,)+ (I, + I.) (135)

Henocpencrsenno u3 ypasuenuii (131) u (132) momyuaercs cremyromas CBs3b Mexmy ab-
COJIIOTHBIMY BEJIMUMHAME IIONEPEYHBIX aMIUIUTYL: |a.|> — |a,|? = const (mmu I, — I, = const).
CrienoBaTesIbHO, TIPU CyMMOBOM PE30HAHCE OMHOBPEMEHHO BO3PACTAIOT aMIUIATYILI KOJIeOaHMin
mo obouM HallpaBJICHUAM. HOJIaFaH Ha4daJIbHbIEC aMILJINTYIbI KoJIeOaHum OOMHAaKOBBIMHU, BBIAC-
HUM, TIPU KAKUX HapaMeTPax YCKOPUTENsS TEPSIeTCS yCTONYMBOCTE IMOMEPEYHOTO MBMXKeHus. B
Ccmry HpHBeﬂeHHOﬁ 30€Ch CBA3U aMIIJIATYHO IIOIIEPEYHBIX KOHe6aHHI71, MO2XHO B TaKOM CJlIy4dae
nonoxuts I, = I, = I, w, +w, = w—m/2, TaKk 9TO raMWILTOHUAH F HPUMET TOT XK€ CAMBII
BUZ, KOTODBII OH MMeeT IpU mapameTrpumueckoM pesoHance H = I[6 — 2|P|sin(w)], orkyna
BUMIHO, YTO pa3pbiB (Ga30BBIX TpaekTopuil npoucxonut upu |0/P| < 2.

dusnka pa3BUTHS CYMMOBOTO PE30HAHCA aHAJOTMYHA PACCMOTPEHHOMY BBIIIE CITydaro mapa-
METPUYIECKOTO PE30HAHCA, 3a WMCKI/IIOYEHHEM TOTO, YTO MPU CYMMOBOM PE30HAHCE AMILTATYIIHI
xoyiebaHnl BO3PACTAIOT OMHOBPEMEHHO IO OOOMM HANPaBJIEHUSIM. B 0o6jacTu yCTORYMBOCTH
(mpu |0/P| > 2) nmeer mecTo dhopmyna s nepuona 6uenuit T', momoGHAsS COOTBETCTBYIOLIIM
(dbopMyJIaM Ui MapaMeTPUYECKOTO M PAa3HOCTHOTO PE30HAHCOB,

-1 1 (136)
fo /0% — 4| P]?

B sakmroueHme pasmena OTMETHM, YTO JIMHEMHBIE DPE30HAHCHI CBSI3UM MOTYT TaKiKe BO3HU-
KaThb U3-3a MPOMNOJLHOTO MATHUTHOTO 1oJisg. OGLIYHO, OMHAKO, €r0 BJIMSHEE CYIIIECTBEHHO 6oJiee
cmaboe 1o CPaBHEHUIO CO CJIydYaeM KOCOTO KBaAPYIOJLHOTO MATHUTHOTO MOJIsA, TaK KakK CO-
OTBETCTBYIOIITE YWJIICHBI B YPAaBHECHUAX MNBU2KCHUA IIPDONOPIIMOHAJIBHBI IIONIEPEYHBIM CKOPOCTAM
YJaCTull, KOTOPhIC MaJlbl II0 CPaBHEHUIO C HpOﬂOHLHOﬁ CKOPOCTBIO IIy4YKa.

1.3.4. KBampaTuyHbLI OMHOMEPHBIN PE30HAHC

IIpu maguuum B yckopuTese MPOCTPAHCTBEHHBIX TAaPMOHUK KBAIPATUIHON HEIMHEHHOCTHU
MArHATHOIO IIOJISI MOXKET MMETh MECTO HEJIMHENMHDLIN PE30HaHC TPETHEro IOopsaOKa. ,Ha.HHbeI
PE30HAHC MOXKET TaKXK€e CO3MMaBaTbCsS WCKYCCTBEHHO C IEIbI0 €r0 HCIOJIB30BAHUSA IJIs Men-
JIEHHOTO BBIBOMA YACTWI[ W3 YCKOpUTEs. B mociemHeM ciydyae PE30HAHCHAS PACKAUKa, ITyJKa
OCYIIIECTBIISIETCS C TOMOIIIBIO CHENUAJIBHON CHCTEMBI, IIPENCTABJIISLIONIEN cobol HAOOp CEKCTy-
TIOJIBHBIX JIMH3, CO3MAOIINX B YCKOPUTEJE HEOOXOMUMYIO IS BO3OYKIEHUS MAHHOTO PE30HAHCA
TapMOHUKY KBa.JIpa,TI/I‘{HOfl HEJIMHETHOCTN MATHUTHOIO IIOJId.
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B xauecTBe mcxomHOro ypaBHEHUS MBUXKEHUS BOCIOIL3YEMCs YPaBHEHUEM (87), B KOTOPOM
moyioxkuM Ap = 0. Usien B mpaBoil 4acTU HAHHOTO YPABHEHUS, MPOMOPIMOHAJIBHBIN 22, oTBeT-
CTBEHHBIN 3a HEJMHEMHBI PE30HAHC CB3W, 31eCh He paccmarpusaercs. Pemras (87) meromom
Bapuanuy IIPOMU3BOJIBHBIX IIOCTOAHHBIX IIPDU yqéTe B HpaBOfI YJaCTU yPpaBHEHUSA TOJIBKO YJICHA,
IPOHOPIMOHAILHOTO T2, TomydaeM AuddepeHnnanbHoe YPaBHEHIe OTHOCHTEIFHO KOMILICKCHOM
AMIIUTYOBI MONEPEYHBIX KOjIeGaHuil ¢ (MHOEKC T B HACTOSILEM pasfelie OyHeT OIyCKaThCs,
Tak KaK PacCMAaTPUBAEMBINl PE30HAHC OLHOMEDHBII),

da _ iRy AH.,
d9  2A HRb?

IlepBeiit m BTOpORl wieHbl B ypaBHeHunm (137) moryT GbITH OTODOIIEHBI, TaK KaK OHU

(@®o|*e + 2]al?|p?e* + a*?¢™?). (137)

OTBETCTBEHHBLI 3a IeNbll pe3oHanc npu ) = k, yxe obcyxmasinmiics pamee. OcraBuM B

(137) Tombko Tperumil uieH, Bo30yxkmamommil pe3oHaHC 3() = k, W BOCIOIB3YEMCS METONOM
— D AH,,/HRb)f*3

YCPEIHEHNS packitanbiBas B psan Pypbe BHIpaKeHUe e f*°, a 3aTem ycpemuss

paByio 9acTh ypasHeHus (137) mo o60opoTy, HoilyuaeM YKOPOUEHHOE YPaBHEHIE OTHOCUTEIHHO
KOMILJIEKCHOI AMIJINTYObL @,

da , 9
- = — * 1
79 P exp(—3idd)a™, (138)

B KOTOPOM CHJIa pe3oHaHca P ompemesieHa COOTHOIIICHUEM

iRy AH,, 4
—_ < -
2A  HRb?

Otpensst 3aTeM B IPABO U JI€BOI YacTsAxX ypaBHeHus (138) peasbHble U MHUMBbIE YacTH X,

P = > (139)

COOTBETCTBEHHO, IPUPABHUBAS UX, U 3aTEM IEPEXONsd K KAHOHMYECKUM NepeMeHHbIM [ = |al?/2
u w=mn+ 3§ —arg P/3, nomy4aem CIEyIOLUIYIO CUCTEMY yDABHEHWUIL:

I' = 2V/2| P|I*/? cos 3w; (140)
w' = § — |P|V2Isin3w, (141)

rme 6 = 3Q — k.

Ha mnockoctu (I, w) 0651aCTh yCTOMYIMBEIX KOJIEOAHUI OTHENISETCA OT HEYCTONYIMBOM 06iIa-
CTU KPUBOW, HA3bIBaeMOUl cemaparpucoit. das3oBbie TPAGKTOPUHU YACTHUI OIS KBAAPATUIHOTO
pesonanca mokazaHbl Ha puc. 12. CemapaTpuca OPOXOOUT UYepe3 TPHU OCOOBIE TOUKM, KOOPIU-
HATBHI KOTOPBIX JIETKO HAITHU, €CiIU NOJIOXKUThH B ypaBHeHusx (140) m (141) I’ =0 u w’ = 0. U3
nepBoro ypasHeHus mMeem cos 3w = 0, a u3 Broporo — |§| = |P|v/2I, mosTomy koopmuHATHI
ocobeix Touek pasubl I} = (6/|P|)?/2; wy =7/6+ (I —1)27/3, rne [ = 1,2, 3.

IIpu mcnonb3oBaHUEM KBAIPATUIHOIO PE30HAHCA VIS MEIJIEHHOIO BBIBOLA UACTHUIL U3 YCKO-
puTens KaXmas KOHKDETHas YacTHIa IomamaeT Ha a3uMyT, Ife IPOUCXOOUT BBIBOL, Uepe3
nBa 060poTa Ha TPEeTUi. 3a 5TO BPEMs HOJIKEH O0ECIeYMBATHCS HOCTATOYHBIN MPUPOCT aM-
INIUTYOBl TIOIEPEYHBIX KOojlebaHWi, Tak YTOOBI BBEIBOOWMBIE UYACTHUILI HE IIONANAIIM HA HOXK
CenTyMa.

B 3akmroueHme oTMETHM,d4TO XapaKTEPUCTUKMU HEJIMHENHBIX DPE30HAHCOB 3aBUCIT OT BEJIU-
YMHBI AMIUIATYOBI TONEPEYHBIX KOJIeOAHUN A,,,,, MOSTOMY OHH B OCHOBHOM IIPEICTABIISIOT
ONACHOCTBH TIPU WHXKEKIINW YaCTHUI B YCKOPHUTEIb, & TaKXe Ha HAYaJbHOM yYacTKe YCKOpHU-
TEJILHOTO IMKJIA, KOT1a aMIUINTYObI IOIEPEYHBIX KOIeOaHuil JacTull NOCTATOYHO Beauku. lermo
B TOM, UTO KAK OTMEYAJIOCh BbIE, An., ~ /e ~ 1/,/p. Orciona BumHO, 4TO m3-3a amua-
0aTUYIeCKOro 3aTyXaHUs IIONEPEYHBIX KOJIeOAHWI YacCTWUIl BIIMSHUE HEJIMHEMHLIX OeTaTpPOHHBIX
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PE30HAHCOB OBICTPO OCIAGeBAET C yBEIMICHWEM SHEPIrud IIydka. L[ak, HAIpuMep, PaccMo-
TPEHHBIIl B HACTOSIIEM Daslelie KBAIPATHYHBIA DE30HAHC HE NPENCTABISET OMACHOCTH, €CIIN
MaKCUMAaJIbHOE 3HAYeHne nepeMeHHon | = I[,,,, IUIA 9YacTHUI] B IIyYKe yIOBIIETBODSET YCIIO-
B0 21, < (0/|P|)?, 9TO SKBUBAJEHTHO ClIEAYIOLIEMY TPEOOBAHUIO K aMIUIATYAE A,qq:
Apar < 2[@mazld]/|P).

AN . /t

7%

Puc. 12. ®azosasg muarpamMma mis pesoHanca 3Q = k.

1.4. TIPOOOJILHOE IBN>KEHWUE YA CTWUI]
B IITIPOTOHHOM CVMHXPOTPOHE

1.4.1. ®da3zoBoe ypaBHEHUE

PaccmorpuM ocHOBHBIE 0COGEHHOCTH HMPOMOIHLHOTO ABUKEHUS YACTUI] B IPOTOHHOM CHUHXPO-
Tpoue. [IpononsHoe diiekTprueckoe nojie £, UCIOIb3yeMOe Il YCKOPEHUs MPOTOHOB, CO3MaETCs
OOBIYHO C IIOMOIIBIO PE30OHATOPOB, PACIIOJIOKEHHBIX BIOJIb OPOUTHI YCKOPUTEIS U COOTBETCTBY-
oM obpasoMm chasupoBaHHbIX. [lamHHOE MOE MOXKET OBITH PA3JIOKEHO HA BOJIHBI, Oeryirue
BIOJIb a3UMYTa YCKOPUTEIIS:

&= ng expl / (kw — wgrr) dt], (142)
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IIe W — 4YacToTa OOpAIIEHUs MydYKa B YCKOPUTENE, Wrp — panunodacTora. CrcreMaTnaecKuit
BKJIAJI B DHEPTUIO YaCTUI] OAETCS PE30HAHCHOW BOJIHOH, (Ha30Bas CKOPOCTH KOTOPOW IIPUMEPHO
COBITAIAET CO CKOPOCTBHIO YacTuiibl. Hepe3oHaHCHBIE BOIHBI B CPEIHEM HE OKA3LIBAIOT BIIMSHUS
Ha IIPDOOOJIBHOE MNOBU2KEHNE YaCTHUI] B YCKOPDUTEJIE U IIPpU IIa.JH:HefIHIeM aHaJIN3€ MOT'YyT HE y4u-
THIBATHCsI. MeTonuka BBIIEICHUS PE30HAHCHOW Oerylielr BOJIHBI IPOIOILHOTO BJIEKTPUUECKOTO
IIOJIsA IIO3BOJIAET HMCIIOJIB30BAaTH eﬂHHbeI Ioaxon npm ONIMCAaHMM IIPOOOJIBHBIX KoJiebaHum JaCTHIL
HE3aBUCUMO OT KOHKPETHOW KOHCTPYKIIUM YCKODPSIOIIIEN CHUCTEMEI.

3amuieM pe30HAHCHYIO BOJIHY IIPOHOJIBHOTO 3JIEKTPHYECKOro moyis B Bume £ =~ £, cos ¢,
rae ¢ — (aza 9aCTUIBI OTHOCUTEILHO BHEINTHETO yCKOPSIONIEro noss, ¢ = [wrp dt —q [ wdt;
[eJI0e  YUCJIO ¢ HA3BIBAIOT KPATHOCTBHIO YCKOpeHWs. bBosee mpuBbIYHO BMecTO & WCHOIIB30-
BaTb aMIJINTyNy YCKOPSIOIIIETO HAIIPSXKEHUST V, CBsA3b MEXKNIAY KOTOPBIMU MOXHO IIOJIYyYUTH U3
MaKCUMAJILHOTO 3HAUEHHUS NPUPOCTA HEPIUM YaCTHIEI 3a obopor V = €27 R,.

Yacruma, HAXOMSIIIASICS B TOYHOM CHHXPOHU3ME C PE30HAHCHOW BOJIHOW MIPOHOJILHOTO BJIEK-
TPUIECKOTO TOJIsl, HA3BIBACTCS CUHXPOHHOW mim paBHOBecHOU. W3 paBencTsBa cuier Jlopemma
U IEHTPOCTPEMUTEILHON CUJIBI Ha OpOMTEe, MMIIYJIbC CUHXPOHHOU YaCTUIBI Py YIOBJIETBOPSIET

COOTHOITIEHUTO

bsC = eﬁsROSa (143)
I€ ¢ — CKOPOCTb CBETA; € — 3apsill JacTuubl; H, — CpEmHSs BEIMYMHA MACHHTHOTO IIOJIS
Ha OpOuTe CUHXPOHHOW YacTUInl; Rg, — cpemHmii paguyc cCUHXpOHHON dwactuisl. C mgpyroit

CTOPOHBI, CKOPOCTb M3MEHCHUS CUHXPOHHOTO MMILYJIbCa 3aBUCAT OT aMIIITYObI yCKOPSIOIIETO
Hampsikenuss V' u da3bl @, CHHXPOHHOW YACTHIIHI,

4
dt 27 Ry
B mpoTOHHOM CHHXPOTPOHE yCKOPEHUE YACTHUIl IPOMCXONUT OOBIYHO mpu Ry, = const, mostomy
B TakoM citydae u3 dopmyin (143) u (144) nomywaercs ciemyoliee BIpaKeHUE Il CHHXPOHHOM
dassr ps:

ap. E(ps) oS ;. (144)

2n Ry, R, dH
oSy = ——— — 145
s VA (145)
roe dH/dt u R, — COOTBETCTBEHHO CKOPOCTb M3MEHEHUS MArHUTHOTO IOJISL W PANUyC KpPU-

BU3HBI CUHXPOHHOW YACTUIBI B MATHUTHOM OJIOKe IPOTOHHOrO cuHXpoTpoHa. dopmymna (145),
B YACTHOCTU, MOKA3LIBAET, YTO B IPOTOHHOM CUHXPOTPOHE CKOPOCTH M3MEHEHUS] MarHUTHOIO
IOJIS. ¥ aMIUIATYHA YCKOPSIOIIEr0 HAMPSIKEHUs He MOTYT 3al1aBaThCS IMPOU3BOJIBHBIM 00pa3oM,
TaK KaK [OJKHO BBINOJIHSATHCS YCIOBHE | COS @ | < 1.

1t TpOM3BONBHOM YACTUIBI C WMIYILCOM P = Py + Ap, OBUXKyIERcs mo opbuTe co
cpemauM pamuycoM Ry = Ry, + ARy, CKOpPOCTb WM3MEHEHUs] WUMIYJIbCA P HAaeTcs GOpPMYJION,
aHasiornuHon (144),

eV cos
) = . 146
p 27T(RQS + ARQ) ( )
Cocrasiisia pasHOCTD
v
(Ros + ARy)p — Rosps = e—(cos © — COoS ) (147)

2

u npeoGpasys JIEBYI0 9aCTh 9TOIO PABEHCTBA (B JIMHENHOM NPUOIIMKEHIN [0 MAaJjbIM OTKJIIO-
HerusaM |ARy| < Ry, u |Ap| < ps) ¥ Bumy
dAp . dR,

(ROS + A}%O)p - ROsps = ROs— +p

s Abp, 148
= a |.AP (148)
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TIOJIyJaeM OITHO W3 OBYX OOBIKHOBEHHBIX NuddepeHIMnaIbHBIX YPAaBHEHUN, OIMUCHIBAIOIINAX IIPO-
HOJIbHBIE KOJIeOAaHUSI YacTUIl B yCKOPUTEIISIX,
d(RysAp eV
d(Bo.Ap) = —(cosp — cospy). (149)
dt 27
K ypasrenuio (149) momxuo 66ITH no6GaBieHO BTOpoe MudGdEpPEHINAIBLHOe YPaBHEeHNE IJIs
daser . Omo momyuaercst nuddepeHImpPOBaHIEM 10 BPEMEHU OlpenesieHus (asbl o, IpuBe-
IEHHOTO BBIIIE, B PE3yJIbTATE YErO0 MMEEM

dep
— = WRF — qW. 150
dt (150)
Y4uurbiBas, 4TO MO ONPENESIEHUI0 WRp = QW,, TI€ Ws — YaCTOTa OOpAIlleHUS CUHXPOHHOMN
YaCTUIBI, & TaKXKe PAaCKJIaOblBasl w B psan BOIM3M 3HAUEHUS W, HoIydaeM nuddepeHnnaIbHoe
ypaBHeHUe 0y Gasel @,

dp  qnuws
—/ = Ap, 151
i (151)

B KOTOPOM IIapaME€Tp 7] OINUCHIBAECT OUCIEPCUIO YaCTOT 06pameHI/1$1 opy MaJIbIX OTKJIOHCHUAX

UMITYJIbCa YaCTUIBI OT CHUHXPOHHOI'O 3HAYCHUSL,

ps Ow L,
ws p P=DPs
roe o — KO3DPUIMEHT pacIImpeHus OpOUT, BBEOEHHBIN paHEEe IPU PACCMOTPEHUU IHUCIIE-

pcuorHolt yukuum D; v — pemnstuBuctckuil daxrtop. O6benunss ypasaenus (149) u (152),
oJTy 9aeM OOLIKHOBEHHOE Nu(PEePEeHInaIbHOE YPABHEHNE BTOPOTO TOPAIKa, ONUCHLIBAIOIIIEE TIPO-
IOJTbHBIE KOJIEOAHUS YACTUII B ITPOTOHHOM CHUHXPOTPOHE,
4 Bop, dp i(cosgo — Cos ). (153)
dt qnw, dt 27
W3 ypasmennit (149) u (151) HemocpencTBEHHO BUIOHO, YTO HA IUIOCKOCTH II€PEMEHHBIX
(Ro,Ap, p) mmetorcss nse ocobble Toukum ¢ koopamuaTamu (0; +¢,), B KOTOPBIX YaCTHIBL
HETIONBIKHBL. B PEaibHOM MPOCTPAHCTBE MaHHBIE YACTUILI HAXOMATCA B CUHXPOHU3ME C YCKO-
PAIOIIEN BOJIHOM TPOMOJILHOTO DJIEKTPUYECKOTO IIOJIsI, MPUYEM OIHA U3 DTUX OCOOBIX TOUYEK
OKa3BbIBAETCs YCTOMYIMBOM, a Apyras — HeycTondmBoil (ocoboit Toukoi Tuma “cemyo”). YTobbt
[OKa3aTh 3TO, PACCMOTPUM Maiible (a3oBble kosmeGanus (¢ = ¢, + X, |x| < 1) u BbiHECEM
kooddunuent nepen dy/dt B (153), KOTOPHIT Ha GOJBIIEHl YACTU YCKOPUTEILHOTO IUKJIA IIPO-
TOHHOTO CHHXPOTPOHA M3MEHSETCA MEIJIEHHO 10 CPABHEHUIO C MEPUONOM (Da30BBIX KOJICGAHUI
YaCTHI[, 32 3HAK IPOU3BOAHON. B Takom ciyuae ypasuenue (153) mpuHuMaeT CleLyommnil BUL:

d*x . 2

T2 + sign(nps)Qex = 0, (154)
riie BenumuuHa )y, paBHAdL

0, = quws\nsmgos\’ (155)

27TR0$ps

HA3bIBAETCS YaCTOTON MaJIbIX (PA30BBIX KOJIeOaHWUI.
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Y cTONYNBOCTh MPOMOIBHBIX KOJEOAHUN YACTHUI] 06eCreumBaeTCsI, KaK 3TO BUIOHO U3 yPaB-
Henus (154), IpM BLINOJHEHNM CJELYIOLIEro yciaoBus: nsing, > 0 (Tak, HampuMmep, HUXE
xkpuTwdeckon sHeprun 1 < 0 m Heobxommmo mMeThH ¢, < (; mocse mepexonma IIydka depe3 Kpu-
TUYECKYIO SHEPIUWIO 3HAK (o, U3MEHseTCsS Ha IPOTWBONONIOXKHBIM). [Ipm sToM mepenm BTOpBIM
wieHOM B ypasHeHun (154) crouT 3HAK IUIIOC, W, CIIENOBATENLHO, OGECIEUMBAETCS YCTONYN-
BOCTBb MaJbIX Ga30BBIX KoeGaHmil qacTur BOiusu ¢ = .. B6iusu Bropoit 0coboit Touku (mpu
© = —¢,) bhazoBoe NBUKEHNE YACTUL] ONUCHIBACTCSA TeM ke ypasHeHueM (154) mpu orpunarens-
HOM 3HaKe 7)¢,. B mocmenneM ciaydae pemtenusMu ypasheHus (154) sBisioTcs runep6oindeckue
GbyHKIMN, Tak 4TO paBHOBecue dacTuubl B Touke (0, —¢,) OKa3bIBAETCS HEYCTOMUMBBIM.

IIpononpHOE MBUXKEHWE YaCTUIl YOOOHO aHAIM3UPOBATH Ha (DA30BOM IIJIOCKOCTU B KOOPIWHA-
Tax (Ap, ), ABILIOUMXCA KAHOHUIECKN CONPSKEHHBIMI IIPY YCKOPEHUN JaCTHI[ Ha IIOCTOSHHOM
pamuyce. Wccnenyem cranmoHapHBIN ciiydail, korna kosdounuent mepen dy/dt B ypaBHeHUN
(153) m3mensieTcss He3HAUMTENbHO 3a Bpems 1 = 27 /(). Beeném ramunbronnan H,

MWs oV
H=Tn2 ¢ (no— peos,), 156
2. 2Ry, S~ $00sps) (156)
C IOMOIIBIO KOTOPOro ypaseenus nemkenus (149) m (151) moryr ObITH 3ammcaHbl B KAHOHU-

geckon dopme

iy on de _ o
dt — 0Op’ dt 0Ap

Tamunbronnan H He 3aBUCUAT SBHO OT BPEMEHU U ABJIAETCS IIO3TOMY HUHTETDAJIOM OBUXKEHUS,

(157)

a muaun H = const Ha mwiockoctu (Ap, ¢) naor GasoBble TPAGKTOPUN YACTHUIL.

AP A
Cenapampicd

T
_—
\‘_\_(

-? ?

=

Yy

/TN

\
S/
]

Puc. 13. ®asoBble TpaexTopun YacTur Ha mWiockocTu (Ap, ¢).
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Ha puc. 13 mpencraBnenbl ($a3zoBble TPAEGKTOPUM YACTHI[ IJIS OQHOIO IIEPUONA yCKOPSIO-
Ier0 TIOJIs IPU SHEPIUU IIydYKa BbIMe Kpurwaeckoi (7 > 0). Bumgao, uro TpaexTopun uacTui
IeJISITCST Ha 3aMKHYTBIE (IBUKEHNE yCTONYMBO) U HE3AMKHYThIE ([BIKEHUE YACTUL HEYCTONYIN-
BO) jmHUel, npoxomsiein yepe3 Ttouky (0, —p,). laHHas KpuBas Ha3bIBAETCS CEHAPATPUCON, a
9acTh (Pa30BON INIOCKOCTHU, OrPDAHUYEHHAS €10, — 00JIaCThI0 YCTOMYUBLIX ITPONOIILHBIX Kojeba-
auit gactun. Crpenku Ha puc. 13 MOKa3BIBAIOT HAIIPABJIEHUE IBUMKEHUS YACTUIL OTHOCUTEIHLHO
DPE30HAHCHON BOJIHBI IIPOIOJILHOTO 3JIEKTPUUECKOTO MoJjisi. Bece wacTuibl, IONaBIINE BHYTPh Ce-
IapaTPUCHI, YCKOPSIOTCA B CPEIHEM, COBEPIIAsS YyCTOMUIMBBIE KOJEOAHWS OTHOCUTEIHLHO DaBHO-
BecHOI yacTunbl. ODHOBPEMEHHO B YCKOPUTENE CYILIECTBYIOT ¢ TAKUX OOJIACTEN yCTONYMBOCTH,
BPALIAIONINXCS C JACTOTOM W.

Ypasrenue cenapaTpuchl (Ap).., momydaercs u3 dopmynst (156) mpu H = (eV/2mwRy,)

(sin s — @, cos ¢y),

Qops 2 . .
op —[SmSO + sinp, — (30 + Sos) Cos Sos]v (158)

(Ap)cen ==+ .
qnws \| Sy

U, CJIeOBATEIbHO, MAaKCUMAJIbHOE OTKJIOHEHWE HMITYJIbCA YACTUIIBI, MBUKYIIENCS IO cemapa-
TpHUCe, OT CUHXPOHHOI'O 3HAYEHUS DPaBHO

2§20ps
q|n|ws

\% 1- Ps cot Ps) (159)

(Ap) cen,maxr —

OTKylla BUIHO, YTO IIPX IPOYNX OOUHAKOBBIX YCJIOBUSX HAMOOJIBIINI Paszbpoc IO WMITYILCAM
IMEET CENapaTpUCca B PEXUME MUPKYISIUA CTPYHIMPOBAHHOTO IIyUYKa HA IJIATO MATCHUTHOTO
nosist (mpu cos p, = 0), Korna sHeprus Iydka OCTaéTcs Hem3MeHHOU. Ilpum cosp, = 1 obmacTb
yCTOMUUBBEIX (DA30BBIX KOJIeGaHWil CTArMBAaeTCI B TOUKY (@, cotp, — 1), Tak 9To mporecc
YCKOPEHUS IIyYKa CTAHOBUTCS HEBO3MOXKHBIM.

Baxnoit xapakTepucTukon crycr- 1.0
KOB YaCTHUIl SBJISIETCI UX WIPO-
MOJILHBIN (ha30BBI O0BEM S, KOTO-
PBIl MOXKHO OIPENEIUTH BHIPAXKEHU-
eMm S = §(Ap/moc)dyp, Tme my —
Macca IIOKOs YaCTUIbl; C — CKO-
pocts cBerta. IIpum Taxom ompemneste-
HUM (Ha3oBell 00bEM S He mmeeT 0.5 -
pa3MepHOCTH U OOBIYHO WU3MEPSETS
B MWIINPaIUaHAX. Bbrawcmum Han-
Oosbliriee 3HaUeHUE ($a3oBOro oObLEMA,
S = S¢en, OTPAHUUNBAEMOIO CeIapa-
TPUCOW, ypaBHEHUE KOTOPOU MAETCS
dopmymoit (158). B pesymbrare mo-
Iy 9IIM

eV o ' K
Seen = 16F(cos p,) 772, g 0.5 1.0
2wgnmgc
(160) cos @,
Puc. 14. & F .

rme ¢yukius F w3MeHseTcs B IIpe- e yama F'(cos )
nenax OT HyJs OO eNUHUIBI B 3aBUCUMOCTU OT 3HAUEHUS COS(Q, U OIPENESIEHa CIIEMYFOIIIIM
COOTHOIIICHUEM :
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1
F:—f sin o + sin o, — (¢ + ©,) cos p, dp. 161
573 \/ @ @s — (¢ + ps) cos s dp (161)

I'padux dyukmuu F' npencrasien wa puc. 14.

IIpononbubiit pa30BbIE 06BEM CrYCTKOB YACTHUI[ B CJIydYae MaJjbIX (a30BBIX KOjeOaHWi
IAETCsI IIOMIANBIO DIUIUICA € HOIYOCAME (AP)mar/MoC I Xmaz (Xmaz — $A30BBII HOITypasMep
crycrka). Iomaras H = (eV/27Ro)(@max COS Qs — SIN Ypnaz), THE Pmaz = ©s + Xmaz, B CIATASL
Xmaz < 1, momyuaem ¢ momorpio hopmyinsl (156) cBs3b Mexmy MaKCHMaJbHBIM DPa3bpocoM
YaCTUI[ 0 UMITYIbCaM B Iy9IKe (AP)mar B Xomax:

QOps
Ap mazx — Xmaz s 162
(B0 = 2L (162)

C Yy4éTOM KOTOPOWl MOXKHO 3allCaTh BhIpakeHme mjis (pa3oBoil miomanum S 3TOro SJUIAICa B
BUOE
WQops 2

S - mocq‘n‘wsXmaw' (163)
B cuny Teopembr JluyBuiisi mpomosibHBIE (Ha30BBIN 00BEM, 3aHATHIA YACTUIAMU, BEIET
cebss OmOOHO HECXKWMaeMOU XKUIKOCTHU, T.€. COXPAHSIeTCs B IIPOIECCe YCKOPEHUS YacCTHII.
CTporo roBopsi, peub MOXET WATH JIAIIL O COXPAHEHUU IECTUMEPHOTO (a30BOro 00BEMA,
OOHAKO B OOJIBIIMHCTBE CIIy4YaeB MPONOJILHOE IBMXKEHWE MOXKET PAcCMaTPUBATHCI HE3aBUCHMO
OT TOIEpPEeYHOro mBrkeHms dactuil. llpm ammabaTuveckoM W3MEHEHUU MapPaMETPOB (a30BOTrO
ypaBHeHUs (MEIJIEHHOM IO CpaBHEHUIO ¢ mepmonoM ¢a3oBbix kosebaumit T = 27 /€) das3oBblit
06BEM CTYCTKOB S SBIIAETCS MHBAPUAHTOM M, CIENOBATENLHO, Xmax ~ (|7]/7)/* B cooTBeTCTBHN
¢ dopmymoit (163). B uwacTHOCTH, mpm SHEPrUM IIyYKa CYIIECTBEHHO OOJIbIIE KPUTUIECKON
7 ™~ @, M IUIMHA CT'YCTKOB 3aTyXaeT KaK KOPEHb UETBEPTON CTENEHU W3 WX DHEPIUU.
OrMmerumM, uTo ompenenenue ha3oBoro o6bEMa S, HAHHOE BHIIIE, MOXKET OKa3aThbCs HEyI00-
HBIM IIPU IIPOIOJIBHOM COTIVIACOBAHUU CIYCTKOB YACTHUIl B CIIydae MEPEBONA IIYYKA W3 OIIHOIO
yckopuTesist B npyroit. Ilemo B TOM, 9TO HaHHOE OmpeneieHune 0a3upyeTcss HA WHTETPUPOBAHII
no dase ¢, CBI3aHHOI C HPOMOJIBHON KOODOWHATON s cooTHouteHweM: s = —(Rg,/q)p, Tak
YTO ONWH U TOT K€ IPOMOIbLHBIN (Da30BLIM 00BHEM MMEET, BOOOIIE TOBOPS, PA3JIMYHBIE UMCIIEH-
HBIE 3HAYECHUS B PA3HBIX YCKOPUTEJISIX, TAK KAK CPEOHUE PAMUYChI M KPATHOCTH YCKOPEHUS B
HUX OOBIYHO HE COBIIAIAOT. B Takux ciaydasx ymoOHO HCIOIB30BATEH NPYroe OmpenesieHue —
S = § Ap(s) ds. Ilpu sTOM B KauecTBe €QMHUIBI M3MEPEHUs UCIONIb3yeTcs 3B-c.

1.4.2. Pda3zoBoe ABUKEHNE YACTUI] BOIMN3M KPUTUIECKON SHEPTUU

IIpn npubmvKeHUH SHEPIUU IyYKa K KPUTUIECKOMY 3HAUEHUIO (Y — Yy = a2 n— 0)
YaCcTOTa CUHXPOTPOHHBIX KoJjiebaumit )y CTPEMUTCS K HYJIIO, U MO3TOMY WU3MEHEHWE I1apaMe-
TPOB (Ha30BOr0O HBMKEHUS B ITOM paiioHe mpomcxomuT HeamuabaTmdecku. IIpomombubiil daso-
BRI OOBEM CI'yCTKOB S mepecTaér ObITh aauabaTUIeCKUM WHBAPUAHTOM HA PAaCCMaTPUBAEMOM
y4YacTKe YCKOPUTEILHOIO IMKJIA, OMHAKO TeopeMa JlmyBumiuis, TeM He MeHee, OCTAETCs CIpa-
BEIJINBOM, TaK KakK $a30BOe ypaBHEHUE, IIO-TIPEXKHEMY, MOXKeT OBbIThH 3alllICAHO B KAHOHIMYIECKOU
dopwme. PacknaneiBas mapamMeTp 7) B psAm BOIU3U KPUTUUECKON DSHEPTUN

~ 2t

~ —, 164
Vi, (164)
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roe BpeMmsi ¢ OTCUMTHIBAETCS OT MOMEHTA IPOXOXKIEHUS IIyYKOM KDPUTHYECKON SHEPrum, a
Takxke cunTas (a3oBble KOjeOaHMs JaCTUL BOIN3M KPUTUIECKOR SHEPIUM MAJIBIMU, 3AIIAIIIEM
cucreMy ypaBHeHuit (157) B siBHOM BuIe

d(Ap) eV sin ¢,
= — N 1

dt 9 Ros * (165)

dx _ _2a0t
dt mO’Y;erOs

(166)

B moment Bpemennu t = 0 3max koodduunenta nepen Ap B ypasrenun (166) mensercs
C OTPHUIIATENLHOIO HA MOJIOXKUTENbHBIN. Ina obecnieuenus ycroiranBocTH Ga30BBIX KOseOaHMIl
OOHOBPEMEHHO C 3THUM HeOOXONMMO CKa4YKOOOpa3HO M3MEHHUTBH (ha3y YCKOPSIOIIErOo HaIIPXKEHUS
Ha BenumuuHy 2|¢@,|, Tax 9TOOBI 3HAK Sin ¢, TakKe M3MEHUICS HA OOPATHBIN.

Ha pwuc. 15 B kadecTtBe wmutocTpa-

U IPUBEOCHBl PE3yIbTaThbl YHUCIICHHOTO B/ I/S_ (Ap)mﬂx / mﬂcl/S_
- .4

pacuéra ¢ mOMOLIbI0 ypaBHeHuil (165) n 0.8 1
(166) daxTopa I'DYyNIMPOBKA YACTHUIL IO
daze B = Xomae/™ (kpuBas 1) m makcu-
MyMa pa3bpoca YacTHIl IO HMIIyJIbCcaM B 0.6 1 I - 0.3
nyuke (Ap)maz/moc (kpuBas 2), HOpMHU-
POBaHHBIE HA /S, IUIA MApaMeTPOB YCKO-

putens UDBD: V|sing,| = 320 xB; 4 = G4 - _ 0.2
30 ¢ v = 9,45; Ry = 236 M. B xaue- ' 2

CTBE€ Ha4YaJIBHBIX yC.HOBI/Iﬁ B MOMEHT Bpe€-

Menn t = —30 Mc Gpascs smmmnc, orpa- G2 - -1

HuynBaooumiit Ga3oByo mwiomangs S, KOTo-
pBIil GUKCUPOBAJICS N300PAKAIOIIMME TOY-

KaMu Ha (Ha30Boil MIOCKOCTU. Pe3ybTaTh & T T T /)
pacyéra CUMMETPUYHBI OTHOCUTEIHLHO MO- g 4 3 12 ]

MeHTa BpemeHu t = (0, mOsTOMy TO OCH | £], ms

abcrmce OT/IOXKeHa aOCONIOTHAS BETMYMHA  Pyc, 15. 3aBHCHMOCTH OT BPEMEHH PA3MEPOB CI'y CTKOB
t. W3 puc. 15, B 4acTHOCTU, BUMOHO, UTO BOJIM3U KPUTUYECKON SHEPIUMN.

IpU SHEPTUM IIy4YKa, OJIU3KON K KpUTUIe-

CKOMY 3HAYEHNIO, HAPAMy C YMEHBIIEHWEM I[JIMHBI CTYCTKOB IIPOUCXOMNWT [OBOJIBHO PE3KOEe
yBeJIm4eHne pa3bpoca JacTUIl 10 UMITyJIbCaM B Iydke. VI3 CUMMeTpHUU pEIeHniI OTHOCUTEIHHO
MoOMeHTa BpemeHnu t = (), ABJIAIOIIENCS CJIEICTBUEM CUMMETDUN CAMUX YPABHEHNN IBUKCHUS,
ClIelyeT, 9TO PACCOTrIACOBAHUE CTYCTKOB MMEET MECTO JIUIIb B HEMOCPENCTBEHHOU OJIM30CTH OT
KPUTUYECKOU SHepruu. B camMoMm mese, eciii CryCTKHM YaCTHIL ObLIM COTJIACOBAHBLI IIPH 7Y < Yy
BIIOTBH [0 HEKOTOPOT'O MOMEHTAa BpeMeHM t = ty, TO 3a KPUTUYECKOUN SHEPTUEll OHM OKAXKYTCS
TakXe COIVIACOBAHHBIMU B CWIy CAMMETPUU DeLIeHuit npu ¢ > |tol.

YTo6BI MOyYNTh AHAJUTUYECKHE BBLIPAXKECHUS I (DA30BBIX TPACKTOPHUIl YACTUIl BOIU3N
KPUTUYIECKON 3Hepruu, mpeobpasyeMm cucreMy ypasHeHuil (165), (166) B mubdepenunanbaoe
ypaBHEHUE BTOPOTO TOPSANKA, MPEIBAPUTENHLHO 3aMEHWB HE3aBHCUMYIO NEPEMEHHYIO © Ha Iie-
pemennyio 7 = t/T, roe mapamerp T, XapaxTepu3youil INTEILHOCTh HeaunabaTuIecKoro
ydacTKa BOJIN3M KPUTUIECKON SHEPIUU, PABEH

4 P2
7"'rrrLO’)/tr}zOs

To (167)

geV|sinp,|y’
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B pesynpTaTe mmeem ciemyloliee ypaBHEHUE:

d ldy
— = =4 168
dr T dr X ( )

IIie 3HAKWA IIIOC M MUHYC OTHOCATCS COOTBETCTBEHHO K SHEPTrUAM ITydKa HIKE U BBIIIE KPU-
TUYECKOTO 3HaueHWs. Y pasHeHue (168) HE COmEPXKUT KOHKPETHBIX IIAPAMETPOB YCKODHUTEJL,
clienoBaTebHO (ha30BO€e NBUKEHUE YACTUIl BOIM3M KPUTUYECKON SHEPIUU IIPOUCXOOUT ONWHA-
KOBBIM 06pa30M B JII000M MIPOTOHHOM CHHXPOTPOHE, Pa3iindyeH TOJLKO MaciiTab Bpemenu 1.

Haxomen, crenas emié omHy, MOCTENHIOI, 3aMeHy TMepeMeHHbx: X = Ty, 2 = (2/3)|7]3/2
MOXKHO mepeiiTu oT ypasHerus (168) k ypasrenuio Beccens mopsimka 2/3 orHOCHTENBEHO QyHK-
nun y(z), Tak 9To OblIee perreHue s Gasbl Y HOIKHO MMETHb CJIELYOIINAN BUL:

X = T[C1J5/3(2) + CaJ_2/53(2)], (169)

rae C; u C, — HIPOU3BOJIBHBEIE MOCTOSHHBIE, ONPEeNsieMble U3 HAYAIBHBIX yCIOBUM; Jio/3 —

dyuxmun Beccens. M3 ypasrenns (169) ¢ yuérom (165), a Takke peKyppPEHTHBIX COOTHOILIEHU

st dyuxuuit Beccenst MoxHO BhIpasuth Ap depes dynkuun Beccens mopsnka +1/3
eV|sin | Tov/| 7]

Ap = 27TROS [Clj_l/g(Z) — CQJl/g(Z)] (170)

Boruncaum BenmmuuHy pasbpoca YACTUIL [0 MMIYJIbCAM B Hy4Ke (Ap),q.(0) mpm v = 4.
BocnomnpsoBasiucs acumnrorukoil ¢ysknuii Beccens (mpu z — 0), umeem u3 (170)

V/3eV | sin p,|T,

A mazx 0)=C 5 171
(AP)mas(0) = 150 5 73 (171)
roe I' — ramma-gyskunsa. Beipaxas nanee smauenue (Ap),... B anunabaTHIecKOM DailoHe
(|t] > Tj) uepes dasosblil 06bEM crycTkoB S ¢ momorisio dopmyn (162) u (163),
KO
(AD)ay = 1| 22202 (172)

TgnNWs

u npupaBHuBas 3areM coorHomterus (170) m (172), nomywaem c yuérom pasnoxenus (164) u
acuMmnToTukn (yHKumit Beccernst mpu GOIBLINX 3HAYEHUSIX apryMEHTA

254qc
C,=———Ty. 173
! T(’Yt‘lTROS 0 ( )
IMoncrasnss nomydennoe Boipaxkenue st C; B dopmyiy (171), mmeeM OKOHUATEIHHO
V3 SRy,
(AP)maz(0) : (174)

= WL (2/3)\ 2rqey

C pasbpocom wactur 1mo ummyiabcaM (Ap)m..(0) cBsI3aHa 4YacThb pamuaIbHON alepTypbl
BaKyyMHOW KaMephl, HeOOXOMMMON I MIPOMOILHOIO ABIXKeHUs JacTuil. [losTomy ero Bemmuuua
HE MOJIXKHA, BBIXOOUTHL 33 MOIMYCTUMBIE MPEnesbl. PealbHBI UMIIYIbCHBIN pa3bpoc MydKa Ipu
KPUTUIECKON SHEPIUU OOBIUHO NIPEBBINIAET BeINYnHy, gaBaeMyio dopmysioi (174). Oro cBsa3ano
C BO3MYIIEHUSIMHE ITapaMeTPOB yCKOPUTENS, a TakxXKe ¢ 3PdeKTaMu TPOCTPAHCTBEHHOTO 3apsna
nyuka. [locnennue paccMaTpUBAIOTCS BO BTOPOW YaCTH HACTOSIIEH PabOTHI.
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1.4.3. Pa3zoBoe ABUXKEHUE YACTUII IIPU HAIINYUU BO3MYIIIEHUN
mapamMeTpOB YCKOPUTEJIs

[lpy HAIMYMU BO3MYINEHUI BEMYIETO MATHUTHOTO IOJISi YCKOPUTENS, & TAKXKe dYacTo-
THI U AMIUIATYOBI YCKOPSIOIIETO HANPSKEHWs B ypPaBHEHNMN (DA30BBIX KOJIEOAHWN TIOSBIISETCS
BO3MYIIAIOMIAs Cuita. BO3MyIeHre aMIUTUTY bl YCKOPstolero Hanpsokerus AV BBI3BIBAET BO3-
MYIIIEHIE CHHXPOHHOI (asbl (g, IPUIEM TaK KaK CKOPOCTb M3MEHEHHs MATHUTHOTO TOJIS U
cpenuuit paguyc Ry, B IPOTOHHOM CHHXPOTPOHE MOXKHO CUMTATH IPUMEPHO MOCTOSHHBIMU HA
GOJIBbIIEll YACTH YCKOPUTEIHHOTO IUKIIA, TO V COS @, ™~ const U CyIIECTBYET CIIELYIOIIas CBI3b
mexny Humm: Apg, = (AV/V) cot .

