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A b s tract 2  Gene r a l  Feedback  Issues 

In  t he  S L C  m a n y  f e e dback  sys tems k e e p  t he  b e a m  u n d e r  
cont ro l .  H e r e  w e  concen t r a t e  o n  f e e dback  sys tems wh i c h  

I o p e r a t e  a t  1 2 0 H z  o r  l owe r  f r equenc i es ,  s o  so f twa re  c a n  b e  
u s e d  to  m a k e  s o m e  dec is i ons .  T h e  l i nac  s t ee r i ng  f e e dback  
u ses  b e a m  pos i t i on  mon i t o r  d a t a  a n d  co r rec ts  m a g n e t  set -  
t i ngs to  k e e p  t he  b e a m  orb i t  to  t he  d es i r e d  va l ues  (most ly  
f lat). L o o k i n g  a t  t he  Fast  Fou r i e r  T r ans f o rma t i on  (FFT)  
o f  t he  da ta ,  a  r e duc t i o n  i n  t he  z e r o  a n d  ve ry  l ow  f r e quency  
c o m p o n e n t  is o bse r v ed ,  wh i l e  o n  t he  o t h e r  h a n d  n o i s e  a t  
h i g h e r  f r e quenc i e s  is amp l i f i ed .  T o  imp r o ve  th is s i tuat ion,  
t he  FFT c a n  b e  u s e d  to  a l te r  t he  f e e dback  s o  a  f lat s pec -  
t r um c a n  b e  ach i eved ,  i nd i ca t i ng  t he  l owes t  wh i t e  n o i s e  
leve l .  If t h e r e  is a  sp i ke  a t  e .g .  2  o r  7 H z  o r  a n o t h e r  f e ed -  
b a ck  is osc i l la t ing,  th is f e e dback  w o u l d  ad j us t  itself till 
th is sp ike - is  r e d u ced - t o  t he  wh i t e  n o i s e  l eve l  ( no t  b e yond ) .  
D i f fe rent  s imu la t i on  resu l ts  fo r  t he  f r e quency  r e s p o n s e  a r e  
p r esen t ed .  

A  f e e dback  s h o u l d  k e e p  a  status, say  t he  pos i t i on  o f  a  
b e a m ,  i n  a  f i xed state. A n y  dev i a t i ons  s h o u l d  b e  b r o u g h t  
b ack  a s  s o o n  a s  poss ib l e ,  s o  t he  rms  a r o u n d  th is s ta te  is 
m in im ized .  Wh i t e  n o i s e  c a nno t  b e  r e d u c e d  w i th  a  f e ed -  
back ,  bu t  a n y  dev i a t i on  l ike m o r e  l ow - f r e quency  c o m p o -  
nen t s  c a n  b e  s upp r e ssed .  H o w  a  f e e dback  wo rks  i n  g e n e r a l  
c a n  b e  u n d e r s t o o d  b y  l o ok i n g  a t  its f r e quency  r e sponse .  

. .-, - _  -  

1  In t roduct  i on  

A t t he  S tan fo r d  L i n e a r  Co l l i de r  ( S L C )  t he  b e a m  pos i t i on  
a n d  a n g l e  is con t ro l  b y  f e edbacks  at  m a n y  d i f fe ren t  l oca -  
t ions.  A  s tep  func t i on  i n  t he  pos i t i on  o f  t he  i n j ec ted  b e a m  
in to  t he  l i nac  w o u l d  c a u s e  a n  ove r - co r r ec t i on  if a l l  t h e  f e ed -  
b a ck  w o u l d  start  to  co r rec t  t he  s i tua t ion  i n  a  s imp l e  way .  
O n e  w a y  is to  l ink t he  f e e dback  t oge t he r  a n d  s h a r e  t he  
i n f o rma t i on  i n  a  c a s c a d e d  w a y  [l]. H e r e  w e  wi l l  d esc r i b e  
a n o t h e r  a p p r o a c h .  T h e  h is to ry  o f  t he  b e a m  itself ca r r i es  a  
lot o f  i n fo rmat i on ,  wh i c h  c a n  b e  u s e d  to  p red i c t  t he  pos i -  
t i on  ( a n d  a n g l e )  o f  t he  nex t  pu l se .  E v e n  if s o m e  u ps t r e am  
f e edback  is osc i l l a t ing  o r  t h e r e  is a  “tim e  s lot” s epa r a t i o n  
( 6 0  Hz  osc i l la t ion) ,  t he  fast Fou r i e r  t r ans fo rma t i on  (FFT)  
s h ows  wh i c h  c o m p o n e n t  is t he  h i ghes t  a n d  s h o u l d  b e  s u p -  
p r essed .  T h e  m a i n  i d e a  is that  t he  f e e dback  s h o u l d  no t  
h a v e  a  f i xed f r e quency  r e s p o n s e  bu t  va ry  its r e s p o n s e  d u e  

