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MpakTn4yeckoe 3aHaTMe Ne 1
BETATPOH

Ienv: 3axpenienue meopemuyeckux 0CHO8 UIUKU PAOOMbl YUKIU-
4ecKk020 UHOYKYUOHHO20 YCKOpUmMens d1eKmpoHo8 — Oemampoud, 8Kk0-
YQAIOWUX RPUHYUN PAOOMBL, YCA08US YCKOPEHUS U (DOKYCUPOBKU NyUKd.

OBIIME ITOJOKEHUA

1.1. CTpykTypHas cxeMa 6eTaTpoHa
U 0COOEHHOCTH ero padoThl

beraTpoH — HUKIINYECKUN YCKOPUTEND JIEKTPOHOB, B KOTOPOM IIe-
PEMEHHBII TIOTOK BEKTOpa WMHAYKIMH MarHUTHOTO Tmons B(r,f)
=e_B(r,t), npoxoasuuii yepe3 3aMKHYTYIO KPYTOBYIO OpPOMTY 3JeK-
TPOHA, CO3JAacT Ha HEH BUXPEBOE YCKOPSIOUIEE IEKTPUIECKOE MOJIE
(e; — OpPT BEPTUKAJIBHON LMIMHAPUIECKON KOOPAUHATEHI z; MEPICHINKY-
JSIPHOM TIOCKOCTH OPOUTEHI; 7 — TEKyIasi paualibHas KOOpIUHATA).

Ha puc. 1.1 npeacraBieH cxeMaTHIeCKAN pazpe3 Hanbosee IpocTo-
ro KOHCTPYKTHBHOTO BapHaHTa OeTaTpoHa C OTMasHHOH BaKyyMHOI
KaMepoH, TJie POUCXOJUT YCKOPEHHE IIEKTPOHOB.
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Puc. 1.1. CtpykrypHas cxema OeraTpoHa
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DJneKTpoMarHuT OeraTpoHa /sl 00eCIedeHns] YCTOHUYMBOCTH JIBUKE-
HUS AJICKTPOHOB Ha OPOUTE MMEET CHEeIUAbHYI0 (JOPMY TOJFOCHBIX Ha-
KOHEYHUKOB / CO CKOCOM K €ro IEHTpaIbHOHN dacTu. braromapsi Takoit
(hopMe HAKOHEUHHWKOB B 00JacTH, MpHIErarolieid kK opOuTe, co3aaercs
MarHuTHOE ToJjIe, craaaroiiee kK nepudepun. Marauronposox 2 obecrie-
YHBAET 3aMbIKaHHE MarHUTHOTO TIOTOKA, CO3/1aBa€MOT0 0OMOTKaMu 3.

B paccmarpuBaeMoil KOHCTPYKIIMM MHUIIEHb 4, TOe 00pa3yroTcs
TOPMO3HBIE Y-KBAaHTBI, PAcCIOJIOKEHA BHYTPH 3alassHHON BaKyyMHOMN
kamepsl 5. Jlns cOpoca 3NMeKTPOHOB Ha MUIIIEHb UCHOJIB3YETCs CIICIH-
alibHasl YKCTPAKTOpHAs 00MOTKa 6, BO30yKJaaeMasi UMIYJIbCOM TOKa OT
rncTouyHrka murtanus 8. B pesynbrare B o0mactu OpOUTHI HapyIIaeTCs
ycioue 2:1 (CM. HIKeE), U DJIEKTPOHBI TI0 Pa3BOPAYNBAIOIICHCS CITHpa-
JI1 HAYMHAIOT CMENIAThCS K MUIIICHHU.

Wmxekrop OeTarpoHa 7 MpencTaBisieT cOO0OH KOaKCHAIBHBIN IO/ C
BHYTPCHHHUM TEPMOKATOIOM. Ha muom momaercs UMITYJIbC HAIPSIKCHUS
C aMITUTYAOH B HECKOJBKO JAECATKOB KMJIOBOJIBT M JUIUTENBHOCTHIO OT
5 1o 20 MKc. DTOT UMITYJIRC 00eCIIeYnBaCT U3BJICUCHUE, IPEABAPHUTEITH-
HO€ YCKOpeHHE W (DOKYCHPOBKY 3JEKTPOHOB. JITUTETFHOCTh UMITYJIbCA
ompeJeNsieTcs BpeMEHEM BBIX0/1a DIIEKTPOHA Ha paBHOBECHYIO OpOUTY B
[IEHTPE BaKyyMHOH Kamepbl. MakcUMalbHAs TIUTEILHOCTh UMITYJIbCA,
B TE€UEHHE KOTOPOTO AJIEKTPOHBI MOTYT OBITh 3aXBAa4Y€HBI B IPOIIECC
YCKOpeHHsl, OyIeT COOTBETCTBOBATh BPEMEHH, 32 KOTOPOE pPaBHOBEC-
Hasi opOuTa CMECTHTCS OT BHEIIHEH CTEHKH BaKyyMHOH Kamephl K
BHYTpPEHHEM.

OnrcaHHbIi BUA WHKEKIIMHM HA3BIBACTCS BHYTPEHHEH HH)KCKITHCH.
[TotoOHBIH BUA MHKEKIIUY MPUMEHSIETCS B MallIMHAX C MaJbIMU pa3Me-
pami, a ClIe0BaTeIbHO, U Ha MaJble 3HEPTUH AIeKTPOHOB. CyIecTByeT
W JPYTO, BHEIIHNH, CIIOCO0 MHXKEKIIUU. B 3TOM ciy4ae 31eKTpOHHBIH
MTy4OK B O€TAaTPOH WHKEKTHPYETCS U3 BHEITHETO HCTOYHUKA.

Beratpon cHaOeH Takxke IyJBTOM YIpaBleHHs 9, pacnpenenu-
TEeIBHBIM IUTOM (), cucteMoil sHepronuTanus [/, KOHACHCATOPHOU
Oarapeeii /2, COeTMHEHHON MapauIeIbHO C KaTyIIKaMU 3JIeKTPOMarHu-
Ta U1 obecrieyeHnss 0oJjiee IKOHOMHUYHOTO PEXHMa TMHTAHUS DIIEKTPO-
Marauta. EMKoOCTh OaTapeu BHIOMpAaETCs U3 PE30HAHCHOTO YCIIOBUS

1

C=—fr—.
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Jna obecrieueHnss UMIYJIBCHOTO pEXHUMa TMHTAHUS HHXKEKTOpa HUC-
MOJIb3YETCs CleUUaIbHbIl MoayJsaTop /3. 3MeHeHre MarHuTHOro Mo-
JIs1 KOHTPOJIUPYETCS C TTOMOIIBI0 MATHUTHOTO JaTYMKa /4.

Jpyrue pa3HOBUIHOCTH KOHCTPYKIIMH OeTaTpoHAa MOXKHO HAWTH B
JUTEPATYPHBIX UCTOYHUKAX [3—5].

YckopeHue 3JIEKTPOHOB B OETaTPOHE MPOUCXOAUT Ha MEPBOW YeT-
BEPTH NEpUOIa M3MEHEHUS MAaTHUTHOT'O TTOJISI:

r 1

4 4f°
Korza o0JacTh BO3pacTaHWS MAarHUTHOTO TOJIS COBMAMaeT ¢ 00JacTho
MTOJIOKUTENEHOTO 3HAYEHHUs ero WHAyKmud. [Ipw 3ToM 3a OIWH UK
yCKOpeHHs MOxeT ObiTh yckopeno o 10' wactuin. MakcumanbHast
SHEPrUs Ha BBIXOZe OeTaTpoHa, KaK MpaBHIIo, He mpeBbimaeT 50 MaB.

YAy4qmuTh mapamMeTpsl OeTaTpoHa MOXHO TYTEM BBEACHHUS MO/I-
MarHU4MBaHUS TOCTOSTHHBIM TIOJIEM, BETUYMHA KOTOPOTO paBHA aMILIH-
Ty/ie IEPEMEHHOTO MarHUTHOTO TOJIs. BrIpaskeHue I HHIYKITUH Mar-
HUTHOT'O TIOJISl HA PABHOBECHOM OpOUTE OYJIET UMETh BUJI:

B(R,t) = By(1—cos(2nft)) . (1.2)

[Ipu aTOM BpeMeHHast 00JIaCTh BO3MOKHOTO YCKOPEHHUS YBEITHINBA-
€TCsl JI0 MONTyTIepro/ia H3MEHEHUST MarHUTHOT'O TIOJISI.

OCHOBHOE TPUMEHEHHE OCTAaTPOH HAIIe]d NPU CO3JaHUM TOJICH
TOPMO3HOTO TamMMa m3nydeHusi. Kpome Toro, 6etaTpoHsl, cHaOKEHHBIE
CHUCTEMOM BBIBOJA AJIIEKTPOHHOTO MyYKa, MOTYT HCIOJIB30BaThCA B Ka-
YECTBE MHXKEKTOPOB CHHXPOTPOHOB, a TAKXKE MPU PEIICHUU PA3TUIHBIX
TEXHOJIOTHYECKUX 33]1a4.

1.2. IlpuHuun aeiictBus 6eTaTpoHa

Bripaxkenue 1jisi MATHUTHOTO TOTOKA OIMPEACISETCS CIETYIONIMHU
cooTHoOMeHUsIMH [1]:

R R
® = [ B(r,t)dS =2 [ rB(r,0)dr =nR* < B(r,)>,  (1.3)
0 0

rae R— paamyc opoutsl; <B(r,f)> — BeJIMYMHA MarHUTHON WHAYKIIWH,
YCpemHEHHAs IO TUIOMIAAM, OXBAaTHIBAEMOH OpOMTO# yCKOpsieMol dac-
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tunel. [pu aToM pagmyc opOUTHL B OeTaTpoHe, Kak MPaBUIIO, SIBIISETCS
MOCTOSIHHOW BEJIMYUHOM.

BennunHy yCKOPSIOIIETO 3JIEKTPHUYECKOTO IoJisi Ha opoute E(R.f)
MOJKHO OTPEJIeNIUTh, UCIIONB3YS 3aKOH JIEKTPOMATHUTHON HHYKIIHH:

E(Rt)2nR = —dﬁ,
dt

YuuteiBas cootHomenue (1.3) momxygaem:

E(R1=-R4=B0=0> (1.4)
2 ds

PaccmoTpumM cHavana azuMyTajgbHOE JBM)KEHHE YacTHI] B OeTaTpo-
He. [IpeneOperas BepTHKAaNbHBIMH WM PaHabHBIMU KOJIEOATEITbHBIMU
npolieccaMmu, KOTOpbIe Ha YCKOpPEHUE YacTHIl B OETaTpoHE HE OKa3bIBa-
I0T CYIIECTBEHHOTO BIIMSHUS, MOKHO 3aIHCaTh yCJIOBHE, ONpPEaesio-
1ee CyIIECTBOBAHUE B YCKOPHUTEJE 3aMKHYTON KPyroBOM paBHOBECHOM

OpOUTHI y 3NIEKTPOHA!
2

m.,v
TV _ evB(r,1), (1.5)
R
rae R — pagumyc opOHTBHI; m, — Macca IOKOsI dJICKTPOHA; € — JIIEMEH-
§ . 4 1
TapHBINA AIIEKTPUUECKUH 3apsia; v U Yy = > =—/——= — a3uMyTallb-
myc 1— B’

Has CKOPOCTh M NPWBEICHHAs dHEPTus 4acTuIllpl; B(r,f) — MarHUTHOE

oJie Ha OpOuTe.

B neBoit wactn ypaBHeHUS (1.5) CTOUT PENATUBUCTCKOE BHIPAXKCHUE
JUTS TICHTPOOEXKHOM CHIIBI B CHCTEME KOOPAWHAT, CBA3aHHOM C 3IIEKTPO-
HOM, B MPABOW YaCTH — BBIPAKCHUE I YPABHOBEUIUBAIOIICH €€ pajIu-
anpHOM cuibl JIopeHa.

W3 ypaBueHwus (1.5) BbITeKaeT CBSA3b MEXKAY BEITMYMHAMHU UMITYIIbCa
3JIEKTPOHA, PaUyCcOM OpPOUTHI M MHIYKIMEeW MarHUTHOTO TOJS Ha op-
owure:

p=ymyBc=eRB(R,?). (1.6)

Ecnu monHyro sHEpPrui0 4acTULBl U3MEPSATh B METrO3JIEKTPOHBOJIb-
Tax, paguyc B METpPax, a MarHUTHOE TIOJie B Teciax, To Gopmyy (1.6)
MOJKHO TIepeTHcaTh TaK:



300B(R,1)R
p

TAc NpuBCACHHAsA CKOPOCTh YaCTUIIbL B .

W= , (1.7)

U3 popmyst (1.5) MOKHO MOTYYUTH TaKKe BBIPAKEHHE JJISL yTIIO-
BOM CKOpPOCTH 00paIIeHus YaCTUIBI Ha OpOuTe
eB v
0=—=—. (1.8)
ym, R
Bemmunna mpupocTa SHEpruM 3JeKTPOHA, ABMKYIIETOCS MO 3aMK-
HyTOH TpaekTopuu (opOuTe), OyneT onpeaensaTbcs 3HAUCHUEM BUXPEBO-
TO BIIEKTpUYecKoro nojs Ha opobute. [Ipu 3ToM ypaBHEeHHE NBUKEHUS,
ONMCHIBAIOIIEE DTOT IPOIECC B COOTBETCTBHU C BhIpakeHHeM (1.6),
MOKHO 3aIHCaTh TakK:
d R d<B(r,t)>
_p:_eE(R’t)z_#,
dt 2 dt
I7ie p — BEeJIMYMHA a3UMYyTaJbHOTO UMITYJIbCa 3JIEKTPOHA.

(1.9)

Huddepenmupys BeipakeHue (1.6) mo BpeMeHH, IPHU YCIOBHH, YTO
AIIEKTPOH HAXOJUTCSI HA PABHOBECHOW OpOUTE C pajinycoM R , UMeeM:
P _ g dBRD. (1.10)
dt de
[oncraBmusist pesynsTar B ypaBHeHue (1.9) moiydaem cremyroiee
COOTHOILICHHE!

) dB(R,?) _ d< B(r,t) >
dr dt ’
KOTOpoe ObIJI0 BIiepBbIe monydeHo P. Bunepos B 1928 r. u mpunsiTO Ha-
3pIBaTh ycJoBueM 2:1. VI3 3TOro COOTHOIIEHUS CIEAYET, YTO IS MOJI-
JepKaHUsl TIOCTOSTHHOTO PaBHOBECHOTO pajuyca OpOHUTHI 3JIEKTPOHA,
roJie Ha opOUTe JOKHO MEHSTHCS B JIBa pa3a MEAJICHHEE, YeM CpPEeIHSII
BEJIMYMHA I10JI51 BHYTPU OPOUTEI.
ITocre wuaTerpupoBanus B (1.11) momywaercs Gonee obiiee WHTE-
TpajbHOE COOTHOIIIEHHE:

(1.11)

2B(R,{)=<B(r,t)>+C, (1.12)
rac C ecTb KOHCTaHTa, KOTOpas OMpCACIIACTCA U3 HAYAJIbHbIX YCHOBHﬁ.
HpI/I OTCYTCTBUHU NOCTOAHHOI'O MAarHMuTHOT'O IMOJIA HA Op61/ITe C=0.
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1.3. IlpupocT 3Hepruu 4yacTun B 6eTaTpoHe

[Ipn nBUMXKEHMH TIO OKPYXHOCTH B OJHOPOAHOM MarHUTHOM TOJe
3apsDKEHHAsl 4acTHLA M3JIydaeT IEKTPOMAUHUTHYIO SHEPruio. OTOT
3¢ QeKT NPUHATO Ha3bIBATh MArHUTOTOPMO3HBIM HMJIM CHHXPOTPOHHBIM
nznyueHueM (CH). [Ipu Gonbinoi cKOpOCTH 4acTHIl TOTOK dHeprun

U3JTydaeMbIil KaXIbIM 3JIEKTPOHOM B €IMHHUILy BPEMEHH, MOKHO OIpe-
JenuTh 1o Gpopmye [2]:

0 =8?“y232r0280c , (1.13)

rae 7, = 2,8-107"° M — KTaccuueckuii paanyc IEKTPOHA; €y — JUAJIEK-
TpUUECKas MPOHUIAEMOCTh Bakyyma. COOTBETCTBEHHO, MOTEPU SHEP-
THH 3JIEKTPOHOM 32 OJIMH 000POT MOKHO HAWTH 1O (hopMyJie
Wi = 9T , (1.14)
rae T — nepuoj oOpalieHHs YacTUIIbI,
B ynbTpapenaTHBUCTCKOM Cilydae 3TO BBIPAKEHHE MOXKHO YIIPO-
CTHUTb U 3aITUCaTh B BUJIE
90w *
Wl‘lOT D —
R
rae W — sHeprus dJIEKTpoHa, BeIpakeHHas B [3B; R — pammyc opou-
ThI B MeTpax. Camu oTepy SHEPrUuu OyIyT MOJTydeHbI B K3B/000poT.
Kax BumHO M3 puBeAeHHBIX (HOpMYJ, MOTEPH HA M3ITydeHUE OBICT-
PO BO3pACTAlOT C YBENUYEHUEM DHEPIHH YACTHIl. JDTO OOCTOSATEIHCTBO
CYIIECTBEHHO OTPAaHMYUBACT MAKCUMAIILHYIO SHEPTHIO MTy4YKa, KOTOPYIO
MOJKHO TIONTyYnTh B OetarpoHne. [leiicTBUTENbHO, €Ciim MarHUTHOE TIO0JIe
B OeTraTpoHe MEHSETCS BO BPEMEHH IO TAPMOHWYECKOMY 3aKOHY C dac-
TOTOH f

: (1.15)

B(R,t) = B, sin(2nft) , (1.16)
TO MTPUPOCT SHCPTHUU IBJICKTPOHA 3a OJUH O60pOT C Y4Y€TOM TOJIBKO
BHCHIHETO YCKOPAIOLICTO MOJISI MOXKHO 3allMCaTh B BUJC:

AW (t) = (21R)? fB, cos(2mft) . (1.17)
O4YeBHIHO, YTO €CIHM 3TA BEIMYHMHA OyJIET CPaBHUMA C BEIUYHUHOM
MOTepPh Ha M3NYyYEHHE, TO YCKOpEHHe B OeTaTpoHe CTaHeT HEBO3MOXK-

HEIM.
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1.4. BbI160p MarHUTHOTO NOJIs1 B 0eTaTpOHe

Kak Oyner nokazano HUxe, POKYyCHPOBKA JIOCTUTAETCS MTPU UCTIOIb-
30BaHWU B OeTaTpoOHE a3MMYyTallbHO-CHUMMETPUYHOTO MAarHUTHOTO MO
C BEPTUKaJIbHOM COCTABIAIOLICH BEKTOpa WHAYKLMH, CHafaroliel c
yBenuueHueM paauyca. [Ipu 3ToM BEKTOp MarHUTHON MHAYKLIUH MOXKET
OBITH MPE/ICTABJICH B BUJIE:

B(r,z)=e B, (r,z)+eB,.(r,z). (1.18)

BepTukanbHyo ¥ pajuaibHYI0 COCTaBIISIONIME BEKTOpA MarHUTHOM
WHAYKIAW B 00JIACTH MPOCTPAHCTBA, PUJIETAIONIEH K paBHOBECHOM Op-
OuTe, MOKHO TIPEICTABUTH B BHJE pas3iiokeHuid Teinopa

B B
Bz(r,z)zB+az x+az z,
7 IR0 0z R0
(1.19)
B.(r,z)= 0B, X+ 0B, z,

T R0 0z R,0
rae B =B,(R,0) — none Ha opbuTte; R — paguyc paBHOBECHOU OpPOUTSI;
X=r—R — OTKJIIOHEHHE YaCTUIIBl OT PaNyca paBHOBECHON OpOUTHI B
MEIMaHHOH IIOCKOCTH; z — OTKJIOHEHUE YacTUIIBl B BEPTHKAIFHOM Ha-

IMMpaBJICHUU OT MEIHaHHOM INIOCKOCTH.
BBeaeM nmoHsTHE MOKa3aTeNs CITaja MarHUTHOTO TIOJIS

_RoB,
B or R,O‘

U3 ypaBHenuit Makcsemna [1] divB =0, rotB=0 cnenyor coort-
HOIICHHUSI:

(1.20)

OB,
or

__0B.

.0 oz

a8,

2.0 oz

j— aBZ

R0 or

(1.21)

R0
Oynkuus B,(R,z) sBIseTCs 4eTHOH, IO3TOMY B MEJMaHHOM ILIOC-

koctu (z=0)

=0. 1.22

or |z (1.22)

IToncrapmsist B pasmoxkenus (1.19) coornomenue (1.22), a Takxke

¢dopmynsr (1.20)—(1.21), momyuaem cleayromue BHIPaKCHUS TSI KOM-
11




MOHCHT BCKTOPAa MHAYKIHUW MAarHuTHOI'O IOJISI B 06J'IaCTI/I, ONM3KON K

. X z
paBHOBECHOM opbute | —<<1,—<<1|:
R R

Bz(x)zB(l—n%), Br(z)z—n%. (1.23)

Crnenyer OTMETUTD, YTO TEXHUYECKA HEBO3MOXKHO M3TOTOBHUTH Mar-
HUTHYIO CHUCTEMY TaKHM 00pa3oM, 4TO Obl ¢ aOCOJIOTHOH TOYHOCTBHIO
BeIAIepKaTh ycnoBue (1.23) B miockoctu z =0, a TakKe a3UMyTaIbHYIO
CHMMETpPHIO MarHuTHOTO 1Mo, [loatoMy cootHomenus (1.23) MoxHO
YTOYHHTH, JOOABUB B HUX COOTBETCTBYIOIIUE MMONPABKH K PA3JI0KCHHIO:

B.(x)~B 1-n> +8x£, Br(z)z—ni—i—szi,
R R R R

rae €, U g, — MaJble 6e3pa3MepHLIe napaMeTphbl, YYUTBIBAIOIINUC BIINA-

HUE KoJeOaHW B OJHOHM IUIOCKOCTH Ha KoyieOaHWs B Npyrod. B stom
Clly4ae B ypaBHEHUSX JIBUKCHHS TIOSBISICTCS TIpaBas 4acTh (YpaBHCHHS
CTAHOBSITCS. HE OJHOPOJIHBIMH), W JBI)KCHHE CTAHOBHUTCS CBSI3AHHBIM.
[Ipu 3TOM MOTYT BO3HHKHYTH JABYXMEpPHBIC PE30HAHCHI WM TaK Ha3bl-
BaeMbI€ PE30HAHCHI CBA3U. B cilyyae BO3HMKHOBEHHUS 3TUX PE30HAHCOB
MPOUCXOIUT OJHOBPEMEHHOE W3MCHECHHE aMIUTUTYABI U (a3el oOoux
BUJIOB KOJICOAHUIA.

PesonancHOe ycnoBue B OOIEM BHJE 3aIHCHIBACTCS CIEAYIOLIHM
obpazoM:

nv,tmv_=p,

rae n, m, p — IeIble,

n\ + \m\ — MOPSZIOK PE30HAHCA.

Ecnu ganHoe pe3oHaHCHOE YCIOBHUE HE BBHIMOJHAETCSA, TO PE3yIbTaT
3TUX BO3MYIICHUN — JIMIIL OWUCHHSI aMIUIMTYbI, CTAHOBSIIWICS TEM
MEHBIIIe U TeM MeJJIeHHEee, YeM Janblie padoyas TOYKa OT pe30HaHca
CBs3U. Y PE30HAHCOB CBSI3M MMEETCS WHTepecHas ocoOeHHOCTh. [lpu
Pa3HOCTHOM PE30HAHCE NV, — MV, = p TOPU30HTAIbHBIC U BEPTUKAIbHBIC
KOJICOaHMsI OKa3bIBAIOTCS CBSA3aHHBIMH TOJILKO MEXIY COOOH, U cymma
WX DHEPIrUil ocTaeTcs MocTosHHON. Takum 00pa3oM, B pa3HOCTHOM pe-
30HaHCE KOJIeOaHWsI MOTYT TOJBKO MEPHOAMYECKH OOMEHHUBATHCS DHEP-
THEH, T.e. HSOTPAHUYCHHOTO POCTa aMILTUTYABI ObITh HE MOXET. Du3u-
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YeCcKHe MPUYUHBI 3TOTO SIBICHUS OOYCIIOBJICHBI TEM, YTO BO3MYIICHHS
MarHuTHOTO TOJIS ACUCTBYIOT OJHOBPEMEHHO Ha 00a THIA KOJeOaHMIA.
Tak, KOMIIOHEHTHI B, U B, cBs3anbl cootHomreHneM divB =0. B ugact-
HOCTH, B Pa3HOCTHOM pe30HaHce (pa3bl BO3MYIIAIOIIMX CHJI OKa3bIBAIOT-
Csl BCeT/Ia TAaKMMM, YTO packadka OJHOTO THIA KOJIeOaHWH aBTOMaTH4e-
CKH BJICYET 3a COOOM 3aTyXaHUe JPYroro Tuia. B cyMMOBOM pe3oHaHCe
nv, — mv, = p o0a Tuma KoieOaHuii OKa3bIBAIOTCS CBS3aHHBIMHU C TIPO-
JTOJIBHBIM JIBMKEHUEM, TIPEIICTABIIMIONINM ISl OETaTPOHHBIX KoeOaHui
HEOTPAHUYEHHBIN UCTOYHUK SHEPruu. [IoCTOSIHHON B 3TOM Cily4yae oKa-
3BIBACTCSI PA3HOCTh JHEPTUH, T.C. aMIUIUTYJla 00OMX THUIIOB KOJeOaHMIt
HEOrPaHUYCHHO Bo3pacrtaeT. [103TOoMy, Kak MpaBHJIO, CyMMOBBIM pe3o-
HaHC ONacHee Pa3HOCTHOTO.

1.5. YpaBHeHusI NONEPEYHOr0 IBUKEHUA MYUYKa

PanuanpHas cocTtaBisiomas CHUIbI, JACUCTBYIOIIEH HA YacTHUILY,
CMEIIEHHYIO Ha PAacCTOSHUE X OT PAaBHOBECHOM OPOWTHI, CKIIAIBIBACTCS
u3 MeHTpoOexkHoM cribl u crikl Jloperta [1]. IIpu aTom 3akoH HeroTO-
Ha TIPUBOJIUT K clleAytomemMy audQepeHInaI-HOMY YPaBHEHUIO:

2
moi[ygjzym—ov—esz(x). (1.24)

de\ " dt R+x

PaccMoTpum cityuail MajbIX OTKJIOHEHUH YacTHLBI OT paBHOBECHOM
opOuTHI: KoTAa X << R, crupaBemIuBbl BeIpakeHms (1.23) mist WHIyK-
MK MarHuTHOTO ToJist. [loacTaBmsast popMyI Bl 1711 MAarHUTHOTO TIOJS B
(1.24), npuxomuM TOoCiIe anredpandecKux MpeoOpa3oBaHUil K ypaBHE-
HUIO

d({ dx 2
dt (y dtj yor(1=nx ( )

rae ® — yrjioBas 4acToTa BPAlICHHUS YaCTHIIbI.

[Tonarasi, 4To 3a BpeMsi HECKOJIBKHX O00OPOTOB SHEPTHS Y H3MCHS-
€TCS He CYIICCTBEHHO, ITOJIy4aeM ypaBHCHHE PaadabHbIX OETaTPOHHBIX
KOJIeOaHMH:

2
fltfmz(l—n)x:o. (1.26)
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Kak BumHO, paguansHble KoJieOaHust OyIyT YCTONYMBEI, €CITU ITOKa-
3aTelb Craja MarHUTHOTO ToJist n<1.

BeprukanbHas cocTaBusioias CHUJIbI, JEUCTBYIOIIEH Ha YacCTHILY,
CMEIICHHYI0 Ha PacCTOSHUE z OT PaBHOBECHOW OpOWTHI B HaIpaBlie-
HUH, NICPICHAUKYIAPHOM Me)Z[I/IaHHOI\/'I IIOCKOCTH MarHUTHON CHCTCMBI,
ompeesIeTCs] COOTBETCTBYIOMIEH cocTaBistoniell cuinbl Jloperma. 3a-
KOH HM3MEHEHHUs BEPTUKAJIbHOTO JABIKeHHS HBIOTOHa B 3TOM ciydae
MPHUBOJNT K TU(HEPEHIIUATEHOMY YPAaBHECHHIO

d( dz
my, E(’Y Ej = evBr (Z) . (1 27)

[lo ananmorum ¢ pajWaIbHBIM JBHWKEHHEM, YUYHUTHIBas (OPMYIbI
(1.23), momyuaem mist n > (0 ypaBHEHHE BEPTHKAIBHBIX KOJICOaHUH

%(y%)wmznz =0 (1.28)

WM, €CJIA 32 BPEeMs HECKOJBKHX OOOPOTOB SHEPTUsl Y W3MEHSETCS He

CYmECTBEHHO, UMEEM
2

d z 2
—+o'nz=0. 1.29
e (1.29)

Kax Bugno u3 (1.26) u (1.29), pagnansHele U BepTUKAJIBHBIE KOJIe-
OaHust OyIyT yCTOWYMBBI, €ClIM IOKa3aTelb CHaja MarHUTHOTO IO
BBIOpaH B HHTEpBaJe

O<n<l. (1.30)

To, 4T0 MOKa3aTeNp chaja MarHUTHOTO MOl OOJIbIIe HYyJIS O3HAdYa-
€T, YTO MAarHUTHOE MOJI€ JOJDKHO YOBIBATh C painyCOM.

B ciyuae cBsizaHHBIX OeTaTpPOHHBIX KoyeOaHuil ypaBHeHus (1.26) u
(1.29) mpumyT BUA:

2

%mza—n)x:—%sx%), (1.26a)
2
(hfﬂoznz:jnfszxg). (1.292)

B nanpnelinem B ypaBHeHUsIX (1.26), (1.29) ynoOHO BBeCTH 3aMeHY:
BMECTO IIEPEMEHOH ¢ BBECTHU NPOAOIbHYIO KOOPANHATY S:

s = R o(t)dt
14



¥ HOBBIE 0003HAUYEHUS
v,=1-n,v.=-/n, (1.31)

KOTOpPbIE UMEIOT MPOCTON (PU3NYECKUI CMBICI: 3TO YHCIO MOTEPEUHBIX
KoyieOaHui (paAuanbHBIX U BEPTHUKAIBHBIX) 32 000POT.

®opmynsl (1.31) MO3BONSFOT YCTAHOBHUTH CBS3b MEXKAY YaCTOTAMHU
OeTaTpOHHBIX KOJIEOAaHUH B BUIE YPaBHEHUS OKPY>KHOCTH:

2 2
vi+v.=1. (1.32)
ITonaras, 4ro 3a Bpems HAOMIOJEHUS YacTOTa BPAIICHUS YaCTHUIIBI

M3MEHSIETCSl HE CYIIECTBEHHO, MOJyYaeM CHCTEMY YpaBHECHHWH, OMHCHI-
BaIOMINX OeTaTpOHHBIC KOJICOAHMS:

Z—axzo, ‘Zuvﬁxz:o,

¢ ; R (133)
E_a,=0, Fiv2ioo.

ds ds  °R

B cucreme (1.33) BBeneHb! yIiIOBbIE IIEPEMEHHBIE O, U O, , OIpe-

JIENAONINE BePTUKAIBHBIN M MEIMAaHHBIM TAaHTEHCHI yTJa HaKJIOHA Tpa-
eKTOpUM YacCTHIBI OTHOCHUTENIBHO paBHOBeCHOW opbOuthl. Cucrema
(1.33) umeer dopmy ypaBHeHwmii ["amuibToHA [2] U COOTBETCTBYET ra-
MUJIBTOHUAHY:

2 2
(04

2
H(y,a :vzx—+v2—+—,
ra)=vi+vio+—

rae y=1{x,z}, a={a, o, }.

. s
[Ipn mepexonme K YIJIOBOH KOOpAMHATE 9=E ypaBHeHus1 Oera-

TPOHHBIX KoJieOaHWH mpruoOpeTaroT Hanbolee MpocTyio hopMmy:
2 2
I viez0, 240, (1.34)
de de
Bo Bpemst yckopeHust B OeTaTpoHE AIIEKTPOHBI JIOJKHBI COBEPILIHTH
HOpSAIKa MWIIHOHA OOOPOTOB, MPOW/ASA IMOJHBIH IMyTh OKOJO THICSIH
kuiioMeTpoB. OLEHUTh TPOMJICHHBIH AJIEKTPOHAMHU TYTh HIIHM COBEp-

HICHHOC KOJIMYECTBO O60pOTOB MOXXHO U3 BBIPAKCHUA
]

[ eBlo)dt

N =L 1.35
00 ZTCR ( )
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rae cP(f) — CKOpPOCTb YaCTHIIBL; f, — BpeMs, KOI/la My4OK HHKEKTUPY-

ercsi B OeTaTpoH; ¢, — BpeMs, KOT/ia Iy4OK BBITyCKaeTcs U3 OeTaTpoHa.
B yneTpapenstuBucTckoM mpezpeine, xoraa [((z)~1, BolpaxkeHue

(1.35) nerko MoXeT OBITH YIPOIICHO:

_ <t —1)

N
oo 2nR

(1.36)

ONMCAHUE MATEMATHYECKOM MOJIEJIA

Maremarudeckas MOZIENb MCIOIb3YeT HHCTPYMEHTapuil U BCTPOEH-
Hble QpyHKUIMHM cucTeMbl Mathcad. Pabota cocTOMT M3 4eThIpeX OCHOB-
HbIX yacTed. B mepBoil yacTu 3a/lat0TCsi KOHCTAHTBI U MCXOJHbIE JaH-
HBIE, @ TAK)KE OCHOBHBIE ITAPAMETPHI TSI MOJICIIMPOBAHUS:

IlocTOSIHHBIC BEIUYMHEL:

3aps]l AIEKTPOHA e=1.6:10" Kn
Macca TIOKOsI JIEKTPOHA me=1.67-10""kr
CKOPOCTh CBETa c=310* m/c
SHEPrHs MOKOs JIEKTPOHA W,=5.11-10" 2B

IlepeMeHHbBIC BETUYINHEL,
3aaaBaCMbIC MPENOAABATCIICM COTJIACHO BapHUaHTY:

SHEPrUsl PaBHOBECHOM YACTHUIIBI IPU UHXKEKIUU Wi; =10 xaB
paanyc paBHOBECHOH OpOUTHI R=6cm
NoJIyanepTypa BaKyyMHOH KaMephl a=3cm

[TonoxeHne MHKEKTOpa OTHOCUTEIIEHO PABHOBECHOU OpOUTHI:

HayaJIbHOE TOPU30HTAIEHOE CMEIICHHUE Xo =25 MM
HayaJbHbINA TOPU3OHTAIBHBIN YTOJI x0=0 mpan
HayvaJbHOE BEPTUKAIBHOE CMEILEHHUE zo=10,1 Mmm
HaYyaJIbHbIN BEPTUKAIBHBIA YOI z9=0mpan
BpEMEHHas 3aJIepKKa BJI€Ta YaCTHIIBI

OTHOCHUTEIILHO BJICTa PABHOBECHON YaCTHUIIBI oty =0 Mc

16



BremHee MarauTHOE I10JIC 3a4aCTCs TPEMS MapaMCTpaMu:

k03¢ umenT cnaga nos n=20.6
aMIUIATY/Ia BHEIIIHETO MarHUTHOTO MOJIs By=0,25Tn
YacTOTa U3MEHEHUS BHEIIHETO MATHUTHOTO MO frone = 50 'y
Bapuanmut 3a0anuii

;Ifaii; By, Tn R, M X0, MM M);éa’ﬂ Zo, MM Mi)(’)a,z[
1 0,3 0,2 0;1 0;1 0;1 0; 0,1
2 0,3 0,25 0; 1 0; 1 0; 1 0; 0,1
3 0,3 0,3 0; 1 0; 1 0; 1 0; 0,1
4 0,3 0,35 0; 1 0; 1 0; 1 0; 0,1
5 0,3 0,4 0; 1 0; 1 0; 1 0; 0,1
6 0,3 0,45 0;1 0;1 0;1 0;0,1
7 0,3 0,5 0;1 0;1 0;1 0;0,1
8 0,4 0,2 0; 1 0; 1 0; 1 0; 0,1
9 0,4 0,25 0; 1 0; 1 0; 1 0; 0,1
10 0,4 0,3 0; 1 0; 1 0; 1 0; 0,1
11 0,4 0,35 0;2 0;0,5 0; 0,5 0;0,2
12 0,4 0.4 0;2 0; 0,5 0;0,5 0;0,2
13 0,4 0,45 0;2 0; 0,5 0;0,5 0; 0,2
14 0,4 0,5 0;2 0; 0,5 0;0,5 0;0,2
15 0,5 0,2 0;2 0; 0,5 0;0,5 0;0,2
16 0,5 0,25 0;2 0;0,5 0; 0,5 0;0,2
17 0,5 0,3 0;2 0;0,5 0; 0,5 0;0,2
18 0,5 0,35 0;2 0; 0,5 0;0,5 0;0,2
19 0,5 0,4 0;2 0; 0,5 0; 0,5 0;0,2
20 0,5 0,45 0;2 0; 0,5 0;0,5 0;0,2
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Bo BTOpOIi yacT MPOBOAUTCS MOJEIUPOBaHKE OETaTPOHHBIX KOJIe-
OaHuil U pacyeT SHEPreTHUECKUX 3aBHCUMOCTEH, CTPOSATCS COOTBETCT-
Bytomue rpaduky. Jta gactb paboThl COCTOMT W3 Tpex pasnenoB. B |
paszene 3amaeTcs KOJIMYECTBO OOOPOTOB, B TEUEHHE KOTOPHIX OyneT
npou3BelieH pacueT OeTaTpoHHbIX KoneOanuil (N = 10). [Ipensaputens-
HO HEOOXOJMMO aHATUTHYCCKH PAacCUUTATh HEKOTOPbIC mapameTpsl Oe-
TaTPOHA U My4Ka. B 4ncino pacueTHBIX mapaMeTpoB BXOAAT:

B00 — uHAYKIMST MATHUTHOTO TIOJISl HA PaBHOBECHOW OpOUTE B MO-
MEHT BpEMEHHU Ot;

(f — BpeMs, MpouIeqee ¢ MOMEHTa, KOTAa MHIYKIHS BHEIIHETO
MarHUTHOTO TOJsI HA PaBHOBECHOH OpOMTE paBHA HYJIIO JO TOTO MO-
MEHTa, KOTJ]a paBHOBECHasi OpOUTa Oy/IeT HaXOAUThCS Ha paxuyce R;

@71 — Bpems1, npomenee ¢ MOMEHTa, KOrJa MHIYKIUS BHEIIHETO
MarHUTHOTO TOJsI HA PaBHOBECHOH OpOWMTE paBHA HYJIIO IO TOTO MO-
MEHTa, KOT[a paauyc opOHUThl OyneT paBeH BHEIIHEMY PaIUyCy Baky-
YMHOI kamepsl R + a;

(72 — BpeMs, IpolIeniee ¢ MOMEHTa, KOrJa MHAYKIUS BHEIIHETO
MarHUTHOTO MOJsI HAa PaBHOBECHOM OpOMTE paBHA HYJIIO OO TOI'O MO-
MEHTa, KOIZla paguyc OpOUTHI OyJeT paBeH BHYTPEHHEMY Paauycy Ba-
KYYMHO# Kamepsl R — a;

(f3 — MakCUMaJbHOE BpeMsl, B T€UYEHHE KOTOPOTO BO3MOKHA WH-
KEKIHA MyYKa;

Tt — BpeMsl YCKOpEHHUSI PaBHOBECHOW YAaCTHIIBI OT Hayajla HHKECKIINN
JI0 MaKCUMAaJbHOM 3HEpPruu (I0TepU Ha CUHXPOTPOHHOE H3JIyu€HHE HE
YUHTHIBAIOTCS).

