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AHHeB .A.X. IHIII ·2a 

B3aHMoAeHCTBHe CH~bHOT04HOrO nY4KD c yCKOP"~'~ 
CHCTeMOH B CHH~pOTpOHax /0630p/ 

Ha OCHOBe pa601 coeeTCKHX H 3olpy6B*H~X olBTOPOI CAe~'H ~j3~1 
~HTepaTYp~ no B3aHMOAeHCTBH~ CHflbHOT04Horo nY4KD c YCKop~~eH CHcr~
MOM B CHH~poTpoHax. 06CY*Aa~TCA CneAY~He Bonpoc~: MOAeflH nY4KoB, 
MeTOA HaBBAeHHOrO TOKa, MeToA c06cTBBHHwx KonefiaHHH, BnHRHHe pacnpe
AenBHHR 3apAAa B crycTKax Ha B3aHMOAeHCTBHe, 3HBprHA B035Y*AaeMoro 
nOI1R, BnHRHHe Harpy3KH nY4KoM Ha pa60TY B~COK04aCTOTHoro reHepaTopa, 
anHAHHe CHCleM olBTOMaTH4eCKoro perYI1HpOBaHHR Ha 83aHMoAeHcTBHe 
nY4Ka c YCKopR~eH cHcTeMOM. 0630pHaR I1HTepalypa BKn04aeT 
43 HaHMeHOBaHHR. 

PafiOTa B~nOI1HeHa B fla60paTopHH B~COKHX 3HeprHH OMRH. 
COOfiWBHIIB 06bBlllIHBHHoro HHCl'ltTyTB WlSPHbllt uccnSlloeBHHR. Lly6HB 1960 

Olnev D.H. 9·80-25 
Inleractlon between a High-Current Beam and an 
Accelerating System in Synchrotrons - Survey 

A literary survey of the problem concerning tho Interaction 
between a high-current beam and an accelerating 5yst~m n synchro

trons has been done. The bibliography Includes 43 works. The beam 
models used have been discussed, in particular, the model of point 
particlcs, the model of ll'1c charged rluid lind the kinematic model. 
Two methods de~crlbing the interaction belween the beam and 
the cavities l'1av~ been con51dered - tho method o( thc Induced 
current and lhe Schokl ":rR,mo ' s (11('orCln, and the cavity 5el£
oscillation met.hod. The eq~ivalcncc 01 tf1C$e two methods has 

1. BBEAEHVlE 

B YCKo pHTen Rx T~na CHHXPOTPOHOB 3apR~eHHwe 4aC TH 4~ YB e
nH 4HBa~T CBO~ 3Hep r~~ npH npoxo~Ae H~~ 4e pe 3 y C KopR~~He 06oeM
HbJ e pe30H aTo pbl. Co cBo e R CTOP OHbl, YCKopRe Mble 4 a Cnll\bl BbI3b1 
BaOT MeHbw~e Hn~ 6on bw~e H CKa~eHHR Y C KopR~ero nonR. ~ H~M~ 

cnoBaM~, npoxo~AeHHe 4 aC T~4 4epe3 pe30Ha Top - 3TO np04ecc 
B3a~MoAeRcTBHR . B CBR3H C POCTOM ~HTeHC~BHOCT~ YCKopReMoro 
nY4Ka 3 HaH ~ e x a paKTepH wx oco6eHHocTeR 3 Toro B3 aHMoAeRcTB~R 

HMeeT Ba~Hoe 3 Ha4eH~e AnR pa60T bJ YC Ko p~T enR . Ecn~ He 6 YAYT 
np~H R TbI o co6b1 e Mepbl , nOA AeRcT B~eM Har py3KH nY 4KOM yC KOPR~

~ee n on e HC Ka~aeTCR. 3 T~ ~C K a~eH~R BeAYT K ~3MeHe H~ ~ xapa K
Tepa ABHmeHH R 4aC TH 4 B npOAo nbHOM ¢a30BOM npOC TpaHCTBe. Ka K 
np a BHno, ~ 3MeHe HHR ¢ a30Boro A B~~eH~R nOA Ae i1 cTB~eM HarPY3 KH 
nY4 KOM O Ka3bJBa~T He6paronp~ RTHoe B03AeRcT B~ e Ha pa60Ty YC
Kop~TenR 18 .9. 13 ,31,32 / . B HaCToR1l1eM 0630pe Mbl He 6 YAeM 3a
TparH BaTb BonpOCOB ¢a30Boro AB~meH~R C Y4eTOM Har pY3 K~ nY4
KOM, a orpaH~ 4H McR n~Wb npo6neMaM~ 0 6paTHoro Bn~RH~R ny4Ka 
Ha pe30HaTOp ~ Bo o61l1e Ha yC KOPR~~Y~ c~cT e MY. 

PRA pa60T nOCBR1l1eH Bn~R H~~ H a rpy3 K~ nY4KoM Ha pa60T Y 
n HHei1Hblx YCKop~TeneR / 36 -39 1 . B nocneAHee BpeMR B CBR 3H C ~H
T e HC~BHbl M pa3B~T~eM Me ToAoB KonneKT~BHo ro YCKopeH~R B 3neK T
pOHH~X Konb 4 8X ~3Y 4ae TCR xapaKTep tlo§leR, B036Y~AaeMblx A B~ 

~Y1l1~MCR 3neKTpOHHWM Ko nb4oM B YCKOPR~1l1~X CTpYKTypa x . 40- 43/ . 
3AeCb Mbl He 6YAeM KacaTbCR 3T~X BonpOCOB, a o rpaH~4~MCR 

n~Wb pa6oToi1 YCKop~Tenei1 T~na C~H X pOTpOHOB. 

2. MOt:\EnVl nY4KA 

np~ paCCMOTp e H~~ B3a~MoAeRcTB~R 4aCT~U C yCKOPR~1l1~M pe3 0 -
HaTopOM ~cnonb3y~TcR pa3n~4Hwe ~~3~4eCK~e MOAen~ nY4Ka. 
B T04e4HblX MOAenRX 4aCT~4w paCCMaTp~Ba~TCR Ka K 3apR~eHHbJe 
T04K~. t:\nR ~CT04HMKOB nonR MO~HO 3an~caTb I l l : 

-, -~ ..... -+ ..... 

(, (r ,t) J f! 0 (r ) n(r ( r , t) - r) dV 0o p 0 
/ 1/ 

JC;, I. ) = Jpo( r-~) ~>;o ' t) il (;pC;a t ) - r) dV ' o 



rAe to(T , t) - T paeKTOpl1R 4a CT I1 ~bl B OTCY TCT Bl1 e BbICOI(Ol.taCTOT
HOrO nonR ; t p 11 v~p - p aAI1YC - BeKTOp 11 CKO POCTb 4aC TI1 4 b1. 

