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B6eOeHue 

B nocne)J,Hee opeM.R B CB.R3H c npo6neMoii CHHTe3a 

)J,aneKux TpaHcypaHOBhiX JneMeHTOB Ha ycKopuTen.Rx 111 ycu

nunca HHTepec K ucnonhJOBaHHIO cnupanbHbiX JaMe)J,nJIIOli.{HX 

CHCTeM )J.nJI YCKOpeHH.R TJI:>KenbiX MHOr03apJI)J.HbiX HOHOB 

u JneKTPOHHbiX Koneu /Z-? I 
llpeHMymeCTBa TaKHX CHCTeM no cpaoHeHHIO C CHCTe

MOH Anboapeua u Ha6opoM peJoHaTopoo cocToJIT B Henpe

pbiBHOCTH YCKOpeHHJI, B B03MO:>KHOCTH perynHpOBaHHJI KO

He'IHOH 3Hepruu 6e 3 JaMeTHoro yxy)J.weHH.R 3HepreTu'leCKO

ro cneKTpa ny'IKa, a TaK:>Ke B MeHbWeM oaKyyMHOM o6'heMe. 

B TeXHHKe c.B.'I. ucnonb3YIOTCJI pa3nH'IHhie BH.ll.bi cnu

panbHbiX JaMe)J,nJIIOmHX CHCTeM. B HaCTOBll.{eH pa6oTe Mhl 

paCCMOTpHM BOnHOBO)J, C MO)J.H$HIJ.HpOBaHHOH cnupanbiO. )l,nJI 

ueneii ycKopeHHJI 3neKTpOHHbiX Koneu /KonneKTHBHbiH Me

TO .!I./, r )J,e Tpe6yiOTCB 6onbwue anepTyphi KaHana H cpaoHH

TenbHO HH3KHe 'laCTOTbl, TaKa.R CHCTeMa npe)J,CTaBnJieT 6onb

WOH HHTepec. )l,ucnepcHOHHbie xapaKTepucTHKH MO.li.H<i>uuupo

BaHHOH CllHpanH H3y'lanHCb B pJI)J,e pa6oT/H-l 1/0)J.HaKO BhiBO)J, 

)J,HcnepcuoHHoro ypaoHeHHB o .li.OCTaTO'IHO o6meM BH)J,e 

B yKa3aHHbiX pa6oTaX OTCYTCTByeT, a 3KCnepHMeHTanbHbie 

pe3ynbTaTbl OTHOCJITCJI K ManbiM anepTypaM KaHana H cpao

HHTenbHO BhiCOKHM 'laCTOTaM. 

HacTOBll.{aB pa6oTa B TeopeTH'IeCKOM nnaHe .RBn.ReTc.R 

npo)J.on:>KeHHeM 1 1 t/, r:U.e JneKTPO.li.HHaMH'IeCKHM cnoco6oM 

6bmo nony'leHo )J,HcnepcuoHHoe ypaoHeHHe )J,nB oonHoBo)J,a 

c MO.li.H$uuupooaHHOH cnupanbiO. B HacToameM coo6ll.{eHHH 

ooe)J,eHHeM ycnoBHJI Ha pe6pe JHa'IHTenhHO ynyqwaeTc.R 

CXO)J,HMOCTh peWeHH.R, OCHOBaHHOrO Ha CTpOrOM paCCMOT

peHHH JneKTPO.li.HHaMH'IecKoii 3a)J,a'IH. BhiBO.li.HTC.R TaK:>Ke 
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Puc. 1. Buo eoAHoeooa c MoOur/Jut~upoeaHHoii cnupaAbiO. 

llpH6llH:>KeHHOe ~HCnepCHOHHOe ypaBHeHHe. llpHBO~HTCH 
cxeMa H Mero~HKa 3KcnepHMeHTa. Pac'leTHLie ~aHHLie 

cpaBHHBaiOTCH C pe3ynLTaTaMH H3MepeHHH. 

Ha puc. 1 H3o6pa:>KeH aonHoao~ c MO~H~Hl.I,HpoaaHHoii 
CITHpanhiO. 3~eCh a l - BHyTpeHHHH pa~HYC BHTKa CITHpanH, 

a2 - BHeWHHH pa~HYC BHTKa, b - pa~HYC KO:>Kyxa, L'. ~~ ¢ 0-

pa3Mep nepeMbi'IKH B a3HMyTanhHOM HanpaaneHHH, (L- f) -

pa3Mep BHTKa ITO Z , r - paCCTOHHHe Me:>K~y BHTKaMH, 

D ~ 2L- nepHo~ cHcTeMLI. 

§1. 0 6bi'IUCAeHuu onpedeAumeAJI 

Wcxo~HhiM HBnHeTcH aonHoaoe ypaBHeHHe ~nH aeKrop

Horo noTeHI.J,Hana. B aonHoBo~e c MO~H~HI.J,HpoaaHHoii cnH

panLIO paccMaTpHaaeM TPH o6nacTH: 

1-r~al; II - a
1 

< r::;; a
2

; III-a
2
<r::;;b. 

Ha OCHOBe ITOCTpOeHHhiX pemeHHH ~nH KOMITOHeHT BeKTOp

HOr~_ ~OTeHI.J,Hana B a3HMyTanhHO HeCHMMeTpH'IHOM cny

qae 1141 HaXO~HM COCTaBnHIOIU;He 3lleKTpOMarHHTHOrO ITOllH 

4 

B Ka:>K~oii o6nacTH. Bbipa:>KeHHB ~nH HHX npHBe~eHhl B 

IIpuAoJICeHuu 1. B ~ononHeHHe K pa6ore /l
4

/ ~nH ynyqmeHHH 

CXO~HMOCTH pemeHHB y'ITeM ycnOBHB Ha pe6pe. 

C 3Toii uenLIO HeH3BeCTHLie pacnpe~eneHHH TaHreH

I.J,HallhHhiX KOMITOHeHT 3lleKTpH'IeCKOrO ITOllH Ha ITOBepXHOCTH 

pa3~ena r ~ a
2 
npe~cTaBHM B BH~e I 15/: 

r = a
2 

E =-ki. A f/f -Hk:. z+ t¢) 
z . J. t e J,t 

], t ' z 
npH I zl < L 

- 2 

Er~,=-ki. B f/f -Hk:. z+ t¢) 
't' . . "'e J,t 

j,t J,tZ 't' 
l¢1~rr-¢o 

E = E = 0 npH 
z ¢ 

3~ecL 

r L -<I zl <-2 2 ' 
(rr-¢ )<l¢1<rr. 

