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THEORY, DESIGN AND MEASUREMENT 
OF TKE BROOKHAVEN NARROW QUADRUPOLES* 

G.T. Danby and J.W. Jackson 
Brookhaven Nat iona l  Laboratory 

Summary. A novel approach i s  presented which 
r e s u l t s  i n  mechanically simple quadrupoles p r o -  
ducing high f i e l d  grad ien ts  wi th  modest power con- 
sumption and with very small a b e r r a t i o n s .  These 
l e n s e s  can b e  assembled e i t h e r  i n  four-fold geo- 
m e t r i c a l l y  symmetrical vers ions  o r  i n  narrow 
"septum" v e r s i o n s  without  s i d e  yokes. The asym- 
m e t r i c a l  v e r s i o n  conserves t h e  very va luable  
space a v a i l a b l e  f o r  small angle  secondary beams. 
There i s  no d e t e r i o r a t i o n  of o p t i c a l  p r o p e r t i e s  
s i n c e  t h e  four - fo ld  magnetic symmetry ismain tabedh 
t h e  a p e r t u r e  reg ion .  I n  a d d i t i o n ,  t h e  f r i n g i n g  
f i e l d  i s  q u i t e  small. 
was adopted. 
rupoles  a r e  der ived  from t h e  concept of f o u r  
i d e n t i c a l  hyperbol ic  pole  p r o f i l e s  which a r e  
quadrupole e q u i p o t e n t i a l s .  However , f o r  a prac-  
t i c a l  design t h i s  geometry must be  severe ly  d i s -  
t o r t e d  t o  provide space f o r  reasonable  c u r r e n t  
d e n s i t y  c o i l s .  The present  conceptual  approach 
i s  t o  abandon t h e  hyperbol ic  idea  completely 
and treat  t h e  problem from t h e  viewpoin; of i t s  
four - fo ld  symmetry which permits  only r 
r6 s i n  68, rl" s i n  108, e t c . ,  p o t e n t i a l  terms. 
Since t h e s e  terms i n c r e a s e  a s  t h e  f o u r t h  power 
i n  t h e i r  s p a t i a l  v a r i a t i o n s ,  t h e i r  magnitudes 
can be separa te ly  cont ro l led  with properly chosen 
phys ica l  per turba t ions .  
quadrupole of high o p t i c a l  p u r i t y  was produced 
employing a simple i r o n  p r o f i l e  composed only 
o f  plane sur faces .  

A unique magnet p r o f i l e  
Most genera l  purpose i r o n  quad- 

s i n  28, 

Using t h i s  method a 

A .  Theory of Narrow Quadrupoles 

The primary purpose of t h i s  development was 
t o  produce a lens  of small o v e r a l l  width f o r  a 
given a p e r t u r e  acceptance and which would have 
n e g l i g i b l e  f r i n g i n g  f i e l d s  beyond i t s  s i d e s .  
Such lenses  are used with beams set up a t  small 
angles  t o  t h e  synchrotron. In a d d i t i o n  much 
smaller angles  are poss ib le  than with convention- 
a l  quadrupoles between s e p a r a t e  beams looking a t  
t h e  same t a r g e t .  This  is  a l s o  a very va luable  
property.  

can be loca ted  t o  f a c e  each o ther  i n  a manner t o  
produce a predominantly quadrupole f i e l d .  
p a i r  could be  used i n  t h i s  case t o  provide a 
quadrupole f i e l d  and s t i l l  a l low complete access  
on t h e  h o r i z o n t a l  symmetry plane.  However, wi th  
t h e  requirement t h a t  t h e  o v e r a l l  width be small ,  
it appeared t h a t  severe octupole  aber ra t ions  
would be  hard t o  avoid,  and t h a t  appreciable  
f r i n g i n g  f i e l d s  would r e s u l t .  

The s o l u t i o n  a r r ived  a t  w a s  by analogous 
argument t o  t h e  similar septum d i p o l e  problem 
where one wants t o  l o c a t e  a d i p o l e  f i e l d  c l o s e  
t o  a reg ion  where i t s  f r i n g i n g  f i e l d  must be  
very small. 
p a r a l l e l  po le  sur faces  has t h e  cur ren t  r e t u r n  
located i n  t h e  gap near t h e  outs ide ,  it terminates  

It i s  clear t h a t  two gradien t  type C-magnets 

Such a 

I f  a C-type d i p o l e  magnet with 

done under t h e  auspices  of t h e  U.S. Atomic 
Energy Commission. 

t h e  magneto-motive f o r c e  and l i t t l e  f r i n g i n g  
f i e l d  occurs provided t h e  yoke re luc tance  i s  very 
small compared t o  t h e  gap re luc tance .  

