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T'naea 1
MMPOJOJIbHASL JUHAMUKA YACTUIL
B JIMHEHUHBIX YCKOPUTEJISIX

YpaBHEHNE OBWXCHUS 3apsHKCHHOW YaCTHIIBI HA OCH CTPYKTYPHI B Tose Oery-
IIei BOJTHBI 0e3 ydeTa CHiI MPOCTPAHCTBEHHOTO 3apsAaa eCTh

d—g:eEocosqﬁ, (1.1)
dz

rge E(- aMIIIMTyza IPOCTPAaHCTBEHHOU IapMOHMKH, y KOTOpOi (ha3oBas CKO-

POCTB IPUMEPHO paBHA CKOPOCTH YacTHIEL. Da30Basi CKOPOCTH BOJIHBI MEHACTCS
C paccTOsSTHUEM ISl IOACTPOWKHU ee MOoJ| CKOPOCTh dacTullpl. [loatomy daza ¢ ,

XapakTepusyromias IMOJOKEHUE  YaCTULbl  OTHOCHUTCIIBHO (1)&3];1 BOJIHBI,

p=w [Eiﬂ - IH. Tak kak dz / dt - CKOPOCTb YaCTHILIBI, TO

d¢ zm%? % (12

Hcnonp3ys 6e3pa3MepHLIe nepemerasie E =z /A, Y =€/ moc u

G=eEyA/ moc , TIEPETTNIIIEM YpaBHEHHS ABHKCHUS:

v _ =Gdos ¢,

dé
d¢— 1.3

IIpu omucaHuu NPOAONBHOTO JBMXKEHHUS BBOJSAT TOHSTHE PABHOBECHOM WIIH
CHHXPOHHOH YacTHIIBI, CKOPOCTh KOTOPO#l COBMAJaeT ¢ M3MEHSIOIIEHCsS (a3o-
BOM CKOpPOCTHIO BOJIHBI. B mMpuHLMIE B yCKOpUTENE TaKOW peanibHON YacCTHILIbI
MOXeT H He ObITh. Jl1s paBHOBECHOMH YacTuupbl 1o onpenenennto B, =, =, .

YuureiBas, 4to dy /dB = y> B, MOXKHO TOJIy4HTh 3aKOH H3MEHEHHS PABHOBEC-
HO¥ (a3wl B ycKOpHUTENES
cos ¢, = B,y3, B, /d€)/G . (1.4)

Ortcrofa cieayeT, 9To MpHu JTF000M U3MEHEHUH (a30BOM CKOPOCTH BIOJb YCKO-
pUTENsl pABHOBECHAS YaCTHUIIA MOXKET CYIICCTBOBAThH, CCIIU BBIMOIHICTCS YCIO-

sue f3 y;, E(dﬁd, /dé& )/ G <1. To ecTb HEJB3s YBEINYMBATEH (Ha30BYIO0 CKOPOCTh

cnuikoM Obictpo. IlpuueM uem Oosibllie aMIUIMTYAA YCKOPSIOLIEH TrapMOHH-
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KU, TeM OBICTPEE MOKHO yBEIMYUBATH (JA30BYKO CKOPOCTh BOIHBI. JJI TOrO
'-ITO6I)I PpaBHOBECHad 4acTUlla YCKOPAJIACh, €€ (1)333 JOJIKHA JICKaATh B IpeAciax
m m
__<¢s<_' (15)
2 2
Tax Kak mIst PaBHOBECHOW YacTHIIBI OTHOCHTENBHAs daza ¢ = const, To ee

JABWKCHUC B 3aJlaHHOM II0JIC BOJIHBI JOBOJIBHO MPOCTO pPACCUHUTATh. HOBTOMy
6yH€M paccMaTpuBaTh ABUKCHUC HCPABHOBCCHBIX YaCTHILI. I[J'Iﬂ HUX SHEPTUIO
yﬂO6HO OTCUHUTBHIBATH OT PABHOBCCHOI'O 3HAYCHUS ys .

V=Y -y %:cz(cow-cosm (1.6)

IIpu paccMOTpeHHH IBMXCHHS YACTHIBI YIOOHO HCIONB30BaTh KOHICHIIUIO
KaHOHWYECKUX IIEPEMEHHBIX M CBS3aHHBIX C HEll MOHATHH (Ha30BOU TUIOCKOCTH H
($ha30BBIX TPACKTOPHIA, MO3BOJISIONINX OOOHTHCH 0€3 WHTETPUPOBAHHS ypaBHE-
HU#l apmwxkeHus. OTHOMEpPHOE, KaK B HAIIEM Cydae, JBH)KCHHC OIUCHIBACTCS
00001IeHHON KoOpAWHATOH () W OOOOUICHHBIM WMIYJIBCOM P, KAHOHHMYCCKH

comnpspkeHHBIM Koopauaate () . To ecTh mpezrmonaraercs, YTo YpaBHEHHS JBH-
YKCHHUS MOTYT OBITh 3aIMCaHbI B TAMIJIFTOHOBOH (hopme

a9 _oH
d 0P’
d_P:—a_H’ (1.7)
dt 00

rne ¢ynkums H (P,Q,t) - IaMWJIBTOHHAH COOTBETCTBYIOLIETO OJHOMEPHOIO
nBkeHns. COCTOsIHNE BIDKEHHS YacTHUIIBI B JTI000W MOMEHT BPEMEHH oIpejie-
JeTcs ee KOOPANHATONW U UMITYJIECOM. [IpoCcTpaHCTBO ¢ KOOPAMHATHBIME OCSIMH
QO wu PwHa3wBaeTca ¢azosvim npocmparncmeom. Kaxmas Todka 3TOrO Ipo-
CTPaHCTBAa OTBEYACT OINPENCICHHOMY COCTOSHHIO PAacCMAaTPHBAEMOHW CHUCTEMBI.
IMpn nBWKeHUH cucTeMbl M3o0pakaromas ee (azoBas TOUKa ONMCHIBAET B (a-
30BOM IIPOCTPAHCTBE JIMHHUIO, Ha3bIBaEMYyIo @aszoeotl mpaekmopueu. Ecin B
raMUJIBTOHMAH [BUXKEHUS HE BXOJUT SBHO HE3aBUCHMas MNEpEeMEHHas f, TO
TOTJa TAMIIBTOHNAH SBIISICTCS MHTETPAJIOM JABIKCHUS:

d_H:a_H£+a—H£=O O H(Q,P):const. (1.8)
dt 0P 0t 0Q 0t

Jist hazoBoro mpocTpaHCTBa 4acTO MCIOJNb3yeTcs: TeopeMa JImyBwiuist — mpu
NepeMeIIeHNH y4acTka (pa30BOro MpoCTpaHCTBa B COOTBETCTBHU C YpaBHEHHMSI-
MH JABIDKEHHS PaccMaTpHUBAEMOM CHCTEMBI IUIOIMIAAb 3TOTO yJacTKa OCTaeTcs
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HEW3MEHHOM, XOTS BHENIHSST (pOPMa 3TOTO yIaCTKA MEHSICTCSL:
J'dQ dP = const . (1.9

MennenHoe (aanabaTudeckoe) U3MEHEHUE TIEPUOIMYCCKOTO JBIDKCHHS 332 CUCT
MEJUIEHHOTO M3MEHEHHs HEKOTOPOTO Mapamerpa A , XapaKTepHU3YIOIIEro CBOW-
CTBa CaMOil CHCTEMBI TN BHEUIHETO MOJIsI, B KOTOPOM OHA HAaXOAWTCS, MPHUBO-
IUT K TOMY, 9TO ()a30BBIE TPACKTOPUH CTAHOBSTCSA HEMHOTO HE3aMKHYTHIMH
(xBa3u3aMKHYThIMH). [log MEIJICHHBIM H3MCHEHHEM MOApPa3yMEBacTCs TaKoe,
MPU KOTOPOM A Majio MEHSIETCS 32 BpeMsl TIEPHO/Ia BHXKEHUSI CUCTEMBbI T :

APy (1.10)
dt

BGJ'II/I‘II/IHy, OCTaroIyrocsa IMOCTOSIHHOM npyu ABUKCHUM CUCTEMbI C MCIJICHHO
MCHAIOIIUMUCS TapaME€TpaMu, Ha3bIBArOT aouabamuyeckum UuHeapuaHmom

:ﬁJ'PdQ:inv, (1.11)

rae WHTerpan Oepercs Mo 3aMKHYTOH TPACKTOPUM IBIKCHHUS TIPH 3aJaHHBIX
(moctostHubix) H U A .
MOoHO MOKa3aTh, 4TO MEPEMEHHbIE Y’ W ¢ SIBISIIOTCS KaHOHHYECKH CO-

MPsKCHHBIMUA, €CJIM B Ka4YCCTBC BPEMCHHU HUCIIOJIb30BATH MNEPEMCHHYIO E . To

€CThb
dp _o0H
A& oy’
d_y:_O_H’ (1.12)
Y,

rae raMujibTOHHAH paBCH

H(y'.¢.8)=-Gsing - ¢ Bros¢s)+2rrJ'HBI
¢ (1.13)

=-G [(sm(ﬁ -¢ |:¢OS¢ E(V qup ¢

rae HpPIBe,Z[eHHBIﬁ HUMITYJIBC p' OTCYUHUTBIBACTCA TAKKE OT PABHOBCCHOI'O 3HA4YEC-
HUA pg = ys B(j)
| —
=yYB-p,. (1.14)

OcCHOBHBIE CBOHCTBa HEPaBHOBECHOTO MABIDKCHHS MOXHO PacCMOTpPETh Ha
MIpUMepe IBIDKCHHS YACTHUIIEI B IIOCTOSHHOM YCKOPSIIOIIEM TI0JIE C ITOCTOSTHHOW
(a30Boii ckopocThio. Tak Kak MpU 3TOM TaMHUIBTOHUAH SIBHO HE 3aBHCHT OT & ,

TO TMpUA ABWIKCHUW YaCTULBI OH COXPAHACTCSA, a KPHUBLIC H = const



MpeacTaBisioT coboit (azoBeie TpaekTopuu (cMm. puc. 1.1). Ctpenkamu Ha pu-
CYHKE yKa3aHO HAIpPAaBJICHUE JBW)KCHUS YACTHIBI MO (Da30BOM TPACKTOPUH IMPH
yBEJIMYEHUH OTHOCHUTENILHON KoopauHatel € . BuaHo, 4To (hazoBast miockocTh

paszenieHa Ha JiBe 00JIaCTH — C Pa3OMKHYTHIMH (ha30BBIMH TPACKTOPHUSIMU U C
3aMKHYTBIMH, OKPY)KaIOIMMU TOYKY PaBHOBECHOW (azbl

i

7

r 4 i \ \ =¥
7¢S 0 ¢S

NIy

Puc. 1.1. ®a3oBble TpaeKTOPUU ABUKEHUS YACTHIL

¢ =¢,, y'=0. [Ins ycKOpSIEMBIX YACTHIL, MONABIIMX NPH HEKOTOPHIX Ha-

YaJbHBIX YCIOBHAX B 3aMKHYTYIO 00JaCTh, JBMXKEHHE OKAa3bIBAETCH YCTONYM-
BBIM, T. €. OHH OKa3BLIBAIOTCS 3aXBAUYCHHBIMU B PEKUM YCKOPEHHS U IBUTAOTCS
BOJIM3W PaBHOBECHOW YaCTHIIBL. DTy 0OJIACTE U HA3BIBAIOT 0OMACMbIO YCMOUYU-
socmu. DazoBas TPACKTOPHsA, pasfeNAroNnias 00JacTH YCTOMYUBOCTH M HEyc-
TOWYUBOCTH, HAa3BIBAETCA cenapampucoiu. Iomans, oxXsarsiBaeMas cernapaTpu-
COii, HAa3bIBAETCS NPOJOIbHLIM AKCenmancom. BUIHO, 4TO cemaparpuca mpoxo-
IWT 9epe3 TOUKy ¢ = —¢ . u y' = 0, 9TO COOTBETCTBYET raMIIBTOHHAHY
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H, =Gsing, —¢, Rosg,). (1.15)
MakcuMaibHOE ¥ MUHUMAJIbHOE 3HAYEHME OTKIOHEHHWs SHEPIUM 3aXBAau€HHBIX
9acTHI] OT PAaBHOBECHOH y' mocruraercs Ha cemaparpuce mpu ¢ = ¢ . Ero

MOJHO HalTH HpH moactaHoBke H = H ., u ¢ = ¢ B oblLiee BoIpaKeHHE I

raMuiIbTOHHaHa. B ciyuae Tsokensix gactur npu G <<1 BBIPOKCHUS IS Ypax
min
MOXXHO 3aImicaTb B HC OYCHb 'POMO3IKOM BHUIC:
1/2
r - 3 : -1
Yimax = i[2Gquys [(Sln ¢s _¢s [¢os ¢S‘)DT ] . (116)
min

KoopauHata BTOpO# TOUKH TIEpECEUCHUS CEMapaTprcsl ¢ ockio Y’ =0 mpubim-

3uTenbHO paBHa 2¢ . To ecTh pasMep 00nacTH 3axBaTa B PEKHMM YCKOPCHUS
NP =3¢, .

Maubie ¢ga3oBblie KoJeOaHUs

Paccmotpum Maisle (ha3oBble KOleOaHMS YaCTHII, COBEPIIAEMBIE OKOJIO PaB-
HOBecHOro 3HaueHns ¢ =@, u y' = 0. Pasnaras raMuIbTOHHAaH BOJIM3H MOJIO-

KEHUsI paBHOBECHS U moyiarast 9 = ¢ — @, moyanm

12 2
H= 23H3EY—+GEiin¢SE$D—. (1.17)
MO)KHO CpaBHI/ITB HOqueHHLIﬁ TraMUJIbTOHHUAH C KIIACCUYCCKUM TI'aMUJIIbTOHHA-
HOM, OIKCHIBAIOIIUM KOJIeOaHHs IIapUKa Maccol m Ha MpYyXHUHKe ¢ Koddhu-
LMEHTOM YIIPYrOCTH k: KOOpAMHATA INAPUKA X, MMIYJIbC p = mx . YpaBHEHHE

IBYOKEHHS 1UIg Hero mX + kx = 0, raMUJIbTOHHAH

g="" 2 P = 1.18
5 (1.18)

. o~2_ k
a uwactota koneGammii Q° = —. CpaBHHBas raMHIBTOHHAHBI, HAXOIMM, HYTO
m

poiib 3P(HEKTUBHON MacChl PH PACCMOTPEHHH (Pa30BLIX KOJEOAHMI YaCTUIl B
YCKOpUTEJIE UrpaeT BeinuunHa M = B;yf /211, a xo>hduIMeHTa yupyrocTu

K =G Bin¢, . CnenoBatensHo, yacTora (a3oBEIX KOIEOaHHIl 10 OTHOMICHHIO K
nepeMeHHoit & ecTh

(1.19)




Camo ypaBHEHHE JUTsI MAJIBIX (Pa30BBIX KOJICOAHUN OyIeT UMETh BU]T

—Z+0Q; 0=0. (1.20)

. d c wp,
ITocKONBKY Uil PABHOBECHOM YaCTHIIBI d—E =—0B, = e
t

A

, TO BpEMCHHas

qacToTa (1)330BLIX KOJIeOaHuit paBHa

QLo 1 dodh_q fo.

w W dt w dz dt 21T

Jiss yCTOWYMBOCTH TPOJOJILHOTO IBHXKCHHUS JOJDKHO BBIMIOJHATHCS YCIOBHE
Q? > (. BmecTe ¢ yclioBUEM YCKOpPEHHS OTO JaeT 00JIACTh CHHXPOHHBIX (a3,

06€CH€LII/IBaIOHII/IX MMpOJAOJbHYIO YCTOﬁqHBOCTLI
T
0<g, <7 (1.22)

OTMeTuM, YTO C POCTOM CHHXPOHHOH (Dasbl yBEIMYMBACTCS 4aCTOTA MPOIOIIb-
HBIX KoyeOaHuil U, CIeI0BaTENbHO, YIyUIIAeTCs UX YCTOHYHUBOCTS.

IIpn aguabaTH4eckOM HM3MEHEHUM IApaMETPOB CHUCTEMBI MOXKHO IIOJIYYHTh
U3MCHCHYS aMIUTUTYAB! (a30BbIX KonebGauuil. JIIs KIACCHYECKOro IpuMepa ¢
IIAPUKOM Ha IPY)KUHKE HMEEM

X=X, BinQf,

p=mx=mQ,, [bosQt. (1.23)

. 1
AnnabGatnyeckuid wHBapuant [ = Z_I pdx ~ x%ax [ m = const. Orkyna
T

CIIEIYeT, YTO TPH aquabaTnueckoM H3MEHEHUH TTapaMETPOB
5 1 1
Xy ~ —— = —
max E
Qm A km
2
Plrax = mQY Doy ~mQ =km . (1.24)
Ilo anHanoruu MMeeM 3aKOH W3MEHEHUS aMIUTMTYIbl (Pa30BBIX KOJEOAHUM IpH
ajmabaTHyecKoM n3MeHeHnu napametpos G, @, umm 3,

G ~ (K1) = (Ging, B3y )" ~ p74,
Vi ~ (&0)"* = (G ing, By )" (1.25)

v -
MaxkcuManbHblif pasmep cryctka Az = -2 Mhnax ~ Bnax P - y! p;/ ‘.
w

s

3Has Yinax » MOIKHO TIOJYYUTh BBIPAXKEHHE VIS MAaKCHMAaIbHOTO pa3bpoca Mo



HUMITYJIbCaM

Apma.x - ysps_1/4 - y‘§/4B1/4
A _ _ _
i max__yy po54 -y 1/4gTSIE (1.26)
P

IIpoosibHOe IBH:KeHHE B M0JIe BOJIHBI ¢ By =1

le/[ PacCMOTPCHUU ABUKCHUS YAaCTULIBI B I10JIC BOJIHBI C B‘Zb =1 TCPSACT CMBICJT

MTOHATHE DPAaBHOBECHOW YACTHIIBI, TaK KaK €€ JHEeprus paBHa OECKOHEYHOCTH.
OjHAKO TMEpPEeMEeHHbIE ¥ U () COXPAHSIOT CMBICI KAHOHHYECKH COTMPSHKEHHOM

napbl. YpaBHEHHs ABHKEHUs B 1osie BOHbL ¢ B =1

Z—:: =G [dos @,
ﬂ:27'[E§—i% (1.27)
dé B

I"amMmunbeTOHHAH JABUMKCHUS €CTh
H = -G Bin¢ +2nj’é-%%y::—G&in¢ +2myl - B). (1.28)

Ha pucynke 1.2 u3o0paxxeHs! (ha30BbI€ TPACKTOPUH MTPH Bd? =1, xoTOpbIE OMU-

CBIBAIOTCs BeIpakeHueM H = const. CTpenkaMu MOKa3aHO HaIpaBICHHE JBH-
KeHHUs 110 (a30BbIM TPACKTOPHSAM, COOTBETCTBYIONIECE YBEIMUYCHUIO IPOIOIBHOM
KOOpAUHATHI ¢ .

Panee cenapaTpucoii Ha3pIBaIH (ha30BYIO TPACKTOPHUIO, Pa3ACISIONIy0 obac-
TH YCTOMYMBOCTH W HEYCTOWYMBOCTH. Haxomsck B 00JacTH yCTOWYHUBOCTH,
YaCTHUIIB OKA3bIBAIOTCS 3aXBAYCHHBIMH B PEXHM YCKOPEHHS M HETPEPHIBHO, B
CpelHEM YBEJIMYUBAIOT CBOIO YHEPrui0. [Ipy JBMKEHUU B IOJIE€ BOJIHBI C qu =1

MOJXKHO TaKXKe 3aJaThCsl BOIPOCOM, HAXOJSICh Ha KaKMX (ha30BBIX TPACKTOPHUSIX

YacTUI[A MOXKET TOCTHUTHYTh CKOJIb YrOJHO OObINoi sHepruu. Ilpm y — o
52\

B=1-Ry a vy E(l - B) — 0. W3 BeIpakeHMsI UTsi TaMIJIbTOHHAHA UMEEM

sing, ,, - sing,, =-H/G. (1.29)

Tak kax |sin ¢m| <1, TO CKOJb YroJHO OOJBIION PHEPTUU MOTYT NOCTUTHYTh

TOJIBKO T€ dYacTuipl, y Kkotopeix H <G . CoorBercTByrommue (a3oBbie
TPACKTOPUU MTOJHUMAKOTCS HIIH OIYCKAFOTCS TIOYTH BEPTHKAIBHO NIPU 3HAYCHU-
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/\¢

Puc. 1.2. da3oBble TpaekTOpUU NPHU [34, =1

ax ¢ = ¢, . Pazosble Tpaekropun ¢ H > G Bcerjga OCTalOTCs MPH KOHEYHOU

SHEPrHH, XOTS OHa MOXKeT ObITh Oousbiiol mpu H — G . Ilo aTuM mpuyrHam
ob6sacTh Ga3zoBoii mockoct, Tae H < G, Ha3bIBAIOT 00JIACTHIO 3aXBaTa YaCTHI]
BOJIHOM, a (a3oByto TpaekTopuio H = G - cenapaTrpucoi, XOTs OHA M HE SIBJIS-
€TCcs 3aMKHYTOM.

HpI/I MU3BCCTHBIX HAYAJBbHBIX 3HAYCHHUAX HHIXCKIIUH ¢ TraMHuJIbTO-

HHXK u y]/IH)K

HUAaH paBCH

H=-GBing,, +2T Y, = B (1.30)

U COXpaHACT MOCTOSAHHOC 3HAYCHNUC BAOJIb (1)330B01>i TPACKTOPHUHU. OTKyZ[a MOXK-
HO OIIPCACIINTD YCJIOBUC 3aXBaTa YaCTHUI] BOJIHOM:

OO0orHaTh BOJIHY, IBUTAIONIYIOCS CO CKOPOCTHIO CBETA, YaCTHIIbI HE MOIYT HU
MIPH KaKUX YCJIOBHAX, MOITOMY (a30BBIX KOJEOAHWH TpH Bd) =1 ObITh HE

O
0. (1.31)
0

MOXCT. ﬂBI/I)KeHI/Ie YCKOPACMBIX 4HacCTHUL IO (1)2[30BI)IM TPACKTOPUAM B obactu
3axXBaTa BbIPOXKIAAIOTCA B alICPUOJUICCKOC CTPEMIICHUEC K ¢ = ¢w , a (1)a3OBLI€
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TPAeKTOpUHU Bcerga He3aMKHYTH. EcCii »Heprus WHKEKIUH HACTOJIBKO Maa,
4TO Ha (a30BO IUIOCKOCTH OHA PACIIOJIOKEHA HIDKE CEMapaTPUCH B TOUYKE MPH
¢ =71/2, TO HU OJHA YacTHIA HE OyJeT 3aXBaueHa B PEXKUM yCKOPEHUs. XOTs
YaCTUIIBI, JBUTAIOIINCCS BOJNM3U CEMapaTPUCHl, NPU HEKOTOPOl IJIMHE YCKOPH-
TENss MOTYT HaOpaTh IOCTATOYHO OOJBIIYIO DHEPTHIO, JOHIS 10 TOYKH C
¢ =-m/2. V3 TOIy4eHHOTO BBINIC YCIOBHS 3axXxBara YACTHUI[ BOJHOW
npu@ = 77/2 MOXKHO ONPEICIUTh MHHHMAIBHYIO SHEPIUI0 HHEKCKLIHH V. »
MHH

HeO6XO,Z(I/IMy}0 JUISL 3aXBaTa B PEXKUM YCKOPEHUS:
1+(G/m)f 1-(G/m)
Vi = . omm B, = — (1.32)
we 2(G/m) w1+ (G/m)

Ipumep: DNEKTPOHHBIA YCKOPUTEIb C ApaMEeTPaMH:
Ao =0,1m, E,=5MB/™M O G=1 0Oy, =17 ( W= 350 x3B).

W3 ypaBHEHMH JBMKEHUS BHIHO, YTO MAKCUMAJbHBIN MPUPOCT SHEPTHU TIPO-
ucxomut npu ¢ =0, T. €. IPH ABIDKCHHH B MAKCHMYME 3JICKTPHICCKOTO MOJIS.
st Toro 4yrToObl YacTHIla Haxomuiaack mpu ¢ =@, =0 (rae oHa NIPOBOIWT
MOYTH BCE BPEMsi), HEOOXOAUMO, 4TOOBI TPU HHKCKIIMM OHA HAXOAWIACH Ha
¢aszosoii Tpaekropun H =0, tak kak sin¢, =—H /G . Ilpu 370M MUHHMAITb-
HO HEoOXOoamMasi U 3aXBaTa PHEPTusl OyAeT HECKOJIBKO BBIIIC paHee MOIydeH-
HOI:

2 2
- 1+ (G /2m) o B = 1-(G/2m)
MK > MK P
wn o (G/2m) o 1+(G/2m)
JInsg mpuBeNEeHHOTro BbIIIE NpUMEpPa IEKTPOHHOTO YCKOPHUTENsSl OHa COOTBETCT-
ByeT npuoansuTensHo 1,2 MaB.

[Ipr WHXEKIMM B YCKOPHUTEIh HENPEPHIBHOTO Iy9Ka B PEKUM YCKOPECHHS
3aXBaTATCS TOJIBKO T€ YaCTHIBL, KOTOPhIC 3aHUMAIOT IPH MHXEKIUHU IIPOCTPaH-
CTBO MEXIy IBYyMs BETBAMH CemapaTpuchl. YacTHIbl, HaXoadmmecs Ha ¢a3o-
BBIX TPACKTOPHUSX, ONM3KHUX K CemapaTpuce, yBEINYHUBAIOT CBOIO PHEPTUIO ME]-
JIeHHee, 4eM Ha (pa3oBBIX TpaekTopusax ¢ H =0, Tak Kak Te€ YCKOPSIOTCS IMpH
¢, =0. Torma gepes HEKOTOpPOE BpEMs pacrlpeeicHue YacTHi] Ha (a3oBoi

(1.33)

IUIOCKOCTH U3MEHUTCs. bosee ObICTpble YacTHIBI OOrOHAT Oosiee MeIUICHHBIE, U
CTyCTOK “‘COTHETCS B IyTy”, CTPYNIIMPOBABIINCH MPHUMEPHO BIBOE IO (hase, HO
CUJILHO YBEJIMYMB CBOM SHEPreTHUECKHH pa3opoc.

st GobIINX 3HAYSHUH YCKOPSIFONIUX MOJIeH

G>>2my,, {1-B,,) O sing,=-H/G=sing,, . (134
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Puc. 1.3. I'pynnupoBka uactui npu asmxeHnn B YC ¢ Bd? =1

To ecTh acHMIITOTHYECKas (ha3a B TOJIE ¢ GOJBIION HANPSIKEHHOCTBIO OTpe/e-
J€TCS TOIBKO (Pa30il MHKEKIMH:

¢oo:¢mm< npu _n/2<¢mm<<r[/2’

O =TT~ TpH TT/2< @ <3/2. (1.35)
Torga u BeMM4MHA cos ¢ BO BPEMsl YCKOPEHHMS CYIIECTBEHHO HE MeEHseTcs. B

MNpUpOCTE DHEPruu Ha CAWHULY JIMHBI MOKHO 3aMCHHUTb COS¢ = Cos ¢HH>!('

Ecnu npeneOpeyb dHEprieil HHKEKINH, SHEPTUsl My4YKa Ha BBIXOJE YCKOPHUTEIs
mmHoi L Oymer paBHa € =eE L cos¢@ TakuM 00pa3oM YacTHIIBI, TIEPBO-

HUHX *
HAYaJbHO PAaBHOMEPHO PACIHpE/CICHHBIC MO ()a3aM, HAa BBIXOAC YCKOPHTEINS
OyIyT UMETH 170010 DHEPTHUIO - OT HAYAIFHOU 10 MaKCUMAIILHOH.

Jnst monydeHuss Ha BBIXOJAE YCKOPHUTENS My4yka ¢ MalbIM JHEPreTUYECKUM
pa3dbpocoM HEOOXOIMMO HHXEKTHPOBATh YACTHUIBI, YK€ CTPYHIHPOBAHHEIE IO

¢aze B obmactu ¢ @, =7/2. Torna oHu OBICTPO MEPEMECTATCS B 00OIACTH

BOmMm3KM ¢, =0 u OymyT YCKOpPEHbl Ha TrpeOHE BOJHBI JO MAKCHMAIbHON
SHEPTUH C MajbIM YHEPreTHYCCKUM pa3dpocoM. [Ipu acHMITOTHYCCKUX (a3ax
mmpuHoit A, oxoio 3HaueHus @, = 0 sHEpreTuueckuil pazdopoc Oyaer

12



(1.36)

W3 pucyHKa BHIHO, YTO €CIIM HHXKEKLHIO MPOU3BOIAIT B daze @, =77/2 ¢

A
($a30BOil MPOTSLKEHHOCTBIO crycTka AP, , 10 AP, =h H, ClieIoBa-

TEJIbHO,

(1.37)
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I'naga 2
I'PYHIIUPOBATEJIN

st yMeHbIIeHUs TOTeph MyYKa B OCHOBHOM YCKOPHTEJE, a TaKkKe JJIS yIIyd-
IICHUS SHEPTeTHYECKUX XapaKTePHCTHUK ITydKa YacTHIIBI PEIBAPUTEIHFHO TPYII-
mUpyroTcs Mo ¢a3e B TaK Ha3bIBAEMBIX TpyNIHpoBaTensax. [ pymmmpoBatens
OJDKEH c(opMUpOBaTh CTYCTKH, OTCTOSIIME APYr OT Apyra Ha pPacCTOSHUE,
paBHOE [UIMHE YCKOPSIONIEH rapMOHUKH B OCHOBHOM yckoputene. Paccmorpum
HECKOJIFKO CXEM IPEABAPUTENEHOTO (HOPMUPOBAHHUS CTYCTKA.

Yonmnepsbl

HawnbGonee nmpocteiM ipuOopoM iisi GOPMUPOBAHUS KOPOTKHX TIO (ha3e CrycT-
KOB SIBIISTIOTCSI TaK Ha3bIBaeMbIe HOMTEpHl (0T aHTauiickoro chop — pyouts). Ha
pucynke 2.1 m3o0pakeHBI Hamboliee pacrpoCTPaHEHHBIC CXEMBbI

a) b) c)
| g L

’ PU U "

Puc. 2.1. PaznuuHbie BApUAHTHI YOTITIEPOB:
@) C WCIOJIb30BaHHEM OJHOTO PE30HATOpa,
b) ¢ nByMs pe30HATOpaMH,
€) C JOTONHHUTEIbHBIM MIOCTOSIHHBIM MArHUTHBIM TIOJIEM.

s

[ —

=

yonmepoB. Bo Bcex cxemax HEMpephIBHBIN My4YOK MpoJie- ~

I
TaeT pe30HaTOP, BO30YXKIaeMblii Ha yacToTe . OOBIYHO A
! \
3TO PE30HATOP C IONEPEYHBIM MATHUTHBIM IOJIEM B 00- il
JIACTH MPOJIETA Iy4Ka. Hanpumep, NpsSMOYTONBHEINA PE30- Ul
“NalH)
Hatop ¢ Hjg, THIIOM KOJIe0aHus, y KOTOPOro B MECTE MPO- T
B~

JIeTa IMyYKa MarHUTHOE I10JIe MaKCHMAaJIbHO, a 3JIeKTpHYe- :
CKO€ paBHO HymO (cM. pucyHoK). Ha BeIxone u3 pe3oHa- |
TOpa IMy4YOK C 4aCTOTOH (U OyZEeT OTKJIOHSTHCS B BEPTH- !
KaJbHOM HampaBlieHHH. Ha HEKOTOpOM pPacCTOSHHH OT
pe30oHaTOpa CTaBAT KOJUIMMATOp — AuadparMy ¢ y3KOH
IIETBIO 110 OCH ITy4Ka. [Ipoxonsmue WMIyIbCHl MOTYT MMETh OYECHb MAaJylo

!
T

A= —

1]
’
’

14



JUTATENTFHOCTD, @ OCTAJIbHBIE YaCTHIBI CPE3ar0TCs KOJUIMMATOPOM M HE 3arpy-
AT BOJIHOBOA. B mepBoii cxeme (puc.2.1, @) Ha BBIXOAEC MBI OyIEeM UMETh
KOPOTKHE CTYCTKH, CIenyrmue ¢ 4actotoii 2w. To ecth pabouas yactora
OCHOBHOTO YCKOPHUTEISI TOXKE NOJDKHA ObITh 2(0. st TOoro 4ToOBI ITydoK Ha
BBIXOJIC MMEJNl 4acTOTy (U, HOOaBISIOT €Il OJWH PE30HATOpP, a KOJUIUMATOP
IOoCJIe TIEPBOTO PE30HATOPA BHIPE3acT BEPXHIOK dacTh mydka (puc.2.1, b).
MokHO OOOWTHCH W OJTHUM PE30HATOPOM, KakK MokazaHo Ha puc.2.1, c¢. B atoit
CcXeMe My4YOK MOCJIe BhIXOJa M3 PE30HATOpa MOMAJacT B MOCTOSHHOC BHEIIHEE
MarHuTHOE 1oJie. Ero BeanunHy BRIOMPAIOT TAaKUM 00pa30M, YTOOBI B OTBEPCTHE
KOJUTMMATOpa MOMaall caMblil Kpai my4dka. [IpenMyniecTBo Takoi CXeMbI B TOM,
YTO HA BBIXOJIC MBI Cpa3y MMEEM CTYCTKH, CICOYIONIME C YacToTod . Tem
caMBIM OTIa/IaeT He0OOXOANMOCTE B IBYX '€HEpaTOpaxX WM B IBYX pPe30HATOpax.
Kpome Toro, BEIXOIAIIUE W3 KOJUIMMATOPA CIYCTKA UMCIOT HYJICBYIO MOIEpEY-
HYI0 CKOPOCTh, B TO BpeMs Kak B mepBoil cxeme (puc.2.1, @) oHa mpu mpoiere
KOJUTMMaTopa MakcuMaibHa. OCHOBHOE MPEHMYIIECTBO YOIICPOB B TOM, YTO
OHHM HE MCHSIOT JHEPreTHYECKOro pa3dpoca HAYaIbHOTO Iy4YKa, TaK Kak BCE
OTKJIOHEHHUSI TIPOUCXOAT B MAarHUTHBIX MOJSIX. ['TaBHBIN HEAOCTATOK OYCBHICH
— OYCHB OOJIBIIHE TTOTEPH OCHOBHOTO ITyYKa.

BY-nyumiku
CymiecTByeT HeCKOJIbKO cxeM BY-mymiek.
Mymka ¢ CBY-oTceukoii Toka

[punmun paboter mymkn ¢ CBY-oTceukol 3akirodaeTcss B CICIYIOIIEM: Ha
3a30p CETKa-KaToJ TPEXIEKTPOAHOHM MYIIKH IMMOJACTCS BBICOKOYACTOTHOE Ha-
npsbkeane ot CBU-renepartopa, NMUTAIOMIET0 YCKOPUTENb. B IMOJIOKHUTENBHBIE
nosryriepuoiel CBY-kostebanwmid, KOTia CeTKa MMEET MOJIOKUTENBHBIN MOTSHITH-
aJI IO OTHOIIEHHUIO K KaTOY, AMEKTPOHHBIE CIYCTKH (a30BOil MPOTSHKEHHOCTHIO

A¢ =180° uHKEKTHPYIOTCS U3 3a30pa CETKA-KaToJ B yCKOPSIOIIUH IPOMEKY-

TOK CETKa-aHOJ, K KOTOPOMY IMPUJIOKEHO HaIpsDKeHWE WHXeKuuu. B otpuna-
TEJBHBIC MOMYNEPUOIBI KOIICOAHUN WHXEKIUH B YCKOPSIOIIUI MPOMEKYTOK HE
npoucxoaut. Takum oOpa3oM, GOpMHUPOBaHHE JICKTPOHHBIX CTYCTKOB OCYIIC-
CTBJsieTcsl B caMoil myuike. HemocpeacTBEHHO 3a 3JIEKTPOHHOM MyHIKO# ycTa-
HaBJIMBAIOT OJHOPE30HATOPHBIM TPYHIHPOBATENh, YMEHBIIAIOMUN  (ha30ByIO
MIPOTSDKEHHOCTH CPOPMHUPOBAHHBIX CTYCTKOB M 00ECTICYHBAIONIHNA ONTHMAIIBHOE
(ha3o->HEPTETHUECKOE paclpeaelicHne Ha BXoAe ycKopuTens. i yMeHbIICHUS
HaYaJbHOW MPOTSDKEHHOCTH CTYCTKOB Ha CETKY MOKHO JOMOJHHUTENHFHO MOJATh
MTOCTOSTHHOE OTPHLATENIFHOE CMEIIeHHE. B yCKOPSIONTIA IPOMEKYTOK IIEKTPO-
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HBI OyZIyT MHXEKTHPOBAThCS TONBKO Toraa, korna CBU-HanpspkeHne Ha ceTke
Oyner OoJbllle HANpPsDKEHUS cMeleHus. TakuM 00pa3oM MOXKHO cpa3y (popMu-
pOBaTh KOPOTKUE CTYCTKH.

