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A b s  t r a c t 

The hurizontal dispersion of the P S  ring is squeezed 
in each of the proton and pbar ejection regions 
simultaneously by means of two pairs of. quadrupoles in 
order to allow the entire beam to pass through the 
1.imited aperture of the ejection channels to the S P S  
collider-. 

The resulting non-local modifications of the beta 
values and phase advances make this configuration very 
sensitive to the closed orbit distortion and the 
betatron tune. Non-zero chromaticities and orbit 
distortions introduce considerable dispersion 
variations across the large momentum spread of the 
short bunches required by the collider. 1his.results 
in incoherent horizontal betatron oscillations upon 
their in-jection in the S P S  ring. 

A recent upgrade o f  the poleface winding system and 
the introduction o f  two closed orbit correction 
dipoles allow the correction of both the closed orbit 
and the chromaticity in the P S  ring. These 
corrections increase the stability of the dispersion 
function, thus improving the ejection efficiency and 
suppressing the emittance blow-up. 

1 .  Introduction 

In the first few years ( 1 9 8 1 - 1 9 8 5 )  of the SPS collider 
operation the bunches were ejected from the P S  using a 
conventional orbit and optics configuration. which 
limited the pbar ejection efficiencies to 8 5 - 9 0  % due 
to the large radial beam s i z e  in the small aperture of 
the first beam transfer quadrupole. 

In 19A5 a double low-dispersion scheme[ll was 
introduced, consisting of 4 quadrupoles in straight 
sections 5, 25, 4 9  and 6 9 ,  which are pulsed at 1 4 0 0  A 
during the ejection, producing an integrated 
normalized gradient of 0 . 0 2 4 / m .  The defocussing 
quadrupoles 5 and 6 9  amplify the effect of the 
ejection kicker. The scheme reduces the horizontal 
dispersion simultaneously in the proton and pbar 
ejection regions. thus increasing the ejection 
efficiencies to around 1 0 0  %. Although the horizontal 
beta 'values are equaFiy reduced, the effect is small 
on the pbar ejection trajectory. The vertical betas 
remain unchanged (see Table I and figure 1 ) .  

Disadvantages of this configuration were the 
deterioration of the chromaticities ( Q ' x  = - 1 5 . 0 ) .  
which could at that time not be cokrected with the 
existing poleface windings and power supplies) and the 
closed orbit distortion (50 mm peak-to-peak). A 
previous paper [ 2 1  proposed a number of improvements 
which were implemented before the start o f  the 1 9 8 8 -  
1 9 8 9  collider run. The present report describes these 
imprwements and more particularly their beneficial 
effect on the transverse emittance blow-up. 

2 .  The oresent ( 1 9 8 8 )  scheme 

In 19EE the following improvements were applied t o  the 
optics of  the P S  and its ejection channels towards the 
S P S  collider: 

1 .  The horizontal chromaticity Q', at ejection was 
reduced to zero with 1 2 6 0  A in the new figure-of- 
eight poleface windingtkl, while keeping Q, at 
6 . 2 0 5 .  
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2. the closed orbit distortion at ejection w a s  reduced 
from 50 mm to 12 mm peak-to-peak, using 2 dipoles 
in straight sections 15 and 7 3 .  

3 .  after the final tests of the ring optics the TT2 
and T T 7 0  quadrupoles were adjusted to make the P S  
S P S  dispersion matching perfect. 

The evolution between 1 9 8 2  and 1 9 8 0  of the 
principal optics parameters of the P S  ring central 
orbit and the proton and pbar ejection trajectories 
is presented in table I .  
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Table I .  Evolution of the PS ejection parameters 

The subsequent 1 9 8 8  collider run has shown the 
beneficial effects of these corrections. For the first 
time conservation of the transverse emittances from P S  
ejection orbit to S P S  injection orbit has been 
possible, which may be explained by the following 
considerations. 