This  analogous idea was c a l l e d  a septum 
quadrupole (Fig.  1). In t h i s  quadrupole c a s e ,  
t h e  c u r r e n t  elements i n  t h e  t o p  and bottom s l o t s  
can be  considered t o  produce t h e  d r i v i n g  magneto- 
motive f o r c e  and t h e  two r e t u r n s  i n  the c o i l  s l o t s  
on t h e  h o r i z o n t a l  symnetry plane aga in  terminate  
t h e  magneto-motive f o r c e  a t  t h e  s i d e s  of t h e  
magnet. 

T h i s  conception fol lows from recognizing 
t h a t  wi th  four  i d e n t i c a l  poles  and f o u r  i d e n t i c a l  
s l o t s ,  t h e  two yoke plates on t h e  t o p  and bottom 
are s u f f i c i e n t  t o  provide t h e  necessary low re- 
luctance path between t h e  bases  of t h e  poles  
(Fig. 1 ) .  The important po in t ,  however, i s  t h a t  
t h e  four - fo ld  magnetic symmetry i s  maintained t o  
high accuracy f o r  a l l  p r a c t i c a l  va lues  of exci-  
t a t i o n ,  assuming t h e  pole  bases  a r e  broad enough 
t o  provide a low re luc tance  i s o l a t i o n  region 
between t h e  a p e r t u r e  reg ion  and t h e  asymmetrical 
yokes. 
appreciable  s a t u r a t i o n  (which i s  a s i t u a t i o n  t h a t  
need not happen, s i n c e  v e r t i c a l  space i s  genera l ly  
not  t i g h t l y  l imi ted)  t h e  a p e r t u r e  reg ion  w i l l  see 
no asymmetry and , therefore ,  no octupole .  (However, 
s i n c e  one d e s i r e s  very small  f r i n g i n g  f i e l d s  out- 
s i d e  t h e  magnet, it i s  necessary t o  keep t h e  
re luc tance  of t h e  yoke s m a l l ,  but t h i s  argument 
Fs s e p a r a t e  from t h e  beam o p t i c a l  arguments). 

By popular usage, t h e s e  quadrupoles over + 

t h e  years  have been renamed "narrow quadrupoles". 

A model quadrupole was constructed with these  
f e a t u r e s .  This  quadrupole had an 8- in .  a p e r t u r e  
with a 24-in. c o r e  length. (Fig.  1). A t  t h e  same 
t i m e  a d i f f e r e n t  approach t o  p r o f i l e  design was 
incorporated.  

Based on Symmetry Arguments 

I. General Theory of Pole  Contour 

In t h e  design of p r a c t i c a l  quadrupoles, t h e  
goal is  t o  produce a two dimensional quadrupole 
f i e l d  i n  t h e  i n t e r i o r  of t h e  magnet, with l i t t l e  
o r  no cont r ibu t ions  from other  f i e l d  mult i -  
p o l a r i t i e s .  
e f f e c t s  are general ly  accepted, although sometimes 
+We wish t o  acknowledge t h a t  i n  w r e s t l i n g  with t h e  
same problem, a s i m i l a r  idea  of us ing  two yokes i n  
p lace  of four  was independently a r r i v e d  a t  by 
E.J. Wilson of CERN and Harwell "A Quadrupole 
Magnet of Large Acceptance", WS/EP-29, 11/29/62. 
It i s  c l e a r  t h a t  he thought of t h i s  approach 
s e v e r a l  months before  us .  H e  descr ibes  t h e  idea 
by t h e  f l u x  d i s t r i b u t i o n ,  c a l l i n g  it a " f igure  of 
e ight"  quadrupole. 

Even i f  t h e  two yoke p l a t e s  develop 

B. Development of Pole  Contour 

The a b e r r a t i o n s  produced by end 
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a t tempts  are made t o  reduce them as a separa te  
problem. The b a s i c  design concerns so lv ing  the  
two dimensional f i e l d  problem. 

