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AHApeee B.B .• ~AHH H.n. 
OnTHKa TpeTbero nopRAKa 
peanbHOH coneHOHAanbHOH MarHHTHOH nHH3bl 

P9-92-53 

PaccMOTpeHbl npo6neMbl AHHaMHKH ny4Ka 3apR*eHHblX 4aCTHU B coneHOHAe 
C peanbHblM pacnpeAeneHHeM MarHHTHoro nonR. B UHnHHAPH4eCKOH reoMeTPHH 
Y4HTblBa~TCR pa3no*eHHR KOMnoHeHT MarHHTHoro nonR Br H Bz AO TpeTbero 
nopRAKa &Kn~4HTenbHO C aKCHanbHblM pacnpeAeneHHeM B(z) He TOnbKO npR­
MoyronbHoro THna, Ho H c nl06b1M peanbHblM pacnpeAeneHHeM, HanpHMep, THna 
11KonoKon": B(z) = Bo/(1 + (z/a)"). nony4eHo HenHHei,Hoe ypaeHeHHe ABH*e­
HHR 4aCTHU C y4eTOM pa36poca HX no HMnynbCaM, B paMKax MaTPH4Horo $op­
ManH3Ma nony4eHbl KO3$$HUHeHTbl xpoMaTH4eCKOH H c$epH4eCKOH a6eppaUHH. 
npeAnaraeMblH MeToA peanH3oeaH e KOAax nporpaMMbl THna TRANSPORT. MoAenH­
poeaHHe, npOBeAeHHoe Ha PRAe coneHOHAanbHblX nHH3, B TOM 4'1Cne H 5 K3B 
3neKTPOHHOH nyWKH nHpca M3pHneHACKOro yHHeepCHTeTa, nOKa3ano nonHoe co­
enaAeHHe C pe3ynbTaTaMH 4HCneHHoro C4eTa pa3HOCTHblM MeTOAOM. HccneAO­
eaHbl $H3H4eCKHe 3(1)$eKTbl $OKYCHPOBKH H pacnpeAeneHHR nnoTHOCTH ToKa 4ac­
THU B ny4Ke. 

Pa6oTa e1,1nonHeHa e na6opaTOPHH ceepxe1,1coKHX 3HeprHH OHRH. 

Coo6meHHe 06i,e11HHCHHoro HHCTHTYTa sucpHblX Hcc.1c.1oeaHHii. lly6Ha 1992 

nepeeoA aeTopoe H C.B.4y6aKoeoH 

Andreev V.V., Yudin I .P. P9-92-53 
Third-Order Beam Optics of Real Solenoid Lens 

The dynamics of charge particle beam in a solenoid with a real dis­
tribution of magnetic field, is under consideration In this paper. In 
cylindrical geometry the power series expansions truncated after r 3 for 
magnetic field component Br and Bz, is taken into account with axial 
field distribution B(z) either rectangular or any other type, for exam­
ple, "bell-type": B(z) = Bo/(1 + (z/a)"). The nonlinear equation of mo­
tion with a respect to a fractional momentum deviation has been obtained. 
Within transfer matrix formalism the chromatic and spherical aberration 
coefficients have been determined. The described method is realized in 
the code of a TRANSPORT-type program. Particle simulation, carried out 
with some solenoid lenses (such as a S-keV Pierce-type electron gun of 
the University in Maryland, USA), has shown full agreement with results 
obtained on a numerical differential method (Runge-Kutta method,. Phy­
sical effects of a beam focusing and a current density distribution 
have been investigated. 

The investigation has been performed at the Particle Physics Labo­
ratory, J INR . 