[MapameTpsl, KOTOpBIE MOJIYYHINCH B pe3yJbTaTe YHCICHHOTO MO-
JeUPOBAHU:

WP max — MAKCUMAIIBHO JOCTHXHUMAs 3HEPTHsI PABHOBECHOW YaCTHILIBI
(moTepu Ha CHHXPOTPOHHOE M3ITyUYeHHE HE YUUTHIBAIOTCS);

Ny — 4icI0 000pOTOB, COBEPIIAEMOE YACTHLEH 3a BpeMs YCKOpe-
HUS (B OTCYTCTBUH CUHXPOTPOHHOTO U3JTyUCHHS).

Bo II pa3znene mpon3BoauTCs MOJACIHPOBAaHHE OETATPOHHBIX KOJIe-
OaHMit ¢ y4eTOM HETMHEWHOCTH PaJHalibHBIX O€TaTPOHHBIX KOJIcOaHUH.
IIpu pacuere OeTaTPOHHBIX KOJNCOAHMH YUMTHIBACTCA HEIMHEHHOCTDH
panuanbHBIX OSTaTPOHHBIX KOJICOAHWA, a SHEPIUsl YaCTHIIBI CUUTACTCS
Hen3MeHHOH. Cnemyer OTMETUTb, YTO HCXOJHBIC YpaBHEHHS OymyT
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MPABUIILHO ONHCHIBATh JBUKEHNE YaCTHUIIBI, TONBKO HA MAJIbIX 3HEPTUAX
1 Ha MaJIOM IPOMEXYTKE BpEMEHH (110 CPaBHEHHMIO CO BPEMEHEM YCKO-
pennst). Pesynbratom pacuera sSBISIFOTCS TpaQUKH 3aBUCUMOCTH aMILIU-
TyIIbl TOPU3OHTAIBHBIX U BEPTHKAJIbHBIX OCTATPOHHBIX KOJIEOAHUI OT
yrcina o6opotoB. Jlanee, npu 3agaHHOM duciie 000poToB Nm, CTpOUTCS
TPaeKTOPHsI YacTHUIIBI BHYTPU BaKyyMHOH kaMmepbl Oetarpona. OTaeins-
HO ONpEAEeNIeTCs] YUCIO 000POTOB, 32 KOTOPOE YacTHLA CHOBA MPUOIIH-
3UTCA K MCTOYHHUKY. JIEBBII pUCYHOK Ha SKpaHe SIBISETCS CTAaTUYHBIM, a
MPaBbI PUCYHOK SIBJIAETCS aHUMHUPOBAHHON Bepcued. MaciTaOHbIi
MHOXHTEIb ZZZ UCIIOJIB3YETCs Uil MacIUTaOMpPOBAaHUS Pa3MEPOB BaKy-
YMHOM KaMepslI 17151 0oJiee HarIsiIHOTO MPEICTaBICHUS Pe3yIbTaToB.

B III pa3aene Bropoii yacTu pabOThl paCCUUTHIBAIOTCS: 3aBHCUMOCTD
9acTOTHl OOpalieHrsi OT BPEMEHH, M3MEHEHHE SHEPIUU PAaBHOBECHON
YaCTHILBI, TOTEPH U MPUPOCT PHEPTUH YACTHIHI 332 OAWH 000pOT B MPO-
[ecce yCKOPEHMs.

B mocnexneit gacti paboTHl ompenenseTcss MakCHUMAalbHO JOCTHU-
JKUMasi SHeprus myyka B OeraTpoHe. VICXOTHBIMHU JaHHBIMH SIBIISIOTCS
panuyc paBHOBECHOH OpOMTHI R/, aMIUINTyZa BHEIIHETO NEPEMEHHOTO
MarHUTHOTO TI0JISl HA PaBHOBECHON opOuTe B/ M 4acTOTa BHELIHETO Iie-
PEMEHHOTO MAarHUTHOTO TOMA f7 5. DTOT pacyeT MO3BONACT HATIISIHO
IPEACTaBUTh OTPAHMUYCHHE 110 SHEPIHH YACTULBI B O€TaTpoHe.

Pesynpraramu pacuera SBISIOTCS TpaQuKH 3aBUCUMOCTEH SHEPTrUH
PaBHOBECHOM YacCTHIIBI OT BPEMEHHM, MIPUPOCTA U MOTEPHU SHEPTUH pPaB-
HOBECHOH 4acTHUIIBI 32 000POT B IPOLIECCE YCKOPEHHUS.

B mocnenneii, yeTBepToil yacTu paboOTHI, HCCICMYIOTCS JTHHEHHEIE
CBsI3aHHbBIC OCTATPOHHBIE KOJICOAHMUSI.

Jns MonenupoBaHUS ATHX KoJeOaHWH BBIOMPAIOTCS CIIEAYIOIIUE
apaMeTpsl:

n=-1,0.5, 0.6, 2 — noka3areJb CIiajja MArHUTHOTO I10JIS;

ex = 0.01 — manprii 6e3pa3MepHBI apaMeTp, 3aJaf0IIHNA BITHSHIC
BEPTHKAJILHOTO JBUKEHUS HAa TOPU30HTAIBHOE;

ez = 0.01, -0.01 — manbrii Oe3pa3MepHBI MapameTp, 3aJalOLIHil
BIIMSIHME TOPU3OHTAIBHOTO IBHKEHMSI HA BEPTUKAIIBHOE;

¥ = 20 — penATUBUCTCKUH (pakTop;

R= 6 cM — pajnyc paBHOBECHO# OpOUTHI;

Xo= 20 MM — HayaJIbHOE TOPU30HTAIHLHOE CMEICHUE.
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[Ipu MoenupoBaHUM CBS3aHHBIX OETATPOHHBIX KOJIEOAHUH UCTIOIb-
30BaJIMCh JIMHEHHBIC ypaBHeHMs aBrokeHus (1.26a), (1.29a). Yckopenue
Y CHHXPOTPOHHOE M3JIyUYCHHUE B IAHHOM CJIydac HE YIUTHIBATIOCH.

Pesynpratamu pacdera SBISIOTCS HAXOXKIEHHE YaCTOTHI PajHalib-
HBIX ¥ BEPTHKAJIBHBIX OCTATPOHHBIX KOJCOAHWI, MPH KOTOPBIX HMEET
MECTO HEYCTOWYHNBOCTh MOTIEPEIHOTO IBHKCHUS MTydKa.

NNOPAJOK BBIIIOJIHEHUS PABOTBI

1. O3HaKOMHUTHCS C MATEMaTHIECKOH MOJIENBIO0, pa3paboTaHHON IS
n3ydeHus ocoOeHHOCTel paboThl GeTaTpoHa.

2. Bo Bropoii uwactu pabOThl PaccUUTaTh AMIUIUTYAY HHIYKIUH
MarHATHOTO TOJIS Ha OPOUTE B MOMEHT WH)KEKIIHH.

3. Paccunrate Bpems, MmpolleAllee ¢ MOMEHTAa, KOTAa aMIUIUTyIa
MarHdTHOTO TIOJII HAa PaBHOBECHOI opOWTe paBHA HYJIIO IO TOTO MO-
MEHTa, KOT/Ia paBHOBECHas opOuTa OyZeT HaXOAUTHCS Ha paguyce R; Ha
BHEIIIHEM pajiyce BaKyyMHOH KaMepbl R + @; Ha BHYTPEHHEM pajnyce
BaKyyMHOH Kamepbl R — a; BpeMs, B TeUueHHe KOTOPOTO BO3MOXKHA WH-
KEKIUS ¥ BPEMS YCKOPEHUS ITydKa.

4. OnpenenuTb KOIMYECTBO 0OOPOTOB, KOTOPOE COBEPLIUT YacTULA
3a Bpems yckopeHus. CpaBHHUTBH C OIIEHKOH, CIENaHHOW I yIbTpape-
JISATUBHUCTCKOTO CITy4asl.

5. [MocTpouts U CpaBHUTH IpadUKU TOPU3OHTAIBHBIX U BEPTUKAIb-
HBIX OCTaTpOHHBIX KOJIeOaHUH.

6. OnpenenuTh 4ucIo 000POTOB, Yepe3 KOTOPOe, B OTCYTCTBUH YC-
KOpEHHsS. U CHHXPOTPOHHOTO W3JIy4eHHs, 4acTHIa TOomnajeT Ha MCTOY-
HUK.

7. OnpenenutTh BpeMsi, KOTJa 4acToTa oOpamieHus] YacTHIlbl OyJeT
OTJIMYATHCS MEHee 4eM Ha 5% 0T MaKCHMAalbHOTO 3HAUYEHUSI.

8. OmpenenuTs MakCHMAIbHO AOCTIDKAMYIO DHEPTHIO C YIETOM H
0e3 yuera CHHXPOTPOHHOTO U3ITyUSHHUSI.

9. OmnpenenuTh paguallioOHHbIE TOTEPH U HAOOp SHEPTHH IJIEKTPOHA
3a OMH 000pOT.

10. B Tperbeii wacTu pabOTHI ONPENEIUTH MPEACITHHYI0 YHEPTHIO
JJeKTpoHa B OeraTpoHe 03 ydeTa M C yUY€TOM CHHXPOTPOHHOTO H3IIY-
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YeHUs W Bpems yckopeHHs. CpaBHUTH MOJYYUBIIHECS PE3YJNBTATHI C
pe3ylibTaTaMu, OTYYUBIIUMUCS B 3aJaHUU 8.

11. MccnenoBarh cBA3aHHBIE OeTaTpOHHBIE KOJIEOAHHSA, MCIIONB3YS
pa3HbIe MOKa3aTeNy cnaja MarHuTHoro nond # = -1, 0.5, 0.6, 2. B cny-
Yae, KOrja MoKa3aTelb Cajia MarHuTHOTO Tojs paBeH 0.5, BHIOIHUTH
pacueTsl ¢ IByMs Pa3HBIMU MaJIbIMKM Oe3pa3MEpHBIMH HapaMeTpa, KOTO-
pBIe 33[al0T BIHMSHAE TOPU3OHTAIBHOTO JBIDKEHHS HA BEPTHUKAIBHOE
ez = 0,01, —0,01. B aTOoM ciiyuyae MOKHO HaOJIIOJIaTh MMOBEICHUE TPACK-
TOPUH YaCTHUIBI NP CYMMOBOM U Pa3HOCTHOM pe3oHaHce. CpaBHUTh
MONTyYuBIIHECs TpaduKy ¢ rpauKamMu, TOTYyYUBIIMMUCS B 3aJaHUA 5.

ODPOPMUIEHHE OTYETA

1. B otyer 3aHOCATCS: Ha3BaHUE pabOTEHI, 1IeTIb Pa0OTHI, TOITY4YCHHBIS
3aj1aHus, Pe3yIbTaThl MOACITUPOBAHUS, (POPMYJIBI, UCTIONH30BAHHBIC TIPH
00paboTKe pe3yNIbTaTOB, PE3YIbTATHl TCOPETHUCCKUX PACUCTOB.

2. Pe3ynbTaThl Bcex U3MEpPEHH CIEIyeT 3aHOCHTh B TAOJHIIBI C CO-
OTBETCTBYIOIIMMYU Ha3BaHUSMHU KOJIOHOK U OTOOpaXkaTh Ha TpaduKax.

3. Pe3ynbTarhl pacueToB peKOMEHAYETCS 3aHOCUTH B TaOJUILY Clle-
JIYIOIIETO BUJIA!

B00, MmTn
0t, MC
¢tl, Mmc
012, McC
013, MC
Tt, mc

B00 — uHAYKIMST MATHUTHOTO TIOJIS HA PaBHOBECHOW OpOUTE B MO-
MEHT BpEMEHH;

(f — BpeMs, NpOUIEAIIee ¢ MOMEHTa, KOTAa MHIYKIHS BHEIIHETO
MarHUTHOTO TOJsI HA PaBHOBECHOM OpOMTE paBHA HYJIIO JO TOrO MO-
MEHTa, KOTJ]a paBHOBECHas! OpOuTa OyAeT HaXOAUThCA Ha panuyce R;

¢f1 — BpeMs, Mpoluleaee ¢ MOMEHTa, KOTJa HHAYKIUS BHEUTHETO
MarHUTHOI'O IOJIsI HAa PaBHOBECHOM opOUTE paBHA HYJIIO JO TOIO MO-
MEHTa, KOTAa paanyc opOHUTHl OyneT paBeH BHEIIHEMY PaIHUyCy Baky-
YMHOI Kamepsl R + a;
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(12 — BpeMs, MpolIeuiee ¢ MOMEHTA, KOTJa MHAYKIUS BHEIIHETO
MarHuTHOTO TIOJNII Ha PAaBHOBECHOH OpOWTE paBHA HYJIIO 10 TOTO MO-
MEHTa, KOTJla paguyc OpOUTHI OyJeT paBeH BHYTPEHHEMY PaiHycy Ba-
KYYMHOM Kamepsl R — a;

@13 — MakcUMaJbHOE BpEMs, B T€UEHHE KOTOPOTrO BO3MOXKHA HH-
JKEKLMS My4Ka;

Tt — BpeMst YCKOpEHHUSI paBHOBECHOW YaCTHIIbI OT Havaja MHKEKLIUN
JI0 MaKCHUMaJbHON 3HEpruu (IMOTEpH HA CHHXPOTPOHHOE U3IydeHHE He
YIUTBIBAIOTCS).

4. PesynpraThl MOAETHPOBAHHUS PEKOMEHIYETCS 3aHOCHUThH B Tal-
JIMLy CIEAYIOLIEro BUIA:

Nys Ornenka MopenupoBanue

3a BpeMsl YCKOPEHUS

N, 00
JacTuua momnagacTt
Ha MCTOYHHUK

T, mc
npu KotopoM Af < 5%

bes yuera CU C yuerom CU

W nax, M2B gacTh 11 gactsb 11 gacTh 11 gacts 111

5. Tloctpouts Bce rpadMku W caenaTh I KaXIOTo 3amaHus Co-
OTBETCTBYIOIINE BHIBOJIBI.

KOHTPOJIBHBIE BOITPOCHI 1 3AJAHUSA

1. SIBnsiercst u GeTaTPOH PE30HAHCHBIM YCKOpHTENeM?

2. Kakne pyHKIMH HECET MarHUTHOE TToJie IpH padoTte 6eraTpona?

3. KakoBsl npenmy1ecTBa OeTaTpoHa ¢ IoAMarHiIHBaHIEM ?

4. Yem o0ycroBIIeHa IIpe/ieNIbHAS SHEPTUS HIIEKTPOHOB B OeraTtpoHe?

5. UeM orpaHn4uBaeTCs BEIMYMHA MAKCUMAJIbHON MHIYKIMM MarHUTHOIO
TIOJIST Ha PAaBHOBECHOM opOuTe?

6. Yro Takoe mokaszaress MarHuTHOTro nojst? Kakoe Hakia pIBaeTCsl Ha He-
ro orpaHuueHue?

7. Uro takoe ycrmosue 2:1 u 3aueM 0HO HEOOXOANMO?
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MpakTu4yeckoe 3aHATME Ne 2
LUUKNOTPOH

Llensy: 3axpennenue meopemuueckux OCHO8 QUIUKU NYUKO8 3apsi-
JHCEHHBIX Hacmuy, u3yueHue O0COOEHHOCMElN NPOOOAbHO20 OBUINCEHUS.
yacmuy 6 YUKIOmMpoHe, onpeoenenue npeoeibHou dHepeUul 4Yacmuybl.

OBIIHME ITIOJIOXKEHUSA
2.1. lIpuHIUN padoThl HUKIOTPOHA

HuknoTpoH ObLI IEPBBIM U B TCUEHUE Pslia JIET €AUHCTBCHHBIM TH-
IIOM PE30HAHCHOTO LMKINYECKOro yckopurens. Mpes mnmkimorpoHa
BEChbMa IIpocTa. Mexny ABYyMs MOJYKPYIJIBIMU HOJBIMH 3JIEKTPOAAMH,
Ha3bIBaeMBIMHU TyaHTaMu (puc. 2.1), MpUIoKeHO TepeMeHHOe IEKTPHU-
YeCcKOe HalpsKEHHE.

V, cos 2_75[ , (2.1)
TO

T,= const — nepuon BU-noms.

Puc. 2.1. Cxematndeckoe H300pakeHHE CIIUPATHHON TPACKTOPHUH HOHA B IUKIOTPOHE:
a, b— nyaHTel; A — VOHHBIA UCTOYHHK; M — MHIIEHB
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JlyaHTBl CHMMETPUYHO PACIIOJIOKEHBl BHYTPH BaKyyMHON KaMepbl,
MIOMEILCHHON MEXJy IOJIOCAMM 3JIEKTPOMArHuTa, CO3JAOIIAMH a3u-
MYyTaJIBHO-CUMMETPUYHOE MarHUTHOE 1oJe By. Ilycts yactuna, npoias
miesib MEXAY AyaHTaMH, IONy4Wiia INpHUpalleHue 3Heprum el coso,

rae ¢ — (aza MEeKTPUUECKOTO OIS P MPOX0XKAeHUH mienu. Onucas

moxn I[GI‘/’ICTBI/IeM I10J14 B() HOHyOpr)I(HOCTB BHyTpI/I HyaHTa, qacTtuia
B03BpaH1aeTCH K L[I/IaMeTpaIILHO HpOTI/IBOHOHO)I(HOﬁ TOYKC IIICJIIN U CHO-
Ba HUCIIBITBIBACT ﬂeﬁCTBI/Ie BﬂeKTpI/IlIeCKOFO I10J14. BpeMﬂ N3MCHCHUA
HOJIIPHOCTH SJICKTPUYECKOTO HANPSDKEHHs Ha ayaHTax To/2 moaoupaert-
Cca paBHLIM BpeMeHI/I OBWKCHUA 4aCTHUII I10 HOJ‘IyOpr)KHOCTI/I, T.C.
L . T 2.2)
2 "2
rae T — nepuoj] 00palleHus YaCTHIIbI B MATHUTHOM IIOJIE.
Jlist 3apshKEHHOM YacTHIIBI, CKOPOCTH KOTOPOM MEPHEHIMKYIIApHA
HaHpaBJ‘leHI/IIO MAarHuTHOI'O I10J14, BBIITIOJIHACTCA paBeHCTBO

2
ymy

=ZevB,, (2.3)
r

rae m, v, Ze — Macca, CKOPOCTb U 3apsA] YacCTHULIbI; By — HHIAYKIUSI Mar-
HUTHOTO 10J1s1. COOTBETCTBEHHO, IIEPHOA OOPAIIEHHUS YaCTULIBL:
_2nw
c’eZB, ’
rae W — nosHas HEprusi YaCTHLIBL.
[Toatomy (2.2) mpearonaraetT HATHYUE ONPENEICHHON CBSI3U MEXKILY
napaMeTpaMu LIUKJIOTPOHA:

(2.4)

21,
B~ =20 (2.5)
e/

rne W, — sHeprus IMOKOs YacTHIB; A — JJIHHA BOJHBI BU-moss.

[Ipu BBIMOTHEHUH YCIIOBHUS (2.2) YacTHIla CHOBAa MOJYYHT IpHpa-
IIeHUEe SHepruu el cos@, MpOHAeT MO MOIYOKPYXKHOCTH OOJBILIETO
paanyca BHYTPHU BTOpPOTO 3JEKTpoja U T.A4. Tak, IBUTasCh 10 pa3Bopa-
YUBAIOUIENCA CIUPATIU C PAJUyCOM

r=2%_ Y, 2.6)
eZcB, c
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gactuia OyJeT MOCTENIeHHO HaOMpaTh 3HEPTUIO J0 TeX TOop, MOoKa He
JIOCTUTHET Tiepu(epuu YCKOPSIOIUX 3JIEKTPOAOB, T.€. Kpas IMOJIOCOB
3JIEKTPOMAarHuTa.

2.2. Ocobennoctu (poKYCHPOBKH YACTHI[ B IUKJIOTPOHE

MarauTtHoOe 1ojie B €r0 LEHTPAIbHON YacTH SIBISIETCS MPAaKTUYECKH
OJTHOPOAHBIM (IIOCTOSTHHBIM 10 PaANyCy) W MOSTOMY He o0ecIieunBaeT
BEPTUKAIBbHYI0O MAaTHUTHYIO (JOKYCHPOBKY. B ykazaHHOW 00nacTu Bax-
HYIO POJIb MOXET WIpaTh BepTHKaJIbHas (POKYyCHPOBKa, CBA3aHHAs C
JIefiCTBHEM YCKOPSIOIIETO IEKTPUIECKOTO MOJISL.

PaccMOTpuM cHIIOBBIE JTMHHMM JIEKTPHUECKOTO Monsd E(s,z) MexIy
JyaHTaMH B JJaHHBIH MOMEHT BpeMeHH f (puc. 2.2), rae s — KoOpAuHaTa
B HaIpaBJICHUM JBW)KEHUS YaCTHUIBl, z — BEpPTHKaJIbHAs KOOpAHMHATa
(paccTosiHUE OT IUIOCKOCTHM CHUMMETPUU MarHuTHoro mnois). Ilpu asu-
JKEHUM B IUIOCKOCTH z = () YacTHIla UCIBITBIBAET JCHCTBHE TOJIBKO CO-
craBisoNed E; B HanpaBneHuu s. Kak BuaHO u3 puc. 2.2, yacTuua, y
KoTopo# z # 0, IBUTasACk clieBa OT CEpeAUHbI 1ienu s = 0, OTKIOHAETCS
noj JercTBUEM E, K cpeHel MIIOCKOCTH, a MPU JIBUXEHUU CHpaBa OT
CepeHBbI IIEIH OHA, HA00OPOT, OTKIOHSETCS] OT 3TOW IUIOCKOCTH. Pe-
3yNBTUPYIOIMH (QoKycHpyomuid 3((EeKT, OJHAKO, OKa3bIBAETCA OT-
JUYHBIM OT HyJIsl Onarojapsi AByM 3G ¢deKTaM, KOTOpbIe Mbl HECKOJILKO
YCJIOBHO HA30BEM CTaTHUECKON M JTUHAMHUYECKON (POKYCHPOBKAMH.

Y

[ S s
- e — —— Bl
- —— — o
~ - ~
a ~ i ™~ ~
K - e
i Fi L 3 A 3

Puc. 2.2. Dnexrpudeckas GOKycHpOBKa 1 JIe(OKyCHPOBKA IIPH IPOXOXKICHUH
yacTUllel IeNIu MexX Ty AyaHTamu. [IyHKTupoM 0003HaueHb! CUIOBBIE
JIMHHUHM 3TEKTPHYECKOTO TTOTIS
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Cratndeckas (OKyCHpOBKa MMEET MECTO HE3aBUCHMO OT W3MEHe-
HUSl DIIEKTPUIECKOTO TION BO BpeMeHu. JlelicTBre 3Toro Bujaa GOKycH-
POBKH CBSI3aHO C M3MEHEHHEM SHepruu W, a clieioBaTeibHO, U CKOPO-
CTH YacTULBI V IPU MPOXOKACHUH LIeNU. B ciyuae ycKopsromero nomis
CKOpOCTh YacTHIlbl Bo3pacTaer. IloaTtomy mepByro (hoKycupyrouryo)
MOJIOBUHY MYTH JIO CEPEIUHBI IIETU YaCTHIA MPOXOJUT 33 OONbIIHH
MPOMEKYTOK BPEMEHH, YeM BTOPYIO MOJIOBUHY (Iedokycupyioiiyi). B
pe3ynbTaTe BOZHUKAET (POKYCUPYIONIHiA 3P DeKT.

Junamuueckast GOKycHpoBKa 00yCIOBIE€Ha BPEMEHHBIM W3MEHECHH-
€M YCKOPSIONIET0 HANpsHKCHUS. A WMEHHO: €CITM YaCTHIla MepeceKaet
CepeIMHy ILIETU B TaKOW (a3e yCKOPSIOIIEro HampsbKeHHs, KOTopast co-
OTBETCTBYET YMEHBIICHHUIO TOJI1 BO BPEMEHHU, TO IEPBYIO IOJIOBHHY
MYTH YaCTHIA TMPOXOJUT B 0OoJiee CHIBHOM 3JICKTPUUECKOM TMOJE H
OompIte MPUOIMKASTCS B CPEIHEH IIIOCKOCTH, Y€M BO BTOPOH IMOJIOBU-
HE MyTH, U YIAISETCSA OT 9TOU TIIOCKOCTH.

[puBenem Qopmysbl, HEOOXOAUMBIE JJISI KOJIMYECTBEHHOW OICHKU
3¢ (deKTUBHOCTH dIeKTpudeckoi (hokycupoBku [1-3]. Ecou yuuThIBaTH
TOJILKO MU3MEHCHUE SHEPTHH YaCTHIIBI IPY MTPOXOXKICHUY TSN U HE YUH-
THIBATh U3MEHEHUS DJIEKTPUYECKOTO IMOJSI BO BPEMEHH, TO BBIPAXKCHUE
JUTSl K3MEHEHUS YTIIa OTKJIOHEHHsSI OT CPEJIHEH TUTIOCKOCTH Ay HUMeeT BUJ

2
Ay z—C(%) Ecosch, 2.7

crar
7

rae nocrossHHass C 0OBIYHO MOpSIIKA SAWHMIGI, & W U ¢ — KHHEeTHYe-
CKasi DHeprus U (aza 4aCTHUIIBI TIPU TIEPECCUCHUH CePEINHBI IIICITH.

Ecmu xe yd4ecTh TOIBKO 3aBUCHMOCTD HANpPSKEHHS OT BPEMEHH, TO
MOJTyYUM BBIPAXKECHUE

__eZV,sing
X;{l/m ~ Z.

W-r

OHO ToKa3pIBaeT, 4To nmpu ¢ >0 (T.e. P CHagaronieM BO BpEMEHH Ha-

A (2.8)

NPSHKCHUH) UMEET MECTO AWHaMHu4eckas (OKyCHUpOBKa, a mpu ¢ <0 —

neOKyCHpPOBKa, NMPHYEM Ul BCEX NPOXOXKACHHH LIETH, KpoMe He-
CKOJIbKMX HayallbHBIX,
AX}IHH >> AX(}Ta’l‘ ° (2'9)
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Takum 00pa3om, IIenp MEXIy AyaHTaMH JCHCTBYET Ha JBIDKCHHE
YacTUIIBI B HAIIPABJICHUU z Kak juH3a. [lo Mepe Bo3pacTaHusi I3HEPruu
YaCTHUIBl M YAAJICHUS €€ OT IIEHTpa MarHuTa HAYMHACT CKa3bIBAThHCS
«00YK000Pa3HOCTEY CHIIOBBIX JIMHUI MarHUTHOTO TIOJIS, U B UTPY BCTY-
maeT oObIYHAs BEPTUKANIbHAS MarHUTHAsK (DOKYCHPOBKA.

Becpma BakHBIM IS TIPAKTUKH SIBIIIETCS BOIMPOC O TMPEACTbHOMN
SHEPIr'vH B NUKIOTPOHE M CBS3aHHBIA C HUM BONPOC 00 MHTEHCHBHOCTH
My4yKa 4acTHil. PexXuMm ycKOpeHHs] B HUKJIOTPOHE 00JIaaeT 0COOCHHO-
CTBIO, BBIACISIONIEH €ro Cpefu JPYTUX THUIIOB PE30HAHCHBIX YCKOpHUTE-
JeH W 3aKIroYaeTcs B TOM, 4TO Ojaromapsi MOCTOSHCTBY MarHHUTHOTO
HOJIsl ¥ PaJ0vacTOThl, PABHOBECHAs YHEPTUs YAaCTHUL W, B IUKIOTPOHE

nocrosinHa. MIcXos U3 3TOro MOKHO OXKUJIaTh, YTO B LIMKJIOTPOHE 3HEP-
TUS YaCTHII, IPEJOCTABICHHBIX CaMHUM cebe, B CpEHEM 3a JOCTaTOYHO
0OJIBIIION MPOMEKYTOK BPEMEHH OCTaBaiach Obl MOCTOSHHOMW, HCIIBITHI-
Bas IMMOCJICIOBaTEIbHBIC YBEINUYCHUS U YMEHBIICHUS, KOTOPBIE HETPYI-
HO OTOXKECTBIIATH C CHHXPOTPOHHBIMU KoneOaHusmu. [loaTomy B IHK-
JIOTPOHE CIIEYET CTPEMUTHCS K TOMY, YTOOBI MOJTYYUTh HA BBIXOJE Yac-
THIIBI, DHEPTUS KOTOPHIX MaKCHMaJIbHO OTKIOHWJIACH OB OT paBHOBEC-
HOW B TIPOIIECCe ITUX KOJICOaHUH.

2.3. HUKJIOTPOHHBII Pe:KUM yCKOPeHUs

U3 popmyel (2.4) crieayeT, 4TO MPH YBEIUYCHUN YHEPTHH YaCTUILIBI
pacrer ee nepuo oOpalleHns: B MarHUTHOM TioJie. B pesynbrare gactu-
11a HEMPEephIBHO cMemaeTcs Mo ¢a3e W, B KOHIIE KOHIIOB, MOMANaeT B
001acTh OTPHUIIATEIBHBIX HAMIPSDKEHUH, COOTBETCTBYIOIIUX 3aME ICHUIO
(puc. 2.3).

MakcuMabHO BO3MOYKHAS JHEPTHUS MOTyJaeTCs B TOM Cydae, eCiu
4acTUIa, CMEIAsACh 1O (a3e, IPOBEAECT BO3MOXKHO OOJIBIIHA MTPOMEKY-
TOK BpEMEHH B O0JIACTH yCKOPSIOIIETO HANpsDKeHHA. 151 3TOro HyKHO
BEIOpaTh Tonie By B IEHTPaIbHOW YaCTH MarHMTa 3aBeIOMO OOJBIINM
2nW,

reZ
OyZIeT COOTBETCTBOBATH KAaKOW-TO PAaBHOBECHOW DHEPTHU YACTHUITHI Wi,
Torma nmpu ompeneneHHBIX YCIOBUSAX MOXKHO OCYIIECTBUTH TakOM pe-

3HaYCHUS B, = , T.e. By> B, Tpu 3TOM MarHutHOe moiue By
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T
JKHM, KOoraa (1)333 JacTulbl, Ha4aB C BCJIMYMHBI (p=5 U IIOCTCIICHHO

. T
cMelasich BJIEBO, JIOWIET 10 ¢ = —5 a 3aTeM BepHeTcsi 00paTHO (pHc.

2.4).
T T T T T

Puc. 2.3. 3aBucuMOCTb IepHo/ia YaCTUIEI OT SHEPTHH (@) U IBIDKEHUE YaCTHIBI
0 KPUBOH M3MEHEHHs HANPSDKEHUS Ha yCKopsiiolieM 3a3ope (6)

a 9]

Puc. 2.4. 3aBucUMOCTb MepUO/Ia YACTHLBI OT SHEPTHHU IPH yCIOBUM By > By, (a)
U «CKOJIBKEHHEY YaCTHUIIBI 10 KPHBOI
HM3MEHEHUs! HallpsHKEHUS Ha YCKOPSIoIEeM 3a3ope (0)

ITpu 3TOoM 001acTh (a3, COOTBETCTBYIONIAS YCKOPSIOMIEMY HaIpsiKe-
HUIO, OyJeT TPOWCHA JBAXKIBI, U BBHIUTPHIII B SHEPTHU OKAXKETCSI Hau-
60JII>H.II/II7L OIIHaKO IIpU TaKUX YCJIOBUAX MHTCHCHUBHOCTH OKaXXCTCA HUCUC-
3afoIee Majiol, Tak Kak HadaiabHas 001acTh ¢a3 OymeT cBemeHa K TOUKE

/i
O©= 5 . O‘lCBI/II[HO, YTO MHTCHCUBHOCTb MOXXHO YBCINYUTD, BI:I6I/Ipa$I Ha-
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T T
YaJIbHY!0 007acTh (a3 B MHTEpBalie OT @ =@, <5 b1 (6] (PZE’ HO TIpU

3TOM CpEJHSs JOCTUTaeMasi JHEPTrusl IyYKa HECKOJIbKO CHUBUTCA.

OKOHYATENBHBI BBIOOP MapaMeTpoB IUKIOTPOHA JOJDKEH obecrie-
YUBATh HEKOTOPBIA pa3syMHBIM KOMIIPOMHUCC MEXIY CTPEMIIEHHUEM IIO-
JTY9UTh MaKCHUMAIbHYIO DHEPTHUI0 YAaCTHI] U HEOOXOJUMOCTHIO HWMETh
JIOCTaTOYHO BBICOKYIO HHTEHCUBHOCT.

[IponsBeneM mpUOMMKEHHBIA pacyeT Ui OINCHKH BETMYUHBI MaK-
CUMAJIbHOW KUHETUYECKOW SHEPTUM YaCTHIBI Wi... [ mpoctoTsl Oy-
JIEM CUUTATh M0JI€ OJHOPOIHBIM:

B = By = const, (2.10)
YTO SABJISIETCS OJIM3KHUM K I€MCTBUTEIBLHOCTH.