For a i r  c o r e  quadrupoles, c u r r e n t  d i s t r i b u -  
t i o n s  are p r a c t i c a l  which produce d i r e c t l y  t h e  re- 
qui red  magnetic p o t e n t i a l  r2 s i n  28: where 8 = 0 
is  midway between poles ,  and r i s  t h e  radius .  

For i r o n  c o r e  quadrupoles, t h e  conceptual ly  
simple v e r s i o n  of a pole  p r o f i l e  shaped as a rec- 
tangular  hyperbola with i n f i n i t e  permeabi l i ty  
i r o n  produces t h e  required f i e l d .  This  approach 
i s  c l e a r l y  o u t  of t h e  ques t ion  f o r  a real magnet 
on var ious  t h e o r e t i c a l  and p r a c t i c a l  grounds. 

Most quadrupole designs are, however, de- 
r ived  from t h i s  concept wi th  a t  l e a s t  a reasonable  
approximation t o  a rec tangular  hyperbol ic  po le  
sur face  i n  t h e  v i c i n i t y  of t h e  pole  center .  
geometry i s  then severe ly  d i s t o r t e d  by terminat ing 
t h i s  p r o f i l e  completely and c u t t i n g  t h e  poles  back 
f o r  t h e  conductor s l o t s .  Magnetic design then re- 
duces to doing t h i s  i n  a manner which produces 
only modest cont r ibu t ions  from higher  mul t ipo lar -  
i t i es  wer t h e  u s e f u l  region of t h e  aper ture .  

The a l t e r n a t i v e  i s  t o  take  t h e  more aesthe-  
t i c a l l y  appeal ing road t o  quadrupole design by 
c r e a t i n g  the  quadrupole p o t e n t i a l  wi th  a combin- 
a t i o n  of i r o n  c o r e  and d i s t r i b u t e d  s u r f a c e  cur-  
r e n t s .  However, t h i s  approach has many problems, 
so t h a t  t h e  modified hyperbol ic  e q u i p o t e n t i a l  
approach i s  used f o r  most genera l  purpose quadru- 
poles .  

The underlying idea developed i n  t h e  p r e s e n t  
work w a s  t h a t  indeed t h e  .hyperbolic e q u i p o t e n t i a l  
po le  i s  so d i s t o r t e d  i n  p r a c t i c e  t h a t  t h e  reason 
j u s t  about any quadrupole with four  i d e n t i c a l  
po les  does n o t  behave too badly  fol lows simply 
from t h e  f a c t  t h a t  t h e  four - fo ld  symmetry restricts 
t h e  a b e r r a t i o n s  which can appear t o  t h e  o r d e r s  
2(2n+l). The f i e l d  terms allowed have r a d i a l  com- 
ponents  
a,, 2' s i n  148, etc: when a N  i s  t h e  c o e f f i c i e n t  
of  t h e  Nth harmonic. The s p a t i a l  d i s t r i b u t i o n  of 
these  f i e l d  aberrat ionsvaries  widely: t h e  r a d i a l  
dependence of t h e  successive terms i n c r e a s e s  a s  r* 
and the  angular  v a r i a t i o n  changes d r a s t i c a l l y  as 
w e l l .  Considering t h e  f i e l d  as a superpos i t ion  of 
these  m u l t i p o l a r i t i e s  one can expect t o  be  sucess- 
f u l  a t  separa t ing  t h e  v a r i a b l e s  and per turb ing  t h e  
terms indiv idua l ly .  Only t h e  f i r s t  few terms are 
of p r a c t i c a l  importance, because of t h e  r a p i d l y  
increas ing  r a d i a l  dependence. 