.::ommunicauon of 1he Joint Ins1i1u1e for Nuclear Research. Oubna 1992 



Om1caH11e nose,aeH11s:i· ny'-IKOB 3aps=t)K8HHblX '-!aCTl1U B 

MarH11Toonn1'-!ec1<11x·cMcTeMax yc1<op11TeneH Ha s=t3b!Ke MaTP11U nepexo,aa 

aocTaTO'-!Ho nonHo pa3Bl1TO .ans=i n11HeHHoro napa1<c11anbHoro np116nm1<eH11s=t, 

11cn6Jib3YIOIUero · "nps=iMoyronbHble'' MO,aen11' 
[1,2] 

MarHl1TOOnTI1'-18CKl1X 

3neMeHTos. H3-3a nnasHoro cna,aaH11s=t nons=i Ha Topuax pean~Hb!X n11H3 11 

MarHl1TOB '-!aCTO .aosonbHO a,ae1<saTHO on11caTb 11X 

"nps=iMoyronbHbIMl1" Mo,aens=tMl-1. Heo6xo.a11M Y'-18T a6eppau110HHblX '-lneHOB B 

[ 3] 
ypasHeH11'1-1 .itBl-1)KeHl1s=!. 06bi'-IHO Ta1<11e Bbl'-111CneH!As=! npo113BO,lls=!TCS'I C 

noMOIUbIO pa3HOcTHblx MeToaos 11 Tpe6yroT 3Ha'-111Tenbiioro speMeH11 c'-!eTa. · 

B aaHHOH pa6oTe Ha np11Mepe coneHOl-1,aanbHOH MarHHTHOH nl1H3bl, noKa3aHa · 

B03MO)KHQCTb, OCTasas=tCb B paMKax MaTPl-1'-IHOro MeTo,aa, HaHTl1 peweHl-le 

Hen1-1HeHHD):'O ypasHeHl'ls=t .as11)KeH1-1s=t ny'-!Ka, s none coneH011.aa ,ao TpeTbero. 

nops=i,aKa BKnI0'-111TenbHO. 

1. Hem1Hei::tHoe YP8BHeHHe llBH>KeHl-151 

Bb16epeM ui-ln11H.aP11'-!eci<y10 c11cTeMy KOOP,llHHaT . ·c OCblO z. 
HanpasneHHOH B,llOnb" . OCl1 coneHOH,aa. 3amiweM c11ny 

,aeHCTBYIOIUYIO Ha '-!aCTI1UY C 3aps=i,aoM q 11 MaCCOH nciKOs=! m, 
[ 3] 

' ' ' .-
Haxo.as=imyIOCs=t 

,BO BHeWHeM oceCHMMeTPH'-IHOM none 
, d • • . • at rmr) -rmr &-qr &B z =O 

d ... ,·'i'• r• . 

atrmr &:qJB/ dr)=O , 
. .,. 0 . 

C1. 1b) 

d • • 
atr.mz) +qr&Br =O .. Ci. 1c) 

' ~,t(,,•,:,L"_ r.->. 

::·.~,··' 



,, 

r-;' . 
rae r=1/il-(i- ,(i=v/c,v-cKOPOCTb YaCTHUbl, c-CKOPOCTb cseTa, B H r 

B -
z 

KOMnoHeHTbl MarHHTHOro nonH. 3¢¢,eKTOM npocTpaHCTBeHHOro 3apHaa 

- 3aecb npeHe6peraeM. 

OcesaH CHMMeTPHH nonH 

91Cr-, z) =pC-r-, z) (1. 2) 

'n03BOnHeT caenaTb BbJBOa O TOM, YTO UeHTpanbHaH YaCTHUa nyYKa, 

He asHlKymaHCH no OCH nHH3bl, Ha npOTHlKeHHH scero csoero aBHlKeHHH 

noKHHeT . OCH. J1erKO nonyYHTb pa3nolKeHJ,1e c1<anHPHOrO MarHHTHoro 

noTeHUHana no cTeneHHM r-
co 

L 
(r-/2)2n 

pCr- ,z)= 1' Cz) ·---
zn Cn!) 2 

(1. 3). 

n=O 

yaosneTBOPHIOmee ycnoBHIO CHMMeTPHH C 1. 2) . 8 aaHH011 reoMeTpl1H HanaeM 

pa3nolKeHHH KOMnoHeHT nons=i ao TPe_Tbero nopHaKa Bl<nlOYHTenbHO: 

. 2 Ci. 4a) •· 

{ 

B Cr-,z)~ 8Cz)-C1/4)·B"Cz)·r-

. B\r-, z)~ -Cl/2) · B' Cz) · r-+Cl/16) · B"' Cz) -r-
3 Ci. 4b) 

r 

rae BCz)- aKcHanbHoe MarHHTHoe none. 