YBenMueHNE KUHETUYECKON SHEPIUM YacTULBI 3a OOHO IPOXOXKIe-

HHUE 3a30pa:

dw
——=eZV,cosQ, 2.11
dk eLv ¢ ( )

r1e k — 9ucio MPOXOXKICHUH yCKOPSIOUIETo MpoMexyTKa. [lepemMennas
k muckpeTHa, OHa CKadykaMu Bo3pacTaeT ¢ marom Ak =1. Ilpu Gob-
IIIOM dYHCjIe 00OpOTOB HYACTHUIBI (k >>Ak), kK MOXHO TpPHOIMKEHHO
CUHTATh HETPEPHIBHOW U 3alKcaTh IPUPOCT 3HEpruu B opme (2.11).

UzmeHenne (a3bl OTHOCUTEIBHO YCKOPSIOLIETO IOJIS 32 OJUH aKT
yckopenus do/dk BeIpazuMm ciemyrommM oOpa3oM:

do_do AW _ 4 7y ose. 2.12)
dkdw dk  dw
Ho usmenenue (1)33I>I CBs3aHO C PAa3HOCTBIO NEPHUOI0B 06paH_[eHI/I$[ gac-

tunpl 7, 1 konebanuii mons T :

d T, T, T, -T
CP | 2 | =g S | (2.13)
dk 2 2 T
2nW
HOCKONBKY ®, =27n/T,, T, =n—2“", rae W, — monHas paBHOBeCHas
eZc’B
sHeprust yactuipl. M3 puc. 2.4,a BUAHO, 4YTO BO3MOXKHA CUTYyalMsl, KOTJa
2n(W, £ W)
T,<Ty, n T,>1,. B cBas3u ¢ stum 7, =W, U BBIpaXKCHUE
eZc

(2.13) pa3nenuTcs Ha 1Ba BBIPaXXEHHUS COOTBETCTBEHHO:
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ﬂ=—7rZ H d—(PznZ. (2.14)
dk /4 dk W

N N

[oncrasnss Beipaxkenus (2.14) B Beipakenue (2.12), momydaem

wdw =32 ezv, coso, (2.15)
T
do

WAW =—W eZV,coso. (2.16)
T

[pounrerpuposas (2.15) u (2.16) B mpenenax ¢a3 OT HaYAILHOM
@, 710 KOHEUHOH ¢, U pa3pemIrB OTHOCUTENBHO W, OyJeM UMeTh:

2 . .
Wz\/—WseZVO(sm(pH—sm(pK) wa T, <1, (2.17)
T

2 . .
Wz\/—WseZVo(sm(pK—sm(pH) ma T, >T. (2.18)
T

W3 Bepaxenus (2.17) nerko Buners, 4ro it ciayvas I, <7, Hau-
Oosee OJaroMpUATHBIA PEXUM (C TOYKH 3PEHHUS IONyYECHUS MaKCH-

o T
MaJIbHOHU SHCPFHI/I) HUMECT MCCTO MJId 4YaCTull C q)aBaMI/I (08 25 n

¢, = I Huns cnyyast T, > T, (2.18) Hao00poT O1aronpusTHBIN peKuM

i i
Oyzer 1us yactun ¢ Gasamu @, = 5 u Q. :5. [ToxcraBuB rpanuy-

HBIC (1)3.31;1 nu O6’I)€L[I/IHI/IB oba ci1ydad, MoJIy4YruM HUCKOMOC BBIPAKCHUC!

[Wezy,
Wi = 4| 2 (2.19)
T

Wiim — TIpeieTbHAs BETUYHHA KHHETHIECKOW SHEPTUN JaCTHITHL.

Hnst noctmxenust Wi, 4acTUIA TIPOXOIUT JABE OJUHAKOBLIC (C TOUKHU
3peHus yBenuueHus sHeprum) obmactu 7, <7, u T, >T, (puc. 2.4).
Otcroia MOXXHO onpeaenuts nepuon BU-nomns:
2n(W, + Wy, /2)

eZc*B
a BBIPa)KEHUS JUIsl PABHOBECHOM PHEPTUU MPUMET BU/I;

T, =

b
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W, =Wy+W,, /2.
Cnez[yeT NOMHHUTb, YTO IIPU HAYaJIbHOM ABUKCHUH YaCTUIIBI CJICBA

HampaBo 3Ta (a3a NepexoAuT B 00IACTh OTPUIATENHHBIX (P, a TaM JIeH-

CTBYIOT DJICKTpUUIECKUEC ACPOKYCHPYIONTIE CHITEI (2.8), W TMyJOK MOXKET
ObITh TOTepstH. OHAKO 3TO MPOM3OUIET YXKE Ha 3HAYUTEIILHOM pac-
CTOAHUHN OT LCHTpa IUKIOTPOHA, KOTrJda HeﬁCTBHe QJICKTPUUCCKUX CHUJIT
YMEHBIIIAETCS W HapacTaeT MarHuTHas GpokycupoBka. Ha puc. 2.5 noka-
3aHa TpacKTOpHUsA 4HYaCTUIbBI B (1)330BOM IMPOCTPAaHCTBE JId BBILIC OIIU-
CaHHOTO CITyYasi.

3Hast SHEPTHUIO YaCTUIlBl I/ Ha BBIXOJIC U3 IIUKJIOTPOHA M HAIpsDKe-
HUE Ha JIyaHTaX /) MOXKHO JIETKO OIICHUTH KOJIMYECTBO 000POTOB, KOTO-
poe zenaeT yacTula AJIs JOCTIDKEHUs 9Tol sHepruu: N =W /(2ZV)).

¢’ /—"‘

N ¢

s T 3n
2 2

0

T

2

Puc. 2.5. TpaexTopust yacTuibl B pa30BOi MIIOCKOCTH B CITydae
JOCTIKEHUS] MAKCUMAaJIbHO BO3MOKHOM SHEPTUH

Kak Bugno u3 (2.19), 3aBucumocts Wiy, oT Vy OyaeT HenumHEHHON
U YBEINYHUBaAETCA, Kak 4/}, . KauecTBEHHO 3TO MOKHO OOBSCHHUTB TEM,

YTO XOTS MPHUpAIEHUE SHEPTUH, MOIydaeMOe JacTUIEH, MTPOTIOPIIHO-
HaJIbHO V), HO 3aTO YHCIO MPOXOXKICHUU YMEHBIIAETCSI C POCTOM V).
3naueHus Wi, IS pa3TWYHBIX THIIOB YaCTHI] IPUBEACHEI B Ta0m. 2.1.
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Tabnuma 2.1. TeopeTnyeckue 3HaYeHUsI MPeeIbHON IHEPrUn
YacTHI B HUKJIOTPOHE

YacTtuusl Wy Wiim (8 MoB)
(8 MB) Vo =100 xB Vo =500 xB
IIpoToHsI 938 20 50
JlelToHbI 1876 30 70
Ol-9aCTHIIBI 3733 60 140

2.4. ®a3oBbIi 00beM MyYKa

OpHOW M3 OCHOBHBIX XapaKTEPHCTUK Iy4yKa SIBJISETCS LIECTUMEp-
HBIH (a30oBbIli 00BEM IMyUyKa, B KOTOPOM YETHIPE KOOPAMHATHI XapaKTe-
pu3yIOT Tomnepeunoe aBrkenue (x, x', z, z'), a aBe (OHeprus W wu
MpoAOJIbHAs KOOPJAUHATA §) — MPOJOoIbHOE. B gaHHOM ciyuae MBI pac-
CMaTpPUBAEM TOJIBKO MPOAOJIBHOE JBUKCHHE, U TJIABHBIM BOIPOCOM SIB-
JIAETCSI DHEPreTHYECKUH W MPOAOJIBHBIN pa3Mepbl HHKEKTHPYEMOIO
My4YKa U My4Ka Ha BBIXOJIE.

Ha ¢a3oBoii m1ockocTH NpOIOJBHBIA pa3Mep COOTBETCTBYET AQ,

JHEPreTHYeCKUil — AQ' U ONPENeISIOTCS CICAYIONMMHU BHIPOKCHUSIMU:

A(p=2n£=2nA—S, (2.20)
T, A
AW
AQ =T ——, 221
0] w (2.21)

s
rne AT — BpeMeHHO# pa3dpoc; AS — NpoJoJbHEIN pazMep; A — JIMHA
BosiHbI BY nonig; AW — sHepreTudeckuid pasmep mydka.

WHXEKTUPOBATh MyYOK B IUKIOTPOH MOXHO KakK M3 HMCTOYHUKA,
PacrooKEeHHOTO B LEHTPe MEeXIy AyaHTaMH, TaK U 3a CUeT BHEIIHEH
WHXXEKIUU U3 JIPYTUX yCKopuTeneil. Eciiu MOHHBINA MCTOYHHMK Pacmolio-
JK€H B YCKOPUTEIIBHOM 3a30p€, TO SHEPIrHs MHXKEKLIHU OMpEeeNseTcs
MPWIOKCHHBIM K JyaHTaM HaIMpsLKEHUEM, TIPH 3TOM pa3dpoc 1Mo 3Hep-
THH MOXET TOCTHTaTh V), o (haze ke mydok OyAeT UMeTh pa3mep T .

B cirydae ke ¢ BHemIHeH WHKEKIUEeH (a3oBbIid pazMep Mmydka (3Hep-
TEeTHYECKUH W TPOIOIBHBIN) OIpeNeNseTcss BHENTHUM HCTOYHHUKOM, a
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MOMEHT BITyCKa, WJIH, YTO TO X€ CaMoe, HaudajabHyI0 a3y ¢, Iydka

MOKHO IIPOU3BOJIBHBIM 00pa3oM MeHsATh. HauanbHas npou3sBojaHas ¢a-

3Bl (9, OIPENEISIETCs] COTJIACHO BBIpAKEHHIO (2.3) sHeprueil HHKEKInH

Wi, u nepuonom BU-reneparopa 7, (1au, 9ro Toxke camoe, W)

ro_ WO + VVin

Q=T ——
/%4

N

-1

Crout Takke OTMCTUTH, YTO B OILHOI71 U TOM Xe MalimHe, HEC U3MC-
HAS1 OCHOBHBIX MAapaMETpOB LUKIIOTPOHA (pam/lyc, MAaraumTHOC HOJ'IC),
MOXHO YCKOpATH pa3JIM4YHbIC TUIIBI MOHOB. Eciu B MUKJIIOTPOHE IIpC-
ACJIbHAS KUHCTUYCCKAA SHECPrus 4JIis1 IpOTOHOB ka , TOrla MOH C 3aps-

JIOBBIM M MacCOBBIM YK cIIaMH Z B A COOTBETCTBEHHO, OYJIET YCKOPEH J10
2
VA N
sHeprun W, =—Wp, . JIcUCTBUTENBHO, KHHETUYECKAsl SHEPIUs paBHA
A

2
W, = 2’; , @ JUTS 3apsHKCHHOM YaCTHUIIBI, TBIKYIICHCS B MATHUTHOM I10-
m

Jie, BBITOJIHSETCS] paBEHCTBO
yAm, v
———=e/vB, > p=eZB,R,

e m,— Macca MOKOsl IPOTOHA. Toraa BEIPaXKCHHUE [Tl KHHETHICCKON
SHEPTUH IIPUMET BUJ
24m, A
Z
Yactota BU-renepatopa OyJer onpeaensiTbes Kak o = Z ®,,T1e o, —

qacToTa B‘-I-reHepaTopa AJid Cjiy4dasd YCKOPCHUA IIPOTOHOB.

OIMMCAHUE MATEMATHUYECKON MOJEJIA

Marematndeckass MOJIEb BBIIOJNHEHA C UCIOJIL30BAHUEM MaTeMa-
THYeckoro nakera Mathcad U cocrouT M3 Tpex OCHOBHBIX 4dacTeil. B
MepBOd yacTH — OJIOKE HaydalbHBIX JaHHBIX — 3aJlaHbl OCHOBHBIC KOH-
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CTaHTHI (CKOPOCTh CBETa, 3apsij 3JEKTPOHA, Macca YacTUIIBI U T.J.), UC-
MOJIb3yeMbIe MPHU pacueTax, a TaKKe 3alUCBHIBAIOTCS MapaMeTphl MoJie-
JUPOBAHMS: HANPSDKCHHUE HA MyaHTax Vo, WHAYKIMS MarHUTHOTO TOJIS
By, nHauanenas sHeprus Wi, Ha puc. 2.6 nmokazan Buj 6J10Ka HaYallbHBIX
JaHHBIX.

BHERMMA NOKDA NPOTOHE, 3B, my, = 938-106
CROPOCTE BEBETA, MAT..o e o= 3-ID8
- 19

3apan ANeRTPOHE, KN ee = 16-10
3apAfOB0E M MACCOBOE YHEND YACTHLEL ...oooni e Z:=1 &Ho=1
FHERMHMA NOKDA MaACTMUEl, 3B Wy = A-mp
MHAYKUMA MATHATHOTD, TIL e Bp=1
Hanprxerne Ha AyanTan, Bo.. Vp= 300-103
SHEPHMA WHAEKUMM (HAYANTEHAA KWHETHYEBCKAA IHeprMA vacTul), 3B, W, = 5Tg
PagroeecHaa aHeprua, 3B W= Wy + 19-106

2n W,
Mepnog anekTpuyeckoro nona BY-redepatopa, co.n TR =

Z-EID--:2
FPazBpoc MHKEKTUPYEMOro Ny4YKa N0 3HEPTMM OTHOCHTENEHO 3HEPTHA Tz = 0.5-106
MH#ekUMKH, 3B
PazBpoc WHHEKTMRYEMOrD Nydka No §azam ([EpeMeHHol pasbpoc), He oy = 5-10_g

Puc. 2.6. Biok HayaabHBIX JAHHBIX

Bo BTOpO#t yacTH 3a1aHbl BRIPAXKECHUS A1 PA30BOTO JBMIKCHHUS Yac-
THUIBI, TPOU3BOJUTCS PaCcYeT MAKCHMAJIbHOW MPEACIbHO JOIMYCTHMOMN
OHEPrur 4aCTHULBI.

TpeThs 4acTh MpecTaBiseT coboi rpadguku (Ha3oBbIX TPACKTOPHUH,
rpaduk M3MCHEHUS KHHETUYECKON 3HEPTUM YaCTHUIIbI, U3MCHCHHUS IIe-
proIa oOpaIeHus YacTUITEI OT HoMepa 0bopoTa.
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MHOPAAOK BBIITIOJIHEHUSA PABOTbBI

1. O3HaKOMHUTCSI ¢ MAaTEeMaTHYECKOH MOAENbI0, pa3paOboTaHHON aJIst
W3yYeHHs OCOOCHHOCTEW IMPOJOJILHOTO JBIDKEHHS YAaCTHUIBI B ITUKIIO-
TpOHE.

2. OueHNTh MaKCHUMAJBHYIO 3HEPTHIO Wi, M 4uCciIOo 000poTOB N
COBEpILIEHHBIX MOHOM IJIsl CIyd4as KJIacCHYecKoro nukioTpona (Wi, =
=eZVo, Ws=Wo+ Wy, ¢,=0, ¢, =n/2). CpaBHUTb [OJTyYCHHBIC OLICH-
KU C pe3yJibTaTaMHu MoAaenupoBaHusa. OOBSICHUTh IONTyYEHHbIE PEe3YJilb-
taThl. [IpuBecTr TpaeKTOpuUIO ABMKEHHUS MOHA B (a30BOH IIOCKOCTU U
3aBUCUMOCTD (ha3bl OT YHCIIa 00OOPOTOB.

3. OmnpenenuTs OTHOCHUTENBHYIO BEIHMYMHY HM3MEHEHHUS MepHoja
oOpareHus noHa 3a Bpems yckopenusi (AT /T = (TK -T, )/ T).

4. Tloctpouth rpaduk 3aBHCHMOCTH MaKCHUMAaJILHOW 3HEPTUU OT
HaIpsHKEHUS Ha TyaHTax.

5. OIEHHUTh TPENETbHO JOMYCTUMYIO SHEPTHI0 MoHA Wiy, YHCIIO
000poTOB N ¥ BeTMUIHHY PaBHOBECHOM dHEPTUU W I ATOTO CITydast.

6. llomoOparh B mporpaMMe paBHOBECHYIO 3HEpTuio W m 4mcio
000pOTOB B IIUKIOTPOHE N Tak, uToObl Wy coBnamana ¢ Wi,. [Ipusectu
TPACKTOPHIO JBIIKCHHUS HOHA B (ha30BOM MJIOCKOCTH M 3aBUCUMOCTH (ha-
36 OT 4Mciia 000poToB. OOBSICHUTH C MOMOIIBID I'Pa(UKOB, MOYEMY
YUCII0 000POTOB, HalIEHHOE aHAUTHYECKH, CYIIECTBEHHO OTIMYAeTCs
OT Yrciia 000pPOTOB, PACCUNTAHHBIX YHCICHHO.

7. llepecuntaTh MaKCUMAJbHYI0 KHHETHYECKYIO SHEPTHUIO JUIS
Jpyroro THIA WOHOB, KOTOPYIO MOXKHO IIOJIyYHUTHh Ha 3TOM K€ LUKIIO-
Tpore. Kak mpu 3ToM Hy»XHO W3MeHUTH YacToTy BY moms?

OPOPMUIEHUE OTUYETA

1. PaGoTa BBITIONIHAETCS B BHIE CTaHIAPTHOTO oTdeTa. B oTder 3a-
HOCSATCS: Ha3BaHWe PabOTHI, IIeNb Pa0OTHI, MONyYCHHBIC 3aJlaHUs, pe-
3yJIBTaThl MOACTUPOBAHYSI, (POPMYJIbI, UCIIOIB30BAHHKIC PU 00pPabOTKE
pe3yNIbTaTOB, PE3YIbTAaThl TEOPETUUECKUX PACUETOB.

2. Pe3ynpTaThl BCceX M3MEPEHHH O(OPMIITIOTCS B BHJIE TAOJHIBI C
COOTBETCTBYIONUMHE Ha3BaHUSIMHU KOJIOHOK W OTOOpaxkaroTcst Ha rpadu-
Kax.
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Ne (P VVin Wv Wk Wmax N

KOHTPOJIBHBIE BOITPOCBI

1. BeiBecTn hopMyy Ais meprosa oOpamieHns HoHa B IUKIOTPOHE.

2. BeiBecTH opMyI1y, CBSI3BIBAIOLIYIO SHEPTHIO HOHA B IIUKJIOTPOHE U pa-
JTIUYC €ro OPOUTHI.

3. Yrto Takoe paBHOBECHAsI SHEPTHsI U KaK OHA CBSA3aHA C MEPHOIOM TeHe-
paropa?

4. Kak Mensiercsi yncio oOOpOTOB B 3aBHCUMOCTH OT HAdaJIbHOH (ha3bl
WHKEKIINN?

5. BeiBecTn ypaBHeHHE (Ha30BOTO ABHKCHHUS.

6. [Touemy HavanbpHas (aza MHKEKIMH JOJDKHA OBITH MOJI0XKUTEIBHON?

7. llouemy craruueckas GpoxycHUpoBKa 3((HEKTHBHO padOTaeT Ha MEPBBIX
oboporax?

8. Uto Takoe BHemIHsst MHXeKnus? Kak MEHsIOTCS BEIXOIHBIE XapaKTepH-
CTHKH TTy4YKa C YBEINYCHHEM SHEPIUU WHKEKIMN?

CIIMCOK JIMTEPATYPbI
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MpakTnyeckoe 3aHaATHME Ne 3
MUKPOTPOH

Ienv: 3axpennenue meopemuyeckux OCHO8 (QU3UKU NYUKO8 3apsi-
JHCEHHbIX Hacmuy, uzyyeHue o0coOeHHocmell NPOOOAbHOZ0 OBUNCEHUS
yacmuy 6 MUKpompoue, onpeoeienue ¢azosol yCmouyusoCcmu 4acmu-
Ybl 8 MUKPOMPOHe.

OBILIUE ITOJIOKEHUSA
3.1. Ilpunuun pa6éoThl MUKPOTPOHA

MUKpOTpOH, WMHOTAA Ha3bIBAEMBIM 3JIEKTPOHHBIM IMKJIOTPOHOM,
co3zmaH Ha ocHOBe uneu B.M. Bekcnepa [1-2], mo3BonuBmiel n3dexaTsb
HApyIICHUs YCIOBUH CHHXPOHU3MAa B IMKJIOTPOHE, OOYCIIOBJICHHOTO
POCTOM Macchl TPH YBEIHMUEHUH SHEPruu. MUKpPOTPOH, KaK M LHKJIO-
TPOH, UMEET TIOCTOSTHHOE M0 BPEMEHU MarHUTHOE ToJie B U mepuox yc-
kopsawomiero BU-nona 7p. Mmest coCTOMT B TOM, YTO PENSTUBUCTCKOE
BO3pacTaHue mNepuoia oOpamieHus dacTull 7 3a OOUH OOOPOT, Hapy-
mraroree paboTy MUKIOTPOHA, MOYKHO MOAJEPKATh PaBHBIM (MM Kpat-
HBIM) Tiepruony 7o ¥ TeM CaMbIM COXPAHHUTb CHHXPOHH3M MEXIy o0pa-
IIEHHEM YacTULbl U NEPEMEHHBIM 3JIeKTpuueckuM noiem. Kiaccuue-
CKAH MHKPOTPOH IPENCTAaBIAET COOOW IMKIMYECKUI YCKOPUTENb Ha
CPaBHUTENBHO HU3KYIO YHEPrUI0 U MalIyH) MHTEHCHUBHOCTH ITyuka. Ca-
MBIE KpYNHBIE M HanOojee COBEpIICHHBIE KIACCUYECKUE MUKPOTPOHBI
paccUYMTaHbl Ha SHEPTHIO IEKTPOoHOB Tmopsnka 30 MaB u cpemauii Tok
nyuka nopsaka 50 MxA.

PaccmoTpum mpuHIMI paOOTHI KIACCHYECKOTO MHUKPOTpOHa (pHc.
3.1). Ilyctp wmMeeTcs TOCTOSHHOE OIHOPOJHOE MArHUTHOE TIOJIe
B=const u yckopsmleld MpoMEKyTOK, Ha KOTOPOM CO3JAaeTCsl mepe-

osoxeHue V,cos — ¢ . Ilepuon obpare-
Ty

HUA 94aCTHII ITIOCJIC k-oro 060p0Ta paBCH
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2nW,
T, ="k 3.1
k czeB ( )

TO €CTh IIPU YKa3aHHBIX YCIOBHSX IPOIIOPLUOHAJICH €€ IOTHON dHEp-
ruu W, . llpupamenune AT, =T, ,, —T, BblOMpaeTcs paBHbIM WM KpaT-

HbeIM niepuony 1, a umenHo AT = pT,, rae p — uenoe uucino (p =1, 2,
3, ...), IOCTOSIHHOE ISl JAHHOM yCTaHOBKHU. Toraa XoTs Mo Mepe pens-
THBHCTCKOTO BO3PAaCTaHUS MAacChl (PHEPTHU) YACTHUIIBI, MTOCIETHS Oy-
JeT omepexarb Mo (aze yckopsmllee HampspDKeHHE, 3TO OlepekeHHe
Oyner ocraBaThcs KpaTHBIM 27 . [lomydaercs pe3oHaHCHBIN peXUM yc-
KOpPEHHUSI, YCIOBUE OCYIIECTBIICHUSI KOTOPOTO

_2nV,cos
=—0 %

AT = pT,, 3.2)

rae @, — ¢a3a paBHOBecHOH uactuipl BU-nosst pesonaropa. IIpu s3Tom

1I0]] paBHOBECHOM 4acTuileld, Oy/ieM IMOHMMAaTh 4acTHIy, Iepuos odpa-
HIEHUs] KOTOPOI TOYHO KpaTeH Neproy TeHepaTopa.

Puc. 3.1. Tpaekropun 4acTHIl B MUKPOTPOHE
C OJTHMM YCKOPSIFOIIIAM ITPOMEKYTKOM
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VYcnosue, onpenensoniee AT, TOMKHO OBITh JOMOTHEHO YCIOBUEM
pEe30HaHCa JiIsl IEPBOTO 000pOTa
2nl, _
c’eB

rae [ — nenoe yucio (HadyanbHas KpaTHOCTB); W, — sHeprust MHKEKLIUH.

17, (3.3)

IIpu oTCYyTCTBUYM BHELIHEN MHIKEKIIUU
VVi = WO +eV0 CosQ, = W0(1+q) ’
eV, cosQ,
Wo
Paznenus mouwnenno (3.2) Ha (3.3), MOXKHO HOJIYYUTh BaYKHOE COOT-
HOIIICHHE:

rae W, — sHeprus mokos 3IeKTPOHa, ¢ =

g=-"L_. (3.4)
I-p

ITockonbKy TO ompeneneHuo g > (), To obszarensHo [ > p. Torna u3
(3.2) u (3.4) nerko MoONy4YHUTH
2w, 1
eBl-p

(3.5)

A
Ecnu Bmecro 7T, nmoacrasute I, =—, rae A — quuHa BoaHbl BU-moms,
c

TO MOXHO Tiepenucarts (3.5) B cleayroneM BuIe

iy, 1 0,0107L Tam. (3.6)

ce I-p I-p
Orto TpeboBaHMe ompepesieT co00i KOHCTPYKTHUBHBIE OCOOCHHOCTH
yckoputens. [lockonpky HE 04eHb BBITOAHO IMPHUMEHATh MarHUTHI C Ma-
neM MarHUTHBIM noiieM B < 0,1 Txn, To BO3HUKaeT HEOOXOIUMOCTb
HCITOJIB30BaTh TeHEPATOPHI ¢ A < 0,1 M, T.e. HUCIIOJIB30BaTh CAHTUMETPO-

B\ =

BBIM JUaITa30H BOJIH.

OTMeTHM, YTO TIPUPOCT SHEPTUH 32 00OPOT HE MOKET OBITH TPOU3-
BOJIHBIM, KaK B OOBIYHOM ITUKJIOTPOHE, a ONPEACIAETCS BBIOOPOM [ U p.
[MockoabKy JUIS BETUYUHBI p YIOOHO BBIOpATh MHHUMAIBHOE 3HAUCHHE
p = 1 (3HameHatenb B BoIpaxkeHuH (3.6) HOIDKEH OBITh MUHUMAIILHBIM),
TO HAaUMCHBIIAS BEJMYMHA [ = 2, OTCIO/Ia BUJIHO, YTO MPUPOCT IHESPTUU
HE MOXeET OBITh MeHbIIle W, DTO 3HAUUT, YTO MEPBEII 000POT IIEKTPO-
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Ha 10 OpOUTE JOJKEH COOTBETCTBOBATh HE MEHEE YeM JBYM IIEpHOaM
KOJIEOaHUH yCKOPSIOLIETO MOJISL.

3.2. UcciaenoBanne NBUKEHUS YACTHII

B oTnmume oT OCTaJbHBIX YCKOPHUTENEH, B MHUKPOTPOHE OTHOCH-
TEJIBHBIA MPUPOCT 3HEPruM 3a 06opotr Benuk. [losTomy ¢asoBoe nBu-
JKEeHHE YacTHIl 3/IeCh 11e1eco00pa3Ho UcCIe0BaTh NMPH MOMOIIN YpaB-
HEHHH B KOHEYHBIX pazHoCTsAX. i QyHKIUHM NEeIOYUCICHHOTO apry-
meHTa F (k =1, 2, 3, ...) BMECTO IpOU3BOIHBIX BBOJSAT KOHEUHBIE pa3-
HOCTH COOTBETCTBYIOIIMX MOPSIIKOB:

nepByo pasHocTs AF, =F, - F,,

BTOpYIO pasHocTh A°F, =AF,  —AF, = F, , —2F,, +F,.

Bocnons3oBaBmuce BeipakeHueMm (3.1), monmyuaem ypaBHEHHE B

KOHEYHBIX Pa3HOCTSIX BTOPOTO MOPSIKA, CIIPABEIIMBOS M UIS APYTUX
IUKINYECKUX PE30HAHCHBIX YCKOPUTEIICH:

2nV
Nt, - cT;BO cos(coo 'tk+l):05 (3.7)

r1e f, — MOMEHT A-TO HPOXOXJCHHUS Yepe3 yCKOPSIOMHUHA TPOMEKYTOK,

At, =T, , N°t, = AT, . Tlpupamenue passl Ha k-M 060pOTe paBHSIETCS
Ap, = At, —2n-1,, (3.8)

rae /, — KpaTHOCTb Ha 3TOM 000pOTE, MPHYEM COTJIACHO NPHHIMILY pa-

0OTBI MUKPOTpPOHA

Al, =p. (3.9)
U3 (3.8) u (3.9) nonyuaem uckomoe GpazoBoe ypaBHCHHE
N, ~2RPCOSOu _ o (3.10)
Cos @,
®a3oBo€ ypaBHEHUE THUIIA
AN¢, —Dcos@,, =—-Dcosg,, (3.11)

K KotopoMy otHOocHuTCcs (3.10), BooOIe cripaBeIHBO ISl YCKOPHUTEIEH
¢ aBrodazupoBkoil. OnHako Al MUKpOTpoHa coriacHo (3.10) Bemmuu-
Ha D Oyzer He MeHbILE 27, B TO BpeMs Kak AJs JPYTUX YCKOpHUTeE-
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neit D <<2m. [locnemHee o0CTOSTENBCTBO OOYCIOBIMBAET MpPaKTUYC-
CKH HETIpephIBHOE M3MeHeHHe (a3pl @, B ITHX YCKOPUTEISAX U JIaeT

BO3MOKHOCTH MIEPEXOIUTh OT Pa3HOCTHOTO ypaBHEHHs K TudepeHiu-

aTbHOMY:
2

d'e
——Dcosp=—-Dcoso, . 3.12
e ® 05 (3.12)
Hccnenyem cHavana manble (pa3oBble KojeOaHUS B OKPECTHOCTH @,
TMOJIOKUB;
O =0, +M;, nk‘<<(ps. (3.13)
Jluneapusys (3.10) mo 1, , HOIy4nUM JUHEHHOE pa3HOCTHOE YpaBHEHHE
Mo =21 =7 p-tge,) My + 1, =0, (3.14)
pellIeHue KOTOPOT0 UMEET BUJT
uf =bcos(u-k+8), cosu=1-m-p-tgo,, (3.15)

rae |, b, 8 — MOCTOSIHHBIE.
Kaxk cnemyer u3 (3.15), ycToWunBOE ABMKCHHE BO3MOXKHO IIJISI WH-
TepBaJia 3HAUYCHUH @, , OTPEACIIEMOT0 HepaBeHCTBAMHU

2
|cosu|<1 i 0 <tgo, <GP = > (3.16)
T-p

OoNTUMajIbHOE 3HadeHue @, =(Q,)

OfT ?

T
COOTBETCTBYIOIIICE qu, TO

€CTb LIEHTPY 00JIaCTH YCTOWYMBOCTH, coriacHo (3.15) paBHaeTcs

(P )om: = arctg L

T-p
W3 Bepakenus (3.16) BUAHO, 4TO 001aCTh YCTOHYMBOCTH 3aBUCUT
oT p. Hammpumep, 1t MEKpPOTpPOHA B HanboJree mpocToM ciydae (p = 1,
/=2, =1) obnacTp yCTOHYMBOTO IBMKEHHS JISKUT B Mpenesax
0<,<32,48%a ( S)onT: 17,65°. CymecTBoBaHHE OTpaHUYEHHOH 00-

JACTH YCTOMUYMBOrO JBMKEHHS HUMEET KaK OTpHUIATEIbHbIE CTOPOHBI,
TaK U MoJyiokuTenbHble. K HemocTaTkaM MOYKHO OTHECTH — OTpaHUYeHHE
o0jacTu 3axBaTa 4acTULl IPU MHXKEKIMH, YTO B UTOTE MPUBOAUT K Ma-
JBIM MHTEHCHUBHOCTSAM YCKOPSIEMBIX 3JEKTPOHOB. K MonoxuTEIbHBIM
CTOPOHaM CYILIECTBOBAHHUS MajIod 00J1aCTH YCTOHYMBOCTH MOXHO OTHE-
CTH — BBICOKHMI TEMIT yCKOPEHHA (TaK KaK 3HaYeHHE CHHXPOHHOU (ha3bl

42



TaK ’ke Majo, cos@, ~1), MaJjible IPOAOJIbHBIC Pa3MEPbI CTYCTKOB U Ma-
JBIA DHEPTreTH4ecKui pa3dpoc 4acTHIl B crycTke. B cimyuae Gombrmx
OTKJIOHEHHH OT PaBHOBECHBIX YCIOBHH @; =@, , A@; =0 TpUXOTUTHCS
MOJyYaTh IOCIECAOBATENIFHOE IOJIOKEHNE H300paXkaromel TOUYKH Ha
TIOCKOCTH ((pk,A(pk ), WCIIOJIb3Yysl HEJIMHEHHOE Pa3HOCTHOE ypaBHEHHE
(3.10) xak pexyppeHTHYI0 (opMyITy AJIs IEPEeXoaa oT @, , AP, K @, ,
A@,,, (HauuHas ¢ @,, A@,). Pe3yabTaTsl UNCICHHBIX pacyeToB IO pe-
KyppeHTHBIM (opMyliaM MpeacTaBieHbl Ha puc. 3.2. [lns HayaabHBIX
YCJIOBHM, JISKAIINX B HEKOTOPOM 0OJACTH OKOJIO PaBHOBECHBIX, W30-
Oparkaroias TOYKa COBEPIIAET ABUKEHUE, OJIN3KOE K NEPUOJUUECKOMY.
ITpu sTOM CKauKOOOPa3HO MEPEeMEIIArOIAsAcs TOUYKa JOXKUTbCA Ha J10-
BOJIbHO IUIaBHYIO ()a30BYIO TPACKTOPHIO, ONpPENENIAEMYI0 HadaJbHBIMU
YCIIOBUSIMHU.
Ha pumc. 3.2 moxa3zaHbl TakWe TPAaeKTOpUHM [UIA  CIydas
@, =(¢,),,, =arctg(l/m). Tam »xe mokazaHel (ha30BbIE TPACKTOPUU
do,
dk
ypaBHeHus (3.12), COOTBETCTBYIOIIETO TOMY K€ 3HAYCHUIO @ .

=f ((p) W cemapaTpuca, ModydeHHas u3 nuddepeHnnaILHoro

oeT

AP,

Ml-.__:_ww_‘/d

e AR N
e WA
0

7
da_ 2 0 \J| ¢ ¢ . S s Jag Tk
= Q*—EEEX;//

-6
Puc. 3.2. ®a3oBbre opOouTHI 11 Citydast Q5 = (@) onr, d — CEMEHCTBO OpOUT,
COOTBETCTBYIOIMINX T depeHIanbHOMy YPaBHEHUIO
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UeMm Oonbliie HaualbHble 3HAUEHUS (Q;, AQ,; ) OTJINYAIOTCS OT paB-
HOBECHBIX (@, AQ,), TeM CHIbHEEC OTJIMYAIOTCSA CEMEHCTBA TPACKTO-
puil mpuHaUIekKAIUX cooTBeTCcTBeHHO (3.12) m (3.10).

Ckauku U300pakaroIieii TOYKH 10 OpOMTE Ha TIOCKOCTH ((pk,A(pk)
noka3ansl Ha puc. 3.3. Ecim mpocienuts 3a TOYKOW HAa MPOTSHKEHUU
JIOCTATOYHO OOJIBIIIOTO KOJUYECTBA CKAYKOB, TO MOXHO OOHApPYXHTh,
YTO OHA COBEPIIAET CBOCOOPa3HOE MPEIEeCCHOHHOE TBMKECHUE. AHAlu-
3Upysl TpaHUYHBIC (ha3oBbIe TpackTOpuu (CM. puc. 3.2, TMpepbIBUCTAs
KpHUBasi) MOKHO OILICHUTH YHEPTeTUUYCCKUM pa30poc U JJIUHY 3JIEKTPOH-
HOTO CTYCTKa B MHUKDPOTpOHE. /[MHa crycTKa HaXOAWTCS CIEAYIOUIIM
o0Opa3zom:

aL={02=®); (3.17)
2n
rae A — anuHa BonHbl BU-monst; @, U @, — neBas U IpaBasi TPaHHIbI

00J1aCTH YCTOMYUBOCTU COOTBETCTBEHHO (CM. pHC. 3.2).