CBY-nymika

Hamnume cerku He mosBossier paborats ¢ 6onbiiuMu Tokamu. B CBU-nymike
KaToJ pa3MeIIaeTcs HemoCpeACTBEHHO B pe3oHarope. B CBU-pe3oHaTtope Mox-
HO TIOJyYWTh 3JIEKTPUYECKHE IIOJISI BBICOKOH HANpPSDKEHHOCTH, HEOOXOAMMBIE
Jutst GOPMUPOBAHUSI U YCKOPEHUs o TpeOyemoii sHeprun. Kpome Toro, 310 naer
BO3MOXXHOCTh MOJy4YeHHUs! OOJBIINX TOKOB. HemocTaTkn Takoi cucTeMbl — 00-
patHas 6oMOapaMpOBKa KaToJa 3IEKTPOHAMH, BBHIIEAIINMHE 33 MPEACNTbl ONTH-
MaslbHO# (a3l 3axBata (>100°) u kak cieacTBHE — HECTAOMIBHOCTh TOKA H3-32
JIOTIOJTHUTENBHOTO Pa30TpeBa KaToa, a TakkKe OOJBIION IHEPreTHYECKHi pas-
Opoc B crycrke.

CBY-¢poTonmymka

DJCKTPOHHBIA CIYCTOK MAJIOW JUIMTEIILHOCTH MOXET OBbITh copMupoBaH
CBUY-nynixo#t ¢ pomoxamodom, 00i1ydaeMbIM KOPOTKHM JIa3epHBIM HMITYJILCOM
(T ~10+20 HaHOCEKyHI). OTO JaeT BO3MOXHOCTH IIOJIyYaTh JJICKTPOHHBIE
CTYCTKH ¢ 3Hepruei 2+3 MdB u mymrenbHOCTBIO ~ 20 Heek. B HacTosiee Bpemst
B KadyecTBe (POTOKATONA MPUMECHSIOT apCCHUI-TAJUTMEBBIN Katoa. Ero Hamboiee
CYIICCTBEHHBIMH  JOCTOMHCTBAMH  SIBIISFOTCS
BBICOKasi KBaHTOBas 3(dexTuBHOCTH (O0NCe
1 %) u goctatoyHas 3MHCCHOHHAs CIOCO0-
HocTh (Gomee 200 A/cm %). Kpome Toro, ocse- ]
IICHHE apCeHHUI-TaJUINeBOro (OTOKaToma CBe-
TOM C KPYrOBOW MOJISIpU3allMeil U COOTBETCT-
BYIOILICH JIJTMHOM BOJIHBI MPUBOJUT K OpUEHTa-
WA crrHA (POTOIJICKTPOHOB B HAIPABICHHH
najieHuss u3nydeHus. llpuueM BBIXOAHOU Iy-
YOK OKAa3bIBACTCS NPAKTHUYECKH TIOJHOCTHIO
nosispuzoBaHHbIM (Oonee 80 %). Ha cero-
THSIIHUA JICHh TaKOW KaTOJ| SBIIACTCS OJHUM
u3 Hanbosee 3PPEKTUBHBIX UCTOYHUKOB TOJIS-
PU30BaHHBIX JIEKTPOHOB.

OO0b1uHO cpa3y mocine CBY-mymku momeria-
0T O -MarHuT (CM. PHUCYHOK), KOTOPBIA
YMEHBIIIAET pa3Mep CTyCTKa 3a CYET Pa3HOCTH
9HEPrUil JCKTPOHOB, BEUICTCBIINX B Pa3HBIC
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¢azer CBU-mmonst B pe3onarope. KpoMme TOro, O -MarHuT JaeT BO3MOYKHOCTH
YHCTO TEXHUYECKOW Pa3BsI3KH HAMPABICHUI [IBIKCHHUSI CBETAa OT Jia3epa U BbI-
XOJ/IHOTO Iy4Ka.

KiaucTponHble rpynnupoBaTen

B xnucTpoHHOM rpynmnupoBaTesie MOTOK YacTHI] ¢ PABHOMEPHBIM pacipele-
JICHHEM T10 (ha3e MPOXOAUT CUCTEMY, COCTOSIIYIO U3 PE30HATOpA U MPOCTPAHCT-
Ba apeiida. B pesoHaTope MpONCXOANUT MOIYIISIMS YaCTHI TI0 CKOPOCTH, TIepe-
xomsmas B TpyOkax apeiia B Momymsimuio B mpoctpaHcTBe. Ilocie mporera
3a30pa pe30oHaTopa W MPOCTPAHCTBA Aperiha HempephIBHBIN MyYOK MpeBpaIiacT-
cs B CTYCTKH, OTCTOSIINE APYT OT Jpyra Ha PacCTOSHUE, paBHOE YCKOPSIOUICH
JurHe BOHBL. OTclofa cpasy ClieAyeT, 9TO HEBO3MOXKHO TaKUM 0Opa3oM Tpyli-
[MPOBATh PEJITHBUCTCKHH mydok ¢ 3, = 1.

OueHuM mapameTpbl 0JH03a30pHOro pe3oHaropa. CuurtaeMm, 4TO pacipene-
JICHWE TOJSI B pe30HATOpe HE 3aBHCHUT OT KOOPIMHATHL. 3MeHeHne MMITybca
YaCTHIIBI B pe30HATOpe ¢ pabodeil 4acToTOl W ecTh

d .
71; = eEsin[wl(t -1, ) , 2.1

rIe t,- U1 ynoOcTBa BpeMsl MPoJIeTa YacTUIIbl CepeAnHbl pe3oHaropa. Murer-
puUpysl ypaBHEHHE, TIOJTYYUM, YTO, MPOJIETEB PE30HATOP, YAaCTUIA UBMEHUT CBOM

HUMITYJIBC Ha
5 p=eETED (‘;’i ; 2)|}iinwt0. 2.2)
w.

By,ueM CUUTATb, YTO CKOPOCTH IMPpHU MPOJICTC PE30HATOPAa MCHACTCA HC3HAYU-
TCIIBHO. Tor,ua, ABUTasACh CO CKOPOCTBIO V() , HaCTHULA IIPOJICTUT 3a30p PE30HATO-

pa d saspemai T =d/v,, otkyna W = —— =——=——=0. Berm-
Yo Avg ABeo

yrHa O HA3BIBAETCS YIJIOM MpoJjiera pe3oHaTopa. Cuutas 4aCTUIly HEPEJISTHBHU-
CTCKOIA, ITOJTy4HM MPUpALIEHHE €€ CKOPOCTH MOCIIE MPOJIETa Pe30HATOPA

sv=20 oy £ gin (e/z)ammo. 23)

sin (6 /2)
©12)
CHTOM CBA3U DBJICKTPOHHOI'O IOTOKAa C PE30HATOPOM. O06o3Hauas AMIUIUTY 1y
NEPEMCHHOI'O HAIIPSXKCHUA HA PE30HATOPE Um =eFkd , @ DHEPrur0 4YacCTULbI

Koadppumment M = B TEOPHH KJIMCTPOHOB Ha3bIBaeTCs Kod(Dduim-
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my
U, = 5 MIEPEIHUIIEM BBIPaXCHUE IS PUPALICHNS CKOPOCTH B BUIE

ov=v, 0 Binwt,, (2.4)

ML y
rme Vv =— Ha3bIBaCTCs KOA(PQUIMEHTOM CKOPOCTHOW MOIYsnuu. Bun-
Uy
HO, YTO YaCTHI[bI, BIIETEBIINE B PE30HATOP B pa3Hbie MOMEHThI BPEeMEHHU, OyIyT
HUMETh pPa3iinyHble MPUPALICHUS] CKOPOCTU. B 4acTHOCTH, B mMydyke OyayT 4acTu-
I[bI, KOTOPbIE HE M3MEHAT cBOeW ckopoctu (mpu wi, = 0). YacTumsl BOKpyr
HUX, HIMEsl pa3HbIC N0 3HAKY MPHUPAIICHUS CKOPOCTH, MPOJETEB HEKOTOPOE pac-
CTOsIHUE, OYIyT TPYMITUPOBATHCS BOKPYr OMHON Toukw. YacTwiia, KOTopas He
M3MEHHUT CBOCH CKOpPOCTH 3a BpeMs ¢, MPOBEICHHOE B MPOCTPAHCTBE Apeiida,
npoizer paccrosHue L = vyt u OyleT HaXOAUTbCA B TOUYKE C KOOPAUHATOH

z, = L. Korma 4acTuiipl, IMEIOIINE MAaKCHMaJIbHOC ¥ MHHUMAIBHOE IpPHpaILe-
HHE CKOPOCTH (T. €. BBUICTEBIINE B MOMEHTBI BPEMEHH Wi, = * 1T/2), cobepyT-

¢ B TOUKY, TPYIITUPOBKY CTYCTKAa MOXKHO CUHTATh MakCHManbHOW. OcTanbHbIC
qacTHIBI 00pa3yroT T. H. “XBocThI”. Uepes Bpemsl ¢ 4acTHUIlBI, UMEIONTHE TIPH-
patenue ckopoctu O v, OyyT HAXOJUTHCS B TOUKE

2=y + 60 -1,)= L+ 20 - (v, +5v)0,. 2.5)

Yo

JIyist MaKCUMallbHOM TPYIITUPOBKU z = z, = L, OTKyZa MOXHO MOIy4YHTh HEOO-
XOJMMYIO JUISI MaKCUMAIIbHOW TPYIIUPOBKH JUTUHY MPOCTPAHCTBA IPYMITHPOB-
KH

(v0+5V)BOZngo:"V0DU0 :AE&DU_O, (2.6)
dv/v, ov w MU, 2 M U,

3nech yureHo, uto wt, =M/ 2.

L=

[Ty4ox, moydeHHBIH IOCIEe HPOCTPAHCTBA B3aUMOJCHCTBHA, OyIeT HMETb
HEpaBHOMEPHYIO IUIOTHOCTH paclipeaesieHus yactui no ¢azam. daza, koTopyro
OyIeT MMeTh YacTHIla Yepe3 BpeMsl ¢ Iociie IPOCTpaHCTBa Apehda MHON L, —

¢:wt:wTL:wTLEI;—, 2.7
B _ me

WNmnynbe yactuupl  p = mvy = me 3

1 c
Paznoxum B psin — = (1 +
B P

1-p> @By -1
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2
1.1 ! el 5, 2.8)

3
B B l+(mc/p0)2 Po
IMpupamieHne UMITyIbCa MOCIIE MPOJIETa Pe30HATOpa

5 p=Un in (@7 /2) . nwty =0 M Gin wi,. (2.9)
By @l /2 cBo

Toraa noxydum

1.1 U"’2 EFED ];/[3 Binwt, . (2.10)
B By me A 0Yo
BeipaxkeHune A1 () 3ammIiieM B BUIC
¢=¢0—rBin¢0, (2.11)
e ¢, =Wty = WL eEd 92— 1n (9/2) — Koad¢uimenr, xa-

CBO ’ mc 3 yg 6/2

PaKTEePHU3YIOMINI ITapaMeTPhl TPYIIITHPOBATES.
[ly4ok, TOIydeHHBIH TOCHE MPOJIETHOTO MPOCTPAHCTBA, OyAET MMETh HEpaB-
HOMEPHYIO INIOTHOCTB paclpeieieHus JyacTull mo ¢aszam. s xapakTepuCTHKH
KayecTBa IPYNIUPOBKH BBOST IOHSTHE KOO(DOULMEHTA IPYNIHUPOBKA k, —

OTHOLICHHUEC (1)2130130171 IJIOTHOCTH n YacTUll Ha BbIXOAC T'pyHIIMPOBATCIIA K

BBIX

(a30BOi MIOTHOCTH 1, Ha ero Bxoze. [lockonbKy B pe3ynpTaTre rpyHIUPOBKH

BCC 4YacCTULbl, HAXOJAUBIINCCA B HHTCPBAJIC BXOAHBIX (1)33 d¢ MepexoAdAT B

BX ?

HHTEPBaJ BHIXOAHBIX Ga3 d . , TO

an| d¢nx| = nBBIX| d¢BBIX| (212)
u

kr‘p (¢BBIX ) BBIX /n = | d¢BX /d¢BLIX| * (2 13)

Koaddumment rpynmupoBku OyaeT pa3HBIM IS pa3HBIX (a30BBIX HMHTEPBAJIOB,
Y Ha NPaKTHKE OCHOBHOI MHTEPEC MPECTaBIISET ero MakCHMalbHOE 3HAYCHHE U
HHTETpa [0 HEeKOTOpoMy HHTepBaity Ad

Krp (A¢ BBIX ) =

BBIX *

1
EAJkrp (¢BLIX)d¢BLIX’ (214)

Ota BeMMYMHA TMOKa3BIBACT, KaKas JOJS YacTHIl, ICPBOHAYAIHFHO PaBHOMEPHO
pacmpeneneHHbIX 0 (a3aM, OKaXETCs B Pe3ynbTaTe TPYHIUPOBKYA B HHTEPBAJC
A, .. BBemenne 3TuX OBYX XapaKTEPHCTHK OOYCIOBICHO BO3MOYKHOCTBIO
pa3HbIX TpeOOBaHMWH K MapaMeTpaM BBIXOJHOTO Iy4ka. Eciy Hy)XHO HOIYy4YHTh
KaK MOXKHO OOJIBIIIYI0 HHTEHCHBHOCTD IIPH YMEPEHHO MaJlOM 3HEpPreTHYECKOM
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pa3bpoce, TO Haj0 ONTHMHU3UPOBaTh B MEpPBYI ouepeab K eclii  Ke

P °
H€06XOZ(I/IMO MOJYYUTh KaK MOXHO oouee y3KPII>i 3HepF€TI/I‘leCKI/II7[ CHEKTp, IMyCTb
JaxKe 3a CUCT MOJIHOM HWHTCHCUBHOCTHU, TO HYKHO CTPEMUTHCA K 60HBHI€My krp .

JuddepeHnupys BbIpaKeHUE IS BBIXOIHBIX (a3 KIMCTPOHHOTO TPYIIIHPO-
BaTesl, HaleM ero Kod(GGUIUEHT IPYIITUPOBKU

_|d¢,, |_ !
kl‘p (¢BLIX)_|d¢BHx B 27‘[[']—VCOS¢BX| |

Ha pucynke noxasana 3aBUCHMOCTb n(%,,.)
IJIOTHOCTH TOKA HA BHIXOJE KIIMC-
TPOHHOTO TIPYNNUPOBATENsl OT BBI-
XO[HOH (a3l ¢ . JUIA PasTMIHBIX

(2.15)

ko3(¢puunentos r. Ilpu r=0
IPYNIIPOBKA OTCYTCTBYET M ILIOT-
HOCTh TOKAa Ha BBIXOAE OCTaeTCs
noctostaHoi. [lpm 7 =1 ¢da3oBas
IVIOTHOCTh ~ MakcHManbHa.  lpm } }
JlanbHEHNIeM yBenn4eHnn Kodddu- i i
OUeHTa 7 OpoucxXoauT ekt ! ! =1

| |

| |

| |

| |

| |

MEPErpYIIUPOBKH: C33aTd  HIYIIUE
YAaCTUIBl  TEPETOHSIOT  BIEPEIU
UAyIHe U BMECTO OJHOTO CrycTKa |7 0 7| B
HAYMHAIOT (popMupoBaThes MBa. MHOTIAA 3TOT 3PQPEKT HCIOIB3YIOT A YABOC-
HUS 9acTOTHI B TeHeparopax CBY.
3aaBast MHTEPBAJ BBIXOAHBIX (a3 A

r>1

sux M TIPOMHTEIPUPOBAB 110 HEMY BBbI-

paXXeHue st krp (¢BHX), MOXHO Y3HaTb, KaKOW HNPOLUCHT HWHKCKTUPOBAHHBIX

YacTHUI] MOXXHO CTPYIIIHPOBATH B 3TOM HHTEpPBajie, T. €. HAWTH KOdQPHUIHUEHT
K., . Ha pucynke npusesen rpadux, rie

KmpZ r
0 OCH abcImce OTIOXeH WHTepBan (a3,

25
B KOTOPOM COCPEIOTOYEHBl Crpynmupo- 80— s
BAaHHBbIE YaCTHULBl IIOCIE IPOCTPAHCTBA 4o 1'5

Apefida, 1O ocu OpAMHAT CieBa — MpO- ) |
LEHTHl, ONpPEeAEIIAIONIUE A0 CIPYIIH- Lo
POBaHHBIX YacTHI, a IO OCH OpIUHAT
cnpaBa — kodddunment r. 3agaBas MH- 20|
TepBaJ BBIXOIHBIX (bas,v HalpuMep, O e i
A¢... =1 pan, mo KxpuBoil ompeznenseM,

=05
Agpre

YTO 4aCTHUIbI, IIONIABIINC MOCJIC TPYNINHUPOBKU B ITOT HMHTEPBAJ, COCTABJIAIOT
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okoyo 70 % obmero umncna. [To mpaBoii ocw opAWHAT HAXOAWM, YTO JJISL STOTO
HAJI0 UMETh rpymnmupoBarenab ¢ kodddumumentom r=1,8. 3Has r, MOKHO
OTPE/ICIHUTh BCE MAPAMETPBI TAKOTO KIUCTPOHHOTO IPYIIITHPOBATEIIS.

BoJsiHOBOIHBIE TPYyNIIUPOBATEIN

B yckopstomnieit ceknmu ¢ Oeryiiei BOJHOW YacTHIBI, JBUTASCH O (a30BBIM
TPAEKTOPHUAM, TaKKe TPYIIUPYIOTCA. J[BIDKeHHe 3JIeKTPOHOB Ha (ha30BOM IIIoC-
KOCTH B YCKOPSIOUIEH CEKIUU C IO-
CTOSTHHOW (ha30BOM CKOPOCTHIO BOJI-
Hpl f3, mokasano Ha pucynke. Yac-

TUIBI HWHXXEKTUPYIOTCS CO  CKOPO- /
CThIO, paBHOW (ha30BOM CKOPOCTH !
BOJIHBL. YCKOpEHHMS ITy4dKa Kak IeJIo- ]

T0 B TaKOM cillydae He OyIeT, HO BCe !
qacTHIBI OyIyT coBepmaTh (ha30BbIE !
KoJieOaHusl OTHOCHUTEIILHO CHUHXPOH-
HOW YaCTHIIBI, HaXoAaslmewcs B ¢dasze — % 0

¢, =m/2. ToukaMu Ha PHCYHKE

MOKa3aHO Ha4aJbHOE pacrpelesieHue
gactui 1o (azam. CKOpOCTh JABIKE-
HUS U300paXKarONIMX TOYEK MO (ha30BBIM TPACKTOPUSIM ONPEIEISIeTCs] YaCTOTOM
(hazoBbIx KosieOanmid. [Ipn MabIX (a30BBIX KOJEOAHUAX WX YaCTOTA MOCTOSTHHA
U HE 3aBHCHUT OT TPACKTOPHH, IO KOTOPOI IBMKETCS YacTHIA. TO €CTh YaCTHIIBL,
pacroiararonecs BOJIU3M CHHXPOHHOM, OyIyT BpamaTthcs Ha (pa3oBOH IIOCKO-
CTH BOKPYT TOUKH §, =7T/2 ¢ oguHAKOBOH ckopocThio. Toraa uepes ueTBepTh

niepriona ¢Ga3oBbIX KoseOaHui (a3oBBIld pa3Mep CTyCcTKa CTal ObI HyJEBBIM H MBI
OBl MM Ha BBIXOJE aOCONIIOTHO CTPYNIIMPOBAaHHEIN CI'YCTOK. B cuiy ke He-
TUHEHHOCTH (ha30BBIX KOJICOAHUH C YBEIWYCHHEM aMIUTUTYIBI 9acTOTa KoJe-
O0aHMII YMEHBIIIAETCS, CTPEMSCH K HYJIIO IMPHU MPHUOIMKEHUH K cermapaTpuce. JTo
NPUBOIMT K TOMY, YTO KpaiHHWe YacTUIIbI OyIyT BpallaThCcs C MEHBIIEH CKOpO-
ctpo. [looTOMy yepe3 BpeMsi HEMHOro OOJbIIE YETBEPTH MepHona (a3oBBIX
KosieOaHMi M300paxkaroIine TOYKH pacrojokaTcs Ha e-o0pa3Hoil kpuBoil. I1pu
5TOM TI0 CPAaBHEHHIO C HaYaJbHBIM paclpenelieHneM (a3oBbIi HHTEPBaJl BCE JKe

ymenbmmres ¢ AP, 1o A¢ . Ha sroit nnune 3akanuuBaercs ¢asosas rpy-
IIMPOBKA, TaK KaK MPH AalbHEHIIEM ABMKEHHUH (a30Basi IIMPHUHA CIyCTKA BHOBb
HAYHET yBEIMIUBATHCS.

CyIiecTBYIOT pa3iIMuHbIe CIIOCOOBI YITy4IIEHUS TPYIIUPOBKH B BOJHOBOIHBIX
rpynnmposarensx. Hanpumep, B rpynnuposarene ¢ 3, = 8 = const MOX-

€ UHXK
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HO HCIIOJIb30BATh NOIOJHUTENIBHYI0 CEKIHIO BOJHOBOJA, TIJE HAIPsDKCH-
HOCTh YCKOPSIIOLIETO IOJIsl CKaUKOM YBEJIMUMBACTCS B 5—6 pa3 10 CPaBHEHHIO C
HaINpsDKEHHOCTBIO B NEPBOM CeKUUH. [Ipu yBEJIMUEHHWH HaNpsHKEHHOCTH YCKO-
PSIOLIETO MOJIsSs BEPTUKAJIbHBIE pa3Me-
pBI (a30BBIX TPACKTOPUH HE MEHSIOT-
csl, T. K. OHH IIPOTIOPIIOHAIEHBI KOP-
HIO KBajpaTtHoMy Wu3 3ddexTruBHON

Maccel M = B;,ys /2m. Topuson-
TaJbHBIE )K€ pa3Mepbl TPACKTOPHI
YMEHbIIAIOTCS MPOTOPIIMOHAIBHO
KOPHIO KBaJpaTHOMY W3 Kod(duiu-
eHra ympyrocthu K =GBin¢, ~E.

[TosTroMy, mpoiiis 4eTBEepTh MEpUoaa
($a30BBIX KOJICOAHUI B TIEPBOW CEKIIMH, YaCTHUIIBI, MTOMAast BO BTOPYIO CEKIIUIO,
MPOAOJDKAT JBIKCHHUE IO TPACKTOPHUSAM C Ooyiee Y3KHMMH TOPHU3OHTAIbHBIMH
pasmepamu. Cieysi Mo HOBBIM TPACKTOPHSM, Yepe3 YeTBEepTh mepruoa (hazoBbix
KoJieOaHUil BO BTOPOIl CEKLUH YaCTHUIIBI OKa3bIBAIOTCS CHJIBHO CIPYIIHPOBAH-
HBIMH IIPH COXPAaHEHUH MaJjoro (HavajabHOT0) SHEPreTHIecKoro pasopoca.

Haunyumime pe3yabTaTbl MO TPYMIHPOBKE MOXKHO MOJYYHTh C TMOMOIIBIO
BOJIHOBOJIHOTO TPYIIUPOBATENS,, B KOTOPOM aMIUIATY/A YCKOPSIOIIErO OIS
IUIABHO YBEJNMYMBAETCS 110 AJHMHE TpymmupoBatess. [Ipu sTom da3oBas cko-
POCTB BOJIHBI B TPYIITUPOBATENIC TUOO OCTACTCS MOCTOSHHOM, TNOO MOACTpanBa-
€TCS O] YBEIIMYHMBAOIIYIOCS CKOPOCTh YacTHUIl. Takue rpymImupoBaTEeIH MOTYT
00eCIICYNTh MOYTH TOJTHBIA 3aXBaT YAaCTHIl B PEXKHUM YCKOPEHHS MPU JTOCTATOY-
Ho xopourem (pazoBom (10-30°) u sHepreTHueckoM (3-7%) CIIEKTPax YaCTHI[ HA
BbIXOJle. HapacTaromiyro eCTeCTBCHHBIM 0O0pa3oM aMIUIUTYAY YCKOPSIOIIEro
MOJISl B CEKIIMM MOXKHO IOJYYUTh, Pa00Tasi Ha 0OpaTHOW rapMOHHUKE, T. €. KOraa
MY4OK JIETUT HAaBCTPEUy PaclpOCTPaHSIOUICHCS B CEKIMH MOLIHOCTH. B Kpyr-
JIoM AnadparMUpOBaHHOM BOJTHOBOJIE aMILIMTY/Ia TIEpBOil 00paTHO# rapMOHHUKH
(MuHyC TepBoii rapmoHukm) Mana. OmHaKO CYIIECTBYET LEJBIH Kiacc yCKO-
PSIFOLIMX CTPYKTYpP, Y KOTOPBIX OOpaTHas rapMOHHKA SIBISIETCSI OCHOBHOW M
uMeeT OOJIBIIYIO aMILTUTYLY.

PaccmoTpuM ciydaii TpyNITUPOBKH B KCIOHCHIMAIBLHO HAPACTAIOIIEM TIOJIE.
YpaBHEHUS JBYKCHHUS IS HETO 3aIHITYTCS

d—p=eE0 (& cos¢,

dt
4% _ P i
R - IH (2.16)
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Tax kax B rpynnuposatene o0braHO S, [, <<1, TO HMIyIbC YacTHUBI
p =mcf3,, 1 ynoOHee paccMaTpUBaTh ypaBHEHHUs HE MU QHCPTHH, a IS OTHO-
CUTENBHON ckopocTh yactul f3,. Byzmem paccMarpuBath Mayble KoyieGaHUS

OTHOCHUTEJIFHO PAaBHOBECHOW YacTHUIbI, UMEIOIIEH CKOpOCTh, paBHYIO (pazoBoit
CKOPOCTH BOJIHBI, KOTOPYIO CYMTAaeM HOCTOAHHOH [, = B, = const . Ypasue-

HUSl JUISL OTKJIOHEHHsS CKOPOCTH 4acTHIbl OT paBHoBecHo# ' =, = B, u mis
OTKJIOHEHUS (pa3bl OT PABHOBECHOH =@ — @, ecTh
dB' _eE
DB o ot Gros (p 9. )- e ose |,
dt mc
dp _wp’
dp _wp' 2.17)
BripaskeHune B KBaipaTHBIX CKOOKaX IPH MaJibIX KoieOaHusx (@ <<1) Bokpyr

PaBHOBECHOI yacTuLsl ¢ §, =77/2 paBHO

¢* [Bos (p+¢,)-e" Boso,

p<<lI

=cos @, E(e“—e“S)—(pBindJs [e“° =-@l“’. (2.18)

o, =1/2

®aza konebanus ¢ = z—wt Torma
a a Ta

az=2tp+wr)=Ldp+¢, +wi)= 12+ 4%0. (2.19)

B B 26 B
4B _ _prEolxp ("“/23)@@ E‘i’m%: —pH xp (). (2.20)

dt Byme B

Huddepenunpyss BTopol pa3 ypaBHEHHE U () TIPH MOCTOSHHOW (ha3oBOM

CKOPOCTH BOJHBI f3, , MOJy4nM

2 B’
d—g” @ 4B _ —(p[?’—@xp (az). 2.21)
e By dt
Jlenast 3ameny nepemenHon x = 2 [éxp (a t/ 2), nMeeM
d_dvd _ax.d

dt dr dx 2 dx’

& & B‘ﬂﬁzaﬁi aiRdie 222)

d?  OdrO dx® di? dx 02 0 di? 0 dx

[\
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2
Lo, 94 By (2.23)
de x dx a’p,

Ot1o — ypaBHeHHe beccens HylIeBOro mopsjika, PEeLUIEHHEM KOTOPOIO sIBISETCA
byskma Z (v) — nuHeliHas komOuHanus Gynkuuid beccenst n Helimana. Okon-

YaTeJIbHO PEIICHUC AT (P 3aIMUIICTCS

0~ zogz D/% Bxp %% (2.24)

Orubaromasi pemeHus C BO3PAaCTaHWEM apryMeHTa BeleT cebs KaKk KOpEHb
KBaJIpaTHbBI OT aprymeHTa
~ 1 at awt
@ ~—~exp B——H: exp % E (2.25)
v 0 40 4B
To ectp ammmTyna (a30BBIX KoJeOaHMA 3aTyXaeT ¢ JACKPEeMEHTOM, B 4 paza

MEHBIIUM WHKPEMEHTA aMIUIUTY I TIOJIS.
OT0 ke pe3yabTaT MOKHO IOIYYUTh TOPA30 MPOIIe, HCIOIB3Ys aarmadaTnie-

2 .
ckoe npudbmmkeHne. Tak Kak BRIpaKEHUE | (0| [Q ecTh agnabaTU4IeCKUil HHBA-

pHaHT Manbix (asoBbIX KomeGanmii, a Q° (z) ~E (z) ~ exp (a z) , TO aMIUTUTy/a

(a3oBbIX KosebaHuii Oyner |q0(z)| ~ exp B—%H Hcnone3ys To e npubin-

KEHUe z = % (4, nmoxy4uM 3aBUCHMOCTB | q)( )| ~ exp % %
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I'naea 3 .
HECHUHXPOHHOE B3AUMOJIEUCTBHUE

Panece ObLn BBIBCJICHBI YPABHCHUA HpOZ[OJ'IBHOI‘/'I JUHAMHKHU B OTHOYaCTUYHOM
OJHOBOJHOBOM HpI/I6J'II/I)KeHI/II/I KOTOPBIC MOKHO IIEPENNCATh KaK

d—g—eﬂfo( )tos ¢,
dz

dp 200 U1 1 U

E:TE%Z_E% 3.1)

1
rae By =2 :_dﬂ - OTHOCHTEJbHas (a3oBasi CKOPOCTb TapMOHHKH,
c c

v
Be = —£ - OTHOCHUTEIbLHAS CKOPOCTb 4YaCTHUIIbI.
c

Bynem paccMaTpuBaTh YCKOpEHHE YacTHIbl C MOCTOSHHON CKOpPOCTBIO (Ha-
HOpUMep, PEIITUBUCTCKOH ¢ [, =1) B yCKODSIOIICH CEKIMH C HOCTOSHHBIM

rpagueHToM FE| (z): E, n moctosHHOW (ha30BOH CKOPOCTBIO B(/). Ecnu cko-

POCTH 4aCTUIIbI U (ba303aﬂ CKOPOCTb BOJIHBI TOCTOSAHHBI BAOJIb CEKIINU, TO

¢——% H}"'d’o Hﬁg_ ﬁH}""po D-’+¢07 (3.2)
By

rae @, - oTHocuTenbHas (asa BIeTa YCKOPSAEMOil 4aCTUIBL B CEKLIHUIO.
TIpoiins cexumro anmuHOM L , yactuua yBCHI/I‘{I/IT CBOIO HEPTHUI0 Ha

L
e = ey oos (B2 +9, )z =, BLfZ/Z EL+¢OE (3.3)
0

rne £, =elE, L.

Jns cundasnoii wactuust B, =B, =1 0 ﬁ =0. Eciu HauanbHas ¢asa Biaera
gacTuipl B cekumio ¢, =0, To MakcuMmanbHas HabHpaeMmas JHEPrus &€ =& .
3amMeTHM, 9TO TIPU CKOJBKEHUH 10 (a3e MAaKCUMYM HaOMpaeMoOW SHEPTUH COOT-
BCTCTBYET Ha4yanbHOU (ase ¢, = —E L/2.W13 (3.3) BUAHO, 4TO TIPH CKOJBXKE-
HUM 10 ¢a3e HaOmpaemas uyactuneil sHeprust € # £,. Cuauraem, 4To YacTHIA

ynbTpapensTuBucTckas 3, =1:

N—_n%_L :ﬂgﬁd’_lzﬂgéﬁd’. (3.4)
e Bq) . =1 A qu A Bq;
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cp
5p,=29-0B _p £0© _Buf (3.5)
cB cp w B H
rae B, = ML % % — OTHOCHUTENbHASI TPYIIIOBAasi CKOPOCTb.
IIpu Brp <<1 OKOHYaTEIbHO MOIYyUYUM
B=- 2 2npwgl (3.6)

w Brp
PaccMoTpuM HECKOIBKO PUYNH, IPUBOIAIINX K CKOJIBKEHHIO 10 (ase.

1. Yacrura, 1BHrasich CO CKOPOCTHIO, OTIMYHON OT (ha30BOH CKOPOCTH BOJHBI,
MOXET Yepe3 HEKOTOpPOE BpeMsl OKa3aThCs B TOPMO3SILEM I10JI€ BOJHBI U JIBU-

raTbCs B HEM HEKOTOpoe Bpems.. B ciywae, ecmu ¢, =0, a 3 L =71, Habop
sHeprun € = 0. To ecTh B 3TOM IpHUMEpE YacTHUI[A IPOBEACT HOJIOBUHY BPEMCHH
B YCKOPSIIOLIEM II0Jie, a MOJIOBUHY B TOPMO3SIIEM M, KaK CIEACTBHE, MPOMIsL

CEKITNIO, HEe YBEJMYUT CBOIO SHEPTHIO. DTO MOXKET IMPOU30MTH, ECITH, HallpUMeED,
4acToTa 33JaI0LIET0 TeHEPaTopa OTINYACTCS OT Pa00UYCH YaCTOTHI CEKIMH Ha

BL=mtO Af=fE 2 °B : (3.7)
roe f, = )\i - paboJas 4aCTOTa CEKIIHH.
0
Ipumep: pabodast 4acTOTa CEKITUU fo =2856 MI,
JUIMHA CEKINHU L=3m,

OTHOCHTeJIbHAsA IpymnoBas ckopocts f3,, =0,02.
Torma A f =2856 ’1055)’02 =1 MTI'L.

Eciu crycrok mmeer (asoByr MPOTsHKEHHOCTs 2¢), To mpu [ =0 Makcu-
MaJbHAs 1 MHHUMAJIbHAs SHEPTHs AJICKTPOHOB B CI'YCTKE IIOCIE MPOJIETa CEK-
1un OyIyT paBHBI

gOmax = 80 >

Eomin =€y [Cos P . (3.8)
JlomycTUMBIH SHEpreTHUeCKUi pa3dpoc Mydka Ha BBIXOJIE CEKIIWH, BbI3BAHHBIN
($a30BOH MPOTSDKEHHOCTBIO CTYCTKa, OOBIYHO ~ 1 %, 9TO COOTBETCTBYET
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2¢ =20°. OnpemenuM BKIAL, KOTOPBI BHOCAT 3(PQPEKTH HECHHXPOHHOTO
B3aMMO/ICHCTBHS TS CTycTKa (a30BOM MPOTSHKCHHOCTH 2¢) , Kak

5 = fas =2l6) : (3.9)

gOmax

rie 8(5) - MUHAMAaJbHAas SHEPTUsl, Habupaemast mpu ﬁ #0.Ilpu ﬁ L<<1

5:%@1@%[@% [30s ¢ . (3.10)

OTciona npu MalbIX ¢ umMeeM

EL=1/6®+%@2—%B[). (3.11)

IMpn ¢ =0 E L=+6[0, a npu KOHEYHOM @) , KaK B HaIlleM CIIy4ae, MOKHO

NnoJyynum

npeHebpeds KBaJPaTHIHBIM WICHOM, H TOTIA
246
sing
Eciu 3a/1aH JIOMyCTHMbIi SHEPreTHUeCKHii pa3époc MydKa Ha BBIXOJIE CEKIIHH,
BBI3BAHHOTO HECHHXPOHHBIM B3aHMOJIEHCTBHEM O , TO MOXHO OLEHHTH HEOO-
XOMMYIO CTABHIIbHOCTH TIUTAIOMIET0 TeHePaTopa

6_w:w_rp|]6_

BL=

(3.12)

—. (3.13)
w . sing
Ilpumep: paboyas 9acTOTa CEKIIUU f =2856 MI'n,
paboyast JUIMHA BOJIHBI A=0105 M,
JUIMHA CEKIINHA L= 3m,

OTHOCHUTEIIbHAS TPYIITOBas CKOPOCTh CEKITHU Brp =0,02,

HPOTSHKEHHOCTH CTYCTKa 2¢ =200°,

JIOTYCTUMBIH SHEPTeTUIECKUI pa3opoc 6 =0,005.