coneHoHaa npeacTaans:110T s sHae "KonoKona": 
B 

BCz) 
0 

1+C2z/d)
2 

rae B =BCO)- nones ueHTPe nl1H3bl. 
0 

~aCTO a1<CHanbHOe 

(1. 5) 

none 

noacTaanHH Bb1PalKeH11e C1.4a) s ycnoaHe. coxpaHeHHH yrnosoro 

MOMeHTa (1.1b) c HaYanbHblM ycnoaHeM &=O, nonyYl1M yrnoay!O 

yacTHUbl nyY1<a a a11ae 
• 2 

·&= w · t1-CB"/88)r- ] 
l 

~aecb w
1 
- napMoposa YacTOTa. 

noacTasns:is:i (1.6) a (1.1a) H HCKn10YaH 

3aBHCl1MOCTb OT speM~Hl1, .nonyYHM HenHHeHHOe 

Tpae1<TOPl111 

(1. 6) 

113 C 1. 1a) 

ypasHeHHe 

CKOPOC_Tb 

11 C1.1c) 

pa'aHanbHOl1 

· 2 · B" "2 2 . ' 2 2 B' · ' 
r-"=-k r-·[1 - --r- + r-' + k r- - --r-r-' l (1. 7) 

28 B 
2 

I 

i 

i 
h , 

t 
l 
1 

"1 

i 

l' 

!' 

qBCz) qBCz) 
rae k 2rmc(i - 2p ¢0KYCHJJY10maH CHna nHH3bl, p HMnynbC 

;YaCTHUbl. YpasHeH~e (1.7) He 3aBHCHT OT 3HaKa 3aPHaa ¢~1<YCHpyeMOl1 

YaCTHUbl. 

YYTeM ecTecTseHHoe OTKnoHeHHe HMnynbca YaCTHUbl OT·: HeKoTOpo11 

BenHYHHbl p: 
0 

p=p(1+6) 
0 

(1. 8) 

noacTaBnHH C 1. 8) s C 1. 7) nonyyaeM Ol<OHYaTenbHOe ypasHeHHe, 

onpeaenH10mee peanbHYIO TPaeKTOPHIO YaCTHUbl: 

2 . B" 2 2 2 2 B' 2 
r-"=-k r-·[1-26- ·--r- + r-' + k r- - --r-r-' +36] 

o , 2a . o a. (1. 9) 

qBCz) _ , _ 
rae k 

0 
~- H~·c1.9) cneayeT, YTO a6eppaUHH BTOPOro nopHaKa_ 

0 

'. coneHOH,aanbHOl1; MarHHTHOl1 JlHH3bl-XPOMaTHYeCKaH ( T. e. 3aB]1CHmaH OT, 

6). 

/ 'g cnyyae, e·cnH anH nl06blx 3HaYeH1111 z 

n11Hel1HOMY 

Benl1Yl1Hbl r- , r- ' 11 6 

OCTalOTCH ManbJMl1, np11xoa11M K ypaaHeHl1!0 aa11lKeHl1S'I 

napaKc11anbHOl1 YaCTl1Ubl 

r-"= - k
2
Cz)r 

0 
C 1. 10) 

2. MtHeAHa51 onrnKa peaJlbHOro COJ1eH01-1lla 

~nH pemeHHH n11HeHHDrO ypaaHeHl1H .aa11lKeHl1H (1.10) a' KaYeCTBe-

He3aB11Cl1MbJX nepeMeHHblX Bbl6epeM r-, r-, ·.-l 11 6. 3aecb l pa3H11Ua B 

an11He nYTH MelKay 11POl13B0nbHOH 11 Hel<OTOPOH ', Bbl6PaHHOH 'TI)ael<TOPl1HMl1. 