0 -

fz=vl -(~)2 
e 

f ¢ = v 1- ( _¢ ___ ) 2 
7T- ¢ ' 

k 
j' t 

k + .?~ (J" + t) 
o D ' 

k = k/{3, 
0 

0 

D = 2L, 

/1/ 

j, t - uenLie •mcna, (1 = ~. v - ~a3oBaH cKopocTL. llo

~o6HLIM :>Ke o6pa30M npe~c'taaHM raHreHI.J,HanLHble KoMno

HeHTLI 3neKTpH'IeCKOrO ITOllH Ha ITOBepXHOCTH pa3~ena r= a l' 

Bb1pa3HM HeH3BeCTHble K03~HI.J,HeHThi aps, bps, cps , 

dps H3 BTopoii o6nacTH qepe3 aenH'IHHhi a~n H3 rperLeii. 

C O~HOH CTOpOHhl noaepXHOCTH r= a 2 HMeeM: 
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E <IID=E ~ z z 

npu 

E ¢<III>= E ¢ 

lzl < l_ 
- 2 ' 1¢1~~-¢0, 

/2/ 

Ez om= E¢(1II) = 0 npH ~ < lzl< k' (rr- ¢o) < 1¢1 < TT. 

3.D;ecb Ez om, E.p<III>- KOMllOHeHTbl nonJI npu r= a2 H3 o6-
naCTH III.OHu paBHLI: 

E (III) = l a' f 1 <a
2

>, 
z n ,m nm 

E r~. (III) = l a ' f 
2 

(a 
2
> , 

'!...~ n,m nm 

r.D;e tPYHKQHH f 1 u f 2 .D;aHbi B /IpuAoJKeHuu 1. BenHl.fHHbi 

E z , E ¢ onpe.D;enJIIOTCJI Bbipa>KeHHJIMH /1/. 113 /2/ .D;JIJI 
K03tl>ti>HQHeHTOB <l>ypbe i\. 

1 
;B

1
. 

1 
HMeeM: 

J• ' 

r.D;e 

6 

A 1· 1 = l a ~m f 1 • A 1 (j, t, n, m ) , ' n,m 

B. = l a' f 
2 

• ·s 
1 

(j, t, n, w), 
j,l n,m nm 

Jl ({)I) 
A (j,t,n,m) = 11

0 
• ---;;---- • J

0
(f3 2), 

l fJ I 

B1 (j, t, n, m) = fl
0

J
0 

<{3 1) 
J1({32) 

{"3 2 

flo= 
rr(rr -¢o) f 

4 2 

f3 = .!!.._.l_[(j+ t)-(n+ m)], 1 2 L 

f3 = (t-m)(77-¢) 
2 0 

/3/ 

3.D;eCb HCllOnb30BaHbl HHTerpanbHble npe.D;CTaBneHHJI tPYHKUHH 
IieccenH: 

1 iax 

J 0 (a ) = J 0 (-a) = _!_ f e dx ; 
TT -1 y} - X 2 

J (a) 1 1 iax .!-;-_ x2 dx. __ I __ =_ { e v 

a TT -I 

C .D;pyrou CTOpOHbl llOBepXHOCTH r ~a 2 HMeeM COOTHO

weHHJI, aHanorHl.fHbie /2/, Ho cnesa CTOJIT TaHreHuuanbHbie 

KOMnoHeHTbi 3neKTpH1.fecKoro nonJI H3 o6nacTu II, paBHble 

E (II)= -k l f. <a 2 lcos<q¢)·cos(g '"'zl, 
z p,s z P· 

E,1.(III)=-k l P 1<a.,)sin(qcp)·sin(g . z}. 
'f' . <;J - p s p,s , 

CBJ13b tPYHKUHH P z , P 0 c Ko3$$uuueHTaMu ap..,, hp.., , l"p", 
dps .D;aHa B /IpUAOJICeHUU J. ).J,nJI K03tl>ti>HUHeHTOB <l>ypbe 
P z(a .). P ¢}a2> nonyl.fHM: 

r.r.e 

r (a?) 
7 -

r ,<a ) 
<p 

~ A. · C 1 (j ,t, p, s), 
j, l j, t 

~B. · C 
2
(j,t, p,sl. 

j 't j, t 

/4/ 

+ 
J (y ?) 

I - ], 

y2 

') 

C (j. t ) iT - I J (a ) J ( ) 
2 , , p, s = - -- J ( 1' ) - J ( ) } ( 1 I I a 2 4 0'1 'oY2 ·-------]. 

a 1 a 2 

3.r.ecb 
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e 
ai = y[gps -ko- ~ (j +t)]; Y I = < 17 - <Po)( q - t > , 

a2 ~ (g ps + k 0 + ~ (j + t)]; y~ = -(rr- ¢
0
)(q + t). 

lloAcTaBnHH BMecTo A. ;B. ax 3HaqeHHH H3 /3/, HaHAeM: 
J' t J 't 

rAe 

e <a
2

) = ~ a' fi · D , 
z n,m nm 

e (a ) = ~ a' f . c, 
¢ 2 n,m nm 2 

D = .~ AI(j,t,n,m) • CI (j ,t,p,s), 
j,t 

C = ~ BI(j,t,n,m)·C
2
(j,t,p,s). 

j' t 

/5/ 

QqeBHAHO, qyo D H c- WYHKIIHH n,m,p,s(p=0,1,2. .. ;s= 1,2 ... ). 

CneAyiO~He ABa ypaBHeHHH HaXOAHM H3 ycnoBHH HenpepbiB

HOCTH TaHreHIIHaJibHbiX KOMITOHeHT MarHHTHOrO ITOJIH npH 

nepexoAe qepe3 noBepxHoCTb pa3Aena r = a 2 

h (a2 ) = ~ 
z n,m 

a~mf4. C'' 

h.-~-<a 2 > =~a' f 5 ·D', 
'f' n,m nm 

/6/ 

rAe f 4 , f 5 , h z<r) H h ¢<r) AaHbl B IlpUAOJICeHUU 1. Ko3cll

dlHIIHeHTbl C' H D ', 3aBHCH~He OT n , m , p , s, paBHbl: 

C ' = _ 2 [ sin A I 
AI-

sin.\ 2 sin.\ 3 sin.\ 4 
-~J.[ - ---L 

,\2 ,\3 ,\4 

sin A 1 sin A 2 sin A 3 
D' =- 2[--- + --]·[ + 

A 1 ,\2 

sin.\ 4 ]. 

