
Brookhaven National Laboratory 

U.S. Department of Energy
USDOE Office of Science (SC)

Collider Accelerator Department

October 1984

E. C. Raka

BUNCH-TO-BUNCH TRANSVERSE FEEDBACK FOR THE AGS

BNL-104636-2014-TECH

AGS/AD/Tech Note No. 209;BNL-104636-2014-IR

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-76CH00016 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



Alternating Gradient Synchrotron Department 
BROOKHAVEN NATIONAL LABORATORY 
Associated Univers i t ies ,  Inc. 

Upton, New York 11973 

AGS Division Technical Note 
No. 209 - 

BUNCH-TO-BUNCH TRANSVERSE FEEDBACK FOR THJ3 AGS 

E. Raka 

October 12, 1984 

Abstract 

Transverse feedback i n  both planes i s  necessary t o  cont ro l  the  

r e s i s t i v e  w a l l  i n s t a b l i t y  t h a t  is  present i n  t h e  AGS at  low energy. A 

bunch-to-bunch system w i l l  provide damping of t h i s  i n s t a b i l i t y ,  some 

con t ro l  of any coherent o s c i l l a t i o n s  a r i s i n g  from i n j e c t i o n  e r r o r s  when 

the  Booster becomes operational,  and a l so  damping of any m = 0 head/ 

t a i l  i n s t a b i l i t y  tha t  might occur i n  the  neighborhood of the  t r a n s i t i o n  

energy (" 8 GeV) while the  s ign  of the  chromaticity is  being reversed. 

A broad band system using 50 ohm t r ave l ing  wave de f l ec to r s ,  commercial- 

l y  ava i l ab le  power ampl i f ie rs ,  and e i t h e r  analogue or  d i g i t a l  s igna l  

processing is  described. 

I. Introduction 

A t  present,  damping of the r e s i s t i v e  w a l l  i n s t a b i l i t y  i n  the  AGS 

is  accomplished with a narrow band system using magnetic de f l ec t ion  

provided by two turn  c o i l s  i n  both planes. Essen t i a l ly ,  only the  low- 

est frequency (9-Q)f , of the  s igna l  spectrum of the  coherent o sc i l l a -  

t i o n s  of the  twelve bunches is  fed back t o  contra1 the  i n s t a b i l i t y .  In 
order t o  cont ro l  i n j e c t i o n  e r r o r s  with some bunches already i n  t h e  

machine, as w i l l  be the  case with the Booster operation, o r  t o  cont ro l  

h e a d / t a i l  i n s t a b i l i t i e s  of ind iv idua l  bunches, a system tha t  de t ec t s  

t h e  o s c i l l a t i o n s  of an in id iv idua l  bunch and co r rec t s  only tha t  bunch 

0 
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is required. Such a system will, of course, also damp the coupled 

bunch instability that arises from the long-range wakefield part of the 

resistive wall impedance. 

Injection errors if uncorrected will result in phase space dilu- 

tion. In addition, the finite oscillation amplitudes will couple 

through the resistive wall impedance to the other bunches in the 

machine, thus possibly stimulating coherent growth. Bunch-to-bunch 

feedback is necessary to simultaneously control these effects. With 
the higher intensities expected when the Booster is used as an in- 
jector, i.e., 3-4 x 1013/pulse, headltail instabilities arising from 
short-range wake field impedances are to be expected in the AGS. In 

principle, these can be controlled by making the chromaticity 
(AQ/Q/AP/P = 5) negative below the transition energy and positive 
aboveO2 This will be accomplished by programming the two sets of 

twelve sextupoles in the AGS. However, in the region around transition 

where the sign of the chromaticity has to be reversed, the correction 

will not be ideal and one might expect individual bunches to become 

unstable. Again, a bunch-to-bunch feedback system will provide some 

degree of stabilization. 

11. Damping Rate Requirements 

Damping is obtained by measuring y the position of the center of 
charge of the beam and changing y' by means of a kicker whose deflec- 

tion is Ay, the deviation from the equilibrium orbit. One must have 

nn/2 (n odd) betatron wavelengths between the pickup and kicker to 

produce pure damping. We define 
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which is  a measure of the  open loop gain of t h e  feedback system. Here 

i s  the  be ta  function a t  t he  kicker,  B at the  pickup, and Ap/p t h e  

r e a l t i v e  t ransverse  momentum due t o  the  k icker  (A,' = Ap/p). For i d e a l  

damping a = a 

revolutions and f the r o t a t i o n  frequency. Here we have assumed i n i t i -  

a1 angle and pos i t ion  e r r o r s  Ay 
Then Ay = a 

required t o  minimize d i l u t i o n  due t o  i n j e c t i o n  e r r o r s  depends upon t h e  

betatron tune spread i n  the  beam. This w i l l  be discussed later. 

'k P 

exp (-&N/2) = a exp (-Efot/2) where N is  the  number of 
0 0 

0 

AyA such t h a t  a. = 4 Ay2 + (AYAB)~. 
0' 0 

s i n  Q U t and the  damping rate i s  Ef /2. The damping rate 
0 0 0 

We consider f i r s t  the  damping rate required t o  suppress the  resis- 

t i v e  w a l l  i n s t a b i l i t y  on a 1 GeV f l a t  top. The las t  measurement of t he  

growth rate i n  the  v e r t i c a l  plane gave a maximum value of 500 sec'l a t  

a Y = 1.65 and an i n t e n s i t y  > 6 x 1 0 l 2  but with x % IT. 

