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·. 

and 

B HacTOSII.Uee apeMSI 6on~owoe BHHMaHHe rpH38KOB npHBneitaeT npo6neMa coa.aaH8ll 

Ha ycKop8T911SIX ny'IKOB nepBH'IHO nonSipH30B~HHbiX 'laCT8U. PeweHae ee OTKpoeT B03MO>K

HOCTH OpOB9.Q9H8SI TI.UaTe·llbHbiX HCCII9.[t088H8H SIBII9HHSI UOIIS!pH38UHH, Hrp&IOI.Uero 60IIb

W09 3H8'19HH9 B C811bHbiX B38HMO.Qel!cTB8SIX, noaTOMy BO MHOr8X H.ll9pH&IX na6opaTo-

pHHX pa3pa6&Tb1B8IOTCSI MeTO.llhl OOIIy'leHHSI HHT9HCHBHb!X UY'IKOB UOIIS!pH~OB8HHhlX '18CTHU. 

O.aaoapeMeHHO c STHM TI.UaTenbHO 83y'!aeTcH sonpoc o TOM, KaK coxpaHHTb nonS!pH38UHIO 

'I&CTHU npH ycKopeHHH. 

VI CTOpHH aonpoca 0 .aenonHpH38UHH '18CT8U .llOBOIIbHO noy'IHT911bH8. nepBble pac'le

Tbl/l / 6&111H C.ll9116Hbl B 1956 r • .lliiH CIIY'f8il UHKIIOTpOHS. 6b1110 OOK838HO, HCXO.QSI H3 He

p911HTHBHCTCKOro ypasaeHHH Wpe.aaHrepa, 'ITO .aenonS!pH38UHSI npoToHOB, ycKopeHHbiX B 

06bi'IHOM UHKIIOTpOHe .llO SH9pr8H. OKOIIO 15 Mas H BbiB9.[l9HHbiX 83 K8M9pbl, COCT8BIIli9T 

He 6onee 8%. 

/2/ 
no3.[tHee B 1958 r. 6blll8 paCCMOTpeHa .[l911011HpH38UHH B CHHXpOUHKIIOTpOH9 

UEPH'a. Pac<JeT&r 6&mH c.aenaHbl HecTporo. Vlcnon~ososanocb HepenSITHBHCTcJtoe npHISnH

>KeHHe. OcHOBHoll arprpeKT .aenongpasau8H Bb13b!Bancg sepTHK&IIbHbiMH KOneiSai!aliMB. Oc

T&IlbH bl9 KOMUOH9HT b1 UOIISI Y'IHT b!B811HCb KSK 8.Q8a6aT8'1eCKHe nonp8BK8, B ST8X npe.anono-
. -6 

>K eH8HX J:tenonHpH38U8ll He npes&rwana 10 . YTsep)!{neHHe, 'ITO y'leT penHT8BHCTCKHX s.p-

rj:JeKToB He H3MeHHT 38MeTHbiM OISp830M OOIIY'19HHb!X OUeHOK, C03.ll&IIO IIO>KHOe OOTHM8CTH· 

'!eCKOe npencTaBIIeH8e 0 TOM, 'ITO np06119Mbl COXp&HeHHSI 0011Hp838UHH UpH YCKOpeHH8 '18C

T8U H9T, B LlellcTBHTeJibHOCT8 BTO 6blll0 He T8K. 

/8/ .[leUOIIS!pH36UHSI UpOTOHOB B CHHXP0cP830TpOHe paCCM6TpHB8116Cb H8 UpHMepe CHHX-

pOTpOH8 B CaKne /4>paHUHSII Ha 8 Sse. Sbma o6Hapy>KeHa soaMO)!{HOcT& CHIIbHOll n:enonSI

p83&UHH 36 C'leT KOM6HH8UHH, C Oll:HOll CTOpOHbl, S¢rj:JeKT8 BepTHK811bHh!X K011968HHl!, C 

.apyrol! CTOpOHbl, npOXO>KneHHSI '18CT81l 'lepe3 npSIMOIIHHeHHb!9 Y'ISCTKH Tp89KTOpHI!, r.ae 

MarHHTHoe none cna.aaeT .ao HYIISI. B &TOM ycKOpHTene B03H8KaeT LtBa pe3oHaHca. Pac

'leT&I B STOll pa60Te Op0H3BO.ll8118Cb, 8CXOll:SI 83 KII6CC8'19CK0r'O p911SIT8BHCTCKOro ypaBHe-

HHSI nBHlK9HHSI .lliiSI COHHa. 

CosceM Henaaao IS&rno CJ:tenaHo paccMOTpeHHe pe3oHaHcHoil J:tenonS!pHaauRH npoTOHOB 

141 . 
B CHHXpOURKIIOTpOH9 , VfCOOilb3086110Cb p91lSIT8B8CTCKOe ypaBHeH8e LtBH>K9HHH COHH8 

npoToaa. CoeMecTHO y'I8T&rsanoc~o B118HH8e pa31l8'1HbiX ¢aKTopos H3MeHeHHH MarHHTHoro 

UOIIH, KaK 6hlll0 UOK838HO, nenonHpH3YIOWH9 pe30H8HCbl Ha UHKIIOTpOHe B Po'lecTepe Hac

TyUSIOT npH sHeprHHX 110 Mea H 640 Mae. Pesyn&TaT bi SToll pa60Tbl 3&CT&BIISIIOT 6onee 

CTporo p8CCM0Tp9Tb BIIHSIHH9 OOJ:tOISHbiX p930H8HCOB T61t)!{9 H B n:pyrHX KOHCTpyKUHSIX C8H

XpOUHKIIOTpOH6, 

s 

' 



/5/ B pa6oTe , B&monHeHHOII B 1962 r., npoaeneHo cxcTeMaTH'!ecxoe paccMoTpeHH9 psr-

na pe30H8HCOB JlfiSI pa3DH'IHb!X YCKOpHTenel! DpOTOHOB Bb!COKHX 3H9prHli - BnnOTb tlO :;] 

aHeprHH 300 6sB. B pasnH'iHbiX KOHCTpyxuHHX ycxopuTenell pesoHaHcbl cymecTBeHHo oT

nH'!aiOTCH no caoeft HHT9HCHBHOCTH. 

6 
/5/ 6 . B TOll >Ke pa oTe xpoMe aToro blna pacc'IHTaHA nenonHpH38UHH sneKTpoHOB H 

nel!TpOHOB. Ecnu ycxopi!Tb nel!TpOHbl a npoTOHHOM CHHXpOTpoHe c >KecTxoll ¢oitycRpoa

xoii. TO pe30H8HCbl C)lBHraiOTCII B c ropoHy 6onee BblCOKHX sHeprHII. npu'IHH8 STOro coc

TOHT B TOM, 'ITO 8HOM8fibHblft M8l'HHTHblli MOM9HT Jl911TpOH8 3H8'1HT9fibHO M9Hbill9, '19M 

x/ 
y npoToHa 

161 
HexoTOpble 3aMe'laHHH o MeTone npoxo>KneHHSI pesoHaHcoa conep>KRTCll B pa6oTe. 

B CBSI3H c npOBO.IlHMblMH B na6opaTopHH srnepHbiX npo6neM pa3pa6oTK8MH HCTO'I

HHK8 nonBpH30B8HHbiX '18CTHU nepe.ll aBTOpaMH BCT8D8 38.1l8'18 Jl9T8fibHO paCC'IHT8Tb 9¢
¢eKT b1 nenonBpH38UHH '18CTBU B CHHXpOUHKDOTpOH9 nBn Ha 680 MaB. 

PesynbTaTbl naHHOII pa6oTbl MoryT oxasaTbCH none3Hb1MH npH ·KOHCTpyupoBaHHH H 

Hananxe npyrux aHanorH'IHbiX ycxopxTenell. 

1. KnaccH'!ecxoe penRTHBHCTCKoe ypaaHeHae .llBH>KeHHR cnnHa 

11saecTHo
17 •81

, 'ITO CnHHOBYIO nonHpH38UHIO 'i8CTHUbl MO>KHO 38Ll8Tb JlByMSI cnoco-

6aMH: na6o - C UOMOlllblO aHTHCHMM9TpH'i9CKOrO T9H30pa, nu6o - C UOMOWblO 4-BeKTOp8 

nonHpB3aUHH. Kax u a psrne npyrux pa6oT, Mbl nonbsyeMCR BTOpbrM cnoco6oM, xax 6o-

nee Har lUI.IlHbiM. 

