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ABSTRACT 

The general issues of injection into e+e- colliders are discussed using results from several storage rings. 
Obse&tions from these colliders indicate that the starting conditions and duration of each fill are often different. 
Consequently, it is shown that the optimum storage time is expected to be about twice as long as that expected from 
simple-uniform filling cycles. Injection parameters for several proposed B-Factories are listed. Finally, the concept 
of continuous filling (iniection transparent collisions) is explored which suggests that a factor of 4.5 to 6 increase in 

.a . integrated luminositymay be achievable. 
_~ 

giving 
<L>,,=Lg emTs/r 

1. INTRODUCTION 

The goals for the injection process of a B-Factory are 
_ tp: 

- (a) maximize the average luminosity, 
(b) .minimize component / detector damage, 
(c) provide rapid fills from a no current state, 
(d) provide careful filling for ‘topping off, 
(e) be-very reproducible, 
(I) be able to upgrade to continuous filling, 
(g) be easy to operate, 
(h) and have a minimum cost. 

These goals are difficult to achieve simultaneously (if 
not separately) and often compromises must be made. 
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Plots of the optimum storage time for filling times of 
0.1, 1 .O, and 5.0 hours are shown in Figures 1,2, and 3, 
respectively. Optimum storage times range from 30 
minutes to several hours depending on the luminosity 
lifetime. The filling cycles in an actual collider vary 
more than the steady state situation described above, 
which can be seen schematically in Figure 4. These 
varying injection cycles are investigated below for 
various present day colliders, leading to a calculation 
for a more practical optimized case. 

3. PRESENT COLLIDER OBSERVATIONS 

2. OPTIMUM STORAGE TIME USING A 
-- STEADY STATE MODEL 

In a steady state filling cycle the collider has a peak 
luminosity of Lo, an exponential luminosity decay 
time of z, a filling time of Tf, and a storage time for 
collisions of T,. The identical fills repeat cycle after 
cycle. The integrated luminosity is given by [ 1,2] 

- \orsirfL dt =i,‘Lt~ em”’ dt [1] 

-TJre maximum-average luminosity is produced when T, 
~tisfie$s~:-L . 

(T,+Tf) / r = eTs/r - 1 ]21 

* Work supported by Department of Energy Contract 
DE-AC03-76SF00515. 

Observations of injection and collision cycles for 
several colliders (CESR, LEP, PEP, and TRISTAN) 
under recent operation lead to a more realistic model. 
Several observed injection cycles over a period of a 
day are shown in Figures 5,6, 7, and 8 for CESR [3], 
LEP [4], PEP [5], and TRISTAN [6]. The injection 
times range from several minutes to several hours in 
these examples. Not only does the injection time vary, 
but the maximum luminosity after a fill changes by up 
to 30%. 

The distributions of injection times for CESR [71, PEP 
[5], and TRISTAN [8] are shown in Figures 9, 10, and 
11, respectively. For a given collider, the filling times 
have approximately a binomial distribution with the 
mean fill time being 0.5 to 3 times the minimum time. 
Distributions of the initial luminosity immediately after 
the start of a fill are shown in Figures 12 and 13 for 
CESR and PEP. The mean starting luminosity is about 
80 to 90 % of the maximum. 
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Figure 1  Fractional average luminosity versus 
storage time  for a  fill time  of 6  m inutes. 
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Figure 2  Fractional average luminosity versus 
storage time  for a  fill time  of 60  m inutes. 

4. --EFFECT OF-FILL TIME AND INITIAL by about a  factor of two with these added 
LUMINOSITY DISTRIBUTIONS ON complications and that the opt imum storage time  also 
OPTIMUM FILL TIME increases by about a  factor of two. 

