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Bo.npocy 06 nanyqemrn n:pH npoxo>K.a.emtH sapSI.a.on ttepea paanH'lHl>Ie CTpyKTYPbI na npoao

.osnuu:x Ten llOCBSIUl0H pg.a. pa6oT
11 - 51• TaKHMH CTpyKTY paMH MoryT. 6bITb BOJlHOBOJlbI, Il0Jlbl0 H 

narpy>KeHHbie pe30HBTOpbl H JlpyrHe npODOJl!llllH0 Tena npOH3BOnbHOli q,opMbl, 

npe.acTaansmT HHTepec onpe,oenem1e HanyqeHHSJ, aoaHHK8101Uero npH nponeTe o.o.naoqHoro 

nyqKa 38pSI>KeHHblX 'l8CTHU 11epea pe30HaTop. 3TO Hanyqeau:e 38BRCltT OT aenH11RHbI, CKOpOCTH H 

cpopMbI aapsuKeHHOrO ny11Ka H B HeKOTOpblX cnyqagx MOn<:eT OK83aTbCSI CTOJlb 3H811HT0nbHblM, 'lTO 

f{OTepn sueprHH npn nponeTe qepea peaoHBT?P 6yayT cpaBHHMbIMH c stteprueA::, npn:~6peTeHnoA:: 

npu: ycKopeHHU B peaoHaTope ,HnH .o,a>Ke C IIOJlHOii 9Hepru:eA nyqKa 38pSl>K0HHbIX "18CTHU. noaTOMY 

npaBHJlbH8SI OU0HK8 H3JlyqeHHSI Il03BOJISieT OTB0THTb Ha nonpoc, B03MO>KHO JlH B .08HHOM cnyqae 

npOH3B0.0HTb ycKopeaue nyqKa npH IlOMOlUH peaoHaTopa. 

MbI pacn:onaraeM peweHHeM aaaaq, s TOA nnn n'aoA cTeneHH ~pn6nH>K8IOlllHXCSI K nocTas-

. /I 2 3/ ' 
neuuoa. HanpnMep, s pa6oTax .llaecTposcKoro H KocToMapoaa 

1 
• onpe.a.cneHo nonHoe nany-

qeHu:e . np11 npoXO>K,ll8HHH 0.llHHOtIHOro aapSI>K0HHOro nyqKa qepe3 OTB0pCTH0 B ,OecKOH0'1HOM npo

BO.OSIIUeM 9Kpaue. 

B paeioTax 
14•51 

paCCMOTpeHO nanyqeaHe aapst>K0HHOJ qacTHUbI, nponeTSIOUle:A: no OCH 

aonHOBOJJ.8 C neperopo.nKSMH. TaKOA: BOnHOBOll MO.>KHO paccMaTpU:B8Tb KSK ueIIO'IKY CBSl38HHbIX 

p030H8TOpos. npn 3TOM 8BTOpbl orpaHaqasaroTCSI pacqeTOM nanyqeHHSI OT OCHOBHOA BOnHbI.ECnH 

B nonyqeHHblX qJopMynax Kosct>q:>u:uneHT CBSl3H M8>KJlY peaOH8TOp8MH IlOJIO)KHTb paBHbIM Hyn10, TO, 

K8K noKa3an E.M.EonoTOBCKHA
141, peaynbTBT 6yneT COBllBJlBTb C H3nyqeHH0M OT OCHOBHOA non~. 

Hbl B OT.a,enbHOM pe30H8TOpe. 

TTpn nponeTe nyqKa 38pst»ceHHbJX 'IBCTHU qepea pe30H8TOp 6yayT eoa6y:m.a.aTbCSI BOJlHbl 

ecex rapMOHHK. B penSITHBHCTCKOM cnyqae BKJ18,ll OT BbICWHX rapMOHHK MQ)K0T OK838TbCSI 0'10Hb 

CY1!,10CTB0HHblM. 