An R caMocornaCOBaH I1R 3aAa4~ C ~CT04HI1KaM~ / 1/ K ypaBHe

HHRM MaKcBenna HY~HO Ao6aBH Tb y paBHeHHR ABH~eH~ R 

-+ -> -+~(f!10Vp )=eZ[E(; p,t ) + Vpxl'oH(r p' t) J , 
dt Vl-v ~/c2 /2/ 
dr'p ~ 
-- =v 
dt P 

4aCTO nY40 K paCCMaTpl1 BaeTCR KaK COCTOR~H~ H3 N * cynep 4ac
TH~ C 3apRAoM Z*e 1 5/ . 3apRAHOCTb Z · Bbl611paeTCR TaK , 4T06 b1 

N *Z*ef s OTBe4ano ~~pKyn~py~eMY TOKy. KonH4eCTBO N * cy

nep4acTH~ Bbl6HpaeTCR HCXOAR ~3 B03MO~HOCTe~ 3B~1,HCnOnb3ye

MblX AIlR MOAeJlHpOBaHHR. 
EcnH AnR nnOTHOCT~ TOKa OAHO~ cynep4acTH~bI, ABH~y~e~cR 

no OCH Z co CKOpOCTb~ V ,B 06naCTb pe30HaTopa BBeCTH ~HnHHA
pH4eCKY~ CHCTeMY, TO 6YAeM HMeTb: 

Z*ev 
j = -- &(r) t'5 (z-vt). /3/

z 27Tr 

4acTo Bbl6HpaeTcR N * = l, T.e. Bce 4aCTH4b1 crycTKa pacCMaT

pHBa~TcR cocpeAoTo4eHHblMH B ~eHTpe ero MaCCbI - TaK Ha3b1Bae

Moe 0 -pacnpeAeneHHe 3apRAa B crYCTKe. BBeAeM B YCKopHTene 

~HnHHAPH4eCKY~ (R. 6. y) Hnl-1 KPI-1 BonI-1Hei1HY~ (s . R. y) CI-1C TeMY, 
rAe s = OR s /Pl-1c. 1/. A31-1MYT 0 YAo6HO OTC41-1TbiBaTb o6paTHo 
ABI-1~eHI-1~. AnR nnOTHOCTI-1 TOKa nY4Ka C 3 -pacnpeAeneH~eM 3apR

Aa B crYCTKax Mo~eM 3anl1CaTb 

L (R,y,O, t) = eZdNw 8(R-R ) 8(y) [ 8(0-(0 -lO t» + 

"9 s s ~ s 


/4/ 

+O(O-(Os + ~-wst» + - - - J, 
q 

rAe dN - KOnl14eCTBO 4aCTI-1~ B crycTKe, R s - paBHoBecHbl~ 
paAI1Yc, q - KpaTHocT b BbICOKO~ 4acToTbl, (d s '" W rf / q - 4aCTOTa 
CI1HXpOHHO~ 4aCTI-1~bI, 13 s = 1> /q, 1> s - paBHoBecHaR $a3a. 

B MOAenl1 3apRmeHHoro $nY~Aa nY40K paCCMaTpl1BaeTCR KaK 

ABI-1~y~aRcR 3apR~eHHaR ml-1AKOCTb C nnOTHOCTb~ 3apRAa p 

1-1 nJ10THOCTb~ TOKa t- nlPI-1 On~CaHI1I-1 B nepeMeHHblx~~nepa, Kor
Aa Ben~4l1Hbl 3aAa~TcR KaK cKanRpHble 1-1 BeKTopHble nonR - per. t)
f(;, t), nOBeAeH~e 4aCTI1~ 11 nonR Onl1CblBaeTCR C~CTeMO~ 
ypaBHeHI-1~ MarH~THO~ rI-1APOAI1HaMI1K~, 

-> 
~ -> all

rot H '" j , rotE at 
/5/ 

divB = D, j=a&+; x ll), 

dv ~ -. 
div.i 

-> 

= D, p -- = (j >( 13) - grad P . 
m dt 

YCKOPR~~I-1~ 
pe30HaTOp 1----r---;>7 P a BHO

BeCHaR 
op6~Ta 

CrYCTOK 

4aCT~~ II 

P~C. 1. KOOPAI-1HaTHaR CI-1CTeMa YCKOpI-1TenR. 

npl-1 paCCMOTpeHl-111 B3aI1MOAe~CTBI-1R 4aCTI1~ C YCKOPR~~I-1M pe30
HaTopOM 4a~e Bcero I1CnOnb3Y~TCR nepeMeHHble narpaH~a,KorAa Be

nl1411HbI 3aAa~TCR KaK $YHK~1-111 KOOPA~HaT ABI-1~y~e~cR 4aCTI1~bI 

11 BpeMeHI-1. Ecnl1 rpeT . t) - TpaeKTOpl-1R 4aCTI1~bl, BoweAwei1 B 
npOCTpaHCTBO B3aI-1MOAe~CTBI-1R B MOMeHT r , TO 

-. j (r) dS 
I' (r . t) "- - ~.;-:-:---=~----,-,=--

p • ( (IX p) ( dY p ) ( (jZ P) d T 2 /6/ 
or aT ih 

B KI-1HeTI14eCKO~ MOAenl-1 nY40K paCCMaTp~BaeTCR KaK CTaT~CTI1

4eCKI-1~ aHcaM6nb. nYCTb ~(r.~,t) - OAH04aCTI-14HaR $YHK~I-1R pac
npeAeneH~R B 6-MepHOM $a30BOM npOCTpaHCTBe (~~)/4 ! 
TorAa AnR I1CT04HI1KOB nonR MO~HO 3anl-1CaTb: 

(J = Z e n 0 J f 1 (r', P'. t ) dp', 

-, 
:-" . p .. , - t /7/-lo 

J = Z e no] - f 1 ( r , p , t) dp , 
m 

rAe no=N/ V - cpeAHRR nnOTHOCTb. 

~nR caMOCOrJ1aCOBaH~R 3aAa41-1 C I1CT04HI1KaMI-1 /7/ K ypaBHe
H~RM MaKCBenna Ao6aBnReTcR KI-1HeTI-14eCKOe ypaBHeHl-1e 60nb~MaHa 
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af
l ... 	 ilf 1 

+ v grad f 1 + F\ grad pf I = ut GT 	 /8/
at af 

rAe __1 onHCblBaeT H3MeHeHHe fl BcneAC TBHe 6HHapHblX CTonK at CT 

HOBeHH-a:; • 


3 . METO~ HASE AE HHoro TOKA 

B CB~-3~eKTpoH~Ke npH onH c aHH~ e3aHMoAe~ cT BHR 4a C Tl-1~ 

C YCKOp !1tOlllei:1 CHcT e Moi:1 Hc noIl b3ylOTCR pa3IlH4Hbie npH6nl-1~eHH ble 

paCCMOTpeHHR. 4allle Bcero 3TO npH6nH~eHHe 3 aAaHHoro 
TOKa, Ko r Aa ABH~eHHe 4aC TH~ H, cn eAOBaTenbHO , nnOT 
HOCTb TOKa 3apaHe e l-13B eCT Hbl. B npH6nH~eHl-1H 3aAaHHo r o TOKa 
An R B~ 4Hcne HHR nonR , B0 36Y*AaeMo ro 4ac TH4 a MH B pe30 HaTope, 
Hc nonb3 y tOTCR ABa MeT oA3 - HaBeAeHHoro TOKa l-1 co6c TBeHH~X 

Kon e6aH HA . 3Ae Cb Mbl p a CCMOT pl-1 M MeToA HaBeAe HHo ro TO Ka . 
CHn y TOKa, HaBeAe HHoro nY4 KoM B pe30H a Tope , MO~HO B~4WC 

/n HTb Ha OCHOBe Teo pe Mbl WO KIl H- PaMO .'1 ,3 . 

i in c! (t) =Ij' (;, t)E ' (;)dV , 	 / 9/• 
rAe E'(~) - H a np!1~eHHOCTb nonR B T04K e r npH nOTeH~Vlane pac

CMaT pHBae Mor o npOBOAHl-1Ka +1 l-1 npH Hyne Bo M nOTeH~ Vl ane OCTanb
HblX npo BOAH HKOB . 06bl4HO paCCMa Tpl-1BaIOT KBa3HCTa4 H oHapH~A pe
30HaTOp, An R KOToporo 

Sot 
i . 	 d( t ) = - r j (,)V(T, t)dr, /10/ 

I n d r d 

rAe So - ce4eHHe YCKopRlOlIlero npOMe~YTKa , d - ero AnVlHa, 
rd - MOMe HT BneTa B YCKOP!1lOlIll-1A npOMe~YTOK To A 4aCTH4~, 
KOTopaR B MOMe HT t 6 YAeT HaXOAl-1TbCFI Ha Bbl xo Ae Vl3 npOMe~Y' Ka. 