Heobxomumast cTaOMIBHOCTH MUTAIOIIETO TeHEpaTopa

ow_ +6,400° (0 f==%18In).
w
2. ®da3oBas CKOPOCTh BOJHBI MOXET OTJIMYATHCS OT CKOPOCTH YaCTHUIIBI HE
TOJILKO M3-32 HECTAOWIBLHOCTH I'CHEPaTopa, HO M M3-32 HETOYHOCTH H3TOTOBIIC-
HUS CaMOW CEKIIHU
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BL= = E (3.14)
B, =1 A By A Ve
Wi ipu 3amasHoM O U @
dv A 9 3
b _ 2
—Q|6[d += -—09. 3.15
1) 27 4 @ 2 ? (3-15)
dvy -4
st mpensiayniero npumepa =300 ". da3zoBas CKOPOCTH BOJHBI 3aBH-
v
b
CHUT OT MHOTHX Pa3MepOB SUEHKH, B YACTHOCTH, OT IIEPUOJa TUCHKH
ov
vy =BT, 00 2 0d sy (3.16)
B 6 Ve

3nech d — nepuon sueiiku, 6— caBur (assl Ha TUEHKY.
Ipu pasmepe sueitku d = 33 mm (0 =271/3) dd =10 mkm. C Takoil TOYHO-
CTBIO HEOOXOUMO BBLIEP)KATh NEPHOJ TYCHKH P U3TOTOBIEHHHU CTPYKTYPEL.

3. M3-3a TemnoBbIX MOTEPh B CTEHKAX CTPYKTYPhI IPOUCXOIUT €€ pa3orpes. U,
KaK CIEICTBHE, U3MEHEHHE I'€OMETPUUYECKHX pPa3MEpPOB CEKLUH, a BMECTE C
HUMHU M paboued yacToThl cexuuu. [TosTomy Ui obecnedeHust JOIMyCTUMOTO
9HEPIreTHYECKOro pasdpoca Mydyka Ha BBIXOJE CeKUUH O HEO0OXOAUMO MOAAep-
XKHMBaTh TEMIIEPATYPy CEKIMH CIEHHATbHONH CHCTEMOH TepMOCTAOMIM3aIUU C
TOYHOCTBIO

A
5;=—B@=laﬁa—, (3.17)

rae N - Kod(pQUIMEHT TEPMUYECKOTO DPACHIMPEHHs MeTalla, U3 KOTOPOTo

crenmana cexumsi. JIIst MeM IpH KOMHATHO# Temmeparype 1 = 1,67 107 . Torga

JUTSL IPEIBITYIIETO IPUMepa MOXKHO OIEHUTH CTA0MIIBHOCTh CpeHEH TeMIiepa-
TYphl CEKIIMM TPH 3aJaHHOM JIOIyCTHMOM JHEPreTHYeCKOM pazbpoce mMmydka
5=2%05%:

_,58 0o~

+ =+0,4°. (3.18)
1,67007°

4. B ycxopsuomeﬁ CTPYKTYPEC € MOCTOAHHBIM I'paIUCHTOM TCIIOBBIACIICHUC B
CTCHKAaX CTPYKTYpbl HACT PABHOMCPHO 1O JAJIMHE YC, TaKk Kak B HeH

dP
d—=const. B cTpykType C TIOCTOSHHBIM MMIICIAaHCOM paclpeecHue
7
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MomHOCTH 1o JumHe YC P(z) =F (@277 To ecTh TEMIOBBICICHHE B HAYATIC

cekuuu OoJbllie, YeM B KOHIE. PacnpeneseHue TeMOepaTypsl BIOJb CEKIUH
NpUBEAET K HW3MEHEHHI0 COOCTBEHHOM YacTOTHI sSY€eK BIOJNbL CEKIUH
ow (Z)

=n@t(z). N3-3a GONBIION TEIJIOMPOBOAHOCTH CTEHOK CTPYKTYPHI,
U3TOTOBJIEHHBIX M3 MEJH, MOKHO CUMTATh, YTO B IIEPBOM MPUOIMKEHHU TEMIIe-
paTypa BIOJIb CEKLHH MEHSETCs JHHEHHO O t(z)=AT Elz—, rae AT - nonHsli
niepenaj TeMIeparypsl Ha cekuun. Habop >Hepruu B Takoi  CeKLMU

£=elE, E}cos[ﬁ(z)&+¢]dz, (3.19)

0

Sry_ 2T W _ 21T _ 2y AT =
e B(Z)‘m%—ngﬂmt(z)‘w%-ﬁo%-

[pu manbix E Z ¥ MallbIX, HO KOHEUHBIX ¢ nMeeM
O L 2,0 3
L
£=elE, métosqs (L -sin¢ q@g: £ E%os(b —sin ¢ [-Pg—E (3.20)
0

W

5=sin¢B[gg—L=sin¢DmZ‘;$, (3.21)
p

OTKY/Ia OTYCTHMBIH TIeperal TEMITEPATyphl IIPH 3aIaHHOM O DPaBCH

A
ar=3ddPegd 35, (3.22)
2 n nlL sing 2

JIiist peApIAyIero mpuMepa MOJIHbIH [epenan TEMIIEPaTyPhl Ha CEKIIMU TOJKECH
HOIEPKMBAThLCA Ha ypoBHE AT =+ 0,6°.

Ecmu m3BecTtHa pabouast TeMmepaTypa CeKIMH, TO MOXKHO CIENaTh TaK, YTOOBI
nepena TeMIEPaTyphl BAOJb CEKIMU ObLT CHMMETPHUYHBIM OTHOCHTEIBHO LICH-

-L/2
Tpa ceKuuu: O t(z)= AT EIZT/ . OgeBHIHO, YTO MPU CUMMETPUIHOM Tiepe-

maje TeMIEpaTyphbl B JIMHEHHOM mpuOmmkeHnd O =0 st mo6oro mManoro ¢,

TaK KaK IOJIOBUHY ITYTH IYYOK 6y)_'(€T HUHTCIpaJibHO U3MCHATH SHCPIHUIO B OJAHY
CTOpPOHY, a BTOPYIO INOJIOBUHY ITYTH POBHO Ha CTOJIBKO K€ B APYIYIO. I[J'IS[ BEBI-
yuciieduss O B OTOM cliy4ae H€06XOHI/IMO COXpaHUTb KBaﬂpaTI/ILlHHﬁ YJICH B
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Pa3lI0XKEHUN COS |_[5’ Dz+¢J C y4eTroM TOro, 4ro MHTErpan Mo JUHEHHOMY
4JIeHy paBeH HYJI0, UMEEM

£~eEEOE§:0s¢E cosd)[—ll—q% M dzD
B
EE;OS(}S —cos¢ [—(’B—LH (3.23)

WUmn

!gOL! Etnm;mruﬂz
2= "6 60% (329

Otkyzna momycTuMBIil nepenas Temnepatypbl AT mpu 3agaHHOM O paBeH
A
AT =158 [—ll—[-l%. (3.25)
n

Jlng npensimyimero nmpumepa - AT = +3,6°. To ecTh IpUMeEPHO B 6 pa3 OOJbIIE,
4YeM MPU HECUMMETPUYHOM Tepenajie TEMIICPaTyphl BJOJIb CEKIIHH.
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I'naea 4
MHNOIMEPEYHOE JIBUJKEHUE YACTHI]

OOLIYHO npu paCCMOTPECHHUU NONCPECUYHOI0 ABWIKCHUS JId YIPOLICHUA IpE-
He6pera}oT BJIMAHUEM Ha HETO MPOAOJBLHOI'O ABUIKCHUSA, TO €CTh CUUTAIOT IIPO-
JO0JbHOC IBUKCHUC 3a/IaHHBIM. HOHCpe‘IHLIe CKOPOCTH U CMCUICHUA CUUTAIOTCA
MaJIbIMH (TaK Ha3bIBA€MOC MMapaKCHUaJIbHOC HpI/I6J'II/I)K€HI/Ie).

PaCCMOTpI/IM CHa4vaJla TOHNEpEYHOC ABUKCHUC YACTUILl TOJIBKO B ,HeﬁCTByIOHIeM
YCKOpstomeM BU-noie. YpaBHeHHe paguajibHOro0 ABWXXCHUSA B HWIMHAPUYC-
CKHX KOOpJAnHaTax r, C] , Z MOJHO 3aIcaTb B BUJIC

i@wﬂﬂmmv%§§+ﬂb @.1)

dtJ  dtQQ

. 0 g my vz
rJie TepBoe cliaraeMoe B NpaBoii yactu F,. =myr B‘;— =YV LEHTPO-
Odt O r

d
OcxxHas cuia UHEpLUUH, Vg = F; - asduMyTaJibHass CKOPOCTh, FrE - paaualib-

Hasi cOCTaBJIsromas critbl JIopeHma 1eficTBYIOMEero YCKOPSIFOIIETO OIS,

Jns  axcuanbHO-cuMMmeTpuuHblXx BY-monelr tuma TM B muiMHIpUYECKOM
cucreme koopauHat Eg =0, B, = B, =0. 3 ypaBHeHuit Makcseia umeeM

eoa—E=Lrot§ a %Gaﬂ:llzla—(ng),
ot U r

dvE=0 [

0z r Or
Haocu E, = By =0 . [lna Touek, OaM3KuX K OcH, £, B IEpPBOM MPUOIMKEHAN

HC 3aBUCHUT OT 7. Tor;[a, HUHTCTrpUupysd YpaBHCHUS 110 7, MTIOJYUYUM

Er:_i EZ s

2 0z

r E
B, =~—— z 4.2
[Z] 2C2 P ( )

Pa,HI/IaJ'ILHaﬂ COCTaBJIsIrO1Ias CUJIbI J'[opeHua €CTh

Frp=el(E, -BeBy)=-LdP Ly

2 0z

o ™

ﬁfig (4.3)

0t
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[Mepeiinem OT nepeMeHHBIX z U ¢ K Oe3pa3mepHoit koopauHate & =z/A u dase
o= sz dz__ tH

B(/)C Ef
TApMOHUKH TPU IBIDKCHUH YAaCTHUIBI B TOJe Oerymei BONHBL JlOMOJHUTETHHO
JUISL YIIPOILEHHMS I0JIaraeM, 4TO BPAIICHUS HET, TO eCTh vy = 0 .YpaBHEHHE Ui

rae B, - otHocuTenbHas (pazoBas CKOPOCTb yCKOpstowle

NOoNEepeYHOTro ABMKCHU 3alTUIICTCS B BUIIC

d dr]_ erA WE. 2m ( )
E Vﬁ =- %4-3_ By B ¢
mc* B g )

IIpyu 4McTO rapMOHMYECKOH BOJHE NOCTOSHHOM aMIUIMTYIbl NEPBBIM 4JeH
ncde3aeT. OmHaKo B o0IIeM cilydae, TPy ONMMCAaHWUU KpaeBBIX 3PPEKTOB OH Cy-
mecTBeH. Hanpumep, omieHUM MpeoMIIeHHE TPASKTOPHH CHHXPOHHON YaCTHITHI
IIPU BXOZE B YCKOPSIOIIYIO CEKLHUIO U3 obmactu, rae £, =0, To ecTs mpu cTy-

4.4)

IeHYATOM 3aBUCHUMOCTH

) o o0 npu z<0
E.(e1)= Eyo(2)cosd (c.1) = EEO cos ¢ (z,t) mpu z20

[IpounTerpupyeM ypaBHEHHE C TaKHM DPAcCIpelelieHHEeM IOJS O TPAaeKTOPHH
JIBHXKEHHSI O MOMEHTA, KOT/1a YaCTULA TOJIbKO BJIETUT B CEKLIUIO:

2 0 2
A%}yﬂéz_elﬂ\z aEde:_eMzEO:_MG, 4.5)
dE 2mce ﬁ 2 0z 2mc B ZB

rae G = eEyA /myc?

To ectb pu BXOA€ B YCKOPAIOLIYIO CCKIHIO U3 06J'IaCTI/I, A€ HET MOoJid, TpacKk-
TOPHUU HaCTUL] IOBEPHYTCA HaA YIroJl

a =0 = -

Wz O 2[5 y’
IJie BCEe 3HAUCHMs B3STHI B MOMEHT BiieTa. [Ipy Masoi SHepruM MHXEKIUHU TaKast
“KpaeBasi JIMH3a” MOXKET JIaTh OIIyTUMBIN YTIOBOI pa3opoc.
B nelicTByronieM akcHaabHO-CHMMETPUYHOM TII0JIE BOJIHBI MOCTOSHHOW aM-
mmTynel 0E, /0w = —E;sin¢g . Torna ypaBHeHHE MOIEPEYHOTO ABIKCHHUS B

(4.6)

HCM 3aImuiIcTCsa B BUAC

TerEy Asing ( r[er1n¢
dEEG E TncBp t=6.6)- =g

Jns yckoputelist Ha 60JIbLINE SHEPIUH IIPH Bd) = 1, B - 1;
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sing - sin¢, =0. ITosroMy npaBas 4acThb YpaBHEHHsS CTPEMHUTCSA K HYIIO U

Besikoe neiictBue BU-moiis Ha momepeuHoe ABMXKCHUE Mcye3aeT. MHTerpupoBa-
Hue ypaBHeHH (4.7) ¢ HyJIEBOM MPaBOH YaCcThIO TaeT

B y;’—; = AV B G = CONSE 4.8)
_ 1 gr
A d{ HUHXK

(4.8) eme pa3 ¢ yuerom Toro, uro dy/dé =Gcos¢ =Gceos@,, =const u
B =1, nonyunm

i (Sl (N — HAYaJIbHBIN YTOJI TPAEKTOPUU C OCbl0 z. MHTErpupys

2O e Y
e G COs ¢00 y]/IH)K

To ecTp mpu PENSITUBUCTCKOM ABIXKEHUU C YBEJIMYEHUEM DHEPIHH B IIpOLECCE
YCKOPEHHUS IPOUCXOAUT OUEHb MEIJICHHBIH POCT MONEPEUHBIX Pa3sMEpPOB MydKa.
[TosTOMy B yckopuTene JErKHX YacTHIl (JIEKTPOHOB) Ha OCHOBHOHM €ro 4acTh
MOYKHO BOOOIIE 000HMTHCH Oe3 BHEIIHEN (POKYCHPOBKH, €CIIH 00ECTICUNTh JOCTa-
TOYHO MaJTBIM YTIIOBOH pa3dpoc Mmydka Ha BXOJE.

B cirygae HEpenmATHBHCTCKUX YacTHI] - IMPOTOHOB M APYTHX OoJiee TSHKENBIX
HOHOB YpaBHEHMs JBWKEHHS Tpu [, ﬁd, <<1 (y=1) #ans CHHXpOHHOW YacTH-

r=

(4.9)

LBl 3AITUIIYTCS
d dr]_mrGsing,
i = T

2
iHﬁ H—Gcos(ps, (4.10)

rae @, - ha3a CHHXPOHHOM JacTHIbl. [IpOMHTErpUpYyEM BTOPOE ypaBHEHHE

B =Bl +2EGoosd,

rae ., - OTHOCHTENbHAS (pa30Basi CKOPOCTh HEKEKIUK Ipu & = 0.

Jlst pelieHust IepBOro ypaBHEHUs BhIOepeM B KauecTBe HOBO# nepemeHHon f3 :
d _dfd _Geosd, d
d§ d¢ dB B dB

YPaBHCHI/Ie JUIST TONIEPETHOTO ABMXKCHUS TICPETTUITYTCSA B BUIC

G cos 9, DiEUDGCOS(pS Dd_razm_ .11)
B dB B dB B’
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Wmn
2 .
d o "sm‘fs F=0. (4.12)
dp BGcos™ @,

[TomyueHHOE ypaBHEHHE CBOMM YacTHBIM pPELICHHEM HMEET (DYHKIHIO

Bl/ 2 H 47'[s1n¢ B (E )H — MoauduIUpoBaHHyl0 (GYyHKIUI beccens
0s 2@, H
MEPBOTO MOPSIKA, KOTOpAas MOYTH 3KCIIOHCHIIMAIBLHO PACTET C BO3pacTaHHEM
aprymenra. Ilostomy as yckopurteneid MOHOB M B Ha4aJIbHOM 4acTH 3JIEKTPOH-
HBIX YCKOpHTENeH HeoOxommma BHEIIHSs (POKYyCHPOBKA.

Packpoem neByI0 4acTh ypaBHEHHS LIS NOMEPEYHOTO IBIDKEHHUS M Pa3AeiInM
BceHa By

d*r dr d nG ¢
d;*ﬁ%hn(ﬁy)}‘ LGS f_p,B).  @13)

Koa¢ppuuument npu nepBoit npou3BogHON B npaBon YacTH ypaBHEHUS Mall, TaK
Kak In ([3 y) - MemieHHas pyHKiMs BpemeHnu. Eciim paccmarpuBaTh JBHXKEHNE B

OTPaHWYCHHBIX WHTEPBAJaX BPEMEHH, TO BTOPBIM CJIaracMbIM B IIPABOH 4acTH
ypaBHEHUs MOXHO npenebpeus. Toraa st cMHXpOHHOH wacTuusl ¢ 3=,

HUMCEM
d*r 1
“l—qir=0, (4.14)
dé” 2
271G sin
rae QE = 3—3¢S — paHCC BBCACHHAA 4aCTOTA MaJIbIX (1)330BLIX Kone6a-
B(j} yx
HUH, a caMO YpaBHEHHUE TSI MaJIbIX ()a30BbIX KOJICOAHWA WUMEET BH/T
d*
£2,402¢=0. (4.15)
d&?

U3 cpaBHeHus ypaBHeHwuid (4.14) u (4.15) BUAHO, YTO YCIOBUS yCTOWYHBOCTH
JUTA TIPOJIONIBHBIX M TIONIEPEYHBIX KOoJeOaHWi B Oeryiieil BOTHE HECOBMECTHMBI:

ecmu sing, >0, 10 Q% >(0 ¥ NpoJoNbHBIE KOJICOaHUS! YacTHIl YCTOWYNBBI, HO

TIONICPCYHBIC KoJIeOaHHUsI OKa3bIBAIOTCS HeyCTOI‘/'I‘-H/IBBIMI/I.
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I'naea 5
YUYET CHAJ TIPOCTPAHCTBEHHOI'O 3APSIJIA

VYder KyJOHOBCKHX MOJICH CTyCTKa MPHU pacyeTe AUHAMHKH YaCTHI[ B YCKOPH-
TENSX SIBISCTCS Haubosee TPYIHBIM BOmpocoM Teopuu. [Ipu ydere 3TuX monei
HEJIb3sT PACCMATPHBATh HE3aBUCHMO TIOMCPEYHBIC WM TMPOJOJIBHBIC KOJIcOaHHS
ke B OJHOYACTHYHOM HpUOMbKeHnd. [IpoonpHOE U3MEHEHHE pa3Mepa Cry-
CTKa BIICYET 3a COOOI HM3MEHEHHE IUIOTHOCTH CTYCTK4, YTO, B CBOIO OYepelb,
BEJCT K M3MCHCHHUIO IMOMEPEYHBIX Pa3MEpPOB CTyCTKa, U HA00OpOT. YUeT mpo-
CTPaHCTBEHHOTO 3apsijia Jake MpU YHCICHHBIX pacdyeTax AWHAMHUKH ITydka He
Tak MpocT. TpyAHO YYWUTHIBAEMBIMH OKasbIBaroTcs IBa 3¢ dekra. J[Brkenue
CTYCTKa B BBICOKOJIOOPOTHOM MEPHOAMYECKON YCKOPSIOMIEH CTPYKTYpe MPHBO-
IUT K OOJBIION BeTMUMHE TONEH W3ITy4eHUs, BIUSHUE KOTOPHIX HA BIDKCHUE
YacTHUI] BHYTPH CI'YCTKa MOXXET OKa3aThCSl CPABHUMBIM C BIHSHHEM KYyJIOHOB-
CKHX CHJI JTake B HEPEIATUBUCTCKOM cirydae. Kpome TOoro, MpHUXOAMTCS KaK-TO
CUHTATBhCA C TEM, YTO CI'YCTOK JBHXKETCS HE B CBOOOTHOM NPOCTPAHCTBE, a B
OTPaHUYCHHOM [0 PaJiycy KaHajlie, Ja CIie C MEePUOJUICCKUMHU TPAHUIHBIMH
ycrnoBusiMu. [103TOMy CTaTH4YECKOE TOJEe CTyCTKa HEOOXOIMMO BBIYHCIATH C
YYETOM TPaHWYHBIX YCIOBHH HA METAJUIMYCCKON MOBEPXHOCTH KaHANIA CTPYKTY-
pel. TlocnenHee OOBIYHO MENAOT B MPHUONMKCHUHU JBMXKCHUS CTYCTKA B ITOJIOH
METAJUIMYECKOM TpyOe, MMEIOIIEH MOCTOSHHBI TUaMeTp IMOpsAAKa amnepTypsl
cTpyktypsl (Moaens k. Poy). IloaToMy aHamMTHYECKWH y4deT CHII MPOCTpPaH-
CTBEHHOTO 3apsiia HOCHUT JIUIIb OIICHOYHBIN XapakKTep.

[Tons mpocTpaHCTBEHHOTO 3apsia CrycTKa OOBIYHO paccMaTpUBAIOT B IIPH-
OIIDKEHIH PAaBHOMEPHO 3apsHKEHHOTO, IPOCTOTO MO GOPME 0CECHMMETPHIHOTO
Tena BpalieHus. DTO MOXKET OBITh MO0 IHIMHAP, JIMOO SILTUTICOU] BpaIlCHHMS.
Mogens 3/UIMICONAa BPAMICHUS Yallle UCIOIB3YEeTCs I aHATUTHYECKOTO pac-
CMOTPCHHUS JBW)KCHUS CryCTKa. Mojenb IIUHIApA YIOOHEe U YHCICHHBIX
pacueToB MPOJOIBHON JWHAMHKH C YY€TOM CHJ IPOCTPAHCTBCHHOTO 3apsja.
[pu ouieHKe BAMSHUS COOCTBEHHOIO 3apsja MyYKa Ha JUHAMUKY €TO JIBIDKCHHUS
CUYHTACTCs, YTO OTKIOHCHHS TUIOTHOCTH 3apsia OT PABHOBECHOTO HE3HAUUTEIIH-
HBL

PaccmoTpuM crycTok B BHIE PaBHOMEPHO 3apsDKEHHOTO DJUIMIICOMA Bpalle-
HUSA ¢ moiyocsMu a M b (a<b). Ilepeiimem B cucCTeMy, OBIKYLIYIOCS CO

CKOPOCTBIO CHHXPOHHO# wacTuipl cryctka v = B ¢ = B ¢ Baomb ocu z . Ipu
TAaKOM TIepEX0ie B COMPOBOXK/IAIONICH CHCTeMe KOOpAUHAT OyeM HMETh
x'=x,
y'Ey,
rr=r 0 ad=a,
Z'=yz O b =yb.
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Tak Kak TOJNHBIN 3apsA JOKEH COXPAHATHCSA, TO €ro IUIOTHOCTh CTaHET
p'=p/y. B HOBO#l cucTeMe MMeeM CTATHYECKUH PaBHOMEPHO 3apsiKCHHBIM

AJUTUTICOW]T BpaIlCHHS.

Jns nero B cucreme CHU E = i (z z'c), (5.1)
)

a s moGuTeneii cuctemsl CTCE - E. =4mp' k'(z' - z.).

3[[60]; zZ'n Z’C - TeKyllas ZzZ -KOOpAUHATa U KOOpAUHATA LUEHTpA 3JIJIUIICOU A,

L_1=p? L, 1+p
K =—5 %ml_ ,—p% (5.2)
p

rae p' = \/1 a /b \/1— a/yb) , @' m b' —pa3Mepsl OJIyoCcel B HOBOM

CHUCTEME OTCUETA.
JIi1st HEMOABIDKHOTO CI'YCTKA MAarHUTHBIE MOJISI OTCYTCTBYIOT B' =0, E5 =0, a
JUTSL TIOTIepEeYHON KOMIIOHEHTB! E|. M3 ypaBHeHnH MakcBemia uMeeM
I I I
- 1_0 oF
dvE'=L o —[-x—( =P % (5.3)
50 a 80 a z
B mepBoM mpuOIMKeHHH IS TOYEK, ONM3KMX K och, E. HE 3aBHCHT OT 7' .

Torza, MHTErPUpPYS [0 7', TIOIYYUM

—EEE— E e L (1-k)r. (5.4)

OTMCTI/IM, YTO HOJYUYCHHOC TaKUM CII0coooM BBIPAXKCHUC E:, JJIA QJUIUIICOMaa

COBIIAJIACT C TOYHBIM peuieHueM. Ilpu nepexoxe oOpaTHO B J1IaDOPATOPHYIO
CHCTEMy OTCUeTa

E. =E.,

Eﬂzyéllja

B=! ‘xE] 5.5
—C—ZV . ()

Torzxa B na6opaTopH01‘/’1 CHCTEMEC OTCUCTA UMCEM

= ’—ﬂ' - :ﬁ' -
EZ—EZ—S k(z z,) c k(z zc),

c

0 0
e =YP i =P -
E,—yE,—zso(l K')r 250(1 K)r,
B =PrE,. (5.6)
C
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Ha mymne crycTka ¢asoBas CKOpOCTB CUHTAETCS TOCTOSHHOM, TO3TOMY

b-0. =0 E%.dz_ w[(z z) 57

IMoncrasmsist  z -z, =v—[(¢ d)c) ¢—¢C) B BeIpaxeHune mui E,
w 21T
HOJIYYHM
p ByA
E =——F 5.8
: = me. (@®-9.). (5:8)

PagnanpHass  cocTaBisOmias CWJIBI  TOJS  IPOCTPAHCTBEHHOTO  3apsiia
Fy=e (E, -Bec Bg). To ecTh 3¢ (heKTUBHO ACHCTBYIOIIEE MOMEPEUHOE DIIEK-

TPUICCKOC MOJIC B J'Ia60paTopH0f/i CHUCTEMEC KOOpAUHAT paBHO
E.=E -BcBy=E(-p ): p E(l K)r. (5.9

B nampHelieM TOJ MONEPEYHBIM AJICKTPUYCCKHM II0JIEM, JCHCTBYIONIMM Ha
3apsDKCHHYIO YacTHUILy B JIAOOPATOPHOM CHUCTEME KOOpAHMHAT, OyJIeM MOHUMATh
s¢dexTuBHO AelicTByrOIIEE NoNepeuHoe none £, = E, .

B mepemstuBuctckoM ciydae Yy =1, a k'=k. To ectb  E, (cm. 5.6) u

E,,(cM. 5.9) He 3aBUCAT OT 3HEPruu crycrka. s pensTHBUCTCKOTO CTYCTKa

1 a a
b=yb>>a, p'=1-— k= ,
yo==a,p 2%&% E;bé

E~L5ln. (5.10)

DTO OYEHb BAXKHBIA MOMEHT — B YJIbTPAPEIATUBUCTCKOM CTYCTKE (Y — 00)
HCYE3aI0T CUJIbI KYJIOHOBCKOTO B3aUMOJICHCTBUS MEXY YaCTULIAMHU.

Biausinne npocTpaHCTBEHHOTO 3apsia
Ha NMPOJ0JIbHOE IBUKEHH

PaCCMa’I‘pI/IBaﬂ JABUKCHUEC HCPABHOBCCHLIX YaCTULl OTHOCUTCIBHO PaBHOBCEC-
HOﬁ, C YUCTOM IIOJIA MPOCTPAHCTBEHHOT'O 3apsAia MOKHO 3aIlUCaTh:
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dy' el a P B(ﬁA , O

— = cos\@+¢,)—E,cosp, +——k' @,

dé  mc? Eﬂo (§0 ¢ ) o cosd 2me, QOB

49 _pprfll _LH (5.11)
dé B, BH

rae Y =y -V, - pa3HOCTb SHEPTHil HEPABHOBECHOH YaCTHIIBI U PABHOBECHOTO
3Ha4YeHUs Y,
@ =¢ — ¢, - pazHOCTD (pa3bl HEPABHOBECHO 1 PABHOBECHO YaCTHII,
E=z/A.

JItst ManmeIx pa30BBIX KOJICOAHHHA

L:Lw,gd_%zgy'gd_ﬂ v E:L Ly

B B, ' dy B, ~ dvE[,2-18 By Byy:
' _ e E,sing, + By k' Hp,
A& mc? &y
do _ 2m _,
=== . (5.12)
d&  Bry;

Juddepenuupys BTopoii pa3 ypaBHCHHE I (0, TOITyIUM

2 ' A -
ZJ?: i"3gﬂlz_ g-et[]§"3tfﬁ¢ Fop=-0lmp, (5.13)
dé B(j} ys dE mc B(l’ yS 27-[50

2mmeEy A Bing,
me’By;

KoJIeOaHull 10 OTHOILIECHUIO K nepeMeHHoﬁ f 0e3 ydyeTa Cui1 MpOCTPAHCTBEHHO-

rae Qf = — MOJy4YC€HHad paHEC 4YacTOTa MaJbIX (1)330BI)IX

ro 3apsja.
IIpr TOKE YCKOpSEMBIX YACTHI, PaBHOM [, 3apsii KaXAOTro Crycrka
Q=1/f=1IA/c,tne f-dactoTa CIEIOBaHHA CTYCTKOB HIIH, YTO TO XK€ Ca-

Moe, pabouas dactota yckoputenas. OO0beM DIUIMICOUMAA  BpallcHHS
4 2

V= 57'[ a“b. TInotHOCTH 3apsiia pPaBHOMEPHO 3apsDKEHHOTO CTyCTKa B J1abo-

paTopHoii cuctemMe oTcueTa

=—2 (5.14)

p=Q o 312
V. 4mca’b
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YactoTa Manbix (a30oBbIX KOJECOAHUN 3aITUIIETCS

_ A
nge—t%%aosmfps PiA BM&E (5.15)
mc oYs

21 4ma’h
AE
rie Z, =L=ﬂ— Ho =1201OM — CONpPOTHBIICHWE CBOOOTHOTO
& ¢ o £
MIPOCTPAHCTBA.

[IpomonbHOE ABMXKEHUE YaCTHIBI BOJIM3U ¢ PABHOBECHOTO TOJIOKECHUSI Tpe/i-
CTaBIIAIOT COOOH YCTOHYMBBEIE (OTPaHWYCHHBIC) CHHYCOMJAIBHBIC KOJCOaHHS

IIPU YCIOBUU (Nlﬁ >0.Toects

A
By ?-” Zo g
2 Ama’b

OTCIOL[a MOXHO IOJYYUTb 3HAYCHUEC MPCACIBbHOI'O TOKa YCKOPACMBIX YaCTHUll,
OTPaHUYCHHOI'O PACTAJIKUBAIOIIUM HeﬁCTBHGM MPOCTPAaHCTBCHHOTI'O 3apsAaia

2ME,sing, _4ma’b
npen = E -
ByA 3AZyk
DTOT ke pe3yabTaT MOXKHO IMOJYy4YUTh elle npoiie. [lycTh nMeercst CrycToK ¢
yriaoBoi amuHON 2¢ . Jlns Manbix ¢a3oBbIX KoieOaHMA (a3a LEeHTpa CrycTKa

E, sing, > (5.16)

I

(5.17)

COBIAJAaCT C CUHXPOHHOH (azoil ¢, =¢,. I'pynnmpyromee dIEKTpUUECKOE
HOJIC BOJIHBI Ha MPaBOM KOHIE CrycTka ectb E; = E cos (d)s +§0)—E0 cos o, .
Eciu 511eKTpHYECKOe T0JIE CryCTKa Ha €ro NpaBoM KoHue £, NPEBBICUT IPyI-

MUPYIOIIEe, TO CTYCTOK HAYHET PacIUIbIBaThCsA. Ha mpaBoM Kparo CrycTka 3JeK-
TpUYecKoe mosie 0e3 ydera MoJieid COCeIHHX CrYCTKOB, OTCTOSIIMX HA JUIMHY
BOJTHBI YCKOPSIOIIEH TapMOHHUKH, PaBHO (CM. 5.6)

Ep=Lib. (5.18)
€9
C y4eTOM BBIP@XKEHHMS [UIS TUIOTHOCTH 3apsja B CTYCTKE O 3alMIIEM YCIOBHE,

IIPU KOTOPOM HCYE3aeT IPyHIUpYIoIee AeHCTBUE YCKOPSIOILETo MOJIs:
3IAZyk'b
Eo[cos (d)s +¢)—cos¢s]+T>O. (5.19)
PasHoctb assl @ = ¢ — ¢, HepaBHOBECHOH M PaBHOBECHOW YacTHI[ Ha IIPABOM
KOHIIE Cr'yCTKa JUIMHOW 2b paBHa

o Bl H dszb 271h
p=¢-9,=¢ ¢c—w%{v th E%’ Sﬁ(pc B (5.20)
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IIpu manom @ nosyuyum
2TbE,sing, S 3IAZyk'b
ByA 4mma*h
OTKyna MOJIy4HM, UTO 3HAUEHUE MPEJEeIbHOTO TOKA YCKOPSAEMBIX YaCTHILL €CTh
_2mME,sing, D47'[(12[3

(5.21)

I = , 5.22
fpeR ByA 3AZ k' (5-22)
gT0 coBnanaert ¢ (5.17).
B penstuBuctckom ciydae k' = 2 I:Eva—b% . [IpenenbHBIN TOK paBeH
41 y?b? E,sing,
Lipen = . (5.23)

2
W3 nonydeHHBIX BBIpa)KEHUM BHIHBI OCHOBHBIE 3aKOHOMEPHOCTH, COBIIAAl0-

LIMe ¢ APYTUMH MOJEJISIMHU: POCT MPEJeIbHOrO TOKa C dHEprue, aMIuuTy 0
TI0JISL ¥ paBHOBECHOM (ha3oH.
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I'naea 6
D®OKYCHUPOBKA COJIEHOUJAJIBHBIM
MMPOJOJIbHBIM MATHUTHBIM IMIOJIEM

PaccmoTtpumM cimydait pOKYCHpOBKH MOCTOSSHHBIM MarHUTHBIM TojieM. Mexa-
HU3M TaKoil (OKYyCHpOBKM OCHOBaH Ha TOM (paKTe, YTO YaCTHIA C MAaJIBIM II0-
MEPEYHBIM HMITYJIbCOM HE MOXET CYIIECTBEHHO CIBHHYTHCS IIOTIEPEK IOCTa-
TOYHO CHJIBHOTO NPOAOJBHOTO MONA B, , a ABMKETCSA BAOJb HETO IO CIHPAIH,
paguyc KOTOpoi 0OpaTHO NPOIOpLUOHANEH B, , T. €. MOXET ObITb JOCTATOYHO

MaJl.
VpaBHEHHE PAAHATIBHOTO ABWKCHUS B IWIHHAPUYECKUX KOOpAWHATax 7, 6,
Z MOHO 3aIucaTh B BUJIE

d . 22
£ =myr0>+F, +F,+F,, 6.1
dl(myr) myr rkE rQ 7 ( )

/i€ IEPBOE ClIaraeMoe cripana

F.=myr@ A= my vé /r - HCHTPOOEIKHAS CHIIa MHEPIINH,

Vg =7 0 - a3uMyTaJIbHAs! CKOPOCTb,

F,; - panuanbHas cocTaBIIAIomas cuibl JIopeHIa qelcTBYIOMEro
YCKOPSIOLLETo MOJIs,

FrQ - paJuajibHas COCTaBJIAIOIAsA CUJIbI IMOJIA MPOCTPAHCTBCHHOT'O 3apsa,

F . - paguanpHas Cuiia BHEIIHETO IIOCTOSHHOTO (DOKYCHPYIOIIETO MOJIS.
B ypaBHeHue IBI)KEHUs HE BKIIOYEHa F,j; - paguanbpHas CUia IOJed H3ilyde-

HHSI CAMOTO CTYCTKa, KOTOPOil MBI IIpeHedperaem.
VYpaBHeHHE Ui a3UMYTAIBHON COCTABIISIONISH IBIKCHUS] YaCTUIBI B LMJIMH/I-
PHUYECKUX KOOpAUHATAX

1d : . .
—Z(myrze):e(zﬂ?r—rﬂ%’z). (6.2)
B
Tak kak A akcHanbHO-cuMMeTpuuHbIX BY-oneit B, = B, =0, To B npaBoi

YacTH YpPaBHEHHUs Ul a3MMYTaJbHOH COCTABJIAIOLIEH CTOAT TONBKO (POKyCH-
pytomue MarauTHble mons. Ilome B onpenensercs 4epe3 BEKTOP-NMOTEHLHAI
B =rot A. Jlna akcuanbHo-cuMMeTpuaHoro mons A, = A4, =0, Ag = A. Mar-

HUTHBIA MOTOK, OXBATHIBACMBIN MPU BPAIICHUA MTHOBCHHOTO IOJIOKCHHS Yac-
THUIIBI BOKPYT OCH Z, —

w:IEdng’ZdizznrA,
S

N
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OTKyZIa MOXXHO BBIPa3HUTh BEKTOP-MIOTEHINANT A Yepe3 MarHUTHBIA noTok W

_ v
2mr
Cocrapnsromnye mosst paBHel: By =0,
B. _li(m = 1 a_LP’
ror 2itr Or
Br:—a_A:— 1 a_LIJ (63)
0z 2ntr 0z

Ioncrasmnss (6.3) B ypaBHEHUE IS a3UMYTaIbHOM COCTABIIAIONICH, TIOITyIUM

%(myrzé):—i B@£+£Eﬁa= d ELB (6.4)

2T dt dz dt dr 0 dt 02
OTKy/a moJyduM TaK Ha3bIBaeMylo Teopemy byma:

¢ gﬂj (6.5)
2m y ]'[r2

rae W, Oyner mubo 3navenne W B Touke Tpaekropuu, rae 8 =0, mubo 3Ha-

YeHHe (27Tmy/ e)rzé B TOYKE TpaekTopuH, rae noje orcyrctByeT (W =0). To
ecTh mocrosiHHas W, ompeznensieTcss yCIOBHMSMH BBOJA IydKa B MAarHHTHOE
noJe.
B napaxcuansHOM IpuOMIDKeHnH B, BOIM3HM OCH HE 3aBUCHUT OT z . Tornma
r 2
wzjéﬁzzﬁfmrm=2ngﬂéznﬂ/? (6.6)

OTKy,Ha MOJYYUM BBIPAKCHUC I BCKTOP-IIOTCHLMAJIA COJICHOWAA U ISl CO-
CTaBJIAIOIIMX MAardHUTHOTI'O IIOJISA COJICHOU A

~Br
2 2
Bg =0,
B.=B,
&ziié. (6.7)
20z
A Teopema byma 3anumercs
Y, - W
=% g ° i %—BH (6.8)
2my mr 2my Onr 0
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LentpobexHast criia HHEPIUH paBHA

=myr@0 = BHZ (6.9)
4my Elrrr

PapnanpHasi cuiia BHEUIHETO ITOCTOSIHHOTO d)oxycnpy}omero HOJISL B MapakcH-
aTbHOM TTPHUOITIKEHUH

F.p =evgB. —er@B“‘re BEB— BB (6.10)
2my Orr?