Firstly, the dispersion functions are less sensitive 
to operational variations around the reference 
situation like adjustments of tunes or bump 
amplitudes, and hence the transfer line matching 
remained valid without any adjustments during a 
period of several months. It is essential in this 
respect that the 8, value should be above 6 . 2 0 .  
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Second ly ,  a consequence o f  t h e  f i r s t  2 c o r r e c t i o n s  
i s  t h e  f a c t  t h a t  a l l  o r b i t s  i n  t h e  l a r g e  d p / p  r a n g e  
( f r o m  - 0 .003  t o  + 0 . 0 0 3 )  o f  t h e  s h o r t  bunches now 
have t h e  same d i s p e r s i o n  v a l u e s ,  w h i c h <  a l l o w s  a 
c o r r e c t  i n j e c t i o n  i n t o  t h e  SPS o f  t h e  e n t i r e  bean. 
As  w i l l  b e  shown below,  t h e  1985 - 1 9 8 7  w o r k i n g  p o i n t  
i s  e s t i m a t e d  t o  have i n c r e a s e d  t h e  n o r m a l i z e d  
h o r i z o n t a l  p r o t o n  and p b a r  e m i t t a n c e s  b y  a b o u t  
5 II mm.mrad, w h i c h  means an i n i t i a l  l u m i n o s i t y  loss o f  
abou t  25 2 .  

3 .  -n 

3 . 1  E Z  
d i s o e r s i o n  

D u r i n g  beam t r a n s f e r s  f r o m  one mach ine  t o  a n o t h e r  
t h e  h o r i z o n t a l  e m i t t a n c e s  can  o n l y  be conserved  i f  
t h e  d i s p e r s i o n  f u n c t i o n s  o f  t h e  t w o  machines a r e  
matched t o  any o r d e r  i n  A p l p .  T h i s  i m p l i e s  t h a t  a 
p a r t i c l e  c i r c u l a t i n g  w i t h o u t  b e t a t r o n  o s c i l l a t i o n  on 
any c l o s e d  o r b i t  i n  t h e  f i r s t  mach ine  i s  i n j e c t e d  
w i t h o u t  o s c i l l a t i o n s  i n  t h e  second mach ine  Onto t h e  
c l o s e d  o r b i t  c o r r e s p o n d i n g  t o  t h e  momentum o f  t h e  
p a r t i c l e .  

I n  t h e  f o l l o w i n g  o n l y  t h e  d i s p e r s i o n  a b e r r a t i o n s  o f  
t h e  P S  a r e  s t u d i e d ,  and f o r  s i m p l i c i t y  t h e  S P S  i s  
assumed t o  be a l i n e a r  machine.  The A p l p  dependence o f  
t h e  h o r i z o n t a l  d i s p e r s i o n  0 ,  i n  t h e  PS r i n g  and i n  t h e  
PS-SPS t r a n s f e r  l i n e s  has been s t u d i e d  w i t h  MAD [ 3 1  by 
c a l c u l a t i n g  t h e  r i n g  d i s p e r s i o n  functi 'on for d i f f e r e n t  
A p l p  v a l u e s  and p r o p a g a t i n g  ' t h e s e  d i s p e r s i o n  f u n c t i o m s  
a l o n g  t h e  e j e c t i o n  t r a j e c t o r y  i n t o  t h e  t r a n s f e r  
c h a n n e l .  

The P S  b e n d i n g  magnet f i e l d  i s  d e s c r i b e d  f o r  t h i s  
pu rpose  by a p o l y n o m i a l  f i t  t o  r e c e n t  m a g n e t i c  
measurements. C i r c u l a t i n g  beam 1-50 < x < +50  mml i s  
c a l c u l a t e d  w i t h  m u l t i p o l e s  IJP t o  1 2 - p o l e .  The mode l  
ag rees  w e l l  w i t h  t u n e  measurements.  On t h e  e j e c t i o n  
t r a j e c t o r y  l x  up  t o  100 mm) m u l t i p o l e s  up  t o  2 0 - p o l e  
have t o  be used.  The c l o s e d  o r b i t  i s  t h e  sum o f  a 
n o m i n a l  d i s p e r s i o n  t e r m  x,(61 and a d i s t o r t i o n  t e r m  
w h i c h  i s  m a i n l y  a f u n c t i o n  o f  t h e  t u n e  Q, and t h e  N 
e r r o r  s t r e n g t h s  k i .  With 