OnpenenHM 4-BeKTOp nonHpH38UBH. nycTb B CHCTeMe nOKOSI qacTHUbl BpeMeHH8SI 

KOMDOH9HT8 4-aeKTOpa DODHpH38UHH paBHa Hynro, a npOCTp8HCTB9HH8SI - COBnanaeT C 

3- B9KTOpOM 
.. 
s , xoTopblll RBnHeTcH o6&I'IHbiM aexTopoM nonRpnsauuu '18CTHUbl. B 

na6opaTOpHOil CHCT9M9 KOOp.llBHaT, rne '18CTHU8 HM99T HMnynbC . .. 
38UHH T = ( T , T ) H8XOJlHTCSI npeo6pa30B8HH9M nopeHua: 

T 

TD= 

.. s + 

.. 
~ 

m 

.. .. 
~p 
:n(m+E) } 

p , 4-B&KTOp nonHpH-

1 t.llxx/ 

x/ /5/ V!cnODb30B8HH09 aBTOpOM 3H8'19HH9 rHpOM8l'HHTHOI'O OTHOill9HHSI LlfiSI nel!TpO-

H8 OillH60'IHO npHHSITO M9HbillHM B JlB8 pasa: II d ~ 0,85 BM9CTO II d = 1,72 B nel!-

CTBHT9fibHOCTH. 

xx/ 
!1CUODb3Y9TCSI CHCT9M8 9JlHHBU ere, C • 1 1 h c 1. 

4 

0TM9THM H9KOT0pble CBOIICTB·a 4-aeKTOpa T. nycTb 0 ·~ .. 
u=(u ,u )•y(l,"'i)-·4-aexTop 

cxopocTH 'i8CTHUbi. Torna, nocxonbKy T. u SIBDSI9TCSI HHBapH8HTOM, 

T•u rouo-
.... 
Tv = 0 

0 .... 
T = 1· v • /1.2/ 

A HanorH'IHO HSXO.IlHM .. T·T =- ;' • 
/1.3/ 

B CHCT9M9 noKOSI '18CTHUbl npH H8DH'IHH MarHHTHOrO nonsr 

DO.Il'IHRSI9TCSI 06bl'IHOMY ypaBH9HHIO 

lJ 
.. .. 

3-aexTop cnHHa T a a 

~~ = ( 11.!_1[ T X B I , 
dr 2"m /1.4/ 

rile II -rupOM8rHHTH09 OTHOUJ9HH9, 

" 
e -sapsrn 'laCTHUbl, m -Macca '18CTBUbl, 

T = 0 B Ml'HOB9HHOII CHCTeMe nOKOH, XoTB dTO B 06!lleM cnyqae OTDH'IH8 OT Hynsr, 
dr 

VIs /1.2/ nonyqaeM 

0 
dT 
-;j,--

.. 
T ( d;) • 

dr 

YpaBHeHHe nsu>KeHHSI anonb TpaexTOpHH sanHcblBaeTcB B o6weM cny'lae xax 

du I 
(17 m 

/1.5/ 

rna - 4 -aexTop cHnbl. B snexTpoMarHHTHOM none cuna B&rpa>KaeTcH qepes TeH-

sop nonR F 
IF oa I .. I Ff3y I =- B "'- E , 

Tor!la 
du = ~ F· u. 
dr m 

11.61 

/8/ 
Kax noxa3aHo B 1. o6o6meHHeM ypaBHeHHR I 1.4/ nnH npousaonbHOII cxcTeMbl xoop-

JlHHaT SIBDSI9TCB ypaBH9HH9 

fl = (if!.) [ F • 'J" + ( T · F • u) u ] -
dr 2m 

HDH, HCfi0Db3yR f1.6/ 

dT 

dr 

e 

m 
l.l.F·T + 

2 

r _!!-~- . r I · u 
dr 

j~( T. F • u) • u I · 
2 

/1.7/ 

/1.8/ 

/A/ 
YpaBHeHne /1.8/ nony'laeTcR T8K)I{9 c noMOillblO KBaHToao-MexaHH'Iecxux paccy>KJleHHlf , 

YpaBHeHue /1.8/ nnH npocTpaHCTBeHHbiX KOMnoHeHT sanuweTcH B sane: 

dr dr ..!. ~([rxii + c;r1"E 1-
2 m 

- ( g - 2 ) ~ y 1 
; [ (; X B). T + E. T - (; E )(it f) I 

2 m .. 
HOB 'lepe3 nonRpH38UHIO S 

5 

/1.9/ 

"L ~ 



rne 

a-; 
dt 

~ 

2 
e 

S X 
my 

y .. 
[ n + (E x't)].t-

y+ 

~ 2 e y 3 _., _.. -+ -+ -+ 
+ (--->-- --- s x [(E +v x B)x v 

2 my y + 1 

11.101 

1 . 

OK oH'IaTenbHO ypaBHBHHB .asH x<eHH" aamo~weTc" s anne: 

.. j( 
8=-~(B + 

2 

-+l .... ... .... yB >1 + ..!.. s X ( E X v )[1=1 + _1_1, (1.111 
m 2 y+l fL~=J...;x[B+ 

.. dt .. my 
Bll H B l-

.. 
B , HanpaBnBHHbiB napannenbHO H nepnBH.IlHKYIIS!pHO KOMnOHBHTbl 

CKOpOCTH 48CTHUbl 
.. 
v , COOTBBTCTBBHHO, 

191 KaK cne.ayeT H3 , ycnoBHSI, .aocTaTO'IHbiB .anSI nepexona K KIIBCCH'IBCKOMY penSI-

THBHCTCKOMY ypaBHBHHIO .llBH>KBHHSI CnHH8 11,111, Bb!IIOnHRIOTCSI BO BCBX CyLUecTBYIOLUHX 

ycKOpHTBIISIX npH COBpBMBHHOil TBXHHKB nony•IeHHSI M8rHIITHb!X H 9119KTpH49CKHX nonell, 

2. nuHeapH3aUHSI ypaBHBHHSI ,llBH>KBHHSI 

PaccMOTpHM nBH>KBHHe nOIISipH30B8HHOA 48CTHUbl B yCK0pHT81!8. nycTb nepBOH8'181lb~ 

HSSI nonRpH38UHSI SIBIISIBTCR nOIIHOil, 8 BBKTOp cnHH8 HanpaB118H B H848nbHblfi MOMBHT no 

MarHHTHOMY n0/110 0 TO eCTb, S = J, npH yCKOpBHHH CIIHHbl 48CTHU 6y .llYT B 06LUBM 

cnyqae OTKIIOHSIBTCSI OT BBpTHKSIIbHOrO HanpaBIIBHHSI, Pa3Hbl9 'laCTHllbl npH 3TOM OnHCbl-

saiOT paanH'IHble TpseKTOpHH, noaTOMY yrnbl I () "' 
I, onpe.aenRIOmHe Hanpaene-

HHe cnHHa qacTHUbi, MoryT npHHHMaTb pa3Hble aHa'IBHHSI, PeaynbTHpyiOmall nonS!pHaauHII 

ny'!Ka HaXO.IlHTCII KSK P = Cos 2 !!._ 
2 

Sin 2 
() 

2 

rne ycpe.aHeHHe npOH3BO.IlHTCII no BCeM 48CTHU8M ny'IKa. 

TsKHM o6paaoM pewaeM ypaaHeHHB nBH*eHHSI nnR o.aHoll 'laCTHUbi, H aaTeM ycpe.a· 

HHM norutpH38liHIO no CB060.IlHbiM napaMeTp8M ny'!Ka. 

OrpaHH'IHMCII CHS'Iana cnyqaeM Manoll )lenonRpH3aUKH. npe.anono>KHM .aanee, 'ITO .. 
nanpasneHHe MarHKTHoro 110n11 ~ Mallo oTnH'IaeTcll oT 110n11 B 

0 
Ha paaHosecHoll o,p6H-

Te. Tor.aa H nonRpH38l!HII 
.. 
s MO>KeT Mano OTIIH48TbCR OT BepTHKSnbHOrO OpTs k, .. 

- k I ; I senHK8. 
B o6meM A< e cny4ae MO>KBT OK838TbCSI, 'ITO nenonRp1138UHSI 

Torna npHMeHIITb ypasHeHHe Manon Jiellon!lpH3aUHH Henb3R, TaKHe cny'lsH yKs3biBaiOT 

Ha HsnH'IHB CHnbHOro pe30HaHCa. 

V1 TaK, nyCTb .b 
·• 

-npoeKl!HSI BeKTOpa I B - n 0 .. .. 
KOCTb. Tor.aa, ecnH b <-< B I TO MOiK HO C'IHT8Tb, 1{T0 

0 

HHSIX ypaBHBHH8 /l.ill 3811HUJ8TCSI B BH.ae: 

EcnH ·• s 

d; 
-dt. 

OTnHttaeTCH OT 

+ ~-/- (bli __!_ -; X [ B + b 
my·+ o 

k HB Many10 aenH'IHHY 
.. , 
s 

b 

I Ha ropH3oHTanbHYIO nnoc-

B " B + b . B aTHX nonywe
o 

.. 
+ yB +yb )]. 

