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I.Baeaea11e 

CTpeMneHI!e nony'!I!Tb MOIUHble UOTOKII peJJSITIIBIICTCKIIX 8JleKTpOHOB AJlSI ocy

/1/ 
IU0CTBJJe!II!SI I!CCJJeAOB8HI!l! B o6naCTII HODbiX MeTOAOB yCKOpeHI!SI Opi!Beno K DOC-

/2/ 
KpemeHI!IO l!Aell A. Boyaepca Hcnonb3oaaTb anSI ycKopeHI!SI aneKTpoaoa a11xpeaoe 

aneKTpl!'!eCKOe none CIICTeMbi, cocTOSIIUell: 1!3 nocneaoaaTenbaoro p11aa Topol!aanb

HbiX I!MnynbCHbiX TpaacljJopMaTopoa ( p11c, I ) • 3Ty CIICTeMy A. Boyaepc aa3aan "Mar

HIITHbiM COJJeHOHAOMw. nepBH'!Hble 06MOTKII TpaHCijJOpMaTopoa BKJll0'!810TCSI napan

nenbHO, a wDTOpH'!Hbie o6MOTKII", ponb KOTOpbiX 11rpaeT ycKopSieMhil! nyqoK, nocne

aoaaTenbHO. TaKHM o6pa3oM 0 3apSI*eHHaSI qacTl!Ua npa npoxO*AeHHH qepe3 CIICTeMy 

aon~aa npHo6pecTI! 3Heprl!IO 

3aecb 

u 
WeeN-1 

"'I 

e -· 3apSIA YCKOpS!eMOl! '!aCTl!Ubi, 

N - '!Hcno TpaacljJopMaTopoa, 

U1 - HanpSI*eHI!e Ha nepBli'!HOl! OOMOTKe, 

w
1
- '!IICJJO Bl!TKOB nepBII'!HOl! OOMOTKH. 

(I) 

H3 (I) cneayeT, '!TO aenaqaaa npao6peTaeMol! aaepri!H nponopuHoHanbHa aanpg

*eaaro nepaaqaol! o6MOTKH, a anll Toro, qTo6bi 3Heprall1 npl!o6peTaeMall qacTHUaMH
1 

OCTaaanaCb UOCTOSIHHOM B Te'!eHI!e K8KOrO-TO apeMeHI! tu , aeo6XOAHMO, '!TOObl 

U 1 6bmo nocTOllHHO a Te'!eHHe aToro apeMeHH. 3To Tpe6oaaa11e Mo~ao yaoane-

TaopHTh, ecna aa nepai!'!HYIO o6MOTKY noaaaaTb I!Mnynhc aanpll~eaall npSIMoyronb-

Hol! ljJopMbi AJJHTenbHOCTbiO t u • A 113 TeopaH HMnynbCHbiX ·TpaaccjlopMaTopoa cne-

ayeT, 'ITO npllMoyronbHbil! HMnynbc MO*eT 6biTb nonyqea npa JJIIHel!HoM 

Hllll IIHAYKUIIH B B CepAe'!HHKe TpaHCijJOpMaTopa. 
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U'I8Bllt:IHO TBK~<e, 'ITO 'IHCJ10 BHTKOB nepaH'IHOll OOMOTKH uenecoo6pa3HO npHHH-

MllTb pnBHhiM eanfl:uue. 

A. Eoysopc paCCM8TpHB88T oeCKOH9'1HQ-QJ1HHHY~ CHCTeMy H B9J1H'IHH8 HanpH

~dcl!HOl."rif yCJ<Op>TIO!l\8£'0 11011!1 B 3TOM CJ1Y'I88 S!Bn!IOTC!I OQHHSKOBOll B 11~0011 TO'!Ke 

BHYTPH CHCTOMbi. B aeilcTBHT811bHOCTH JKe YCKOpHTenb BMeeT onpeneneHHY~ QJ1RII:Y• 

oGyCJJOUJIGHIIy~ KOHO'IHOll 3Repruell ycKOp518MbiX 'ISCTBU. no QJ1HHe yCKOp8T8J111 QonlK

Hbl pllCI10Jl8f'8TbC51 BllKYYMHb!e arperaThl Al111 C03JIBHR51 R I!OJIQeplKaHHII TpeoyeMOf'O 

p<F.'lpe~<eHH!I B 00118CTH 11y'IKB, npu6opbl H80J1~Q8HHII 3a ny'IKOM. 3TH 06CTO!IT8J1bCTB8 

11p!1130/l!IT K HOOOXOAHMOCTH HM8Tb QOCTBTO'IHO CyUI8CTB8HHbl8 npOMelKyTKH M9lKQY 

rpynnaMH TpllHC!flopMaTopoa (uHQyKTopoa). HcxOQII ua aToro H y'IHThiBal! Tpeooaa-

un H np0113BOQCTB8, KOHT~Qollll, HCI1biT8KHII R TpSHCnOpTBpOBKH, npeQCTBMIIJ10Cb Uene

coo6p83Hb1M pa36HTb BC~ COBOKynKOCTb HHAyKTOpO~ Ha OTQ9J1bHhle q.1ynnbl, KOTOPb18 

no npuMepy nuseliaoro ycKopaTeng sa 6erywell aonse 6yQeM K83h!B8Tb ceKUBHMB. 

TaKHM o6pa30M, yCKOpHT8J1b COCTOHT 83 K860p8 KOHe'IHOf'O 'IHCJ18 CeKUHll C npOMe-

lKYTitBMH M8lKQy HHMB. 