A simulation of 100 fills was made to calculate the 
effects of varying filling times and initial luminosity on  
the opt imum storage time  for a  collider. In the 
simulation the luminosity is assumed to decay 
exponentially with a  lifetime of 60  m inutes and the 
m inimum filling time  is 6  m inutes: The  initial 

_  luminosity and filling time  distributions used in the 
simulation are similar to those observed in the rings 
discussed above (Figures 9-13) and are shown in 
F igures 14  and. 15. The  luminosity was averaged over 
the 100 lXl& while the storage time  was varied. The  
results a% shown in F igure 16. An ideal curve as 
calculated from Section 2  assuming identical 6  m inute 
fills and identical peak luminosities is also shown. The 
conclusions are that the average luminosity decreases 

5. INJECTION TIME CALCULATIONS 

The time  required for injection is calculated in general  
and then applied to several proposed B Factories. 

5.1 Injection from Zero Current 

A rapid injection rate is important when the beam 
current is lost for some reason, Several such reasons for 
injection from no stored charge are (1) RF dumps, (2) 
accelerator physics studies, (3) ring magnet  
standardization cycles, [4] errors during energy 
ramping of the rings, or [5] beam aborts for average 
power losses. 
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Figure 3  Fractional average luminosity versus 
storage time  for a  fill time  of 5  hours. 
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Figure 4  Schematic representation of actual filling 
cycles of a  storage ring. 
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F igure 5  CESR injection and collisions for 24  hours from D. Rice. 
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Figure 6  LEP injection and currents for 24  hours from V. Hatton. 
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Figure 7 PEP beam current and luminosity for 24 hours (May 1985). 
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Ni. - TRISTAN current, lifetime, and vacuum pressure for 24 hours from M. Yoshiokx . 



-” Figure 9 CESR fill time distribution from D. Rice. 
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Figure 10 PEP fill time distribution (May 9-18, 1985). 
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Figure 11 TRISTAN fill time distribution from 
M. Yoshioka. 
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Figure 12 Initial luminosity distribution of CESR 
from D. Rice (Feb. 13,1992). 
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Figure 13 Initial luminosity distribution of PEP 
(May g-18.1985). 

The parameters which determine the injection time are: 

K 
N 
f 
k 

c 

fi 
a 

= number of potential bunches in the ring*. 
= number of particles in one ring bunch. 
= injection cycles per second. 
= number of injected bunches per cycle. 
= number of particles per injected bunch. 
= filling time. 
= fraction of ring not in the ion-clearing gap. 
= efficiency of capture for injected particles. 
= survival fraction for stored particles per 

injection cycle from injection bumps and 
septa walls. 

* The actual number of bunches in the ring = g K. 

5 



-  

-  - s - C  

_  If w e  a s s u m e  a )  th a t a  =  1 , b )  th a t al l  K  b u n c h e s  a r e  
fille d  excep t th e  b u n c h e s  in  th e  i on  g a p , a n d  c) th a t 
th e r e  a r e  n o  fluc tuat ions f rom pu lse  to  pulse,  th e n  to  
c o m p l e tely c h a r g e  th e  r ing  th e  n u m b e r  o f in jec ted 
p a r ticles m u s t e q u a l  th e  r e q u i r e d  n u m b e r  o f sto r e d  
p a r ticles. 

g K N = q k n fTf (4 )  

o r  

Tf= g K N /q k n f. 

T h e  fiB iRg  tim e  m u s t b e  a d d e d , o f course,  fo r  b o th  
.r ings. H o w e v e r , if th e r e  a r e  losses in  th e  r ing  ( a  c l), 
th e n  th e  in ject ion tim e  calculat ion is m o r e  compl icated.  

d ( g K N ) /d t= f(- [ l -a]gKN + q n k )  (6)  

In jec t ion sto p s  w h e n  th e  in ject ion r a te  equa l s  th e  r ing  
loss r a te . 