03T

AP,

0,2+ 4

0t

0,1

0,2+

-0,3—+

Puc. 3.3. Cxauku u3o0pakaronieii Touku mo $Ha3oBoil IIOCKOCTH JJIsl OTHON
13 (a30BbBIX OPOUT B ciaydae Qs = (Py)onr
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DHepreTUdecKkuil pa3dpoc MOXKHO OIIEHUTH ABYMsI criocobami. [lep-
BBIl CIOCOO OCHOBaH Ha TOM, YTO MYYOK, MPOXOojs yckopstomiee BU-
HanpsDKEHUE ¢ Pa3HBIMH (a3aMH, IMOJIydaeT Pa3IHYHbIN MIPUPOCT dHEP-
rmu AW , oTcroma

AW _ Vy(eos(o]) —cos(92)) G18)
w w
rae @) ¥ ¢, — JeBas U IpaBasi TPaHHIbBI 00JIACTH YCTONYMBOCTH, COOT-
BeTcTBeHHO (puc. 3.2), npu A@ =0 (Tak xak npu A@ =0 dHEprus Jac-
THUI] paBHA PAaBHOBECHOW SHEPTUM), a W — KOHEUHasi SHEPTHUS JIEKTPOH-
HOTO ITy4Ka.
Bropoii crioco6 mo3BosieT oneHuTh pa3opoc u3 BeipakeHus (3.8).
[eiicTButenbHo, npeobpasys Bwipaxenue (3.8) ¢ yuetom Af, =7, u

2nW,

T, =—— -, moy4aem
c’eB

21

0
OTCIO}_Ia MOoJIy4acM BBIPAXKCHUC AJI1 OOCHKU SHEPIreTUICCKOr O pa36poca
AW _ (A, —Ag,) )W,
/4 2nW
rae Ag, U AQ, — BepXHAA U HWKHSASA IPaHUIA 00JaCTH YCTOWYMBOCTH

b

COOTBETCTBEHHO.
3.3. MeToabl BHYTPeHHEH HHKEKITUN

[Ipu cozgaHuym mepBbIX KIACCHYECKUX MHUKPOTPOHOB €ro pa3pabort-
YUKU CTOJKHYJIUCh C TEXHUYECKHUMH TPYIHOCTSIMU, CBSI3aHHBIMU C pa3-
paboTKOI KOHKPETHOW KOHCTPYKIIMH Takoro yckoputens. [Ipexne Bce-
ro, 3TO — NpoOJIEeMBbl, CBA3aHHBIE C MHXEKLUEH IMydYKa B MUKPOTPOH H C
HEOOXOJMMOCTBIO OOECTICUHUTh BBICOKOE YCKOPSIOIIEEe HampsDKEHHE B
BY-pesonarope.

Umxekuusi B KJIACCHYECKOM MHUKPOTPOHE BHYTPEHHSSI U TpeOyer
pa3MeIeHUs] MHXKEKTOpa MEXy Iojitocamu MarHuTa. llepBeie Mukpo-
TPOHBI B T€YECHME JOJIMX JIET HE HAXOAWIN MPAKTHYECKOIO IPHUMEHE-
Hus. M3-3a mpoOneMbl MHXXEKLMH OHM MMENH MAaKCUMAaJbHYI HHTCH-
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MHTEHCUBHOCTH Iy4Ka nopsaka 1 MA, 4yTo npu cKkBakHOCTH okojo 1000
JIaBaJio CpeIHIO WHTEHCHBHOCTH He Oojiee 1 MKA. YcoBepIIeHCTBOBA-
HHUE MHXEKIIUHU TT03BOJIMIIO MOHATh HHTEHCUBHOCTE B IECATKHU Pa3.

Ha puc. 3.4 noka3zansl 1Ba Hanbonee yaauyHbIX COCO0a HHKEKLINH,
paspaboTaHHBle Ha OCHOBe ocTpoyMHOH wunen B.H. Menexuna
(MuctutyT ¢msnyeckux mpobinem PAH). Buytpu pesonaropa, mMero-
IIEr0 CKBO3HBIE OTBEPCTUSI B 0OOMX OCHOBAHUSX LMJIMHAPA, PACIIONIO-
JKEH TOpsiYUi KaToJ, SMUTTUPYIOLIUI 3IEKTPOHBI o aericreueM BU-
HanpsokeHust. MHXeKTHpyeMble 3JIEKTPOHBI MOJI BIMSHUEM MarHUTHOTO
NoJsl cpa3y OTKIOHSIOTCA. UTOOBI Ha mepBoM 000pOTE 3JIEKTPOHBI
MOTJIM OOOTHYTH PE30HATOpP, MOIMEPEYHBIE pa3Mephbl yCKOPSIOLIETO
pe3oHaTopa JIOIKHBL ObITh Manbl. C qpyroi CTOPOHBI, Kak OBLIO CKa3a-
HO BBIIIIE, TPUPOCT SHEPTHH 3a OJIUH MPOXOJ pe30HATOpa JAOJKEH Ipe-
BBIIIATH 3HEPrur0 3jekTpoHa. lloaromy yckopsromee BY-none B
pe30HATOpE AOHKHO OBITH OOJBITHM.

Ve - ._‘_\\

/

Puc. 3.4. MeTton!
BHYTPEHHEH HHKCKIIUU

|
!
= _—_—

Bricokoe BU-HampspkeHHE MOXET OBITH IOJYYEHO TONBKO IPH
0OJIBIIION MOIIHOCTH T'eHepaTopa U OOJBIIOM IIYHTOBOM COIPOTHBIIC-
HUU pe3oHaTopa. Bee BhImIenepeyncieHHble 0COOCHHOCTH YCKOPSIOIEH
CUCTEMBI 00YCJIOBIMBAIOT BBICOKHE TEIIJIOBBIE HATPY3KH Ha PE30HATOP,
MO3TOMY KJIACCUYE€CKHE MUKPOTPOHBI pa0OTAIOT TOJIBKO B MMITYJIECHOM
pexnme.

CoBpeMEeHHbIE MUKPOTPOHBI AENAIOT C Pa3feICHHBIMU MarHUTaMHu.
DTO Tak Ha3bIBa€MbI€ pa3pe3Hble MUKPOTPOHBI. CxemMa MHUKPOTPOHA C
MarHuTOM, pa3pe3aHHbIM Ha JIB€ 4YacTH, JlaHa Ha puc. 3.5. B kauectBe
YCKOPSIOIIETO yCTPOHCTBA MUCIOIB3YETCs TUHEHHBIN ycKopuTemb. Pas-
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JeJICHNe MarHUTa Ha 4acTH MO3BOJISIET BBECTH HOBBIM MapamMeTp, obec-
MICYMBAIOIIMI PE30HAHCHOE YCKOpEHHE NPHU Pa3luYHbIX 3HAYCHUSX B,
W, AW W npu mIaBHOM peryjiupOBaHMH KOHEYHOW SHEPrHH ITydKa.
Ecnn B 0OBIYHBIX MHUKPOTpOHAX uaile Bcero AW =W, To 31ech pac-
CTOSIHUE MEKTYy MarHUTaMH JOCTaTOYHO JUIS YCTAaHOBKH KPYITHOTO YC-
KOPSIOIIEr0 YCTPOWCTBA, BKJIIOYAs M JMHEHHBIA YyCKOpUTENIh Ha SHEp-
TUI0 B HECKOJIbKO M3B mnn naxe coren MaB.

Puc. 3.5. Pa3pe3Hoil MUKPOTPOH

OINMCAHUE MATEMATHUYECKOM MOJEJH

Maremarndeckass MOAEIb BBIIIOJHEHA C HCIIOJIB30BAHUEM MaTeMa-
tuueckoro makera Mathcad u coctouT u3 Tpex OCHOBHBIX yacteil. B
NEepBOH YacTu — OJIOKe HAa4YallbHBIX JAHHBIX — 3aJaHbl OCHOBHBIC KOH-
CTaHTHI (CKOPOCTh CBETA, 3apsj 3JCKTPOHA, Macca YacTUIBl U T.1.), UC-
MOJIb3YEMBbIE TIPH pacueTax, a TaKkKe 3alMChIBAIOTCS MapaMeTphl MoJe-
JTUPOBAHUS: PAJANYC MUKPOTPOHA R, JuInHA BOIHBI BU-mons A, mpu-
poct sHeprum ¢, kpatHocts BY p, xpatHocTs BU Ha nepBom obopore /.
Ha puc. 3.6 moka3aH Buj 06510Ka HAYAIbHBIX JTaHHBIX.

Bo BTOpOIf HacTy 3a1aHb! BeIpaKeHUs A7 (pa3oBOro ABMKEHHUS dac-
THUIIBI, TPOU3BOJUTCS YUCIICHHBIH pacyeT ()a30BOTO IBMXKEHHSI YaCTHUIIBI,
HaXOJUTCS ONITUMAJIbHAS paBHOBECHAS (a3a Qo

TpeTbs 4acTh MmpeacTaBisieT codoil rpaguku (Ha3oBBIX TPACKTOPHUH,
rpaduK U3MEHEHHs] KHHETHUECKON YHEPTUH YaCTULBI B 3aBUCUMOCTH OT
qrcia 000pOTOB.
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HOPATOK BBIIIOJIHEHUSA PABOTBI

1. O3HaKOMHUTCS ¢ MaTEMATHYECKOH MOJIeNbI0, pa3pabOTaHHOM A
U3y4YeHUsI OCOOCHHOCTEH NPOAOJIBHOTO JBM)KGHUS YacTHLBl B
MUKpPOTpOHE.

2. Ilo BenMuMHE MarHUTHOTO TOJIS B M MPHUPOCTY IHEPTHH 332 OJTUH
000poT W OLEHHUTH PHEPTHIO BHIXOSIIETO MyYKa M YUCIO 000OpPOTOB,
COBEpIIAEMBIX B MUKpPOTpOHE paguyca R. Onpenenuts MaKCUMabHBIHN
pasMep pe3oHaTopa.

3apAg anekTpoHa, Kn e 1610
3HepruA nokoA anektpoda, 3B Wiy = E|.511-1E|'5
CropocTe ceeTa, mic c= 3-ID8
ONWHA 3.-M. BONHEl E03BysKOaemMoi B pesoHaTope, m A= IIJ-ID_2
MpupocT aHeprau 3a 0bopoT B eguHkuax Wy g=1
KpatHocTe B p=1
KpatHocTe B Ha nepeom obpopoTe m=p+1
Paguyc MUkpoTpoHa, M Fpie =1

Puc. 3.6. Biok HayanbHBIX JaHHBIX

3. Haiitn o6mactu ycroiumBocTH Ui pasHbIXx @, (¢, <0,

1 3
=5 @ aes @0 =@ %5 (@ )apes Py > Punpen)- Tpenmionara-

€TCsl, YTO JBMDKEHUE YACTHII B CI'YCTKe OyJeT yCTOWYUBBIM eciu (ha3o-
BbIIf pa3Mep cryctka Ha npoTsbkennn 1000 n 6omee 060pOTOB HE yBe-
JMYHMBACTCSL.

4. OnpenenuTh NPONOJBHBIN pa3Mep M DHEPreTHYECKUil pasdpoc
My4YKa JUIS KOKIOTO 3HAUSHUS @, .
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5. [Iponenats Te xe camble AeHcTBUS At p =2, p = 5.
6. Crenathb BBIBOJI O TOM, KaK MEHSIETCS 00JIACTh YCTOHUMUBOCTHU IS
0OJIBIINX 3HAYCHHH .

OPOPMJIEHME OTYETA

1. B order 3aHOcATCS: Ha3BaHUE PaOOTHI, LENb PaOOTHI, MOTY4EH-
HBIE 3aJaHusi, Pe3yJNbTaTbl MOACIHPOBAaHUS, (OPMYJIbI, MCIOIH30BAH-
HblE IIpH 00pabOTKEe pe3yJIbTAaTOB, PE3yJbTAThl TEOPETHUECKUX pacue-
TOB.

2. PesynbraThl Bcex M3MepeHHH O0(OPMIISIOTCS B BUAE TAOIHULBI C
COOTBETCTBYIOLIMMH Ha3BaHUSIMH KOJIOHOK M OTOOpakaTh Ha TpaduKax.

?, ?, ?, ol (0 Ag, A,

KOHTPOJIBHBIE BOITPOCHI

1.IosicauTe mpuHIKO paboTHl MUKPOTPOHA.

2.Kakue orpaHn4eHHs Ha JUIMHY BOJIHBI FeHEpaTOpa W 3HAUCHUS MarHUT-
HOW MHAYKIIMN HaKJIaJbIBaET IEpEMEHHast KpaTHOCTh?

3.Ha3zoBuTe mnpenensl BO3MOXHOTO W3MEHEHHS CHHXPOHHOW (asbl B
MHKPOTPOHE.

4.B yeM mpeuMyIEeCTBa U HEAOCTATKH MaJoro 3Ha4eHHs CHHXPOHHOHU Ba-
3B B MUKPOTpOHE?

5.CyIIecTBYIOT JIU OTPAaHWYEHUS Ha NPUPOCT SHEPTUH 32 OOUH 000pOT Y

MHUKPOTpOHA?
6.Kakue TpeboBanus Kk yckopsitomeii BU-cucreme MHKpOTpoHa
MPEIBIABISIOTCS?

7.4YT0 Takoe pa3pe3HOi MUKPOTPOH U KaKOBBI €T0 MpeHMyIecTBa?

CIIUCOK JIMTEPATYPHBI

1. Bampaguep O.A., T'mazkoB A.A. HoBble KOHCTPYKIMM yCKOpHUTENEH
HUKIOTpOHHOTO TUNa. — M.: MU®U, 1987.

2. Komomenckuit A.A., JlebeneB A.H. Teopus NUKIMYECKUX YCKOPHUTE-
nmei. — M.: ®duszmarrus, 1962.
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MpakTn4yeckoe 3aHATne Ne 4
POKYCUPOBKA NMYYKOB 3APAXXEHHbBIX YACTHUL,

Ienv: 3axpennenue meopemuyeckux OCHO8 (QuU3UKU NYUKO8 3apsi-
JICEHHBIX YACMUY, U3YHeHUue Memodo8 NONEPeuHOU (HOKYCUPOBKU NyY-
KO8, aHAAU3 OGUICEHUS NYUKA C NOMOWBI ONMUYECKUX (PYHKYuULl, uc-
cnedosanue 0BUINCEHUs NYUKA 3APANCEHHBIX YACTIUY Yepe3 mpuniem u
0ybiem K8aopyNoOIbHbIX JIUH3.

OBIIME ITOJIOKEHUS
4.1. MaTtpuuyHasi popMa pelieHHs1 ypaBHeHHI IBUKeHUS

JI71st 9acTHIBI ¢ PaBHOBECHOW DHEPTHEH ypaBHEHHE pagralIbHBIX Oe-
TATPOHHBIX KOJEOAHUI B TMHEWHOM MPUOIIKeHNU umeeT Bu [ 1-2]:

X"+K (s)-x=0,

2
K.(s)=h ) +k(s)=| LBy(s)| +LG(s), G= %8, , (4.1)
p p 0

x=2z=0

rae h = 1/ry — KpUBH3HA TPAaEKTOPHH, T.. IPU PACCMOTPEHHH KaHaja
0e3 MOBOPOTHBIX MarHUTOB 4 = (; p — UMIYJIbC YACTUILIBL, ¢ — 3apsf
YaCTHIIBIL.

g mpocTOTBHl pacCMOTPUM TONBKO TOPHU30HTAIBHOE JABMKEHHE, a
MOJTyYeHHBbIE BHIBOJIBI MOKHO MPUMEHSTH K BEPTHKAIBHOMY JIBHKEHHIO
C YUYETOM Pa3Inyusl EPUOINIECKIX K03 (PUIMEHTOB (POKYCHPOBKH.

OnuH U3 coco0oB penieHus ypaBHeHuUs (4.1) cBsi3aH ¢ BO3MOXKHO-
CTBIO MPEACTABICHUS PEaTbHOr0 a3UMYTaJBHOIO paclpelesieHns Mar-
HUTHOI'O MOJSI Ha OpOMTE YCKOPUTENs B BHJIE KyCOUYHO-IIOCTOSIHHOM
(YHKIIUM, KOT/Ia BECh MEPUMETP YCKOPUTENs JEeNUTCS Ha YYacTKH, Ha
KaXIOM U3 KOTOpBIX B, =const u G = const. Harpumep, ams ydactka,

IJle MarHUTHOI'O I0JIs1 HET (IpsAMOJIMHEHHbIN npoMexyTok), B,,(s)=0
n G(s)=0, amg AATIONFHOTO MAarHMWTa C IUIOCKO-TIAPAJUIETHHBIMU T10-
mocamu B, (s)=B,, =const u G(s)=0, g KBagpynoJIbHON JNH3bI
B_,(s)=0 u G(s)=G, =const u 1.1. KoHeuHo, MaruuTHOE mOJIE HA

rpaHrule Y4aCTKOB HE MOXKET U3SMCHUTHECA MIHOBCHHO, a IIJIABHO CIIaJacT
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WM HapacTaeT, HO OOBIYHO JUTMHA Tepexojia Majia Mo CPAaBHEHHIO C OC-

HOBHBIM YYacTKOM, U KpaesvlM nojem TpeHeOperaior. s KycodHO-

MOCTOSIHHOTO TIPUOIMKESHHUS PEIICHUE UMEET OHY U3 BO3MOXKHBIX (hOPM:
- (hoxycupyrommii yuactok: K, >0,

x(s)=acos(y/K,s)+bsin({K s), (4.2)
- yuactok 6e3 momst: K =0,
x(s)=a-s+b, 4.3)

- nedoxycupytromuii ysactok: K <0,

x(s)=a-ch(y[[K Js)+b-sh([K ]5). (4.4)

I/Ie¢ KOHCTaHTBl @ ¥ b ONpeneNnsioTcsl Ha4aJbHBIMU YCIOBHSMH, & § —
NpOOJIbHASA KOOpIUHATA.
3aiaauM BEKTOp X(§) C MOMOIIBIO PEIICHUS] YPaBHEHHS JIBHIKCHUS

x(s) 1 ero mpou3BoAHON X'(s) CIEAYIOUMM 00pa3oM:

- x(s)
x(s)y= , | (4.5)
x'(s)
Torna, Hanpumep, 111 K, >0 KOMIOHEHTBI BEKTOPA 3aMUIIYTCS KaK
x(s)=acos(y/K,s)+bsin({Ks), (4.6)

xX'(s)=—a K, sin({[K,5) +b,[K cos(\K.s). 4.7)
Ioacrasnsst B (4.6) u (4.7) nHavanpHble ycinoBust x,=x(0) u
xo = x'(0) , nomy4nm
X
\/Z .
BuHO, 9TO COOTHOIIIEHHE MEKYy BEKTOPOM HAYAIBHBIX YCIOBHHI H
X(S) MOXHO 3amucaTh B MATPUYHOM (GopMe:
xX(s) =M %, (4.9)
rie My HasbIBaeTCs mampuyetl nepexoda Iist (POKYCHUPYIOIIETro yuacTKa:

cos(\/]sz) ! sin(\/zs)

M, = K

—\/zsin(\/gs) c;s(\/gs)

ITomo6GHBIE MaTPHIIBI IIEPEXOA MOTYT OBITH MOIYYEHBI IS YIacTKa
0e3 moust

a=x,, b= (4.8)

: (4.10)
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1
M= 7, 4.11)
0 1

U JUTd 1e(DOKYCHPYIOIIETO y4acTKa

enl ics) sl

b= K| . (4.12)

sl i) enl i

PaccmoTrpum BekTop (4.5) 10 M mOCiie TOHKOW KBaPYTOIBHON JTNH-
3bl. [Ipu mponere TOHKON JMH3bI KOOPAMHATA YAacTUIBI HE MEHSETCA
(T.6. Xx =X, ), B TO BpeMs KaK U3 HAaKJIOHAa TPACKTOPUH BbIUUTAETCS (U1

dhoxycupytomeit mua36I) yroa o (puc. 4.1). Wnm:

x=1x,+0-xg, x'=—ix0+1-x('). (4.13)

SN ——— — — Puc. 4.1. IlpoxoxieHne 9acTALIBI
X0

S

LR SN = 4epe3 TOHKYIO JINH3Y

X X
PaBenctBa (4.13) emie MOXHO 3amucaTh Tak:  |=M , TIe
X

X !
0
M, — MaTpua TOHKOH JIMH3BI.

M= _1 4 (4.14)
S

AHAJIOTMYHOE BBIPAKECHUE MOXET OBbITh TojydeHo u3 (4.10) wiu
(4.12) ¢ moMo1nkko mpenenbHOro nepexona s — 0.

BepTukanbHOE ABMKEHUE TAKKE MOXKET OBITh OMMCAHO C MOMOIIIBIO
MaTpPUIHOTO (opMaan3Ma, TaK UTO JJIS KaKIOTO dJIEMEHTa CyIIeCTBYET
JIBe MaTpulbl iepexona M, u M,, KOTOpbIE 3alUCHIBAIOTCS B 3aBUCUMO-
CTH OT 3HaKa COOTBETCTBYIOLIETO (POKycupyromiero kodgduiuenra K, u
K.. JInd xBagpynoabHO# JIHMH3BL, A1 KOTOpod K . =-K_, olHa U3 Mar-
puil Bcerna hOKycCHUpYIOIas, a Bropas — Ae(OKyCUpPYIOIIIas.

Ecnu yactuiia nBukeTcsl dyepes MmociieloBaTeIbHOCTh JIEMEHTOB C
Matputamu M, M,, ... M,, To BXOJHOU U BBIXOJHON BEKTOPHI (4.5) co-
OTHOCSTCS Kak
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X=M,..MMzx,. (4.15)

Matpuunbiii GopManu3M BecbMa YAOOCH, €CIM HYXKHO YHCIICHHO
MPOCIEANTh JBUKCHUE YACTHUIBI Yepe3 OOJBIINOE UYHUCIO DJIEMEHTOB.
[Ipu >TOM HET HEOOXOAMMOCTH Ha KaXKIOM yYacTKE peliaTh YpaBHEHUS
JIBIKEHUS C HOBBIMH HaYaJIbHBIMU yCJIOBUSMH.

W3 Teopembl JInyBUIIIA CIICAYET, YTO TUNIOTHOCTH (ha30BBIX TPACKTO-
puit 1 00beM (ha30BOr0 MPOCTPAHCTBA BCETNIa COXPAHSIOTCS BO BpeMe-
HU. DTOT BBIBOJ SIBJISICTCS OOIIMM U CIIPABEIIUB IS JIF000H KOHCEpBa-
TUBHOW IWHAMHUYECKOW cucTeMbl. CIeNCTBHEM 3TOH TEOpeMBI OynaeT

PaBEHCTBO €MHULIE ONPEICTUTENS MAaTPULIBI TIEPEX01a |M | =1.

4.2. AnaauTndeckas popma pemieHust
YPaBHeHUIi ABUKEHUSA

[IpocToTa MaTpUIHOTO MOAXOAA OCOOCHHO YAOO0HA TIPH YHCICHHOM
WCCIICZIOBAHUN JABIKEHHUS YaCTHUIIBl, HAapUMep INpPH KOMIBIOTEPHOM
MojenupoBaHud. OJTHAKO IMyYOK COCTOUT W3 OOJBIIOrO YUCIA YACTHIL
(~10'°), u MBI He B COCTOSIHMM MPOCJIEIUTH YHUCICHHO HX TPACKTOPHH.
Jns wcciaenoBaHWsl CBOMCTB MydYKa KakK LIENOTO W AJSI TOTO, YTOOBI
MMETh BO3MOXKHOCTh AQHAJIMTHYECKH HU3y4yaTh MOBEJCHHWE YacTUIl, HaM
HYKHO oOIllee pelIeHne ypaBHEHUs ABWKEHUS B BUE QYHKIUU MIPOU3-
BOJIBHOM a3MMyTaJIbHOM KOOPAMHATHI S, @ HE OT/IENbHBIX yUACTKOB.

VYpaBHeHue ¢ nepuogrnueckiuM koddduienToM Trmna

x"+K (s)x =0 (4.16)
Ha3bIBaeTCA ypagHeHuem Xunna 1 n3BeCTHO ¢ KoHIA XIX Beka B CBA3U C
u3ydeHueM JBuxeHnud JIyHsl B mmone TaroteHus 3emud. Pemenue ypas-
HeHHs XHJula UMEET CIIEeIyIOINN BUA:

x(s)=A-w(s)cos(u(s)+H,), (4.17)
rae A U [y — IOCTOSIHHBIE, 3aBUCAIINE OT HauyalbHbBIX YCIOBHH; W(s) —

¢dazoBas ¢ynknusa (mapamerp Dioke); w(s) — aMIDIUTyIHAS (yHKYUS

Droke.
B Hacrosiiee Bpemst B husnke yckopuTesnen npuHsTa apyras gopma
MIpPEJICTaBIEHUs] OETaTPOHHBIX KOJEOAHHI C MOMOIIBIO OemampoHHOU

dyuryuu B(s) = w’(s) , TaK uTo
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x(s)=A4-/B(s) cos(u(s)+u, ). (4.18)
MOoXHO cKa3aTh, 4TO OETATPOHOE JBMIKCHUE YACTHIIBI IPEACTABIISET
co00¥# TICeBI0-TApMOHMYECKHE KOJIEOaHus, aMIUTUTY 1A M (ha3a KOTOPHIX
SBJISAIOTCS (PYHKIMSAMH HE3aBUCHMOU TIEPEMEHHOIA 5.
ITonctaBum (4.18) B (4.16) 1 00BEIMHUM ClIaracMble ¢ CHHYCOM H
KocuHycoM (pa3oBoil pyHKINH:

" _ /2, 1 B'M’ B'l»l' .
X +Kxx—A(—B n _W_2B”2jsm(u+“0)+

2 "

2.2 B B 1/2

Al =B g+ + KB |cos(u+ 1 )=0. (4.19)
apre 2B

Tak Kak 1 L HE TOJDKHBI 3aBUCETh OT HadYaJIbHOU (asbl L, KOTO-

past onpezaessieTcsl KOHKPETHBIMU HadalbHBIMU YCJIOBUSIMH, CHHYCHAs U

KocuHycHas 4acTH (4.19) mOoJKHBI paBHATHCS HYJIO HE3aBHCHMO. Y M-

HOXMB BEIPDOKEHHE TIepe/l cuaycoM Ha B2, momyanm

Bu"+p'u =0 um a__dp ) (4.20)
weoooB
WnaTerpupys (4.20) monyyuM Ba)KHOE COOTHOIIEHHE MexIy (azo-
BOW M aMIUTUTYJHOHM (QyHKIHSIMHU OeTaTpOHHBIX Kone6aHH171:

' d“(s) 1 s ds
as B MM MOl (21

Bo3sBpamasch K BEIpaXKCHUIO Tiepes] KOCUHYyCcoM B (4.19), yMHOXHUB

3/2

ero Ha 4f3”'", mpUpaBHAB HYJIIO W BOCIIOIB30BaBIINCH (4.21), momyunm

ypaBHEHHE, OTIPEIeIIAIonIee OETaTPOHHYIO (QYHKITHIO:
2BB" - B +4K ()’ =4. (4.22)

4.3. UnBapunant Kypanta—CHalinepa

PaccMoTprM OTKITOHEHHE YaCTHUITHI OT PABHOBECHON OPOUTHI

x(s)=A+/B(s) cos(p(s)+ 1) (4.23)
1 YTOJI HaKJIOHA €€ TPAaeKTOPUHU
B 4 . _B

xX(s)= BA Beosu+p,)— \/Esm(qupo)— x—%sinm+po).(4.24)

2
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Brigenus B (4.23) u (4.24) cuHyC ¥ KOCHHYC, BO3BENIS UX B KBaIpaT
Y CIIOKUB, TOJIYYHM CIICAYIOIIEE BBIPAXKCHHUE JIUISl KBaJpaTa KOHCTAHTHI
nBrokenus A

, 2
x—2+l3-(x'—2£xJ s (4.25)

Jns 3aaHHBIX HayalbHBIX YCIOBUM BEJMYMHA B JIEBOWM YacTH pa-
BeHCTBA (4.25) sIBisieTcsl MOCTOSIHHOM IS JTI000M TTPO0ILHON KOOPIH-
HaTBI ¥ Ha3bIBaeTCs uneapuanmom Kypanma—Cratioepa.

PackpbiB ckOOKH ¥ BBEJsl HOBbIE 0003HAYCHHS

—B'(s 1+a’(s
a(s)= POy gy =110
2 B(s)
MOXHO 3anucate MHBapuaHT Kypanrta—CHailinepa B aJbTepHATUBHOU
dopme

, (4.26)

Y(s)x* +20(s)xx +P(s)x> = 4%, (4.27)

BcnomorarenbHble CTPYKTYpHBIE (B TOM CMBICIIE, YTO OHHU OIpeie-
JISTFIOTCST TOJIBKO MarHUTHOW CTPYKTypod yckoputens) pyukmum (4.26)
BMecTe ¢ B(s) uHOrAa Ha3biBarOT napamerpamu Kypanta—CHaligepa.

YpaBHeHue BUaA:

a-x>+2b-x-y+c-y*=d, (4.28)
rae a, b, ¢, d — KOHCTaHTHI, SIBJIICTCS CTAHJAPTHBIM YPABHCHUEM 3JUIHII-
ca, TOBEPHYTOr0 OTHOCHUTEIBHO KOOPAMHATHBIX OCEH Ha YToX ¢, TAaKOH,

2-b
qro tg(2¢)=——-" Ilnomanp s5mIca onpeaensercs BblpakeHUEM
a-c

n-d

vac—b* '

Bripaxenue (4.27) o3Ha4yaeT, 4TO BCE YACTULIBI C OJIMHAKOBOM KOH-
CTaHTOHN A TpH MpoJIeTe OINpeeIeHHON MPOI0IbHON KOOPAUHATHI § OY-
JyT UMETh KOOpAUHATHI (X, X' ) B (a30BOM IPOCTPAHCTBE, TPUHAJJIC-
xamwme mmuncy. Cpasaenue (4.27) u (4.28) maer BeIpaXeHUS IS yTiia

MOBOPOTA 3TOTO IUIUTICA U €r0 TUTOIIA TH:
2
o(s) n-A

teRQp)=————~—: S=—0n " —q.4%. 429
B0 5 -pe) B’ @2

S=



Cy1miecTBOBaHHE Ba)KHOW 1 (PU3UKK YCKOpUTENEeH KOHCTAHTHI
neuxkeHus (4.27) sBASETCS CICACTBUEM TeopeMbl JIMyBWILIS, Tak iKe,
KaK ¥ PaBEHCTBO €IUHUIIE ONPEACIUTENS MATPHUIIBI TIEPEX0/a.

J1s 9acTuIel, MaKCUMalIbHOE OTKIIOHEHHE KOTOPOH paBHO CpelHe-
KBaJpaTUYHOMY OTKJIOHEHHUIO 4acTul] B Myd4Ke, T.. X, =O, , KBaapar

nuaBapuanta Kypanrta—CHaiinepa cBsi3aH €O CpeTHEKBaJpPaTHIHBIM
Er

T

SMHTTAHCOM IyYKa CJIe[yFONIHM o0pasoM: A2 =

4.4. Cori1acoBaHnne KaHaJja

3HavueHus o, 3 ¥ Y B KOHIIE KaHaja OIMpeJeNsIeTcsi HaCTPOWKON ca-
MOT0 KaHalla, B TO BpeMsI KaK IOCJIE BhITYCKa U3 KaHaja JIBIYKCHHUE Yac-
TUI[ OyJIET OTNPENENATLCS ONTHYSCKUMHU (YHKIUSMH CTPYKTYpBI, B KO-
TOPYIO MOMAIM YacTUllpl. J[BrkeHHne B (pa3oBOM MPOCTPAHCTBE BCeraa
MPOUCXOAUT BJIOJb JUIMIICOB, OMpPE/SIIIeMbIX napamerpamu KypaHTa—
CHaiinepa, mo3TOMY €Clii KaHall He COTJIACOBAH CO CIEYIONIeH 3a HUM
CTPYKTYPO#, TO mpou3oiaeT 3h(HEeKTHBHOE yBETUUCHUE IMUTTAHCA KaK

MoKa3aHo Ha puc. 4.2.

4 x'
AxcenTaHc

SipchexTueHbIR S/

IMUTTaHC
.

He cornacosamHbiii
AMUTTEHC

Puc. 4.2. CoriacoBanue SMHUTTaHCa

4.5. MaTtpuna nepexojaa u napamerpbl Kypanta—CHaiinepa

W ananutnyeckas, 1 MaTpu4Has GOpPMBI pellieHHs ypaBHEHMA OeTa-
TPOHHBIX KOJICOAHMIA OMUCBHIBAIOT OJHO M TO XKE SBJICHUE — JBUKCHUE
JaCTHIIBI B IJIOCKOCTH, TIOTIEPEYHOM K paBHOBECHOH opbOute. [losTomy,
€CTECTBEHHO, MEXJy dTHMU JABYMS allbTEPHATUBHBIMU TPEICTABICHHSI-
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MH JOJDKHA CYIIECTBOBATH CBS3b. JJI1 yCTaHOBIEHHS TaKOW CBS3U Iepe-
nueM pemenue (4.23) B cierka Apyroil TpUTOHOMETPHYECKOH opMe:

x(5) = /B(s) (4 cos u(s)+Bsin p(s)). (4.30)
Torma npoussoaHas (4.26) mpuMeT BUJ
() =——[(B - da(s))cosp— (4 + Ba(s))siny].  (4.31)

VB(s)

Jns HEKOTOpOUl MPOM3BONBHOM MPOJOJIBHON KOOPAUHATHI S, KOTO-
PYIO [UISl TPOCTOTHI 0003HAYMM Kak § = 0, ompeeuM HayallbHbIC 3HA-
yenus x(0)=x, u x'(0) =x;. IlycTs uIst 3TON KOOPIMHATHI 3HAYCHHUS
napametpoB Kypanra—Craiinepa B(0)=p, u a(0)=a,, u, cormacHo
(4.21), u(0)=0.