8 npet:~enax CeKUHR M8lKJIY cepQe'IHBKSMR HHJiyKTOpOB BMeeTCH HeKOTOphlh 

3830p, o6ycnoaneKHblli He06XOl;IRMOCTb~ BMeTb aneKTpOH30nRUB~ MeJKny cepne'IHHKOM 

u nepBH'IHoll o6MOTKoA, neMncjlapy~wy~ cpeAy, npenoxpau~wy~ cepne'IBBK OT Ten

noabJX H M8X8HH'18CKHX KanpHlK9HBll. 

Ha BhiWeuanolKeHHoro cneQyeT, 'ITO ycKopH~wee none BHYTPB ycKopaTenH C5y

QeT IIBI1!1TbC!I tPYHKUBell p , I H 6 • nocKOnbKY AnH CyUieCTBOBSKBH CBMMeT

PH'IHOf'O 11Y'IK8 HeOC5XOAHMO BMeTb oceCBMMeTpH'IK08 none, TO BCe aneMeKTbl CeK

UHH JIOJllKHbl 6b!Tb OCeCHMMeTpB'IHbiMH. npa STOM ycnOBHH none 6yneT cjlyBKURell 

KOOpQHHBT p H Z 

0'!8BHJIKO, 'ITO npB npoeKTRpOBSKRR yCKOpBTena Heo6XOJIRMO 3H8Tb BenR'IRHy 

u !flopMy ycKopH~wero nona. 3To nroaonHeT, ao-nepBbiX, onpeAenBTb onTRMSn&Hble 

PB3Mepbl HKJIYKTOpOB, npa KOTOpbiX o6ecne'IBBaeTCa B o6nacTR ny'IK8 AOnyCTHMSS 

H90JIHOpOQHOCTb yCKOpa~werO nonH B, BQ-BTOpbiX, naeT B03MOlKROCTb npaBBnbHO 

nOQOliTR K BhJ6opy KSK CSMRX BHJiyKTOpOB, TSK R ApyrBX ltOHCTpyKTHBHbiX aneMeH

TOB, HBXOAHUIHXCH B 06n8CT8 YCKOpH~Ulef'O nona. 

8 CB513H C STBM HHlKe p8CCM8TpRB8~TCa Bblp&lKeHRa, onpeAen~UIHe 388'1eBR8 

YCKOpSI~Ulero nonH B p83118'1BbiX TO'IKSX CBCTeMhi. YCKOpH~UlGe none CBCT&Mbl onpe

Q9J1!19TC51 ypaaaeHBHMB MaKcaenna 

4 

1'' , 

3aecb 

mt r _ aP. - -ll _· _· 
at 

.. 
divE c 0 

.. 
.. at· .. 

lOt H = E -- + u E • at 

E - sanpSilKeHHOCTb ycKopH~mero nonSI, 

H - MarHHTHoe none a RHJIYKTope, 

p. M8f'HBTH851 npOHHU88MOCTb, 

E - JIH3J18KTpB'18CK851 npOHHU88MOCTb, 

u - npOBOJIHMOCTb Cp8Qhl. 

(2) 

(3) 

(4) 

YcKopH~Ulee none conesoaaanbao, a •• cnenoaaTen&ao, MOlKeT 6b1Tb aaenes BeKTOPH&J .. 
nOTeauaan M , TaK 'ITo 

.. .. 
F .. mt Ill. 

.llanee B03bMeM OT o6eax 'ISCTeA (2) mt 

HO H3B8CTHO, 'ITO 

.. a .. 
mt mt E • - ll - mt H , at 

, Torna: 

... ... 2 .... 
mt mt E ., rrad div E - V E . 

Toraa anH aaKyyMa H3 (3), (4), (6) H (7) nony'laeM: 

2.. a2 i 
V E .. rp.-

a t 2 

(5) 

(6) 

(7) 

(8) 

.llnHT8J1bKOCTb 
HMnynbca ycKopH~mero nong cocTaanHeT nona MBKpoceKyKnbl. 

B aToM cny'!ae (8) MOlKHO nepenucaTb 

2 .. 
V E • 0. (9) 

(9) TaKuM o6paaoM, ycKopH~mee none MOlKeT 6hJTb TSKlKe onacaso ypaaseaaeM Jlan-

naca. 
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2. none 'MarauTaoro coneaouaa' Koae~aoA anuahl 

PaccMoTpuM caa~ana none oauao~aoro uaayKTopa, paaMephl nonepe~aoro ce~e

HHSI KOToporo MHoro MeH&we ero paauyca (puc. 2). 3aMe~aeM, 'ITO ypaaaeauSI (2), 

(3), (5) aaanorB~Hhl ypaBHeHHSIM, OnBChlBa!OWHM MarHHTHOe none nOCTOSIHHhiX TOKOBo 

... ... 
rot H 2 j (10) 

... 
dlv 1-~ • 0 ( 11) 

... ... 
H2rotA, (12) 

... ... 
rae j - nnOTHOCTb TOKa, a A - aeKTop-noTeauuan MarHHTHoro nons. Orc10aa, 

pacnpocTpaaus aa aa~ cnyqaA uaseCTHhlA cnoco6 aaxo~aeaus aanpSI~eaaocTu nons 
/3/ 

Kpyroaoro BBTKa .C TOKOM , nony'IBM 3Ha'leHUe Hanps~eHHOCTB YCKOpSIOWero no-

nSI oauaoqaoro uaayKTopa. 