Omubky pamnodacToTl Awgrp W MarHUTHOTO mojs AH TPHBOMAT K M3MEHEHWAM YacTOT
obparenus yactul, Aw, MO3TOMY Pa3sHOCTh YaCTOT, ONPENENIAONIas CKOPOCTh U3MEHEHUs (HA3hI
¢, IOIKHA OBITH MOMOJHEHA COOTBETCTBYIOIINMU BO3MYILIEHUAMUI: Wpp — qW — Wpp — qw +
Awgrp — qAw. Tak xak w = v/Ry (v — CKOPOCTb YACTHUIBI), MOXKHO OTCIONA IOJIYIATH
Aw ~ w,aAH/H. Tlpu TOTyYeHIN TOCTEIHETO COOTHOIIEHUS YYTEHO, UTO IO BO3MEHCTBUIO
Ha OpOUTY YACTHUILI ONMMOKA B MATHUTHOM TOJie ycKopuTess, pasHas AH/H, skeusajieHTHa
OTHOCHTETLHOMY W3MEHEHWIO MMITYJTbCa YaCTUIbI Ha Bemmanny Ap/p, = —AH /H, uto ciemyer
u3 cootHomenus p,c = eHRy. CremosaTensro, ypaBHeHme Maabrx $hazoBerx komebammit (154)
UMEEeT TIPU HAJIMYMA BO3MYILEHUI MAapaMETPOB YCKOPUTENS CIIEMYIOIINA BUI:

2

d—X—I-QQ(l—I—g)X—QQcotgog—l—i(Aw - aw ATH>—F(t) (176)
gz 0 % 0 Sy @\ R

OTMeTuM, YTO YJIEH B JIEBOI YACTU yPABHEHWUsI, MTPOMOPINOHAIILHLIN OTKIIOHEHUIO aMILIATYIbI
YCKODSIIOIIIero HampsikeHus oT HomuHasita AV/V | oTBeTcTBEeHeH 3a mapaMeTPUYECKUl PE30HAHC
(a30oBbIX KOJIeOaHUN, NUMEIOINI MEeCTO B CiIydae, KOTZIa aMININTYIa YCKOPSIOIIET0 HAIPSIXKEHUS
U3MEHSIETCS C YaCTOTOW, PAaBHOW YOBOEHHOW YACTOTE CHHXPOTPOHHBIX Kojebamuii. UmeHbl B
npaBoil yacTu ypasHeHus (176) mpencTaBisiioT OCHOBHYIO OIMACHOCTDH IIPY HAJIMYIUN BO3MYIIIEHUI
apaMeTpPOB YCKOPUTENS C YaCTOTOW CUHXPOTPOHHBIX KoJjieGaumit ().

Boswmyierus mapamMeTpoB, BO3IEHCTBYIOMINX HA MPOMOIBLHOE MBIKEHNWE YACTHUIl B YCKOPU-
Tejle, MOTYT OBITH KaK MeNJIEHHLIMU, TaK U OBICTPHIMU II0 CPABHEHUWIO C IEPUOIOM CHHXPO-
TpoHHBIX KosteGauumit T = 27/, & Takke Pe30HAHCHLIMU, IPUYEM B OTIIMYKME OT IONEPEUHBIX
KOJIe0aHNl CUHXPOTPOHHAS JacTOTa {)) MpU YCKOPEHUN IIyUYKa, KaK MPABUIIO, HENPEPLIBHO W3-
MEHSIeTCS, T0OTOMY HAMOOJBIINN WHTEPEC IIPENCTABIIIET IPOX0XKIEHNE JACTUI] Yepe3 PEe30HAHC.
OTMeTuM Takke, YTO CUHXPOTPOHHBIE KOJIEOAHUS YACTUIl B GOIBIIMHCTBE CIIyUaeB HEJIMHENHEI,
CJIeNOBATEIbHO WCIIOJIB30BAHNE YPABHEHUS MAaJIbIX (Pa30BBIX KOJIEOAHWN IIPU aHAJIU3€ BIIUSHUS
BO3MYIIIEHUN MTA€T OIEHKY IO MAKCHUMYyMYy.

MenieHHBIE IO CPABHEHMIO C YACTOTON {)y BO3MYIIEHUS APAMETPOB YCKOPUTENS ITPUBO-
OST K W3MEHEHUIO 3HAYCHUN CUHXPOHHOW (Da3bl ¢, UM PABHOBECHOIO UMIIYJIbCA Ps. Ipm sToM
CTyCTKM YACTHUIl CMEIAIOTCS KaK II0 paguycy, TaK U IO (a3ze OTHOCUTEIBHO YCKOPSIOIIIETO
T0JIsl, OCTaBAasCh COMVIACOBAHHBIMU CO cBomMHE (ha3oBbIME TpaekTopusmu. V3 ypasrenus (176)
MOJTYYAIOTCS CJIEMYIOIINE COOTHOIIEHUS ISl M3MEHEHUN CUHXPOHHON ¢dasbl Ap, 1 pAaBHOBECHOTO

nMmIysbca Ap,:
QWRFE

AV _
Ay, ~ —— cot @, <AwRF — TAH) : (177)

L 1d
% 02 dt

LT (178)
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YckopeHue YacTHUIl Ha IOCTOSHHOM panmyce OOEeCIedrBaeTCs CUCTEMON aBTOMAaTUUIECKON
HOJICTpOfIKH YJaCTOTHI YCKOPSAIOIIICTO IIOJIA B 3aBUCUMOCTU OT IIOJIOKEHUS IIydKa B YCKODUTEJIE,
IIPUYEM yIPABJIEHIE YACTOTON Wrp OCYIIIECTBIISETCS C HOMOIIBIO MBYX CHATHAJIOB, IIPOIOPIIUO-
HaJIbHBIX OIINOKAM B IOJIOXKEHUNU IydJKa 10 panuycy u 1o dase. IIpu Heo6xomuMocTn M3MEHUTH
B IIPOIIECCE YCKOPEHMS MyUYKa BEJIUUUHY PABHOBECHOIO panmyca Rg,, OCyIIECTBIISETCS MeIJICH-
HO€ IO CPpaBHEHUIO C CHHXpOTpOHHOfI YaCTOTON M3MEHEHUE OIIOPHOI'O CHUT'HaJla B PadraJIbHOM
OJAaTYNKE CUCTEMBI aBTOHOﬂCTpOfIKI/I YJaCTOTHI YCKOPAIOIIETO IIOJIA.

B mpyrom kpaiimem ciydae, KOorma W3MEHEHUE MAPAMETPOB YCKOPUTEIS ITPOUCXOOUT ObI-
CTPO II0 CPaBHEHUIO C IIepuoroM (a30BBIX KoJjieOaHWUM, BO30YXKOAIOTCS KOTepeHTHBIe Kojeba-
HUs Cr'yCTKOB 4YaCTWUII. HaI/IMeHee MHEPIIMOHHBIM ITapaMEeTPOM MABJIACTCA pPaanodacToTa WRE,
KOTOpasd MOXKET HU3MEHATBHCA CKadKOM, BO36y)KJIa.5I KoJieOaHus OEHTPOB TAXKECTU CryCTKOB C
MAaKCUMAJIBHBIMI OTKJIOHEHUSMU N0 UMIYyIbCy Ap. u no daze Ax, pPaBHBIMU

A A
Ds NWRrF
NWRF Awgp
A c = A c = =\ 180
Xe= "o -Ap % (180)

Orcroga BUIHO, UTO MOMYCK HA OLICTPBLIE OTKJIOHEHWS PaIMOYaCTOTHI OT UOEAJBHOTO 3aKOHA
HOJKEH OBITH XECTKUM B OCOOEHHOCTH BOJIM3M KPUTUYECKON SHEPTUM, T'IOE YACTOTA CUHXPO-
TPOHHBIX Kojebauuii )y um mapameTp 7) CTPEMSTCS K HYJIIO.

Ecnu Bosmytienne F' u3MeHseTCs TapMOHUYECKMM OOpPa30M C HEKOTOPOW YACTOTOW w =
g, a cuaxporpoHHas yactora () = (t) sBugeTcs QyHKIWMENl BpeMEHM, TO B TAKOM CIIydae
MOXeT WMMETb MECTO IMPOXOXKIEHWE UYACTHI[ Yepe3 PEe30HAHC B MOMEHT BpeMeHu, Korma §) =
Qg. Permenue omuopomuoro mubdepeHnua sHOr0 YpaBHEHUsT BTOPOTO MOPSIKA, OMUCHIBAIOIIIETO
Masible (a3oBble KoyeGaHWs B OTCYTCTBHE BO3MYIIEHWI NPU MeIJIEHHOM (annabaTidecKoM)
n3MeHeHN! 3()GHEKTUBHON MacChl CMHXPOTPOHHOTO nBumxkeHus M = mg7y/n, uMeeT Ciiemyrormit
BUI:

X = a(t) exp(i / Qt) dt) + ki ¥ = a(t)Q(E) exp(i / Q(t) dt) + x.c.

Ipu wamuanm xe Bosmyinerus F = Fjsin(Qot+¢,) ypaBaenne $ha3oBbIX KOje6aHUT CTAHOBUTCS
HEOTHOPOIHBIM,

1 d(Mx) 2 :
——== + Q% = Fysin(Qot + ¢p), 181
M dt X o sin(Qot + ¢) (181)
roe ¢y — HadaJbHOEe 3HaueHHe Gassl BosMmylueHus. Pernenne ypasmenus (181) wmmercs B

BHUIE, HONOGHOM INIPUBEINEHHOMY BBINIE IS COOTBETCTBYIOIIETO OINHOPONHOIO ypaBHeHus. B
9TUX PEIIeHNUsX KOMILIEKCHBIE aMITIUTYObI a(t) ymo6Ho 3amenuts npomssenenusMu a(t)C(t),
IPUYEM MEIUIEHHO M3MEHSIoIuecs aMnTynsl a(t) u a*(t) 6yneM cuuTaTh KBA3UIOCTOSHHBIMIL.
Bapbupyst npomssosbrble mocrosHable C' u C*, momyuaeMm nuddepeHnnanbHOE ypaBHEHUE
orHocuTenpHo C,

dC Fo
dt — 2ia(t)Q(t)

roe a(t) — aMIUINTyna CHHXPOTPOHHBIX KOJIEGAHWI B OTCYTCTBHE DE30HAHCA. UTOGBI mpO-

sin(Qot + do) exp(—i / Qdt), (182)

uHTEerpupoBaTh ypasHeHue (182), pasnoxum uwacTory ) B IOKasaTele SKCIOHEHTHL B DL
Q=Qy+Q7+..., rme 7 =0 cOOTBETCTByeT MOMEHTY IIPOXOXKIeHUs: pe3onanca. OrGpacbiBas
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B (182), kpome 5TOro, HEPE3OHAHCHBII WIEH, KOIEGIIIOLIMIACS C YABOGHHON IaCTOTOM, IOy YaeM

Aa=a(t)(C 1) =) W exp(—iQor /2 + i) dr. (183)

IIpenebperas m3MeHeHHEM BeIWYUH ¢p, a(t) u () 3a BpeMs IPOXOKIEHUS PE30HAHCA, HAMIEM
OTCIONA NpHpAIlleHne aMIUINTYOBl KOIeGaHuil BOAIM OT Pe3oHaHca (mpu ¢ — 00):

FQ 2

Aa >~ —a(t)———, | =
( 4ao$o \ Q|

exp(igg + im/4), (184)

rzue 3HaK nepern (m/4 B mokasaTesie SKCIOHEHTHI BBIOMPAETCS B 3aBUCHMOCTU OT 3HAKA IIPOM3-
BomHOI df)/dt B MOMEHT IPOXOXKIEHWs DPE30HAHCA.

Ha IPaKTUKE 3a49aCTyIO0 IIPOUCXOOUT MHOTOKPATHOE IIPOXOXKMOECHNE YaCTUIlaMU CHHXPOTPOH-
HBIX PE30HAHCOB. Takoil CIIydaill, HAIPUMED, UMEET MECTO, €CJIIU PE30HAHCHI BO30YXKIAIOTCS
TapMOHUKAMHI CETEBOTO IMUTAIOIIETO0 HAIIPSXKEHUS, aMIJIATYOBlI KOTOPBIX IMIPUMEPHO IIOCTOSHHBI
B QUAIIA30HE M3MEHEHUSI CUHXPOTPOHHON 9acTOTHI. [IpenmnosmoxumM, 910 YacTUIbl PACIIPEICICHBI
mo ¢ase CUHXPOTPOHHBIX KOJIeOaHWN ¢y TPUMEPHO paBHOMEpPHO. B TakoMm ciydyae HETPYHTHO
paccunTaTh CPENHUM U CPETHEKBAPATUYECKUN NPUPOCTHI aMININTYIbI CHHXPOTPOHHBIX KOJIe-
GaHN A 32 OOHO IPOXOXKIEHUE PE30HAHCA.

Ucxonst u3 Boipaxenus A = 2|a| u cuuTas OTHOCHTENbHBIE NPUPAIIEHUS KOMIIIEKCHBIX
AMIJIATYO MaJIbIMU II0 CPaBHEHUIO C eHHHHHeﬁ, a TaKXe€ Yy4YUTBhIBasd CJICOAYIOIIUE OYCBUOHBIC
cootromernns: Aa = Aa* =0 u (Aa)? = (Aa*)? = 0, rme 4epTa O3HAUAET yCpemHEHHE TIO dase

¢, TOAYIMM (C TOUHOCTHIO NO KBAAPATUUHBIX WICHOB) M3BECTHLIE U3 TEOPUU BEPOSTHOCTEN
dopMynbL

e AR
A=— i (AA)?2 =2AAA. 185
el @ (185)
C yuérom coornomenus (184) mmeem orcooma
- F?
A= At)——0 (186)
QG AG|S 2ol

Tax xkax Npu MHOTOKPATHOM IIPDOXOXKIIEHUN YACTUIl Yepe3 CUHXPOTPOHHBIE PE30HAHCHI IIPH-
parmeHns aMITyObl AA CTaTHCTUYECKN HEe3aBUCHMBI (basa ¢y ABISETCS CIy9ailHON BeJIH-
YMHOW IPU KaXKIOM MOCJIENYIOIIeM IPOXOXKIECHNN PE30HAHCA), TO CPEeNHSS aMIUIATYNA CHUH-
XPOTPOHHBIX KOJleOaHUI ONOJKHA MOHOTOHHO BO3DAcTaTh C yBeJIMYEHHEM YHCIIa IPOXOXKICHUU
PE30HAHCOB.
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2. IBU>KEHUE YACTUIL C YUYETOM
ITPOCTPAHCTBEHHOI'O 3APAIA N TOKA IIYUKA

2.1. KYJIOHOBCKHWE CIBUTI'Y1 BETATPOHHBIX HACTOT

Ilo cux mOp HESBHO MPEONOJIArajioch, YTO MHTEHCUBHOCTH YCKOPSEMOIO IIyYKa IIpeHeOpe-
XKIMO MaJla, U, CJIeHOBaTeIbHO, €ro COOCTBEHHOE 3JICKTPOMArHUTHOE IIOJIe HE OKa3bIBa€T CyIlle-
CTBEHHOTO BJIMSIHUS Ha NBIXKEeHME JacTull B yckopurese. OmHAKO MHTEHCUBHOCTHL COBPEMEH-
HBIX KOJIBIIEBBIX YCKOPUTEJEN ITPOTOHOB KaK Pa3 W OUPAHUYMBAETCSI B OCHOBHOM 3ddexTamun
IIPOCTPAHCTBEHHOTO 3apsna IIydKa, IO3TOMY BTOpPasl JacTh HACTOSIIIETO Kypca MOCBSIIEHA IU-
HaMWUKe MHTEHCUBHOI'O ITYYKa IIPOTOHOB.

DdheKTH TPOCTPAHCTBEHHOIO 3apsaia MydKa MeJISITCS Ha MOMEPEeYHBbIE U MPOHOJILHBIE, KO-
TOpBIE, B CBOIO OYepEeb, HMOMPA3NEIIIOTCS HA HEKOT€PEHTHBIE W KorepeHTHble. HexorepenTHbie
3¢deKTHI NPUBOALAT K WU3MEHEHUIO XapPaKTEPUCTUK IOBIKEHUS OTOEIbHBIX YAaCTHIl, TAKUX, KakK
gacToTa u ammiauTyna xosebanuit. IIpm sToM pacmpeneneHme dacTuil B IPOILIECCE YCKOPEHUS
IIy4YKa OCTAETCs CAMOCOTJIACOBAHHBIM UM KOT€PEHTHBIE KOjeOaHus mMydka He BO3HuMKaT. Hampo-
TUB, KOTepPeHTHBIE 3GQDEKTHI SBISIOTCS XapaKTEPUCTUKAMI IMydKa Kak 1ejoro. Tax, Hampumep,
IpU IIONEPEYHOM MOBIKEHUU YaCTHUI BO3HUKAET KOTEPEHTHBIN COBUT OETaTPOHHOM YaCTOTHI,
00y CJIOBJIEHHBIN CMeEIEHNEM 3aMKHYTON OPOMTHI IIyYKa OTHOCHUTEIBHO IIEHTPA BaKyyMHOUM Ka-
Mepbl yckopuTesisi. B peanmbHBIX MydYKaxX KyJIOHOBCKUE COBUTU O€TATPOHHBIX YACTOT OTIEIBHBIX
YaCTUI] 3aBUCIT KaK OT O€TATPOHHON aMINIUTYIbI, TaK W OT IPOMOJILHOTO IIOJIOXKEHUS YJacTU-
Ul B CrycTKe. BceremcTBume 3TOro Cmiibl MPOCTPAHCTBEHHOIO 3apsiia MPUBOOAT K pasbpocy
0eTaTPOHHBIX YACTOT, HOITOMY IIyUYOK MOXKET 3aHUMAaTh 3aMETHYIO 00JIacTh B pabouell KJeTKe
yckopuTens, ycyrybiss TakuMm oO0pa3oM HeNCTBUE OETAaTPOHHBIX PE30HAHCOB.

2.1.1. HekorepeHTHbIe cCABUTY 6€TATPOHHBIX YaCTOT

PaccmorpumM cHagasma mydok gacTuil B CBOGOMHOM TPOCTPAHCTBE. Tak KakK CUIIbI, MEACTBY-
omye B IOOIIEPEYHOM HaIIpaBJICHUU I O6yc.HOB.H€HHbIe €Tro CO6CTB€HHI)IMI/I SJICKTPUYECKNIM 1
MAarHUTHBIM IIOJIAMUA, HMEIOT IIPOTUBOIIOJIOKHBIEC 3HaKM, OHU YaCTUYIHO KOMHGHCI/IpyIOT leyr
Ipyra, IpuYéM MpU CKOPOCTHU IIyYKa, PABHOU CKOPOCTHU CBETA, PE3YIILTUPYIOMIAs MOMEPEUHAS
ClJIia, CBsA3aHHaiA C CO6CTBeHHI)IM QJIEKTPOMArHUTHBIM IIOJIEM Hy‘-IKa,, CTaHOBUTCS paBHOfI Hy.HIO.

Hauuém ¢ mpocrefitiero cimydass — pacCMOTPUM KPYTVIBIA TMyYOK PAONyCa @, PABHOMEPHO
pacHpeneséHHbIl BOOIb asuMyTa yckopuress (cM. puc. 16). Cumras mIOTHOCTH 3apsna B
MIOTIEPEYHOM CEUYEHUU IIYYKa TOCTOSHHOW W TPUMEHSS K DJIEMEHTY IIy4YKa MJINHOU ds, comep-
x)areMmy 3apsan dgq, teopemy Octporpamuckoro-I'aycca, Haimém panuajabHYIO KOMIOHEHTY K,
COOCTBEHHOTO SJIEKTPUYECKOTO TIOJS IIyJKa,

= 2, 1)

rae po = dq/ds — nuHe#HAsS IIOTHOCTH 3apsna.

Hanee u3 Teopembr CTokca CieyeT, 9TO KOMIOHEHTa MarHuTHOro moss H, cessana ¢ E,
coorrowenuem: H, = BE,, rne 3 = v/c. B npsmoyrosnbHoil cucreme koopmusar (cM. puc. 1)
E,=E,cosy, H, = BE,, tak uro E, — BH, = E,/v* = E,./v?, Tak kak ¢ = 0 (amamsoruuso,
cmta, 00yCIIOBIEHHAs TMPOCTPAHCTBEHHBIM 3apANOM IIy4YKa M BO3IEMCTBYIOIIAS HA YACTUILI B
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BEPTUKAJILHOM HAIpaBjIeHun, Takxke ~ F,./ 72). IlosToMy ypaBHeHEE TOMEPEUYHBIX KOJeOaHUT
(B TyIamKkoM OpUOIMKEHNUN, U = T, z) MOXKET OBITH 3aIICAHO B BUE

u” + <@>2u = 26$u (2)

R, moc? 32~3a? ’

OTKyHa CJeNyeT, UYTO pe3yibTHUpyoas dacToTa () 6eTaTpoHHBIX KojebaHuil paBHa () =~
Qo + AQjn., Toe gepes AQ,. 0603HAUEH HEKOTEPEHTHBIN KYJIOHOBCKUN COBUT 6GETAaTPOHHOI
YaCTOTBI, PAaBHBIN (¢ yuéToM cooTHowmenus po = Ne/2mw Ry myst oqHOponHOro mydka, rge N —
YWCIIO0 YACTUILl B yCKOPUTEJIE)
rolN Rqy
21Qo*y%a*

B (3) ro =€?/moc* =1,54-10716 cm — kmaccmueckmit pammyc OpOTOHA.

Z §

ol

Puc. 16. K BoraucieHuno 371eKTPOMATHUTHOTO TOJIS Y YKA.

IIpu HaMUMM BHEITHETO YCKOPSIOIIErO OISl IIYyYOK COCTOUT U3 CTYCTKOB, B KOTOPBIX UaCTU-
1Bl KOJIEOIIIOTCS OTHOCUTEILHO CBOMX PABHOBECHBIX (ha3. JIuHerHas MIOTHOCTH 3apsma 3aBUCUT
B TAKOM CJIy4ae OT MPOMOJILHON KOOPOWHATHI YACTHUIIBI, IOTOMY BEINYMHA, HEKOTEPEHTHOTO
KYJIOHOBCKOT'O CIOBUTA OETATPOHHOU YACTOTHI Yy KaXIOW KOHKPETHOM YaCTUIBI KOJeOJieTcs C
TEUYECHNEM BPEMEHU, IPUUEM aMILUIUTYIA DTUX KOjeOaHU MOBOJIHLHO OBICTPO 3aTyXaeT C POCTOM
SHEPIUU IIYUKA.

IIpenmonoxum, 9TO B yCKOPHUTEIEe UMEETCS ¢ ONUHAKOBLIX CIYCTKOB YaCTHUI (3HeCh ¢ —
KPATHOCTH YCKOPEHU ), KaXKIBI IUIMHON 2S,,,,. Benuunaa B = 28,,,,/L HasbiBaeTcs daxTo-
poM mpomosnbHOI rpynnupoBku udactun (L = 27wRy/q). B crpynmmpoBaHHOM IMydke IPOTOHOB
TOK TIyYKa SIBJISETCS (DYHKIUEN MIPOMOJIBHON KOOPAMHATHI S. 3aBUCUMOCTH HEKOTE€PEHTHOIO
KYJIOHOBCKOT'O CIABHUI'a OT IPOMOJILHON KOOPAWHATHI YACTHUIIEI MOXKHO B TAKOM CIIyYae y4IeCTh,
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eciM BBECTHM B IPaBYIO 4acTb (opmyisl (3) muoxutens G = p/py, NpencTaBsgOLmil co6oit
OTHOIIIEHUE JIMHEWHOU IIOTHOCTU 3apsiia B MECTe PACIIOJIOXKEHUS PACCMATPUBAEMON YaCTUIIHI
B CIyCTKe K €€ CpemHeMy 3HaueHuio po. OCHOBaHUEM [Jisi TAKOTO IOMXONa CIIYXKUT TOT (PakT,
9TO COOCTBEHHOE IIOJIE PEAJIbHOTO IYyYKa B IPOTOHHOM CHHXPOTPOHE SKPAHUPYETCS XOPOIIIO
IPOBOASILIEN Y3KOIl BaKyyMHOW KaMepoll Ha paccTosHusx ~ b/vy (b — xapakTepHbIil momeped-
HBIIl pa3Mep KaMepbl), a XapakTepHas mmHa AS, Ha KOTOPOH 3aMETHO MEHSETCs JIMHelHas
IUIOTHOCTH 3apsna p, OOBIYHO 3HAUYUTEIFHO IPEBBIIIAET 3TO PACCTOSHUE.

B xauecTBe mpumepa paccMOTPUM CTyCTOK YACTHUI[ C JIUMHEHHON INIOTHOCTBIO 3apsiioa p, W3-
MEHSIOIIENCS. B 3aBUCUMOCTH OT IIPOHOJIBLHON KOOPAUHATEL S (|$| < Spe) 1O mapabosmaeckoMmy

3Ne s \?2
el el Ee g
qsmaw smax

yUII/ITbIBaSI, 9TO 3aBUCUMOCTDH HpOHOJH:HOﬁ KOOPOMHATEI 9YaCTUIIbI S OT BPEMEHU B HpI/I6.HI/I)KeHI/II/I

3aKOHY:

MaJIbIX (Da30BBIX KoJieGaHmil maércs GopMmysioin s = Sgcos (gt, rme sy u )y — COOTBETCTBEHHO
aMIOJIUTyOa U dYacToTa (a30BBIX KoJjiebaHWl, a Takxke (PopMyiIy (4), 3amuIeM MHOXUTENb G

. 3 So 2 2
G= 5B [1 — <smaw> cos Qot], (5)

OTKyla BUIOHO, YUTO MJIS YACTHUIBI C MAKCUMAaJIBLHON aMIJIUTYION (a30BbIX KOJiebaHUM (so =

B BUIE

Smaz) MHOXUTENb G Komebnercs B mpemenax 0 < G < 3/2B; st 9acTULBI C IHOJIOBUHHON
aMITTUTYION (So = Smaz/2) — 9/8B < G < 3/2B. CnemoBarensHo, ¢ yaérom dopMyisr (3) u
MaKCHMAJILHOTO 3HaueHuss MHOXuTens (G, paBHOro 3/2B, moiydaeTcs Cllemyloliee BbIPAXKeHNe
JIA MaKCUMAaJIBHOT'O 3HAYECHUA HEKOI'€PEHTHOI'O KyHOHOBCKOFO caBura 68Ta.TpOHHOI71 JaCTOTHI B
CI‘pyHHI/IpOBa,HHOM HyLIKe IIPOTOHOB:

‘AQinc‘maw - 3TONRO

ArBQofS*y%a?

Ecnu paccmoTpers Opyrue peaiiCTUUECKWE DPaCIpeneeHus YacTHll B CIyCTKax, TO CO-

(6)

orBercrBytomme Gopmynsl M |AQine|mar OyOyT oTamdyaTbes or (6) JMIIB HOCTOSHHBIM
MHOXUTEIEM, PaBHBIM ITI0 MOPANKY BeJIMYMHBLI euHWUIe. 1ak, HaIpuMmep, IJis paclpencacHus
p(8) ~ cos(mS/28maz), BO3MONKHO HECKOJILKO JIydUIlle IPUOIIMKAIOIIETO 3aBUCAMOCTD JIMHEHON
IJIOTHOCTH 3apsia OT IPONOJILHON KOOPOMHATLI B PEATbHBIX CIYCTKAaX YacTHIl, 3TOT MHOXKMW-
Tenb paBeH 3/2.

HomycTuMble BeJIMYTHBI HEKOTePEHTHBIX KyJIOHOBCKUX CIBUTOB 6ETATPOHHBIX YACTOT OOGBIU-
HO OIIpeNeNIII0TCS PACCTOSHUEM N0 OJIMXKAMIIero mapaMeTPUUecKOro 6eTaTPOHHOTO PEe30HAHCA.
Ionaras B dopmyne (6) |AQinelmaz = 0,25, HALEM HpenenIbHOE YUCIIO YACTUL B yCKOPUTETE
N oz TO KYJTOHOBCKOMY PaCTAJKUBAHUIO B IONEPEYHOM HAIPABIICHUI:

BQy%*y3a?
N, ~ Do a 7
ma TORO ( )

Ha mpakTuke MoryT mpencTaBisTh OMACHOCTH M PE30HAHCHI TPETHETO MOPSOKA, €CITH OHHI
MHOTOKPATHO TIEPECEKAIOTCs M3-3a HEKOTEPEHTHBIX KYJIOHOBCKUX COBUTOB O€TATPOHHBIX YaCTOT,
9YTO MOXET MMEThb MeCTO B pEeXNMe HAaKOIJICHUsS CIyCTKOB YaCTUIl B yCKOpHUTENe, a TakKxXke Ha
HAYAJILHOM DTAlle yCKOpuUTeabHOro rukia. [losromy mpu HeoO6x0mmMocTr mMOMOGHBIE PE30HAHCHI
JOJIXKHBI KOPPEKTUPOBATHCA.

IlocmoTpuM Temeph, Kak BIUSET HA BEIUYMHBI HEKOTEPEHTHBIX KYJIOHOBCKUX CIBUIOB OeTa-
TPOHHBIX YaCTOT XaPAKTED PACIPENeCHUs JYaCTHUIl B MOMEPEYHOM CEUCHUN IIyYKa. BbIrie Ghiia
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PACCMOTPEH OOWH M3 BO3MOXKHBIX BAPMAHTOB — IIOCTOSIHHOE pACIpemeseHne, s KOTOPOro
IUIOTHOCTH YACTUI[ HE 3aBUCUT HU OT PAMOUYyCa, HA OT YIJIOBOW KOOpAWHATHI. Bo3bMéM, miis
cpasrenus, pacupenenerue f = (2p/ma?)(1 — r?/a?), cnaparomee OoT meHTpa K Kpaio IydKa
o mapaboInIecKoMy 3aKOHY. BohIpexxeM m3 mydka COOCHBIM MWJIWHADP PAAUYCa I U IJIUHOU dS
u npuMmeHuM K Hemy Teopemy Octporpanckoro-I'aycca. B pesymbrare mosmyunmMm Cliemyroriyro
$hOpMyITy IS PAmMaIbHOTO JIEKTPUUYECKOrO MOJIs F,. BHYTPH CryCTKa YaCTHUIL:

4p r?
Er—¥<7'—2—a2>- (8)

CpaBHuBas mnociensee BblpaxkeHume ¢ dopmyinoit (1), maromeit mome E,.(r) mus ciydas
f = const, HETPyIHO BUAETb, YTO HPU HapabOIMUECKOM PACHPEeNeSeHIM YaCTUIBI C MAaJIbl-
ME aMIUIATYDaMu KojieGanmit (r < a) WCHBITBIBAIOT BO3NENCTBUE B IBa Pa3a GOJBIIETO OIS
(Ipu OMMHAKOBBIX mapaMeTpax Iydka), a Ha Kpaio mydka (mpm r = a) mons cosnanaiot. Cremno-
BaTeJIbHO, IIpA pacqéTe MaKCUMAJIBHBIX BEJINYNH Ky.HOHOBCKI/IX COBUIOB 6€Tan0HHbIX JqacToT
HEOOXOIMMO HECKOJILKO W3MEHUTH OIpeneiienne MHOXuTeNls (3, BBENEHHOIO paHee, IMOJIOXKUB
G = kp/po, Toe Ko>hdUNUEHT K 3aBUCAT OT BUma pacupeneneHust [ (Tak, Hampumep, K = 2 B
citydae mapabosImdecKoro pacupeneieHus f).

O606mum dopmyny (3) Ha ciaydall mydka SIUIMITHYECKOTO CEUEHUS C Pa3sMepaMé IOJy-
Oceﬁ a, 1 a,. CqI/ITaH IIJIOTHOCTBb YaCTWUI[ B IIOIIEPEYHOM CEYCHUN quKa HOCTOHHHOﬁ, MO22KHO
nosyunTs ais nons E, dopmyny, momobuyio dopmyse (1),

B - T (9)
a.(a, + a,)

®OpMy.Hy ILJIs1 HeKOFepeHTHbIX Ky.HOHOBCKI/IX COBUIOB 6eTan0HHbIX qacToT HOJIqu/IM, HNCXO-

sl U3 yPaBHEHWI MBIKEHUS. lIpy Haaudumym XECTKOW (DOKYCUPOBKU YACTHUI[ B IOMEPEIHOM

HaHpaB.HeHI/II/I ypaBHeHI/Ie OBMXKEHNA BOOJIb OCU X MUMEET BUIL
depx

az(a, + a,)moc2 323

"+ g,z = (10)

Amnanornynoe BbIpaxeHue (C 3aMEHON T Ha 2) IOJYYAeTCs MJIs BEPTUKAILHOIO HAIPABIICHUS.
Bocnons3sosasiuce gasee dopmyinoir (1.80) (3mech u mHuxke nubpa 1 nepen Gopmysioi o3HavaeT,
YTO CCBUIKA NeaeTcs Ha (OPMyIly IEpBOIl YacTH HACTOSILIErO KypCa JIEKIUi1) U BBOMS TaKXKe
muOXUTENb G = Kp/po st y4éra BiusgHus Buna GyHKOUN pacupeneieHus [ B IONEPEYHOM
ceueHnum quKa n HpOﬂOHLHOﬁ I‘pyHHI/IpOBKI/I YJaCTUuilr B quKe, mMeeM MOJjIisi HEKOI€PEHTHBIX
KyJIOHOBCKMX CIIBUTOB GETATPOHHBIX YAaCTOT CJIEMyIOIee COOTHOIICHIE:

TONG ﬂw z
A z,z)inc — :
( Q s ) 7.‘.5273 < aw,z(aw _|_az)

(11)

B dopmyne (11) yno6HO 3aMEHUTH MOJIyOCH SJUINICA 4 ., 3aBucsime depe3 gyukiun doke
OT a3UMyTa YCKOPHTEs, SMUTTAHCAMHI Iy4Ka £, . = a2 ,/0,.. B TakoM ciydae ycpemsenmio
IO TIepMOy CTPYKTYPhI HOIIeXaT Bbipaxenus suma (0,./B..)Y?, natomme emuHuiy mocne
X yCPEIHEHUs, MO3TOMY HMMEEM:

roNG 1
(AQw,z)inc - .

B 775273 Ezx,z + VEZE2 '

Mpr momyunsn, TakuM o6pa3oM, GOPMYJIIbI I HEKOT€PEHTHBIX KYJIOHOBCKUX CIBUTOB Oe-

(12)

TATPOHHBIX YaCTOT B NOCAJIU3UPOBAHHOM C/Iy4da€, KOr'Ja IIYYO0K YaCTUIl OBUXKETCS B CBO6OJIHOM
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IpoCTaHCTBE. B peasbHOM ycKOpuTejge COOCTBEHHBIE MOJIsI, CO3MAaBaeMble YACTUIAMHU IIyYKa,
ICKAXKAIOTCS M3-33 B3aMMONEWCTBUS IIyYKa C OKPYKAIOIIAM €ro O0OPYHNOBAHUEM YCKOPUTEIIS.
Heobxonumo mosToMy BBISICHUTH, KaK M3MEHSATCS IOJyUYEHHBIE (OPMYIbI MPU YIETEe I'PAHUY-
uvbIX yciaoBuil. [lpy Haguuuu rIaakol U MOCAITHHO MPOBOMSINEH BAKYYMHON KaMepbl TPAHUIHBIE
VCIIOBUS ISl TIOJIEN ITydYKa MOTYT OBITH YIIOBJIETBOPEHBI, €CIIM BBECTH TOKU U 3apsabl m300pa-
xkeruii. Tak Kak dIeKTPUYECKHEe WM MATHUTHBIE TIOJIS UMEIOT Pa3InYHbIE TPAHUYHBIE YCJIIOBUS,
TO UX B3amMmoociiabyienue Hapymraercs. Cuiibl, BOZHUKAIOIINE U3-32 3apSO0B U TOKOB M300pa-
JKEeHNil, yXe He CIafaloT C POCTOM BSHEPruM OOpPaTHO HMPONOPHUMOHAIBHO Y2 M MOTYT OaBaTh
OCHOBHOH BKJIaJ B KYJIOHOBCKWE COBUTHW OETaTPOHHBIX YACTOT IPU BBICOKOW SHEPIUU ITyUKa.

C yuéToM BakyyMHOI KaMephbl, SKPAHUPYIOIIEN MydYOK B YCKOPUTENE, KOTOPYIO IIPU PacdyéTe
YaCTOTHBIX CIOBUIOB MOXKHO CUMTATH UIEAJILHO MPOBOMSIIEN, TPeOyeTCs BBINOJHEHNE HA CTEHKE
KaMepbl TPAHUYHOTO YCJIOBUS — PABEHCTBA HYJIIO IPOMIOJIBLHON COCTABIISIOIIEN JIEKTPUUECKOTO
moss myuka. [Ipu 9ToM coGCTBEHHOE TIOJIE TTyYKa, BOOOIIIE TOBOPSI, M3MEHSIETCS IO CPABHEHUIO CO
citydaeM CBOOOMHOTO IMPOCTpPAHCTBA. ['paHuYHbIE YCIIOBUS B CIIydYae IIUPOKON BAKYYMHOU KaMe-
pBl (Ipu 3TOM OGBIYHO PACCMATPUBAETCS PENeIbHBI BapUAHT, KOUAA IIYYOK PACIOIAraeTCs
MEXIy NapasuleJbHBIMA MeTAJUIMYECKUMI IIOCKOCTSIMU), & TaKXKe [P HAJINIAN [UINHIDY-
YeCKOW T'PAHUIBI HETPYOHO VIOOBIETBOPUTDL, 3aMEHSs TPaHUILy 3apsmamu u3obpaxkenwuit. [Ipum
Oostee CIIOXKHOI (OpMe TI'paHUIBL [JIsI 3TOW IEJIW MOTYT OBITH WCIOIB30BAHBI KOH(POPMHBIE
npeobpa3oBaHNUS.

Ilomo6uoe ycsoBue HEOOXOOMMO TaKXK€ YOOBIETBOPUTH IJIs KACATEILHON KOMIIOHEHTHI MAar-
HUTHOTO TIOJIS Iy4YKa Ha (DEPPOMArHUTHOW T'DAHUIE — HA IIOBEPXHOCTAX IIOJIIOCOB 3JIEKTPO-
MarHATa YCKOPUTEIIS, OIS Uero BBOMSTCS TOKW M300DaKEHUM.

B xauecTBe mpocrefiniiero mpumMmepa pPacCMOTPHUM IIYYOK MPOTOHOB, MBUXKYIITUNCS MEXKIY
OBYMS MIEAJIbHO IPOBOLSIIINMYU METAINIECKUME IOBEPXHOCTSIMU, PACIOJIOXKEHHBIMI Ha, Pac-
cTosHUAX +h or menTpa myuka (cMm. puc. 17a). Il Toro 9To6bl yHOBIETBOPUTH PAHUIHBIM
VCJIOBUSIM, PACIOJIOKUM 3aPSIKEHHBIE HUTU C IJIOTHOCTSME 3apSIIOB —p HA PACCTOAHUAX +2h
oT menTpa myuka. OmHAKO TOJIe, CO3maBaeMoe BEPXHUM u300pakeHueM TpebyeT, B CBOIO Oue-
penb, 3apsma m300paxKeHWs TPOTUBOIOJIOXKHOIO 3HAKA 33 HUKHEW IJTACTUHOW Ha PACCTOSHUU
4h ot myuka u T.n. B pesymbrare momydaroTcsi 6€CKOHEUHBIE IENOYKU 3aPSIOB M300paKEHUN
CBEPXY U CHU3Y OT PaCCMATPUBAEMBIX IJIACTUH, PACIOJIATAIOIINECS HA PACCTOSHUSIX OT IIyYKa,
paBHBIX £2nh (n=1,3,5,... musa orpunaTenbHbix 1 n = 2,4, 6, ... IS TOJIOKATEILHBIX U30-
GpakeHuil). DJIEKTPUIECKOe IOJIe, CO3NABAEMOE Iapoil N306paKeHuil ¢ HOMepaMu +n B MecTe
PACIIOJIOKEHNST YACTUILI IyYKa C KOODOWHATON Z, PABHO

, 1 1 pz
' =(—=1)"2 — ~ (—-1)"—— 13
= (-1) p<2nh+z 2nh_z) (1) o (13)

Tak 9TO (GOPMyIa U Pe3ySbTUPYIOMIEro Mo u3obpaxenuit F! mmeer Bun

2
, , Tpz
T K —
n
[opu30HTAIBHY IO COCTABIIAIONLYIO TOJIA n300paxenuit ! MOXHO HAITH, BOCIOIB30BABIINCE
ypaBuermeM Maxcsemna divE'! = 0, oTkyma ¢ y4éToM TOTO, WTO pacCMaTPHUBAEMOE TIOJIe
ABJIAETCA IIJIOCKUM, NMEEM ; ;
’ OE! OE: m2p (15)
Ox 0z 12h2’
nin, 7T2px
E, =— > (16)
12h
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a) b)

Z A Z}
6h 6h |
;[_p —_'P - *— zﬂ
4h 4n _ _Fl _:rz”
P
2h % 2h - -
L P s £ s = % ] *_ xﬂ &
z j _z% ]
0 i = 0 i 11‘::”
P X X
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-2h —2h L _
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~4h ~4h P _:rzﬂ
P
~6h ~6h v
- S

Puc. 17. K BbrumciieHnio cOBuroB GeTaTPOHHBIX YACTOT MPU HAJIUMYNAUA TPOBOMSAIIAX METAJIIMIECKUX
JIOCKOCTEM.