[ l -a ]gKN=r lkn (7 )  

_  _-Th is  situ a tio n  h a s  b e e n  s e e n  m a n y  tim e s  in  actual  
sto r a g e  r ings  a n d  th e  key is to  p rov ide  a n  in ject ion r a te  
sufficiently h i g h  to  easi ly  r e a c h  th e  des i red  cur rent  [9 1 . 

T h e  to ta ! - in ject ion tim e  d e p e n d s  n o t on ly  o n  th e  
p a r ticle fillin g - tim e s  fo r  th e  two r ings  b u t a lso  th e  
m a g n e tic sta n d a r d i z a tio n  tim e  (if n e e d e d ) , th e  tim e  to  
tu r n  o ff th e  physics d e tector  to  p r e p a r e  fo r  inject ion, 
th e  tim e  to  res tore  th e  d e tector  a fte r  inject ion, a n d  th e  
tim e  to  r e d u c e  th e  b a c k g r o u n d s  d u r i n g  col l is ions to  
accep ta b l e  levels. 

5 .2  In ject ion in  T o p O ff M o d e  

M o s t fu tu r e  col l iders wil l  o p e r a te  in  a  ‘to p - o ff m o d e  
w h e r e  th e  b e a m  cur rent  is n o t d u m p e d  a fte r  a  fill b u t is 
on ly  rep len i shed  to  ful l  c h a r g e  d u r i n g  fillin g . Fo r  
e x a m p l e , th is  m o d e  o f o p e r a tio n  is ev iden t in  th e  C E S R  
d a ta  in  F igu re  5  a n d  th e  P E P  d a ta  in  F igu re  7 . Du r i ng  
th is  m o d e  o f o p e r a tio n  n o  m a g n e tic sta n d a r d i z a tio n  is 
d o n e , n o  e n e r g y  r a m p i n g  is d o n e , th e  d e tector  tu r n - o ff 
a n d  tu r n - o n  tim e s  a r e  very  short ,  a n d  th e  in jected b u n c h  
c h a r g e  is careful ly  m o n ito r e d  a n d  c o n trol led. 
Fu r th e r m o r e , a  m e th o d  m u s t b e  d e v e l o p e d  to  r e m o v e  
(o r  n o t inject in to)  th e  b e a m  b u n c h e s  wh ich  a r e  loca ted  
in  th e  i on  g a p . T w o  p o te n tia l  m e th o d s  a r e  (1 )  to  
r e m o v e  (kick o u t) th e s e  b u n c h e s  b e fo r e  in ject ion o r  (2 )  
to r e m o v e .th e s e  b u n c h  o n c e  in  th e  r ing  by  t ransverse 
d e flec t io r&or  R F m a n i p u l a tio n s . O n ce  m a s te r e d , th e  
‘to p - o ff in ject ion m o d e  saves cons ide rab le  tim e  a n d  
st rongly inc reases  th e  a v e r a g e  luminosi ty.  

6  

5 .3  In ject ion P a r a m e ters  fo r  Seve ra l  B  Factor ies 

T h e  in ject ion tim e s  fo r  b o th  b e a m s  o f severa l  p r o p o s e d  
B -Fac tor ies  h a v e  b e e n  ca lcu la ted us ing  th e  
n o m e n c l a tu r e  in  S e c to r  4 .1  a n d  the i r  respect ive 
acce lera tor  p a r a m e ters  [1 ,1 0 ,1 1 ,1 2 ]. A  s u m m a r y  is 
s h o w n  in  T a b l e  1 . T h e  resul t ing ca lcu la ted fillin g  tim e s  
in  m o s t cases a r e  wel l  b e l o w  a n  h o u r . T h e  r e q u i r e d  
h a r d w a r e  c h a n g e s  n e e d e d  to  p rov ide  th e s e  fillin g  r a tes  
vary  cons iderab ly  a m o n g  th e  l isted cases.  