B3aHMoAeAcTBHe nY4Ka C noneM RBnReTC!1 nepHoAH4 eCKVlM /c ne
PVlOAOM Trf /. ~cnonb3YR nOHRTl-1e 0 TaK Ha3~BaeM~X r -TpaeK

TOPl-1RX / l~AnR ¢YPbe-rapMOHl-1K HaBeAeHHoro TOKa MO*HO nonY4HTb: 

- () IJa ~Ja '\' I r , /11/lind t ="2 indO~k-:l indkCOSk")rrt +k:l ' indkSlnkWrr!, 
a 1 217 . r+ td{T) -. .-,

J d = - f j( r)dS (r)d r, ) r r J E ' v cos k,,) t dt, /1 2/ ow k 17 0 r r rf 

1 217 T+ l,w) ... 
J f =-fj(r)dSo(r)dr"f f E ' vsinku' t dt. /1 3/

In d k 77 0 r 	 rf 

nep a a R, pe 30HaHCHaR rapMOHHKa HaBeAeHHoro TOKa npl-1 o-pac
npeAeneHl-1l-1 3a pRAa B crYC TKa x B~4HcneHa HeCKonb KO HH~M cnoco
60M / 6 / . 

4 

npeHe 6pe raR MOAY~R~He~ nY4Ka B pe30HaTop e H C 4~TaR e ro 
6e c KoHe4Ho Y3 KHM, H3 /4/ H / 12 , 13/ MO~HO no nY4HTb 

- jk¢ s 
= 2 e ZN f e 	 /14/J indk s 

rAe N =q.dN - o6111ee KO~H4eCTBO 4acrH~ Ha Op6l-1Te. 

4. METO~ C06CTBEHH~X KonE6AH~R ... )-

BeKTopHblA nOTeH~Han A(r, t) pacKIlaAblBaeTCR no opTorOHanb
HoA 01CTeMe co6CTBeHHbiX BeKTopHblX nOTeH~l-1anOB A-:\ (;) 
An!1 Kone6aHHA C co6CTBeHHoA 4acToToA U)A' Co6CTBeHHble BeK
TopHble nOTeH4l-1an~ YAOBneTBopRIOT ypaBHeHl-11O 

4 --'to 2-+ '-" 
!1A A (r) + k AA (r ) = 0 , /15/ 

2 
., (jj \ 

rAe k;: = --'-- , H ycnOBl-1!1M 
c 2 


divAA (;) =!), 
 /16/ 

AA (~ I t, 8
M 

= 0 . /17/ 
... 

YcnOBVI!1 HOPMl-1POBKH A A 

rA A* dV = 8 AA • 
. A \. 	 /18/
V ,\ f 0 

npeACTaBIl'!1eM 

A(r, t) = L q\(t)-( (r), 
1\ 	

/19/A= 1 ,1 

.unR CBo6oAHbiX Kone6aHl-1A pe30HaTOpa q A(t) rapMOHl-14eCKl-1e 
¢YHK~l-1H 

q \ (t) = q j (U A t 

1\ 
 Ao, e 	 /'20/ 

KorAa Kone6aHl-1R B pe30HaTope B036Y*AaIOTCR TOKOM ~r~t) 
BeKTopHbl~ nOTeH4l-1an A(t , t) YAosneTBopReT BonHOBOMY ypaB
HeHl-11O ! 10 " 

., . ~. 

rI ~A ( r, I)
{\A (r , t) = - " oi( r, l ) , 	 /21/

C 2 L)t2 

~3 / 2 1/ H /19/ cneAyeT 
d 2q,\ (t) 

! (,, ~ q \( t) ! HI ,! ) A" (;) dV , / 22/
dt 2 1\, V 

5 



Ecn H Y4eCTb 3aTyxaH~e Kone6aH~~, TO / 22/ peAy~~ pyeTcR Ha 
2

d q~ Ct) uJA d q ,\ (t) 2 ... -. -.-. 
'2 + - . - H UA ~ (t) =Jj(r • t) AA Cr) dV . /23/

dt Q ,\ dt V 

PRA ~ccneAoBaH~~ noc BR~eH B036Y~AeH~~ Kone6aH~~ T~na Em np 

B ~~n~HAP~4ecKoM pe30HaTope /C M. Hanp., ' 11,14 1 /. 

Ka K H3BecTHo, pe30HaHcHaR An~Ha BonH~ Kone6aH~~ E 
Illnp

B ~~n~HAP~4ecKoM pe30HaTope 

2 
A op 	 / 24 / 

2 E <)P
\/ (-) + (~)-

L TTR 0 E 
rAe L -	 An~Ha pe30HaTopa, R 0 - ero paA~Yc, 11 - KOpH~

E 	 mn 
y paBHeH~R In,c i-' run ) ~ 0 . 

Co6cTBeHHw~ BeKTopH~~ nOTeH~~an AnR E Kone6aH~~ 4~-
mnp ' 10 ' 

n~HAP~4ecKOrO pe30HaTopa AaeTcR Bwpa~eH~eM . 

TTP Z E r
A, = C,cos--J Cr ' -) cosmO. 	 /25/

" z 1\ L m Illn RO 

nOKameM Ha np~Mepe B036ymAeH~R E 010 Kone6aH~~ B 4~n~HAP~-
4eCKOM pe30HaTope 8 -crYCTKaM~, 4TO MeTOA~ co6CTBeHH~X KO
ne6aH~~ ~ ~HAy~~pOBaHHoro TOKa Aa~T np~MepHO OA~HaKOB~e pe
3ynbTaTbl. 

AnR Kone6aH~~ E rEolo 
1 J O(I/Ol T)

A 
Oz 

= 
E 

0 /2(-,/ 
RO Y TTfOL J 1( 1-'01) 

H3 /4/ AnR ~HTerpana B npaBo~ 4aCT~ /23/ ~MeeM 
Rs+Ro +Ro +L/2 

let) J dR JdY r dsleZdN (d 8CR-R )()(Y) [8(0-(0 - u) ti» + 
R - R - R _L/ 2 s s s s 

s 0 0 

liE y y2+(R _R)2 /27/ 
J 0 1 s Io Ro 

- 217 _ 6J t)) + .... ]. _---::_
+oCO-Ws+-q s Ro\/ moL EJ ( 1I )1 0 I 

nOcne ~HTerp~pOBaH~R /27/ nonY4aeM 

&L tiL 2TT 

let) =Io[H(2 - ltis-ws t !)+H(~- IOs+-q--wstl)+ ... ], /28/ 

rAe 
eZ dN u ) R 

S s 
lO = E 	 /29/ 

ROYTTfOL J 1 (lI OI ) 

o = ~ /30/L Rs 

1-1 H(x) - eA~ H ~4 HaA tIlYHK~I-1A. 

