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Summary. The au thors  conclude from an i n v e s t i -  
g a t i o n  t h a t  f o r  a very high energy proton synchro- 
t r o n  a separa ted  func t ion  magnet l a t t i c e  i s  super- 
i o r  t o  t h e  conventional combined func t ion  l a t t i c e .  
I n  a d d i t i o n ,  t h e  d i r e c t  and i n d i r e c t  e f f e c t s  of 
t h e  r e s u l t a n t  smaller  rad ius  make it an economi- 
c a l l y  a t t r a c t i v e  a l t e r n a t i v e .  With long s t r a i g h t  
s e c t i o n s  employed, t h e r e  i s  no fundamental objec- 
t i o n  t o  a c losed magnet s t r u c t u r e .  Indeed t h e  
s h i e l d i n g  automatical ly  provided appears t o  out -  
weigh any disadvantages. 
t o t a l  dependence on high i n t e n s i t y  e x t e r n a l  beams 
of primary protons requi res  a very high degree of 
beam o p t i c a l  excel lence.  A l a t t i c e ' u t i l i z i n g  
quadrupoles and "window frame" d i p o l e s  can be 
constructed with very small aber ra t ions  i n  t h e  
azimuthal i n t e g r a l s  of t h e i r  f i e l d s .  The o p t i c a l  
p r o p e r t i e s  can be very accura te ly  cont ro l led  f o r  
a range of d i p o l e  f i e l d s  extending from lower 
values  than p r a c t i c a l  with combined func t ion  mag- 
n e t s  up t o  considerably higher  values .  Quadrupole 
a b e r r a t i o n s  allowed by symmetry a r e  of high mul t i -  
po le  order  and can be made extremely small. Only 
even order  d i p o l e  a b e r r a t i o n s  are allowed. 
ever ,  t h e s e  a r e  very s m a l l  from very low f i e l d s  up 
t o  values  approaching 20 kG. 
a t i o n s  apprec iab le  sextupole  appears ,  followed by 
10-pole. However, s ince  widely d i s t r i b u t e d  sextu-  
po le  lenses  a r e  d e s i r a b l e  f o r  parameter c o n t r o l ,  
t h e r e  i s  no s t rong  argument a g a i n s t  e x c i t i n g  t h e  
d ipoles  t o  f i e l d s  with moderate sextupole  aber ra-  
t i o n .  I n  c o n t r a s t  t o  t h e  end e f f e c t s  of combined 
func t ion  magnets, t h e r e  i s  no s i g n i f i c a n t  v a r i -  
a t i o n  of  beam resonant  frequency with r a d i u s ,  
o t h e r  than t h e  "chromatic" v a r i a t i o n  with momentum. 
This  v a r i a t i o n  is e a s i l y  and accura te ly  compen- 
sa ted  f o r  with sextupoles .  Dipoles and quadrupoles 
powered i n  series can be  designed to t r a c k  b e t t e r ,  
consider ing t h e  range of e x c i t a t i o n  a s  a whole 
than t h e  inherent  t racking  of g r a d i e n t  t o  d i p o l e  
f i e l d  i n  a combined func t ion  magnet. 
l e d  a u x i l i a r y  windings can e a s i l y  hold very con- 
s t a n t  the  resonant  f requencies .  Dipole and quad- 
rupole  high f i e l d  "bumps" incorporated i n  t h e s e  
elements w i l l  r e t a i n  only minute remanent per turb-  
a t i o n s  a t  i n j e c t i o n .  The closed s t r u c t u r e s  s h i e l d  
t h e  beam from s t r a y  f i e l d s  a t  i n j e c t i p n  and a l s o  
g r e a t l y  reduce t h e  p o s s i b i l i t i e s  of t w i s t  of  t h e  
median plane.  The e f f e c t s  on the  beam of coupl ing 
of t h e  modes of  o s c i l l a t i o n  during a c c e l e r a t i o n  
and of nonl inear  resonance phenomena are much more 
c r i t i c a l  f o r  e f f i c i e n t  e x t e r n a l  beam opera t ion  
than f o r  i n t e r n a l  t a r g e t  use. These e f f e c t s  can 
be  avoided with a separated func t ion  l a t t i c e .  I n  
a d d i t i o n  t o  providing a b e t t e r  and more f l e x i b l e  
opera t ing  machine, t h e  a b i l i t y  t o  vary widely and 
c o n t r o l  accura te ly  over t h e  whole a p e r t u r e  t h e  r e -  
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sonant f requencies  and o t h e r  parameters w i l l  
g r e a t l y  a i d  i n  understanding space charge and 
o ther  i n j e c t i o n  phenomena. This f l e x i b i l i t y  i s  
a l s o  a g r e a t  a s s e t  t o  a two s t a g e  development of 
a l a r g e  and c o s t l y  machine. For example, t h e  ex- 
c e l l e n t  low f i e l d  o p t i c a l  p r o p e r t i e s  would permit 
good opera t ion  a t  the proton i n t e n s i t y  l e v e l  of 
present  machines without  the  complexity of  a f i n a l  
l a r g e  boos te r  s tage .  Furthermore, t h e  complete 
independence of the  func t ions  lends i t s e l f  e a s i l y  
t o  bui ld ing  i n t o  t h e  r i n g  the  capaci ty  f o r  flitlire 