HaMH 6bIJ1H npOH3B0.[l0HhI OU0HKH H31IY'l.0HHSI .[lJISI OT.D.01IbHbIX BOJlH H CYMM8pHoro Hanyqeans 

npH npOX0)K.[l8HHH 38pSI)K0HHOro nyqxa 11epe3 UHJIHHL1PHtI0CKHA peaoHaTop. HM0IOWHA BXO.OHOe H 

BbJX0.0.HOe OTBepCTHSI. 

3aaaqa aaKn10qaeTCS1 s onpe.aeneHHH aHeprnu aneKTpoMarHHTHoro nonst, aoaHHKaromero 

npH · nponeTe o.auuoqHoro aapst>Kenuoro nyt1Ka qepea I1HJ1HHL1pHt1eCKHA: peaoHaTop paaayca a H 

.O,JIHHbI h • TTyqoK B OTHOW0HHH reOM0TpHll0CK08 cpopMbI npeanonaraeTCSI B BH.:0.e 38pSl)K0HHOA 

.HHTHf .anHHOA: h, i •ocb• ny11Ka H aanpa~neHHe ero .0.BH>KeHIUI ~oana.a.aIOT C OCbIO p030H8TOpa. 

TTpH peweHHH ecTeCTB0HHO npe.a.nonaraeTCSI, 'ITO CKOpOCTb .OBH>KSHHSI nyt1K8 110CTOSIHHa. 

TaK>Ke. npeanonaraeTCSI:, "ITO p030H8TOP MO.>KHO'. C'IHT8Tb 9J10KTp1t:q.e9KH H30nHp0B8HHbIM 0~ BHew

Hero npocTpaHcT~a. 

0TbICK8HH8 H888.08HHOI'O nonR CBO.llHTCSI K peweHHIO H80.0HOp0.0.Horo BOJlHOBOro ypaBHOHHSI. 

P9wean:e HIU8TCSI B BHll.8 npOH3B8.ll8HHSI B0KTOpHott· q)yHKUHH, 38BHCSIIUeR. OT KOOPllHHaT, H q:>yHK

llHH-OT npeMeHH, TaKoll M0T6Jl nonpo6HO paCCMOTpe.H B pa6oT/
61• 

3 



Co6CTBeHH00 none peaoHOTOpa MO>KHO npellCT3BHTb B BHL18 CYMMLJ: 

A(r, I)~ f A.\ (r)• q(I, w.\)' (!) 

.. 
rne WA_ - co6CTB8HHbl8 '18CTOTbJ peaoHaTopa, a A A (t) - co6CT68HHbl8 cfJyHKUHlf BCKTOpHoro no-

T8HUHB118, srnnsuomerocR peweHHeM ypaaHeHHR 

• 
A A (r) - ~ A, = O. 

A C " (2) 

A A - opToroHa1lbHbI8 ¢YHKUHH, HOpMHpoaaHHbJe no o6'beMy peaonaTopB: Vo T3K, 'IT06bl 

Lr 
Vo '0 

A• .. 
.\ (r) dV = _!__ 

•• 
(3) 

r.ae 'o - .auaneKTPIP{8CK8S1 IlOCTORHHBR BaKyyMa. HopMupoBK8 H BbI6op K03lpcj:JnuneHTOB npa 

aanncH ypaaHeHuil: o6ycnoaneHbl npnMeneHneM c110TeMbI MXSA • B 11anhHeiimeM Mbl 6y.neM yno-

Tpe6nRTb T01lbKO ,,9TY CHCTeMy 8,llHHHU. 

JJ.nR Haweit 38.QB'IH y.o.o6tto aocnonh30B8TbCSI UIUlHH.OpH118CKOil CHCT8MOi1 KOOPJlHHBT. no
CKOJlhKY reoMeTpHll0CK8.R q:>opMa nyl!K8 o6na.naeT 8KCHBnbHoi:t CMMMeTpHeil, TO pemeHHe 38BHCHT 

TOJlbKO OT KOOp.llRHST t H Z 

Co6cTB8HHbie 4>YHKURH B0KTop-noTeHuHana HM8IOT BH.ll! 