6 

Pa CKnaAblBaeM I Ct) B PRA ¢lYPbe. AIm nep BO~ pe30HaHcHo~ 
rapMoH~K~ MO~HO nonY 4~Tb 

sin CG(;I l!2) 
1 L /31/ 

F lOG0 
TT 	 qUJ2 

Ce~4ac Mom HO peW~T b ypaBHeH~e /23/, rAe B npaBo~ 4aCT~ 
CTa B~ M /3 1/ . To rAa nonY 4~ M 

lO¢ LA oz sin ¢ J2 
E = -	 cos (u) rf t - ¢ s ) . / 32/z 2 TTa 0 cpJ2 

B / 32/ 0603Ha4~n~ 
p lJ 2 

CJ.J r r !lOT Om 
(l = 

0 	 /33 /
2Q O 	 2WO 2 R III WO 

rAe U - MaKc~MYM HanpRmeH~A Ha pe30HaTope, R 111- ero WYH-
TOBoe conpoT~BneH~e . 

AnA cBo6oAH~X Kone6aH~~ pe30Ha Topa 

t) _ 	 j 'd f t qoC - q e t 	 /34/00 

nOCTOAHHY~ q oo Mom HO onpeAen~Tb ~3 BwpameH~A AnA 3Hep
r~ ~ nonR 

\\ = ~ r (E 2 + c2 13 2) dV . 	 /35/2 . 
VpC3 • 

H3 /35/ ~ / 19/ MomHO nonY 4~Tb 


1 dq,\:2 2 2 

W = - 1 «(--) + ( d q ) . /3(, /

2 A dt ,\ ,\ 

~3 / 36/ 	~~ cneAyeT, 4TO 
yWo 

q = -- /37/
00 (d rf 

TorAa Mome M 3an~caTb: 

UOm = y Wo A OzL , /38/ 

~, cneAoBa TenbHo, 

+L/ 2 sin cp/2 
U J E z ds = 2 e ZN f s R II I cos (co rf t - ¢ s ) . /39/ 

-L/ 2 </) II2rf 

3TOT pe 3yn bTaT cOBnaAaeT C nonY4eHHwM pa Hee /14/ MeTOAo M 
HaBeAeHHoro TOKa . 

7 



5. Bn~~H~E PACnpEAEnEH~R 3AP~AA B CrYCTKAX 

CaMaR npocTaR MOAenb crycTKoB - 3TO MOAenb C paBHoMepHo 
pacnpeAeneHHblM 3apRAoM 111,14 

0 , fo..()< - fo..8 m 
/40/ 

p(t\r9)= " 0' -M <MJ < + M 

1
 
m - - m 


0, 6.0>+6.r9 ,m 

YcnOBHe HOPMHPOBKH 3AeCb 
+A() ", 

q J p(!\r9)dM=eZN, /41/ 
-Mi m 

~3 /40/ H /41/ CneAYeT, 4TO 

eZN /42/Po = Me/> 
m 

KpOMe 3TO~ ~AeanbHO~ MOAenH, p aCCMaT p~Ba~TCR ~ APyrl-1e, 
60nee 6nH3K~e K peanbHOMY pacnpeAeneHH~. 

B 
171 

paCCMaTpHBaeTCR pa cnpeAeneHHe BHAa 
0, t\/J< - t\O ,

OJ 

K -JM2 _ M2 - fo..O < t\f)<+MJ , /43
p(AO) - ~ 1 m • m- - m 

o. fo.. fI >+ A() m : 

H3 y cnoBHR HOPMH PO BKH cne AyeT: 

eZN
KI = ~ / 44/

17 qM 2 
m 

Pac npeAeneH~e /4 3/ OTBe4aeT paBHOMep HO 3a nonHe HHOMY npo
Ao n bHO MY $ a 30 BOMY npOCTp aHCTBY npH Mano~ aM nn HTYAe .a30B~X 

Kone6aHH~. 

B/16 ,171 paCCMaTpHBae TCR pa c npe AeneHHe 3ap RAa B c rYCTKax 
B~Aa: 

0, AO < - fo..O m 

p (M) = K., (M 2 _ i\O 2 - fo..O < 6.fJ < + l \ v • /45/... m m - - m~ o t\O '; ~ (\,()m ' 

rAe 
3 eZN 

K2 /46/
4 qM~ 

/ 18 /B paccMaTp~BaeTcR pacnpeAeneH~e 

--a (M + /I.e )
K 3(1-e m ), -M m'S.M 'S.1\O e 

p(M) = /47/ 

K (e{3(/l.em-t\O)_l), M <M<+ /'If) , ~ 4 e- ill 

K3 ,K4 onpeAemHOTCR H3 ycnoBHR HOPMHPOBKI-1 : 

ISl(M +M )_~ 1 --a(Me +M ) 
e m a + ~e m 1 

/48/ 

_ K 4 [(M _ M ) + ~ . 1 {3(M - M )m e mel{3 --ef3 = eZN 

H ycnoBHR CW I-1BaHHR"I 

--a(M c +M m) (-l(M m- M c)
K 3 (1 - e ) = K 4 (e - 1) /49/ 

To 06cToRTenbcTBo, 4TO 3apRA crYCTKa He CKOH~eHTpl-1pOBaH 

B ero ~eHTpe Macc, a pacnpeAeneH HeKHM 06pa30M B03ne 3Toro 
~eHTpa, oTpa~aeTCR Ha xapaKTepe B3aHMOAe~CTB~R C pe30HaTo

POM, 171 
B nOKa3aHO, 4TO C Y4eToM pacnpeAeneH~R 3apRAa B crYCT-

Kax AnR ~HAY~HpoBaHHoro TOKa ~MeeM: 

J =g2eZNf e-j¢s /50/ind1 s 

.YHK~HR g(fo..¢ ~ y4HT~BaeT pacnpeAeneHHe 3apRAa B crYCTKax 
~ RBnReTCR cooTBeTCTBY~~HM eMY $opM$aKTopoM. 

B·
1 7 1 

. AnR paBHoMepHoro pacnpeAeneHHR nonY4eHO 

sin t;,.¢ m 
g /51/ 

t':l¢m 

AnR pacnpeAeneH~R BHAa /45/ nonY4eHO 

sin A¢ m cos /\¢ m 
g ~ 3( 3 2) • /52/

/',¢ m (\,¢ m 

AnR pacnpeAeneHHR /43/ 
2 +1 -~ 

g = - J V1 - x 2 cos (/).¢ x) dx . /53/ 
17 -I m 

8 9 
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g 

~o t------ 

~~,o,s 

~: 
..,50 Al"m 

PMC. 2. 3aBI1C I1MOCTb ~opM$aKTOpa g aT 
An l-1 HW cry c TKa : 1 - AnA pacnpeAeneHHA 
3apRAa B crYCTKax BHAa /4 5/; 2 - AnA 
pac npe AeneHI1A 3apAAa B crYCTKax BHAa 
/ 43/; 3 - AnA pacnpeAeneHI1R 3apRAa 
B c rY CTKa x BI1Aa /40/ . 

Ha PI1C. 2 nOKa3aH XOA ~opM¢laKTopa g(6.¢ m) An A HeCKonb
KHX MOAene~ crYCTKOB. 

