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Summary 

Recent r e s u l t s  on i n t e n s i t y  and t r a n s v e r s e  
d e n s i t y  l i m i t a t i o n s  i n  the  Fermi lab  8-GeV Booster are 
presented .  The ev idence  sugges t s  t h a t  the  limits are 
set  by incohe ren t  space-charge  e f f e c t s  a t  low energy. 
Data a r e  i n t e r p r e t e d  i n  terms of t h e  space-charge 
tune  s h i f t  and p o s s i b l e  means of improving 
performance f u r t h e r  are d i scussed .  

I n t r o d u c t i o n  and Overview 

The Fermi lab  Boos ter  is a r ap id -cyc l ing  (15  
Hz) a l t e r n a t i n g - g r a d i e n t  synchro t ron  w i t h  an 
average  o r b i t  r a d i u s  of 75.47 meters. I t  a c c e l e r a t e s  
pro tons  from 204 M e V ,  the k i n e t i c  energy of t h e  
Linac beam, t o  8 G e V ,  t h e  normal i n j e c t i o n  k i n e t i c  
energy of t h e  Main Ring. The l a t t i c e  c o n s i s t s  of 
96 combined-function magnets i n  24  pe r iods .  The 
nominal h o r i z o n t a l  and v e r t i c a l  t unes  are 6.7 and 
6.8. Fu r the r  des ign  f e a t u r e s  can be found i n  a 
comprehensive t e c h n i c a l  d e s c r i p t i o n  of t h e  Rooster a s  
built!. 

H charge-exchange i n j e c t i o n  is used; a 
review a r t i c l e  which d i s c u s s e s  t h e  method and 
d e s c r i b e s  t h e  Fermi lab  system has been pub l i shed2 .  
The H c u r r e n t  from t h e  Linac  is t y p i c a l l y  35 m A ,  o r  
6x10" p a r t i c l e s  per Booster t u r n .  Many t u r n s  can be 
i n j e c t e d  c l e a n l y  i n t o  t h e  same t r a n s v e r s e  phase 
space i n  t h e  Boos ter ,  which a l lows  t h e  bu i ldup  of 
an i n t e n s e  c i r c u l a t i n g  beam i n  the l i m i t e d  
t r a n s v e r s e  accep tances  of t h e  Boos ter ,  s t a r t i n g  w i t h  
a modest Linac  beam c u r r e n t .  However t h e  f r a c t i o n  of 
beam l o s t  t h e r e a f t e r  is roughly  p ropor t iona l  t o  t h e  
number of p ro tons  i n j e c t e d ,  l i m i t i n g  t h e  Booster 
ou tpu t  i n t e n s i t y  t o  about 3 ~ 1 0 ' ~  p ro tons  per 
c y c l e .  (The r eco rd  is 3 .55~10"  pro tons  per c y c l e . )  
Most o f  t h e  losses occur  i n  the  f i r s t  few 
mi l l i s econds .  

I n  1983, Ohnuma3 reviewed t h e  a v a i l a b l e  
informat ion  on the  dependence of t he  emi t t ances  on 
energy and i n t e n s i t y ,  i nc lud ing  8-GeV emi t t ances  
publ i shed  i n  1981 by Moore e t  a l . '  Second-order 
polynomial f i t s  gave a good r e p r e s e n t a t i o n  of t h e  
i n t e n s i t y  dependence of t h e  t r a n s v e r s e  emi t t ances  
observed on t h e  f irst  t u r n  i n  t h e  Main Ring a t  8 G e V :  

E /n = 4.03 + 2.42 N + 1.29 N2 
E / T I  = 5.86 + 1.40 N + 1.09 N2, 

where the i n t e n s i t y  N is i n  u n i t s  of 1012 /cyc le .  Here 
and throughout  t h i s  paper ,  normalized emi t t ances  
con ta in ing  95% of t h e  beam a r e  quoted and u n i t s  of 
mm-mrad a r e  used. A Gaussian t r a n s v e r s e  d i s t r i b u t i o n  
of rms width  (I observed a t  a l o c a t i o n  where t h e  
d i s p e r s i o n  is ze ro  and t h e  l a t t i c e  amplitude f u n c t i o n  
i s  B L  cor responds  t o  a normalized 95% emi t t ance  E~ 
given by 