,\3 ,\4 

3AeCb 

8 

AI 
e 
2(k nm- g ps); A 

3 
= (rr - ¢ 

0
) (m - q), 

,\2 
e 
-(k + g ), 
2 nm ps 

A 
4 

= (rr - ¢ 
0 

)(m + q). 

CooTHOllleHHH /5/, /6/ o6pa3yiOT CHCTeMy ypaBHeHHH, H3 

KOTOpOH HeH3BeCTHble K034xt>HIIHeHTbl aps• bps• ~s , Cps 
MO:>KHO Bbipa3HTb qepe3 BeJIHqHHbl a' • · nm 

llocTynas aHanorHqHbiM o6pa30M npH r = a 1, nonyqHM 

CHCTeMy ypaBHeHHH THITa /5/ H /6/, HO cnpaBa 6YAYT 

CTOHTb ITOJIH H3 1 o6nacTH (anlll' bnm ), fiOACTaBJIHH Bee JieByiO 

qaCTb 3HaqeHHH K034xt>HIIHeHTOB aps, bps , Cps , ~s; Bblpa

:>KeHHbie qepe3 a~n' OKOHqaTeJibHO HaHAeM: 

~[a' l/1 1 -a l/1 1 ]=0, nm nm n,m 
- = 

~ [a~m 1./J 2 - anm </'2 - bnm 1./J 2] = 0' 
/7/ n,m 

- = 

~ [a~m </13 
n,m 

- anm 1./J 3 -b l/1]=0 
nm 3 ' 

- = 
~ [a' 1./J 4 nm n,m 

- anml/1 4 -b l/14!=0. nm 

3HaqeHHH K034xt>HIIHeHTOB 1./J = 1jJ (n, m, p, S), </1 , 1./J AaHbl 

B JipUAOJICeHUU 2. 
YcnoBHe cyiiieCTBoBaHHH HeTpHBHanbHoro peweHHH ca

cTeMbi ypasHeHHH /7 I 3aKnJOqaeTcH B paBeHCTBe HYJIIO 

AeTepMHHaHTa, COCTaBJieHHOrO H3 qJieHOB, HBJIHIO~HXCH 

K03WWHIIHeHTaMH npH HeH3BeCTHbiX a~m , anm , bnm • 3TO 

yCJIOBHe H HBJIHeTCH TOqHbiM AHCITepCHOHHbiM ypaBHeHHeM, 

CBH3b1BaiO~HM qacTOTY H clla30BYIO CKOpOCTb BOnHbl C napa

MeTpaMH CHCTeMbl. )J.HCITepCHOHHOe ypaBHeHHe peWaJIOCb Ha 

6biCTPOAeHCTBYIO~eH: 3BM CDC-6400. 
2 

Hcnonb3oBanacb KBaApaTHaH MaTpHua paHra 3· <2N + 1) . 

11HAeKCbl n, m H3MeHHJIHCb OT -N AO +N ,pOT 0, S OT 1 AO 

BeJIHqHHbl, onpeAeJIHeMOH H3 COOTHOWeHHH ps = (2N + 1) • 

llpH npHBeAeHHH K KBaApaTHOH dJopMe OT6paCbiBaJIHCb CTpo

KH MaTpHIIbl, COOTBeTCTBYIO~He HaH60JibWHM 3HaqeHHHM 

9 
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Puc. 2. CxeMa U3MepeHuu: 1 - zeHepamop c. e. '1.; 2 -
cmyneH'Iambru ammeHroamop; 3 - oemeKmop; 4 - UHOUKamop; 
5 - 60AH0600; 6 - 'IUC1fl01flOMe1flp; 7 - cnupaAb. 

..! 

50 !50 200 2~ 300 J~ll J.llffl4 

Puc. 3. )lucnepcuoHHbre Kpuebre: I - 3KcnepuMeHmaAbHbre 
OaHHbre, ·n - pac'lem no onpeoeAumeAJO eN = 4, III - pac'lem 
no onpeOeAumeAJO c N = 2, IV - pac'lem no npu6AUJKeHHOMY 
ypaeHeHUIO. 

10 

HH.IJ;eKco:B jpj, I si .nm1 K03clxl>H:UHeHTOB Ka:>K,noro ypaaHeHHH H3 
/7/. CyMMHpoaaHHe B 3neMeHTax onpe.nenHTenH no j, t npo
xo.nuno OT -N .no +N . 

PacqeT npoao.nuncH .nnH r\ = 2,3,4, 'ITO cooTaeTcTayeT 

nopH,nKaM onpe.nenuTenH 75, 147, 243. Bbi'IHCneHHH noKa-
3anu, 'ITO yqeT ycnoBHH Ha pe6pe ynyqiiiaeT acuMnTOTH'Iec

KOe y6MBaHHe 3JleMeHTOB MaTpH:QM C pOCTOM HOMepa H 

no3aonHeT orpaHH'IHTbCH, npu Toii :>Ke TO'IHOCTH, awqucne
HHeM onpe.nenHTenH c N = 2 BMeCTO r\c4 6e 3 yqeTa ycnoBHH 

Ha pe6pe, 'ITO B 6 pa3 COKpai:QaeT MaiiiHHHOe BpeMH, npH 
3TOM pacqeTHbie 3Ha'leHHH {i OKa3biBaiOTCH 3HaYHTeJlbHO 

6J1H:>Ke K 3KCnepHMeHTaJlbHbiM, YeM 6e3 yYeTa ycnOBHH Ha 

pe6pe. 
llpH yYeTe ycnoBHH Ha pe6pe nepexo.n oT N ~ 2 K t\~4 yae

JlHYHBaeT BpeMH CYeTa B O,IJ;HOH TOYKe B 8,4 pa3a, 3HaYeHHe 

$a30BOH CKOpOCTH H3MeHHeTCH, B cpe,nHeM, Ha 0,8o/o. 
Pe3ynhTaTM pacYeTa ,nHcnepcHOHHOH KpHBoii noKa3aHM 

Ha puc. 3, KpHBaH I I - npH N- 4,KpHBaH III - npH !\ :2. 3Ha

YeHHH napaMeTpOB 6binH B3HTbl cne,nyiOI:QHe: a a 1 = 5 CM; 
a 2 = 5,5 CM; b = 1,2 CM; J) = 8 CM ;(L-f)~ 2 CM; \ = 2 CM. 