6 : A p l p  
x, 9 t h e  o r b i t  i n  t h e  absence o f  d i s t o r t i o n  
D, : t h e  d i s p e r s i o n  i n  t h e  absence o f  d i s t o r t i o n  
ki : t h e  s t r e n g t h  o f  t h e  i - t h  o f  N o r b i t  k i c k s  
fi 'i t h e  e f f e c t  o f  1 mrad  a t  k i c k  i o n  t h e  
f = i t s  d e r i v a t i v e  w i t h  r e s p e c t  t o  0, 

t h e  m o d i f i e d  o r b i t  and d i s p e r s i o n  may be w r i t t e n :  

o r b i t  

~ ( 6 1  = ~ ~ 1 6 )  + 1 k i  . fi ( Q x )  i = 1 ,  N 

D16) = O , ( B l  + L ki . Q ' ,  . f ' i ( Q , l  + . . .  
The A p l p  d e r i v a t i v e  o f  t h e  d i s p e r s i o n  c o n t a i n s  
te rms  w h i c h  a r e  q u a d r a t i c  i n  Q',: 

ki . ( 0 ' , l 2  . f " , (Q , l  

w h i c h  shows t h e  i m p o r t a n c e  o f  t h e  c h r o m a t i c i t y  
c o r r e c t i o n  i n  t h e  p r e s e n c e  o f  a l a r g e  o r b i t  
d i s t o r t i o n .  as was t h e  case a t  t h e  P S .  The ma in  
consequences o f  t h e s e  a b e r r a t i o n s  a r e  an a p p a r e n t  l o s s  
o f  a p e r t u r e  a t  e j e c t i o n  and a t r a n s v e r s e  e m i t t a n c e  
b l o w - u p  af i n j e c t i o n  i n  t h e  S P S .  The 1988 c o r r e c t i o n s  
i n  t h e  P S  r i n g  reduced  t h e  k i  v a l u e s  and c a n c e l l e d  
Q ' x +  r e s u l t i n g  i n  a c o n s i d e r a b l e  d e c r e a s e  o f  t h e  
h i g h e r  o r d e r  e f f e c t s .  

3 . 2  E m i t t a n c e  b low-uo  due t o  h i q h e r  o r d e r  d i s m r s i o n  

The h o r i z o n t a l  b low-up  a t  i n j e c t i o n  i n  t h e  SPS caused 
by t h e  m u l t i p o l a r  o r b i t  m ixmatch  between t h e  P S  and 
t h e  S P S  may be  used as a measure o f  t h e  h i g h e r  o r d e r  
a b e r r a t i o n s .  The two-s igma e m i t t a n c e  o f  a p a r t i c l e  
o s c i l l a t i n g  a round  a r e f e r e n c e  t r a j e c t o r y  is g i v e n  by 
2 IT t i m e s  t h e  Couran t -Snyder  i n v a r i a n t :  

