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Abstract --- 
The focusing properties of the ma@ei, may 

be significantly improved due to strong sign 
;;;ynati% gradient focusing (r01) by the 

azimuthal vsriatior,. The im;lroved 
focusing properties open the way of creating 
the compact magneto optical systems with high 
arlgplar acceptance. In particular, field 
azimi;thal variation Dermitn t,c! realixe the 
beam achromatic bending by a single magnet. 
In the ;:auer the examr~les of device:: arv.2 
given ir< which applicaiior, of ma&lets witt 
the ,Yield azimuthal variation is expedient. 
"hCi problem of a guidir@ magnetic fie.l,5 
formation is - under ' discussion. 
Three--dirn'~rls-;onal field of the ma,Fl;ets for a 
series of chwnel.s was ixrnericall'~ simulated 
taking into account the ferromagneti~z 
mater:als saturation effects and the rgsults 
are given. Besides, there is an experimental 
data on 27DC-magxt, FIITW~ cl 1 np / the t)ti:sn 
transport in t?:is pai'er. 

1 .:ntroduct ion ..---- r 
Nowadays . bending magnets with the !xilorm 

field or with a weak non-unirorm one ( n<%' i. 
constant in azimuth, are widely app1.ii:d ii+ 
beam OpYiC:;. To improve the fq-8 (3 us i pi; 
properties of the mamet the f-ield index 
azimuthal variati OK i 5 
11,21. 

R!.lggzS t;Pd to be ll!:c.il 

2.The main statement- --~.-. . -._-...- ..--_ -I-..:.. .riL 
Chareed pnrtf cle-- t, 3,' i I if; !r’iirlP~-< Ir?.Fj’i ir1 :I 
bendIng m~gneteu3cessiV~ly piiss tke sen?,ic~ri:: 

where the fi eltii-. pr*t?vidr-: 1:' ither Poc!I,- ir.p ,-)r 
defccusirg effect up-~) th;m. Th- total c Pi'ec 1. 
of these field? may be 
strl.ir:g 

~.+hc~sm !a~:i20r*iling t., 
fc icu?inF; 1lrjr.c ipl Y 1 t.' ?' e 

s jmcltane:~us.Ly In t, 
r<- ~~:.ls i 7;; 

Along "he ax;al'vt;;;~~~~.- 1, r-s-1 ,i c r: t c ry R:E 

the g::p hi:?: s;kt t 
i cs 

2.: tetwcen t,w. pc: fe pier-i’ 
i .I ,:(Tn::, >“I t ,L/.A Y and the magnetic i.nd.:c+!r~n II 2 i- 
close ti: coi-x:ant. 
varied, 

Fhr- Pie!d index x(T) if 
if necessary, by the >ole piece? 

shaping. From the engineerirq viewpoint the 
law C'S the field <ndex varlsti.on is rn~~~t, 
simply realized as 
n(q)=nF-const 

the staircase function 
which wil 1 be the landmark in 

air further statements. 
Focusing properties of the magnet depend 

y;,,, p, f , ;"Fg$j 9f loc:l c,z);~g"i;$ with n 
amp1 1 tub? 0 s G-1(< f i c: 1 il index v:iriat ictl 
tletween these different parts * Let US 
compare focusirq properties of 93"-bending 
magnets providing s.inultaneous focus irg titith 
in horizontal and vertical planes. Ma&et 
with n=O.Lj and normal beam input and output 
as well as magnet with r,:O ar,d edge bevel 

angles cf =g =26.5”are frequently used in 
c~pticalechenes for ver*:ioal focusing. For tQ 
first magnet the distance from .iis edge tc: 
co-focal points i R l.1-1 .4? R , for .the second 
magne :, lz: ;?I-? . 0 Kagriet wiil: the fiiald inrl?!: 
azimuthal _ var*i 3 t I iln ::~aramet,er:- : 
(;)~=-~C)b_(/)p:.,jij(l; rl, : r:,- 5.5. I-T- -5.5 , h:*:: l{Z. 