§2. flpu6AuJKeHHoe oucnepcuoHHoe ypaeHeHue 

B HeKoTophiX cnyYaHx MO:>KHO ynpocTHTb BbiYHcneHHe 

,IJ;HCnepCHOHHOH xapaKTepHCTHKH BOJlHOBO,IJ;a THna MO.IJ;HcPHUH

poBaHHOH CllHpanH. 
)l,onyCTHM, YTO paCCTOHHHe Me:>K,ny BHTKaMH CnHpailH 

Mano no cpaBHeHHIO C ,IJ;JlHHOH BOJlHbl B BOJlHOBO,IJ;e (f "-·()A). 

OrpaHHYHBaHch ao BTopoii o6nacTH o,nHoii .rapMoHHKoii, 
6y,neM C4HTaTh TaM none He 3aBHCHUlHM OT Z I I (>f, 

Tor.na ,nnH KOMnoHeHT 3JleKTPH4ecKoro nonH B JToii 

o6nacTH nonyYHM: 

E (!Jl=-1-.(a.J, b\,lco~(q<~l. 
z 'l " 

E .-1. (ll) = - 2k ( c J' -+ d I\') sin (q o), 
't-' 'l q 

E (II)=- ~~(cJ + dt\ lcos(q<b). 
r Y q q /8a/ 
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H (II) =-2k(cJ +dNq)sin(qcp), 
z q 

H¢(11) = -k(aJ~+ bN~)cos(qcp), 

H (II) =- ~(aJ + bNq)sin(q¢). 
r r q 

1861 

3)1;eCL 

q = 
Tr 

J 
dJ 

cp ' q = J (y ) , J, = q 
2 (1 __ o ) q q d;- • Y = kr, k = ~ 

Tr c 

MHO)f(HTenL e iwt Be3,!1;e onyll\eH. ,lJ,nH TaHreHuuanLHhiX 
KOMnoHeHT 3neKTpuqecKoro nonH Ha noaepxHOCT HX r= a 1, 

r =a 2 no- npe)f(HeMy ucnonL3yeM npe,LI;CTaaneHHe I 11. Tor,L~;a 

H3 ycnOBHH 121 HaH,LI;eM: 

a~m f l(a 2) = flo .'L A. J ({3 ) !_{P2) 
J,t J,t 0 I fj~-

191 

a~m f 2(a2) =flo 'L B. J ({3 ) Jl ({:Jl) 
]
. t j,l 0 2 --
' p l 

r,L~;efl 0 ,(3 ,LI;aHLI B 131. 

BLipa)f(aH I<o3$$uuueHThl Aj,t, B j,t qepe3 nonH H3 aropoil 
o6nacTH npu r~ a 2,nonyquM: 

A 
j,t 

B 
j, t 

3)1;ecb 

flo 

2 

( r~ ) ) 1 < J + b .r-.; >I Jl~-'3 [J (y )+Jo(yl • a q q =a 
--- 0 l r 2 

{33 1101 

Jo<yl) ].(cJ'+ dN~) I 
q r= a2 yl 

flo i' Jo<f33). [ Jl(y2) 

y2 

f3 3 = ~ [ k/{3 + { (j + t)]. 

llO,LI;CTaBnHH 1101 B 191, HaH,LI;eM: 

12 

a' f ·= (aJ + bN ) I · S , 
nm l q qr=a2 

l11al 

a' f = 2(cJ' + dN') I • R . nm q q 
r= a 2 

11161 

3)1;ecL 

fl2 
S = _Q_ • ~ 1 J <(3 ) • J 8~ 2 ) 

2 j, t 0 l f3 2 

Jl(~-!3) .[Jo<Yl) + Jo<Y2)J I, 
f"J3 

fl ~ J l (p l) J l ( y 2) 
R = -:-· .~ IJ0 ({3 1) · -~- • Jo <{:l3) · [---

21 1• 1 P1 Y2 Yl 

3HaqeHHH apryMeHTOB $yHKI..lHH JieccenH (y, {-)) llpHBe,LI;eHbl 

B 131 H 141. 
11:3 1111 HaH,LI;eM: 

<J, + .Q. w ) I 
2

c q c qr=a 2 f 
- 2 s a =-.-

(J + .-..2. N ) I f R . I 12/ 
q a q l 

r= a 

H3 ycnoBHH HenpepbiBHOCTH TaHreHuuanLHhiX KoMnoHeHT 
MarHHTHoro nonH npH r~a2nonyquM: 

r,L~;e 

-2k(cJ' +d.!\') l = ~a' f 
4
·R', 

q q r = a 2 n, m n m 
l13al 

- k (a J' + bN' ) I 
q qr=a2 

R' = 

f/2 
_ _!___ f 
e (rr - ¢0 Le; 2 

S' = 1 --
f/2 
f 

f(rr -¢ 0 ) -e;2 

};a' f
5

·S', 
n,m nm 

(rr- ¢o) 

dz f 
-(rr-¢0) 

- i(~ z + 
e nm 

11361 

m cp) sin (q¢)d¢ ' 

(rr -¢o) 

dz f 
-(rr-¢o) 

- i(~nm z + m cp) COS (qcp)dcp' e 
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llO,D.CTaBHB B l13al 3Ha'leHHJI a' H3 11161, a B 11361-
, I I nm 3Ha'leHHJI anm H3 11a , IIOJIY'IHM: 

d -k (J + -N ) 
q c q 

(J' + Q_N' J 
q c q 

- k(J' + ! N' ) 
q a q 

(j + b N ) 
q a 'I 

f4 
~-·R'·R, 

n,m f 
r= a 2 2 

f5 
L -·S' · S. 

r= a 2 f) 

11:3 1141 HaH,D.eM: 

a 

b 

d 

c 

r,D.e zn,rn 

kJ'+J ~ z 
-'~--~~~ 

kJ' + t\ L Z 
q q n 'm n, m 

kJ + J' L f 
q q n, m 

ki\ + N' ~ f 
q q n,m n, m 

r = a 2 

r = a 2 

fc 
=-·-'s'.s; 

fl 
<~ n,m = ~~·H'· H. 

f., 

l14al 

11461 

l15al 

11561 

11crroJIL3YJI rrpe,D.cTaaneHHe 111 Ha rpaHuue pa3,D.ena r ~ a 1 
aHaJIOrH'IHO Bb1WeH3JIO)KeHHOMy, HaH,D.eM: 

a ¢ 
1 

= (aJ + bN ) I · S , 
nm q 'lr=al 

a ¢
2

+ b ¢
2

= 2<cJ'+ dW) I ·H. 
nm nm q q 

r = a 1 

OTCJO,D.a: - (cJ' + dN~_) __ 

1 

• R. 
¢2 2-3 ~---

b = -~m = ¢?. -- + r=al nm ¢
2 

14 

l16al 

11661 

1171 

' I 

~ 

113 YCJIOBHJI HerrpepbiBHOCTH fl¢IIPH r= a1 HMeeM: 

-
-k(aJ' + bN') I = ~[a ¢

5
+ b ¢

5
] • S'. 

