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A H H o T a u H H 

PaccMoTpeH sonpoc cpopMuposaHHH 38Ll8HHoro 38KOH8 Hanps)!{eHHOCTH M8I'HHTHoro 

noJHI Hz (r,o,cf>) B MeLlH8HHOlt nnocKOCTH ycKopuTens c noMOWbiO npocpunuposaHHbiX 

llOJIIOCOB, paCC'IHT8HHblX MeTOLlOM 3KBHllOTeHUH8JJelt C y'leTOM KpaeBOI'O 3cpcpeKT8 no

JIIOC8, npHBOLlHTCH cpOpMy1Lbi LlJIH p8C'IeT8 CJIO)!{Hb!X npocpHnelt llOJIIOCOB 3JieKTpo

M8I'HHTOB yCKOpHTenelt, 

Abstract 

The problem is considered of forming the given law of the magnetic field 

intensity qz ( r, o, <jJ) in the median plane of the accelerator with the aid of the 

profiled poles calculated by using the equipotential method, the edge pole effect 

being taken into account. The formulas are given for calculating the complex 

profiles of the electromagnet poles in the accelerators. 



Bs e aeHHe 

V13BeCTHbiA p8C'IeTHbiA MeTOA <fJopMHpOB8HHSI M8rHHTHbiX noneA AnSI yCKOpHTe-

/1-4/ 
neA...!'MeTOA 3KBHnOTeHu·HaneA.. COCTOHT B TOM 1 'ITO nosepXHOCTH nomOCHOrO 

H8KOH9'1HHK8 aneKTpOM8rHHT8 npHA8eTCSI <J>opM81 COBn8A810W8SI C OAHOA H3 3KBHnOTeH-

UH8nbHbiX nosepxHOCTeA ~ (r, z,¢) = Const , rae ~ (r, z,¢) - cxanSipHbiA noTea-

UH8n MarHHTHOrO nonS! (npeanonaraeTcSI, 'ITO M8rHHTH8SI npOHHU89MOCTb M8TepHana 

non10ca 6ecxoHe'IHa). 

3aA8'18 COCTOHT B peweHHH TpexMepHoro ypasHeHHSI nannaca ~~ (r, z,<f>) • 0 

.pH 38A8HHbiX rp8HH'IHblX ycnOBHSIX 

( 1 ) 

rae n BHewHSISI aopManb K noaepxHoCTH ( s ), Hn(r,z,¢) - 38A8HH8SI <PYHKUHSI 

H3M9H9HHSI H8npS1*9HHOCTH M8rHHTHOrO nOnS! H8 nosepXHOCTH (s) • yaosneTsOpSIIO-

W8SI AOnOnHHT91lbHOMy ycnOBHIO 

npH <J>opMHpOB8HHH M8rHHTHbiX noneA yCKOpHTeneA 06118CTb <J>opMHpOB8HHSI nonS! 

orp8HH'I9H8 AH8M9Tp0M nOniOCHOrO H8KOH9'1HHK8 aneKTpOM8rHHT8. 3TO npHBOAHT K TO

My, 'ITO npo<PHnb non10ca, onpeaeneHHbiA peweaHeM ypaaaeHHSI nannaca npa 38A8HHbiX 

ycnoBHSIX (I) aa MeAHaaaoA noaepxaocTH ( z "' 0 ) • ae o6ecne'!HBaeT C03A8HHSI 3a-

aaaaoro 3axoaa nonst Hz ( r, o, cp) a a xoae'!HbiX paaHycax anexTpoMarHHTa 
/4/ 

PeweHHe aonpoca <PopMHpoaaHHSI 38A8HHoro 38KOHa nonS! Hz(r,o,¢) a cpeaaeA 

nnOCKOCTH yCKOpHTenst C llOMOWbiO npoqJHnHpOB8HHblX nOniOCOB, p8CC'IHT8HHbiX MQTOAOM 

3KBHllOTeHUHaneA, M0*9T 6b1Tb npOB9AeHO nyTeM 38A8HHSI HOBbiX rpaHH'IHbiX ycnOBHA 1 

y'IHTbiB810WHX xpaesoA a<P<PexT. 