Pangmansnas cocraBisromas cuutel JIopeHna 1efiCTBYIOMIETO YCKOPSIOIETO TTOJIS
ObLIa TTOTyYeHa paHee U ISl CHHXPOHHOH JaCTHITHI OHA paBHA
erEywsin ¢ erEqwsing
T (-, p)= TR
2B e 2B, ¢y,
OmneHnM paJnaNbHYI0 COCTABILIONIYIO CHJIBI ITOJISl MPOCTPAHCTBEHHOTO 3apsiaa
F,o . PaccMOTpuM paBHOMEPHO 3apsyKCHHBIN HEMPEPBIBHBIN Iy9OK C TOKOM

Fp=e(E, -BcBy)= (6.11)

I = 7'[r02 p B, rae r- paguyc mydka, O - IUIOTHOCTh YacTUIl B myuke. [lepeii-
JIEM B CHCTEMY, JABMKYILYIOCA CO CKOPOCTBIO Tyuka v = cf3 BIoib ocu z . [Ipu
TaKOM IEPEX0/Ic =7,
LA
zZ=yz.

Tak Kak TONHBIA 3aps] JODKEH COXPAHATHCS, TO €ro IUIOTHOCTh CTaHET
p'=p/y. B HOBOW cHUCTEME MMEEM CTATHYECKUM PABHOMEPHO 3apsKEHHBIN
OeckoHeuHbIH wumHAp paguyca r' . s Hero B'=0,E. =Ep =0, a mis
paguantbHONM COCTABISIONIEH UMEEM

! ! ! 2 '
divE'=£ O fE s= (22 0 omppar =T PE g
& 0 &

E = re’ = r'p .

2ey  2y€,

ITpu nepexoje 06paTHO B 1aOOPATOPHYIO CUCTEMY OTCUETA IOTYYUM
E =E,
En=yEyp,
- 1. =
=[xk

Torma

17z
Er: ir — 31" , BG:EEr’ (612)
2nirygyBe  2miy B c



rae Z, =120 71 Om — conpoTHBIEHHE CBOOOTHOTO MPOCTPAHCTBA.
PamuanpHas cOCTaBIAIONIAS CHITBI TIOJISI IPOCTPAHCTBEHHOTO 3apsaa
2y By
IMocnenusiss GopMyna 3amucana Ui HEMIPEPBIBHOTO JICKTPOHHOTO Tydka. s
ITy4YKa, COCTOSIIETO M3 CTYCTKOB JUIMHBI 2() , CIIEAYET BMECTO TOKa [ 3amucarthb

(6.13)

ToK [, =1 4T/@. Oxonuarenso wis F,, Oynem nmersb

Fy= elZ,r Eﬂ_l elZ,r (6.14)

T oongBy’ @ 2 Bye

OTMETHM, 9TO B MPHUOIIMKEHUH PAaBHOMEPHO 3apsHKEHHOTO JJIIMIICOUIa Bpalile-
HUA paguajibHasA COCTAaBJIAIOMIAA CHIIBI ITOJIA IMPOCTPAaHCTBCHHOTO 3apsja 3alu-
HIETCA B BUIC
3(1—k’)DeIZO r

4 By'e
To ecTh C TOYHOCTHIO IO YHCIECHHOTO KOA(PPHUIIMECHTA BBIPAKCHUS COBITAIAIOT
(mpu y >>1 k' - 0).
YPaBHCHI/Ie paanaJIbHOTO ABWXXCHHA IIOCJIC IMOJACTAHOBKHW BCECX YYHUTBIBACMBIX
paaualIbHBIX CUII IIPUMET BU

(6.15)

Iz

Fo=

2 2
Ly i)+ p2r=— B0 (6.16)
my dt 4mmy” r
e’B* _eEjwsing, el Z,

2 _
ver 4m?*y*  2mcBy’ Zmrozﬁ y3qo'

PaznuuaroT ABa OCHOBHBIX THIA MCTOYHUKOB 3apsDKEHHBIX YACTHI[ MO OTHO-
IICHUIO K MATHUTHOMY TIOJIFO (DOKYCHPYIOLIETO coyieHOuAa. MICTOUHUK MepBOro
TUINA — SKPaHUPOBAHHBINA KaToA. B HeM BbuUIETAlONIME YACTHULIBI SKPAaHHUPOBAHBI
or MarHuTHOro noia u W, = 0. HenuHelinoe ypaBHEHUE IIONEPEUHOrO JIBHXKE-
HUS TIEPEXOUT B TMHEHHOE:

La‘i(yr')mzr:o. (6.17)
my dt
BTopoii THIT HCTOYHHKA — UMMEPCHOHHBIA UCTOYHUK (OT aHTJIUIICKOTO immerse
— TOTPYXaTh). BeUIeTarome YacTUIBI B HEM POXIAIOTCS B TOJE COJICHOM[A.
Just Hero W, # 0, HO peleHus N0JIy4aeMOro HeTMHEHHOrO ypaBHEHHS MOXHO

BBIPA3UTh Yepe3 pemieHus Ooyiee MPOCTOTO, JIMHEHHOTO YpaBHEHHS B BHIE

r=A/rf 47 ,TH€ 1} M 7y - YACTHBIE PEICHUS JTMHEHHOTO YPABHEHHUS, COOT-
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BCTCTByIOH.[I/Ie Ha4dYaJIbHBIM ycHOBI/IHMZ
V1(0)= o> r1(0)= o »

. Y 1
rr (0)=0, Fzz(o):miToy["r—-
0o ‘0

Onpenenurens BpoHCKOro A NHHEHHOTO YpaBHEHHS COXPAHIETCS W HUMEET
BUT

my(r[ i I ”11):’")/0 [rl (0)’;11 (0)_’}1 (O)r,, (O)] e

V4uTeIBasi 3T0, C MOMOIIBIO IOJCTAHOBKU BHIHO, YTO PEILICHHE 7 = w/rlz +r§

YIOBIETBOPSIET HEIMHCHHOMY YpPaBHEHHIO C HA4albHBIMH  YCIOBHSIMHU
r(O): rp %20, if(O) =7,. Y3 Buza peueHus ciaeayeT, 4To B cilydae YCTOMUHMBO-
cTu (OrpaHUYEHHOCTHU) PELICHUI INHEHHOTO YPaBHEHUS PELICHUS HEIUHEHHOro
ypaBHEHUs TaKkxke OyqyT yCTOMYUBBI, a B CiIydae HEYCTOMUMBOCTH — HEYCTOHYH-
Bel. IloaToMy BIOJHE IOCTaTOYHO IPOBEPUTH HAa YCTOHYUBOCTH JIMHEHHOE
ypaBHeHue. Ero pemenust OyayT ycTOWYMBEI, ecin p2 > 0. Orcrona noaydaem
HIDKHAH TIpeAeT BEJWYUHBI HANpPSDKEHHOCTH (OKYCHPYIOIIETO MAarHUTHOTO

10JIst IpU (POKYCHPOBKE MPOIOIBHBIM MATHUTHBIM MTOJIEM

ArtmE, sing N 2m 1 Z,
eByA e By®
CosrleHOMAAIBHYIO, WIH, KaK €IIe TOBOPST, MATKYIO (POKYCHPOBKY OOBIYHO
MPUMEHSIOT Ha HEOOJIBIINX Y4acTKaX YCKOPHUTENs, HAlpUMeEp, B IPyNIHpoBaTe-
Jie JJIEKTPOHOB. MHHHMMaJbHBIE 3HAUCHUS B, U1 NPOTOHOB OKAa3bIBAIOTCS

B? >

(6.18)

3HAYHUTEILHO OOJIBIIMMU, YeM i AJIEKTPOHOB. [To3TOMy (OKYCHpPOBKY TpoO-
JTOJTbHBIM MAarHUTHBIM TIOJIEM TSDKEJBIX YaCTHUIl NMPAKTHYCCKH HE MPUMEHSIOT.
[MocTosiHHBIE MarHWTHbIE OIS, HEOOXOAMMbIE AJsi (POKYCHPOBKH MPOTOHOB,
coctapistor mopsiaka 5-10 Ta (50-100 kI'c). Takwe moJist MOXKHO TOJYYUTh
TOJIBKO B CBEPXIPOBOJISIIUX COJCHOUAAX, KOTOPbIE TPYIHO Pa3MECTUTh BHYTPHU
Tpybok apeiida. [Tomerenne x e BCEro pe30HATOpPa, MMEIOLIETO JUAMETP I0-
psinka paboueil JIMHBI BOJHBI 00Jiee METpa, BHYTPU CBEPXIIPOBOJSIIEIO COJIe-
HOWJIa TPAKTUYECKH HCKIIOYeHO. XOTs B MOCIeqHee BpeMsi ObUIM MPOBEICHBI
3aIlyCKH MPOTOHHOTO YCKOPUTENs, paboTaromue Ha JuHe okoio 20 cM, Qoky-
CHUPOBKa B KOTOPOM OCYIIECTBIISUTACH BHEIIHUM CBEPXIPOBOMSIIMM COJICHOU-
nomMmc B=8Tn.
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I'naea 7
KBAJIPYIIOJIBHAS ®OKYCHUPOBKA

B 1952 roxy BaroaTT mpemsiokuin MCIoIb30BaTh sl (POKYCUPOBKH B JIMHEH-
HBIX YCKOPHUTEISIX HE MPOJOJBHBIE CONCHOWAAIBHBIC IOJIS, a KBAaIPYIOIbHBIC
moriepeyHple MarHUTHBIE Toyst. [Ipu (OKycHpOBKE YacTHI[ BBICOKOW SHEPTHH
MIPOAOJIEHEIM MarHUTHBIM ITOJIEM OCHOBHOE IBIDKCHHE HAINPABICHO Hapayuieiib-
HO MAarHWTHBIM CHJIOBBIM JIMHHMSAM, TaK YTO BO3HHKAIOIIHWE CHIIBI MIPOIOPIHO-
HaJIbHBl MaJIbIM TOTIEPEYHBIM KOMIIOHEHTaM CKOpocTd. bonee 3¢ ¢pexTnBHBIM
ObUI0 OBl MAarHUTHOE MOJIE, HANIPaBJICHHOE MEPIICHIUKYIISIPHO ABkeHuIo. Toraa
(oKkycupyroImue CHiIbl OKa3anuch Obl IPOMOPIMOHAIBHEI IPOAOJIBLHON CKOPOCTH
yactull. OJJHAKO B MPOCTPAHCTBE, CBOOOTHOM OT 3apsiI0B M TOKOB, HEBO3MOXHO
c(hopMHUpOBaTh TOJISI, KOTOPBIE CO3/IaBaji ObI pajJHanbHbIC CHIIBI, HAIpaBJICH-
HBIE K OCH OJJHOBPEMEHHO IT0Jl BCEMH YIJIaMH. B 4acTHOCTH, 3JE€KTpUYECKHE U
MarHUTHBIE TIOJIS ¢ KBAAPYIOIBHON CHMMETpHEH, CO3aONIIe HalpaBleHHbBIC K
ocH ((hOKyCHPYIONTNE) CHIIBI B IJIOCKOCTH X, OJHOBPEMEHHO CO3JAIOT NeOKy-
CHPYIOIINE CHIIBI B INIOCKOCTH y. OIHAKO €CII pa3MECTHUTh BJIOJb OCH KBaIpy-
MTOJIFHBIE JIMH3BI TaK, YTOOBI CMEXHBIC JTMH3BI OBIIM MOBEPHYTHl OTHOCHTEIHHO
Ipyr apyra Ha 90°, To B KaXHOH M3 IJIOCKOCTEH OyIoyT MONepeMEeHHO co3fa-
BaThCs (hoKycupyroume 1 nehoKyCHpyIomue yIacTKi. [Ipu BEITOTHEHUH ompe-
JICIICHHBIX YCIIOBHI TaKas CHCTEMa JIMH3 B IIEJIOM OKa3bIBaeTCs (hOKYCHPYIOIICH
B 00euX IUIOCKOCTSIX. JleHCTBUTENBFHO, HAa YaCcTHILy, JBIKYILYIOCS TI0 OCH, CHIIBI
He aeiicTBYIOT. UeM nanblie OT OCH YacTHIla, TeM OoJblIe IEHCTBYIONIHE CHIIBI.
[Tycts yacTHna nonagaeT cHavana Ha GOKYCHPYIOIIUH B BEIOPaHHON TUIOCKOCTH
yuyacTok. Ha 9TOM ydacTke TpaeKTOpHsI YaCTHIBI U3rN0aeTCs 110 HaPaBIICHUIO K
OCH, M 4YacTHIa NPoiaeT nedoKyCHPYIOIMHA y4acTOK IPH MEHBIIEM OTKJIOHE-
HHUH OT OCH, YeM Ha IepBoM ydacTke. [loaTomy B cpemnem 1uist mapsl GoKycu-
pytomeit u aeGokycupyromien TuH3 HOKyCHPYIOIINE CHIIBI OKa3bIBAIOTCS 0O0JIb-
me, yem aedokycupyromue. [TogoOHbIH d(h(PeKT BO3HMKAET U B TOM Ciydae,
€CITM BHAYaJie pACIONIOKEH [e(OKYCHPYIOMHN Yy4acToK: Ie(oKycHpyromas
JIMH3a TIEPEBOINUT YACTHUIIBI Ha OONBINUIT paanyc, U B (POKYCHPYIOIIEM yYacTKe
YJacTHUIla MCIBITEIBAET Ooblee (OKycHpyromiee Bo3aeiicTBue. B aToM u 3akiro-
qyaeTcs Wjesl KBaJpyIOJIbHOW, WM JKECTKOH (B OTIIMYME OT COJICHOWAAIBHOM,
MSTKOM), WJIM 3HaKoNepeMeHHOH (oxycupoBku. BuaHo, 4to mpu xecTkoi ¢o-
KyCHUPOBKE NPHHIMIHMAIFHOE 3HAYCHHUE MMEeT HalMuue rpajaueHra mois. Ecmu
TpajMeHTHI 101 B KBAaJPYNOJIBHBIX JIMH3aX CJIMIIKOM BEJIWKH, TO YK€ IOcie
(OKyCHpYIOIIEro yJyacTka 4acTHIIa MOXKET Ilepecedb 0Ch, Torna JIe(oKycupyro-
KA y9acTOK OTKJIOHHT TPAeKTOPHIO B JPYroM HAIpaBICHUH OT OCH M Iapa
JINH3 OKA)KETCS pacCenBarOIICH.

Kectropoxycupyrommii KaHaJl COCTOUT U3 OOJIBIIOTO YHUCIIa TTOCIEI0BATEIHHO
YepeAyomuXcsl GOKyCHPYIOMNX U 1e(OKYCHPYIOIINX YIaCTKOB. B TakoMm kaHa-
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Jie TIPOSBISIETCS SIBHO BBIpaXKEHHAs MEPUOTUYHOCTH CTPYKTypbl. Hammensrmas
JUTMHA TIOBTOPCHHUS CTPYKTYPhI Ha3bIBACTCS MEPHOIOM (DOKYCHPYIOMIECTO MOJIS S.
Ha pucysnke moka3zaHa mpUMEpHas o 4 o 0 o 4 o J o 1
TPACKTOPUSL YACTHUIBI B KECTKOPOKY-
cupymolleM KaHane. BunHo, 4to Tpaek- | sy
TOpUS MOIYJIHPOBaHA C MEPHUOJOM S
¢dokycupyromiero nons. Ha Bcex ¢oky- ‘
CHPYIOIINX YyJacTKaxX YacTHIAa B Cpe-
HEM ynajeHa OT OCH OOJbIlle, YeM Ha CMEXHBIX nedokycupyromux. Booobmie
YCIOBHS YCTOMYMBOCTH B JIMHHBIX KaHANaX OTIMYAIOTCS OT YCIOBHH, IMpH
KOTOPBIX KOMOWHAIMA KBaIPYMONbHBIX TUH3 @ U J{, COCTaBNIAIOMNX OIWH Iie-
puon, sBisercs cobuparorieit. [leproa GOKyCHPYIOMIETO MO MOXKET COCTOSThH
13 pa3nUIHbIX KoMOuHaIi @- u J[- kBagpyImoen.

KBaapynoJibHble JTMH3bI

PaccMmoTpuM KBaapymoNbHYI0 MarHUTHYIO JIMH3Y (CM. pUCYHOK). Jlns Hadama
MIPEATIOJIOKUM JIMH3Y OECKOHEYHO JUIMHHOW Tak,
yro B, =0, To ecThb cBeAeM 3a/ady K IUIOCKOH.
[Tone B anepType JIMH3BI YAOBIETBOPSIET CTaTUYe-
CKHM YypaBHEHUSIM

rotB=0; divB=0.
BBemem moTeHnMan CTaTHYECKOTO MAarHUTHOIO
MOJI

l—?=gradU¢.

Horenuman U, ynosnerBopsier ypaHeHuto Jlam-

J1aca, KOTOpO€e B HMIMHAPHYECKUX KOOPAMHATAX 3AIIMCHIBAETCS KaK
U oU 0°U
2(/’ + l [_)_(/’ + iz ;/) =0.
or roor ot 0@

OO1ee peneHne 3TOro ypaBHEHUs!

Ud,(r,(b): ir” Ha, sinng +b, cosng).
n=l1

VYuwnreiBas KBaJIPYIOJbHYIO CUMMETPUIO 3aJa41



TIOJTy9IHM BBIPKCHHUE JUTS TIOTCHIMAIA KBAIPYIIOIBHON JIMH3BI:
Uy, (r,d)) = a,r? sin 2¢ +agr® sin 6¢ +a,,r'% sin109 + ..
IMockonbky x =rcos@ ,a y =rsing , To
Uy, (x,y) =2a,xy +2ag (3x4 - IO)czy2 + 3y4)xy +...
JIuuza Ha3bIBAacTCS HACAIBHOM, €CIM TPAJAUEHT MOJA TOCTOSHEH B CEYEHHH

anepTyphbl. U3 BbIpaXXCHHUA U1 MOTCHIHAJIa BUAHO, YTO €CJIH IOJIOCA JIMH3bL
OTrpaHUYCHbBI rnnep60naMH, Ha MOBEPXHOCTHU KOTOPBIX Xy = const, TO IpHU yC-

JOBHH dg = a;y =...=0 Ha nosepxHoctH nomocos oyaer Uy =const B cede-
HHU anepTypsl. To ecTh Ans uaealbHOU JIMH3BI UMEEM

Uqb =Gxy; G = const ;
_9Up g 29U _

B, = ; — =0Gx,
Todx %y 0y
rie G = |grad BX| = |grad By| - TPaIUEHT TTOJIA.
B anekTpocrartiueckoil 1uH3€e (CM. PHCYHOK) MEIu- ¥

aHHBIE OCH MOBEPHYThl OTHOCHUTEIbHO MAarHUTHOMN
JUH3Bl Ha 45°. B BBIp@OXKCHMAX I IOTCHIHANA
CHUHYC JIBOMHOIO yrja MepexOJuT B KOCUHYC, U JJIs
HJIeaJIbHOM 3JIEKTPOCTATHYECKOM JIMH3BI UMEEM

U, :%GE(xz —yz),
2V

Ex:Gx;EyZ—Gy, G:a—z,

Te a — pajuyc anepTyphl JIUH3H (PACCTOSHUE OT OCH J0 3IIEKTPOJIOB).

B KOpOTKMX NHH3aX MPOMCXOINT HMPOBHCAHHE OIS 32 Kpail JMH3BI, U TPpaIu-
€HT HaYyWHAeT 3aBUCETh OT MPOJOJIbHOW KoopAwHATHL. [loTeHIMan KOpOTKOU
JIMH3BI TOJKEH YIOBJIETBOPSTH [IOJIHOMY ypaBHeHHIO Jlaruiaca

0°U oU. 0°U, U
% 19% 1 I Y OC
ar> r 0r 7 ¢’ 9z
KOTOPOE MOXHO PEIIUTh METOZOM pa3zeiieHus nmepeMeHHbIX. [IpubmmkenHoe

BEIpaKEHHUE JUIS TIOJIA KOPOTKOH JTMH3HI B IPEHEOPE)KEHNUH HETMHEHHBIMU dIIe-
HaMH

:0’

B, (x,y,z) = G(Z)Ej/ ,

By (x,y,z) = G(Z)Dc .
Eciu aivHa MoJII0COB B HECKOJBKO pa3 MPEBBILNIAET PagUyC alepTyphl, TO HaH-
OoJice TPOCTasi aNNPOKCHMAIMS IO KOPOTKOM JIMH3BI — aIllIPOKCHMALIUS
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“KBaJIpaTHOM BOJHOMN™: G(z)= const Ha JUIMHE JIMH3BI U G(z)= 0 BHE JIMH3BL

DTa amnpOKCUMAIU MOXKET ObITh YTOYHEHA, CCIIM BBECTH SKBHBAJICHTHYIO JJTH-
Hy JMH3BI C ITOCTOSTHHBIM TPAJINEHTOM W MON00paTh ee UIMHY M TPaIueHT Tak,
9TOOBI JAEUCTBUE ITOW JIMH3BI OBLIO B HEKOTOPOM CMBICIIE YKBUBAJICHTHO JCHCT-
BUIO PEAIbHON JIMH3BI.

AmMnep-BUTKH, HEOOXOAUMBIE [UIS CO3AHMA IOJIS C 3aJaHHBIM T'PAaJHEHTOM B
MAarHATHOM JIMH3E, MOXKHO HAWTH, UCXOJd U3 MHTErpajbHOTO ypaBHEHHs Mak-

CBCJlIa:
Hdl =(jds.
fra=pre

VY 1oGHBIH ITyTh HHTETPUPOBAHUS MOKa3aH Ha pUCyHKe MyHKTUpoM. [Ipn Berumc-
JICHUM MHTErpajia B IPaBoi 4acTh NpeHeOpeKeM HaNpPsKEHHOCTHIO MarHUTHOTO
IoJIsl BHYTPU cepAedHHKA. [Ipu pacCcTOSHUM OT OCH [0 MOJI0CAa PABHOM d, UHTE-
rpal B JIEBOM 4acTH €CTh

a/A2 1 a/2 G a/2 G 2
fﬁdl= J’Hydy:— J'Gxdy=—:;_ Idy: a .
r —a/\2 Ho —a/A2 uo 2 -a/A2 Ho

rae My =4m 0077 I'/m — MareuTHas NPOHHMIAC-

MOCTB BaKyyMa.
Hurerpan B npaBoii yacTu

jds=2N1,
Jre

Nle

rae N [ - 4uciio aMIep-BUTKOB, MPUXOISIIUXCS
Ha onxuH momoc. [IpupaBHnBas 06a mHTErpasa,
IOy IUM

Sl

NT=-00°Ga.
41T

DMIMPUYECKH OBLUTO YCTAHOBIEHO, YTO JUIS YUETA CTAIBHOIO CEPACYHUKA YUCIIO
aMIep-BUTKOB HaJ0 yBennauTh Ha 10 %. D10 maer
6 2

NI1=04400"[Ga“.
®opmyna Hamucana B cucteme CU. OOBIYHO MPH pacueTax MPUHATO U3MEPSThH
MHIYKLIMIO B Tayccax, a TPaJMeHT MardMTHOTO MOJI B rayccaX Ha CAaHTHMETP
(1 T'c/em = 100 Ta/m). st 3THX eUHUI]

NI1=044Ga*, [1]=A, [G]=Tclem, [a]=cm.

MormHoCTh, paccerBaeMasi B KBaAPYIOJIbHOMN JIMH3E TPU MHUTAHUA €€ 0OMOTOK
MOCTOSIHHBIM TOKOM,
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(0,44) G%a* E,3@1\71:(0,44)20%14 PIGINI _

P=I’R=
N? Sh N2 S,f /8N)
=620PL 624"
So.
3nech [P] =BTt — MOIIHOCTb PacCesHus,

[p] =OmMmhi — y#e’apHOE COMPOTUBIICHHE OOMOTKH,

[l] = cM — CpeJHsis [UTMHA BUTKA,

[SO] =cM?  — cymMMapHas IUIOMa (b OKOH JUIS PAa3MEIIEHHs 0OMOTOK
(S — cedenune TpoOBOTHUKA OOMOTKH),

f — K09 (DUIUEHT 3aM0IHCHHS OKHA, PABHBIN OTHOIICHUIO

IIOJTHOTO CEYEHHs NPOBOIHNKA OOMOTKHM K IIIOIIAAN OKHA,
[G] =I'c/cM — rpajMeHT MarHUTHOIO 110,
[a] =cM — paaMyc MarHUTHOM amepTypEL.
OTMeTHM, YTO MOIIHOCTH PAcCEsHHUs TNPONOPIMOHAIbGHA YETBEPTOH CTENEHH
pajiyca anepTypaL.
YpaBuenus Marbe-Xuiia

ypaBHeHI/IH MONEPEHYHOTO ABWIKCHUSA 4YaCTHULBI B npeHe6pe>1<erm 3aBUCHUMO-
CThIO OT IMONEPCUYHBIX CKOpOCTCﬁ

d,
—5;‘ = e[wa -B cBwy]—eﬁ cB,,,
dp
TrzelE,, +Bey v epes,..

IJIc HIKHUN MHICKC (0 0003HAYaeT YCKOPSIOIIUE MO, a @) — (POKYCHPYIOIIHE
TIOJIS] KBAIPYTOIBHBIX JIMH3. KOMITOHEHTHI 37IEKTPOMAarHUTHBIX TIOJIEH PaBHBI:

JUISL YCKOPSIFOIIMX MOJIeH JUtst POKYCHPYIOIIUX MMOJIeH
x 0F y 0F
E, =-— wz  F  =-= @ s B, =G R
wx 5 dz wy 2 dz dx (Z)Dy
ﬁE QE
By, =~ yz 2e, By, = xz L By, = G(Z)DC :
2c ot 2¢ dat
Torpa
E E
dpx_—eﬁcG XEEB wz+BE@ sz
dt 0oz c
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dp, E E
p} :eﬁCG(Z)[j/—lEEB wz +£[? (A)ZH
dt 2 00z c 0t [
VYckopstomee akCHalbHO-CUMMETpUYHOE mone Tuna TM E, (z,t) =E,cos¢,

oo
rae ¢ = w—f ———1t= Torna BeIpaskeHUE B KPYIIIBIX CKOOKAX PaBHO
Jp € I

O

0E,, +£EﬁE“’Z __Tek,sing .
0z c 0t BA y2

Kak u panbire, npeHeOperas H3MEeHEHHEM dHEPTUU MEIJICHHON (QyHKIMEH Bpe-
MEHHU ln(y), TTOJTy9UM

d*x ek, sin ¢

my—— =—-ef3 cG [k +
y B BAy

dr*
myd—2y=e,BcG[j/+neE0 51§1¢

dt BAy
KoaduumeHTh B ypaBHECHHSX MONECPEYHOTO BIXKCHUS TEPUOIMUYCCKH 3aBUCST
OT BpeMEHH: KOI(PPHUIMEHT YCKOPSIOLIETO TOJIS - NEPHOANYECKHUIA C MEPHOO0M
YCKOPSIIOIIEH CTPYKTYpHI, a KoaddunneHt G epuoandeH ¢ neproaoM GpoKycH-
pytomero nonst S. OObr4HO TIepHOI (HOKYCHPYIOLIETO IOJSI COACPKHUT IENoe
YHCIO TEPHONOB YCKOPSIOMICH CTpYKTyphl. [loaTromy B mambpHelmieM OymeM
CYMTATh, YTO YKA3aHHOE COOTHOIICHHWE MEPHOJOB BBIMOJHSACTCS. Y PaBHEHUS
MOMEPEYHOr0 JIBHKEHHS CBOASATCS K JIMHEHHBIM YpaBHEHHSM C MEPHOITYECKHU-
Mu kodddurentamu. [lepeiinem k Oe3pazMepHO mepeMeHHONW T , HOPMHUPO-
BaHHOM Ha Nepuo] POKYCUPYOIIEro mouis S :

dr=(Bc/S)dt .

HOJ’Iy‘IeHHLIe YpaBHCHUS MOTICPEHHOTO ABUKCHUS ICPCITUIITYTCA

E

2

0.

— =0,
2 10.0)

T
2
Z’TJZ}+Q}’ T)I:j/:(), 7.1)
e 0,()= 0,0)+0,0)= AN m(r)-4, ().
0,(r)=-0,)+0,{)=-N m(r)- 4, ().
eGS?
311€Ch N =222 — mapamMeTp KBaJApYNOJbHBIX JUH3 ( p, - UMITyJIbC CHH-
Ds

XPOHHOH 4acCTHIIBI),
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h(T) — 0e3pa3mepHas nepuoandeckas (yHKIHsI, OTIMCHIBAIONIAs pacipeiene-
HHUE aMILTUTYIbI (DOKYCUPYIOIIETO ITOJIs BIOJb OCH ycKoputels. Js
MPOCTOTHI CYMTACTCSI, YTO h(r) =1 BHyTpH JIUH3bI, GOKyCHPYIOLICH B

IIOCKOCTH XZ, h(T)= —1 BHyTpHU nedoKycUpyromeil JMH3bI B 3TOM

TUIOCKOCTH U h(T) =0 B IpoMeXyTKaxX MEXIy JTUH3aMHU.

meE, S* . g i
A4y = 6—033 sing = ZHZ—ig % sin ¢ — mapameTp 1e(pOKYCHPOBKH,

mc*A B3y O sing,
eEA _ sin .
Q? = w? > IZ-I—¢‘3 — 4acTOTa MaJIBIX MPOJIOJIbHBIX KOJICOaHHIH,
me® 2By

g(T) — Oe3pa3mepHas epuoueckast yHKIH, ONMCHIBAIOIAs pacIpeie-
JICHUE aMIUIUTY (bl YCKOPSIOIIETO MOJISI IO OCH YCKOPHUTEIIS.
Jluneiinble ypaBHEHHMS MOJYYEHHOTO THIIA HA3bIBAIOT ypaBHEHUSIMH Marbe-
Xunna. B ypaBHeHUsIX epeMeHHbIe pa3jeneHsl. byaeM paccMarpuBaTh 0JHO U3
9THUX YPaBHEHUH, OyCTUB HHJCKCHI:

2
d—);+Q(r)Dc =0. (7.2)
dt
[Mycts Q(T ) IIOKa MPOM3BOJIbHASL (DYHKIMS BPEMEHH, a u(T) u v(T) - JBa JIU-
HeﬁHO HC3aBUCHUMBIX PCHICHHS C HaYaJIbHbIMU YCJIOBUSMU M(O) =1 . Q(O) = 0 5
T

v(0)=0, j—‘;(O):l. Torna pemenue x(T) C HayajbHBIMHU YCJIOBHSAMHU

x(O) =Xg ¥ ﬂ(0) = X(, MOJKHO BBIPa3UTh Yepe3 u(T) u v(T):

dar
x(t) = xy ult)+x; v(r).
BpoHckuan (nerepmuHaHT BpoHCKOTO) Mapbl pelieHuil JTMHEHHOTO ypaBHEHUS

BTOPOIro nopsaka, HE COACPIKAIIUX HepBOﬁ HpOH?,BO,HHOfI, €CThb BCJIMYKWHA, HC
3aBucAIas OT BpEMCHU, U IJIA BLI6paHHLIX peHIeHI/Iﬁ paBeH

B0 ) g ge) o) g

dv = Dd_u dv =1=const .
—(r)d —(0)d
W7hy (T) dt (T)D m7hy (0) dt (O)D

Bo3pmeM B kavecTBe (pyHIaMEHTAIBHON Taphl pPEHICHU Ba JTUHEHHO HE3aBU-
CHUMBIX KOMILUIEKCHO-COTPSHKEHHBIX PEIICHNS:

X @) =ult)+ivr)=x(r).
X () = ulr)-iv(r) = x"(r).
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I[HH HHUX BPOHCKHAH, 4 BMECTC C HUM M YCIIOBUC HOPMHUPOBKH JJIA KOMIUICKCHO-
COMMPAKCHHBIX peHIeHI/Iﬁ paBCcH

w0 XOF e
= O — _ v X — _n;
Y=g gy XOEE ()X €)= 21

T dt
[TpeacTaBUM KOMILIEKCHO-CONPSDKEHHYIO (DYHAaMEHTANIbHYIO Mapy pelieHud B
SKCIIOHCHIUAIBHON (hopMe

x[@)=0()e ), xOf)=o(r)e ¥,

Torma moboe neHCTBUTENLHOE pelieHre ypaBHeHHs MaTbe-Xuuia MpHHAMAET
BUJ
x(T)=ax({)+a0x™r)= 40(r)cos[Ww(r)+ ),

rne A, © - mpou3BOJBHBIC, NCHCTBUTEIBHBIC MTOCTOSHHEIC, 3aBHUCAIINE OT Ha-
YJaJIbHBIX ycloBHid. [TonmcTaBiss perienre B S9KCIIOHSHIMAIBHON GopMe B ycio-
BHE€ HOPMHPOBKH, IOIyYNM CJIEIYIOUTYI0 OOMIYIO CBSI3b MEXIY CKOPOCTBIO H3-
MEHEHUS (a3bl PEUICHUS U MOJIYJICM PELICHUS:

dwy 1

—— = (7.3)

dt ¢
A TIOoJICTaHOBKA B UCXOAHOE ypaBHeHHE (7.2) maeT ypaBHEHHE, KOTOPOMY YIOB-
JIETBOPSET MOMIYIIB JIFOOOTO KOMITIEKCHOTO PEIICHHS:

2
d°o 1
+0(r)o-—=0. (7.4)
2 3
dt o
Eme pa3 ormeTum, 4TO MOJy4YEHHBbIE CBOMCTBA PEUICHUNA OTHOCSTCS K JIMHEH-
HBIM yPaBHEHHUSM BTOPOTO TMOpsAAKa ¢ KO3(PHUIIMEHTOM, SBIAIONIIMCS TPOH3-
BOJIbHON (DYHKIIMEH BPEMECHH.