1 

Here X = 5 
QTR/n is  t h e  be ta t ron  phase s h i f t  from head t o  t a i l  along a bunch 

whose length  is  T 5 = (AQ/Q/Ap/p) i s  the  chromaticity and Ap i s  t h e  

half  momentum spread i n  a bunch. With Y = 2.06 but X % 0' and at f i v e  

t i m e s  t h e  i n t e n s i t y ,  i.e. > 3 x we ca l cu la t e  a growth rate of 2.3 

x 5 x 500 sec'l x 0.8 = 4600 sec-I. 

ana lys i s  of Sacherer3 and includes the  cont r ibu t ions  from the  l i n e s  at 

(-9 + Q)U 
i n  t h e  spectrum of the  coherent s igna l  due t o  twelve equal bunches 

o s c i l l a t i o n  i n  the  n = 1, m = 0 coupled bunch mode. We have assumed a 

Q = 8.75 and a bunch length one-half t he  bucket width and note t h a t  

f o r  x = IT, t he  rate would be less by a f a c t o r  of 
For the  n = 1, m = 1 mode, t he  growth r a t e  at X = 0 w i l l  be less than 

f o r  X = IT but t he  la t ter  is s t i l l  s u b s t a n t i a l l y  less than f o r  m = 0 and 

can be e a s i l y  suppressed provided t h e  system bandwidth i s  at least 15 

MHz. The growth rates f o r  n > 1, where ( 2  ITn/M) is  the  phase s h i f t  

from one bunch t o  the  next bunch (M bunches 1 - > n LM) w i l l  a l s o  be 

smaller and hence damped i f  t he  n = 1 mode i s  damped. 

0 

R' 

This estimate i s  based on the  

(-21 f Q)Uo, ( 3  + Q)Uo, (-33 + Q)U and (15 + Q)Uo present 
0' 0) 

1/2.3 or  2000 sec-'. 
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I n  p r inc ip l e ,  the  damping rate need only be g r e a t e r  than the  grow- 

t h  rate but s ince  the  i n j e c t i o n  process w i l l  always r e s u l t  i n  a group 

of bunches having a f i n i t e  i n i t i a l  amplitude or  angle e r r o r ,  addi t iona l  

damping s t r eng th  must be provided. L e t  us assume E = 0.023, then s ince  

f 

damping rate as (325 x l o 3  sec" x 0.023) 

feedback. The ac tua l  decay rate f o r  i n j e c t i o n  e r r o r s  (assuming equal 

damping rates f o r  a l l  n = M modes) would be (X = r) 1737 sec-I f o r  the  

last group of t h ree  Booster bunches. 

where 

= 325 kc a t  1 GeV i n  the  AGS, we can immediately w r i t e  down the  
0 

2 = 3737 sec" f o r  i d e a l  

This assumes t h a t  a. < amax 

a max 

with (Ap/p) 

can de l iver .  

being the  maximum l i n e a r  value of Ay' t h a t  the  system 
max 

Here we have taken 6 = Bk so  t h a t  f o r  a(Ap/p) 
P rnax 

= 2.3 x 

i.e. Ay' = 2.3 x rad, we f i n d  a = 1.5 mm at a 6 = 15 

meters. For a l a r g e r  than t h i s  t h e  damping rate decreases and one can 

i n  p r inc ip l e  f ind  the  value t h a t  leads  t o  antidamping i f  t he  non-linear 

c h a r a c t e r i s t i c s  of t he  system (primarily t h e  f i n a l  amplifers t h a t  d r ive  

the  de f l ec to r s )  are known. 

max 

0 

4 

W e  see, therefore ,  how t h e  presence of i n j e c t i o n  e r r o r s  can a f f e c t  

some of the  parameters of t he  damping system. L e t  us r e tu rn  t o  the  

question of phase space d i l u t i o n  caused by these  e r ro r s .  Computer 

simulations have been car r ied  out5  f o r  t he  case where the  i n i t i a l  

amplitude and phase d i s t r i b u t i o n s  of 10 p a r t i c l e s  are Gaussian as w e l l  

as the  momentum and hence tune d i s t r ibu t ion .  It was  found t h a t  i f  

& / Q  > 40 then very l i t t l e  d i l u t i o n  occurs. Here Q i s  the  r m s  value of 

t he  tune d i s t r i b u t i o n  and a l l  d i s t r i b u t i o n s  were cutoff a t  3.5 0 i n  t h e  

simulation. It was a l so  shown t h a t  f o r  a Gaussian d i s t r i b u t i o n  i n  tune 

