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

Beam loading e f f e c t s  ( i n t e r a c t i o n  o f  t h e  bunched beam cur ren t  wi th  

a c c e l e r a t i n g  c a v i t y  impedances) have been present  i n  t h e  Brookhaven AGS 

f o r  s e v e r a l  years .  They a r e  most no t i ceab le  a t  i g j e c t i o n  f o r  i n t e n s i t i e s  

\ 3 4 x 10" but  have a l s o  been observed on rare occas ions  a t  y fi: 1.5 f o r  
12 i n t e n s i t i e s  o f =  7 x 10 . It has  been p o s s i b l e  t o  a l l e v i a t e  t h e s e  e f f e c t s  

dur ing  t h e  cap tu re  process  when t h e  r equ i r ed  r f  v o l t a g e  i s  3-4 kV/gap by 

a scheme t o  be  descr ibed  la te r .  A s  t h e  o p e r a t i o n a l  i n t e n s i t y  of  t he  AGS 

approaches p ro tons lpu l se ,  t h e  r equ i r ed  ad jus tments  become more c r i t i c a l  

and t h e  p r i n c i p a l  loading e f f e c t ,  reduced c a p t u r e  e f f i c i e n c y ,  i nc reases .  

Although some s t u d i e s  have been made it i s  s t i l l  not  c l e a r  why t h e  p re sen t  

scheme he lps .  It i s  t h e r e f o r e  necessary,  i f  h ighe r  i n t e n s i t i e s  a r e  t o  be  

achieved,  t h a t  more d e t a i l e d  i n v e s t i g a t i o n s  be  undertaken. 

0 

1 2 
With t h i s  i n  mind t h e  a n a l y s i s  developed by B i g l i a n i  and Pedersen 

has  been app l i ed  t o  t h e  AGS r f  c o n t r o l  system. This  inc ludes  a dynamic 

l i n e a r i z e d  model of t h e  beam loading  i n t e r a c t i o n  w i t h  t h e  feedback loops 

f o r  r f  ampli tude,  phase and c a v i t y  tun ing .  The e f f e c t s  of  beam c u r r e n t  

modulation have been added, as w e l l  as t h e  c o n t r i b u t i o n  from t h e  r a d i a l  

contro' l  loop, f o r  completeness.  

i ng  of  t h e  problem t h e  cond i t ions  f o r  s t a b i l i t y  of t h e  coupled loops i s  ex- 

amined under c e r t a i n  l i m i t i n g  assumptions.  

t i o n  scheme" i s  then  d iscussed  along wi th  p a s t  observa t ions .  F i n a l l y  some 

proposa ls  are  made f o r  f u t u r e  s t u d i e s .  

I n  o rde r  t o  o b t a i n  a pre l iminary  understand- 

The p r e s e n t l y  app l i ed  "compensa- 
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The AGS Rf Cont ro l  System 
3 Figure  1 shows a s i m p l i f i e d  block diagram of  t h e  beam c o n t r o l  system 

wi th  t h e  tun ing  and AGC loops included.  

without  t h e s e  two loops and f o r  ze ro  beam loading  has  been descr ibed  p r e -  

v ious  l y  . 4-6 A f u r t h e r  loop f o r  damping7 bunch shape o s c i l l a t i o n s  i s  a l s o  

p re sen t ,  but  s i n c e  it i s  not  a c t i v a t e d  u n t i l  w e l l  a f t e r  i n j e c t i o n ,  i t  has  

been omit ted.  I n  what fol lows w e  w i l l  t r ea t  t h e  t r a n s f e r  func t ion  f o r  t h e  

phase and r a d i a l  loops as  separate func t ions  even though t h e  r a d i a l  co r rec -  

t i o n  s i g n a l  e n t e r s  i n t o  t h e  phase loop be fo re  t h e  f i n a l  s e l f - t r a c k i n g  ampli-  

f i e r .  The l a t t e r  con ta ins  t h r e e  such a m p l i f i e r s  p lus  s e v e r a l  phase s h i f t e r s  

and de lay  cable .3  I t s  o v e r a l l  t r a n s f e r  func t ion  f o r  phase modulation i s  de- 

noted by Fb. 

The dynamic response of t h e  system 

The r a d i a l  loop t r a n s f e r  func t ion  w i l l  be  c a l l e d  Fr. 