11. Descr ip t ion  of Developmental Model 

s implest  quadrupole employing a r e c t a n g u l a r  c o i l  
s l o t  and treat i t s  f i e l d  as a n  expansion i n  terms 
of t h e  harmonic c o e f f i c i e n t s  %. 
t h i s  simple quadrupole with square c r o s s  s e c t i o n  
poles  except f o r  t h e  p lane  p r o f i l e  s u r f a c e s  c u t  
a t  45 degrees t o  t h e  s l o t s .  A f u r t h e r  condi t ion  
imposed was t h a t  t h e  aper ture  rad ius  t o  t h e  p o l e  
t i p  c e n t e r  and t o  t h e  c e n t e r  of t h e  i n n e r  s u r f a c e  
of t h e  e x c i t i n g  c o i l s  be  e s s e n t i a l l y  t h e  same. 
The devia t ion  of t h i s  f l a t  p r o f i l e  from a r e c t a n -  
gu lar  hyperbola  co inc ident  a t  i t s  center i s  re- 

The 

r s in  28, ae P sin 68, %ors sin 10 0 ,  

The approach used w a s  to  t e n t a t i v e l y  make t h e  

Fig. 1 shows 

l a t i v e l y  s m a l l  over t h e  wid th  of tbe pole  t i p ;  
thus  t h e  rec tangular  c o i l  s l o t  i s  t h e  most funda- 
mental devia t ion  of t h e  contour  from t h e  i d e a l  
rec tangular  hyperbola. That is, t h e  v a r i a t i o n  
of t h e  most b a s i c  parameter ,  t h e  s lot  width W, 
should p r i n c i p a l l y  change t h e  c o e f f i c i e n t  of  t h e  
lowest power, s, w h i l e  a l o c a l  "bump" on t h e  
f l a t  face ,  appropr ia te ly  loca ted ,  should a f f e c t  
more s t rongly  t h e  h igher  o r d e r  terms. 

parameter W t o  make vanish.  I f  t h e  argument 
i s  cor rec t  it i s  simple to see t h a t  i f  W equals  
t h e  rad ius  of t h e  magnet, t h e  v e r t i c a l  component 
of f i e l d  on t h e  midplane (Fig. 2 )  both i n  t h e  coi l  
s l o t  and i n  t h e  a p e r t u r e  would m e e t  a t  t h e  i n t e r -  
face ,  i f  p r o j e c t e d  l i n e a r l y .  This  i s  a simple 
c a l c u l a t i o n  us ing  .4Tt NI=J H .dl. This  geo- 
metry should g ive  a smaller va lue  of + than i f  
t h e  pro jec t ions  are q u i t e  discoht inuous a t  the  
boundary. 

w i t h  W = 4.435 inches.  
w a s  2.960 inches since e x i s t i n g  coils from a 
standard AGS 8Q24 magnet were used; thus one i s  
a b l e  t o  p e r t u r b  W by i n s e r t i n g  i r o n  shims on 
e i t h e r  s i d e  of  t h e  c o i l  package. A "k i t "  was de- 
s igned which provided two more per turba t ions ;  a 
small "bump" of v a r i o u s  widths  and depths  could 
b e  added or s u b t r a c t e d  e i t h e r  a t  t h e  center of 
t h e  pole  or a t  t h e  edge ad jo in ing  t h e  s l o t .  Note 
t h a t  a bump a t  t h e  c e n t e r  of t h e  p o l e  is i n  phase 
f o r  a l l  terms, b u t  a t  t h e  edge is  approximately 
230 t o  t h e  p o l e  center. 
allowed phase angles of  30° f o r  69, 18' f o r  108 
and 13' f o r  148. S ince  the small bumps appl ied  
are loca l ized ,  t h e  cross s e c t i o n a l  area added 
r a t h e r  than its actual shape is important, t o  
f i r s t  o rder ;  and t h e r e f o r e  only simple rec tan-  
g u l a r  shaped bumps were used. I n  t h i s  manner, 
i f  t h e  f l a t  p o l e  becomes more complicated a t  
least i t  only involves  p lane  cu t  surfaces  p a r a l l e l  
to  t h e  main sur face .  

Such an approach would b e  very d i f f i c u l t  to 
compute, even f o r  t h e  case  of  i n f i n i t e  perme- 
a b i l i t y .  
rate f i e l d  measurements. 