3 

Q Q 
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(due t o  momentum spread) and equal i n i t i a l  pos i t ion  e r r o r s  the  coherent 

amplitude of the  center of charge decays l i k e  a Gaussian. The t i m e  t o  

decay t o  l / e  is  ca l l ed  o r  t he  coherence t i m e  where T = 

4 2 / w  Q Hence, i f  T = 2/Ef is the  damping t i m e ,  then T < 0.22 T 

is an equivalent requirement f o r  minimal d i l u t i o n ,  Now although the  

i n i t i a l  t ransverse  phase space d i s t r i b u t i o n  may be Gaussian, t he  momen- 

tum d i s t r i b u t i o n  w i l l  most l i k e l y  approach a parabolic one. Hence, t h e  

tune spread w i l l  a l s o  be parabolic with some ha l f  width a t  t h e  base 4. 
It can be shown6 t h a t  t h e  undamped coherent amplitude w i l l  decay as 

C C - 
Q Q *  d 0 d -  C 

3 s i n  x 
2 

- [ - -  cos XI 
X X 

where x = w t AQ and t h a t  it w i l l  have a T 

i n i t i a l  amplitude) given by 

(i.e.$ decay t o  l / e  of t h e  
0 C 

e 0.92 IT - 1.29 -- w AQ w O* T -  
C 

0 0 

with Q* = A Q / 6  being the  r m s  value f o r  a parabolic d i s t r ibu t ion .  

Hence, i n  the  absence of a simulation of damping i n  t h i s  case we assume 

t h a t  a T < 0.2 T would be required t o  minimize d i lu t ion .  W e  should 

note  t h a t  these  r e s u l t s  ignore the  mixing due t o  synchrotron o s c i l l a -  

t i ons  and hence are s t r i c t l y  v a l i d  only i f  a l l  t he  t i m e s  involved are 

shor t  compared t o  a phase o s c i l l a t i o n  period. 

d -  C 

- 
Again, we take E = 0.023, Bk = 0 = = R/Q = 15 meters i n  t h e  

P 
AGS and consider i n j e c t i o n  a t  1 BeV where p = 1.696 BeV/c.  

= 166.5 kV so  t h a t  t h e  phase o s c i l l a t i o n  frequency i s  2.3 kc and 

Taking V 
r f  
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assuming a bunch area of 11 e V  sec o r  a bunch length of 174", we f ind  

a Ap/p of 3.56 x f o r  t he  half  momentum spread of the  bunch. Then 

f o r  t he  i d e a l  damping rate i n  the  absence of w a l l  impedance e f f e c t s ,  

i.e. 3737 sec-l, we f i nd  &j - < 
i n  t u rn  means t h a t  5 = AQ/Q/ Ap/p 1 0.032 and t h a t  X 1 0.32, but f o r  

t h i s  low value of X we expect t h a t  t h e  r e s i s t i v e  w a l l  i n s t a b i l i t y  

growth rate would be g rea t e r  than the  damping rate! 

some d i l u t i o n  is  unavoidable unless we were t o  make E extremely l a r g e  

and hence a l s o  (Ap/p) 

i f  d i l u t i o n  i s  t o  be minimal. This 

Thus, we see t h a t  

t ransverse  very la rge .  
max 

Now the  expected emittance from the  Booster 2s less than 30 Wad 

meters7 at i n t e n s i t i e s  of 1-2 x 1 0 l 3  protons i n  three  bunches, 

present AGS emittance a t  1.5 x 1 0 l 3  i n  twelve bunches i s  80-100 -IT at 

f u l l  energy. Thus, d i l u t i o n  of a f a c t o r  of two would r e s u l t  i n  no 

increase  i n  aper ture  u t i l i z a t i o n .  .Tighter cont ro l  of t he  operating 

point during acce lera t ion ,  i.e. the  be ta t ron  tune and chromaticity, 

should minimize any f u r t h e r  d i l u t i o n  due t o  f i e l d  non- l inear i t ies .  I n  

any event, i f  we assume a normalized emittance of 30 R Wad meters and 

a Gaussian d i s t r i b u t i o n  i n i t i a l l y  f o r  95% of the  beam, then at a 3 = 15 

4 30 l5 = 1.58 cm or  0 = 6.45 mm. It can be meters (BY = 1.8) a = 

shown8 t h a t  i f  0 i s  the  rms width of a d i s t r i b u t i o n  and the  beam i s  

displaced an amount D then the  new rms width is  given by 

The 

1.8 

2 
2 D 

1 0 2 
2 = 0  + -  

The new d i s t r i b u t i o n ,  asuming the  r e s u l t i n g  coherent o s c i l l a t i o n s  

are allowed t o  smear out,  is  not Gaussian and would have t o  be cal- 

culated by simulation i n  order t o  f ind  the  r e s u l t i n g  d i lu t ion .  

ever,  i f  D = 1.5 mm, i.e. t he  a 
2.25/2 = 6.54' which would ind ica t e  r e l a t i v e l y  s m a l l  d i l u t ion .  

How- 

= 6.45'+ 2 
max 1 obtained above, then 0 

Also, 
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one can e a s i l y  ca l cu la t e  t h e  area swept out i n  phase space by a beam of 

width 2.45 0 t h a t  is  displaced by 0.233 0 at a B o r  B where a = 0 

(a, 6,  Y being the  Courant-Snyder parameters). One f inds  t h a t  t he  

t o t a l  area i s  1.2 t i m e s  t h e  i n i t i a l  area, again showing t h a t  t h e  dilu- 

m a x  min 

t i o n  r e s u l t i n g  from such an i n j e c t i o n  e r r o r  would be q u i t e  to le rab le .  