H 

E /n = 68Yu2/EL ( 1 )  N 

where 5 and Y a r e  t h e  usua l  Lorentz  f a c t o r s .  A t  low 
i n t e n s i t y ,  t h e  f i t s  ag ree  wi th in  t h e  e r r o r s  w i th  t h e  
measured Linac  emi t t ances  of about 5 n mm-mrad. The 
f i t t e d  d a t a  covered i n t e n s i t i e s  up t o  2 ~ 1 0 ' ~ / c y c l e ;  
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a t  t h a t  i n t e n s i t y ,  t h e  f i t t e d  va lues  a r e  14n mm-mrad 
and 1311 mm-mrad for  t h e  h o r i z o n t a l  and v e r t i c a l ,  
r e s p e c t i v e l y .  The p resen t  paper r e p o r t s  new 
measurements of Booster emi t t ances  obta ined  by new 
methods, extended t o  h igher  i n t e n s i t i e s .  

Mechanisms f o r  Emittance Growth 

The emi t tance  growth due t o  Coulomb s c a t t e r i n g  on 
t h e  200 microgram/cm2 carbon s t r i p p i n g  f o i l  can be 
e s t i m a t e d  from m u l t i p l e - s c a t t e r i n g  theory .  The 
beam normally pas ses  through the  f o i l  about a 
dozen times; t h e  c a l c u l a t e d  r e s u l t  is an inc rease  of 
about  1.211 mm-mrad i n  the h o r i z o n t a l  emi t tance  and 
3.811 mm-mrad i n  t h e  v e r t i c a l ,  assuming no H-V 
coup l ing  du r ing  t h e  i n j e c t i o n  process .  These 
increments  a r e  f a i r l y  small, but  no t  n e g l i g i b l e  when 
compared w i t h  t h e  s t a r t i n g  va lues  from t h e  Linac of 
about  5n mm-mrad. Coherent t r a n s v e r s e  i n s t a b i l i t i e s  
can a l s o  cause emi t tance  growth. Active bunch-by- 
bunch damping c o n t r o l s  coherent  v e r t i c a l  motion of 
t h e  cen t ro id  of each bunch.' Cont ro l  of t h e  
c h r o m a t i c i t i e s  by sex tupo les  and in t roduc t ion  of 
Landau damping by oc tupo les  h e l p  t o  suppres s  
t r a n s v e r s e  i n s t a b i l i t i e s .  

Space-charge e f f e c t s  a r e  thought t o  be t h e  
dominant mechanism of in tens i ty-dependent  emi t t ance  
growth. At low energy i n  t h e  Boos ter ,  t h e  incoherent  
t u n e  s h i f t s  caused by t h e  direct  f o r c e s  between beam 
p a r t i c l e s  a r e  l a r g e r  by far than  t h e  coherent  "wal l  
terms" due t o  t h e  i n t e r a c t i o n  of t h e  beam wi th  its 
l o c a l  environment.  Let us then  ignore  t h e  wa l l  t e rms  
and concen t r a t e  on t h e  dominant d i r e c t  term i n  t h e  
subsequent  d i scuss ion .  If one assumes t h a t  t h e  
d i s t r i b u t i o n  of p ro tons  i n  a bunch i s  Gaussian i n  
a l l  t h r e e  coord ina te s  and c y l i n d r i c a l l y  symmetric 
about  t h e  beam d i r e c t i o n ,  i . e .  l lroundll ,  and t h a t  t h e  
bunch l e n g t h  is l a r g e  compared t o  t h e  t r a n s v e r s e  
d imens ions ,  t hen  t h e  d i r e c t  term can be w r i t t e n 6  

Av = 3 r  N /2BE"JY2 ( 2 )  P T  
where: r i s  t h e  c l a s s i c a l  r a d i u s  of t he  pro ton ,  
is t h e  toea1  number of pro tons  i n  t h e  Boos ter ,  B is  
t h e  bunching f a c t o r ,  and 8 ,  Y2 a r e  t h e  k inemat ic  
f a c t o r s .  

