
I E E E  TRANSACTIONS ON NUCLEAR SCIENCE August 

I O N  OPTICAL STUDIES OF EXTRACTION 
TRANSPORT AND ANALYSIS SYSTEMS FOR 

240 CM CYCLOTRON 

S c i e n t i f i c  R e s e a r c h  I n s t i t u t e  f o r  
E l e c t  r o p h y s i c a l  Ap a r a t u s  , 

Abstract L e n i n g r a d ,  U.s.8.~. 
High demands ( f o r  example [ l ]  ) t h e  o r b i t  r a d i a l  g r a d i e n t  i s  a b o u t  

c la imed t o  beam q u a l i t y  of modern 100 gauss /cm),  T h i s  g i v e s  t h e  p o s s i -  
c y c l o t r o n s  f o r c e  t o  s o l v e  on t h e  who- b i l i t y  w i t h o u t  any e s s e n t i a l  p h a s e  
l e  t h e  problems of e x t r a c t i o n  and s l i p  t o  a c c e l e r a t e  i o n s  t o  t h e  o r b i t  
t r a n s p o r t  of  p a r t i c l e s .  I n  240 cm w i t h 3 ,  -0.5.  I n  s u c h  regime i t  i s  ne- 
c y c l o t r o n  d e s i g n  [2] s i x  e x p e r i m e n t a l  c e s s a r y  t o  compensate  c a r e f u l l y  t h e  
rooms w i t h  t o t a l  a r e a  of abou t  1000m2 magnet ic  f i e l d  d i s t u r b a n c e s  o f  t h e  
a r e  p r o v i d e d .  The i o n  o p t i c s  o f  t h i s  f i r s t  harmonic  t y p e .  
i n s t a l l a t  i o n  h a s  been d e s c r i b e d  e a r -  A t  107O d i s t a n c e  f rom t h e  d e f l e c -  
l i e r  i n  t h e  p a p e r  on F r a s c a t i  confe -  t o r  e n t r a n c e  i n  t h e  midd le  of t h e  
renceC31. I n  t h e  p r e s e n t  p a p e r  some " v a l l e y "  a  25 cm l o n g  magnet ic  chan- 
r e s u l t s  of e l e c t r o n i c  computer  c a l c u -  n e l  w i t h  p o s i t i v e  g r a d i e n t  
l a t i o n s  of t F e  e x t r a c t i o n  and t r a n s -  400 gauss/cm is mounted.0n t h e  165' 
p o r t  s y s t e m s  p a r a m e t e r s  a r e  g i v e n .  az imuth  t h e  beam e n t e r s  t h e u n i f  orm 
A b r i e f  d e s c r i p t i o n  o f  s e c o n d a r y  p a r -  f i e l d  magnet MO, c o r r e c t i n g  t h e  d i -  
t i c l e  a n a l y z e r s  i s  a l s o  g i v e n .  r e c t i o n  of t h e  e x t r a c t e d  beam a t  

Beam E x t r ~ t i o q  s v s t e & f i . a  

The i n i t i a l  d e f l e c t i o n  i s  c a r r i e d  
ou t  by 300 e l e c t r o s t a t i c  d e f l e c t o r ,  
p l a c e d  i n  t h e  " v a l l e y " .  The l a s t  equ- 
i l i b r i u m  o r b i t  h a s  a v e r a g e  r a d i u s  
1055107 cm. The d e f l e c t o r  a p e r t u r e  i s  
7  mm and t h e  septum t h i c k n e s s  is  
0.8 mm. I n  c a s e  o f  100 MeV p r o t o n s  
t h e  f i e l d  g r a d i e n t  is 120 Kv/cm. 