Torna cBsi3b KOHCTAaHT A ¥ B ¢ HaYaJIbHBIMU 3HAYEHUSMHU OTIPEIeIs-
eTcs KaK

Xo=AB, wm  A=x,/B, . (4.32)

x('):(B—AOLO)/\/E Wi B =x(-/B, +x0a0/\/g. (4.33)

IloacraBmss (4.32) u (4.33) B (4.30) u (4.31) mociae HECITOXKHBIX
peoOpa3oBaHMiA I TPOU3BOJIBHOTO a3UMYTa S TOTYYHM

x(s) =xo(\/%j) COS (s) "‘0‘0\/% sin ”(S)] * (4.34)

+xBs)B, sin u(s),
x(s) ==, 'B<+)Bo[(“(s) — 0t Jeos u(s) + (1+ a(s) @, )sin p(s)]+

+Xx) %(cos u(s) — a(s)sin p(s)). (4.35)

0

Bunno, uto Beipaxenus (4.34) u (4.35) MoryT OBITH 3amucaHbl B
matpudHoi popme X(s)= M (s, — 5)X,, a IEMEHTBI MaTPHUIIBI TIEPEXO-
Jla OT KOOPJMHATHI Sy K KOOPJMHATE § BBIPAXKAIOTCS Yepe3 3HaYCHHS Ia-
pPaMeTpoB ., 3 ¥ |1, B3ATHIX B TOUKAX So U §:
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? (cosAu+a, sinAp) JB(s) B sinAp

0

M= | , (4.36)
— m [(a(s) —0, )cosAu + %j) X
+(1+ o(s)a )sinAp] x (cosAp—o(s)sinAp)

rae Ap=p(s)—p(s,) — Haber ¢a3pl OCTaTPOHHBIX KOJICOAHMIA MEXIY

So U S.
4.6. Boruncienne napamerpoB Kypanta—Cuaiizepa

PaccmoTrpum crmocoObl BeramcneHuss [(s), a Takxke APYrHX Iapa-
MetpoB Kypanra—Chalinepa. Vcnonb3oBanue ypaBHeHus (4.22) Hedh-
(heKTUBHO, TaK KaK M3-3a €T0 CIOXHOCTH PEIINTh €r0 MOXKHO TOJBKO C
MTOMOIIIBEO YUCIICHHOTO UHTETpUpoBaHus. [lo3ToMy ucnonb3yrT apyroi
MOJIX0J, OCHOBaHHbIM Ha uHBapuaHTe Kypanta—CHaiinepa, KOTOpPBIi
MIpH 33/IaHHBIX HAYaJbHBIX 3HAUYEHUSAX HE 3aBUCHUT OT MPOIOJIHHON KO-
OPJIMHATHI, U JIJIS JIFOOBIX JIBYX TOUYEK BBIMOJIHSACTCS PABEHCTBO:

2 2 ’ 2 — 2 2 ’ 2 4 37
Vixp 200X +Bixg7 =vxg +2000XX0 +BoXg - (4.37)

IMockonbky X, =M -X,, TO, BBOAS 00paTHOE IMpeoOpa3oBaHKe C IM0-

Mompio MM =1 , Tne I — enMHUYHAs MaTpHUIla, MOXHO 3alliCcaTh:

- 1=

Xo=M"X, (4.38)
T/Ie DJIEMEHTH 00paTHON MaTpHIIBl Tepexofa BHIPAXKAIOTCA depe3 dJie-
MEHTBI IPSIMOI MATPHIIBI KaK

M _L( My _mlsz( My _mIZ]’ (4.39)

|M| —my My —my My

MOCKOJIbKY OTPE/ICITUTENTh MATPHIIBI TIEPEX0/ia PABEH STUHULIC.
Teneps BeIpa3umM npasyro yacTs (4.37) ¢ momouipto (4.38) u (4.39):

Yo (mzle —my )2 +20, (”122)51 —my,x ) x

X(_ My X, +m”x1')+[30(— my X, +m”x1')2 . (4. 40)
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[IpuBens mono6Hkie wieHs B (4.40) U CpaBHUB TOTydYeHHOE BhIpa-
JKEHHE C JIEBOH 4acThio paBeHCTBa (4.37), JIErKO MONYyYUTD CIIeTyIOIIIe
BBIpaXECHUS:

9 2
By =my By — 2mymyy00 + mysy,
oy =—mymy B, + (mnmzz + m2]m12)a0 —mymyY,,  (4.41)
o 2
Y1 =my By — 2mymy0 + MY, -

Jlerko BuzmeTh, uTo (4.41) MOXKHO IPECTaBUTh B MAaTPUIHOM BHUJIE

2 2

a my = 2my,my, my, o

B| =|—mymy mymy +mym;, —mymy | B . (4.42)
2 2

Y my, —2mym,, my, Yo

Hanpumep, ansg npsMOIMHEHHOTO MPOMEXKYTKa Oe3 MarHUTHOTO

1 s
HOJIsL MaTpHIa iepexosa paBHa M, = 0 1) Tormga B COOTBETCTBUM C

(4.42) 3nauenus napamerpoB Kypanra—CHaiinepa Ha “BbIX0Je” Takoro
y4acTKa PaBHBI

B(s) =By — 20465 + 757,
a(s) =0y =YeS, Y($)=7o> (4.43)
I7ie 3HaUCHHS TapaMeTpoB Ha “BXojie” ydacTKa — Oy, Bo U Yo.

W coBcem mpocToe BEIpKEHUE IS TTOBEACHHS OSTaTpOHHOUW (yHK-

UM B MOPSIMOJHUHEHHOM TMPOMEKYTKE TMOJydYaeTcsi, €CIH TPUHSITH
2
s

o,=0: B(s)=P,+—-—, T.e. OerarpoHHass (yHKIUSI Ha ydacTke Oe3
0

MarHUTHOTO TIOJIS YBEJIWYHBACTCS KBAJIPATUYHO C JITUHOM, TIPHYEM TeM
ObICTpee, YeM MEHbIIIe HadallbHOE 3HaUeHHe [3) Ha BXOJE B yJaCTOK.

OINMMCAHUE MATEMATHYECKOM MOJIEJIA

MaremaTrdeckasi MOJETb BBIMOJIHEHA C HMCIOJIb30BaHHEM Marema-
thdyeckoro makera Mathcad. Ilpu momomu cpencte Mathcad moxkHO
CO3/1aTh AHUMAIIMIO, B KOTOPOH OYAET HATISAHO OTOOPaXKaThCs IBOJIIO-
st pa30BBIX DJUTHIICOB My4YKa M KOOPAWHAT TECTOBOW YACTHIBI MPH
IBMKEHUHU BIOJIb KaHaJa.
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B nauane paGoThl 3a1aI0TCSI ATMHBI JJIEMEHTOB KaHajla, HadaJbHbIH
SMHUTTAHC My4yKa, aKCENTaHC ¢ KOTOPhIM HEO0OXOIMMO COTJIAaCOBATh Ka-
HaJl, TAaKXKe 3a7al0TCsl HadajbHbIC 3HAUYEHHUs onTuueckux ¢yHkuuil. B
nporpaMMe 3aJaroTcs HapameTpbl TpeX JIMH3, OJHAKO JIIOOYI0 M3 HUX
MO’KHO MCKIIIOUYUTH U3 PaCCMOTPEHHUS, €CIIU 33]1aTh HYJIEBYIO JUIUHY WU
HYJIEBOI TPagUEHT, TAKUM 00Pa3oM MOXKHO MEPEHUTH K PACCMOTPEHHIO
nyOreTa winM OfHOM KBaApyMONbHOM NUH3BL [lamee B mporpamMme mpo-
U3BOJIUTCA pacueT OeTaTpOHHBIX (YHKUHWH, pe3ysbTaT NPUBOAMTCS B
BUze rpauKoB, ClIpaBa Ha SKpaHe MPUBOJISATCS aKCENTaHChI, C KOTOPbI-
MH HEO0XOIMMO COINIacoBaTh KaHAJ, U SMMUTAHCHI ITy4Ka, IIPOIIEILIe-
ro xkaHai. Ilo mpuBeNEeHHBIM 3JUIMIICAM MOXXHO OLIEHUTH, HACKOJIBKO
XOPOILO COIJacoBaH KaHajl. B KOoHLE mporpamMMsl 3aar0TCsl IPOJIOIIb-
Hasi KOOpAWHATA HAOII0AEHHs U HayalbHbIe KOOPIMHATHI TECTOBOM Yac-
Tuipl. CHOBA PUBOJATCS IpadyK OeTaTpOHHBIX (DYHKLUH, T/ TEneph
BEPTUKAIBHOW JMHUEH 0003HaueHa KoopAnHaTa HaOIroneHHs, Ui KO-
TOpOY cIpaBa Ha dKpaHe MPUBOAATCS (a30BbIC JUTUIICHI IyYKa U KOOp-
JUHATHI TECTOBOW YaCTHIIHI.

HOPAAOK BBIITOJIHEHUSA PABOTBI

1. O3HaKOMUTBCS C MaTEMaTHYECKOI MOJIeNbI0, pa3paboTaHHON IS
W3yYCHHS JIBMXKEGHHSI IyYKa 3apsOKEHHBIX YacTHLl B CHCTEME KBaIpy-
MOJIBHBIX JIUH3.

2. PaccmoTpeth moBesieHue (ha3oBBIX IUIMTCOB M B-pyHKIMHA 1pu
MPOXOKACHUM ITyyKa depe3 Apei(oBbId MPOMEXKYTOK. 3agaTh MPOH3-

BOJIbHBIC, HO Pa3Hble HavajJbHbIe 3HaYeHus P, u P, , HadaJbHbIC 3HA-

0>

YeHUsI MPOU3BOIHBIX 3, B’ MONOKHTH paBHEIME HYJIO. C MOMOIIBIO

MaTpHIIbI OTIPEEIUTh 3HaUeHNs B-QyHKIHI B KOHIIE TIPOMEXYTKA, O-
penenuth npupocT ¢yHKuui. CpaBHUTH MOJYYCHHBIE PE3YNbTaThl C
MOJIEIIUPOBAHUEM.

3. U3yuuTh BAUSHUE HA MYYOK OJHOW KBaApyHoOJbHOH JIWH3BL Pac-
CMOTPETh CTPYKTYpPY ‘‘TIPOMEXYTOK—JIHMH3a-TIpoMexyTok”. Ilocmor-
peThb, KaKk MeHsAeTCs (pa30BbIe AIUIMIICH IIydKa Ha BBIXOZE B 3aBHCHUMO-
CTH OT I'PaJMEHTa, KaK MEHSIOTCS AJIIMIICHI B 3aBUCUMOCTH OT NPOJOIIb-
HOW KOOPJMHATHI BHYTPH JIUH3BI.
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Bapuanrtsl 3aganuii

YacTuIsl: 3J€KTpoH, anbda-dactuia; W= 1500 MaB

Bo=5M Binj =62 M B'inj, =12
B=10M Binj, =6 M Binj,=-2,3
Gpi1=-9 To/m Gpx=23 Tn/m Gp3=-16 To/m
GQ1 =-5Ti/m GQ2= 10 Tn/m GQ3= -7 Ta/m
GQ1 =-4 Tn/m GQ2 =9 Ta/m GQ3 =-5Ta/m
YacTuusl: npoToH, anbkda-yactuna; W= 1500 M>B

Bo=5M Binj,=6M B'inj,=-1,2
Byo= 3Mm Binj,=5,5M Binj,= 2,4
GQ1 =12 Tn/m GQ2= 24 Tn/m GQ3 =15Tin/m
GQ1 =15Ta/m GQ2: -30 Ta/m GQ3 =30 Tn/m
GQIZSTH/M GQ2=-15 Ta/m GQ3: 13 Tn/m
Yactuiel: 251eKTpoH, npoToH; W = 800 M»>B
on:2M Binjx:2,5M B’injx=—2
Byo=1lwm Binj,=35.5M Blinj, =3
GQ|:10 Ti/m GQ2:-15 Ti/m GQ3:9TH/M
Gpi1=6 Ta/m Gp,=-12 Tn/m Gp;=12 Ta/m
GQ1:4TH/M GQ2= 10 Tn/m GQ3=9TH/M
YacTuisl: 3J€KTpoH, anbda-dactuia; W =300 MsB

Br=2M Binj, =356 m B'inj, =-0,5
ByO:lM Bln]y:6’8M B,injy:3
GQ1 = 0,5 Ta/m GQ2 = -2,5 Tn/m GQ3 = 2,7 Ta/m
GQ1 = 1,5 Ta/m GQ2= -3,2 Ta/m GQ3 = 2,2 Ta/m
GQI =2 Tn/™m GQ2: -4 Tn/m GQ3: 2 Ta/m
Yacruipl: mpoToH, ankga-dactuma; W= 2000 M>B
Bro=2M Binj, = 1m Binj, =-0.5
Go1=-25 To/m Gpr=40 Tn/m Gg;=-30 Tn/m
GQ1 =-15Tiu/m GQ2= 30 Tn/™m GQ3= 20 Tn/m
GQ1 =-20 Tn/m GQ2 =40 Tn/m GQ3 =-20 Tn/m
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YacTtuupsl: 31eKTpoH, npotoH; W= 2500 M>B

Bx0=5M Binjx=2’7M B,injx:_0’6
ByOZlSM Binjy:O’6M B'injv:lﬁz
6 )
GQ1 =-20 Ti/m GQ2 =35Tin/m GQ3 =-25Tin/m
GQ] =-10 Ti/m GQQZ 20 Ta/m GQ3: =25 Tn/m
Go1=-20 Tn/m Gpo=45 Ta/m Gg3=-40 Tn/m
YacTuiibl: 31eKTPoH, adb(a-yactuna; W= 1300 MaB
Br=15m Binj, =03 M B'inj,=0,3
; Bo=1Mm Binj, = 1.8 m B'inj,= 04
Go1=20 Ta/m Gpp=-25Ta/m Gp3=30 Ta/m
GQ[ =8 Tn/™m GQ2: -20 Tn/m GQ3 =12 Ti/m
GQ1 =10 Tn/m GQ2: -20 Ta/m GQ3 =15Tn/m
Yactuupl: mpotoH, anbpa-uactuna; W= 1100 MsB
B.o=2M Binj,=2,6 M B'inj =-2,3
8 ByOZZM Bln.]v:4M B'inijZ
Goi1=17Tn/m Gp,=-17 Tn/m Gp;=13 Ta/m
GQ1=-15 Ta/m GQ2=25 Ti/m GQ3=-15 Ta/m
GQ1 =10 Tn/m GQ2: -22 Ta/m GQ3 =20 Tn/m
YacTtuusl: 31eKTpoH, npotox; W= 1700 MaB
Bro=6M Binj, =2 ™M Blinj, =-23
9 ByO:3M Blnjvle B'inijZ
GQ1:5TH/M GQ22-12 Ta/m GQ3: 10 Ti/m
GQ1 =12 Tn/m GQ2= =25 Tn/m GQ3 =25Tin/m
GQ] =10 Ti/m GQ2: =25 Tn/Mm GQ3 =18 Ti/m
YacTuipl: 31eKTpoH, anbha-yactuna; W= 2200 M>B
BxOZlM Ban‘ZZM B,injx:_4
10 ByOZlM Binjy:6’7M B'injy:4
GQ1 =-20 Tn/m GQ2: 35 Ta/m GQ3: -30 Ta/™m
Go1=15 Ta/m G =-30 To/m Gp3 =30 Ta/m
GQ] =-15Ti/m GQQZ 30 Tn/™m GQ3: -30 Tn/m
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Yactuupl: npoToH, anbda-dactuia; W = 600 MsB
BszlSM Bln]x:()’SM B,injx:_z
" Byo= 1M Binj,= 3m B'inj, =1
GQ1 =12 Tn/m GQ2: -23 Ta/m GQ3 =16 Tn/m
GQ1 =10 Ti/m GQ2= -20 Tn/m GQ3 =10 Ti/m
GQ1:8TH/M GQ2:-18 Ti/m GQ}Z 15 Tn/m
YacTtuusl: 31eKTpoH, npotox; W= 1300 MaB

Bx0:4M Blnjx:()’SM B’injx:1’4

- B=6M Binj,=1m B'inj,=-1,1
GQ1:-5 Ta/m GQ2: 12 Ta/m GQ3:-10 Ta/m
Go1=-15Ta/m Gpp=23 Ta/m Gpz=-28 Tn/m
GQ1:-9 Ta/m GQQZ 19 Ta/m GQ3:-14 Ta/™m

4. PaccMOTpeTh IBMKEHHE ITydKa B KaHale, COAEprKalleM KBaJpy-
MONBHBIA AyOneT. J{7s 3a1aHHBIX MapaMeTpoB KaHala, Mydyka U akKcIe-
TaHCa CTPYKTYPHI, B KOTOPYIO OCYIIECTBIIIETCS BIYCK, ITOI00paTh rpa-
JUEHTHI JINH3 TaKUM 00pa3oM, 4To0kI (ha30BbIil 00beM ITyyKa Ha BBIXOJE
OBIT coriacoBaH C akcenTaHcoM. [IpuBecTH MakcHMallbHbIE 3HAYCHUS
MOy YHBIINXCS [3-(DYHKIUH.

5. PaccMoTpeTh JBHKEHME IydKa B KaHaje, coJepikKalleM KBaapy-
MOJILHBIN TPUILIET. BRIOpaTh M3 JaHHBIX BAPMAHTOB HACTPOUKH TPHILIC-
Ta HanboJiee ONTUMAJIBHBINA C TOYKU 3peHHs coriacoBaHus. Vcmomb3ys
BBEIOpaHHBIN BapuaHT KaK WCXOIHBIN, MOBTOPHUTH M. 2 I KBaIPYIOIb-
Horo Tpuiuieta. CpaBHUTD MOBeIEHUE ONTUYECKUX (QYHKLUHN B AyIUIETE
u Tpuruiere. [loscHUTH pa3nuyus.

6. Vcrione3ys moirydeHHbIC B 1. 5 JaHHBIE, pacCUATATh TaKUe Tpa-
JUCHTHI, TIPU KOTOPBIX KaHal OyAeT COrNlacoBaH AJsl JAPYroro copra
YJacTHIL.

7. Inst cormacoBaHHOTO TPHUILIETa CO3/IaTh aHUMAIIUIO, U3 KOTOPOM
OyZeT HarJIAHO BUIHO MOBeAeHUE (PAa30BBIX SJUTUIICOB MPH JBUKEHUU
My4YKa BJOJIb KaHasa.
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OPOPMJUIEHHUE OTYETA

1. B oTueT 3aHOCATCS: Ha3BaHWE Pa0OTHI, IE)Ib Pa0OTHI, MOIYUYCH-
HBIC 33J]aHUsA, PE3YJbTaThl MOJCTHPOBAHUS, (OPMYJIbI, HCIOIb30BaH-
Hble TpU 00paboTKe pe3ysbTaTOB, TpeOyeMble pPe3ysbTaThl TEOpETUYE-
CKHX pacieToB.

2. Pe3ynbTaThl BceX U3MEPEHH CSIYET 3aHOCUTh B TAOJHIIBI C CO-
OTBETCTBYIOIIMMHU HA3BAaHUSMH KOJIOHOK.

3. [IpuBecTH Bce MonyYeHHbIE TPaQUKH.

KOHTPOJIBHBIE BOITPOCBI

1. 3amummre Marpuiy nepexoma A (GoKycHpyomed M JedoKyCcHpyro-
el KBapyMoJIbHOW JMH3B, U ApeloBoro npoMexyrtka. [loscHure pasHuily
MEX1y HUMH.

2. KakoB Qu3mueckuii CMBICT 3-YHKINH?

3. KakoB ¢usuyeckuii cmbici naBapuanta Kypanra—CHaiinepa?

4. BeiBecTH CBA3b MEXIY KBaJpaTOM KOHCTAHTHI A B YPaBHEHUM JBHIKE-
HUSI ¥ SMUTTAHCOM ITy4Ka.

5. OnummTe noBeneHne 6eTaTpoHHON QyHKIMH B Apeii(oBoM IpOMExyT-
ke. OTBET MOSICHUTE.

6. Uto o3HaUaeT paBEHCTBO €IMHUIIE ONPEACITUTEISI MATPHIIBI IIepexoaa’

7. B yem ynoOcTBa MaTpUYHON M aHATUTHYECKOH (OPM perieHus?

8. [louemy mpH HCHOJIB30BAaHUM OJMHOYHBIX (POKYCHPYIOIIMX DJIEMEHTOB
y100HO MCHONB30BaTh HE KBAIPYMOIbHbIA AYIJIET, a TPUILICT?

CIIMCOK JIMTEPATYPbBI

1. Jlebener A.H., lllanpHOB A.B. OCHOBBI (PH3WKH W TEXHHUKH YCKOPHUTE-
neit. — M.: DHeproaromusaar, 1991.
2. Bbpyk I'., Hukomdeckue yCKOPUTENH 3apsDKEHHBIX dacTwil. — M.: Atomms-
nmat, 1970.
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MpakTu4yeckoe 3aHATME Ne 5

3HAKOMNMEPEMEHHAA ®OKYCUPOBKA MNMY4YKOB
3APAXEHHbLIX YACTWUL.
®OKYCUPOBKA MNMY4YKOB B LLIUKITMYECKUX
YCKOPUTENAX

Hensv: 3axpennenue meopemuueckux OCHO8 QuU3UKU NYUKO8 3apsi-
JHCEHHBIX YACMUY, U3VHUeHUe Memod08 NONepeuHou (POKYCUpOBKU Nyy-
K08, U3yueHue 0COOeHHOCMU NePUOOUYecKoll 3HAKONEePeMeHHOU @oKy-
CUPOBKU 8 YUKIIUHECKUX YCKOPUMENSX.

OBIIHME ITIOJIOXKEHUSA
5.1. MarauTHasi cMCTeMa HUKJIUYECKOr0 YCKOPHUTEJIs
Hasznauenue maznummnoii cucmemyl

[pennonoxxum, 4yTo AJIs pacCMAaTPUBAEMOTO HAMHU CIIy4dasl HUKINYe-
CKOTO YCKOPHTENS CYIIECTBYeT Takas 3aMKHyTas KpHBas, JieKamas B
TOPU30HTAJIBHOM IIOCKOCTH (KOTOpasi Ha3bIBACTCS MEOUAHHOU NIOCKO-
CMbi0), YTO YacTULa C HEKOTOPBIM HMITYJIBCOM Py MOXET IIBUTAThCS
TOYHO TIO0 PTOW KpuBOil. Ha3zoBeM 3Ty KpUBYIO pagHogecholi opbumotl
[1-2]. ®opMupoBaHuEe paBHOBECHOW (WM HUJEALHOW) 3aMKHYTOH Op-
OWTBI C TOMOIIBIO BHEIIHETO MAarHUTHOTO TIOJNSA SIBJISIETCS] TIEPBOM, HO HE
€/IMHCTBEHHOM 3a/laueil MarHUTHOM cucTteMbl. PeallbHO B MMyuyKe Bcerja
ecTb pa3dpoc YacTHL MO KOOPAMHATAM M YIJIOBBIM OTKJIOHEHHUSIM OT
paBHOBecHOU opOuTHL. [ToaTOMy BTOpas 3amaya MarHUTHOW CHCTEMBI —
obecriedeHne yCTOHYMBOTO IBMKEHHS YaCTHI[ HPU TOMOIIH (OKYyCH-
pytoumx cui. Eciam yacThma ¢ paBHOBECHBIM HMITYJIBCOM HAauMHAET
JBIDKCHHE C HEOOJBIIMM CMEIIEHHEM W/MIN HEOONBLUINM YTIOBBIM OT-
KJIOHEHHEM OT PaBHOBECHOW OpOMTHI, TO OHA BCE BpeMs MOJDKHA OCTa-
BaThCs BOM3M 3TOM opOuTHI (puc. 5.1).

[ToBopoTHBIE U (HOKYCHPYIOLIHE CHIIBI MOTYT CO3JaBaThCs KaK Mar-
HUTHBIM, TaK WU DJIEKTPUYECKHUM TOJIEM COTJIACHO M3BECTHOMY BBIpaXKe-
Huto cuibl JlopeHna:
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F=e-E+e-VxB. (5.1)

BoamyLeHHas TpaekTopus

e

Puc. 5.1. YcroitunBoe nemxeHue
YACTHIIBI OTHOCUTEIHHO
PaBHOBECHOW OpPOUTHI

PaBHoBecHas
opbuta

[TorpeboBaB paBeHCTBA CHJI, CO3AaBAEMbIX 3JEKTPHUUECKUM M Mar-
HUTHBIM TIOJISIMH, AJISl PETSITUBUCTCKOM YacTHLBI (v = ¢ ) JIeTKO BUIETD,
4YTO yMepeHHas BeiauurHa MarHutHoro nodist 1 T = 10 kI'c cooTBeTCTBY-
eT HaNpPKEHHOCTH reKTprdeckoro mois 3-10° B/m. TTockoibky Takoe
AIIEKTPUYECKOE II0JIE TEXHUYECKH HEOCTIKUMO, AJISl MOoBOpoTa U (o-
KyCHPOBKH PESITUBUCTCKUX IIyYKOB IPAKTHYECKH BCEIJa MCIOJb3YeT-
Cs1 MAarHUTHOE TI0JIE.

C apyroif CTOpPOHBI, €CITU PaCCMOTPETh PENITHBUCTCKOE ypaBHEHHUE
JBYDKEHUS

dp/dt=F , (5.2)
TO, YMHOKas 066 YacCTHU €TI0 CKAJIAPHO HAa CKOPOCTh \7 , IOJIYUYUM
dW/dt=v-F=0 (5.3)

BBUJIy TICPIICHIUKYJISIPHOCTH V U V X B . 31eCh BMECTO V- p BBEICHA
BEJIMYMHA MOJHOM sHEpTUH W, KOTOpas paBHa

2
Wzmczzy-moczzL. (5.4)

V1=v?/c?
W3 ycnosus (5.3) Jerko BUIETh, YTO CTAIMOHAPHOE MArHUTHOE T10-
JIe He MOXET M3MEHUTh DHEPIHI0 U PEISITUBUCTCKYI0 MAacCy YacTHUIBL.
OTcrosa cpasy ciemyer, 4To, BO-TIEPBBIX, JJIsl YCKOPEHUS YacCTHIl HEOO-
XOJIUMO MPUMEHSTh IEKTPUIECKOE T0JIe (B YACTHOM ClIydae bemampo-
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Ha WCTIONB3YeTCsl IEPEMEHHOE MarHUTHOE TI0JIe), a BO-BTOPBIX, U3 (5.1)
MOJTy4aeTcsl ypaBHEHHUE AJIs ONpEJIeNeHNs pajuyca TPaeKTOPUH JBHKe-
HUSl PENATUBHUCTCKOM YacTUIBl B MAarHUTHON CHUCTEME IUKIMYECKOTO
YCKOPHTEIIS.

Dopmuposanue pagHogecHoll opoumbl

XapakTepHble pa3Mepbl HUKIMUYECKOIO YCKOPUTENS ONPEAEIIIIOTCS
paanycoM paBHOBECHOH OpOMTHI p, KOTOPBHIA B TNpOCTEHIEM cllydae
OIHOPOJHOTO MAarHWTHOTO TIOJIA, MEPNEHINKYISAPHOTO MEAUAHHOU
IIJIOCKOCTH, HAXOAUTCS U3 YCIOBHUS PaBEHCTBA CHUJI LIEHTPOCTPEMUTEIb-
Hol u JlopeHia

2
-m,v
rmyv =eVB,
p
OTKyZJa CJICAYCT BaAX)XHOC COOTHOLICHUC
my

gp="00_P (5.5)

e e

¥ OTIPEZIETSIETCsl YITIoBas 4acTota o = eB/m,y oOpalleHus YacTHIIBI Ha
opbure.

Bennunna Bp, koTopast Ui pensTHBUCTCKUX yacTHl (= 1) xapax-
TEpU3yeT DHEPTHI0 My4Ka, HAa3bIBACTCS MACHUMHOU HCECHKOCMbIO YC-
KopuTens. B mpakTHuecKkux eanHuIax

E[T5B]=0,3B[Ta]p[m]. (5.6)

MarnutHasT HMHIYKIOUST Ha opOuTe Iydka s OOBIUHBIX (HE
CBEPXIPOBOJIAIINX) ICKTPOMATHUTOB HMMEET XapaKTePHYIO BEIUYNHY
1-2 Ta, pst CBepXIpOBOAIINX — HECKObKO Teci. [lpu none 1 Tu mns
AMeKTPOHOB ¢ 3HEeprueit 100 MpB panmnyc MarHUTHON CHCTEMBI COTJIac-
HO (5.6) mpubmm3uTensHO paseH 0,3 M, a as suepruu 10 9B — 30 M.

5.2. CunbHast pOKYCHPOBKA 3apsSIKeHHBIX YaCTHI

B A3UMYTAJIbHO-CUMMCTPUYHOM IIOJIC YaCTOTHI 66TanOHHLIX KOJIC-
OaHui V., MCHbIIC 9aCTOThI O6paH_I€HI/I$I. B 10 xe BpeMs, YEM MCHBIIC

zZ

3TH YacTOTHI (4eM «ciabee» (POKyCHpOBKa), TeM OOJNBIIE MPH MPOUUX
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PaBHBIX YCJOBHAX OTKJIOHEHHE YAaCTHIBI OT PAaBHOBECHOH TPAaEeKTOPHUH,
u TeM OoJbie TpeOyemas ams mydka aneptypa. [Ipu aTom pacter sHep-
ronorpedlicHhe MarHUTOB, WX rabapuThl, BeC M, B KOHEYHOM CHETE,
CTOMMOCTH yCTaHOBKH. Kpome TOro, JJisi MOAABISIONIEro YKCiIa JKCIe-
PUMEHTOB HEOOXOJMMBI MyYKH 3apsXKEHHBIX YacTUI] C MAJIbIMU pa3Me-
paMu ¥ YrioBO#M pacxoJAMMOCThIO. Bce 3TO 3aCTaBUIIO U3BICKUBATh CIO-
cOOBI TOBBIIEHUS 3PPEKTUBHOCTH (OKYCHPOBKH M YMEHBIIIEHUS SMUT-
TaHca My4Ka, T.€. MOJyYeHHUs TaK Ha3bIBAEMOU cuibHol (3HaKonepemen-
HOIL) (hOKYCUPOBKU.

Jnst yBenu4eHus BO3BPAIIAIOIICH CHIIBI HEOOXOANMO, YTOOBI IMOKa-

3aTeNhb CITafa MarHUTHOTO IIOJIS |n| >>1 (cumbHBIN TpagueHT oyt G Ha

paBHOBecHOH opbute). OHAKO MIPU 3TOM B 3aBUCUMOCTH OT 3HaKa rpa-
JIUEHTa JIBM)KEHUE BCErJla HEYCTOMYMBO MO OJHOM M3 MOMEPEYHBIX KO-
opauHar. PemieHue 3akimodaeTcs B OTKa3e OT a3MMYTaJIbHOW CHMMET-
PHH M PacIoJIOKEHUH MAarHuToOB ¢ 1 >>+1 U n<<—1 B ompenenecHHON
MOCTIEIOBATENNFHOCTH TaK, YTO XOTSA KaXKJIBIA M3 MAarHUTOB U Je(OKYCH-
PYeT My4YOoK IO X WU Z, COBMECTHOE JIeHICTBUE TAaKOl CHCTEMBI OKa3bl-
BaeTCs (POKYCHPYIOIIMM B 00EHX IUIOCKOCTAX. KauecTBeHHO 3TOT 3(-
(heKT MOXKHO OOBSICHUTH TEM, UTO B ITOAOOHOW MarHUTHOM CHCTEME dac-
THUIIa TPOXOANUT (POKYCHUPYIOIIUI MarHUT mpu OOJbIIEM OTKJIOHEHHUH OT
ocd, 4eM Je(OKyCHPYIOIHA. A TOCKOJBbKY CHJIa TPONOPIHOHATILHA
CMEIIIEHUI0, TO CYMMapHOe JIEHCTBHE OKasbiBaeTcs (pokycupyromum. Ha
pHc. 5.2 cxemMaTn4yecku MOoKa3aH CHIbHO(POKYCHPYIOIMINH ITHUKIUIECKU
YCKOPHTEIb.

n>>1

n<<-1

n>>1 X

N N
n>>1 n<<-1

Puc. 5.2. Cxema cuiibHO(OKYCHPYIOIIETO YCKOPHTEIS
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HccnenoBanne monepedyHOro ABMKEHHS YacTUIBI B COBPEMEHHBIX
MarHUTHBIX CHCTEMaX, UMEIOLIMX BECbMa CJIOXHYIO KOH(QUTYpalHIo,
IIPEACTABISACT BaXKHBIA pas3ziesl TEOpUM yckopureneil. PopMupoBaHue
Y4acTKOB MoNsA ¢ 7 >>+1 U n<<—1 B COBPEMEHHBIX YCKOPUTEIIX Je-
JaeTCS B OCHOBHOM (HO HE TOJBKO) CIEIHATM3UPOBAHHBIMHU KBAOp)-
nonvHbIMY («YETHIPEXTIOIIOCHBIMIY)) MarHUTaMH, KOTOPBIE CO3/1al0T Ha
paBHOBECHOU opOHTE MoJe, INHEHHO 3aBHUCHIIEe OT MOMEPEUHBIX KOOp-
JVHAT:

B =G-x, B=Gz, (5.7)
TZIe X — pagualibHOE OTKJIOHEHHE YacTUIIBI OT PaBHOBECHOM TPaeKTOPHH;
Z — BEpTUKAJIbHOE OTKJIOHEHHE.

CeueHue KBaJPYMOJIBHOTO MarHuWTa (JMH3BI) CXEMaTHYECKH H30-

OpaxxeHo Ha puc. 5.3.

z A
3ambikatollee

ApMo

|

Montoc

ObmoTka
BO36YaeHus

Puc. 5.3. Ceuenue kBaipynonbHON JIMH3BI

JIuHzy, GOKYCHPYIOUIYIO TIO TOPH30HTAIH, OyJeM Ha3bIBaTh HOKY-
cupyioueti, HECMOTPSI Ha TO, YTO OHa JedoKycupyet 1o Beprukanu. Co-
OTBETCTBEHHO, Odeoxycupyrowas ITnH3a NehOoKyCUpyeT MydoK o X U
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dokycupyeT 1o z. [IOHITHO, YTO CMEHA MOJSAPHOCTH MHUTAHHS MPEeBpa-
nraeT TuH3y U3 Gokycupyroieit B 1eGoKyCHpYIOIy0 U HA000POT.
s pokycupyromiedt muH3B TpaaueHT G > 0 U ypaBHEHHS IIOTIe-
PE€YHOTO ABUIKCHUA 3apsajia UMCIOT BU/
F . =evB, (x,z) =—evGx, F =evB, (x,z) =evGz. (5.8)
BakHbIM CBOMCTBOM 3THX BBIPAKEHUIA SBISETCS TOT (PaKT, YTO Ka-
KJask KOMIIOHEHTa CHJIBI 3aBHCHUT JIMHEHHO TOJBKO OT COOTBETCTBYIO-
el KOOpAMHATHI, U JUIS YCKOPUTENS, COCTOSIIET0 M3 MOBOPOTHBIX H
KBaJIPYMOJILHBIX MATHUTOB, JIBUKEHUE 110 X U Z MOTYT paCCMaTPUBATHCS
HE3aBHCHUMO, €CIIM HET OMMHOOK YCTAHOBKH MarHUTHBIX 3JIEMEHTOR.

5.3. IIceBnorapmMonnyeckue 0eTaTpOHHBbIE KOJIeOaHNS

VYcroitunBoe (T.€. OTrpaHWYEHHOE) ITONEPEYHOE NBIDKCHUE, OTIHCHI-
BacMOE€ ypaBHEHHEM BHJIA

%p%x+K(s)x=0,

rae K(s) — nepuonuieckass QyHKIUs, SABISCTCS MCEBIOTAPMOHHYECKOM
byHKITIEH

s

x(s)=A\B(s) cos(u(s) + o) p(s) = ,
o B(s)

rae A — KOHCTaHTa, a f U U — nepuoandeckue QyHKIuU (CM. padoTty 4).
3mech BBeleHAa B PAacCMOTPEHHE TaK Ha3biBaeMas OeTaTpOHHAS
¢bysaxmws B(s) = B(s + L) — nepuonndeckast QyHKINS a3UMyTaIbHON KO-

OpIIMHATHI, L — TIEPUOJT ONITHIECKON CTPYKTYphI. Takum oOpazom, Oera-
TpOHHasi (PYHKIUS, C OJHOH CTOPOHBI, OMPEACIICT MAKCUMAIBHOE OT-
KIIOHCHUE YaCTHULbl HA JaHHOM a3uMyTEC IIpHU 3aJaHHOM A, 3aBUCAIIIEM
OT HAYAITLHBIX YCIOBHIL:

Xmax(s):iAVB(S) N (59)
C npyroit ctopoHsl, OeTaTrpoHHas GyHKIHS, depe3 L(s) XapaKTepH-

3yeT MTHOBEHHYIO (a3y KojieOaHuil M, TakKMM 00pa3oM, MOXET OBITh
ompezeneHa Kak JIOKalbHAs JUIMHA BOJHBI OETaTPOHHBIX KOJICOAHMIA:

27B(s) = A(s).
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[Mockonbky B cuiy onpeaesnenus 3 > 0, a npousBoaHas B’ B TOUkax
MakCUMyMa  OTpHIATeNbHa, W3  ypaBHEHHs Ui B-QyHKIMH

(28-B"—PB”* +4K(s)B> =4, cM. omucanme k maGopaTopHoii paGote 4,

dbopmyna (4.22)) crenyer, 9T0 MaKCUMaIbHOE 3HAYCHUE OETAaTPOHHOM
(YHKIIMH MOXET OBITh OCTUTHYTO TOJBKO Ha azumyTe ¢ K(s)>0.

WHpIME crioBaMU, TOPU3OHTANIbHAS WJIM BEpPTHKAJIbHAs OETaTpOHHBIC
(YHKIIMA MaKCUMabHBI (MUHUMAIBLHBI) B 3JIEMEHTaX, (DOKYCHPYIOIIUX
(mehoKycHPYIONIUX) TI0 COOTBETCTBYIOIICH KOOPAMHATE, UM, YTO TO K
camoe, JacTHila OOJbIlle OTKIOHSETCS OT OCH B (hOKYCHPYIOIIUX 3Iie-
MeHTaxX. brmaromapst sToMy Qokycupyomiee JCHCTBHE KBa3UyINpyTruX
cui Oorbire, 9eM Aedokycupyroliee, 9To U JaeT CyMMapHbBIH (OKyCH-
pyromuii 3¢pdexr B cucremax, rae ¢yHkmus K(s) 3HaKOmepeMeHHa

(cumpHas (pokycHpOBKa), a cama OeTaTpoHHAs (PYHKIHS MOXET CIIy-
KUTh XapaKTEPUCTHKON (POKYCHPYIOIINX CBOWCTB MArHUTHOW CHUCTEMBI,
anpTepHaTuBHON K(s).