3neck HEOOXOMMMO OTMETHUThL, YTO TDAHUYHBLIE YCJIOBUs, HAKJIAILIBAEMBIE TPOBOMSAIIIAMU
METAJUINYECKIMU IIJITACTUHAMU, He BJIMSAIOT HA IIOCTOSHHYIO COCTABJIISIOIIYI0 MArHUTHOIO IIO-
JIs IydKa, B Pe3yJIbTaTe Yero HapyllaeTCs B3auUMHAs KOMIIEHCAIWs IIOJIeNl M300paKkeHuu IIpu
BBICOKOI sHeprum dvactui. IlosTtomy dopmyna (3) mis HEKOIePEeHTHOIO KYJIOHOBCKOTO CIBHIa
0eTaTPOHHBIX YACTOT B CIIydae OTHOPOOHOIO IIyYKa IIPOTOHOB, SKPAHUPOBAHHOIO MeTaJIIImde-
CKUMMU IIACTUHAMU, MOXKeT OBIThH 3aIlCaHa B BUIE

; ToNRO 2 7'1'2
AQUC = — . 17
Q= gty (e ¥ 12) (7

IlepBbiit wieH B ckobkax B (17) OmMCBIBAE€T HENOCPEACTBEHHOE NENCTBHE HA GETATPOHHBIE

YaCTOTBEI MPOCTPAHCTBEHHOTO 3apsna IydKa U CHamaeT ~ Y2 3a CUéT IPOTUBONOJIOXKHON Ha-
MIPaBJIEHHOCTU CUJI, CO3MIaBA€MBbIX JJIEKTPUUECKUM U MATHUTHBIM IOJISIMHU IIyYKa; BTOPOU YJIEH
ONUCBHIBAET CYMMAPHOE BO3MEHCTBUE 3apsmoB m300paxeHuin m B npubnmxkenuu h > a He 3a-
BUCHUT OT IONEPEYHOrO pa3zMepa IIydKa W MOXKeT NaBaTbh OCHOBHOM BKJIIA IIPU OYEHH BBICOKON

SHEPrum IIy4YkKa, KOrga COBUTU 6eTanOHHbIX JaCTOT U3MEHAIOTCS IIPOIIOPHMUOHAJIBHO ’)’_1.
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AnanoruuabsiM 00pa3oM PACCUUTHI-

T -5y — - — - BaIOTCA OOIIOJIHUTEJIbHbIC COBUI'U bera-

1 TPOHHBIX YaCTOT IIPpU HaJNYUNA BOJIII-

o $ ePP}{WH & T 31 InOydka (HEeppOMArHUTHOTO SKpaHa.

Taxk, mOTIOC TUTOIBFHOTO MATHUTA MOXK-
HO alIIPOKCUMUPOBATh (HEePPOMArHUT-

HOW TOBEPXHOCTHIO, PACIIOJIOKEHHON HA
paccTrossHUM ¢ OT IeHTpa moyduka. Ha
9TOW TOBEPXHOCTHU MOJIXKHA, OTCYTCTBO-
BaTb KacaTeJbHas COCTABILAIOIIAS Mar-

HUTHOT'O IIOJISI, YTO MOXHO VIIOBJIETBO-
PUTBb, €CIM PACIOJIOKUTL HA PAaCCTOS-
HUN ¢ 3& YKPAHOM TOK WM300pakeHWs
(cm. pmec. 18). Toxk myuka um Texy-
I B TOM K€ HaIlPABJIEHUW TOK W30-
OpaxkeHus CO3MAI0T MATHUTHBIE TIOJIS C
PABHBIMI II0 BEJIMUYMHE U IIPOTHUBOIIO-
JIOXKHO HAIPABJIIEHHBIMU KaCATEIbHBIMU
KOMITIOHEHTAMI Ha 3TOW TIOBEPXHOCTM.

Tax xax peajibHBIE TIOJIIOCA JUIOIIb-

Puc. 18. 3amena rpaHWdYHOrO yCiIOBHUsS Ijis MarauTHoro HBIX MAarHUTOB  DAacCloJararoTcda  Kak

OIS IIy4YKa TOKOM M300paKeHUs. CBEpPXYy, TaK U CHU3Y OT IIy4Ka, TO, KakK

U B ClIy4ae C METAJUIMYECKUMUI IJIACTHU-

HaMH, OJI yOOBJICTBOPCHUS I'PAHUYIHBIX

YCIIOBUII HEOOXOOMMO WKCIOJIb30BaTh OECKOHEYHYIO IIEIIOYKYy TOKOB M300paKeHUU, TEKYyIINX B

OIHOM U TOM XK€ HAIIPABIICHUN U PACIOJIOKEHHBIX B TOYKaX ¢ KoopaumHaramu +2gn. CHOBa mc-

NIOJIb3y s JIMHEMHOe NpUOJIMKeHWe IO T U 2z, IoJIydaeM [OJjId CyMMAapHON BeJIUYMHBI MarHUTHOTO
HOJIsT TOKOB m300paxenuit B! cremyrouryo dpopmyity:

2] 1 1 w2lz
B =— E ~ 18

ong—z 2ng+z 6cg?’

rae yureno, uto y.1/n* = 712/6. U3 divB' = 0 cremyer

. m2lx
B =-T2 19
x 6cg27 ( )

TaK 9YTO COBUI'I 6eTanOHHBIX JacTOT MOTYyT OBITH 3alIUCAHBI B BUOe

inc _ ToNRO ( 2 7'('2 7252>
TE T ATQofy \a2vy? + 12h2 + 6g2 )’

Takx kax (peppoMarHeTUK OTHOBPEMEHHO SBJISETCS MPOBOOHUKOM, OH MOXET, B IIPUHIIN-

(20)

e, yepe3 yCJIOBUsI Ha TPAHUIE BIIUATH HA SJIEKTPUYECcKoe mojie myuka. OmHAKO Ha ITpakTUKe
MEXIy MArHUTHBIM IIOJIIOCOM M IIyYKOM OOBIYHO PACIIOJIaraeTCsl XOPOIIO IIPOBOMSIIAs BaKyyM-
Has xkamepa yckopuress. [lo 5Toll mpudmHe MmOI0ca MAarHUTOB, KAaK MPABUJIO, HE OKA3BIBAIOT
BIIMSHUSA Ha SJIEKTPUYECKOE IIOJIe IIydYKa.
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2.1.2. KorepeHTHbIE cABUTYA 6€TAaTPOHHBIX YAaCTOT

C yuéroM BakyyMHOI KaMephl U TIOJIOCOB 3JIEKTPOMATHUTA YCKOPUTENIS TOJIe IIyJKa M3Me-
HSEeTCs IIPU €ro CMEIIeHNNW OTHOCUTEJIbHO IEeHTPa KaMepbl, YTO IPAaKTUYIEeCKW Bcerna HMeeT
MeCTO, TaK KaK peajibHasi opOmMTa HUKOTZA HE COBIANAET C HIOEAJbHON WN3-3a PaCCMOTPEH-
HBIX BBHIIIE BO3MYIIEHWA BEMYIIIErO0 MATHUTHOTO IMOJIsl. AHAJOTMYHAS CATYaIus BO3HUKAET U
NpY HAJUYUU TIONIEPEYHBIX KOTEPEHTHBLIX KojieOauuin myduka. CBA3aHHBIE ¢ OTKJIOHEHUEM IIyY-
Ka OTHOCHUTEJIbHO IIEHTPa BaKyyYMHON KaMepbl YaCTOTHBIE COBUTY HA3BIBAIOT KOT€PEHTHBIMU
KYJIOHOBCKMMU CIBUTaMU OETAaTPOHHBIX YaCTOT.

Paccunraem cnBuru 6eTaTPOHHBIX YACTOT, BO3HUKAIOIINE IPU MOMEPEYHOM MBIKEHUN IIYU-
ka Kak 1eyioro. OueBumHO, 4TO B CBOGOMHOM MPOCTPAHCTBE MPU HAJIUYMKM KOJeOGaHUN MEHTPa
TSXKECTU IIydYKa NONOJIHUTEIbHbIE COBUTM OeTATPOHHBIX YAaCTOT HE IOSBIISIOTCS, TaK KaK KO-
repeHTHBIE KOJieOaHWs He OKA3bIBAIOT B TAKOM CIIydae BIIMSHUS Ha COOCTBEHHOE 3JIEKTPOMAr-
HUTHOE ToJie Iydka (9hdEKTHI, CBA3aHHBIE C 3ala3NbIBAIOIIMMY IOTEHINAIAMNA, 3[6Ch MOXKHO
He y4nTHIBaTh). lHaYe 06CTOUT [eso, eciu IydoK SKPAHUPYETCs MeTaJuimdecKuMu u dheppo-
MarHUTHBIMU HOBEPXHOCTSIME, KaK 3TO OOBIYHO MMeeT MeCTO Ha ITPAKTUKE.

PaccmorpuM mydok, coBepIaroiiuit KOrepeHTHBIE IIOTIEPEYHbIE KOJeOAHUS MEXIY Mapali-
JIEIbHBIMU ITPOBOMSIIMY IFIOCKOCTSIMI ¥ MMEIOIININ B HEKOTOPBIM MOMEHT BPEMEHU OTKJIOHEHUE
Zo OTHOCUTEJILHO PAaBHOBECHOTO TojioXkeHus z = 0. 3apsamabl m300paxkeHuil, TPeOyooImecs st
VIIOBJIETBOPEHUSI TPDAHUYHBIX YCJIOBUM, IIPU 9TOM TaKXKe CMEIIAIOTCS IO CPABHEHUIO CO CIIydaeM,
npencTaBieHHbIM Ha puc. 17a. Tak, mHanpumep, OIMKAAIIMA K MyYKy BEPXHUN 3apsm m300pa-
JKEHISI MMeeT OTPUIATETbHBIN 3HAK W PACIojaraercs Ha paccrosHuu 2h — 2z,, a Oimxandmmi
OTPUIATENbHBIN HIXKHAN 3apsan — Ha paccrosHuu 2h + 2zp or myuka (cMm. puc. 176). Bropas
(momoxuTenpHAsL) mapa 3apsOOoB-M300DaKEHWN PACIoiiaraeTcs Ha paccTosHuu +4h oT mydka
u T.0. [losTomy siekTpuyeckoe mosie, CO30aBaeMOe Mapoll 3apPsaoB-n300PaKEHU ¢ HOMEPOM 1,
B MeCTE PACIOJIOXKEHUs IIy4YKa PaBHO

1 1
2hn + z(1 — (=1)")  2hn — z(1 — (—1)")

ES, = (—1)”2p[ (21)

OF AHNYNBAACh YJICHAMUI HHHeﬁHbIMH II0 Z n CcyMMn; g II0 BCEM 7N, IIOJIy49aeM €3VYJIb-
) 05 )
TUPYIOIIIECE 3JICKPUYECKOE II0JIe 3ap$1110B—1/1306pa>KeH1/H‘/'1:

1+ (-1 =2

e n? 4R

n

OIPpUBOOAIIEE K KOT€PEHTHOMY COBUTLY 68Ta.TpOHHOI71 Y9aCTOTHI, PaBHOMY

AQE = wrolN Ry (23)
*16QoByh*

B paccmaTpuBaemMoMm 3mech ciIydae IUIACTHH, OPUEHTUPOBAHHBLIX TEPIEHIUKYIISIPHO OCH Z, TO-
PU3OHTAJIBHOEC OBU2XKCHUEC IIYYKa HE INPUBOOAUT K KOT€PEHTHOMY COBUT'Y YaCTOTBI 6eTanOHHbIX

kosiebanmit, Tak uro AQS =0
PaccymoTpum ernié omHy npocTerinyo KOHGUIYPaIUo TPOBOMSIIErO SKPaHa — IUIHHIPIIE-
CKYIO TIOBEPXHOCTH panuyca b. [Ipenmosmoxum, 4T0 B PABHOBECHOM IOJIOXKEHUN IIYIOK TBUKETCS
mo ocu nmimeAapa. [Ipu 5ToM Ha BHyTpEeHHEHN CTEHKEe MWINHAPA WHOYIUPYETCS 3apsii C PaBHO-
MepHOfI HOBerHOCTHOfI IIJIOTHOCTBIO U MHTETr'PDAJIBHBIM 3apPsAI0M Ha €OUHUITY OJIWHbI, DAaBHBIM
—p. PesympTupyromee meficTBue CUMMETPUYHO PACIPENEIEHHOTO MOBEPXHOCTHOIO 3apsia Ha
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OCh IIyYKa PaBHO HYJIIIO, IO3TOMY IIPUCYTCTBUE NIUJINMHIPUIECKOTO IIPOBOMAIIET0 SKpPaHA HE
CKa3bIBaeTCsl HA BEIMYMHAX HEKOTEPEHTHBLIX KYJIOHOBCKUX CIOBUIOB OETATPOHHBIX YaCTOT.

IIpenmosoxkuM Temeps, YTO MyYOK PACIOIATAETCS HA PACCTOSHUU Ty OT OCU IMUIUHIPUYE-
CKOIl TOBEPXHOCTU. B TakoM ciiyuae MOBEPXHOCTHAS IJIOTHOCTH 3aPSna HE SIBISIETCS OOJIbIIe
PaBHOMEDHOI, U CO3MaBaeMoe eyl Iojle OymeT BO3IEUCTBOBATH Ha IIyYOK, MU3MEHSS YacTOTHI
ero mnomepeuHsix kojeGammit. st ymosierBoperust rpanmusoro yciosus E,(b) = 0 BBemém
JIMHETHBIA 3apsan-n300pakeHne, PACIOIOKEHHBIN HA PACCTOSHUM d OT OCH IMWJIMHAPA W Tapaii-
JIEJIbHBIA €, ¢ TOTOHHOW INIOTHOCTHIO, paBHOW —p. KacaTenbHas KOMIIOHEHTA JIEKTPUIECKOTO
HOJIs, CO3[aBaeMas IIyYKOM Ha CTEHKe MWIMHADA, paBHa (cM. puc. 19a)

_ 2psinag

pl — )
T

E (24)

rne 17 = b2 +a3 —2bxg cos , sinay / sing = zo/r, Tak aro dopmyny mist E,; MOXKHO IEPEenucaTsh

B BUIE
2pzosin @
= . 25
P17 b2 4 22 — 2bzg cos ¢ (25)
£,
E,
¥
b Edr
aI
g

Puc. 19. K BBIUNCIEHNIO KOT€PEHTHHIX KYJIOHOBCKIX COBHUIOB B IIyUYKe, S5KPAHNPOBAHHOM NMJIMHIPHIE-
CKOHI BaKyyMHOHN KaMepOi.
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Ilomo6uniM ob6pazom mosyuaeTcs GOpMyIa IS KACATEIbHON KOMIIOHEHTHI 3JICKTPUIECKOTO
noist Ey, cozmaBaemoro sapsimom-m3obpazkenueM (cMm. puc. 196),

2p sin oy 2pd sin ¢
E,=—- =— . 26
2 Ty b% + d? — 2bd cos (26)
Ionaras E,(b) = E, + E,, = 0, npuxonuM K KBaIPATHOMY yPABHEHHIO OTHOCHTEIBHO d,
zod? — (2 + b*)d + zob* = 0, (27)

OTKyHa CJIELyeT, UTO pACCTOsHUe d MOIKHO YIOBJIETBOPATHL ycioBumoo d = b?/xy, Tax dToO
aIIeKTpUdecKoe mojie I ,, cozmaBaeMoe 3apsnoM-n300paXkKeHIeM B MeCTe PACIHOJIOXKEHHS IIydKa,
PaBHO

2px
E’,L'723 - b2 .

B cuny nmnumnprueckonr cuMMeTpumm aHAJIOTUYHAS (DOPMYyJia COpaBENjIMBA W MJIS Bep-

(28)

THKAJIBLHON KOMIIOHEHTHI 5JIeKTPUYECKOTO IIOJs 3apsama-m300paXKeHus (C 3aMEeHOll To Ha 2p),
HOE)TOMy KOT€pPEHTHBIC COBUI'UA 6€TanOHHI>IX qacTOT MOFyT 6])IT]> 3all1CaHbl B BUIOE

T'QNRQ
2mQoB?yb?

HOCMOTpI/IM TEIIEPb, KaK BJIUAIOT Ha KYJOHOBCKUE COBUTU 6€TanOHHbIX JaCTOT BaKy-

AQ; . = (29)

YMHasI KaMepa U IOJIOCa dJIEKTPOMArHUTA YCKOPUTENS B CiIydae CrPYNIUPOBAHHOTO ITyYKa
npoTOoHOB. OrpaHumymMCst [JIs OMPENEIEHHOCTH BEPTUKAJILHBIM HAIMPABJIEHUEM U BBIUMCIIAM
cuity F,, BO3MENCTBYIOIIYIO HA YACTUILYy, KOTOpas B OOIIEM Cjydae SBseTCs GQYHKIUEH OBYX
TIepEMEHHBIX — KOOPAWHATHI 2 YACTUIBI U KOOPDAWHATHI 2y LIEHTPA TSXKECTU IIydKa.

B oTnnume ot paccMOTPEHHOTO BBIIIE CIIy4Yas OMHOPOMHOIO IIYYKa, IIPOTOHOB BJICKTPOMATMT-
HOE TI0JIe KPOME TIOCTOSIHHOW COOEPXKUT TAKXKe MEPEMEHHYI0 KOMIOHEHTY. /1 aiek Tprudeckoro
TIOJI TPAHUYIHOE yCJIOBUE OCTAETCS IPEXHUM — NOJKHA PABHITHCSI HYJIIO €r0 COCTABJISIOIIAS,
KacaTeJbHas K DKPAHUPYIOUIEH MPOBOMSIIEN MOBEPXHOCTU. B jJMHEMHOM MO KOOpOWHATAM 2 U
Zo mpubmmKeHun mojie I, MOXHO 3ammcaTh B CIIEOYIOIIEM BUIE:

E. = 15(aiz0 + a32), (30)

P

2

Il NOCTOSHHBIE KOSD(UIMEHTE f , ONPENETISIOTCS TeOMETPHEN BaKyyMHOI KaMephl.
MaI‘HI/ITHoe IIoJie, CO3maBaceMoOe quKOM n HGﬁCTByIOHlee Ha 4YaCTUIObl B BEPTUKAJIBHOM

HallpaBJICHUN, IIpE€OCTaBUM KakK CyMMy ABYX KOMIIOHEHT — HOCTOHHHOﬁ E[w n HepeMeHHOfI

E[w. BaKyyMHaSI KaMepa yCKOpI/ITeJISI HE OKa3bIBa€T BJIUSAHUI Ha HOCTOHHHyIO KOMHOHeHTy

MarHATHOTO II0Js, OOLMI BHA KOTOpOro maércs dopmyson, momobuoit dopmyie (30) mus

monst F,:

- P8, . .
H, = —?(leo + NQz)a (31)

roe pf, — NOCTOIHHBIE KO3(MOUIMEHTHI, 3aBUCAIINE OT KOHOGUrypanun GeppoOMarHUTHOU IIO-
BEPXHOCTH, DACIOJIOKEHHOU BOJIM3M BaKyyMHOM KaMepPbl YCKOPDUTEIA.

57



Yro kacaeTcs MEPEMEHHON KOMIIOHEHTHI MATHUTHOIO IIOJIS, TO OHA, IMOMOOHO 3JIEKTPUIECKO-
My mostio F,, MOTHOCTHIO 9KPAHUPYETCS UOCAIIHHO TPOBOMSIIEN BaKyyMHON KAMEPOU yCKOPUTE-
JId, U, CIeNOBaTelIbHO, KaK U B CiIydae IIydKa B CBOOOMHOM IIPOCTPAHCTBE, PacCMaTpPUBacMbIe
KOMIIOHEHTHI 3JIEKTPOMArHUTHOTO TOJIS B3aWMHO OCJIA0JISIIOT OPYT Opyra, Oyaydm CBsS3aHHBIMUI
cootHorerueM H, = F,, uiu B ABHOM BHUIE

5 _ PP
A, = 2 (aiz +a3), (32)
e p = p— pg — NEpPEeMeHHas YaCTh JIMHEHHON IJIOTHOCTHU 3apsana myuka. C yuérom dhopmyn

(30)+(32) moxuo mpencraButh cuiny F, = e(E, — fH,) B Bune

- Ne23? [(1 G >a§zo +aiz n Mizo + P52z ' (33)
21 Ry 3272 h? g2
Ilonaras zyp = 0 u moncraBnsas F, B ypaBHEHUE IBUKEHUS
QO > 2 Fz
" — =— 34
(@) = e @)

nosydaeM HOOaBKYy K HEKOT€DEHTHOMY KyJIOHOBCKOMY COBUTY, OOyCJIOBJIEHHOMY OKDY2KaIOIIIAM
ny4uox obopynoBaHueM. Ecnu mpencTaBuTh MOJHBIA HEKOTE€PEHTHBIN KYJIOHOBCKUY COBUT B BUIE
cymmbr: AQYC = AQYY + AQYS, rme AQYY — 9acTh HEKOTEPEHTHOTO CHBHTa GeTaTpPOHHOL
YaCTOTHI, CBSA3aHHAA C IMONEPEYHBIM KYyJOHOBCKMM DacCTaJIKMBAaHMEM YaCTHIl 1 HaBaeMas (pop-

mnc

mysoit (11), a AQ™s — wacts coeura AQC, cBs3aHHAsS C HAJIMYMEM TDAHUYHBIX yCJIOBWIL,

inc

To mia A L5 TOJIy9aeTcs Ciemyomas GopMyia:
, roNR G \oj 2
ine 0710 °[<1+ > 2>—§+“—§] (35)
’ 4mQoy B2/ h* g

IMonaras namnee z = 2z, u cHoBa noncrassist F, B ypasHenue (34), momydaeM nonoGHyo GhopMyty
II7I1 KOTEePEHTHOIO KYJIOHOBCKOro casura AQS, rme o, = of + of, p, = pi + ps.

TONROK G >az Mz]
AQe =00 R Y 36
@ 47 Qo +5272 h2+92 ’ (36)

Brimre daxTumdeckn OBLIN BBIUKUCIEHB! KO3GhOMUIMEHTHI )’ IUIS IIAPOKON W KPYIVION Ba-
1,2

KYYMHBIX KaMep 1 KOd3(pDUIneHTh u’fj IJTsI TTaPasIeIbHBIX GepPOMArHUTHBIX IiockocTein. C
IOMOIIIBI0 ypaBHeHnT MakcBemta Oblila TakXKe IIOKa3aHa CIPABENJINBOCTH CIIEAYIOIINX COOTHO-

meHnit: of = —oj u pui = —pi. Tak, B caydae mapaslelbHBIX IPOBOMNAIINX INIOCKOCTEH OBLIO
nosydeno of = w2/6, af = af = 72/12, a B ciaydae Kpyryoit kamepel — of = af = 1, af = 0;
IUIs [apaJlIeNIbHBIX (DePPOMArHATHBIX IUIOCKOCTEN — 3 = 77 /6.

BbI‘{I/ICJISIH KOI'€pEHTHBIC KYJIOHOBCKNE COBUT'U 6eTanOHHbIX YJaCTOT IIpU HaJINYUN IIapaJi-
JICJIBHBIX (l)eppOMaI‘HI/ITHI)IX HHOCKOCTefI, MO2KHO IIO aHaJIOTUM C IPOBOOAIIMMM IIJIOCKOCTIAMMN
nosyanth pi = w2 /6, ui = w%/12. B Gonee obieM citydae 3JUIANITAYECKOTO CEUEHMsT BAKYYMHON
KaMephl 3Ha4YeHUSI KOd(P(PUIINCHTOB a’f:; JIeXXaT, €eCTeCTBEHHO, B IIpenesiaX, OrPDAHNYEHHBIX 3Ha-
YEHUAMU COOTBETCTBYIOIIIUX KOBCI)(I)I/IHI/IGHTOB IJIs PaCCMOTPEHHBIX BBIIIIE IIPEOCIIbHBIX CJIyYacB.
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Ha puc. 20 npencrasnens! rpadukn, naomme xkosbdummentsr o) (puc. 20a) u of (puc. 206)
B 3aBHCHMOCTH OT OTHOIICHUS IIOJIyOCEU 3JNIMINTHUYECKON BaKyyMHOU KaMephl.

4 1'_

o

0.75-

0.5-

0.25-
ﬂ T T T ! ﬂ T T T T
0 025 05 075 1 0 025 05 075 1

b,/b, b,/b,

Puc. 20. KosbdunumenTsl o5 OIS SITTMITUYECKON BAKyyMHON KaMephL.
,

2.2. ITPOOOJIBHOE KYJIOHOBCKOE PACTAJIKUBAHWE YACTHUI]
B MHTEHCVBHOM IIYYKE ITPOTOHOB

KynonoBckoe pacrajgkuBanme YacTUI[ B WHTEHCUBHOM IIyYKE MIPOTOHOB IIPOUCXOOUT BO
BCEX HAIIPABJIEHUSX, IO3TOMY HApSIy CO COABUATaMU OETATPOHHBIX YacCTOT, PACCMOTPEHHBIMU B
IpenbIoyIIEM pa3neile, MMeeT MeCTO TaKxXKe COBUT CHHXPOTPOHHOU YaCTOTHI, OOYCIIOBJIEHHBIN
COOCTBEHHBIM MPOMOIILHBIM IJIEKTPUYECKUM II0JIEM MyYKa. B OTindme OT KyJOHOBCKUX CIBUTOB
0eTaTpPOHHBIX YaCTOT KYJOHOBCKMI CIOBUI CHUHXPOTPOHHON YaCTOTHI MOXeT OBITh KaK OTpU-
IaTEeIbHBIM, TaK M IOJIOXKUTEIHHBIM B 3aBHCUMOCTH OT TOTO, HAXONWTCS JIX DHEPrUs IIydKa
HUXKE WM BBIIlEe KPUTUUECKOTO 3HAYEHUS.

Ornuuarorcss Takxke U QU3MUECKUE MPOIECCH B IIYUYKE, CBSI3aHHBIE C KYJIOHOBCKUM paC-
TaJKUBAHUEM YACTHUI[ B IMOMEPEYHOM U MIPOMOSILHOM HAIMPABICHUSIX. Kcam s momepevHoro
OBUKEHNUSI OCHOBHYIO OIACHOCTH IIPENCTABIISET MHOTOKPATHOE IlepecedeHme dacTurnamm OeTa-
TPOHHBIX PE30HAHCOB IIPM HU3KOM SHEPIUU IIyYKa, TO IJIS IIPOMIOJILHOIO NBUXKEHUs Hawmbosee
OIIACHBIM OKAa3bIBAETCS PAMOH KPUTUYECKOM JSHEPruM, TaK KaK B MOMEHT Ilepexofa WHTEH-
CUBHOTO IIyYKa Yepe3 KPUTHUYECKYIO DHEPIUI0 CKAUYKOOOPa3HO M3MEHSETCs PaBHOBECHAs IJINHA
CI'YCTKOB YaCTHIl, B pe3yjbTaTe Yero BO3HMKAeT UX PaccorjacoBaHue ¢ (Ga3oBbIMH TPAEKTO-
pUSIMHI JaCTUII.

Buruncnum, ucxoms m3 ypaBHeHuil MakcBena, COOCTBEHHOE IIPOHOJIBLHOE 3JIEKTPUUECKOE
1I0JIe B CI'yCTKE YaCTUll, SKPAHNPOBAHHOM WIEAJIBHO IIPOBOMSIIIEN BAaKYYyMHON KaMePOH yCKO-
puTens:
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4 .
rotH = _Wj — EE; (37)
c c

rotE = 2H. (38)
C

31ech IpennonaraeTcsi, 9To 3aBUCAMOCTD DJIEKTPOMATHUTHOTO TOJIS U TOKA My9Ka OT BPEMEHN
U OT IPONOJIBHON KOOPOUHATHL § MA&Tcst MHOXUTeneM exp(—iwt + iks), rne k =27/A=n/Ry
(n — nenoe umcno) — BosHOBOI BekTOp. CumTas masmee, 4TO BEKTOD IJIOTHOCTH TOKA MydYKa j
UMeeT eIMHCTBEHHYIO COCTABIISIONIYIO, HAIIPABIECHHYIO BIOJIb OPOUTHI YCKOPUTEIIS, U IPUMEHSSI
K obenM dwacTsM ypasHeHus (38) omepammio rot, momydaem ¢ yuérom (37) ypaBHeHUWe miis
MPONOJILHON KOMIIOHEHTHI 3JIEKTPUYECKOro moss Fg,
9 .
AyE, + %Es = 4§§kp(8)f($, Z), (39)

rze HOpMUpPOBaHHas Ha enuHuiy GyHKiws f(x,z) ONUCHIBAET pACIpENESieHUe YACTUIL B IIOIe-
PEYHOM CEYEHUHU CryCTKa.

OrpasuymMcs pacCMOTPEHIEM IJIMHHOBOJIHOBOW YacTy crekTpa mous g (A > 27b/y, b —
XapaKTEePHBII IIOIEPEYHBIl pa3Mep BaKyyMHON KaMepbl YCKOPUTENIS), OKa3bIBAIOIIE OCHOBHOE
B/IMsHUE Ha (Pa30BOe MBIKEHNE YACTUIl B paliOHe KPUTHUYECKOW bSHeprum. B Takom ciydae
ypasHerue (39) ymuporaercs,

4dmikp
AQES ~ Tf(w, Z), (40)
u nocne BBemeHus obosnauenus E, = —(ikp/v?)U npuHmMaeT CTaHOAPTHLIA BUI ypABHEHUS
IIyaccona
yaceer AU = —Anf(z, 2) (41)

¢ rpannusbM ycaoueM Uls = 0.

®ynxnus U(z, z), Kak ciemyeT u3 e OIpefesieHus, ONUCHLIBACT DACIpeIeseHne IIPONOiIb-
HOT'O JJIEKTPUYECKOT'O IIOJId IIO IIONIEPEYHOMY CEYCHUIO ITy4YKa. TaK KaK YaCTUIlbl, OBUr'asiChb
BIIOJIb OPOUTHI YCKOPUTENSI, HAPSNY C PaauajbHO-(PA30BBIMU KOJIEOAHUSMU YYACTBYIOT TaKXKe
B OBICTPOM IIOTIEPEYHOM MIBIKEHUM, TO IMPOUCXOOUT €CTECTBEHHOE ycpemHeHwue moys F, mo ko-
opouHaTaM I, z. llosToMy mpm pacyérax B Ka4eCcTBE MPOMOJILHOTO IOJIS OOBIYHO HCIOIIB3YETCs
ycpenHéHHoe 1o pacupepenenuio f(z, z) mone &, paBHOe

ikp g Op
£ U =_Z 7 42
2 <U(z,z) > 72 9s’ (42)

roe reOMeTPUYECKU MapaMeTp ¢ OIPENENIEH CIIEOYIONINM BBIDAYKEHUEM:

g=<U(z,z) >= //U(w,z)f(w,z)dwdz. (43)

Paccuntaem B kauecTBe mpmmepa mapamMeTp ¢ IS UWIMHAPUIECKON TeOMETPUH, KOTIa
prI‘JIbeI HyLIOK paJII/cha a OBUXKETCAd BIOOJIb OCHU HI/IJII/IHHpI/I‘{GCKOfI naoeaJibHO HpOBOHSH_Heﬁ
MeTaJUIMYecKoll TpyObl pammyca b; pacmpeneseHne JacTHIl 10 TMOMEPEYHOMY CEUYEHUIO ITYUKa
GymeM IJIs IPOCTOTHI CUUTATh paBHOMepHBIM. IIpm sTom ypasaenume (41) mpencrasisier co6oit
OOBIKHOBEHHOE NuddepeHnnaIbHOe ypPaBHEHNE BTOPOTO IIOPSIOKA,

lir@ = —4n f(r). (44)
rdr dr
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IIpounterpuposas mBa pasa 1o r obe JacTu ypaBHeHus (44), mOIy4IuM € y4€TOM TpaHWY-
Horo yciosus U(b) = 0 Beipaxkenue mis U(r) B Bume IBONHOIO MHTErDAja:

U_—M%f%[fﬂmmn (45)

Tak xak pacupeznenienue f(r) OTIMYHO OT HyJIs TOJILKO B IIPENENaX CIYCTKA, a BHE €0 PABHO
HYJIIO, VOIOOHO IPENCTABUTDL IIOCJIEMHEE BBLIPDAXKEHWE B BUOE CYMMbBI OBYX UJIEHOB:

U —477/;%/Oyf(r)rdr—l—mr/ab%/Oaf(r)rdr. (46)

Ioncrasmnss B (46) pacupenenenne f(r) = 1/7ma* u BBIIONHSS NHTErPUPOBAHEE, HOJLYIaeM

r? b
U=1-Z+2mn-. (47)

BocnonssoBasics nanee dopmysion (43) u ycpenuus dyukuuio U(r) 10 HONEPEIHOMY CEUEHUIO
IIyd9Ka, UMEeEM OKOHYaATEJIbHO

b 1

3mecy crnemyer oTMeTuTh, 9TO XOTS Gopmysa (48) mosyueHa I YACTHOTO CIlydas IW-
JIMHIPUYECKON I'eOMEeTPUM M PABHOMEPHOI'O DPacHpelNejieHUs YacTHUIl IO IONePeYHOMY CEeUEeHHIO
IIydKa, OJaBaeMbIll €0 pe3ylbTaT CJIab0 MeHseTCs NpU W3MeHeHuu (GOpPMBI BaKyyMHOU KaMepHI,
a Takxke Buma pacupenernenus f(x,y). OTo ciemyer u3 pacCMOTPEHMs OPYIHUX CIydaeB (ILy9IoK
SJIIAITUYIECKOTO CEYEHUsS B SJIIMITUIECKON KaMepe, KPYTJIBIA IIYYOK MEXKIY ITapaJjiieIbHbIMA
MeTaJUIMYECKIMI IUIOCKOCTSIMU, TOHKUIl KOJIBIIEBOI IIyYOK B KPYIJION KaMepe), MMEIOIINXCS B
aurepaType. B mpakTuueckn mHTEpecHBIX Ciaydasx ¢ = (3 -+ 5).
IHocmoTpuM Temeps, Kak BauUsEeT COOCTBEHHOE MPOINOILHOE KYJIOHOBCKOE mojie £ Ha IMHAMU-
Ky dacTuil B yckopuTese. Hac 6ymeT B OCHOBHOM MHTEPECOBATH PANOH KPUTUUECKOUW DHEPIUU,
IIIe BEIMYMHA TOJIs £ HAMOOIIbIIAs, IO9TOMY BOCIOIB3YEMCS MIJIsI HTOM IEeIN YPABHEHNEM MAJIBIX
(a3oBBIX KOIeOaHMI, KOTOPOE C YIETOM KYJIOHOBCKOTO PACTAJKMBAHUS UACTUI[ B IIPONOJIEHOM
HAIIPABIIEHUN MOXHO 3aIlCATh B BUOE CUCTEMBI M3 IBYX OOBIKHOBEHHBIX muddepeHnuaIbHbIX
VPaBHEHUI IEPBOTO MOPIOKA:
dAp eV sin p,

= +e£(x); 49
= xRy X (X); (49)
dx qn
— = ——Ap. 50
dt  mRgy P (50)
s Borancienus noins € BocmoibdyeMcst hopMyioit (42), B KOTOPOIT 3aMEHUM IIPOIOIIBHYIO
KOOpAMHATY s Ha a3y x ¢ moMoIIbio cooTHomenus X = —(q/Ry)s, a Takxke B IPEONOIOKEHNN,
YTO 3aBUCUMOCTDH JIMHEWHOW IJIOTHOCTHU 3apsifia OT ¢a3bl X ONHUCHIBaeTCS mapabosion
3Ne 9 9
_ _ 51
P = Thoys (e =) (51)
€ Xmaz — PA30BBIT MOIypa3Mep CryCTKOB. B pesymbrare mMeem
3eNqg
E=——"19 (52)
272 RiX o

Takum ob6pa3oMm, mpu BBIOPAHHON TAPAOOIMYECKON 3aBUCUMOCTH JIMHEHHON IIOTHOCTHU 3apsiaa
oT dasnl y nojie £ OKa3LIBAETCS JIMHEMHBIM B IMPENeiaX CryCTKa YACTHII.
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OTMeTuM, YTO HECMOTPS HAa OOPATHYIO IMPOMOPIMOHAJIBLHOCTE MO £ KBAAPATy SHEPIUU
Imyuka, 0oJjiee CYIIIECTBEHHOW OKAa3bIBAE€TCS €r0 3aBUCHUMOCTH OT IJIMHBI CTYCTKOB, WMEIOIIEN
MUHUMYM [pU DHEPIUM IIy4YKa, PABHON KPUTWYECKOMY 3HAaYeHUIO. 1lo »Toil mpuumbe Kodd-
dunuent nepen x B dopmyie (52) 0OBIYHO MAKCUMAJeH IPU Y = 7i., TAK YTO HAaMbGOIIbIIIEe
BUsAHUZE Ha (DA30BOE NBUXKEHWE JacTHIl moje £ OKa3bIiBaeT BOIM3U KPUTUUECKON SHEPTUMU.

B cuny orMeuenno#t nuHEAHOCTU COGCTBEHHOTO MPOAOJILHOTO IOJIST CTYCTKOB IJISL PaccMa-
TpUBAaEMOil 31ech mnapaboiamduecKkoil 3asucuMocTu p(x), B anunabaTwdecKOM DailoHe BHAJU OT
KPUTHUYIECKON YHEPIrUU ypPaBHEHHE MaJbIX (a30BBIX KOJIEOAHWN CBOOUTCS K yPAaBHEHUIO I'apMO-
HIYECKOTO OCHUIUIATOpA, maBaeMoro dopmyson (1.154), B KOTOpOM 4YacTOTa CHHXPOTPOHHBIX
kosiebanmit () 3aBuCUT OT umcia dacTturl N B YCKOPUTENE B COOTBETCTBUU C BBIPAXKEHUEM

3rqgeN
’YQROX?naxV‘ sin SOS‘ ’

B KOTOpOM dYepe3 (), 0003HAUEHA YACTOTA MAJIBIX CHMHXPOTPOHHBIX KOJIEOAHWN B OTCYTCTBHE
co6eTBeHHOro mponoiibHoro noist £ (em. dopmyity (1.155)); 3HAK IIIFOC COOTBETCTBYET SHEPIUM
IIyYKa BBIIIE KPUTUUIECKOTO 3HAUEHUS, MUHYC — ¥ < Yy
Kak Bumnao u3 dopmynsr (53), mo
CPaBHEHUIO CO CIydYaeM HU3KOU WHTEH-
CHBHOCTHY IIyUYKa JacTOTa (Pa30BBIX KO-
r‘1 X wax sebannit () yMEHBINIAETCSA TEePeN Kpu-
TUYIECKON DHEPTUENl U yBEJIWINBAETCS
upu vy > V.. COOTBETCTBEHHO uU3Me-
HSI€TCS U PaBHOBECHAs IJINHA CI'yCTKa
YacTHUIl — OHA YBEIWYMBAETCS IEper
KPUTHUYIECKON DHEPTUeN U yMEHBIIIaeT-
cs IpH Y > Vi, B PE3YIBTATE UETO
Iocjie Iepexona IIyJKa dYepe3 KPUTH-
YECKYIO SHEPIUI0 BOBHUKAET PACCOIIa~

—— COBaHHNE CryCcTkKOB 4YaCTHUIl CO CBOMMU

$a30BBIMI TPACKTOPUAMH, YTO IIPU-
BOOUT K KOJlebaHUSIM W©X Pa3MeEPOB.

Puc. 21 wmmmocTpupyer 3aBHCHMOCTD

=
& f-f OJIVHBL CTyCTKa OT BPEMEHU B palloHE
tr

KPUTHUYECKON YHEPIrUU ISl JIMHEWHOTO
Puc. 21. Konebanus NIMHBI CIyCTKa B 3aBHUCUMOCTH OT

. nonsa £ nasaemoro dopmyson (52).
BpeMeHun B6JII/I3I/I KPUATUYECKOU 3HEPruu. (X)’ (p p y ( )

B kauecTBe mpocretintero crmoco6a
00pLOBI ¢ 00CYyX)KMaeMbIM 371eCh PACCOTJIACOBAHMEM MHTEHCHUBHBIX CI'YCTKOB YaCTUIl OBLIO IIpen-
JIOXKEHO WCIIOJIb30BATH IPU IEePEXONe IMyUKa Jepe3 KPUTUIECKYIO SHEPIUI0 TPOWHOE MEPEKITIoUe-
Hre Gas3bl yCKOPSIOEro Hampsxkenus. CyTh MeTOma 3aKJII0UaeTCss B CHEMYIOIIEM: HEKOTOPOEe
BpeMs CIyCTs Hociae IepBoro (06BIYHOrO) mepe6poca (as3bl yCKOPSAIOIIETO HANPSIKEHWs OHA
CHOBa CKAQ4YKOM BO3BpPAIlla€TCs K 3HAUEHWIO, KOTOPOE WUMEJI0 MECTO HENOCPEICTBEHHO IIEPEN
KPUTHUYECKON JHEPruel, TaK YTO IEHTPHI CryCTKOB IIONANIAI0T B HEYCTONYUBYIO (azy yCKo-
PAIOLIETO HAIPAXKCHUI (go = —gos). MowmenT BTOpOro mepekmaoueHus (a3bl BBIOHpaETCS u3
YCIIOBUSI COBIIQOEHUS TJIABHBIX OCEH JJUINICA, M300paXKaloIllero CryCcTOK dYacTull Ha (a3oBoi
IJIOCKOCTH, ¢ (a30BBIMU TPAEKTOPUSMU, ITPOXOMSAIIAMEI Jepe3 y3esl CEeMapaTPUChl, IPUIEM dYa-
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CTUIIBI, PAacCIHoJIaraionirecs Ha OOJBIION OCH, NOIKHBI NBUTATHCS K IIEHTPY SJIJIMICA, a Ha
MaJIoOl — OT €ro IeHTpa.

Wcnonb3ys maHHbIl cHOCO6, MOXKHO MOJHOCTBIO YCTPAHWUTH (IO KpailHell Mepe TeopeTu-
YeCKM) DPacCOIIaCcOBAHUE CIYCTKOB, OOYCIIOBIIEHHOE KYJIOHOBCKMM DaCTaJIKMBAHNEM YACTUIL B
[PONOILHOM HampasieHnu. [locie sToro mpomcxomuT TpeTuil (HOCIENHWI) CKadoK (Hasbl yCKO-
PSIOIIEN0 HANPSIKEHWsT HA BEINYUHY 2|p|, U CIyCTKM CHOBa HONANAIOT B YCTONUUBYIO (asy
CUHXPOTPOHHBIX KOJIEOAHWUN YaCTHII.

Hauub MeTOR OB IPENJIOKeH U ucciaenoBad B nporoHHoM cuaxporpore [[EPHa (CERN
PS), HO ero 5ddeKkTUBHOCTL OKa3a/Iach HEBEJINKA, K TOMY K€ OHA CHIXKAJacCh C POCTOM MHTEH-
CHBHOCTH yCKOPSIEMOro Imydka. Ero mHmskas 3¢@OeKTUBHOCTDH, KAK BBISCHEHO, Oblja 00yCiIoBIIeHA
OBYMSI OCHOBHBIMU IPUYMHAME — HEJIMHEMHOCTBHIO COOCTBEHHOTO IIPOMOJILHOTO IIOJISL CI'yCTKOB
E(X) 1 MHKDOBOJIHOBOIl HEyCTONYMBOCTBHIO Iyuka, passuBaorieiics B CBY-nuanasowe.

B macrosiee Bpems miist 60phObI ¢ PACCOTIIaCOBAHUMEM HHTEHCUBHBIX CTYCTKOB IIPOTOHOB
MPAKTUYIECKN IIOBCEMECTHO NCIOJIB3YeTCS MeTOHN CKAadKa 7., CYLIECTBEHHO YBEIMYIUBAIOIITIN
CKOPOCTH TEPECEUCHUST IMIYUYKOM KPUTHUUIECKON sHepruu. st co3maHus CKadka KPUTUIECKON
SHEPIMU UCIOJb3yeTcsl ncKaxkeHne ¢yHkimu D(s), ONUCHIBAIOUIEN OUCHEPCUI0 OPOUT B YCKO-
puTesne, OJsl YEr0o B MATHUTHYIO CTPYKTYPY YCKOPHUTEJIS BBOOUTCS TapMOHUKA BO3MYIIIEHUS
rpafneHTa MarHUTHOIO HOJIs ¢ HoMepoM k ~ () (3mech (Q — GerarponHas dactora). [Ipocrei-
muil crocod Cco3maHusl CKadkKa KPUTUYIECKON SHEPrUM — BBENEHUE B MArHUTHYIO CTPYKTYDPY

yckOopuTeasd BCTAaBOK, COOCP2KAIIIUX JIy6JI€TbI 3 KBAaAPYHIOJBHBIX JIMH3.