6 . A D V A N T A G E S  O F  C O N T INUO U S  F ILL ING 

T h e  a v e r a g e  luminosi ty  o f a  B  Factory c a n  b e  inc reased  
signif icantly if in ject ion is p e r fo r m e d  every  fe w  
m inutes o r  c o n tinuous ly  us ing  every  acce lera t ion  cycle. 
T h e  g o a l  is to  r e d u c e  th e  o b s e r v e d  fillin g  tim e  as  s e e n  
by  th e  physics d e tector  to  n e a r  ze ro  wh i le  sim ilarly 
r educ ing  th e  o th e r  assoc ia ted tim e s  ( e .g . d e tector  
p r e p a r a tio n , e n e r g y  r a m p i n g , o r  sta n d a r d i z a tio n ) . S u c h  
rap id  in ject ion p robab l y  m e a n s  th a t th e  d e tector  m u s t 
r e m a i n  o p e r a tio n a l  d u r i n g  in ject ion imply ing  th a t it 
m u s t b e  m o r e  rad ia tio n  h a r d  a n d  m o r e  insensi t ive to  
lost p a r ticle b a c k g r o u n d s . T h e  g a i n  in  a v e r a g e  
luminosi ty  is signi f icant a n d  c o m e s  f rom th r e e  e ffects. 
T h e  first is th a t th e  a v e r a g e  luminosi ty  is a lways n e a r  
th e  p e a k  luminosi ty  a n d  is n o t a l l owed  to  decay . T h e  
s e c o n d  is th a t as  fa r  as  th e  acce lera tor  o p e r a tors  a r e  
c o n c e r n e d  th e  col l ider  looks l ike a  “D C ” acce lera tor  
a l low ing  a n  i m p r o v e d  o p e r a tio n a l  consistency.  Thirdly,  
if th e  in jector  is reasonab ly  p o w e r ful, th e  loss r a te  o f 
th e  sto r e d  b e a m  a t in ject ion c a n  b e  ra ised  l e a d i n g  to  a n  
inc reased  sto r e d  c h a r g e  a n d  a  h i g h e r  luminosi ty.  T h e  
d e tai ls a r e  g i ven  in  S e c tio n  6 .1 . 

In  o r d e r  to  a l low c o n tin u o u s  inject ion, severa l  
i m p r o v e m e n ts a r e  n e e d e d  to  col l iders in  g e n e r a l . T h e  
physics d e tector  m u s t b e  m a d e  m o r e  r o b u s t aga ins t 
p a r ticle loss o r  sh ie lded  such  th a t it d o e s  n o t k n o w  th a t 
in ject ion is e v e n  occurr ing.  S u c h  a  situ a tio n  m a y  b e  
ca l led  “in ject ion t ransparen t  col l is ions.” In ject ion 
t ransparen t  col l is ions p robab l y  requ i re  th a t th e  in jected 
b e a m  b e  co l l imated so  th a t n o  p a r ticles e n te r i ng  th e  
col l ider  wil l  b e  s u b s e q u e n tly lost e i ther  longi tud ina l ly  
o r  t ransversely  d u r i n g  th e  in ject ion process.  
Fu r th e r m o r e , very  fin e  b u n c h - b y - b u n c h  c o n trol o f th e  
ind iv idua l  b u n c h  cha rges  is r e q u i r e d  to  m a inta in th e  
b u n c h  intensi t ies ( to a  p e r c e n t o r  so)  to  avo id  
d e l e te r ious  b e a m - b e a m  e ffects. Final ly,  th e  r ing  orbi t  
b u m p s  wh ich  b r i ng  th e  sto r e d  b e a m  n e a r  th e  in ject ion 
s e p ta  a l low ing  th e  in jected b e a m  to  r e m a i n  ins ide  th e  
r ing  a p e r tu r e  wil l  l ikely n e e d  a  la rge r  a m p litu d e . This  
i nc reased  b u m p  a m p litu d e , u n d o u b tedly,  wil l  depos i t 
m o r e  b e a m  p o w e r  n e a r  th e  s e p ta . 
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T a b l e  1  INJECTIO N  P A R A M E T E R S  O F  S E V E R A L  P R O P O S E D  B  F A C T O R IE S  