111. Descr ip t ion  of  Harmnic  C o i l  and Pole  

The s t a r t i n g  p o i n t  w a s  t o  a t tempt  t o  set t h e  

Based on t h i s  argument t h e  magnet w a s  made 
The co i l  package width 

This  compares t o  t h e  

The approach taken was  t o  r e l y  on accu- 

P e r t u r b a t i o n  Measurements 

The measurements were taken with a harmonic 
co i l  which measures t h e  r a d i a l  f i e l d  components 
of  t h e  m u l t i p o l a r i t i e s  p r e s e n t  a t  very c l o s e  t o  
maximum radius .  Both i n t e r n a l  two  dimensional 
and azimuthal ly  i n t e g r a t e d  f i e l d  a n a l y s i s  are 
made. The c o r r e c t  ampli tudes and phases of t h e  
m u l t i p o l a r i t i e s  p r e s e n t  can b e  accura te ly  computed 
f o r  t h e  e f f e c t i v e  search coi l  r a d i u s  provided a 
t r u e  a x i s  of  r o t a t i o n  e x i s t s  during t h e  time neces- 
s a r y  f o r  a f u l l  revolu t ion  of  measurement. 
s m a l l  error i n  es t imat ing  t h i s  r a d i u s  of measure- 
ment has  only a very s m a l l  e f f e c t .  
minimizes t h e  problem of p o s i t i o n a l  e r r o r s  i n t r o -  
duced into i n d i v i d u a l  d a t a  p o i n t s ,  which produce 
f a l s e  c o n t r i b u t i o n s  t o  harmonic c o e f f i c i e n t s .  

A 

This  method 

It i s  a l s o  not  necessary to have t h e  device 
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a t  t h e  c e n t e r  of  the  quadrupole to ge t  t h e  c o r r e c t  
r e s u l t .  It can b e  shown t h a t  t h e  c o e f f i c i e n t s  of 
t h e  m u l t i p o l a r i t i e s  are unaf fec ted  by c e n t e r i n g  
e r r o r s ,  except  of course f o r  t h e  d i p o l e  term. 

The amplitude and phase angle  of t h e  v a r i o u s  
two dimensional a b e r r a t i o n  terms i n  t h e  quadru- 
pole  f i e l d  were measured a t  an in te rmedia te  f i e l d  
( B t i p  =. 5 kG) a t  a r a d i u s  of 4.020-in. (Magnet 
r a d i u s  = 4.314-in). Case A (Col. IIX) i n  Table  I 
shows t h e  r e s u i t s  f o r  t h e  magnet with a plane pro- 
f i l e  c u t  a t  45 t o  t h e  s l o t .  The r a t i o  of t h e  
f i r s t  t h r e e  a b e r r a t i o n  terms t o  t h e  quadrupole 
t e r m  is given and t h e  s i g n s  g ive  t h e  r e l a t i v e  
phases of t h e  terms. It can be seen from t h e  
Table  t h a t  t h e  r a t i o  of t h e  f i r s t  a b e r r a t i o n  term 
t o  t h e  quadrupole term (68128) i s  less t h a n  1% 
which tends  t o  s u b s t a n t i a t e  t h e  bas ic  symmetry 
assumptions i n  design s t a t e d  previously.  I n  order  
t o  get  some q u a n t i t a t i v e  information of the e f f e c t  
of t h e  pole  per turba t ions  on t h e  a b e r r a t i o n  tenns, 
t h e  harmonic c o i l  was used t o  measure t h e  f i e l d  
with a n  1/8-in. x 112-in. c u t  on each end of t h e  
pole  (Case B) and then wi th  a 118-in. x 3/4-in. 
bump i n  t h e  c e n t e r  of t h e  pole  (Case C) and t h e  
r e s u l t s  a r e  tabula ted  i n  the Table  and i l l u s t r a t e d  
i n  F ig .  3. The combination of Case B wi th  Case C 
i s  c a l l e d  Case D and r e p r e s e n t s  a c l o s e r  approxi- 
mation t o  a rec tangular  hyperbola and a more 
reasonable  shape. As can  be seen from t h e  Table ,  
Case D indeed gives  very low h igher  order  ( l O e / Z e  
and 148128) a b e r r a t i o n s  but  gives  about 5% 68/20. 
However, t h e  f a c t  t h a t  one g e t s  5% 68/28 i s  not  
s u r p r i s i n g .  
order  terms by rounding t h e  pole ,  both per turba-  
t i o n s  introduced tend t o  genera te  69 i n  phase 
with 26 a t  t h e  pole. 