E • _, __ 
t 21T 

ad' 

at 

E ., _ 1 a<I> 
p ---

21T at 

2 2 2 
fK+R-p-z E] 

[ (R+p)2+ 1 211/2 (R -p )2 + z2 
(13) 

R2 2 2 1 I-K+ +p +z El 
P [ ( R + P) 2 + 1 2 p/2 ( R _ P) 2 + 1 2 

(14) 

3aec& K" a E - snnunTB~ecKue uaTerpanhl nepsoro B.BToporo poaa, paaahle cooT-

BeTCTBeHHO: 

IT/2 

Kef U 

( 1 - II 2 sin 
2 e ) l/2 

IT/2 t/ 
£ .. [ (1-k 2 sin 2 8) 

2
de, 

d(} 

2 2 2 -1 
rae k .. 4 R p f ( P + p) + z l . 
Ha OCH CHCTeMhl, T.e. npB p •0 (13) B (14) npHHHMa!OT sua: 

E "' - ..!._ ~ __ R_2 
tO 2 at [R2+z2J372 

(15) 

Fpo=('. 
(16) 

6 

,, 

·~~(,. 

.:~·"' 
/L~~, 
:r ·-.· • 

• ;1 ~ 

B6nuau ocu 2 
a E to 2 

1 --- p E •Eto-4 az 2 a ( 17) 

Ha (15) u (17) nonyqaeM: 

2 2 
E--_!_..i!_ R 11+3 P (i 

• 2 at [R2+z2]sh [R2+z2] 4 

R2 

[R2+ z2]-1)!. (IS) 

Hcxoall ua npuauuna cynepnoauuuu, aanpg~eHHOCTb nons ycKops10weA cucTeMhl, 

COCTOl!WeA B3 N HHayKTOpOB (puc. 3), aanaweM: 

2 2 2 1 a<J> N 1 R - p -z 
E=----!I[K+ 1 

a 21T at Jel [(R+p)2+z2]I/2 I (R-p)2+12 
I I 

E 
1 

] (19) 

1 a <I> N z 1 R 2 + P 2 + z 2 
Eoc----!1[-1<:+ 1 E]. 

p 21T at 1=1 p[(R+p)2+z2]t/2 I (R-p)2+z• 1 

1 I 

(20) 

Bt5nuau ocu cucTeMhl, ucnon&ayg ( 18), nony'laeM: 

2 2 

E ., _ _!__a_<I>_ i R 11+3 P
2 

<
4
5 --=-R---1)1 x 

a 2 a t I= ![ R 2 + z 2 1 3/2 [ R 2 + z 21 [ R 2 + z 2 I ( 20 ) 
1 1 I 

Ecnu 3aaop Me~ay coceaHBMu uaayKTopaMB o~eHb Man, TO MO~Ho npeaet5pe~ 

aacKpeTHOCTbiO noToKa u cyMMBpoaaaue a (20 ) aaMeHBTb HHTerpuposaaaeM. Toraa, 

ecnu Z• 0 pacnono~HTb a cepeauae cacTeMhl, TO 

L 

r .,_....!.. a4' " -- N 
2 at l 

--a 
2 2 2 

f R 11+3 P (2._ 

_(.!::.. + a) 
2 

[R2+z2ls/2 [R2+z2] 4 
I 1 

2 

R - 1)1dz 
2 2 I 

[R + 1 1 1 (21) 

nocne HHTerpHpOBaHBll nonyqaeM: 

E • _...!_..!..!_~I l/2- z [ 1+ 2_ 
a 2 at L [R2+(l/ 2 -z)2]1/z 4 

P 2 R 2 
--:------:~ J + 
[ R 

2 
+( L/2-z) 

2
]

2 

l/2+z [ 3 
1+-

[R2+(L/2+z)2]~ 4 

2 2 
p R 11. 

[R
2
+(l/2+z) 2

]
2 

7 

(22) 



a~ N 
BenH'IHHa-at t 

pasHa aanpHlK9HHI01 npHKnaJlbiBaeMOMy K nepBH'IHOJI o6MOTK9, 

OTHeCeHHOMY K 9JlHHHU9 JlnHHbl CHCT9Mbl, 0603Ha'IHM era V • Bse.aeM TaK>Ke cne-

JlYIO!UH9 o603Ha'leHHH: 

p 

R = r, _L_ = r _z_ = ~. 
2 R ' R 

Tor.aa (22) nepenameTCH: 

F 
2 

r f- ~ [ 3 ----=--:--:-r- 1 +- ------
[I+U-n2ll/2 4 [I+ U-~>21 

~I =- 2 

+ 
r+r. 3 ,z 

___ __;__2,.....,1...,.../2 [ 1 + 4 2 2 1 !. 
[1+ <f+f,) l [1 +<f+f.) l 

(23) 

l + 
(22x) 

8 Ta6naue 1 H Ha pac. 4 nOKa3aHO 3Ha'I9H.Be nOnS! B6nH3H OCB CBCT9Mbl B aa-

BHCHMOCTH OT r , nony'leHHOe H3 BblpalKeHHSI (22 X ) I npB<ieM , F - none aa 
• 0 0 

OCH CHCT9Mbl B U9HTpe,. 