We conclude, therefore ,  t h a t  the  required damping rate at  1 GeV 

should be about 4,000 sec-’ i n  both planes and t h a t  t he  machine chroma- 

t i c i t y  should be % 0.3 i n  order t h a t  the  r e s i s t i v e  w a l l  i n s t a b i l i t y  be 

adequately suppressed. W e  w i l l  accept whatever d i l u t i o n  may r e s u l t  

from i n j e c t i o n  e r r o r s ,  but requi re  t h a t  t he  maximum excursion at  a 6 

average loca t ion  be around 1.5 mm. 

111. System Hardware 

e 
A. Deflection Components 

I n  order t o  obta in  the  bandwidth required f o r  bunch-to-bunch 

feedback, we propose t o  use 50 Q t r ave l ing  wave def lec tors .  

be i n  the  form of s t r i p  l i n e s  running along a vacuum chamber above and 

below and on both s ides  of t he  center l ine .  They w i l l  be fed by 50 

output impedance power ampl i f ie rs  at  t he  downstream end and terminated 

i n  50 fi loads a t  t he  upstream end. Now t h e  fo rce  on a p a r t i c l e  t rave l -  

i ng  along the  center of t h i s  chamber due t o  a TEM wave moving i n  t h e  

opposite d i r e c t i o n  is  F = e IIE + &BII where Bc i s  the  p a r t i c l e  ve loc i ty  

and E, B are the  f i e l d s  due t o  cur ren t  I flowing i n  the  s t r i p  l i n e  of 

impedance Z . W e  assume B 1 so t h a t  F = 2 ecB ( a t  1 GeV t h i s  is i n  

e r r o r  by less than 7 % )  and following the  ana lys i s  of J. Pellegrin’ 

w r i t e  t h i s  as F = 2e k. Here Z i s  the  impedance of f r e e  space 

(377.5 Q ) ,  P i s  the  peak power at a frequency U and k(M-l) i s  a f igu re  
of merit of t he  s t ruc tu re .  

These w i l l  

+ -P 

C 

0 

I f  Id i s  the  angular width of the  s t r i p  



l i n e ,  a the  chamber radius and b the  d is tance  from the  s t r i p  l i n e  t o  

t h e  center of the  chamber, then i t  can be shown t h a t  

I f  we take a = 7.5 cm, b = 0.5 cm, cb = 3 0 ° ,  then Z g ( Z  /cb)ln(a/b) = 

50 L? and k = 1-68  (M'~) .  

duction i n  f i e l d  a t  t he  center  due t o  image cur ren ts  i n  t h e  vacuum 

chamber. Next, l e t  us ca l cu la t e  t he  t ransverse  momentum gained by a 

p a r t i c l e  as i t  passes the  de f l ec to r  driven at a frequency 4 W e  put 

C 0 
Here the  term (l-b2/a2) represents t he  re- 

i [ u t  - 2 n x / ~ ] ;  x = -ct + R 
F ( x , t )  = Ae 

l 

j 

I 

(i.e. at t = 0 F(R,O) = A cos (uR/c>) ,  where 2 is  the  length: of t h e  

s t r i p  l i n e  and compute 

Thus, as ~JI +- 0 
and f o r  2 x/4 Ap = 2AAt/n. While f o r  61 > nc/R t h e  Ap can be of op- 

pos i t e  sign. We see t h a t  2 w i l l  be l imi ted  by the  required bandwidth 
i f  not by mechanical considerations.  I f  we choose = 1.5 M then t h e  

f i r s t  zero i s  at 100 MHz and the  ne t  de f l ec t ion  i s  2 / T  0.64 of its 

low frequency value a t  50 MHz. 

F(0,O) = 2e 

Ap + A R/c = A A t  while f o r  01 such t h a t  R = x/2, $ = 0 

Using the  expression above f o r  A = 

1.68(MW1) and assuming P = 400 w a t t s  we f i n d  
0 
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1.5 x 1.68 s i n  0 -- 
C C C e -  e - 2 e 4400 x 377 
AR Ap = - s i n  e / e  = F(0,O) - - - ‘ 

keV s i n  0 
1.96 -- e where e = mR/c. 

C 

Therefore, a t  a 1 GeV i n j e c t i o n  energy where p = 1.69 B e V / c  we ob ta in  
f o r  push/pull exc i t a t ion  of a p a i r  of de f l ec to r s  a Ap/p = 2.32 x 10’ 6 

( s i n  e/e)  o r  2.2 x at  16.67 MHz. This is, of course, t he  value of 

(Ap/p)max assumed f o r  l i n e a r  operation of the  feedback loop i n  the  

preceeding section. 