addi t ion  o r  rearrangement of components f o r  higher  
energy operat ion.  Going even f u r t h e r ,  the  sep- 
a r a t e d  func t ion  l a t t i c e  i s  most s u i t a b l e  f o r  pos- 
s i b l e  u l t i m a t e  replacement of t h e  magnet u n i t s  by 
a i r  core  superconducting elements. As an i n t e r -  
mediate superconducting s t e p ,  the  magnet system 
proposed can be modified t o  g ive  f i f t y  percent  
increase  i n  peak machine energy, us ing  supercon- 
duct ing windings only as e x c i t a t i o n  c o i l s  f o r  t h e  
i r o n  magnets. 

In t roduct ion  

The idea  of a separa ted  func t ion  magnet l a t -  
t i c e  f o r  a very high energy synchrotron i s  obvious 
i n  i t s e l f .  It was  not  our  purpose t o  show t h a t  
the same job can be done with d i f f e r e n t  hardware. 
The motivat ion f o r  t h i s  work came from experience 
i n  he lp ing  t o  b u i l d  and opera te  the  Brookhaven AGS 
and from p a r t i c i p a t i n g  i n  the  recent  development 
of magnetic elements of high beam o p t i c a l  pur i ty .  

The AGS i s  a magnificent machine and is cer -  
t a i n l y  a triumph t o  t h e  people who conceived i t  
and t o  those mainly respons ib le  f o r  having brought 
i t  t o  i t s  high l e v e l  of achievement. (Remarks con- 
cerning t h e  AGS i n  t h i s  paper apply by and l a r g e  
to t h e  CERN PS as wel l . )  

t o l e r a n c e s  t o  avoid d e s t r u c t i v e  resonant  e f f e c t s  
and excessive equi l ibr ium o r b i t  d i s t o r t i o n s ,  bu t  
t h e r e  i s  another  s i d e  to  t h i s .  The very l a r g e  
r a d i u s  of curva ture  compared to t h e  c ross -sec t ion ,  
which w i l l  be  even more t r u e  f o r  h igher  energy 
machines, l eads  t o  apprec iab le  s i m p l i f i c a t i o n s ,  
The l a t t i ce  c o n s i s t s  of many magnet modules with 
two dimensional mechanical and magnetic p r o p e r t i e s ,  
a p a r t  from small end e f f e c t s .  An i l l u s t r a t i o n  of 
t h e  b e n e f i t s  i s  t h e  f a c t  t h a t  even severe  magnet 
s h o r t s  i n  high r a d i a t i o n  a r e a s  have been cor rec ted  
i n  a matter of  days. 

on t h e  dynamic p r o p e r t i e s  of t h e  AGS f a s t  e x t e r n a l  
beam has  revealed,  on many occasions,  s u b t l e t i e s  
of behaviour which normally would not  b e  important 
f o r  i n t e r n a l  ta rge t ing .  For example, beam s i z e  
i n c r e a s e ,  which i s  d i s a s t r o u s  f o r  e x t r a c t i o n ,  
occurred due t o  a very small remanent h i s t o r y  i n  
sextupoles  prev ious ly  used t o  e x c i t e  a 2/3 hor iz -  

The s t r o n g  focusing machines do r e q u i r e  c l o s e  
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ontal  resonance f o r  tests of t h e  slow e x t e r n a l  beam. 
By means of a method devised t o  photograph one 
t r a v e r s a l  of  t h e  beam through a f l u o r e s c e n t  sc reen  
i n s i d e  t h e  machine, i t  was observed t h a t  t h e  beam 
was  t r i p l i n g  i n  s i z e  h o r i z o n t a l l y .  L a t e r  i n  t h e  
c y c l e  i t  was r o t a t i n g  through l a r g e  angles  because 
of h o r i z o n t a l  t o  v e r t i c a l  u coupling. I n  a d d i t i o n  
a small p e r t u r b a t i o n  due t o  a septum f r i n g i n g  f i e l d  
can cause t r o u b l e  n o t  only on t h e  h a l f  i n t e g r a l  re- 
sonance b u t  nonl inear  resonance l o s s e s  also have 
been encountered. With r a d i u s  and momentum as var-  
a b l e s  t h e  p o s s i b i l i t i e s  f o r  3ux=26, 2ux + uY = 26, 
and 3uy = 26 occurr ing  i n  the  
a b l e .  A t  h igh i n t e n s i t i e s  the beam s i z e  appears  
more s e n s i t i v e  t o  small d is turbances ,  gas  pressure ,  
e t c .  Coherence was found t o  have some a s s o c i a t i o n  
wi th  troublesome beam s i z e  changes, b u t  d i d  n o t  
appear t o  be  t h e  primary f a c t o r .  