TatSnaua 

1,5 3 4 5 10 

Ezo/ V 0,71 0,83 0,95 0,98 0,98 0,99 

11TaK, HMeeM: 

1. EcnH Mana, To B npe.aenax ceKUHH qacTaua 6y.aeT npao6peTaTb Tonb-

KO 'laCTb TOll SHeprHH, KOTOpyiO MOlKHO 6hlnO 6bl OlKBJlaTb, HCXOJlSI H3 B9nH'IHHbl npB

Kna)lbiBaeMOI'O nepsaqaoro aanpH>KeHHH, TaK, .aa>Ke npa f ., 5 noTepa aaepraa co-

CTaBnHIOT - 10%, a npB f •10 OHH yMeHb!UaiOTCSI JlO -5%, 

2. HeOJlHOpOJlHOCTb nOnS!, npeBbi!UaiO!UaH 0,5%, nOHBnSI9TCSI TOnbKO B6nH3H 

Kpa51 CHCT9Mbl, Ha paCCTOSIHBH OT Kpa51 1 ,5-2 R , 

3. npa 3a)laHHOM a6coniOTHOe 3Ha'I9HHe o6naCTH, B KOTOpOJI E • HM99T 

aa.aaaay10 aeo.aaopo.aaocTb,npanopuaoaanbHO R 

PaccMOTpHM Tenepb CHCTeMy HHJlyKTopOB, pa3M9pb1 nonepe'IHOI'O C9B9HH51 KD

TOpbiX COH3M9pHMbl CO CpeJlHHM "laJlHYCOM (pHC. 5). none B TaKOJ! ·CHCTe~e MOlKHO 

paccMaTpHBaTb KaK CyMMY nonel! OT sneMeHTapHbiX nOTOKOB 

8 

,, 
h/2 Rb E , ___ _ aa N 

__::I J d X I J 
[ (R + P) 2 + ( z - x )2]l;{ I ( xl, Rl, z )+ • 

+ 

2~r Ra at let -h/2 

R 2 2 ~-p -(zl-xl )2 

R 
a 

(R -p)\(z -x )2FI(xi,RI,z )] 
I I I I 

I 1 I 

(24) 

R dR 
I I 

E ,_ 1 as p -- __ a 
N h/z 

! J dx 

Rb 

J 
(zl-xl) 

p [ ( R I + p ) 2 + ( ! - X ) 2]1}2- K I (I I' Rl' s I)+ 
I 

+ 

2~r R at 
1*'1 -h/2 

R2 ~ l+p.+(z-x)2 

R 
a 

I 1 

( R -p) 2 + ( z - )2EI (XI, I\ , z ) R d R 
I I XI l I I 

(25) 

Qqesa.aao, 'ITO pemeaae TaKHX ypasaeaall nocanbao TOnbKo Bbi'IHCnHTenbHbiM Mama

HaM. 0.aHaKO H B STOM cnyqae Tpy.aoeMKOCTb pa60Tbl OI'pOMHa, Eonee 6biCTpbiM H 

HaJlelKHbiM HBnHeTCSI MOJl9nHpOBaHHe B sneKTponHTH'IeCKOJ! BaHHe, Ka<ieCTB9HHO Kap

THH8 nonH ocTaHeTCH no.ao6aoll YKaaaaaoll aa puc. 4. Qqesu.aao, 'ITO pacnpe.aene

HHe nonH MO>KeT 6&ITb ynyqweao, ecna yMeHbWHTb .aon10 saepraH nonH, pacceHBae

Moll C BH9WHell CTOpOHbl CHCT9Mbl, 3TO MOlK9T 6b1Tb C)lenaao, ecnH Cep)l9'1HHK.B HH

JlYKTOpOB OKpylK.BTb KOlKYXOM C Bb!COKOA npOBOJlHMOCTbiO, 3TOT KOlKYX 6y.aeT T8KlK9 

3Kp8HHpOB8Tb YCKOpHIOIUee none OT BnHHHHSI npOBOJlH!UHX Mace, pacnonOlK9HHbiX B6nH-

3H ycKopaTenH. KpoMe Taro, aeo6xo.aHMo, 'IT06bi nepBH'IHaH o6MOTKa 6&Ina CHM

MeTpB'IHa OTHOCHTenbliO OCH, T,e, HM9Tb no KpallaeA Mepe TpH napannenbHbiX BHTKa, 

pacnono>Keaa&IX no.a yrnoM 120°. B npOTHBHOM cnyqae aa6niO.aaeTCH HCKa>KeaHe yc

KOPHIOIUero nonS!, 

Heo6XOJlHMO T8KlK9 HM9Tb B BHJly, 'ITO BHyTpH YCKOpHIOIU9ll CHCT9Mbl pa3Me

!U810TC51 TaKHe y3nbl YCT8HOBKH, KaK B8KYYMHa51 Tpy6Ka HnH sneMeHTbl cjlopMHp0B8-

HH51 ny'IK8, 'ITO TaKlKe OK83biBaeT BnHSIHHe Ha cjlopMy H BenH'IHHy yCKOpHIO!U9I'O nonH. 

!13 CK838HHOI'O BHJlHO, 'ITO pean&aaH yCKOpHIO!U851 CHCTeMa JlOn>Kaa OTnH'IaTb

CSI OT CX9Mbl, p8CCM0Tp9HHOA BbiWe, 

9 



3. none B CHCTGMe C 3a.QaSSblMH rpaSH'!HbiMH ycnOBHSIMH 

/4/ 
CxeMbl .QBYX B03MOlKHblX pa3SOBH.QSOCTeil ycKOpiiiOIIlHX CHCTGM OnBCaHbl B 

/5/ H H npHBGJleSbl sa puc. 6 a 7. <l>opMa nonS! B aTOM cnyqae 6y.r:~eT onpe.QenSITb-

cn pemeaueM ypasseHHSI flannaca (9) c rpaHH'!HbiMH ycnoBBSIMB, onpe.r:~enneMbiMB 

cpopMOH CBCTeMbl, 

Ypassesae nannaca anSI cocTasnHJOIIlHX sanpnJKeasocTB nonS! nepenHmeTCSI cne-

AYJOIIlHM o6paaoM: 

a
2

E. a2 E aE 
- & 1 • ---+ ---+- ---=0 

ap2 az2 p ap 
(26) 