( ) _ :,; 1.1 
0 - 

M :I,y:c -/ r4 i':, ;:: .i r1y j.li'Wi '1% X?J ibi' :.t.il i 

1 n~,x+::i::F'ti 11llP t ii 1 RTp^i' 'llli!l:'f'l' '-1 f 1, ,:::7: 1 
::cactt ions aixi rnr ~bi: ? i g-l i f i 0 'IT, t. f i !: 1 d iyl:i,-,y, 

. 
variat,:m. Tr! Itiif*t.i (:I11 Ftr. r!l'yTr! 6' 1, trhc*ll::i r;i' ., 
pc Iwt:?' rn9v fbi~ r:irft‘ i (1 ii,ri t, 
I ic t ~r’xnii t, i c* 

t., : 1, _I 1’; i is,,.. T j/,, t,“:,:!I 
bnc; i r-lg . 

> !_ ~,y~i’::t,yI vi’]*:’ it‘.!,:’ f- t C:JI~ j j,::i t illri::. 
-' '1 Maf7.l'~t.,-w~~l t.i i“, I 

m.i* twmliTl 

I:y!-'t':J? m '+';r 1 !' t 1:) j !-I*: 1" 

g f~:c1l::ir;g sl+iv i:*! :-.i o!‘ -1,1l~~r*:~~~!tI i:' 
ac:-tl-lwatcr T,UER-4OU ! :' 1 ir' :;?K~w~ in ?ig. 1 (:i 
dotted line,!. Ma>qr? t :: w i ttt t I-:" WI i f f-i rm 
field arid si~q2ilioantedge fc~cu::ing at-(' u::i:d. 
TIlk main problem in ?ur,i.ng cunh small- scali: 
t;y:i t,i:ms can be 8t.t;ributed l.o the edge field 
and to strincrent ix'1 erancr:i op. the magnet,-: 
relative pos23ii:~rl. ThC ::i:lid liric, i.~ Fig.1 
S'llOWL‘ ~l~~,p?sti.cI de17 icyey w i tti i,h 'k' f i <: 1 fi 
;i:;imiltlihl -qaria+ i:,rj VW. 2 . :~.irldi :li- Pc~cI..::: inp li(~\,i ('I : 
i:: a sine;le magnet provj dir@ beam aahrom:itic 
tv:ndiry. Tt,'r: J,ap;imF. 1 pj-.c at-p: ‘p E-i? A^) _ "'? :,..,-J ~ f , 
:,; 'i ..::, . .: ';' .: 2 4 I'ii 1. ‘I~I-fml.','!., r*:t.l : ; 1 I -i'. ~-y i:?> r- 7 . . 
:I r-Ii -'?* ,J j 7 : ^, 1.i-Ii l)r 2:: 4 P ire. i ,,'- ,-, -sj ( 1 _:; : ; 1-t 

:,:ii%: ;nc .;rl:,, .:I.8?l:rl~uL jl t.tit Lb.12 i t, FlitI’ ,ati. ?vfA~X~~ t 
:;ii rr,-.r- ii’-:<:.: :-li i:c :, j I, j /’ r :iLl;‘rir~i, w’i -,1-1 thp fi-5 I:! 
a:: ii:il~t.li;ll v:ir: ii: i t IT, ;rl:.::,t.;L:t i sf In!4*pI :-/ 3 :‘ 

K’;” , h! : , M? . ‘i’t, i j: lnar~ii.: I. ; 1 :i I vlrn i ’ t \.’ :‘P ?&;rE : 
L! , ,;i, --i)(-,“ . :p,, yr -‘.I”, , Ij) .:,‘-P: l-IL ‘r$ z II . =: ‘) , 

n L K&s : 3 _ ‘i.3 ( Ii J - -: _ ,!Y: . ? 1 ,i’ . 1 i.1 1 x,]:.,,,:%. 1 2 I. . /.. _ ,.._ 

<.I, 1 t i 0 a ; ,I-, a]‘:-1,: t, ,: 1-7; r t. i i-.: : ., / f Lhi~ m:li.rr~k! t, In Irr‘iir‘. 
“ix: t. , i4f-t’ G Li t.llc: rii:iLTll: t.5, w ! t h Lh: 1’ i _: I (! 
az i.mu t h a 1 7.7 ‘ir i x t, i 3~ i :T t : i. 2: 1:81:t: il!yrrni t5 <CIl 
The one II ‘Ti? / ;!, t, ,- r~.::dlI~:t? KL?sS~ iiVi-:r:-.l ! 
i?.hensl orx 5 'or, the :rrther hanfl - to attain 
,sI,gr,ific.aIltly ~~llclrtrr rtart-llyt-ti.r: i rlr I1i.r ii- :I 
t:t:ine rather I.-,!-.o7--ii:t,rn:: ivt?. 