The I d e a l i z e d  Model 

We assume t h a t  t h e  c a v i t i e s  a re  d r iven  by t h e  beam and genera tor  c u r r e n t s  
122 i n  t h e  fol lowing manner where I,, i s  t h e  component of  beam c u r r e n t  a t  t h e  

0 

D 

bunch frequency and t h e  phase r e l a t i o n -  

s h i p s  a re  a s  shown wi th  v t h e  t o t a l  

c a v i t y  vo l t age  a s  the r e fe rence .  A s  

pointed out  i n  Ref. 2 t h e  genera tor  d r i -  

1 6  

ving  impedance has  been included i n  R 

t h e  c a v i t y  shunt r e s i s t a n c e .  

s t a b l e  phase ang le  de f ined  from (v -l-r/Z) 

and i s  a l s o  t h e  beam c u r r e n t  phase ang le  

s i n c e  one assumes a s teady  s t a t e  (no 

t r a n s i e n t s  p re sen t )  f o r  t h e  s t a b i l i t y  

cpb i s  t h e  

v 

i s  t h e  phase ang le  o f  t h e  

c a v i t y  p lus  d r i v i n g  impedance and v L i s  

c a l l e d  t h e  loading  phase angle' which i s  

t h e  t o t a l  impedance phase angle  f o r  ze ro  

a n a l y s i s .  YZ P 
I 

beam c u r r e n t .  

age a t  resonance wi th  no load. 

by t h e  parameter Y = I /I 

I i s  t h e  r equ i r ed  genera tor  c u r r e n t  t o  g i v e  t h e  same gap v o l t -  
0 

The amount of beam loading  i s  then  cha rac t e r i zed  
2 Since  a s t eady  s t a t e  i s  assumed one has 

€3 0' 

t a n  vz- Y cos  cpB Io(l+Y s i n  (pB) 
- 

L 'G - cos  cp 
- 

B 1+Y s i n  ep t a n  cpL - 
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The s t a b i l i t y  a n a l y s i s  r e q u i r e s  kncwledge of  t h e  t ransmiss ion  f o r  small am- 

IB, and v a r i a t i o n s  of  c a v i t y  tune, t o  t h e  p l i t u d e  and phase modulation o f  I 

gap vo l t age  and thence back through t h e  beam t o  I and through t h e  c o n t r o l  

loops t o  I and t h e  c a v i t y  tune.  This  i s  shown i n  Fig.  2 which i s  a s i g n a l  

G' 

B 
e 

G 
flow diagram f o r  such modulations.  We have used t h e  n o t a t i o n  of  Ref. 2 where 

t h e  t r a n s f e r  func t ions  f o r  phase and ampli tude modulation through t h e  c a v i t y  

( t h e  G I s )  a re  der ived .  One can a l s o  d e r i v e  them from Eqs. (5-9) Ref. 1. For 

t h e  beam t r a n s f e r  func t ion  B ( s )  = p ( s ) / P  (s) = mJ/(s :$+JI ) i s  used - for  t h e  

d i p o l e  o s c i l l a t i o n s  and - = - 
o s c i l l a t i o n s .  The la t ter  w i l l  r e s u l t  i n  modulations of  I- and w e  t a k e  i- = - 

Je 2 2 2 )  

X 2 .  2 Z V  CP cp 

"; cp fp 
- / ( s  .+ ;h >, for' t h e  quadrulpole o r  bunch shape 

- - - 55, - I 3  
Kx wi th  2 = (6';;' - 6p2) /A and A = Sq2  + 157 zz cons tan t .  Qq2 and 6p2 a r e  t h e  

average  over t h e  bunch of  t h e  second moment o f  t h e  i n d i v i d u a l  p a r t i c l e s  about 

t h e  c e n t e r  of  charge.8 

i n  t h e  phase space where t h e  s teady  s t a t e  t r a j e c t o r i e s  a re  c i r c l e s .  S ince  t h i s  

i s  t o  be  a l i n e a r  approximation w e  have ignored t h e  coupl ing  t h a t  i s  p re sen t  

between d i p o l e  and quadrupole o s c i l l a t i o n  when second o rde r  e f f e c t s  are i n -  