To counterac t  t h i s ,  appropr ia te ly  narrower 
c o i l  s l o t s  were requi red .  
by placing two i r o n  shims of width 0.120-in. i n  
each c o i l  s l o t ,  a g a i n s t  t h e  main quadrants  of t h e  
magnet. T h i s  c o i l  s l o t  per turba t ion  was measured 
i n  combination with t w o  d i f f e r e n t  pole p r o f i l e s  
(Cases B and D) and t h e  r e s u l t s  are tabula ted  i n  
Table  I. From t h e  Table  one can see t h a t  the 
per turba t ion ,  as  expected, a f f e c t s  p r i n c i p a l l y  the 
68/28 a b e r r a t i o n  and causes  it t o  decrease by 
approximately 1.85%; t h e  e f f e c t  i s  e s s e n t i a l l y  
t h e  same f o r  both t h e  pole  p r o f i l e s  (B and D)  
t h a t  were t e s t e d .  This  proves t h e  b a s i c  assump- 
t i o n  made with respec t  t o  separa t ing  t h e  var iables .  
Based on t h e  information obtained from t h e  per tur -  
ba t ion ,  it could be pred ic ted  t h a t  one wanted t o  
put 0.250-in. of i r o n  shim i n  t h e  c o i l  s l o t s  i n  
combination with a (3/4-in. x U 8 - h . )  c e n t e r  
rec tangular  bump and an end negative bmp (or "hole") 
of c r o s s  s e c t i o n  118-h. x l /Z-in. ;  t h i s  p a r t i c u -  
l a r  combination gave a very low harmonic content  
(Table I). 
magnet ical ly  speaking, it would be a d i f f i c u l t  one 
t o  machine as indica ted  i n  Fig.  4A, so it w a s  
decided t o  modify t h e  pole  p r o f i l e  as i n  F ig .  4 B  
f o r  ease i n  machining. With t h i s  modif icat ion t h e  
68/28 t e r m  increased by 0.78%; again based on t h e  
information obtained from t h e  i r o n  shim per turba t -  
ions ,  increas ing  t h e  i r o n  shim width by 0.045-in. 
compensates f o r  t h e  i n c r e a s e  i n  69/28 due t o  
shaping t h e  steel shim t o  f i t  t h e  pole contour .  

I n  t h e  process  of reducing t h e  higher  

This  was accomplished 

While t h i s  was a good pole  p r o f i l e  

The r e s u l t s  of t h i s  f i n a l  p e r t u r b a t i o n  a r e  given 
i n  Table  11. 

Discussion and Conclusions 

The rap id  convergence on a n  o p t i c a l l y  pure 
p r o f i l e  v e r i f i e s  t h e  b a s i c  synnnetry argument 
as w e l l  as t h e  assumption t h a t  t h e  a b e r r a t i o n  
m u l t i p o l a r i t i e s  can be s e p a r a t e l y  per turbed.  
Refer r ing  t o  Table  I, column IX gives  t h e  sum 
of t h e  per turba t ions  B and C a s  measured ind iv id-  
u a l l y  and added, while  Column X g i v e s  t h e  measured 
p e r t u r b a t i o n  D ( i . e . ,  B and C phys ica l ly  combined). 
The very c l o s e  agreement f o r  a l l  t h r e e  r e l e v a n t  
a b e r r a t i o n  t e r m s  v e r i f i e s  indeed t h e  assumption 
of l i n e a r  superpos i t ion  of t h e  per turba t ions  (and 
t h e  accuracy of t h e  experimental  d a t a ) .  Similarly, 
columrrSX1 and X I 1  show t h e  r e s u l t s  of 0.120-in.iron 
shims on each s i d e  of t h e  c o i l  s l o t s  appl ied  t o  
conf igura t ion  B and D r e s p e c t i v e l y .  Again, l i n e a r  
superpos i t ion  and experimental accuracy i s  con- 
firmed bv t h e  near  i d e n t i t y  of t h e  terms, I n  
a d d i t i o n  e i t h e r  column X I  o r  X I 1  shows t h a t  indeed 
t h e  68 a b e r r a t i o n  term varies s t r o n g l y  with c o i l  
s l o t  width, while  t h e  h igher  m u l t i p o l a r i t i e s  are 
only modestly e f f e c t e d .  