A t  t h e  r a d i a l  b e t a t r o n  o s c i l l a t i o n  
f r e q u e n c y  9,- =l . l 2 5  ( e x t r a c t i o n  f rom 
i s o c h r o n o u s  o r b i t )  58$ of c i r c u l a t i g g  
beam p a s s e s  t h e  d e f l e c t o r  a t  26-10 '  
inhomogenei ty  i n  energy;  when dr 50.5, 
t h e  e f f e c t i v e n e s s  i n c r e a s e s  up t o  7 2 8  
and en r g  s p r e a d  d e c r e a s e s  t o  
* 3 1 f t  was assumed, t h a t  f o r  t h e  - 
100 MeV p r o t o n s  t h e  energy  g a i n  p e r  
t u r n  j s s 2 0 0  Rev and h o r i z o n t a l  emi t -  
t a n c e  of c i r c u l a t i n g  beam i s  120mmmmd 
( c o h e r e n t  o s c i l l n t i o n s  a r e  a b s e n t ) .  

Three  i d e n t i c  s e c t i o n s  of s p e c i a l  
d e f l e c t i n g  wind ing  ( F i g . l )  a r e  symmet- 

p l a c e d  a l o n g  t h e  e q u i l i b r i u m  
E:E!ilfone s e c t i o n  i n s i d e  t h e  d e e ) .  
The l e n g t h  of e a c h  s e c t i o n  i s  35O. 
Each s e c t i o n  c o n s i s t s  of  two c o i l s  
w i t h  20 mm v e r t i c a l  d i s t a n c e  between 
them. The wind ing  does  n o t  g i v e  r e s o -  
nance az imuth  d i s t u r b a n c e  of t h e  mag- 
n e t i c  f i e l d .  

The s e c t i o n  beh ind  t h e  d e f l e c t o r  
o p e r a t e s  a s  magne t i c  c h a n n e l ,  which 
d e c r e a s e s  t h e  main f i e l d  on 1000 gauss.  
Beam a p e r t u r e  i s  n o t  l i m i t e d  by t h e  
winding.  

I n t e r n a l  p a r t  of t h e  wind ing  h a s  
t h e  e q u i l i b r i u m  o r b i t  form and c r e a -  
t e s  a s h a r p  f i e l d  d rop  ( a v e r a g e d n l o n g  

chang ing  t h e  e n e r g  I O r  t h e  t y p e  O f  a c c e l e r a t e d  i o n s .  h i s  magnet a l s o  
h a s  "quadrupo le"  winding w i t h  s e p a -  
r a t e  power s u p p l y .  

On t h e  b a s i s  o f  magne t i c  f i e l d  mo- 
d e l l i n g  d a t a  d e f l e c t e d  r e f e r e n c e  r a y  
c o o r d i n a t e s  and t r a n s f e r  m a t r i x  e l  e- 
ments were  c a l c u l a t e d .  These  m a t r i -  
c e s  a r e  a t  t h e  end of t h e  f r i n g e - f i -  

where Mx o p e r a t e s  on t h e  column vec- 
t o r  [x(cm),  X' ( r a d i a n s ) ,  a p / ~ ]  and 
M, o p e r a t e s  on KZ( cm) , z' ( r a d i a n s ) ]  . 

If we assume,  t h a t  a t  d e f l e c t o r  
e n t r a n c e  t h e  p a r t i c l e s  on h o r j  z o n t a l  
phnse  p l a n e  a r e  d i s t r i b u t e d  i n s i d e  

h a l f - a x e s  
X o  max t h e n  beam h a l f -  

The same f o r  v e r t i c a l  movement -. 
1 12 2 = b: + b l z ~ o  max' 

where aik ', bik - a p p r o p r i a t e  e l e -  
ments of m a t r i c e s  Mx and M,. 