2n . (x2  + 2 2 1  I B 

where z = a . x  + B . x ' ,  and x and x '  a r e  t h e  p o s i t i o n  
and a n g l e  o f  t h e  o s c i l l a t i o n  ( p a r t i c l e  t r a j e c t o r y  - 
r e f e r e n c e  t r a j e c t o r y ) .  
I f  e v a l u a t e d  i n  t h e  P S - S P S  p r o t o n  or pbar  t r a n s f e r  
l i n e  downstream o f  a l l  n o n - l i n e a r i t i e s ,  and assuming 
t h e  S P S  t o  be  a l i n e a r  mach ine ,  t h i s  q u a n t i t y  i s  e q u a l  
t o  t h e  r a d i a l  e m i t t a n c e  o f  t h e  p a r t i c l e  a f t e r  
i n j e c t i o n  i n  t h e  S P S  o n t o  an o r b i t  w h i c h  i s  matched t o  
t h e  above men t ioned  r e f e r e n c e  t r a j e c t o r y .  I n  t h e  
f o l l o w i n g  x d e n o t e s  t h e  d i f f e r e n c e  between a 
t r a j e c t o r y  matched t o  a P S  c l o s e d  o r b i t  and t h e  
t r a j e c t o r y  matched t o  t h e  S P S  c l o s e d  o r b i t  w i t h  t h e  
same Ap /p  v a l u e .  The e m i t t a n c e  i n c r e a s e  o f  a beam 
h a v i n g  a n o n - z e r o  i n i t i a l  e m i t t a n c e  i n  t h e  P S  i s  e q u a l  
t o  t h e  above e x p r e s s i o n  ave raged  Over a l l  p a r t i c l e s .  

The e f f e c t  o f  an i n j e c t i o n  damper or i n j e c t i o n  
s t e e r i n g  w i l l  be  t o  r e p l a c e  x and x '  by r e s p e c t i v e l y  
x - < x >  and x '  - < x ' > ,  and hence t h e  e m i t t a n c e  
i n c r e a s e  becomes: 

A E  = Z r . ( < ~ ' > + < z ~ > - < x > ~ - < , > Z  I l p  

Two s e t s  o f  p o l y n o m i a l  c o e f f i c i e n t s  ag ,  a l .  . . .  and 
b o ,  b l ,  ... d e s c r i b e  t h e  A p l p  dependence o f  x and z .  
T h e i r  v a l u e s  were o b t a i n e d  by l e a s t  square  f i t s  t o  
o r b i t  c o o r d i n a t e s  c a l c u l a t e d  by t h e  M A D  program. They 
a r e  c o n v e n i e n t l y  used t o  e x p r e s s  t h e  e m i t t a n c e  
i n c r e a s e  i n  te rms  o f  t h e  momenta o f  t h e  A p l p  
d i s t r i b u t i o n :  

< x 2 >  = 1 at . al . < 6 k + 1 >  k . 1  = 0 .  1 ,  2 ,  . . .  

<x>*  I: aL ~. ai . t 6 k >  . < b l >  

<z '> = E bk . bl  . < 6 k + '  > 

<Z>' 5 I: bk . b l  . < g k >  . <6'> 
A E . P / ( Z r )  = C!lak.a[ + b k . b l ) . ( t b k + l >  - < a k > . < 6 1 > )  

S i n c e  < d n >  = 1 f o r  n = 0 t h e r e  i s  no c o n t r i b u t i o n  f r o m  
te rms  w i t h  k = 0 or 1 = 0 .  T h i s  r e f l e c t s  t h e  a c t i o n  o f  
t h e  i n j e c t i o n  damper: t h e  p o s i t i o n  o f  t h e  beam i n  t h e  
t r a n s f e r  l i n e  has no e f f e c t  on t h e  f i n a l  r e s u l t .  

I f  t h e  l i n e a r  d i s p e r s i o n  m a t c h i n g  i s  p e r f e c t .  t h e  
t r a j e c t o r y  matched tD t h e  PS and t h e  c o r r e s p o n d i n g  
t r a j e c t o r y  matched t o  t h e  S P S  c l o s e d  o r b i t  have t h e  
same l i n e a r  A p l p  dependence,  and hence t h e  
c o e f f i c i e n t s  al and b, a r e  z e r o .  I n  t h i s  case  t h e  
summation may t h e r e f o r e  s t a r t  a t  k 2 1 = 2 .  I n  t h e  
same way a2 and b2 might be c a n c e l l e d  by i n s t a l l i n g  
m a t c h i n g  s e x t u p o l e s  i n  t h e  t r a n s f e r  l i n e s .  