8 c11ny Cl1MMeTPl111 C 1·.' 2) ·, 8 1<aYeCTBe Bb16PaHHOH OTHOCl1TenbHOH 

1 TPae1<TOp1111 Bbl6epe_M ueHTPanbtjYIO, TOraa, no onpeaeneH1110 

l= jc I 1 +Cr-' ) 2 +r- 2 
: C &' ) 

2 
·~ 1) dz (2.1) 

0 

Pa306beM 06JlaCTb ae11CTBl1H nOJlH coneH011aa [-D/2;0/2] ·Ha 

3' 
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l, 

,., 
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i 

'.l 

I 
aocTaTOYHO 6onbmoe Y11cno 0'.T'J::1~3KOB_ . 11 np_eaCTaBl1M 06l!lee . ae11CTBl1e 

. ni1H3bl KaK ae11cTB11e cno:.1, COCTasne.HHOr'O 113 MHOr'l1X TOHKl1i,; nHH3 

pa3H011 Cl-lnbl.. nycTb: o6mee Kon11YeCTBO yKa3aHHbl>! coneH011aos N C 

TOnl!ll-!HaMH Ll.=D/N 11 c1-1naM11 

' qB 
0 1 

k ..., n 2 
.•c.rmc,, l+C2z./d) 

• t .:r:~ 

i =1. N. 

Pema:.1 n11He11Hoe ypasHeH1-1e C 1. 10) , an:.1 Ka)!(ao11 1-13 . TOHKl1X ( nl1H3 

(1 2) 
onpeaen11M ' MaTP1-1u.y nepexoaa cneayJOl!l11M 06pa3oM; 

l 
cos( k. t,.·) Cl/k. )sinCk t.) 0 0 

[' ] 
t t t t-1 

-k.sinCk Ll.) cosCk Ll.) 0 0 

. '~~' (2. 2) t - t t· t ·, 
l 0 ·: 0 1 0 

6 0 0 0 - 1 
. ! 
t ' MaTp11u.a scero TIPOM8)!(YTKa eCTb TIPOl-13BeaeH11e N MaTPHU. R s11aa (2 .. 2): 

N . 
Rem= n Rt= RN. RN-1 .... R1 (2. 3) 

i. =1 

Pe3ynbTl1PYIOl!laH Ma:pmi.a nrpexoaa np11 N ➔oo, 

· MaTp11u.e R coneH01-1aanbH011 n11H3b1 c c1-1no11 

t.➔O .11 N·Ll.➔D 6n113Ka K 
qB 

"" 0 

' [5] 
k-· r 11 3¢¢9KTl1BH011 

,2ymc 

an1-1Ho11 ; 
00 

l ·B ='f BCz) dz= rr/2·d 
eff o 

-00 

(2. 4) 

Ha p1-1c. 1 no1<a3aHblA>01<ycHb!e paccTOHHl1H MaTp11u.:.-·R 1-1 R. B1-1aHo, YTo an:.1 . . ~ 

aanbH911illl-lX 11ccneaoBaH1111 MO)!(HO orpaHl·!Yl1TbCfl · 'TIPOM9)!(YTKOM ae11CTBHH , 

non:;:i D~ 10d, HaYHHaH c KOTOPOr'O ¢0KYCHble:·,paccT0:.1Hl1H · n11H3 paBHbl. 
, ... -, ~ ~ ,, .. ·:-v. _,. ~ . ·~. 

Ha 

p11c. 2 11306pa)!(eHa 3as11c11MoCJ'b ·.:o-ri-loci-lfe.11bH011. · pa3HOCTH KOHeYHblx 
-~- • ._. • • • > • ... •• = ,. , ·-~ . ~ 

pa3Mepos nyYKOB, nc:inyYeHHblX C nOMOillblO c2 .. 3)'1-i:t2~·4) OT cji,icna N. 
..., " , .. , . _, ,~- . , " ~ . 

811aHo,. YTO yie; _np11 N=50 3Tl1 pa3HOCTl1 6nH3KH K HynJO. 

33Me\.lai-1He. EcnH an1-1Ha npoMe)!(yTKa cnaaa non:;:i MHoro ··MeHbille an11Hbl ' . 

:npoMe)!(yTKa nocTOHHHOr'O non:;:i (He paBHOr'O 0), TO MaTPHU.bl Ri 113 (2.2)"·• 

MO)!(HO pa3nO)!(l-!Tb no napaMeTpy ManOCTl1 k.t. Ct.~) 11 y)!(e 3aTeM 
t 

YMHO)!(aTb, KaK B C 2. 3). VMHO)!(a:;:i MaTpi,iu.y nepexoaa nl-1H3bl B 

5-., 
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"nPHMoyronbHOH" M?,aem1 C2: 4) ·enesa 11,·enpasa Ha nony"!eHHYJO MaTp11uy, 

11MeeM 06111y10, MaTPm.i.y nepexo.aa ~rneMeHTa. 