Now, we have a l so  assumed t h a t  Q 8.75 so  t h a t  t h e  pickups and 
X,Y 

de f l ec to r s  could be located i n  the  same 10’ s t r a i g h t  s ec t ion  of t h e  

AGS. This arrangement requi res  a one-turn delay between these  elements 

so  t h a t  t h e  necessary odd multiple of a quar te r  be ta t ron  wavelength 

occur from displacement t o  def lec t ion .  W e  w i l l  d i scuss  t h e  delay 

question later,  but here  we are concerned with t h e  low frequency 

requirement f o r  t h e  power amplifiers.  Since f = 325 kc at 1 GeV,  t h e  

lowest frequency l i n e  i n  t h e  bunched beam spectrum f o r  coherent trans- 

verse o s i c l l a t i o n s  w i l l  be 0.25 f o r  81.25 kc. Hence, t he  ampl i f ie r  

bandwidth must extend below t h i s  value t o  at least 40 kc. This makes 

the  minimum requirement 200 w a t t s  of l i n e a r  CW power between 40 kc and 

1.5 MHz f o r  each of four  amplifiers.  

0 

0 

B. Signal Delay System 

I f  t he  feedback i s  t o  be analogue i n  charac te r ,  then the  

required one-turn delay must be provided by coaxial  cables of high 

qua l i ty .  A binary switching system similar t o  those employed on t h e  

NAL Booster,” o r  t he  CERN Booster’’ w i l l  be necessary. 

6 = 0.875, t he  one-turn delay i s  T 

A t  1 GeV with 

= 12/3.9 x l o 6  = 3.0769 Vsec while 
i 
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t he  one-turn delay a t  maximum energy i s  T 

Vsec so t h a t  AT = 389.5 nanoseconds. I f  t h e  minimum delay including 

a l l  t h e  e l ec t ron ic s  i s  made t o  equal T then a s ix-b i t  system employ- f ’  
i ng  seven cables whose lengths  are 2mT 0 > m > 6 with T = 6 nano- 0’ - - 
seconds w i l l  do t h e  job. By counting a reference o s c i l l a t o r  and t h e  r f  

acce le ra t ing  frequency, one can generate a six-bit  word t h a t  determines 

which cables are t o  be used at a given t i m e . ”  

s i x  nanosecond s t e p s ,  one should be ab le  t o  ad jus t  the  switching such 

t h a t  t h e  delay e r r o r  i s  5 3 nsec over t he  required frequency swing. 

This means t h a t  a t  a frequency LO, the  phase e r r o r  due t o  the  cable 

delay w i l l  be a t  most 06T o r  a t  15 MHz, f. 16.2’. 

= 12/4.457 x l o 6  = 2.692 
f 

0 

I n  p r inc ip l e  then with 

However, i f  d i g i t a l  processing of the  pickup s igna l s  i s  used, then 

it should be possible t o  use d i g i t a l  delay techniques s i m i l a r  t o  those 

employed i n  the  NAL main ring12 t o  insure  the  proper phase r e l a t i o n  

between the  amplitude of t he  displacement and the  amplitude of the  

kick. One would use a clock running at qf where q i s  20-25. Then 

t h e  number of clock pulses required could be programmed with f 

kick would be a square wave of dura t ion  g r e a t e r  than the  bunch width so  

t h a t  an e r r o r  6T = l / q f  would not a f f e c t  t he  r e s u l t .  D ig i t i za t ion  of 

t h e  input would be a t  f and t h e  amplitude of t h e  square wave would be 

cont ro l led  accordingly. A f ive-b i t  system would be t h e  minimum neces- 

s a ry  while e igh t  b i t s  should be more than adequate. 

r f  
The r f .  

r f  

r f  

C. Signal Processinn C i rcu i t s  

For t h e  pure analogue option, one must have two c i r c u i t s  

between t h e  pickup e lec t rodes  and the  amplifiers.  The f i r s t  is  usua l ly  

ca l l ed  a closed o r b i t  suppressor. I ts  need arises from the  f a c t  t h a t  

i n  general the  beam o r b i t  e r r o r  at the  PUE loca t ion  is  usua l ly  not 

zero. Hence, when one takes t h e  d i f fe rence  s igna l  from a p a i r  of 
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e l e c t r o d e s ,  t h e r e  is  a component a t  f and i t s  harmonics t h a t  i s  in-  

dependent of coherent o s c i l l a t i o n s  about t h e  c losed  o r b i t .  Because t h e  

vo l t age  ga in  requi red  f o r  s t rong  damping can be q u i t e  l a r g e ,  i.e. 40- 

60 db, very s m a l l  o r b i t  e r r o r s  can s a t u r a t e  t h e  f i n a l  ampl i fe rs .  I n  

some systems t h e  r e s i d u a l  e r r o r  even a f t e r  suppression i s  t h e  determin- 

i n g  f a c t o r  i n  t h e  power ampl i f i e r  r a t i n g .  

achieved by sens ing  t h e  average o r b i t  o f f s e t  and feeding  back t h i s  

information t o  c o n t r o l  t h e  d i f f e r e n t i a l  ga in  of t h e  system. I n  the 

CERN Booster" r e j e c t i o n s  of 60 db o r  more have been achieved. One 

a l s o  can t r y  t o  keep t h e  o r b i t  e r r o r  s m a l l  by magnetic co r rec t ions .  

r f  

Suppression is  u s u a l l y  

20  

The second c i r c u i t  requi red  is  a f i l t e r  t o  c o n t r o l  t h e  loop gain.  