I n  t h e  diagram cluded.8 

t h e  p ' s  are phase d e v i a t i o n s  and t h e  a ' s  r e l a t i v e  ampli tude v a r i a t i o n s .  One 

s t u d i e s  t h e  s t a b i l i t y  o f  t h e  system by examining t h e  r o o t s  of  i t s  cha rac t e r -  

i s t i c  equation. '  For t h e  AGS t h i s  i s  given by Eq. B on Fig.  1 which however 

does not i nc lude  t h e  loops due t o  I modulation. It can b e  obta ined  by p u t t i n g  

c 

S t a b i l i t y  Analys is :  Tuning + AGC LOOPS 

K i s  a cons t an t  a l s o  depending upon t h e  d i s t r i b u t i o n  

B' Hence only ampli tude modulations of v a f f e c t  i 

"- 2 B 2 2 
r -  bi- = i- w- ( F ; - F t ) / s  . i n  -Pedersens--equati.on (Bl)-. 

P 5cp 

The f i r s t  l i m i t i n g  case w e  cons ider  i s  wi th  t h e  tun ing  loop and AGC loops 

a lone .  Furthermore s i n c e  w e  are i n t e r e s t e d  i n  t h e  cond i t ions  present  a t  i n -  

j e c t i o n  where f t h e  phase o s c i l l a t i o n  frequency i s  4-5 kc,  t h e  response of  

t h e  loops from f t o w  3f  w i l l  be used f o r  C and Ca. Now t h e  b e s t  a v a i l a b l e  

d a t a  on t h e  tun ing  loop response f o r  f = 2.5 MHz i n d i c a t e s  t h e  u n i t y  g a i n  i s  r f  
a t  M 1 kc  whi l e  f o r  t h e  AGC loop t h e  u n i t y  g a i n  frequency i s  w 15 kc. 

t h e  t r ansmiss ion  through t h e  former can b e  neglec ted  and w e  are  l e f t  wi th  only  

t h e  AGC loop. 

t h e  t e n  a c c e l e r a t i n g  s t a t i o n s  are ad jus t ed  under no load cond i t ions .  We then  

o b t a i n  f o r  t h e  c h a r a c t e r i s t i c  equat ion  

ep 
CP cp T 

Thus 

Next w e  assume that  cp = 0 a c o n d i t i o n  t h a t  normally i s  t r u e  when L 

1 + cacPa - B [ G ~  +C (cG G~ -G G B  G ) + t a n  c p b ~  B 1 = o . (2) 
PP a,. a a  PP a P  Pa Pa 
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Following Ref. 2 w e  can w r i t e  t h i s  a s  ( l - B H ( s ) )  = 0 where 

G B  B G~ + c (cG G~ - G~ G a )  + t a n  c p b ~  a a aa pp 
H ( s )  = pp " 

ti .~ 
1 + Ca Gaa 

(3) 

and assume t h a t  t h e  system w i l l  o s c i l l a t e  i n  t h e  neighborhood of w a t  a f r e -  

quency s = j w , ,  + AS where AS 2 - jwt, .  H ( jwl ) /2 .  

should r e s u l t  i n  i n s t a b i l i t y .  A f t e r  cons iderable  manipulation, w e  f i nd  t h a t  

f o r  s t a b i l i t y  under t h e  above condi t ions  

&? 
A p o s i t i v e  real  pa r t  f o r  A s  

cp 'p cp 

2 
w C  

w 2 2  S 
w 

C - Y s i n  (l+Ysincpb) [ ( l+Y cos  'pb)- 2 + (l+Ysincpb) -1 - 
B 

0 
% 

w S  

where C = w c / s  a?= wr/2.Q - ' " . IF  and w = w . P cavi ty= $1 c s cp 

13 Now l e t  us  assume 7 = 3 kV/gap, 

protons and t h a t  I 

2.5 MHz shows R EZ 18 W/gap. 

w e  o b t a i n  a 0 = 11.4 x 2~ x 10 

w 

( 4 )  equals  77.5 o r  i n s t a b i l i t y .  

small va lues  of Y.  The growth ra te  a s soc ia t ed  wi th  t h e  Y = 3 case  i s  X = 

.276 wI,, = .867 x 10 sec 

compared t o  2w,,,.- 

only approximate. Even f o r  Y = 1, 1 = .16 wil and Im(As) = - .16 w 

= 4.7 kG/sec, cpb = 15.7', N = 1.14 x 10 

= 1.3 IDc = .5 amp. A t  3 kV t h e  bes t  a v a i l a b l e  d a t a  f o r  
B 

Assuming t h e  e f f e c t i v e  capac i ty  t o  be 325 pf 
3 Thus Y = 3 and w e  have 

Then t h e  l e f t  hand . s i d e  of 

I n  f a c t  i n s t a b i l i t y  i s  ind ica t ed  f o r  very  

wi th  Io = 916 amp. 
3 3 = 2~ x 14 x 10 wi th  w s  = 237 x 5 x 10 say. 