Ha pric.3 ITOKB.3aHI,I TIOJiyqeHHble C TIOMOIJ1b!O (2.3) TpaeKTOpMH M qia-

30BblH nopTpeT nyqKa MR H8CKOJibKMX z 6e3 yqeTa a6eppaQMOHHblX qneHoB. 

npoe~u1111 nony"leHHblX ¢a30Bhlx paenpe,a~neH1111 · Ha peanbHoe npoeTpaHcTso 

,aaJOT Te1<y11111e npo¢11n11 nnoi-HoeT~f! TOJ<a ny"!Ka. B OTCYTCTBM8 a6eppau1-1n 

see npo¢11n11 noBTOPHJOT , · Ha"lanbHOe ( paBHOMePHOe) pacnpe,aeneHHe, 

113MeHHHeb n11wb no: aMn'n11TY.ae C no Mepe 113MeHeH1-m nnomaai,1 ce"!eHHH 

ny"IJ<a). Ha 3TO Yl<i33bIBaeT 1-l TOT ,t,aKT, "!TO ¢a30Bbll1 nopTpeT COCTOl-lT 

113 OTpe3J<OB npHMblX. 

3. XPOM8TH4eCKa~ a6ePP8UH~ 

4nH TOro, "IT06bl y"leCTb xpoMaTH"!ec1<y10 a6eppau1-1JO, Heo6xo,a11Mo s 

ypasHeHHH ,c 1. 9) oCTaBHTb' "IJJeHbl ,ad smporo nopH,aKa BKnJO"IHTeJJbHo. 4JJH 

1<a:t:.aoro TOH1<oro eoneHoH.aa nony"!aeM ypasHeHHH s11.aa Ck :k); 
, l 

r" ' 2 2 =-k·r + 2k r6 C3. D 

OycTh ;{l BeJ<TOP Ha"!aJJbHblX YCJJOBl-!H. npe,acTaBHM 1-!eKOMblH 

➔ 

Bel<TOP XCz) B s1-1.ae pa3JJO:t:eHHH no Ha"!aJJbHblM napaMeTpaM X~Ci=1, .. ,4) : . ' ,, \. 

. [ 4)' 
,l!JJH npOl-!3BOJJbHOl-l,l<OMnOHeHTbl : 

4 4'4 4 4 4 

L o I I , 0 o I I E O o 0' X_Cz)= R, ,Cz)X ,+ . T, _kCz)X _Xk+, , U, .k Cz)X .X X + .. , 
'l lJ J ' lJ J lJ l J 'k l 

j=1 j=1k=j - j=ik=jl~k , 

(3. 2) 

A6.eppau1-10HHble 1<03¢¢1-!UHeHTbl R. . , T, , 1-1 U. , onpe,aenHJOT 
' lJ lJk lJkl 

nepBblH, 

BTOPOl1 1-l TPeTHH nopH,l!l<H MaTPH~ · nepexo.aa " I-! ·esoneTBa e11eTeMbl B 

uenoM. KpoMe Toro, "WTPl-!XOBaHHble" 1<03¢ct,l-!Ul-!eHTbl nony"laJOTeH 

Jll-l¢¢epeHUI-IPOBpHHeM no z OT "_HeWTPI-IXOBaHHblX": 

8 

npOCTblM 

·{'!' 
! \' 
'1 

i 

• I 

i 

\ 

i-k 
]\' 

) 

i 
! 

{

, R ,Cz)= R' ,Cz). 
2l 1l 

T Cz)= T' Cz) 
2jk 1jk 

U Cz)= U' Cz) 
2jkl 1jkl 

C3. 3a) 

C3. 3b) 

C 3. 3c) 

i-leTPYAHO noJJy"IHTb Al-l¢¢eP8HUl1aJJbHl:Je ypasHeHl-lH 1<03¢1'1-!Ul-!eHTOB 

R'.', + k
2

R, ,;=O , i=1,2, j=1, .. ,4 
l J l) 

(3. 4) 

e Ha"!aJJbHb!Ml-1 YCJJOBl-!,1Ml-! 