[Ipeanonoxum tenepb, 4YTO Q(T) - nepuoauueckasd. Ilycts X, (T) u X, (T ) -

MIPOU3BOJIFHAS JTMHEHHO HE3aBHCUMAs Mapa KOMIUIEKCHBIX PEIICHUH ypaBHEHHS
Martpe-Xumna. Tak kak ypaBHeHwe (7.2) cTaqo WHBAPHAHTHO OTHOCHUTEIBHO
npeobpa3oBanus mepemenHoit T' =T +1, to ¢yHKuum X, (T + 1) u X, (T + 1)
Takke Oynyrt pemenusmu ypasHeHus (7.2). C npyroil CTOpOHbI, UX MOXKHO BBI-
pa3uTh uepe3 IMHEHHYI0 KOMOMHALMIO X (T) u x,\r):

X @ +1)=a,x, @)+ anx, ().

X2 (T +1)=ay X, [0)+ ax x> (1)
O6pa3yeM HEKOTOPOe HOBOE KOMIUIEKCHOE pelieHue ypaBHeHus (7.2):

9 ()= 4x,()+ Bx, ().
Torma
9T +1)=ax, [T +1)+ By, [t +1)= (4a,, + Bay, )x, (1) + (day, + Bay, x, ().
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Bri6epem xoaddunmentsr npeodbpazoBanus A U B Tak, 4TOOBI YAOBIETBOPSIIOCH
TOXIECTBO

o[ +1)=29(), (7.5)
rae A - IMOCTOsiHHAs BenuuuHa. YciaoBue (7.5) BBIIONHAETCS, €ClIM KO3 HHUIm-
€HTHI MPEOOPA30BAHNUS YAOBICTBOPSIOT YPABHCHUSAM

Aay, + Bay, = A,
Aay, + Ba,, = AB.
HeTpuBunansHOe perieHre CUCTEMbI BO3MOXHO TPU
aj; = A a1 | _ 0.
ap ap =A
Takum 006pa3oM, A - KOPEHb KBaJPATHOTO YPaBHCHUSI
X =(ay, +ap A +(ay,a5 ~appa,,)=0, (7.6)

a koa(duieHTsl A 1 B B 3aBUCUMOCTH OT KOHell ypaBHeHust A = A;,A, ecTb
—_— e, === (7.7)

MOo>HO TOKa3aTh, YTO BEIMYHHBI ¢ ; ; HE 3aBHCAT OT BbIOOpa (yHAaMEHTAJIb-

ij
HBIX pELICHUH X, (T), X2 (T) Torma eciu W(T) u W(T + 1) - BPOHCKHMAHBI
byHKIni X, (T) u X, (T ) , TO JIETKO ITOKa3aTh
W(T + 1) = | (a)| [W(T) = const = W(T)
Otkyna
( ) _|4n 42| _ _ =1
| a | = =apay ~apdy =1.
dy Ay
CyMMa JHMaroHaJbHBIX 3JICMEHTOB MATPHIIBI HA3bIBACTCS Ce0OM WIH WUNYPOM
JAaHHO# MaTpuIlbl. BBenem i Hee 0003HaUCHHE
a; tay = Sp(a)=20hl.
Xapakrepuctuieckoe ypaBHeHue (7.6) ynporiaercs:
A =2Achl+1=0.

A=chl++ch’ -1 =¢*. (7.8)

IMosTromy mapameTp [ HA3BIBAIOT XapaKTEPUCTUUECKUM MOKA3aTeIeM YPaBHEHUs
Martbe-Xusuia.
ITpom3BeneHre KOPHEH XapaKTepUCTHIECKOro ypaBaeHus AA, =1, win

A=A A =4

A
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Takum o0pa3om, CyIIecTBYeT €IMHCTBCHHAS Iapa JMHEHHO HE3aBHCHMBIX pe-
IICHUH ypaBHEHUs MaThe-XWIlTa, YAOBICTBOPSIOIAS YCIOBHSIM

#6+1)=29,6). 0,6 +1)=4,0). (7.9

D10 yTBep)KACHHE Ha3bIBaloT TeopeMoiri dioke. DyHIaMeHTaIbHAS Mapa perie-

HUH ypaBHeHHs MaTbe-Xniia, yAoBIeTBOpsIoias ycioBusaM (7.9), Ha3piBaeTCs

+i v
dynxuusmu  droke. B wactHocTH, dynkumu e ' ®T  mpencrapnsmior coGoii

¢yukiun Ooke ypaBHEHHS TapMOHHYECKOTO OCIJUIATOPA. 3alMIIeM BbIpa-
JKeHUe UIa MoayIiel GyHkimi Dioke:

|¢1(T+1)|:|A ||:l]¢1(r)|’
|¢2(T+1)|:LEF¢2(T)|-

Al
Otcioga cpa3y BUIHO, 4TO o0uiee pemieHue OyIeT yCTOH4YHMBO, eciu |A| =1.
Ecmn xe |}\| Z1, To OWH U3 MOAYJEH JTUHEHHO HE3aBUCHUMBIX PEIICHUN HEOT-
PAHHYCHHO BO3pACTacT U 00IIee PelIcHHEe OyIeT HEYCTONYUBO.
Ecimn B KkadecTBe pemieHMH X, (T) u X, (T) BBIOpaTh KOMIUICKCHO-
COIPSDKEHHYIO apy X (T) = )((T) U X, (T) = XD(T), TO JUTS HUX
x( +1)=a, x()+a,x"),
X +1)= anx(@)+anx).

1
To ecTh B 3TOM cilydae a =47 n chi==\a,, +al} ). Benmunua ch/, xax
2 ~a 5 i tdn

CyMMa JBYX KOMIUIEKCHO-CONPSDKEHHBIX UYHCEN, — BEIMYMHA JIEHCTBUTEIIBHAS.
CrenoBarenbHO, KOPHH XapaKTepUCTHYECKOTO YPaBHEHUsI MOTYT OBITH TOJIBKO
JIeHCTBUTENBHBIMY UIN KOMILIEKCHO-cONpskeHHbIMU. Ilycts [ =k +i . Torga

ch(k+iu):chkcosu+ishksinu .
IockoneKy ch/ - BenmuMHa NeHCTBUTENbHASA, TO BO3SMOMKHEI TONBKO JBa CITy-

yas.
1) pu=xnm,l=kzxinm,tae n - moOble nenble uncia. Toraa

A=)t Ay =(1)ye.
OO1wiee perieHHe HEYCTOHYUBO: | A | #1. [Ipuuem Takux obyacteil HeycTOWYH-

BOCTHU 6€CKOH6'{H06 MHOKECTBO. I[eﬁCTBHTeHLHLIM KOpHSM COOTBETCTBYCT
|chi|>1 (cm.7.8).
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2) k=0, [=ipu. Obmee peuenne ycroitunpo: A =e*'H |)\ | =1. Iapa-
METp [ MOKHO TPEICTaBUTh B BUme M =H+n7, tne 0< [ <. Torma
A =(1)e P, A =(-1)e . Kaxnomy n coorBercTByer cBOS 06GMACTH
W3MEHEHUS TTapaMeTPOB (PyHKIIUH Q(T), JUISL KOTOPBIX 00IIee pelieHne yCTok-
YUBO. Y CIIOBUEM YCTOMUMBOCTH SIBIISIETCSI HEPABEHCTBO

|chl|=|cosu|<1. (7.10)

[Ipn anHanm3e momepeyHbIX KoJIcOAHWH OCHOBHOW HMHTEPEC NPEICTABISIOT
peleHust B nepBoi odsiactu ycroiunBoctH pu # = 0. B ycroiiuuBeIX obmacTsix
¢ynxunyu Diioke Beerja MOryT OBITh BRIOPaHBI KOMIUICKCHO-CONPSDKEHHBIMU. B

caMoOM Jene, IyCTb X; = X, X, =X 5, IIpu sTOM a,, = aIDZ. Hcnonw3ys BeIpa-
xKeHue 11 ko3pdunueHtoB 4, u B, (cm. 7.7), moaydum

A —a
¢1:A1E¥+—1 W HXDE,
ap
A, —al
¢2232E)(D+ 2 IIXDH
ap

B ycroitunBoii obmactu A, = )\ID, TaK YTO BBIPAKEHMSI B CKOOKaX KOMIUIEKCHO-

conpspkeHHble. Beibupas B, = AID, nMeeM

9.()=p{)e ), ¢,0)=plr)e 0. (7.11)
B cootBerctBum ¢ Teopemoit diioke
p(T +1)ei®(r+1) - eiyp(r)em(r)_
Otcrona
p(r+1)=p(r)
d)(r + 1) = d)(r)+ U
Mopnynb ¢ynkiun ®Diioxe B yCTOHYMBOW 00jacTH — mepHonuueckas (QyHKLIUS
BpeMeHu ¢ mepuomoM AT =1. Paza ¢yaknum Pjoke Ha KKIOM IMEPHOJE
AT =1 Bozpacraer Ha BenuuuHy [ . JIIo0oe AeHCTBUTENBHOE pEIICHHE ypaB-

(7.12)

HeHus: MaTbe-Xwla B yCTOHYMBOM 00JIACTH MOJKET OBITH BBIPAXKEHO Yepes
MoayIb 1 a3y Gynkuuii dioke:

x(t)= 4 p{t)cos[o{)+ ). (7.13)
Hopwmuposka s gpynkiun dioxe
g’ _ ,odd _ .
— = —=-2i.
¢ dt ¢ dt l
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Ecnn Berancnen moayns Gpyakiun dioke, To oHa OyIeT MONHOCTBIO Onpenese-
Ha, TaK Kak ee a3y MOKHO BBIUYUCIHUTH B COOTBETCTBHH C (7.3):
T
dr’
ofr)= (47
2 (T :)
L P
Bripaxenne (7.13) B HameM ciy4ae ONMMCHIBaET TPACKTOPUIO MHIMBHIYATbHON
YaCTHILBI B KECTKO(DOKyCcUpyIolieM Kanane. 1 torna mapamerp [ - Haber ¢asbl

(7.14)

MoTepeyHbIX KojebaHuii Ha ofHOM Tepuoje Gokycupyioiero mois. CKopocTh
n3meneHnst (hpaspl DIIOKEe HA3BIBACTCS MTHOBEHHOU YaCTOTOH MOMEPEYHBIX KOJIe-
Oanuit

do
W, =—.
dt
S .
Ecim T, =— - Bpems mposera 4acTHLEH OZHOTO Heproja (GOKyCHPYIOLIEro
v
s
IOJIsI, TOT/Ia
1
W, =—. (7.15)
Typ
BBoIAT Tarke MOHATHE CPETHEH YaCTOTHI MOMIEPEYHBIX KOJICOAHU HA TIEPHO/IC
t+T,

1
Q, =— dt.
T Jt'wr(t)t

3aMeTI/IM, 49TO IIpH T(/) = const MTHOBEHHas 9acTOTa OKa3bIBACTCS IEPHOANYC-

CKO¥l (PyHKIIMEH BPEMEHH, a CPEIHSS YaCTOTa — IIOCTOSTHHOM BEJTHMYHHOM.
Cornacuo BelpaskenusiM (7.12) u (7.14),
T+

[ = J. dr'
- 201"
) p*()
OTcrona
Q, =+
Ty
To ecth mapaMeTp (I MOKHO TAKXKE OMPEAEIUTh KaK CPEIHION0 (IIUKIUIECKYIO)

4aCcTOTY MOTIEPEYHBIX KoieOaHui B MacTabe BpeMeHH T .
[ocne n nepronoB OyneM UMETh

P(To +”): P(To):
oty +n)= ) +np,

rae TO - Ha4YaJbHBIM MOMEHT BPEMCHHU. I[I/ICerTHI)IG TOYKH, OTCTOAIIMC HaA IIC-
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puo, OyIyT JeKaTh HA CHHYCOHJIS
x(r, +n)= 4 p(ty)cos[un+o(r,)+0)], (7.16)
9acTOTa KOTOPBIX PaBHA CPEeTHEH YacTOTE MOMEPEYHbIX KoneOaHuit U . AMIUTH-

TyJa CHHYCOMBI 3aBUCUT OT M30paHHOW HAYaIBHBIMH yCIOBUSAMHE (a3bl IEPHO-
ma T,. AMIUTUTYIa UIMEeT HauOoJIblIee 3HAUYCHUE, ECIIN TOYKa T COOTBETCTBY-

€T MAaKCUMyMYy MOAYJIA CDJ'IOKG, W HaAaMMCHBUICC 3HAYCHUC, CCIIHU TO OTBCUYACT

MHUHUMYMY. TpaeKkTopusi 4acTHIBl YKJIAIbIBACTCS MEXKIY STHMHU 3HAYCHUSIMU.
W3 panee mpuBeICHHBIX KaUeCTBEHHBIX COOOpaXkeHUIT 0 paboTe KBaIPyNOIbHBIX
JIMH3 CIIEAYET, YTO MakcuMyM Monyisi dioke npuxoantcs Ha (GOKyCHPYROLIUH
Y4acTOK, a MUHUMYM — Ha Je(OKYCUPYIOIINH.

IIy4yok yacTuil B ’KeCTKO(OKYCUPYIOIIEM KaHAJIe

IIpu BBIOOpE MapaMeTPOB KEeCTKO(MOKYCHUPYIONIETO KaHalla JOJDKHA OBITh B
MepBYI0 odepenb obecreueHa yCTOMYUBOCTD Tpaektopuid. [loBeneHune mydyka B
KaHaJIe 3aBUCHUT OT HAYAIbHBIX YCIOBHH Ha BXoje. [1o7 Ha4YaIbHBIMH YCIOBUSI-
MU MPH PELICHUU 33/Ia4M TONCPEYHON UHAMHUKH OOBIYHO MOHUMAIOT pa3Mep U
HAKJIOH OTHOArOIIeH IMydYka B KaXIOW M3 MOMEPEYHBIX TUIOCKOCTEH WU APYTrHe
BEJIMYHMHBI, OJTHO3HAYHO C HMHU CBSI3aHHEIC.

[Ipu nBHOKEHUH YACTHUI] B JICKTPOMATHUTHOM TOJIe 000OIICHHBIM UMITYIIECOM,
KaHOHHUYECKU COTPSDKCHHBIM C JICKAPTOBBIMUA KOOPAMHATAMH, SIBIIACTCS TIEpe-
MEHHas

P=p+4,
Tae p=myV - HUMIYyIbC dYacTHipl, A - BEKTOPHBI MOTCHIWAT TIOJIS:

B=rotA. Ecli B MAarHMTHOM IOJ€ OTCYTCTBYET MPOJOJbHAS KOMIOHEHTA
(B,=0), 10 4, =4,=0, P.=p, u P, =p,. Takum 00pasom, npu asnxe-
HUM B Iuiockoctd XOZ, He 3aBUCALIEM OT OCTaJIbHBIX NMEPEMEHHBIX, M IPH
B. =0 ¢a3oBslit 00beM coxpaHseTcs B IEPEMEHHBIX X, p .. [IByMepHbIM (a-

30BBIM 00BEMOM ITy9YKa Ha3bIBACTCA BEJINYMHA

1
V. = dxdp
. nmcI D,

rae UHTErpal 6epeTcs{ o BCEMy 06’I>CMy, 3aHATOMY IMPCACTABIAOIIUMU TOYKA-
MH IIy4dKa Ha IJIOCKOCTH X, D, . YacTto B KadyecTBe MEpPbI (baSOBOFO o0bema

TIIPUHAMACTCA ACJICHHAs Ha 7T IUIOLIAAb, 3aHATas NPEACTABIAIOIIMMU TOYKAMH

dx
My4YKa Ha TIOCKOCTH X, X' = = :
'z
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E= ni.[dx dx'.

OTa BeJIMYMHA HA3bIBAETCS AIMUTTAHCOM ITy4Ka. DMHUTTAHC IydKa CBSI3aH C I10-
nepeuHbiM (pa3oBBIM 00EEMOM COOTHOIICHHUEM

Vn (7.17)

By

Hakmon tpaekropun —x' ~ p./p,. Eciu p, He 3aBHCHT OT z, TO IUIOTHOCTb

E =

NpEeACTABIAONIUX TOUYCK B HNPOCTPAHCTBE X, x' B OKPECTHOCTHU HeKOTOpOﬁ 3a-
,HaHHOﬁ 00JIaCTH OCTAETCS MOCTOSIHHOM u, CJICA0OBATCIIbHO, SMUTTAHC (I/IJ'II/I IJ10-
manab ITOH OerCTHOCTI/I) — WHBApUaHT. Ecmmn P, 3aBHCHUT OT z, KaK 3TO U €CTb

IpY YCKOPEHUH ITyYKa, TO SMHTTAHC MEHseTcs 00paTHO NPONOPLHOHANIBHO P, .
Tak kak p, ~ By x', To ynoOHee paborarh ¢ AByMEpHBIM (a30BbIM 00BEMOM
mydka V,, SIBIAIOLIMMCS WHBAPHAHTOM IBIDKCHHUS IIPH H3MEHSIOIIEMCS P, .

Ero uHorzaa Ha3pIBalOT HOPMAIU30BaHHBIM SMUTTAHCOM.
[TockonbKky B ypaBHCHHSAX IONEPEUHBIX KOJCOaHWI BBeIeHa Oe3pa3MepHas
BeJIWYMHA T , TO YOOOHO MOJB30BATHCS (PAa30BOH MIIOCKOCTHIO C KOOPIAMHATHEI-

dx dx
MH OCSMH X, d_ IIpousBoaHast d_ CBsI3aHA C HAKJIOHOM TPAa€KTOPUH COOT-
T T

X X
HOIICHHUEM d_ = Sd_ . HYCTL M3BCCTHA MNPOCKLHA IMONCPEYHOI'O (baSOBOFO
T z

dx
o0bema 1ydka Ha IIOCKOCTh X, e Y DTa MMPOEKIMS OTPAHUYEHA JIUIUIICOM

T
w4 B e oy (7.18)
dT O dr
[Tnomanp, 3aHaras npoeknueii Gpa3zoBoro oobe- %

Ma, paBHa TTF, rae F, = MN — npuBeIcHHBII
00BeM IydKa, — €CTh MPOU3BEACHUE IMOIyocei Ny
ammunca (cM. pucyHok). Ecmu E — sMHTTaHC
mydka, To Fy, =S E. CBsi3p Mexmy momeped-

HBIM (baSOBLIM 00BEMOM U MPpUBCJACHHBIM €CTh

ByF, _BeyFy, _ vFE _YVFK
S cS c(S/Bc) ch,'

Veo=BYE=
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MOo’KHO TIOKa3aTh, YTO MPHUBEIECHHBIH 00BEM CBsI3aH C KOI(PPUIIMCHTaMU ypaB-
HEHHS PABEHCTBOM
1

\/ab—c2 .

WupuBuayansHas TPaeKTOPHS YaCTHIIBI, BRIPAXKCHHAS 4depe3 MOIYJIh U (asy
MIPOU3BOJIFHOM Mapbl KOMIUIEKCHO-COMPSDKCHHBIX (PYHIAMECHTAILHBIX PEIICHUH,

Fy =

x =40 cos(W+0), (7.19)
dx _ do
- Ad—cos (w+o)-4 —sin (w+0). (7.20)

Bripakenus (7.19, 7.20) npencrapnsitor co0oi ypaBHeHHe (ha30BOil TpaeKTOpUU
YacTHLBI B IapaMeTpuyeckoil gopme. Bemmuuabel 4 1 © 3aBHCAT TOJIBKO OT
HaYaJIbHBIX YCJIIOBUH W SBIISIOTCS MHTETpajiaMu IBrxkenus. Mckimrodas u3 (7.19,

7.20) TpuroHOMeTpHUYECKHE (YHKIIHH, IOTYIHM UL HHTErPala ABHKCHHS A°

Bvdx 49 §+§§§. (7.21)

dr

Kaxcszy 3HAYCHUIO UHTCTpaia ABUKCHUA A B TeKyHII/Iﬁ MOMEHT BPpEMEHHU T

dx .
Ha MIOCKOCTH X, I COOTBETCTBYET HEKOTOPBIH dutUIic. BribepeM Hada bHBIE
T

do .
yCIIOBUS I MOAYyIs O (O) d—(O) U BEJIMYUHY IOCTOSIHHOH 4 TakuM o0pa3om,
T

4To0b! 2smnc (7.21) coBnan B Ha4aJIbHBIA MOMEHT BPEMEHH C TpaHuLeil ¢aso-
Boro oowsema (7.18):

-— o =¢. (7.22)

Torma Bcem dacThiiaM, JeKalnuM Ha rpaHuie ¢$a3oBoro oobema, OymeT cooT-
BETCTBOBATh OJHO M TO )K€ 3HAYCHUE MHTErpaja ABWXeHUs A, 1 B J000ii cie-
IYIOIMAHA MOMEHT BpeMeHu diumutc (7.21) OyneT coBmagaTh ¢ TpaHUICH Ga3oBo-
ro oowema. [ToacraBuB Beipaskenus (7.22) B paBeHcTBO (7.19), moryanm

A= FO s (723)

OTKyza
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o(0)=/bF, , fj—‘;(o):—%. (7.24)

Bripakenust (7.24) MOXHO NpEICTaBUTh B JPYrOM BUJIE, €CIIH 3aMEHUTH KO3(-
¢uruents! ypasaenus (7.18) momyocsmu M, N ® yrJIOM HakJIOHAa TPAaHUYHOTO
aunica O (CM. pUCYHOK):

U(O)= \/ﬂcos 2a +£sin a,
N M

d—a(o) LM N Hinoa . (7.25)
dr *7 200)aN MO

Ha orubaromeid my4ka jiexaT 4acTHLbI, UMEIOLIME B JAaHHBIH MOMEHT MaKCH-
MaJIbHOE CMEIeHNE OT OCH. Tak Kak 3JUIUIIC TPH BHIMOJIHEHUHN ycnoBuit (7.23) u
(7.24) Bcerma coBmagaeT ¢ rpaHuIei Ha3zoBoro odbeMa BCETO IMydKa, TO JTH00-
My 3HaueHHIO (a3bl © COOTBETCTBYET NpPEACTABIAIONIAs TOYKAa KAaKOW-THOO
YacTHLBI My4Ka, JieKanled Ha rpanuie. [y 7aHHOro MOMEHTa BPEMEHH BCera
Haiinercst yactuna c Qasoif ©, npu KOTOpPoH cos (‘-P + O): 1. Orcrona cormac-

HO BeIpakeHusM (7.19, 7.20) u (7.23) cnemyer, 9To ornbaromias MydKka UMeEeT
BUJI

r(r): FOO'(T). (7.26)
Hrak, ornbaromias mydka B KaXXA0H M3 TOMEPEUHBIX TUIOCKOCTEH MPOTOPIHO-
HallbHa MOJYJII0O HEKOTOPOTO KOMIUIEKCHOTO PELICHUs JIMHEHHBIX ypaBHEHMI
nBikeHus. COOTBETCTBYIOMINIT MOy MPEACTABIsIET cOOOW pelieHne ypaBHe-
nus (7.4) npu HavanpHBIX ycioBusX (7.24), onpenensieMblx (OpMOH M pacmo-
JIO)KEHHEM DJUIMIICA, OTPaHUYMBAIONIEro Mpoekiuio (azoBoro obwvema. Ilox-
cTaBisis BeIpaxkeHus (7.26) B ¢popmynsl (7.4) u (7.25), nonydaem ypaBHEHHE U
HavyaJbHbIE YCIIOBUS JUISl OTMOAIOIIEH:

d2
dr?

10 (0)r, F03x -0, (1.27)

X

T, (O)= \/Mf coszax +Nf sin2aX ,
di :—1 2 _ N2 si
e (0) o (O) (MX N; )sm 2a,

Jnst mnockoctu YOZ uMEIOT MECTO TaKUe K€ ypaBHEHHsI ¢ 3aMEHOM UHJEKCA.
IIpu BEIBONE ypaBHeHU (7.27) HUTAEC HE HCIIOJIB30BAJIOCH MPEATIONIOKCHHE O
nepuoandHoCTH GyHKIMA O, (T) u 0, (T) IIpeamonoxum, ato Ga3oBbiid 00b-

€M ITy4Ka NPEJIICCTBYIOIEH ONTHUKON MpeoOpa3oBaH KO BXOAY B KaHAN TaKUM
00pazom, 4ToObI HauallbHbIE yCsioBHUs (7.25) OTBEUaNIM NEPHOANYECKOMY pelle-
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HUIO ypaBHeHUs 11 Monyiist (7.4). Torma ormbaromas myqka (7.26) Oymer mpo-
MOpIMOHANIbHA MOy IO (pyHKIMU Dioke

rt)=F, p(r). (7.28)
Orubaromue my4ka B KaXIOH N3 MONEPEYHBIX IIOCKOCTEH OKa3bIBAIOTCS IIe-
proanYecKMMU (YHKIMSAMH C TIEPUOJOM, PAaBHBIM INepuony (OKyCHpYIOIIEro
nojsi. Takoll myuok Ha3bIBAIOT COIJIACOBAHHBIM C KaHAIOM. ODJUIMIICHI, OTPaHU-
YHMBAIOIUE MPOCKIMHU (a30BOro 00beMa COIIaCOBAaHHOI'O KaHajla, Ha3bIBAIOTCS
amwmncamu @noke. Koadduunents! ypasuenus (7.18), onpenensroniye 3immc
®roke, — nepuoaudeckue GyHKIMN BPEMEHH:

b:p_’
FO
1 d
__ 1 e
Fy, drt

Kaxxnolt dase nepuona doxycupyromero nonst 0 <7, <1 coOTBETCIBYeT CBOH
ammmnc Paoke, 0OJHO3HAYHO CBSI3aHHBIN C MapameTpamu (POKYCHPYIOIIEro Ka-

d
Haja p(TO ) ﬁ(ro). Omnunc Pioke UCHIBITHIBAET TOXKAECTBEHHOE Ipeobdpaso-

BaHHWE uepe3 mepuoxa (oxycupyromero noist. B Toukax, B KOTOPBIX MOIYINb
HMEeT SKCTPEMyM, MPOM3BOIHAS MOMIYIIS paBHA HYJIO, TaK YTO KOOPAWHATHBIC
ocH (ha30BOH TIOCKOCTH COBITAJAIOT ¢ OCsAMU diututica Dioke. Dmmrc Dioke B
9THX TOYKAX MPUHUMAET KaHOHIMYECKUHA BUJ

2. 85 [_,dlﬁ 2
X + mMaKC D = xMaKC °
[0 wmun drt O

B Touke makcumyma moxynsa Pruoke ormbaromas IMEeT HauOOJBIIYI0 BEIHIH-
Hy, @ MCHOBEHHAsl 4acTOTa IMOMNEpeuHbIX Kojebanuit (7.15) muamMansHa. Ha
PHUCYHKE CXEMAaTHYHO TIIPECTaBJICHbI OTHOAIONINE COTTaCOBAaHHOIO IIydKa B
JIByX B3aUMHO MEPIEHAUKYISAPHBIX IMJIOCKOCTAX, CEYECHUS IMydKa M DJUTUIICHI
®noke B HEKOTOPBIX Toukax nepuona. B roukax Il u IV moxynmu ¢ynkimit dio-
Ke uMeroT dkctpemyM. IlogcraBum B paBeHCTBO (7.28) MTHOBEHHYIO 4acTOTY
MoTepeYHbIX Konebanui (7.15):

MHWH

Mo>HO BBIpa3uTh (a30BHIi 00BEM ITydKa Yepe3 MTHOBEHHYIO YaCTOTY U IIOJTy-
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1 2
och ceuenus V =—yw,r°.
c

) p/l @ p/
7

27
y A
)
-

i

N

S]
Iy
S!

AN

[TpomyckHOH cIOCOOHOCTBIO KaHalla Ha3bIBACTCS MAaKCHMaJbHO BO3MOXKHBII
(ha30BBIli 00BEM COTIIACOBAHHOTO ITy4Ka, NMPOIYyCcKaeMblil kaHaitoM. Ilycth a —
pamuyc TOM 4acTH amepTypbl, KOTOpas OTBOAMTCS IOJ CBOOOAHBIC KOJICOAHMS

YacCTHII. HOHyOCB CE€UYCHHUS NOCTUra€T MaKCUMAJIbHOTO 3HAYECHUS ¥V =1, [pHU

W, =W,,;,. CoriacoBaHHbIl Iy4OoK IPOXOAUT KaHal Oe3 MOTEPb, €CIU
Foae < @ . OTCIOZA TTOTydaeM (OpMyITy JUIS IPOILYCKHOW CIIOCOOHOCTH KaHama:

2

r min

V. =1yw a
c

IIpu 3amaHHBIX anepType KaHajla ¥ dHEPTHH YaCTHIL MPOITyCKHAS CIIOCOOHOCTH
KaHaja TeM BBIIIE, YeM OO0JIbllle MUHUMATbHOC MIHOBEHHOE 3HAUYEHUE YaCTOTHI
MOTIEpEYHBIX KOJIeOaHWH Ha Tiepuoae (OKyCHpyromero mois. [IpomyckHyro
CITOCOOHOCTh KaHaa OOBIYHO XapaKTePU3YIOT BEIMIMHON aKCemnTaHca, paBHOTO
MaKCHUMaJIbHO JOMYCTUMOMY SMUTTAHCY COTJIACOBAHHOTO ITy4YKa, MPOITyCKaeMo-
ro KaHaIoM. AKCENTaHC KaHalla CBSI3aH C MPOITYCKHOW CIOCOOHOCTBIO COOTHO-
IICHUEM, aHAJIOTHYHBIM BhIpaxkeHuto (7.17):

g=tn

By

Bocrnonb3oBaBmucsk (7.15), npencraBUM NpOIYCKHYIO CHOCOOHOCTh KaHajda H
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AKCCIITaHC KaHaJla B BUC
V, = . - 5 a’
CT(]; pmax
1
=l
B CT(]) pmax

Ortcroza cienyer, 4T0 B JIMHCHHBIX YCKOPUTENSX NpH Ty, = const NPOIyCKHAs

A

CIIOCOOHOCThL KaHaja B HCPCIIATUBUCTCKOM l'IpI/I6J'II/I)KeHI/II/I HWHBAapuaHTHa, a B
PEIATUBUCTCKOM HpI/I6J'H/I)K€HI/II/I MEIJICHHO pacTeT IPOIIOPHUOHAIBHO Y -

¢axropy.
[Tycts nmonepeunslii Ga3oBbIii 00bEM IMydKa Ha BXOJAE JKECTKO(OKyCHpYoLIe-

ro KaHajla OrpaHHYeH JJUIMIICOM, HE COBMAAA0IInM ¢ dutnncom Dioke Havana
kaHana. Eciu n3BectHbl GyHkiun Diioke Ui JAaHHOTO KaHala, TO OrHOaoLIyro
HECOTJIACOBAHHOTO ITyYKa MOXHO HaiiTh 0e3 mHTerpupoBaHus ypaBHeHUs (7.4).
PaccMOTpHM HEKOTOPOE KOMIUIEKCHOE PEIICHHE YPaBHEHHS IBHKSHUS, MOIYJIb
KOTOPOT'0 — HCKOMasi (pYHKIIHSI O(T) :

x)=0e? =) +c,¢ 0f), (7.29)
rae Ci, Cy - KOMIIJICKCHBIC IIOCTOSIHHBIC:
¢, =Ce™, ¢, =Che". (7.30)

IMockonbKy GyHKIMSA )((T) OIpesieNieHa ¢ TOYHOCTBIO JI0 IOCTOSHHOHU (ha3sl,
MOXEM MOJOXUTb Y; =V, Y, =0. Moaynmun C; u C, CBsI3aHBI COOTHOIICHHEM,

BBITCKAOIIIUM M3  YCJIOBUSA O,HHHaKOBOﬁ HOPMHUPOBKH BCEX KOMILUICKCHO-
COMMPAKCHHBIX peIHeHI/Iﬁ YpaBHCHUS NIBUKCHUS. Tax kak

0 0
X XD_( o D)¢ ¢D
dx dx | T\aciTqc)ldp dg s
dr dr dr dt
TO
ct-c;=1. (7.31)
[Janee, noncrasisist popmyist (7.29), (7.30) B BeIpakeHHE YIS MOTYJIS
2 — O
o _XX 5
HoJy4aem
o(t) = pC? +C2 +20,Coc0s () +y] . (7.32)

Takum oOpa3zom, ormbaromiasi HECOTJIACOBAHHOTO ITyYKa MPEACTaBISAET COOOH
MIPOU3BEICHUEC MIEPUOTUUCCKUX TPOIIECCOB C IBYMS YacTOTAMH: C YacTOTOM
MOBTOPEHUS (DOKYCUPYIOLICH CTPYKTYPBI U C YIBOCHHON YaCTOTOM MOMEPEUHBIX
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. 2
KoneOaHnii 2@, , WK B CPEJHEM 3a NMEpUOA (POKYCHPYIOIIETO OIS K . Ecmm

@
OTHOIICHHWE JTHUX YaCTOT BECJIHUKO, TO om6a}omaﬂ HECOTJTACOBAHHOI'O ITy4YKa
HUMCCT MAKCUMYMBbI B KaKIOM IIEPUOAC CTPYKTYPhIL (CM. pI/IcyHOK).

OTH MaKCUMyMbl Ha3bIBalOTCS JIOKAILHBIMH MAaKCUMyMaMHu orubaromeid. B tex
TOYKaXx KaHaja, e
cos 20 +y)=+1, (7.33)

a(r)=(C ¢, )olr).

Tak kax C, >0, C, >0, 10 C, -C, <C, +C,. U3 ycnosus (7.31) caenyer,
C +C,>1,
9TO .
0<C -¢C, <1

[IpakTnaeckn obOe wacTOTHl ormbaromell HUKOTAa HE HaXOIATCS B palMOHAIb-
HOM OTHOIIEHUH, TOITOMY B JOCTaTOYHO JJIMHHOM KaHaie Ha Touky (7.33)
npuaercss MakcumMyMm Moxayns ®noke. B Takol Touke orumbarorias HeCorjaco-
BAaHHOTO My4Ka Oy/IeT HanOOJBIIICH:

O vaxe — (Cl + C2 )pMaKc . (734)
Makcumym orubatorueii (7.64) Ha3bIBaeTCs TIIaBHBIM MakcuMyMoM. JIokanbHbIe
MaKCHMYMBbI OTHOaromei KoieOIroTCs], UMesl TIEpHOJl, NPHOIU3UTENBLHO COOT-
BETCTBYIOIIUI YIBOSCHHOH 4YacTOTe Ionepe4Hsix konebanuii 2U/ T, » - Y3 pa-

HUMCEM

BeHCTBa (7.34) cnemyeT, 4TO TIIABHBIM MaKCHMYyM OTHOAroIeil HeCOTIaCOBaHHO-
ro Iy4yKa BCEraa NPEeBBINIAeT MAaKCHMyM COTJIACOBAaHHOTO ITy4Ka HPH OJHOHM M
TOW K€ BEJIMUMHE IoriepedHoro $azoBoro odbema. ['eomerpuueckas HHTEpIpe-
Talys IMOJYYEHHOro pe3yibrara cieayromas. [I0CKombKy JUCKpETHBIE TOYKH
TPAaeKTOPUH, OTCTOSIINE HA MEpUO]] (OKYCUPYIOIIETro MO, JIe)KaT Ha CHHYCOH-
ne (7.16), To (da3oBble TPACKTOPUH NPEICTABISIONINX TOYEK, paccMaTpHBae-
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MbI€ uepe3 mepuoj, coBmanart ¢ duimncoM dDroke. Onuiem siutunc Droke
BOKpPYT (a30BOro 00beMa HECOrIaCOBAHHOTO IMyYKa (CM. PUCYHOK.). Jlist ompe-
JICJICHHOCTH PAaCCMOTPUM JUCKPETHBIC TOYKH, OTBCYAIOIIAE MAKCUMYMY MOJYJIS
®noke. Da3oBbili 00BEM HECOTIIACOBAHHOTO ITyYka OYIET BpamaTbCs BHYTPH
onucaHHOTOo 3yutuica dIoke Tak, YTO MOIYOCh CEUCHUS OYIET MyIbCHPOBATh C
YIBOCHHOW YacTOTOH BpamieHus. MakCHMaJbHBIH pa3Mep HECOTIaCOBAHHOTO
IMy4YKa OKa3bIBACTCS TAaKUM JKE, KaK pa3Mep COTJIACOBAHHOTO IMy4Yka ¢ (ha30BBIM
00bEMOM, COOTBETCTBYIOIIMM IUIOIIAAX OmucaHHOro dyuuica doke. [Tnomans
onricanHoTO Auunca dioke MokHO Ha3BaTh d(HPEeKTHBHBIM (Ha30BBIM 00BEMOM
My4Ka.