0 ~ 
1n.11 

, TO Sin fJ "" 0 :-~ s' a cTe-

0 

neHb .aenonllpH38UHH D = 2( ~)2 
c ~ 

ro H Bblwe nop!!nKa no s' H b 

EcnH B 1n.11 npeHe6pB'Ib 'llleHaMH BTOpo-

dt' = ....!.._ [ 1 
dt my 

Bo 

+" ~- 2 y 1 -;· X B 
2 

, TO Mbl IIOIIY'IHM: 

.. 
+~kx[b+ 

my 
~-2 (b 

2 

.. 
+ y b+-Jl 1n.21 

-;, H c B KOMnneKCHOA: q,opMe: s'-s' +{s~', . , npe,llCTaBHM rOpH30HanbHble BeKTOpb! 

b=b.+ib, Tor.aa nnHeapHaosaHHoe ypasHeHue 1n.21 llpHMeT sun: 

rne "'.!. 

ds' . ' -•w a -+ 
~-

= OJ 

dt 

(1 + ~- 2 y 

2 
w =w L 

II • 2 
OJ = ~E... 

iw ~ 
II B 0 

+ iw .!'± 
.J. Bo 

'lacToTa nonepe'IHoll npeueccuu, 

'laCTOT8 npO,IlOIIbHOil npeueCCHH, 

UHKnOTpOHHaR 'laCTOT8, 

tn.st 

tn.4t 

• mY 
nnHeapH30BaHHOe ypaBHeHHe .anSI .aenOI!SipH3aUHH. B SIIBKTpH'IeCKOM none IIOI!y'laeT-

c• aHanorH'IHbiM o6pa3oM: .. 
ds' 

dt 
~-[k x(E x ;)1(~- 2 + _ 1 _) 
m 2 y+1 tn.Bt 

PeweHne ypaBHeHHII ln.3/ s caMoM o6weM su.ae aanuweTc!l cne.ayiOWHM o6paaoM: 

s' 
• ·1</>(t) t 1cp(t'} 
Ie ( e [wll 

t 

b. oft) b I (t') 7 + "'+- _:j08 
0 0 

1 dt tn.at 

r.ae cp(t) = (w.J. (t)dt' , a s' bll H b+- - KOMnl!eKCHble BeKTOpbl Ha llnoc-

KOCTH ;r;Qy. 0 

noKa>KeM Tellepb B Ka'leCTBB HnnrocTp8UHH, KaK OIIHCbiBaeT IIHHBaJIH30BaHH09 

ypaBH9HH9 HaH6onee XapaKTepHbiB 48CTHb19 cny'ISH. 

A. Pe3oHaHc 

nyCTb OJJ. = Const , a b MeHIIBTCSI no 38KOHy: 

a 

·I OJ t 
b.j.•B

0
ae 

, 
s -

. ·lw ' [e l(wf---w)t - 1] . 
'"'+ ae 4 ---------- -+raw t e 

'( ~ 
I W.l.- OJ) OJ-+ OJ~ 

I (l) .l t 

Tor.aa cp =j t 

tn.11 

TaKHM o6pa30VI, BBKTOp s' epamaeTCSI c 'lacToToll w ~ H soapacTaeT nHHeiiHo eo 

BpeMeHH, npH &TOM .llOnycTRMOe 'IHCnO o6opOTOB B MSrHHTHOM none b.! He ,llOn>KHO 

npeBbiLU8Tb 1 
n 

1n.8/ 
2rra 

B npOTHBHOM cny'lae HacTynaT 3aMeTHaR .aellon!!pHaauHSI. 

B. A.aua6aTH'IeCKHe H3M eHeHHR non11 

Ecnu OJ << OJ+ , TO eCTb, H3MeHeHHSI MarHHTHOro nOIISI 38 O,llHH nepuon npeuec-

CHH B9CbMa Mallbl, TO 

7 

.....____ ______ ._ 



1 cw1 -w) t 
•IW .j. f [ e -+ - J) •IW f 

e • a .. ot a ( e 
i(w.j.-w)w«w.j. 

•IW l f 

- e ) • 

tn.et 

s' ~ iw.j. 

BeKTOp s' npeueccnpyeT OKOJIO MI'HOBeHHOI'O 3Ha'I8HHH nonH, cne~yH 3a HHM H He oT-

1•'1 • 2a , a MaK-
KJIOHHHCb OT nero Ha eenH'IHHY 15onee, '18M a • npu 3TOM 

CHManbHaH nenonHpH3aUHH 
2 ( _%)2. 

Bo 
• 2a 

2 
-== D 

B. Hel5onbwHe, HO 15blcTpbie H3MeHeHHH MarHBTHOro nonu 

3TOT cnyqaii COOTBeTCTByeT W l << W 
• Tor~a 

s' = a ~ [ e -feu+'
"' 

I s'l 2a ( ~) 
mn 

"' 

e •IW f ) 
1 

D mu= 2a2(~)2 
"' 

mu 

tn.iOI 

TaKHM o6pa30M, eeKTOp H3MeHeHBH nonHpH3aUBH s' He ycneeaeT cne~HTb 3a 

l5b!CTpb1MH H3MeHeHHSIMH nonll, H ~enonHpH38UHSI nOl:UiBnHBaeTCSI no cpaBHeHHIO C Hepe-

30HaHCHbiM cny'laeM ~ononanTenbHO e I ~ 1
2 

pa3. 
"' 

S. nenonHpH3aUHSI ny'IKa npOTOHOB B MarHHTHOM none 

CHHXpOUHKnOTpOH8 

6y ~eM C'IHTaTb, 'ITO none B • 
B Me~B8HHOii noeepXHOCTB yCKOpHTenH onpe~enH-

eTCH Bblpa>KeHHeM: 

8 = B [J-ll(r)+~ A (r)CoskO], ll>O, 
* 0 k• I k 

/W.l/ 

r~e 8
0 

-uanpsmeHHOCTb nonH e ueuTpe ycxopuTena, ll(r) -onpe~enneT cna~ nona 

K nepn¢epHH Mai'HBT8, a a3HMyTanbHble HeO~HOpO~HOCTH nonll aaBHCSIT OT pa~HyCa. 

Ecnn Me~naaaau noeepxHOCTb OTKnOHHeTcH oT cpe~aeii nnocxocTH MaranTa aeaHa.. 
'IHTeJibHO, TO H3 COOTHOWeHHSI rot B • 0 nony'laeTcH: 

rne L\z 

Bo 

B = L\z 
as. 
a r p 

L\z aB ...L --a-o 

-L\z·IJ (f!Kr) 
0 dr 

dA/rl Cos k 0 ) • ~ ---
k•J dr 

L\z B ~kA (r)SiilkO 
0 k 
k~t 

- cMeweHHe 'laCTHUbl OTH OCHTeJibHO Me~HaHHOii noeepXHOCTH. 

8 

/W.2/ 

/W.3/ 

iJ 

J 
\.,~:· 

''. 

~! 

·"' • '• ~ .I ' 

1101 ' · .. 
Kax saeecTHO · , Manble. OTKnoaeRHH Me~naaaoii ·noeepxHOCTH OT cpe~Keii reo-

MeTpnqecxoli nnoCKOCTH MO>.KHO Bblpa3HTb' B BH~e: 

z ( r, 0) = a ( r) + !: a ( r) Cos f 0 
. o. 0 f= t t 

!-iCTHHHOe CMemeH,Ke 'laCTHU OTHOCHTeJibHO Me~BaHHOii noeepXHQCTR, 

Ubi coeepwaroT Kone15aan5! 

z z., Cos .J n 0 + ~ 
f= t 

a _n_ CosfO 
r n - f 2 

/W.4/ 

KOr.tla qaqTR-

·tW.5/ . 

r~e nepBblii 'lnen onncbleaeT ceol5o~Hble eepTHKanbHble Konel5aHHSI, a eTopoll qnea-BbiHY>H"" 

~eHHble xonel5aHHH
1111

, - aannweTcH e BH~e: 

.~ z z Cos .jnO + ~.· a __ n_ CosfO 
., "f= J f n - r-2 

~ a Cos fO 
f =. t f 

nocKOnbKY B CHHXpOilHKnoTpoHe n < 0,2 , TO __ !) __ <<J, H TOr~a 
n-f2 

.:\z z Cos.Jn 0 
m 

::£ a Cos fO • 
r = z r 

IW.61 

/W.7/ 

Bocnonb3yeMCll Teqepb ol5wHM peweHIIeM ypaBH8HHH I n.31 B BH~e tn.61. Ecnn B 
0 

aanpae_neao e.uonb nono>KHTenbHbiX aHa'leHIIii z 

CTpenKe, H 

, TO npOTOHbl .ll BB >KyTCII no 'laCOBOii 

dO·= -w dt. 
c 

npoH3Be.llH T8KYIO 3aMeHy nepeMeHHbiX, Mbl nony'IHM: 

s' - ie·lc/>cOJ/e 1</>((J', [(J + II- 2y) ~l. + _! 
2 8 0 2 

0 
¢(0)=- f (H ll- 2 y)d0'. 