2 2 a E a E aE ·E 
__ P_ + __ P_ + __!_ __ P _ __ P = O 

(27) 

ap 2 az 2 p ap p 2 

Pemeaae (26) aMeeT BB.Q: 

E c = A 
1 

I 
0 

( k 
1 

p ) [ B 1 Coa k 1 z + C 1 Sin k 1 z 1 , (28) 

r.r:~e I 
0 

( k 
1 

p) - MO.QHcjlauuposassaSI cpyBKUHH EeccenSI nepsoro po.Qa synesoro no-

PH.QKa, a A 
1 

, B 
1 

, C 
1 

H k 
1 

- nocTOHSSbie, onpe.r:~emleMbJe rpaBH'IBbiMB ycno

BBSIMB. 

Pewesae (27) aanuweTCSI: 

E p "' A 
2 

I 
1 

( k 
2 

p ) [ B 
2 

Cos k 
2 

z + C 
2 

Sin k 
2 
z 1 , (29) 

r.r:~e I 
1 

( k 
2
p) - MO.QHcpauuposassaH cpysKUHH EeccenSI nepsoro po.r:~a nepsoro nopii.Q-

Ka, a A 
2 

, B 
2 

, C 
2 

H I<' 
2

- J;IOCTOSIHBbie, onpe.r:~eneHHble B3 rpaHH'!SbiX ycnOBIIA. 

rpaHB'IHble ycnOBBSI 6y.QyT npe.QCT8BnSITb co6olt nep!IO.QII'!GCKYIO cpyBKUHIO, KOTQ

pyiO MOlKHO pa3nOlKHTb B pll.!l <l>ypbe, B, cne.QOBaTenbHO, rpaSH'ISble ycnOBBSI MOlKSO 

aanucaTb B BB.Qe: 

E 
&" 

ao m 
~-- + I 

2 

21T 
a Cos n -- z + 

n T 

10 

}: f3 n Sin 
21T 

n-- z 
T 

(30) 

,, 
Yo 

E •-- + 
P" 2 

... 21T : 21T 
"- y Cos n -- z + " 8 Sin n --

n T 1 n T 
z • (31) 

llpB TaKOi! cpOpMe 38nHCB rpaHB'!HbiX ycnOBBJl COCT8BnSIJOIIlB9 nonH TaKJKe 6y,

.QyT npe.QCTasneHbl CyMMOl! rapMOSHK, 8MnnaTy.Qa H '!aCTOTa KOTOpblX Onpe.QenSIJOTCSI 

ua conocTasneHBH c paanoJKeaueM rpaHH'!HOll cpyHKUHH, 

PaccMoTpBM cucTeMy, uao6paJKeaayJO sa puc, 6, 3aaqeaae sa BByTpeaaeM pa

.r:~ayce CBCT9Mbl MOlKSO npe.QCT8BHTb nepBO.QH'IGCKOll cpyHKUHel!, H306paJKeBaOJl Ha 

pHC, 6, Mbl nonaraeM, 'ITO B aaaope MGJK.QY HH.QYKTOpaMH none O.QHOpO.QHO H paBHO 
u 

E "' --1 , a Ha nosepXHOCTB HS.QYKTOpa paBHO HynJO, T,e, 
a sl 

E m 0 
za 

npu 
·s- sl 

0< z < -2-

E ., E 
&" " 

s-s s 
_2_1< z.( T • nQH 

Tor.r:~a KOscpcjlauaeaTbi paanoJKeSHSI B Pll.!l <l>ypbe 6y.QyT HMeTb BB.Q: 

n 

an=(-1) 
4 E ITT/ ITT/ 

a Co --Sinn--- s 2 2 (32) 
ITT/ 

f3 "' 0 n , 
(33) 

r.r:~e ., = II Is . 

11a (28), (30), (82) B (33) nonyqaeM pewesue .Qml ocesol! cocTasnsnomel! 

ycKopSIIOIIlero nonS! c y'leToM rpaHH'ISbiX ycnosal!: 

m 

E "'TIE (l+I (-1) 
• " I 

Bse.QeM o6oasaqesue 

E .. 
n 

n 4 ITI7 ITT/ 
---Cos n -- fSin n --

IT 71 n 2 2 

1t 71 ITT/ 
( -1) n 4 Cos n --,:- Sin n ,.--

"Tini(n-.!!a) 
0 s 

11 

I 
21T 

(n-p) 
0 I 

---- Coan2!_ z'/..34) 
21T I 

I (n- a) 
0 s 

(35) 



Tor11a (34) nepensweTcst 

( 
m 21T 21T J E = 1'/ E 1 + I E I ( n- p.) Cos n - r . 

z a • n 0 s 8 (34 ) 