A = (-.!....) OS---Z 

•m w.\a·v•o"h a ],(v.) h 
•h • J,r,.fJ c •• } 

r , 
, c,J 2 mlT l,<v08) . m IT A = (-) ___ srn -- z 
•m h h j h w .\ a ,/ < 0 IT 1 (v.) 

A z - C V ( _._, 
•o a 

r 
I. r ". ,, i 
j I ( V • ) 

m = 1,2, ... 

(4) 

e = 1, 2, .•. 

rr. = 0 (4-1) 
w>. a,J,orrh 

e = 1, 2,. •·, 

rne ". - KOpeHb ypa8H8HH!I JO (v. ) = 0. 

V 2 m'l7 2 
w, = C ,/(--"-) + (-) 

" a h 

<l>yHKUHH apeM8HH q (I,"'.\) YllOBil8TBOp>18T ypasHeHHIO 

.. . 
qem + (,JA gem= 1em (t) 

; ... ( I) ~ • ..,(r )•i(;,IJdV 
}, 

.. .. v. 
r.o.e i(r,t) - B0KTOp nnoTHOCTH TOKB. 

TaK Ka·x HanpatJneHH8 LlBH>K0HHSI coana.oaeT C OCblO Z I TO Bbipa>K0HHe .ansr 

TOKa HMeeT BHLl: 

j(v,1) = ~ll(r), npu 
2h

1
11r 

j(vl) = O, npH 
Q = e/1 , 

4 

vl-h < z < vi } 

z <: -·h
1

, z > vi 

(5) 

nnoTHOCTH 

(6) 

:VJ, 
'. tl r 

I I 
·.\ i' 

f 

~) 
l 
I 
i: 

'II 

J 

r.ne V - CKOpOCTb .O.BH>K8HHS1 nyc1xa, e
0 

.:.1,6•10-l 9 Kynou - senH'IHHa sneMeHTapuoro 3ap>1I1a, 

N - 'IHCJlO 'IBCTHU B nrnce. MoMeHT t =O COOTB8TCTByeT llOSIB118HRlO nyqKa 8 p030H8TOpe. 

no,!lCTasn,rn 80 BTOpoe paeeHCTBO (5) Bblpa>KeHH>l H3 (4) H (6), nony'IHM; 

rne "'.., 

iem = o, 
. x.,.Qv• . 
Je

111
= ~Sin wmt, 

I m 

I< o. t>·h+h 1 
V 

O <I<~ 
V 

. K0 ,. Qv' . h 
1 = ---- • 2sinw tcosw (t - .::L), 

em hJ "'., m m 2v 
!!.!.. < I < .!!.... 

V 

j em= -

m11 =--z, 
h 

K
0

.., Qv 2 

h, (jJm 

•sin.,..,(1-•!!..), 
V 

2 __ c 
x.,. = v,~., al,<v J 

o l'\ • 

V 

!. < 1<~ 
V V 

H npe.nnonaraeTCS1, 11To h 
1 

:;':. h. 

(7) 

HeTpynuo uanucaTb auanorH'IHble Bbtpa>KeHu11 H nn11 cny'la11 h
1 
> h • KoMnoueHTbl nonepe'IHOA 

'18CTH aneKTpH'l0CKOro. H MSrHHTHoro none a. ·onpe.oenBIOlUHX H3ny11eeue, HM0IOT BHLl! .. .. 
E =-4.,.(t)•.A •• (r), 

.. 
11 ... q (l)•rolA (;), 

µ em em 
0 

r.ae µ 
0 

- M8rHHTH8SI npOHHU88MOCTb B8KyyMa. 

3Hepru11 n3nyqaeMoro nonH onpenenueTC>1 q:,opMynoA 

-+ 2 ➔ 2 
U = ( i ½[,

0 
E

0
,. +µ 0 11

0
,.]dV. 