2 .1  F r e q uency  R e s p o n s e  
Le t’s t ake  t he  pos i t i on  o f  b e a m  pu l ses  a s  a n  examp l e .  
M a n y  pu l ses  j i tter a r o u n d  z e r o  o r  s low ly  dr i f t away .  T h e  
f e e dback  t r ies to  p red i c t  t he  pos i t i on  o f  t he  f o l l ow ing  p u l s e  
b y  u s i n g  o n e  o r  m a n y  p u l s e  pos i t i ons  of  t he  past .  A pp l y i n g  
t he  p red i c t i on  m igh t  c a u s e  a  r educ t i o n  o r  amp l i f i ca t i on  o f  
t he  nex t  pos i t i on  amp l i t ude .  Th is  d e p e n d s  o n  t he  r e s p o n s e  
t ype  of  t he  f e e dback  a n d  o n  t he  f r equency .  F ig.  1  s h ows  a  
typ ica l  b e h a v i o r  o f  s o m e  s imp l e  f e edbacks  fo r  ma i n l y  l ow  
f r e quency  no i se .  L o o k i n g  on l y  a t  t he  last po in t ,  zi do t -  
ted,  t he  f e e dback  wi l l  r e d u c e  it to  z e r o  a t  l ow  f r equency ,  
a t  l /6 +  1 2 0  Hz  =  2 0 H z  is t he  c r oss -ove r  a n d  t he  resu l t i ng  
amp l i t u de  wi l l  b e  tw ice a s  m u c h  at  60Hz .  Fo r  a n  a v e r a g e  
of  t he  last two  po in ts ,  ( 1 1  +  2 2 ) / 2  d a s h e d ,  t he  r e s p o n s e  
d o e s n ’t o ve r s hoo t  that  much ,  a n d  s o  o n  till a n  a v e r a g e  of  
t .he last s ix po in ts ,  (II+  zz +  . . . +  2s ) /6  d a s h e d  aga i n ,  h a s  
t h r e e  osc i l la t ions.  
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to  t he  m e a s u r e d  FFT spec t rum.  S o  i ns t ead  of  t ry ing  to  
- r e d u c e  s o m e  ze r o - f r e quency  c omponen t ,  wh i c h  m igh t  no t  

b e  t h e r e  a t  t he  t ime, a n d  amp l i f y i ng  e .g :  s o m e  2  Hz  no i se ,  
t he  n e w  FFT -o r i en t ed  f e e dback  w o u l d  r e c ogn i z e  t he  s i tua -  
t i on  a n d  w o u l d  on l y  r e d u c e  t he  h i ghes t  p e a k s  i n  t he  FFT 
spect ru .m.  
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Di f fe rent  i ns igh ts  o f  a v e r a g e d  r e s p o n s e  cu r ves  a n d  the i r  
t ime b e h a v i o r  m igh t  b e  e v e n  i n te res t i ng  fo r  t he  cu r r en t  
c a s c a d e d  f eedback .  