q q n m nm nm 
r = a1 ' 

fiO,D.CTaBJIJIJI B IIpaByiO 'laCTb 3Ha'leHHJI anm H3 l16al H 
bnmlf3 1171, Haii,D.eM: 

k(J' + £ N ') 
a -----1 

(J + E._N ) r = a l 
a 

(J, + j_ N,) 
1181 

~ [ ~5 
n,m ¢

1 

¢ 2 . ¢ 5 c q c q ¢5 R 
-=-----::-- + 2- I . --=-.- j s ·S,. 
¢ . ¢ a (J + _2._ N ) r = a 1 ¢ S 

I 2 q a q 2 

(' 

llO,D.CTaBJIJIJI B rrpaay10 'laCTb 1181 BMeCTO a , 
BLipa)l(eHHJI H3 I 121, I 151, nony'IHM: 

r,D.e 

Qnm 

3,D.ecL 

k(J' + !_N,) 
q a 'I 

(J + ! N ) r =a I 
q a '1 

</h, 
f---::-

¢, 

f2 

¢ 2' <b s 
-

(.'),·d)2 

~ Qnm' n,m 

<!):, 
1 fl • -=- ]. S· S '. 

<.'> 2 

fl =--
fk¢1 + cii.3 n~m fnm] 

fk ¢2 + <llo ~ znm] f) 
n, m 

h d 
a ' (' HX 

1191 

3Ha'leHHJI $yHKUHH Ql ,D.aHLI B flpUAOJKeHUU 2, $opMyJibl 151. 
113 1191 HaH.LJ.eM: 

b kJ' + J I Q 
- = - --~----'~-~~-~'2_1_-
a kl\ • + N ~ Q r ~ a 1 q q n, m nm 

CpaBHHBaJI l15al H 1201, nony'IHM: 

1201 
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06 • .f; 

/ N«<4 

tOO ~ JOO 400 

Puc. 4. AucnepcuoHHble KpU8bl~ 
80/lH0800a - b. (a c.c Const) , I -- ...l 

b b a 
Ill--- = 1,4; IV- - = 1,15. 

a a 

OAJI pa3HbiX paouycoe 
2,0; II - _h = 1,7; 

a 

ft 
QIJ 

05 

o• 

a 

/, "'"" 
0 7..5 !00 lli5 /5D 

Puc. 5. AucnepcuoHHble KpU8ble OAJI pa3AU'lHbiX 3HatJeHuil 
nepuooa cucmeMbl: I - D = 12 cM; II- D =8 eM; III-D = 6 eM. 

16 

kJ, (y 1 ) + J (y 1) ~ Q 
q q ~m 

k J ' (y 
2 

) + J (y 2 ) I Z 
q q n,m nm 

/21/ 
kN'(y

1
) + N <y 1 )~Q kN'(y

2
) + N (y2) ~ Z 

q q n, m nm q q n,m nm 

3.n.ech y 1 = ka 1 , y 2= ka 2 • 

CooTHOllleHHe /21/ H HBnHeTCH .IJ.HcnepcHOHHLIM ypaa

HeHHeM, cnpaae.n.nHBLIM npH ycnoBHH £<<{3A .P~c'ieTLI no

Ka3anH XOpOlllYIO CXO)J.HMOCTh PH.IJ.OB, BXO)J.JIIUHX B /21/. 
l1H.IJ.eKChl n, m H3MeHHnHCh OT -N )J.O + N. llpH nepexo.n.e OT 

N = 2 K N = 4 'iHCneHHoe JHa'ieHHe l}la3oaoil cKopocTH (3 H3-

MeHHnocL B cpe.n.HeM Ha 20/o, npH nepexo.n.e OT N=4 KNo-7 

'iHCneHHOe 3Ha'ieHHe_f3 He MeHHnOCh B 'ieTBepTOM 3HaKe 

nocne JaiiHTOH. TI03TOMY B .n.anLHeHlllHX pac'ieTaX HCIIOnh-

30BanoCh N = 4. PeJynLTaTLI pac'ieTa .n.HcnepcHOHHOH xapaK

TepHCTHKH npH reOMeTpH'ieCKHX napaMeTpax, yKa3aH

HhiX a § 1, npe.n.cTaaneHLI Ha puc. 3 - KPHBaH III. BpeMH 

C'ieTa O)J.HOH TO'IKH Ha rpai}JHKe- 30 C. 

3aBHCHMOCTh JaMe)J,neHHJI BOnHhl OT reoMeTpH'ieCKHX 

rrapaMeTpOB CHCTeMLI, nony'ieHHaH Ha OCHOBe /21/, npe.n.

CTaBneHa Ha puc. 4-6. KpHBLie puc. 4 noKa3LIBaiOT H3MeHe

HHe )J.HCnepCHOHHOH xapaKTepHCTHKH C H3MeHeHHeM pa)J.Hyca 

KO)I(yXa (b), npH paC'ieTe pa.IJ.HYC CIIHpanH 6Lin IIOCTOJIHHhiM 

I a = a 1 = 5 cM/. Ha puc. 5 npe.n.cTaaneHLI .IJ.HcnepcHOHHLie 

KpHBhle npH pa3HhiX nepHO)J.aX CHCTeMhl, Ha pUC. 6 - npH 

pa3HOH TOniUHHe BHTKOB CIIHpanH. 

§3. OnucaHue cxeMbl U3MepeHuil 

,ll,nH npoaepKH TeopHH 6Lino npoae.n.eHo cpaaHeHHe pac

'ieTHOH )J.HCnepCHOHHOH xapaKTepHCTHKH C )J.aHHhiMH H3-

MepeHHH. l13MepeHHJI npOBO)J.HnHCh pe30HaHCHhiM MeTO)J.OM 

B pe)I(HMe CTOJI'ieH BOnllhl. B Ka'ieCTBe pe30HaHCHOrO MaKe

Ta HCIIOnh30BancH BOnHOBO)J. C MO)l.HI}JHIJ,HpOBaHHOH CIIHpanLIO, 

JaKOpO'ieHHhiH C .IJ.BYX CTOpOH MeTannH'ieCKHMH )J.HCKaMH. 

