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SCMMARY 

This paper illustrates how the results of several 
magnetic field calculation computer programs can be 
combined to form a single graphical representation of 
magnetic field quality within the aperture of a super- 
conducting accclcrntor nagnet. The graphical technique 
can be applied or. a magnet by aagnet basis over a range 
ot <current excitations. The paper illustrates the 
vnl~ue of such graphics when the accelerator beam pro- 
file is shtwn within the simlllsted magnet bore. 

INTRODUCTIOfi 

Every 5ynchrotron accelerator designer is faced 
with the problem of determining the magnet aperture. 
This aperture is a function of the machine lattice, 
bean er.ergy and momentum spread and the field quality 
of the magnets. The use of superconducting magnets in 
accelerators and storage rings presents some new 
dimensions to the problem. 

Superconducting accelerators must have as small an 
aperture as possible and they should carry beams which 
are as near round as possible. Unlike conventional 
magnets, hupercanducting magnet aperture costs the same 
whether that aperture is horizontal or vertical. 
F11rtherm0re, the aperture of the superconducting magnet 
has a greater effect on the cost of interconnected 
machine subsystems (?nwer supply, refrigerator, etc.) 
than does tile magnet <aperture in a conventional 
~1cLzelerator. 

The superconducting dipoles and quadrupoles which 
iuake up the accelerators may have two major types of 
errors ; L I) Asymmetric errcrs (all multipoles are 
generated) caused by construction errors and errors 
in irL,n placement, and 2) Symmetric errors which are 
criused by finite conductor size, magnetic forces, cer- 
tain svstcmntic winding errors, residual fields and 

ir~:n hatllrntion. Experience <at Rutherford and Karls- 
ruhe show that r.indom construction and iron placemen: 
,'rrI>rY, r..<i,!,!,qj fik>!<lC , :! n cl i I.1 n s :' t II E-3 t i on .a r e t 11 t' 
dominant errors in well-built superconducting dipoles 
ot- q~:n2rumles. ' The computer simulation technique 
<lts;cribed tliarr. includes the thrr:c dominant errors. 

Sill~~llr~tiOr~ of illi. p,+iti< 1~. ht~;im may be done 
p:l5sl'c,tv or ,i~~tivfly.~. 'Thi, pn5sivcs ;?pproach is shown 
b(,rv; the .i<'tivc intc,r.lctian approach reqt]irEs more 
~‘t~ml?a~tcr wurk b,sforr it can he completed. The graph- 
ijj! I tc~r,irnir;\le illu..tr;ited her<% c..rn hc%lp the beam 
,1>n;i:ni,. !~;t r~~id tilt, magnet dv?i$;ncr siie where the beam 
!i‘ ;!!I :,".c'li,r ita,r is I ik.~,l>r tt3 !TC. wit!, rc:;jitsct tp t]lp 
f<;.,<ld i ii! I I! r<,:;ii)n i>i an acc.i.1 L'l-ator I:,',gni't. 

lli‘i't:~:sr:!;l‘.\l I [IN 0': Tkii; ?!,\(XETlC FI ET.11 

.I'lli. tl<r> dimt~n5iklnal nui:~~~.ti<~ fi(,ld r.,ln I>0 ri*prc- 
'i.',, I 1'11 by .4 i‘cln!pl i':c pdwk~r sc.ri<xs; 

:: 
'I':] i? w\Jrk ,I ,r.c, under tI,i .3rk:;pii,c,s of thtx I'. S. I:nc:rpy 

K~i12;1rrh .I*J U~~v~lopmi~:~t ,\&I in i+t i-,lt ion 

H*(Z) = 2 c,($-l 

N=l 

(1) 

where H*(Z) is the complex conjugate of the magnetic 
field H. Z is the location (Z = xfiy) where the 
field is calculated. Ro is the reference radius, and 
CN a complex coefficient representing the various mul- 
tipoles comprising the field. (N=l dipole, N= 2 quad- 
rupole, h‘= 3 sextupole and so on.) 