V e,m 
0 

(8) 

(9) 

noncT&BilHH B (9) Bbtpa>KeHH>l llilH noneA H3 (8) II npHHHMBH BO BHHM8HH0 ycnoaHe HOpMHpoa-

KIi (3), nonyquM: 

PeweHHH ypasueHHH (5) nn11 

2 • u = '/2 ~ ( ti.... + w .\ q .... ) • ..... 
q HM8JOT BHLl: ... 

q = a e'6'At + b- e -ICIJ A,' 
em em 

a.,. 
_i _ t -,wAt 

2i 
f e .,· ( } • W .\ 0 em l)dl 

b•m= --'- f e'"'A' . 2w.\ 
0 

•1 •• (1Jdt 

a ... 

b •• 

~ 
1 • -,.,.\: • (t)dl } __ f e. 1

0
m 

2iw_ll. o 

•+• 
. i -;-'f e'~' •i (tJdt -- .. 

2o>.\ 0 

5 

t<~ 
V 

h + h 
I>---'

v 

(10) 

( 11) 

. (11-1) 

( 11-2) 



'no.ncTasnsUl,B paseHCTBO (1 0) Bblpa:>KeHHR .llJIR q ... ,H ~ .... H3 (ti), nony'IHM 

2 
U= I. 2a•• •b •• ca.\ ... (12) 

no.ncTaBJIRR B ( 11-2) Bb!pa:>KeHHH .llJIR llJIOTHOCTH TOKa H3 (7), npeo6pa3yeM K03tpqlHuHeHTbl 

a em H b •• K BR.Cy! 

a .. 

b • ., 

K .Q v 2 -,., :i • -,.,>,.' 
• ., (1-e >,.,)(e sinw.,tdt, 

2i h, w.,., >,. o 

• 
iK Qv 2 '"'>,._..!.. • '"'>,.' • 

•• (1-e • ) ( e s,nw.,tdt. 
2h 1 w.,<u>,. 

; npoe3so.n11 RHTerpuposauee no speMeuu s ( 13), 6y.neM HMeTb: 

B 
K • ., Qv 

2 

2i h
1 

"'>,. 

1 -,°)..!, .. ·'"'>.t' 
---(1-e ')[(-l)e -ll. 
Ct.I 2_ (i)J 

>,. .. 

• r{ 2 l<u ~- ICU -1! 
b =•• • .,Qv - 1--(1-e ),,•)[(-l)"'e A•.:.1] 

•m h z 2 
2 ,"'>,. "'>,. -·w., 

(13) 

(14) 

no.ncTBBJlHR B (12) Bblpa:>Keuue .llJlR a ... H b.,. H3 (14) H 

H3 (7), OKOH'la'l'enbHo nony'IHM: 

aaMeHSHl K •m era 3Ha'leHHeM 

YcTpeMnRH 

sin"' !:.J.. 
>,. 2v 
h

1 
➔ 0 

U=i 
•• m 

4Q
2

v
4

c
2 

1 (~/.4~in•.,>,.l!J 
2 2 2 J 2 2 2 a 2v 

10 11 bh1 a 1, (v0 ) "'>,. ( "'>,..-«>.,) 

• • h 

{ 

s,n w >,. - , m - 'leTuoe 

2v ( 15) 

a h 
cos (.(.).\ ~, ;n - Het{0THOe 

h, ➔ 0, B npe.nene 6y.neM· HMeTb <j,opMyny .llJlll TO'le'IHOl"O 3BpR)la. TaK K8K 

➔ w !:..L . TO <j,opMyna (15) B 3TOM cnyqae npHHRM8eT BH)l! 
>,. 2v 

u = :£ 
4Q 2 v 4 c 2 

•,=• 0 ,., (< 11h)a21 2 (v) . ' . ["'' -w'J' 
),, m .{ 

• 2 h 
szn Q).\. ~ , m - 'l~Tac:,e 

cos 
2
(() A___!!_ m - He11eTaoe 

2v 

(16) 

nonb3yl1Cb nocne.nuell q,opMynoll H HM0R B BHJlY paseHCTBO (4-1 ), H8llHWeM Bblpa>Keaue .llJlR H3-

nyqeuuoll 3Hepl"HH )]Jlll OCHOBHOll BOJlHbl ( m =O' e = 1): 