C O)J.HOH CTOpOHhl )J.HCK MOr nepeMeiUaThCJI. Mo.D.HI}JHIJ,HpOBaH

HaH CIIHpanh 6Lina BhiiiOnHeHa H3 Me)J.HOH nonHpOBaHHOH 

Tpy6LI MeTO.IJ.OM l}lpeJepoaaHHH. B cpe.n.Heil qacTH cnHpanL 

no.n..n.ep)I(HBanacL onopaMH H3 .D.H3neKTpHKa. 

17 



ft 
011 

05 

04 

03 

02 

.f. ltrnj 

50 l:J /DO 12$ !SO 

Puc. 6. ,aucnepcuoHHbJe KpU6ble KaK giyHK~JUU moiiiJIUHbl 
6U111K06 cnupa11u: I - 1\a ~ 1,5 eM; II - '\a 0, 5 eM; 
III -!\a = 0,25 CM. 

l13MepeHHH ,IJ,nHH BOnH B pe30HaHCHOM MaKeTe npoBo
,IJ,HnHCb MeTO,II,OM B03Myll.leHHH C llOMOll.lbiO MeTannH'!eCKHX 
Hrn, npOTHrHBaeMbiX B,IJ,Onb OCH CHCTeMbl, ,IJ,nH '!ero B ,II,HCKaX 
6binH C,IJ,enaHbl OTBepCTHH . .LJ.nH HCCne,IJ,OBaHHH noneH C no
MOll.lbiO 30H,IJ,a B,IJ,Onb BOnHOBO,IJ,a no o6pa3YIQll.leH KO)f(yXa 
HMenHCb OTBepCTHH C HHTepBanoM 2 CM. 

CBH3b uccne,IJ,yeMOH CHCTeMbi c reuepaTopoM ocymecT
BnHnach lliThlpeM C TOpUeBOH CTeHKH pe3oHaTopa. Heno,IJ,
BH)f(HbiH H3MepHTenbHbiH 30H,II, ycTaHaBnHBancH C npoTHBO
nono)f(Horo Topua. CxeMa HJMepeHHH npe.IJ.CTaBneua ua 

puc. 2. 
B KaqecTBe c.B.'!. reuepaTopa ucnonb3oBanHch npH-

60pbl jr3-19, r3-20/ c ,IJ,Hana30HOM '!aCTOT /30-800/ MF~J. 
ATTeHIOaTOp 2 HCUOnb30BanCH C uenbiO pa3BH3KH H pe
rynHpOBKH MOll.IHOCTH. Pacnpe,IJ,eneHHe pa,IJ,HanbHOH KOMno
HeHThl 3neKTpuqecKoro nonH KOHTponupoaanocb HH.IJ.HKaTo
poM 4 qepe3 ,IJ,eTeKTOp 3. B KaqecTBe HH.IJ.HKaTopa He-

18 

I· 
nonh30Ba:nc11 ycunuTenb 28l1M. qacToTa reuepaTopa KOHT-
ponupoaanacb qacToToMeTpoM 6 /npu6op q3-301. 

l13MeH1111 qacTOTY C.B,q, reuepaTopa, MO)f(HO B CHCTeMe 
B036Y.IJ.HTb p11,D. pe30HaHCOB, OTBeqaiOll.IHX ycnOBHIO, KOr,IJ,a 
no .IJ.nHHe CHCTeMLI yKna.IJ.LIBaeTc11 uenoe qucno nonyaonu 
3aMe,IJ,neHHOH BOnHbl. 

,\ 
L =m-z 

0 2 ' 

r,IJ,e ,\z - ,IJ,nHHa 3aMe,IJ,neHHOH BOnHhl, m - HOMep o6epTOHa. 
P acnpe,IJ,eneuue aKcuanbuoii cocTaBn.HIDll.leii 3neKTPH

qecKoro non.H - Ez uccne,IJ,oaanocb nyTeM BBe,D.eHH.H MeTan
nuqecKHX urn, OpHeHTHpOBaHHhlX B,II,OJlb Z • no qucny MaK
CHMYMOB non.H MO)f(HO CY.IJ.HTb 0 HOMepe o6epTOHa, COOT
BeTCTBYIDll.leM pe 30HaHCHOH qaCTOTe. no paCCTO.HHHIO Me)f(,IJ,y 
MHHHManbHhlM HnH MaKCHManbHhlM 3HaqeHHeM Hanp.H)f(eH
HOCTH non.H MO)f(HO onpe,IJ,enHTb ,IJ,nHHY 3aMe,IJ,neHHOH nony
BOnHhl. l13MepeHH.H npOBO,IJ,HnHCb no OCH CHCTeMhl . 

.LJ.ucnepcuouua.H xapaKTepHCTHKa h = fi ((JJ) cTpounacb no 
TOqKaM, COOTBeTCTBYIOll.IHM pe30HaHCHbiM qaCTOTaM ,IJ,n.H 
pa3nHqHbiX o6epTOHOB (f-J = ,\zf ,\ ) • liwno JaMeqeuo, qTo 

c yaenuqeuHeM HoMepa o6epToHa yMeHbrnaeTc.H BnH.HHHe 
HCKa)f(eHH.H non.H y JaKopaquaaromux nnocKocTeii. C uenhiD 
yaenu'!eHH.H qucna To'!eK .IJ.n.H KPHBoii /1 = fi ((J)) H3MepeHH.H 
npoBO.IJ.HnHcb npu pa3HhlX .IJ.nHHax cucTeMbi I s 1 = 1 ,06 eM; 
S2 = 0,8 CM; S3 = 0,56 M/. reoMeTpHqeCKHe napaMeTpbi 
BOnHOBO,D.a b = 12 CM; a2 = 5,5 CM; 8] = 5 CM, D = 8 CM; 

(L- f) = 2 CM, !\ = 2 CM • .LJ.ucnepCHOHHa.H xapaKTepHCTHKa 
BOnBHOBO,IJ,a C MO.IJ.HcilHUHpOBaHHOH cnupanbiO, nonyqeHHa11 
B peJynhTaTe H3Mepeuuii, npe,IJ,cTaaneua ua puc. 3- Kpu
Ba.H II I. 