6. 3HEprl1~ B036ymAAEMOrO non~ 

3Heprl1~ nonA, B036ymAaeMoro 4aCTI14aMH B Y CKopA~eM pe 30 
HaTope, MomHO Bblpaal1Tb ~YHK4I1AMI1 qA (t) no 136/. 

3Heprl1A nonA Bcex rapMOHI1K, I1Me~l1x 4HnHHAPI14eCKY~ CI1M
MeTpH~ H B036Y~AaeMblx B 4I1nI1HAPM 4eCKOI~ pe30HaTope nponeTa~
Il1\o1M eAI1 HI14HbiM CrYCT KOM AnHHO~ P 11 paAI1YCOM r 0 ,B~4I1cneHa 
B 1 14 / 

4e 2 Z 2 dN 2 v 4c 2 2 
W= L 2 2 2 2 2 ') • \-- ) x 


n,p f077L e R oJ
1
(v

n
) W A( w A - (" p )~ Ro 


, vn 

1541 
2 L p_ 4eTHoe 


. 2w - t L P 

e si n UJA ~ , 

x 4 SIn A 2v S 2 w __ , 
He4eTHoe co A 2v 

rAe 

P 17
u) = --v. 

P L 

10 

l1a / 54/ BI-1 AHO, 4TO 3Heprl1 A 06paTHo nponOP4 11 0HanbHa P6, 

T.e . MomHO C XOPOWI1M npl-1 6nl1meHI1eM p~CCMaT pI-1 BaTb TonbKO ra p 
MOHIiIKI1 p = 0 

2 2 2 2 
= e Z dN L /55/

W L 2 2 
n ( 0 77 L Ro J 1 (,I n ) 

3Heprl1A nOnA, Boa6 ymAaeMo ro B 411nl1 HAPl14eCKOM peaOHaTope 
eAI1HI14HWM c r y cTKOM C pacnpeAeneHMeM aapRA a / 4 7/, BW 411 cneHa 
B/ 18/ .Pe3ynbTaTbl 3TM nOKa3aHbi Ha pMC. 3,4 . 

PI1C. 3. 3aBI1CI1MOCTb 3Hep
rl1l1 B036Y~AaeMoro nonA aT o 

penAT MBI1 CTC KO ro $aKTopa y . ~ 
, - 2r/ R=O ,8: 2 - 2r/ R =1,0 . ~ :~I [}ft111 

1 3 5 7 9 11 13 y 

PI1C. 4. 3aBI1CI1MOCTb 
3Heprl111 Boa6ymAaeMoro ~ 1~:OLj;:r I II I I nonA OT Benl1411Hbi 

" nponeTH~X oTBepCTI1~. 

1 - y =6, 2 - y =3. ~ :~ I I l=rs::t I I 
. ._. . . . 

o 0,5 0,6 0,7 0,8 0,9 1,0 2r/ R 

TaK KaK B pe30HaTope 6YAYT B036Y~AaTbCA nl1Wb rapMOHI1KI1 
C AnI1HO~ BonHbI 60nbwe pa3Mepa nponeTHwx OTBepCTI1~, TO CYM
Ma B 155/ pacnpOCTpaHAeTCA Ha KOHe4Hoe 411cno 4neHOB. nOnO~I1M 

A min = 211a , 

rAe a - paAMYc nponeTHblx oTBepCTI1~. TorAa 

v < 
Ro /5(,1 

n  a 

MOIl1HOCTb, pacxoAyeMY~ nY4KoM Ha B036Y~AeHl1e pe30HaTopa, 
MomHO Bblpa311Tb M 4epe3 HaBeAeHHbl~ TOK no 06b14HO~ <)lopMyne 

1 . * 
P = -U J. 15712 m mdlJJl 

Hanpl1Mep, AnA 8 -crYCTKOB I1MeeM 

ts+L/ 2V 


P = -qfseZdNv I E zet)dt. /581 
t s- L/ 2v " II 



M3 /32/ ~ /58/ cneAyeT P - MOIl\HOCTb nOTepb B pe30HaTope. EcnYl Y4Y1TMBaTb TonbKO a 
2 2 2 2 sin <PL/ 2 2 nOTep~ B CTeHKax pe30HaTopa,

P = 2e Z N f s R III ( , ) /59/
1)1: Rs 2 

P - ~ H dS /67/
a' 19 I 2 T 

C Y4eTOM ¢aKTopa nponeTa /59/ COBnaAaeT C /57/. B ' . AnR S 

,) - napaMeTp pacnpeAeneHHocT~ / 20, 2 1/ 
Kone6aH~H pe30HaTopa En C 4acToTOH (un nOKa3aHo, 4TO 1
-> ~= woWd

2 En (t) + 20 dEn(t) o /68/
+ w 2 E (t) = 0 , /60/ U mI ol UOlI ol

dt 2 n2 dt n n 'l 
npYl BTOPOM npeACTaBneH~VI napaMeTpbl KOHTypa onpeAenRIOTCR

rAe cneAYlOll\YlMYI COOTHOWeHYlRMYI: 

°n2 =o nl + Dn' /61/ 2


L 1 U I U 
= - C = oC =0--, R =-- /69/L p= "8PilOT . n o wl p w U p Po 0 a°nl = /62/

2W n np~Mep YlCnOnb30BaHYlR 3KBYlBaneHTHoro nocneAoBaTeIlbHoro KOH
P 8036. Typa AaH B123: . CooTBeTCTBYlOll\aR 3KBYlBaneHTHaR cxeMa nOKa3aHaw

Dn /63/ Ha p~c. 5. B Hei1 Leu. ' r (;13. - CO.npOT~ BneHYle YI YlHAYKTI'I BHOCT bWn 2W n 
cBR3~BalOlltei1 neTn~. 3TY cxeMY MOlKHO npYlBeCTI'I K BTOPI'l4H0i1 CTO

- MOIl\HOCTb, B036YlKAalOIl\aR pe30HaTop Ha 4aCTOTe w . P l3036 • pOHe : 
AnR 0 n2 < 0 YlMeeM B036YlKAeH~e pe30HaTopa, a AnR 0n2 =0 

pelK~M cTa4~oHapH~x Kone6aHYlH. E ( <J) M R . _ ( w M )2
1311. = -- ) E I:lH.- -~ R /70/

R r ' Rr l ' r 

7. Bn~RH~E HArpY3K~ nY4KOM 
~c.}!.. ir R.. L. Re

HA BWCOK04ACTOTHWA rEHEPATOP 

npYl paCCMOTpeHYIYI BnYlRHYlR HarPY3KYI nY4KOM Ha B~COK04aCTOT ,~ ;;~ 

H~~ reHepaTOp, YCKOPRIOIl\YlH pe30HaTOp 3aMeHReTCR 3KBYlBaneHT
HOH 4enblO C cocpeAOT04eHH~M~ napaMeTpaMYI. npYl 3TOM pe30HaTOp 'IU'·0,·0
npeACTaanReTCR KaK nocneAoaaTenbH~H ~nYl KaK napannenbHMH 
Kone6aTenbHMH KOHTYp. PYlC. 5. 3KBVlBaneHTHaR cxeMa n~TalOll\erO 


npYl nepBOM npeACTaBneHYI~ napaMeTpM KOHTypa onpeAenRIOTCR 
 reHepaTopa YI YCKopRlOll\erO pe30HaTopa,
COOTHOWeHYlRMYI 

np~ npeACTaBneHYIYI pe30HaTopa nocneAOBa
P TenbH~M Kone6aTenbH~M KOHTYPOM. 