21T 
3JleCb 1'/ E .. U Is - nocTostaaast cocTasnstromast ycKopsrowero nons. I ( n --a) 

a 1 0 I 

0'19Hb 6biCTpO pacTeT C 'poCTOM II H JJ09TOMy B ll0CT8TO'IHO WHpOKOlt, Has6onee 

HHTepeCHOH o6naCTH, MOlKHO OrpaHH'IHTbCH TOnbKO nepBbiM '!n9HOM p!llla, 0rHOWe

HH9 aMnneTyllbi nepeMeaaoA cocTasnstromel!. ocesoro nonSI K ero nocTOSIHHOA naao 

sa puc. Sa AnSI aecKonhKHX saa'!eaeA a/s 

'19HH9 HM99T senH'IHHa OTHOW9HHSl a/s 

H B 
1

/ 8 • BHllHO, 'ITO OCHOBHOS 3Ha-

H Anst llOCTaTO'IHO OJlHOpOJlHOrO nOnSI 

He06XOJliiMO HM9Tb a/ a> 1 , nep9M9HHaSI COCTaBnSIIODlaSI He npeBbiW89T OllHOro 

npoueaTa s o6nacTH pI a< 1/2 , ecns a Is> 2 • HsMeaeaae s I 8 Mano cKa-
- I 

3biBaeTCSI Ha senl!'lliH9 aMJJnHTYllbl nepeMeHHOit COCT8BnSIIODlel!., 

BHll rpaHII'IHOA cjlyHKUHII llnSI pallHanbHOil COCT8BnSIIOWeit T8KlK9 naa Ha puc. 6, 

Ho aaani!TH'I9CK09 ee BbipalKeHHe He 0'19BI!JlHO. 

0AHaKO, llOCKOnbKY 9Ta cjlyHKUHSI He'leTHaSI, TO 

Y n = 0. 

Hs (29), (31), (36) nonyqaeM: 

2 IT ) I (n- p 
2 I 8 IT 

---~--- Sin n -- z . 
I (n...l!!..a) 1 

1 s 

m 

F .. I B p n 

(36) 

(37) 

LlnSI onpeneneaHSI B 
n 

BOCnOnbsyeMCSI TeM o6CTOSIT9nbCTBOM, 'ITO npH .. 
lOt E = 0 , 'ITO HM99T M9CTO BHyTpH CIICT9Mbl, 

a r. 
ap 

~. 
iJz (38) 

Eeps npoHSBOllHbie OT (34) 11 (37) H npspasaaBaSI qneHbi c OllHHaKOBbiMII n 1 no

ny'!aeM: 

21T 
B .. ..,£ E I (n-a), 

n a n 1 1 
(39) 

00ACTaB11HH (39) B ( 37 )1 nony'!a9M OKOH'IaTenbHOe BblpalK9HH9 AnSI E p 

12 

-v· 
E •l'fE l:Eni

1
(n...!!...p)Sinnl.!:r. 

P a a 8 (40) 

3Ha'leHB9 OTHOW9HBSI aMnnBTYllbl £p H 1'/ Ea JIOKasaao Ha pac. 86, 

~SBHllHO, 'ITO s6nB3B OCB aMUnBTYllB PBllBanbHOA COCTaBnSIIODleA M9HbWe, B 

rtpHTOM OCo6eHHO SHa'!HTenbHO AnSI ManblX a/ S , '19M aMnnHTYJl8 nepeMeHHOl!. OCe-

BOlt COCTaBnSIIOW&it, 0ABaKO BllanH OT OCR ORB CTaBOBSITCSI "tOH3MepHMbiMH, H6o llpB yse-

nB'I9HBH apryM&HTa KaK I I ' TaK B I 0 CTp9MSITCSI K OllHOMy 3Ha'ISHHIO, 

3Ha'I&HB9 rpaHH'IHOA ¢yHKUBB CBCTeMbl (pac, 7) He 0'19BHllHO, HO cjlopMa ee 

coOTseTCTByeT eso6paJKeaaoA sa aToM pecyHKe. Y'IBTblBaSI, 'ITO E • a cjlyHKUHSI 

'!eTaas, a Epa - ae'!eTaas, nony'laeM aaanora'!HO npeAblllyWeMy: 

E.·E 0 (1+!an 

I ( 11 21T ) 
0 -.~ p 

I ( 2 IT Cos 11 .l.L z I 
o 11 ---- a ) s • 

8 

(41) 

I (11 .l!_ ) 
1 • p. 

I (nka) 
I 8 

m 

E • I. B p n Sin n .l!.. z • (42) 
s 

noca:onbttY none sa rpaaaue 6onee onaoponao, '!eM nns cacT&Mbi puc. 6, To sena-

'IBHa an B Bn 6yll9T HeCKOnbKO M9HbWe, '19M B np9JlblllyDleM cny'!ae, HO KaK 

yttasblsanocb BblWe, aTO ae 6yneT Bt,.teTb npeo6nanaromero 3Ha'!leaas, H ace cttasaa

aoe Ansi npellblllymeA CBCTeMbl cnpaseMBBO a AnSI aToll. 

B cnyqae Bbl'IBCneaas nonSI npa pI a> 1/2 aenbsst orpaHH'IBBaTbcst OAHOA 

nepsoA rapMOBBKOl!. H ll0B9ll9HB9 pesynbTaTa 110 'IBCna BMeeT onpeAeneHHbie TPYllHO

C.TB, 3Ha'I9HBSI nonst B STOll. o6naCTB MOryT 6b!Tb nony'!&Hbl nyTeM MOllenBpOBaHHH, 