C 

4 -1 and [ A S \  = .5 w>-  which i s  r a t h e r  l a r g e  even when 

a r e  
cp 'p- 

Hence t h e  growth rate and frequency s h i f t  o f  w .41 w 
Cp- Cp 

Y cp' 
The case  f o r  ep #,O r e s u l t s  i n  a very  unwieldy express ion  f o r  s t a b i l i t y .  L 

Th i s  has  been eva lua ted  f o r  Y = 3 and cp 

2.38 where (1-E) = ( t a n  yb/Y cos cp ) + t a n  

and c l e a r l y  a s l i g h t l y  l a r g e r  nega t ive  va lue  of epL would r e s u l t  i n  s t a b i l i t y .  

AGC, Tuning and Beam Cont ro l  Loops 

We cons ider  f i r s t  t h e  l i m i t i n g  c a s e  of  an i d e a l  phase loop (F = 1) and 

wi th  t a n  cp = Y cos  yb = 

One o b t a i n s  a 1 = .062 w 
Z = - cpb 

cp 
L 2  

b b' cp 

b 
t h e  r a d i a l  loop d i sab led .  A f t e r  cons iderable  manipulat ion t h e  c h a r a c t e r i s t i c  
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equat ion  becomes ( s i n c e  t h e  tun ing  loop i s  not  considered as above) 

w 2 ( l+ tan  2 cp +Ysincp -YtaqZcoscpb)-m 2 ( 1 + ~ s i q s ) ~  + 
C Z S S 

Rather  t han  t r y  t o  f i n d  t h e  r o o t s  of t h i s  equat ion  w e  s h a l l  apply  t h e  gene ra l  

c r i t e r i a  f o r  s t a b i l i t y .  Thus a l l  t h e  c o e f f i c i e n t s  o f  t h e  powers of s must be 

present  and be of t h e  same s i g n  as a necessary condi t ion .  

c r i t e r i o n  f o r  t h e  c o e f f i c i e n t s  must a l s o  be s a t i s f i e d .  The f i r s t  of t h e s e  

lead  t o  t h e  fol lowing r e l a t i o n s  %>O, t a n  C P ~ Y  cos cpb hence vL >O, and wc>o 
Y s i n  cpb (1 + a Y s i n  c p b ) / ( l  + Y s i n  cpb) where t a n  cpz = a! Y cos cp 

I f  w e  put w = p Y s i n  cpb t hen  one f i n d s  by Routh's method t h a t  

9 Furthermore, Routh's 

o r  a > 1. b 

C 

Y p s i n  cpb 
p/2 Y s i n  vb-1 > O r  < 

$ Y s i n  cpb+ p - 1  
Y s i n  cpb 

For reasonable  va lues  of  Q, p less than  two say, one can o b t a i n  s t a b i l i t y .  

The main poin t  of t h i s  example i s  t o  show t h a t  cp should be p o s i t i v e  r a t h e r  

than  negat ive,  t h a t  cpb must correspond t o  a c c e l e r a t i o n  and t h a t  one o b t a i n s  

a requirement on w 
w e  t a k e  aga in  Y = 3 epb = 15.67 

vb which g ives  CY ==1.176 which e a s i l y  s a t i s f i e s  (6) s i n c e  p = 1.516 and hence 

t a n  (pz = 3.4 o r  epz = 74'. We no te  t h a t  even f o r  e~ 

= 2.88 o r  cpz = 70.85'. 

L 

r e l a t e d  t o  0 and t h e  loading parameter Y. A s  a n  example 
C 

0 and w C  and 5 as above. Then w e  assume (3 = L 

= 0 one would have t a n  L 

VZ 

Now it i s  p o s s i b l e  t o  ope ra t e  wi th  t h e  r a d i a l  loop open f o r  w 3 msec a t  

i n j e c t i o n  hence t h e  behavior  under t h e  above cond i t ions  could be s tudied .  