3xcnepHMeHTanbHoe onpeaeneaae pacnpeaeneHHSI aanpH*eHHOCTH MarHHTHoro 

llOIISI aneKTpOM8rHHT8 BAOnb p8AHyca B 38BHCHMOCTH OT ero reOMeTpHH H HHAyKUHH 
x) 

no3BOnSieT yqecTb xpaesoA a cp<J>exT • 

Pac'leTbi no <PopMapoaaHHIO npo<PHnSI non10ca anexTpoMarHHTa AnSI xoppexuHH 

, xpaesoro a<P<PexTa nnocxoro H npo<PHnHposaHHbiX 3a3opos Tax*e ocaosaHbi aa Hcnonb-

3088HHH M8T9M8TH'I9CKOro annapaTa M9TOA8 9KBHnOT9HUH8neA. 

/5/ 
x) Y'leT xpaesoro a<P<PexTa 6bin nposeaea Tax*e s pa6oTe npa pac'leTe <Pop.!.. 

Mbl noniOC8 M8rHHT8 {3 -cneKTpOM9Tpa. 0AH8KO npeanar89Mb1A H8MH M9TOA p8C'I9T8 

SIBnSieTCSI 6onee o6WHM H no3BOnSieT y'leCTb xpaeaoA a<P<PexT c ropa3AO 6onbweA cTe

' neHbiO TO'IHOCTH llpH <J>opMHpOB8HHH M8rHHTHblX noneA CnO*HOA KOH<iJHrypaUHH, HCnonb-

3yeMbiX a cospeMeHHbiX ycxopaTenHx. 
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1. CKannpHbJlt noTeHuHan Mar·HHTHoro nonH, 38ll8HHOro B MBllHBHHoli 

nnocKOCTH 3neKTpOMBrHHTa B BHn e : Hr(r, o,<P>= H<h(r,o,¢)=0, 

Hz (r, o,¢) = F(r,¢) 

8 3830p e 3 J1 B KTpOM8rHHT8 1 CB060llHOrO OT TOKOB 1 ypaBHB HHB nannaca .llml CKa

nHpHOrO nOTB HUH8J18 B UHJ1HHllpHqBCKOlt CI1CTBMB K 00pll11ij8T MO~BT 6hlTb npBllCT8BJ1BHO 

x) 
B B11llB 

,\ 1> ( r, z,¢ )= _l_ a I r cL~ (r,z,c/>l I+ 1 a2t> (r.z.¢> + J
2

1> (r,z.<pL = 0 . 
r dr dr ~ a¢2 Jz2 (2) 

38ll i.lB8SI peweHHB 3TOrO yp8BHBHHS! B BHllB pHll8 

00 

£2m-J r,¢ ) z 2m-1 1>(r,z,¢)=~ 
m=l 

(3) 

llllSI K03cpcpHUHBHTOB p83J10)1{B HHS! nonyqaeM CJlBllYJOlllHB peKypBHTiibiB COOTHOWBHHH: 

2 
2m(2m+lH

2 1
(r,¢)=- [l_ ~ lr 4:£ (r,¢)l+J,...! .,a_ . r _

1
(r,¢)1J 

m+ r ur ar 2m-1 r.. oy 2'2m 
(4) 

nOK83biB810UlHB 1 qTO BCB K03cpcpHUH B HTbl Bblp8;K8JOTCH q e p e 3 £1 ( r,c/>) • .llnSI CBSI3H 

C K81151pHOrO nOTB HU118J18 C 38ll8HHblMH rp8HHqHbiMH ycn OBJ1 H"IH B nnOCKOCTI1 z = 0 

3JlBKTpOM8rHHT8 HMBBM: 

aci>(r.z.</>l i = - llr (r, o,¢) = ') 
Jr z=O 

act>~.~.i.> I = - H (r, o,cf>) = 0 
¢ z=O Y 

' (5) 

Jtl>(r,z,¢)1 =-H (r,o,¢)=-F(r,<f>) 
- z 

Z z=O 

x) 
Haqano KOOp.llHHBT coanan a eT c ueHTpOM 383opa 311BKTpoMarHHTa. 
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TaKI!M o6 p 830M 1 C n OMOUlblO p e KypeH TH blX COOTHOW8HHA { 4 ) H rpaHH'IHblX ycnOBHA {5) 