P a r a m e te r  C E S R +  C E S R  D E S Y  +  D E S Y  -  =  K E K  S L A C  +  S L A C -  -  

K  1 6 4  1 6 4  6 4 0  6 4 0  4 3 2  4 3 2  1 7 4 6  1 7 4 6  
N(x lO lo, 8 .4  1 9 .2  8 .2  5 .3  3 .3  1 .4  5 .9  4 .1  
f 6 0  6 0  1 2 .5 &  1 2 .5 &  5 0  5 0  6 0  6 0  
k .3 0  3 0  l&  l&  2 0 s  2 0 s  1  1  
n(x  lO lo)  0 0 0 6  

0 .5  l:o  1 .0  

0 .0 8  0 .4  0 .3  0 .0 1 5  - 0 .1  1 .0  1 .0  

p w  0 .5  1 .0  1 .0  0 .5  1 .0  1 .0  0 .5  1 .0  1 .0  0 .5  1 .0  1 .0  0 .5  1 .0  1 .0  0 .9 5  0 .5  1 .0  0 .9 5  0 .5  1 .0  
-  T  ( m i n u tp)*  4 .2  0 .7  3 5 . 3 0 . 3 .2  0 .2  5 .4  3 .8  

#  A n  e fficiency  o f 5 0 %  was  a s s u m e d  fo r  e a c h  in ject ion system. $  N u m b e r  o f m icro-structures in  th e  b e a m . 
* T i m e  fo r  fillin g  e a c h  r ing  sta r tin g  f rom ze ro  current .  &  T h e  P E T R A  in ject ion system was  a s s u m e d . 
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F igu re  1 4  Fill tim e  dist r ibut ion in  th e  sim u lat ion. 

0  1 0 0  2 0 0  3 0 0  

S t o r a g e  T l m e  (Minutes)  
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F igu re  1 6  S imu la ted  a v e r a g e  luminosi ty  wi th a n d  wi thout  fillin g  tim e  a n d  init ial luminosi ty  var iat ions.  
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F igu re  1 5  Init ial  luminosi ty  d is t r ibut ion in  th e  sim u lat ion. 

H i U m i m u m  Fil l  T ime  -  6  minutes  
Luminos i ty  L i fe t ime -  6 0  minutes  
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_ 6.1 Luminosity Increase from Continuous Injection . 

If the beam current is replenished every few minutes so 
that no net loss in beam charge occurs, then the average 
luminosity is equal to the maximum luminosity. As 
seen in Figure 16 this would increase the average 
luminosity according to the ideal case by about 50%. 

Since the filling process is now continuous the 
accelerator operators deal with a continuous process 
instead of a transient event and thus can improve on the 

-fill to fill variations which normally occur. From 
Figure 16 the removal of the fluctuations from fill to 
fill incieases the average luminosity by about 100%. 

Finally, the luminosity in a collider increases as the 
square of the current until the beam-beam tune shift 

-” saturates. Thereafter, the luminosity and the vertical 
beam size increase linearly with current [ 131. In the 
saturated situation the addition of more current to 
increase the luminosity reduces the beam lifetime as 
particles travel closer to the aperture. ,A plot of the 
m.easured reduction of the beam lifetime with 

luminosity is shown in Figure 17 from CESR, SPEAR, 
and TRISTAN [6] .data. The exponential decrease in 
lifetime with beam size (proportional to luminosity) is 
expected [14]. Therefore, it is clear that if continuous 
injectioncotild support a significant reduction in the 
beam lifetime then a substantial increase in luminosity 
could be realized. In an example below using PEP II 
with a modified SLC injection system, a luminosity 
gain of about 1.5 to 2 is shown to be possible with 
an aggressive continuous injection scheme. 