2 r.ue 

bll __._ I 
no. 

/W.S/ 

dO'· /ill.~/ 

Pa~nanbHaH xoMnoaeHTa non11 B 
p 

0 

onpe.uenHeT Bl , 8 83HMYT8JibH8SI KOMnQH8HTa 

onpenenlleT COCT8Bn!IIOLUYIO bll TaKHM o15paaoM, 

bll 
- iB e'

0 
0 

= i ~B 1: k A (r) Sink 0 e·,o 
k 

k•t 

b 
1 

= B e tO =- L\ z B ( .dll{$) - ~ d A,.(r) Cos k 0 ) e 
10 

-+ P o dr k= t dr . 

OueHHM nopunoK eenH'IHHbl aTHX xoM.noaeHT e cBHXpoUIIKJIOTpOHe. 06bl'IHO 

,EI~ = ~ , nerxo enneTb, 'ITO 

dr 

-2 -3 
nocxonbKY n = 10 + 10 • 

I b l I >> I bll I 

~~~ 
bll 

neiiCTEIHTeJibHO, 

n ._!_-..n...» J ' 
A A 

IW.lO/ 

-4 
A • JO , a 

TaKHM ol5paaoM, aMnnnTyna panHanbHOii xoMnoueHTbl nonu, o6ycnoeneHHOii cnapoM 
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nonR, aaa'IHTenbHO Bblwe aaHMY·TSllbHOII KOMIIOHeHTbi. KaK Mbi YBHilHM HRlKe, HMeHHo pa· 

IlHSllbHSII KOM IIOHeHTS BblabiBSeT OCHOBHYIO IleliOllllpHaauH 10, 

noncTaBHB /W.IO/ B /W.9/, nony'IHM: 

lcp 0' 
s' = ie"1<Pc6> f dO'e c 'Lo + ~-~ y )(z Cos ,f;(f)' - ~ a Cos f 0') X 

e = z e 2 

_,... .. dA , 10' 
x(~ - ~ ____., CoskO ~ e + i i.(z 

dr I<= 1 dr 2 

.. 
Cosyn- 0' -~ "e CosfO'I x 

f = J 

~ 10'· 
x ..L l. k A (r)SinkO'-e ]. 

r Jr-= 1 It 

Bb!paaHM TpHrOHoMeTpH'IecKHe c\JYHKUHH qepea 9KcnoHeHuHanbH&Ie: 

/W•.lll 

s' = ie 
·1</>(IJ) 0 ICc/>+O'+J";O'n+ ~2 y dS f dO' I [ e - __ .2.....: z __ 

2 "' dr 
/nepBbiii 'flleH/ 

(1+k~y) IC</> +0' ±tO') 
.!!L 1+ - I. [ e ___ a_ __ a IBTOpoil 'flleH/ 

f- J 2 f dr /W.l2/ 

IC</>+0'+..;-;.o'+ oo', 
+ .:. I. e 

4 J<DJ 

[- .!_ 
2 

~-k_'!._!.!.!_(l+ !:.!y)ddA )¥TpeTHii '<lleH/ 
r 2 r 

t•-J,I 

+ ~ ~ 
Jr =J lrr=J 
f-="~J.J 

Sf • 
4 

IC</>+O'z.tO'±. oO'J g-2 dAt + .!_<kA!;JI_I'feTBepTb!ll 
[(1+--Y)-d 2r e 2 r 

'fneHI 

CxeMa peweHHII sTor.o ypaeHeHII!I cTaHeT !ICHOii, ecnH pacCMOTpeT& B o6meM BHile HH-

Terpan 0 ucO'J 
f e A(O'JdO'. 
0 /W.l3/ 

npellliOIIO>KBM, 'ITO c\JYHKDBII A(O) -MenneHRO MeRIIIOI.U&IICII, TO eCTb, 'ITO dA << A 
. . df dO 

TOT'Il& K&lt f(O) - 6biCTpO pacTyi.Uall c\JyRituRR, TO eCTb, -->> 1, 8 9TOM Clly'fae BH-
d0 

Terpan MO>KHO xopowo oueHBTb: 

0 uciJ'J 
f !!_A(O'J _e_ --- dO' • 
o dO' i 1'(0') 

11(6'} 0 
A(O'e 1 

; 1'(0') 0 

0 ucO'J 
f e A(O'JdO'·• /W.l4/ 

Vf HTerp11pyeM DO 'f&CTRM !ITOpOI RHT8T'pall: 

0 cO' f((J' 0 0 2 ucO'J 
_ dA e 11 

·' , dA(O' e
1 

J - r ~- ~--do' f __ ---dO·•- I . /W.l5/ 
0 

d6' i 1'(6') dO' [1'(6'1)' • 0 didO' 1'(6') 

10 

I 

>'!' 
l 

{·~II 
,1·; .. !, 

/• 

BHnHo, 'ITO ecnH dA 

dO 

1 

l'( 0) 

II IIIIII!IJI!II,l,lU.,-+--., 

« A ' 
/W.l6/ 

TO HHTerpan /W.13 I nocTaTO'<Ho xopowo oueHHBaeTc~ nepBbiM '<neHOM /W.l4/. OueHHM 

oepBbiii 'qneH B /W;12/ Illlll CIIY'ISII npOTOIIOB 

0 ( 1 + 1,8 y I 1c¢+ 0'+..;-::o·) 
.!!Q... I = I s:·l - z I r dO' __ __;__ e - /W,l(/ 

m 2 dr 

) ( dS ) e 
1c¢ +O±F, 0 > 

2,8 ( dS ) z ( 1 + 1,8 y 
~I :i1i2l. - -"liT L. 

2 - ( 1 + 1,8 y 2 ) + 1 + ..;-;;- - 1,8 .:t ..; n 
1 - 2 

/12/ 
EcnH aHaMeHaTenb He o6pamaeTcst B HYllb, To, Hcnonbayst llSHHble llllll CHHxpouHKno-

TpOHa n.lln, IIOIIY'fiiM: 

dB 
dr 

1 ii D n =--......,_._=_, n "'0,008 npH '* 10 CM, H 
-4 ( !!§_) = 3.10 1/cM, 

dt. l -4 B ii r r 
0 

J • 

n = 0,2 npH r '" 280 CM, H ( i!L) = 6,9.10 1JcM, 
dr 2 

2 

H npH y 
2 

• 1,72 /sHeprHH 680 Mae/ H 

I s'
1 
I ~ 

z = 2 CM 
.. -3 

2.10 • 

nocKOllbKY V-;, = 0,45, TO aH&MeHaTellb II llbipall¢eHHH /W.17 / II HYllb HHrlle He o6pa-
2 

I.U&eTCII. 0TMeTHM, 'ITO 9TOT 'IlleR onpellensteTCSI &MIIIIHTYilOii CII060llHblX llepTHK&llbHblX 

KOne6aHHii 'I&CTHU. 

npoHaBeneM Tenepb oueHKY IITOpOT'O 'llleHa HHTerpana /W.l2/. HeKOTOpble cnara

eMble STOT'O 'I!IeH& MOT'YT npHIIeCTH K peaOH8HC8M, yCIIOIIHeM IIOSIII!IeHKSI KOTOpblX IIBIISieT-

est: 
-(1+ 1,8y)+1 + e a o. /W.18/ 

PeaoHaHCbl IIOaHHKSIOT npa cnelly!OI.UHX 9HeprHstX: 

I 1 I · - l,ll. e = 2, = 95 CM, n = 0,016, 
Y pea. 

r 
pea. pea. pea. /W.l9/ 

/2/ 
= 1,67, e .. 3, r = 260 CM, n = 0,042. 

Y pea. pea. pea. pea. 

npll OUeHKe HHTerpana II o6naCTII peaOHSHC& BOCIIOIIbayeMCSI MeTOilOM nepeaana; IIOIIY-

qaeM: 

I s'l 
dS 1 + 1,8y~ a -

= 1 _2 f dr 

21T 
= '1',(1 + 1,8y ) at pea. 

dfj 

dr 
J --zry 

1,8do 

f e 

-~~~ ~ o' 
2 d0 dO I 

) n a 
'1:.(1 + 1,8Ypea. -- e 

r 

/W.20/ 

• 21T ..j ~"!__ __ 
(y - 1)1,8 

npH611H>KeHHO dy_ ~ 

dO 

r .... -·,1 ----- , r.ae Npea-: nonHoe '!Keno o6opoToa, coaepwaeMbiX qac-

2~rN 

H 



T 8uaMH npR yeKopeHRIJI, PaaHye, B o6naeTR KoToporo npoReXOLlHT peaoHaHe, onpeaen!leT-

ell 

Bemt'IRHY 

r 

Ev 
r • 

eB
0 

m.jy2-

eB 
0 

2" v N 

1,8 (y - 1) 
mu 

/W.21/ 

·.· 
IW.22/ 

H830BeM 'wHpRHOil" peaOH8He8, 