A

E

Puc. 22. Cxema mepeBoma myuka depe3 KpUTUUECKYIO SHEPruio B yckoputene IPBO.

Ha puc. 22 B xauecTBe mpuMepa MOKa3aHa CXE€Ma, CKAYKa, KPUTUIECKOW HSHEPTUU, UCIIOIH3Y-
eMasl IJIsl TIEPEeBOAA WHTEHCUBHOIO IIyUYKa Mydka mpoToHOB B yckopurene MPBD. Ckadox .
CO3MAETCSI 33 CUET BO3MYIIICHUS I'PAMUEHTA B (HOKYCUPYIOIINX MATHUTHBIX OGJI0KAX C HOMEPaMMI
2 m 8 B KaXIIOM U3 ABEHAMIATHU CYIEPIEPUONOB yCKOPUTEIs. PaccTosHme MeXIy yKa3aHHBIMEI
OJI0oKaMm! pPaBHO INPUMEPHO IIOJOBUHE JIMHBI BOJIHBI O€TATPOHHBIX KOJIeOAHWM, MO3TOMY IIpU
PAaBHBIX MO BEIMYWHE W MPOTUBOMIOJIOXKHBIX II0 3HAKY BO3MYIIEHUSX TPAIUEHTA MATHUTHOTO
mojis G B HUX, UTO MMEET MECTO IpPHU CKauKe Y. B yckopureie UPBD, GeTaTpoHHble 4acTOTHI
U3MEHSIIOTCS MAaJIo.
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C mOMOIIIBIO HE3aBUCUMBIX MCTOYHUKOB MUTAHUS B TPAIUEHTHBIE OOMOTKI YKA3aHHBIX OJI0O-
KOB TIOMAOTCS TPOTUBOMAZHO TPEYTOJbHBIE UMITYJILCHI TOKA, MPUIEM UX HAPACTAHUE IIPO-
ucxonut MemieHHO (3a ~ 30 Mc), a cmam, HampoTumB, — ObicTpo (3a Bpemst ~ 1 mc). C
POCTOM BEJIMYMHBLI TOKOB B IPAMEHTHBLIX OOMOTKaX YKA3aHHBIX MATHUTHBIX OJIOKOB 3HAYCHUE
KPUTUYECKON SHEPIUM YCKOPUTENS YBEIMIUBAETCS MPOIOPIMOHAIBLHO KBAOPATY BO3MYILIEHUS
rpaauesHTa MACHUTHOTO TOJIs YCKOPUTENs, NocTuras BeamduHbl A~y ~ 0,75 mpu BeguuuHe
Bo3MyieHus rpamuenta AG/G = 0.1.

Takum o6pa3oMm, HAIWMYINE KPUTUIECCKON SHEPIUU B KOJIBIIEBOM YCKOPUTEJIE IPOTOHOB MOXKET
IPUBOAUTEL K 3HAUUTEILHBIM TPYIHOCTSM IpU OOJIBIION MHTEHCUBHOCTU IIyYKA, CBI3aHHBIM C
TIPOHOJILHBIM PACCOTIIACOBAHUEM CI'YCTKOB YACTUIl, MPUIMHON KOTOPOIO CIYKAT KAK IIPOMOITH-
HOE KYJIOHOBCKOE€ PACTAJIKMBAHUE YACTUI], PACCMOTPEHHOE BBIIE, TAK W B3AUMOLCACTBUE ITyIKA
C dJleMeHTaMé BakyyMHOU kKamepbl. OcoGeHHO KECTKue TpeGOBAHUS MPENbSIBIISIIOTCS K Kade-
CTBY IIy4YKa, €C/IH yCKOPUTENh HUCIOJIB3YETCs B KadUeCTBe WMHXKEKTOpa B kosmadinep. Ilo sToi
IpUYNHE BO BHOBBH Pa3pabaThIBAEMBIX MPOTOHHBIX CHHXPOTPOHAX, KAK IIPABUIIO, CTAPAIOTCS
BOOOIIIe M30€eraTh HAJINYMS KPUTUYECKON 3Heprum B pabodueM OUala30HE SHEPIUN YCKOPUTETIS.
Taxk, manpumep, B 6ycrepe MPBO marnuTHas cTpykKTypa momobpaHa TakK, UTO KPUTUUECKAS
SHEPrusl CYIIIECTBEHHO IMIPEBBINIAET KOHEUHYIo, a B mpoekTe YHK, mamporus, xpurumueckas
SHEPTUsT PACIOJIATAETCS HUXKE SHEPruu WHXKeKIuu JacTull. CyIIeCTBYIOT TAaKKe MPENJIOKEHN,
KaK BOOOIIE YCTPAHUTHL KPUTHUUECKYIO DHEPTrUIO0 B KOJILIIEBOM YCKOPHUTEIE MPOTOHOB 33 CYET
CO3MMaHNUS MATHUTHON CTPYKTYPHI C OTPUNATEILHBIM KO3GDUIIMEHTOM paciImpenus opouT « u,
CJIeNOBATEIbHO, C YUCTO MHUMOM BEJIUYIUHOU 7Yy

2.3. IIPOIOJIBHASI HEYCTOMYNBOCTD
OOHOPOIOHOTI'O ITYUKA ITPOTOHOB

MuTencuBHOCTL GOJBIIMHCTBA CYIIIECTBYIOIINX B HACTOSIIEE BPEMS YCKOPHUTENEH OTrPaHU-
YMBAETCS KOTEPEHTHLIMU HEYCTOMUMBOCTSMU Iyduka. OHU NIPENnsTCTBYIOT MOBBIIIEHUIO WHTEH-
CUBHOCTHU BBIIIIE HEKOTOPOTO IIOPOTOBOIO YPOBHSI 0€3 CYIIIeCTBEHHOTO VXYIOIIIEHUS KadecTBa
YCKOPSIEMOTO TIyYKa ¥ yBEIWYEHUs I[OTEPh YacCTHUIl. PaccMOTpuM BHA4YaJjE MNPONOIBHYIO He-
YCTOMYUBOCTL OMHOPOMHOTO IIy4YKa MPOTOHOB. IlomoOHBIN ciaydail peanu3yeTcs, HAIpUMED IIPU
Me[JIEHHOM BBIBOME YACTUI[ U3 YCKOPUTEIIs, KOTOa Bedylllee MarHUTHOE II0Jle IPUMEPHO IIOCTO-
SIHHO, & YCKOPSIOIIee HAIPSXKEHNE BBIKIIIOUEHO.

WcrourmkoM HEYCTONYMBOCTU SIBIISETCS DIIEKTPOMATHUTHOE TOJIE, BO30YXKOAEMOEe IIyUKOM
YaCTHUI[ B OKPYXKAaloIeM ero oGOpYHOBAHUU YCKOPHUTENs (B SjIeMEHTaX BaKyyMHOW KaMepHI,
YCKODSIIOIINX IIy9OK Pe30HATOPaxX, YCTPOICTBAaX BBOLA-BLIBOLA IyUKa U AP.). I paHWYHbIE yCIIO-
BUSI, 3aBUCSIINE OT T€OMETPHUU U 3JIEKTPOMArHUTHBLIX CBOMCTB HAHHOTO OOOPYIOBAHUS, CYIIIE-
CTBEHHBIM 00pa3oM BIHUSIOT HA BEIMYWHY BO30yXKIAa€MOTO IIYYKOM IIOJIS, a, CJIeNOBATEILHO, Ha
BO3MYIIIEHIE MBUXKEHUS YACTUI] B YCKOPUTEJE.

Huxe Mpr orpammumMcest paccMOTpEHUEM CJIydas HOCTATOYHO MAJIOW BEIUYMHBI COOCTBEH-
HOT'O 3JIEKTPOMATHUTHOTO IOJIS IIyYKa II0 CPABHEHUIO C BHEIIHUM BEOYIIIMM MArHUTHBIM IIOJIEM
yckopuresst. Ipyrumu croBamu, GyneM KCCIEOOBATH MBUMXKEHWE YACTHUIl, TPOUCXOMSIIEE MOYTH
HE3aBUCUMO OT COOCTBEHHOTO IOJIS IIyYKa, NEMCTBYIOIIEr0 KaK BO3MYIILIEHUE.
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2.3.1. IIponosnpHOE ABUXEHUE OOHOW YACTUILI B OTCYTCTBUE BO3MYIIIEHUN

PaccMmoTpuM HEBO3MYyIIIEHHOE MBIKEHME YACTUILI B YCKOpUTENe, mpeHebperas moka Bo30y-
KIOAEMBIM IIYyYKOM 3JIEKTPOMATHUTHBIM IIOJIEM. ypaBHeHI/Ie OBV2KECHUA YaCTUIBI IMEET BUIL

Ccll—I;:e(E—i—va), (54)

e p — HUMIYIbC; V — CKOPOCTh; € — 3apsan dactuisl; E u B — BexTOphI di1eKTpuaeckoro
¥ MarHATHOTO IIOJIell, BO3OEHCTBYIOIINX HA YACTHILY.

B macrosmem pasmenie Hac OymeT MHTEPECOBATDH INPONOJIEHOE IBIKEHUE YACTHUI[ B YCKO-
puTeile, IO3TOMY OT'PAHUYMUMCS IIOKa PACCMOTPEHHEM IIPONOJILHON KOMIIOHEHTBI UMITYJILCA Py,

YVIIOBJIETBOPSIIOIEN YPABHEHUIO
dp,
dt

HpI/I‘{éM B OMHOPOOHOM ITYYKE€ IIPOTOHOB IIPONOJIBHASA KOMIIOHEHTA 3JICKTPUYECKOI'O II0JIA Es paB-

= e[Es + (V X B)s]v (55)

Ha Hyqo, a cocTasisomas (v X B), — mpeneOpe:nMo Masias BeIMUNHA, TAK KAK MONEPEYHbIe
CKOPOCTH YaCTHUILI Majbl 10 CPABHEHWIO C €& IPONOJILHONM CKOPOCTBIO M, KPOMe TOTO, M3-3a
6bICTp0FO 6eTanOHHOFO OBUXKCHUSA YaCTUIBI CpE€OHEE 3HAYECHUE IIOCJTICOHEIO BBIPDAXKEHUA TaK2Ke
OKa3BbIBAETCsI PABHLIM HYJIIO, TaK 4TO u3 ypasHeHus (55) cimemyer, uro p, = 0 u mpomonbHas
KOMIIOHEHTQ I/IMHyJIbca Ps = Po OCTaéTCﬂ HOCTOHHHOﬁ B IIporecce OBUXKCHUA YaCTUIIBL.

Ijist onmcaHus OBYXKEHWs. YACTUI B IIydKe YIOOOHO BBECTHM KOODAMHATHI T U 7 = d7/dt, rue
T — BpeMs 3aIePXKKN MPOXOXKIECHUS HAHHON YACTUIEH HEKOTOPOIrO (PUMKCHPOBAHHOTO A3UMYTa
YCKODHUTEs. OTHOCUTEIBHO PABHOBECHOU YacTuubl (T = ¢ /wrr). KoopauuaTsr 7,7 onpenessior
$a30BOE IPOCTPAHCTBO.

W3 onpenenenns napamerpa 1 (cMm. dopmyny (1.152)) cremyer,

T dp
T = — = n— = const, (56)
Ty Po
TaK 4TO0 T = Ty + 7t — JjuHerHas QyHKIUS BPEMEHU, & YPABHEHUE IBIKEHUS WUMEET B HOBBIX
KOOpOMHATAX BUII
7=—p=—[E+vxB|t0). (57)
Po Po
3mech Ty — HavaJbHOe 3HaueHWe T B MOMeHT Bpemenu t = 0; Ty = 27 /w, — mepmon oGpa-
LIEHNS. PABHOBECHOW YACTUIBI, Wy — €€ JacToTa obpameHus. J[0 CMX MOp TOIArajoch, UTO

npasas 9acTh ypasHeHus (57) paBHa Hymo. B nanbHetiem oHa GyIeT OMUCHIBATL COOCTBEHHOE
HoJjie MydKa, BeJMYMHA KOTOPOIO IPEeanoyiaraeTcs MaJjoil MO CPABHEHUIO C BHEITHUM BeLyIIM
MArHUTHBIM TIOJIEM.

BaxHoil XapaKTepUCTUKON IIyYKa SBIAETCSA 3aBUCAMOCTH €r0 TOKA (MM INIOTHOCTHU TOKA)
OT BpeMeHNM { W €ro asumMyTaJbHOIO MOJIOXKeHus: B yckopurene 0 — J(t,6) (wma j(t,6)),
KOTOPYIO Ha/0 3HATh, IPEXIe UeM HadaTh pellaTh ypaBHeHHs MakcBeiia Mg HAXOXKICHUS
COGCTBEHHOTO TOJIA IIydka. Ha mHpakTuke s HaGIIONEHWS 3a TOKOM IIydKa MCIOIb3yeTCs
CUTHAJI C MUKAN-3JeKTPONa, MONAaBAEeMBI Ha OCHUIIOrpad.

IIpennoaokuM, 94TO B yCKOPHUTEIe MMEeeTCs MICaJbHBIN MUKAI-3JIeKTPON ¢ GECKOHEUHO IITH-
POKOII TIOJI0COM TPOITYyCKAHNUS, PACTIOIOKEHHBIN Ha a3uMyTe f yCKOPUTEIHLHOTO KOJIbIla, a BHYTPU
BaKyyMHOIl KaMepbl PABHOMEPHO BpAIlaeTCs TeCTOBas YacTHla. 1lycTh B HAYa/IbHLI MOMEHT
Bpemenu t = () mamHas dacTuna mnepecekaeT asumyT 6 = 0. Torma, ecim yacTuma sBIIIETCS
PaBHOBECHOM, TIMKAI MEPUONNYECKN TIEPECEKAeTCs €0 B MOMEHTHI BpemeHnu t0 = (0 + 2nm)/wy.
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Ecaun xe wacTtuma me sBIseTCs PABHOBECHOW, TO WMMEET MECTO 3aHEPXKKA Ty OTHOCHTEIHHO
momenTa Bpemenu t = (. Takas wacTtuna mepecekaeT MuKam B MOMEHTHI BPEMEHU, PABHBLIE

bty =ty + T =1, + 7o+ Tty = 7o + to (1 + 7).

Cursaljl ¢ MUKan-3jJeKTPONa MPENCTaBIsieT cob0il B PacCMATPUBAEMOM CJIydae CEPUI0 Iie-
PUOMUYECKUX WUMITYJILCOB, BO3HUKAIOIINX MPU KaXIOM IIPOXOXKIEHUU YACTUIBI Yepe3 IMHMKAT,
npuaéM mepuon obpailieHuss JacTunbl 1’ 3aBuCHT OT mMmmyiabca gactuusl p: 1T = To(1 + 7) =
To(1 +n(Ap/po)), & MaTeMaTHueCKoe BBIPAKEHUE CUTHAJA — EPUOANYECKYIO (QYHKIUIO, CO-
CTaBJIEHHYIO U3 J-QYyHKIINIA,

i(t,6) —ei5<t—7—(0+2wn)/wo>. (58)

DopMaAIILHO TOCJIEIHEee BBIPAXKEHNE MOXHO CYATATh HNEPUOOUYIECKON (YHKIMEH BPEMEHU C Iie-
puonom Ty = 27 /wy, eciau BBecTm oGo3HaveHwe x =t — 7 — 0/wy. Pasmaras dymkmmio j(z) B

psan Pypre, nmeeMm
jla) = Cpe™rs
k

ewy 2 ewp
C,. = _/5 _ = thwoz .. —
b 2 (@ wo nje v 2
j(t, 0) — % einwo(t—7—0/wo) _ % Z einlwo(t—")—06] (59)

Ot mocsienHero BBIpaXKEHUs JIETKO TepelTu K crekTpy Pypbe:

R O IV
5.0 = o [ it0)e e

(oo}
— > [ = nwo(1 — 7)) mwomoto), (60)
n=—o0

CrienoBaTeslbHO, aHAIM3aTOP CHEKTPa 3a(UKCUPyeT g BCeX FapMOHUK YaCTOTHI OOpAIlCHUS
w = wo(1—7) HAGOP GECKOHEUHO Y3KUX CHEKTPAJIbHBIX JIMHUE Ha gacToTax {2 = ), = nwy(1—7),
HpI/Iqu CIIEKTPaJIbHas1 MOIITHOCTBb aMHJII/ITyH])I OOUMHaKOBa OJIA BCEX I'apMOHUK.

B orsmume oT TecToBOI WaCTUIBI B PEATHHOM ITydYKe OOBIUHO MMEETCS HEKOTOPBIN pa3bpoc
[0 UMITyJIbCAM P, &, CIeNIOBATeILHO, U MO 7, TaK YTO, Ha CAMOM [ejie, CIeKTpaJbHble JIMHWN,
(ukcupyemMble aHAIU3ATOPOM CIEKTPA MPU IUPKY/SIAN B YCKOPUTEIE IIyYKa YACTUI], UMEIOT
KOHEUYHYIO IIIUPUHY, MPOIMOPHUOHAILHYI0 HOMepy rapMmonuku n. Ha puc. 23 mpencrasien ry-
MOBOfI CIIEKTD HI/IpKyJH/IpyIOLHero quKa IIPOTOHOB JIA C.qua,ﬂ, KOorga 4YaCTHUObBI PaBHOMEPHO
pacipeneseHsl I0 UMITyJIbcaM B Ipenenax |p—po| < Ap = (po/|n|)7m, To€ T, — MaKcUMaIbHOE
3Havenne 7. IIpu HEKOTOPOM OCTATOYHO GOJILIIOM 3HAUEHWH T = N COCENHUE CIeKTPallb-
HBI€ IIOJIOCBI HAYMHAIOT IIEPEKPBEIBATH ,Ilpyr Ilpyra. TaK KaK IIp1 3TOM CIIpaB€OJIMBO PAaBEHCTBO
nowo(14+7,) = (ng+1)we(1 —7,,), To orcrona nomywaercs 2ny+1 = (|n|Ap/po) . Takue cnex-
TpPaJIbHBIC IIOJIOCHI HAa3bIBAIOT HEKOT'€PEHTHBIMHU, a YaCTHUIObI Ha J3TUX YaCTOTaX (HpI/I n > n())
BeJIyT Ce6$I KaK HE3aBUCHUMBbIEC, TaK YTO CBiA3b Me)KJIy HUIMNI OTcyTCTByeT.

B ycxopurenpuoll ¢usmke 5I€KTPOMATHUTHBIA IIYM MIyYKa, AHAIU3UPYEMBIN C TOMOIILIO
aHaJIM3aTOPa CHeKTpa, yacTto HasweBaloT [llorTku-ckamom. Takme npomosbabie [loTTKN-CKAHDBD
HO3BOJIAIOT U3MEPATH PacHpene/ieHne JacTUll M0 UMITY/IbCaM B ITydKe.
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Puc. 23. IlyMoBO# CIeKTp HMUPKYIUPYIOIIETO MYYKa TPOTOHOB.

2.3.2. ®yHkUs pacupenejieHus

Beire 6bm10 mOTyueHO BBIpAXKEHWE IJIS CUTHAJIA OT ONHOW YACTUIBI, BPAIIAIOIIEHCS B
yckopuTesie. YToObI MONMYyYUTH CATHAJI OT IIOJTHOTO TOKA IIYyYKa, MPOCYMMUPYEM IMOMOOHBIE
CUTHAJIBI OT BCEX YACTHI], IJIs Yero 3aJaluMCs DacIpeleseHneM dacTun B Imydke (7, 7T,t),
OINCHIBAIOIIIEM INIOTHOCTH YaCTHI] B OByMepHOM (da3zoBoM mpocrpascTse (7,7). Ilombiil Tok
IIydYKa MOXKHO HIPENCTABUTHL B BUIE

J(t,0) _N/OT° dT/_O:O d# (7, 7, 1) (£, 0), (61)

roe N — 49mcio 9acTur B yckopurene; mpu 5ToM GyHKums pacupenerenus (T, 7,t) HOpMHI-

pOBaHa Ha eHI/IHI/IHy, TaK Y9TO
TO (oo}
/ dT/ dr (7, 7,t) = 1.
0 —00

KopoTko ob6cynuM HEKOTOPBIE OCHOBHBIE 3aMeUaHUs U ONPENeCHNs, KaCAIOIINeCs pacIpere-
JIEHWI 9aCTUIl B TMydke. PacmpenesieHune Ha3BIBACTCS CTAIMOHAPHBIM, €CIU IIOTHOCTH YACTHIL
HE W3MEHSIETCSI C TEYEHWEM BPEMEHHU B Jr000i Touke (Ha3oBOro mpocTpaHcTBa. KommuecTBO
YaCTUIl, MOKUOAIOIINX HAHHYIO TOYKY (Ha30BOTO IPOCTPAHCTBA B E€IWHUIY BPEMEHU, TOJIKHO
OLITH PABHO IIPU CTAIWOHAPHOM pPACIPENEIEHNN KOJIMYIECTBY UYACTUIl, IPUOLIBAIOIINX B HEE
33 TOT XK€ MPOMEXYTOK BPEMEHU. BBIIe MBI BHUOEINW, UTO UCXOOHBIE (HDA30BBIE TPACKTOPUH
YaCTHUI] — MpSIMBIE JIMHUU, IIO3TOMY CTallOHAapHAs (YHKIWS PACIPENENIeHUsS MOXKET 3aBUCETH
JINIIE OT KOOPOWHATHL 7.

B camom nmese, mIOTHOCTE YACTUI[ IPHU CTAIMOHAPHOM DACIPENESIEHUN HE 3aBUCUT OT KOOD-
OUWHATHL T, TAK KaK B IPOTUBHOM CIIydae TaKas 3aBUCUMOCTH OeOPMUPOBAIIACH OBl C TEUEHUEM
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BPEMEHU N3-3a OTHOCHUTEJILHOTO IIPOMNOJILHOTO MIBUKEHUS YACTHUIl B IIydYKe, U CTAIMOHAPHOCTD
pacrpenenienus oka3ajgach ObI HeBO3MOXKHOU. CIlemoBaTENBHO, CTAIMOHAPHOE PACIIPENeSIeHNe Ja-
CTHUIl B HEBO3MYIIIEHHOM OIHOPOIHOM IIyYKe IIPOTOHOB ONIUCHLIBAETCS BBIpaKeHHeM Buma go(7).
Tonoxum ¢ (T,7,t) = go(7) u BeImONHUM uHTerpuposanue B (61) ¢ yuérom coornorrenus (59)
st j(t,6). BugrHo, 9TO pe3ynbTUpYOMNil CUTHAJ IIydKa HE MEHSETCS C TEeUCHHEeM BDEMEHU U
naércst BeipaxenueM J(t,0) = I, roe I — cpenHuil TOK mydka. B 9acTOTHOM NpenCTABIIEHUN
CYIIECTBYET €AMHCTBEHHAs CIHEKTpajibHAs JIMHWs Ha HyseBoil dactore — J(Q,0) = I5(1).

MuTepecHo oTMETUTH CIIEOYIONIMEA XaPAKTEPHBIA PE3YJIbTAT, MOJIYIAIOIIUNACS IPU TIePEXOe
OT WHOWBUOYAIIBHBIX YACTHUI] K IYyYKYy, — OOraTbIil YaCTOTHBIA CIEKTD WHIWBUIYAJIbHBIX
YaCTHUI[ IIPU TAKOM IIEPEXONEe IOJTHOCTHLI0 mcue3aeT. [JomoOHBIA MOCTOSHHBIA TOK MOYKET JINIID
CO3maBaTh IONEPEYHOE 3JIEKTPOMArHUTHOE IOJie, TaK YTO IpaBas dacThb B ypaBHeHuu (55)
paBHaA HYJIIO U CUja, MOTYIAs BBI3BATH IPONOIILHYIO HECTAOWIBHOCTH, OTCYTCTBYET.

Orcroma MOXHO OBUIO OBI CHEIATH BBIBOMN, UTO OTHOPOOHBLIN IyYOK MPOTOHOB YCTONYUB
Bcerma. OmHAKo HA MPAKTUKE UAEAJBHO OTHOPONHBLIN MYyYOK HE CYIIECTBYET, TaK KaK pPeallb-
HBIA IIyYOK COCTOUT U3 GOJIBIIOrO YHC/IA TOYEUHBIX 3aPsnoB. B cpemHeM INIOTHOCTH YACTHUIL B
IIy4YKe MOXEeT OBIThH ONMCAaHA TJIAOKOW CTAIMOHAPHOW (PyHKIWMEN pacupenesieHus, HO B HEM Bce-
roa OIPUCYTCTBYET CTATUCTUYIECKUI IIIyM, UTO, KaK OTMEYaJIOCh, IIOATBEPKIAETCS HAJIMINEM
IMorTku-cxanoB. s momydeHus: pe3yIbTUPYIOIETO CUTHAIA OT IIYYKa MBI TPOMHTETr PUPOBAIII
CATHAJIBI OT WHAWBUOYAJIBLHBIX YACTHUIl C YUIETOM (PYHKIWU PACHPENENIEHUs C MOMOIIBIO BBIPa-
xkeHus (61) BMECTO CyMMUPOBAHWS IO YACTULIAM, YTO NPHUBEJIO K CLVIAXKWBAHUIO IIJIOTHOCTH
YacTUIl B IIyYKE U, KaK CJIENCTBUE, K IIPEHEeOPEXKEHUIO ITUM IITyMOM.

Kpome craTtmcTtmueckoro imrymMa K BO3MYIIICHUSM CTAIMOHAPHOTO PACIPENEICHUsS YaCTHUIL
IPUBOOSIT TaKXKe IPenbloyIlie MaHUIIYJISIUN C IIyYKOM B yCKOPHUTeNe, TaKue KaK paccoria-
COBaHUE IMyYKa PN WHXKEKIIWU, OCTABINAsCSI OT JUHEWHOro yckopurens BYU-ctpykrypa um mp.
IlosToMy mMmeroTcs du3mueckme TPUIUHBL I MPEACTABIICHNST (DYHKIINU PACIPESIEICHUs B BUIE
CYMMBI CTAIIMOHAPHOTO PACIIpPeNeseHns U MaJjIoro BO3MYIIEHNUS, IEPUOANIHOIO IO 7 C IEPUOIOM
1.

B kauecTBe BO3MyIieHUs GynmeM paccMaTpPUBATHL TAPMOHUKY YaCTOTHI OOPAICHUS C HOME-
POM T, TaK YTO BO3MYIIIEHUE IIPENCTABIIIET COOOM NpenBapUTEIbHYIO I'DYHIUPOBKY IIydKa HA
9aCcTOTE Nwy, W €r0 MOXKHO 3alUCaTh B Bume ¢,(7)e°7. Il ananmsa yCTOMYIUBOCTH CIIELYET
TaKXKe MIPEeNIOJIOXKUTH, UYTO BO3MYIIIEHNE PACIPENENIEHNs] He SIBJISIETCS YUCTO TaPMOHUYECKUM, a
nMeeT HeOOJIBIIION, BOOOIIE TOBOPS, KOMIIJIEKCHBIA YACTOTHBIA COBUT W, U, CIEOOBATEILHO, €T0

iWnet

HeoOXONMMMO YMHOXUTH Ha KOd(PODUIUEeHT e . C y4éToM cIellaHHBIX 3aMEeYaHUN, UCXOMHAS

(GyHKINA paclpenelleHHs MOXKeT ObITh 3alllCaHa B BHUIE
(71, 1) = gol) + gu(F)e s rene), (62)

npuaéM ¢yHKumu go(7) U g,(7) UMET CIeLyome HOPMUPOBKIL:

1

,T
TaK KaK BO3MYIIEHUE JIUIIL TePEePaCIpPEnesisseT YaCTUIbl, He M3MEHsS WX MOJHOro vmcaa V.
Y CcTONYUBOCTh IIyYKa OMPENeIsieTCs 3HAKOM MHUMOW YaCTU BBEIEHHON BBINIE MOOABKU K
9aCcTOTE BOBMYIIEHUS Wy.. Kcau Imw,,. < 0, TO BO3MYIIIEHIE SKCIOHEHIIMAILHO HAPACTAET C
TEUYEHNEM BPEMEHW, W MyYOK T'PYNIUPYETCS B CIYCTKU HA YacTOTe ~ Nwy. llocTosHHAs pocTa
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BO3MYILEHUS Tinst PaBHA 1/7;, = —Imw,.. Ecmun xe Imw,. > 0, To Bo3MyIlleHre 3aTyXaeT
U CO BPEMEHEM PaCCaChIBAETCH.
Curras, Bo36yxnaeMblil pacupenenenuneMm (62), pasen

J(t,0) = I+ Jo(t,0),

roe

EWy

Jn(t, 0 :N/  (7) et (wortwnct)
(t,0) Tﬁg (T)e o

1n[w0(t—7')_0] dT dT — ITOei[(nwo-f‘w»n,c)t—ng]/gn(’f') dT,

U, COOTBETCTBEHHO, (pypbe-CIeKTp:
J(2,0) =16(Q.) + J,.(2, 0),

roe
To(Q,0) = IToe 5[0 — (nwo + wno)] / gu(#) dF-

Takum 06pa3oM, CHEKTD IydUKa PN HAJIWYNM BO3MYIIEHWs COCTOUT U3 IBYX JIMHUIA —
Ha HyJIEBOWI YacToTe W Ha dacTtore (). = nwy + W,.. BTOpas AWHWUS COOTBETCTBYET YaCTOTE
KOT€PEHTHBIX KOJIeOAHUI IIyuKa B TOM CMBICIIE, YTO MBI OIPENEIEHHBIM 06pa30M YIIOPSIOUNIN
YACTUIBI [IYYKa, YTOOBI MOyUNTH STy JIMHUIO, M3HAYAILHO CUMTAs ABUKEHUE YACTUI] KOre-
penTHBIM. IIpemmonaraercs, YTO CUIHAJI WM TOK IyYKa SBISIETCS KOMIIIEKCHOM BEJIMYIMHOIN.
Mbr Gyzmem acCcOnMUPOBATE €r0 ¢ HMOHATHEM KOMIUIEKCHOTO MMIIENAHCA, IIMPOKO KCIOIIb3YEMbIM
B KJIACCHIECKON 5JIeKTpOTexHUKe. I HAXOXIeHUS KOMIIIEKCHON NOOGABKU W,. K IaCTOTE BO3-
MYIIEHNS NWy ¥ PelIeHus. TaKuM 00pa3oM BOIPOCA O MIPOMOJILHON YCTONUUBOCTYU OLXHOPOIHOTO
Iy4Ka IPOTOHOB, B KAYECTBE OUEPENHOIO dTala HEOOXONUMO CBS3aTh 3JIEKTPOMATHUTHOE IIOJIe
Iy4Ka C €ro TOKOM Yepe3 MPONOJIbHBIN UMIENAHC CBA3U Z(w).

2.3.3. IIpomonbHLI UMIIENAHC CBI3U

Mpl mokKa He MOXKEM MPHUCTYNUTh K KOJIMYECTBEHHOMY WCCJICNOBAHMIO NETAJICll pPa3BUTHUSL
HEyCTOMYMBOCTU OTHOPOIHOTO ITyYKa MPOTOHOB, TAK KAK HAIIM MATEMATHYECKAE BO3MOXKHOCTH
Ype3BLIYANHO OrpaHmdeHbl. Ilake B NPOCTEMIIEM CiIydae ITydKa, SKPAHUPOBAHHOTO TJIAIIKOM
BaKyyMHOII KaMepO! YyCKOPHUTEJIs, AaHAJIMTUIECKOE BLIPAXKEHUE I COOCTBEHHOTO SJICKTPOMAT-
HUTHOTO TOJIS IydYKa MMEET NOCTATOYHO CJIOXKHBIN BUI. [I0JydWThb e MOJIHbIE aHAIMTUIECKUE
pelteHns ypaBHeHU MakcBesuia [uisi peabHOI MAIIMHEL (¢ yI€TOM BCEX U3MEHEHUIl reOMeTPHUN
U 5JIeKTPOMArHUTHBIX CBOICTB BaKyyMHOU KaMepbl BIOJIb OPOUTHI IIyUKa) ONPENESIEHHO HEBO3-
MoxkHO. [TosTOMy My mpumaHwms OOIIHOCTH TEOPUU HEYyCTOMUMBOCTHU ITy4YKa BBEOEM IMOHATHE
IPONOJIBHOIO UMIeHaHca cBs3u Z(w).

B xaugecTBe mpuMepa pacCMOTPUM IMJIMHIPUYECKYIO TIIAOKYI BaKyyMHYIO Kamepy. IIpo-
MOIBHOE BJIEKTPUYECKOe TMoJIe MydKa, SKPAHMPOBAHHOTO TAKOW KaMepoii, ObLIO MOJIydeHO B IIpe-
neimytneM pasnene (cm. dopmyiy (42)). Ilepeitns B cuctemy CH (x1/4meg, e € = 8,85-10712
®/M — snekTpuueckas TOCTOSHHAs), a Takke yunThBasd, uto J = (Bcp, J ~ e M0 s = Ry,
npeobpasyeM BblpaxkeHue (42) K Bumy

1 nZyg
E, = — —|J(t,0), 63
2m R, [215’)/2] (t,6) (63)
roe Zp — Tak Ha3bIBaEMOE COIPOTHBIIEHZE CBOGOMHOrO mpocrpascTBa (Zy = 120w Owm).
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ITocnenuee BhIpaxkeHHe NOEHTUYHO 3aKOHY OMa, a Pa3sMEPHOCTH BEJIMYUHBEL B KBAaIPATHBIX
ckoOkax maércs B oMmax. llociemssisi BenumumHA, IO ONPENEICHUIO, HA3BIBAETCS IPONOJIBHBIM
IMIIENAHCOM CBsI3U Z(w), TAK 94TO C YIETOM HTOrO MOXKHO 3alUCaThb

Es(tv 0) =

5 2T (1,0) (64)

B paccmarpuBaemoMm 3mech 4acTHOM CiIydae MPOHOJILHBIN WMIIEIAHC CBSI3U PABEH

Zog w
Z(w) = 22 =
) = 37 g

Ha nmammOll cTamum paccCMOTPEHHS MOXHO CIENIaTb HEKOTOpOe OOO0OIIEHNE OTHOCUTEIHLHO

(65)

OIIpenesieHus IIpOOOJIBHOIO MMIIEOTaHCa CBsA3U. Tax xak Ha YJaCTUIbl OOHOBPEMEHHO HefICTBYIOT
QJIEKTPUYCCKOEC M MArHUTHOE IIOJIA,

7 =Ly = "B+ v x B|(t0),

Do Do

MBI TaKXX€ BKJ/IIOUUM B OIIpEOC/ICHUE MMIIEOaHCa BKJIQO OT MAarHUTHOIO IIOJIA:

[E+v x B],(t,0) = ———Z(w)J(t,0). (66)

27TRQ

B xauecTBe mambmeriiero o60OIIIEHMST OINpenejieHre IPOMOJLHOTO UMIENAHCa CBA3UM Pac-
IIPOCTPAHAECTCA Ha cnyqaﬁ, KOrga BO3BMYIIIEHNE HE ABJISIETCA YUCTO T'apMOHUYECKUM, a pac-
CPEmOTOYEHO B IIpeneiiax HEKOTOPOTO YaCTOTHOIO muamas3oHa. [Ipm sToM Kaxmas rapMOHUKA
TOKa IIyYKa HAET CBOUM BKJIA B CWJIYy W MOJIXKHA OBITH CKOMOMHWPOBaHA C COOTBETCTBYIOIIIM
nMrenascoM Z(w):

[E+ v x BJ(t,0) = _2771RO /oo Z(w)J(w, 0)e™ dw, (67)

—o0
e UCIOJB3YIOTCA CIIEOYIOIIUE OIIPENCJICHUS:

[e )

J(W7 0) = —/ J(t, H)e—iwt dt7 J(t, 0) = / J(w’ G)eiwt dw.

21 J - —oo

IIpuvennm cootHomenue (67) Kk TouedHOMY 3apsmy €, OOPAIIAIOIEMYCs C YaCTOTON Wy B
YyCKOpHUTENe, IJisi KOTOPOTO CIPABEJIMBBI COOTHOIIEHNUS

Wo 2

2 .
J(t,0) = 3 e(r — T2y _ 0§ im0,

J(w,0) = % e85 (w — nwp).

IMoncrasnss nocnenuee Beipaxkerue mis J(w, ) B dopmymny (67), momyuaem

EWy

—2mRy[E + v x B], = 5
T

Z Z (nwy)em@ot=9), (68)

n
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IIpenmnosnoxkuM Tenepb, 4TO 33 JMAUPYIOLIAM 3apSANOM CJIeLyeT TeCTOBBIN 3apsf, 3ala3ibl-
BAIOLIUI OTHOCUTEIHHO JIAAUPYIOIIEr0 Ha BpeMs T, Iyt KoToporo § = wy(t — 7). Torma (68)
npeobpasyeTss K BULY

. 27TRQ
e

[E+v xBl,(r) = G(r) = ;“’—707 S Z(nwy)et™ o, (69)

rne G(7) — HampsixkeHue, Bo3neiicTByomee Ha enunnny 3apsna (B/K); dyskumo G(7) o6braso
HaspiBaoT GyHkumenn ['puna. B Boipaxenun (69) oHa pasioxkeHa B psA [0 BCEM IaPMOHUKAM
YaCTOTHI OOpaIlleHUus IIydKa.

Ecnn mmnenanc Z(w) npencrasiser co6oil HOCTATOYHO IVIAAKYIO GYHKIMIO WX IEPUMETD
OpOXTEl OOCTATOYHO BEJINK, TAK UTO HABENEHHBIE IIOJIS IIOJIHOCTBIO 3aTYXAlOT 33 OOUH 000pOT
nyuka B yckopuresne, psn B (69) MoxeT GbITH 3aMEHEH UHTErPAJIOM, TaK UTO

1 /= ,

G(r) = — / Z(0)e™ du.
2T J—0o

Kaxk orciona Bumso, nMmnenanc Z(w) B TaKOM Cilydae IOJydaeTcs Kak mnpeobpasoBanue Pypbe

ot ¢yuknuu ['puna,

Z(w) = /_ Z G(r)e " dr.

ITocnennee COOTHOIIEHNE UCIOIB3YETCs IPY YNCICHHBIX pacuérax uMmuenanca Z(w). C sroit
IEJIBIO BIOJIb CTPYKTYPbI YCKOPUTENIsl MPONBUTAT KOPOTKUI CIyCTOK YaCTHI, Pellas LIar 3a
maroM ypaBHeHUs MakcBeiia B TOYKax IpPEOBAPUTEIbHO pasburoil cerku. Takum obpaszom
Haxomurcs dyHkuus ['puHa, a 3aTeM UHUCIEHHO BHIUHCISLETCs eé mpeobpasosanme Dypbe.

B kauecTBe IpEMepa PacCMOTDPHM IPONOJIbHBIE MMIENAHCHL CBSI3M XAPAKTEPHBIX DJIEMEH-
TOB BAaKyyMHOII KaMepbl, ¢ KOTODBIMHI B3aUMONEICTBYET IIyYOK B YCKODHUTEJE. YCKOPUTEIb
BKJIIOUAET B Ce0s MHOXKECTBO OJIEMEHTOB, TAKUX KAK CUIIb(MOHBI, (DIAHIBI, M3MEHEHUs IOIe-
PEYHOTO CEYeHUs BAKYYMHOII KaMephbl, NUKAI-3JIEKTPOINBI, YCKODSIOIINE CTAHIWN, CENTyMBI,
KIKEPHI U T.II.

B nocnenHue romsl NOCTUTHYT ONPENENEHHBIN IIPOIPECC B PacdéTax HUMIENAHCOB. Bbiim
pa3paboTaHbl IPOrPAMMBL Il IHUCICHHBIX PACIETOB, & TAK¥Ke SKCIEPUMEHTAJIbHBIE METONUKN
IUTs. HELIOCPENCTBEHHOIO M3MEPEHNsT UMIENAHCOB Ha yckopuressx. OmHako He Bcerma ymaércs
paccunTaTh mnu npemyranarbh umnenaHc cBssu B CBY-mgmamasome mo mocTpoiikum HOBOI Ma-
muHebl. MHOroe Taxxke M3BECTHO B HTOH OGJIACTH M3 ONBITA SKCINIYyATAIUN CYIIECTBYOLIAX
yckopuTeseil. BOBIINHCTBO U3 HUX CTPAaeT OT HEeyCTOMIMBOCTEN IyuKa, HECMOTPS Ha MHO-
rOYNCIICHHBIE TIONBITKA U3MEPUTH W CHU3UTH UMIENAHC CBS3HL.

Kax y»xe roBopusoch, IMIEIAHC CBSI3U SBIILETCS KOMIUIEKCHOR dyHKImel dacToTsl w. Cie-
ZOBATEIILHO, OH UMEET PeasIbHYI0 I MHUMYI dacTh. VIMIenasc riiaikoil MOeasIbHO IPOBOISILEH
BAKyyMHOI KaMepbl — IPUMepP YICTO MHUMOTO MMIenaHca. Booblie, B IIIPOKOM CMBICIIE CIIOBA
UMIEIAHC DJIEMEHTOB KOJIbIIA MOXKET ObITh KaK MHAYKTUBHBIM, TaK U eMKOCTHbIM. OH Takxke
MOXeT OBITH CONPOTUBIIEHWEM, €CIM MMEIOT MECTO MOTEPU DHEPruu Mydka. Hamm ypaBeeHus
HANUCAHbL TAKUM OODPA30M, YTO MHCIOJB3YETCsS BCS OChb W (IOJIOKUTEIbHBIE M OTPHUIATEIb
Hble yacToThl). Himxe Gymer moxasaHO, YTO OCHOBHOI MHTEPEC IPENCTABISLET HE COOCTBEHHO
BenuunHa Z(w), a orHourernne Z(w)/w wm Z(w)/n, roe n = w/wy. Ilosromy o6bIYHO B Kade-
CTBE BEPTUKAJILHON KOODIMHATHI IPU M300PaKEHUN MMIENAHCA WUCHoib3yorcs Im Z(w)/w u
Re Z(w)/w ¢ w B KauecTBE TOPU30HTAIILHON OCH.
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KOpOTKO OCTaHOBUMCs Ha XapPaKTEPHBIX THUIIaX IIPOOOJIBHBIX MMIICOaHCOB CBsA3U, HaumboJIee
YaCcTO BCTPEYAIOUINXCS HA NPAKTUKE:

Pesucmuenbili cmenounbili umnedarc, KOTOPBIA NIMeeT OUYeHb GOJIBIIYIO BEIMINHY HA OUEHb
HU3KNX YaCTOTaX,

“Zof ., w Z(w) “ZofB . 1
Z(w) = (1+4)==0y(—)V? /X = (1 +1i)—=5—, 70
(@) = (L D0 )5 S5 = (L ) 50— (70)
rme b — pammyc BaKyyMHOH KaMepbl, KOTOpPas B MaHHOM IIpUMEpPE MPEANOJaraeTCs TJIaaKON

U OWIMHAPIYECKOR; 0y = \/2/powoo (o = 47 - 1077 I'e/M — MaArHUTHASA HOCTOSHHAS, O —
IPOBOAKMMOCTH MaTepuaja, U3 KOTOPOrO M3TOTOBJIEHA BaKyyMHAas KaMepa).

Buicorkodobpomubie pe3onancuble dAEMENMbI, HAIPUMEP MaPa3sUTHBIE TUILI BOJH, BO30Y-
XKITaeMble IIYYKOM B TIOJOCTSAX YCKOPSIOIIAX PE30HATOPOB. TakKme y3KOIMOJIOCHBIE PE30HAHCHI,
€CJTM OHM MMEIOTCHA B YCKOPHUTESE, MO/KHBI ObITh OOHADYXKEHBI U TONABJICHEL.