U = _1_ •. _1_. sQ' v• sin'~. 
,. 2 'J 2 

411, 0 "'>,. ha , (v
0

) 2v (17) 

Ec,m Bblpa>KeHHe ( I 7) YMHOJKHTb Ha M~OJKHTenb f ( 'IHCJIO pe30H8TOpos, npOXO)lHMbIX 38pR-

)lOM. 3a ~)lHHHUY BpeM0HH) H nepellTH B CHCTeMy CGS , TO nony'leHHbll! pe3yJibTBT TO'IHO cos-

na.aaeT c Bb1pameeHeM, eaA.aeHHbIM nnst ueno'IKH caHaaaHbIX peaoaaTopoa, ecnH Koaq:>q:Juuu:eeT 
/4 5/ 

CBSl3H B nocneJ].H0M nono~HTb paBHbIM Hynro 1 
• 

<l>opMyJia (t5) n03B0JISl0T cpaBHHTb HHTeHCHBHOCTb OT OT.aenbHbIX rapMOHHK B 38BHCHMOCTH 

OT 'IHCna m , Tax KliK 1 1 

2 2 2 2 
·"'>,. (w>,.- w.,) c' [(m 11 ) 2 + (~)2l[(E!1!.J 2+(~)2) 2 

h a hy a 

6 ' 

r.ne y ~ --• 
.,; 1 -r;-, .,/1-13• 

To 9Ta 38BHCHMOCTb MO)KeT 6b1Tb Bbtpa>KeHa 

u - - (18) ... . 
m 

npn: nocTOSIHHOM 3Haqemrn npyrn:x Kosq.)clmun:e11T0B. Cne.noaaTenhHO, onpe.c.ensrn cyMMapnoe 11a-

nyqenIJe TOnbKO OCHOBHblX BOnH ( m = OJ , Mbl oueHHBaeM llOJIHOe uany-cleHHe a peaoHaTope. 

nocKonbKY peaJJbHblil pe30H8TOp HMeeT BXO.QHOe H BblXOJJ.HOe OTBepcTHH pa.a.Ryea Ro, TO 

110-su.o.HMOMY, li3JJyqaTbCH. 6y;ayT TOJlbKO TaKue BOll!{bI, KOTOpbte B03MYWBIOTCSI npu nponeTe 

38pH.aa 'lepea OT~epcTH8. 0TCIO.C.8 cne.nyeT, 'ITO B CyMMe no e Mbl .llOJDKHbl y1.rncTb 1.1neHbl 

ll.JlSI TBKHX BOJJH, ~J1HH3 KOTOpbIX 6on&we pa.a'.e:yca OTsepCTHSI. nonO>KHM, 'ITO C8M3H KOpoTKBSI 

.llJ1HH8 B011HbI ,Cmln .' KOTopY10 Mbl eme yqnThrnaeM, pasua ;tmln = 211R
0

; aau.ay Toro, t.t:TO 

<u =c~,,x,..211c 
Am=o a ~ 

Mbl HM08M 

V 

:•xRO = 1 • 
( 19) 

Ll.anee MbI npe.anonaraeM, qTo. paccMaTpRsaeTCH TaKoA: peaoHaTop 1 'ITO a >> h H a >> h 
"'>,.h II h "'>,.h v h ·"'h=wh ' 

TaK KBK ~- ... __!_ • - • --' • -•- • _..L R cnyqaA pe-,HTRBRCTCKU:il 1 Sm ~ = .::.l._ H 
2v a 2/J 2v a 2/3 2v 2v 

sin "'>,.h l :: "'),, h, ' TO, npHHRMBll BO BHHM8HH0 3l"H cooopa>KeHHR H HCllOJib3YR <j,opMyny ( 15), 
2V 2V 