A l l  t h e  above problems can be  overcome, o r  
avoided, i n  one manner o r  another  t o  g ive  r e l i a b l e  
and e f f i c i e n t  f a s t  e x t e r n a l  beam opera t ion  a t  high 
i n t e n s i t i e s ,  b u t  c l e a r l y  i t  would be b e t t e r  t o  min- 
imize d is turbances .  Operat ional  dependence on ef-  
f i c i e n t  e x t r a c t i o n  of slow e x t e r n a l  beams wi th  re- 
producible  s p i l l  rates i s  very s e n s i t i v e  t o  mach- 
i n e  s u b t l e t i e s  and r e q u i r e s  e x c e l l e n t  c o n t r o l  of  
parameters. S i m i l a r l y  s o p h i s t i c a t e d  i n j e c t i o n  
schemes f o r  optimum acceptance are a f f e c t e d  by in-  
j e c t i o n  f i e l d  o r b i t  "bumps", d i s t o r t i o n s  o f  t h e  B 
f a c t o r s ,  u v a r i a t i o n  with r a d i u s ,  h o r i z o n t a l  and 
v e r t i c a l  coupl ing,  and t w i s t  of the  median planes 
due t o  s t r a y  f i e l d s .  The combined func t ion  magnet 
system i s  prone t o  a l l  these  d is turbances  (although 
they can l a r g e l y  b e  avoided by i n j e c t i o n  a t  q u i t e  
high f i e l d s ) .  

200 BeV combined func t ion  machine had been made by 
t h e  Lawrence Radiat ion Laboratory Design Study 
Group,' we proceeded t o  i n v e s t i g a t e  an equivalent  
machine with a separa ted  func t ion  l a t t i c e . a  

Our i n t e r e s t  i n  c o s t  i s  secondary. However, 
a c c e l e r a t o r s  being very expensive t o o l s  it w a s  
f i r s t  important  t o  e s t a b l i s h ,  a t  t h e  very least, 
t h a t  c o s t  was reasonably competitive. Table  I 
shows l a t t i c e  parameters, and Fig. 1 i l l u s t r a t e s  
a normal per iod  of t h e  separa ted  func t ion  l a t t i c e .  

Comparison of t h e  Magnetic Proper t ies  of the  
Two Types of Components 

t o  have e x c e l l e n t  magnetic p r o p e r t i e s  a t  i n t e r -  
mediate f i e l d s  where the  permeability,+., i s  high. 
It i s ,  however, r e a l l y  a deformed d ipole ,  and as 
~.b decreases  t h e  f i e l d  conf igura t ion  d e t e r i o r a t e s .  
The maximum f i e l d  al lowable on t h e  aper ture  cen- 
t e r l i n e  i s  b a s i c a l l y  set  by s a t u r a t i o n  of t h e  
minimum gap. 
g r a d i e n t  t o  t h e  d i p o l e  component (k = G/Bo) changes 
more than i s  acceptab le ,  and higher  f i e l d  mult i -  
p o l a r i t i e s  are j u s t  w i t h i n  c o n t r o l l a b l e  bounds. 
Bo max i s  t h e r e f o r e  a func t ion  of t h e  k value and 
of t h e  h o r i z o n t a l  and v e r t i c a l  a p e r t u r e  dimensions 
des i red  (Fig. 2) .  

and quadrupoles s t i l l  have good p r o p e r t i e s ,  d i s -  

AGS are consider- 

Since a thorough and exce l len t  design f o r  a 

The combined func t ion  magnet can be  designed 

Above t h i s  p o i n t  t h e  r a t i o  of t h e  

A t  low f i e l d s ,  where window frame d ipoles  

t o r t i o n s  occur  i n  t h e  combined func t ion  magnet due 
t o  low permeabi l i ty .  Eddy c u r r e n t s  i n  t h e  vacuum 
chamber, t h e  remanent f i e l d  p a t t e r n ,  and pene- 
t r a t i o n  of  s t r a y  f i e l d s  a l l  tend t o  d i s t o r t  f i e l d  
conf igura t ions .  Eddy c u r r e n t s  i n  t h e  i r o n ,  i f  pre-  
s e n t  i n  apprec iab le  magnitude, a l s o  d i s t o r t  s ince  
they tend t o  produce a less deformed dipole .  