HTupoxronoaockviti umnedanc, yauThBaOIMiA 3GGHEKT OT MHOTOUUCIIEHHBIX BAaKyyMHBIX IIe-
pexomoB. Ero o6bIYHO ammpoOKCHMUPYIOT PE30HATOPOM ¢ HOOPOTHOCTHIO () ~ 1 ¢ COBCTBEHHOI
YACTOTON, PACIOJIATAOIIENCs BOIM3KM Y4aCTOTBI OTCEYKM BaKyyMHO# Kamepwl (w. = c¢/b). Ilan-
Hasl MOIEIb XOPOIIO COTJIACYETCS C SKCIEPUMEHTAJILHBIMUA TAHHBIMIA.

PesucTuBHas 9acTh UMIENAHCA CIANAET HA BBICOKUX YACTOTaX, KAK IMOKA3a/u HAGIIIONCHUS
HA DJIEKTPOHHBIX MalmmHax. Ha HU3KHX 9acTOTaX UMIENAHC MPENCTaBiIsgeT COOON WHIYKTUB-
HoCcTh. Takum 06pa3oM, pacCMaTPUBAEMbBIA MMIIENAHC ANIPOKCUMUPYETCS BbIPAKECHUEM

— Rs
1+ iQw/we — we/w)’

rme R, — mynToBoi ummnenanc; () ~ 1 — mobpoTtHocTh. OH mpencTaBiseT co60i MHIYKTUBHOCH
npn w K W,

Z(w) (71)

Z =iR,(w/w.); Z/n=1iRs(wy/w.),

YUCTOE CONPOTUBIIEHNE IPU Pe3oHaHCe (w = w,)
Z = Rg; Z/n = Ry(wy/w,),
1 éMKOCTh Ha BBICOKIX 4YacToTax (Ipu w > w.)
7Z = —iR(w./w); Z/n = —iR(w.wo/w?).

st Toro, 4TOOBI CHU3UTH BEIMYWHY IIMPOKOIIOJIOCHOIO MMIENAHCa, HeOOXOMMMO IPU KOH-
CTPYUPOBAHAN BaKyyMHOHM KaMepPhl YCKOPHUTENS, TO-BO3MOXKHOCTH, N30eraTh WiIn S5KPaHUPOBATH
pe3Kre M3MEHEHUsI €€ IONIPEYHOro cedeHus. MuHuMasabHas W3MEPEHHAs BEINUNHA IITHMPOKOIO-
JIOCHOTO MMIIeNaHca CBsA3u |Z/n| cocrasasger mopsinka 1 OM B MakcuMyMe; eCiid XKe He IIPUHU-
MaeTCs HUKAKNAX CHEIUAIBLHBIX MeD IO €r0 CHIKEHUIO, BEJINYMHA, IIMPOKOIOJIOCHOTO MMIIEIAHCA
MoxkeT mocTurath 50 Om.

Haxkoner, e manmo 3abbiBaTh OOBIYHYIO KOMIIOHEHTY OOBEMHOTO 3apsma IIydKa, KOTOPas
MOXKeT ObITH JOCTATOYHO OOJIBIION HPpU MaJIOW YHEPruy IIyUKa,

Z Z
Zpo= -9 2 7= =i
2692 wy 208y

CyMMapHBIA UMIIENAHC, BUAUMBIA IIyYKOM, MPENCTABISET COOOM CyMMY BCEX KOMIIOHEHT,

(72)

06Cy}KJIaBIHI/IXC$I Bolnre. KauecTsennas KapTUHa IIPOOOJIBHOTO UMIIEHaHCa CBA3M B 3aBUCHUMOCTHA
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OT YaCTOTHI W NpPENCTaBiieHa Ha puc. 24, rpe peanbHble YacTu Re Z/n maHbl CIIIONIHBIMI
AMHUAMYI, & MHUMBIE [m Z/n — IyHKTHPOM.

Zy i

Cmenaunas
conpamueenie

Hluparonanocmiii
HMBEOHHE

— - 7# — ) j - )\ = — " ®
— —Bucoxodabpomunii —_—
pesonamop
Z /n
&FC

Puc. 24. 3asucumocTtn IIPOOOJIBHOI'O IMII€HaHCa CBA3M OT YaCTOTHI B IPOTOHHOM CHUHXPOTPOHE.

2.3.4. YpaBHenue BiiacoBa um nucrnepcuoHHOE ypaBHEeHUE

Wcnonb3yemas B HacTOsIIEM pasnesie Iapa MEPEeMEeHHBIX (7,7) SBIISeTCS KaHOHWYECKH CO-
NIPSDKEHHOW, TMO3TOMY B CHJIy TeopeMbl JImyBuWiIIs IJIOTHOCTH 4YacTHIl Ha (Hha30BOH IIOCKOCTH
BOIM3M TI000M1 KOHKPETHOW YACTUIBI OCTAETCS HEM3MEHHOW C TEUYEHHEM BPEMEHHU, UTO MaTe-
MaTHYeCKH ONUCHIBaeTCs ypasHeHueM di/dt = (), koTopoe MOXHO pacmucarhb 60siee MOIPOGHO:

op op. 0.
N + 87_7'—1- 87__7'—0. (73)

Iocnennee ypaBHeHUe ¢ y4éToM ypaBHeHUs nsrkenus (57), KoTopeiM 3amensercs 7 B (73),
HasblBaeTcs ypasHeHuweM Biacosa. Iloncrasnss B (73) Bbpaxkenue 1uist 1), BBEOEHHOE BBILIE C
noMotbio GhopMyisl (62), 1 yunTHIBasL, ITO

O /Ot = iwpeGn(T) ginwortwnet).

TOY /0T = inwoi'gn(i—)ei("wof—&-wmt);

7O /0T = 7gy(7) 4+ WieHBl BTOPOTO MOpSANKa MAJIOCTH,
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a TaKXKe 0T6pacmBa;1 YJICHbI BTOPOI'O IIOpAOKa MaJIOCTHU, MMEeM

(lwne + inwoi')gn(%)ei(”“‘)”“““ = —7g4(7T), (74)

rze BLIDAXKeHWe IUIs 7 ¢ yaéroM ompeneneHus uMmnenanca (66) m dopmynsr mist J,(t, 0 = wt)
npeobpasyeTcss K BULY

. nlZ(w ; N

T = —%ei(non‘i‘wncﬂ gn(T) dT (75)

(moc?/e)vp 7
Ha nepseiit B3ruisan, ypasHerve (74) O4eHb CIIOXKHOE, TaK KaK B HETO SBHO BXOAUT (GyHKIUS

gn, COIEpIKAIAs NeTAI HAYAJIbHOTO Bo3MylneHus. OIHAKO MOCIe UHTErpUpOBaHUS O06EmX
€ro JacTeil MO 7 OHO CYIIECTBEHHO YIPOIIAETCA. B pe3yibTaTe MOIydaeTcs NUCIEPCUOHHOE
YpaBHEHE OTHOCUTEJILHO HCKOMOI YaCTOTEI Whet

ol Z(w) * gh(7) .
~ (moc?/e)vB% nwo /_oo (Wne /) + 7 dr. (76)

Ono me 3aBucut OT ¢,. Hpyrumum crmoBamMu, HA MHKPEMEHT HEYCTOWYMBOCTU HE BiusieT GopMa
HA4Y9aJIBHOT'O BO3MyH1€HI/I$I I/ICXOHHOfI IIJIOTHOCTHN 4YaCTUIl B quKe. @aKTI/ILIeCKI/I, NCKOMad HO6aBKa
K 9aCTOTE Wy, IIOABJIACTCA B ypaBHeHI/II/I OBa2KObl — IIOO MHTErpaJioM 1 B apryMeHTe nMIIEOaHCA
Z(nwo~+wp.). OOHAKO IO IPEAIIOIOKEHNIO BLIIOIHSIETCS YCIOBHUE |Wy, | < Nwy, TOITOMY OOGBITHO
BeNIMYnHA nMInenanca 6epércs Ha gactore nwy: Z(Q.) = Z(nwy) = Z,. O6o3nauas nanee

A= I
 2m(moc?/e)yB?’

npeobpa3yeM NUCIEPCUOHHOE YPABHEHUE K BULY

1= —2—”/\1'@/ @) 4 (77)
wo M Jooo (Wne/nwy) + 7

2.3.5. HKpeMeHT HEYCTOMYNBOCTY MOHOXPOMATHYECKOIO IIYYKa HPOTOHOB

PaccmoTpuM cHauasa pelleHne AUCIEPCHOHHOTO ypaBHeHus (77) B IPOCTERIIeM Cilydae,
Korga pa3bpoc 4acTUIl IO UMIYIIbCAM B IIyYKE OTCYTCTBYET, TAK UTO MCXOMHOE PACIPENEIICHUE
go maércs BoipaxkenueM go(7) = §(7)/To. loncrasnsas namnoe pacupenenerue B (77) u BBIIOI-
HSSL MHTETPUPOBAHUE II0 YACTSIM, Cpa3y XKe IIOIyYMM peIIeHNe NUCIEPCUOHHOTO ypPaBHEHUS B
BUOe

2
Wne A Z,
= ——in—, rome A/n > 0. (78)
nwo n n
IIpoananu3upyem Temeps MOIYyYUBIIIEECS PEIICHUE IS HECKOILKUX XaPAKTEPHBIX UACTHBIX
CITyJaeB.
1. Z,/n — gucto akTHBHOE comporusieHue. Ilpu mo6oM 3HaKe N ONMH U3 KOPHENl ypas-

HeHus (78) mMeeT OTPUIATENBHYIO MHUMYIO 9acTb — Imw,. < 0. Ilyuok Heycroitums Bcerna.

2. IlponomnpHOE KyJIOHOBCKOE PACTAJIKMBAHWE YACTHI[ B IIyUKe, S5KPAHHPOBAHHOM HIEAJIHHO
NPOBOIAIIEN TJIAIKON BAKYyMHOU KaMepoil yCKOpUTelns — BbIpaxkenue i7,/n = Zyg/2B7*
SIBIISIETCS NENCTBUTEILHON IMOJIOXKUTEIbHOW BeaumunHOU. [losToMy mpm sHeprum mydka HUIXKE
KpUTUIeCKon (7 < ¢, 1 < 0) Imy9oK ycTONUUB, a 33 KPUTHUIECKOR sHeprueir (7 > ., n > 0)
UMeeT MeCTO TaK Ha3blBaeMas HeyCTOMYMBOCTH OTPUIATEIbHOM MAacCCHI.
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3. Z,,/n — uucras MHAYKTUBHOCTH (HAIPUMED, BO3LECTBUE HA IIyUOK HA HU3KIX YaCTOTAX
00Cy2KITaBIIIETOCs BBIIIIE HIMPOKOIOJIOCHOIO UMIIEaHCa, 00YCIOBJIEHHOIO HEOOHOPOIHOCTIMU Ba-
KyYMHOII KaMepbl yckopurenis). Pe3ynbrar, 0GpaTHBIN IOIyYeHHOMY B IIyHKTE 2; B YaCTHOCTH,
IIy4OK YCTOUYUB IIPU Y > Vi

Cremyer OTMETUTD, YTO MATEMATHICCKU MHCTPYMEHT, UCIOJIB30BAHHBIN MJIsI PEIIICHUS 3a-
nmaun (ypaBHeHue BracoBa, MUCIEPCHMOHHOE COOTHOLIEHUE, KOMIUIEKCHAS IIFIOCKOCTD MJIs 9acTOT
U UMIENaHCOB), odeHb 3(dexTuser. OmHAKO 3a MATEMATUKON TepsAeTcs (GU3NIECKUN CMBICI
nporecca. MblI Hagaaum ¢ NIpeOBapUTENbHO CIPYIIMPOBAHHOIO IIyYKa, KOINa BIOJIb €0 Op-
OUTBHI YKIIAOBIBACTCS N IJIWH BOJH. B3amMomericTBume 3TON HPEIBAPUTEILHON TI'PYIIUPOBKU C
IIPOMOJILHBIM MMIIEIAHCOM CBSI3U CO3MAaET HPOMOIbHYIO CIIIy C YacTOTOW, OIM3KON K NMwgy, KOTO-
pas, B CBOIO odepenb, momobuo BY-pesonarTopy, BozmercTByeT Ha yacTuinl. [losmydennoe miis
Wne BbIpaxkenue (78) coBmamaeT ¢ BbIPAXKEHWEM I CHHXPOTPOHHON 4YacTOTHI )y, HaBaeMbIM
dopmyoit (1.155), ecnmu B nocienseit 3amenuts ¢V sing, Ha inZ,(w)l.

AIm(Z, /)
Im(e, 0, )=0 0.1 0.2

0.3

2.5

2_

L35

0.5 - 0.9

T T T 1 T T
-1 -0.75 0.5 -0.25 @ 8.25 05 075 I
ARe(Z,/n)

Puc. 25. HHerMeHTBI I'IpOI[OJ'II:HOfI HeyCTOfIQHBOCTH MOHOXPOMATHNYECKOT'O IIYYKa Ha IIJIOCKOCTU MMIIE-
JJaHCOB.




Pesynabrar pentenus nucnepCrnoOHHOTO yPaBHEHUS (.HI/IHI/II/I IOCTOAHHBIX I/IHerMeHTOB) 00BIU-
HO TPENCTABIISIOT HAa KOMIUIEKCHOM IIJIOCKOCTU HMIIEIIaHCOB (CM. puc. 25). 3a uckiroueHneM
YaCTH BEPTUKAILHON ocu U = Im w,,./nwy > 0, COOTBETCTBYIOLIEH IPONOILHOMY KYJIOHOBCKOMY
pacTaJKUBAaHUIO YACTUIl B IIy4YKe, SKPAHNPOBAHHOM WMIIEAJILHO IPOBONSIIEN TJIAIKON KaMepou,
npu 7y < 7Yy WIA BO3MEMCTBUIO HA IIYYOK ITMPOKOIOJIOCHOTO MHOYKTWBHOTO WMIIETAaHCA IIPU
Y > Ytrs; BCE TOYKU HaHHOﬁ auarpaMMbl COOTBETCTBYIOT HeyCTOfI‘-IHBOMy OBM2KECHUIO YaCTUIL
B myuke. Hamecs ma mmarpammy puc. 25 TOUYKY, KOODOUHATHI KOTOPO COOTBETCTBYIOT pe-
AJILHON W MHUMOW YaCTSIM WMIEIAHCA Z, / 7N, HETPYOHO IIOJIy4YUThb, WHTEPIOJIUDPYsS KPUBBIE
Imw,. = const, 3HaYeHNE UHKPEMEHTA HEYCTONYMBOCTH IIyUKa, PA3BUBAIOIIEHCS IPU B3au-
MONEWCTBUU IIyYKA C MAHHBIM UMIEHaHcoM. Takum 06pa3oM, MOXKHO PacCCUUTATH CKOPOCTh
POCTa BOBMYIIICHUA B IIy4YKE IIpU 3aJIaHHOI71 BEJIMYMHE IIPOOOJIBHOI'O MMIIEOaHCa, YTO sABJIAC€T-
Cs CYIIIECTBEHHON YacThI0 HeobOxommmoir mHdopmarmu. OmHAKO € MOMOIIBIO 3TON IUATPAMMBI
HEBO3MO2KHO IIOJIYyYUTBH HOETAJIN IIPOIECCa PA3BUTUA HeyCTOﬁqHBOCTH.

PaccmoTpuM KpaTko, Kak pa3BUBAETCsA HEYCTONUMBOCTL Ha (Ga3oBoil ILocKocTH (T,7).
IIycts wmmenasc umcro MHuMMBIE (Touka A Ha puc. 25), torma BY-mose, cozmaBaemoe wa-
CTUIlaMM, NMEET YaCTOTy, TOYHO PaBHYIO Ty, TaK KaK Y Wy, OTCYTCTBYET DEaJIbHAA YaCTb
coriacHo dopmyite (78). Ilpu sToM MakcuMaabHAS INIOTHOCTH 3apsiia PACIOIAraeTcs B LEHTPE
celapaTpuChl, a MOCTOSHHAS BPEMEHU PAa3BUTUS HEYCTOMUYMBOCTU PaBHA IEPUONY CUHXPOTPOH-
HBIX KOJIeGaHUil JacTUll B 3TUX cemaparpucax (cM. puc. 26a).

A
dvdrf BY
CenaAPAMpPIca
Pmmc
/Sf -
T
@) Toura A
b avat
Pmax
1
”KV -
T
B
CERAPAMPICH
b) Touxa B

Puc. 26. Pa3sBuTtue mpomoibHON HEYCTONYINBOCTU MyYKa Ha (HA30BON IIOCKOCTH.
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B touke B mmarpammbl puc. 25 uUMIenaHC UMeeT KaK PeajibHyI0, TaK U MHUMYIO YACTH.
BY-cenapaTrpucer coorBeTcTBy0OT uactoTe (). = nwg + Rew,.. MOHOXpOMATHUUYHLIA BHAYAIE
[y4YOK HAUYMHAET W3BUBATHCS BIAJIM OT HeHTpa cemaparpuc (cMm. puc. 266). Peampras uwacTtsb
Z, IaéT HENMOCPENCTBEHHLIA BKJIAL B WHKPEMEHT HEYCTOWYMBOCTH:

2 Z Z, I
<°"n0> — _iAZr. ReZn o HTYne

nwo n n n?

OTcroga HETPYMHO CHEIATH CJIEMYIONUN BBIBOL: CONPOTUBIIEHNE CTEHKU KaMEphl HAMHOTO Me-
Hee ONAaCHO IJIs IIyYKa II0 CPABHEHUIO C COIIPOTUBIIEHMEM IITWPOKOIIOIOCHOTO MMIIeIaHCa BOIM3M
YaCTOTHI OTCEUKM BAaKyyMHOU KaMephbl. B o6IeM ciydae MpOmOIbHAS HEYCTOMINBOCTH HOCUT
MUKPOBOJTHOBBIN XapaKTep, B pe3ylIbTaTe 4Uero IIydoK pa3buBaeTcs HA COTHU M THICIYM MU-
HUCT'YCTKOB BIOJIb OPOUTHI YCKOPUTEIIS.

2.3.6. Peirtenne quCIepCUOHHOTO yPaBHEHUS IIPU HAJIUYUUN pa3bpoca yacTuil
II0 UMIIyJIbCaM B IIyYKe

Pasbpoc gacTuir mo uMmoysbcaM B mMydKe SBIISIETCS OJIsl HEYCTONYMBOCTHU CTAOUIM3UPYIOIITIM
dakTopom. C HUM CBSI3aHO TOHSATHE TOPOra HEYCTONYMBOCTH, KOHKDPETHAS BEJINYNHA KOTOPOTO
3aBUCUT, BOOOIIE TOBOps, OT BHAA WCXONHOW (yHKumum pacupenereHus ¢o(7). B kauectse
IpuMepa PaccMOTPUM Hapabojandeckoe paclpenesieHne YacTHUll II0 UMIIYJIbCaM B IIyYKe, IJIsS

KOTOPOTO
3&)0

90(7) = 8771

,7'_2
(1-5), wme trl < 2 (79)
.

I
B xoneunoit (opmyse mis mopora HEYCTOWYUBOCTH OOBIYHO WCIOIB3YyEeTCS HE IOJIyIINPUHA
pacmpenesieHusl YacTUIl 110 OCHOBAHUIO 7, a IMOJIHAS IMNPWHA HA IOJYBBICOTE DPACIPENETICHUs
To. B ciyuae pacnpenenenus (79) CBsA3b MeXAy YKa3aHHBIME IapaMeTPaMU CIEAYIOIAs: Ty =
V27, = |n|(Ap/p)o, Tie BemmumEEr ¢ mHAEKCOM () 0GO3HAYAIOT TOIHYIO IUPUHY PACTIPEICTICHUS
Ha nostyBbicoTe. C ydéTOM CKa3aHHOIO, MOXKHO IPENCTABUTHL NUCIEPCUOHHOE ypaBHeHue (77)
B BUJIE

Z,
1= A2, (80)
n

roe

A = 31 - / ! ydy
© 2mn(moc?/e)B*(Ap/p)S] 1Y+ (Wne/nwoTr)”
Ypasrenue (80) pemaercst MyTéM NOCTPOEHMs AMArPAMMBIL, IONOOHON MPENCTABICHHON HA
puc. 25 B npensimyimem paspene. C oroil menbio ypasaerue (80), mMeromiee KOMIUIEKCHBIE
K02(pdUnrenTs, 3aMeHsIeTCsI Tapoll ypaBHEHUU C IEeWCTBUTEIbHBIMU Ko3adduiuenTaMu

ARe <%> — Im(S7); Adm (%) — _Re(S7Y). (81)

Iasmee, pr PUKCHPOBAHHOM 3HAUEHUM WHKPEMEHTA HEYCTONYUBOCTH IM W,. U3MEHSIETCS
peasibHas YaCTh MCKOMOW YaCTOTHI W,., U KAXMOBIA Pa3 BBIYUCISIIOTCS COOTHOIIIEHUS (81). B
pe3yibTaTe TAKOIO Pacuéra Ha KOMIUIEKCHON IJIOCKOCTU Z,/n CTPOSTCS JIMHAW MOCTOSHHBIX
WHKDPEMEHTOB U = const, rne

wnc \/§wnc
uv=Im|(—— | =Im|—————F— |,
nwor, nwo|n|(Ap/p)o
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npencrasienubie Ha puc. 27. Ilopor meycroiumBocTu maércs xpusBon u = (, cocrosiuein u3
3aMKHYTOI KPUBOW, OXBATHIBAIOIIIEN HAYaJIO0 KOODOWHAT, M M3 YACTU IOJIOKUTEIILHOU TOPU30H-
TaJabHON mosyocu. I[loporoBas KpuBasi CyIIECTBEHHBIM OOpPa30M 3aBUCHUT OT KPa€B pacrpemesie-
uus. Pe3kme kpas pacupenesieHus YMEHBIIAOT ILIOMIAAb, OXBATHIBAEMYIO IIOPOTOBOW KPUBOI.
He6ombimoe ckpyrienue xpaés pacrupenesieHus neiaeT MOPOroByI0 KpuByio Gostee rimamkon. Ecmu
XBOCTBI [JIMHHBIE (HAIIPEMED, TayCCOBO PACIPENEIIEHNE), TO OPOrOBLIil KOHTYD BBITAIMBAETCS
B HAIIPaBJIEHUU MOJIOXKUTEJILHON TOPU30OHTAJBHON TOJIyOCH.

A Re(Z, /)
1.5

=04 -0.3

0.5 -

H=
0.5 1 1.5 2
A _Im(Z, /n)

-0.5

-1.5

Puc. 27. XapaxTepucTuku TpONOIBLHON HEYCTONUMBOCTH C yIETOM pas3bpoca YacTUIl IO UMIYIbCAaM B
Ty 4Ke.

II.HSI AHAJIATUYIECCKIX OIIEHOK IIOpOra HGYCTOfI‘-II/IBOCTI/I OOHOPOMOHOIO IIY4YKa IIPOTOHOB OOBIYHO

HCIOJIB3YEeTCsl KPYyroBoit KOHTYp — A.|Z,/n| < 0.5, uau B sBHOM BuIE
Zn, 2 yB%n| ( Ap\?
n e I P /o

Ilocmensee BhIpakeHUE IMMPOKO UCIOIL3YETCS HPU PACUETE MOMYCTUMON BEIUYWHBI ITIPOMOITH-
HOTO WMIIENIACA CBS3U B KOJIBIEBBIX YCKOPUTEIISX IIPOTOHOB.
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2.4. TIOIIEPEUYHASI HEYCTONYNBOCTD
OOHOPOIOHOTI' O ITYUKA ITPOTOHOB

B mpensimyiiem pasmene 6bLI0 MOKA3aHO, YTO KOTEPEHTHBIE KOJICOAHWSI YACTUIl B MIPOHOIIb-
HOM HAIIPABJIEHUN BO3HUKAIOT 33 CUET IPONOJIFHON MOMYISAIIUN JIMHEWHON NJIOTHOCTH 3apsna,
KOTOpasi CO3HAET OSJIEKTPOMATHUTHOE IIOJIe BIOJL OCU IyYKa. KCIum BEpHYTHCSI K MIPUMEPY
IIydKa, SKPaHUPOBAHHOTO KPYIJION WOEAJIbHO IIPOBOMSIIEN BAaKyYMHON KaMEPOW, TO 3TO COO-
CTBEHHOE IPOMOJILHOE TOJIE ACCONUMPYETCs C OOPATHBIM TOKOM WM TOKOM wu3ob6paxkenus I,
TEKYIIIM B IIDOTUBOIIOJIOZKHOM HAIIPDABJICHUN IIO OTHOIICHUIO K HAIIPDABJICHUIO OBUXKEHUA IIYYKa
U PABHOMEDHO PACIPENENIEHHBIM 10 BHYTPEHHEN CTEHKE KaMepPHI.

B cayuae momepedHbIx KoseGaHWil (i1 OUpeneséHHOCTH OymeM DacCMaTpUBATh & Halpa-
BJIEHVE) BO3MYIIIEHIE COCTOUT B HEGOJIBIIIOM IONEPEYHOM CMeLeHny Iy dka. M3-3a hokycupoBku
BHEIIHIM MArHUTHBIM IIOJIEM TAaKON IIYY90K K0J1eOJIeTCsI KakK neJjioe, OBUrasiCb BHOOJIb Op6I/ITbI
yckopuressi. [lomupiit Tok I, TeKyInii B CTEHKE KaMEpPbl, IMEET Ty XK€ CAMYIO BEJIMYUHY, ITO
I B PAaCCMOTPEHHOM BBEIIIIE€ IIPpUMEpPE, HO €ro pacClIpenejcHne B IIOIEPEYHOM CEYCHNU CTEHKN
KaMepbl OOJIbIlle HE SIBIISETCS PABHOMEDPHBIM.
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Puc. 28. DnekrpoMaruuTHOe mOJIe, BO30yXKIaeMoe IMyUKOM IPU €ro CMEIEHUU OTHOCUTEIBHO IEHTPA
BaKyyMHOHN KaMepHhl.

B OoTJIn9ne OT MPEObIOYIIIEro CiIy4das, BIOOJIb CTEHKU KaMeEPbl B IIPOTUBOIIOJIOKHBIX HalIlpa-
BJIEHUSIX TIPOTEKAIOT PA3HOCTHBIE TOKW, paBHbie +61,. [lomoGubie Toku TpebGyroT CyIecTBOBAa-
HUs B IIpenesjiax alepTypbl Ba,KyyMHOfI KaMepPbI IIPOOOJIBHOTO 3JICKTPUYECKOI'O IIOJIA, BEJIMYUHA
KOTOPOIr0O M3MEHACTCA B 3aBUCUMOCTHU OT KOOPDOMHATHI I IIO JII/IHefIHOMy 3aKOHY . HpI/I 3TOM
TaK2K€ BOZHUKACT MOUIIOJIBHOE MAarHUTHOE IIOJIE€, KOTOPOE€ MOXKET KaK paCKa4daThb IIYY0K, TaK U1
cTabmwu3npoBaTh ero. Cka3aHHOE WILTIOCTPUPYETCS PUC. 28, Toe MOKA3aHLI PA3HOCTHBLIE TOKW,
TEKYyIIne BOOJb KaMEPBbI, a TaKXe 3JICKTPUYECKOE U MArHUTHOE IIOJIA, BO36y)K,Ha€MbIe IIy9IKOM
IIPOTOHOB IIP1 €r0 CMEIICHUU OTHOCUTEJIBHO IIEHTPa KaMeEpPbI.

2.4.1. TlomepeuyHoe OBM>KEHUE OTHOW YACTUIIHI

HeBO3MyHléHHOG IIoOII€EpEeYHOE NBUXKEHNEC YaCTUIIbI B I'OPU30OHTAJIBHOM HAaIIPpaBJICHUN OIINCHI-
Bae€TCs YPaBHCHUEM

i+ ¢’z =0, (83)
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rme ¢ = Qw — Haber ¢a3bl 6eTATPOHHBLIX KOJIEOAHWA B €MUHUIy BPEMEHH, W — YacTOTa 0bpa-
IIIEeHNA YaCTHUIbI. B TJIadKOM HpI/I6JH/I)KeHI/II/I 3aBUCHMOCTB IIOIIEPEYHOI'O IIOJIOKEHUA YaCTUIIbI
OT BpeMeHU JlaéTCSI BbIDaXKCHNEM

x(t) = T cosP(t) = .%cos(/otq'ﬁdt—l—%).

IIpu aHaiM3e yCTONYMBOCTH MONEPEYHOIO IBMKEHNSA YaCTHIl B IIydKe YA0OHO HMCIOIb30BATh
BMecTO (Z,%) OPYTyo mapy KAHOHNYECKHX NEpeMeHHEX (¢, 2): ¢ = do/dt, & = \/x? + (/)2
OpUYéM aMIUIATYHa KojieGaHuWil £ ABJISeTCS MHBAPMAHTOM VIS HEBO3MYIIIEHHOTO IBUXKCHUS da-
crunpl. Hamee yurém, uTo gacToTa OOpalleHns w u 6eTaTpoHHas 4acToTa () 3aBUCAT, BOOOIIE
roBOpd, KaK OT MMITYJIbCa YaCTUIBI P, TaK U OT aMIUIATYObI 6eTaTpOHHLIX Kojebaumit. CunTas
nostoMy w = w(p) u Q = Q(p, &), pasnoxum ux B psam mo cremeHsM Ap/py OTHOCUTEIHHO
PaABHOBECHBIX 3HAYEHUN w = wy u Q = Qq:

0 A
w:wo—l——w Ap—l—---—w0<1—n—p—|—--->,
Iplo Do
0 A
Q:QO+8_Q Ap—l—---:Qo—I—f—p—I—---.

P lo Do

qu/ITbIBaH TaKXe, YTO HeBO3MyIHéHHO€ IIPOOOJIBHOE MOBU2KEHUE OIIACBIBACTCA BBIPDAXKEHUEM:
T =Ty + Tt, tme T = nAp/py, umeeMm

é = Qowo(1 — 7) + weT + Ag(). (84)

B (84) we = wol/n, a uepes Ap(Z) o6o3HAUEHA 3aBUCHMOCTH OETATPOHHOI UYACTOTHI OT
AMIUIATYOBI TOMEPEYHBIX Kojebanuit gacTuibl. VIHTErpupyst MOCIEOHIO (DOPMYITY, MIOIydIaeM
3aBUCUMOCTD (pa3bl OeTaTPOHHBIX KOJIeOAHUM OT BpeMeHU ¢

B(t) = do + Qowo(t — T) + weT + Ad(2)t. (85)

Temeps MBI MOXEM MEPEATH K PACCMOTPEHUIO BO3MYIIIEHHOTO IBVWXKEHUS YACTUIIBI, YUTS
HOIIEPEYHYI0 CHILy, CO3LABAEMYIO SJIEKTPOMATHUTHLIM IOJeM Iydka. B mepeMeHHbIX (2, 1)
BO3MYILIEHHOE YPaBHEHNE IBUKEHUS WMEET BUII

e
mo?Y

PR [E—I—VXB]L(t,H—wO(t—T)). (86)

Yrober mepeittu K KoopauHaTaMm (¢, &), mpeobpasyeM I K BUmy

OTKyna mnojrydaeTcs nuddepeHnnaIbHOEe YpaBHEHWE OTHOCUTEIBHO aMIJIUTYObl O€TaTPOHHBIX

KoJiIeOaHUI YaCTUIBI

Ins zabmroneHus 3a MOMEPEYHLIMU KOJEOAHUSAMUI IIyYKa B YCKOPUTEJE WUCIOJIb3YIOTCSI Pas-
pE3HbIE MUKAI-3JIEKTPONBI, HA KOTOPBLIX HABOMSTCS SJIEKTPUUYECKNE CHUTHAJBL IIPU CMEIIEHUN
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[IEHTPA MACC MYyYKa OTHOCHUTEIHHO BJIEKTPUUECKUX IEHTPOB MUKANOB. J[aHHbIE CUTHAJIBI TIPEI-
CTABJISIOT COOOM IIPOM3BENEHUS TPOMNOJILHON IIIOTHOCTU 3apsana Ha IIONEPEeUYHOEe CMEITIeHUE
Iy JKa.

Ilycts Ha asumyTe 6 yckopuTess paclojiaraeTcs pas3spe3HON MUKAI-3JIeKTPOIN, (QUKCHPYIO-
Wil TonepedHbil curHai j (¢,0) OT YacTHIbBl, OBUXKYIIEHCS CO CMEIIEHHEM OTHOCHTEIILHO
IeHTpa MUKalla, PABHBLIA MO OIIPEICTICHUIO

Ju(t,0) =x(t)j(t,0) = &cos ¢ j(t,0). (89)

Curnan 7, (t,0) npencrasiser coboil MOCIENOBATENBHOCTD UMITYIIbCOB, AMIUIATYIA KOTOPBIX
U3MEHACTCA B COOTBETCTBUU C M3MCHCHHEM IIOIIEPEYHOIO CMEILICHUA YaCTUIIbBI B MOMEHTBI eé
nposéra uepes mukan-siektpon z(t). Ucnomssyst coorromenue (59) miis mpomosibHOTO CUrHAIA
j(t,0) u ypaBuenue (85) mis dasel GeTaTpOHHBIX KojeGaHUI ¢, HOIydaeM

A o0
ji(t,0) = 62’03" Z e—in(wom+0>[ei<w:t+¢o> + eilent=do)], (90)
vy

n=—oo

re
wi =+ Q)w=(n+ Qo)wo — [(n+ Qo)wo — we]T + Ad(),

w, =(n=Qw = (n—Qo)wo — [(n = Qo)wo + wel]T — Ad(2).

Otrcroma BuUOHO, YTO B pACCMATPUBAEMOM CIIydae CIEKTD COCTOUT M3 OGECKOHEYHO OCTPBIX
JMHAR Ha 9aCTOTax w, H w, .

2.4.2. TlomepedYHbII CUTHAJI OT HYYKa YacCTHIL

BBeném dymkimio pacrpenereHuss 9acTUIl B IMyYKE C IOMOIIBIO BBIPAXKEHUS

F(¢a :i'a T, 7'-7 t) - gO(T)fO(:i.) + gn (T)fn(¢a i,)ei(nwm'—i-wmt)’ (91)

rzie NepBBI wWieH, paBHbL Fy = go(7)fo(Z), npencrasinser coboil CTAIMOHAPHYIO 9aCcTh DPac-
NpeesieHnsi, KOTopas He Ha€T BKJalla B IOMEPEUHBIA CUTHAJ myuka. PyHnum go u f, HOp-
MUPOBAHBI CJIEAYIOIIIM 00pa3oM:

N\ g Wo AN A 7 1

/gQ(T)dT = —; /fo(x)xdw = —.

T+ 2w % 2w

Bropoit wien B dopmyiie (91) sBisercst Bo3MyienueM ¢yHKimn pacupenenerus. OH conepKuT

MOTIEPEYHOE CMEIIEHNE IIYUKa, KOTOPOE IIPENIOIaraeTCs WMEIOIUM BUI BOJIHBI, 7, IEPUOIOB

KOTOpOfI yKJIa,HI)IBeTCH BIOOJIb HepI/IMeTpa MAIIINHEIL. HpeﬂHOHaFae‘TCﬂ Ta.K}Ke, 9gTO OTAaHHOE BO3-

MYIIIEHUE He IBUXKETCS CUHXPOHHO C IIyYKOM, & UMEET KOTE€PEHTHBIA YaCTOTHBHIN cOBUT Aw,,..

Kax u B npenbimyiiiem pasmene, KOTepeHTHAsT YaCTOTA Wy, CUATAETCS KOMILIEKCHOW, TPUIEM

€é MHUMAasl YaCTb ONPENeNIsieT YCTOMUMBOCTL PACHpENesieHrs, & BeJIMUNHA, €€ PeajbHON JacTh

6muska K Qowy.

Suas QyHKIUIO pacnpeneseHus YacTUull F' u momepeyssiii CUrHasl OT OMHON YaCTUIIBI, MOYXKHO

paccuUnTaTh MOMNEPEYHBI CUrHai OT mydka J, (¢,0), BBHIIOIHUB MHTErPUPOBAHUE

To(t,6) = N/F(¢, &7 7,01t 0) do & di dr di —
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N - .
2&)0 / 9n(7) fo(@, &) €m0t 32 cos ¢ e =)= 4o 43 dr di =
T

2wl S ei[(mm-i'wnc)t_”g]’ (92)

Wo

rme depe3 S 0003HAUEHO CIICAYIOIIEee BLIPAKEHUE:

S= [ 9n(1)1al,)i* cos ¢ dé dad, (93)

B TO BpeMs Kak CHeKTp maHHoro curHamna J, (§2,6) npencrasiser coGoil eqUHCTBEHHYIO CIIEK-
TPAIBHYIO JIMHUIO,

2wIS
— e

Wo

JL(9,0) = ~inf 5 <Q — (nwo + wnc)>. (94)

2.4.3. TlomepedHbII UMIENAHC CBSI3U

HonepequIiI NMIIEOAHC CBA31 ZL OIIpEeneIdeTCss aHaJIOTUYIHO BBeHéHHOMy B IIpeObIOyIIIEM
pasgmenie IponosibHOMY umnenancy Z(w). VMmemanc Z| CBs3BIBAET MHONEPEYHOE 3JIEKTPOMAr-
HUTHOE II0JIE, BO36y)KHa€MO€ IIYYKOM, C IIOIIEPEYHBIM CUTHAJIOM OT IIYYKa Ha HaHHOfI JgacTroTe

[E+v x Bl (£0) = —D— 7,7, (1,0), (95)
27TRQ
npudéM monepevHblil curHan J, wm3Mmepsercs B A-Mm, a mmmenanc Z, — B Owm/m. Ecim

CIIEKTP TIOIEPEYHOTO CUTHAJIA PACCPENOTOUYEH B HEKOTOPOM YaCTOTHOM OUAIIA30HE, OIPENEIEHTE
nMIenanca o606IIaeTcss Ha 9TOT CiIydall ¢ HOMOIIBIO (GOPMyIbI, aHAJIOrm4HOI dopmyie (67)
OJIST TPONOJIBHOTO WMMITENAHCA CBS3U

[E+vxB].(t0) = 2;%0 /oo Z, (w)J 1 (w,0)e™" dw. (96)

—00

B obiem cnyuae HEBO3ZMOXHO HOJMYyYINTh U3 ypaBHeH:W: MakcBersa aHAJUTUIECKOE BHI-
paxeHume IJIs IIONEPEYHOTO MMIIEIaHCA CBSI3W B CHJIy Te€X XKe CcooOpaKeHWil, KOTOpble ObLIn
BBICKA3aHBI IIPU PACCMOTPEHUN MPOHOIHLHOrO mMmnenanca. OmHako B Hanbosee IPOCTOM CITydae,
KOr[a KPYIVIBIN IIyYOK paguyca a IOBUKETCSI B OECKOHEYHON MeTaJIJIMYecKol Tpybe panmyca
b ymaércs OTHOCUTENIFHO JIETKO PAaCCYUTATh IIOIEPEUHOE 3JIEKTPOMATrHUTHOE IIOJIe, BO3HUKAIO-
Iiee IPU CMEIIEHUN €ro IEHTPa TSIXKECTH OTHOCUTEILHO IIeHTpa TPYOBI, a CJIeNOBATEILHO, U
BEJIUYVUHY Z | .

Tak xak peasbHAs YACTh IOMEPEYHOTO WUMIIEHAHCA CBSI3U TJIAOKON KaMephl HA HU3KUAX
YaCcTOTaX OOCTUraeT OOJIBIION BEJIWYWHBI, TO OHA SBJISETCS OMHOW W3 OCHOBHBIX IPUYUH BO3-
HUKHOBEHUS TIONIEPEYHON HeyCTOMUumBOCTH Myuka. OCTaHOBUMCS MO3TOMY 0OJiee TMOOPOOHO Ha
pacu€Te MOMEPEYHOr0 MMIIENAHCA IS CiIydas OUINHOPUIECKON TJIAIKON BAKyyMHON KaMepbl
YCKOpPUTEJIS.

Ha puc. 29 u306paxés MuInHIPUIECKUN TIyIOK, COBEPIIAONINN MaJIbIe HOIEPEYHbIE KOJIe-
GaHus BHYTPU TJIAOKON IMUJINHIPUYIECKON BAKyyMHON Kamepbl. IIpm cwmelriennu meHTpa IydKa
B pPanuaJIbHOM HAIPABIEHNN HA BEIMYMHY I( BO3HUKAET BO3MYIIIEHWE WNCXOOHON IIOTHOCTHU
3apsna IMydKa, KOTOPOe MOXKHO IIPENCTAaBUTH KaK MOBEPXHOCTHBIA 3apsd O, PaCIpENeIEHHBIN
Ha TpaHWIE Oy4YKa I = 4 B COOTBETCTBUU C BLIPAXKEHUEM 0 = poXocos @ d(r — a), rme py —
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nucxonHas OO0bEMHAs IVIOTHOCTH 3apsna IIyd- 7
ka. Tax kax Ha IpaKTUKe OCHOBHOH WHTe-
PeC TPENCTABIISIIOT 3JIEKTPOMArHUTHBLIE BOJI-
HBI, IJIMHBI KOTOPBIX BEJIMKU II0 CPAaBHEHUIO
C IOIePEYHBIM Pa3MePOM BaKyyMHOHU KaMephl
(w/e < 1/b,0?/0s* < 9?/0x* ~ 1/b%), TO
norennuan ¢ Moxer GBITH BLIUHCIIEH IIyTEM
pemernst ypaBuerus Ilyaccona:

o PoZo

A =T =

€o €o

cospd(r—a). (97)

PaccmoTpuM cHavana mnoeasbHO IIPOBOMS-
LIyI0 BakKyyMHyIO kKamepy yckopurens. Ilpum
oToM mnoTeHnumasg P ynoBiaeTBOpSET HyJIEBO-

My ycioBuio Ha creHke Kamepel ®(b) = 0.
Kpowme sToro, momxkma OviTh Obecmedena He-

[PEPLIBHOCTD [OTEHINAA HA TPAHUIE IIy9Ka
®,(a) = Py(a), tne ®; u P, — coorser-

CTBEHHO peleHnsi ypasuenus (97) BHyTpu u
Puc. 29. K BbIUHCTEHNIO MONEPEYHOTO UMIIEIAHCA

BHE IIy4YKa; IIPOU3BOOHAA K€ OT IIOTCHIINAJIA . .
TJIaOKOU BAKYYMHOU KaMeEPBhbI.

10 7, KAK HETPYAHO TOKA3aTh, U3-3a MOBEPX-
HOCTHOTO 3apsifla 0 WUCHBLITHLIBAET NPU T = @
ckauok: 0Py(a)/0r — 0Py(a)/0r = (pozo/€n)cosd.

Pemtenus ypasrenus Ilyaccoma (97) mmem B Bume ®; = Crcos¢ BHyTpu myuka u P, =
Cyrcosp+ (Cy/r)cos¢ — Bre myuka. Ilocrosausie C, C; u Cy ONPenensoTcs U3 NPUBEIECHHBIX
BBIIIE TPAHWYHBIX yCJIOBUIl, MPUBOMAIIMX K CHCTEME U3 TPEX arebpamdyecKux ypaBHEHUIN:

Clb2+02:0;
1 a2 607

(C - Cl)a2 — CQ =0.