T h i s  e m i t t a n c e  b l o w - u p  has been computed f o r  g a u s s i a n ,  
p a r a b o l i c  and r e c t a n g u l a r  A p l p  d i s t r i b u t i o n s .  The 
e x a c t  d i s t r i b u t i o n  i s  n o t  p r e c i s e l y  known, b u t  i t  i s  
b e l i e v e d  t o  be i n t e r m e d i a t e  between r e c t a n g u l a r  and 
p a r a b o l i c .  A s  t h e  b l o w - u p s v a l u e s  f o r  t h e s e  2 cases a r e  
r a t h e r  s i m i l a r .  a r e c t a n g u l a r  A p l p  d i s t r i b u t i o n  
between - 0 . 0 0 3  and + 0 . 0 0 3  W i l l  be assumed i n  t h e  
f o l . l ow i  n g  . 

698 PAC 1989



3.3 Results of the blow-uo calculation The blow up values presented in the PS ring box of 
table I 1  are close t o  the values in the transfer line 

Six c a s e s  were studied (labeled A t o  F): 3 values o f  boxes. This Suggests that the PS ring is the main 
0' with both corrected and uncorrected orbits. Only 2 source o f  non-linearities, and not the stray fields at 
o f  these working points have been in operation: ejection as was previously thought. 
working point C was used from 1985 to 1987. and F has 
been in use Since September 1988. The corresponding The PS ejection optics configuration now satisfies the 
results will be presented as 2 by 3 matrices. most important requirements: 

1 

16.4 4 . 4  0.1 -- - 

4.3 1.7 0.1 
- --_- 

Table I 1  shows for each o f  these cases the estimated 
increase o f  the normalized horizontal emittances in 
units o f  n mm.mrad (the nominal horizontal proton and 
pbar emittances in the PS are 9 n). Tho PS ring box 
considers only the ring non-linearities, the transfer 
line boxes take into account the non-linearities o f  
both the ring field and the stray field at ejection. 

uncorrected orbit 
50 mm p-to-p 

corrected orbit 
12 mm p-to-p 

- no beam loss at e3ection from the PS 
- no transverse emittance blow-up in the PS-SPS 

- the quality o f  the matching does not depend 
transfer process 

critically on PS machine settings 

The 1988 configuration is in operation on the proton 
and pbar cycles used for the SPS collider, and on the 
high intensity proton cycles used for antiproton 
production. 
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proton transfer line pbar transfer line 

Table 11. Horizontal emittance increase l a  mm.mrad1 
due to higher order dispersion mismatch 

4 .  Conclusions 

The quadrupole scheme used since 1985 for fast proton 
and pbar ejection from the PS reduces the dispersion 
in the ejection channels by about 4 0  1: and to a smal- 
ler extent the beta values, which results in an 
apparent aperture gain o f  about 20 mm. The losses in 
the first transfer line quadrupoles, which were the 
main bottleneck during the first few years of the SPS 
collider operation, have disappeared. The large 
chromaticity and orbit distortion introduced by the 
scheme were corrected in 1988. 

\ I 

EJECTION 
SEPTOM The 1988 corrections linearize the ring dispersion, 

which makes it possible t o  conserve the horizontal 
emittance during the transfer from PS to SPS. Table I 1  
shows that, starting from the 1985 working point C, 
both the closed orbit correction and the chromaticity 
correction decrease the blow-up. Correcting only the 
chramatlrity would produce an optical configuration 
( E )  which i s  still sensitive to variations of the FIGURE 1 

chromaticity, a parameter which is difficult to 
monitor continuously. On the other hand, correction of 
the closed orbit only would leave the optics I D )  
sensitive t o  the inevitable day to day adjustments of 
ejection bumps etc. 

LAYOUT Of THE QS RING AM) THE TRMFER 
LINES TO THE SPS COUIOER 
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