Table  I1 gives  t h e  amplitudes and phases f o r  
both t h e  two-dimensional and azimuthal ly  in tegra-  
t e d  a b e r r a t i o n  t e r m s  present  i n  t h e  f i n a l  quad- 
rupole  model, measured a t  a t i p  f i e l d  of 5 kG. 
The two-dimensional 69 a b e r r a t i o n  t e r m  i s  q u i t e  
small, <0.1%, and can be made a r b i t r a r i l y  zero  
by a d j u s t i n g  t h e  width of t h e  c o i l  s l o t .  
A% 148 term v a r i e s  as r13so t h a t  i n s i d e  a vacuum 
p i p e  i t  is  a l ready  n e g l i g i b l e .  The v a r i a t i o n  of 
harmonic conten t  with e x c i t a t i o n  i s  q u i t e  small. 
Furthermore, t h e  189 term i s  also q u i t e  small 
(0.07%) and i s  only of academic i n t e r e s t  because 
of its high r a d i a l  dependence. Addi t iona l  per tur -  
b a t i o n  seemed f r u i t l e s s  and t h e  matter has not 
been pursued f u r t h e r .  
shows t h a t  both t h e  t w o  dimensional and 
in tegra ted  octupole  a b e r r a t i o n s  a r e  q u i t e  small. 
Independent measurements made on a product ion 
N8Q32 magnet show a l s o  t h e  octupole  a b e r r a t i o n  
t e r m  t o  be n e g l i g i b l e  (0.07%) and furthermore, 
t h e  aber ra t ion  i s  e s s e n t i a l l y  cons tan t  ( t o  0.01%) 
Over t h e  whole range of e x c i t a t i o n  even though 
t h e r e  is apprec iab le  yoke s a t u r a t i o n  (7% non- 
l i n e a r i t y )  a t  15 kG pole  t i p  f i e l d .  
octupole  t e r m  represents  only mechanical imper- 
f ect ion. 

The 

Reference t o  t h e  Table  

Such a small 

Provided an adequate yoke th ickness  is  used, 
t h e  f r i n g i n g  f i e l d  a t  t h e  s i d e  of t h e  magnet i s  
very low (of t h e  order  of 1 gauss a t  a d i s t a n c e  
of 1-in. from t h e  s i d e  support ing plate).  Ei ther  
f e r r o u s  or  non-ferrous p l a t e s  w i l l  behave i d e n t i -  
c a l l y  with a low re luc tance  yoke, but  i r o n  sup- 
por t ing  p l a t e s  are b e t t e r  when yoke s a t u r a t i o n  
i s  s i g n i f i c a n t  . 

Column V in Table I1 gives  t h e  a b e r r a t i o n s  i n -  
c luding octupole ,  due t o  end e f f e c t s  f o r  t h e  
f i n a l  model, Both pas t  experience' and measure- 
ments on a production N8Q32 magnet i n d i c a t e  t h a t  
t h e  a b e r r a t i o n s  a r e  q u i t e  independent of e x c i t a -  
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t i o n .  The method of per turb ing  t h e  c o i l  s l o t  
width t o  c o n t r o l  t o  two dimensional 68  a b e r r a t i o n  
can be appl ied  t o  making t h e  azimuthal i n t e g r a l  of 
t h e  6 8  term zero  t o  a r b i t r a r y  accuracy. This ,  i n  
f a c t ,  has a l ready  been achieved f o r  a quadrupole 
which i s  only one diameter long, i . e . ,  one i n  
which t h e  major p o r t i o n  of t h e  f i e l d  is  due t o  end 
e f f e c t s .  This  method i s  super ior  t o  end s h i m i n g  
because v a r i a t i o n  over any reasonable  range of 
e x c i t a t i o n  i s  q u i t e  small .  

Another f e a t u r e  of t h i s  design i s  t h a t  t h e  
c o i l  s l o t  i s  s u f f i c i e n t l y  wide t h a t  high pole  t i p  
f i e l d s  can be  obtained which r e q u i r e  q u i t e  modest 
power consumption i n  t h e  c o i l s .  Since t h e  length 
of t h e  c o i l s  and poles  i n  t h e  r a d i a l  d i r e c t i o n  a r e  
i r r e l e v a n t  t o  t h e  o p t i c a l  p r o p e r t i e s ,  t h e  para- 
meters of o v e r a l l  s i z e  versus  c u r r e n t  dens i ty  and 

power consumption a r e  v a r i e d  f o r  d i f f e r e n t  a p p l i -  
c a t i o n s .  