MO>KHO onpeaenHTb CKanSipHbiA noTe HuHan no:tSI anSI mo6ofi TO'IKH oauopoaHoro npo-

CTp8HCTB8 B 3 830pe aneKTpOM8rHHT8, 

vb ( 3) cneayeT 

~ (r,¢l =- }~ (r, o,¢) =- F (r,¢). (6) 

B cnyq ae aKcHanbHO- cHMMeTpH'IHOro MarHHTHoro nonSI cj:JopMyna (4) npeo6pa3yeTCSI 

K B Hay 

{7) 

11, Y'le T Kpaes o ro acj:Jcj:JeKTa B p ac 'leTax n o cjJo pMHpoeaHHIO MarHHTHbiX noneJ:t 

M8TOa OM 3 KBHn OT 8 HUH8J1eJ:t 

/1-4/ 
B pa6oTax 6binH riOny'leH bi Bbiparh811HSI CKanSipHbiX noTeHuHanoB no onpeae-

neH H lO npOcj:JM nSI noniOCOB 3J18KTpOM£1rHII T8 a J1SI M OrHHTHbiX noneli yCKOpMTeneJ:t C BKCH-

/6/ /7/ - /8/ 
a nbH Oil CHMMeTprn~fi c 83HMyT<.~nbHOll If npocTpMICTBeHHOli sapHaUtHIMH. B 

3 THX pa60T8X 8BT0pb! OCHOBbiBBnMCb Ha TOM, 'ITO noaepXHOCTH nOJllOCOB S!BnSIIOTCSI 

3 KBHI10Tf-1 HUM8n bHb!MH , 

/4/ 
3 Kcne pHM eHT bi 1 nposeae HH bie B c u en biO nposepKH pac'leTOB no cpopMHpo-

B8HH!O 38a8HHhlX 38KOHOB H 3 M 8 H 8 HHSI nonS! B 3830pe 3 n B KTpOM8rHMT8 3THM M8TOaOM 1 

YK838J111 H8 CyWeCTB8HHOe OTKnOH8HH e p aC 'l8TH hlX 3H8'18HMI OT 3KCnepHMeHT8nbHhlX, 

3 TO CBSI38HO C T 8M 1 'ITO p8C 'l8 Thl no npocj:JHnHpOB8HHlO nOJ1 lOC8 6hln l1 BhlnOnHeHhl 6e3 

yywra Kpae a o r o acj:JcpeKTa n o n10ca, o p e :Jy Ji b T a Te •wro pacc'IHTaHHhili npocj:JHnb anSI 

rpH KCiipODOri H Or O 3£1 K 'Ji18 H3M 8HeHMSI HanpSI>KeHHOCTH llOJlSI C paaHyCOU. He 3.9BMC8Jl OT 

y pOBHH HH ayKUHM B 3330p e 3 J1 8KTpOM8rHHT8 , 

Y'leT Kpaesoro acj:Jcj:JeKTa MO >Ke T 6h!Tb nposeaeH B paMKax MeToaa 3KBHnoTeHuHa-

neli nyTe M 38a8HHSI HOBb!X rpaHH'IH biX ycnOBMH no OnHC8HHOi\ HH>K8 CXeMe, 

rlpocj:Jumo non10ca npuaae TcSI cj:JopMa, cosnaaaiOwaSI c oaHoA H3 3KBMnoTeHuHanb-

HbiX nosepxHocTeA 1> ( r, z, ¢) ~ Const , npeacTaenSIIOWeli peweHHe ypas-

JI Z 
=f) /9/ 

H8 HHSI annaca np11 cneayiOWHX rp8HH'IH blX ycnOBHSIX B nnOCKOCTH 



6 

a1> (r,!J •P I = - r 'I (r, o,¢\ + 1-I (r) +I H? n-l(r,o,¢)1 ( 9 ) a z z=O 1 n=2 

LWI'I !y!8rHrtTH blX nonel!, 38BHCHUU!X OT </> 1 H 

00 

a ~~r,z, ) I = - [ H (r) + 'Ir (r) + I 112n-1 (r)] 
z · z=O n=2 

( 10) 

.llnH 8KCH8nbHO-CHMMeTpHqHbiX MBrHHTHh!X nonel!. 