3 2 _ 11; optical scheme:: a~:hr:xr&:: c ::y:;tt.m:: 
WL +2. 180"-- te1;Air.e :i:ik:l i: 

1 . ilnmy;,~;:;~ r.p; :,W:* :d,i: 
mc ,I'*? :liapn F: t c: a I--. :lEI:d. B c : am ii:~I.LIY ,ry'? t 1,: /. I 
hen5ir-g 6;~ a single maEnet car-1 b? .rr-al iac*c! 
~Lt2. thi- frJl.owir,g param~tarr;: (?‘ ::((iol: ‘,I’- , 

$yz :“, z 40’:’ ) @3L:.(p4z;fp; ni:n6--4 .‘$3, 

riz=rl~=L.43. n,=nA;-cl .85. Ream envel ape:: at, 
cymmctrical beam trariRJ.cIl't for cx - c: - 2T 
cm,rriiad and dispf25 ior; fwic", i 51: arib I$; ve;;n i.:ri 
F1E.2. Trajectnry trend-ing rsdiw Is P<,- Im. 
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4. Specific features of guiding 
Easetic field formation -- -- 

Necessary azimuthal field index 
distribution is achieved by choosi.ng the 
shape of p(ile pieces. At, abs[n)',l the pole 
pieces can be made as cortical surfaces with 
the rectilinear generatrix. Tn thin case the 
ma c‘lle i, i c I> field second 
it's gerll?ralized 

derivgtive agpearg; 
index b=(to/2BJd (0 B/dX ) 

agproximaLelv equde to .E . 'I'akirQ; into 
acccur~t tb~ Ua2imuthal. coor?iriate ip curvat~e 
i,h~ angle :r~f the. po1.e r1ier.e:’ inr:l.ination - II. 
? t-1 t,:‘.c r?zimuthal plane is defined in the 
i’c11 10wing wny: 

b 
tg <I ; 

Eih [ 421' 
p[! - ;: r 

qt - 
2 Jl 

!1 ) 

where E ~ is the fii:ldJ index defiRed fr:lm the 
plme--p~:il :t?l case. At, :-it,:: (n ),.I the fijcld 
*=cn"ti "ld__‘L. 3-3rivat ive influence;: upon tile 
particlz .motiori reudts in partial 
:::jmpen::-.t ilin ljl thi: Peconn 0 rder aberra t io-I I 
effects and in some cases this compensation 
TIlS-iy he sufficient. At abs (n) ‘\I “b”-magnitude 
rices ahr1ptly anid aberration effects appear 
b-2 ‘?e dominant 
sll.rf BC ec, Eh,..r,;;Ci y”;$. ~~~~,~yF,;&~~~~ 
ohape xoul t in8 in L=O. Required aberration 
~::r’rr,~,f~ri~~t,.ior: cm bt: realim? ,.A try the &ole 
p 1 13 c i: !: al.imming. In real mqgnnrtc there is 
s 0 m 0 transit region Dtr, where n(v) 

1* 

ocn:ini:cu:;ly changes frim n+ 
w',tk 

t 0 6 betweer, 
the sections the different field 
irltlic:ii:z. SUCh section lrn,gLIl (+Ph i &Tend- 
l:pnn t,!:c, magx t geclme Lri sai pramk tere and 
t l-1 (3 (1 t= P‘ r-t- r j, t-2 f the pole pieces saturation. 
+y i (if..,y 9 in i’tr-regi ran ^.he field seconct 
dF::*ivat ivf: appears which may be rather hiph. 
Theze “ac tC.rE _I should be al lowed ?ca 
calcu!ating t!le particles motion t(o take the 
necessary me a E::.LrF: :: f Cl I- ‘he field index 
c:x~~ct 1~7:. 