Because  o f  d i s p e r s i o n  i n  t h e  cvc-  
l o t r o n  magnet f r i n g e - f i e l d ,  t h e  e?- 
f e c t i v e  h o r i z o n t a l  e m i t t a n c e  $xef 
is  c o n s i d e r a b l y  i n c r e a s e d  a s  compa- 
red  t o  t h e  emi t , t ance  

S x o = r X o  max Xo max 
a t  d e f l e c t o r  e n t r a n c e :  S X e f s S x o +  

t/z 
4 ~ p  &a,, a,- a, a,,Yx: ,+ (a,a23-a2tadz~fmJ +P 
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A t  t h e  e x t r a c t i o n  f rom t h e  o r b i t ,  
where L), = l .  125,  S 0=15 mm mrad, b u t  
Sx e t 1 8 0  mm mrad. f n  t h e  second r e g i -  
me, when $,=0.5, Sx '30 mm mrad, 
S .*=l55 mm mrad. ?n  t h e  f i r s t  a p p r r  
x t m a t i o n  t h e  d i s p e r s i o n  d o e s  n o t  i n -  
f l u e n c e  t h e  v e r t i c a l  e m i t t a n c e  which 
i s  assumed t o  beSz=T-6*62110mm mrad. 

E x t e r n a l  I o n  O ~ t i c s . ( F i a . &  

Beam t r a n s p o r t  s y s t e m  a l l o w s :  
1 )  t o  d i r e c t  t h e  p r e l i m i n a r y  e n e r -  

gy a n a l y z e d  beam on any e x t e r n a l  t a r -  
g e t ;  

2) t o  e l i m i n a t e  t h e  r a d i a t i o n  back- 
round i n  t h e  o p e r a t i n g  a r e a s  f rom t h e  
a n a l y z i n g  s l i t  by d o u b l e  bending o f  
t h e  beam; 

3) t o  c a r r y  o u t  s u c h  a reg ime ,  
when beam q u a l i t y  on t a r g e t s  d o e s  n o t  
depend on d i s p e r s i o n  i n  d e f l e c t i n g  
magne t i c  f i e l d s .  

The c a l c u l a t i o n s  of beam e n v e l o p e s  
and d i s p e r s i o n  were  made. I t  was a s -  
sumed, t h a t  s = r i - .2 ,5*4=31  mm mrad,  
ap/p= + 5 * 1 0 ' 3 ~ ~ s o  t h a t  a t  t h e  e n t  r a n -  
c e  of magnet M O ,  t h e  v a l u e  
S , g ~ 4 4 0  mm mrad; v e r t i c a l  e m i t t a n c e ,  
Sz=l 1 0  mm mrad. 

F ig .3  g i v e s  t h e  i n f o r m a t i o n  a b  u t  
r o f i l e  c h a n g i n g  ( e n v e l o p e s  9 

and 2 a l o n g  t h e  c e n t r a l  a x i a l  t r a j -  besm 7 
e c t o r y  ( b e g i n n i n g  f rom d e f l e c t o r  en- 
t r a .nce )  i n  c a s e  o f  t r a n s p o r t i n g  t h e  
beam i n  t h e  a r e a  I V .  The c e n t r a l  r a y  
f o r  p a r t i c l e s  if f e r i n g  by momentum 
on ~ p / p = + 5 * 1 0 - ~  i s  a l s o  shown. Magnet 
M O  and q u a d r u p o l e s  Q1,  Q2 c a r r y  o u t  
d o u b l e  f o c u s s i n g  o f  monoenerge t i c  p a r  
t j c l e s  i n  t h e  m i d d l e  of l e n s  QR. The 
l e n s  d o u b l e t -  Cl4, Q5 f ormf very- na r row 
(20 .5  mm) h o r i z o n t a l  w a i s t  a t  t h e  
c e n t r e  o f  t h e  d e f i n i n g  s l i t  C2. 270° 
a n a l y z i n g  magnet w i t h  inhomogeneous 
f i e l d  (n=0.831)  r e f o c u s e s  t h i s  p o i n t  
a t  t h e  s y m m e t r i c a l l y  p l a c e d  c e n t r e  of 
t h e  a n a l y z i n g  s l i t  C3. D i s p e r s i o n  of 
t h e  c y c l o t r o n  magnet i s  added t o  t h a t  
of  a n a l y z e r  ( i t s  r a d i u s  i s  2  m) and  
a t  ~ p / p = + 5 * 1 0 ' ~  t h e  d i s p e r s i o n  e q u a l s  
+12.3  cm i n  f o c a l  l a n e .  A t  one mm - 
w i d t h  of t h e  s l i t  E3, t h e  energy 
s o l u t i o n  of t h e  a n a l y z e r  i s  8-10' S"' 
( n o t  c o u n t i n g  a b e r r a t i o n s & .  Lens Q3 
does  n o t  a l m o s t  i n f l u e n c e  monoenerge- 
t i c  beam p r o f i l e ,  b u t  t h i s  l e n s  c a n  
change d i s p e r s i o n  r a y  d i r e c t i o n .  Len- 
s e s  cl4, 45 f o c u s  v e r t i c a l l y  t h e  beam 
a t  t h e  a n a l y z e r  e n t r a n c e  s o ,  t h a t  
e m i t t a n c e  e l l i p s e  i s  a good match t o  
v e r t i c a l  a c c e p t a n c e  l l i p s e  of t h e  
a n a l y z e r  ( h a l f w i d t h  8 does  n o t  exceed  
1 , 5  cm i n s i d e  i t ) .  