Dipole magnets having an a p e r t u r e  of 2.4 
inches  v e r t i c a l l y  by 5 inches h o r i z o n t a l l y  and 
approximately 20 f t .  long were chosen f o r  t h i s  
i n v e s t i g a t i o n  (Fig. 3). Peak f i e l d s  of 20 and 22kG 
were considered.  Magnet yoke thickness  was chosen 
t o  g ive  n e g l i g i b l e  c o n t r i b u t i o n  t o  s a t u r a t i o n  so 
t h a t  any decrease  of incremental  B with I repre-  
s e n t s  s a t u r a t i o n  i n  t h e  pole  sur faces .  The window 
frame d i p o l e  has  plane p a r a l l e l  p o l e  sur faces  which 
are d i p o l e  e q u i p o t e n t i a l s .  As a r e s u l t  decreasing 
permeabi l i ty  tends ,  to  f i r s t  approximation, t o  add 
r e l u c t a n c e  without  d i s t o r t i n g  the  e q u i p o t e n t i a l  
planes.  A s  a r e s u l t  i t  r e t a i n s  good f i e l d  proper- 
t i es  over a g r e a t e r  range of  b. The l e f t - r i g h t  
symmetry r e p r e s s e s  t h e  o r d e r s  of m u l t i p o l a r i t i e s  
allowed and a l s o  tends t o  repress  t h e i r  amplitudes. 

I n t e r n a l  two dimensional aber ra t ions  were 
computed u s i n g  t h e  SIBYL program and compared 
wi th  experimental  d a t a  on e x i s t i n g  window frame 
d i p o l e s  i n  excess  of 20 kG. Calcu la t ions  wi th  
permeabi l i ty  d a t a  of a s i l i c o n  steel shows t h a t  a t  
20 kG wi th  a 95% packing f a c t o r  3.75% a d d i t i o n a l  
e x c i t a t i o n  c u r r e n t  i s  requi red  due t o  s a t u r a t i o n  
and a b e r r a t i o n s  are j u s t  appearing, which are pre-  
dominantly sextupole .  A t  22 kG t h e  c u r r e n t  increase  
due t o  s a t u r a t i o n  i s  9'7'7 and t h e  sextupole  aber ra-  
t i o n  i s  about 5 kG-feet p e r  d ipole  a t  maximum hor- 
i z o n t a l  displacement ( G a x  = 2.5 i n . ) .  
a b e r r a t i o n  w a s  about 10% of t h i s  value a t  Lax so 
i t s  e f f e c t  i s  very small. For in te rmedia te  f i e l d s  
very low a b e r r a t i o n s  w i l l  b e  present .  

frame d i p o l e  than f o r  a C-type magnet of t h e  same 
s teel ,  s i n c e  wi thout  e x t e r n a l  magnetomotive f o r c e  
spontaneous r e o r i e n t a t i o n  wi th in  the  closed core  
r e s u l t s .  What remanence remains e x h i b i t s  l o w  aber- 
r a t i o n s  which a r e  constrained t o  be  sextupole ,  
10-pole, etc. E x c i t a t i o n  f i e l d s  as low as a few 
gauss  conta in  very l i t t l e  aber ra t ion .  Eddy c u r r e n t s  
i n  t h e  core  and i n  the  vacuum chamber, t o  good 
approximation, produce a d i p o l e  f i e l d  and only a f -  
f e c t  t h e  magnitude: t h e i r  a b e r r a t i o n s  a r e  less 
than i n  a combined func t ion  equivalent .  

Eddy c u r r e n t s  i n  t h e  e x c i t i n g  c o i l s  are i n  
c l o s e r  proximity t o  t h e  aper ture  with t h e  window 
frame design. However, t h e  modif icat ion t o  the 
d i s t r i b u t i o n  of c u r r e n t  dens i ty  i s  s t i l l  one dimen- 
s i o n a l  and, t o  good approximation, has  very minor 
inf luence  on t h e  f i e l d  i n  t h e  aper ture .  Only as- 
symetr ica l  eddy c u r r e n t s  i n  t h e  two turns  immedi- 
a t e l y  ad jacent  t o  the  vacuum chamber a r e  important. 
Aberrat ions w i l l  r e s u l t  i f  the  top t u r n  i s  s h i f t e d  
h o r i z o n t a l l y  wi th  respec t  t o  t h e  bottom turn.  How- 
ever ,  s i n c e  t h e  inner  t u r n s  i n  each layer  of t h e  
two layer  c o i l  are wound f i r s t ,  t h i s  to le rance  can 
b e  he ld  s u f f i c i e n t l y  c l o s e  with good f a b r i c a t i o n  
procedures, This  condi t ion has  been s imulated ex- 
per imental ly  and appears t o  present  no problem a t  
i n j e c t i o n  f i e l d s  lower than p r a c t i c a l  with a com- 
bined func t ion  l a t t i c e .  