OmnpenenyM TIaBHBIT MakCHUMyM OTHOArOIIel HECOTJIacOBaHHOTO ITydkKa MpU

3alaHHBIX HA4daJbHBIX YCIOBUSIX O (0) , (;;—0(0) (7.25) u npu 3amaHHBIX (YHK-
T

LUAX p(T ), %(T) Hduddepenunpys kBagpart Bolpaxenus (7.32) u nomaras

T =0, c yuerom Bbelpakenuii (7.31), (7.32) momydaem Tpu ypaBHEHHS JUISl OII-
penenenust Tpex HemsBecTHbIX Cp, C,, Y

2C,C, mny——B?dp d—JH ,
drt dt Q-

CE+C}+2C,Cycosy = % ,
=0

C?-C?=1 (7.35)
ITyctp

(€, +c,) =¢. (7.36)
Torma cucrema ypaBHeHU (7.35) cCBOAUTCS K BUAY

dp do
2— ——p— ,
% %ny p0 dr ~P dt E‘:O

TH. 2y _
E—%——%mz——% . (7.37)
¢ 2 O,

Uckmouas y w3 ypaBaenuit (7.37), moydaem

Er-CE+1=0, (7.38)
re %g B—g BJZ’T’ ”;—‘T’ . (7.39)
=0
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Ecmu mydok cormacoan ¢ xaHamom, To C=2 u & =&, =1. Ilpu mob6six
JPYTHX HadalubHBIX ycnoBusix &; >1, &, <1. I'maBHbI MakCHMyM Hecoryaco-
BaHHOTO ITy4YKa

Niax = ElFO pMax . (740)
Benmmunna KOpHA "tl >1] wiaM OMHO3HAYHO CBSI3aHHAS C HUM BEIIMUHHA rmapamMeT-

pa C > 2 MoXxeT CJIIYJKUTb KPUTCPUEM COTJIaCOBAHUA.
Hpe,HHOJ'IO)KI/IM, YTO COTJIACOBAHHBIN IMY4YOK OOJLKEH MMETH Ha BXOAC KaHaJla

dp

KpOCCOBep: d—(O):O. Janee mpenmnosokuM, YTO HECOINIACOBAHHBIN ITy4OK
T

HUMCCT Ha BXOJC MapalyICIIbHYIO 0rn6a}omym, HO MOJIYOCH CCUYCHU OTINYAIOTCA

oT coriacoBaHHbIx. Toraa

c= % N1
=0 o I:?l=0

W3 ypaBuenus (7.38) cnenyer

0

f 5.‘;_8 apu(0)> p(0)

=0

0

28 o)< (0

Tak, Hanpumep, MaKCUMyM HECOITIACOBAHHOIO ITy4Ka MPEBBLILAET MAKCHMyM
1
COIIaCOBAHHOIO ITy4Ka B JBa pas3a, eClau 0 (O) =2 p(O) wm 0 (0) = ) p(O).

IlycTh Ha BXOz€ KaHajla IOCTYNAaeT HECOTJIACOBAHHBIN MYyYOK, JOCTUTAIOIUHI B
HEM pajiyca g, paBHOTO MaKCHMAaJIBHO JOMYCTHMOMY 3HAUEHHIO aMIUIHTY.BI
cBoOOHBIX Konebanmii. Torma, cormacHo BbeIpaxeHwsiM (7.26), (7.40), Ham-
0OJBIINI pa3Mep COTIACOBAHHOTO ITyYKa C TEM e TOMEePEYHbIM (ha30BBIM 00b-
€MOM PaBEH

a

Tvaxe (corm) ==
Véi

Ortcroa MOXKHO HalTH (pa3oBBIii 00HEM HECOTIIACOBAHHOTO ITyJKa
1 ) 1

Vn i VT
c &

HawuGomnpmmii nonepeunslit GpazoBblii 00beM HECOTTIACOBAHHOTO ITy4Ka, KOTOPBIH
MOXeET OBITh MpONyLIeH 4epe3 (OKYCHPYIOUIMH KaHal, CBS3aH C HPOITYCKHOM
CIIOCOOHOCTBIO KaHajla CIEAYIOIUM 00pa3oM:
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V =_K

I MaKC El N

CrnenoBarensHo, ndydmras (pOKyCHpOBKAa IydKa B KaHalle JOCTHIAETCS B TOM
Clydae, KOrja My4OoK IpeJBapUTEIbHO MOATOTOBJIEH CUCTEMOH COITacyrOIUX
nun3. Ilockonbky BemmuuHel £, , Fp, mpu npeobpaszoBaHusx $hasoBoro o0be-

Ma OCTarTCi MNOCTOAHHBIMHM, TO 3ajada CorjlacoBaHus ITydKa C KaHaJoM
do,

CBOLMTCS K IPeoOpasoBAaHUIO YETHIPEX [ApaMeTpoB myuka 0., O, o

>

day

WK, 4TO TO ke camoe, M, , M yo Oy, O TlosTroMy MuUHHUMaIBEHOE

YHCJIO HE3aBUCUMBIX IMapaMeTpOB cornacy}omeﬁ LCIIOYKH JIMH3 B 06HI€M ciy4ac
JOJIDKHO OBITH PaBHO YETBIPEM.

Martpuunsblii MeToA pacyera pyHkuuii Diaoke

PaccmoTpuM npou3BoabHOE JEHCTBUTENBHOE PEILICHUE YPABHEHUS JBIDKEHHUS,
BeIpaykeHHOe yepe3 yHkn Dioxe:

x(t)= 5,9, () + 5,9, (7).

d‘x(r):bl d¢l(.[)+b2 d¢2(T) (741)
dat dt dt
B YCTOfIQHBOfI obnactu (byHKIII/II/I dioke u IIPOU3BOJIBHBIC ITOCTOSIHHBIC KOM-
TUIEKCHO COIIPS)KEHBI, a B HCYCTOI‘/'I‘-II/IBOI\;I obactu — eHCTBUTENLHEBL. Pernenue
MOXHO IIPECACTABUTH B ManPI‘-IHOﬁ (I)opMe

%15 H(pll d¢2 . Eﬁ E (7.42)

T Ddr dr G

H¢1
%z% E% djrzg %@

Teneps 3anumem ypaBHenue (7.41) s momeHnTa Bpemern T +1 :

B" H H¢1 9, T H
%EH Dalr1 djrzﬂﬂtg% d¢2D %E g: TZE:%E

(7.43)

Torma
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IMycte T =n+T', rae n — uenoe ynciio, a T' - mo0as ¢asza neproa, Jexaras B
npepenax 0<7'<1. Tak Kak MCXOAHOE ypaBHeHHe Marbe-Xuila HHBApHAHT-
HO OTHOCHTEJBHO IpeoOpa3oBaHuss T =n +T', TO Ipu Jr0OOM 7 MOXKET OBITH
BbIOpaHa OJHA W Ta K¢ mapa (QyHIaMeHTANbHBIX (yHKIMi. ClemoBaTeNbHO,

MaTpuLa
T
T = g“ 12 E (7.44)
21 T22

HE 3aBUCUT OT 71 . DyeMeHThl MaTpuusbl (7.44) — dyHKIMM BBHIOpaHHOH (a3bl
nepuoga T'. Marpuua (7.44) HaseiBaeTcs Marpuieil nepuoaa GOKyCHPYIOIIEro
HOJISI, HAYWHAIOLIETOCS OT M30paHHoi daspl T'. J[eTepMUHAHT MATPUILBI B Ipa-
BOH YacTu ypaBHeHus (7.42) — BpoHCKuaH QyHkiui droke:

e

Jliist 06paTHOIt MaTpHIBl HIMEET MECTO COOTHOILICHUE

3ol e

Torma mo TeopeMe 0 IOCTOSHCTBE BPOHCKHAHA ICTEPMUHAHT MAaTPHIBI 1’

_e+1)
=
U WT,, -T,,T,, =1. (7.45)

MoXxHO MOKa3aTh, YTO AJIEMEHTHI MATPHIIBI TIEPHOJAa U B YCTOMYHMBOM, U B HEYC-
TOHYMBON 00OJACTSIX — JACHCTBUTENBHBIE YHCIa. Pa3zBepHEM NpOU3BENICHUE MaT-
putt (7.43). Ucnonbays Teopemy @ioke (7.8, 7.9), momrydaem

1 d¢ _ do
T, :_&l “¥2 b S0
11 W|]¢1dT edhdr@
2
T, = _W¢1¢2 shi,

Ty =2 92 g

W o dt drt
10, dp, _ ;. do, H
T, =— Eé —=—e¢p,— 7.46
n =g B0 D (7.46)
U3 paBencTs (7.460) crnenyet, 4TO CyMMa 3JIEMCHTOB IIaBHOW AMArOHAM PaBHA
T, +T,, =2chl. (7.47)
Orcrona chl = %Sp T.
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VCToHuMBOCTD TPACKTOPHH 00ECIICUMBAETCS TIPH BBITOJHCHUH YCIOBHS
SpT <2.

B o6sacty ycroitumBbIxX pemennii / = il u paBeHCTBO (7.47) nmeer Bua

+
cos U = %, (7.48)

rne M - Haber daser diaoke HA OHOM neproje POKYCUPYIOIIETo MOJIs.

BBuay Toro, uto marpuipl nepuoja cBs3aHbl yciaoBueM (7.45), TOJBKO TpH
2JIEMEHTa MOTYT OBITh OIpelesieHbl He3aBHCMMO. BBenem Tpu HezaBHCHUMBIE
BEJIMUMHBI, ONPEACISIONINE MAaTPHILy TIEPHOJIa CIEAYIOLIMM 00pa3oM:

T, +7y
cospu=—1L =22
H 2
T
= |-l

Ty,

sin€ = (7.49)

T
2\~ Tia Ty
B oOmactn ycToW4MBBIX pelIeHHH HapaMeTpsl V W € aedcTBUTENnbHBlE. U3
ypaBHeHHH (7.49) MOTYT OBITH MOJYYEHBI BRIPAKCHUS IS DIIEMEHTOB MATPHIIBI
MIEpHO/ia Yepe3 BBEJCHHBIC HE3aBUCHMBIE TTAPAMETPHI

_ cos (u—s) sin U
h, = » Thp = ’
COS € V cosE
_ Vsinu _cos(;1+£)
Iy=-——— Tn=—_—".
CosE CosE

CBsbKkeM napameTpbl MaTpulpl V , € ¢ MoayneM ¢yHkunu dnoke kanana. [lox-

craBisis BeIpakeHus (7.46) B mpaBbie dacth ¢opmyn (7.49) u yuuTeIBas

o0o3Hauenus i pyHkuuit dnoke B ycroituupoit odnactu (7.11), noryyaem
0’2

v -—@HZ s Lo
pPEMATO p’H
eento ot 1
sin & = _ap P —2D . (7.50)
dt @dr O p°H
W3 Tpex HE3aBHCHMBIX IapaMeTpOB MaTpulpl I OAWH MapaMeTp — BEIHIHHA
MOCTOSIHHAS: I = const, a IBE APYTHUE fV(T ) ( ) - IepuogudIecKue (QyHKIUH
HE3aBHCHMOMW mepeMeHHol ¢ mepuogoM AT =1. [lapamerp £ paBeH HyNIO B
Toukax ’KkcTpemyma monyns ®noke. B Toukax skcTpemyma MaTpulia MepHojaa
YIpOIIaeTCst:
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_Ocosuy —sinp

. _H 1. H
o . v o
FVvsing cospy

Tak kak B 9THX Toukax V =1/p2. » 10 dmmmnc MOKe MPUHAMACT BHI

Makc

2 Cetx Dz 2
TV O = X
MHH E MaKc
Cornacno Belpakenuto (7.50),
dp
tge=-p—,
g P it
1
Vcos€E = ?
Orciona, yunThiBas BeipakeHue (7.14), nmeem
do
—— =Vcos€E.
dt

[MpousBenenue V cos € - MIHOBEHHAs 4acTOTa MOIEPEYHbIX KoJeOaHHil B Mac-
mrabe T . B Macmrabe Bpemenu ¢
_VcosE
r T(p *
[MpomyckHasi CIIOCOOHOCTh KaHAJla ONPECISIeTCS MHHHUMAIbHBIM 3HAUYCHHUEM

MrHOBeHHOH wactoThl (7.51). B Touke, toe wactorta (7.51) mocturaer MWHH-
MaJIbHOTO 3HaueHus, € =0 u

(7.51)

Yo
Ty

3nech V, - BeIMYMHA [IApaMeTpa V B CepelMHe (POKYCHPYIOLIETO MPOMEKYTKA

. =

¥ MUH

npu
€=0 (Tn = Tzz)-
Ecnu marpuua nepuoja BbIYUCIIEHA, TO, 3HAUMT, U3BECTHLI MOLyIb Dioke u
€ro IIPOU3BOIHAS B COOTBETCTBYIOLIEH TOUKE KaHANA:

1
plr) = —.
d V cos &
P ()=-185
dr p(r)
3amada onpeneneHus MaTPHUIbI Teproia POKYCHPYIOIIETO OIS YIIPOIIASTC s,
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€CII TIOJNISl KBAJPYNOJBbHBIX JIMH3 M YCKOPSIONIME IOJS AlPOKCUMUPYIOTCS
“kBazipaTHOI BonHOW”. IIpennonoxkuM, 4To Ha ANMHE L HEKOTOPOro MpoMme-

KYTKA apaMeTp KBaApyHOIbHOM muu3sl A’ ¥ mapamerp aeOKyCHPOBKH Ay

YCKOPSIFOIIETO TOJIS MOCTOSIHHBL. Torna BMecto ypaBHeHus (7.2) ¢ mepuoamye-
CKAMU KO3 PHUIIMECHTAMHU Ha 3TOM MPOMEXKYTKE OYy/IeM UMETh YpaBHCHHE
2
dx
E2+0x=0,
dt

e O, =% N - Ay =const. llpn Q=0 = +A? - A, TpOMeKyTOK poKycH-

pyrommii, a npu Q =0, = -N\? - Ay - nedoxycupyroUmni. Y paBHeHHE JBHKE-

HU Ha pacCMaTpruBacMOM YYaCTKE UMECT PCIICHUC

x(T): Acos \/ET + Bsin \/ET,
%(r): i(r) = -4y/0 Bin /01 + B [kos /0T,

rncAuB— IIPOMU3BOJIBHBIC ITOCTOAHHBIC, KOTOPBHIC OMPEACIIAIOTCA HaYaJIbHbIMU
YCIOBUAMM Ha BXOJC!:

A= x(O) =Xy,
B :Lx(o):on_
N
Ha BbIxo/e IpoMexkyTKa HMeeM

N
X| =X cos \/§T1 + X Esm \/ETI,
%, = —x92J0 Bin JOT, + %, [os \/OT,,

rae T, =L /S - nnuHa npoMexyTKa B JOJISIX Ieproa (POKYCHPOBKH.
Martpuia npeoOpa3oBaHus

H cos L@ L sin —L\/E H
S S O

0 Jo O (7.52)

ﬁ@sin% cos% ﬁ

[Ipennonoxum, 4To Ha [UIMHE Y4acTKa, 3aHATOTO KBaAPYHOIbHOM JHH30M
AnmuHol D, Het yekopsitoutero nomst ( Ay =0). Torna

0= =52 lEG),
P
7



3Hak + oTBeuaeT Qokycupyromiei suH3e (D), a 3Hak — - nedokycupyromeit (/1).
[Mockonbky st nedoKycupyromed JIMH3BI I'PaJUeHT HMEET OTPHLATEIbHBIN
3HaK, TO ¥ BenuunHy () B Marpuie npeodpazoBanus (7.52) st KBaapynosb-

HOW JIMH3BI  CIIEAyeT 3aMeHuTh Ha IQ . YuuteiBas, uto cosiQ =chQ, a
siniQ =ish Q, 3anumeM MaTpuiBl mpeoOpasoBaHUs A (HOKyCHUpYIOmEH H
nedokycupyromei JIMH3

®dokycupyronias JuH3a Hedokycupyroras JinH3a
P—H cos K isinKH P= HChK ishKH
=0 0 (7.53)
D—/\sinK cosK [{\shK chK
/e
Bennunny K = ———— = —— HAa3bIBAIOT HCECMKOCMbIO JUH3bL.

Hpe,HHOJ'IO)KI/IM, 4TO q)oxycnpy}onmn KaHaJI COCTOUT CIUIONIb U3 3HAKOIEpe-
MeHHBIX JUH3 (DJ]). U3 coobpakeHuit cumMeTpun MakcuMyM Momayist dioke
MIPUXOANTCS B TAKOM KaHAJIE Ha cepeAnHy (POKYCHPYIOIIEH JTMH3BI, a MUHIMYM
— Ha cepenuHy nedoxycupyromieit. OTMeTum, uaro kaHaix ®JI mydrre HAYMHATE C
MTOJTYJIMH3BI, TTOCKOJIBKY TOTJa HadaJbHBIE YCIOBHS IJISI COTJIACOBAHHOTO ITydYKa
YIPOIIAIOTCS: COTIIACOBAHHBIM MyYOK IOJDKEH UMETh Ha BXOZE B KaHAI KPOCCO-
Bep. YCJOBHUS COINIACOBaHUs OyIyT BBIMOJIHCHBI, €CIH MOM00PAaTh COOTBETCT-
BYIOIIUM 00pa30M CEUCHHE MyYKa B KpoccoBepe. HauHem mepuon ¢ cepenHBI
(hOKYCHUPYIOIICH JTMH3BIL:

T'=PR,,PPR,,. (7.54)

Martpuua P,,, COOTBETCTBYET IOJYJIHH3E U HIMEET BU]

H K 1 K
COS — —sin —
P, =0 2 N 2|1

%/\sm— cos— ﬁ

Pazsepuem npounssesnenue (7.54)
T, =Ty, =chKcosK,

T, :%(cthinK+shK),

= —/\(ch K sin K —sh K).
Marpuna neprona B nepneHmemepHOH IUTOCKOCTH

T =P ,,PR,,
MOXeT ObITh MoJTyueHa 3aMeHol K Ha BenuuuHy iK :
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T, =Ty =chKcosK,
- _1 .
T =K(CosKshK+s1nK),
Ty =/\(c0sKshK—sinK).

HezaBucumble mapamerpsl MaTpull ompezenstorcs (opmynamu (7.49). s
o0eux marpun € =0 . OcTalbHbIC TAPAMETPHI

Ty + Ty :7_"11*'7_"22 -

cos U = chKcosK,
2 2
T, \/cthinK—shK
V(j): __:A . >
T}, chKsinK +sh K
sin K —cos K sh K
V= =N\, |— s
sin K +cos K sh K

rae V, — Ge3pasMepHas 4acToTa B CepeiuHe (OKyCHPYIOLIEH IuH3bL, V ; — B

cepenuHe 1e(hOKYCUPYIOIICH JTUH3bL. TpacKTOPHH YaCTHIl yCTOWIHMBEI IIPH
|cosu|=|chKcosK|<1.

DOKyCHPYIONTHIA KaHaT MOXET BKIIIOYaTh B ce0s1 X0JocThie mpoMexyTku (O),
Ha KOTOPHIX HET HHU (POKYCHPYIOIINX JHH3, HH YCKOPSIOIIUX CTPYKTyp. Ecim
JUTMHA TaKOTO TPOMEXyTKa paBHa A, To Ha Hem Q =0 . [lepexoxs B MaTpuiie

(7.53) x mpeneny nmpu K — 0 mmomaras D = & , mosrydaem

-

Ecimm MCKIAY JMH3aMH YaCTHUIbl YCKOPAKOTCA B CTPYKTYPEC Ha 6erymel71 BOJIHC

JMHOK [, To Ha 9TOM ywactke O = -4, =-2 Zi gmm S,mf . Takoi
sing,

ciIydail 9acTo BCTpEYaeTcs B JIMHEHHBIX YCKOPHTEISIX Ha CBEPXBBICOKHE DHEp-
rud. B TpenanonoxkeHWu, YTO Ha JUIMHE YCKOPSIOIIETO MPOMEXKYTKAa MEXIY
CMEXHBIMH JIMH3aMH MOXHO TpeHeOpeub H3MEHEHHEeM (a3bl dacTuibl ¢ ,

O = const . Panee ObIJIO TOKa3aHO, YTO It 0OecredeHHs] YCKOPEHUSI U YCTOM-
YMBOCTH MPOJOJIBHBIX KOJICOaHWH HEOOXOMMMO, YTOOBI (haza ¢ HAXOIWIACH B
unrepBasie 0 <@ <7/2. Tornza Q <0, TO €CTh YCKOPSIOUINI MPOMEKYTOK B
o01em cirydyae — 1e(OKyCUPYIOIINiA, M €ro MaTpHLa 3aIlMChIBACTCs B BUIE
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LLE

r=o S 4 5 0 (7.55)
D a
0

Ecnu ke vacTuna ABMXKETCS B Takoi (hase Oeryiueil BOJHBI, IPU KOTOPH mapa-
MeTp 1e(OKYCHPOBKH OTPHIIATEIICH, TO YCKOPSIOIIEe MOJie CTAHOBHUTCS (HOKYCH-
pyIoumM (B HONEPEYHOM HampapiieHHuH !), a TunepOoiandeckne GpyHKIUN B MaT-
puue I” nepexonsT B Kpyrosbie. JlJif 4acTHIl BBICOKOW 3HEPTMU YacToTa Ipo-
OJBHBIX KosieOanuii Mana (Q — 0), Tak 4ro mapamerp aeOKYCHPOBKH CyIIe-
CTBCHHO MCHBIIC ¢IUHHLBL. B 3TOM cityyae marpuity (7.55) MOXKHO ¢ TOCTATOY-
HOW JJIs IPAKTHYCCKUX IIEJIeH TOYHOCTHIO 3aIMCaTh B BUJIC

Hl IH
@44, ﬁ

Jltobast MaTpuIa, y KOTOPOH AIIEMEHTHI TIIaBHOW IHAroHa W OJWHAKOBEI, a Jie-
TEPMUHAHT PaBEH €IUHUIIEC, MOXKET OBITh MPEACTaBICHA B BHIE MPOU3BEACHUS
TpeX MPOCTHIX MATPHIL;

51 Iy 1 1 1
[Ipou3sBons yMHOKCHHE W TPUPABHUBAS COOTBETCTBYIOIIUC 3JICMEHTHI MATPHIL,
MOJTy4aeM
T, -1
a = ] B , b =T 21
Ty
Paznoxxim MaTpuity (7.55) Ha Takie COMHOKUTEIIH:

1J4 1/
a=— N p= [a sVl

T4

Ilpn A4, <<1 nmeem a—i b=4, L WA

47 B

Taxum obpasom, ecnu Ay <<1, TO JEHCTBHE YCKOPSAIOWIETO IPOMEKYTKA

CBOAWTCS K JEHCTBHIO IBYX XOJIOCTBIX 3a30pOB IIMHOHW [/2 W K JeHCTBHIO
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CpefHel MpenoMIISIONIeH MIOCKOCTH ¢ KO3(D(UIMEHTOM MPEIOMIICHHST TpaeK-
TOpUU

Ax /

— =4y

X S
OtHomenue S// eCTh YHCIO YCKOPSIOUIMX MPOMEXYTKOB, IPUXOAAIINXCS Ha
oxuH nepro ¢okycupyroutero nossi. O0b19HO oTHOIIEHKE S /] — 1enoe Yyucio.
Ecmu Ha BceM mepmoge S HeT (GOKYCHPYIONINX JINH3, TO o0 3¢ ekt medo-
KyCUPOBKHM Ha TaKOM IepHOje, cojepkaimieM # =S // ycKOpsIOmUX HpoMe-
KYTKOB, OyJIET XapaKTepH30BATHCSI MATPHLIEH

Hchm ! shm
O

N
e ol

B cootBetcTBHU ¢ Teopemoii CuibBecTpa

H ch Aqb ! sh@H
a

FSZD A(/,

Ecnu napameTp neoxycHpoBKU Mai, TO

I 1
ry= EA IE.
?
Ortcrofa BUIHO, 9TO KO3 (GUITUEHT TPETOMIICHHSI TPACKTOPUH Ha JJTHHE OJHOTO
neprozaa GOKyCHPYIOIIETO MO YUCICHHO PAaBEH HapaMeTpy Ae(OKyCHPOBKH.
PaccMoTpuMm B KadecTBe mpuMepa MpOCTEHIINK (POKyCHUPYIOIINI KaHal, Te-

pHOJ KOTOPOrO BKJIIOUAET YCKOPSAIOUIYI0 CTPYKTYpPY U [BE€ KBaAPYHOJIbHBIE
auH3bl — (Qokycupyromyro JUmMHOH L, u JIeOKyCHPYIOLUIYyI0 UIMHOH

FS:

OOoOoOoocL

L, =S-L,. Jlnga mpocToTsl OyAeM CUHTaTh, YTO [UIMHBI JMH3 OAWHAKOBBHI
(L, =L, ), a rpagueHts! (oKycupymoleil 1 AeoKyCUpyIOIeH IUH3 PaBHbI 110
abcomoTHOMY 3HaudeHuio. [leproa GoKycHpOBKH TydIllle HAYWHATH C CEPEIUHEI
MarHuTHOM muu3bL. [omoxum W2 = Q. Ha pucynke nokaszas Buja koaddunu-
enra W % s oceii x u v (oOmas [uiMHa eprojia paBHa eMHULE). MaTpHibl
MOJIOBUHBI TIEPBOTO U MIOJIOBUHBI BTOPOTO MOIYNEPHOAOB BEIPAKAIOTCS B BUJIE
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H Wi, 1 Wi, H
cos sin
M = O 4 VVl,Z 4 O
o0 Wis w, U
U-W,, sin co g
oot 4 4 0O
A -4, # -4
: M +4 .
: i ¢ L,
L L
| : -
—_— i —
i 5 g

TTonynepron, HaunHatontuiics mpu T =0 (B cepenune GOKyCHPYIOIIETO MOJTY-
nepuoja), umeeT Matpuny B = M, M, a moaynepuon ¢ HadanoM mpu T =1/2

- matpuuy B =M 1M, (BoNHHCTas 4yepTa O3HA4YaeT IEPECTAHOBKY 3JIE€MEHTOB
[JIABHOM IUaroHain). Marpwuiia moJiHoro nmepuojia GoKyCHpOBKH
T =BB.

DJIeMEHTBI MATPHIILI IEPHO/IA PABHBI

Tyy =Ty =By By, *+ By By,

T, ~ 2By By,

Ty = 2By By;.
Winu B pa3BepHYTOM BHIE —

W, W, WEHWP W, W,

T,, =T,, =cos—cos —=———————sin—sin—=,
2 2 2w\, 2 2
N4 W, WE+wi  w, . w, Wr-wi . w,[H
le :L 1 _ICOS_2+#COS_1SIH_2+# S1 _2
w, 2 2 2w, 2 2 2Ww, 2 A

2+ w2 2 _ 2
Ty, =W, Gsin cos V2 e Wy (W o o P Wy g o
2 2 2w, 2 2 MW, 2
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0603HaYNM Ké =N - Ay,
2 _ a2
Ky =N+ Ay .
IS OCH X TIOJIOBHHA IIEPBOTO IONyIEpHOaa, HaunHaromierocs npu [ =0, —
p ynep p
OKYCH 11asi, a MOJIOBMHA BTOPOTO IOJyIEpHoAa ¢ HadajoMm mpu T =1/2—
ycupyro p ynep p
nedokycupyromas. Toraa [uist ocu x UMeeM
W, =Ky,
Wy =iK,.
C ygerom TOTO, 4TO COS K q= ch K e sin iK g =i sh K J1 » DTIEMEHTBI MATPULIBI

T nis ocu x 3aluUIyTCs

K K, K}-K3 K K
T,,=T, =cos U =cos—Lch—A + A P gn A gh A
2 2 2K4K 5 2 2

K K, K}%-K, K. K, K%+K: K
T,=—OnXe S _Za" e Ko g Fn 2%
K, 2 2 2K,K, 2 2 2K,Ky,

K K, K}-K3) K. K, K%+K} K
H 2 2 2K4Kj 2 2 2K4Kj 2 {

Ortcrona HafizeM, uto € =0, a Oe3pa3mMepHas 4acTora B cepeanHe (GoKycupyro-

wero 3asopa V =V, KOTOpasi ONPEAE/seT MPOIYCKHYI CIOCOOHOCTh KaHala,

paBHa
— T21 —
12
K, K% -K2 K, K% +K2, K
gin Ko g fa fa=%e Ko 4 Bn Hp*lRe o Kip
e 2 2 2K4Ky 2 2 2K4Kj 2
- D

K K, K*-K:} K, K, K3i+K: K

sin 2@ A _TA TP o Re g A TA e @ A
2 2KuK, 2 2 2K,Ky 2

I[J'IH OCH y NOJIOBHMHA ICPBOro nojynepuoaa, Ha4MHAIOUWETOCa IIpU T= 0, —

ne(OoKyCHpYIOIIas, a IMOJIOBHHA BTOPOTO MOIyHepHoaa ¢ HadamoMm npu T =1/2
— ¢okycupyrommas. Toraa Uit ocd ) HAJAO MMOJIOXKHUTh

Wy =ik,
Wy =K,.

ﬂI/IaI‘OHaHLHLIe QJIEMCHTBI MaTpUlbl [IEprUoaa T I ocu Yy
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Ty =Ty =Ty =Ty =cos .
IMapamerp & =0, a Oe3pasMepHas yacToTa B cepeanHE Ie(POKYCHPYIOIIETO
3azopa V =V ; paBHa

V= T
T12
K3 1K Ky Ki-Kb Ko Ki_ Koo ks
———— i -7sin—ch——cos—ash—
g2 | 2KeKy 2 2Ky 2 2 2 2

2K4K 2 2K4K 2 2 2 2
Jlnst BBIOOpa pekuma (pOKYCHPOBKH JTMHEHHOTO YCKOPHTENS YIOOHO HCIIONb-
30BaTh IMArpaMMy YCTOMYMBOCTH, NPEJCTABISIOLIYI0 COOOH ILIOCKOCTh Ay,

/\2 , Ha KOTOPYIO HAHCCCHBI JIMHUUN MMOCTOAHHBIX 3HAYCHUH COS % (CHJ'IOIHHI)IG

nuHUK). B nipenenax pucyHka nmoMeriaeTcs JIMIIb 4acTh EpBOH 001acTh yCTOM-
YMBOCTH, KOTOPasi BCETJa M HCIOIB3YETCsl MPH KBAAPYNOIbHOW (OKYCHPOBKE.

Ha ocu 4, (/\2 =0) u=v =,/—Aqb . Ha ocu /\2(A(/) =0) mig cosd u v

MOJIydaceM BbIpaXCHU, COBAAAIOINE C MMOJYUYCHHBIMU paHCC NJIA CDI[-KaHana C

D N
JKECTKOCTBIO JIUH3EI K = E N\ = ? :

A A
cos U =ch—cos—,
2 2

ChAsinA—sh% sinA—cos%sh%

Vo = . R A A A
ch—sin— +sh— sin— +cos — sh —

2 2 2 2 2 2

I'pannma Y = 7T (cos U = -1) mepecexkaeT OCH KOOPAMHAT B TOUKAX
Ay ==, N =0nu 4, =0, N =14.
Korma mepmon (OKYCHpPOBKH COAEPKUT YCKOPSIOMIYIO CTPYKTYpY, TO TpH
BEIOOpE CpemHeil YacTOTHI MOMEePEeYHBIX KOIeOaHui [ Hago yIUTHIBATH YCTOM-

YMBOCTh HPOJOJNBHBIX KoyeOaHui. Pexxum paboThl OOBIYHO BHIOMPAIOT Tak,
4TOOBI HE BBIXOAWTH 32 MpeEebl 00JIaCTH YCTOWYNBOCTH HOIEPEYHBIX Koyeba-
HUH TpH JIOOBIX (pa3ax dYacTull, JeKalIuX BHYTpH cemaparpuchl. Obnacts yc-
TOWYMBBIX (ha3 MPOJOILHEIX KOJICOAHHH JIEKHUT B MIpeIenax

b, <¢<29,.
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3anwmimem mapameTp 1epOKYyCHPOBKH B BHIIE

sin ¢ S E&’_Zg
Ay, =Ag———, rTae Ag = .
7 P sing s Eﬁi\ (o O

sing,

Torzaa npeesnsl U3MEHEHHS apaMeTpa AeGOKYCHPOBKY eCTh
—Ag <Ay <2A4gcos@,.

T u=2/3

-
7

.

g %
lamame= “
P N A, /77
~a. el
4 '/=1 ~‘\ __“'———'{”- ;,Z_-
1 1

\
kY
‘\
2 \
Ay

')
"
=

As As ZAccosp,

Puc. 7.4. JlmarpaMmma COBMECTHOW YCTOHYHMBOCTH MPH (POKYCUPOBKE
KBa/IPYIOJIbHBIMU JIHH3aMH

Jlnst obecniedeHnst yCTOMYMBOCTH TIOMIEPEYHBIX KOJICOAHM BCEX YACTHII, 3aXBa-
YCHHBIX B PEKUM YCKOPCHHs, pa0dOYyr0 TOYKY CICIyeT BHIOMpAaTh BHYTpH 3a-
LITPUXOBAHHOTO MPSIMOYTOJIbHUKA, KOTOPBIM OrpaHW4YeH KpUBBIMU cos UL =1 u
cos U =-1. Ilpeaensl IOMYCTUMOrO HM3MEHEHMS BEJIIMUMHBI COS [/ JJs CHH-

XPOHHOW YaCTHIIBI OTPEACIAETCS OTPE3KOM BEPTHUKAIHHON MPSMOM ¢ abCICcCoi
Agp = Ay , nexaien B npeaenax

cos H; <cos U <cos .
Jns yBenn4eHus: MpOmyCKHON CIIOCOOHOCTH KaHala BEMTUYMHY COS [/ CIedyeT

BI)I6I/IpaTL B OTUX MpeAciaax Tak, yTOOBI 00€CIEeUNTh MAaKCHMAIbHOE 3HAUCHHE

Vo =V ~ 1/ rjam oG, - Ha OUarpaMMe YCTOMYMBOCTH ITyHKTHPOM HAaHECEHBI

JIMHHMYU TIOCTOSIHHOTO 3HAY€HUs V =Vg =V .. a TOHKOH CIUIOIIHON JMHHMEH —

OTHOIIEHHE K =V /v

Makc MHH *
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B Oonee clI0XKHBIX Cilydasix HEPHOJ MOXKET COEPKaTh HECKOJIBKO JIMH3 OJIHO-
r'0 3HAKA M HECKOJIBKO YCKOPSIOIIUX TPOMEIKYTKOB.