A t  t h e  e n t r a n c e  and  e x i t  of  t h e  
a n a l y z e r  t h e  s e x t u p o l e  t y p e  
magnets S PI and J ( ~ l g . ~ f ~ E : t  i n -  
s t a l l e d  f o r  t h e  compensa t ion  of t h e  
second o r d e r  h o r i z o n t a l  s p h e r i c a l  

a b e r r a t i o n s .  
The a n a l y z e d  beam i s  d e f l e c t e d  i n -  

t o  t h e  c o r r i d o r  by t h e  bend ing  magnet 
BM1 and t h e n  by means o f  l e n s e s  Q 
Qg , Ql l , Pi 2  and  magnets  BM2 and %h 
i s  d i r e c t e d  t o  t h e  a r e a  I V ,  where i& 
is  f o c u s s e d  on t h e  t a r g e t .  I n  t h e  Sa- 
me way t h e  beam can  b e  t r a n s p o r t e d  t o  
o t h e r  a r e a s ;  we c a n  a l s o  d i r e c t  t h e  
a n a l y z e d  beam t o  t h e  a r e a  I ,  p a s s i n g  
by t h e  c o r r i d o r  ( F i g . 2 )  . 

F i g . 3  shows a l s o  t h e  f o c u s s i n g  
f u n c t i o n s  

R' aB R -k+Ek aB, R, ---- 
%X- p ax B ~ )  g ~ -  a~ B, 

where Q -  c u r v a t u r e  r e d i u s  of t h e  
c e n t r a l  t r a j e c t o r y ;  - 

Bk - a v e r a g e  f i e l d  on t h e  r a d i u s  
Rk o f  t h e  l a s t  c y c l o t r o n  
o r b i t ;  

%- m a g n e t i c  f i e l d  g r a d i e n t  on ax t h e  c e n t r a l  t r a j e c t o r y .  
The s y s t e m  i s  a c h r o m a t i c ,  i f  i t s  