The 10-pole 

The remanence is  much lower f o r  t h e  window 
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The use of s p l i t  window frame d ipoles  elim- 
i n a t e s  t h e  need f o r  a l l  e x t e r n a l  c o i l  clamps ex- 
c e p t  on t h e  ends. 
vacuum tube clamps would b e  requi red  s i n c e  both 
t h e  c o i l  and t h e  vacuum chamber would b e  complete- 
l y  contained w i t h i n  the magnet a p e r t u r e  along i t s  
length.  S p l i t  d ipoles  a l s o  s impl i fy  t h e  assembly 
and disassembly of  the  vacuum chamber and c o i l s .  
Horizontal  accuracy of  alignment of t h e  top and 
bottom h a l f  magnet cores  need not  be  p r e c i s e  
s i n c e  only t h e  average gap s e p a r a t i o n  has  a t i g h t  
tolerance.  

Quadrupoles of a type developed a t  t h e  AGSQ 
which can be  dr iven  t o  high pole  t i p  f i e l d s  with 
moderate power consumption and with high quadru- 
pole  f i e l d  p u r i t y  were considered (Fig. 4). These 
can be  assembled w i t h  no yokes on t h e  s i d e s ,  where 
necessary,  wi thout  any o p t i c a l  d e t e r i o r a t i o n .  
The lowest order  i n t e r n a l  a b e r r a t i o n  i s  12-pole 
(60,r5). It can b e  made a r b i t r a r i l y  zero i n  de- 
s ign ;  t h e  next  order  ( 1 0 Q . , r 9 )  i s  about 0.2% a t  
maximum aper ture .  
about 1% i n  amplitude a t  f u l l  aper ture ,  but  f a l l s  
as and i s  academic f o r  p r a c t i c a l  o r b i t s .  
These a b e r r a t i o n s  are slowly varying and are q u i t e  
small over t h e  complete range of  e x c i t a t i o n  t o  
f i e l d s  higher  than used i n  t h i s  inves t iga t ion .  
Remanence aga in  i s  small and predominantly quad- 
rupole  due t o  t h e  four - fo ld  symmetry. Eddy cur- 
r e n t s  i n  t h e  c y l i n d r i c a l  vacuum chamber s e c t i o n s  
are a l s o  quadrupole to  v e r y  good approximation. 

rupoles  (r5,6Q) i's only about 1/200 i n  grad ien t  
(1/1000 in  f i e l d )  a t  f u l l  a p e r t u r e  and slowly 
varying with e x c i t a t i o n .  However, t h e  i n t e g r a l  
g rad ien t  length  can be  made completely l i n e a r  i n  
design,  even c a n c e l l i n g  t h i s  small e f f e c t  by an 
equal and oppos i te  i n t e r n a l  one. 
f o o t  long) d i p o l e s  t h e  end e f f e c t s  s t i l l  have 
l e f t - r i g h t  symmetry and a t  22 kG and Gax t h e  sex- 
tupole  term i n  t h e  ends c o n t r i b u t e s  a gradien t  
e r r o r  about l ~ l O - ~ o f  t h e  quadrupole grad ien t .  
The 10-pole i s  about f i v e  t i m e s  smaller. (Note: 
Fig.  5 shows a s u i t a b l e  6 module power supply 
arrangement i d e n t i c a l  t o  t h e  2 module connection 
f o r  t h e  converted AGS). 

Beam Optics  and Tolerances 

p o l e s  above 20 kG, magnet a b e r r a t i o n s  i n  t h e  sep- 
a r a t e d  func t ion  l a t t i c e  are extremely small i n  
t h e i r  e f f e c t .  
v e r t i c a l  focus t e r m .  This w i l l  be very l i n e a r  
and no problem s i n c e  l a r g e r  b u i l t  i n  u - s p l i t t i n g  
w i l l  be  d e s i r a b l e .  The e f f e c t  of higher  order  
end e f f e c t s  w i l l  be  microscopic. The l e f t - r i g h t  
and up-down symmetry of t h e  elements e l imina tes  
t w i s t  of t h e  p lanes  of o s c i l l a t i o n  o r  f i e l d  bumps 
due t o  i n t e r a c t i o n s  of a u x i l i a r y  s t r a y  f i e l d s  and 
of t h e  e a r t h ' s  f i e l d  with t h e  magnets. One has 
d ipole ,  quadrupole and sextupole  f i e l d s  of high 
m u l t i p l i c i t y  and t h e  capac i ty  t o  p r e c i s e l y  c o n t r o l  
them. Some d i s t r i b u t e d  octupole  f i e l d  may be  
u s e f u l ,  a l though no octupole  a b e r r a t i o n  is present .  
Auxil iary c o n t r o l  of t h e  quadrupole f i e l d  i s  i d e a l -  
l y  located i n  t h e  quadrupoles themselves. 