4, none y Kpag yCKOpstiOUleli CBCT9Mbl 

PaccMOTpBM none s6nssa Kpas ycKopsromeli CBCTsMbi (puc. 9), MolKHO nonaraT~ 

'ITO y Kpast CHCT9Ma orpaHH'IeHa npOBOllSlWBM llBCKOM, HM910DlHM OTB9pCTB9 pansy-

ca s
1 

Peweaae ypasaeHBSI nannaca nns nons, orpaaa'leaaoro c onaoli cTopOHbi JlHC

KOM C OTBepCTB&M, BM99T HaH6onee npoCTOlt BHll B cnniOCHYTbiX ccjlepOHAanbHblX 

/3/ 
KOOpllHB8TaX , 3TB KOOpllBHaTbl npellCTasnstiOT co6olt OpTOroaanbHbi9 CeMeitCTBa 

ccjlepOHllOB 

18 



z2 p2 
I ---+ = 1 

c 2 ( 2 
I 

c 2 ( ~ 2+ 1 ) 
I 

(43) 

11 runep5onou.aos 

2 2 z 
I p 

+ = }. 
2 2 2 2 

- c I X c~O-x l 

(44) 

LJTo5bi K00p.Ql!H8Tbl 5binll Henpepb!BHbiMB BO BCeM npOCTpaHCTBe, r,ae CyWeCTByeT 

none, Bbi5epeM 0,::: x .:S 1 

'ITO H z
1 

, - oo < ( < oo , llpB 3TOM ( BMeeT TOT lK9 3HaK, 

HcKniD'!HB nocne.aosaTen&HO p B zl B3 ypaBH9HHA (43) H (44), nony-

'!liM 

z 1. = c 
1 
(x (45) 

2 2 1/2 
p=c

1
[(1+( )(1-x )] • (46) 

8 KpHBO.IIHH9AHOA Cl!CT9Me KOOp.QBH8T ypasHeHHe nannaca CK8.11HplloA Be.IIH'Il!Hhl !!MeeT 
ffll . 

BH.Q h h !I 
v~u., 1 1 ~( 2 s _u_u_l 

h h h a( ~I a( 
I 2 S 

h h h h 
+ ...!__(_1_3_~)+..!_( I 2 _ljl)J.,Q • 

ax h 
2 

a x a e h 
3 

a e (47) 

B aToM BbipalKeHHH Koaljxjll!nHeHThl ~ 
1 

, h 
2 h, Bbi'!BC.IIHIDTCH no cjlopMy-

naM: 

2 a 2 a 2 a 2 h .,(_x_) +(...E.l...) +<-~-) 
1 a( a, a( (48) 

h2 =(~)\(_!t_)2 + ( k)2 
2 ax ax ax 

(49) 

h2 =(~)2+(~) 2 +(~)2 
3 ae ae ae 

(50) 

14 

Ho nocKOnhKY 

X "' p Cos e • y = p Sin e . z = z 
(51) 

TO 3H8'19HHH .Q.IIH KOaljxj>H!lBeHTOB npBMeHHIDT cne.ayiDWBA BH.Q: 

2 2 

h = c [ ( +X 1/2 
I 1 

1 
2 ] 

+ ( 
(52) 

2 

h "'c [ ( +X 2 1/a 
2 I 2 ] 1-x 

(53) 

(54) 
2 2 t/a 

h eC [(1+( )(1-)( )] 
3 I 

Y'IHThlBaH, 'ITO ecnB .Q.IIH oceCBMMeTpH'IROro nonH a u I a e • TO .Q.IIH nOTeHnBana 

nonH, KOTOphlA o5oaaa"':HM u , ypaBH9HHe nannaca B npBHHTOA CHCTeMe 

K00p.QHH8T 5y.aeT HMeTb BH.Q: 

_i_ r < 1 + , 
2 
l ...i!!... 1 + _a_ r o - x 2 

' ~ 1 = o . <55> 
a( · a( ax ax 

PeweHHe ypaBHeHHH (55) aanHCbiB89TCH B BH.Qe tjlyHKilHA nelKaH.apa 1-ro H 2-ro 

/3/ 
po.aa 

U "' I [ A 
3 
P n ( X ) + B 

3 
Q n ( )( ) ][ A 4 P n ( I 0 + B 4 Q n ( I () ] · (56) 

n 

flpa z 
1 

-+- oo noTeHnHan .aonlKeH cosna.aaTb c noTeHnHanoM aesoaMyweaaoro no-

n H. fl OCKOnbKY npH ( -+ - oo MOlKHO npeHe5pe'll:, e.QHHH!leA no cpaBH9HHID C ( 

TO ua (45) H (46) nonyqaeM: 

2 2 2 2 2 2 2 2 2}' 2 2 2 }' 2 r=z
1

+p .. c(x+c(-C<,X"'C<,, 
I I I I 

T,e. r z I I z II 
( -+± -- , X "'-- .. -- = Cos ( z r) . 

e 
1 

c ( r 1 

1 

C ,apyroA CTOpOHbl, npH Z I _. oo 
3H8'19HHeM nepeMQHHOA COCT8B.IIHIDilleA no-

TeHUH8.118 MOlKHO npeae5pe'lb H C'IHT8Tb, 'ITO 
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" U ~ E .. r Cos ( z 
1 

.r ) , 

T.e. U., X 

'lifT, 'ITO II= 1 

, 11, cne.QoBaTenbao, peweaae 
CO.QeplK.HT TOnbKO P

1 
(X) , a SlTO 3Ha-

• no.~:~ E.., 
nOHHMaeTCH 3Ha'!9HHe nOCTOHHHOfi COCTaBnRIDweA 

nonS! Ha 6eCKOH9'1HOM y.QaneHHH OT OTB9pCTHH, 

C Y'I9TOM CKa3aHHOro nocne nO.QCTaHOBKH B (56) BblpaJKeHHA .QnH lj>yHKUHA lJe-

JKaH.Qpa ypaliiiH9HHe .QnH noTeHUHana npHHHMaeT BH.Q! 