Lp = 8L =0 U_ C _ ._, /64/Re = 1C e =s = owoU 2woI 

rAe U - HanpRlKeHYle MelKAY ABYMR T04KaMYI pe30HaTopa AnR KOMnneKcHoi1 aMnnYlTYA~ YCKopR~ero HanpRlKeHYlR Ha 
b-> -> PYlC. 5 YlMeeM

U f E.dr, /65/ 
a 

U = QE cosae i(U-; ) -RlllJ. dl cos ae - j(; /71/, BII. In- TOK, npOXOARIl\~i1 4epe3 ¢YlKc~poBaHH~i1 KOHTYP Ha BHYTpeH
Hei1 cTopoHe pe30HaTopa rAe 

tga = 2Q 8<JHI = ~HTde, /66/ 

I
L ow * - OTHOCYlTenbHaA paccTpoi1Ka pe30H a Topa. 
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P~C. 6. 3KB~BaneHTHaA cxe
Ma np~ npeACTaBneH~ ~ pe30
HaTopa napannenbH~M Kone6a
TenbH~M KOHTypO M. 

'JLnaLp
£ ~ 

~ 

np~Mep ~cnonb30BaH~ A 3KB~BaneHTHoro napannenbHoro KOHT Y
pa AaH B / 7 / . CooTBeTcTBy~~aA 3KB~BaneHTHaA cxeMa nOKa3aHa 
Ha p~c. 6. 

B 1 221~ B APy r~x pa60Tax npeAnaraeTcA AnA KOMneHca~~~ 

peaKT~BHO~ KOMnOHeHT~ 3neKTpOHHO~ npOBOA~MOCT~ BBeCT~ CO

oTBeTcTBY~~Y~ paCCTPO~KY pe30HaTopa, KOTo paR AaeTcA B~pa~e

H~eM 
r 

RpJ ind 1 
~. /72/

U 

TorAa AnA aMnn~TYA~ yCKopA~~ero HanpR~eH~A 6YAeM ~MeTb 

Rp RiRp a 
U = ( ) U - ( .) J d 1 /73/

R. I R g R. + R In 
1 pIp 


C POCTOM pe30HaTopa B YCKop~TenAX C ~HTeHC~BH~M~ nY4
KaM~ c~nbHO paCTeT ~ HaBeAeHHoe nY4KOM HanpA~eH~e. CneAO

BaTenbHO, cy~ecTByeT onT~ManbHoe 3Ha4eH~e Rill pe30HaTopa, 
np~ KOTOPOM cYMMapHoe HanpR~eH~e Ha HeM 6YAeT MaKC~ManbH~M. 

AnA o-crYCTKOB onT~ManbHoe WYHTOBoe conpOT~BneH~e pe30
HaTopa nonY4eHO B 112/. 

1-13 /71 / np~ ow =0 AnR HanpA~eH~R Ha pe30HaTope B MOMeHT 
nponeTa crycTKa ~MeeM 

U = ( V2P g R W) cos ¢ s - 2eZNf sR III /74/ 

1-13 /74/ cneAyeT, 4TO onT~ManbHoe 3Ha4eHKe 

P gCOS 
2¢ s 

R = --=-------cc /75/ 
W1 2(2eZNf s ) 2 

MO~HO /74/ npeACTaB~Tb B HOpM~pOBaHH~X Ben~4~Hax 

Rw U 
x=-R--' Y= , /76/ 

Wi cos¢s\' 2P g PllIi 

14 

y =yx - -1 x . 177/
2 

Kp~ Ba R Y(x) AaHa Ha p~ c . 7. 

y 

0,4 

0 ,2 

o 2 3 4 x 

P~C. 7. 3aB~C~MOCTb HOpM~poBaHHo~ 

aMnn~TYA~ yCKopA~~ero HanpA~eH~R y 
OT HOpM~pOBaHHoro WYHTOBoro conpo
T~BneH~A x. 

Ae~opMa~~A ~OPM~ B~COK04aCTOTHoro HanpR~eH~A onpegenAeT
CR BbICW~M~ rapMOH~KaM~ HaBeAeHHoro TOKa. AnR c03AaBaeMOFO 
~M~ Hanp R~eH~A Ha pe30HaTope ~MeeM 

J ind k 
Uk /78/

Yk 
rAe AnA He60nbW~x paCCTpoeK 

Y k = jk"Jo C(l - ~ - ) '" jk w oC(1- ~). 179 / 
k k (el oRC k 

B/ 25 / An A on~caH~R Ae~opMa~H~ yCKopA~~ero HanpA~eH~A 
BBOA~TCA ~aKTop Ae~opMa~~~ P. AnA ~3MeHeH~A HanpA~eH~A Ha 
pe30HaTope np~ nponeTe 4epe3 Hero 0 -crYCTKa ~MeeM 

eZdN6U = ---- /80/ 
C 

rAe C - eMKOCTb 3KB~BaneHTHoro KOHTypa . no o npeAeneH~~ , 

p = 6.U = eZdN /81/
U CU 

napaMe Tp Ae¢opMa~HH H a npR~eHHA nO KasaH Ha p~c. 8. npaK
T ~ 4eCK~ pe KoMeHAy e Mble 3Ha4eH ~ R P ,< 0,1. 

np~ npoeKTH pO Ba H101 1o1 yCKoPfllO~ej:1 cHcTe Mbl c",n b HOT0 4HbIX YCKO 
p~Tene~ B03MO~Hbl pa3 Hbie Tl OAXOAbl . 

IS 



/'n 

LJl 	 -n~t. 


u 

t 

P~C. 8. napaMeTp P AecpopMal\~~ YCKOPRIO
ll\ero HanpRlKeH~R. 

KnaCC~4eCK~~ nOAxoA COCTO~T B nOAAeplKaH~~ pe30HaHca B pe
30HaTope w C = 1/uJL. YCKopRIOll\ee HanpRlKeH~e U ae = U cos ¢ s 
~ TOK reHepaTopa Ig paCCMaTp~BaIOTCR KaK ~CXOAH~e Ben~4KH~. 
np~ 3TOM u,¢s 6YAYT MeHRTbCR B 3aB~C~MOCT~ OT TOKa nY4Ka. 

np~ nOMOll\~ cnel\~anbHO~ nporpaMM~ MOlKHO nOAAeplK~BaTb U 

nOCTORHHblM. TorAa I g' if> g 6YAYT MeHRTbCR B 3aB~C~MOCT~ OT 

Harpy3K~ . 


H, 	 HaKOHeu, np~ nOMOll\~ cnel\~anbHO~ nporpaMMbl MOlKHO MeHRTb 
Ig 	 ~ if> gTaK, 4T06~ U OCTaBanOCb He 3aB~CRll\~M OT HarpY3K~, 
~ np~ 3TOM nOAAeplK~BaTb B pe30HaHce C~CTeMY nY40K-pe30HaTOp. 
np~ 3TOM, KorAa TOK nY4Ka 6YAeT MeHRTbCR, TOK reHepaTopa Ig 
6YAeT MeHRTbCR TonbKO no Ben~4~He. MOlKHO nOKa3aTb, 4TO B 3TOM 
cnY4ae TOK reHepaTopa Ig 6YAeT M~H~ManbH~M. 