N o  c o i l  wedging devices  and 

The next  order  (14Q,r13) i s  

The only s i g n i f i c a n t  end e f f e c t  i n  t h e  quad- 

For t h e  (twenty 

Apart from sextupole  a b e r r a t i o n s  i n  t h e  d i -  

End e f f e c t s  w i l l  produce a small 

These arguments assume e x c e l l e n t  t r a c k i n g  of 
t h e  series powered d i p o l e  and quadrupole f i e l d s .  
The combined func t ion  magnet g ives  t h i s  property 
au tomat ica l ly ,  b u t  i n  p r a c t i c e  k v a r i e s  3 t o  4"/, 
over  t h e  range of e x c i t a t i o n .  Well designed d i -  
p o l e s  and quadrupoles i n  series w i l l  t r a c k  b e t t e r  
than t h i s  without  c o r r e c t i o n .  However, f i e l d  
monitors  i n  u n i t s  i n  series w i t h  the  r i n g  can servo 
c o n t r o l  a u x i l i a r y  windin s t o  ho ld  t h e  t racking  
e a s i l y  t o  w i t h i n  1 x 10-8 p a r t s .  

of i n t e g r a l  g r a d i e n t  length  wi th  rad ius  has an 
apprec iab le  e f f e c t  o n u v a l u e s  as a func t ion  of ra- 
dius .  For t h i s  e f f e c t  p a r t i a l l y  cancels  t h e  
"chromaticI+ v a r i a t i o n .  
The g r a d i e n t  v a r i a t i o n  i s  due t o  end e f f e c t s  and 
v a r i e s  with e x c i t a t i o n  making accura te  c o n t r o l  d i f -  
f i c u l t .  For t h e  separa ted  func t ion  l a t t i c e  only 
chromatic v a r i a t i o n  i s  p r e s e n t  and is e a s i l y  and 
accura te ly  compensated w i t h  sextupole. 

For a s t r o n g  focus ing  a c c e l e r a t o r  magnet 
errors and equi l ibr ium o r b i t  d i s t o r t i o n s  are abso- 
l u t e l y  v i t a l  factors' .  
c a s e  one e f f e c t i v e l y  "shims" t h e  magnet by def in ing  
a magnetic c e n t e r l i n e  approximately coincident  wi th  
t h e  a p e r t u r e  c e n t e r l i n e  where t h e  i n t e g r a l  f i e l d  
through t h e  magnet i s  t h e  d e s i r e d  value. This  mag- 
n e t i c  c e n t e r l i n e  i s  loca ted  on t h e  prescr ibed  la t -  
tice. 

c a l  e r r o r s ,  one has  random e r r o r s  up t o  0.05% o f  
t h e  d i p o l e  f i e l d  Bo i n  both t h e  hor izonta l  and ver-  
t i ca l  planes.  On both t h e  p r e s e n t  machines and on 
higher  energy vers ions  t h i s  i s ,  i n  p r a c t i c e ,  q u i t e  
t o l e r a b l e  and g i v e s  a l o w  p r o b a b i l i t y  of excessive 
d i s t o r t i o n .  

For the  separa ted  func t ion  d ipole  the p o s i t i o n  
on t h e  l a t t i c e  i s  n o t  c r i t i c a l ;  only a c c u r a t e l e v e l -  
i n g  i s  necessary. The one t i g h t  to le rance  i s  t h e  
average gap separa t ion .  A change of 1.5 m i l s  g ives  
I ~ l O - ~ p a r t s  e r r o r .  However, t h i s  i s  a known e r r o r  
and can be e a s i l y  measured t o  l ~ l O - ~  p a r t s .  Such 
e r r o r s  can b e  coped wi th  by s tacking  around t h e  l a t -  
t i c e .  I f  d e s i r e d  a t  the  t i m e  of measurement they 
could be  removed with simple end shims (12 m i l s  = 
lxlO-* p a r t s ) .  
t i o n  i s  more s e n s i t i v e  than t h e  same e r r o r  on a 
combined func t ion  magnet. However, t h e r e  are about 
1/3 as many u n i t s  to  have t h e s e  s t a t i s t i c a l  e r r o r s  
so t h e  e f f e c t i v e  p o s i t i o n i n g  to le rances  would b e  
about t h e  same. 

d ipoles  do not  s h i f t  a t  low and high f i e l d s .  With 
t h e  combined func t ion  magnet such e f f e c t s  occur  
although t h i s  can be  p a r t i a l l y  compensated by s tack-  
ing  order  on t h e  r ing.  

Comparison of t h e  Two h t t i c e s  

magnet i s  lost  wi th  c losed  d ipoles ,  bu t  has very 
l imi ted  use. The separa ted  func t ion  design has 
twice as many s h o r t  s t r a i g h t  s e c t i o n s  per  per iod .  
The quadrupoles are a c c e s s i b l e  f o r  i n s e r t i o n s  such 
as pickup e l e c t r o d e s ,  and they have excess v e r t i c a l  
a p e r t u r e  which i s  very important. Since no auxi l -  

I n  a combined func t ion  machine the  v a r i a t i o n  

For v, t h e  two terms add. 