{ 

R C0)=1, 
11 

R CO)=R CO)=R ,CO)=O ,R' CO)=O , C3. 5a) 

R C0)=1, 
22 

12 13 14 1J 

R CO) =R CO) =R c'O) =O , R' CO) =O 
21 23 24 2) 

C3. 5b) 

\ 

R : 
i.j 

H3 o6mero s11.aa C2. 1) cne,ayeT, ~1TO s nepsoM, nopR,[IKe He paBeH HYJI!O 

TOJlbKO 3JJeMeHT R =ii. Ta1<
0 

1<a1< Ha seen' TpaeJ<TOPl-!1-1 6 He MeHHeTCH, TO 
33 . 

OT.111-!"leH OT HYJJH TOJ!bl<O O,l!HH 1<03¢cN1Ul-!eHT C i =4 1-13 ( 3. 2): 

CyMMI-IPYH e1<a3aHHOe, onpe,aeJJHM Bl-IA MaTPHUbl R Tai<, Kai< B (2.2). 

0"!8B1-1,l!HO, "!TO ¢YHl<Ul-!H rp11Ha ypasHeHHH (3.1) pasHa 

G(z,,)= (1/k)·sinCkCz-,)) (3. 6) 

R =1. 
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3an11weM nepsble "!eTblPHi3,l!UaTb cnaraeMblX pa3JJO:t:eHl1H C 3. 2) ,l!JJH r C z) 

rCz)= R r +R r'+R l +R 6+T r
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+T r r'+ 

11 o 12 o 13 o 14 111 o 112 o o 

+T rl+T r6+T r'
2
+T r'l+T r'6+ 

113 o o 114 o 122 o 123 o o 124 o 

+T f +T l 6+T 6
2 (3. 7) 

133 o 134 o 144 

noacTaBHM C3. 7) s C3. D. CpaBHl-!BaH l<03¢¢11UHeHTbl np11 O,l!l-!Ha1<0BblX 

cTeneHHx. ner1<0 onpe,aenHM, "!To see a6eppau1-10HHble 

BTOPOr'O nopH,aJ<a HBJJHJOTCH peweHHHMl1 

I< OJJe6aHl111 e ., Bb!Hy:t:,aa101111-1M1-1 e HJJaMH, 

ypasHeHHH 

paBHblMl-1 

a6eppau1-10HHblX 1<0::,¢¢1-1u1-1eHTOB nepsoro nopH,a1<a 

fT Cz)= \ \ F R Cz)R Cz), 
i.jk l l i.mn mj_ nk 

m n . 

(3. 8) 

e Ha"!aJlbHblMl-1 yeJJOBl-!HMI-!, cne,ay101111-1MH 1-13 C 3. 1) 1-1 C 3. 2); 
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npo1-13se.aeH11HM 
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111 112. 113 122 123 133 134 144 
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T Cz)= k·sinCkz).t k
2
z·cosCkz) 

214 
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pa3nO%8HHH r(z) H r'(z) B (3.14) H nocneayIDmHM · HHTerpHPOBaHHeM: 

Hettynesble 3neMeHTH CTPOKH T paBHbl 
3jk 

2 
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T Cz)= k z/2 
311 

T Cz)= z/2 
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C3.15a) 

C3. 15b) 

Ha PHC.4 noKa3aHbl TpaeKTOPHH \.JaCTHU. H ¢a3OBblH nOPTP8T ny 

-anH ttec·Konbi<Hx · 3Ha\.JeHHH z c · .. y"leTOM aeHCTBHH' 
( 

XPOMaTH\.J8CKOH. 

a6eppaLJ.HH (6=0.05). 3aMeTHci H3MeHeHHe ¢a30BOro nopTpeTa H, KaK 

cneCTBHe, npo¢HneH nnoTHOCTH TOKa. Ha"lanbttoe pacnpeaeneHHe 

nnOTHOCTH TOKa cox~aHHnOCb, TaK KaK xpoMaTH\.J8CKaH 

nHHeHHa· nor. 