Omnpenernsist orciona nocrosuuyo C, mosydaem mis noreHmmana P, perrenune B BUOE

2
PoLoX a
oy =—[(1-——=). 98
b 2 ( b2> #8)
YunroiBasg manee, uro E, = —0®,/0z, nomyuaem mijs 5IEKTPUYECKOrO IOJIS BHYTPHU IIydKa
CIenyIomyo GopMyIty
2
PoZo a
E,=———(1-—=|. 99
‘ 2¢p ( 52> ( )

Ananormunbiv 06pa3oM pacCUMTHIBAETCS MArHUTHOE Tojie B,, BO3HUKAIOIIEe MPHU Pal-
AJIGHOM CMEIIIEHUN IIyYKa OTHOCUTENLHO IIEHTPA BAKYYMHON KaMephbl YCKOPUTEIIs HA BEJINIUHY
Zo. Ipu sTom oriumume ypasHenus I[lyaccoHa mjis mpOmOIBHOM KOMIOHEHTHI A BEKTOPHOTO
noTeHnuaga OT ypasHeHus (97) COCTOMT JWMIIL B yMHOMXKEHWN IPABOIl YaCTU IOCIIENHETO HA
kooddunuenT, paBHbIl [cugey = (/c, a rpaHwdHble ycioBus s norteHumantoB A m @ co-
Bnamaior. Tax kak B, = 0A/0x = ((/c)0®/0x = —(B/c)E,, MOXHO 3amucarhb IOIEPEUHOE
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9JIEKTPOMArHUTHOE II0JIe, BO3HUKAIOIIEE IIPU CMEIIEHNH IIy4YKa OTHOCUTEIBHO LIEHTPa MOeajIbHO
IIPOBOIAIIEN BaKyyMHOU KaMephl B BHIE

B +vxBl(t0)= -2 [%(i 1

o | (2 b2>]Jl(t, 6). (100)

Ormernm, uto mpu mepexome ot dopmynsl (99) x (100) mCmOIB30BAIMCH COOTHOIIEHUS
po = I/(Bema?) m J, = Izo. CpasauBas dopmyny (100) ¢ onpemeneHmeM IONEPEYHOTO WMITE-
mamca cBs3u (96), MOXKHO BUIETH, YTO MMIENAHCOM Z | SBJSETCS BBIPAXKEHNE, 3aKII0UEHHOE
B KBaJpaTHBIE CKOOKH. B paccMaTpuBaeMOM 37eCh Cllydae MAEAIIbHO MPOBOMAIIEH BAKYYMHOI
KaMepbI 1 y‘{éTe TOJIBKO OJIMHHOBOJIHOBBIX BO3MyHleHI/II71, MIIEOaHC ZL YNCTO MHUMBIN W He
3aBUCHUT OT YaCTOTBHI.

B peanbHOII BakyyMHOU Kamepe yCKOPHUTENs JJIEKTPOMAHUTHOE TIOJe, BO30YkKIAeMOe IIyd-
KOM IIPOTOHOB, IIPOHUKAET B CTEHKY HA IJIyOMHY CKUH-CIIOSL §. Y PABHEHUE I IIPOHOJIHHON
KOMIIOHEHTBI BEKTOPHOT'O IIOTE€HIUAJIA A Ha TI'DaHUIE IIpUA 7" = b MO2XKHO IIOJIYYUTBH, BOCIIOJIb-
30BaBIINCH YyCJIOBUEM HeOHTOBan, CBA3bIBAIOIIIUM IIPDOANOJIBHYIO KOMIIOHEHTY 3JICKTPUYECKOI'O
mons E, ¢ xacaTelmbHOW KOMIIOHETOW HAMPSXKEHHOCTH MATHUTHOTO IIOJIS,

\ Hwd
Ey(b) = (1+149)=~ZoHy(b), (101)
rOe (i — OTHOCUTEJbHAs MArHUTHAS POHUIAEMOCTH CTEHKU KaMepbl, IojaraeMasi B NaJIbHel-
[IeM DaBHOI eIuHWIE. Y YUTHIBAsE CBA3b BUXPEBOIO SJIEKTPUYECKOrO mojis F, m moreHrmasa
A, E, = —0A/0t, a Taxxe BbIpaXKeHWEe Ui KaCaTeIbHON KOMIIOHEHTBHI MATHUTHOIO IIOJISL
B, = puoHy = —0A/0r, nomyuaem Bmecto (101) ypaBHeHme [uis moreHmuajiga A Ha CTEHKe
kaMepsl (mpu 7 = b):
1—-14)0 0A
2  Or (102)

Tak xak BenwuuHa kKodbduumeHTa nepen npousBonHoil B dopmyne (102) cyiecTBeHHO
MEeHBIIIe panyca BaKyyMHOU KaMepbl b, TO GOpPMajbHO TOCJEIHEee BLIPAXKCHHME MOXKHO Ipel-

CTAaBUTBH KaK PA3JIOXKEHUE B DS MOTeHIuaia A B IpaHUIHOM yCIIOBUM A<b—|— (1—14)d/ 2> =0.

CrenoBaTenbHO, Ol TOTO YTOOBI HAWTH MONPABKY K MMIENAHCY Z |, CBSI3AHHYIO C KOHEUHOI
IPOBOAMMOCTBIO CTEHKN KaMephbl, NOCTaTOYHO B dopmyse mis B, samenuts b ma b+ (1—14)0/2,
a 3aTeM COOTBETCTBYIOLINI WieH GOPMyJIbl Pas3loKUTh B PsI IO MajoMy mapamerpy ~ 0/b. B
pe3yibTaTe MOMEPEeYHBLIN UMIENAHC KaMEPhI C YIETOM KOHEYHON MPOBOMUMOCTY CTEHKU KaMepPhI
NpUMET BUJ 5

1 1 1

Heo6xonumo oTMeTHTH, UTO peajbHAas 9acTh MMIeNaHca Z |, maBaeMas dopmyson (103),
CIpaBeyIuBa B ClIydae, KOT[a TJIyOMHA CKUH-CJIOS § MEHBINE TOJIIUHLI CTEHKU KaMephl [.
Ecnu xe riy6uHa CKWH-CIIOS IPEBBIIAET TOMLUHY cTeHKH (0 > 1), To B dopmyine mis Re Z |
HeoOXOnUMO 3aMeHuTb 0 Ha lw;/w, rme w; — dacTtora, npu Koropoit § = . Taxum oGpaszom,
Ha BBICOKUX 4acToTax ReZ, ~ 1/\/w, a Ha Huskux (npu 6 >1) — ReZ, ~ 1/w.

B cnyuae rmamkoil BakyyMHOI KaMmephbl CYIIIECTBYET CBSI3b MEXKIY PEAbHBIMU YaCTSIMU
MIOTIEPEYHOT0 U MPOIOJIBLHOIO UMIIENAHCOB CBSI3U. JTO HETPYMHO IMOKA3aTh, BOCIOJIH30BABIINCH
ycnoBueMm JleonroBuua (101) m onpenenenumeM mpomosbHoro mmmemanca cessu Z = U/I, roe
U=2rRyE,, I =2wbH,. B pesynbTaTe umeem

27RyReE, Ry
orb H, b

Re 7 =
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rne ¢ = p/d st Toscroit crenku u ( = p/l — B cilydae TOHKOIl CTEHKU (3[€Ch p — YIEIBHOE
COIIPOTUBJICHNE MaTepuaJia CTEHKU KaMEPBI B OMM) CpaBHI/IBa,SI TIOTyYUBIIICECS BbIPDAXKCHUE
mwist ReZ ¢ ReZ, (cm. dopmymny (103)), maxonum

ReZ, = EReZ(w). (104)
b%w
Crporo rosops, dopmyna (104) mpumeHmMa juinb B CiIydae IJIAAKON BAKyyMHOI KaMepbl
yckopurenss. OmHAaKo, Kak IMOKA3BIBAIOT PE3YIbTATHI MU3MEPEHUN HA YCKOPUTEISIX, O0IaCTh
IPUMEHUMOCTH HAHHOU (HOPMYJIIbI OKA3bIBAETCS CYIIIECTBEHHO 0Oo0Jiee IITMPOKOU.

PaccmarpuBas BakyyMHYIO KaMepy YCKOPHUTENS, Mbl CIUTAIN €€ TJIAIKON U HE YIUTHLIBAIIN
HUM W3MEHEHUN €€ MOMEPEYHOr0 CEYeHWs, HU APYruX HeomuopomuocTeir. Il mx yuéra Tax xe,
KaK B ClIydae IPOHOJIbHOIO MMIIEIaHCa CBs3HU, BBOOAT OOBIYHO IIMPOKOIIOJIOCHBIA PE30HATOD C
nobpoTrHOoCThIO () ~ 1. Her HuKaxwx OCHOBaHUI CUMTATDL, YTO MAPAMETPHI 3TUX PE30HATOPOB
cBs13aHBL OPYT ¢ apyroM. OmHAKO U3MEPEHUs, MPOBEIEHHBIE HA HU3KUX JAaCTOTaX, MOKA3LIBAIOT,
YTO IUIsL HUX OKa3bIBAETCs cIpaBeniuBoil dhopmyia (104), nomyduenHas s riagkoil BaKyyMHOR
KaMephl YCKOPUTEIS.

Brime orMeuanock, 4TO BeIUUNHA IPONOJIBLHOIO HIIMPOKOIOJIOCHOIO MMIIENAHCA OTPAHUUIEHA
npenenamu: 0,20m < |Z,/n| < 50 OM, cienoBaTesbHO 3HAYEHUS HOIEPEYHOTO IIMPOKOIOIOCHO-
ro mMmrenanca sexar B auanasome MOwm/m. U3 dopmynsr (104) BunHO Takke, 9To GOsblne
MAIIIMHBL ¢ Y3KOH BAaKyyMHON KaMepPOH MONBEPIKEHBI HOMEPEYHBIM HeycTomdnBocTsaM. C mpyroi
CTOPOHBI, B GONIBLINX MAIINHAX JIerde HOJIYyYUTh Malyio BenuduHy |Z,/n|. C mupoKononocHbM
MMIIEIAHCOM CBSI3aHBI: a) MOJIOXKUTENbHAs WHAYKTUBHOCTh HA HU3KUX YAaCTOTAaX, KOHKYDHUPYIO-
m1ast ¢ OTPUIATENLHON MHAYKTUBHOCTBIO M3-32 KYJIOHOBCKOIO PACTAJIKMBAHUS YACTUIl B IIyUKeE;
6) Pe3sUCTUBHBIN BKJIa[] BOIM3M YACTOTHI OTCEYKN BaKyyMHON KaMepbl; B) éMKOCTH Ha BBICOKIX
JacToTax.

B nonepeunbIii mMnenaHc CBsA3U HAIOT TaKXKe BKJIAM BBICOKOTOOPOTHBIE PE30HATOPHI, OCHOB-
HBIMI WCTOYHUKAMU KOTOPBIX SBIISIOTCS YCKODPSIOIIAS CACTEMa U YCTPOWCTBA, UCIOJIb3yeMbIE
I QUarHOCTUKYU Imydyka. HeobXommMo TOBKO OTMETHUTDH CYIIECTBEHHYIO PA3HUILY MEXIY BbI-
COKOHOOPOTHBIMU DPE30HATOPaMM, NAIOIIMMU OTKJIMK Ha IIPONOJIbHbIE U Ha IOINEpPedYHBIE 3JIeK-
TPOMATHUTHBIE BO3MYIIIEHUs MydYka. Tak Kak MpOHOJIbHOE MBUXKEHUE YACTUIL IPOUCXOMUT ME-
JIEHHO TI0 CPABHEHUIO C YaCTOTOU OOpaIlleHus IIydkKa, TpebyeTcss MHOro OOOpPOTOB MJIsl OMHOTO
CHHXPOTPOHHOTO KojiebaHUs, 1 B OOJIBIIINHCTBE CIydaeB MOXKeT OBITh UI'HOPUPOBAH TOT (DAKT,
YTO HEKOTODbIe M3 MCTOUHWKOB mojiell (Hampumep, BY-pesonaropsr) nokanusoBanbl. B ciyuae
TIOTIEPEYHBIX KOjleOaHWi Takas allIpPOKCHIMaIUs He TONMTCS, TaK KakK 3a OOWH 000pOT JacTHUIa
coBepraeT () xojieGaHWil, U HEIb3sl MpeHeOperaTh aMIUINTYOHON Momyssnuein Gyukimin Po-
xe. MbI, OqHAKO, MPOMOIKUM DPACCMOTPEHUE TJIALKON MAIIIMHBLI C OMHOPOMOHON (OKYCUPOBKOI,
BBens MOHATHE 3(GOEKTUBHOTO MNOMEPEUYHOIO WMIIEOAHCA CBS3WU:

Qo

el sz ocal* 105
2 (Be 2 Vi (105)

AR

Hanpumep, y3kume momepeunnbie mombr BY-pe3oHATOPOB MEHBIIE BIWSIOT, €CIIU PE30HATOPHI
paCIoJIaraloTCsl B IPSIMOJIMHEHOM IIPOMEXYTKE C MAJIBIMU 3HAYeHUAMHU 3, .

2.4.4. TucriepCuOHHOE ypaBHEHUE

B cuny Teopembr JluyBumis momHas mpom3BOmHAS OT (DYHKIINU PACIPENEICHUs YaCTUIl B
yeThIpéxMepHOM (aszoBoM npoctpascTee F(¢, &, T,7,t) paBHa Hy/0, 9TO MOXKHO 3allUCATH B
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BUIE
OF OF. O0F,. OF oOF
—t 0+t + 7+ 7=0. 106
t  0¢ 0% or ot (106)
WUcnone3ys nuddepenimansaoe ypasaenue (88) myist aMInnTynsl KoebaHuil &, IPENCTaBICHIe
pacupenenenus F' B Bume CyMMBI MCXOIHOTO CTAIlMOHAPHOTO DPACIPENEIeHUs U MAaJIOl BO3MY-
aromen 106aBKu ¢ HoMombo GopMyisl (91), a Takke OIpemeseHNe MONEPEeYHOr0 MMIELAHCA
cBsa3u Z, (95), MOXKHO MOJIyYnTH AJIs CJIaraeMbIX, BXONAIuX B ypasHenue (106), ciemyrorime

BBIPDAKEHUS:
E :iwncgn( )fn(¢a ) lneotione)t= n0]7
¢ ¢ ( )8fn(¢a ) i[(nwotwne)t— né)]7
¢ o¢
OF . d 15iZ .
—3 = go(7) fO(A %) sin¢ 152, (n) ilnwotwne)t=n0l 4 gnempy BTOPOTO TIOPSOKa MAaJIOCTH,;
oz di ¢ cmgy/e
OF
E%:inwofgn( ) fu($, &)e!(meotonelt=ntl,
7 =0 — IPONmOJILHOE 3JIEKTPUIECKOE II0JIE OTCYTCTBYET.

Bruipaxenue st S onpenesneno panee dopmysnont (93). Iloncrasisas npuBeneHHbIE 3[€Ch COOT-
Houtenus B ypasHeHuwe (106) m mpeneGperas ujgeHaMu BTOPOTO HOPSAIKA MAJIOCTH, [OJLydaeM
nuHeliHOe mudbepeHuaIbHOoe ypaBHEeHNe OTHOCUTENLHO BO3MyIleHus f, (¢, &),

. Ofn dfosing I1SiZ, (n)
(nWOT + Wnc)gnfn + ¢gn 8¢ = —9%o di ¢ cmofy/e ) (107)

KOTOPOE SIBIISIETCST TPOMEXKYTOUHBIM. IljIst TOro 9To6hl yIOOBIETBOPUTL €My, IpousBeneHue f,g,
OOJKHO MMEThb BUI

(nwoT + Wne) |

00 (F) fo(6, 5) = h(#,7) |cos iSig(b

YTO MOXKHO, HAIpUMeEp, IPOBEPUTH HEIIOCPENCTBEHHON INOICTAHOBKOU IIOCIIETHETO BBIPAKEHUS
B ypaBrenue (107), koTopoe Ipy 3TOM YIPOIIAETCS U IPUHUMAET CIIEAYIOLIUI BU:

cISiZ, (n) 9o(7) f3(2)
v (moc?/e) (nwoT + wye)? — ¢‘52'

h(z,7) = — (108)

YuuTheiBas onpenesieHue S,

S = /gnfnri'2 cospdopdrdr = 7T/h(:£',7"):2‘2 dz dr,
yMmHOXUM 06€e cTopoHbl ypasHenus (107) ma 722, a 3aTeM mpoumHTErpmpyeMm ux no & m 7. B
pe3yIbTaTe MOYIUM OKOHYATENbHBIA BUI OUCIEPCHOHHOTO YPABHEHUS:

B rlc . 90(7) f3(2)3* s
1= _7)14(71)/( _ dt da. (109)

v(moc?/e NWoT + Wne)? — P2
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2.4.5. AHajiu3 OUCIIEPCUOHHOIO ypaBHEHUs B OTCyTCTBuUE pa3bpoca
6eTaTPOHHBIX YAaCTOT B IIyYKe

PaccMoTpuM MOHOYHEPreTHYECKUMII IMy9YOK IPOTOHOB, B KOTOPOM YACTOTa OGETATPOHHBIX
kojieGaHMl YACTWUI] He 3aBUCAT OT HUX AaMIUIATYAbl. MaTeMaTWdecKu 5TU YCIOBHUS MOXKHO
3aIucaTh B BHAE COOTHOIIEHM go(7) = (wo/2m)8(7) m ¢ = Qowo. C yuéTom sTux ycmoBmii, a
TaKXKe OYEBUIHOTO COOTHOIICHUS

/fo’(gz-)gz-2 di = —2/f0(32-)32- di = —1/x

IUCIEpCUOHHOEe ypaBHeHue (296) cBOOWTCA K KBAIPATHOMY YDAaBHEHUIO

I
w2, — Qiws = il iZ,(n). (110)
v

27 (moc?/e)
Bunwo, uro ypasrenne (110) mmeer nBa perrenust (BepXHUe U HUXKHUE GOKOBBIE YAaCTOTBI) —
wE , pearbHbIE U MHEMbIE YACTHW KOTOPBIX DABHBI, C YI6TOM MAaJIOCTU TPABOil YacTH 3TOTO
YPaBHEHUS IO CpPaBHEHWIO ¢ (Qowy,

cl
Rew,, = i(QOwO — 47TQ0(m002/e)’yIm Z,((n+ Qo)wo)>; (111)
cl
ImuwE = i47rQo(mocQ/e)7Re Z 1 ((n £ Qo)wo)- (112)

OrMmeTrM, YTO, CTPOrO TOBOPSI, KOT€PEHTHBI YACTOTHBIA COBUT MOXKEH OBITH BKIIIOUEH B
YacTOTy CHrHaJIa pu pacuére mmmenanca Z (n). OnHaxo BenmdmHA 5TOM IONPABKM UPE3BbLI-
YallHO MaJla, U MBI €l0 IIpeHebperaeM NOAOOHO TOMY, KaK 3TO OBIJIO CHEIAHO IPU BBLIYNCIIEHUN
IIPONOJILHOIO MMIIEAAaHCa B IPEOBIOYIIEM pa3zelle.

Kak BumsO u3 dopmysner (112) mis MHKpeMeHTa HEYCTOMYMBOCTH, IONEPEYHOE I[BIKEHUE
IIy4kKa, B KOTOPOM OTCYTCTBYeT pa3bpoc OETATPOHHBIX YaCTOT, HEYCTOMYINBO BCErMa, €CIIU MM-
IIenaHC Z, WMeeT PE3UCTUBHYIO YacTb. HampoTus, eciu MOMEPEYHBLIN MMIEOAHC CBSI3W UUCTO
MHUMBII (HAIpUMep, MOIEpeYHOe KYJIOHOBCKOE DACTAJIKUBAHWE YACTHUIl B IIyYKe, JU00 UMCTas
UHIYKTUBHOCTb WM EMKOCTB), TO IydoK crabuieH. TaxuM o6pa3soM, B MONEPEUHOM [(BUXKE-
HUW YaCTUI OTCyTCTBYeT AHAJOr HEYCTONYWBOCTH OTPUIATEIHLHON MAcCChl, YIOMUHABIIEHCS B
MIPENBIOYIIEM pa3edie.

WNmvnenanc 7, (w) obmamaer cremyommMu  cBoiictBamu: Re Z) (w) = —ReZ)(—w),
ImZ,(w) = ImZ,(—w). Tak kak B HameM Cilyuae HEyCTOMYMBOCTL IIy4Ka BO3HUKAET IPU
Imw,. < 0, To, cormacro (112), mus wactor w = (N + Qp)wy HEYCTOMUMBBHIMU OKA3LIBAIOT-
Csl TApMOHWKM BO3MYIIEHHI ¢ HoMepamu N < —Qo, a mid w = (n — Qp)wy — TapMOHUKA
¢ HOMepaMu N > @y, uTO WuTocTpupyercs puc. 30, rme cxeMaTudecKn u300paKeHa pPealib-
Has YaCTb IOINEPEYHOr0 HMIEaHCa IJIAOKOW BaKyyMHOW KaMephl yckopurens. W3 pwuc. 30
BUIHO, YTO IIOIEpEYHAass HEYCTOMYIMBOCTH ONHOPOOHOIO IIyuka Hambojlee OIacHa Ha HU3KIX
JacToTax M3-3a OOJIBINON BEJINYMHBI PE3NCTUBHOTO WMMIENAHCA, IPEBBIIIAIONIEN COIPOTUBIIE-
HI€ HIIMPOKOIIOJIOCHOTO PE30HATOPA, 00YCIOBIIEHHOIO HEOMHOPOMHOCTHIO KaMephl. B uacTHOCTH,
UPE3BLIYATHO BaXKHBIM OKA3bIBAETCsI BBLIOOD 3HAUEHUsI YACTOTHI OETATPOHHBLIX KojeGaHuit ().
Ecnu, manpumep, 3nauenme GeTaTPOHHON YACTOTHI BBIOPATH OIU3KMM K IEJIOMY YUCIY, HO
NIPEBBIIAIONINM €r0, TO MHKPEMEHT HEyCTOWYMBOCTU YMEHBINAETCS B HECKOJIBKO Pa3 IO CpaB-
HEHWIO CO CIIy9YaeM, KOr[a JacToTa (Jg Ha Ty XKe CAMYI0 BEJINYNHY MEHBIE TAHHOTO IIEJIOTO
quca.
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Im o, = const

Heycmoiiaueocms
o (n+Q,)e,

Heycmoiiaueocms
o (n-Q,)m,

Puc. 30. Peannnas yacTs IIOIIEPEYHOT0 UMIIeHaHCa I‘J'IaIIKOﬁ BaKyyMHOﬁ KaMepBHbI.

Crnenyer Takxe OTMETUTH, YTO U3-32 OTMEUYABIIMXCS BBIIIE CBOWCTB IONEPEYHOTO KM-
[eNaHCa CBA3M OBa HabOpa KOTEPEHTHLIX 4YacToT w = (n + @Qg)wy (C HmONoXUTEeNbHBIMU U
OTPUIATENLHBIMY 1) IPUBOLNAT K ONHUM U TE€M XK€ pe3yibTaTaM, B 4éM HeTPYOHO YOemuThCs
n3 dopmyn (111) u (112). IlosTomy B masmbHeNIIEM MOXKHO OTPAHUYUTHCS DPACCMOTDEHHEM
OIHOTO HabOpa KOTEPeHTHBIX 4YacToT w = (n — Qo)wp, M KOTOPOTO HEYyCTONYMBOCTDL IIyd-
Ka MMEeT MeCTO I BOJIH C IOJIOXKWUTEIbHBLIMU HOMepaMu 1 > (Qo. OTU BOJIHBI HA3LIBAIOT
MeIJIEHHbIMH, TaK KakK uX (Ha3oBas CKOPOCTb MEHbIE CKOPOCTH IIyUKa.

2.4.6. YciioBUE YyCTOWYHWBOCTU IIyUYKa MPU HAJIMYAN UMITYJILCHOrO pa3bpoca

OnHoBpeMeHHBIN YUET Pa3bpoCOB GETATPOHHBIX YACTOT, OOYCIIOBJIEHHBIX pPa3bpocoM ua-
CTHUIl II0 MMITyJIbCaM B IIYy4YKE U HEJIMHENTHOCTLIO IIOIIEPEYHOI'0 MOBUXKEHUSA, CTAJIKUBACTCA C
OIIPENETEHHBIMI MATEMATUUYECKIMI TPYIHOCTIME, TO3TOMY 3(PGHEKT OT KaXKIOTO M3 3TUX pPas-
6pocoB OymeM aHAIUM3UPOBATH IO OTHAEITHLHOCTH. PaccMOTPUM CHAYAJIa MYYOK C WMITYJIBCHBIM
pa3bpocoM, mpeHeOperas MIOKa 3aBUCAMOCTHIO OETATPOHHOM YaCTOTHI OT AMIJIUTYIBI KOJle-
OaHUN, cumTas Aqﬁ(i‘) = 0. IlpencraBuM 3HAMEHATEIb MOMBIHTEIPAILHOTO BBIPAKEHUS TUC-
nepcuonsoro ypasaenus (109), ¢ yuérom dopmynsr (84) mis $, B BUIE IPOM3BENCHUS OBYX
COMHOXKUTEJIEN:

[MwoT + wpe — Qowo (1 — 7) — we T [nwoT + wie + Qowo(1 — 7) + weT].

Ilonaras 3aTteM w,. = —Qowg + Aw,., HETPYIHO BUMETH, UTO MEPBBIA COMHOXKUTEIL IIPUMEPHO
paBen —2Qowp. CrenoBaTenbHO, €ciM B KauecTBe paclpeneiieHus ¢o(7) CHOBa WCIOIB30BATH
napabon4eckyo 3aBucuMocTb (79), TO AMCIEPCHOHHBIN WHTErpajl MOXKHO HIPeobpa3’oBaTh K
BULLY
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1 1— 2
SL:/ =%, (113)

1 U — Uy
roe u = 7/7p, up = Awy,./Aw, — OTHOLIEHNE KOI€PEHTHOIO CIBUra OETATPOHHON YacTo-
Tl Aw,. K HEKOIepeHTHOMY pa3bpocy dacToT B myuke Aw, = [(n — Qo)wo + we]7. Beons
0003HaYEHUST

Ao 3v2¢l ,
167Qo(moc?/e)y[(n — Qo)wo + wel|n|(Ap/p)o’

Z, = ZL[(n - QO)WO]v

roe (Ap/p)o — HONHBIA Pa3bpoc YACTHUI[ [O MMIYJIbCAM B IIyUKe HA IIOJYBLICOTE DacIpe-
IeJIeHNs], 3aluileM OUCIepCuoHHoe cooTHomenue (109) B Bume, ymoGHOM IUIsl HOCTPOEHUS

OuarpaMMBbl Ha KOMIIJIEKCHOW TIJIOCKOCTHW WMITEHIaHCOB:

AReZ, =ImS7"; AImZ, = —ReS7" (114)

0.6 AReZ,

Im i,
-5

0.4
-0.3

-0.2
-0.1

1 -0.8 -06 -04 -02 O 02 04 06 08 1

AImZ,

Puc. 31. XapaKTepI/ICTI/IKI/I HOHGpe‘IHOﬁ HeyCTOﬁ‘{I/IBOCTI/I OMHOPOOHOTO IIyYKa IIPY HAJINYNU UMITYJIBCHOT'O

pazbpoca.

Dukcupyss MHIMYIO YaCTh MaPaMETPa Uy, MPOMOPIUOHAILHYI0 MHKPEMEHTY HEYCTONIUBO-
cTu, u u3MeHsss Rewy, B pesyiapraTe BBIYMCIICHUs OUCIEPCHOHHOro mHTerpasa (113) moxkHO
IOCTPOUTH MUarpaMmy, TOmoOHYIO TOi, 4TO mokasaHa Ha puc. 31. O6macTh yCTONYUBBIX IMOTE-
PEUHBIX KOJeOAHUN IMydYKa OrpaHumdeHa KpuBoi Imw,. = 0, maromieir mopor HEyCTONYUBOCTH.
Ecnn mapamerp A mocTtaTodHo Mas, TAK YTO TOUKA, M300pAKAIOIIAS HA OUATPAMME KOMIIJIEKC-
HOe umcno AZ,|, momamaer BHYTPH O0JIACTH CTAOWIBHOCTH, TO MHUMAs YaCTh KOTEPEHTHOTO
coBura 6GETATPOHHOW YACTOTHI OKA3BIBAGTCS MMOJIOXKWUTEILHOW, u Kojebanus 3aryxaior. [lpm
OLIEHKAaX IOPOTOBOIl BEJIMUMHBI UMIENAHCA |7 |4, MOXKHO ANIPOKCHMUPOBATDH IIOPOTOBYIO KPU-
BYIO IOJIyOKPYKHOCTbIO |[AZ || < 1/3, uiau B sSIBHOM BHIE:

2
mgC Qo (Ap)o
Z ~4 — —_— 115
‘ L‘th e ‘(n QO),’/]—I_&‘R()I mOC ? ( )
rue (Ap)o — MOJIHas] IIWPHUHA IIyYKa II0 MMIIYJILCAM Ha IIOJIYBBICOTE DACIPEICIICHUS.
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Otmernm, uTo B Kpurepun ycroituunBoctr (115) oTcyTcTBYeT siBHAs 3aBHCHMOCTH OT DHED-
run mydka (HesSBHO IOPOIOBas BEJIMYNMHA [ONEPEYHOrO MMIENAHCA CBSI3M 3aBUCAT OT SHEPIUN
my4ka depes mapamerp 7). BumHo Taxxe, 4TO mOPOr HEYCTOMUMBOCTH MOXKET GBITH UPE3BbIUAli-
HO Hu3KuM 1pu n ~ Qo —&/n. Tak xak coornomenue (115) 6bIIO MOIYYEHO B IPEANOIOXKEHIN
n > 0, TO mAHHOE YCJIOBUE MOXET BBIMOJHSATHLCS JIUIIb IPU PA3HBIX 3HAKAX 1) u &.

Takum o6pa3oM, 3HAK XPOMATUIHOCTU & MOIKEH COBIANATH CO 3HAKOM IapaMeTpa 1)
(OO U TEBHBIM 32 KDUTIUYECKOI SHEPIUell U OTPUNATENbHBIM 1P Y < 7Yy,). OTMeTuM Takxke,
YTO IIONEpedHass HEyCTONYMBOCTH ONHOPOMHOIO IIyYKa IIPOTOHOB Pa3BUBAETCs, KaK IIPABUIIO,
B OTHOCHTENILHO HU3KOYACTOTHOM AMAanas’oHe 4YacToT (n =~ (g), 9TO OBYCIOBIEHO GONbIION
BEJINYMHON PE3UCTUBHOIO MMIIENAHCA BakyyMmHON Kamepsl mpu w — 0. Ilo sToit npuynue ynobuo
TIONABJISITH MONOOHYIO HEYCTOWYMBOCTH C IIOMOIIIBIO CUCTEMBI OTPUIATEILHON OOpATHOU CBS3W,
KOTOPYIO CPaBHUTEIILHO JIETKO PEean30BaTh B OOJIACTUM HU3KUX UACTOT.

2.4.7. YcTromunBOCTh My4YKa Ipu 6eTaTPOHHOU YacTOTe,
3aBUCSAIIEN OT aMIUINTYOBI KOJjieGaHui

Paccmorpum Temeph, Kak 3aBUCUT MOPOTr HEYCTOMYIUMBOCTH OT Pasbpoca gacToT 6eTaTpoH-
HBIX KOoJieOaHU, 00y CIIOBIIEHHOTO HEJIMHEMHOCTHIO BHEITHETO (HOKYCHUPYIOIIIEr0 MAarHUTHOTO IIOJIS
YCKOPUTETIS, CUNTAS IIyYOK MOHOXPOMATUIECKUM,

. Wo ¢, .
T7) = —04(7
90(7) = 223(7),
a pacmpeneseHne YacTUIl 10 aMIUTyOaM OeTaTPOHHBIX KOJieOaHWN — mnapaboIndecKuM,
. 2 z\? A
fO(:I:): ~92 1-— ~ ) OSxSxLa
roe T — MAaKCHMAaJIbHOE 3HAYEHUE aMIUINTYObI OeTaTpoHHBIX Kojebamwit. O6o3Hadas masee
gepes AQ MakcumyM pa3bpoca 6eTaTpoHHBIX yacToT B myuke: AQy = (0Q/0%%) &%, a Taxxke
nosaras Wy, = —Qowo + AQ,wp, MOXKHO HepenucaTh nucnepcuonHoe ypasrenue (109) B Bume
Ic Loudu
1=— 1Z1 | (n — Qp)wy / —_— (116)
2mQowo(moc?/e)YAQL ( ) 0 uU— %
W, makoner, o603HaYIUB
A Ic g / b udu
= — L= -
21 Qowo (moc?/e)YAQL’ 0 u— %’

OCTPOUM OUATPAMMY CTaOMILHOCTH OTHOPOMHOTO IyYKa OPOTOHOB IIpU dYacToTe (), 3aBUCS-
el OT aMIUINTYObI OeTaTPOHHBIX Kosjebaunuii, mokaszaunuyoo Ha puc. 32. Ilo ocsm xoopmmHAT
mmarpamMmbl oTyIoxeHbr Beumanael ARe Z, = Im ST u AImZ, = —Re ST".

Kak u B ciiyuae mpomosibHOW HEYCTOWYMBOCTU ONHOPOMHOIO MYUYKa, B OUCIEPCHOHHOE yPaB-
merne (116) BxomuT mpomsBomHas OT GyHKUUM pacupeneieHus fj(Z), mosToMy paccMaTpu-
BaeMoe 37leCch Napabojimdeckoe paclpesieHue, MMeIolllee pa3pbIB NPOM3BONHOM Ha Kpalo, He-
ycToiiunBo. B ciydae e Iamgkoro pacupenesieHuss B KadecTBE NPUOIMKEHHOTO KPUTEPUs
YCTOMUMBOCTI MOXKHO IOJIb30BaThes ycioBueM |[AZ) | < 0.5, uro cooTBeTcTByeT 06IACTH CTa-
OUIBLHOCTU, OTPAHUYEHHON HA puC. 32 MyHKTUPHON IOJIYOKPYXKHOCTHIO. J[aHHBIN KpuTepuit
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MOXHO 3alliCaTh B BHUIE YCJIOBHUsS, KOTOPOMY IOJIKEH YyIOBJIETBOPSITH pa3bpoc OeTaTpOHHBIX
4acTOT IJif oOeclledeHUs IIONEePEYHOM yCTOMYMBOCTHU IIydKa:

ICZL
|AQ| > o RNy (117)
I1AReZ,

i
1 08 0.6 -04 -02 O 02 04 06 08 I

AlmZ,

Puc. 32. XapaxTepucTuku NOMEPETHON HEYCTOMYUBOCTU TYUKa MPU OETATPOHHON YACTOTE, 3aBUCSIIIIEN
OT aMIUIUTYIBI KOJeOaHnA.

B zakimrouenme KOpOTKO KOCHEMCS IIPENEIOB IPUMEHMMOCTH TEOPUM, AHAJM3UPOBABIIIENACS
B TOCJIEOHUX NBYX pasnenax. Kciam TONMbKO W3BECTEH PEaIbHBIA WMMIIEIAHC YCKOPUTESIs, OHA
TIO3BOJIIET CPABHUTEILHO JIETKO PACCUMTATH MHKPEMEHT HEYCTONYMBOCTH, 3HAK KOTOPOTO IIO-
Ka3bIBAET, YCTONYNB WIN HEYCTONYUB mydoK. Jlamuass Teopusi, sIBISIOMIAICS YACTHBIM CIIyYaeM
Teopuu BO3MYILEHUN, 6asupyeTcsl Ha JMHEApU30BaHHOM ypaBHenuu Bracosa. Oma He mo3Bo-
JISIeT TMPOCIIEOUTH B METAJIX 3a IMPOIECCOM PA3BUTHUS HEYCTOMYMBOCTH W HE HAET OTBETa HA
NPaKTUIECKU BaXXHBIM BOIPOC, B KAKOW cTemeHu OymeT MCIOPYEH SMUTTAHC MydYKa B CBSI3U C
HEYCTONYMBOCTHIO. I[Jisi TOrO, 4TOOBI MCCIEMOBATH HEIMHENHYIO CTAMUIO IPOIECCA, UCIOJIb3Y-
€TCsl YMCIIEHHOE MONEIUPOBAHUE MBUKEHUS YACTUIl B MHTEHCUBHOM ITyYKE MPOTOHOB, MJIS UETO
BHAYAJIE C MOMOIIBIO ypaBHEHU MakcBenia CO3MaéTcss aJarOpuTM IS BBIYUCIIEHUS] COOCTBEH-
HOTO 3JIEKTPOMATHUTHOIO TOJIS IIyYKa YACTHUI[, & 3aTEM IIAr 3a IIarOM PEIIAIOTCS yPABHEHUS
OBUXKEHUS M1 Habopa  MaKpOdacTHUIl , M300paxkKaromnx MMydoK Ha (Ha30BOH IIIOCKOCTH.
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2.5. IIPOIOJIBHASI HEYCTONMYNBOCTD
CTPYIIIINPOBAHHOT O IITYUYKA ITPOTOHOB

2.5.1. IIponoabHLIN CUTHAJI OT OOHON YaCTUIGI

B mnocnemuux pasmenax MmepBOd YaCTW HACTOSIIETO KypCa aHAIM3MPOBAIIOCH ITPOMOJIBHOE
NBIDKEHNE YACTUIl B CIPYIIUPOBAHHOM IIydYKe MIPOTOHOB B CJIydYae MAaJIOWl MHTEHCUBHOCTH, KOTIA
MOKHO TTpeHeOpedb MPOMOILHBIM 3JIEK TPIUECKUM IIOJIEM, CO30ABAEMbIM IIyYKOM B OKPYKAIOIIEM
€ro 0OOpYMOBAHUU YCKOPUTENHA, O CPABHEHWIO C BHEIIHHM yCKOPSIOIIEM IojieM. Hinke MbI
OTPAHUYMMCS PACCMOTPEHMEM JIMHEMHBIX CHHXPOTPOHHBIX KOJieOaHWMA dYacTuil. IllpomosbHoe
NBIDKEHWE YACTHUIl B OTCYTCTBHME BO3MYIIEHUI ONUCHIBAETCS B TAKOM ClIydae BhIPAXKCHUEM
(1.154), koTOpoe B mepeMeHHBIX (T,7), BBELEHHBIX BBIIIE, UMEET B

74+ QT =0, (118)

roe )y — uacTora MajblX (a30BbIX KosebaHuil, masaemas dopmyson (1.155). dasosas Tpa-
eKTOpUs, ONUCHLIBAIOIIAS HEBO3MYIIIEHHOE (Da30BOe MBIDKCHME, MPENCTaBIseT COOON DIIUIIC

o (Ap)°

=7

QQ - Q(Q)p—27 (119)

i

rme Ap = p—ps — OTKJIOHEHUE MMITYJILCA YACTUILI, IBUXKYIIENCS M0 JaHHOM (Ha30BOMl TPAEKTO-
pUM, OT CHUHXPOHHOTO 3HAYEHUs. DJUIUIC MPEBPAIIAETCA B OKPYKHOCTH, €CIU HOPMAJIM30BATh
OIHY 73 KOODOWHAT W UCIOJIb30BaTh IepemenHsbie (7,7/()y). Huxe mmpoko ncnomnb3yercs Tak-
XKe Opyras [apa KaHOHWYECKN COLPSIKEHHBIX kKoopmuHarT — (,7), rme ¢ = ot — dasa
CUHXPOTPOHHBIX KOJIeOaHUM.

B cnyuae, xorma mpomosibHOE BJIEKTPUYECKOE II0JIe, CO3NABAEMOE B YCKODUTENE IIyJIKOM
IIPOTOHOB, MMEET MOCTATOYHO OOJIBIIYIO BEJIWYNHY, TaK UYTO UM YK€ Helab3s npeHebperarts
B cpaBHeHHu c BHemHUM BUY-mosnem, B mpaByio uacTh ypasrenus (118) mobasisiercs cumia,
00yCJIOBJIEHHAsI COOCTBEHHBIM 3JIEKTPOMATrHUTHBIM IIOJIEM ITyYKa

7+ Q2r = LB + v x B),(t, ). (120)
bs

IIpennosnoxum Teneps, YTO B ycKopuTese 0O6paIaeTcss TeCTOBas YacTHUIlA, B3aUMOIEHCTBYIO-
I[asi ¢ BHEIITHUM [IPONOJILHBIM 3JIEKTPUUYECKUM ITI0JIeM (B OTCYTCTBUE COOCTBEHHOIO IIPOIOIILHOTO
SIIEKTPUYECKOTO IOJIs IIyYKa), U Ha asuMyTe § pacronaraercs MOeasIbHBIN MUKAI-3JIEKTPOL C
GECKOHEYHO IIIMPOKOIl MOJIOCO IPOIyCKaHus, GUKCUPYIOMUi TOKOBbI curHai j(t,6). Ilanubit
CHATHAJI IPENCTABIISET COOOH IOYTH NEePHONMYIECKYIO IIOCIIENOBATEILHOCTH HMIIYJILCOB, CO3Ma-

BaeMBIX Ha MUKAIe IPU KAXKIOM IPOXOXKIOEHUN dYepe3 HEro TECTOBOM YaCTUIIHI,

> 0 2k
i(t,0) = e 5<t—7-————> 121
i0=c Y e (121)
C y4éToM CJIemyronmx COOTHOIIEHMIA:
Z d(u — 2km/wy) = 2—0 Yoot u=t—1—0/w, (122)
k=—o00 k=—o00
T = Tcos, (123)
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(oo}
e Rt eost — N T T (kwo ) e ™, (124)
m=—o0
roe J,, — dyuxkuus Beccens nopsnka m, Beipaxkenune (121) mus j(¢,0) Moxer GBITH 3ammICcaHO
B 9KBUBAJIEHTHON (opMe:

k,m=00
. €Wp . AN G _
Jj(t,0) = — E i T (kw7 ) e! (et =hOTme) (125)
2
k,m=—o00
COOTBETCTBEHHO, C TIOMOIIBIO MpeobpasoBanus Pypbe OTCIOHA MOIYyUAETCS BBIPAXKEHUE IS

CIIEKTpa CHUrHaJIa,

k,m=o00
Z i T (kwo?) e 05 (w — Wi ), (126)

k,m=—o00

jw,0) = 2
2
NPpUYEM JIMHUM CIEKTPa PaCIOaraloTCsd Ha YaCTOTAX Wi, = kwy + mSl.

Takum 06pa3oM, OKOJIO KaXK IO TapMOHUKHN YACTOTHI OOPAIICHUS IIyYKa pacmojiaraercs oec-
KOHEUHBI HaOOP CMHXPOTPOHHBIX CATEUINTOB, MPUYEM CIEKTPAJIbHAS IJIOTHOCTL CATEJIJIUTA C
HOMepOM m mpornopuuoHaibHa J,, (kwo?). Tax xak apryment dyskmun Beccens nponoprmosa-
JIeH 7, TO IIMPHUHA CIEKTPa OKA3BIBAETCs 0OpaTHO mpomopuuoHaabHOn 7. [lo aTol ke nmpuuunte
YaCTUNBI CTyCTKa C OOJbIINME aMIUIATyOAaMHU CUHXPOTPOHHBIX KOJIeOaHWUM HAI0OT OCHOBHOM
BKJIaJI B HU3KOYACTOTHYIO YaCTh CIEKTPa, U HA0OOPOT, YACTUIBI C MAJIBLIMU AMIUIATYIAMUA —
B €ro BBICOKOYACTOTHYIO YacThb. B mpemerme 7 — (0 CHHXPOTPOHHBIE CATEIUIATHI UCUYE3AOT.
CunxpoHHAsI YaCTUIA TEPECEKAET TOYKY HAOIIONEHUs TEPUOMUUECKU, 8 €€ CIHEKTPOM SIBIISIOT-
Cs JIMHWUU, PACIOJIAraloImecs Ha TapMOHUKAX YacTOTHI OOpallleHus,

(oo}
§(w,0) = 22 3 Jy(kwt)e *6(w — kuwp). (127)

2 s

2.5.2. IIponosabHLIN CUTHAJI OT CI'yCTKA YaCTUIL

UT06B! HAMTY IPONOJIBHBIN CUIHAJI OT CIYCTKa JacTul, BBenéM dyuxuuio F(1, 7,t), onucbl-
BAIOIIIYIO PACIpenesieHne 4acTull B (Ga30BOM MPOCTPAHCTBE B MPOU3BOJILHBI MOMEHT BPEMEHU.
IIpomonpabiit curnan J(t,6), momydaeMblil ¢ OUKAI-3I€KTPONA OT CIYCTKA YACTHL, MOXKHO
paccunTaThb, €CiId IPOCYMMUPOBATH C YUETOM MAHHOIO PACIPENEICHUs CUTHAJIBI OT UHIWBU-
OyaJgbHBIX YacTuil. B pe3ynabTare MOIYyYUM CIIEOYIOIIEe BBIPAKEHUE:

J(t,0) = Ny / "y / TR, 1)) (t,0)7 d, (128)

roe Np — 4YWUCIO 9aCTUIl B CIYCTKe, Tak dTO GYHKIUs pacupeneienus F mpenmosaraercs
HOPMUPOBAHHOW HA EIUHMUILY.