With b e t t e r  measurements on 0 and w 
could be  c a l c u l a t e d  and p o t e n t i a l  s t a b i l i t y  determined. 

not known wi th  any accuracy so t h i s  a n a l y s i s  must w a i t .  

ope ra t e  wi th  only t h e  r a d i a l  loop closed,  bu t  t h e  system i s  uns t ab le  even f o r  

Y = 0 wi th  t h e  s i n g l e  t i m e  cons tan t  f i l t e r s  now used. Of course,  wi th  both 

p lus  knowledge of Fb the  a c t u a l  r o o t s  
C 

A t  p resent  F i s  

W e  could i n  p r i n c i p a l  
b 
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loops open w e  have t h e  cond i t ions  of  t h e  f i r s t  example which can t h e r e f o r e  

a l s o  be s tud ied  a t  i n j e c t i o n  i f  d e s i r e d .  S ince  F cannot r e a d i l y  be changed 

one w i l l  have t o  p lay  wi th  Fr, w c  and cpL f o r  t h e  expected va lues  of  Y i n  

o rde r  t o  i n s u r e  s t a b i l i t y .  

b 0 

L The P resen t  S i t u a t i o n  Regarding Loop S t a b i l i t y  

A t  i n j e c t i o n  t h e  r f  v o l t a g e  s t a r t s  out  a t  a few hundred v o l t s  per  gap 

and i s  r a p i d l y  ( i n  .2 m s e c  o r  less) increased  t o  3 - 4  kV/gap. 

t i o n s  are on t h i s  provides  120-160 kV f o r  cap tu re  and i n i t i a l  a c c e l e r a t i o n .  

The beam bunches i n  less than  .5 msec and then  e x h i b i t s  a small amount of  mod- 

u l a t i o n  of  2 f  . These are  t h e  cond i t ions  f o r  high i n t e n s i t y  opera t ion .  Below 

4 - 5  x 1 O I 2  i t  i s  d e s i r a b l e  t o  slow down the r a t e  of rise of t h e  r f  ampli tude 

and decrease  i t s  va lue  somewhat. 

found t h a t  i f  up t o  four  s t a t i o n s  do not  fo l low t h i s  i n i t i a l  use  from level 1 

t o  l e v e l  2 t h e  maximum a c c e l e r a t e d  i n t e n s i t y  i s  achieved.  Th i s  i s  accomplished 

by a d j u s t i n g  t h e  dc o f f s e t  t h a t i s  added t o  t h e  output  of t h e  i n d i v i d u a l  phase 

d e t e c t o r s  i n  t h e  v e r n i e r  tun ing  loops so t h a t  t h e  s t a t i o n  frequency i s  f a r  

enough above t h e  s t a r t i n g  o s c i l l a t o r  frequency t h a t  t h e  loop has  l i t t l e  or  no 

c o n t r o l .  Then as  t h e  frequency i n c r e a s e s  t h e  o f f - tune  s t a t i o n s  come on- l ine  

up t o  5L.msec, a f t e r l i n j e c t i o n .  One must be  c a r e f u l  t h a t  t h i s  o f f s e t  does not  

i n t e r f e r e  wi th  t h e  loop o p e r a t i o n  la te r  i n  t h e  a c c e l e r a t i o n  cyc le .  S ince  t h e  

rf d r i v e  i s  s t i l l  not  t o  g r e a t  du r ing  t h i s  t i m e  (corresponding t o  less than  

6 kV/gap) no harm i s  done t o  t h e  s t a t i o n  by t h i s  scheme. 

I f  a l l  t e n  sta- 

ep 

For h igh  i n t e n s i t y  ope ra t ion  i t  has  been 

The s i m p l e s t  exp lana t ion  as t o  why t h i s  scheme h e l p s  t h e  o v e r a l l  cap tu re  

i s  t h a t  one has  t o  d r i v e  t h e  remaining s t a t i o n s  harder  t o  o b t a i n  t h e  same 

t o t a l  vo l t age .  One ga ins  v e r y  r a p i d l y  i n  reducing t h e  load-ing parameter Y 

s i n c e  i n  a d d i t i o n  t o  i n c r e a s i n g  I because v i s  inc reased , the  s t a t i o n  imped- 

ance  decreases  wi th  inc reased  7 which f u r t h e r  i nc reases  t h e  r equ i r ed  d r i v i n g  

c u r r e n t .  Exac t ly  what happens t o  reduce t h e  cap tu re  e f f i c i e n c y  i s  not  c l e a r l y  

understood. Under optimum cond i t ions  t h e  d e t e c t e d  gap v o l t a g e  s i g n a l  i s  rela- 

t i v e l y  smooth a f t e r  level 2 i s  reached wi th  perhaps a small amount of  2f  

modulation appearing.  