Ha puc. 5.4 nokazana B (s) i OpocTOM MarHUTHOM CTPYKTYpbl

(Tak HazpIBaeMoU CcTPyKTypbl FODO) cocroduiel U3 Mocae10BaTeNbHO-
cTH (POKYCHPYIOIIUX U JNe(POKYCUPYIOIIMX KBaJAPYIIOJIbHBIX JIUH3, pa3-
JISNIEHHBIX ydYacTKaMu 0e3 MarautHoro mois. Kpome Toro, 3mech ke
MpHBENIeHbl orubaromnas mydka W psjg Tpaekropuil. [lox orubaromeit
MMy4YKa UMEETCS B BUAY MaKCHMaJbHOE OTKJIOHECHHE YaCTHIl OT PaBHO-
BECHOW OpOWTHI Kak (hyHKIMS a3uMyTalbHONH KOOPAHMHATHI s. BumHO,
YTO TPACKTOPUHU YACTHUIIBI UMEIOT BUJ ‘“UCKAXKCHHBIX TapMOHHYECKHUX

KOJI€0aHMI ¢ aMIUIUTYI0M, MOy IMPOBaHHOU +/B(s), u ¢ (a3oii, cko-
pPOCTh H3MEHEHHS KOTOpOit mponopiinoHanbaa 1/3(s) .

Ecnu MBI paccMOTpHUM JIBHM>KEHHE YAaCTHI] C pa3HBIMU 3HAYCHUSMH A
u Qo (puc. 5.4,e), MBI YBUIMM, YTO YaCTHUILbI BCETJa OCTAIOTCS BHYTPHU
orubaromel, onpeaensemonr (5.11). Jpyrumu croBamu, GeraTpoHHAs
GyHKUIUS ompenenseT MUHUMAJIbHYIO amnepTypy, HeoOXOoAnMYIo st
JBIDKEHHUST YaCTHIl C Pa3MYHBIMH HAdaIbHBIMU YCIOBHSMHU. Ecmu
BHYTPH 3TOH amepTypbl OyJeT NOMeLIeHa MHIICHb, TO YacTHIBI C
OTIpe/IeICHHBIMA HAYaJIbHBIMH ~ YCIIOBHSIMH OyIyT CTalKHBaThCS C
MUILCHBIO U BBIXOJIUTH U3 PEKHMa YCKOPEHHS.
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Puc. 5.4. berarponnsie pyHKIHU CTPYKTYpHI FODO:
a — mocnenoBareNsHocTh F' u D muH3; b — GetaTpoHHas QyHKIUS,
¢ ¥ d — KOCUHYCHas U CHHYCHas TPaeKTOPHU BHYTPHU orudatomieii;
€ — OJIHAa TPASKTOPUs Ha MPOTHKEHUH HECKOJIBKUX 000pOTOB
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5.4. Matpuna 000poTa M KpUTepHil YCTOIHYUBOCTH

B omucanuu x mabopaTopHoil padboTe 4 ObUTa BHIBEACHA CBSA3H MEXK-
Iy MaTpulledl mepexona S, —>§ I HENEPUOAUYECKOH CTPYKTYpbl U

napamerpamu Kypanta—CHalinepa:

/Bé (cosAp+a,sinAp)  /B(s)B, sin Ap

M= _BT)BO[(OL(S)—%)COSAMJF Béo)(cosAu - (5.10)
(1+a(s)a, )sin Ap] as)sin Ap)

rae Ap = p(s)—p(s,)— Haber a3pl OETaTPOHHBIX KONeOAaHUN MEXITY
TOYKAMH Sg U S.

Martpuiia 060poTa MO3BOJIAET YCTAHOBUTH KPUTEPUH YCTOHUUBOCTH
JTUHEHHBIX OCTATPOHHBIX KOJICOaHHI.

Ilycth, ¢ OHOM CTOPOHBI, IOTYYeHA MaTpulla obopora s — s+ L ¢
MOMOIIBIO TTOCIIEIOBATENBHOTO MEPEMHOKEHUS MATPHI] dJIEMEHTAPHBIX

YYaCTKOB:
m, m
MRz( ! 12]. (5.11)
myy My

C npyroii ctopoHsl, BeIpakeHue (5.10) mo3BossieT 3anucath 3Ty Ke
MaTpHIly B BHJIE

s .
MR:(cosu asin Bsinp J’ (5.12)

—ysinp cosp —osinp
rae os)=—P'(s)/2, y - tperuit mapamerp Kypaura-CHaiinepa; p —
HaOer ¢a3pl OETATPOHHBIX KOJIEOAHWH Ha MEPHUONIC ONTHICCKOW CTPYK-
TYPBI; YITECHO, UYTO B CHJTY MIEPHOJAUIHOCTH OCTATPOHHOHN (yHKIIMN
B(s+L)=B(s)=P m oa(s+L)=oa(s)=a.

CpaBauBas (5.11) u (5.12), MOXHO MOTYYUTH KPUTEPUI CYIIIECTBO-
BaHUsI 3aMKHYTOTO PEUICHUS ypaBHEHUs OCTaTPOHHBIX KoJeOaHHi yac-
TUIBI B IUKIMYECKOM YCKOPHUTENE, KOTOPHIN SBISCTCS KPUTEPHUEM YC-
TOMYMBOCTU JBVIKCHUS YACTHIIBI, KOT/Ia TIapaMeTp | ABJISCTCS BEUIeCT-
BEHHBIM
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1 1
E'SPMR| =5|m11 +my, | = |cosp| <1, (5.13)

rae Sp(M) - mmyp matpunsl M.

Kpurepuii ycToiuuBOCTH JaeT BOZMOKHOCTh MPH MPOEKTHPOBAHUH
MarHUTHOH CTPYKTYpPbI LMKIMYECKOTO YCKOPUTENS HE MPOBOJUTH yTO-
MUTEJIBHOEC MOJICIIUPOBAHUE TPACKTOPHH YacTHI[ C Pa3IMYHBIMUA Ha-
YalbHBIMHM YCJIOBUSIMH Ul ONpeneNicHHus, OyAyT JU OTKIOHEHHS OT
PaBHOBECHOI TpaeKTOPUH OTPaHWYEHBI WM HEeT. BMecTo sToro mocra-
TOYHO BBIYMCIIUTH MAaTPUILy IE€PEX0Ja, OTBEUAIOIIYIO [IEPUOLY YCKOPH-
TeJlsl, U IPUMEHHUTH K LIITypy 3TOH MaTpuisl yeiosue (5.13).

Omuopemenro Matpunbl (5.11) m (5.12) TO3BOJSIOT BBIYUCIIHTH
napameTtpsl Kypanta-CHaiinepa 11st BEIOpaHHOM TOUYKH S:

UiV _ Iy — My My,

p=—=, a - , T=———. (5.14)
sin 2sinp sin [

myp Matpuiter (5.12) maet BO3MOXHOCTh HAWTH 3HAYeHHE Sin |,

HO He ero 3Hak. OgHaKo, yuuThiBas ycioBue 3> 0, 3HaK sin|l JOJKEH

COBIIAIaTh CO 3HaKOM mj,. Haber ¢aspl OeTaTpoHHBIX KoieOaHUi Ha
BCEH JUIMHE YCKOPHTENsl, a TOuHee, bemamponuoe uucio (W npuse-
OeHHas bemampoHHas yacmoma), SIBISIETCS OTHUM U3 (yHIaMEHTaIb-
HBIX TIOHATHH (PU3UKYU [IUKINYSCKUX YCKOPUTEIICH U ONpeeseTCs Kak

vt N _Nypds (5.15)
2 2w B(s)
rae N — 9ucIio Iepro0B ONTHYECKOW CTPYKTYPHI Ha KOJIBIIE,

B 3akimtoueHne oTMeTHM, YTO HauOOJIee MPOCTON BUJT MaTpHIla 000-
pota (5.12) mpuHUMaET, eCIu BEIOpATh U €€ BRIYUCICHUS a3UMYT, IS
KoToporo o =0, 4TO BCerja MOXXHO cJeNaTh HM3-32 MPOU3BOJIBHOCTH
onpenenenus s = 0 B MepUOAUYECKON CTPYKTYpE:

cosp  Psinp

M, = 1 .
——Simp cos

(5.16)
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5.5. Pacyer MArHUTHO# CTPYKTYPbI
HMKJIHYECKOr0 YCKOPUTEs

Paccmorpum  cumbHOGOKYCHPYIONIYIO CTpYKTYpy FODO. Cxema-
TUYHO CTPYKTypa oaHoro nepuoaa FODO noka3zaHa Ha puc. 5.5. Ycko-
PUTENb COCTOUT M3 OOJBIIOTO YHCTa S4YeeK, HO B CHITY MEPUOTUIHOCTH
HaM JIOCTaTOYHO HCCIIEJO0BaTh TOJIBKO OJHY suelKy. Eciu konbio yc-
KOPUTETSI COCTOMT M3 N TIOBTOPSIIOIIMXCS YYacTKOB (SU€EK), TO TaKHe
YYaCTKH Ha3bIBAIOTCS Cynepnepuoodamu, a Ipo BCe KOJIbIIO TOBOPAT, YTO
OHO UMeeT N-KpaTHYIO0 CHMMETPHIO.

S Sy

- -
- -

\4

F (0] D (0] F
Puc. 5.5. Cxema FODO sueiku

Jlis manbHEHIero u3y4eHus MEePUOUICCKON (DOKYCHPOBKH HEOO-
XOJIMMO C/IeJIaTh CIEMYIONUe JOMYIICHUS:

e Jns co3maHusl KpyroBod OpOUTHI yCKOpUTEIEH MEXIy KBaipy-
MOJBHBIMA MarHUTaMH Pa3MEIIAIOTCS MOBOPOTHBIE MAarHHUTHI (TIOKa3aH-
Hble Ha pUC. 5.5 myHkTHpoM). OnHAKO craGoii (~ p~) (oKyCHpOBKOiL
MIOBOPOTHBIX MarHUTOB II0 CPaBHEHUIO C KBaAPYIOJIbHBIMH JIMH3AMH
MOXHO IpeHeOpeub. bynem Taike cuuTaTh y4acTOK MEXAY MOBOPOT-
HBIMU MarHUTaMH TPSIMOJIMHEHHBIM 0e3 moJts.

e KBaspynosbHble JIMH3B! OyeM paccMaTpuBaTh Kak TOHKUE ¢ (o-
KYCHBIMH PACCTOSHUSMM fr U fp.

e BBUIy CyLIeCTBOBaHUS 3€PKAIbHONH CHUMMETPUH B TOUKE §; MOXKHO
UCCIIe0BaTh MAaTPHILy TOJOBHHBI SIMEHKH OT a3UMYTa So 10 1 AJTHHOMU L.

e O003HaYMM MaKcHMallbHYI0 OeTaTpoHHYIO (yHKIHIO Kak [, a

MHUHHUMAJIBHYIO — KaK B U3 CHUMMETPHUHU 3aaa4uu OUYCBUIAHO, YTO AJIA pa-
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JMAITEHOTO IBUKEHHS OeTaTpoHHas (GYHKIHS MaKCUMAaNbHA B IIEHTpe -
JIMH3Bl HA a3UMYTE S, 4 MUHUMAaJbHa — B LIEHTPE D-JIMH3bI HA a3UMYTE
s1. 1Sl BEpTUKAIBHOTO ABMKCHHS — HA000POT.

PaccmoTpum maTpuily nepexoia oT a3uMyTa So A0 Si:

L0y g 1 0
M(sy—s)=|__1 1(0 J _fL s (5.17)
F

KOTOpas, C yueToM obo3Hauennit F =L/ f. u D =—-L/ f,,, 3anumercs
KaK

1- L
M(s, _)Sl):{—%(F—D+FD) “DJ' (5.18)

C npyroii ctoponsl, cornacHo (5.10) 3ta MaTpuiia MOXeT OBITh BHI-
paxeHa depes nmapametrpbl Kypanra—CHaliziepa B TOUKaX So U 5

Boosh  JBRsint
\/%cosz BBsm2

M(sy —s,)= | _ , (5.19)
—\/ﬁsin% \/%cos%

rae o = 0 B ToYkax 3KCTpeMyMa OeTaTpOHHOH (hYHKIHH, a LI — HaOer
(ha3bl OeTaTpOHHBIX KOJeOaHUIl Ha OJHOW SYSHKH CTPYKTYphl. Matpu-
el (5.18) u (5.19) 3anmcansl Ans paguadbHOTO JBMKEHUA. B cimydae

BEPTUKAJILHOTO ABIKEHUS F' u D (a Takxke ﬁ u B) HY>KHO TIOMEHSTh
MECTaMHU.

1A BBIICHEHHS BOIpPOCa YCTOMYHMBOCTH DPAIWUAIBHOTO WU BEpPTH-
KaJbHOI'O JBMKCHUN paCCMOTPUM IIPOU3BENCHUE My TH,, .

My, = sin’ “2 =F-D+FD<I, sinz%:D—FJrFDSl. (5.20)

B nepemeHHbIX D(F ) 00J1acTh YCTOMYMBOTO JBMKEHUSI OIpaHUYH-

BaCTCA CJICAYHOIIMMU COOTHOUICHUAMMU:

D
sinFx =1 ~180°) = F=1 nsinfx=0 =0°) > F= ,
5 (4, ) 2 (1, =0%) oD
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F

1+F’
KOTOpBIC rpa)ueCKH MPEACTABISIOTCS U3BECTHON JUarpaMMoi — «raj-
CTYKOM» YCTOWIHUBOCTH (pHC. 5.6).

Jlanee HaiineMm 3Ha4YeHUs OeTaTPOHHOW (DYHKIIMM HA a3MMyTax Sy U
s1. JInst ynpolneHus: BBIKJIAJI0K IPUMEM, YTO TPAJIUEHT KBAJIPYIOIbHBIX
JIMH3 paBeH 10 abcooTHOM Benmuuune: F =L/ f u D=-L/ f .

2 : 1 (u =180")— D=1u sinbz £=0 (1, =0") > D=—p

b D
n, =180°
1
Puc. 5.6. lnarpamma n, =180°
YCTOWYUBOCTH
(«ramcryk L =0
YCTOHYUBOCTH») ¥
b, =0
i] 1 F'

Torz[a Martpula nepexonaa Ajd MOJIOBUHBI STYCHKHU NEepUOANIHOCTHU

(5.20) mpumer BuA
(1=L/f L
M(s0—>s1)—[_L/f2 l—L/fJ’ (5.21)

a YCIIOBHE YCTOWYHUBOCTH (OJMHAKOBOE I 00EWX INIOCKOCTEH) 3aIv-
HIeTCS KaK

2
— mymy, =sin2%=%<l wm L<f. (5.22)

== L [
KomOunupyss  m,, = L =+/Bp sin ¢ m,=1-—= EcosE u
2 f B 2
yauThIBasg (5.22), MOXXHO TIOJNYYHTH CJICTYIONTHE BBHIPAKCHHS IS 3HA-
YeHU OeTaTpOHHOU (DYHKITHH
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l—sinE 1+sinE

sin Smpy

3aBUCUMOCTh MaKCUMATBPHOW W MUHUMAIBHONW OCTaTPOHHBIX (PYHK-
i (B MHUALIAX UTHHBI stueiiku 21) ot HaOera OeTaTpoHHOM (a3l 1 Ha
nepuoae FODO nokazaHa Ha puc. 5.7.

10

iy
)
o
o
4
2 |
~— f_

0 |

0 20 40 g0 80 100 120 140 160 180
Haber chasbl Ha nepuog, M (rpagycbl)

Puc. 5.7. MakcumanbHas 1 MUHUMAaIIbHAs
GerarpoHHast GpyHKIMS CTPyKTypsl FODO

W3 3KOHOMHYECKUX COOOpaKEHUI JKeIaTeIbHO YMEHBIIATh IOTe-
peUHBIE pa3Mephl BAKyyMHOM KaMephl 1 MarHUTHBIX JIEMEHTOB, YTO, B
CBOIO OYepelb, TpeOyeT MUHIUMH3AINK pa3Mepa IydKa, KOTOPBIA Ipo-

MOPLIMOHATIEH \/E . 13 rpaduka Ha puc. 5.7 cnemyer, 9TO C 3TOH TOUKH

3peHus] Hamboyiee BBITOAHO HCIONB30BaTh FODQO sueiiky ¢ Haberom

OerarponHOl (azel | = 60°+100°, e B HAMeEET MoJoruil MuHuMym. U

HaoOoport, obnactu BOymM3u 0° u 180° HE0OX0aUMO M30eraTh, MOCKOJIb-
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Ky 31Iech [3 — oo . B TepMuHax OeTaTpoHHOM 9acToTel V=N - /27 310
3HAYUT, YTO JUISI YCKOPUTENS, COCTOSAMEro u3 Ne oguHakoBeix FODO
A4eeK, HeoOX0AUMO U30eraTh 4acToT, ONU3KUX K LelbM V= N U 1o-

AyuensM v = N /2 3Ha4eHHAM.

5.6. KBajgpynoJsbHble JJUH3bI KOHEYHOM JJIUHbI

KBa,Z[pyHOJ'IBHaH JIMH3a KOHEYHOM JJIMHBI OITMCBIBACTCs ManPIIIGfI
Buaa:

cos(x)  “sin(y)
M_ = X , (5.24)
~ X sin(y)  cos(y)
S

KB

s
=ﬂ\/; . IlepeMHOXMB N1BE€ MaTpullbl BUIA
p

(5.24) nnst hoxycupyromei nedoxycupyromeil KBapynoibHON JIMH3H,
MOy UM

L X

2 X

COS|L, =COSY, - COSY, —% -siny, -siny,. (5.25)

[Tockonbky st z-KonebaHui HAJ0 UM 3aMEHUTh 1 — —H, TO X — iX U

X X2 | shy, oshy,.  (5.26)
X2 Xa

U3 (5.25) u (5.26) BugHO, 4TO Y, U ¥, HE MOTYT OBITH OJHOBpE-

1
cosp, =chy, -chy, —3

MEHHO JICUCTBUTEILHBIMHU HIIH OOHOBPEMEHHO MHHUMBIMH, TaK KaK HIIN
COSU,, WK COSH, CTAHET OoJIblIe CANHUIIBI. 910 OTpaXacT TOT OYC-

BUJHBIN (haKT, YTO CHCTEMa, COCTABJICHHAS W3 OIHHX AC(POKYCHPYIO-
IIUX DJIEMEHTOB, HE MOXET 00ECIIEUNUTh YCTOMYMBOCTH IO COOTBETCT-
BYIOIIIEMY HampaBlieHuio. [loaToMy, Kak ye oTMedasnoch, MOKa3aTeib
MoJIst JOJKEH OBITh 3HAKONEPEMEHHBIM, T. €. 1| U My JIOJDKHBI UMETh
paszHbie 3Haku. [Tonaras nms onpeaeneHHoctu #y > 0, np < 0, umeeM
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l X1 |X2|

COSL, = COS’Y, ~ch|x2| ) m X_1 -siny, -sh|)(2 ,
(5.27)
COSHL, =ch|)(1|-cosx2 —% |;(—l|+|);(—2| -sh|x1|-sinX2.
2 1

Paznuuarorcst 9TH  BBIpaKEHUS TOJIBKO B3aMMHOM  3aMeHOM

%1 <—>|x2| TaK 4YTO Ha IUIOCKOCTH I1apaMeTpOB (X1>X2|) KpHBBIC
cosp, =const M COS|, =const SBISIOTCS B3aUMHBIM 3€pKaJIbHBIM

0TOOpaKeHWEM OTHOCHTENBHO OHCCEKTpHCH (pHC. 5.8). MBI momydniu
«TAJICTYK» YCTOMYMBOCTH JJISI KBAIPYTIOIBHBIX JTMH3 KOHEYHOHN JITHHBI.

cospz=1 0 -1

|9¢:|J

/2 Puc. 5.8. lnarpamMma yCcTOHYHBOCTH

JUI JIMH3 KOHEYHOU JIJTUHBI

0 /2 x)

LlenTp obnacTu yCTOMYMBOCTH COOTBETCTBYET ), = |x2| =n/2 . Ilpn

3TOM W, =, =7/2, a Ha [JIMHE BOJHbI GETATPOHHBIX KOJNECOAHUN YK-
JAJBIBACTCS YETHIPE DJIEMEHTA IEPHOIUIHOCTH U
m=-n,=N*[4; v =v_=N/4=[n /2. (5.28)
OTMeTHM, 4TO B OTCYTCTBHUE NE(OKYCHPYIOIIUX YYACTKOB V ~ N ,
T. €. YaCTOTa BEPTUKAIBHBIX KOJICOaHHI BCEro B 2 pa3a OO0JIbIIIe, HO 3aTO
MpHu aOCOTIOTHON HEYCTOWYMBOCTH pajHalbHBIX OeTaTPOHHBIX Kojeda-
Huid. TakuMm 00pa3oM, OTHOCHTEIHHOE CHIDKEHHE (DOKYCHPYIOMIHX
CBOICTB 32 CUET 3HAKONEPEMEHHOCTH TPAJUCHTa OKA3hIBAETCS HE CTOJb
yx OompmuM. OgHAKO TSI TOCTHKCHHS OOJIBITUX a0CONIOTHBIX 3HAYE-
HUHN V TOKa3aTelNb MOJIs JOJDKEH OBITh JOCTATOYHO BEJHK, CKAXKEM, IPU
v ~10 Ha opbutre MOKHO OBITH OKOJIO 40 3JIEMEHTOB MEPHOAMIHOCTH
npu |n| ~ 400 .
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Koneuno, pabouyro Touky He 00s3aTeIbHO BBIOMPATh B IIEHTPE 00-
JIaCTH yCTOWYMBOCTH, HO OHA W HE JIOJDKHA JIeXKAaTh OJM3KO K ee TpaHu-
naM. Ecnu ofHa M3 BETMYHMH COSLL, WIIM COSL, OJIM3Ka K €IUHUIIE, TO

(hOoKyCHpOBKa 10 COOTBETCTBYIOICH cTereHH CBOOOABI OyaeT ciaboi,
YTO NPHUBEIET K YBEIMYECHUIO pazMmepa Iydka. Ecim xe cosp,, - -1,

TO CYIIECTBEHHO YBEJIMYHNBACTCS TIyOWHA MOIYJIALNN OTHOAroIIen, 9YTo
TOKE TIPUBEJIET K YBennueHHI0 () ()eKTHBHOTO pazMepa.

Hano orMeTuTh, 4TO JJa’ke BHYTPHU 00JIACTH YCTOMYHUBOCTH PabOUYIO
TOYKY HEJb3s BRIOpaTh MPOU3BOJIBHO. B peaqbHOM MarHWTHOM ITOJIE U3-
3a TaK Ha3hIBAEMBIX PE30HAHCOB OETATPOHHBIX KOJICOAHHIA IIeIbIe U TI0-
Jylenple 3HAYEHHs. V . OKashIBAIOTCs 3amperueHHbIMU. llonoxenue

paboueit TOYKH B 00J1aCTH yCTOWIMBOCTH JOKHO KOHTPOJIMPOBATHCS U
MOJICPKUBATHCS ¢ a0COIIOTHON MOTPENIHOCTBIO, Jyurniei 0,1, Tak 4ro
HEoOXOomMMMasi OTHOCHTENbHAS IMOTPEIIHOCTh MapaMeTpoB  PE3KO
YMEHBINAETCS ¢ YCHICHHEM (DOKYCHPOBKH. DTO SBIIAETCS OTHON M3 OC-
HOBHBIX NPUYUH HEJIOCTHIKUMOCTU HA MPAKTUKE OYCHb OOJBIIUX 3HA-
YeHUH V .

Puc. 5.9. Pe3oHaHCHBIE TMHUHI

NIEPBOr0 — TPETHErO MOPSIAKOB. 0.67
CIuloIHbIe IMHUU — NIEPBbIH
TOPSIOK.
ITyHKTUpHBIE TUHUU — BTOPOH
HOPSIIOK. 0.33

Touku — TpeTuit NOps oK

1

Henuneiinoe ABUXCHHUEC TMOPOXIAACT INIOTHYIO CETKY PE30HAHCOB,
T.C., JIMHUM Ha Auarpamme 66TanOHHLIX JacCTOT, YAOBJICTBOPAIOMIINX
YCII0BUIO m.Vv, +m,v,=n, TAOC m n — OCJIbIC 4YHuClIa, a

X,z

|mx +|mz|= p — Topanok pe3oHaHca. [loatomy B peanbHOM ciydae

OKOHYATENBHBI BBIOOP paboueil TOYKM Ha JAuarpaMMe YCTOWYHBOCTH
JTIOJDKEH OBITH CICNIaH ¢ y9eTOM HelmHeWHocTeil. Ha puc. 5.9 npuseneHa
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AuarpamMma pe30HaHCOB MCPBOTO—TPETHETO MOPAJAKa B YaCTOTHOM IIPO-
CTPAHCTBC.

OIMMCAHUE MATEMATHYECKON MOJEJIA

Marematndeckass MOJICb BBIMOJHEHA C UCMOJL30BAHUEM MaTeMa-
THYecKoro makera Mathcad. B Hadanme mporpaMMbl 3aar0TCsl IMUTTAH-
CBI MyYKa, JUIMHBI JPeH(QOBBIX TPOMEKYTKOB U JJTUHBI KBaIPYTOIbHBIX
nuH3. [Janee ykaspiBatoTcst HaOern a3 OeTaTpOHHBIX KojeOaHMI Ha
oHOM cyrmiepriepuojie (mapamerpsl dioke). 3aTeM mporpaMma ocyie-
CTBIIIET MOUCK MEPHOAMYESCKOTO PEIICHUs M pacyeT OeTaTpoHHBIX (Or-
THYECKUX) QYHKIUN, PE3yIbTaT BHIBOAUTCS B BUE rpadukoB. Hmwke Ha
9KpaHe, U HArJISIHOTO MOSCHEHMS MOHSATHUS OrHOarole mydka mpu-
BOJSITCSI TPAEKTOPHH YaCTHIl C pPa3HBIMH HAadalbHBIMU YCIOBHsMU. [la-
Jiee TpUBEAEHA JUarpaMma Pe30HaHCOB IMEPBOTO—TPETHEro MOpsIKa B
YaCTOTHOM TMPOCTPAHCTBE C paboyeid TOYKOW, Te 3aJal0TCsl HEleNbie
YacTH OETaTPOHHBIX YaCTOT.

HNOPAAOK BBIITIOJIHEHUSA PABOTBI

1. O3HakOMHTBCA C MaTeMaTUYECKOW MOJIENbI0, pa3paboTaHHOU
JUISL MU3yYeHHs JBIDKEHHS MTy4YKa 3apsOKCHHBIX YaCTHL B CHCTEME KBal-
PYIOJIBHBIX JINH3.

2. Omnpenenuts HaOeru (a3 Ha 0OgHOM cymeprepuoie (apameTpsl
®dr0Ke), ecar M3BECTHO YHCIIO CYIEPIEpHOIOB Ha Koiblle N u Oera-
TPOHHBIE YaCTOTBHI Vy,..

3. Tlo ¢popmynam (5.27) paccuntaTh MUHUMAJIBHBIC U MaKCUMalb-
HBbIC 3HaYeHUA OeTa-(yHKITHIA.

4. 3apmate B mporpamMMe IOJyd4eHHbIE B I. 2 mapameTpsl Dioke.
CpaBHUTh MaKCHUMajbHbIE M MUHHMAJbHbIE 3HAu€HHS OETaTPOHHBIX
(GYHKIUH ¢ pacCCUNTaHHBIMU aHATUTHYCCKH.

5. 3azmath B mporpamMme HeIleJble YacTH OeTaTPOHHBIX YacTOT H
MOCMOTPETh, KyZa MonaaaeT padodasi TOUKa Ha AUarpaMMe Pe30HaHCOB.
[ompITaThCsl MAaKCUMAIBbHO YAAJIUTh PabOUyI0 TOUKY OT BCeX OJiKaii-
LIMX PE30HAHCOB. BBIOOP HOBBIX OETATPOHHBIX YACTOT MOSICHUTH. Pac-
CYMTATh HOBBIC HaOeru (a3 Ha OJHOM CYIIEpPIIEPHOIC.
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OPOPMJUIEHHUE OTYETA

1. B order 3aHOCATCS: Ha3BaHUE PaOOTHI, 1IeTh PaOOTHI, MOITYUYCH-
HBIC 33J]aHUs, PE3YJIbTAThl MOJCTHPOBAHUS, (BOPMYJIbI, UCIOIb30BaH-
HbIC TIPU 00pabOTKE Pe3ynbTaToOB, TPEOyeMbIe PE3yNIbTaThl TEOPETHYE-
CKUX PacueToB.

2. Pe3ynbTaThl BceX U3MepeHU 0(QOPMIISIOTCS B BHJIE TAOIHIIBI C
COOTBETCTBYIOIUMY HAa3BaHUSIMU KOJIOHOK.

3. llpuBoasTcs Bce MOMydYeHHbIE rpadUKH.

KOHTPOJIBHBIE BOITPOCBI

1. OOBsICHUTE IPUHITUIT CHITBHOM (DOKYCHPOBKH.

2. Kakum ypaBHEeHHEM OINMCHIBAIOTCS MONEPEUHBIC KOJIEOaHUs YacTHIEI B
yckopurese?

3. 3amummre KpUTEPHH yCTOWYMBOCTH IBMIKCHUS YaCTHUIl B NEPUOAMIC-
CKOM CTpYKTYpE.

4. Kak wm3meHutcs BHJ Marpuibl (Gokycupyoouier (aedokycupyroreit)
JIMH3BI B CIydae, KOT/a JUIMHA JIMH3bI MHOTO MEHBIIIE nepruoja (GOKyCUPOBKH?
B kakoM ciydae MOXKHO TOJIb30BAaThCS NPUONMKEHHEM TaK HAa3bIBAEMBIX TOH-
KHX JIUH3?

5. Kax cBasanbl Haber (a3bl Ha OJHOM CyNEPIEPUOAE L., (mapamerp Dio-
K€) M YMCIIO CYNEepIIepHOAOB Ha KOJble (KPaTHOCTh CHMMETPHH) TIPH 3aJaH-
HBIX OETaTPOHHBIX YACTOTAX Vy,,?

6. Uto Takoe guarpamMma yCTOMYMBOCTH OCTaTPOHHBIX KojcOaHmii? [loue-
My HeJb3sI BEIOUPATh pabouyio TOUKy ¢ L — 0 u p — w?

CIIMCOK JIMTEPATYPBI
1. Jle6ene A.H., lllansHoB A.B. OCHOBBI (PU3MKH M TEXHHKH yCKOpUTE-
nei. — M.: 1991.

2. Bbpyk I'., lluxnmmyeckne yCKOPUTENTH 3apsHKeHHBIX dacTull. — M.: AToM-
n3nat, 1970.
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MpakTnyeckoe 3aHaTHE Ne 6
CUHXPOTPOH

lleflb.' 3aKpenierHue meopemuiyecKux oCHos gbu3ul<u pa6OWZbl YUKiIu-
YecKoeo ycKkopumeisl — CUHXPOMPOHA, 6KII0OYAIOWUX NPUHYUN pa60mw
KAakK 9J1IEKMPOHHO20, MAK U NPOMOHHO20 CUHXPOMPOHA.

OBIIME NOJOXKEHUA

CHHXPOTPOH — IUKIMYECKHH PE30HAHCHBIA yCKOPUTENb Kak Jer-
KHX, TaK M TSOHKEIBIX YacTHIl. B cHHXpOTpoHE opOuTa yCKOPSIeMBIX Yac-
THUI] OCTAaeTCsl TIOCTOSIHHOM, a Beyllee MarHUTHOE I10JIE W3MEHSIETCS C
POCTOM PHEPTUM YaCTHUI, 00ecreunBasi HUKINYHOCTD ABHKEHUS YaCTHUIL
(KpyroByr0 WM OOBIYHO Ooyiee CIOXKHYIO OpOUTY) M yCTOWYHUBOCTH
JOBIDKEHHS C IPUMEHEHHEM ciaboi MM CHIIBHOM (POKYCHPOBKH. Y CKO-
pEeHHEe YacTHIl OCYIIECTBISIETCA BHICOKOYACTOTHBIM TEPEMEHHBIM JJIEK-
TPOMAarHUTHBIM II0JIEM, CO3JaBa€MbIM B YCTPOMCTBaX pPE30HATOPHOTO
TUNA. Y CKOPSIOIINE CHCTEMBI Pa3MELIaloTcsl, KaK MPaBHiIo, B MPSIMOJIHU-
HEWHBIX MPOMEXKYTKAX, CBOOOTHBIX OT MATHATHOT'O TIOJIS.

B nacrosiiiee BpeMss CHHXPOTPOHBI IPEACTABIISIOT cO00H OCHOBHOMN
TUI PE30HAHCHOTO YCKOPHTENs, ¢ TIOMOIIBI0O KOTOPOI'O0 MOKHO ITOBBI-
LIaTh SHEPTHIO YCKOPAEMBIX YaCTHII.

Heo0x0auMoCcTh IMETh TIOCTOSIHHBIHN (MM MOYTH IMOCTOSIHHBIN) pa-
JIuyc opOUTHI BIIEYET 3a cO00i HEOOXOTUMOCTh BBITIOJHEHUS CIIEHYIO-
IIFX TpeX TpeOOBaHUM.

1. B Hayane yckopeHHs 4YacTUIBI YK€ JOJDKHBI UMETh JOCTaTOYHO
BBICOKYIO KHHETHUYECKYIO DHEPTHi0, KOTOpas TeM OOJIbIIe, 4eM OOoJbIie
HayaJIbHOE TIOJIE M PAaUyC yCKOpHTens (T.e. KOHeuHas sHeprus). Kak
MIPaBUJIO, 3Ta SHEPTHUS OOECTIeunBaeTCs MPeABAPUTEIHHBIM (OTHUM WU
HECKOJIBKMMU TI0CJIEI0BATEIbHBIMHU) YCKOPUTEIEM-HHKEKTOPOM.

2. MarHuTHOe TOJIeé CMHXPOTPOHA MEPEMEHHO BO BPEMEHH; LUK
YCKOPEHHUSI HAUMHAETCS TIPH MAJIOM YPOBHE MarHUTHOTO TOJS U 3aKaH-
YMBAETCsl IpU OONBLIOM YpOBHE MAarHUTHOro moisi. Yacrora mosrope-
HUS UKJIOB OTHOCUTEJILHO HEBEIMKA U ONPENeNseTCs] BO3SMOXKHON CKO-
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POCTBIO U3MEHEHUS 0JI B MarHuTe, T.€., B KOHEYHOM CYETE, CUCTEMOM
€ro MUTaHusl.

3. YacToTa yCKOpSIOIIEr0 TOJS JIOJDKHA OBITh paBHA HMJIM KpaTHA
gyacToTe 0OpalleHus] paBHOBECHOM YacTHUIIBI 110 OpOHTe.

[TepBrie cuaxpoTpoHsl ObuTH co3anbl B 40—50-x romax XX Beka Ha
SHEPTUH B JECATKH — COTHH M5B, U 3T0 OBUIO 3HAYUTENBHBIM IIATOM
BIIEpEe/ 10 CPaBHEHUIO ¢ OeTaTpoHaMM KaK 110 HEPrHH 4YacTUL], TaK H
1o TOKy my4ka [1-3]. DTo ObLIH yCcKOpUTENH O cIaboil POKYCHPOBKOI.
Kpynueiimmm mpeacTaBuTeneM TakKUX YCKOpHUTENEeW OBLIT 3JeKTPOHHBIH
cuaxporpon ®UAH uwm. I1.H. JlebeneBa na suepruto 680 M»aB, 3amy-
mieHHbIN B 1952 roxy.

3areM B Havase 50-X roJIOB MOSBMJIMCH MPOTOHHBIE CUHXPOTPOHBI,
nepectynuBiie nopor B 1 3B, Ho Takke moka co ciaboii pokycupos-
koii. Jlonroe BpeMs Takue CHHXPOTPOHBI Ha3bIBAIM CHHXPO(}a30TpoHa-
MH, HO TIO3[HEE 3a HUMH 3aKPENHUIOCh JPYro€ Ha3BaHHE — IMPOTOHHBIN
cuHXpOTpoH. Ha yckopuTenu 3Toro kiacca U3BECTHBI TEM, YTO Ha baBa-
TpoHe (cuHxpoTpoH Ha 6 3B, CHIA, Bapkin) B 1956 rogy O0butn Boep-
Bble OOHAPYEHbl aHTUIIPOTOHBI. 3a 3TO OTKPBITHE aMEPUKAHCKUN (u-
3uk YemOepiien nomyunn HoOenesckyro npemuto. B CCCP na Cun-
xpodazarpone (OMSU, yOna) Obna OTKpBITa Ipyrasi HOBas 4acTHULA —
aHTH-CUTMa-MHHYC-THIIEPOH.