The tune  s h i f t  a s  w r i t t e n  a p p l i e s  t o  t h e  dense 
c o r e  of the  beam; p a r t i c l e s  having l a r g e  b e t a t r o n  
ampl i tudes  and those  d i sp laced  l o n g i t u d i n a l l y  f a r  
from t h e  bunch c e n t e r  exper ience  cons iderably  sma l l e r  
s h i f t s .  Thus t h e  tune  s h i f t  a t  t he  bunch c e n t e r  a l s o  
g i v e s  a good approximation t o  t h e  t une  spread  wi th in  
t h e  beam. The i m p l i c a t i o n s  of l a r g e  ho r i zon ta l  and 
v e r t i c a l  t une  sp reads  can be understood q u a l i t a t i v e l y  
as fo l lows .  First  of a l l ,  t h e  e n t i r e  d i s t r i b u t i o n  o f  
p a r t i c l e  t unes  should  be kept w i t h i n  t h e  r eg ion  
bounded by s t r o n g  resonances ;  i n  p a r t i c u l a r ,  t h e  
s t r o n g  h a l f - i n t e g e r  and i n t e g e r  l i n e s  c e r t a i n l y  
ought t o  be avoided ,  which limits t h e  a l lowable  tune  
sp read  t o  something less than a h a l f - u n i t .  The 
non l inea r  space-charge f o r c e s  wi th in  t h e  beam may 
e x c i t e  resonances  as w e l l ,  a l though t h e  harmonic 
con ten t  of t h e  r e s u l t i n g  d r i v i n g  terms probably 
i n c l u d e s  predominantly on ly  m u l t i p l e s  of t he  l a t t i c e  
p e r i o d i c i t y .  Furthermore,  t h e  tunes  of p ro tons  
undergoing synchro t ron  o s c i l l a t i o n s  a r e  modulated as 
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they  o s c i l l a t e  from t h e  dense c e n t e r  t o  t h e  r a r i f i e d  
ends of a bunch. The tune  sp read  and modulation t h u s  
r e s u l t  i n  r epea ted  c r o s s i n g  of h igher -order  resonance  
l i n e s ,  which can l ead  t o  emi t t ance  growth '. The low- 
energy behavior of t h e  Boos ter  can be exp la ined  by 
assuming t h a t  t h e s e  non l inea r  space-charge e f f e c t s  
cause  t h e  t r a n s v e r s e  emi t t ances  t o  grow u n t i l  t h e  
L a s l e t t  t u n e - s h i f t  parameter is reduced t o  a 
t o l e r a b l e  va lue .  A s  t h e  i n t e n s i t y  i s  r a i s e d ,  a 
g r e a t e r  p ropor t ion  of t h e  d i s t r i b u t i o n  of p a r t i c l e  
emi t t ances  approaches t h e  l i m i t e d  a p e r t u r e  of t h e  
Booster and l o s s e s  inc rease .  The normal two or t h r e e  
mi l l i s econd  d u r a t i o n  o f  t h e  l o s s e s  co inc ides  w i t h  t h e  
per iod  when t h e  bunching f a c t o r  i n  t h e  tune  s h i f t  
formula is changing faster than  t h e  k inemat ic  f a c t o r  
B Y 2 .  In f a c t ,  t h e  Booster i n t e n s i t y  has  been 
observed  t o  decay a t  j u s t  t h e  ra te  which keeps t h e  
c a l c u l a t e d  tune  s h i f t  cons t an t  u n t i l  t h e  k inemat ic  
f a c t o r  " t akes  over" from t h e  bunching f a c t o r  a few 
mi l l i s econds  a f t e r  i n j e c t i o n ,  a f t e r  which l o s s e s  a r e  
smal l  . 