PaccMoTpuM cHagasa cTanmoHAPHOE PACIPENesieHne, KOTOPOe, eCTECTBEHHO, 3aBUCUT TOJIb-
KO OT aMIINTYAbI CUHXPOTPOHHBIX Konebanuit 7: F'(v,7,t) = ¢g(7). [IpounTerpupoas B TakoM
ciyuae BoIpaxkenue (128) c¢ yuérom coortHourenus (125) mms curmana j(t,6), a 3aTem Boc-
H0JIb30BaBIINCEH IpeobpasoBanueM Pypbe, momyunm mis cuekTpa crycrka J(w, ) cremyromee
BLIPDAKCHIE:

J(w,0) =2n1 Z proe” "5 (w — kwy), (129)

k=—o00
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rme Ip — cpemHWIl TOK CI'yCTKAa, PaBHBIR

eNpwy
Ip = —— 130
B 271' ) ( )
a Py, — CIEKTpaJibHAs aMIUINTyOa Ha JacToTe Kkwy,
pro = / To(kewo?)g(7)7 d. (131)
0

W3 dopmymner (129) BumHO, 9TO B CIEKTPE CIyCTKA YACTUL, HAXONALIETOCS B CTALMOHAPHOM
COCTOSIHUU, OTCYTCTBYIOT CHHXPOTPOHHbBIE CATEIUINTHI, TAK YTO CUHXPOTPOHHBIE KOJIeOAHMUSI OT-
MEJbHBIX YACTUI[ HUKAK He mposBistoTcs. [locnennee 06CTOSTEIBCTBO COBEPIIIEHHO AHAJIOTMIHO
06CYXIABIIIEMYCsI BBIIIIE MPOIECCY CIVIAXKWBAHUS HEOMHOPOMHOCTEN B IIyUKE W3-33 IPUHSITUS
B Ka4YECTBE MOMEIU CTAIMOHAPHOIO PACHPENESICHUs] JACTHUI[ IJIAAKON (DYHKIINM, OMUCHIBAIOIIEH
IUIOTHOCTh YaCTHUIl B CCYCTKE B CpemHeM. B OmHOPOMHOM Iyduke MPOTOHOB TAaKXKE MCUE3AJI0
OBIXKEHNE WHAWBUOYAIHHBIX YACTHUI[ C BBEICHUEM IIOHSITHUS CTAIlOHAPHOTO PACIPENeSIeHNUs,
KaK yxke OBbLJIO IOKA3aHO B MPENbIOYIINX pa3ferax, IO3TOMY HET HEOOXOMMMOCTHU eIié pas
OCTAHABJIUBATHLCI HA MAHHOM BOIIPOCE.

IIpu paccMoTpeHrEM KOr€pEeHTHOTO MBUXKEHUS CIyCTKA YaCTHI[ HEOOXOmUMO MOOGABUTH K CTa-
nuoHapHON GyHKumu ¢(7) Maiyoo Bo3Myliarouryo nobasky f(i,7,t), co3marouyio HEKOTOPOe
9JIEKTPOMATHUTHOE TIOJIe HA TAPMOHUKAX CUHXPOTPOHHOU YaCcTOTHI. JlaHHOE BO3MYIIIEHUE IIIOT-
HOCTHU YacTUIl] GAKTUIECKU OMUCHIBAET PA3HOCTb MEXKIY PACIPENEICHUSIMU — OEHCTBUTEIHHO
CYIIIECTBYIOIIAM B IIyYKE U UCKYCCTBEHHO BBEIEHHBLIM CTAIIMOHAPHBIM, TaK KAK CTAIlMOHAPHBIN
My40K, B MPUHIUIE, HE CYIIIECTBYET.

Paccmorpum mpocTeiititee Bo3MyIlleHrE IDIOTHOCTU YACTHUI] HA (Da30BON IIOCKOCTH, SIBJISIIO-
mieecst M-OM TapPMOHUKON CHHXPOTPOHHOM YaCTOTHI:

F(,7,t) = g (F)e et (132)

roe w. = mf) + Aw. — 4YacToTa BO3MYIIEHUS (3HeCh NPENIOAraeTCs, YTO CUHXPOTPOHHASL
gacTtoTa ) BKIOUaeT B ce0s HEKOTEPEHTHBLIN CIOBUL, CO30ABAEMBI CTAIMOHAPHBIM PaCIpeme-
aerueM ¢(7)).

Kax u BbIlIte, mpu paccCMOTPEHUN MPOMOILHON HEYCTONYMBOCTH OMHOPOIHOIO IIyYKa IIPOTO-
HOB, peaJibHAsl YaCTh KOMILIEKCHOU mo6aBku Aw,. MaéT KOTEePEHTHBLIN COBUT YAaCTOTHI HEYCTON-
YMBOCTH, & 3HAK €€ MHUMOU YaCTH MOKa3BIBaeT, OymeT i Mydok ycToiume mwin HeT. CorsacHo
MIPUHSITON TEPMUHOJIOTUU, HOMEPA 1M COOTBETCTBYIOT ONPENEIEHHBIM MOOAM MYJIbTUIIOILHO-
CTU KOTEPEHTHBIX KoJjieGaHUIl CrPYNIMPOBAHHOIO Myuka (Tak, ciydail m = 1 cOOTBETCTByeT
OUIOJIBHOM MOOe, KOTZIa CIYCTOK KOJieOJIeTCsl KaK IIejoe; Iph m = 2 y CryCTKa KoJieOIroTcs
pa3Mephl C YacTOTOW, OJM3KON K YIBOEHHON YaCTOTE CHUHXPOTPOHHBLIX KOJIEOAHWH, TPUIEM
OaHHAS MO HA3BIBAETCS KBAOPYIIOJIBHOW; MOmBI ¢ 0O0jiee BBICOKMMUI HOMEPAMU HA3BIBAIOTCS
CEKCTYIOIbHBIMY, OKTYIIOILHBIMI U T.II.).

IloncraBue B coorHomenue (128) Bmecto F Bo3MyuieHme pacupenesieHust f, oaBaeMoe
dopmysoit (132), u BBINOIHWB WHTErPUPOBAHME, & 3aTeM IEpeins OT CUTHAJA, CO3L4aBaeMO-
r0 BO3MYILEHNEM DaCIpeneieHns Ha NUKAN-dJeKTpoxe, K ero cuekrpy J(w,f) c¢ momorsio
npeobpasoBanus Pypbe, MOTyIUM

J(w,0) =2715 Y prme *06(w — (kwo + w.)), (133)
k
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roe Py, — AMIUIITYIa CIEKTPa BO3MYIIEHHS Ha 4YacTOTe w = kwy + w., paBHAs
o0
P =i / T (kwo? ) g ()7 dF (134)
0

2.5.3. ITucrepcuoHHOE ypaBHEHUE

Monb! MyIbTHUIOIBLHBIX KOJIEOaHUN SBIISIOTCS HE3aBUCUMBIMU JIMIITH IIPY BBIOJIHEHUH OIIpe-
nenéHHbIX yeaoBuil. CuiabHAsI CBs3b MYJIBTUIONBHBIX MO MOXKET, HAIPUMED, WMETH MEeCTO
B CBUY-mnamasone mopu NOCTATOYHO BBLICOKOI MHTEHCUBHOCTH IydKa (Tak Ha3bIBAeMas I[IPO-
IOJIbHAS MUKPOBOJIHOBAsI HEYCTOMUYMBOCTS). Husime MynbTUNIONbHBIE MOLBI, IPENCTABIIAIOIINE
HanbOJIBIIYIO OIACHOCTD U3-33 CPABHUTEIILHO HU3KOU BEJIMYMHBI [IOPOTA HEYCTOWYMBOCTHU, Pas-
BHUBAIOTCS, KaK IIPABUIIO, HE3aBUCUMO, ITO3TOMY OymeM IOKa IojaraThb, YTO BO3MYyIIeHrEe (DyHK-
UM pacupeneieHnss JacTull B (a3’0BOM IPOCTPAHCTBe [ OMUCHIBAETCS BbIpaxkeHumeM (132).
Ono ymoBieTBoOpsieT nuddepeHINAIFHOMY YPABHEHUIO B YACTHBIX MPOW3BOMHBIX, SIBIISIIOIIIEMY-
cs crencTBreM TeopeMbl JImyBmiis m mMeoeMy B IEPEMEHHBIX 7,1 CIIEOYIOIINH BUI:

of o Of\dF  Of dip
5 <g(7)+8%>$+%%—0. (135)

IIpenebperas B (135) mpomssomuoit 0f /07, BenmunHA KOTOPOM, IO IPENIOJIOKEHIIO, MAJa 110
cpaBuenuio ¢ |¢'(7)|, a Takxke yunTbiBas cooTHomrerue (132), nveem

w s N
i (we — mQ) g (F)e” ™ = —g’(T)a. (136)
C DOMOIIIBIO COOTHOIIICHUS (119), OIIPENENSIONIEr0 aMIUITUTYIY CUHXPOTPOHHBIX KOJIeOaHUN

7, u ypaBHeHus nsuxkenus (120) mMoxHO 3amucarh npousBonHyio d7/dt B Bume

dr ensiny

— =—————E+vxB|(t,0 =wy(t —7)). 137

e 16 = wnft — 7) (137
ITocne HEKOTOPBIX INpENBAPUTENLHBEIX MPEOOPA30BAHUI HETPYOHO TOJIyYATH W3 BBIPAKEHUS
(136) ¢ yuérom dopmymnsl (137) sBHBII Bun nucnepcumoHHOro cootHorreHuss. C 9Toll Hebio
HEOOXOMMMO, BO-TIEPBBIX, BLIPA3UTh SJICKTPOMATHATHOE IIOJIE Iy9YKa 4Yepe3 IMPONOJIbHBIA MM-
HENAHC CBSI3M, BOCIOJBL30BABIINCH ONpeneeHneM uMmrenasca (68) m dbopMysoi s crnekTpa
nyuka (133), B pe3yimbraTe 4ero ImoydaeTCs CIIEAyIOLee COOTHOIIEHUE:

IB eiwct

[E+v xB(t,0 =wy(t — 7)) = e

> 2™ py e (138)
k

W, BO-BTOpBIX, Pa3ioXKuTh B Psin mpomsseneHue sin ¢ exp(ikwyt):

singperom =3 m 7 (kuwot). (139)

kLL)(ﬂA'

IIpu nosnyuennu Boipaxkernus (139) 6bum ucnonb3oBassl Gopmyna (124) n u3BeCTHOE COOTHO-
mrenune mis pyukmuin beccersa:

Tosr () + T2 () = 27me(x).
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Ecnn Teneps noncrasuts B (136) npoussonuyto d7/dt, naBaemyio dopmyioir (137) ¢ yuérom
coorHomteruii (138) u (139), TO MOXHO HOJIYyUUTH CIEAyIOLIee ypaBHEHUE:

27TIBQg/(7A')
wiqV sin g,

. Z .
i7(we — MQ) g (F)e™ ™ = — Z kg:)c)pkm Zille_”w(]l(kwof'). (140)
k !

YMHOXKWB 06€ YaCTH MOJIyYeHHOTO ypPaBHEHHS Ha e™Y, a 3aTeM IPOMHTErPHPOBAB MOUJICHHO
mo ¢ B mpemenax or 0 mo 27, HETPYOHO BUAETH, YTO CHCTEMATHYECKOE BO3NCHCTBUE HA
BO3MYIIIEHNE TIOTHOCTU YACTHI[ B CTYCTKE OKA3bIBACT CMUHCTBEHHBLIM W/IeH M3 MPaBOil 9acTh
ypaBHenus ¢ HomepoM | = m. Ilpu stom camo ypasmenue (140) mpusommrTcs K Bumy

. ava 2mmIpQ) g'(7) 125 (we)
gm(7)7 = w2qV sin p, w. — mS) %: b

T (ko ?). (141)

W, makoner, ymHOXUB 06e yactu ypasrenus (141) ma J,,(jwo?) u mpomHTErprpoBaB UX IO 7,
npuxonuM K OECKOHEUHOM CHCTEMEe yPABHEHUU OTHOCHTEIHHO TapMOHUK BO3MYIIIEHUS JIMHEWHON
IJIOTHOCTH 3apsifa:

2qmIzQ Zpkmsz/ go( (ak\/—) m(@GVE) (142)

im = <)<

Pim = T2 B2V sin o, s — mf) “ J ’
roe B — xosdduiment, yumThBaOMNil rpynnupoBky uactun no dasze (B = Tpwgrr/2m,
Tp — IUIATENBLHOCTH CUyCTKa B CeKyHIax); oy = mkB/q. Ilpm nepexome ot (141) x (142)

BBEeHA HOBas HE3aBUCHMas NepeMeHHas ¢ = (27/7p)? m W3MeHeHA HOPMEUPOBKA HCXOIHOTO
pacnpenenerus. HoBas ¢hyHKuums pacmpeneneHus ¢o(2) HOPMUPOBaHA HA €NUHUIILY

/01 go(z)dx = 1.

IIpupaBHUBas K HyJIO ONPENENINTENb CUCTEMBI ypaBHeHuil (142), mosydaeM MCKOMOE IuC-
IIEPCUOHHOE YDaBHEHUE, SBIISIOIIEECs, BOOOIlle TOBOPS, 3anadeil Ha COOCTBEHHBbIE 3HaYeHUs. B
pe3ylbTaTe peIleHns] TaKOW 3a0adld MOXKHO, B IIPUHINIIE, IOJIYIUTH HAOOD BO3ZMOXKHBIX JAaCTOT
W, U Ha OCHOBE aHAJIN3a UX MHUMBIX YacTell clejlaTh BBIBOIN 00 YCTOMYMBOCTHU MJIM HEYCTOU-
YWBOCTHU CTyCTKa YAaCTUI[ IPW 3aJaHHON 3aBUCHMOCTH OT YAaCTOTHI IIPOMOJILHOTO MMIIETAHCA
csasu. Cremyer cpasy OTMETHTH, YTO OOLLee DeIlleHne Takoil 3anadu ([P IPOU3BOJIBHBIX 3a-
BUCHMOCTSIX §o(%) U Zj(w)) BPs JM IPENCcTaBIIsLeTCs BO3MOKHBIM. OIHAKO IIPH ONPENeIEHHBIX
IIPENIIOIOXKEHNIX OTHOCUTENIFHO BUIA MCXOOHOW (DYHKIIMW PACIpPENesIeHNs JacTUIl B CTYCTKE, a
TaKXKe JaCTOTHOU 3aBUCUMOCTHU IIPOAOJIBHOIO MMIIEHAHCA CBA3M QUCIEPCUOHHOE COOTHOIICHUE
MOXKeT OBITBH DEIIeHO NOCTATOYHO IIPOCTO, MPUIEM JaHHBIE CIIyYanl IPEICTaBIISIOT, 3a49acTYIO,
6oJbIIIoON mpakTuUuecKuin wHTepec. Hike aHaIM3UPYIOTCS HEKOTOPBIE U3 TUX CIIYUEB.

B sakiouenne Hacrosero pasnesna o6o6mumM cucteMy ypasHeHuit (142) Ha ciaydwail, xorma
B yckopurese umeercs M omuHAKOBBIX paBHOOTCTOAIWX crycTkoB (M < ). Ilmsa sToro ueo6-
XOIUMO, BO-TIEPBBIX, 3aMeHUTb TOK crycTka Ip Ha I = MIp. VI, Bo-BTOpHIX, ClemyeT ydecTb
TOT GaxKT, YTO IPU HAJIWYNN B YCKOPHUTENIE HECKOIBKNX CIYCTKOB BO3MOXKHO HUX CBSI3aHHOE
IBUKEHNE, KOINA Ka)XIbI W3 HUX MOXET BO3IEICTBOBATL HAa COCENHUE CryCTKW. 1ak, mist
M crycTtkoB BO3MOXHBI M MOm CBsI3aHHBIX KOJiebaHuUir; mpu 3TOM (das3bl KOjebaHUl COCETHUX
CI'yCTKOB CABUHYTHI Ha BeNUYUHYy, paBHY0 277n/mM, rme n — HOMEp MONBI CBSI3QHHBIX KO-
nebannit cryctkoB (0 < n < M — 1), a BbICOTA CHEKTPAIBHBIX JIMHUI IIPOMOILHOIO CUTHAIA
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Bospactaer B M pa3. Camu JuHNM pacHoNaraloTcs Ha dacToTax wi, = (IM + n)wy + mil,
rme | — IpOM3BOJILHOE IEJIOEe YKCIIO, MOJIOKUTEIBHOE WJIM OTPUIATEILHOE, TAK UTO PACCTOS-
HUE Me}Kﬂy ABYMSI COCEOHVMU JIMHUSIMU TaKXKeE yBe.HI/ILII/IBa,eTCSI B M pas. B ,uaanefImeM I JIsA
omnpenenénnocTu Gymem mosiarathk M = ¢, 9TO COOTBETCTBYET HAMOOJIeE OMACHOMY CIIyYalo,
KOTIa BCE CENMapaTPUCHl YCKOPUTENS 3AIMOJTHEHBI CIyCTKAMUI YACTHII.

2.5.4. "HKpeMeHTHI MYJILTUIIOJIBHLIX HEYCTOWMYNBOCTEN

Paccmorpum pacnpenenenue gy = const — ciaydain mocTosHHON daszoBont miaoTHocTH. Jlan-
HOe paclpemniesieHne sBisieTcs, 6e3yCIOBHO, naeaIn3annei, ToqoO0HO MO MOHOYHEPIETUIECKO-
ro IydKa, MCIOJIb30BAHHON paHee Npu OOCYXIEHNU WHKPEMEHTOB IIPONOJILHON HEYCTOMYIMBOCTHI
OMHOPOMHOTO IyYKa TpoTOHOB. Kax m TaMm, 3mech Takke OTCYTCTBYET MOPOT HEYCTOMYUBOCTH,
a OUCIEPCUOHHOE ypPaBHEHUE HEIOCPEICTBEHHO IepeXonuT B (POPMYIIy IJIs YaCTOTHI HEYCTON-
YUBOCTHU W.. JaHHBIA TMOMXON MO3BOJISIET HambOIee TPOCTHIM CIOCOOOM BBISIBUTH XaPaKTEPHBIE
0COOEHHOCTU HEYCTOMYWBOCTH CIPYIIUPOBAHHOIO MYyYKA IIPOTOHOB, IMPUYEM ITOJTYJAFOIIIANCS
IpU 3TOM Pe3yIbTaT OKa3blBaeTCs OMM3KUM K CiIydalo, KOrOa JIMHEWHas IIJIOTHOCTH 3apsna B
CryCTKaxX OIMCHIBAETCs mapabosoll (OMHOMY 13 MONPOGHO MCCIIENOBAHHBIX B JIATEPATYDE). Y IO-
MSIHyTas KOJWYeCTBEHHAas OJIM30CTH IIOIYYAIONINXCS Pe3yIbTaTOB O0OyCIIOBJIeHa OJIM30CTHIO K
go = const pacupeneneHus 9acTUIl B $Ga30BOM IPOCTPAHCTBE B CiIydae NapabOIUIeCcKON JIMHEN-
HOW IJIOTHOCTHU 3apsina B crycTkax. OmHAKO MOJIyUYeHUe PEIeHrs TUCIEPCUOHHOTO YPaBHEHUSI
B IOCIIEOHEM cilydae (B OTIIMYMe OT PACIPENENICHUs §y = CONSt) COUPSIKEHO CO 3HAYMTEIbHBIMI
MaTEMAaTUYECKUMU TPYIHOCTSIMU.

IIpu mocrostHHOW mIOTHOCTH YAacCTUI[ B (a30BOM IPOCTPAHCTBE BO3MYIIEHUS HCXOMHOTO
pacipeneseHns KOHIEHTPUPYIOTCs BOIU3KM MPAHUIHON (HA30BON TPAEKTOPUU CTyCTKa (¢, (7) ~
§(7—7p/2)), uro ABIseTCs crencTBueM TeopeMbl JluyBuiis, a w3 dopmyssl (134) nomyuaercs B
TaKOM CJIydae IIPOCTas CBSA3b MEXOY MapMOHUKAMN BO3MYIIEHUS JIMHEWHOW IJIOTHOCTH 3apsOa:

Jm(kLL)QTB/2)
T Gwors/2) P

pk,m = (143)

Ioncrasnss coorromenne (143) B cucremy ypasrenuwit (142) m yuwrwiBas, uro gy(z) =
—d0(x — 1), cpa3y IpUXOAMM K DEIICHUIO AUCIEPCUOHHOIO YDABHEHUs B BUE

0, e
we=m8y — ————— Y4 Qo) F, 144
c 0T 5 By sin @, z:E_:ooz lq+n(m 0)Fm(cun), ( )
rme IPUHATHI clemylomme obo3Hadenus: F,, — GopMdbakTop, paBHBII
4m
Fo = 212 () (145)
Ay
oy, = w(l+n/q)B; Qy — uvacToTa CHHXPOTPOHHBIX KOJIEGAHWI YACTUNbLI, IBIRKYILIENHCS IO

T'PAaHUYIHON (a30BOM TPAEKTOPUM.
Otnensas B (144) MHEUMYIO 4YacThb, moiydaeM (HOPMYIIy IUis MHKDEMEHTA HEYCTONYNBOCTH

Imw,
19,

_— F, Z Qo). 14
e O Flen) e Zi(msh) ()

=—00

Imw, =
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Crycrku seycroirausel, eciu Im w, < 0. CienoBaTenbHO, HIDKe KPUTHYECKOR SHepruu (sin gy <
0) meycToiumBOCTH, cornacHo (146) ¢ y4éToM OUeBHIHBIX COOTHOIICHWIT

Z-yw) = Zi(~w),  Fn(a-in) = —Fn(a,-n),

mMeeT MeCTO IIPU BBIIIOJIHEHUM HEPaBEHCTBa

Fo(ay_n)Re Z;—,(—mSy) > Z F.(oun)Re Zign(mSp). (147)

=1 =0

Beire kxpuTuueckoir sHeprum 3HAK HEPABEHCTBA W3MEHSETCS HA OOpaTHBIM.

Anamusupys mepasercTBo (147), HETPYOHO BHIETH, YTO IPU OTCYTCTBUU CBS3U MEXKIY
cryctkamu (n = 0), a Takxke Opu n = ¢/2 HEYCTONUUBOCTH MOXKHO IOHABUTH IIyTEM COOT-
BETCTBYIOIIEll HACTPOKM mMrenanca Zi(w), N3MeHUB 3HaK HepaBeHCTBa. VIHaue o6cTOUT HEIO
upu n # 0, ¢/2. Eciin nyis HeKOTOPOro 3HAYEHMs 7 BBINOJIHEH KPUTEPHUil YCTONYUBOCTH, TO
IUTsL MOOBI C HOMEDPOM ¢ — N CHOBA OKAa3bIBAETCs CIPABEIJIMBLIM HepaBeHCTBO (147) m mmeer
MeCTO IPONOJIbHAas HEYyCTOMYUBOCTb.

PopmpaxToper F,, xapakrepu-

I Fm m=1 3yI0T 3@OEKTUBHOCTb BO30YKICHUA
3aIaHHON MYJIbTUIIOJILHON MONBI He-
YCTOWYUBOCTU B 3aBHCHUMOCTH OT
0-81 IIINTENLHOCTU CI'YCTKOB M YIACTOTHI
w. Ux smauenms mos m = 1+ 3
0.6- npencraBieHsl Ha puc. 33 (Ho ocu
abCIUICC OTJIOKEH IapaMeTrp Q).
Bunno, uro MynpTumONBHAS MOma C
0.4 HOMEpOM M Hamboiee 3PGHEKTUBHO

: BO30yXKIOaeTCsl BO3MYIIIEHNEM C IIJIN-
HOW BOJTHBI, COCTABJIISIOIIEN TPUMEP-
9.2 HO 2/m OT IJIMHBLI CI'YyCTKA, IPUYEM

HamboIbIas 3GPEeKTUBHOCTL BO30y-
KIIEHNsI TUIIOJIbHOM MOIBI UMeeT Me-

L , , CTO B CjIydae KOPOTKHX CIYyCTKOB

/) 1 2 3 +F 5 6 (B—0).

B xauectBe mpocrteitiiero mpu-

Puc. 33. PopmdbakTopsr F,. Mepa HpuMeHeHns (popMyisr (147)
pPacCMOTPUM IIYyYOK, COCTOSIIINA W3
¢ OOWHAKOBBIX CI'YCTKOB W B3aUMONEHCTBYIOIIUAN C PE30HATOPAMHU YCKOPSIOIIMX cTauumit. B
IPOTOHHOM CHHXPOTPOHE CO CPENHUM YDPOBHEM OSHEPIHU YCKOPDEHHOIO IIydka (THUIa yCKOpHU-
reiss UIPBD) uacTora yCKOPSIOIIETO MHOJIS W3MEHSETCS B INOCTATOYHO IIMPOKUX IIpeerax,
HOSTOMY HOOGPOTHOCTBH YCKODSIOIIUX PE30HATOPOB OTHOCUTENbHO HeBenuka (Q ~ 10 =+ 100),
U B IOJIOCY PE30HATOPOB MOIYT IMONANATh HECKOJIBLKO T'apMOHUK YacCTOTHI OOpAIeHUS ITyYKa.
IIpenmomoxum, mis ONpeneIeHHOCTH, YTO MMEETCS OBEe TAKUX TapMOHUKU ¢ HOMepamu ¢ =+ 1.
Yurém Takxke TOT (HaKT, UTO XapakTepHAS [JINHA BOJHBI IO, BO30YXKIAEMOTO IIyYKOM B
pe3oHaTOpax YCKOPSIOIINX CTAHINM, Ha OOJbIIEN YaCT! yCKOPUTEIBHOTO ITWKJIA CYIIIECTBEHHO
IIPEBBIIIAET MPONOIILHBIN PA3MEP CI'YCTKOB, HO3TOMY 3DGEKTUBHO BO30YXKIOAETCS JIMIITL HU3IIIASL
munosipHast Moma (m = 1).
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IIycts BCce crycrku myuka KosebmoTcs B OmHOR u Toil ke dasze (ciyuair n = 0). Torma
HepaBeHCTBO (147) mpumer cienmyrommili Bun (cauTaeM, IUis ONPENEIEHHOCTH, YTO Y < Y ):

Re Z,(—Q) > Re Z,(Q). (148)

Cpasy oTMeTmM, YTO B MPOTOHHOM CHHXPOTPOHE MAHHAS HEYCTOWYMBOCTD HPEICTABIIAET UU-
cTo akameMudueckuii mHTepec. Ileslo B TOM, UTO CHHXPOTDOHHAs YacTOTa MaJla B CPABHEHUU
C YacTOTON OOpallleHus IIyYKa B YCKODUTEJE, &, CJIENOBATENLHO, M C IIMPWHOW IIOJIOCHI IIPO-
IIyCKaHUs DPE30HATOPOB, TaK UTO WHKPEMEHT HEYCTONUMBOCTHU WMEET IIPEHEODPEXUMO MAIIYIO
BenuurHy. HamomuumM Takike, 9TO HAHHAS HEYCTOWNYMBOCTEH YCTPAHSIETCS HACTPOWKON PE30HAa-
TOPOB 3a CYET COOTBETCTBYIOILIETO CABUI'A MX COOCTBEHHBIX YacTOT. Bosiee Toro, B mpoTOHHOM
CHHXPOTPOHE OHA BOOOIIIE HE MOXKET HMPOSIBIIATHCSI. DTO OOYCIOBICHO PAOOTON aBTOMATHIECKUX
CHCTEM, TaKUX KaK CUCTeMa aBTOMATUYECKOW IONCTPONKN YACTOTHI IO IIOJIOKEHWIO IIyYKa B
YCKOPUTEIE U aBTOMATHUYECKNE CUCTEMBI pPe30HaTOpoB. llepBas m3 HUX aBTOMATHUUYECKM IIONA-
BJIsS€T OUIOJbHBIE KOJeOaHUsI CIyCTKOB, €CJIM OHU IIPOMCXONST B OOUMHAKOBOW (ase. Bropwnie
OCYILIECTBIISIIOT aBTOMATUYECKYI0 PACCTPOMKY PE30HATOPOB B 3aBUCHUMOCTH OT BEJIUUIUHBI ¢-OI
rapMOHUKHI TOKa IIydKa TaKUM 00pa3oM, 4TO HepaBeHCTBO (148) HuKorma He peasnm3yerTcs.

PaccmoTpum Temepns cBsizaHHBIe KosteGanus cryctkoB udactun (n # 0). Ilpm n = 1 #eo6-
xomuMo ynepxkathb B dopmyse (147) wrenst ¢ | = 1. YuuTeiBas, 4TO KPaTHOCTH yCKODEHMUs
¢ OGBIYHO YHOBIIETBOpsieT ycCaoBuIO ¢ > 1, MoxkHo momoxuts F, (o 11) ~ F,,(0y ) 1 cokpa-
TuTh (popmparToprl. Takum obpaszoMm, IUMOIbHBIE KOojebaHWs yCTOWYUBBLI mpu n = 1, ecrm
BBITOJIHSIETCSL CIIENYIOIIIEeE YCIIOBUE:

Re Zq_l(—QQ) < Re Zq+1(QQ). (149)

Cnenyer, omHako, OTMETHTH, UTO [aXke IPU BBHINOJHEHNM yCIOBUs ycroiumsBocTu (149)
[UTOJIbHAS HEyCTONYMBOCTL CIYCTKOB BCE K€ pa3BuBaeTcsa. HeycTONYnmBOW B HAHHOM CITydae
OKa3BbIBAETCS MO CBSI3aHHBIX KOJIeOAHUN CryCTKOB ¢ HOMepoM n = ¢ — 1. B sTom merko
y6enuThCs, BEPHYBIINCH K mcxomHoMmy coorHomenmioo (147). Ilpu n = ¢ — 1 B seBoit wactu
HEPaBEHCTBa HEOOXONVMO yAepkKaTh WieH ¢ HoMepoM [ = 2, a B mpaBoil — ¢ | = 0 (umeHHO
9TU FapMOHUKM IHONANAIOT B IIOJIOCY PE30HATOPOB). 3 cpaBHEHUS MOJIyYUBIIETOCs PE3yIbTaTa
¢ dopmymoit (149) BumHO, YTO HOCIENHEee HEPABEHCTBO KAaK Pa3 U SBIETCS YCJIOBUEM He-
YCTOMYMBOCTHU MUIOJILHBIX KOJeOaHUU OJIsi MOOBLI CBSI3AHHBIX KOJIEOAHWI CI'yCTKOB C HOMEPOM
n=q—1.

2.5.5. Iloporu HeycTOWYMBOCTEN

MeTtonuka pacdéTa MOPOTrOB NMPONOJIbHBIX MYyJIbTHUIIONBLHBIX HEYCTONYMBOCTEN HE OTIMYAET-
¢, B MIPUHIAIE, OT WCIOJIL30BAHHON paHee NMPU PACCMOTPEHUN HEYCTOMYUBOCTEN OTHOPOIHOTO
IIy4YKa MMPOTOHOB — 5TO MPENCTABJICHUE AUCIEPCUOHHLIX MHTETPAJIOB B BUNE NMATPAMM Ha KOM-
IJIEKCHOM IIOCKOCTH WMIIENAHCOB. [IpomutocTpupyeM MOmOOHBI pacdéT Ha IpUMepe IIydKa,
B3aMMOZIEMICTBYIOIIETO € Y3KOMOJIOCHBIM PE30HATOPOM, MOJaras, 4TO B IOJIOCY IIPOILYCKAHUS
pe3oHaTopa TONamaeT €IWHCTBEHHAS TapMOHUKA BO3MYIICHUs JIMHEMHOW IUIOTHOCTH 3apsia
nyuka ¢ HoMepoM k = lg+n. B Ttakom ciydae cucrema ypasrenuit (142) umeeT cTaHmApTHBIR
BUI IMCIIEPCHOHHOTO WHTErpaJa;

2qmlIQ  iZ, [ glJ?
— qm - 14y gOJm(ak) d.’I; (150)
mB?Vsingp, k Jo w.—mS
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PaccmarpuBas ciyuaidl mocTaTodHO MadibIX (DAa30BBIX KOJIEOAHWI, MOXXHO OIDAHUIUTHCS
JINHEHON 3aBUCUMOCTBIO 4acTOTHI {) oT sHeprum kojebanuii §) ~ 0y — AQx u npeobpazoBaTh
mucrepcroHHblil nHTerpai (150) x Bumy, ymoGHOMY IS YHCIIEHHBIX PAaCcYETOB

u+iv= (I w)™", (151)

ICIOIBE30BAB CIICAYIOIIIE COOTHOIICHIIS:
1 7 2 1
9o(®) Jo (/T &/ ooN 2
[= [ L8 mTVE S J d
o mx-+r-+id % W o 90(@) I (/) d

Weo — M o we—mf
Aw 0 TTR=TRq

rge mnmpennoJsjaraeTcda, 9To KOMIIJIEKCHasA 9aCTOTa W.o BBIYUCIIACTCSA oe3 yaeTa pa36poca CHUHXPO-

u+iv = (152)

TPOHHBIX YaCTOT B CIyCTKaX, C NMOMOIIBI0 (opmyinbl (144), B KOTOPOR HEOOXOOUMO YyHEPKATh
eIMHCTBEHHBIl WIEH C 3aJaHHBIM HOMepoM [, a B kauectsBe F,, momoxurs F,, = —dmw/ay, a
uepe3 w, 0003HAUEHA MCKOMAasi KOMIUIEKCHAS YaCcTOTa BO3MYIIEHUS ¢ yuéToMm pasbpoca AL.

Ycrpemsisis § K HyJIIO, MOJIyUaeM BBIPDAXKEHWS I PEaJbHOM W MHUMOW dYacCTeill MUCIEp-
CHOHHOTO WHTerpasia I, ¢ MOMOIIBI0 KOTOPBIX JIEFKO MOCTPOUTH MOPOTOBLIE MUATPAMMBI IJIS
IIPOMOJILHBIX MYJIBTUIOJIBHBIX HEYCTOMINBOCTEMN:

1 ./ 2
Rer=py [ SEL0VD
0 mx +r

ImI= 1gé(—L)Jg1 (am —L>, (153)
m m m

rge mHTerpaJl OJjid Re[ IIOHNMaE€TCd B CMBICJIE T'JIABHOT'O 3HAYECHUI.
Ha puc. 34 npencrasmensr mopo-
6.8 1 v rOBBble OUArpaMMbl IJII TPeX HU3-
mxX MYJIbTUIIOJIBHBIX MO (m =
1 + 3), paccyuTaHHBIE C HOMOIIBLIO
dopmyn (153). Pacmpenenenue go
PN pacue€Tax IOJIArajiocb COCTa-
BJIEHHBIM W13 IIBYX KYyCKOB HIapabdo,

TaK 49TO

, {—x, 0<x<0.5

m=1I\2 \z2 9o~ \z—1, 05<z<1. (154)

IlmarpaMMbl TIOCTPOEHBI IJISL  CILIY-

T T T I T gasg MAaKCUMyMOB (opMPpaxTopoOB,
-1.2 -0.8 -0.4 a 4 0.8 1.2 xorma meycToiumBocTH HpencTaBiid-

Puc. 34 T 5 5 cras i 10T HauGOJIBbIILYI0 OmacHoCTh (k/q ~
uc. . PpaHUOBI O0JIaCTEN CTAOUJIIBHOCTU. m/2B7 Fm ~ 1/@)

Ilns mpakTUYeCKUX OIEHOK MOMYCTUMBIX WMIIEOAHCOB IIOPOTOBBIE MUATPAMMBI  OOBITHO
AIIPOKCUMUPYIOTCS IIOJIyOKPYKHOCTSIMU pamuyca /m/4, OTKyoa IOIydaeTcs CIeLyoLee

yCioBue:
vu? 40?2 =4/m/4. (155)
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Bocmone3oBaBmucs onpenenieHneM BBIPAXKEHUs U + (U, IPUBENEHHLIM BBIIIE, MOJIYUUM SBHBIN
BUZ ISl TIOPOTOBOIl BEJIMUMHLI IPONOJIBHOIO UMIENAHCA CBS3U |Zi|i,; OHA OKa3BIBAETCS IIPO-
NIOPHIKMOHAJBHON HOMEDPY MYJIbTHUIIOIBHOM MOIBI MM:

AQ 7BV |singp;|

156

| Zy|in = m
OTMeTrM YpEe3BBIYANHO CHIILHYIO 3aBUCHMOCTD ITOPOTOB HEYCTOWYMBOCTEN OT IMPONOJILHOM IJTn-
TEJILHOCTH CTYCTKOB — C Y46TOM KBanpaTwuHonl 3aBucumMoctu (B) m m ~ kB Benuuuza
IOy CTHMOTO MPONOJILHOTO uMmenanca cBsasu |Zy/k|s,, mponopumonambaa BY.

B Rakmrouenme pasmesa KOCHEMCS pacuyéTa WMHKPEMEHTOB IIPONOJIBHBIX MYJIbTUIOILHBIX
HEYCTOMYMBOCTE BOIM3M MOPOTrOBBIX KPUBLIX. C 5TOM NEIBI0 UCHOJL3YIOT OUArPAMMBI, Ha
KOTODBIX B KadecTBE OCEW KOOpOWHAT OepyTCs BEJIWYMHBI, IPOIOPIMOHAJIbLHBIE DEaIbHOU I
MHHMMOM YacTsSM WMIENAHCA Jj, a TakKXe NHTEHCUBHOCTHU IIy4Ka, & HA CaMOH IOuarpamme
HAHOCSTCSI JIMHUN IOCTOSHHBIX 3HAYEHUN MHKPEMEHTOB (0 = const), pACCYMTAHHBIE C OMOLIBIO
ypasrerus (151). Boamu ot mopora (mpu |r + 40| > m) MHKDEMEHT HEYyCTOMYMBOCTHU HAETCS
coorromerueM (146).

2.5.6. HeycTolunBOCTH CryCTKa IPY HAJINYNU CBSI3U
MEXKAY MYJIbLTUIIOJIBHBIMU MOOaMU

Teopust TPOOOIBHBIX MYJILTUMNOIBHBIX HEYCTONYNBOCTEN, M3JIOKEHHASI BBIIIIE, XOPOIIIO COTJIa~
CyeTCs C UMEIOIUMUCS YKCIEPUMEHTAIbHBIMYI NAHHBIMHU B CIIyYae NOCTATOYHO HU3KOW WHTEH-
CHUBHOCTY CT'YCTKOB YACTHUI[ U HE OUEHb BBLICOKUX HOMEpOB M. OmHAaKO mpu OObACHEHUU IPYTUX
TUTIOB HEYCTOMYWBOCTEN OHA CTAJKUBAETCA C TPYMIHOCTSMU. Tak, HAIpuMep, MPAKTUICCKU
BO BCeX KOJBIIEBBIX YCKOPUTEJSX IPOTOHOB HAOJIIONAJIaCh MHUKPOBOJHOBAS HEYCTOMYWBOCTD,
conpoBoxmaeMas curnajgom B CBY-munaszome. B yckopurese MPBDO oma Bo3HukKaia B pe-
3yJIbTaTE B3aUMOOENCTBUS IIyYKa C 3JIEKTPOMArHUTHOU BOJIHOM, 3aMEJIEHHON To(ppupOoBaHHON
BakyyMHOII Kamepont, Ha yactore 6 ['T'm (B HacTosiee Bpems rodhpupoBaHHas KaMmepa 3aMe-
HeHa Ha IJaAKyio). s MUKDOBOJIHOBOW HEYCTOMYMBOCTH XapAKTEPHLI GOJIBIINE BEININHBI
WHKPEMEHTOB — Pa3Mephl CI'yCTKOB MOTYT CYIIIECTBEHHO BO3DACTATDH 3a BPEMsI IIOPSOKA OTHOTO
nepuona (Ha30BLIX KOJebaHUl. DKCIEPUMEHTAJILHO OBLIO OOHAPYKEHO, UTO TOPOr MUKPOBOJI-
HOBOM HEYCTOMYMBOCTU C XOPOIIEW TOYHOCTHIO OIUCHIBAETCS TaK HA3BIBAEMBIM JIOKAJIHLHBIM
kpurtepueM — (opmyioit (82), B koTopoll cpeqHnil TOK myuka [ 3aMeHseTCs Ha MaKCUMAJIILHOE
3HAUEHUE TOKA CryCTKa, nponopruoHaisHoe I/B.

Teoperuueckuit ananu3 3bHPEKTOB, TONOOHBIX MPONOILHON MUKPOBOJIHOBON HEYCTONYMBOCTH
CI'YCTKOB YAaCTHIl, BO3MOXEH JIAIIb MPU YUETE CBI3U MEXITY MYJIbTUIOIHLHBIMUA MOOAMU, IS
Yero HeoOXOMUMO TMPENCTABUTL BO3MylleHue GyHKuuu pacupenenenus f B Bume psana Dypbe

f = et Z Gm (F)e™ ™, (157)

IIpu sTom, kak cienyer u3 coorrorrenus (128) ¢ yuérom dopmymsr (157) (¢ mocienyromm me-
PEXONOM K CIIEKTPY CUTHAJIA ), HeOOXOMMMO 3aMeHUTH B (133) 1 B HOCIIELyIOMmNX COOTHOIIEHNSIX,
Bkirouast (141), aMmuTymy BO3MYIUEHUS CIEKTDA P ., HA P, PABHYIO

Pk = Prm- (158)
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Torna npu nepexome ot (141) x (142) momywaercst cremyrolas CACTEMa yPABHEHUI OTHOCH-
TEJIBHO TapMOHUK p;:

1 .
pj=——> iZM;pi, (159)
TrL &
roe depes 7, 0003HAUEHO BBIPAXKEHUE, MMEIOIIlee Pa3MEPHOCTH COIPOTUBJIEHUS
2w BV sin

1Z), TpencTaBiseT COOOIl MMATOHAJBLHYIO MATPWILY, ONUCHIBAIOIIYIO MMIIEIAHC CUCTEMbBI, B3au-
MOZICHCTBYIOIIEH C IIydYKOM; MaTPUYHBIN 37ieMeHT M), maéTcs BBIPaKeHIEM

Mjk _ _ai ZmQ /1 g(/)Jm(aj\/E)Jm(ak\/E) dr. (161)

w, — mf2

IMokaxxeM Ha MPOCTEMIIEM MPUMEPE, KaK MOXKET BO3ZHUKATL CBA3b MEXKIy IBYMs COCEIHU-
MU MyJIbTHUIIONBLHBIMEA MOIAMEA C HOMEpaM:m m U m + 1, koTopas Npu MOCTATOYHO BBLICOKOI
MHTEHCUBHOCTHU ITyYKa MOXKET IPUBOMUTHL K IPONOJBLHON HEYyCTONYMBOCTU PaHEe yCTOWIUBOTO
cryctka gactuil. C 3TOM HENIbI0 PACCMOTPUM CIyCTOK, B3aMMONEHNCTBYIOIINNA C Y3KOMOJOCHBIM
PEe30HATOPOM, TIOJIOCA IPOIYCKAHUs KOTOPOrO MaJla MO CPABHEHMIO C YACTOTOU OOpAICHUS Wy
U, HATIPOTUB, BEJINKA B CPaBHEHUM C JacTOTON (a30Bbix Kojebauuit §2. [Ipenebperas wacTot-
HBIM CIBUTOM TapMOHUK BO3MYIIEHWS IIOTHOCTY 3apsla, CBA3AHHBIM C KOT€PEHTHBIM (ha30BbIM
IBIDKEHNEM CTyCTKa, OyIeM IMPeanosaraTh, 9TO UMIEIAHC PE30HATOPA ABJISE€TCS YUCTO aKTUB-
HBIM Ha TapMOHUKAX 4YacTOTHI obparieHus ¢ HoMmepamu k = +ko (Zip, = R,) u paBen Hymo
upu |k| # ko. IIpu sToMm cucrema ypasrenuit (159) ymporiaercs n IPUHIMAET BUI CHCTEMBI
U3 OBYX JWHENHBIX yPABHEHUN OTHOCUTEIHHO TapPMOHUK Pif,:

R
Piko = —1T—S(Miko,—kop—ko + Mo ko Pro)- (162)
L
It masbHeNIero ympoIIeHWsT CUCTeMbl ypaBHeHuil (162) BOCHOIB3yeMCS OYEeBUIHBIMU
COOTHOIICHUAMI MEXIy dieMeHTaMu MaTpunbl M: My o= —M_y, _p, = My + My, M_y, 1y =
_Mkm—ko = (—l)m(Ml — Mg), rae
M, = _ Fn(aw,) M, = Fri1 (o)
(we/ o) —m’ (we/) = (m+1)

a TaKkKe MeXIy TAPMOHUKAME Pik, U P12 = Pmm+1(Ko): pro = p1+ P2y poiy = (=1)™(p1 — p2).
C y4éroM 5THX COOTHOIIEHHMII MOXKHO OT CHCTeMbI ypaBHeHuil (162) mepeiiTm kK cucrTeme
yPaBHEHHUI OTHOCUTEJIbHO I'apPMOHUK p1 o!