6y.aeM HMeTb .a.n.H OT.aenbHOA rapMOHHKH OCHOBHblX BOJIH: 

ff .ans acex OCHOBHblX BOnH: 

u •• = ...E!..... -.-.--
411,. a 1

1 
(v

0
) 

·Q, 

(20) 

e 
m•Jl' 2 

U = }: 2h v 
0 --·----

e·=i411,. a 2 J,'rv.) (21) 

TaK K SK a >> h , TO MO>KHO C'IHT8Tb, 'ITO a .D.OCTSTO'IIHO B8JIHKO, 'IT06bt socnOnb30BaTbCH 

8CHMDTOTH'l0CKHM npe.acTasneHHeM 

12 
(v 

0
) 

' 

111'. 
-2-· V -v """11 

e+ I • 

8BOJlR 0003H8'1eHRH .!!._ R0 wde, '.'.!..R
0
= e 

a a 
, nepel!JleM OT cyMMbl K HHTerpany /cornacuo ( 19), 

,npe)leJibl R3M8HeHHR e OT O )lO 1/; 

' u.= r ~ 
0 4trEo 

a h 
_J__ e de Q --

R' 4rr<o • 
Q" 

2R! (22) 

nocKOJlbKY R. « a • TO' cpasHHBSH (22) C (20), ner-Ko oouapy>KHTb, 'ITO KHTerpaJibHC,0 

H_3ny'leHHe ncex OCHOBlfbIX sonH - aenHC(UHa 6onbwero nopstllKa, qeM H3JIY'l8HH0 O.QHOll OCHOBHOil 

BOJlHbI. 

/2/ 
B paooTe .QHecTposcKRM II KocTOMapOBbIM oblna nony,1eHa <j,opMyna, onpeJlenmowaR 

H3ny'leHH0 npu nponere 38pa.aa qepe3 OTB0J)CTHe B 6eCKOH0'1HOM, 3KpaHe npH peweHHH HHTe

rpanbHOro ypaBH8HHH. noKa>KeM, 'ITO T8KOA: )1{8 pe3yJibT8T MO>KHO nonycUJTb 0'18Hb npOCTbIM 

7 



cnoco6oM. JleACTBHTen>,HO, ecrin B ( 16) h ➔ ~ • a ➔ ~ • Mbl nony<IHM cj,opMyny nns H3IIY'l0HHH 

'npH npoxom:.o.eHHH roqeqHoro aapst.a.a qepea oTBepcTH_e B SKpaHe. 

BBOllH o603HB'l0HHH 

ff ycTpeMnSISI a ➔ 00 • h 

.!::..!..Ro=,;, 
a 

" m "Ro 2"Ro a R o= d e , -,;=- = y, -h- = dy 

u = 

• nepellneM OT cyMMbl B ( 16) K HHTerpa11y: 

l ~ 4Q 2fl e'y• 
r c r -...----:::-- • --- ar I ae 
o o 4" toRo [(Ytl'+/]' 

(23) 

viHTerpHpyH (23) CHB'IBIIB DO )' B YKB3BHHl,IX npene11ax, a DOTOM DO e , npHll0M K C/10llYJO-

weMy awpa>Keamo: 

u = rl 
4" l O 

Q 'y 

Ro (24) 

HeTpyllHO y6ellHTbCll, '!TO cj:,opMy11a (24) coananaeT C cj:,opMy11oll, llO/ly'leHHOll B 
121 

B 3BKIIJ0'10HHe BBTOpbl Bb1pama10T· 611aronapnocTb E.M.Eo110ToacK"oMy 3a psn no11e3HblX 

coo6pa>KeHHil, BblCKB 3 8HHblX npH o6cy>Kll0HHH 3BTpOHyTblX B pa6oTe Bonpocoa. 
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