*W o r k  suppo r t ed  by  the Depa r tmen t  of E n e r g y  c o & r &  D E  
A C 0 3 - 7 6 S F O O 5 1 5 .  

F i gu r e  1 :  F e e d b a c k  R e s p o n s e  Func t i on .  

A t 1 2 O H .z a l l  f r e quenc i e s  b e t w e e n  0  a n d  6 0  Hz  c a n  b e  r ec -  
o gn i z ed .  Bes i d e s  t he  w a n t e d  r educ t i o n  a t  l ow  f r equency ,  a  
s imp l e  f e e dback  l o ok i n g  a t  t he  last, o r  t he  last two,  . . . o r  t he  
last s iz pu l s es  g ives a lways  s o m e  osc i l la t ions.  T h e  a v e r a g e  
o f t h ese  siz possib i l i t ies (so l i d )  s h ows  a  f lat amp l i f i ca t ion .  

-  P r e s e n t e d  at  t he  Par t i c l e  Acce l e r a t o r  C o n f e r e n c e  ( P A C  93 ) ,  Wash i n g t o n ,  DC,  M a y  1 7 - 2 0 ,  1 9 9 3  
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An interesting behavior is an average of all these aver- 
ages (solid), which is pretty flat for higher frequencies and 
doesn’t show the overshoot directly after the first cross- 
over. This average gives additionally a t ime structure, 
later points are weighted stronger and earlier points are 
damped in such a natural way that the “necessary” over- 
shoot is flat. This feedback would reduce any drifts up to 
about 10 Hz and amplify white noise above that by about 
a factor of 1.25; (60 pulses yield a reduction up to 3 Hz and 
an amplification of less than 4 %). 

2.2 Higher Frequencies 
These feedbacks can be also used to reduce high frequency 
noise by changing the response function. Instead of pre- 
dieting the last (II), the second last (Q), . . . or (14) top 
in Fig. 2, the feedback can guess minus the last, minus the 
second last, . . . pulse (middle). By determining the fre- 
quency of the oscillation it would be possible to reduce any 
oscillation by just reacting on the last two points: For 10~ 
frequencies up to 20 Hz 21 is right, between 20 and 40 Hz 22 
(dashed middle) and between 40 to 6OHz -21 will reduce 
all below the unit amplitude. By knowing the frequency f 
tid taking z1 cos 4 - t2 sin 4 with 4 =  2 * s * f/l20 Hz a 
reduction down to 0.55 or lower is achieved. 

The g&l is to obtain the frequency amounts by making 
an FFT or by other techniques and use the achieved in- 
formation to adjust the response of a feedback that it can 
reduce all pulse to pulse variations to a flat white noise 
level‘ (I&&t possible amount). 
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Figure 5: Other Response Functions. 

Reacting on the last (zl), second last (zz), . . . (top), or on 
minus the last, minus the second last, . . . ptilse (bottom) 
has different response functions. 

3 Noise and Oscillatibns 
The random white jitter noise of a beam position is difficult 
to improve, but any frequency component which sticks out 
in the Fourier transformation and is quite stable indicates 
some oscillation (or offset, drift for f =  0 Hz). Fig. 3 show 
a measurement of the beam angle at a linac feedback in 
the SLC. 

x10 
-3 

s. 

X  2. 

L; 1. 

0. 

2 is! -1. 

< -2. 

-5. I ( + 
1 I 

I I I , I I 
-11 -0 -7 -b -3 -1 

TIME 

Figure 3: Oscillating Beam Angle. 

Besides the noise jitter, the angle of the beam is oscillating 
with an amplitude of about one sigma of ihe noise increas- 
ing the rms. The sources are mainly feedbacks having too 
much amplification at these frequency. 
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Figure 4: Simulation of Noise plus 1 Hz Oscillation. 

The jitter noise and oscillation in the time frame (left) and 
its frequency amplitudes (right). 