680.10

6 5 3 
~ 2.7 • .03 ~ 5.10 • r = 1,2.10 pall. HailaeM Te-- 1 z 0,72, N npe y 

nepb yenoBH!I, HanaraeM&Ie Ha 

aenH'IHHOil. 

af • npH KOTOpbiX aenonHpHaaUB!I OeTaeTe!l eme ManoA 

Cny'lail r = 2 

I s'l ~ ( 1/2) 0' 016 ( 1 + 1,8. _1,11). a • 117. 10 • 0,43. a.. /ill.231 

~ 2 3 
3aeeb HenonbaOBaHO TO'IHOe aHa'!eHBe r = 1,7.10 , Bbi'IHeneHHOe e y'leTOM <jlaabl 

pea. 
yeKop!IIO!llero Hanp!I>KeHRH /eM. 1Y. 7 I. 

Eenu noeTaBHTb yenoaae 1 s'l < 1 , o6eeae'IRBaiO!llee eoxpaHeHue non!lpnaauan, TO 

He06XOLlHMO, 'IT06bl 

npa 

a 
2 

/W.24/ a < 2,3 eM 
2 

/10/ 
EenH BOenonbaOB8Tbell He O'leHb TO'IHbiMH aHa'leHH!IMR a 

2 
, HaMepeHHbiMH 

75 eM / a ~ 0,1 eM/ H 
2 

~ 172 eM I a 
2 

• 1 eM I H npHHHTb 

I eM npH r ~ 95 eM, TO js'·l ~ 0,43, H aenonllp&aauaH D = 9,2%. 

Cnyqa8 f z 3 

!-1MeeM I s'·l • 0,4 a J , TO eCTb, a < 2,5 eM, 
3 

3Ha'leHBe a Ha pa.ll&yee 260 eM paBHO - 0,1 eM, TaK 'ITO 
3 

/W.25/ 

Is' 1 ~ 0,04, a aenonB-

pHaSUHH npeHe6pe>KHMO Mana. 

0KOH'18TenbHble aaKliiO'IBHH!I 0 BIIH!IHHH STHX peaoHaHeOB H8 .oenonllpHaaUHIO lipOTO

HOB MO>KHO 6yaeT eaenaTb TOIIbKO noene IIpOBe.lleHHSI 6onee TO'IHbiX H UOIIHbiX HaMepe

HHil, 0TMeTHM aaeea., 'ITO HHT9HeHBHOeTb 8THX pe30H.SHeOB He aaBHeHT OT aMIInHTYLlbl 

eBo60.llHbiX .BepTHKa!IbHbiX KOne6aHBil '!aeTHU. 

PaeeMoTpHM Tenepb TpeTHit 'lnea HRTerpana /W.12/. Yenoaae noBBneHHst peaoHaH-

COB: 
- 1,8 y :!.: v-;; + k - 0 • 

/W.26/ 

PeaoHaHe bl BoaHBKaiO'I' npa eneayiOlUHX &HeprHliX: 

12 

~1 

~ 

I > 

,,1 

'l . ' 

,·' 
"·' r;,' 

/1/ 
Y pea. 

/2/ 
Y pea. 

1,06, 

1.19, 

131 = 1,65, 
Y pea. 

k 2, 

k 2 

k 3 

n 0,01, 68 eM, 

IW.27/ 
n ~ 0,02, r ~ 127 CM, 

n 0,04, r ~ 233 CM. 

Eenu npeanono>KHTb, 'ITO dA < {- , rae h 
dr ~ 3. 

-anepTypa MarHBTa, a mapaHy pe-

aoHaHeOB npHH!ITb paBHOll r • 1 ,2,10 , TO IIpH 

A 
2 

A = 
2 

5.10-4 

10-3 
/ r 

-3 
A ~ 10 / r 

3 -4 

= 68 eM/ 

.. 127 eM/ 

= 233 eM/ 

~AJ • 0,8.10-5 , 
dr 
d4.t a 1, 7.10-5 , 
dr 

!144 ~ 1,7.10-5, 
dr 
3 -2 

2,8.2.1,2.10 - 5.10 • is'!.&.= 
:J A ZT'=~-5.10 

--:
4 
_ _ n(l+ 1,8y pea. "' 4 60 

I s'j
2 

I s'l3 

.. 6.10-2 

-2 
8.10 • 

IW.28/. 

~ 
2 

CyMMapHa!l aenon!lpHaauHH 2%. ,lln!l IIy'IKa 'laCTRil, RM8101URX paa-L = 

HbiB aMIIIIHTY Llbl eB060.llHbiX KOne6aHR8 He06XOLlRMO IIOIIY'IeHHYIO .lleUO!IllpHaAilHIO 

yepellHHTb no BCeM BOaMO>KHbiM aMIIIIHTY.llaM STHX Kone6aHH8, 

Y'!TeM, HaK.OHeu, peaoHaHe&l B 'leTBepTOM qneHe BHTerpana /W.12/. !-1MeeM 

BoaHHKHYT eneayiOmHe peaoHaHcbl: 

k = 1. 

2' k ~ 1, 

1 ' k = 2, 

- 1,8y :!: + k - 0 • 

y = 1.11. 

y - 1,67, 

r • 95eM. 

r • 260eM. 

/W.29/ 

llii.30/ 

/12/ Ha aaaecTHO, 'ITO nepaag rapMOHRKa aaaMyTanbHOA HeO.llHOpO.llROeTR MarHRT-

Horo liOliH eHHXpOUHKnOTpOHa n~n paBHa: 
A (r) 

1 
-· ~ 5.1,0 • 

a 

H 

a I 
1 

a 
2 

= 95 eM/ ~ 2 CM, 

= 260 eM/ z 0,8 CM 

B &TOM enyqae 'leTBepTbiA 'lneH B KBa.llpaTHbiX 
-2 I s'l = 2,2.10 ; 

ll . -2 
I s'l. • 1.10 ; 

.J -2 
= 1.10 ; 

-2 
•4,2.10. 

I s'l
12 

I s'l 

a I 
1 

260 CMI 

eK06KaX /ill.l2/ aaeT 

~ 1,5 eM,-

IW.31/ 

LlenonllpRaauR!I B 'leTBepTbiX 'lneHaX OT aMIInBTYLlbl CB060LlRbiX BepTHKaiibHbiX xone6aHRA 

He aaBRCRT. 
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!-1TaK, Mbl MOlKe':f cnenaTb Elb!EIOU H3 npHE18ll8HH!.IX pllCCMOTp8HHil, '<TO CyMMapHilll 

uenOJH!pH381lHll, nony«a8Milll OT EITOpblX, Tp8TbHX H '<8TE18pTblX '<118HOEI /ill,12/, paSHa 

D ~ !0%, «TO COOTB8TCTBYEIT I s'J " 0,46. npa 3TOM OCHOI!lHOll EIKnau B nenonllpH-

3aUH10 naeT BTOpall rapMOHKKil pllllllllllbHOJ"'O 1101151 - BCI!el]CTBH8 HCKpl~eHHS! MelJHai!HOI! 

nosepxHocTH (Is'\ ,; 0,43 ) • EcnH npaHHTb Mepbl K acnpasneHHIO TaKoro HcKpHBneHHll 

scero B asa pa3a, TO nenonHpH3aUHIO cHR3HTCH no 2%. 

[lo cnx nop He Y'<HTbl!llli!HCb pauaanbHble H panaanbHo-¢a3oBbie Kone6aHRll. Pac-

cMoTpHM Tenepb HenaHeiiHblll «nea B pa3no>KeHHH panaan~aoro non!! 

1 a b --;;;--:-

b = ( i.! .. ) z + ( ~.:.IJ_ .. 1 • p z 
p ar ar 2 

- B 
0 

1 ~ d 1 
d i5 '' ilk Cos k 0 ) • (---.., ---r 
dt 1 

k = 1 d t 

b 
p 

/W.32/ 

Bs nc1y Toro, 'ITO «acToTa pannanbHbJX Kone6auali 5nH3Ka K 1, yCI!OBH9M IIO!IB1!8HHS! 

pe30HaHC8 5y.aeT 
- ( 1 + 1,8 y ) + 1 + ! = 0. /W.33/ 

Pe30HaHc B03HHKaeT npH r = 1, r = 1,111 t = 95 eM; n z 0,016, TO 
pe3. pe3, 

E>CTb, H8 nepBOli rapMOHHK8 HCKpHE11!8HH!I M8llH8HHOil nosepXHOCTH. V!MeeM 

d >;s 1 dn -_II __ ; d
2
i5 = 0,5.10-5 . AMnnHTyna nepsoil rapMOHHKH npa 

r 2 dt 1 ·dr Jr> 1121 r 
paBH8 2 CM, 

Tor oa rrony«HM: I s'l ( 1 + 1,8 y ) • % • 1;~ • 

n npn " 5 CM I s' I = 0,07, a D ~ 0,4%. 

1 
d 8 

dr 1 