IIpu memieHHOM (amuadaTHYECKOM) U3MEHEHUH MapaMeTpoB (HDOKYCHPYIOIIC-
ro kanana S, G u mydka [ B MPOIECCE YCKOPEHUS OCTAETCS MOCTOSIHHOMN

BeJIMYKMHA (pa30BOT0 0ObeMa IMydyKa
1 2
V,=—=yw.r~ =const.
c
[Ipu cormacoBaHHOM IMyYKE MOJIYOCh CEYCHHUS TOCTUTACT MaKCHMAIBHOTO 3Ha-

YeHus ¥ =7, TpU

W, =Wy, = : - o

Ortcrofa cieayeT, 4To B aanabaTHIeCKOM MPHOIKESHIH

/2
. E S
max
yvmin

B cumMmerpuuHoM citydae mpu € = 0 u3obpaxkaromue mydok Gurypsl Ha (azo-
BBIX IDIOCKOCTSX X,dx/dT u y,dy/dT npu MEIUICHHBIX U3MCHEHUSIX MapaMeT-

POB COXpAaHSIOT KOMIAKTHYIO GopMy — (HOpMY SIUIMIICOB, OCH KOTOPBHIX COBMA-
JTAIOT C OCSIMH KOOpAWHAT. MOXXHO CPaBHUTH PE3yIbTAT C MPOCTHIM OCITHILIS-

TopoM x"+@?x =0, U1 KOTOPOTO TPH MEUICHHOM M3MEHEHUH YIITIOBOI dac-

-1/2
TOTBI X, ~ W .
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I'naea 8
OOKYCHUPOBKA BBICOKOYACTOTHBIM ITOJIEM

BbIcOKOYaCTOTHBIE KBa/IpYNNOJbHbIC TUH3bI

B yckopstromem mosie, mpeacTaBisiomeM co00il YUCTyI0 yCKOPSAIONTyIo Oery-
IIyI0 BOJIHY, JOCTIDKCHHE MOMEPEYHON YCTOMYMBOCTH IBMKEHHS YacCTHI] OJHO-
BpEMEHHO C TIPOJAOJbHOHN ((pa30BOW) yCTOHUMBOCTHIO O€3 NTOOaBIEHHS CIEIH-
ampbHOTO (HOKYCHPYIOMIETO TOJs HEBO3MOXkHO. B 1956 rony B. B. Bmagumup-
CKHIA TIPEIIIOKUIT METOJ] 00eCTIeYeHHsT MPOIOJILHON W IMONIEPEYHOM YCTOWIHBO-
CTH 3a CYET OTKa3a OT aKCHAJIBHOW CHUMMETPHH BBICOKOYACTOTHOTO TOJS B YC-
KOPSIIOIINX 3a30paxX. B Buae npumepa BraguMupckuii paccMaTprBall BBEICHHE
“poroB” B yckopsromui 3a3op (puc. 8.1, a).

Puc. 8.1. BapuanTsl kaHaJIOB 715 KBaApymoinbHOH BU-hokycupoBku

ITosnuee B. A. TemnsxoB mpeanmoxuin i co3gaHus nomnepeuHslx BU-nmomeit
JlenaTh anepTypHOe OTBEPCTHE B TPOJIETHOW TPyOKe HE KPYIJIBIM, a INPSIMO-
YTOJIBHBIM, TIPUYEM KaKAyIO MOCIEAYIOIIYI0 TpyOKy moBopaunBath Ha 90° oOT-
HOcUTeNnbHO Tpeabinymei (puc.8.1, b). Eme onun Bapuant B. A Teruskosa —
Ha pucyHke 8.1, ¢. Ha pucynxke 8.1, d mn300pa)keH BapHaHT 3JE€KTPOJIOB, KOTO-
pBle TaKke 00EecredynBarOT BBICOKOYACTOTHYIO KBJIPYIOJbHYIO (POKYCHPOBKY
IpU MOJa4Y€ HAa HHUX IMEPEMEHHOro HampsbkeHus. H-pezonarop ¢ muiaoHamu,
HUMCIOIIUMH B MECTE TIPOJICTa IyYKa BOJIHOOOpa3HbId mpodmwis (puc. 8.1, ¢), —
OIWMH W3 BAPHAHTOB YCKOPHTEIS IPOTOHOB C BBICOKOYACTOTHOW KBaJAPYIOIb-
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HOH (POKYCHPOBKOH.

CunraeM, 4TO yCKOpSIOLIasi CUCTEMa COCTAaBJICHA M3 OOBIYHBIX MHOT033a30PHBIX
PE30HATOPOB TaK, UTO €€ Mepuod D COASPKUT TONBKO OJUH YCKOPSIOLIUH 3a30D.
[Tycts nepuoxn QoxycupoBku S compepxxur N nuH3 (M 3a30poB), npuyem N —
YHCIIO YETHOE, U 32 N/2 OTHOMMEHHBIX JIMH3 ciiexyeT N/2 JUH3 MPOTHBOIOJIOX-
HOTO 3HaKa (T. €. MOBepHYTHIX Ha 90° BOKpyT npomoisHOi ocn). Konpuryparms
OJIS B 3330p€ JJOCTATOYHO CJIOKHasl. /|11 ynpoIieHus I0MyCTUM, YTO peabHOM
JIMH3€ DKBHMBAJICHTHA HEKOTOpAas MpocTas KBaApyHOJbHas JHH3a 0e3 KpaeBbIX
ad¢exroB, umeromas mmuy [, =0 B, A H paccTosHHE MEXAy HPOTUBOIO-

JIO)KHBIMH (OHOTIOJNISIPHBIMH) 3JIEKTPOAaMH 2@ , IPHYEM MEXIy PasHOMOJISP-
HBIMH 3JICKTPOJAMH JIMH3BI JEHCTBYET TO e HaIpsHKEHUE

U, cos(wt—(bo), 8.1)
4TO M B ycKopsrouieM 3a3ope. CunTas, 4To Kakaas JIMH3a BO MHOTO pa3 Kopoye
neprosa GoxycupoBkd S = ND , TIOJIOKHMM, 4TO JEHCTBHE JIMH3 COCPEIOTOYECHO
B cepeanHe OECKOHEYHO Y3KOTO YCKOPSIOIIETO 3a30pa.

Iycts T =E,D/U,, - ko3dunnent B3anmoaeicTsust (Gpakrop mpoiaeTHOTO
BPEMEHHM) JUIl PaccMaTpHBaEMOIo YyCKOpsiomero 3azopa. Eciam oTcuuThiBaTh
KOOpAWHATY z OT 3JEKTPHUUYECKOTO IIEHTpa 3a30pa, TO MPOAOJIEHOE IBIDKCHHE
YaCTHUIIBI B MpeeNax Mepruoia YCKOPEHUsI PUOIMKEHHO OTMCHIBACTCS YpaBHE-
HUEM
wz 6 = 2tz

B c B A
3mecs 1 ganee WHISKC S 03HAYaeT CHHXPOHHYIO YaCTHILY.

DJIeKTpUYECcKOe TM0JIe JIMH3BI PH CAETaHHBIX MPEIIOI0KEHHIX OyneT aeicr-
BOBATh HAa YaCTHIly B HAIIPaBJICHUH OCU X C CHIJION

eEx=ieU—mEffcos(wt—q;o):ieU—;"EcosH;"—z—q;E}, (8.3)
a a a A

WM B CPEHEM TI0 TIEPUOY YCKOpeHHs: D Tpu Manoi JuimHe [,
1,/2
F.o=+> J' eUzm Bos%—d)%dz:iwcow} B (8.4)
D i @ s A a’T
Jmns ydera neiicTBHS MAarHMTHOTO IO JIMH3BI JOOABHM CHOJIAa MHOXKHUTEIb

wi=¢, =

0. (8.2)

I+

1/y? =1- 2. Cuuras, uto kak neOKYCHPYIOIINE, TaK U “JTHH30BBIE” CHIIBI
) s ] b
YCKOPAIOLIETO TIOJIA COCPENOTOYEHbl B CEPEMHE IUIOCKOCTH 3a30pa z =z,

YpaBHCHHUA NOMNCPCUHOI'0 ABUKCHUA 3alIUIITYTCSA B BUAC
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Uyt
L S e 528
’ (8.5)
iB’VIV dyH [-)—sm¢ @EZ—E-? ek JB Acosd) EBEZ—
dtJ dt O S Y

VYpaBHeHHe A1 OCH Y OTJIIMYAETCSI OT YPaBHEHUS Uil OCH X TOJBKO 3HAKOM MPHU
YIIeHe, ONMCHIBAIOIIEM JCHCTBHE KBaJAPYHOJIbHOHM nmH3EL llepexonms x Ge3pas-
MepHO# koopauHate T = [ ct/S, UpUBeJeM ypaBHEHHE K yXe MPHUMEHsBIIIC-

mycs Buny (7.1):
M+Q () =o. (8.6)
B namewm ciyuae g(t)=h(r)= (z /D)= 5(ND:H/S)=5(NB‘H)=5(TH)/N,

1 BbIPAXKCHUSA IJIL Q (T) MPUHUMAKOT BUJ
2

_ A
0,(r)=- ( )+75(Tu)y
A N
0,[r)= _Né(ru)i 75(%)-
rjie A=PE, sing, N =QFE, cos¢,
meS? _ eoAS? 27
T 2p3.,3) 2 8.7)
mc-By; A mc’a Tys
Hns cmydass N =2 crpoenue neproaa npu ¢o- N=2
KyCHUPOBKE BBICOKOYACTOTHBIMH KBaIPYHOJIbHBIMH =4
JMH3aMH TI0Ka3aH Ha pucyHke. [lomHas marpuia 2

nepuona mnmpeaAcTaBiIsaACT coboit MMpOU3BEACHUEC MaAT-

pun T:HD\/[(DEHDMﬂ,rae H:% 1{2@_ 1 1
2 2
MaTpHIa X0JIOCTOrO IIPOMEXYTKA, 5
H | OH A°+A
A N Marpuipl - Gokycu- 2

“ggEyeT g

PYIOIIEro u )Je(boxycnpy}omero 3a30pOB.
[lepeMHOKHB MATPHIGI U B3SIB MOJYCYMMY JJIEMEHTOB TJIABHOM JHArOHAIN
MAaTpPHIBI IEPHUO/IA, HANJEM BEUYUHY COS U :
A A7 -N
cosu=1+—+——. (8.8)
2 32
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JluarpaMma yCTOWYMBOCTH B cHCTeMe Koopauuar A, A? npeicraiena Ha pu-
cyHKe 8.2.

/12
12
_-1 =
C%/

NN ot
N

-2 -1 0 1 2 3 A

Puc. 8.2. JluarpaMMa COBMECTHOM yCTOMYMBOCTH IIpU
KBa/IpynossHoi BU-dokycupoBke

IIpu usmenennun dazel ¢ B mporecce (HazoBbIX KonedaHuid padouasi ToYKa

2
(A4, \") nepememaercsa 1o gyre smumnca ¢ noiayocamu PE, u QF, , onuchl-
BaeMoOro B Inapamerpuieckoil ¢opme ypaBHeHHsMH (8.7), a B KaHOHHYECKOM
BUJIE — YPAaBHEHUEM
4 N

H
o +B . (8.9)

m m

1
—

Hauano u KOHel Xyrd 3JUIMIICA, ONHCBHIBAEMOro pabodeil TOUKOii, COOTBETCTBY-
10T Gasam @ =@, U @ =¢, .. OTa Iyra JOIDKHA LEIMKOM YMEWAThCs B

rpaHuipl padbouei obnactu | cos U | <1, 4TO NIPUBOAUT K OTPaHUUYECHUIO £, Kak

CBEpXY, Tak M cHuU3y. Bepxuuil npenen E,, omnpeznensercs KacaHHeM IyTd -
JIUTICA C JIEBOU TpaHuIlei pabodeli 00JIacTH, a HKHHA — COBITAJICHHEM TIPaBOTO
KOHIIa JyTH, COOTBETCTByIOWmero ¢ =¢,. ., C TIpaBoil TrpaHuueil padouei

obnactu.
da3onepemeHHas poxkycupoBka (PIID)

B yckopurensix ¢ MOCTOSIHHOM WM MEUICHHO MEHSIONICHCS paBHOBECHOM
(hazoif UMEIOT MECTO yCTOMUMBEIE (pa30BbIe KOJEOAHUS YACTHI] OKOJIO IOJIOKHU-
TEJBHOW paBHOBECHOH (hasbl. [Ipu 3TOM B OKPECTHOCTH OTPHLATEIHHON paBHO-
BECHOM (pa3pl MPOJOJIBHOE JBMKCHUE HCYCTONYMBO. PaiuanbHbIC KE CHIIBL,
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JIEUCTBYIOIIME HAa YacCTHILy, HA00OPOT, SIBISIFOTCS Ae(OKYCHUPYIOIIUMHE TIPH I10-
JIOXKUTENBHBIX (ha3ax U POKYCUPYIOIIUMH - IIPH OTPULIATEIIbHBIX.

dazonepemenHas (HOKycHpOBKa OCHOBaHa Ha IEPUOANYECKOM H3MEHEHUH
3HaKa PaBHOBECHOH (ha3bl BIOJb YCKOPUTENS, T. €. HA YepeaoBaHUM (hazupyro-
mUX U 1e(OKYyCHUPYIOMNX YYaCTKOB C ydacTKaMH jAe(asupylomuMy 1 (HoKycH-
pytouMu. PesynbTupyromee AecTBHE 3THX UYEpeAyOIIUXCS Pa3HOMMEHHBIX
YYacTKOB B COOTBETCTBHU C NPHUHIMIIOM 3HAKOIIEPEMEHHOH (hOKYCHPOBKH IpU
BBITIOJTHEHUH HEKOTOPBIX YCIOBHI OKa3bIBACTCSI OJHOBPEMEHHO Kak (ha3upyro-
muM, Tak 1 GokycupyrommM. Ileproandeckoe n3MeHeHHE PaBHOBECHOH (hasbl
MOXHO paccMaTpHBaTh KaK CO3JaHUE JOMOJHUTEIbHON TapMOHMKHU (WJIN TPyII-
IIbl TAPMOHMK) YCKOPSIOUIEro mons B messix (oxycuposku. Ecnmu yckopsitomee
0JI€ TIOMUMO YCKOPSIIOIIEH FapMOHHKU COJEPIKUT XOTs OBl OIHY BBICUIYIO HIIH
00paTHYI0 TapMOHHKY, TO B COIIPOBOXKIAIOMIECH CHCTEME IIOJIE TIEPECTAaeT OBITH
INIEKTPOCTATUUECKUM U CTAaHOBUTCA 3HakomepeMmeHHbIM. B. C. Tkanuu mpenio-
JKHMJT JUTSL 9THX 1IeJIed MCII0NIb30BaTh JAOMOJHHUTENBHEIA TeHepaTop, paboTaronmi
Ha KpaTHOW rapMOHMKE M CO3MAI0MNil (POKYCHPYIOIIyIo Oeryliyto BoiHy. Briep-
Bble DI1D Obina npemnoxkena 'ynom (Good M. L.) B 1953 rony.

Paccmorpum mpuHnun ®I1® na mpumepe yckoputens c¢ Oeryiiedl BOJHOH,
COCTOSIILIETO M3 uepeaylomuxcst (asupyomux 1 aedasupyomux HoIylepHo-
JI0B. BBHIy akCHalIbHON CHMMETPHUH TOJIEH IBUKEHHE YaCTHUI] MOKHO OIIHCATh
JIBYMsI ypaBHEHUSIMH COOTBETCTBEHHO I10 IIPOJOIBHON z U MONEPEYHON 7 KOOp-
JIuHATaM. /IBIDKEHHE YacTHIl Ha KaXXOM IMOJYIIEPHO/IE OTUCHIBAETCS (Da30BBIM U
panuaabHBIM ypaBHEHHAMHI

%Qnyz’ %E= eEm(cos¢ —cos¢s),

4 By @ Be r %En gin g, (8.10)

i dtg  ABY?

sSrs

Ot momyneprona K HOJYNEpHONy paBHOBeCHas (aza ¢, M3MEHAeTCS Ha ¢,
OTHOCHTENIBHO CPEIHEro 3Ha4eHus ¢, , a ammmryna nmonsi E, - Ha AE oTHO-
CHUTEJILHO CPEJHEr0 3HaUeHuA E:

¢s:¢Oi¢laEm=EOiAE’ (811)
Takoe mpeprIBHCTOE W3MEHEHHWE PABHOBECHOHW (pa3sl MOXKHO 0OecmedymTh, Ha-
IpUMep, MEPUOANISCKUM H3MEHEHHEM JUTHH TPpyOOoK aperida (cM. pUCYHOK).
®azy HEpaBHOBECHOW YACTHUIIBI MOXHO

3anucarb CIIEYIOIIM o0pazom:
¢ =¢, +A¢ .3nece A¢ - Texymas dasa

vactunpl. [lapamerpst ¢, u € =AE/E,,

86



XapaKTepU3yloT COOOM CTETeHh ACHMMETPHH CHJI, JEHCTBYIONINX HA YACTHILY.
YpaBHeHUs i1 MaibIX (a3oBBIX KOJCOAHWW W JUIS MONCPEYHOTO JBHKCHUS
YaCTHUI[ MOXKHO MIPUBECTH K BULY

‘Zg + [— A, * /\2(,,]0 =0,
R T (8.12)

B stmx YpaBHCHUAX HCIIOJb30BaHbL 6e3pa3MepHLIe KOoOpauHaTel T, 0 U P,
KOTOPbIC CBA3aHbBI C (1)33OBI>IMI/I OTKJIOHCHHUAMH 4YaCTHUI] A¢ n paavajibHbIM
OTKIIOHCHUEM 7 CIICAYIOIINMH COOTHOIICHUAMM:

dt = Byedt /S, 0 =D p3Sy/ p2eS . =D,/ PeoSoS -

3H€CL p — UMIIYJIbC 4YaCTHULBI, S - JUIMHa Mepruojia U3MCHCHUA paBHOBCCHOﬁ

[T}

¢da3pr. Uanexkcom “0” oTMEuUeHBI Ha4yalbHBIC, WHACKCOM “S” — paBHOBECHBIC
3HaueHust BenmunH. Koodduuuentsr 4y, /\%D , Ay 1 /\2p CBSI3aHBI C TTApaMeT-
paMu YCKOPUTEIIS CICIYIOIUM 00pa3oM:

Ay = —2B(sin ¢, cosg, +ecosP, sing, )

/\%1, = ZB(cos ¢, sing, +£singd, cos @, )

4, = B[ sin (¢, +Ad)cos @, +& cos (¢, + A¢)sin¢1],

2 . .
Np = B[Cos (¢0 + Ad))smd)l +€sin (¢0 + A¢)cos ¢1],

p=T%0 g A EES . (8.13)
mc2 vag B s A

IMony4eHHbIE ypaBHEHHS ABMKEHHSI COJAEPIKAT 3HAKOIEPEMEHHBIE KOA(hPuIm-

€HTBI, IOYTOMY NPHU ONPEIETIECHHBIX 3HAYEHUAX CBOUX KO3(P(ULUEHTOB UMEIOT

yCTOﬁqHBBIe peHIeHI/ISL I[I/IarpaMMa yCTOﬁqHBOCTM JUISL (1)33OBOFO ypaBHeHI/ISI

npuBesicHa Ha pucyHke 8.3. Pemienue Oyzer ycToiunBo, eciu pabouas TOuKa ¢

KOOp,HI/IHaTaMI/I, paBHLIMI/I K03(1)(1)I/H_II/IGHT3M 3TOrO0 ypaBHeHI/ISI, rornaaacTt BHyTpI)

00JacTH, OTPAHWICHHYIO JTHHUSIMH |cos u | =1. Ecnu nipu 3TOM BHYTpH HOMa-

JIaeT TaKXKe W MPeJICTaBISIoNas TOYKa PalMalbHOrO YpaBHEHUS, TO MPOI0JIbHAS
U TIOTIepeYHasi YCTOMYMBOCTD YacTHI] OYAET TOCTUTHYTa OJHOBPEMEHHO. Takum
o0Opa3oM, 3aada HaXOKICHUS ONTUMAIIFHOTO BapHaHTa (POKYCHPOBKU CBOIUTCS
K OTBICKaHHIO YCJIOBHH, NMPH KOTOPHIX 00€¢ HM300pakaiolue TOYKH MOIaayT
BHYTpb 00JIACTEH yCTOMYMBOCTH OJHOBpeMEeHHO. ONTUMalbHBIA  BapHaHT
MOXHO HaWTH C MOMOIIBIO CIIEHHATILHON JUarpaMMbl COBMECTHOM YCTONYH-
BocTH. OHa OCTpPOEHA MYTEM HAJIOKEHUS IPYT Ha Jpyra AUarpaMM yCTOHYHBO-
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cty Ga30BOro W paJnaIbLHOTO YpaBHEHHH U MpHUBeIeHa Ha pucynke 8.4. O6mac-
TH COBMECTHOM YCTOWYMBOCTH Ha PUCYHKE 3alITpuxoBaHbl. OHAa OrpaHHYCHA

KPHUBBIMHU |COS[J¢|=1 u |cosup|=1.

2 4@
Vi Wsd

18

16
14

124

T T
-2 -1 0 1 2 3 ApAp

Puc. 8.3. J/lnarpamMmma yCTOMYUBOCTH TSI IPOAOTBHBIX U TTOTIEPEYHBIX
KoseOaHuil yacTull mpu (azonepeMeHHON (POKYCHPOBKE

Puc. 8.4. JluarpamMmmMa COBMECTHOH YCTOWYHBOCTH
ipu (pazomepeMeHHON (HOKYCHPOBKE
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BeiGop 3Hauennit Ay u /\2(1) B IIpejeNax 3alTpUXOBaHHOM obyacTi obecrie-
YHBAET COBMECTHYIO YCTOWYMBOCTD YacTHII, OJIM3KHX K paBHOBecHO# (A =0).
OOBIYHO PEXUM 3HAKONEPEMEHHOH (POKYCHPOBKM BBIOMPAIOT Tak, YTOOBI BBI-
TIOJTHSITIOCHh HEPABEHCTBO | cos gy o |s 0,5. Ha pucynke 3ta 061acTh BBIZCIIEHA
JIBOMHOM 1TpuXOoBKOW. Jlanee B kadecTBe paboyell TOYKM BBHIOMPAIOT TOUKY,
KOTOpas PACIONOXKEHA BHYTpM OONACTM M MMeeT KoopauHatel Ay =1,
/\24) =12. IIpu TakoM BbIOOpE MTHOBEHHBIE YacTOTHI ()a30BBIX M paJHalbHBIX
KOJIEOaHUI TOCTATOYHO BBICOKH: V o= 04, v o= 0,8 . M3 pucyHka BUIHO, YTO

MIPAKTUYECKHA BCSI O0JIACTh ONTHMAIBFHOTO peknMa (DOKYCHPOBKH JIEKHUT B WH-
TepBaJIC MOJIOKUTEIbHBIX 3HAYCHUN Ay, T. €. TaM, IJ¢ YaCTHLIbL II0BEPrarOTCst

CO CTOPOHBI YCKOPSIOIIETO II0JIsi BO3JACHCTBHIO NMOCTOSIHHOM Jedhasupyrolei, a
He (a3upyroIel CHUIIbl, KaKk 3TO UMEET MECTO B YCKOPHTEISX C aBTO(ha3HpOB-
KOI.
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I'naea 9
HOJsA U3JIYUYEHU S, UMITIEJAHCBI
N IMIOTEHIHUAJIBI U3JIYYEHMU I

IIpu mposneTe nepuoaUIECcKON YCKOPSIOMIEH CTPYKTYPhI 3apsyKeHHAs 4acTHIa
M3Iy4aeT 3JICKTPOMArHUTHOE IOJie B CTPYKTYpy. Torma Ha caMmy YacTHIy H
IpyTHE OKPY)KAIOUIMe €€ YacTUIBl HAaYMHAeT [eHCTBOBATH JOTOIHUTEIHHAS
cuita COOCTBEHHOTO TIOJIST M3ITydeHUs. PaHee 3TO 1oie M3IIydeHns] Mbl YIUTHIBA-
JM KaK T0J€ KOT€PEHTHOTO M3IYYEeHHS TOYEUHBIX CTYCTKOB, JIETSAIINX Ha pac-
CTOSIHUM JUIMHBI BOJHBI APYT OT nApyra. llpm pacuere TMHAMUKH OIMHOYHOTO
KOPOTKOT'O CI'YCTKa TaKOe MoJe OTCYTCTBYeT. Kpome BHEIIHUX (POKYCHPYIOIINX
moJied, ocTaeTcsi cuia KyJTOHOBCKOTO B3aUMOJICHCTBHS MEXKIy YacTUIAMH B
cryctke. OmHAKO, KaK ObUIO MOKAa3aHO PaHbBIIEC, B BBICOKODHEPTETHYECKOM CTy-
CTKE CHIIBI IIPOCTPAHCTBEHHOIO 3apsja MOKHO CUUTATh MPEHCOPESIKUMO MAaJbI-
Mu. Toraa Ha 4acTHUIIBI B MTyYKe ACHCTBYIOT TOJBKO CHIIBI COOCTBECHHOTO ITOJIS
M3ITyYEHUs! CTYCTKA.

Jnst mepuonndeckux QyHKIUH OT BPEMEHH, TaKMX, Kak TOK [ (t) IUISL CTPYII-

MMUPOBAHHBIX CT'YCTKOB C IIEPHUOAOM At , IMCCM

— 1 - jnwt — -
I(t)—EZane —IO+Zln(wnt), 9.1)
LB
rae @, =— 1{)e™™¥dr, I, =a, cosw,t +b,sinw,t, I, =%,
-Ai/2

w, =nw, EZA—TT, a, =@, +a_,)/2, b,=ja,-a_,)/ 2.

Beenem npenen npu At - o, w, - 0. Ilonoxum nw; = w, a w, =dw, u
nycte [ (w)z a, /@, €cTh INIOTHOCTb Ha YacToTe (W Pypbe KOMIIOHEHT B [ (t)
npu @, — 0. Toraa Tok MOXHO NpeacTaBUTh MHTErpantoM dypee 11 yHK-
IIUU TOK [ (t) Kak

1(t) =

1
2

J’F(w)ef‘*”dt =/(w),
I(w) = % J’ 1{)e™ 7@ dr = 1(p). (9.2)

B ciyuae rayccoBoro mydka C 3apsAoM ¢ M IapaMeTpoM TPYNIHPOBKU O,

OyneM UMeTh
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V2o, 20}
w’o?
2

Koappuumentsr Hopmanuzaimu B @ypre-ipeoObpa3oBaHUU BBIOPaHbI Tak, YTO-
ObI MHTETPHUPOBATH /() KaK CHEKTPANBHYIO IUIOTHOCTD JIMHUHN ISl CHMMETPHY-
HBIX CTYCTKOB C W, =271, /¢q . AMINUTYNa KaX10i JIUMHUU €CTb, TAKUM 00pa-

2
[(t):Lexp t_
€

I(w):% Xp 9.3)

30M, BPEMCHHAs IUIOTHOCTh BBIICNICHHON JMHUU. [N CiIydas rayCCOBCKOTO
CrycTKa

a, = wol(w) =21, exp (— n*wyo;} /2). (9.4)

JTrobyt0 yCKOPSIIOIIYI0 CHCTEMY MOXHO HPENCTaBUTh KaK HEKOTOPYIO SKBUBA-

nenTHyIo cxeMy ¢ mmnexancoM Z(w). Ecim cHHyCOMIambHbI TOK 4acTOTh ()

HMEIOIUI MakcUMallbHOE 3HaueHue /((J), IpOXOIUT Yepe3 TaKylo CXemy, TO OH
HaBOJMT B Hell Hampspkenue V(w):

V(a)) = Z(w)D(w).
To ecTh pacueT moneii M3IIydeHNSI MOXHO IPOBOANTH, UCTIONB3YS XOPOIIO pa3-
pabOTaHHBIH anmapaT SKBUBAICHTHBIX CXEM U UMIICIAHCOB.

Bonee ¢usmyHOe paccMOTpeHHE MOJNICH W3TyueHHS 3aKIFOYACTCS B CIEAYIO-
meM. PaccMoTpuM enmuHWYHBIN 3apsin, mpoJieTaromuil cuctemy. OH HaBOAUT B
cucTeMe HeKoTopoe mose. Tak Kak 4acThla JIETUT CO CKOPOCTBIO CBETa, TO 3TO
moJyie OyAyT YyBCTBOBATh TOJBKO C3aJM JICTSIINE YACTHIBIL. HaBeneHHBIN mmo-
teHman (wake potential) W(T) ecTh MOTEHIIMAN, YyBCTBYEMBIH OIBITHON Yac-
THIIEH, CIEAYIOMEeH Ha PACCTOSTHUU c¢T TIOCJE€ €IUHUYHOTrO 3apsiaa. Jlersdmas B
CBOOOJTHOM MPOCTPAHCTBE C MOCTOSIHHOW CKOPOCTHIO YACTHIA HE HM3IIy4aeT, TO
ecte W(T) anms Takol 4acTHIBI paBeH HY/ro. [IOMHBIA TOTEHIMAN, KOTOPBIA
MprOOpETaeT YaCcTUIA B 3aBUCUMOCTH OT BPEMCHHU ! C yYCTOM €€ OKPYKCHHS,
CIIeIyeT MPSIMO U3 OTPEACICHUS MOTEHIIAaIa BO30YKICHHUS:

v ()= j'W(t—r)D(r)dT =}W(T)D(t—r)dr. ©5)

Takum obpazom, u Z(¢), 1 W(T) MOTYT IOCTaTOYHO TOJHO XapaKTepU30BATh
3¢ QeKThI, MPOU3BOAMUMBIEC TIOJIEM M3NIy4YEeHUs Iy4ka. bose Toro, Tak xak OHHU
OMMUCBHIBAIOT OJHU U T€ K€ NMPOLECCHI, MEXIY HUMHU CYLIECTBYET HEMOCPEICT-
BEHHAas CBsA3b. B ciryyae skBHBaJIeHTHBIX cxeM W(T) ecTb HaNpspKEHUE B LIETH,
HABOJANUMOE CIMHUYHBIM HMMITYJIECOM [ (t) = q5(t).

OTKJIMK CUCTEMBI Ha CANHUYHYIO CTYIICHBKY TOKa MOXKET TAaKXXC IOJIHO HC-
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MOJIb30BATHCS B pacueTax dKBHBaJICHTHBIX cxeM. Ecimu S(T) ecTh OTKIMK cHCTe-
MBI Ha CIUHUYHYIO CTYIEHBKY TOKa, TO COOTHOIICHHE MEXIY CTYNEHYATOH W
UMITYIIbCHON (QYHKIMSIMHU €CTh

S(1) :J'W(r')dr' .
0

Otmernm, urto W(T) n3mepsiercsi B BosibTax Ha KyiaoH (B/K) mimm B omax Ha
cexynny (Om/c), Torna kak S(7) - B omax (Om). Beipaxennss W(T) u S(T)nns
Pa3JIMYHBIX 3JIEMEHTOB IIeTiel TIoKa3aHbl Ha pucyHke 9.1.

I(w) V(@)
[ SEEE—
o o
L w=gs) v
7=RC —t/
» S(t) =R s =r(-e %)
W(t) =R d(t)
} t t
R
® (L)I/2
_ 7. =RL el S(t) = < sin @,t
| R
AN — — < N
S~ Sw=re Va e / \
Il ¢ ¢
R 7 .
R w(t) = 1€ w(t) = Fcoswat \\\
L

Puc. 9.1. Beipaxxeans W(T)u S(T) ams pa3mnaHbIX dJIEMEHTOB TIeTICH

OO0mme moTepy SHEPTUH 3apsa ¢ B TEPMHUHAX TapaMeTpa MoTeph k, BBEIECHHO-
ro panee, ectb AU = qu . Torna
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_ 1
k= - L v, (0)I(t)d . (9.6)

Bossmem npeobpazoBanue ypwe ot (9.5):

v, (1) = 1 I e/t [(W(T)I(¢ —T)dr . 9.7)
m) !
MeHsist TOpSAAOK HHTETPUPOBAHUS M MOJIOKKB ¢ = T +¢' , HaliieM
V(w) =V, () =T(W(7D. 98
Tak kak Z(w) = V(w) / I(w) , TO MBI HMeeEM
Z(w) =1V (7D,
V(w) =V, (1),
(@) =1(1). (9.9)
Boob6e rosops, Z (a))— KOMIJIEKCHAs! BEJIMYMHA Z (w) =Zp (w)+ JjZ; (w) .Ho
MOJKHO TIOKa3aTh, YTO

W(T)=%J'ZR(w) os (T )dw, (9.10)
0

kzﬂzIzR(w)lz(w)dw. 9.11)
9
Jyist rayccoBCcKOro crycrka, ucnonssys (9.3), nomydum
1 w 2.2
k=—(Zzlw)e ™ dw. 9.12
n‘([ # (@) (9.12)

Konnenmus Z(«) m W(T) npuMeHnMa Il YaCTHI] U TOKOB, MPOXOMISIINX HE
TOJILKO YCKOPSIIOIINE CTPYKTYPBI, HO U APYTHE JIEMEHTHI KOHCTPYKIIUH YCKOPU-
TeJel, HampuMep, BaKYYMHBIE OOBEMBI MPOJICTHBIX KaMep, MMEIOIINE pa3iind-
HBIC HCOTHOPOIHOCTH B CEUYCHUM KaHAJIA U T. JI.

IIpoaoabHbIe MO U3Ty4YeHUs!

Urak, OymeM OMUCHIBATH MPOMOJBHYIO ITUHAMHUKY YIBTPAPEIATHBHCTCKIX
CT'YCTKOB B YCKOPSIOIIMX CTPYKTypaxX ¢ MOMOIIbIO moJicit Bo30yxaeHus (wake
fields). Ecinu equHUYHBIA 3apsi] IPOXOIUT CHCTEMY, TO HABEICHHBIN MOTCHIIUAI
(wake function) w(T) wim w(s) €CTh IOTEHIHAJ, YyBCTBYEMBIi OIBITHON YacTH-
LIeH, CIIeAYIONIEH HA PACCTOSIHUM § = ¢T TIOCJe €IWHUYHOTO 3apsna. [lomHbrit
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HaBeJeHHBIN moTeHmman (wake potential) ams crycTtka ¢ mMpoaobHONW TUIOTHO-
CTBIO 3apsfa ¢(s) U MOJHBIM 3apsaoM (), NEHCTBYIOLIUM Ha 4acTUIy, HAXOIs-
LIYIOCS B TOUYKE S, €CTh

W(s)=é:[°w(s—s’)|]](s')ds’=é-!:w(s’)[b(s— s')ds [BmKM]. (9.13)

[Torepn sHEpruM BCEro Crycrka XapakTepHu3yroTcsi mapamerpoM moteph (loss
factor)

_ 1o
K = 0 J; W(s)G(s)ds [BmK/M]. 9.14)

Ecimu mmotHOCTB 3apdaaa B CIr'yCTKE UMECT I'ayCCOBCKOE pacHipeacICHUC

q(s,U)=QEfZ1—e=QM?(s,a)=Q cHLE 207 (9.15)
A

o

TO MapaMeTp MOTEPb MOKHO 3alMUCATh
K(o)= I w(s) [G(s,N2 @ )ds . (9.16)
0

B nepuomuueckoit yckopsromeld cTpykType ¢ Oeryiuei BOJHOW mapamerp Ho-
TEepb JUIS /1 - 1 MOJIbI KOJIeOaHUH OTpeeNnsieTcs Kak
2

w, OR, O E
k, =—232A0 =2 [B/K/m], 9.17
"y B?H gy BRI ©.17)

n

rae E, - aMImiTyga CHHXPOHHOW MPOCTPAaHCTBEHHON FapMOHHUKHU C aKCHAJIbHBIM
ANEKTPUIECKUM TI0JIEM IS /1 - i MOJBI, a W, - 3allaceHHasi SHEPTHsl Ha COUHUILY
JUTMHBI, TPOCYMMHPOBAHHAS 110 BCEM APOCMPAHCMBEHHbIM TAPMOHHUKAM 3TOW
MOJbl. BenmmuuHbl (), ¥ £, MOMYYarOTCsl PEIICHUEM IPaHUYHBIX 33734 s “0e3-
3apsATHOTO” pe3oHaTOpa WM CTPYKTYphl. C yBEIMYEHHEM YacTOTBI YUCIIO MOJT
Ha CIUHHMILy YaCTOTHOI'O MHTEPBAlia TAKXKEC YBCIMYMBACTCA. Tak Kak ecTh mpe-
JieNT OOINEero Yuciia MOJ, KOTOPhIE MOXHO MOCUHTATh B PEANBHOE MAIIUHHOC
BpeMsl, TO €CTh COOTBETCTBYIOLIMI YaCTOTHBIM MAKCUMYM JIJIsl CYMMEI B BbIpa-
KCHUAX JUI HABOIMMOTO MOTEHIMAa W IapaMeTpa morepb. Eciau 3TOT mpenen
eCTh (J,, TO ACTAIBHBIA aHAJIM3 BO30YXKIAIOMINX ITOJICH BO3MOXKEH TOJBKO IS

MHTEPBANIOB BpeMeHn AT < @', a mapamerp moteph GyaeT HETOUEH s CryCT-
KOB JUTMHOK O, € @, . JIs HHIHHAPHYECKOTO PE30HATOPA pajuyca b u [mH-
HOM L MOYHO MOKa3aTh, 4TO IJIOTHOCTh MOJT MIPUMEPHO
dn/dw = wbL /(21c*) . B ciyuae KJIB moTepu TOYEUHOro 3apsia B BBICO-
KOYaCTOTHBIX MOJIaX MOTYT OBbITh PACCMOTPEHBI KaK Pe3yJbTaT JU(PPAKIHOHHBIX
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IIOTEPHh C MOMOIIBIO 3KBUBAJICHTHBIX IUIOCKHUX BOJIH, HWMCIOINHUX Ty € MOIMI-
HOCTBb CIICKTpa U BEKTOP IloiiTunra Ha pagunyce JucCKa Kak u [[eﬁcTByIOHIeC IoJIC
3apdanaa. DTO Tak Ha3pIBacMas CTaTHYECKas MOJ€CJb pE30HaTOpa MJid MOTEPb
OHCPIruv TOYCUYHBIM 3apsAA0OM, MPOXOAAIINM YCPE3 MEPUOANICCKYIO MTOCIEA0BaA-
TEJIFHOCTh TOHKHMX IuadparM ¢ KpPyrJIbIMH OTBEPCTHSIMU. B mpuOmmKkeHUn BbI-
COKOM SHEpPreTHYHOCTH crycTka (Y >>wa/c, TAe a - paguyc OTBEpCTHs) Ia-
paMeTp MoTeph Ha €IUHUIYY MHTEpPBaAIAa YacTOT MPEACTABISAETCS B 3TOH MOJICITH
KaK

dk 1 4,

—— = Zy(w)=—5.

dw T (4)3/2
HOTGHHI/I&H BO36y)K,H€HI/I$[, HCIOJIb3YysA I9TO ‘aHaIMTHUYECKOE’ MNpeaACTaBJICHUC,

JJIS TIOTEPh HAa BCEX 4acTOTaxX W = (A)m €CTh, TAKUM 06p330M,

p 44 O
Wa(r):ZAOICOSgA;T)dw: el %posx—w/ﬂD—ZS 2
w w, " { 2 F m .
X= )nT

w, m

‘m

(9.18)

riae S - uarerpan @penens. Koncranta 4y MokeT OBITh B IPUHIIAIIE OTIPEeIIeHa
AHAJMTHYECKU TI0 KpaifHeH Mepe Ui CTPYKTyp ¢ OECKOHEYHO TOHKMMH JIHCKa-
MH.