For the case of negligible satu.ratir?n of 
iron c:or~ .cteel and 3bs (r)'l , Xi a~rgrc~ximut+ 
dng1 ~-parametric mc de 1 t:an bi. cons txuc Lr,l 
permittinp to evaluate the character of thi- 
rr,a,pi t j !> ?i.?ld i.nduction distribution B(H) irl 
3 traxit region 
rr.agT;r:-it.Llde of - The 

and, in par?icclxr. th? 
rnz&x2t ic- field seconc 

derivztivp. SFitting t& difference of t,hi, 
m:iFr,et ic ::ixlar potential between two poles -- 
CV, ths fullcwing Vfz,ten of equation? can by? 
obtained: 

_ 

&?j(R;; h-h(R); j=P(S)/E-.: 

TJ-,V,'h; B+=B-/ (1 t-6) ; 

(2) 

S(y)= Ff In 
(l+r)'[ (l+S)2jz-1]'i+6' 

7c (l-yZ)[1+r(1+6)]2”+6) ’ 

where S - is the coordinate calculated along 
R=Ro arc i.n azimuthal direction corresponding 
to jump-like variation of *he ga;, height from 
the value in the region n- - Zh('lt6"rto,;Q" 
value in the region n - 2h. 
derivation from the average magnetic field 

induction Bo=0.5(B+tB-) along the R=R 0 
trajectory the following evaluation ' 
obtained. when there are no ferromagnetic 
saturat$n effects: 

AB- = z(B_h*tg@/!bR<,). (3? 
The spatral field gctual distribution 

wa!' calculatec! usi.% KOWC?!P package [4]. 
5.Exarnmof a particular applications. -~. 

5.1 The magnet for linear accelerator 
"Electronika 4-003" has been manufactured and 
experimentally studied. It provides 
270°-achrpmatic bendi% of 10 MeV electron 
beam. Fig.3 shows the pole pieces forming the 
required 

ii: 
zimuthal distribution o-f the field 

index . Toe main magnet parameters are : 
ql=(p.,=b7. !j , (&=I 35O; q=n,=O.7, nz=-0.63; 
R,.>=lPcm, Bn=0.29T. The results of the 
magnetic field numerical simulation for the 
:!i.Pferen t radii near the median 
(,z-~0.0625’cm) 

plane 
are presented on Fig.4; AR - 

magnitude corresponds to deviation from the 
the equilibrium orbit. Fig.5 gives variation 
1:1f dependency upon azimuthal bending angle of 
the magnetic field first, second and third 
derivat-ives. Required ni and nz were obtained 
due t 0 correction 0 f the pole 
inclination angle and poles shimming. 

pieces 

Ma&Tle t i P measurements rcE1.llt.S cojncided ,., 
~:i~mplt:tely with the calculations (within the 
limi$s of t.he field measurements accuracy 
40 ) and correlated well with the 
oalculxtfonal model of p-4. Magnet achromatic 
properties were studied on the base of magnet 
:-:uppl y cxu~ent variation what was equivalent 
to the $lectmne mean energy variation. At 
current -1.5% deviation from the calculated 
values, the beam transverse dimensions 
changes were not observed. 

5.2 Numerical simulation of the bending 
magnets for the extraction from the Moscow 
meson facility proton storage ring has been 
made L51. Magnets are characterized by 
relatively high field indices. The M4 main 
parameters are : qJi='pz=l 5: n =-7, n,=7; 
I:(,- 34Ccm; Bo=l .;!I. The M5 main pzkmeters are 

: CD,-3o", cp,=15°: ni=-4, nZ=4; R0=280cm; 
Et,=1 .45T. Fig.5.7 give the -4ield 
~i<i;trihution:; along R=R 0 trajectorjr -for M4 
and 165 ma~ncts, respectively. In the first 
:::LE*~ the calcul.ai,ion was performed on the 
assumption that p=m, in the second case - the 
ferromagnetic saturation effects were taken 
ir:to gcco_unt. Discrepancy in evaluations of 
?)=(AB +LB )/B 0 magnitude for M4 magnet, 
obtained b-ying upor, analytical solution 
(T)=7.26.10 ) using equation (3) and by the 
results of numerical simulation of the 
spatial magnetic field was not more than 2%. 

6. Conclusion. 
The results of numerical simulation and 

experimental studies testify to the 
feasibility of development and manufacture of 
the compact magnetooptical systems on the 
base of magnets with the field azimuthal 
variation providing the necessary 
characteristics of output charged particles 
beams. 
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