For i d e a l  damping, t h e  o v e r a l l  system should in t roduce  a pure de lay  so 

t h a t  t h e  phase s h i f t  is l i n e a r  over t h e  requi red  bandwidth. Thus, t h e  

f i l t e r  should r o l l  o f f  t h e  ga in  by 40 db o r  more, but  wi th  a l i n e a r  

phase c h a r a c t e r i s t i c .  A u n i t  similar t o  t h a t  used on t h e  CERN 

Booster' '  would be s a t i s f a c t o r y ,  i.e. a n i n t h  o rde r  equi - r ipp le  f i l t e r  

wi th  a 3 db frequency of 15 MHz and - > 40 db a t t e n u a t i o n  a t  45 MHz. I n  

o rde r  f o r  t he  f i l t e r  t o  determine the  loop c h a r a c t e r i s t i c s ,  t h e  band- 

width of a l l  t h e  o the r  components shold be at  least  50 MHz. This w i l l  

then  i n s u r e  t h a t  when t h e  phase s h i f t  dev ia t e s  by more than  4 90" from 

l i n e a r i t y ,  t he  ga in  w i l l  be of t he  order  of un i ty .  

I f  d i g i t i z a t i o n  i s  used, then  one can e l imina te  t h e  c losed  o r b i t  

suppressor  c i r c u i t  and t h e  f i l t e r .  However, one then  needs twelve 

sepa ra t e  band pass  f i l t e r s  t h a t  a l low only t h e  11-9 i- Qllf 

t h e  output ,  i.e. from (0.05 - 0.45) f  . These would have t o  be tuned 

over a narrow range s i n c e  f 

t i o n  from 1 GeV t o  30 GeV. Such a f i l t e r  i s  a l r eady  i n  use  i n  t h e  new 

tune6  measurement system. The outputs  are d i g i t i z e d  a t  t h e  r o t a t i o n  

frequency and s t o r e d  s e q u e n t i a l l y  i n  a " c i r c u l a r "  memory. l2 AS men- 

t i oned  above, t h e  memory output  would be used t o  c o n t r o l  t h e  amplitude 

of a square wave genera tor  ope ra t ing  at f 

50 MHz. 

frequency i n  
0 

0 
varies from 325 t o  371 kc  dur ing  accelera- 

0 

whose bandwidth i s  a t  least 
r f  

I n  p r i n c i p l e ,  t h e  ga in  of t h i s  system would f a l l  of€ as 1 / f ,  
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i.e. 20 db/decade due t o  t h e  frequency spectrum of an  i d e a l  square 

wave, wi th  no phase s h i f t .  

c i r c u i t  element determines t h e  loop c h a r a c t e r i s t i c s ,  t h e  band pass of 

t h e  power ampl i f i e r s  should a l s o  be g r e a t e r  than  50 MHz. 

damping rate f o r  t h i s  type of feedback is  ca l cu la t ed  i n  t h e  appendix. 

Again, i n  order  t o  i n s u r e  t h a t  only one 

The e f f e c t i v e  

Now a d i g i t a l  system would work only wi th  bunched beams and hence 

i n  o rde r  t o  con t ro l  t h e  debunched beam f o r  SEB opera t ion ,  some elements 

. of an analogue system would s t i l l  be requi red .  One would bypass t h e  

II-g+Qllf 

wideband f i l t e r  and a f i x e d  de lay  cable ,  cab le  switching and c losed  

o r b i t  suppression not  being necessary.  

f i l ters and go d i r e c t l y  t o  t h e  power a m p l i f i e r s  through a 
0 

The choice of one system over t h e  o the r  w i l l  r e q u i r e  more d e t a i l e d  

s tudy of t h e  requirements i n  manpower and cos t s .  For both systems, 

however, t h e  power ampl i f i e r s  must have q u i t e  wide bandwidths, i.e. at  

least 40 kc  t o  50 MHz o r  more. W e  no te  t h a t  t h e  requi red  power i s  

l / k 2  and hence is  very  s e n s i t i v e  t o  t h e  r a t i o  (b/a) f o r  t h e  s t r i p  l i n e .  

Since t h e  s i z e  of t h e  i n j e c t e d  bunched beam from t h e  Booster w i l l  be 

cons iderably  smaller than  t h e  present  200 MeV beam, i t  should be pos- 

s i b l e  t o  p l ace  t h e  s t r i p  l i n e  d e f l e c t o r s  c l o s e r  t o  t h e  vacuum chamber 

c e n t e r l i n e .  

f o r  t he  same E and (Ap/p) . I f  both h o r i z o n t a l  and ver t ical  p l a t e s  

are t o  be a t  t h e  same l o c a t i o n ,  then  t h e  e f f e c t  of one set on t h e  f i e l d  

from t h e  o t h e r  p a i r  must be considered when they  g e t  c l o s e r  toge ther .  

Hence, op t imiza t ion  of t h e  k i cke r  design should a l s o  be undertaken ( s e e  

t h e  Appendix). 

This  w i l l  i nc rease  k and reduce t h e  peak power requi red  

max 
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IV. Cost and Manpower Requirements 

Since the exact type of system to be used remains to be determin- 

ed, detailed cost and construction schedules are not possible. How- 

ever, a rough overall estimate can be made. At present, power ampli- 

fiers in the 150-200 watt range with 10 kc-220 MHz bandwidth are about 

$10,000 each. Hence, we assume $50,000 for four, plus a spare. Based 

on estimates made for the CBA, we take $10,000 for the cost of de- 
flectors, cables, and terminations. We further assume another $40,000 

for the low-level electronics and hence arrive at a total of $100,000 
for the entire system. This is half of the estimate given in the AGSII 
Task Force ReportL3 but there, 1 kW amplifiers were assumed. 
based on a preliminary estimate made for a similar system to be used in 

the CBA, we project about 2 manyears of engineering and development, 

and 2 manyears for fabrication, testing, and installation. 