For  t h e  combined func t ion  

However, i n  p r a c t i c e ,  w i t h  mechanical and o p t i -  

A s i n g l e  quadrupole e r r o r  i n  posi-  

The e f f e c t i v e  c e n t e r s  of  t h e  quadrupoles and 

The vacuum chamber a c c e s s i b i l i t y  wi th in  a C- 
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i a r y  quadrupoles a r e  necessary,  and h o r i z o n t a l  
o r b i t  d e f l e c t o r s  may b e  incorpora ted  i n t o  the  d i -  
p o l e s  more u s e f u l  s t r a i g h t  s e c t i o n  space becomes 
a v a i l a b l e .  

i t y  seems t o  be  a g r e a t  advantage. The c o i l s  
appear  a t  f i r s t  s i g h t  t o  be s u b j e c t  t o  more r a d i -  
a t i o n  i n  t h e  separa ted  func t ion  case. I n  a very 
high energy machine almost a l l  t h e  p r h r y  protons 
which s t r i k e  t h e  vacuum chamber w i l l  i n t e r a c t  i n  
t h e  chamber because of t h e  very small i n c i d e n t  
angle. Regardless  of  the  magnet des ign ,  e f f i c i e n t  
c o i l  l o c a t i o n  would expose some p o r t i o n  of t h e  c o i l  
t o  t h e  cascades of i o n i z i n g  p a r t i c l e s  and neutrons 
which w i l l  f a n  o u t  from t h e  vacuum chamber, magnet 
core, etc. C o i l  l i f e  w i l l  b e  determined by t h e  
maximum exposure of  any p a r t  of t h e  coi l ,  Coil 
l i f e  could b e  expected, t h e r e f o r e ,  to be about t h e  
same f o r  bo th  designs.  Coil replacement, when 
necessary,  i s  easier on a s p l i t  d i p o l e  magnet. 
Better r a d i a t i o n  sh ie ld ing  i s  provided by t h e  
c losed  s t r u c t u r e  which also lends  i t s e l f  more t o  
s e r v i c i n g  from one s i d e  of t h e  r ing .  
i s  a l s o  more compact and takes  less space. 

tons  t h e r e  i s  no p r a c t i c a l  disadvantage t o  t h e  
separa ted  func t ion  design. 

a t i o n  on the  low key because of t h e  very sharply 
peaked forward product ion and severe  r a d i a t i o n  
problems t o  t h e  machine. For  a very high energy 
machine m u l t i p l e  traversal t a r g e t s  are l e s s  e f f i -  
c i e n t  than  a t  30 BeV. Secondary beams w i l l  r e q u i r e  
septum magnets a g a i n s t  the  vacuum chamber i n  t h e  
downstream end of long s t r a i g h t  s e c t i o n s  t o  sweep 
t h e  beam away from t h e  r ing .  It appears  t h a t  j u s t  
about any p r a c t i c a l  l ayout  would work equal ly  w e l l  
on e i t h e r  lattice. 

It should be  noted t h a t  t h e  degree of s a t u r -  
a t i o n  a t  22 kG i n  t h e  window frame d i p o l e  i s  about  
t h e  same as a t  t h e  design peak f i e l d  of combined 
func t ion  magnets. 
n o t  pred ica ted  on pushing t o  l i m i t i n g  f i e l d s :  a 
20 kG v e r s i o n  i s  only s l i g h t l y  more expensive than 
a 22 kG design,but  uses  about 20% less power.= 

p r o p e r t i e s ,  b u t  the  separated func t ion  design will 
have b e t t e r  and o p e r a t i o n a l l y  s impler  c o n t r o l  of 
both u, and over t h e  entire u s e f u l  aper ture .  
For equiva len t  machines with t h e  same b e t a t r o n  
phase space acceptance, t h e  separa ted  func t ion  ver- 
s ion ,has  about 30% smaller radius .  
r f  power ga in  per  t u r n ,  f o r  example, increases  
t h e  incoherent  space charge l i m i t  and has  o ther  
p r a c t i c a l  advantages. 

Addi t iona l  Advantage of t h e  Separated Function 
Lattice 

The g r e a t e r  f l e x i b i l i t y  of t h e  separa ted  
f u n c t i o n  system w i l l  be a g r e a t  a i d  t o  the study 
and understanding of space charge and o t h e r  i n -  
j e c t i o n  phenomena, 
parameters can b e  v a r i e d  widely and p r e c i s e l y .  
With e x c e l l e n t  c o n t r o l  and perhaps, p r e c i s e l y  con- 
t r o l l e d  n o n l i n e a r i t y ,  considerable  i n t e n s i t y  ga ins  

From a s h i e l d i n g  p o i n t  of view, i n a c c e s s i b i l -  

The l a t t i c e  

For  i n j e c t i o n  and e x t r a c t i o n  of  primary pro- 

P r e s e n t  thinking p l a c e s  i n t e r n a l  t a r g e t  oper- 

The separa ted  func t ion  design i s  

E i t h e r  l a t t i ce  can have good beam o p t i c a l  

This  reduces 

A t  i n j e c t i o n  t h e  magnetic 

may b e  made. 