a6eppau,m:f 

Ha PHC.5 H306paieHa 3aBHCHMOCTb ¢,akycttoro paCCTOHHHH nHH3bl OT 

senH\.JHHbl 6. H3-3a ysenH\.J8HHH ¢0KYCHOrO paccTOHHHH pa3M8Pbl ny\.JKa B 

MeCTe 0%HilaeMoro KPOCCOsepa H3M8HHIDTCH TaK, KaK no'Ka3aHO Ha PHC. 6.· 
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4. A6ePPaUH~ TPeTbero noP~~Ka 

A6eppauHOHHble KO:)<M,HU.H8HTbl TpeT1:-ero nopqaKa u 
ijkl 

nony\.JHM 

noacTaHOBKOH pa3no%eHHH C 3. 2) s ypasHeHHe ( 1. 9) . flPHMeM BO BHHMaHHe 

pe3ynbTaTbl, nony\.JeHHbJe s n.2;3, T: e. HCKnID'1HM H3 pa2no:i<eHHH (3.7) 

\.JneHbl, paBHble HynID H 

Toraa 

ao_6as11M K OCTaBllll-lMCH ' . .usaau.aTb 

rCz)= R r +R r'+T r 6+T r'6+ 
11 o 12 ,o 114 o 124 o 

+U r 3 +U r 2 r'+U r
2
l ~U ,

2
6+ 

1111 o 1211 O o 1311 O o 1411 o 

+U r r' 2 +U r r'l +U r r'6+ 
1122 o o 1123 o O o 1124 o O 

+u r l+u r l 6+u , 6
2
+ 

1133 'o o 1134 o o 1144 ·o 

+U ~• 3 +U r' 2 l +'u ,' 26+ 
1222 o 1223 o o 1224 o 

· 2 . 2 +U t'l +u·· r'l 6+U r'6·+ 
1233 o o 1234 o o 1244 o 

+U t3+u fo+U' .. l62 +U 6
3 

1333 0 1334 C• . 1344 0 1444 
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Bee 1<03¢¢11u11eHT1::J Uijkl, TaJ<iKe •1<a1< 11 Ti.Jk ;· · · s:ismnon::s:i peweHl1HMM 

ypaBH8Hl111 l"'~J?:MOHl1'1ec1<11x 1<one6aH1111 C B036YiK.llaJOI1111Ml1 ~11naM11; 
,# ~ • 

fu Cz)=\ \F R Cz)T Cz)+\ \F T ·cz)R Cz)+ 
i.jkl l l i.mn mj nkl l l i.mn mjk nl 

-m n m n · 
' 

·. + \ \ \E_ . R Cz)R C~)R Cz) · 
l l l Lmpn nJ . mk pl 
m n p .. , 

C4.2) 

11 Ha'!anbHl::JMl1 ycnOBl1s:!Ml1: 

{ 

U . CO) =U' CO) =U CO) =O 
tjkl 1 jkl 2jkl 

U' CO)=fu CO) 
. 2jkl tjkl 

C4. 3a) 

C4.3b) 

llns:i pa3noiKeH11s:i C 4. 1) HeTpy,aHo nony'!11Tb cne,ay10m11e C fle pasHble HynJO) 

J<03¢¢11U11eHT~ CTPOJ<l1 U. 113 ypasHeH1111: 
, iJk~ 

U" +k
2
U~ = k

2
c

811
-k 2)R3 -k 2R R2 +k 2~R2 R 

1111 1111 .... 28'- --.11 .. • -11 -21.,, B. 11 ·21·-. 
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B 11 12 21 B 11 22 
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. . 11 12 _22 .12 21 
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0J<OH'!aTenbHbll1 B11.ll 11CJ<OM!::JX J<03¢¢11U118H1'0B pa3noiKeHl1l1 rCz) 11 r'Cz),_ 

Y'll1Tl::JBas:i C3.3c), Ta1<os: 

1 38" 2 B; . : . B'. ' 
U Cz)=:;c8 28 -4k )kz·cosCkz)+k

88
kz·cosCkz)-k

48
:sinCkz)+ 

1111 · .· 
B" .. •·. B' :•. ·'· 

+ 328cosC k z) · si nC kz) +k_
168

si nC k_z) · si nC 2k z) 