I 

Data and Di scuss ion  

N e w  d a t a  on t h e  dependence of t r a n s v e r s e  beam 
s i z e s  on t h e  Booster beam i n t e n s i t y  have been 
c o l l e c t e d  f o r  both t h e  h o r i z o n t a l  and v e r t i c a l  
dimensions.  The d a t a  p re sen ted  below are based on 
measurements of v e r t i c a l  and h o r i z o n t a l  beam p r o f i l e s  
u s ing  d i f f e r e n t  t echn iques .  V e r t i c a l  p r o f i l e s  a r e  
measured us ing  t h e  v e r t i c a l  f l y i n g  wire p r o f i l e  
monitor i n  t h e  Boos ter .  Measurements of t h i s  t ype  
can be taken  a t  any time dur ing  the  Booster 
a c c e l e r a t i o n  c y c l e  and l e a d  t o  a d i r e c t  measurement 
of t h e  t r a n s v e r s e  emi t tance .  S ince  we p r e s e n t l y  have 
on ly  a s i n g l e  h o r i z o n t a l  f l y i n g  wire i n  t h e  Booster 
it i s  not  p o s s i b l e  t o  s e p a r a t e  d i r e c t l y  t h e  
c o n t r i b u t i o n s  t o  t h e  h o r i z o n t a l  beam s i z e  from 
t r a n s v e r s e  and l o n g i t u d i n a l  emi t tance  us ing  t h i s  
technique .  Thus, h o r i z o n t a l  emi t t ance  measurements 
a r e  based on an a n a l y s i s  of mu l t iw i re  p r o f i l e  
monitors i n  t h e  8 CeV t r a n s f e r  l i n e  between t h e  
Booster and Main Ring. 

I n  F igu re  ? we show t he  measured v e r t i c a l  
t r a n s v e r s e  emi t t ance  j u s t  p r i o r  t o  e x t r a c t i o n  from 
t h e  Booster f o r  i n t e n s i t i t e s  i n  t h e  range  0.5- 
3 . 0 ~ 1 0 ' ~  pro tons .  These d a t a  were taken  du r ing  t h e  
August 1986 a c c e l e r a t o r  s t a r t u p  pe r iod  a t  Fermilab.  
The da ta  show t h e  emi t t ance  d e l i v e r e d  from the  
Boos ter  t o  be about 771 mm-mr f o r  beam i n t e n s i t i e s  up 
t o  about 1 . 2 ~ 1 0 ' ~ ,  and t h a t  t h e  emi t tance  rises c l o s e  
t o  l i n e a r l y  wi th  beam i n t e n s i t y  above t h i s  l e v e l .  
The l e v e l  observed a t  low i n t e n s i t i e s  is t h e  
emi t tance  d e l i v e r e d  from t h e  Linac.  The dashed l i n e  
on  t h e  f i g u r e  is a contour  of cons t an t  phase space  
d e n s i t y ,  s V / N  = 5 . 7 7 1 / 1 0 ' ~ .  A t  t h e  Same time t h e  
d a t a  shown in'the f i g u r e  were t aken  we looked a t  t h e  
evo lu t ion  of t h e  v e r t i c a l  t r a n s v e r s e  emi t t ance  
through the  Booster a c c e l e r a t i o n  cyc le .  To wi th in  
t h e  r e s o l u t i o n  of t h e  measurement (about  2 msec) it  
was found t h a t  t h e  blowup observed a t  h ighe r  
i n t e n s i t i e s  occur s  a t  i n j e c t i o n  time. 

The a n a l y s i s  of t h e  h o r i z o n t a l  d a t a  is shown i n  
F igu res  2 and 3. These d a t a  were taken  i n  December 
of 1986 dur ing  a per iod  o f  r e s t r i c t e d  a c c e s s  t o  
s tudy  t ime i n  t h e  Boos ter .  A s  a r e s u l t  the  d a t a  do 
not  ex tend  t o  a s  h igh  an i n t e n s i t y  as t h e  v e r t i c a l  
da t a .  The d a t a  show t h e  h o r i z o n t a l  t r a n s v e r s e  
emi t t ance  t o  be about 1171 mm-mr independent of 
i n t e n s i t y  up t o  2 . 4 ~ 1 0 ~ ~ .  The t r a n s v e r s e  emi t t ance  is 
l a r g e r  than  t h a t  d e l i v e r e d  from t h e  Linac  due t o  a 
known h o r i z o n t a l  mismatch a t  the  end of t h e  Linac t o  
Booster t r a n s f e r  l i n e .  

The v e r t i c a l  emi t t ance  d a t a  shown i n  F igu re  1 
sugges t  t h a t  t h e  t r a n s v e r s e  phase space  d e n s i t y  

I I 
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Figure  1. Measured v e r t i c a l  t r a n s v e r s e  emi t t ance in  
t h e  Booster as a f u n c t i o n  of de l ive red  i n t e n s i t y .  
The dashed cu rve  is described i n  t h e  t e x t .  