e l e m e n t s  a r e  t u n e d  a c c o r d i n g  t o  t h e  
Fig .4 .  The l e n s e s  Qq, Q5 make t h e  ho- 
r i z o n t a l  t r a j e c t o r i e s  " p a r a l l e l " .  The 
n p i c t u r e - f r a m e n  a n a l y z i n g  magnet h a s  
" q u a d r u p o l e n  w i n d i n g ,  which changes  
t h e  v a l u e  n  f r o m  0.831 ( t h i s  v a l u e  i s  
p r o v i d e d  by g a p  p r o f i l e )  t o  0.352. A t  
n=0.352 t h e  p a r a l l e l  monoenerget  i c  
beam is  h o r i z o n t a l 1  f o c u s s e d  a t  t h e  3; a n a l y z i n g  s l i t  Cg. n  t h i s  c a s e  t h e  
regime of l e n s  Q3 is chosen  i n  such  
a  way, t h a t  by means of l e n s  Q6 t h e  
c e n t r a l  d i s p e r s i o n  r a y  f rom t h e  cyc- 
l o t r o n  c a n  be  c o n n e c t e d  w i t h  imagi-  
n a b l e  d i s p e r s i o n  r a y ,  emerging i n  t h e  
o p p o s i t e  d i r e c t  i o n  f rom magnet BM1. 
A t  t h e  magnet BM1 e x i t  t h e  h o r i z o n t a l  
e m i t t a n c e  i s  e q u a l  t o  that at d e f l e c -  
t o r  e n t r a n c e ,  which i n  5C10 t i m e s  
l e s s  t h a n  t h e  e f f e c t i v e  e m i t t a n c e  of 
t h e  e x t r a c t e d  beam. S i m i l a r  t o  t h e  
scheme of F i g . 3 ,  t h e  beam i s  f o c u s s e d  
v e r t i c a l l y  a t  t h e  a n a l y z i n g  magnet 
e n t r a n c e .  A f t e r  magnet BM1 t h e  beam 
c a n  be  d i r e c t e d  i n  any e x p e r j m e n t a l  
a r e a .  The u s e  of s t a n d a r d  a c h r o m a t i c  
bending s y s t e m s  (magnet-quadrupole  - 

-magnet C41 ) m a i n t a i n s  on t h e  t a r -  
g e t s  a  s m a l l  v a l u e  o f  t h e  h o r i z o n t a l  
e m i t t a n c e .  The v a r i a t i o n  of a n a l y z i n g  
s l i t  C 3  w i d t h  c a n  change  beam momen- 
tum s p r e a d  w i t h o u t  d e t e r i o r a t i o n  of 
t h e  beam q u a l i t y .  A t  ~ p / ~ = t 5 * 1 0 ' 3  
d i s p e r s i o n  i n  f o c a l  p l a n e  e q u a l s  
+2.7 cm i n  regime of Fig.4.  

Analys ing magnet a p e r t u r e  is 
40.10 cm2. C - shaped  magnets Bk  w i t h  
uniform f i e l d  have t h e  a p e r t u r e  
20-10  cm2 and t h e  e f f e c t i v e  bending 
r a d i u s  160 cm. The q u a d r u p o l e  l e n s  
e f f e c t i f e  l e n g t h  is 60 cm, g ~ a d i e n t  - 
500 gauss/cm and a p e r t u r e  - 20 and 
15 cm. 
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Two s e c o n d a r y  p a r t i c l e  a n a l y z i n g  
magnet S ,  s p e c t  romet e r  and broad-ran-  
g e  s p e c t r o g r a p h ,  a r e  supposed t o  be  
i n s t a l l e d  i n  t h e  a r e a  I .  V e r t i c a l l y  
mounted 270° magnet w i t h  180 cm ben- 
d i n g  r a d i u s  and n=0.831 is  used a s  a  
s p e c t r o m e t e r .  Pig .5  shows t h e  t r a  j ec-  
t o r i e s  i f  we assume a  p o i n t  s o u r c e .  
We o b s e r v e  d o u b l e  f o c u s s i n g  i n  f o c a l  
p l a n e  and i n t e r m e d i a t e  v e r t i c a l  f o c u s  
is  formed i n  t h e  midd le  of s e c t o r . T h e  
t a r g e t  and t h e  d e t e c t o r  a r e  symmetr i -  
c a l l y  p l a c e d  a t  t h e  d i s t a n c e  o f  
175 cm between them. A t  2  mm a n a l y -  
z i n g  s l i t  W d t h  t h e  momentum r e s o l u -  
t i o n  i s  10-a ( n o t  c o u n t i n g  a b e r r a t i -  
o n s ) .  The used s o l i d  a n g l e  is  4.10'3 
s t e r a d i a n .  