B 1952 rony amepukanckue ¢usuku Kypanr, Jlusunrcron n CHaid-
Jep OonmyOIMKOBaIM OMHMCAaHUE TPUHINIA CUIBHON (POKYCHPOBKH YaCTHII
B IIMKJIMYECKUX YCKOPUTESX. DTO ObUIO OUEHb BAXXKHOE OTKPBITHE, I10-
3BOJIMBILIEE 3HAYUTEIBHO YMEHBIIMTH MarHuThl CHHXPOTPOHOB. Brmo-
CIEACTBUU BBIICHWIOCH, YTO NPHHLIWI CHJIBHOH (OKYCHPOBKH elie
paHbIIe TPEITOKUI HIKeHep-3ekTpuk Hukonoc Kpucrodunoc, pado-
TaBKi B ApuHax, a 3areM nepeexasuuii B CLIA.

[lepBBIM ycKOpHTEIEM C CHIIBHOM (POKYCHPOBKOM cTal MPOTOHHBIH
cuHXpoTpoH Ha 28 B, 3amymennsrit B 1959 rogy 8 CERN (OKenesa) u
HbIHE u3BecTHBIN kak CPS.

OOHOBPEMEHHO pa3BUBAINCh W DJIEKTPOHHBIE CHHXPOTPOHBI C
cHIbHOM (OKyCHMpOBKOW. B HHMX, kak m B OeraTpoHax, IpemeiabHas
SHEPIUsl YacTULl OIPaHUYMBAETCS MOTEPSMHU SHEPIUU YCKOPAEMBIX Yac-
THI] Ha CHHXPOTPOHHOE m3nydeHue. OJHAKO MeXaHU3M PE30HAHCHOTO
yckopeHusi ¢ momonisio BU pe3oHaTOpoB, UCIONB3yeMbId B CHHXPO-
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TPOHAX, 3HAYUTEIHHO 0OJIee MOIIHBIA, YeM MEXaHW3M WHAYKIIHMOHHOTO
YCKOpEHMsI B O€TaTpoHax, IMO3TOMY MpeAeibHas SHEPrus YacTUll, MPU
KOTOPO# TIOTepH IHEPTUH 332 000POT MPUOIHKAIOTCS K IPUPOCTY dHEP-
TUH 32 000pOT, OyNEeT MOCTUTAETCS TMPU 3HAYUTEILHO 00Jee BHICOKUX
SHEPIrUsX.

Ha 37eKTpoHHBIX CHHXPOTPOHAX OBUTH BBITIOJIHEHBI MHOTHE BaXKHBIC
WCCIIEJIOBaHUsI B O0JIACTH KBAaHTOBOW 3JEKTPOJAMHAMUKU W (oTOsAEp-
Hol ¢u3uku. Kpome TOro, 3TH YCKOPHUTENM HCIONB3YIOTCS KaK HCTOY-
HUKM CHHXPOTPOHHOI'O H3JIyYEHMs, KOTOPOE HANUIO OYEHb LIMPOKOE
MPUMEHEHUE I TEXHOJOTMYECKUX MPOLECCOB U MPHUKIAJAHBIX Hayu-
HBIX MCCIIEIOBaHUI JaneKo 3a mpenenamMu (GU3MKH 3JIEMEHTAPHBIX Yac-
Thl. Tak, BpeIHbBIN Ha MEPBBIX NOPax MPOLECC CHHXPOTPOHHBIX MOTEPh
HalleJl HaCTOJIbKO Ba)KHOE MPUMEHEHHE, YTO TEIeph CTPOSATCS CIelua-
JU3UPOBAaHHBIE CHHXPOTPOHBI, paboTalomKe TOJBKO KaK HCTOYHHKH
CUHXPOTPOHHOT'O U3JIy4YEHUSI.

Eme ogHo pa3BuTHE CHHXPOTPOHOB CBSI3aHO C IEPEBOAOM UX B pe-
J)KUM HaKONUTENEH CUIBHOTOYHBIX IMYYKOB M HCIOJIB30BAHHEM 3THUX
CUHXPOTPOHOB B KA4yeCTBE OCHOBHBIX 3JIEMEHTOB YCKOPHUTEIBHO-
HAaKOIUTEIbHBIX KOMIUIEKCOB. B Takux KOMIJIEKCaX CTAJIKUBAIOTCA BO
BCTPEUHBIX COYJAPCHUSX J[Ba IyYKa YaCTHUIl, OOpAaIIalOIIUXCcs BO B3a-
WMHO TIPOTHBOIIOJIOKHBIX HampaBieHusx. C HeJaBHETO BPEMEHU TaKue
KOMILJIEKCHI Ha3bIBAIOTCS KOJUIaiepamu.

6.1. IlpuHuun geiicTBUS 31eKTPOHHOI0 CHHXPOTPOHA

B yckoputensix NUKIOTPOHHOTO THIIA U B OETaTPOHE UCIOIB3YIOTCSI
CIUIOLIHBIE MArHUThI, B KOTOPBIX MarHUTHOE I10JIE CO3/1aETCs MOIF0CaMHU
Kpyrinoi GopMbl. B Takux ycKOpHUTEIsIX MarHUTHOE TOJIe JOJDKHO OBIThH
BO BCEX TOYKAX BHYTPU Kpyra, OTPaHUYCHHOTO MpEACITbHOW OpOHUTOM
yacTul. B LUKIOTpOHE BHYTpH Kpyra HaxOASTCS HaydajbHblE BUTKU
CrUpajIbHON OpOUTHI, a B OeTaTpoHEe BHYTPH Kpyra CYIIECTBYET Iepe-
MEHHBIM MarHUTHBIN MOTOK, CO3JIaI0IIMI MHIYUHUPOBAHHOE 3JIEKTpUYE-
CKOE I10JI€, YCKOPSIOILIEE YaCTHLIBL.

B cunxpoTpoHe opOWTa paBHOBECHOH YaCTHIBI — OKPYXKHOCTh, a
BaKyyMHas KaMepa — TOPOMAAIbHOE KOJIBIIO C Y3KUM IONEPEYHBIM Ce-
yeHueM. MarHutHas CHCT€Ma CHHXPOTPOHA BBINOJIHSIETCS B BUIE OT-
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JIETbHBIX MATHUTHBIX OJIOKOB, PACCTABJICHHBIX MO OKPY)KHOCTH OPOHUTHI.
JlnuHa opOUTHI CHHXPOTPOHOB B 3aBUCUMOCTH OT DHEPTHH UMEET BEIH-
YHUHY OT HCCKOJIBKUX METPOB 10 HECKOJBbKUX NECATKOB KHUJIOMETPOB.
YcKopeHHe YacTHIl MPOUCXOTUT B PE30HATOPE, CO3AAOIIEM IMPO-
JIOJIBHOE yCKOpSIIoIee IeKTpuaeckoe none E, . YciaoBue pe3oHaHCHO-

IO YCKOPEHUS] COCTOUT B TOM, YTO Mgy = h®,, TJI€ ®, — Y9acToTa oOpa-
IICHUS PaBHOBECHOU dacTuipl, & =1,2,3,.... Pe3oHarop ycTaHaBIuBa-

eTcsd Ha HEKOTOPOM a3UMyTe OpOWTHI, NMO3TOMY YCKOPEHHE YaCTHIIBI
MIPOUCXOAUT TUCKPETHO, OAMH pa3 3a 000pOT MpH OAHOM PE3OHATOPE.
OpHaKo pEe30HAaTOPOB MOXKET ObITh HECKOJIBKO; OHHM Pa3MEINAOTCs 0
opOuTE MPOU3BOIBHO, HO MEXIYy HUMH 00S3aTEIBHO YCTAHABIUBAIOTCS
TOUYHbIE (ha30BBIE COOTHONIICHUS, 00ECIEeUNBAIOIINE TIONaIaHie PaBHO-
BECHOI 4acTHILbI B OAHY U Ty ke (ha3y Mojs B KaKAOM pe30HATope He-
3aBHCHMO OT MECTa PacIoJIOKEHHs pe30HaTOpa.

B cHHXpOTpOHE Il MHMKEKIMM YacTUL] UCIOJIb3YETCS JIMHEHHBIN
WIN APYTOM HUKIMYECKUH ycKopuTenb. OH NpUIAeT YacTHLAM 3HEPIHIO
WH)KEKIUH, COOTBETCTBYIOIIYI0 MarHUTHOMY TIOJIO Ha OopOWTe MpH 3a-
JAHHOM paJinyce CHHXPOTPOHA COrliacHO BhIpaxkeHWio BW =300BR.

WNHorna umMeercs Takke yCTPOMCTBO BBIBOAA YCKOPEHHBIX YacTHUL[ W3
KaMepbl YCKOPUTEIA Ha yAaJCHHbIE SKCIIEPUMEHTAIbHbIE YCTAHOBKHU.
[Ipu BBIOOPE SHEPTHH, C KOTOPOH YaCTHIIBI OYAyT HHKCKTUPOBATHCS
B CHHXPOTPOH, HEOOXOIUMO TIOMHUTH, YTO B MOMEHT WH)KEKIINH Mar-
HUTHOE TIOJI€ B MIOBOPOTHBIX MarHWTaX JOJDKHO OBITH B HECKOIBKO Pa3
OomeImie, 4eM moje octarouHoro HamaranauBauus (10—15 mTn). C opy-
O CTOPOHBI, MATHUTHOE MOJI€ B TOBOPOTHBIX MAarHUTAX B KOHILIE LIUKJIA
YCKOPEHHs JIJIsl KOMHATHBIX TeMIIepaTyp HE JOJDKHO IpeBbIaTh 1,5—
2 Tn. OTh nBa yclOBUS HAKIAABIBAIOT OTPaHUYCHHUE HA BEIUYUHY W3-
MEHEHUST MarHWTHOTO TOJSI B NOBOPOTHBIX MAarHUTax CHHXPOTPOHA.
OOBIYHO MarHUTHOE TOJIC B MIPOIECCE YCKOPEHUSI U3MEHSETCS He Ooee
yeM Ha 2 Topsaka. B COBpEeMEHHBIX YCKOPHUTEIHLHO-HAKOMHUTEIHLHBIX
KOMIUJIEKCaX B OKOHEYHOM CHHXPOTPOHE, TJI€ HAKaIlJIMBAETCS Iy4OK,
CTaparoTCsl BOOOIIC HE M3MECHSITh MATHUTHOE TOJIE U TOJIJICPKUBATH €T0
Ha MOCTOAHHOM ypoBHE ~1,5 Ti. MHXeKTupyeMblii B 3TOM Cily4yae B
CUCTEMY IIYYOK MMEET YXE COOTBETCTBYIOLIYI0 MAaKCUMAaJbHYIO 3HEP-
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ruto. PaboTa ycTaHOBKM B TaKOM PEKUME MO3BOJISIET YIYUIIUTh MHOTHE
napamMeTphl MyYKa B HECKOJIBKO pas.

[Ipu obcyxaeHUN YCTPOWCTBA CHHXPOTPOHOB IIENeco00pa3Ho pac-
CMOTpETb OTHENILHO 3JICKTPOHHBIC M IMPOTOHHBIE CHHXPOTPOHBL. OTH
YCKOPHTENIN UMEIOT OOLIMIA MPUHIHI JSHCTBUS, OAHAKO X yCTPOHCTBO
U XapakTep paboThl CYIIECTBEHHO OTIMYAIOTCS B CBSI3H C TEM, UTO HEP-
THUs TIOKOS AJIEKTpOHA U npoToHa pa3nuyHbl (0,511 MaB u 938 M»aB). B
000MX ciydasiX yCKOPUTEIH-WHKEKTOPBl YacTUI] B CHHXPOTPOH CO00-
IIAIOT UM DHEPTUi0 0oJiee HECKOJIBKUX NecATKOoB MaB. DTo o3Hauaer,
YTO B DJIEKTPOHHBIA CHHXPOTPOH YaCTHUIIBl MOCTYMAIOT MPAaKTUYECKU
MOJHOCTBIO PENATUBUCTCKUMH, T.€. WX NPOJOJbHAs (a3UMyTasbHast)
CKOPOCTh MOYTH TOYHO paBHA CKOPOCTH cBeTa. [ MPOTOHHOTO CHH-
XpOTpOHA HHEPrusl HHXeKuuu o0brgHO He mpesbimaeT 100 — 200 M»B,
T.€. YaCTHILIBI OYAyT elle HepelsITHBUCTCKUMH.

VYcnoBue MOCTOSIHCTBA ~ pajJdyca  PaBHOBECHOMU OpOUTEI
B/W = const npuHUMaeT BHI;

Wp

B(1)="BLW (). (6.1)

hec
3TO0 03Hauaer, 4TO pajnyc PaBHOBECHOW OpOHMTHI R OyaeT mocTo-
SIHHBIM, €CJIM B TIpeiesiaX [UKJIa YCKOPEHHUsI MarHUTHOE I10JI€ JICKTPOH-
HOT'O CHHXPOTpPOHA OyAeT BO3pacTaTh BO BPEMEHH MPSAMO MPOIMOPIHO-
HaJIbHO SHEPTUHU PaBHOBECHOW YaCTHULIBI.
3axBar yacTuI] B MPOLECC YCKOPEHUs] B CHHXPOTPOHE MOXKET IpO-
W30WTH TOJBKO B CaMOM Hadvaje IUKJIA YCKOPEHHUS, KOTJa MarHUTHOE
noje Ha opOWTEe HMMeeT MHHUMAIbHOE 3HAa4YeHHE, COTJIACOBaHHOE C
SHEPrue MHXKEKUMHU. 3aTeM HAUYMHACTCS YCKOPEHHE — POCT 3HEPIHH
BCEH TPYIIBI 3aXBAaUE€HHBIX YACTHUI (B TOM YHCIIE H HE COBCEM yJIOBIIE-
TBOPSAIOIINX YCJIOBUIO PE30HAHCHOIO YCKOPEHHs gy =ho,). Kak

TOJILKO MarHUTHOE TI0JIe Ha OpOUTE HaYHET BO3pAcTaTh, TaK cpa3y mpe-
KpaTUTCsl 3aXBaT YaCTHUI] U HAYHETCSH YCKOPEHHME, TaK KaK YBEIUYMB-
nieecsi MarHUTHOE I10JI€ NIEPECTAHET COOTBETCTBOBATH OCTABIIEHCS Ha
MPEKHEM YPOBHE SHEPIMM HMHXKEKUHMHU. B 3TOT MOMEHT YCKOPHUTEINb-
WH)XEKTOP BBIKJIIIOYAIOT, a TPYINa 3aXBAaU€HHBIX YacCTHUL MPOJOJKAET
Ha0Op PHEPTUU TIPU OJHOBPEMEHHOM POCTE MATHUTHOTO TIOJIS.
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[To mocTXKeHWW YaCTHIIAMU TIPEAETHHONW SHEPTHH B CHHXPOTPOHE
POCT MarHUTHOTO TOJSI OCTAHABIMBAIOT. [ pymma yCKOPEHHBIX YacTHIl
BBIBOAUTCA U3 KaMEPbl CHHXPOTpPOHA U ITYYOK HAIIPABJIACTCA B 3KCIIC-
pUMEHTAJbHBIE YCTAHOBKA. MarHUTHOE TIOJIe YMEHBIIAeTCS 10 Hadallb-
HOW BenmMUMHBI. Tak 3aBepmiaeTcsi LUK PabOTHl YCKOPHUTENS, a Aajee
CJIeyeT HOBBIM UK yckopeHus. L[ukibl paboThl CHHXPOTPOHA MOBTO-
PSIOTCA 0 T€X MOp, IOKa He 3aBeplIaTcs JaHHbIE 3KcriepuMeHThl. CHH-
XpOTpPOH, KaK 1 Pa3oTpoH, paboTaeT B LIMKIMYECKOM PEXKHUME, T.€. C pe-
TYJISIPHO MOBTOpSAIOMMMUCA HukiaamMu. Eciiu AW — npupoct aHepruu 3a
oMH 000pOT YacTUIIBI Ha OpOuTe, TO ¢ ydeToM (6.1) u B ciydae 0IHOTO
pe3oHaropa Ha opouTe:
ec’Ty dB

2n dt’
rae Upy — aMIUIMTyJa HalpsDKEHUs Ha pe3oHaTope; I, — mepuoj oo-

AW =eUgqcos@, =

palleHNs] CHHXPOHHOM YacTulpl; ¢, — da3a paBHOBECHOH YacTHUIBI, T€

MOl PAaBHOBECHOW YacTHUIEH MOHMMAETCs YacTUIAa YacTOTa OOpaIeHHS
KOTOpOH KpaTHa yacToTe reHeparopa. Otcrona

ec’Ty dB
2meUpqy dt
N3 (6.2) cnenyer TpeboBaHUe, KOTOPOE HA3BIBAIOT yCiIoBHEeM Bekc-
niepa JUIsi CHHXPOTPOHA:

cCosSQ, = (6.2)

272
ec’T; d—BSI
2neUgy df

Ecnu ycnosue (6.3) BBIIOIHEHO, TO MOXXHO ONPEAEIUTH BEINUYUHY
PaBHOBECHOM (ha3bl; €CIIM HE BBINOJIHEHO, TO HE CyLIecTBYeT (asbl ¢, ,

(6.3)

NpU KOTOPOWH BBIMONHSUIOCH OBl (6.2), T.e. HET paBHOBECHOW (hasbl Mpu
JAHHOM BBIOOpE MapameTpoB cuHXpoTpoHa 1, Ugy, dB/dt.

Bripaxkenue (6.3) siBnsieTcss ycloBHEM CYLIECTBOBaHUs paBHOBEC-
HOU (haspl, T.e. YCIOBHEM TOTO, YTO B JJAHHOM CHHXPOTpOHE paboraer
MeEXaHU3M aBTO(a3upoBKU (cM. HIDKE) II0CKOIBKY OTCYTCTBHE 3TOTO
MEXaHU3Ma TPO3UT TOYTH MOJHOH MOTepeld HMHTEHCUBHOCTH IyYKa,
HY’KHO TIPaBUJIILHO OMPENENUTh MapaMeTpsl, Bxoasamue B (6.3). Boimo-
HEeHUIO ycioBus (6.3) crmocoOCTByeT BHIOOP BBICOKMX YaCTOT yCKOPSIO-
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mero nois (B oonactu CBY), 6onmpmnx Upy ¥ MalIbIX CKOPOCTEH pocTa

MarautHoro nojist dB/dr.
6.2. I[IpyHUMN el cTBUSI MPOTOHHOTO (MOHHOT0) CHHXPOTPOHA

OCHOBHOE OTIMYME NPOTOHHOIO CHHXPOTPOHA OT 3JIEKTPOHHOIO
COCTONT B HEOOXOIMMOCTH YYHUTHIBATh HEPENSTHUBUCTCKOE [IBIKEHHE
YacTHIl W, CJIEAOBATEIbHO, BO3pPACTAHNE UX CKOPOCTH IO Mepe Habopa
sHepruu. I103TOMy B IIPOTOHHOM CHHXPOTPOHE JJISl COXPAHEHUS Pe30-
HAHCA HENb3sl OCTAaBJIATH IIOCTOSIHHOM 4acTOTy I'EHEpaTropa, €€ HyKHO
MPUHYAUTENBHO MEHATH: MEAJICHHO YBEIIMYHMBATh BO BPEMEHH IO MEpe
Habopa sHepruu mnpoToHamu. [Ipu 3TOM JOIKHA TepecTpauBaThCsl Yac-
TOTa PE30HATOpa, a MAarHUTHOE I10JIe¢ Ha OpOMTE yBEIMUYUBATHCA TakK,
YTOOBI palyC paBHOBECHOI OpOUTHI OCTaBAJICS IOCTOSHHBIM.

Yacrora reHeparopa B IPOTOHHOM CHHXPOTPOHE PacTeT CYILECT-
BEHHO HEJIMHEHHO, C 3aMeAJICHUEM CKOPOCTH pOCTa 4acTOThl oOpale-
HUS NIPY yBEJIMYEHUN DHEPTUHM MIPOTOHOB. B mpexene, korga mpu o4eHb
OOJIBIINX SHEPTUAX MPOTOHBI CTAHOBATCS PEISITHBUCTCKIMHU M CKOPOCTh
UX IEPECTacT MEHATHCS, YaCTOTa TEHEPATOPa IIIaBHO IPEKPAILAET POCT
M OCTaeTCsl HEM3MEHHON B KOHIIE INpoLecca YCKOpeHHd. B ImpoTOHHBIX
CHHXPOTPOHAX HA CBEPXBBICOKHME SHEPTUU IIPOTOHBI JOCTUTAKOT CKOPO-
CTH, OJM3KOM K CKOPOCTH CBETa, TaK KaK SHEPTUsl WHKEKIMH JTOCTUraeT
HeckoIbKkUX ['3B. M3MeHeHHe 4acToThl reHeparopa 34ech OyAeT yxe
CPaBHHUTENBHO HEOONBLIMM W TaK K€, KaK B 3JIEKTPOHHBIX CHHXPOTPO-
Hax, JUIsl YCKOPEHMsI MOXHO HCIOJIb30BATh HENEPECTPAUBAEMBIE PE30-
HaTOPBI.

B cBszu ¢ Oonpmiol mMaccoli MPOTOHOB M MX COOTBETCTBYIOIIEH
MHEPLMOHHOCTBIO BCE MPOLECCH B IPOTOHHOM CUHXPOTPOHE IPOUCXO-
JIAT 3HAYUTEJBHO MEUIEHHEE, YEM B 3JIEKTPOHHOM.

U3 olmiero BeIpakeHUs I UMITYJIbCA YacTHUIIBI HA KOJBIIEBOH Op-
OuTe U BBIpAXKEHUS TS TIOJTHOM SHEPTUH MOTydaeM:

W) =\Wg + e R*B (1),

rae R =const.
YacroTra reHeparopa J0JKHA MEHATHCS CIISAYIONUM 00pazoMm:
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B hec®B(t)
BY — .
2 2 2p2p2
W3 +ERB (1)
XapakTepHasi 0COOCHHOCTh MPOTOHHBIX CHHXPOTPOHOB — HEOOXO-
JAUMOCTb JK€CTKOM CBS3M YaCTOTHI reHepaTtopa ¢ MAarHUTHBIM IIOJICM.

(@)

[TosTomy m3meHeHus: B(f) u wgy(f) B TEXHHMYECKOM YCTPOMCTBE HE

3aJ1al0TCS TI0 OTACIbHBIM HE3aBUCHMBIM MPOTPaMMaM, a MEXIy 3TUMU
JIBYMsI BAKHEHIIMMHU BEJIMUYMHAMH YCTaHABIMBACTCS OJHO3HAYHAs Mpe-
[U3UOHHAS CBS3b C TOMOINBIO CIICIHATBHBIX CXEM aBTOMATHYECKOTO
pEryJIMpPOBaHUs, KOTOPBIE CIEAAT 32 U3MCHEHHEM MAarHUTHOTO TOJNS M
MOCTOSIHHO KOPPEKTHPYIOT COOTBETCTBYIOIIMM 00pa3oM (YHKLHUIO H3-
MEHEHUs YacTOTHl TeHepaTopa. BhIMoNHEeHNe yKka3aHHBIX BEIIIE TpeOo-
BaHMI TIO3BOJISIET OCYIIECTBHTh B CHHXPOTPOHAX PE30HAHCHOE YCKOpE-
HUE YacTHIl IPH NOCTOSHHOM pajinyce paBHOBECHOM OpOHTHI.

6.3. KpuTnueckas 3Heprusi

®dusuka mporecca aBTo(ha3upoBKH KaK B JINHEHHOM, TaK U B IUKIIHU-
4ECKOM YCKOPHTENE TECHO CBsI3aHa C T€M, KaK HEpaBHOBECHAs YacTHIIA
nepeMeniaercs mo ¢ase OTHOCUTENBHO YCKOpsIOolIel BOJIHBL. B nuHei-
HOM CIIy4ae 3TOT MPOLECC MOTHOCTBIO XapaKTEPHU3YyeTCsl OJXHO3HAYHOM
KMHEMAaTHYECKOH CBS3BI0 MEXKIY DHEPIHEH, HMITyJIbCOM U MPOAOJIBHOM
CKOPOCTBIO:
W= (m§c4 4 ity =m002(1—v2/cz)_”2 ’

COTJIaCHO KOTOPOH

dp 1dw

AL Y A

dv v dv

Ilo anamorum c COOTBCTCTBYIOIIIMM HEPCIAATUBUCTCKHMM COOTHOIIC-
HUCM, B CTAPBIX KHUTaX I1O peHHTHBHCTCKOﬁ JAUHAMUKC BCIIMYUHY m0y3

JTake Ha3bIBAJIM WHOTA «IIPOJIOJIEHOW» MacCOW, MOAYEPKUBAs €€ OTIIH-
9He OT «IONEPEYHOW» MM OOBIYHOM MacChl m,y ¥ TO OOCTOSTEIHCTBO,
YTO PENATUBUCTCKYIO CKOPOCTh TOpa3o TPyAHEE yBEIWYHTbH IO adCco-
JMIOTHOW BENIMYHMHE, YeM M0 HampasieHnto. DopManabHBIM aHAIOTOM
STOM BEIMYUHBI B IUKIUYECKON MAaIllMHE ABISAETCA YaCTHAsl MPOU3BOJ-
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Hasl Ha paBHOBECHOH opbure (OW /0w), / RzoaC =(0p/0m)./ R , xoTopas

UMEeT Pa3MEpPHOCTb MAacChl W Ha3bIBaeTCs <«AQQPEKTHBHOW Maccoi.
OpmHako 3HaYCHUE U 3HAK dTOH «3((HEKTHBHOM MacChI»
M =| 022 | _|r%® |
ow |. ap |,
OTIPENICNIAIOTCSl HE TOJIKO KWHEMAaTHKOW, MOCKOJBKY TPH HU3MEHECHUH
SHEPTUH WIM WMITYJIbCa MEHSETCS HE TOJIBKO CKOPOCTh, HO M PaaNyC
OpOUTEHL, OT KOTOPOTO 3aBUCUT YacTOTa OOpalleHus

Jinst mogpoOHOTO paccMOTPEHHsI BOIIPOCa O 3aBUCHMOCTHU IMEpUOJA
oOpariieHus YacTHIBI OT YHEPTUH HEOOXOAUMO OOpPATUTHCS K BAKHOMY
napameTpy UUKIHYECKUX YCKOpUTened — KodQQUIUCHTY pacIIupeHus
opout o . OH ompenensercs Kak K03()OUIMEHT MPONOPIHOHATBHOCTH
MEXIy MallbliM OTHOCHUTEIHHBIM IPOPOCTOM HMITYJIbCA M COOTBETCT-
BYIOIIIM MaJIbIM OTHOCHTEIBHBIM MPHPOCTOM JUTUHBI OPOUTHI L = 2TR

qoPOR_poL
Rép Lop

Koadduiument o moxaspiBaeT, HACKOIBKO CHIBHO PACHIUPSIETCS Op-
OWTa mpu BO3paCTaHUH MMITYJIbCA YACTHIIBI B MATHUTHOM IIOJIE C 3a/1aH-
HO cTpykTypoii. KoadduimeHT pacimmpeHuss opOUT 3aBUCHT TOJIBKO OT
BUJa MarHUTHOM cuctembl. Onpenenenne koddduirienta pacmpeHns
OpOUT SIBJISIETCS OOLIMM, IPUTOIHBIM IJIsl YCKOPUTEJICH U CO C1aboi U ¢
CHIIBHOH (DOKYCHPOBKOIA.

W3 o01mmx cooOpaxeHUi OYEBHIHO, YTO B YCKOPHUTEIE KEJIATSIbHO
UMETh 0. KaK MOXKHO MEHbIIel BenmuunHbl. Toraa opoura ciabo pearu-
pyeT Ha U3MEHEHUsS UMITyJIbca, T.e. Oojee ycToiunBa. B ciaydae cnaboit
(OKYCHPOBKH MarHUTHOE IOJIE OJHOPOJHO 10 a3UMYTY, a N0 PaIHycCy

(6.4)

cramaer kak B=C-R™",rme C =const, 0 <n<1. Otrcrona creayer:

dB/B=-ndR/R. (6.5)
B cBoto ouepenn, U3 BeIpaXXeHUsl 111 UMITyJIbca p = eBR BbITEKaeT:
dp/p=(dB/B)+(dR/R). (6.6)

KomOunmpys (6.5) u (6.6), momrydanm
dR/R=[1/11-n)]dp/p,
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T.€. KO3 (UIUEHT pacuIupeHusi opouT B ciabo(OKyCHPYIONUX YCKO-
PUTENAX paBeH
1
I-n
U3 orpannueHuid BEMUUUHBI /1 CIEAYET, YTO B TAKHX YCKOPHTENSAX
o >1, T.e. opOuTa CPaBHUTENBHO CHIILHO pearupyeT Ha U3MEHEHHS HM-
IyJIbCa YacTHUIl. B 3TOM COCTOMT elie OAHO TMposiBICHHE cllabocth (o-
KYCHPOBKH a3UMYTaJIbHO-OJJHOPOAHBIM TOJEeM: 3(PQPEKTHBHOCTH 3TOU
(OKYyCHpPOBKH HE XBaTaeT JJISl )KECTKOTO CICPKUBAHUS TCHICHIIUM Op-
OWT K pacIIMPEHHIO IPU BO3PACTAHUH UMITYJIbCA YACTHII.
B ciyuae cunbHOM QoKycnpoBKH K03(GUIMEHT paclIupeHus opouT
CBSI3aH C IMapaMeTpaMu MarHHTHoﬁ CHUCTEMBI 00JIee CIIOKHBIM 00pa3oM:
J‘ D(s )
R(s)
rae D(s) — nucnepcus B JUMOJBHBIX MarHutax; R(s) — paauyc MoBoO-

o=

,

porta; L — miuHa OpOUTHI, § — MPOJOJIbHAS KOoOpauHaTa. B coBpemeH-
HBIX CHIIbHO(OKYCHPYIOIIUX CHHXPOTPOHAX o << 1.
Teneps Haiiiem o0Iee BeIpaKeHHE IS CBSI3W MAJBIX OTHOCHUTEIh-
HBIX U3MECHEHUI YaCTOTHI O6paIIl€HI/I$1 1 UMITYyJIbCa 4aCTUIL
do/w=-Xdp/p (6.7)
Ecmu HewsBecTHas moka BenmumHa X >0, TO 4acToTa ¢ yMeHbIIa-
€TCS C pOCTOM UMIYJIbca, ecii X < (0 — JacToTa yBEIWIUBAETCS C POC-
TOM UMMyJibca. M3 o4eBUIHOTO paBeHCTBA L = VvI TMOJy4YUM

do/w=dv/v—dL/L=dB/B—-dL/L (6.8)
"
dp/p=(1-B")dB/B=(1-y*)dB/B. (6.9)
O6wenunstst (6.4), (6.8) u (6.9) moxydnm
do/o=(1/y*-a)dp/p. (6.10)

Kpyrnas ckobka B (6.10) paBHa mHOXHUTEMI0 X B (6.7), KOTOPHIiH
Terneph MOJHOCTHIO M3BECTEH U MOXKET OBITh ONpPE/CNeH KaK M0 3HAaKY,
TaK U 1O BEJIMYNHE IMPOCTBIM BBIYHCIICHUCM.

Bemmunua K =1/y> — o HasbiBaeTcs Ko3(puUIMEHTOM aBTO(a3H-

poBku. s cnabodokycupyrommx Mamie o >1 u y > 1, caenosarens-
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Ho, K <0 Bcerna. [loaToMy B TaKuX YCKOPHUTENSIX MEPUOI OOpaleHHs
YaCTHII BCET/Ia BO3PACTAET C POCTOM JHEPTHH W UMITYJIbCa YacTHII, T.C.
¢dakTOp pocTa INIMHBI OPOWUTHI MPU YBEIMUCHHH HMITYyJbCa CHIIbHEE
BIIMSIET HA TIEPHOJI O0paleHns, 4eM (HaKkTop pocTa CKOPOCTH YaCTHIL.

B cunxpotponax ¢ cunbHO# (okycupoBkoil o <<1 Bcerma. C mpy-
TOW CTOPOHBI, BEJIMYKMHA Y >1 B MOMEHT MHXKEKIMH M TOCTUTAET OO0JIb-
X 3HAYCHW Yy >>1 B KOHIIE mporiecca yckopeHus. Takum oOpazom,
K Moxer ObITh Kak 00JIbIle, TaK M MEHbBIIE HYJIS.

ITonoxurtenpHas BenmmunHa Kodddunuenta aBrodazuposku K >0
03HA4YaeT, YTO B HaYajie Mpolecca YCKOPEHHs YBEIWYSHHUIO WMITYJIbCa
YaCTUIBI COOTBETCTBYET yMEHBIICHHE Teprojia ee oOpalieHus 1o op-
Oute. PU3MUYECKH STO O3HAYAET, YTO C POCTOM HMITYJIbCa AJTMHA OPOUTHI
0CTaeTCs OYTH MOCTOSTHHOM, HO 3a CYET POCTa CKOPOCTH YACTHUIIHI Yac-
TOTa ee oOpallleHusl YBEeIMUNBaeTCsI. 3aMEeTUM, YTO TipeobdaiaHue poc-
Ta CKOPOCTH B 3aBUCHMOCTH OT YBEIHYCHHUS UMITYJIbCA YACTHUIIBI JOJIK-
HO B OCHOBHOM HMETh MECTO B YCKOPHTEISIX MPOTOHOB, TaK KaK 3JIEeK-
TPOHBI YK€ C Hadajla YCKOPEHHSI B CHHXPOTPOHAX ABHXYTCSI CO CKOPO-
CTBIO CBETA.

[lo Mepe ycKOpeHMs YacTHIIBI €€ IHEPTHs BO3pPAcTaeT, a BEIMYUHA
1/y> yMeHblnaercs, B TO BPeMs KaK BEJTHUMHA O, OCTACTCS IOCTOSH-

Hoii. [Ipn HekoTOpO# SHEepruy YacTul W, OyAeT JOCTUIHYTO PaBEHCT-
Bo 1/y° —a=0, T.e.

Vo =1/Aa, W, =Wy /o . (6.11)

Oueprust W Ha3bIBACTCS KPUTHYCCKOH JHEPrHCH. 3aMETHM, YTO

IpY OJHOM M TOM JKE 3HAYCHWHM O BeqnduWHa W, JUIsl 3IEKTpo-

HOB MHOIO MEHbIIE, 4YeM JJs M[POTOHOB (B  OTHOLICHHH
0,5 M»sB /938 MaB).

Hocne pocrmkennss W =W, dSHEprus 4aCTULl B CHHXPOTPOHE MPO-

JTOJDKAET HETIPEPHIBHO PACTH B MIPEKHEM TeMIle, 0JHaKo Tenepbh K <0,
T.€. B CHHXPOTPOHE C CHJIbHON (hOKYCHPOBKOH BO3HHUKAIOT YCIOBUS, IIPU
KOTOPBIX paboTaeT cinado(OoKyCHPYIOIINH CHHXPOTPOH.
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6.4. ®a3oBbIe KOJICOAHUA

®da30it yaCTUIIBI B CHHXPOTPOHE Oy/1eM HA3bIBATh BEITUUNHY:
¢=9q(0-6,) — gyt , (6.12)
rIe ¢ — KpaTtHocTh K yactote BU momnsi; 0,— a3uMyTanbHBIi yrou, rae
HaXOJHUTCS PE30HATOP; Mgy — YacToTa BU-mosist; ¢ — Bpemsi.