pm 

4. BnHSIHHe ua nenonHpH3aURIO pa3oBbiX Kone6auali 

a I' 
1 

95 CM 

IW.34/ 

npn rpa30Bb1X KOne6aHHSIX 3H8pf'H!I '<llCTHUbl y , UHKI!OTpOHHil!l '<llCTOTil w 0 H 

pannyc Op6HTbl t OCUHIII!HpyiOT OKOIIO Cp9llHHX 3Hil'<9HHli, KOT0pbl8 MOHOTOHHO pacTyT !I 

npouecce YCKOpeHHSI. nosTOMy MO>KHO 31lnHCilTb 

/1Y.ll 
Y = y

0 
(0) + t.y Cos(!lO +a ) 1 

rne n - qacToTa ¢a30Bb!X Kone6aHHli. y (0) - MOHOTOHHO pacTy!llaH <f>yHKUHll. YcnoBHe 
0 ' 

11051BJ18HHII pe3oHaHC8, 8Hili!Of'H'<H08 /W.18/, _31lfiHW8TCll l!l BHll9 paBeHcTBil Hyi!IO nepBOI! 

11pOH3BOAHOH no 0 nOK83aTel!ll 3KCnOH8HTbJ: 

/lY .2/ 
r ( 0) = 1,8 [ y ( 0) + "'y Cos ( n 0 + a ) I . + ~ = 0 • 

0 -

3a Ha«ai!O OTC'f8Til yrnOB npHM8M TO 3Hil'<8HH8 yrlla . 0 , npH KOTOpOM HM911 6bl. 

MecTo pesoHaHc B oTcyTcTBHe ¢a30BhJX Kone6aaall. Torna /1 Y .2/ npaMeT Blln: 

1'{0) = 1,8 [ dy~ .'(} + L\y Cos(llO + {3 J).• 0. 

dO 

14 

/1Y.31 

l7 

,;1: 

BTopaR npOH3BOllHilll nOK83aTei!SI 8KCnOH8HTb1, KOTOpall onpenenlleT WRpRHy p930RilHca, 

paaaa 

1"(0) • 1,8 [~- ~y·O Cos (00 + fJ )}. 
dO 

I, 

11Y.41 

noliBHBWHIICH .oo6aBO'IHblll '11188 R3M9HS!eT WHPHRY pe30HaHca, aall.oeHHYIO paa~e. BTop,!lR 

npOB3BO.Z1HilR I" {0) MO>KeT o6p8WilTbCS! B HYI!b, H lli!Sl OUEIHitH pe30HilHCHOrO BHTer

pana HY>KHO y'leCTb TpeTbiO npOH3BO.OHyiO: 

OueHRM r ¢a3 • .Zlllll 

V = 10 ltB; Cos</> 
0 • 

I"' ( 0 ) • 1,8 ~ y !l 
2 

Cos ( 0 0 + fJ ) 

Ill/ 
CRHXpOURJti!OTpOHil n.Rn. V!M99M 

- 0,25; E = 1050 Mu; 

-------

t = 95 CM; 

•I 
0 "..; !.!_~~~ ·W • 2,2 • 10 ·..., 

• 

d~ 
dO 

2rrE 

2e V
0 

Cos</> 

2rr • m 

• 

1,3 • 10 
., 

y 

/1 y .51 

= 1,11; 

/1Y.6/ 

11Y.71 

,LlnH onp9.Zl8119HHH llMRI!HTy.ZlHOf'O 3H8'19HHR ~y 
Ill/ 

BOCnOI!b3y9MCII COOTHOW9HHEIM 

L\y 

y 

1 

"' c 

t.¢1 
/1 Y.BI 

• - -3 
npa Cos</>= 0,25, ~<'P=-./20 L\y a 3,4.10 • Ycnosae pe30HaHCil /1Y.3/ HM99T BR.Zl: . 

1,3.:10"' .'(} + 44 · 10"
1 

Cos(OO + t3) = 0 •. 
ll.Y-8/ 

Bao.os o6o3Ha'leaae 0 
1 

= OO+fJ, nony'IRM Tpaacuea.oeHTHoe ypaaaeaae: 

Cos 0 • - 0,174 ( 0 - fJ ) , 
l l . 

11Y.101 

peweHHB ltOTOpOrO .Zlll!OT TO'IItH p930HilHCil. 3TO ypllBH9HH9 B 38BHCHMOCTH OT BQIIH'IRHbl 

fJ MO>K9T HM9Tb OT 3 .oo 5 peweaall. O.oao &3 &THX peweaail MO>KeT o6pawaTb 

BTOpyiO npOH3BO.ZlHYIO 1"(0) a aynb. TpeTbll npoa3Bo.oaas paaaa 

I"' (0) = 3 • 10"1 Cos(OO + fJ ). 

no.owHTerpan&RyiO <f>YHitUIIIO B 06118CTH p930H8HC8 paCJt118llbiB89M B pli.O: 

·• 0, 

6 

UJBpHH8 p930H8HC8 0Up9.Zl911HTCH H3 YCIIOBHH 

e -I)( o ( 1 + 3 • 10 ) • 

0,5, 10 - 1 • 0 I = 1 

H paBHa no nopRllKY B91111'1HHbl r 103 
pa.o. 

1!5 

/1Y.11/ 

/IY .12/ 

/1Y.i3/ 



-, 

npoH3BeJleHHblli queneHHblli paeqeT -nOK83b!BaeT, qTO eeJlH yqeeTb Bee cP830Bb!e' pe-

30HaHebi, TO wupuHa p~30HaHea Mo>KeT n_peBbJWaTb HaqaJlbHYJO wupHHY He oonee qeM a 

JlBa pa 3 a, npu HeKoTopbiX anonHe onpeJlel1eHHbiX ¢a3ax .13 • B epeJlHeM >Ke ¢a3oBbJe 

KOneoaHHR He yaenHqHB8JOT WHPHHY pe30HaHea. 

5. ,LlenonRpH38UHll B yeKOpRIOql9M aneKt')!!HqeeKOM none 

BnuRHHe aneKTpuqeeKoro nonsr Ha enHH qaeTHUbl eKnSJlbJBaeTeR- Ji3 JlBYX ¢aKTopoa: 

1 I MaraiiTHoro non!l, B03HHKaJOwero 3a eqeT- nepeMeuuoro aneKTpuqeeKoro nonH1 H 

2/ uenoepeneTBeHHO aneKTpuqeeKoro. 

PaeeMOTpHM nepBblil acl:Jq,eKT. MarHHTHoe none Ha Bb\eoTe z 

KOeTH JlY8HT8 paBHO 
b z dE· 

dt 
- z t w Sin w t, 

·.m c (I 

rile E - aMnnuTy Jla ycKopR IOWero nonsr. 3To MarHHTHOe none 

nepneHJlHKynRpHo eKopoeTH. To~ua H3 /UJ.9/ nonyqaeM: 

oT epeJlueA nnoe-

/Y;l/ 

b uanpaaneuo 

0 -lc/>(0) () , l(c/>r(J',+6', . w . 
I e r d() r e ( 1 + 1,8 y ) z E (6') _L Sin 0'] .· 

m m B o' 
IY.21 

s' 

OueHHM nopRJlOK aenuquHbl aToro MarHHTHoro nonR: 

bE 

Bo 

z Ewe 

Bo 

zE·e 

my 

• •$ 
10 .. 10 -;or IY.31 

3 -2 

noe~<;OnbKY WHpHHbl B03MOiKHb!X f1930H8HeO~· y HSe He npeBbJW810T r - 10 , TO s'- 10 

BbJqueneHH!l MOiKHO e)lenaTb iteeKOnbKO oonee eTporo • .LlnR 3TOro. yqTeM, qTO aenu-

~niHa z eKn8Jlb!B8eTeR H3 noeTO!lHHOrO OTKnoHeHHR nnoeKoeTH JlYSHTOB OT epeJlHeli 

nnoeKoeTH u eaooO.llHbiX aepTHKanbHblX KOnel5aHuA: 

z = z + z Cos J;; 6 • 
0 .. 

Em (0 I MOiKHO pa3nO>KHTb Ha rapMOHHKH e K03tPtPHUH9HT8MH, 38BHeRWHMH QT paJlHyea 

. , (0) ( 1) 0 

\ 

E (()) = E (r) + E (r) Sin 6 + ••• 
m m m 

/Y.5/ 
'! 

Hau6onee cyweeTaeHHbiMH rapMOHHKaMH RBnRJOTeR Hyneaall H · nepaaR, nocKOnbKY ye· 

KOp!lJOWee none paenpeJleneHo no nonyoKpy>KHOeTH. 

TorJla H3 /Y.2/ nonyqaeM: 

s' = 
0 -1</>r(}) 0 l(c/>(().)+0'' 
I e ( d6 '·e ( 1 + 1,8 Y ) ( Z O 

x ( E(=) (r) + E1:.!(r)Sin6' 

+ z ., CosJ-;,_-0') x 

• ·• • 1 _':__SinO' • 
my 

PaeeMoTpHM qneH e z 