[TpuBeneHHble paccykaeHHUs ObUM NPUMEHEHBI IS pacdyera BO30YXKICHHUS
KB B SLAC (YC ¢ nepuogom d = A/3 = 34,99 MM, TOMmMHA auadparmsl
(d - g) = 5,8 mm, BHemHmi paguyc b=41,34 mm, paauyc aneptypsl a=11,63
MmM). [Torennuan Bo3oysxaenus st nepsbix 10 1c nokaszan Ha puc. 9.2. [Ipepsl-
BUCTas JIMHUSL - pe3ynbTaT cyMMupoBaHus 416 pacuetHbIx Moa. OOiee Bo30y-
XKIeHne (HelpepbIBHAs JIMHUS) - TOJIydaeTcs NpUOaBIICHHEM aHAJIMTHYECKOTO
pacumpenus. OTMeTuM, 4To obmiee Bo3OykaeHue uMeeT npu T=0 KOHEUHYIO
Besimunny W(0) = 8 B/nc/nepuoa. [ns cpaBHEHUs MOKa3aH MOTEHIMAT BO30YX-
JICHUS! TOJILKO YCKOpSIIoLIeld MOAbI (B 9TOM JHana3oHe T OHA II0YTH MOCTOSIHHA -
niepron ~ 350 ric ¢ amrumatyoi 1/6 ot W(0)). Ha puc. 9.3 moka3aH npoaoiabHBIH
noteHnuan Bo30yxaeHuss YC Ha uaTepBane 0-300 mc. bombmiol oTpumiaTes-
HBIA (yckopsromuii) muk Ha 200 1c - mepBoe OTpaKeHHE OT BHEUTHEH CTCHKH,
JIOCTHTAIOIIEE OCU CTPYKTyphl. [lokasaH eme pa3 MOTEHIMal BO30YXKICHHS
OCHOBHON MOJIBI, KOTOpPAsi UCIBITBIBACT TIOYTH TOJHBIM MEPHOJ OCHMILIALHH.
ITocne 5 - 10 mepuomoB OymeT JOMUHUPOBATH YacTh BO3OYKACHHUS, OTBEUAIOIAs
BBICIIUM MOJaM, UMEIOIINM ITOYTH IOJHYI0 HEKOTepeHTHOCTh. Ha mpuBeneH-
HOM rpadyiKke HE YYHUTHIBAJIOCH 3aTyXaHHME BOJIH IIPH PAcIpOCTPAHEHWH UX B
peanpHoll YC. 3aryxaHHe MOXKET OBITh HaWIEHO B pe3yJbTaTe YMEHBIICHHUS
Ka)KJJOr0 WIeHa psiia Ha exp (— anr), rze o, - TOCTOSIHHAS 3aTyXaHHs /-il MOJIBI.

Bo BpemenHoit obmactu 1o 10-20 nic moTeHIran Bo30YKISHHUS MOKHO OIHCATh
SMITUPHYECKON popmyoit
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w(t)= texp|-(r/BY .

e A=226B/mK/M~w? B=6,13nc~w™, n=0,605.

Puc. 9.2. TIpononbHbIi TOTEHIMAN BO30YKAEHHS Ha stueiky W(T)

Q@ = N W A B N @

|
-

-2

w(1) [B/mK/mepuon]

I I I

OO0mit
3| - moTeHIyaN

T [nc]

W(T> [ B/nk/mepuon ]

—— Q06mmi moTeHIAan
***** Vckopdroras Mofa

T
|
\
S EEE P P O N

/
\

N I T RO TN I SO O AN B A B I
100 200 300

5

e [HC]

g SLAC-cTpykTypsl Juid nepBbix 10 nc

(9.19)

Puc. 9.3. TIpononbuerit motennman Bo3OyxaeHus st SLAC-cTpyKTypbl
Ha uaTepBaie 0-300 mc
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[Tone, HaBOOMMOE CTYCTKOM B YCKOPSIIOIIEH CTPYKTYpe, B TOUKE S PaBHO

E,(s)=007(s) [B/m]. (9.20)
JIist rayccoBCKOTO CTycTKa ypaBHeHHE (9.5) MOXET OBITh 3aIHCcaHo
AN 12 2 0
E,(f)=% bJ'eXpB'Br;HDBXp[T Sl 9.21)
ViTo, o, g 202§

Pesynabprar mis SLAC-ctpykTypsl Ha 2856 MI'TT i pa3iuyHBIX BEJIWYHH O,
[0Ka3aH Ha puc. 9.4.

Ey(f) [MB/M/10" gactu]
0,20

0,15 r

0,10 r

0,05 r

000 |

t [nc]
Puc. 9.4. HanpsnkeHHOCTD MOJISI U3ITyIEHUSI BHYTPH I'ayCCOBCKOTO CI'YCTKa
SLAC-CTpyKTypbl A1l TPEX PA3IUYHBIX JUIUH O,

Obmee moJe, ASUCTBYIOMIEE Ha YCKOPSAEMYIO YacTHIy, €CTh CyMMa ITOJISI BHEII-
HETO TeHepaTopa M IoJIs H3IIyYeHNsI CAMOTO CTYCTKa:

E(s)=E,;(5)=Ey(s)= E 008 Ew 2 -0 E— om(s) [Bml, (9.22)
X C

3necs O - yroi, Ha KOTOPBIHA MEHTP CTYCTKA OIepekaeT rpebeHb YCKOPSIOMIeH
BOJIHBI OT BHEIIHErO MCTOYHHKA. [10ACTPOMKON 3TOr0 yria, YBEINYHUBAIOIICTO
HAKJIOH ()OPMBI YCKOPSIOLIETO HAINPSDKEHHS, MOXXHO YMCHBIIHUTH OOIIMHA pa3-
Opoc SHEepruM YaCTHII B IyYKe M0 CPABHEHHUIO cO ciaydaeMm mpu 8= 0. O1o cxe-
MaTHYECKH MOKa3aHo Ha puc. 9.5. OTMETUM, OJIHAKO, YTO YMCHBIIICHUEC B pa3-
Opoce dHEpPruy JOCTUracTCs 3a CUCT YMCHBIICHHS CPEIHEH dHEPruM IydYka Ha
eanHuLyy JuinHbl. CpeaHss SHeprus, Habupaemasi y4KOM Ha eIUHULIC AJIHHbI,
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paBHa

1
E, = Q:[OE(S)@(S)ds

[5B/m] (9.23)

Ilpumep: Yckopsomas crpykrypa SLAC nHa momHyro sHepruio Vy =50 I'3B,
CO cpenHHMM TeMmIoM yckopeHus E, =17 MsdB/M g yckopenus

CrycTKa uacTul ¢ N,= 500" u 0.=1,0 mm. Pazbpoc sHepruu
AV /V,, xoropbii cogepxur 90 % wyacTul, U CpegHAA PHEPrus

vactuu V / V, u3zo0paxkeHsl Ha puc. 9.6. xax ¢yHkusa ($a3oBoro

yria 0.

be g, E(t)=E,~F,(t)
\/
R
Puc. 9.5. luarpamma cio- 7| Af
KEHHUs [OJist TeHeparopau | 1)

TOJIA U3JIYUCHUSA CTYCTKa

B stoM mpumepe sHepreTHYecKUi p
pasza mo cpaBHEHHIO cO ciydaem O =
MOTEPh B CPEAHEH PHEPTUU HA YACTHILY.

a3opoc mpu 6 = 13° ymensinaercs B 4
0°, Ho 3a cuer yBesmueHus Ha 2-1/2 %

G2 [ B S B B e B B R B B 0.98
5 . — 0.97
= L
N 0.96
>Q 3 - \\\ 0 &Q
§ | N .95 ‘s
N 0.94
1 0.93
0 i [ 0.92
0o 2 4 ¢ 8 10 12 14 16 18
@ [rpan.]

Puc.9.6. DHepreTrueckuii pazdpoc U cpeHUH OTHOCHUTEIBHBIN pa3dpoc

sHepruu SLAC-cTpyKTypbl
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Ha pucynke 9.7 moka3aH dHepreTHUECKUN CIIEKTP YaCTHUI] Ha BHIXOJIE IOYCKOPH-
TeJs IS cTycTKa ¢ N, = 500" , 0.= 1,4 MM 1 Eg,, = 17 MdB/m.

dN/dE
0.11
0.099
0.088
0.077
0.066
0.055
0.044
0.033
0.022
0.011

0

16.25 16.275 163 16325 1635 16375 164 16425 1645

E [MaB/m]
Puc.9.7. DHepreruueckuil CHEKTp 4acTHLl HA BBIXOJE JOYCKOPUTENS

Cpenuuii npupocT sHepruu cryctka £, = 16,36 MaB/Mm, pa30dpoc sHepruu B
cryctke, cogepkamem 90 % gactury AE/E, = 0,73 %.

Ilonepeunsblie moss U3ay4eHUs!

Jns akcmanbHO CUMMETPUYHOM CTPYKTYpPhl KOMIIOHEHTa CMHXPOHHOW Tpo-
CTPaHCTBEHHOW TapMOHHU n-i MOJBI OEryIiel BOJIHBI 3aUCHIBACTCS KaK

E,= EonBZH cos (m@)cos [wn (t—z/c)] , (9.24)
e O
rae E,, - aMIIuTyqa 2IeKTPUYECKOro MO Ha pafuyce anepTypsl a. [t 3Toi
MOJBI [IapaMeTp HOTepPb
Eq,
"oaw,

MOJKET OBITh OISTH OMpPECIICH B TEPMUHAX “XOJIONHBIX (0€3 3apsia) dJeKTPo-
MarHUTHBIX CBOMCTB CTPYKTYpHIL. MCronb3yst TOT ke (hopMasiu3M, 4To U B IPO-

k (9.25)
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JIOJBHBIX TIOJISIX M3Iy4YeHHUs, k, MOXKET TAaKXKE OIMMCHIBATh B3aHMMOJICHCTBHE TO-
YEYHOro 3apsjia ¢ uHTepecy el Mogoi. OqHaKo 3HEPrust U3Iy4YeHUs Ha eIu-
HUILY JUIMHBI B n-H MOJE Ul 3apsilia ¢, JBUTAIOIIErocsl MapajulelIbHO OCH Ha
paaMyce r=r,, €cTh

m

=k, ELD q*. (9.26)
"Oa O
I/ICKIIIO‘IaSI VVn C UCTIOJIb30BAHUEM ABYX NPCABLAYIIUX BLIpa)KeHI/Iﬁ
E,, —2%—D1k e 9.27)
Oa O

Toraa WHIYIHPOBAHHOE TIOJIC B TOYKE 7, HA a3UMyTAIBHOM yTJie ¢ (Tpemrmora-
raeTcsi, YTO JABMXKYIIUICS 3apsin Haxoxutest Ha ¢=0) Ha paccrosHun Az =cT
nocJie 3apsaja g, HaxoJAIeMCs Ha pajuyce 7, , €CTh

E., = —2k,,qBCErEi cos (m¢)cos (w,T). (9.28)
u 0 Ha

Jist m=0 MOXXHO BHJIETB, YTO MPOAOJBHBINA MOTCHIMAT BO30YXKICHHUS HA CMHU-
Iy JUTHBI BOCCTaHABIIUBACTCS.

Teneps HaiineM nonepevyHoe (OTKIOHSIONIEE) MOJIC U3TYICHUS Ha ¢IUHHILY
JUTAHBI CTPYKTYPBI KaK

w,.(r)=(c /e)% = (Et +cB, ) (9.29)

rae dp, / dz — i3MeHeHHe MOIEePeYHOr0 MOMEHTA UMITYJIbCa Ha CANHHUILY [UTHHBI

CTPYKTYPBI JUISI 9aCTHULIBI, cnez[ylomeﬁ Ha pacCTOsIHUU CT 3a CAMHUYHBIM 3apsi-
JIOM. HOHCpe‘lHLIe IOJIsA OLUCHUBAIOTCA B CUCTEME OTCUCTA, KOTOpas ABUIKCTCA C
‘IaCTHHeﬁ. Cne,uyﬂ TCOpPEME HaHO(bCKOFO-BeHHGHH, MOXHO IIOKa3aTb, YTO H3-
MCEHEHHE MOMCHTA UMITYyJIbCa B TaKOM CHCTEME OTCUeTa MOXKET OBITh BBIPAXXECHO
TOJIBKO B TCPMHUHAX KOMIIOHCHT Ez- I1OJIA:

(B, +cB,)= jlc/e)n,E. (9.30)

Tor,ua NONEepeYHOC MOJIC U3JTYUCHUA MOXKHO 3alliCaTh

W, =(c/e)sin(w?) (LEZ”| ﬁm'”"@ (9.31)
r

A

rae ¥ ¥ ¢ — eIMHWYHBIE BEKTOPA. BRIpaKeHWs IUIS KOMIIOHEHT IIOJIS H3ITy-
YCHUS
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-1
7 Wm(r,q;,r)zzm%%ﬂn E’igcos(mq;)sin(wnr), (9.32)
), a O a
) _ k,c rgl_l 4 . .
¢: VVm(r,qb,T)——Zm%T%D H— sin (m¢)sin (c,T). (9.33)
,d a

HauboJpiunii HHTEpec NpeaCcTaBiseT # -5 KOMIOHEHTa IUIOIbHOrO (m=1) most

u3aydeHus npu ¢=0:
w, ()= 2%?—0%1%m (c,7). (9.34)
,a HHa

OTMCTI/IM, YTO aMIUIMTyAa AUIIOJBHOI'O IMOJA HU3JIYUCHUA 3aBUCUT OT IMPOJAOJIb-
HOU KOOpJAMHATHI 7; BBIXOISAMICTO €AMHUYHOTO 3apsna, HO 4YTO mocje r, II0JIC
N3JIyUCHUSA HC 3aBUCUT OT r. ﬂJ’IH MHOTOMOJOBOT'O pCKrUMa

w, ()= 2%2§ ki€ in (o,7). (9.35)
a - w,a

Ipemmonaras, uto dk, /dw= A, /w*’?, Mbl MOXeM POCUUTATh, KAK U PaHEE,

AQHATIUTUYCCKOC pAaCIIUPECHUE IJIS BBICIIMX MOJ, HAUMHAA C (), :

: O
Wda(f):%,i e Eg%cosym sin x —\/2nxD—2SE/2—x%‘
a n a3 g X 5 T

Bemnunnel W, u k;, MOTYT OBITH MOCYMTAHBI Ul aKCHAIbHO CHMMETPHUYHOMN
CTPYKTYpBI C MCHOIb30BaHUEM, HanpuMep, nporpaMMmbl TRANSVERS. Pesynb-
TaThl PACYETOB IIONEPEUHBIX TONed wusnyueHus Ha sueilky amt SLAC-
CTPYKTYpBI IpeCTaBIeHbl Ha puc. 9.8 1 9.9 .

WHorna none3Ho onpeaeauTs MONepeuHblil JUIOIbHBIN UMIIEJAHC HA €AUHULLY
JUTMHBI CTPYKTYPBI

=W, T

Z,(w)= —j—(E’ *5) (9.36)
1,
rae E, u B; — KOMIIOHEHTHI MOMIEPEUHOr0 OTKIIOHSIOIIETO MOJIsl, IPOU3BEICHHbBIE
CpPEeTHUM TIPOTEKAIOIIUM TOKOM Iy , UMEIONIUM CHHYCOUIATBHYI0 MOIYIISIIUIO C
aMIuUTyI0i Ar mipu yacrtore [y 3IEMEHTOB YCKOPSIONIETO TPAKTa WA IS
HaKOMHTEJIbHOTO KOJbIA JUIMHON L MOTepeyYHbIil UMIIEAaHC €CTh
2,(@)=7,(w)/1,(®), (9.37)

L
rae Vt(w):J.(E+5XB)tdz, Id(a))ZqAr/T[,
0
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W/ (rq/a) [B/nK/mepuoxn]
1,6 T T T T T T T T

OO6uee nosne
ffffffffff 435 Mon
,,,,,,,,,,,,,, Ilepeas Mmona

8 10
Bpewms [1ic]

Puc. 9.8. TunonsHoe mosie n3mydeHus Ha staeiiky st SLAC-cTpyKTypsl
Jutst iepBhIxX 10 1ic

W,/(r/a) [B/uK/nepuox]
20— T T T T T T T T T T T T T T T T

—— OO0mee none

0,5

0,0

05 PR SEU RRU RS U RS S RS S T
"o 10 20 30 40 50 60 70 80 90 100

Bpewms [1ic]

Puc. 9.9. [lumonsHOE noe M3mydeHns Ha sueiky it SLAC-cTpyKTypsI
Ha uaTepBaie 0-100 nc
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Jl71st pe30HaTOPOB MOYKHO MOKa3aTh, YTO
Zy _ 2cky
0 wzaz '
JIst TUMMYHBIX AUIMONBHBIX U MPOAOJBHBIX MOJ, UMEIOIIMX OJWHAKOBoe K, Ha
paguyce auadparmel B KJIB, npeanonaraem k,; =4k;, ogHaKo IJIOTHOCTb IO-

(9.38)

MEPEYHBIX MOJ| Ha €AMHMILY YaCTOTHOTO MHTEpBaja B ABa pa3a OOJBIIE, TaK KaKk

OJHOBPEMEHHO MOTYT cocyiecTBoBaTh 1Be Moasl — TE u TM. Ucnons3ys

takke ¢akr, yro k; = (w/ 2)(Z 7 Q) JUIsl IPOJIOJILHOW MoJbl (IoJaraem
R,=27; B (9.38) ), MBI OIy4UM

Z, = 2c2

wa

Z, . (9.39)

OTt0 BBIPpAKCHNUEC YaCTO UCIIOJB3YCTCA U1l OLCHKU I'paHULIbl JUIMOJIBHOI'O UMIIC-
JdaHcCa, €CJIM U3BCCTCH l'IpO[[OJ'II:HI:Iﬁ HMIICaHC.

[IpuMeHsst BBIpaKeHHE JUIA 7 - KOMIOHEHTHI W,,(7,@,T) B (9.32), MOXHO
MOJYYHUTh TIPH M =2 KBaIPYyIOJIbHBINA MOTESHIIUAI MOJISI BO3OYKICHUSL:

an(r)=4E'i Bi§ ki€ Gineor . (9.40)
a [ ~ w,a

Honepelmaﬂ AUHAMHUKA IIY4YKa, IByXHaCTHYHadA MOJA€/Ib

B mpoTsiKeHHOM CTyCTKe KaXKaas 4acTHIa B3aMMOJIEHCTBYET C IOIEPEYHBIM
moJjieM, BO30Y>KIEHHBIM BCEMH OCTAIbHBIMH YaCTHUIIAMHU CTYCTKa, KOTOPBIE IPO-
netenu 10 Hee. [Ipu pacdere nmonepedyHol JUHAMHUKHN PEJIITUBUCTCKOTO CTyCTKa
CHJIBI MIPOCTPAHCTBEHHOTO 3apsiia MEXAy YacTUIAMH TakKe MOXXHO CUHUTATh
MpeHeOPEIKUMO ManbiMU. JIMHEHHAS TUTIOTHOCTH 3apsia B CTyCTKE

d0)=0E2 =0 6()= (N)GE) w041

riae Q - MOJHBIN 3aps] CTyCcTKa, N, - 9ACII0 YaCTHUI] B CTYCTKE.

ITonaraercsi, 4TO CryCTOK HMMEET HYJIEBOW IMOINEpPEYHBIM pasMep, TaKk Kak OH
MHOTO MEHBIIIE AHAMETpa amnepTyphl YCKOpsIomel cTpykTypel. Ilomepednoe
OTKIJIOHCHHE B CTYCTKE OT OCH X(s,Zz)ecTh QPYHKIMSA z- MPOJOIBEHOTO MMOJIOKEHHS
OTHOCHTEIIFHO IIEHTpa CTYCTKa M S — PACcCTOSHUS OT Hadama yckoputens. [Jlms
aKCHAJIFHO CUMMETPHUYIHOM YCKOPSIOWICH CTPYKTYPHI MOTIEPEYHOE TI0JIE M3ITyde-
HUS XapaKTepU3yeTcsl B IEPBOM HPUOIIKCHUN TUITOJIBHBIM ITOTSHITNAIIOM ITOJIS

m3nydenus (dipole transverse wake function) wy, (z) WL W, (T), HMMEIOLIUM

06BbIYHO pasMepHOCTs [B/mK/m?]. w, (z) €CTh TIONIEPEYHBIA TOTEHIMAN Ha
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€JIMHUILY JJIMHBI CTPYKTYPhI, YyBCTBYEMBIN OIIBITHOW YAaCTHIICH, CIEeIyIOIIEH Ha
paccTosHUM z = ¢T TOCIe €AWHIUYHOTO 3apsa, HaXOAAIIETOCsd Ha eANHIIHOM
PAcCTOSTHUU OT OCHU CTPYKTYpHI. [IOJMHBIN AUMONBHBIA MOTEHIUAT TOJIS U3ITyde-
HUS JUIS CTYCTKA € MPOAOJIBHOW IIOTHOCTBIO 3apsiia ¢(z), MOMHBIM 3apsaoM O,
HAXOJAIIETOCs. Ha PACCTOSHUM X(s,z) OT OCH, NCHCTBYIONIUI HA YacTHUILy, €CTh

z

W, (02)= g [l =)o )t =

= I Gz -z, (') B(s.z - 2')dz" [B/mK/m]. (9.42)
0

[Tonepeunsie Mo, HABOJUMBIE CI'YCTKOM B YCKOPSIOLLIEH CTPYKTYpe, MO Ompe-
JIEJICHUIO [TOJIHOT'O IOIIEPEYHOr0 NOTEHIMANA U3Iy4YeHH s W paBHEI

(B, +[cxB,), =0 (s2)  (BAL (9.43)

Torma B OummoIs-HOM MPHUONMKEHUH TIOTIEpeYHas Cuiia, ACHCTBYIOIAs Ha 3aps-
YKEHHYIO 4acCTHUILY, €CTh

Fy (s,z) =e [ﬁQ v, (s,z)] =e @}G(Z —z')wd (z')Dc(s,z —z')dz' , (9.44)

a ypaBHEHHE TIONIEPEYHOTO JBIDKEHHS YAaCTHII IO OCH X B JIMHEIHOM YCKOpHTE-
JIe C IEPUOJMIECKON (POKYCHPOBKOI 3alMIIEeTCS B BUAE

di u ix(s,Z)Eu kBZ oy DC(S’Z) = QJ'G(Z -z') GCM Dc(s,z - Z')dz' ,
s 0 ds 0 s mc

e Y = y(s) — SHEpPrus CrycTka B TOUKE S B ¢AMHHLAX /MC °,

kg =kg(s)=2m/A(s),

A(s) — 3aBHCHUMOCTB [UIMHBI OETATPOHHBIX KOJICOAHHUH OT S.
HaBeeHHbIH AUIONBHBIN MOTEHIMAT MOJSA M3Iy4eHHS W, (T) paccuuThIBaeTCS
JUTS KaXKJOW KOHKPETHOW KOH(UTYpaluu YCKOPSIOWIEH CTPYKTyphl. st momy-
YEHUS W, (T) [B/nK/M?], ncnonbayemoro B (popMyliax, HaJ0 3HAYCHHE U3 TPa-

duxa W, (T )/ (rq / a) [B/mK/m], ananoruanoro SLAC (puc. 9.2), monenuts Ha

paauyc anepTypsl a [M].

Pacyer monepeuHoro ABMXKEHUS Ul CIy4as IPOU3BOJIBHOTO pacHpeneleHus
3apsga B CTYCTKE C YY4ETOM BHEIIHETO (OKYCHPYIOIIETO IOJIsI — JOBOJIBHO
TpynHas 3aiada. Hanbonee mpocrast Mosientb, KOTOpasi BKIIIOYAET BCE CYIIECT-
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BEHHBIE (DM3MYECKUE CHUTYyaIlMH,— TaK Ha3bIBacMas IByX4YacTHYHAs MoJAens. B
COOTBETCTBUHU C 3TOW MOJIENbI0 ['ayCCOBCKMI My4OK pa3Mmepa O, C MOJHBIM 3a-
psagoM Q pa3buBaeTcs Ha JiBa:

<ﬁ4:%m@+ag+%m@-ag, (9.45)

9y

TO €cTh “TOJOBHOI” 3apsin /2, HaXOAAMMICA B TOUKE z = +0, W MMCIOUIUH

i3]

MOMEPEYHYI0 KOOpAMHATY X; (S), U “XBOCTOBOW~ 3apsn (J/2, HAXONAIIMHCS B
TOYKEe z = —0O_, C HONEPEYHON KOOPAUHATOMH X, (s). YpaBHEHHS IS MOMEpey-

zo

HOT'O IBMKCHUSA DTUX 3aPAT0B 3AIMMITYTCA KaK

O
O
ddxlz Ijj— kﬂ a4, = D 0 IS X, (s),
s

DQ§%£EJ&A)mMM@

H2 " yone?

IIpu HOCTaTOYHO MEAJICHHOM W3MCHCHHWH SHEPTHHM BTOPBHIM YICHOM C IEPBOM
MIPOM3BOTHONW OO0BIYHO TpeHeOperaroT. IlapameTp ¢oKycupyromeil cucTeMbl
kg (s) XapakTepU3yeT IPAANEHT MAarHUTHOTO OIS KBaAPYIOJbHBIX JIMH3, yCTa-
HOBJICHHBIX Ha YCKOPSIONIEM KaHaie. byJeM cuMTaTh €ro MOCTOSHHOH BEIHYU-
HOU kﬁ (s) = kﬁ . IIpu 3TOM HaO MOMHHTE, YTO JUIS STOTO HEOOXOAMMO, YTOOBI
IPAJAMEHT MarHATHOIO OIS KBaAPYIOJbHBIX JMH3 YBCIUYMUBAJICS BIOJIb YCKO-
PUTEIS POTIOPLIHOHAIBHO HAOUPaeMOM SHEPTHH.

3aBHCUMOCTD X, (§)XapakTepu3yeT HOBeIeHHE 3apsDKCHHON YacTHIB B KaHAJIE
C KBaJpYyMoJIbHOU (HOKYCHUPOBKOW 0€3 ydera CHII MPOCTPAHCTBCHHOTO 3apsia W
nortepeyHbrx CBY-crin, KOTOPBIMU MBI IPEHEOPETIIH B CITy9ae PENSITHBHCTCKOTO
CTYCTKa. 3aBUCHMOCTb X, (s) MOXKHO PACCMaTpPHBATh KaK IIOBEACHUC BCErO
Cr'yCTKa B KaHAJC C KBaAPYMOJBHOHW (POKYCHPOBKOH € yYETOM IOIEPEYHOIO
I0JIs1, BO30YXICHHOTO CAMHM € CTYCTKOM, TIPOJICTAIOIINM Yepe3 YCKOPSIOIIYIO

CTPYKTYpPY.
I[J'IH TOJIOBHOM YacCcTUlbl MOJYYUM, YTO OHA ABUIKCTCA I1O 0p6I/IT€, OIIKMCBIBAC-

MO ypaBHEHUEM
X (s) =xg coskpgs .
Torna ypaBHeHHE [UIs IBIKEHUS] XBOCTOBOH YaCTHIIBI 3aMUILICTCS
xlz +kB DCZ - CCOSkBS N (946)
- Q £ B )5,
rae C = , @ IITPUX 03HAYAET IIPOU3BOAHYIO TIO .
y [nc?

Jna nocrosiHHOM 2Heprun V,, = y0m02 ypaBHEHHUE JBW)KCHHUS XBOCTOBOHM Hac-
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THIIBI €CTh YPABHEHHE Il TADMOHHYECKOrO OCHHILIATOpPA O€3 MOTEPh, HAXOMs-
werocs B pesonance. [lonaras x, (O) =X (O) =0 npu s =0, momyuum

vy == [s in (ks)). (9.47a)
2k,
. _C .
¥y === [sinkgs +kps Boskps] . (9.47b)
2k,
Hutepec npescTapisioT asa npenena. s kg =0 Mbl nosydum
52 /2,
¥y = Cs. (9.48)

Benuuuna € , [IponopuruoHaJibHad NOMNepeUHOMY OMHUTTAHCY, paBHA

2
£ =k, [k :HE%ET' (9.49)

B npenene cunbHol dokycuposku kg s >>1:

HC—SEE kﬁs
= @%Ellos (kgs),

2
£ = i, | | WEE‘%E}Z' (9.50)
B

To ecTh OTHOIICHHE MaKCHMAIIBHOTO IIEPEMELICHHUS IPU CHIIBHON (OKYCHPOBKE
K IIepeMeleHnIo 0e3 POKYCHPOBKU €CTh

|xl| focusing 1 ] 951
1o o ocing ™ Rys "3y o

rae Ng =s/ A g - HMCIIO OETaTPOHHBIX KOJICOaHMIA.

CoOTBETCTBYIONIEE OTHOIIEHHE YMUTTAHCOB ecTh 1/(47Vg). OTMETHM, UTO JBH-
YKEHHE XBOCTOBOM YaCTHIBI OTIMYHO OT ToJ0BHON Ha 90° mo dase. B dazoBom
Buje (9.47a) BRITIAIUT KaKk
% (s)= %, (0)) 4%, 9.52)
Cs qs W,(20.)

rie A= = = . 9.53
2kﬁx0 4V0kﬁ ( )
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Ilpumep: nuneinbii koymainep SLAC uMeeT clieyIoniie mapameTphbl:

mHa SLAC-yckoputens z = 300° m,

KOHEYHAsl YHEPTHS ITydKa U=50T15B,

JUTMHA BOJIHBI TIOTICPEYHBIX

KoJeOaHui Ag=100 M,

YHUCJIO YaCTHI] B CTYCTKE N, = 5%10'" s

3apsJl CTyCTKa g=8007K,

JUTMHA CTYCTKa o =1mm(0,=0,/c=3,3mc),

JunHa niepuonia SLAC-ctpykTypbl d = 35 MM,

paauyc OTBEPCTHS JUCKA a=16,3 MM,
W3 puc. 9.5 npu u3BeCTHOM pa3Mepe OTBEPCTHS IUCKA g TIOTIEPEYHOE BO3OYX-
nenue npu 2 [, = 6,6 nc ecth 1,000 B/K/m/nepron. Tak Kak MHA Iie-
prona d = 3,5007 m, To Bo3Gyxaenne W,(20.)= 2,810" B/K/M>. ANIpOKCHMH-
pyeM TOoJHYyI0 3Hepruto yckopeHus 50 ['9B Ha cpeHIO0 MOCTOSHHYI0 YHEPTHIO
25 TI»B. TIloacraBuB J3TH 3HaueHuss B (9.53), monmyumm A=10 wm

|x2 (z)| =10 [l]x2 (0)| JUIs aMILUTATY/BI KoneOaHWi XBOCTa 3apsajaa, KOTOPHIi

JABHIKCTCA 3a rOJIOBOI 3apsaa.

Ecnmu uMmeetcs pa3Opoc Mo 3HEpPrusM BHYTPH CTYCTKa, TO TaKXke OyImeT pas-
Opoc B OeTaTPOHHBIX YacTOTax ( kf; =1/y) ana naHHO# (POKYyCUpYIOIIEH cuc-

TeMbl. B Mogenu AByX 4acTull 3TO 03HAa4YaeT, YTO TOJIOBHAs YaCTULIA C 4acTOTOH
kg BENET XBOCTOBYIO HacTHIly C 4acTOTOH kg, = kg, +0 k. XBocT HacTuibI

Oyner Temeph HEPE30OHAHCHBIM OCHWUIATOPOM, W MBI OyJeM HaOIoIaTh
YMEHbBIIICHNE OCIWUISIIAN 110 CPaBHEHHIO ¢ TeM, 4To naet (9.50). Dto mo cymie-
cTBy 3aTyxanue Jlannay. YpaBHEHHE JBHKCHUS JUIS 3TOTO CIydasl U €ro pere-
HUeE, B IPSAIONI0KECHUN X, = x5 =0 mpu s =0, ectb

x5 + kf;zxz =Ccos (kB Os),

Lz(cos kgos —cos kﬁzs)=

kpy=kpo
2C n. 1( 1 nn
= - ln—k 2+k O)SE:EIH—(]( z_k O)S s
TR MG A
[ C : 1
x5 =W(kmsm kpgys = kpgosin kﬁos). (9-54)
B2 ~kpo

MakcUMyM aMIUIMTYAbI X H X' B IIPEANOI0KEHHH MaIocTd O k / k g Oyner
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| |=k C6k ’
B
<
ok’
C2
IT—Z.
kg(Sk)

CpasnuBas (9.55) ¢ (9.50), 3aMeTHM, YTO YMCHBIICHUE aMILTATY A | Xy |, 00y-

! —
|x2|—

(9.55)

CJIOBJICHHOE pa3JIMuYMeM YacTOT MONEPEYHbIX KoiebaHul y “royoBbI” M “XBOC-
Ta”, paBHO

|x2|(5k¢0): 2
|x,[(0k=0) sBk

OMHTTAHC e YMEHBIIACTCS KaK KOPEHb KBAaIPATHBIA OT 3TOH BEINYHHEIL.

Jnst yMeHbIIEHHS TONEPEYHOr0 3MHUTTaHCAa TaKMM CIIOCOOOM HEOOXOAMMO,
9YTOOBI TOJIOBHBIE YACTHIBI CI'YCTKA MMEIH OOJIBIIYI0 SHEPTUIO, YEM CPEIHUE, a
XBOCTOBBIE YaCTHI[bI CTYCTKa — MEHbIIYI0. CBA3aHO 3TO € T€M, UTO CUIa, JEHCT-
BYIOIIAsi HA XBOCTOBBIE YACTHUIIBI NPH KOJIEOaHUH CTYCTKa Kak IeJI0ro, Harpas-
JIeHA TI0 MX CMEIIEHHIO U JOJDKHA KOMIIEHCHPOBATHCS (POKYCHPYIOIIUM JEHCT-
BUEM KBa/IPYIOJBHBIX JHH3. TakuM o0pa3om, addekT mornepedHoi HeycTonqHn-
BOCTH MOXET OBITh HOJAABIEH BHIOOPOM NPaBHIBHOW (POKYCHPYIOIIEH CHIIBI U
9HEPIreTUUECKOro CHEKTpa CyCTKa.

(9.56)
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