2o I 

t 

Figure  3. Measured momentum sp read  d e l i v e r e d  from t h e  
Booster a s  f u n c t i o n  of i n t e n s i t y .  
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delivered Iran the B m a t w  is liinited by the 
incarant space charge tune spread at injection. 
This tune spread arises from the electromagnetic 
self-interaction of the beam and is given by the 
equation (2). The dashed line shown in Figure 1 is 
the contour of constant space charge tune spread, 
ApO.38 (calculated at injection). The observation 
that the emittance blowup seems to occur at the 
earliest stages of the acceleration cycle is 
consistent with this interpretation. Although the 
horizontal emittance measurements do not confirm this 
interpretation, they are at least consistent with it. 
The horizontal beam size in the Booster is naturally 
larger than the vertical due to both the dilution of 
the beam as it comes into the machine and due to the 
momentum spread of the injected beam. These effects 
delay the onset of an increase of emittance with 
intensity to higher intensities than in the vertical 
case. Unhappily, we find that the contour,Av -0.38, 
starts to rise above the observed constant horizontal 
emittance at an intensity of about 2.4X10'2--just 
where our present measurements end. Confirmation of 
a rise fn the horizontal emittance consistent with 
that observed vertically awaits more measurements at 
higher intensities and/or an improvement in the 
Booster horizontal injection matching. We hope these 
will both be done in the near future. 

Methods for Improvement 

The Laslett tune-shift formula implies various 
ways to improve the performance of a machine limited 
by space-charge tune shift effects. An obvious way 
to achieve a significant reduction in the incoherent 
tune spread is to increase the injection energy. An 
upgrade of the Fermilab Linac to 400 MeV is currently 
under active consideration; this would increase B Y z ,  
which appears in the denominator of the tune shift, 
by a factor of 1.72. 

Other measures might apply to the existing 
Booster without significant upgrades. The strengths 
of resonances can be reduced by means of correction 
magnets of the appropriate multipolarity and harmonic 
distribution, thereby enlarging the allowed region 
of tune space and making large tune shifts more 
tolerable. In the Booster, DC dipoles a r e  routinely 
used to correct the closed orbit, thereby reducing 
the effect of the integer lines at low energy. 
Centering the orbit in the good-field region of the 
lattice magnets should also help to reduce the 
strengths of higher-order resonances. After the 
dipole steering corrections, the most important 
improvement in normal operation is usually achieved 
by careful and largely empirical tuning of the 
Correction quadrupole ramps which control the machine 
tunes; the optimal curves are very much intensity- 
dependent, which suggests the importance of 
intensity-related tune shifts and spreads. These 
ramped quadrupoles also have individually controlled 
DC offsets which are used to reduce the strength of 
the half-integral resonance driving terms at 
injection. Recently, a project to correct the third- 
order lines with harmonic sextupoles has been 
initiated. 

According to equation (2), increasing the 
transverse emittance reduces the tune shift 
Proportionally. However, the small transverse 
acceptances of the Booster and of the Main Ring 
severely limit the emittances that can be 
transmitted. Whether increasing the transverse 
emittances is advisable depends also on the intended 
use Of the beam: for those protons destined to 
strike fixed targets, larger transverse emittances 
have no serious detrimental effect provided the 
acceptances of downstream machines are adequate, but 

for those protons destined to collide with 
antiprotons, larger emittances result in lower 
luminosity. Resides increasing the transverse 
emittances, the transverse distribution can also be 
modified in principle; any reduction of the central 
density, wnere the tune shift is largest, ought to 
pay dividends. NO systematic procedure to tailor the 
transverse distributions has been developed; in 
practice, tuning to minimize the initial transverse 
sizes usually results in the best transmission. 

Finally, the bunching factor can be improved; any 
reduction of the peak bunch current will reduce the 
tune shift. The bunch can be lengthened by 
increasing the longitudinal emittance; just as in the 
transverse case, the feasibility and advisability of 
this measure depends on the longitudinal acceptance, 
that is, on the amount of RF voltage available and 
the momentum acceptance of the ring, and on the 
intended use of the beam. The bunch can also be 
lengthened without increasing the emittance, by 
carefully tailoring the amount of accelerating 
voltage as a function of time to the longitudinal 
emittance or by modifying the distribution of 
particles within the longitudinal phase space. Some 
recent performance improvements have resulted from 
efforts in this direction e .  
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