0 

• YenoaueM noRaneHH!l pe3oHaHeoa !l&nl!eTell 

l6 

IY.61 

u 

- ( 1 + 1,8 y ) + 1 :. 1 ~ p = 0 , 

Bo3HHKSJOT JlBa pe3ouaaea 

,Lln!l paeqeTa npuMeM: 

p = 1 

p ~ 2 

(1) 
E 

B pe3ynbTaTe nonyqHM 

p t::: o, ±. 1 , ±. 2, ..... 

z 0 

(2) 

E .. 
\ s' \ < 

y = 

y = 

CM, 

2.10. __ .. 
300 

3 
10 

1,11 , 

1,67. 

z = 2 CM, 

102 a/eM. 

IY.71 

IY.BI 

/Y.9/ 

YqeT sepTHKSilbHblX KoneoaHHA npuao.llHT K cMeweHHJO nono>KeHHII pe3ouaaeoa. !-1MeeM 

- ( 1 + 1,8 y ) ~ 1 :t. 1 +p+Jn=O, 

OTKY Jl8 

{ y = 1,06, 

H 

p = 1 , 
y = 1,19, 

p = 2, 
y = 1,55 • 

OueHHM acl:JGjleKT HenoepeJleTBeHHO aneKTpuqeeKoro nonsr. 

s' 

_d;' = 
-+ 

X (EX-;) )·(1,8 ~ _._)I __!!_._ ( k 

dt m 
y +1 

ds' -- e dz E • ( 1,8 + 
dt m dt y + 1 

-lcf>r(}; 0 
i e r e dz E ( 1,8 + 

;: "do' 
_1 __ ) e 
y + 1 

lc/>(6'' 
d6' 

no.lleTSBilRII B /Y.lS/ Bblpa>KeHHII .llnH Z H E , nonyqHM 

/Y.10/ 

IY.ll/ 

IY.I21 

/Y .13/ 

-lc/>r(}; () 1</>rfJ'J 10' ez Ji; (O) (1) /1Y.14/ 
- e ( e Cos()' Sin(Jn O')e _...__(£ + E Sin()'·+ ••• )x .. .. 

s' 
0 

OTKyJla yenoaue pe30HaHea 

m 

X ( _!-_ + 1,8 ) d()' , 

y + 1 

- 1,8 y + 1 + J n + p = 0 

p = o, :!:. 1 , ••• 

, K8K H /Y.iO/. 
Pe3oHaHebl npouexoJlAT npH TeX me 3Haqeausrx 

y 

II 

/I Y .15/ 



m 

- (l) 1. •I v n E ( -- + 1,8 J • f' • .3 • 10 
.. y + 1 

/l:Y.l6/ e I s'l • ~ z 

Yl. .QenonHpH38UHH npH BblXO.ll9 'I&CTHU H3 YCKOpHTenH 

L!enonHpH38UHIJ B03HHKaeT B pereHepaTOpe a B03oy .llRTene a TaK>Ke B H80.llHOpO,ll

HOM M&r'HRTHOM none nocne BbiXO,lla 'I&CTRU R3 M&r'HRTHOr'O KaHana, 

By.lleM npe.llnonaraT&, 'ITO npa K&>K.llOM npoxo>K.lleHHR pereaepaTopa a eoa6y.llRTe-

nR eenat~HHbl s' MO>KHO cKn&.llbJB&Tb 6ea y'leTa yrna Me>K.lly .llByMll nocne.ci.oeaTenb-

HbiMR 3H8'18HHSIMH s' , nonHyJO .ll8nOnllpH38UHJO nony'IHM UyTeM ycpe,llHeHHSI 89 nO 

paanH'IHOMy 'lacny npOXO>K,ll9HaA 

D 
• J D(N) I(N) dN 

( f(NJ dN 
/:Yl.l I 

r.lle D(N} -.llenonRpa3&UHll, B03HHKaiOU18ll npH N -KpaTHOM npoxo*.lleHHa 'I&CTHuel 

o6nacTH eoaMymeHHA, a I( N) - pacnpe.lleneHH9 'laCTHU UO 'IHCny OOOpOTOB, COBep-

W88MbiX HMR nepe.ll non&.ll:aHHSM B M&r'HHf.HbiA KaHan, BenH'IHHa f(N) onpe,llengeTcll 

pacnpe,lleneHHeM 'lacTHU no aMnnaTy.llaM pa.llHanbHblX KoneoaaaA, B K&'IBCTBe paayMaoro 

npe.llnono>KeHHII Mbl 6y.lleM C'IHT&Tb, 'ITO aTo pacnpe.lleneHae O.llHOpO.llHO H npocTHpa

eTcll OT 0 .llO 5 CM, 

/18/ 
VlaeecTHO , 'ITO npapocT aMnnHTY.llbl pa.llHanbHbiX KoneoaaaA aa O.llHO npoxo>K.lle-

HH8 paBeH 

l! = ( Av-z .; = 0,5 -:-0,6. 
IYI.21 

noaToMy aMnnHTy.lla pa.llHanbHbJX Kone6aaHA nocne N npOXO>K.ll8HHA paBH& 

A = A (1 + ( }~ 
N 0 /Yl.3/ 

L!nll TOr'O, 'ITOObl nonaCTb B MarHaTHbiA KaHan, npHpOCT aMnnHTY.llbl .llOn>KeH COCTaBnliTb 

3 -!- 3,5 eM, Cne.lloBaTent.Ho, aeooXO.llHMoe 'IHcno npoxo>K.lleHHA onpe.llenHTCll He ycnoeall: 

( A = 3,5 , ana N •I N•l 
A ( 1 + e > - 7. 

0 

0TCJO.lla 

IS7 - IS A 0 
5,5 - 5,7 IS A 

0 
/Yl.5/ N = ----- + 1 = 

IS 1,5 

nocKOnbKy CpeaHee 3H&'IeHHe A 
op 

= 2,5 CM /13/ TO N = 3,2. 

no.llC'IHT&eM .llenonllpH3aUHIO npH O.llHOKpaTHOM UpOXO>K.lleHHH B03MyU1aJO'U1BX o()

nacTeJI: 

18 

AMnnHTyaa 

0 
2 nz ls'l ~ 2 If (1 + 1,8y) _!J'dO'·I = 2( 1 + 1,8y J ~~~- t:.o. 

0 r ., r 
89pTHK8nbHb{x KOneoaHHJI 'laCTHn UpH npOXO>K,lleHHH B03M.)'U1aJOU1HX 

IYI.61 

yqacTKOB eoapacTaeT npHMepao B aaa paaa, T.e. z., = 4 .CM, L!nll O.llHOr'O npOXO>K.119-

I':i0 = 0,1 nonyqaeM: 
HHII npH = 300 CM, y = 1,72, .. n = 7, 

Is' I < 
2.4- 7. 4. O,l 

300 

-2 
7,5. JO 

/Y1.7/ 

EcnH cpeaHee '!Reno apoxo>KaeHHA paBHO 

aenonllpH38UHll ny'IKB COCT8BHT 

N ~ 3,2, To I s'l• 0,24, a peaynbTHpyromaR 

rae 

a 

nona. 

OKOnO D "' 3%. 

PaccMoTpHM Tenepb aenonHpHaauHIO a cnaaaromeM MarHHTHOM none. VlMeeM: 

s' 
·1</>(t) t l</>(t

1
) 

i e r e 

0 

~ b (t')dt' 
D l 

b l ( t') _ paaHanbH&II cocTaengromall MarHHTHoro nonll, onpe.11enHeMall K&K 

bl (t'} 
z as 10' __ ..._ e 

ar 

4> = ( 1 + 1,8 y .. e B • '(t')dt' 
mY., 

/YI ,9/ 

/Yl.10/ 

B (t} onpe.llenHeT M9HSII01UYJOCII BO epeMeHH 'laCTOTy nonepe'IHOA npeuecCHH • .Qanee 

• 
nonyqaeM: 

/Y1.11 I 
s' 

·1</>(t) 
i e ( 1 + 1,8 y .. e 

lt/>(t
1
)+ I 0' 

z f e 
as. at'. 
ar my., 

PeaoHaHC H8CTynaeT, K0r'.ll8 npOH3BO.llHall no BpeM9HH nOK&3aTenll SKCnOHeHTbl 

oopawaeTCll B Hynb: 
d.p + !!.!__ = 0 
dt dt 

HnH 

(1 + 1,8y ) _e_ B + !!!L = o. /Yl.l2/ .. . dt my., 

dO 
Bb1'1HcnHM aHa'leHHll H 

/12/ dt 

B paAOH9 pe30H8HCa B.llOnb BbiXO.llliU1eA TpaeKTO-B • 
pHH 

19 



' .. : ....... ---··- ""~--·-. -----·-. 

Tat5naua 

. , 
v 

-8 -8 1 + l,~eB 10 -!!_X 10 X 10 6 tx 10 M ' n. dt my., 