to t h e  l a t t i c e  of an e x i s t i n g  machine much more 
e a s i l y  than wi th  a combined func t ion  machine. 
The knowledge acquired i n  both p a r t i c l e  and acce l -  
erator phys ics  a f t e r  opera t ing  a t  very high ener- 
g i e s  could then i n t e r a c t  i n  f u t u r e  modif icat ions.  
For  example, t h e  beam t r a n s p o r t  t y p e  of quadrupole 
elements can be  s t rengthened f o r  e i t h e r  higher  v 
01: higher  energy opera t ion ,  or replaced by d f f f e r -  
e n t  ones. S i m i l a r l y ,  a d d i t i o n a l  d i p o l e  d e f l e c t i o n  
can b e  added f o r  higher  energies .  

t h e  scope o f  t h i s  work. 
involving s u f f i c i e n t  acceptance of b e t a t r o n  and 
synchrotron phase space f o r  some i n j e c t i o n  scheme 
a t  t h e  i n t e n s i t i e s  des i red ,  and adequate space 
charge l i m i t s .  I n j e c t i o n  schemes contemplated are 
expensive and o p e r a t i o n a l l y  very complex. Various 
p o s s i b i l i t i e s  arise, f o r  example, t h e  f i n a l  s t a g e  
of t h e  i n j e c t o r  system might be el iminated or tem- 
p o r a r i l y  l e f t  o u t  f o r  a la ter  modif icat ion.  With 
e x c e l l e n t  o p t i c s  a t  lower f i e l d s , a s  w e l l  as f l e x i -  
b i l i t y ,  a more modest i n j e c t o r  could w e l l  f u l f i l l  
t h e  d e s i r e d  goa ls .  

have capac i ty  for conversion t o  superconducting mag- 
nets. Some of t h e  assoc ia ted  hardware of t h e  two  
magnet la t t ices  i s  not  interchangeable  making con- 
vers ion  from one system t o  t h e  o t h e r  un l ike ly .  
Therefore, t h e  use of  a separa ted  func t ion  l a t t i c e ,  
which i s  s u p e r i o r  f o r  a i r  c o r e  magnets , is  more de- 
s i r a b l e . 2  

A modest modi f ica t ion  t o  t h e  d ipoles  proposed 
can give a 50% i n c r e a s e  i n  peak energy by using 
superconducting windings only a s  cryogenic e x c i t -  
i n g  co i l s .a  The shie ld ing ,  s tored  energy, and pre-  
c i s i o n  advantages of i r o n  cores  are retained.  Aber- 
r a t i o n s  are about  double t h e  22 kG values  and con- 
t r o l l a b l e .  This  i s  specula t ive ,  although techni-  
c a l l y  sound, and i l l u s t r a t e s  t h e  a d a p t a b i l i t y  of 
such components, 
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Table I Machine Lattice Parameters or Fundon of 
Quadrupole Strength. 

w 2 GLa ,w L x  Bmin Y Y .O1 %Ax 

( t t . )  (&/in. X in.) (dog.) ( in . )  , (in.) N - 72 N * 84 ( in . )  

412.7 

321.0 
275.2 42.9 2794.0'1299.0 8.58 10.01 2.32 

0.52 

0.6h 

0.89 
1.14 

1.61 

- 

(a) *385.5 Wlin .  Y in. is  the quad-ole desigm strength used in 
the f O 8 t  c-*risons. 

(b) Nom accurately, t h i s  design strength g ives  a half period 
length LIZ * 56.85 E t .  

p a r d  v i t h  2300 in the I%I. design. 

. O l  %I Cor LUL - 2.36 in. (including appreciable incmaso due 

t o  the Collins Straight sections).  

Y for IJL is -13.75 in the n o m 1  periods (plus abaut 3 unita 

d u e  to Collins atralght msctions). 

mi. produces e,, * 2350 in. c w -  

(c) 

(a) 

A G S  PROFILE. I 
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AP. L 

I - 
(0.91") I I ( 1.22* 1 + 

( 2 0.3 k G . ) 3.93" 

Fig. 2. Comparison of AGS and Proposed LRL Magnet 
Profiles. 

9. QUADRUCOCC 

Fig. 1. Normal Cell of Separated Function Lattice. 
Fig. 3. Typical End View of a Dipole Magnet with a 

2.4" x 5" Aperture. 
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A L 

e 
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I 

Fig. 4. Typical End View of a 5" x 58.5" Quadrupole 
Magnet. 

e - 6000 VOLT IONITRON RECTIFIER OUTPUT. 

2- 4 OF RINC LOAD. 

Fig. 5. Possible Configuration for Powering 200 BeV 
Ring. 
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