3a K/110'1€HUe 

Mbi uccne,IJ,oaanu ,IJ,Hcnepcuouuwe caoiicTBa aonuoBO.IJ.a 
C MO.IJ.HcilHUHpOBaHHOH cnupanbiO B o6naCTH qacTOT f = 

50-200 MF~ npu anepType cnupanu, .IJ.OCTaToquoii ,IJ,n.H 
nponycKaHH.H 3neKTpouuoro KOnbua I a = 5 cM/. Cpaaueuue 
TeopeTuqecKHX H 3KcnepuMeHTaJJbHhlX Juaqeuuii I puc. 3/ 
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IIOKa3aJIO, 'ITO HaHJIY'IIUee IlpH6JIH:>KeHHe K ,IJ;aHHbiM 3KCIIepu

MeHTa ,IJ;aeT pac'leT C y'leTOM YCJIOBHH Ha pe6pe JIO OIIpe

,IJ;eJIHTemo 243 rropH,IJ;Ka jK = 4/, O,IJ;HaKo OH rpe6yeT 3Ha'IH

TeJibHOrO MaiUHHHOrO BpeMeHH. fiOCKOJibKY OTJIH'IHe pe3yJib

Ta TOB C'leTa IIpH r\ = 2 H r\ = 4 MeHee O,D;HOTO rrpoi.J,eHTa, 

TO Mbl C'IHTaeM, 'ITO B pH,IJ;e CJiyqaeB MO:>KHO orpaHH'IHTbCH 

Bbi'IHCJieHHeM orrpe,IJ;eJIHTenx 74 rropH,D;Ka /'0:. = 2/. BpeMH 

C'leTa H IIOHCKOB O,II;HOH TO'IKH, r,IJ;e orrpe,D;eJIHTeJib paBeH 

Hymo, cocTaBJIHeT .D:JIH K = 2 - 97 c. ,IJ;nx rrpe,IJ;BapuTeJibHbiX 

pac'leToB Y.D:06Ho rroJib30BaThCH rrpu6nu:>KeHHbiM ,IJ;HcrrepcuoH

HbiM ypaBHeHHeM /21/. 0TJIH'IHe pacqeTHbiX H 3KCIIepu

MeHTaJibHhlX 3Ha'leHHH ~a30BOH CKOpOCTH B 3TOM CJiyqae 

COCTaBJIHeT, B cpe,IJ;HeM 3o/o. 

XapaKTep H3MeHeHHH ,IJ;HcrrepcuoHHhiX xapaKrepHCTHK 

B 3aBHCHMOCTH OT reoMeTpH'IeCKHX rrapaMeTpOB CHCTeMhl 

IIOKa3aH Ha puc. 4- 6. KaK BH,IJ;HO H3 rpa~HKOB, IlpH O,IJ;HOH 

u roil :>Ke qacrore ~a3oBax cKopocrh pacrer rrpu yBenuqe

HHH pa,IJ;uyca Ko:>Kyxa, pocre rrepuo,IJ;a cucreMbi, rrpu yMeHb

IUeHHH TOJIII.J,HHbl BHTKOB CIIHpaJIH. TeH,IJ;eHI.J,HH XO,IJ;a KpHBbiX 

IIO,II;TBep:>K,IJ;aeTCH HeKOTOpbiMH 3KCIIepHMeHTaJibHbiMH ,IJ;aH

HbiMH /IO/, Ha OCHOBe JIOJiy'leHHbiX pe3yJihTaTOB 6biJIH Bbi-

6paHbl rrapaMeTphl BOJIHOBO,IJ;a C MO,IJ;H~Hl.I,HpOBaHHOH CJIH

paJibiO ,IJ;JIH HCJIOJib30BaHHH B Ka'leCTBe YCKOpHIOll.l,eH CHCTe

Mbl B ,IJ;Haiia30He ~a30BbiX CKOpOCTeH {3 = 0,35-0,55, 
l1CIIOJib3YH H3JIO:>KeHHYIO B 3TOH CTaTbe MeTO,II;HKy, MO:>K

HO HCCJie,IJ;OBa Tb ,II;HCIIepCHOHHbie CBOHCTBa MO,IJ;H~Hl.I,HpOBaH

HOB crrupanu B JII06oii o6nacTH rrapaMeTpoB. 

B 3aKJIIO'IeHue aBTOpbi 6naro,D;apxr B.ll.CapaHI.J,eBa 3a 

IIO,IJ;,D;ep:>KKY, TOBapHII.J,eH IIO pa6oTe - 3a PH.D: o6cy:>K,IJ;eH.HH. 

liPUAOJtCeHUe J 

KoMnoHeHmbl 3AeKmpoMaZHUmHozo noAJl 

I o6nacTb 

E = - k }; anm ¢ 1 
z n,m 

E¢ 

Er 

-k}; (anm¢2+ bnm¢2), 
n,m _ 

-k2(a ¢'
3

+b ¢), 
n,m nm nm 
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H = z 

I-1¢ = 

l-1 
r 

}; (11nm¢4 + bnm ¢4)' 
n,m _ = 

2 (anm¢ 5 + bnm ¢5 ) ' 
n,m _ = 

n7'm (anm¢6 + bnm ¢6) • 

i(w T- kmn z-m ¢) 
3,IJ;eCb OIIyii.J,eH MHO:>KHTeJib 

2rr( 

e , r,IJ;e: 

k nm = k 0 + D n + m ) ; 

cl>yHKI.J,HH cp paBHbl: 

¢1=lm(x1), 
k 

¢ _ nm (I' m I ) 2---- m-- m• 
Knm X1 

k 
¢ =~(I'- _!!!_I ), 

3 K m X m 
nm 1 

¢4 = -knm Im' 

2 mk nm 

k 
k o= f3 ' k = ~ 

c 

¢2 = 21~' 

- m 
¢3 = 2 

K nmf 

= 
¢4 = 2Knm Im • 

lm' 

¢5 = 
k2 , 

----1m+ ---lnt, 
K K r 

¢5 
mknm I 

2 --- m• 
K r 

nm nm nm 

r1.. _ mk
2 

'~-'6-- ---1 k~m I', ¢ 2k I' 
Kn m f m 

3,IJ;ecb 

I =l <x
1
), r,IJ;e 

m m 

K2 =k2 -k2 
nm nm ' 

II o6nacTh 

00 00 

m 
K nm 

K r' X 1 = nm 

dim 
1'=--. 

m dx1 

Ez=-k 2 2 fz(r)cos(qcp)cos(gp 8 Z), 
p=O s=l 

00 00 

Er~..= -k 2 2 f¢(r)sin(qcp)sin(gps z}, 
'f' p=O s=1 

00 00 

E =-k2 2 fr(r)cos(qcp}sin(gpsz), 
r p =0 s =1 

00 00 

l-1 = 2 2 hz(r}sin(qcp)sin(gpsz), 
z p=O s=l 

nm m 
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00 00 

H¢= p~O s~I h¢(r)cos(q¢)cos(gp
8
z), 

00 

Hr = P~ s~I hr(r)sin(q¢)cos(gp 8 z). 