50 418 CM 0,46 1/cex 2050 a 0,483 1/cex 17 ~ex 
50 445 CM 0,41 1/cex 1650 a 0,375 1/cex 19 cex 

50 479 CM 0,38 1/cex ll'50 a 0,238 1/cex 21 cex 

Hall.oeM BTopy,10 npoR3BO.llHYIO noxaaaTemr axcnoaeHThl 

( 1 + 1,8 Y m 

I" = ·( 1 + J,8y., 

e 

my., 

d2() 

d t 2 

an 
--L 

at 

~ a_!!_, 
my., dt 

+ 
d2() 

dt 2 

~,375-0,483) X 10 8 

19.10- 10 
- 5,7. 10

15 
cex.

2 

8 
10 

15 
m 21 5 • 10 -2 

cex. 

TaxHM ot5paaoM, I" 

Q.41-0,.~ 

19.10 - 10 

15 
.l2. 10 J-13 TOil >Ke Tat5nRUbl H8XO.llRM 

(1 + 

npHHRMall Z 

1,8 ym) __ e_ 
my., 

~ 5 CM, 

4 
2,27 • 10 

Is' I 

~!!...L. = 165J - ::050 = - 15 
ar 445 -418 9/CM. 

y = 1, 72, R Bbi'IRCJillll 
- -1 

/s.cex/ , H8XO,llHM 

my .. 

an --
( 1 + l,ll y ) 7. -· ·! -~ ~ 0,08 

. m . ar f" 
e 

IY1.131 

IY1.141 

TaxHM ot5paaoM, .oeuongpaaauall npa BhJBO.lle 'laCTHU aa ycxopaTenll He npeBh!WaeT 3%. 

Bb!BO.llb! 

ConocTaBHM Tenepb paana'IHh!e a¢¢eKThJ .oenonllpHaauaa npoTOHOB npa ycxopeHHR 

Ha CRHXpOUHKJIOTpOHe n.Rn. 

1. CaMbJil CRJlbHbJil pe30HaHC B CRHXpOURKJIOTpOHe ot5ycnosnea pa.oaanbHOil KOMJIOHea· 

Toii MarHHTHoro nonll. AMnnHTy.oa aToro peaoHaaca onpe.oenlleTcll EITopoll r·apMoHaxoil xo· 

net5aHHil Me,llRaHHOJI nosepXHOCTR no a3HMyTy • }lnll COXpaHeHRll nomlpH3aURH npOTOHOB 

HeOt5XO,llHMO, 'ITOObl aMnJIRTY.ll8 STOll rapMOHHKH Ha pa.oayce = 95 CM He npeBbJWa~ 

na 1 eM. B aToM cnyqae .oenonllpaaauall npoToHoB t5y.oBT cocTasnHTb 10%. 

2. PeaoHaHCbl, ot5ycnosneHHh!e npo.oon&Holl /aaaMyTan&Holl/ cocTaBnHIOWell MarHaT

Horo llOJISI, HeBenRKH, R B CyMMe npRBO,llSIT K .oenonHpR3aURH 3Ha'IRTenbHO MeH&Weil 1%. 

3. 3a.oep>KK8 '18CTRU Ha HeKOTOpbiX pa.oaycax B npouecce yCKOpeHRSI Bcne.oCTBRe ¢8• 

30Bb!X KOnet5aHHil He llpHBO.llHT K HOBbiM pe30HaHC8.M H He YCHJ1HB8eT cyJ.UeCTBeHHb!M 

Ot5pa30M 3Ha'leHRSI WHpRH RMeiOIL{RXCSI pe30H8HCOB. 

20 

4. }lenonllpH38URH npOTOHOB B Bb!COK0'18CTOTHOM aneKTpH'I eCKOM none HR'ITO)I(RO 

Mana • 

5. J]enonHpH3aURSI npOTOHOB B CBCTeMe Bb!BO.ll8 '18CTRU H3 yCKOpBTenH Be npeBbl"" 

waeT 3%. 

n p R M e 'I a H B e: nocKOJlbKY RCnOJib3yeMble HaMH 3H8'1eHBll BTOpoll a TpeTb"" 

ell rapMOHBK M8rHRTHOrO llOJISI CRHXpOURKnOTpOH8, Onpe,lleJISIIOIL{RX OCHOBHYIO .oenonRpa

aaUHIO npOTOHOB llpR yCKOpeHHH, H3Mep_!!Hhl He.llOCT8TO'IHO TO'IHO R He H8 Tpel5yeMbiX 

pa.llHYCBX TpaeKTOp&ll '18CTHU, TO, ecTeCTBeHHO, 'ITO .llJlB H8XO)I(,lleHBSI .oellcTBHTeJibHOJI 

.oenonHpH38UHH llpOTOHOB B CHHXpOUBKJIOTpOHet HeOt5XO.llRMO t5y.oeT npOR3BeCTB B3Mepe

HllSI TOilOrpaclJHB M8rHHTHOil llOBepXHOCTH YCKOp&Tenll C TO'IIIOCTbiO !_ J MM. 0.llH81tO, 

eCJIR .oonyCTHTb, 'ITO OCHOBHble rapMOHHKB MarHBTHOrO nonA CRHXp0UBKnOTpOH8 Hall.oe

Hbl c owat5xoll B 100%, To .oenonllpH38UHA npoToaos He t5y.oeT npeBbiW8Tb 40%. TaKBM 

ol5pa30M, B H8CTOAIL{eM BH.lle MarHRTHOrO llOJIA CRHXpOUllKJIOT.pOH8 llOJillpH38UBll ny'IK8 

npoTOHOB cocTaBRT He Meaee 60%. 

nPMJlOJKEHME 

Jl enonllpH38UHll .oeliTpOHOB npR ycxopeHRH H8 CRHXpOUBKJIOTpOHe JlR n 

BocllOJlb3yeMCSI .llJISI paC'IeTOB TeM :>Ke ypaBHeHReM .llBRlKeHHll /1.11/. }lnll .oell-

TpOHOB g d = 1,72 . 

Ha IW.121 Haxo.oRM, 'ITO e.oaHcTBeHHblll peaoHaHc .oaeT nepBbiii qneH 

HllH 

g -2 

2 
y + ..;tl 

0,14y + .Jn = 0. 

0 I A.11 

/A.2/ 

PeaoHaHC aTOT Bbi3BaH nonepe'IHOil /pa.oaanbHOill COCTaBJiliiOJUell MarHHTHOrO nonll H 

CBOOO,llHbJMR BepTHKanbHbJMH KOnel5aHRliMH H He CBSI3aH C KaKHMH-nHOO HeCOBepweHCTBa-

MH MarHHTHoro nonR ycxopHTenH. Hcnon&3yA aaeecTHyto aaBHCHMOCTb n OT pa.oayca, 

HaXO.llHM nonoiKeHae peaoHaHca: 

y pea. = 1,07, = 145 CM, n = 0,023 • IA.81 

}lnll Bbi'IHCneHHSI WHpHHbl pe30H8HC8 r Hall.oeM BTOpyiO llpOH3BO.llHYIO llOK838Te-

JISI 

t" ~ o,14 ~ - _ci_ (vn > = (0.14 - dN"i_ > .'!L 
dO dO d y dO 

Pac'leT llOKa3b1BaBT, 'ITO Ha aToM pa.oayce 'r 
d(vn1 

dy 

21 

0,4 

I A.41 

/A.5/ 



r1' 
t 

a 

I" 0,26 dy 
dtT 

yf3 llY'.81 cneAyeT, 'ITO AIIH AeliTpOHOB 

r ~ v 217' 

I" 

!!.L 
dO 

-6 
0,65 • 10 

..; __ 2_" __ 

0,26. 0,65. 1o-6 

TorAa OKOH'IaTenbHo nonyqaeM Ana z 

J 
6.10 

; 2 CM: 

3 

I /(~51 

IA.61 

ls'l = ~1.(1- 0,14)' )· ~ r; 
pe3. 2r 

0,85 

2 
~-0,023 

145 
. 6-10 = 0,8 • 

I A.11 

TaKHM o6paaoM npa ycKopeHHH AeliTpoaoa MO>KeT B03HHKHYTb AenonHpaaauaH no

pHAKa 30%. LITo6&t YMBHbWHTb ee, aeo6xoAHMo aMnnHTYAY cao6oAHhiX aepTHKB/IbH&IX Ko· 

ne6aHHII CHB3BTb LlO 0,5 7 1 . CM, 

B aaKniO'Ieaae aBTophl Bhlpa>KaiOT 6naroLlapaocTb T.T. B.vf. naaanoay, B.n • .OMa· 

TpHeBcKoMy, B.B. Konbre, A.A. Kponaay aa none3Hhl9 o6cy>KLleRHR. 
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