B c~nbHOT04H~X YCKop~TenRX KOHe4H~~ yc~n~Tenb MOll\HOCT~ 

HarPYlKeH Ha peaKT~BHYIO Harpy3Ky, KOTopaR B Te4eH~e U~Kna 
MeHReTCR. 3TO ycnolKHReT onT~ManbHoe ~cnonb30BaH~e MaKC~Manb
HO~ MOll\HOCT~ ~cnonb3yeMbix naMn. B ! 25 / peKoMeHAyeTCR HaCTpa~
BaTb YCKOPRIOll\YIO C~CTeMY Ha pe30HaHC C~CTeMbi nY40K-pe30HaTOp 
~ TeM caMbiM OTCTpaHRTb peaKT~BHYIO KOMnOHeHTY Harpy3K~. 

06ll\aR MOll\H6CTb reHepaTopa cKnaA~BaeTCR ~3 MOll\HOCT~ no

Tepb B reHepaTope PI"', MOll\HOCT~ nOTepb B pe30HaTope P a 


~ MOll\HOCT~ nY4Ka - Po' MOlKHO 3an~caTb 

2 


1 U ae a 

P =P +-( 2 +U J ' dl)' 	 /82/

s I"' 2 R cos ¢ ae In 
W s 

CnY4a~ ~cnonb30BaHKH aBToreHepaTopa KccneAOBaH B / 7/. Ha 
pKC. 9 nOKa3aHa 6nOK-cxeMa caMoB036YlKAeH~R reHepaTopa OT 
YCKopRIOll\erO pe30HaTopa.AnR aHan~3a YCTaHOB~BwerOCR pelK~Ma 

Kone6aH~~ npKMeHeH KBa3~nKHe~HbI~ MeTOA. 
16 

P~C. 9. 6nOK-cxeMa n~Ta HKR yCKopR~ero 
pe30HaTopa OT aBToreHepaTopa. 

BenH4HHa paccTpoHKH 4aCTOT~ reHepaTopa nOA AeHcTBHeM 
HarpY3KH nY4KOM BbipamaeTCR c)lopMynoH: 

R J r 
~ = in dl /83/ 

U 

rAe I; - 0606ll\eHHaH paccTpoHKa f = 2Q(uJ / wo - 1). 
CTa4HoHa pHaR aMnn~ T YAa onpe AenRe TcR ypaBHeH~eM 

JIl. 
in d 1 1S ' (fl 'U) - /84/

{J'U = {3'R p , 

rAe S'=S/ n , S - cpeAHRH KPyTH3Ha xapaKT e pKcTHKH YCHnKTenR, 
f3' =/-3/ n , n - K0 3ctx!>HUK e HT Tpa HccpopMaU ~ K HAe an bHoro TpaHc 

c)lopMaTopa, np eAcTaBnRIOll\erO 3neMeH T~ CBR3H . 

8. 	 BnHRHHE HAr pY3 KH nYYKOM 

HA CH C TEM~ ABTO MATH YECKOrO PE r ynHPOBAHHR 

YCKOPR8mE ro nonR 


Harpy3 Ka nY4KOM CKa3b1BaeTCR ~ Ha pa60Te C~CTeM a BTOMaT K
4eCKoro perynH po saHHR /C AP/ , aMnn~TY.q~ / APA/, tlJa3bl /APtIJ/ 
YCKop RIOll\erO nonR H 4aCT OT bi pe30 HaTOpo s /A P4/. 

B c~nbHOT04H~X YCKo pHTenRX KpO Me 6bICTPOJle~ cTBYIOUj~ X CAP, 
OCYll\eCTsnRIOll\KX cTa6KnK3 al\ KIO nonR B Te 4eHKe U~Kna yCKopeH~R 
K nOCTpoeHHblX no npH Hu ~ ny 06paT Hbix cBR3e~, npHMe HRIOT CR 
~ CAP no ny 4KY. OHH MorYT Kc nonb30saTb B Ka4e CTBe yn pa snRIO
ll\ero CKrH ana CKr Han .qaT4KKa TO Ka nY4Ka, KnK nporpa MMHPo BaTb
CR OT ynpa BnR IOll\e~ 36M . 

Pa60 Ta CAP CBR3aH a C H a rpy3Ko~ ny 4KOM. Ha pKC. 10 nOKa
3aHa npH HU HnHanbHaR cxeMa , BKnI04alOll\aR pe30 HaTop, reHe paTOp, 
Harpy3 KY K CAP. YpaB He HHR o6paTHbix cBR3eH 3anHweM B c ne n ylO
ll\eM BKne: 

L\Ig AU 
A¢ = fl ;/../1¢ ; /1¢ = (3 A¢ . /85/- 1- = flu U g 'f' U P w u 

g 

17 



PI.1C . 10. np l.1 HL\l.1 n l.1anbHafl c x e
Ma nI.1Ta~~ero reHepaTopa, YCCRP 
Kopfl~~ero pe30HaTopa 1.1 CI.1CTe
MW aST OMaTI.1 4eC KOr o peryn l.1po
Sa HI.1R aMnn I.1T YA~ 1.1 ¢a3w YCKO 
pfl~~ero non R 1.1 4aCTOThl pe30
HaTopa. 

....,I~ C u i n 

B CI.1nbHOT04HWX YC KOpI.1Tenfl X, KpOMe BHe WH I.1 X 06paTHwx CBfl
3e~. cy~ecTByeT 1.1 BH YT peHHflfl 0 6 paTHafl CBfl 3b 4epe3 06be KT 
pery nl.1poBaHl.1fl - nY40 K. Ka K 1.1 3BeCTHo / 30 ~ Manwe ¢a30Bhle Kone 
6a HI.1R npl.1 Han ~ 41.11.1 B03 My~eHl.1fl aMnnl.1 TYAw yC Ko pfl~~ero HanpH
meH l.1 fl o nM CWBa~TCfl ypasHeHl.1eM 

•. 2 2 t\. U 
I'l.cb + Q ol\¢ = Q OC tg ¢ s U . /86 / 

npM MeAneHHWX B03My~eH l.1 flx I\U (0 peWeHl.1e 3Toro ypaBHeHMR 
MomHO MH Te pnpeTI.1POSaT b KaK dla30Bbi e Kone6 a HMfl C 4aCTOTO~ Q 0 
BOK pyr L\eHTpa Mace crycTK a M ASMmeHM e AU ( t) ctg ¢s / U L\eHTpa 
Macc crYCTKa OTHOCMTenbHO ¢ S' 3TO y paBHe Hl.1 e MO*HO MHTepnpe
TM pO BaTb KaK onpeAeneHMe 06p aTH 0f1 CBfl 3M (3 11 4epe3 nY40K 

6.¢ = (n ~ ctg¢ s ~U - I\ ¢ ) {-l II ' /8 7/ 

rAe 
p = /88/ 

11 0 2 . 2 o t P 
- onepaT opHW~ K03¢¢ML\MeHT 06paTHO~ CBfl 31.1, P - onepaTOp AM¢
¢epeHL\~pOBaHMfl no SpeMeH I.1 . 

06paTHafl CBR3b 4epe3 nY40 K MomeT BW3Ba Tb ¢a30Bwe Kone
6aHI.1R crycTKa KaK L\enoro /Ko r epeHTHble dla 3liJ Bbie Kone6aHMfl/, 
KOTopble npM onpeAeneHH.blx ycn0 6MAX MorYT CTaT b HeYCTO~4MBbl~~M. 