In summary, using the factors discussed above, 
continuous injection has the potential to increase the 
collider’s average luminosity by a factor of 4.5 to 6 (= 
1.5 x 2. x [1.5 to 2.03). which may prove important 
when the luminosity goal of ld4 /cm2/sec is in sight. 

6.2 A Continuous Filling Example for PEP II 

In this example the bunch spacing in PEP II is modified 
to allow multiple bunch injection on a single 
accelerator pulse as constrained by a possible 
configuration of the SLC linac and damping ring. With 
this scheme a batch of 17 bunches per cycle are 
injected into a ring at 40 Hz. Each PEP II bunch in both 
rings can be replenished every 2.1 seconds allowing a 
beam life time of 4.2 minutes. This example is an 
extreme illustration of what might be done. Much work 
remains to be done if this scheme is to be made a viable 
approach. 

This example has 17 bunches spaced by the normal 4.2 
nsec followed by a no charge gap where 4 bunches 
would have been. This gap is used for the rise and fall 
times of the injection bumps in each ring. This 
configuration is shown in Figure 18. Given the 2200 m 
circumference of PEP II, 83 batches of 17 bunches can 
be accumulated. The total number of bunches in PEP II 
per ring is then 1411 (15% lower than the present 
design). Each 17 bunch train covers 67 nsec and can be 
reasonably injected and extracted from the SLC 
damping rings and accelerated in the linac. The orbit 
bumps needed for injection into PEP II are also shown 

30 I I I I I I L 8, I I 01 I I, I I I I I I I I 
0 10 20 30 40 50 

LUMINOSITY (ARBITRARY SCALE1 

Figure 17 Beam lifetime versus luminosity after the beam-beam tune shift has saturated. At low luminosity the 
lifetime is dominated by the vacuum and becomes a constant. (C = CESR, S = SPEAR, T = TRISTAN) 
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_ in Figure 18. These orbit bumps only affect one batch 
of 17 bunches at a time for a single turn or injection 
cycle. 

Each injected bunch has 2 x 109 particles. The injection 
rate is 40 Hz in each ring. The damping ring total 
charge is 17 x 2 x lo9 = 3.4 x lOlo, which is well 
below present -operational levels (down by a factor of 
2). 

The amplitude of the PEP II orbit bump is to be chosen 
- to force 1 x lo9 particles in each of the 17 affected 

stored bunches to be lost every cycle on the injection 
septum-This heavy cut allows the injected bunches to 
be about 4 transverse beam sigma from the stored beam 
core. The injected bunches then have an unobstructed 
passage through the physics detectors. The heat loading 

_= on the septa from the lost particles is likely to be large 
and must be investigated. _~ 
With every in’ection cycle each affected stored bunch 

-looses 1 x d 10 particles on the septum’and gains 2 x 
lo9 particles through injection. Thus, the net gain of 

.-charge per cycle can be used to compensate a sharply 
reduced beam-beam lifetime from a higher charge (1.2 
x 10”) and corresponding higher luminosity per bunch 
(x2). An effective minimum beam-beam lifetime z can 
be calculati . _ 

z=NAt/n WI 

Using N = 1.2 x 10 11, Ar = 2.1 set, and n = 109, a 
beam-beam lifetime of about 4.2 minutes can be 
supported. Therefore, from Figure 17 an increase in 
luminosity on the order of two can be expected. 

.- 
21 ns 67 ns 

Time 

Bunch spacing (x = no bunch) 
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7. CONCLUSIONS 

Injection is a necessary but troublesome detail for a B - 
Factory. Several suggestions have resulted from 
reviewing present collider history and from several 
new operational possibilities. 
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t) Short filling times are important. 
)) Full energy injection is best. 
:) Reproducibility is vital. 
i) Continuous injection is very attractive though 

may be difficult and requires a philosophical 
design change. 

g) Physics detectors more insensitive to injection 
are needed. 
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