A  simulation with a white noise jitter (Gaussian sigma =  
1) and a 1 Hz oscillation (amplitude =  1) is shown in Fig. 4. 
The left shows the noisy oscillation for 500 pulses. The 
square-root of the FFT (not the power spectrum) is shown 
on the right and gives the amplitude of each of the 256 
frequency bins. The 256 noise bins at about Al =  0.0625 
give an rms-amplitude 

t7= 
\I CA? B in (1) 

of one. The oscillation would add about l/2 “rms” in 
quadrature. But since the distribution of a sin is not Gaus- 
sian at all, but more like double horned corresponding to 
the two crests of the sin curve, the gaussian fit to the pre 
jection is about 30 %  bigger, indicating that the single os- 
cillation had about an 0.8 amplitude effect. 
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- 4 FFT -Orientation 
The so far mentioned examples give some ideas how to im- 
plement the information of an FFT. Here some techniques 
and the comparison with Notch filters are given. 

4.1 Simple Approach 
Following the example with the last two pulses, here is 
a way to determine the weights of the desired correction. 
The last pulses 21, 22 . . . z, are multiplied by an (n +  
1) * n matrix M, which contains the information about the 
oscillation frequency 

M  mk = cos(zf/n * (m - 1) * k) * 2/n, 

withM=M/2ifm=lorm=n+l. 

(2) 

For m  =  0 it is just an averaging over the last n pulses 
(no averages over different n to keep it simple); for m  =  n 
it is -zr, +tz, -, +  . . . . which would be a high number 
if there is a big t ime slot separation (60Hz oscillation). 
The square of these numbers and a sin term are used as 
weights for the different predictions. This method can be 
compared with Notch-filters at zero, f/2n, f/n, . . . f/2 
and a weight for each filter. An averaging like in Fig. 1 is 
also possible for a Notch filter. 

4.2 FFT  Weights 
An -FFT .of the last n pulses results in also n numbers, 
whichare the amplitudes and the phases at the corre- 
sponding n/2(+1) f re q uencies. For instance, 6 pulses have 
an amplitude and phase value for 10, 20, 30,40, 50 Hz and 
only an amplitude value for 0 and 60Hz, since zero and 
Nyquist (60 Hz) frequency don’t have a phase information. 
The amplitudes can directly be used as weights. Fig. 5 
shows an example where eight+1 frequencies are totally 
suppressed. 

The overshoot at low and high frequency needs more in- 
vestigation, the rest is at least less than 55 %  of the original 
amplitude. Going with this scheme to more pulses doesn’t 
reduce these peaks dramatically but adds new points with 
total suppression. A  time dependent averaging might re- 
duce more the peaks, since the slope near the suppressed 
frequency is not as steep. 

The interesting feature of this feedback is that it can 
suppress oscillations of any frequency below their initial 
amplitude. This means that the response of the feedback 
has no parts with amplification. 

-4.3 Future Work 
The FFT-oriented feedback which adjusts the feedback 
response to the amounts in the FFT has a high goal to 
achieve.. It should get the max imum out of the past pulses 
to achieve the lo&& spread around the desired value. 

The time dependent averaging should get the right 
damping. Also the behavior of higher order correction [2] 
may be considered. They achieve a flat curve at the sup- 
pressed frequency on the expense of a much worse ampli- 
fication beyond the crossover point. 
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Figure 5: FFT-Oriented Feedback Response. 

The lower solid curve shows the response by using ihe FFT 
information of oscillations with an amplifude of 3. The 
other curves are Notch filter iype responses for eighi pulses. 

The response to steps or varying frequencies has to be 
checked. The many frequency components during a step 
may be ideally handled by an FFT-oriented feedback. But 
even whether it is good for frequent changes or better for 
stable oscillations can be adaptive: Taking many pulses 
into account slows down the response to fast changes, 
but these changes would tell the feedback to consider less 
pulses. 

5 Conclusion 
The study of a feedback which response is adjusted by the 
amount of the FFT of the last pulses has shown to reduce 
every single frequency component. Additionally averaging 
schemes were found which don’t show oscillations in the 
amplification regime which should be more stable than the 
currently used response. 
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