Jo cux mop MBI paccMaTpHBalIM JIBH)KEHHE TOJIBKO PaBHOBECHOMH
yactulpl. Tenepp InepeiiieM K pacCMOTPEHUIO TUHAMUKU OCTaJIBHBIX
YacTHUI[ B CTYCTKE, y KOTOPBIX dHEprus u (aza OTINYAIOTCA OT PaBHO-
BecHOH. IlycTh 3a oguH 000POT paBHOBECHAs yacTULA MONYydYaeT MpH-
poct sneprun AW, = el cos@,, a HepaBHOBecHass — AW =elcoso,

¢ — ¢a3a HepaBHOBECHON YaCTHIBL. Pa3HOCTH MPUPOCTOB SHEPTUU He-

PaBHOBECHOW M PaBHOBECHOW YaCTHUIIBI 32 OJWH 00OpOT OYyJeT MMETh
CIEYIOINA BU:

dw  2ndw
AW —AW =T — =———=¢V,(cosp —cos .
A o, dr olcose o)
caenas 3aMeHy € = AW — AW, , nony4um:
1 de = %(coscp(t) —CcosQ,) . (6.13)
o, dt 2=n

B Brpakenuu (6.13) daza ¢(¢f) 3aBHCTH OT M3MEHEHHUS SHEPTHH

4acTUIBl. PacCCMOTpUM CKOpPOCTh U3MeHeHHs (asbl OT BpeMeHH, Tud-
(depeHnupys Beipakenue (12), momyqnm:

ldﬁzdﬁzmzm_mc, (6.14)
g dt dt

YuuteBas, 4T0 © = (E) U dHEPTHs Majo OTIMYAETCS OT dHEPTHH
PaBHOBECHOW YaCTHIIBI, MOKHO HCITOJIE30BATh PA3JIOKEHHE:

d
0=0, + =2 w-w,).
aw
IloncTaBuB nocnenHee BeIpakeHue B (6.14), momydnm:

40 _ ek O (6.15)

C
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Bripaxenust (6.13) u (6.15) sBnsrorcs odmmmu ypaBHeHAIMH (hazo-
BOT'O JBIKEHHS HEPAaBHOBECHOM YaCTHIBI B 3aBUCHMOCTH OT BPEMEHH.
Juist 3aXBadeHHBIX YacTHUI] OHH OINMCHIBAIOT KoyieOaHusi (Ga3bl HepaBHO-
BECHOH YacTHUIBI OKOJIO (ha3bl PaBHOBECHOM YacTUIIBI @, a JUIA HE 3a-
XBaueHHBIX — MOHOTOHHOE YaJIeHHE OT PAaBHOBECHOM (ha3bl.

Ecnu paccMoTpeTh CpaBHHUTENBHO HEOOJNBIINE OTPE3KH BPEMEHH, B
TeueHne KoTopelx ¢ynkmmu W, (1), K(¢), o (f) U3MEHAIOTCA AOCTa-
TOYHO MaJI0 ¥ MOTYT HPUOJIMKEHHO CUUTATHCS MOCTOSHHBIMH, TO BBI-
paxenus (6.13) u (6.15) MoxHO 00BEeAMHUTH B OXHO OoJjiee MpPOCTOE
muddepeHnraIrHOe YpaBHEHUE BTOPOTO TOPSIKA:

o _ g
dr’ W, 2n

B ciydae MajipIX OTKIOHEHHH (a3bl YACTHIBI OT PaBHOBECHOH BbI-
paxenue (6.16) MoxxHO eme ynpocTuth. Tak kak €<<1 m @ <<1, 10

(cos@—cos@,) . (6.16)

COS( = oS, —@sin@, u BeIpaxkeHHe (6.16) mpuMeT BHI ypaBHEHUS
KOJIEOaHMIA:

dZ
?‘2"+Q§<p=0, (6.17)

eV, . .
rae Q§ = u)iiK —Lsing, — wacToTta Manbx (TMHEHHBIX) (Pa30BBIX

. 2m

KoyiebaHuit. BUIHO, 4TO BUKEHHE YAaCTHUIBI OYJCT YCTOWYHMBBIM, €CIIH
2 .
Q; >0 umu korga K -sin(e,)>0.

Takum oOpazoMm, ypaBHeHHE IS (a3 NPOHM3BOJBHOW YaCTHIBI B
ciydae OIM30CTH ee K (pa3e paBHOBECHOM HYaCTHIBI NpEBpamacTcsi B
ypaBHEHHE TapMOHHUYECKOT0 OCLWIUIATOPA, a caMH KoJiebaHUsl CTaHO-
BSITCSL UUCTO CHHYCOUJAIBHBIMU C 4aCTOTOH Q.

Taxum 00pa3oM, IPU MAJIOM OTKJIOHEHUH SHEPTUU U (a3bl YaCTHILIBI
OT paBHOBECHOH OHa OyJIeT 3aXBayeHa B PEXKUM YCKOPEHHS U B CpeTHEM
Oyzser HaOMpaTh TyKe HEPTHIO0, YTO U paBHOBecHas dacTuibl (3ddekr
aBTO(a3UPOBKH).

B BeIpakenne 11 4acToThl (Ha30BBIX KoJeOaHUN BXOIUT BEIMYMHA
K. B MOMEHT BpeMeHH, KOI'Jla SHEPrusi paBHOBECHOW YaCTHUIIBI CTaHO-
BUTCSl paBHOM kputuieckod u K = 0, meproa oOpaiieHus 4acTHIIB Ha
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opOuTe mepecTaeT 3aBHCETh OT SHEPIHU. DTO O3HAYAET, YTO BPEMEHHO
npekpamaer padoraTh aBTO(a3HpoBKa. Takoe COCTOSHUE OTCYTCTBHS
aBTO(A3NPOBKH, yAEPKUBAIONIEH B TPOIECCe YCKOPEHUS MHOKECTBO
HEpaBHOBECHBIX YACTHL, MOXKET HPUBECTU K IOJHOW TMOTEpH IIydKa.
[TosTOMY B COBpEMEHHBIX POTOHHBIX CHHXPOTPOHAX C CHJIBHOW (OKY-
CHPOBKOM CYILECTBYET Cephe3Hasi MpodieMa mepexoa yepe3 KpuTude-
CKYIO SHEPTHIO.

PaccMmoTpumM 3aBUCHUMOCTh 3HaKa paBHOBECHOM (a3bl (@, ) OT 3HaKa
koa(dPurmenta aBrodazupoku (K).

1. CnabodokyCcHpyOmMUNA YCKOPUTENb C a3UMYTaITHHO-0THOPOTHBIM
MarHUTHBIM HOJIEM:

a>1,y21, K<0=> ¢, <0.
2. CunbHO(OKUCHPYIOLNH YCKOPHUTENb TIPH Y <Y,

a<<l, K>0=> ¢, >0.

3. CunbHOOKMCUPYIOUIMHA YCKOPHUTENb TIPU ¥ > ¥, -

a<<l, K<0 = ¢, ,<0.

Teneps 3anumem obmiee ypaBHeHHE (a30BbIX KojeOaHui B popme:
d do, elo
—(u—)=—>""=(cosp—cos , 6.18
dt( dt) . (cos@ ?.) (6.18)
rne u=W,/qo K ectb cnabas (pyHKUUS BPEMEHH, IOCKOJIBKY OT Bpe-
Menu 3aBucar W, , o,, K . Cuuras xonae6aHus MaJIbIMU, MOXKHO IOKa-
3aTh, 9T0 (6.16) CBOIUTCS K BHIY:
d*e u do 2
—+——+Q.0=0. 6.19
a2 udr P (6.19)

Mpl BUAMM, YTO y4YeT NMEPEMEHHOro xapakTtepa u(¢) NpPUBOIUT K

MOSBIICHUIO B (6.17) HOIOJIHUTETHLHOTO WICHA C MEePBOM MPOU3BOIHOMN
dop/dt. Benmnmunna do/df wmMeeT CMBICT CKOPOCTH W3MEHEHHS (Da3n

gactunpl. Hamuawe B (6.19) wieHa, mpomopIiioHaIsHOTO MEPBOM MPo-
u3BoHOU d¢/df, cBA3aHO HE ¢ MUccUTIANUeil SHEPTHH, a C MEAJICHHBIM

(ammabaTnyecknM) H3MEHEHHUEM TTapaMeTPOB CUCTEMBI, YTO IPUBOJUT K
YMEHBIICHUIO aMITIUTY 6l (Pa30BBIX KOJIcOaHUH.
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W3 Beipakenus (6.16) MOXKHO JIETKO TOJNYYHUTH TEPBBIA HHTErpal
ypaBHEHHUS! ABWXCHUS (TaMHJIbTOHMAH). TOXKIECTBEHHO NpeoOpa3oBas

d’@/dt* u ymHOXKMB Ha d@ , mOTyUHM:

(ti d(j(i)) — Q% (cospdp — cosp.dp) =0

IIpouHTerpupoBaB NOCIENHEE BBIPAXKEHHUE [0 BPEMEHU, MOKHO
HallTM raMWIbTOHHAH CUCTEeMbl H, BEJIMYMHA KOTOPOTO OMNpENessaeTcs
HaYyaJIbHBIMU YCIOBUSIMU:

2 2
(dq)j - 2% (ing—peosp,)=H.
dr sin @,

Kaxxmomy 3HaueHHI0 H COOTBETCTBYET CBOSI TPAaeKTOpHS Ha (azo-
Bo#l miockoctu. Korma Tpaekropus 3aMKHyTa, TO (pa3oBOe JIBIIKEHHE
OyZIeT ycTOMYMBBIM, @ B CIIy4ae HEYCTOWYHBOIO JABIIKEHUS TPACKTOPHS
Oyner pasomkHyTas. Du3mueckuii CMBICT WHTErpaja COCTOMT B TOM,
YTO JUIA KaXJ0W (pa30BOil TpaeKTOpHUU CyMMa KMHETHYecKoi 7 W mo-
TeHuanbHoil U 3Heprum B3aumozeicTBus yactulibl ¢ BU nosem siis-
€TCs MOCTOSIHHOW BEJIMYMHOM:

T+U=H.

Takum 00pa3oM, BeIpakeHHE JJIs TaMIJIBTOHHAHA MO3BOJISET HANTH

MOTEHITUANTbHYIO (DYHKITHIO JIJIST YaCTHIBI B 3JIEKTPUYECKOM IIOJIe B 3a-

BHUCUMOCTH OT (ha3bl:
2

U= —?%(sin(p—(pcompc).
sin @,

6.5. CenapaTtpucsl

[lepesIit mHTETpaN ypaBHEHUs (a30BBIX KOJIEOAHUH

2 2
(907 -0~ 22 (sing - ososo. ~sing, +0,0050.)<0 (620
sin @,

SIBJISIETCS TaMUJILTOHUAHOM CUCTEMBI M MOKET OBITH IIpoaHaJIM3UPOBaH,

KaK 3TO OOBIYHO JIeNIaeTCsl B TEOPUH JIMHEHHBIX YCKOpUTenel. 31ech @,

u (po SABJIAIOTCA U3BCCTHBIMU HAYaJIbHBIMU YCJIIOBUSAMU. OHu He 00s3a-
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TEJIHO JTOJDKHBI BEIOMpaThesa B Havaje mpotuecca (T.e. npu ¢ =0), a Mo-
TYT OBITH B3STHI TP JIFOOOM MIPOMEKYTOUYHOM MOMEHTE ¢ =1{,,t,... TIPO-
necca, omuchiBaeMoro andepeHInaIbHbBIM ypaBHEHUEM. Bo3pmem
Cly4al, KOr/la SHEpPIrus 4acTULl B CUHXPOTPOHE MEHbIIE KPUTUYECKOMU.
Kak Mbl 3HaeM M3 aHain3a aBTO(A3UPOBKHU B JIMHEHHBIX YCKOPUTEIIX,
¢aza — ¢, ecTb JeBBI mpezen 00IacTH yCTOWYNBOCTH (ha30BBIX KOJIE-
Oanmii. Ecniu Qa3a yacTuiipl py ee ABHIKEHUH BJIEBO JIOXOJHT J0 TOUKH
¢ =—@,, TO YaCTHLBI 3[€Cb OCTAHABIMBACTCA, U NaJIbHEHUIIECE IBHKE-
HHUE 10 (a3e MPOAOIIKAETCS TOJNBKO HOCie 3TOoi ocTaHoBkH. Crenosa-

TC€JIbHO, «HA4YaJIbHOMY» 3HAYCHUIO @) =—@, COOTBETCTBYCT «Ha4dajb-

C
Hoe» 3HaueHHe ¢, =0. B pesynprare 1 3TUX HayalbHBIX YCIOBHUM
st (6.20) momyyaem
Ldo_ |
Q. dt sing,

(sin@ —@cos@, +sin@, — ¢ cos@.) . (6.21)

Orcronia BUAHO, 9TO 00€ TpaHHIlEl 00IaCTH YCTOHIMBOCTH (ha30BHIX
KOJIeOaHUIl COOTBETCTBYIOT ycloBHIO ¢ =0 ; JieBas TpaHUIa OYCBUIIHA
¢, =—0,, IpaBas TpaHULA @, TOJYYACTCs U3 PEIICHHS YPaBHCHUS

sing, — @, cos@, +sing, —¢@_ cosp, =0.

®a30BbIM CHHXPOTPOHHBIM KOJEOAHHUSM COOTBETCTBYIOT CHHXPO-
TPOHHBIE KoJieOaHHUs HEPTHH HEPaBHOBECHOW YACTHIBI OKOJIO YHEPTHH
paBHOBECHOM yacTHIlBL. CBS3b KOJIEOaHUI dHEPTHH C KojieOanmsIMu da-
3bI OTHCHIBACTCS ypaBHeHHEeM (6.15), U3 KOTOPOro BHIHO, YTO Kojeba-
HUS (a3l U SHEPTUH HEPABHOBECHOHM YaCTHIIBI CIBUHYTHI MO (aze Ha
n/2 (B macmrabe CHHXPOTPOHHBIX KOJeOaHMH), TaK KaK COTJIACHO
(6.15) umeem ¢~ dop/dt. CnenoBaTenbHO, B MOMEHT, KOT/Ia CKOPOCTh
u3MeHeHus (ha3bl MakCHUManbHa (T.€. KOTJa TeKyIas ¢a3a HepaBHOBEC-
HOHM 9YacTHIBI NMPUHUMAET 3HAUYCHHE @ =@, ), PHEPIHs ITOH YaCTHIIBI
MAaKCUMAJIbHO OTJIMYaCcTCAd OT SHCPruu paBHOBeCHOﬁ YaCTHUIIHI. Kor):[a
ke (haza HEPaBHOBECHOM YAaCTHUIIBI OCTAHABIMBACTCS HA MAKCUMATIHHOM
paccTosHUM OT ¢, cjieBa U cipasa (T.e. B MOMEHT koraa do/df=0),
9HEPrUsl HEPAaBHOBECHOH YaCTHIILI CPAaBHHBACTCS C SHEPTHEl paBHOBEC-
HoW yacTuIiel (£ =0).
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Bripaxxenue (6.21) mpencraBiser co0oll ypaBHEHHE CemapaTpHchl,
MTOCKOJIBKY 3TOMY BBIpRXKCHHIO yAOBIeTBOpseT Touka do/di=0 u

¢ =—0,. YpaBHeHnue (6.21) onpeznessieT KOHTYp cenapaTpUChl B IJIOC-
KocTu epeMeHHbIX de/df u ¢ . B Belpaxenue (6.21) BXOOUT mapameTp
@, , ClIeIoBaTeIbHO, OHO 33JaeT CEMENCTBO cenapaTpuc, Kaxaas u3 Ko-

TOPBIX COOTBETCTBYCT ONPCACICHHOMY 3HAYCHUIO paBHOBeCHOI\/'I (1)213]:1

(puc. 6.1).
Camasi Oombllrasi cemaparpuca COOTBETCTBYET pPaBHOBeCHOW (paze

¢, =m/2, OHa NPOCTHpAETCA IO TOPU3OHTAIH OT —7/2 10 3m/2 u

uMmeeT mmpuHy 27 . Camas Maja cemaparprca BBIPOXIEHAa B TOYKa B
neHTpa cemeiictBa (@ =de/df =0), oHa COOTBETCTBYET PaBHOBECHOI

daze ¢, =0. [IpomexyToUHbIE cenapaTPUChl YMEHBILIAIOT CBOU pa3Mep

Mo MEpPC YMCHBIIICHUSA paBHOBeCHOI\/'I (1)3351.

/%‘“ \\
//%ﬁ\\ N

\%ﬂ//

N

Puc. 6.1. CemelicTBO cenmapaTpuc IpH pa3InIHBIX
3HAUCHUSIX PABHOBECHOI (ha3bl

.
N
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Yacro cenmapaTpucy CTpoAT B KOOpAWHATAX (AW, (p). Taxkoif crroco6

ee MpeJCTaBICHHUs MO3BOJSIET OLEHHUTh SHEPreTHUECKUil pa3dpoc yac-
THII B TTyYKE MPH 3aXBaTe B PEKUM YCKOPCHHUS M B TIPOIIECCE YCKOPEHHUSI.
Ces3p Mexxay do/dt u AW onpenensiercs Beipaxkenuem (6.15).

[Ipn mpoeKkTHpOBaHWM CHUHXPOTPOHA BBIOOP pPaBHOBECHOH (ha3bl
MIPEICTaBIsICT COOOM HEMpOCTyIo 3a7ady. Tak, mpu OOJBIIIOM 3HAYCHUH
¢, , OIU3KOM K 7/2, OPUPOCT DHEPTUM YACTHLBl B PE30HATOPE Mai

(memocTaTok), pazMax (a3oBBIX KOJEOaHWH INMHPOK, SHEPreTHYecKas
HEOJTHOPOIHOCTH IMyYKa Beluka (HeqoctaTok). OaHako 001acTh 3axBaTa
BEJIMKA U MHTCHCHBHOCTD ITy4YKa 3HAUUTENbHA (10CTOMHCTBO). C 1pyroi
CTOPOHBI, IPU MAJIOM @, , OJIU3KOM K HYJIIO, IIPUPOCT HEPTUHU B PE30-

HaTope OONBIION (OCTOMHCTBO), pa3Max (a30BEIX KOJeOaHWH Mail W,
COOTBETCTBEHHO, Malla SHEPreTUYecKask HEOJHOPOJHOCTh (JOCTOMHCT-
BO), OJTHAKO 00JAacTh 3axBaTa Maya, Majla ¥ UHTEHCUBHOCTb Ty4Ka (He-
JIOCTATOK).

B npenene o6e anbTepHATUBHBIC TCHICHIIMU MPUBOJIAT K HEMIPHEM-
aeMoMy pesyibrary. Eciam npuars ¢, =m/2, To pazdbpoc sHepruu Oy-

JeT MakcuManbHbIM, 3axBaT 100%, HO cos@, =0, U My4OK YCKOPSATHCS
He Oyzner. Ecimu B3t @, =0, To Temn yckopeHus OyneT MakCUMalb-

HBIM, pa30poc 3Hepruil OyAeT OTCYTCTBOBATh, HO 3aXBaT YACTHI[ U WH-
TEHCUBHOCTH ITy4Ka OyayT paBHBI HyJt0. [103TOMY BBEIOOD paBHOBECHOM
(ha3bl MPOU3BOIUTCS IMMyTEM KOMIIPOMHUCCA HA OCHOBE MCXOJHBIX TEXHU-
YECKHUX TPEOOBAHHI K YCKOPUTEITIO.

Ha puc. 6.2a u 6.26 npuBeJcHBI 1Ba BUJA NOTEHIHMAIBHBIX (YHK-
U W COOTBETCTBYIOIIHE MM cemaparpuckl. Ha puc. 6.2a daza cuH-
XPOHHOH YacTHIIbI Or3Ka K - 1/2, a Ha puc. 6.20 —k -7/3.

PaccMoTpuM XapakTep MOBEICHHS CEeapaTpUc MpHU MEpexojie dHep-
UM YaCTHI[ 4Yepe3 KPUTUYECKYI0 dHepruto. Jlis coxpaHeHus pexuma
aBTO(a3upoBKH BennunuHa K -sin(@,) AOMKHA ObITh OOJbIIE HYIS. DTO
03HAYaeT, YTO MPH MEePeXoJie Yepe3 KPUTHICCKYIO SHEPTHIo (a3a cKad-
KOM JIOJKHA MTOMEHSATH 3HaK. [Ipu mepemMeHe 3Haka paBHOBECHOU (ha3bl
cermaparpuca Ha (a30BOi TUIOCKOCTH MPeo0pa3yeTcsi CHMMETPUYHO OT-
HOCcUTENbHO Ga3zel @ =0 (puc. 6.3).
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Puc. 6.3. Ctpykrypa da3oBoii miockocTH 10 (@) ¥ mocie (6) nepexoa 4yepe3 Kpu-
TUYECKYIO DHEPTHUIO. 3AIITPUXOBAHHAS 00JIACTh 3aHATA YACTHIIAMU

IIpu mepexoae depe3 KPUTHUECKYIO TOUKY M «IIEPEBOPAYNBAHUC)H
cenapaTprChl YacTHIBI Ha ()a30BOH MIIOCKOCTH OKa3bIBAlOTCS BOJIH3H ee
CE/NIOBOM TOYKU W B TMOCIEAYIONIEM JBUTAIOTCS IO (a30BBIM TPAEKTO-
pusiM, OJTM3KKM K CerapaTpuce U JIeKaIliM BHE U BHYTpH ee. YacTHIbl,
OKa3aBIIecs BHE O0JIACTH YCTOWYMBOCTH OYyIyT B JajbHEWIIEM TOTe-
psiHbl. B OueHb HEBHITOJHOM MOJOKEHUH OKAa3bIBAIOTCS U IEepe3axBa-
YEHHBIE YACTHUIBI, TaK KaK IOCIIE IIEpEeXoia Yepe3 KPUTUIECKYIO TOUKY
aMIUTATy1a KoJeOaHUl 9acTUI[ YBEIHMYUBACTCA, W OHU JIETKO BBIXOJST
13 00J1aCTH YCTOWYMBOCTH.

Takum o0pa3om, Mpu MEPEXo/e Yepe3 KPUTHUECKYIO DHEPTHUIO II0-
JIABJISTFOIIEe OOJBIIMHCTBO YACTHII JIOJDKHO BBITIACTh M3 PEKMMA YCKO-
penust. UTOOBI NpeOTBPATHTh ATO SIBIICHUE, MOXHO MPHUMEHUTH Clie-
JYTOIIINE METO/IBI.

1. YBenuuuTh KPUTHUYECKYIO SHEPruto. Eciv COOTBETCTBYIOIIUM
00pa3oM UCKa3UTh MAarHUTHYIO CHCTEMY, TO MOXHO JIOOMTHCS YMEHbB-
mieHus ko3(GUIMeHTa paciiupeHus opOuT, a ClICA0BATEIIbHO, YBEIHUe-
HUSl KpUTHYECKOil sHeprun. Ecnmm xputndeckas sHeprus Oosblie Ko-
HEYHOW SHEPTUH, TO YCKOPUTENb BCeraa padoTaeT MpH SHEPTHH HUXKE
KpuTHueckoi. Hemoctatok 3Toro Meroma — CHIBHOE OTIMYHE OPOHUTHI
OT KpPYroBOH, 4TO NMPHUBOAUT NPHU TOH XK€ MAKCUMaJbHOM MarHUTHON
HWHAYKIWHU K CYIIECTBCHHOMY YBCIMYCHUIO CPCIHCTO pajnyCa MallluHbI.

2. Ecnu B MOMEHT Tepexojia SHEPTUU Yepe3 KPUTHISCKOS 3HAUCHHE
PE3KO U3MEHHTH (pa3y YCKOPSIOIIETro HANpPsLKEHUS Ha 2@, TO IPH 3TOM

M300pakaoIMe TOYKH YACTHI[ OCTAIOTCS Ha MECTE, a BCs KapTuHa (a-
30BBIX TPACKTOPHHA CIABUTACTCS TaK, YTO OHU «HAKPBHIBAIOTCS Cemapar-
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PHCOM, COOTBETCTBYIOLIEH YCKOPEHHIO NIPU SHEPIUu, OONblIe KpUTHYIe-
ckoii (puc. 6.4). [l Toro 4To0bl OCYIIECTBUTh U3MEHEHHUE (a3bl B TOU-
HO OIPEJENEeHHBII MOMEHT, MPHUMEHAIOT aBTOMATHYECKYIO CHCTEMY
CIIeXKEHUS 3a My4YKOM. Bpewmsi, B Te4eHHUH KOTOpOro m3MmeHsercs (aza
BU-konebanuii, HEOOXOUMO CJeNIaTh 3HAYMTEIBHO MEHBIIC MEPHOA
CHHXPOTPOHHBIX KOJIeOaHuH.

20,

\ P Y% P

=4
a o
Puc. 6.4. IlepeBon yacTull uepe3 KPUTHUECKYIO FJHEPTUIO METOAOM
casura ¢assl. [Tokazana ¢azosast miockocTs 10 (a) u mocne (6) mepeBona.
O0nacTp, 3aHATAs1 YaCTHLIAMH, 3aIITPUXOBAHA; yHKTHPOM

TIoKasaHa ceraparpuca 0e3 caBura (ba31>1

B nrobom ciywae momycku Ha mapamerpsl BU-cuctemsl B paiioHe
KPUTHUYECKOM SHEPIrUM 3HAYUTENIBHO yxecTtouarorcs. Iloaromy ycnem-
HOE€ OCYILECTBJICHHE MeToja nepedpoca (a3bl, UCIONb3YEMOIo celdac
IIOBCEMECTHO, B IIEPBYIO OYEPENb, 3aBUCUT OT TEXHUKU aBTOMATHYECKO-
TO PEryJupoBaHUs IMapamMeTpPOB YCKOPUTENs (YacTOTHI YCKOPSIOLIETO
I0JIs1) TI0 IaHHBIM O JIBH)KEHHH CaMOT0 ITy4Ka.

OINMMCAHUE MATEMATHUYECKOW MOJEJH

Maremarndeckasi MOJIENb HCIOIB3YET MHCTPYMEHTapUil U BCTPOCH-
Hble QyHKIMH MaTemaTtudeckoro nakera Mathcad u cocTtouT M3 ABYX
OCHOBHBIX YaCTeH.

B mepBoii wactu uccnemyercs cemapaTpuca W PaccMaTPUBAIOTCS
CHUHXPOTPOHHBIE KOJEeOaHUsi B CTAlHOHAPHOM pexkuMme. B aTol wactu
nperoiaBaTesieM, COTIaCHO BapUAaHTY, 3aJIaF0TCS CIIEAYIONIIEe OCHOBHbIC
napameTpbl MOJICIMPOBAHHS:
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IlocTOSHHBIC BEIUYMHEL:

3apsi YaCTUIIbI qg.=1,6- 10" Kn
CKOPOCTb CBETa c=3-10"m/c
KpaTHOCTH BY q=067

MEPUMETP YCKOPUTEISL P=110,89 m

HeDeMeHHBIe BCIIMYMHBI!

SHEprHs paBHOBECHOM YacTHUIIBI MPU MHXKeKIuun Wy, = 10 MaB

SHEPTHUS MOKOS MIEKTPOHA Wo=15,11-10 5B
SHEPTrUs MOKOS MPOTOHA Wy=9,38-10° 5B
HaYyaJIbHOE OTHOCUTEIBHOE OTKIOHCHHUE

HEPaBHOBECHOM YaCTHIIHI IO SHEPTHH AWy =0,05
KOX(PUIMEHT YIJIOTHEHHS OPOUT a=0,011
aMIUIUTY A BBICOKOYACTOTHOTO HAPSIKEHUS Ve=1,5 MB

Pesynpratamu pacdera siBiseTcst ¢a3zoBasi IIIOCKOCTH (B MEpeMeH-
HBIX (AW, @)) ¢ cemaparpucoii u $a30BOi TpacKTOpUEH HEPaBHOBECHON
YaCTHIIbI, a Takke rpaduKk HM3MEHEHUs aMIUUTyAbl ((as3sl) CHHXPO-
TPOHHBIX KOJE€OaHWI B 3aBUCUMOCTH OT BpeMeHu. Kpome 3Toro mpuBo-
JUTCS. aHUMHUPOBAHHBIA TpaduK, MMOKAa3bIBAIOIINN HANpsDKECHUE, BHUIIU-
MO€ PaBHOBECHOW M HEPABHOBECHOM yYacTUIlaMHW B MOMEHT IpoJIeTa B
BU-pe3onarope. PacueTsl caemaHbl B MPHUOIMKEHUH, YTO CHHXPOTPOH
paboTaeT B pexMME HAKONHTENA, T.€. paBHOBECHas (as3a BhIOpaHa Ta-
KM 00pa3oM, 4TOOBI KOMIIEHCHPOBATh MOTEPU SHEPTUU PAaBHOBECHOM
YaCTHUI[bl HA CHHXPOTPOHHOE U3JIyUCHHUE.

Bo BTOpOIl yacTu paboOTHl paccMaTPUBAIOTCS MTOBEACHHUE CerapaTpu-
CBl W TIapaMeTpbl CHHXPOTPOHA B MpoIlecce yCKopeHus. B 3Toif wactu
paboTHI TIpenoJaBaTesieM 3a1al0TCs CIEAYIOINE TIepEeMEHHbBIE BEJTMYMHEL:

SHEPTUsl UHKEKLIUU Win = 80 MnB
MaKCHMallbHas SHEePTUs Waax = 2500 MaB
BpeMsl YCKOPEHUS Ty =0,5¢

aMIUTATYJIa BBICOKOYACTOTHOTO Hanpsbkenuss  Vie= 1,5 MB

Pesynpraramu pacuera SIBISIOTCS aHWUMHUPOBAaHHBIA rpaduk cema-
paTpuchl 1 Ha4albHOU (a3l (HyJIeBOW KajJp — HAYallo YCKOPEHUs, a Ka-
KIOBIA Kagp cooTBETCTBYET 10 Mc yckopeHus). Takke UMeeTCs CTaTH-
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4yecKui rpaduk u3MeHeHus 4acToTel BU-reneparopa B mporiecce ycko-
penusi. Pacuersl caenansl B mpuOMMKEHHH, YTO HampspbkeHue Ha BY-
pe30HATOpe B IIPOILIECCE YCKOPEHUsSI HE MEHsETCs, a paBHOBecHas (asa
BBIOMpaeTcss TakuM 00pa3oM, YTOOBI KOMIIEHCHPOBATh YBEIMUYHBAIO-
HIyecs NOTEPU DHEPTUU PABHOBECHOW YACTHUIbI HA CUHXPOTPOHHOE W3-
JIy4eHHE.

MMOPAJOK BBIIIOJIHEHUSA PABOTBI

1. O3HaKOMUTHCS C MATEMAaTHIECKON MOJIETIbIO, Pa3pabOTaHHON ISt
U3y4eHus: 0coOeHHOCTEl (Pa30BOr0O JBIIKEHUS ITy4YKa 3apsHKCHHBIX dYac-
THII B CHHXPOTpPOHE.

2.1lpu 3amaHHOM COTJACHO BapUaHTy 3HAYeHHH KO3 (UIMEeHTa
MPOCTPAHCTBEHHOI'O YIUIOTHEHUS OPOUT pPACCUYUTaTh KPUTUYCCKYIO
SHEPTHUIO VIS DJIEKTPOHOB U MTPOTOHOB.

3. HccnenoBate cenapaTpucy U paBHOBECHYIO a3y Il JIEKTPOHOB
Y IPOTOHOB BBIIIE M HUXKE KPUTUUECKON SHEPTUU MPU MTOCTOSHHOM Ha-
npsokernu BU-pe3oHaTopa. AHATUTHYECKH U TI0 TpadUKy OIMPEIeTUTh
KpaifHIOIO TIPaBYIO W KpaiHIOIO JIeBYIO (Da3bl, HAWTH MIMPUHY cenapart-
PHYCHI 1 MAKCUMAIBHO BO3MOXKHOE OTKJIOHCHHE YACTHUI] IO SHEPTHUU.

4. JI5ist 3JIEKTPOHOB BBIIIE KPUTUUECKOW 3HEPTUM HCCIEN0BAaTh W3-
MEHEHHE CelapaTpuchl TIpU W3MEHEHWH HampsbkeHus Ha BU-
pe3oHaTope.

5.PaccunTaTh 4aCTOTy CHHXPOTPOHHBIX KOJICOaHUM, ONPEACIUTD €¢
o rpaduKy A cioydas JTUHEHHBIX U HETMHEHHBIX KOJIeOaHUW U cpaB-
HUTH MOJYYHUBIIUECS pe3ynibTaThl. ONpPeNeNuTh aMILUTUTY Ly KoJcOaHHit
HEpPaBHOBECHOMN YaCTHUIIbI.

6. VI3yunth W3MEHEHNE pa3MepoB CerapaTpHChHl B MPOIIECCE yCKOpe-
HUS: B YaCTHOCTH, U3MECHECHHE CEMapaTPUCHl BhINIC KPUTUIECKON dHEP-
TUH U TIEPEXO0]T Yepe3 KPUTHIECKYIO SHEPTHIO.

7. N3yuuTh 3aBUCUMOCTh U3MeHeHUs yacToTel BY moss B mpouecce
YCKOPEHHUS AJIEKTPOHHOTO U MPOTOHHOTO My4YKOB. CpaBHUTH IMOJIYUCH-
Hble Tpaduku. HaiiTh, depe3 kakoe BpeMs IIOCIIE Hadajga yCKOPCHUS,
yactoTra BU mons otimyaercss MeHee 4eM Ha 5% OT KOHEUYHOM YacTOTEHI.
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8. OnpenenuTs 4acTOTy OOpaIleHHs 3JICKTPOHOB M MPOTOHOB MPH
BIIyCKE B CUHXPOTPOH U BBIIIYCKE U3 HETO IPU KpaTHOCTH 4yacToTel BY
reHeparopa g = 67.

OD®OPMJUIEHUE OTUETA

1. B otder 3aHOCATCS: Ha3BaHHE PabOTHI, 1Ieb PaOOTHI, MOTyUCH-
HBIC 33J]aHUsA, PE3YJbTAThl MOJCITHUPOBAHUS, (BOPMYJIbI, HCIOIb30BaH-
HbIe TIpu 00pabOTKE Pe3yNIbTaTOB, PE3yJbTAaThl TCOPETHUYSCKUX pacue-
TOB.

2. Pe3ynbTaThl Bcex U3MepeHH 0QOPMIISIOTCS B BHJE TAOIHIIBI C CO-
OTBETCTBYIOIIMMH HA3BaHUSIMU KOJIOHOK M OTOOpaXkatoTcs Ha rpadukax.

3. Pe3ynbTaThl pacyeToB peKOMEHAYETCs 3aHOCUTh B TaOIUILy Clie-
JIYIOIIETO BUJIA!

SJICKTPOHBI ITPOTOHBIL

o

YKP
W, B

4. Pe3ynbTaThl MOJISIUPOBAHUS PEKOMEHYETCSl 3aHOCHTh B Ta0JIu-
1B CIIEAYIOIIETO BHU/IA:

W=... N Vrf =
e p
pan M pan M
Pc
(pnp
(P.HCB
AWIW
Ve, MB AWIW Ao, pan
OlICHKa MOJIEIMPOBAHHUE

Q, pan/c (yun.)
Q, pan/c (He TUHH.)
Pmax, Pal
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5.

HOCTpOI/ITL BCC Fpa(l)I/IKI/I n CacjaTtb JJId KaXXJ0ro 3agaHusa COOT-

BETCTBYIOLIUEC BBIBO/IBI.

1.

KOHTPOJIBHBIE BOITPOCHI

IIpy KakuX SHEPrusxX MOKHO CUMTATh, YTO IPOTOHBI U JICKTPOHBI SB-

JIAOTCA HCpeJ’IfITI/IBI/ICTCKI/IMI/I?

2.

Kakoit MCTOA YCKOPCHHSA HCIIOJB3YCTCd B CHUHXPOTPOHE: MHAYKIHNOH-

HBII, PE30HAHCHBIH, NEKTPOCTATUYECKUIA?

3.
. Yro Takoe CHHXpOHHAs YacTHLA U CHHXPOHHas (a3a?
. KauecTBeHHO NOSICHUTH MPUHIMIT aBTO(ha3HPOBKH.

. Uro Takoe KpuTHUECKast SHEPrusi?

. Uto Takoe ko3¢ (HUIIEHT paciupeHus opouT?

o B I I

9.

B gem 0CHOBHOE pa3iH4ne MPOTOHHOTO U 3IEKTPOHHOI'O CHHXPOTPOHA?

BriBecTr ypaBHEHHMS JUIs MaJIbIX (ha30BBIX KOJICOAHHH.
OnpenenuTs CKOPOCTh NPOTOHA M 3JeKTpoHa npH 3Hepruax 100 k3B,

1 MaB, 1 I'3B, 50 I'3B.
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