and t h e  i n t e n s i t y  i s  3 5 x 10 one develops cons ide rab le  modulation on t h e  

r f  envelope s i g n a l  which can con ta in  o t h e r  f requencies  bes ides  2f 

t h e s e  are h ighe r  t han  2f which means t h a t  one has  t o  inc lude  I modulations 

i n  any a n a l y s i s .  

0 

cp 
I f  however a l l  t e n  s t a t i o n s  are a c t i v e  a t  i n j e c t i o n  

12 

General ly  
cp' 

B cp 



- 7 -  AGS Div. Tech Note N o .  121 

A c l e a r  example of  a n  i n s t a b i l i t y  a t  2w was p resen t  i n  l a t e  1974 when 
cp 

t h e  i n j e c t i o n  13 was reduced t o  2.5 kG/sec so  t h a t  l e v e l  2 was less than  

100 kV. A t  > 6 x 1 O I 2  one observed envelope modulations a t  2 f  

about 25 msec a f t e r  i n j e c t i o n ;  a t  lower i n t e n s i t i e s  o r  h igher  v o l t a g e  they  

would d isappear .  

ampli tude t h i s  p a r t i c u l a r  i n s t a b i l i t y  has  not  r e tu rned ,  bu t  it i n d i c a t e s  a g a i n  

t h a t  w e  are probably dea l ing  wi th  a r e l a t i v e l y  high frequency e f f e c t .  

s t a r t i n g  CP 
* 

Since  w e  no longer  ope ra t e  a t  such low va lues  of  6 and r f  

Other Loading Considerat ions 

I n  t h e  above w e  have assumed t h a t  a s teady  s t a t e  exis ts  and t h a t  t h e  

l o s s e s  caused by t h e  beam loading  a re  due t o  p o t e n t i a l l y  uns t ab le  o s c i l l a t i o n s  

about t h a t  po in t .  However t h e  i n i t i a l  cap tu re  process  i s  o f  course  t r a n s i e n t  

i n  na tu re  wherein I 

but  vz i s  slowly changing. 

occur  be fo re  a q u a s i  s t eady  s t a t e  i s  reached. 

i s  inc reas ing  from ze ro  and I and ? are  r a p i d l y  changing 

Thus some of t h e  l o s s e s  due t o  loading  e f f e c t s  can 
B 0 

Following t h e  a n a l y s i s  i n  Ref. 10 w e  wr i te  I = G?c+/Ib!sin vb+ j (BVc+ 
g 

I Ib!cos vb) (7)  wi th  I = GVC G = 1 / R  and B = 1 l X  ( reac tance) .  

s t a t e  cond i t ions  assumed above t h e  tun ing  servo  makes S i  = - ]Ibl cos C+I 

ever ,  i f  t h e  tun ing  loop i s  slow a s  i n  t h e  AGS,when I 

nominal va lue  I w i l l  not  t r a c k  V i n  phase immediately. Since w e  do not  have 

a f a s t  phase lock  loop i n  t h e  AGS w e  a r e  t i e d  t o  t h e  phase of  I which l eads  

? under t h e s e  cond i t ions .  

tween Ib and ? 
t o  ac t .  

hence B=B =O and then  f o r  a r a p i d  change i n  I one needs a nega t ive  E. A s  

po in ted  out  i n  Ref. 10 one can a l l ev ia t e  t h e  s i t u a t i o n  by de tuning  t h e  c a v i t y  

p r i o r  t o  i n j e c t i o n .  

a h igher  resonant  frequency than  t h e  d r i v i n g  frequency. This  i s  of  course  i n  

t h e  same d i r e c t i o n  as r equ i r ed  f o r  s t a b i l i t y  i n  example two above. 