2i R,

rL

P12 = — M1,2pz,1- (163)

Herpusnanbuble pemieHus cucTeMbl ypaBHeHUT (163) MMEIOT MECTO HpPU BBINOIIHEHWN CIIELy-
IOILIETO yCJIOBUA:

4R?
14+ —>M; M, =0, (164)
L
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KOTOpoe c yuéroMm ompeneiieHuit Beaumuumua M; m M, cBommTCs K KBaAPATHOMY yPaBHEHUIO
OTHOCHUTEJILHO YACTOTHI W,

4R?
(we/Q)* = (2m + 1) (we/ Q) +m(m + 1) + r—QsFmFmH =0, (165)
L
TaK UTO PeEIleHNe IS W, UMeeT BUI
1 1 4R?
We = QO m + — + - — —;Fm(ako)FmH(ako) . (166)
2 4 rT
Kak cnenyer m3 (166), B mpe-
nejie O4eHb HU3KOM MHTECHCUBHOCTH o, ;ﬂﬂ.‘.
crycrka (rp — 00) HOJYydYaloTCs BA
IEACTBUTENbHBIX PEIICHUs JIS da- 2 4
CTOTHL W, W, = mfpy n w, =
(m + 1), nBuXeHWEe YCTONIUBO, Re(w /Q,)
a MYJIbTUIIOJIbHBIE MOObLI SIBJISIOT- Lyt ———— -
cs HezaBucuMbiMu. C pocToM TOKa
I YacTOTBI MYJIBTHUIOIBHBIX KOJIe- 1

Ganmit HauwHAIOT cOmmkarbesa. [Ipum
I = I,;, roe uepe3 I, o6Go3HaUEHO mfmc‘fﬂg})
IIOPOTOBOE 3HaUeHUe TOKa [, paBHOe

7 TBV |sin g,
th — )

2R/ Fp(ay) Frga (o, ) 0 -

(167)

YacTOThl MYJIBTUIOIBHBIX Kojeba- I I
HUI O71s0 00€rMX MOI CTAHOBSITCS OOU- Pyc. 35. KorepeHTHas 9acTOTA B 3ABECHMOCTH OT MHTEHCUB-
HaKOBBIMU 1 DPaBHBIMU (m-i— 1 / Q)Qo- HOCTHU IIpU HAJIUYNAU CBS3W OUIOIBHOM U KBaIpPy-
Ilpu panemefittem pocte Toka [ TIOJIBHOM MO,

y YacTOTHI W, IOSBIISETCS MHUMAs

JacTh (HOJIOXKWUTENbHAS IJIs ONHOI MOABI M OTPHIATENbHAS U IPYIOi) U PAacCMaTPUBAEMBbIE
MYJIbTHUIOIbHBIE KOJIeOaH!s CTAHOBATCS HEYCTOMUMBBIMU; peajlbHAs 4dacTh w, upu I > Iy
oCTaéTCs HEeW3MEHHOH, paBHOU €€ 3uaueHuto npu I = [,.

CkasaHHOe BHIIIE WUIIOCTpUpyeT puc. 35 B ciyuae m = 1. Ilpu HU3KOM MHTEHCHBHOCTHU
[Iy9YKa UMEIOTCS OBE HE3aBUCUMBIE MYJILTHUIOIbHBIE MOOBI — MUIOJBHAS M KBanpymoiabHas. C
pocTtoMm TokKa I pasHOCTbL MEXOY KOTEPEHTHBIMU YaCTOTAMU MOJ YMEHBIIAETCS, M IIPOUCXOMIUT
BCE GOJIbIllee CMEIIMBAHUE NUIIOJIBHBIX U KBaIPYHOJbHLIX Bo3MylueHuii. Ilpu I = I, mannHbIe
MOIBI CTAHOBATCS MAGHTWYHLIMU C ONUHAKOBLIMU KOT€PEHTHBIME YacToTaMu w. = (3/2)(.

2.6. IIOIIEPEUYHASI HEYCTONYNBOCTD
CTPYIIIINPOBAHHOT O IITYUYKA ITPOTOHOB

2.6.1. TlomepeuHbINl CUTHAJI IPU HAJIUYNHN KOJIeOaHU IIEHTPA MACC CTyCTKA YacTHIl

I/I3MepeHI/I€ TIOJIO2KEHU I INEHTPa TAXKECTHU IIyYKa OTHOCUTEJIBHO HEHTPa BaKyyMHOfI KaMepbI
yCckOopuUTEasa OCYLLIIECTBJIAETCA C IIOMOIIIBIO PA3PE3HBIX NMUKAII-3JIEKTPOOOB, KaK Y2KE€ O0TMEYaJIOCh
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B pasmernie 2.4. Cursaj, HOJIy9aeMblil ¢ HOMOIIBI0 TAKOIO MHKAN-3JIEKTPONA, IPOIOPINOHAIICH
MPOU3BENCHUIO IPOMOJIHLHOTO CHUTHAJIA IMYyYKA HA BEJIMYMHY €ro MOMEPeYHOro cmerrenus. Ecmam
[IPENIIOJIOKNUTD, YTO HA a3UMYyTe YCKOPUTENS C KOODOWMHATON § pacrosiaraeTcs uaeaabHBIN pas-
PE3HON NUKaI-3JIEKTPON, TO CUTHAI j |, MOJIYIAEMBIA OT YaCTUIILI, COBEPIIAIOIIEN MONEPEYHbIE
K0j1e0aHUsI OTHOCUTEIILHO IIEHTPA BaKyyMHON KaMephI IIPU BKITFOUEHHOM BHEIITHEM YCKOPSIOIIIEM
HAIIPSKEHNUN, TAE€TCS BBIPAXKEHUEM

0 2k7r>’ (168)

Jjui(t,0) —e:f;'cosqﬁ(t)Z(S(t—T_ Z _ /v

Wo Wo

KOTOPOE TIOCIIE PA3JIOKEHUs MEPUOAMYIecKon menbra-byHknuu B psam Pypbe mpeobpasyercs K
BULLY

. €Wo ., —i i —7)—

Jjui(t,0) = _w(ewﬁ(t) Te %¢(t)) Ze%k(wo(t T)=0) (169)

4am
k

Ucnonesys pasmoxkenne (124), a Taxxke Bblpaxenue (85) mis ¢dasbl GeTaTpoHHBIX Kosieba-
HUI ¢, B KOTOpOM OymeM Mjis HMPOCTOTHI NMpeHeOperaTh WIEHOM, CBSI3AHHBIM C 3aBUCUMOCTBHIO
6eTaTPOHHON YaCTOTHI OT AMIUINTYIbI HONEPEYHBIX KosebaHuil, momyuuM BMmecTo (169)

ji(t,0) = Zﬂx T (k4 Qo)wo — we)7)el(Er@uwottmu—ko) 4 o o (170)
T

k,m

roe ¥ = Qt+1, (Yo — HavanbHOE 3HAUEHNE (A3BI CUHXPOTPOHHBIX KOJIEGAHUI ¢ B HAYAJIbHBII
MOMeHT BpeMmenu ¢ = ().

Ilpuvensis x j, (t,0) npeobpazosanme Pypbe, Herpymuo uepeiitu ot (170) k cmekTpy
CUTHAJIA:

jL(Wa 0) — %{f}ei% Z’L—mjm(((k + QO)WO - Wg)f')(s(w - ((k + QQ)WQ + mQ))ei(mwo_k")
k,m

+k. c. (171)

Bumso, 94TO CeKTp curHasa, MoJIyd9aeMoro OT YaCTHUIIhI, COBEPIIAOIIEH MOMepPeYHbIe KOIeOaHms
OTHOCHUTENILHO LEHTPa BAKyyMHOU KaMepbl, JIMHEMYATHIA, a CIeKTPAJIbHbIE JIMHAN PACIOara-
forcst Ha vacTtorax (k + Qo)wo + mS. Takum obpasoM, BOIN3M KaxkKooil GETATPOHHON JIMHUM,
coorBercTByowieil yacrore (k + Qo)wy, UMeeTcss GeCKOHEUHBIN HAGOD CHUHXPOTPOHHBIX CATes-
JIMTOB, aMINIUTYALL KOTOPBIX onuceiBarorcs dyukuueir Beccernst J,, (((k+ Qo)wo —we)7). Baxso
OTMETHUTH, YTO LEHTP CIEKTPA COOTBETCTBYET dacToTe we = wo/n. Tax kak ecrecTBeHHOE
3HAUCHME XPOMATHYHOCTH & MMeeT OTPUIATE/LHBIN 3HAK, TO B OTCYTCTBHUE KOPPEKIMU XPO-
MATHYHOCTH, YaCTOTA W OTPULATE/IbHA BBIIIE KPUTUYECKON SHEPIUM U MOJIOKUTE/IbHA IIPH
Y < Yer

Iepeiiném Temepb K pacCMOTPEHMIO CIyCTKa YacTUIl. B OTCyTCTBUE BO3MYIIECHUI aMILIN-
TYIbI TPONOILHBLIX W MONEPEYHBIX KOJICOaHWT JaCTUIl B CIyCTKE IOCTOSHHBL IlosTOMy cTarm-
OHApHAs YACTb PACIPENENICHNs JACTUIl B (PA30BOM MPOCTPAHCTBE MOXKET OBITH NPENCTABIIEHA
B BUE IPOU3BEINEHUs ABYX CTAIMOHAPHBIX pacupenernenuil ¢o(7) u fo(Z), HOPMUPOBAHHBIX B
COOTBETCTBUH C BBIPAKECHUSIMMU
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B orcyrcTBHE BO3MYyIIIEHUI HEHTP TAKECTHU CTYCTKA PACIONIATraeTCs HA OCH BaKyyMHOW KaMe-
PBI, U TIOIIEPEYHBIN CUTHAJI OT HEro J; PaBeH HYJIO:

To,0) = N [ 4.t 0)gu(7) fol@)70 dF di doy dp = 0. (172)

Ha camom meme, xkax 6puto moka3aHo B paszmerne 2.1, maxke B CTAIMOHAPHOM COCTOSIHUAZ
CIYCTOK YACTHUI[ BO30OYXKIAET KBaIPYIOJbHOE MarHuTHOEe mojie. JlaHHoe mojie He MpUBOOUT K
MIOTIEPEYHON HEYCTONYNBOCTH IMYUYKa, a, MJOOABIASICH K BHEIIIHEMY MATHUTHOMY IIOJIIO, JIAIIL W3-
MEHSIET TONEPEYHYI0 (HOKYCUPOBKY UYACTWII, CIBUTas, TAKUM 00pa30M, GETATPOHHBIE YACTOTHI.
Hwuxe mpenmosaraeTcst, 9TO CpemHsis BeJIMYWHA KYJIOHOBCKOTO CIBUTa BKJIIOUEHa B GeTaTpOH-
HYI0 YaCTOTY, KOTOpas B HaJibHeilleM OymeT 0003HAauaThCs depe3 ().

Ilpu cwmerrienny mEHTpa TSIKECTU CTYCTKA YACTUI OTHOCUTEIBLHO IEHTPa BaKyyMHON Ka-
MepBI BO3HUKAET BO3MYIIEHUE WKCXOMHOTO PACIIPENeNieHnsl JacTull B (Da30BOM ITPOCTPAHCTBE
AF(¢,z,1,7,t) n, COOTBETCTBEHHO, MONEPEUHBIIl CUTHAI OT CIyCTKa 9acTul J, MoxkeT GbIThb
BBIUWCIIEH C TOMOIIBIO BHIPAYKEHISI

To(,6) = N [ 1.6, 0)AF (6,8, v, 1) did? déo i (173)

IIpennosoxxum BHaUaIE, ITO B CI'YCTKE MMEETCS €IMHCTBEHHAS MOIA CHUHXPOTPOHHBIX KO-
nebaHuil ¢ HoMepoM M. IlaHHOe NIpenNosIoKeHne CIPABENJINBO IIPK HOCTATOYHO HU3KOW MHTEH-
CHBHOCTH, IONOOHO CIIy4Yalo MPONOJIBHON HEYCTONYMBOCTHU CTPYIIMPOBAHHOIO IIYUYKA IIPOTOHOB,
pPacCCMOTPEHHOMY B IIPENBINYILIEN IJIaBE.

MaTemaTuyeckoe OMUCAHUE BO3MYIIEHUs WMCXOMHOW (yHKumm pacupeneneHus AF moncka-
3BIBAETCS BUNOM IIOIEPEYHOIO CUIHAJIA OT YacTHUIbI, maBaeMoro dopmysoi (170). Yrober mo-
[EPEYHBI CUTHAJI OT CrycTka J, ObUI oTimueH OT Hys, BosMyleHume AF momxuHO OBITH
BBIOPAHO IPOLOPIUOHAILHBEIM exp(—i¢p — ima)). IlosToMmy MOXHO ommcaTh BO3MyIleHHE (QyHK-
unu pacupeneneHus dactun AF BripaxeHuem

AF = h,, (7, &)e"i(6+mv) giwet, (174)

rme, KaxK 5TO HEOOHOKPATHO HENAJIOCh paHee, depe3 w, 0O03HaUEHa KOMIIJIEKCHAS YacTOTa He-
YCTONYUBOCTH, MOMJIEIKAIIAS OIPENESICHIIO; €€ peasibHas YacTh Oiu3ka K mf), a 3HaK €€ MHUMOI
YACTH TIOKA3BIBAET, SIBJISIETCS JIU CI'yCTOK YACTUI[ YCTOAYMBLIM WJIM HET. 3MECh BBEIEHA TAKKE
dbyskys h,,(7,%), KOTOpas ONUCHLIBET AMIUIATYAY BO3MYILLEHUS Ui YACTULbI, IBUXKYIIEHCT
BOOJIb (a30BOM TPAEKTOPUM C MPOMOJILHON AMINIUTYIOW 7 W B TO YK€ BPEMs COBEPIIAIOIIEH
nonepevnsle Kojebanus ¢ aMmanTynoit . Ilpu sTom dopmyna (173) mist monepedsoro curaasa
OT CIyCTKa YaCTUIl IPUMET C y4éToM ompenenenus (174) cremyrommit Bum:

Ji(t,0) = mewyNpi™™ ) / T ((k + Q)wy — we) ) (7, &) e F0i (FFQIwotweltr 32 g2 d.
k
(175)

Ipumensis nanee x Beipaxkenuio (175) npeoGpasosanue Pypbe, momyyaeM CIEKTp HOIEped-
HOTO CUTHAJIa OT CI'YCTKa YaCTUII

Ji(w,0) =271 > e *p,(k)d(w — (we + (k + Q)wp)), (176)
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roe depes p,,(k) obo3HavyeHa k-as rapMOHIKa BO3MYILEHWs CTAI[OHAPHOIO COCTOSIHUS CI'yCTKA
IpU HAJWYIUAW IIOIEPEYHBIX KOTEePEHTHBIX KOJIeOaHWM JaCTUII,

pm(k) = _m/h I (((k 4+ Q)wo — we)7)72* d7 dZ. (177)

Takum 06pa3oM, €CiM YaCTHUIBI COBEPIIAIOT KOIEDEHTHBIE MONEPEevHBIe KOJIeOaHUs IPHU Of-
HOBPEMEHHOW MOIYJIAINU UX IJIOTHOCTH B IPOIOJIHEHOM (ha30BOM IPOCTPAHCTBE, OMUCHIBACMON
MOIIO# C HOMEPOM M, TO CIIEKTP CCYCTKA SIBISETCS JIMHEHYATHIM, TPUIEM CIEKTPAIILHBIE JIMHII
COOTBETCTBYIOT wacTtoraM w = (k + Q)wy + m2.

2.6.2. ITucriepcuoHHOE ypaBHEHUE

Bynem, kax obbruno, ucxonuts u3 ypasBuenus Bmiacosa

8F oF . 8F 8F

=0 178
B KOTOpPOM (GYHKIIAS PACIPENeseHusT J4acTuil B ($Ha30BOM mpocTpaHCTBe F' mosaraeTcs COCTO-
SIeRl W3 OBYX YacTEl — CTAlWOHAPHOIO PACIpenesieH:Ws W MaJlol BO3MYyILIAronieil mobaBKU
AF,

IIpenebperas wieHaMu BTOPOTO MOPSOKa MAJIOCTH, IpeobpasyeMm ypasuenue (178) x Bumy

; A A —i(PFma) iwet .\ o -
i(we — mQ)h,, (7, 2)e et = —go(7) e (180)

T

Bripaxenue mist ckopocTu BO3pacTaHUs aMIUIATYIOBI MONEPEYHBIX KOJICOAHWN T MOXKHO BBIPa-
3UTH Yepe3 CWIy, AEMCTBYIOIIYIO Ha YACTHUILy, BOCIONIb30BaBIIUCH Gopmysoi (88). C yuérom
OIPeIeJIeHNs] TIONEPEeYHOr0 MMIIENAHCA CBSI3M 7, AaBaeMoro coorTHorreruneM (96), umeem

. sing  if . ,
3 Z —ikwo(t=7) pi((k+Q)wotwe)t 181
o ¢ 27TR077”L0’Y Z +( (ke ¢ ( )

YuureBas masee, 4To sin¢ = <exp(¢) — exp(—¢)>/2i, a Takxke orGpaceBas B (181) mepe-

30HAHCHBIIl WIEH, HETPYAHO, mocie pasnoxerus expi((k+ Q)wy — we)7 B psin mo GyHKIISIM
Beccemnst ¢ nomomipio coorHomenus (124) nmomyunTs miis & ClleAyrollee BbIPaXKeHUe:

4 mel A\ —i iw
T = 2moc§Q Z Z (k) pi (k)i T (((k + Q)wy — we)7)e (@Hly) giwet (182)

KOTOpOE Iociie 0TOPAChIBAHUS HEPE30HAHCHBIX WIEHOB B HpaBoil yacTu ypasHeHus (180) mo-
3BojsieT mpeoGpasoBaTh ypasrerue (180) kx Bumy

. A 7T€IB n n n
i(we = mQ)h,, (7, ) = 5 Z Z1 (k) pm(E)i™ T ((E + Q)wo — we)7)go(T) fo(Z).  (183)
moc’)’Q
YMuOXKUM 06€ YacTH TOCTENHer0 ypaBHEHHS Ha £2 M 3aTeM HOPOMHTErpupyeM HuX MO I
HOquI/IBIHI/IfICH B HpaBOﬁ YJacTu ypaBHeHI/ISI I/IHTeraJI JIETKO BBIYUCJIAECTCA:

/Oo F(#)32dé — —2/°° fo(@)adi = — - (184)

s
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C yuérom sToro momyunm BMecTO (183) ciemyroiee ypaBHeHuUe:

i(we —mQ) /0 h R (7, 8)3° di = — Y Zi(k)pm ()i T (K + Q)wo — we)7)go(F).

(185)

3pmech BaxkHO OoTMeTUTb, 9TO GyHKIUs fo(Z), onuchIBaroas NCXOMHOE DACIpENeseHne Ya-
CTHIl B TONEPEYHOM (ha30BOM MPOCTPAHCTBE, MCUE3JIa M3 MUCIEPCHOHHOTO YPABHEHMS M OCTa-
JaCh TOJILKO CTalMOHADHAS IPONOJIbHAs (GYHKIWs pacupeneieHus go(7). OTo cBsA3aHO ¢ TeM,
YTO pelaeMas HAMU 3al1ada KacaeTCs B OCHOBHOM IOBENCHMs LEHTPA MAacC CTyCTKa YaCTHIL.
HOBTOMY B CpeoHEM BJIMAHNUECM 6eTanOHHbIX KoJIeOaHum MHONBUOYAJIBHBIX YaCTHUI OTHOCU-

QmOC’yQ

TEJIBLHO IIEHTPA MAacCC CIyCTKAa MOXKHO IpeHeOpedb.

ITono6HOE 3aMevaHVe CIPABEIJIMBO TAKXKE OTHOCUTEIBHO BO3MYIIEHUs M, (7,ZL) — OCHOB-
HOUl WHTEPEeC IIPENCTABIISIOT CPENHUE 3HAUEeHUs aMIUINTYO OeTaTPOHHBLIX KOJIeOaHWM YaCTHIL
Zyn, 3ABUCSIINX OT aMIUIUTYOBI Ga30oBbIx Konebanuit 7. Oupenenss 3aBUCAMOCTD &, (7) coot-
HOILIIEHNEM

9o(R)n(F) = [ (7 2)3° da (156)
0

MOXKHO II€peNncaTh ypaBHEHWEe KOTePEHTHOIO NBIXKEHMs cryctka dactuil (185) B Buzme

i(We — M) & (F) = 2mm prwered3 S 2, (B) pun (B)i™ T (K + Q)wo — we)7)- (187)

IIpu 5TOM M3MeEHsETCs OmpeneieHre TapMOHUKY BO3MYILEHUs p,, (k) — BmecTo dopmyser (177)
HEOOXOIUMO HUCIIOIB30BATh CIIEAYIOIIEE BLIPAKEHUE:

o) =7 [ T+ Qe — w)P) gl ()7 (188)

OKOanTeHBHbeI By OUCIEPCUOHHOI'O YPAaBHEHUA IIOJIYyYa€TCs IIOCJIE YMHOXKCHUS obeux
vacreil ypasHerus (188) ma muoxuTens i~ "J,, (((§+ Q)wo — we)7)go(7T)7T d7 u mocsenyrorero
MHTETPUPOBAHUS IO 7:

i =~ mDpnf) =
e 2 29l [ (54 Qe — )Tl -+ Qo — ) o)

—00 < j < 0. (189)

OrMeruMm, uTo mamHass OECKOHEUHAs CUCTEMA MIUCIEPCUOHHLIX yPABHEHW SBIIIETCS aHa-
J0rOoM cucTeMbl ypaBHeHHil (142), moydeHHOI B NpeABIAYIEM pasfelie IJis IPOMOJILHON He-
YCTONYUBOCTY CTPYIIAPOBAHHOIO IMydYKa MPOTOHOB. OTinume 3aKJI0UaEeTCs B TOM, YTO TIOI
3HakoM mHTerpaiia B (189) HaxommrTest GYHKIWMS pacHpeneseHns JacTHUIl B IPOMNOILHOM (haszo-
BOM IIPOCTPaHCTBE (o(7), a He eé mpomsBomHas, KaK 5TO ObLIO B cucreMe ypaBHeHuit (142).
Kpowme sToro, B ciyyae momepedHOro OBUXKEHUS HEYCTOMYMBOW MOXKET OBITh MOOA C HOMEPOM
m = 0, xoTopas, KCTaTH, SBIIIETCS OCHOBHOI, TaK KaK HMeeT, KaK IIPABUJIO, HAMOOIBIIIYIO
BeImunHy mHKpeMeHTa. Kpome 5TOro, Ha BeIUYMHY WHKPEMEHTA IOMEPEYHON HEYCTONYUBOCTH
CYIIIECTBEHHOE BJIMSHUE OKA3BIBAET XPOMATUIHOCTH YCKOPUTENS, COBUTAIOIAS CIEKTD CIyCTKa
II0 YaCTOTE HA BEJIUYUHY We.
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2.6.3. ukpeMeHTHI HEYy CTOMYNBOCTEN

IIpn aHammM3e MHKPEMEHTOB NPONOJILHON HEYCTOMYMBOCTH CIPYIIIPOBAHHOTO IIy4YKa IIPOTO-
HOB HMCXONHOE PACIpENesieHe YacTull B (Hha30BOM IPOCTPAHCTBE ¢o(7) MOIAraaoch MOCTOSHHBIM,
YTO MO3BOJIMIIO JIETKO PEIIUTH CUCTEMY MUCIEPCUOHHBLIX ypaBHeHuil (142). Beime ormeuasnocs,
YTO CpaBHEHUE IIOJIydYEHHBIX TAaKUM 0Opa3oM pe3yNIbTaTOB C MMEIOIIMMUCS B JIUTEPAType HaH-
HBIME [[715 TapabOoInIecKoll 3aBUCUMOCTH ¢o(7) HOKa3BIBAET, UTO OHU IPAKTUYECKN COBIALAIOT,
IO KpaiiHell Mepe B Hambojlee MHTEDECHOM CIIydae B3aMMONENCTBUS CIyCTKOB YaCTHI[ C Pe30-
HAHCHBIME 3jleMeHTaMu yckopuress. Cnaboe BiusHUe Bua NCXOMHOIO PACIPENEIEHUs JaCTHIL
B $a30BOM IIDOCTPAHCTBE HA BEJINUMHBI MHKPDEMEHTOB OOBSCHSIETCS T€M, UYTO OHO BXOOUT B IUC-
IIEPCUOHHBIE YPAaBHEHMs IO 3HAKOM MHTerpajla, TaK UTO €ro BO3NEWCTBUE Ha HEYCTONIMBOCTH
€CTECTBEHHBIM 00Pa30M YCPEIHSIETCS.

ITono6ubIM crOCO60M MOXKET OBITH pellleHa U cucTeMa ypasreHuit (189), ecim mcxomursb u3
Tak HA3BIBAEMOIl MOMENN IIyCTOTEJIOro” CryCcTKa, IJIs KOTOpPOoro go ~ 0(27/7p — 1). B Takom
citygae ¢ yaéroMm ¢opmynsl (188) pemrenne cucTeMbl OUCIEPCHOHHBIX ypasHeHuil (189) moxker
OBITH IIPENCTABIIEHO B BUIE

elp

—mQ 4+ —F Nz D, (wp — we), 190
We =m +47TmWCQ§k:Z 1 (wi) @ (Wi — we) (190)

roe ugepes P, o6o3HauYeHa (DYHKIWS, ONMUCHIBAIONIAS CIEKTD IydKa M maBaeMas IJId paccMa-
TPUBAEMOIO 3€Ch PACIPENeNieHus go(7) BbIpaXKeHHEM

3, (w) = Ji(“‘%) (191)

Ha puc. 36a mpencraBieHbl CIHEKTDBHI IMydYKa [l OBYX HU3IIMX [POMOJIbLHBIX Mom m = 0
u m = 1, paccunrannable ¢ nomorbio Gopmynsl (191) mast caygas “mycrorenoro” crycrka u
PaBHOI HyJII0 XPOMATHIHOCTU yCKOpuTess. IIpn we = 0 CHeKTpEl CUMMETPUIHBI OTHOCUTEIHHO
HAYaja KOODIUHAT, a MPU KOHEUYHON BEJIMYMHE XPOMATUYHOCTU OHU CABUTAKTCS IO YACTOTE
Ha we: P, = ®,,(w — we). Yacrornas mmpuna cnekrpa Af s Humsmeirn mombl (m = 0)
cocrasisier npuMepHo 1/7p. CnekTpel MO ¢ HOMepaMu M > 1 IMEOT O [Ba OCHOBHBIX MakK-
CHMyMa, PaCHOJIOXKEHHBIX Ha gacTorax f ~ +(m -+ 1)/275, npuuéMm mmMpuHa KaXKIOTO U3 5TUX
MaKCHMyMOB Takxe paBHa npumepHo 1/7p. Cremyer oTMeTHTb, YTO PEANILHBIN Iy9YOK HMEET
JAUHeNUATHIl cHekTp, a kpusas F,,(w) sBisercs ormbatomein cnekrpa. Ecim B yckopurese
UMeeTCs eMUHCTBEHHBIN CT'YCTOK, TO €r0 CHEKTPAJIbHBIE JIMHUK PACIOIATAIOTCS Ha YaCTOTaX
wr, = (k+ Q)wo, Tme k — menble yncna (MOIOKUTENbHBIE WX OTpUaTenbHbe). s n-oit Mo-
IbI CBSI3aHHBIX KOJIEOAHWI CIyCTKOB YACTUIl CHEKTPAJIbHBIE JIMHUU COOTBETCTBYIOT YACTOTAM
wr, = (n+ kq+ Q)wp (uIpm ycroBum, 9YTO B yCKOPUTENE UMEETCS ¢ ONUHAKOBBIX CIYCTKOB, TIE
¢ — xpaTHOCTH yckopenus; n =0,1,2,...,qg—1).

Cucrema pmucnepcuoHHBIX ypaBHeHuil (189) serko permaercs TakXKe NIPHU IIPOM3BOJILHOM
3aBUCMOCTH ¢o(7) B Ciydae, KOTOa IIyUOK B3aUMOLEMCTBYET C y3KOIOJIOCHBIM DPE30HATOPOM,
B IOJIOCY MPOIIYCKAHUS KOTOPOTO IOMANAET EOUHCTBEHHAS TapMOHUKA C YaCTOTON w = Wy.
Ynepxusas B npasoil yactu (189) umen ¢ mamebIM HOMepoM k u mosaras j = k, uMeeM

miZl(wk)‘Iﬁm(wk — wg); (192)

pu 5TOM CHekTpajbHas ormbaromas P,,(w) naércs dbopmyioit

B, () = 27 /0 T T2 (0P go(F)7 . (193)
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Ha puc. 366 maner cnexrpanbable orubarorue Ppj(w), BEIUUCIEHHBIE ¢ MOMOMIBIO (GOpPMY-
aet (193) mast caygas moctosiHHON (as3oBoil mioTHOCTH — ¢o(7) = const (7 < 75/2). Bunso,
YTO IpU HEpexolie K TOCTOSHHON (Ha30BOM INIOTHOCTU OTMOAIOININE CIEKTPOB CTAHOBITCSI OO-
jlee IUIABHBIME, a CAaMU CIEKTPBI HECKOJIBKO yinupsitorcs. ODHAKO KAYeCTBEHHBIA XapakTep
CIIEKTPOB B CPABHEHUU CO CIIYYaE€M IIYCTOTEJOro” CryCTKa W3MEHSETCS HE3HAYUTEIHLHO —
OTJINYMS B PACIOJIOXKEHNN U BeJIMUYMHAX NX MAKCHUMYyMOB HECYIIIECTBEHHBI, KaK DTO CJIEAYeT W3
CPaBHEHUS MTAHHBLIX, NIPENCTABJIEHHBIX Ha puc. 36a u 6.

b

T T T T e
o

Puc. 36. Cmektp myuxa gt mon m =0 um =1 (we = 0).

PaccMmoTpuM Teneps TpPOTUBOIOMOXHBIN TPENEIbHBIA CIIYyYail OY€HDb IITUPOKON IOJIOCKHI IPO-
IIyCKaHUs, KOra BenuunHa Re Z) NpuMepHO IIOCTOSHHA B IIPEeiaX CIeKTPa CryCTKa, IPencTa-
BJIEHHBII Ha puc. 37. Pe3ucTrBHAs YacThb MMIENAHCA COOTBETCTBYET COIPOTUBIIEHUIO CTEHOK
IVIaJKON BaKyyMHON KaMephbl YCKODUTENS, a CIEKTD CI'YCTKA, COBUHYTHIN 3a CYET XPOMAaTUU-
HOCTHU Ha IIOJIOXKUTEJIbHBIM (PAa30BBIX yIoJl Y, — HHU3IIEN MoIe KojleOaHUU THUIA I0JIOBA-XBOCT
(m = 0). IIpn Beranciennn Imw, ¢ momouisio dopmynsl (190) MOXHO B paccMaTpuBaeMOM
ciaygae BeiHecTH Re Zj, 3a 3HaK CyMMBI, & OCTaBIIyIOCsS cymMMmy dopmbarTopoB Pg(wyp — we)
HETPYIHO OLEHNTb, yunThbiBas oupeneseHue (191) m mepexoms B (190) or cymmmpoBaHms K
MHTEI'PUPOBAHNIO,
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Z P (wy — we)

e 2
/ Jg(x) dx ~ T
k

WoTB Jo WoTB
B pesynprare momyunm cienyrormryo dopmyny mis Im w,:

eﬁ 1 Re Zk (W§)I
Ymo 2Quwy 27 Ry B

Imw, ~ (194)
KOTOpas GaKTUIECKN COBIIAIAET C KPUTEPUEM MONEPEYHON HEYCTONINBOCTHU OMHOPOIHOTO ITyJKa
IPOTOHOB, maBaeMoro ¢dopmymoir (112), ecnu B mociensein 3aMeHuTh TOK nyuka I = ¢lp Ha
ero JIOKaJIbHOE 3HAUeHUE B IEHTPe CIyCTKa, paBHOe B rpy6om npubnumxenun [/B.

Re Z,| (@)
Yeomafiuneocns
P, (- ané)
T T T T T T T T f -
0 I 2 3 4 5 aty
2z
=07
Heyemaiiuigaciin $5

Puc. 37. Tpumep cnaboit 3aBucumoctu Re Zj (w).

Menee OuYeBMOHBIN CiIy4ail MOKa3aH HA pUC. 38, IMle TPENCTABIICH JIMHEAYATHIA CIEKTD
CIyCTKa dYacTHUIl i Husredn upomosbuoir mombl m = (. Ilpemmomaraercsi, 4To 3HaYEHUE
YacTOTHI GETATPOHHBLIX KOjiebauuil () HECKOJBbKO MEHBINE IeJIOr0 YWUCiia, a COBUT CIEKTPa
OTHOCUTEJILHO HadvaJjla KOOPOWHAT M3-32 He PABHOU HYJIIO XPOMATUIHOCTH YCKOPUTETISI HEBEIIUK.
Ilomo6uo ciy4aro y3KOMOJIOCHOTO MMIIEHAHCA 3[0eCh OCHOBHOW BKJIAH B HEYCTOMYUBOCTL OAET
eVHCTBEHHAss TapMOHWKa ¢ dacToToil wy = (k + Q)wy, Gnmxkaiiimas K Hadajdy KOODLUHAT
(w = 0), Tak Kak NAHHON YACTOTE COOTBETCTBYET OYEHb OOJIbINAs BEINYIMHA CTEHOYHOTO
nvnenanca Re Zy(w). Ecnu xe 3Hauenne 6eTaTpOHHON 9acTOTHI BHIGPATH OIIM3KAM K LIEJIOMY
YHUCITy, HO IIPEBBIMIAIONINM €ro, TO OymeT obecrnedeHa yCTOMUYMBOCTL IOUWIIOJIBLHBIX KOJleOaHUM
CI'yCTKa YaCTUIl IJjIsg paccMaTpuBaeMmonn monbl m = (.
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Re Z| ()

Yeomafiuieocnin

Heyemaiiuieacn

Puc. 38. Pacmonoxenune cnekTpaiababix auHui upu @ + k ~ 0 gms momsr m = 0.

2.6.4. TlomepeuHasi HEYCTONYNBOCTDH CT'yCTKA YAaCTUI] IIPU GOJILIIION NHTEHCUBHOCTU

Ilo amasorum ¢ mpoHOSILHON HEYCTOMYMBOCTHIO CTYCTKA YACTUIL MPHU HOCTATOYHO GOJIHIIION
WHTEHCUBHOCTU CJIEAyeT OXUNATHh BO3HUKHOBEHUS CBSI3M IIPOMNOJIBHBIX MYJIBTUIIOIBHBIX MOII
U B ClIy4ae IONmEpevHOil HeycTonmumBOoCcTH. [lomoGHasi CBsA3b MEHCTBUTEIIHLHO BO3HUKAET IIPHU
BEJIMUMHAX KOTEPEHTHBIX CIOBUTOB OETATPOHHBIX YaCTOT, CPABHUMBIX C YacTOTON (a30BBIX
kosiebanumit ). C yuéToM CBS3U MYJILTUMNONBHBIX MO APYT € APYTOM, CUCTEMa MUCIEPCUOHHBIX
yPABHEHUI MOXKeT OBbITh 3aIliCaHa B BUIE, aHAJIOIMYHOM cucTeMe ypapHeHuil (159), nomydenHoR
IpU PaCCMOTPEHNN IIPOINOJILHON HEYCTOMYMBOCTHU CrYCTKA

p(j) = — 302, (k) Myup(h). (195)

le

3mecy uwepes r; 0603HAUEHA BeIMYMHA, UMEOLIas pasMepHocTb Om/m:

4TmocyQS2
=7 196
= €IB ’ ( )
a MATPUYHBINA 371eMeHT M), mMeeT Bum
My, = T / " (@) T (w37 g0((7)F 7 (197)
J ~ (Wc/Q) —m Jo J )

rae wy = (kK + Q)wo — we.
B kaveTBe WLTIOCTpAIUU CHOBA PACCMOTPUM Y3KOTOJIOCHBI PE30HATOD, NMIIEAHC KOTOPOTO
OTJIMYEH OT HYyJIS JIAIIL HA YacTOTaX +kowgy U PaBEH COOTBETCTBEHHO + R, a XpOMATUYHOCTH
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yckopuTesst 6yneM, miisi TPOCTOTHI, CUMTATh PaBHOU Hy/O. IIpemmosoxum, Kpome 3TOro, 4To
3HaueHue GeTaTPOHHOI YacToTH () Giusko k nenomy uuciay (|JAQ| < 1, rme |AQ| — ornuune
6eTaTPOHHON YACTOTHI OT GIIMKAMIIEro LesIoro ducia). IIpu sTom GeckoHeuHas cucTeMa AUCIe-
PCUOHHBIX YPaBHEHUNI (195) CBOOUTCS K CHUCTEME U3 IBYX JIMHEWHBIX yPaBHEHUU OTHOCHUTEILHO

rapmonuk p(ki) u p(ks), rme ki o >~ Fko+ Q. YIuTEBas OYEBUIHbIE COOTHOIICHUS MEXKIY dile-
mentamu marpuist M: My, p, = My + My = My, k., My, x, = (—1)"(M; — Ms) = My, ,, roe

P11 (kowo)
(we/Q) = (m+ 1)’

D, (kowo)
(we/Q) —m’

M, = M, =

a Takxe CBs3b Mexmy rapmoHumkamu p(k) m p,(k) — pka) = pm(k2) + pmy1(k2) = p1+ p2,
p(k1) = (=1)™(p1 — p2), HETPYOHO NEPEATH OT CUCTEMBI YDABHEHUII OTHOCHTEILHO TapMO-
Huk p(k;2) XK cucreMe ypaBHEHUII OTHOCUTENIBHO IapMOHEK pj o, aHAJOrmuHOml cucreme (163),
NIOJIy4eHHOU B HIpeObLOyIIedl IyiaBe NJif IPONOJIbHOU HEYyCTOMYMBOCTU CIyCTKa YaCTHUIL:

2R,

Ty

P12 = M1,2p2,1a (198)

peleHre KOTOPOil MOXeT OBITh 3aluCcaHo B Bune, nomobaoM (166):

1 1 4R?
We = Qlm + - =* - — —l¢m(k0(¢)0)¢m+1(k0(¢)0) . (199)
2 4 r2

I/I3 HOC.HeHHeﬁ (l)OpMy.HbI, B 9aCTHOCTHU, BUOHO, YTO CBA3L MYJIbTUIIOJIBHBIX MOO MMEET MECTO
IpU 3HAYEHUN TOKa CTyCTKa [p, IpeBbIIareM noporoBoe s3Hauenue (Igp)q,, paBHOE

B Tmc@)
eRL \/¢m(k0w0)¢m+1 (kQLL)Q) '

Takum o6pa3zoM, pa3BUTHE MOMEPEYHON HEYCTOMIMBOCTU CIYyCTKA YACTUIl C YIETOM CBSI3U

(IB)in (200)

MYJIbTUTIOIBHBIX MOI APYT C APYIOM COBEPIIEHHO AaHAJOTWMYHO CBSA3UM MO, WMEIOIIEH MeCTO
IpU OPOHOJILHOM HEYCTOWYMBOCTH, PACCMOTPEHHON B KOHIIE HPENBIAYIIEN TJIaBHI.

B sakmiouenne macTosIero pasmena OTMETHM, UTO IPU HAJIUYUU CBSI3U MYJIbTUMOIBLHBIX
MO TPOMOJILHAS W TOIEPEYHAs] HEYCTONYUBOCTUA OOBIYHO MMEIOT CYIIIECTBEHHO 00Jiee BBICOKUE
WHKPEMEHTHI, 0 CPABHEHUIO CO CJIyYaeM HE CBI3aHHBIX MyJsbrumnosein. Ilomobmbre GhICTpBIE
HEYCTONYMBOCTH, HAOIIOOABIINECS HA MHOTUX YCKOPUTEIAX, YAAJOCh OMUCATH KOJIMIECTBEHHO
JINIITL TOCIE pa3pabOTKU COOTBETCTBYIOIIEH TEOPUH, YUIUTHIBAOIICH CBSI3b MYJIbTUIOILHBIX
Mon. B smTepaTrype mMeeTcs Takke OMUCAHUE HEYCTOMIUBOCTU C YIETOM CBSI3M MYJILTUIIOIB-
HBIX MOI B CJIy4ae, KOTOA CIyCTOK YACTUI[ B3AMMONECHCTBYET C IIMPOKOIMIOJIOCHBIM PE30HATO-
poM, HO6POTHOCTH KOTOPOTO IOJIATAETCS PABHON efuHUIE (BBIIE OTMEYasIoCh, YTO C MOMOLIBIO
MAHHON MOMEJIN ONUCHIBACTCS WMIIEIAHC, OOYCIIOBIIEHHBIN M3MEHEHUSMU TMONEPEYHOrO CEUEHIUS
BaKyyMHOII KaMephl B 3aBHCHMOCTH OT a3UMyTa yCKOpUTess). PesynbTarsl pacuéToB 3aBUCIT
OT IJIMHBI CTYCTKA W COOCTBEHHOW YACTOTHI PE30HATOPA, OMHAKO OKA3BIBAETCS, UTO MUHUMYM
[OPOrOBOTO 3HAYEHWs TOKa CrycTKa omuceiBaercs dopmysnoit (200), B KOTOPORl HEOGXOMMIMO
TOBbKO 3aMeHuTh TOK (Ig)y, Ha (Ig)u/B.
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