The p r o f i l e  can be l i n e a r l y  scaled t o  any 
s i z e  and can b e  made without s p e c i a l  equipment, 
s i n c e  only plane sur faces  a r e  involved. For  small 
quadrupoles o r  fo r  any a p p l i c a t i o n  where only 
about 80% of t h e  aper ture  need be used, case  A 
with a f l a t  pole i s  q u i t e  exce l len t  with a s l i g h t  
modif icat ion of t h e  c o i l  s l o t  width t o  make t h e  
68 term vanish.  
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Table I Coefficients of Nonlinear Terms Relative to Quadrupole Term in Narrow Quadruple Model. 

I I1 I11 IV V VI VI1 VI11 IX X XI X I 1  

Iron shim Ratio of @-A) B 0 
thickness co-eff 8 .  A B C D (B-A) (C-A) +(C-A) (D-A) (.120-.OOO) (.120-.OOO) 

0.000 68/28 +0.75 +2.6U t2.85 +4.83 +1.85 t 2 . 1 0  t3.95 +4.08 
10012e -4.40 -2.44 -2.06 -0.24 +1.96 +2.34 74.30 +4.16 
148128 -1.83 -1.42 -0.57 -0.17 +0.41 41.26 +1.67 +1.66 

0.120 68/28 
108120 

148128 

0.250 6e120 
108120 
140120 

+0.71 +3.00 

-2.49 -0.29 
-0.91 t0.31 

t0.20 

-0.35 
+1.14 

-1.89 -1.83 

-0.05 -0.05 
t0.51 +0.48 

Explanation of Column HeadinE 
I. Thickness of iron shim (in.) which was placed on both sides of the coil block against the pole. 
11. Ratio of the coefficientsof the nonlinear terms to the coefficient of the quadrupole term at the maximum 

radius of the harmonic coil (approximately 114 in. fI" the pole tip). A l l  ratios are expressed in percent. 
111-VI. Ratio of the coefficients for cases A,B,C and D respectively. 
vII-VIII. Ratio of the coefficients for perturbations B and C respectively. 

IX. Ratio of the coefficients for the sum of perturbations B and C. 
X. Ratio of the coefficients for perturbation D. 

XI-XII. Ratio of the coefficients for two 0.120'' iron shims in coil slot with perturbationSB and D respectively. 
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Table II Two-Dimensional and Azimuthally Integrated Coef3cients for Final Quadrupole Model. 

I I1 111 IV V vr VI1 VI11 

Iron shim Ratio of Point Long Theoretical Meas ' d 
thickness co-effs. coil coil Ends phase angle phase angle Difference 

0.295 4 e m  +0.025 +0.063 +0.038 -37O07' 
seize +0.093 +0.607 +0.514 -15~00' - 14035 +0°25' 

ioe/ze -0.245 -0.113 +o.i3z - 9000' -80 53' +0007' 

iu/ze +i.ii7 + o . m  -0.240 - 60261 -6' 30' +0°04 

Explanation of Column Headings 

I. Thickness of iron shim (in.) which was placed on both sides of the core block 

11. Ratio of the coefficients of the nonlinear terms to the coefficient of the 

against the pole. 

quadrupole term at the maximum radius of the harmonic coil (approximately 114 in. 
from the pole tip). All ratios are expressed in percent. 

111. Ratio of interior two-dimensional coefficients. 

IV. Ratio of azimuthally integrated coefficients. 
V. Ratio of contributions due to end effects, i.e., IV-111. 
VI. Theoretical phase angles which can be expected from the four-pole symmetry. 

VII. Measured phase angles. 
VIII. Deviation of measured phase angles from those predicted by four-pole symmetry. 

Fig. 1. Developmental Model Magnet. 

e 

Fig. 2. Illustration of Median Plane Projections at 
Copper-Aperture Interface for Coil Slot Width 
Equal to Aperture Radius. 
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CASE A CASE B A 

CASE C CASE D 

Fig. 3. Pole Perturbations of Quadrupole Profile. 

B 

419 

Fig. 4. Modification to Iron Pole Shim of Model to 
Produce Mechanically Simple Pole Profile. 
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