B03MomHOCTb B03HMKHoseHMfl KorepeHTHWX ¢a30BhlX Kone6aHM~ 
BMAHa 101 3 cneAy~~e ro . nYCTb B pe3y nbTaTe ¢nYKTya L\ Mf1 B03HMKnM 
Manwe Kone6aHMfl L\eHTpa Macc c r YC TKa 

1 '~h '* - fl t ('o.. ¢ = A cos (0 t + a) = - (A e .I + A e J ) /89/c 2 

TorAa HaBeAeHHw~ B pe30HaTope TO K 6 YAeT 

18 

jCWr t-¢ ) KA j[Cw 
f 

+ n)t -c.6 -7T/ 2+a1 
Ke r s+ --e r s +i ind 

2 
/90 /

KA J r(Ie! rf - 0) t- ~6 s -77/ 2 -a ]
+ --e 

2 

K = 2eZNf s. /91/ 

CneAOBaTenbHO, HaBeAeHH~~ TOK BKn~4aeT B ce6fl 60KoBwe 
rapMO HMKI.1 , OTCTOfl~l.1e OT Ha ±fl .3TOT TOK C03AaeT Ha YC KOcu rf 
pfl~~eM pe30HaTope HanpflmeHMe 

• j(cu rt-CD) Z(u)rf +f! lKA j[(cu ~ ) t- q~ -7T/2
U d = Z(;J flKe r s+ e . r f . S -+a J+ 

In r 2 

Z (c" rf -£1) KA e j [ (W rf -fl) t - ,6 s-77/ 2 - (1 J. /92/ 

+ 
2 

Anfl AononHMTenbHoro HanpflmeHMfl, B03HMKa~~ero B pe3ynbTaTe 
Kone6aHM~ crYCTKa, MMeeM 

".U = Re CU 1+ U 2) cos Ot - Im (U 1 - U 2 ) sin Ot, /93/ 

rAe 

AKZ(U)rf+ O ) j(a- 7Ti 2)
U1 = ----2- e , /94/ 

AKZ(w rf - Q) e- j (a+77/2)U2 /95/
2 

3TO HanpflmeHMe MomeT Bbl3blBaT b BblHymAeHHble Kone6aHMfl L\eHT
pa Macc crYCTKa B COrnaCMI.1 C ¢a30BwM ypaBHeHMeM 

2 
.. 2 0 0

/\¢ c + nOi'\¢ c = ".U(t) . /96/
U sin ¢ s 

Bonpoc 06 YCTO~4MBOCTM KorepeHTHWX ¢a30Bwx Kone6aHI.1~ 1.13Y
4anCfl PflAOM aSTopOB /31,32/ B / 33/ nonY4eH cneAY~~I.1~ KpMTe-
PM~ YCTO~4MBOCTM: 

2U s
I <I = - -coscjJ /97 1II C R S 

'34 1
B' nOKa3aHo, 4TO I.1CnOn b30aaHMe CAP aMnn I.1 TYA~ 101 ¢a3w 

yCKOpfl~mero nonfl Mo~eT yeenH4~ T b KpI.1 TI.1 4eC KI.1~ TO K Ie M TeM 
caMblM ynY4WI.1 Tb era c Ta 6 MnbHocT b . B 3TO~ pa60T e nanY4eH cne
Ay~ml.1~ KpI.1Tep~~ YCT0i1 4MBOCTM: 

19 

http:OTCTOfl~l.1e
http:ypaBHeHl.1e
http:peWeHl.1e


2U s 1 - (3 11 
I <I = --cos ¢ ( ) , 	 /98/
nC R s 1 + (3 sin 2¢ 

u S 

7T 
¢ < ¢ <-, 	 / 99/ 

C 	 P 2 

rAe 
coscp [13 ",sincp -13 (U /U s + sincps)] 

t ¢= s't' S 11 C /100/g c 2 2 

1 - f3 ¢ sin ¢ s - f3ucos ¢ s 


CneAOBaTenbHO, YBen~4eH~e Kp~T~4ecKOrO TOKa nOA Bn~HH~eM CAP, 

1 -	 f3 11 
/101/

1 + Ii II sin 2¢ s 

3Ha4eH~e r MomeT MeHHTbCH OT 1 AO 00 B 3aB~C~MOCT~ OT 3Ha
4e H~H f3 , T.e. MomHO CTa6~n~3~poBaTb yCKop~Tenb AnH n~60ro 

u
TOKa nY4Ka. Ha p~c. 11 nOKa3aHbI 3Ha4eH~H 13 u' li¢ B 3aB~C~-
MOCT~ OT r ~ ¢ s . 

Kv 
K¢

-1,5 

-0 
-1 , 0 

-20 

-0,5 -10 

o 2 4 6 8 10 12, r 

P~C. 11. 3aB~c~MoCTb K03~~~~~eHToB 06
paTHo~ CBH3~ no aMnn~TYAe ~ ~a3aM B 3a
B~C~MOCT~ OT YBen~4eH~H Kp~T~4eCKOrO 
TOKa ~ C~HXPOHHO~ ~a3~. 

Donee 06~ee paCCMOTpeH~e Bn~HH~H HarpY3K~ nY4KOM C Y4e
TOM pa60TbI CAP AaHO B 135 / . B 3TO~ pa60Te nOKa3aHO, "ITO Hapy
weH~e YCTO~4~BOCT~ C~CTeMbI nY40K - pe30HaTOp np~ Han~4~~ 

CAP B03MomHO B Tpex ~HT e pBanax 4aCTOT - Ha HyneBo~ 4aCTOTe, 
Ha 4aCTOTax , 6n~3K~x K no' ~ Ha cpaBH~TenbHO BbICOK~X 4ac
TOTax. 

~cnonb30BaH~e Ton bKO APA Mo~eT np~BeCT~ K HeycTo~4~BOCT~ 
Ha C~HXpOTpOHHO~ 4aCTOTe Do. I-1 c nonb30 BaH~e TOJlb KO AP~ Mo~eT 
np~BeC T~ K nORBneH~~ nono~~T enbHo~ o6paTHo~ CBH3~ Ha HyneBo~ 
4aCTOTe. 
20 

B pa60Te , 36 peKoMeHAyeTcR OAHo BpeMe HHoe ~C nOJl b30Ba-
H~e APA ~ AP~ np~ onpeAeneH HoM COOT HoweH~~ ~x xapaKTe p~cT ~K. 
An H yCTO~4~BOCT~ Ha no He06xoA~M 6onbw~ i1 ~a 30Bbl~ CAB ~r B AP~. 
E cn~ MO~HO npe He6pe4b 3ana3AblBaH~eM C~ rHaJlOB B C~ C TeMax pe
rYJl ~pO BaH~R, TO AIlH YCToi14~ SOCT~ Heo6xOA~MO , 4T06b1 

/ 102/t-i 11 < f1 ¢ l3 ClJ 't 

AnR YCT0i14~BOCT~ np~ D» 1 HaAo , 4T06bl peanb HaR 4acTb 
B03BpaTHOrO OT HoweH~R Ko (3, r Ae Ko = l/l +jO, AIlH Ka~Aoi1 

CV1cTe Mbl He npe BblWaJl a cos ¢ s. 

ABTOP np~HoC~T 6JlarOAapHOC Tb ~.6 . E H4eB~4Y 3a PYKOSOACTBO 
~ nOJle3Hble 06cY~AeH~H. 
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