8 <i:J c pMynax (9) H (tO) H(r,o,¢)= Hz(r,o,cpl-~10 , H(r)=Hz(r) -l-I
0

, 

ll (r, o,¢) H H (r) - Tpe6yeMbii! 38KOH pacnpe.aeneHHH nonH, paccMoTpeH-

/i.-4/ T Z 

r.ae 

H bl ii B , ,f o - HanpH)!(eHHOCTb M8rHHTHOrO non!'! B ueHTpe 3830pa ~!neKTpOM BrHH-

Ta_, 
1-{ (r) li 1 (r) = lJ0 [1+ * ] , l-I 2(r) = H0 - II ,;<r) , H.;(rl - 38KOH H3-

MeHeHHH HanpH)!(eHHOCTH nonH nnocKoro 3a3opa aneKTpoMarHHT81 onpe.aeneHHhill aKcne-

pHMeHTBnbHbiM nyTeM, 

H 

'12n-1 (r, o,¢) =Hz (r, o,¢) [l-~ (r, o,¢)] 
H /r. o,q;r 

'-I2n-~r) Hz (r) [ 1 _ 'I 2n(r) ] 
'Iz (r) 1 

(r.ae n = 2 1 3,4,5... ) pa3HHua Me)!(.ay Tpe6yeMhiM 38KOHOM nonS! H noneM 0 onpe.ae-

neHH hiM 9KCnepHMeHT8nbHO .llnSI p8CCqHT8HHOrO COOTBeTCTByiOUlero npo<i:JIWSI noniOca. 

cflyHKUHH ll
2
n-l MOryT t5hiTb npe . .llCT8BneHbl K8K rpa<i:JHqeCKH 1 T8K H anpOKCHMHp068 -

H h l K8KHM-nR6o aHanHTHqecKHM 38KOHOM. Hcxo.aSI H 3 rpBHHqHhiX ycnOBHJ:i ( 9) H ( 10) 

H p e Kype HTHbiX COOTHOWeHHJ:i (4) H (1 )1 npHBe.aeM Bblp8)!(eHHH .llnSI 9KBHfiOTeHUH8nbHbiX 

noaepxHocTeJ:i noniOCOB c yqeToM KpaeBhiX a<P<PeKTOB noniOCOB nnocKoro H npo<PRnRpo

BBHH hiX 3 830pOB .llnSI <i:JopMHpOB8HHSI MBrHHTHhiX noneJ:i yCKOpHTeneJ:I C 8KCH8nbHOJ:i CHM-

/9/ 
M e TpHeJ:i H 83HMyTanbHOJ:i B8pH8UHeJ:i • 

/4/ 
Jlns1 BKCHBn bHO-CHMMeTpHqHhiX MBrHHTHhiX nonel! BH.£18 

1) 'lz(r) = ~10 ( l + arP), 

r.ae a p - ni06 hie .aeJ:icTBHTenbHhi e qHcna, 

ypaBHeHHe 9KBHfiOTeHUH8nH 6y.aeT 

z• = Q
1

(r,z,!-I
0
,H

1
) +I Q2 1

(r,z,H ,H 2 1 
)+ zarP( 1+ o n=2 n- z n-

( II ) 
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m 

+ I 
m = l 

(. 1) 2 2 2 2 
1 

2m 
(2m+1}! P ( r- 2) ( r - -1-) • •••• •• .. t r - 2 ( m- 1) l ( z, r) l , (11) 

r.ae 

( 12) 

+ ~ ( -}y <t;L - 1 ~1+ _2_ ~ + ~) l- ········ l 
U'l r ar ~ ar2 r -W iJr 4 

Q 2n-1 - nonyqaeTcSI H3 ( 12). 38MeHoll: '-Io H8 l{ z (r) H H 1 (r) H8 '-{ 2n-1 (r) 