The infinite integrated field can in '~iosr cases be 
represented by a complex power series; 

K*(Z) = 2 f&$-l (2a) 

K=l 

where K*(Z) is the complex conjugate of K(Z) which is 
the infinite integrated field a line from o =-a to 
'il =+m at a location Z in x,y coordinates (see Fig. lj 

K(Z) = 
/ 

H(x,y,i_i)d,d (2b) 

The C?; and fN are the tiio dimensional field and inte- 
grated field power series coefficients of the real 
magnet. The CN coefficients may be divided into the 
four primary parts 

cN 
= c; + c; + c,” + c; (3) 

where CN = aN+bN, Ch = ai+bi, c;; = aI;+b{, 
s- 5 C; = a; + b: and CN - bh. The aN coefficients are due 

to the coil and the bN coefficients are due to the iron.. 
A similar set of coefficients may be generated for the 
integrated field complex coefficient fh-. 

The Cr; term represents the pcrfecy magyet ryeffi- 
cient as generated by the computer. CN = aN + bN is 
sywmetric and generally has the following properties 
CN=O when N#T(2P+I) P = 0,1,2, . . . . whefe T,=l for 
a dipole and T= 2 for a quadrupcle. The C N = CT term 
(?=O) is the fundamental and Ci!Ci < lo-' when 
N = T!?P+l) P = 1,2,3, . . . . Ro, the reference radius, 
is generally 70 - 75X of the magnet inner coil r.%dius. 
The C,j coefficients usually have only inaginnry parts. 
Coil coniigurntions which gcneratc, the proper C; terms 

.ire dvsigned by computL*r prng:r,trrs bimil.lr tri *tip LRI. 

SCHAGIL program. 

R.indom errors in c:oil constructiun .~n;i c,oil-iron 
plnc-cament will gPnerntci rrilltipolv r-cx~fficivnts wi~ich 

are not present in the pcrfvc: -.onpiter <ener;ited coi 
tht'scb Crrors are represented I~]: tile C:h tt~rrrs. 'ril~~se 
nultipole coefficients may he of .iny N and tt1c.y have 
both t-r.11 and imaginary parts. The magnitude of the 
CG terms is determined by the tolerance to which the 
rn,ljir.c~t is !,uilt. Program SCXXG3' is used to sinnll:ltr 
r,xnd~~rn t'rrors within a mngnrt and rnndnm magnet to 
m.li:net v,lri;~tinns. 

1 5 ; 
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The third primary power series coefficient Ci is 
generated by circulating currents flowing in the super- 
conducting filaments. This term may also include iron 
residual field and the effects of eddy currents and 
coupled currents. The Cf: term is symmetric (only the 
imaginary parts of C$, N=T(ZP+l) P = 0,1,2, . . . are 
present.) The C$ term is usually larger at low current 
excitations than at high excitations. Generally the CT 
and C3T terzs are about the same magnitude when R, is 
70-752 of the inner c3il radius. The field due to 
circulating currents in round or nearly round filaments 
can be modeled using the computer program SCMAG4.4 
This program uses the complex doublet equation to 
describe the residual field, and has been successful 
at calculating residual fields which agree with 
measured values." 

lhe fourth primary power series coefficient is 
the one which describes the behavior of saturated iron. 
The Ci terms are a perturbation of the iron power 
series coefficient b;. C3 is symmetric (only the 
N=T(2P+l) terms are present). Even these terms 
approach zero when the maximum induction in the iron 
is less than about l.ST. 
the fundamental C$ 

As the magnet iron saturates 
term grows. 

is the cs, and so on. 
The next term to appear 

By prgper design of the iron, it 
is pogslble to control the C3T term and sometimes even 
the C5T tern. Superconducting synchrotron magnets with 
small apertures can be designed to run with saturated 
iron. The power series coefficients C$ can be gener- 
ated by computer programs like TRIM and POISSON.' 

MAGNETIC FIELD QUALITY 

The four power series coefficients arc summed 
into a single power series in program SCM4G6. The 
deviation of the field from the tree value may be 
calculated in a number of ways. Within a given magnet, 
it is appropriate to represent the true field as the 
fundamental multipole alone CT. One can define AB 
over B as t0110ws 

I * H (Z) - C, 
CB 

i ($'i 
- = 

B I , o \T-~I 

There is a different ABiB profile for each magnet in 
the accelerator plus there is a variation in CT from 
magnet to magnet. Figure ?a through 3d illustrate how 
rield quality mav be represented graphically by 
?,B/B lines; these figures show fiei_d quality variation 
with current excitation. 