1 38" 2 . . 1 38" 2. 
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1222 2k 3 Bk 2 8 

8" 3 · 8' . · 
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2244 

no.acTasns:is:i pa3noiKeH11s:i .ans::i rCz) 11 r'Cz) .ao sropo!"'o nops:i,a1<a s .C2.D, 

nony'!11M cne,ay10m11e HeHynes1::Je 3neMeHT1::J cTpo1<11 U 
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3114 · 
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· 3U4 · · 
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2
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kz-C1/2)sinC2kz)) 

3224 

C4. 6) 

Llns:i .aanbHe11w11x B1::J'l11cneH1111 sen11'!11H · rC z)· 11 r' C z) MOiKHO BB8CTl1 

cne,ay10I11YIO y,ao6HYIO ¢,OpMyny: 

[:.] .=[R + T · 6 + U ·r
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Pe3YJJ,bTaT. npox□}KJle1-u-m nyYKa Yepe3 peaJJbHYJO. CDJ18HQl,fJlaJlbHYJO 

JJHH3y c yYeTDM a6eppau,1111 BT□poro 11. TPeTbero. _ n9p>1Jl1<DB :· npeacTasneH 

Ha Pl-IC. 7 Co=O. OOD,.. BHeWHl-18 YaCTl-!Ll,bl nyYKa nepec~Ka!OT ·oce_BYJO JlHHl-110 

HaMH□ro paHbme MecTa npeanonaraeMoro ¢01<yca JJHH3bl. . 3To' np1-1soa11'r 1<. ! . . 

cymecTB8HHDMY l-lCKPl-lBJJeHl-110 ¢a3□BblX np>1MblX. ,' PacnpeaeneHl-!>l nJJDTHOCTeH 

TDKa nyYKa JlJl>l z, yKa3aHHblX Ha pv.c.7, np11seaeHbl Ha Pl-lC.8. Y}Ke - K 

z,,;,2CM ,' Jl8l-!}K8Hl-!e' nyYKa_ nepecTaeT' 661Tb JJaMl-!HaPHblM, ¢DPMl-lPYeTC >l 

TPY6YaTa>l CTPYKTypa_ nJJDTHDCTl-1 TDKa: I< -z=4CM 06pa3yeTC>l JlDB?JJ~HD __ _ 

o+-ieTJJl-lB□e rano B01<pyr u,eHTPaJJbHOH nn□TH□H 06nacT11: ,B aanbHe11meM 

noa□6Ha~ CTPYKTypa coxpaH>l8TC>l., OTMeTl-!M 6DJlbWDe. BJ1l15?Hl18 : a6eppau11n 

TP8Tbero n□P>lJlKa. B _ npl-!B8Jl8HHDH _ Jll-lH~e. · , TDr aa Kai<, XPDMaT11Yec1<a;i 

a6eppau1;1;i CYIU8CTB8HHa Jll-!Wb JlD ·_z=4CM. 

np11seaeHHbl8 BblWe Bb1Yl-lCJ18Hl-l>l JlJl>l MDJl8JlbHDH Jll-lH3bl ·, 6b!Jll1 

n□BTDP8Hbl aBTDPaMl-1 JlJl>l Jll-lH3bl, paccMaTPl-!BaeMOH B 
[ 3) -

nonyYeHo· 

n□nHoe cosnaaeH11e c pe3yJ1bTaTaM11 CYeTa pa3HDCTHbl~ M8TOJlDM c6e3 · 
yYeTa :)¢,¢,8KTa npocTpaHCTBeHH□ro 3ap;iaa). ",lleHCTBl-18 3¢,¢,eKTa 

r 

npOCTPaHCTB8HHOr"O 3ap;iJla CB>l3aHO C pa3Mb1BaHJ.-ieM, _U.eHTpaJJbHOH nJJDTHDH 

06JlaCTl-! l-1 ¢DPMl-lPDBaHl18M,JlDCTa7'C!YHD ycTOHYl-lBDH K ,.n □JJJO TPY6YaTOH 
:, . 

CTPYKTYPbl .. nn□THDC'l'l-1, n□Ka3aHble, .Ha Pl-IC. 8 , C z=6-12cM), _ 06pa3y10TC>1 
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