2) l{ 
Eo Hz (r) = _ _ _ r 

Vf=T _r ) 2 "" eH
0 

ypaBHeHHe 9KBHflOTeHUH8nH r_ 

rae 

r.ae 

zo* = Q2 ( r, z, tfo, H2) + I Q2n-f r, z, H z• 112n-1 ) + 
n=2 

7 4 5 
+ 8 r 2 lz- ...... . 

qr ( 1 - _ r _ ) 'I, 
"" r~ 

H 
2 

(r) • 

.[lnSI yCKOpHTenell: C 83HMYT8nbHOH B8pH8UHeJl: H8flpSI)KeHHOCTH nonSI 

A, D - nocTOSIHHhle aenuqnHhl, N > 3 - uenoe qucno, 0 -::_ ¢ ::: 2 17 

ypBBHeHHe 9KBHflOTeHUH8nH 

z* = Q
1 

( r, z, !10 , H, ) + I Q
2 1 

( r, z, ¢, H , H ) + 
n=2 n- z 2n-1 

2 3 :] 2 
+ z( A r + llr Cos ~ ¢ ) - Y [ -'r ( ~ - 1 ) C:os 'l ¢ - 4 \ ] -

_ I z2m-1 

m=3 (2m-l)! 
. B m 2 
-~ n ( 'l - ( 2p - 5 ) ] Cos N ¢ r .. m • ., p=2 

( 13) 

( 14) 



rLie 

8 . 

l2n-J r, 7 .¢, l{z ' 1 ~n - l ) = 
1 

:f:z 
1 1 a1I2n-l + [ ll2n-1 z -
0 

( r- __ dr __ _ 

2 2 t 
~ 'T~n-1 -t .; -~f!;n_-_1_ ) 23 , ~-- ( -~:r ~~~:1 _ -h- -i2fJ + 
a r r a¢ 120 r r r r 

3 4 4 
2 a 'I2n-t ~ a 'I2n-t 3 ~:~-1..) $ 

f- -r<r z - ......... · ...•. ' r-· - (rr:r· -a·-rr· ach4 

BenHqHHbi z • =- 1> ( r, 2 ) H 
o --~r<~--- r=o 

z 

_ 1> ( r, z~¢_)_ ! 
Hz (r,¢) , r=O 

z * = -
0 

( 15) 

npeLlCT8BnS!-

lOT TOqHoe peweHHe ypaBHeHHl! ( 11) t (13) H ( 14) npH r ~ 0. B npeLinono)l{eHHH 

a Hz 1 " 
- 7 --- , 0 = . , B pacqeTax BMecTo z * 

dz ~'= 0 
C LlOCT8TOqHOH LlnSI np8KTHKH TOqHOCTbiO 

MO)l<HO HCnOnb30B8Tb BenHqHHY z
0 

- nony3830p HCXOLlHOrO nnOCKOrO noniOC8 sneKTpC · 

M8rHHT8o 

3KcnepHMeHTanbH8Sl npoBepKa npeLlnO)!<eHHOil: cxeMbi pacqeTa c yqeToM KpaeBoro 

scj:Jcj:JeKTa non10ca nnocKoro 3a3opa npeLlCTaBneHa Ha pHc. 1. 6binH Hcnonb30B8Hbi pe-

3ynbT8Tbi pacqeTOB H SKCnepH MeHTOB LlnS! LlBYX npoqlHnHpOB8HHblX 3830pOB, cpopMHpo-

B8BlllHX M8rHHTHOe none cornaCHO 38KOHy 

Hz (r) = 110 ( 1 + ar2 ) (16) 

-2 -2 81 :0,0003 CM H a 2 = 0,0009 CM ) 6e3 yqeTa KpaeBoro scj:Jcj:JeKTa nnocKoro 

n 1 41 
s neKTpoMarHHTa ( = 60 eM, 2z0 = 16 eM) • PacnpeLieneHHe HanpH)I{eHHOCTH 

1\o!arHHTHoro nonS! nnocKoro 3830pa c paLlHycoM H; (r) npH ypoBHe H o=9550 spcreLl. 