The coil an,3 iron profile used to develap the 
fitaid q112’itp pl<~i-s shown in Fig, 3.1 - 32 is shown ir1 
I;ig. 1a and ?b. Such a mnqet could be ilsed in a PEP 
proton ring iPhnsr IIj. The nagnrt, which ,~SES cold 
close in irijn, iltwtratrs the <sfEects of the resiCiuil1 
field, random constr\lction errors, and iron s.lturntiiln. 
Figure 1, ,..;early hiiowci tkt. VI fl,ct <of rL!sidu.~l iicid. 
F’igurc. Ib S~JWS almost nc re.si8iuJ1 field ik! f<Lct (fig. 
3b ,-nrri,hpa-rnJs to in,:ection intt> PEP-II ,.it an energy 
0 f 1 3 Cr\’ ) . i:igcrc, Ic shcw only the cbffr,L,ts of r,lndom 
con~trusti~xn v;rr<jri; .\nd iron s.ltrlr;ition i'rrors .1ri' 
h.ir#yLy ~i\ii)l(. in l.‘ii;. M. 

'TliK VAl;NF:TI C 1,'IF;I.D i:NI) TFE BCAM 

The bt,.m nay ht. ( IIII~IL,~ to the magnetic t ivld in 
tw<-i W,lVi. 'Tile iirst is II Il.rssiT:e .tnnl ys is xnd s<'< ortd 
is .in ,~;tivv intizraction. l'hc j ormfr is il I~i:;tr:It~~tl 
in :.h& p;lpcr, tilt I;ittcsr unL;rtuu.it~~:v will not ht, 
:i:mpl~~t.2tl ior .hom time. 

The magnetic field analysis permits one to see a 
simulation of the LB/B within a given magnet and it 
permits one to see visually the magnet to magnet s-ari- 
ations of the magnetic field. Once one has determined 
the field quality of a series of sixulnted magnets, it 
is easy to overlay the expected beam profile over the 
,!,B/B plot of the magnet field. Figures 3b through 3d 
illustrate how the particle beam profile may be cver- 
layed on the LB/B diagram. The particle beam profile 
may be obtained from a transfer matrix program such cs 
SYNCH or TUNSPORT.' T'ne hB/B plot and beam profile 
can be obtained on a magnet by magnet basis. The 
resulting overlay gives the beam dynamicist a much 
better feeling of vhat is going on in L projecrrd 
lattice than does pages of computer printout. 

The active interaction approach to the relstii>n- 
ship of the magnetic field quality to the beam dynamics 
will potentially save the accelerator builder money. 
Existing accelerators work (onny work very well) 
despite rather gross errors in their magnetic field. 
This fact is sometimes overlooked when the beam dpn‘imi- 
cist makes out his "wish list". This can result in a 
machine that is well engineered but expensive. It is 
desirable to use low cost magnets in an accelerator. 
kn analysis of the interaction of these ragnets with 
the accelerated beam will show the accelerator designer 
the limit to which one can rut corners on magnetic 
field quality. 

The active simulation particle beam dynamics in a 
series of magnets with simulated field errors requires 
a ray tracing program like GOC3D.? Since the program 
requires large blocks of computer memory and time, 
COC3D should be modified so that r.wo diznerxional field 
2nd integrated field profiles can be used. Such simu- 
lations should result in a relaxation of the field 
quality needed for a particular machine lattice. For 
example, the need for built-in cL>rrec:ion win?in,$s in 
superconducting storage ring magnets corlld be clilzi- 
nated. These windings could be replaced by lumped 
elements around the ring. A truly interactive system 
would permit various magnet design philosophies io be 
tested in a machine lattice. 
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7. SYNCH, and TRANSPORT are MATRIX transfer programs; I"IL*CO*O"CTI*C OIPO,t "*C*L, TIELO O"AL,T, Ill.C. .I 11,.0‘,1. I ,*c, ,I 
GOC3D, a ray tracing program, private communication 
with A. C. Paul of LBL. 

Superconducting 
.iy 

Fig. 1. Superconducting magnet coil envelope in x, 
y and o space. 

a. Very low field 

b. Injection 
into PEP-II 

c. Mid-field range 

a. Superconducting coil 
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b. Iron saturation at 3.5T central field 

Fig. 2. A snturatcad iron dipole (inner coil radius 
40 mm, inner iron radius = 60 mm). 

d. High field 
range ,a++ 
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Fig. 3. Iso ilB over B plots for the dipole shown in 
Fig. 2. (Possible PEP-II beam spot is shown.) 
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