For t h e  s t eady  
0 

How- 
C h* 

goes from ze ro  t o  i t s  
B 

g C 

g 
Therefore  t h e  i n i t i a l  adjustment  of  t h e  phase be- 

C 

i s  a compromise u n t i l  t h e  r a d i a l  and tun ing  loops have had t i m e  
C 

I n  Eq. (7)  one nominally has  t h e  s t a t i o n  tuned t o  resonance f o r  I b = O  

0 b 

I n  t h i s  case making B nega t ive  corresponds t o  C+I > 0 o r  L 

Another e f f e c t  no t  r e l a t e d  t o  beam loading which, however, might c o n t r i -  

bu te  t o  t h e  t r a n s i e n t  behavior  a t  i n j e c t i o n  i s  t h e  fol lowing.  For a f i n i t e  ? 
(at p re sen t .=  35 kc/msec a t  i n j e c t i o n )  t h e  effect ive c a v i t y  inductance i s  i n -  

c reased  and hence increased  tun ing  c u r r e n t  i s  r equ i r ed .  S ince  t h e  change i n  

s t a r t i n g  o s c i l l a t o r  frequency i s  f a i r l y  r a p i d  it i s  poss ib l e  t h a t  t h e  tun ing  

servo  l a g s  due t o  t h i s  e f f e c t  a l s o .  Again a de tuning  on t h e  high s i d e  would 

tend t o  a l l e v i a t e  t h i s  problem i f  indeed it  i s  apprec i ab le .  

11 
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.- 

Future  Study Program 

A measurement of F and F up t o  a t  least  15 kc along wi th  checks on b r 
t h e  AGC response a t  3-4 kV/gap f o r  f r f  = 2.5 MHz should be made. Also r e -  

peats on t h e  tun ing  response a t  t h e s e  r f  l e v e l s  and measurements of  0 w i l l  

be  requi red .  

r a d i a l  loop open and cp = 0 should be done t o  determine t h e  na tu re  of  t h e  in -  

s t a b i l i t y  and i t s  frequency. 

f u r t h e r  s t u d i e s  wi th  v a r i o u s  va lues  of  cp 

out .  The e f f e c t  of  t h e  tun ing  loop response during t h e  cap tu re  process  

should a l s o  be  s tud ied  i n  t h e  l i g h t  of t h e  above meiltioned problems. 

* 
Then tests wi th  moderate t o  heavy beam loading  and wi th  t h e  

L 
A check wi th  t h e  theory  can then  be made and 

and r a d i a l  loop response c a r r i e d  L 

This  program w i l l  be  g r e a t l y  f a c i l i t a t e d  by two changes being made dur ing  

t h e  present  AGS shutdown. It w i l l  now be  p o s s i b l e  t o  observe t h e  i n d i v i d u a l  

v e r n i e r  tun ing  c u r r e n t s  i n  t h e  c o n t r o l  room. Second it  w i l l  be poss ib l e  t o  

change t h e  o f f s e t  app l i ed  i n  t h e  phase loop of  t h e  v e r n i e r  se rvos  between two 

p r e s e t  va lues  a t  any t i m e  dur ing  t h e  a c c e l e r a t i o n  cyc le .  

v a r i e d  over  a l a r g e  range a t  o r  near  i n j e c t i o n  f o r  each s t a t i o n  and s t i l l  be 

r e tu rned  t o  a s u i t a b l e  va lue  f o r  proper ope ra t ion  l a t e r  i n  t h e  a c c e l e r a t i o n  

cyc le  when t h e  r f  ampli tude can exceed 8 kV/gap. 

Hence cp can be  L 
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C i s  AGC loop t r a n s f e r  func t ion  C 

s R A  s F t h e  r a d i a l  loop t r a n s f e r  func t ion  can be w r i t t e n  a s  F = where 

-7VtP r f A ( s )  i s  t h e  ga in  func t ion  of t h e  e l e c t r o n i c s .  

i s  t h e  tun ing  loop t r a n s f e r  func t ion  a T 

r r 2 
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A BEAM LOADING ANALYSIS FOR THE AGS 

E.C. Raka 
Ju ly  27, 1976 

Cor rec t ions  

Page 3 :  The l a s t  two sentences  of t h e  f i r s t  paragraph beginning,  

For t h e  AGS, should b e  de l e t ed .  

Page 4 ,5 ,6 :  The e n t i r e  s e c t i o n  headed AGC, Tuning, and Beam Cont ro l  

Loops should be  de l e t ed .  