npeLlcTaBneHo Ha pHc. 1. PacqeTbi HanpSJ )K eHHOCTH nonS! c yiieTOM KpaeBoro scj:Jcj:JeKTa 

nnocKoro 3a3opa npoH3BOL!HnHcb no cjJ )pMynaM; 

rLle 

liz (r) = H o + \ H (r) 

~~ ,\ H (r) = ~ [ zu (r) - z
1 

(r) ] 
z1 \r) 

z0 = z1 (r) + z1 (r) ar2 - 2/ 3 zf ( r\ a 

) 
yp8BHeHHe SKBHnOTeHUH8nH LlnSI cpopMHpOB8HHS! 38KOH8 (16) 6e3 yqeTa KpaeBOT'O 

Sqh:j:JeKT8 noniOC8 nnOCKOrO 3830pa, 

20 = 1r(r) [ 1 + lhhl 
Ho 

(17) 

(18) 

(19) 
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npo¢HnHpoeaHHe , ang C03ll8HHH OllHOpOllHOro nong H0 B nnocKOCTH z = 0 sneKTpo· 

llpo¢HnH non!OCOB 0 HCnOnb30B8HHb!e B 9KCnepHMeHT8X 0 H p8C'ieTbl no npo¢HnH

pOB8HHIO npellCT8BneHb! H8 pHC, 2, 

B pac'ieTax Ml(r) H Hcnonb30eanocb nHHel!:Hoe npH6nH)I{eHHe no z • 

llpH 9TOM OTKnOHeHHe p8C'ieTHOrO pacnpeaeneHHH OT 9KCnepHMeHT8nbHOrO 

H pac (r) - H SKC (r) 

HsKc(r) 
H8 r = 25 CM B 060HX B8pH8HTax COCT8BnHeT 3,8% H 

8,8, COOTBeTCTBeHHOJ npOTHB 15,7% H 18,0%, KOrlla He Y'iHTb!B8nCH Kpaeeolt s¢¢eKT nno~ 

cKoro 3a3opa (pHc, 1). 

LJ.aHHOe OTKnOHeHHe MO)I{eT 6biTb yMeHbWeHO nyTeM HCnOnb30B8HHH B pacqeT8X 

cneayJOwHx qneHoB pa3nO)I{eHHH B pHll no cTeneHHM z B ¢opMyne ( 11) c nocneay10· 

l!lHM yqeTOM KpaeBbiX s¢¢eKTOB npocl:HnHpOB8HHb!X 3830pOB, onpeaengeMb!X 9KCnepH

MeHT8nbHblM nyTeM, llpellnO)I{eHH8H CXeMa p8C'ieT8 n03BOnHeT B p8MK8X MeTOll8 

SKBHnoTeHuHanel!: npoH3BOllHTb nocneuoeaTenbHOe WHMMHpOB8HHe ecero npo¢HnH nonJO

ca ang ¢opMHpOB8HHH Tpe6yeMOrO 38KOH8 M8rHHTHOrO nong, 

TaK, npo¢HnHpOB8HHe non10ca· ang ¢opMHpOB8HHH 38ll8HHoro 38KOHa 

Hz (r) = H0 (l + ar 2j c y'ieTOM Kpaeeoro s¢¢eK"ra nnocKoro 383opa pacc'iHTbiB 8eTcH B 

nHHel!:HOM npH6nH)I{eHHH cornaCHO Bblp8)1{eHHIO; 

zm(r) = --~H::tf::1z.,;o--~ 
l + "2\r) +a/ 

--rr;-
Ha pHc, 2 npeacTaeneHbi pe3ynbT8Tbi STHX pacqeTOB no npoqmnHpoeaHHIO non10ca 

llnH llBYX B8pH8HTOB napaMeTp8 B 

(20) 

A sTop npHHOCHT 6narouapHOCTb B,ll, Ll.MHTpHeBCKOMY, B.YI.D.aHHnoey, B.YI. 3a

MOnOll'iHKoey, H,Jl.3annaTHHy, B.C. Pbi6anKo 38 o6cy)l{lleHHe pe3ynbT8TOB pa6oTbi H 
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