The " q u a d r u p o l e "  winding c a n  chan- 
g e  t h e  v a l u e  n  t o  n ~ 0 . 1 6 9 .  From F i d . 6  
we can  s e e ,  t h a t  i n  t h i s  c a s e  t h e  
t r i p l e  f o c u s s i n g  ( s i m i l a r  t o  t h e  S t a w  
f o r d  s p e c t r o m e t e r  [5]) t a k e s  p l a c e ,  
t h a t  a l l o w s  t o  r e c o r d  t h e  p a r t i c l e d  
w i t h  momentum s p r e a d  25% s i m u l t a n e o -  

Uslgke Fowler  s p e c t r o g r a p h  [ 6 ] u i t h  
v e r t i c a l l y  f  o c u s s i n g  q u a d r u p o l e  l e n s  
a t  t h e  e n t r s n c e  can be used f o r  t h e  
s i m u l t a n e o u s  r e c o r d j n g  snd  a n ~ l y z i n g  
of p a r t j c l e s ,  d i f f e r i n g  by momentum 
2.25 t i m e s  ( s u c h  combina t ion  ( F i g . 7 )  
was a l s o  r o  osed i n  H e l s i n k i  Univer-  
s i t y  [7]  7. 8 r a j e c t o r y  r a d i i  a r e  
80f l 8 0  cm; t h e  f i e l d  i n  t h e  g a p  

of t h e  magnet w i t h  uniform f i e l d  i s  
up t o  12000 g a u s s .  The d i f f e r e n c e  of 
t h e  220 cm l o n g  f o c a l  l i n e  f rom a 
s t r a i e h t  one doesn't exceed 7  mm. A t  
2  mm t a r g e t  w i d t h  t h e  momentum r e s o -  
l u t i o n  is e s t i m a t e d  t o  be e q u a l  t o  
3.754.8-10-4 ( n o t  c o u n t i n g  a b e r r a t i -  
o n s ) .  Lens l e n g t h  is  30 cm, g r a d i e n t  - 1250 gauss/cm; 

I n  room I V  a n  a c h r o m a t i c  c h a n n e l  
f o r  i o n s  p o l a r i z e d  w h i l e  s c a t t e r i n g  
a t  t h e  t a r g e t  is t o  be  i n s t a l l e d .  
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~ i g . 1 ,  The vacuum chamber. 
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Fig.2. The idn-op t  i c s  l a y o u t  

Fig.3. Beam e n v e l o p e s  and d i s p e r -  
s i o n  i n  t h e  c a s e  of a n a l y -  Fig.4. Beam e n v e l o p e s  and d i s p e r -  
zed p a r t i c l e  t r a n s p o r t  t o  s i o n  I n  t h e  c a s e  of a c h r o -  
a r e a  IT. Analyzing magnet mat i c  t r a n s p o r t .  Ana lyz ing  
h a s  n=O,831 magnet h a s  1160,352 
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Fig.5. T r a j e c t o r i e s  i n  t h e  s p e c t r o -  
mete r  w i th  n  = 0,831. 

Fig.7.  H o r i z o n t a l  p l ane  t r a j e c t o -  
r i e s  f o r  Fowler spec t rog -  
raph w i th  quadrupole  l e n s .  

Detector 

f 
DISCUSSION 

WEGNER: What i s  your construction 
schedule? 

STEPANOV: The  magnet  with t r i m  coi l s  
i s  now under construction,  near ing  comple- 
tion, and construction h a s  begun on the si te  
i n  the ci ty of Kiev. 

LIVINGOOD: What i s  the s l i t  width used  i n  
at taining 8 X 10-' energy resolution? 

STEPANOV: 1 mi l l ime te r .  

BALL: What i s  the radius  of the curvature  
of t h i s  beam-  analyzing magnet?  

Radral ray  dragram 
f STEPANOV: 1. 8 m e t e r s .  

Transverse ray 
drapram {mn- scale) 

F i g . 6 .  T r a j e c t o r i e s  i n  t h e  c a s e  of 
t r i p l e  f o c u s s i n g  (n=0,169). 
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