U ~ x [ l A 5 ( + B 
5 

( ( arc ctg ( -1 ) I . 

HanpH JKeHHOCTb ycxopsuomero nong onpe.~:~enHeTcH .~:~u«!>lj>epeauupoBaHHeM u 

l':z 
I 

au au 1 ( 
z - -- =- --- =- - [ l A + B (arc ctg(- -)]. 

azl elxa( el 5 5 1 +(2 

l57) 

no z
1 

(58) 

PaCCMOTpHM CHa'!ana CTeneHb B03MYlli9HHa Ha KpaiD 

we a ycxopHwmero nona. npa z 
1 

.... 1': ~ 0 , Tor.~:~a 

C nOCTOaHHOA COCTaBnaw
l A 

5 -=0. 
cl 

. 
0 I 

npu z 1 .. -oo . Eo ~ J:<: ... H (58) npHHHM89T BH.Q 
I 

~:<:.. ' --(arc ctg(- -). 
1T 1 + '2 1': 

0 I (59) 

npu p ~ a 1 , .r 
1 

e 0 , (""X,. 0 

.l:IHHaT MOJKeT ObiTb nepeaeceao 

cne.QyiDwHM o6paaoM: 

H aa ( 46) nony'laeM, 'ITO e 
1 

.. a 
1 

, Ha'!ano xoop

B TO'!Ky 0, H ypaBH9HHa (45) H (59) nepenawyTCSI 

i. 
a 

1
(x (60) .r -

2 

Eoo ( 
E "'--larcctg(--). 

0 1T 1+(2 
(61) 

Ha puc, 9 aao6paJKeHo rpalj>a'!ecxa B03Mymeaae nona, o6yj;:nOBneaaoe OTBepcTaeM 

B .QHCKe, 8H.QHO, 'ITO B03MyweHH9 CKa3biBaeTCa Ha paCCTOaHHH, He npeBbiWaiDweM 

3-x pa.QHyCOB OTBepCTHa, noaTOMy yJKe npa .QnHHe CHCT9Mbl B TpH .QHBMeTpa OTBep

CTHa none B UeHTpe COOTBeTCTByeT npanoJKeHHOMy Ha e.QHHHUy .QliHHhl HanpHJKeHHID, 

16 

YKa3aHHOe COOTHOW9HH9 nerKO BbinOnHHMO Ha npaKTHKe, liaCTb aaepl'HH, KOTOpyiD 

npaoopeTaeT 'laCTHUa npH npOXOJK.QGHHH CHCTeM&I, COCTaBnaeT 95% .QliSI ...!:_ = 1,5 
L R 2 R 

H 98% .QnS! - = 3 , ecna a ., -
2 R I 3 

8 TO JKe Bp9MH B CHCT9M9 093 BHewaero KOJK:yxa npB TeX JKe COOTHOWGHHSIX 

pa.~:~uyca H .QliHHhl .~:~onH aaeprau B nepBoM cnyqae c,ocTaBnHeT 73%, a B .QpyroM 84%, 

T,e, 3Ha'lHTellbHO M9HbW9 0 'leM B CHCTeMe C KOJKYXOM, Heo.QHOpO.QHOCTb nOliSl npa 

0.:: p ~ R/3 .QliSI CHCT9Mhl 093 KOJKyxa COCTaBnHGT - 1%, a C KOJKyXOM M9HbW9 

0,5% .QnS! OOOHX Clly'laeB. 0rMeTHM, 'ITO ecnH HCTO'IHBK H npHeMHHK aapHJKeBHhlX 

'!SCTHU pa3M9CTHTb .Ha HeKOTOpOM paCCTOSIHHH OT KpaSl CHCT9cMhl, COCTaBnRIDweM 

-2a 1 TO '!8CTBU8 npHOOpeTaeT npaKTH'l9CKH BCID SlHeprHID, 'lero H9llb3Sl CK838Tb 
I 

0 CHCTeMe 6e3 XOJKyxa. HanB'lHe nepHO.QH'lecxoA COCTSBliRIDweA llOliH Be H3M9HHT 

Ka'l9CTB9HHO K8pTHHbl 0 nony'leHHOA .QnSI- IIOCTOHHHOA COCT8BliRIDlli9ll:0 HO MOJKeT no

BnBHTb HS HGO.QHOpO.QHOCTb aaeprHH '!aCTHU, 8TO Clle.QyeT Y'l9CTb MO.QenBpOBaHHGM 

CHCTeMbl, 
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P ac, 1. • MarHHTHbiA coneHOHll• A. Boysepca, 
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t 

Pac. 2. CxeMa BHllYKTopa. 
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Pac. 3. • MarHBTHbiA coneaoall• c aenpepb!BHO pacnpel!eneHHbiM nOTOKOM 
C Manb!MH p83Mep8MH Ce'leHBII BHllYKTOpOB, 
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PHC, 4, l1011e B611H3H OCH MBrHHTHoro COII9H0Hil8. 
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PHc. 5. • MarHHTH&Il! coneHOHil" c llHCKpeTHbiM pacnpelleneaaeM noToKa. 
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Pac. 8. AMnnHTyJla l-oll rapMOHHKH nong B yCKOpsnomeli CHCTeMe THna JllifY-3000. 
a - oceeag cocTasmnomag, 6 - paJlHallbHSR cocTasngromaSI. 

t a/ s e 2 ; n a/ s = 1, 5; nt a/ s = 1 ; IV a/ s = 0, 75 

1. s
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Is = 114 ; 2. s

1 
Is = 118 
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