Also 
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Appendix 

Damping R a t e  f o r  Square Kicker Pulse 

W e  again use the  r e s u l t s  of Sacherer3 and w r i t e  

where the  growth rate l / T  = -I AU and Zl is  t h e  t ransverse  impedance at 

t h e  frequency U 

o r  p = n + kM, -a < k < a f o r  M bunches o s c i l l a t i n g  i n  the  coupled 

bunch mode n such t h a t  2 m  IlnII/M i s  phase s h i f t  from bunch t o  bunch. 

H e r e  %( U) = Ilp (U) 1 1 2  with p (0) being the  Fourier transform of the  

wi th in  t h e  bunch o s c i l l a t i o n  p ( t ) .  

m 
= (p + Q)Uo, -a < p < a f o r  independent bunch motion 

P 

N N 

m m 
Us = X/TR as defined earlier. W e  m 

t ake  the  m = 0 mode where 

and assume t h a t  t he  damping rate can be ca lcu la ted  i n  the  same way i f  

w e  know the  equivalent Z l ( W  ) introduced by the  feedback loop. 

we use t h e  expression due t o  Hereward given i n  Reference 3,  

For Zl 
P 

0 [E+vxB 1, ds 
Zi") = j 

BIZ 
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Here I is  the  dc component of t he  beam curren t  and A t h e  o s c i l l a t i o n  

amplitude. In general ,  

where k is  an in t ege r  t h a t  counts t he  revolutions of t he  bunch. That 

i s  AI represents  t he  o s c i l l a t i n g  pa r t  of t he  beam current t h a t  has a 

d i s c r e t e  spectrum given by the  frequencies Wp. The center  of t h i s  

spectrum i s  s h i f t e d  by and f o r  the  case of m = 0, t he  f i r s t  zeros of 

t h e  unshifted spectrum are at W = f 3T/Tg. 
5 

The term i n  brackets i n  the  i n t e g r a l  is  j u s t  t he  t ransverse  f i e l d  

at a frequency W seen by the  beam. Thus, t he  amplitude of the  kick at 

the  frequencies ~JI divided by amplitude of t he  component of t he  osc i l -  

l a t i n g  beam current at  t he  same frequency is  a measure of t he  trans- 

verse impedance introduced by t h e  feedback. For a square wave at f 

modulated by the  s igna l s  aris ' ing from the  coupled bunch mode n = 1, one 

has the  product ( f o r  8.5 < Q < 9) 

P 

r f  

k 
-1 
(2k+l) 

a 

Cos (2k+l) Wrf t ] Cos (9-Q)W t [l f 1 
k=O 0 

whose spectrum contains the  frequencies (9-Q)W and (2k+l)f 

k = 0, 1, 2, ..... For mode n = 1 and M = 12, the  bunch spectrum w i l l  

contain the  frequencies f o r  T kfrf - (9-Q)fo, k = 0, 1, 2, e tc .  f P r f  
12  f . The negative frequencies represent slow waves t h a t  cont r ibu te  

t o  growth while a pos i t i ve  frequency cont r ibu tes  damping. That is i n  

the  sum f o r  AWm, ZI of a negative frequency i s  negative etc. In t h e  

case of feedback, the  impedance is  pos i t i ve  f o r  a l l  frequencies such 

t h a t  t he  phase d i f fe rence  from i d e a l  damping i s  < 4 90". We note t h a t  

f o r  symmetric square wave damping the re  ar no contributions f o r  t he  

r f  l i n e s  around even multiples of f 

* (9-Q)fo, 
0 r f  

= 

0 
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For a s i n g l e  bunch o s c i l l a t i n g  independent ly  and square wave damp- 

ing ,  one r ep laces  W by i n  t h e  above expressions.  We have caclu- 

l a t e d  t h e  e f f e c t i v e  damping rate f o r  t h e  M = 12, n = 1 coupled bunch 

mode assuming t h e  bunch width i s  one ha l f  t h e  bucket width and square 

wave feedback. 

cons ider  only those  l i n e s  k = 0, 1 f o r  two cases X = 0, X = a. 

r f  0 

W e  ignore  t h e  s i n  e / e  f a c t o r  i n  t h e  k i c k e r  response and 

For X = 0, we o b t a i n  0.81 and f o r  x = a, 0.7 r e l a t i v e  t o  one f o r  

an i d e a l  analogue system wi th  a f l a t  response over t h e  same spectrum. 