Page 7 :  The l a s t  sen tence  o f  paragraph 3 beginning, This  i s  of course ,  

should be  de l e t ed .  

F igure  1: 

Figure  2:  

Equation A should be de l e t ed .  

2 2  Dele te  t h e w  / s  f a c t o r  i n  t h e  express ion  f o r  C . 
cp P 

,~ndum 

On page 3 add i n  place of t h e  above d e l e t i o n  t h e  fol lowing:  

We proceed t o  d e r i v e  t h i s  f o r  t h e  AGS using Fig .  2 assuming, f o r  reasons  

o u t l i n e d  below, t h a t  t h e  tun ing  loop can be  ignored. One then  has  t h e  follow- 

ing  set o f  equat ions--  

a = - CaaV 
G 

- - - G i a :  cG- a + GB a + G~ 
'V 'G Gpp , ap  G a p  B pp 'B 

G B B a~ = a + G pG -+ G~~ ag + G~~ pB 
G pa 

- JC - a = - KB'a /I - cp PB - PG B!?V - PB B V B  
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. 

which can be solved f o r  an  express ion  o f  t h e  form (1-BH)p = 0 where t h e  feed- 

back from p 
B * 

i s  c o l l e c t e d  i n  H ( s )  and B to ’V 

The c h a r a c t e r i s t i c  equat ion  i s  then  j u s t  ( l - B H ( s ) )  = 0 and i n  what fol lows w e  

have a l s o  ignored t h e  e f f e c t  of  i modulations,  i .e.  put E’ = 0. B 

On page 4 etc. add i n  place of t h e  above d e l e t i o n  t h e  fol lowing:  

AGC, Tuning and Beam Control  Loops 

W e  cons ider  next t h e  l i m i t i n g  case  of  an  i d e a l  phase loop (F -1) and t h e  b- 
r a d i a l  loop d i sab led .  A f t e r  cons ide rab le  manipulat ion t h e  c h a r a c t e r i s t i c  

equat ion ,  us ing  A’ wi th  E’ = 0, becomes 

2 2 2 
( l+ tan  @Z+Ysin$ -Ytan@zcos@ )-a~ tanOztan@ ]+s[w w 0 

B B c p  B c c P  

(l+Ysin@B)+O] = 0. (5 1 

Since  t h e  cons t an t  t e r m  i s  ze ro  t h e r e  i s  a r o o t  a t  s = 0 which does not  cause 

i n s t a b i l i t y .  For 2 0 only  t h e  c o e f f i c i e n t  o f  s i s  not  p o s i t i v e  d e f i n i t e .  

I f  w e  a g a i n  assume @ 

2 

= 0 one o b t a i n s  L 

as  a necessary and e a s i l y  s a t i s f i e d  cond i t ion  f o r  s t a b i l i t y .  

Routh-Hunwitz c r i t e r i o n  t o  t h e  c o e f f i c i e n t s ,  one o b t a i n s  a d d i t i o n a l  r e l a t i o n s  

t h a t  are e a s i l y  s a t i s f i e d  f o r  t h e  parameters chosen. 

Applying t h e  
9 

Thus under i d e a l  cond i t ions  t h e r e  should be  no i n s t a b i l i t y  wi th  t h e p h a s e  

loop a l o n e  ($ = 0).  A t  p re sen t  F i s  not  known wi th  any accuracy so a more b 
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r ea l i s t i c  a n a l y s i s  must awai t  i t s  measurement a long  wi th  b e t t e r  va lues  f o r  

S ince  i t  i s  p o s s i b l e  t o  ope ra t e  wi th  t h e  r a d i a l  loop and wc a t  i n j e c t i o n .  

open f o r  w 3 msec a t  i n j e c t i o n  one can s tudy  t h i s  p a r t i c u l a r  ca se .  Because 

one cannot r e a d i l y  vary  F only changes i n  w and can be i n v e s t i g a t e d .  

Inc lus ion  of t h e  r a d i a l  loop us ing  t h e  s i n g l e  t i m e  cons t an t  f i l t e r s  a v a i l a b l e  

can  a l s o  be  s tud ied .  

f i r s t  example can a l s o  be t e s t e d .  

* 
b C L 

.I 

With both loops open t h e  s t a b i l i t y  cond i t ions  of  t h e  
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