3)J,eCb BBe)J,eHbl 0603Hal.feHH}I: 

e z(r) = z 1 ' 

p ¢(r) qgps Zl+ gpsZ2+2Z3, 

X 2 r X ps ps 

e r (r) 
qgps gps 2q 

- ---ZI + --Z2- ---Z3, 

X~s r Xps Xpsr 

h z (r) = g ps Z 1 + 2x ps Z 3 , 

2 
qg ps 

h A.(r) =- ----Z + 
'+' 2 I 

k2 
---Z2 - 2q:i..:"_ z 3 ' 

X r X ps 

qk2 
h (r) = ---Z 

r 2 I X r ps 

ps XP" 
g2 
~ OS z _ 2 g Z ~' 
-L-- 2 ps ,) 
X P" 

r,IJ,e 

ZI = aps Iq + bpsKq ; Z2= aps I~+ bP"K~ , 

Z=C I-d K, 3 ps q ps q Z4= Cp)~- drs K~, 

I = I (x 2), 
q q x2=XP"r, x2-g2 k2 ps - ps - ' 

2 7T 7T 
g s = - (p + s). q = ----(2s-D, p=0,1 ,2, ... , s= 1,2 , ... , 

P· f 2(rr- ¢o) 
i { ~ J{ 

onymeu ae 3JJ.e MHO)f{HTeJib (' 
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III o6nacTb 

Ez= -k! a~m fi 
n,m 

EA.= - k ! a' f 2 , 
'+' n,m nm 

E 
r 

~ , f 
- k .;;.. anm 3' 

n,m 

H = ! a~m f 4 · 2 n,m 

H¢= n !m a~m f 5 , 
' 

Hr = ! a~mf 6 • 
n,m 

cl>yHKI.(HH f paBHhl: 

fi = I + G K , m nm m 

f = knm ( ~-1 +fnmim+l _ G 
2 1 o n m Knm - r_nm 

knm Im-I-fnm Im +I 
f = --[ -G 

3 nm 
Knm 1- f nm 

K m-I + h nm K m + I 

1- hnm 

K m- I- h nm K m + I 

1 - hnm 

+ G nm K ~~~J, 
m 1 - h nm 

1 + enm 
[I ---~---

m 1- fnm 
f = k 

4 nm 

f = s 

-

f = 
6 

-K 

2 
[I'+ G K '] + ~~ l I m - I - p nm I m + 

m nm m nm 
1 - f nm Knm 

K m -I - h nm K I G m + I, nrn 
1 - h nrn 

mlm Dl 
K l--+G K nm K r nm K r m 

nm nrn 

l, 

j' 

k2 
nm r lm- I + f nm I m + I ---------- G ~m -1 +~rn K~~~ I 

nrn 
K nm 1 - f nm 1 - h nrn 

3JJ.ecb 

Hhl: 

I 
Ill I (x 1>, x 1 = K r.lloCTO}IHHbieG ,h ,f paa-

m nm nm nm nm 

lm(x) 
f 

fl!JI I < , 
"' + 1 x) 

h tllll 

I m- 1 < x) K"' -I( x) 

K 
1
< x)' 

rn+ 

c nrn K (x) 
Ill 

r,IJ,e x = K nm h. 
Be3JJ.e onymeH MHO)f{HTeJib 

i ((•)' - k z - Ill (~) e nn1 

flpUAOJICeHUe 2 

3Ha'-leHH}I cPYHKI.(HH W, BXO)J,}Ill(HX B onpe,!J,eJIHTeJib 
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r.jJ 1 = p o (P 1 <ll o + <Ill) ' 

gps qgps 
r.fi 2 = Po[-- (pl <1!2 + <ll 3) - --2-- <Pl <ll o"~- <Ill)+ 2(P2 <1!2 +~<1!:)1. 

Xps Xps a1 

r.fi 3 = Po[g ps (pl <flo+ <Ill) + 2 x ps(P2<1lo + P3 <Ill)], 

k2 
r.jJ = p [ --(P <ll + <ll ) 

4 o X 1 2 3 
ps 

2 
qg p s ( p <ll + <Ill ) -- -- 1 0 
2 a 1 X ps 

2qg ps 
(p 2 <1!2 + p 3 <1!3)] • 

3.IJ;ech 

2 a 
1 X ps 

p o = -X p s a2 • f 1. D • 

)(ps f5 qgps f4 C' 
pl = - -z-(- + _2 ___ . -- . -)' 

k f 1 Xpsa 2 f 1 D 

f 2 c 
P2=-Zf~· D 

gps qgps 
--<P + -----) 

1 ' 
2Xps Xpsa2 

p - 1 f4 C' 
3- --(-·---g ). 

2x f D ps 
ps 1 

/1/ 

/2/ 

3aMeTHM, '-ITO <l>YHKI.J,HH Eeccem1, BXO.IJ;HII.I,He B f, 3.IJ;ech 

6epyTCH npH r c a 2 . 
qepe3 <lJ o603Hal.JeHhl cne,IJ;yiOII.I,He KOM6HHai.J,HH $yHKI.I,HH 

EeccenH: 
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<ll o = Iq (y 1 )Kq (y 2) - K q (y l )lq (y2) ' 

<Ill = I q (yl >K~ (y2)- Kq (yl )l~ (y2) , 

<ll 2 = I~ (y l )K q ( Y2)- K ~ (y l) I q (y2) , 

<ll = I' (y 
1
)K'(y )- K' (y1)1' (y.2 ). 3 q q q q 

/3/ 

3.IJ;eCL Y}=Xpsal, y2 = Xpsa2. 
,nanee: 

- - = 
r.jJ = ¢ ·D, 

l 1 r./Jl = 0, 

r./J2 = ¢-2. C, r./J2 = ¢ z· ·c · 
- - = = /4/ 

r./J3 = ¢4. C', r./J3 = ¢4. :C'' 

~4 = ¢5. D', 
= = 
r./J4=¢5·D'. 

3aMeTHM, '-ITO <l>YHKI.J,HH Eeccen~. BXO.IJ;HII.I,He B ¢,r.jJ 6epyT
CH npH r= a f·3Hal.JeHHH $yHKI.I,HH <I>; 

- - - - -
<I>o = Jq(yl)Nq(y2)-Jq(y2)Nq(yl), 

- - - - -
<Ill= J q(yl)N~ (yz)- N q(Yl )J~ (yz), 

<I> 2 = J~(y~Nq<.Yz>- N q<.Y1>J q<Y2 >, 
/5/ 

- - - -
<ll3 = J~ (yl)N~<yz>- N~(yl>J; (y2) • 

3.IJ;ech .Y1 = ka 1, .Y2= ka2 • 
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