Thus, t h e  ga in  of t h e  square wave system, t h a t  i s  t h e  amplitude of t h e  

d e f l e c t i o n  pu l se  f o r  a given amplitude of t h e  f i l t e r e d  (9-Q)f0 s i g n a l ,  

would have t o  be increased  t o  provide t h e  same damping as an i d e a l  

analogue system wi th  a given ga in  at  (9-Q>f . I n  p r i n c i p l e ,  f o r  a 

bunched beam and X - < n, t h e  m = 0 coupled bunch mode could be damped 

wi th  a system whose bandwidth w a s  - < 3/2 TA. For f requencies  g r e a t e r  

t han  t h i s ,  as long as t h e  ga in  decreased monotonically,  t h e  phase d i f -  

f e r ence  from i d e a l  damping could be g r e a t e r  than  90" s i n c e  t h e  nega t ive  

con t r ibu t ion  of t h e s e  l i n e s  t o  t h e  o v e r a l l  damping rate would be q u i t e  

s m a l l .  

r educ t ion  due t o  t h e s e  con t r ibu t ions .  The l i m i t  would, of course,  

depend upon noise ,  r e s i d u a l  c losed  o r b i t  e r r o r s  i f  an analogue system 

i s  used, and s a t u r a t i o n  due t o  i n j e c t i o n  e r r o r s  i f  they  are present .  

0 

One could i n c r e a s e  t h e  o v e r a l l  ga in  s l i g h t l y  t o  make up f o r  any 

I 
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Kicker Optimization 

A s  mentioned above, we wish t o  increase  the  r a t i o  a/b where a i s  

the  vacuum chamber radius and b is  the  radius of t he  s t r i p  l i n e .  I n  

order t o  keep the  c h a r a c t e r i s t i c  impedance constant at 50 Q, one then 

has t o  a l s o  increase  Q t h e  angle subtended by the  s t r i p  l i n e .  The 

simple expression f o r  Z is  no longer accurate enough and de ta i l ed  

f i e l d  ca l cu la t ions  are necessary. Using t h e  program POISSON t h e  NSLS 

Group14 has ca lcu la ted  Z f o r  various geometries as w e l l  as t h e  

electric f i e l d  pa t t e rn  f o r  a given p o t e n t i a l  on t h e  s t r i p  l i ne .  

obtained by pu t t ing  a p o t e n t i a l  on a conductor a t  t h e  center,  cal- 

cu la t ing  the  f i e l d  l i n e s ,  and then in t eg ra t ing  over a path enclosing 

the  s t r i p  l i n e .  

C 

C 

Z i s  
C 

We can scale the  r e s u l t s  of one such ca l cu la t ion  t o  obta in  an 

estimate of how much l a r g e r  K can be made f o r  a reasonable value of 

a/b. 

10.2 cm, the  f i e l d  a t  t he  center  i s  8.2 volts/meter f o r  one v o l t  on the  

s t r i p  l i n e .  Now we take a = 7.5 cm s o  t h a t  b = 5.15 cm, $J remains the  

same as does Z but t he  f i e l d  is  now 8.2 x (10.2/7.5) = 11.15 v o l t s /  

meter f o r  one v o l t  on the  p l a t e .  

and R = 1.5 My we obta in  2.365 keV/c from the  e l e c t r i c  f i e l d  o r  4.73 

keV/c f o r  t he  t o t a l  Ap f o r  one p l a t e  (assuming s i n  e / @  = 1). This i s  

2.41 t i m e s  g r e a t e r  than the  1.96 keV/c obtained earlier. Of course, 

s ince  $J = l l O o ,  only one set of de f l ec to r s  can be loca ted  i n  a given 

space. Hence, f o r  a given t o t a l  length,  t h e  ga in  i s  only 20%. How- 

ever, i f  we assume t h a t  each u n i t  can be one meter i n  length,  then they 

could be placed i n  t h e  upstream and downstream ends of a ten-foot 

s t r a i g h t  s ec t ion  o r  loca ted  separa te ly  i n  five-foot s t r a i g h t  sec t ions .  

For R = 1 M we would have 3.15 keV/c per p l a t e  f o r  400 w a t t s  peak 

I n  p a r t i c u l a r  f o r  a/b = 1.457 with $J = L l O " ,  Z 4 50 and i f  a = 
C 

C 
Thus f o r  V = 4400 x 50 = 141.4 v o l t s  

power. 
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Now l e t  us assume f u r t h e r  t h a t  t he  de f l ec t ing  u n i t  is  at a 6 min 
10.5 M and t h a t  the  ava i l ab le  peak power i s  300 w a t t s ,  then Ap = 3.15 

keV/c x 0.866 x 0.837 = 2.285 keV/c. 

rad M normalized emittance, would have a s i z e  a t  1 G e V / c  of a = 

f60 x 10.5/1.8 Hence, a t  such a loca t ion  the re  would be 

5.15 - 1.87 = 3.28 cm half  aper ture  ava i l ab le  f o r  closed o r b i t  e r ro r s ,  

energy spread, e tc .  

able. This amount of space should be adequate f o r  t he  assumed beam 

s i z e  (including a f a c t o r  of two d i l u t i o n  a t  i n j e c t i o n )  and thus a 

choice of parameters c lose  t o  those give here would provide add i t iona l  

margin f o r  e i t h e r  power, damping rate, o r  i n j e c t i o n  e r r o r  amplitude 

requirements. 

= 

A t  a Bmin a beam of 60 A x 

= 1.87 cm. 

Even at a 6 = 15 M t he re  would be 2.9 cm avail-  
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