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Determination and Correc t ion  of Beam Phase 

Sinoe the 88-inch cyc lo t ron  does not  y e t  have a r e l i a b l e  phase probe, we have 

developed a method f o r  determining the  b e a r  phase d i s t r i b u t i o n  as a func t ion  of r a d i u s  

by an a n a l y s i s  of beam i n t e n s i t y  v s  r a d i u s  (I  v s  R) measurements on a n  ord inary  probe 

f o r  a range of dee f  requenciee. 

We note  f i r s t  t h a t ,  a p a r t  from an  a d d i t i v e  cons tant ,  the s i n e  of the  phase l a g  

f o r  a l l  p a r t i c l e s  i n  t h e  beam is the same funot ion  of r ad ius .  S p e c i f i c a l l y ,  the phase 

l a g  9 is  given by 

o 2  ra;Ra-$c] s i n  cp (R) m s i n  p (0)  - 2u  (;) 

where AB@) is the depar ture  of the a c t u a l  magnetic f i e l d  from the synohronous f i e l d  

B ( R ) ,  Ao is the depar ture  of the frequency from the va lue  o corresponding t o  Bs, and 
S 

AE is the peak energy ga in  per  turn. The procedure is t o  determine t h e  AB con t r ibu t ion  

t o  s i n  cp by a sys temat ic  v a r i a t i o n  of the  known Ao term. 

Suppose, f o r  example, t h a t  the bean phase behavior f o r  the  r e fe rence  frequenoy is 

shown i n  Fig. l ( a ) .  Each s o l i d  curve shows t h e  phase h i s t o r y  of a r ep resen ta t ive  

p a r t i c l e  i n  t he  beam. The r e s u l t a n t  I v s  R ourve [Fig. l f b ) ]  shows cons t an t  i n t e n s i t y  

t o  r a d i u s  A, where some p a r t i c l e s  begin to be dece lera ted;  decreas ing  i n t e n s i t y  t o  

r a d i u s  B; cons t an t  i n t e n s i t y  t o  r a d i u s  C ;  and t h e  f i n a l  deorease to  zero i n t e n s i t y  

a t  r a d i u s  D. I f  the  frequency i s  decreased, the curves of Fig. 1 (a )  a r e  s h i f t e d  down- 

ward by an  amount propor t ional  t o  R ~ A ~ ,  caus ing  p o i n t s  A and B t o  move inward, and C 

and D t o  move outward i n  r a d i u s  by amounts uniquely determined by the  shape of the  

s i n  cp curves  of Fig. l ( a ) .  A t  the same time the  i n t e n s i t y  i n  the p l a t eau  between B and 

C decreases ,  even tua l ly  reaohing zero when t h e  uppermost phase curve of  Fig. l ( a )  is 

depressed t o  -1 at B. On t h e  o the r  hand, i nc reas ing  the frequency causes  p o i n t s  A and 

B t o  move outward, and C and D inward. Eventual ly the  d i p  a t  A w i l l  d isappear .  A t  

some p o s i t i v e  frequenoy s h i f t  two new i n t e n s i t y  break p o i n t s  w i l l  appear  at smaller  

r a d i i  as t h e  inner  maximum exoeeds s i n  cp = +l. 

(*) Work done under auspioes  of USAEC. 
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Fig. 1  ( a )  P h a s e s  of beam p a r t i c l e s  v e r s u s  r a d i u s  f o r  a  
h y p o t h e t i c a l  case .  
(b) I n t e n s i t y  on a  probe v e r s u s  r a d i u s  f o r  
h y p o t h e t i c a l  c a s e  of Fig.  l ( a ) .  

bmts  deduced from I vs R 
meawrmsnts 

xCarpuler predidions 

0 10 2 0  

Pmbe rodius ( inches 1 

Rlg. 2 ( a )  Beam i n t e ~ ~ s i t y  v e r s u s  r n d l u s  f o r  v a r l o u s  
n e g a t i v e  f r e q u e n c y  s h i f t s .  Refe rence  f r equency  
f ,  = 12.538 Mc/s, a p a r t i c l e s ,  130 NeV. Taken 
from measurements  b u t  c l e a n e d  u p  t o  remove 
c o n t r i b u t i o n s  of HI+ and "s:~urium*.  
(b) Beam i n t e n s i t y  v e r e u s  r a d i u s  f o r  v a r i o u s  
p o s i t i v e  f r e q u e n c y  s h i f t s .  Refe rence  f r equenoy  
1. = 12.538 Mc/s, a p a r t i c l e s ,  130 MeV. 
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Rig. 3  Phase  h i s t o r y  of 130  MeV a - p a r t i c l e  beam, a s  
deduced from I v s  R c u r v e s  o f  Fig.  2. 

Beoause of t h e  unique r e l a t i o n  between t h e  I v s  R and t h e  s i n  q(R) ourves, the 

phase ourves f o r  a referenoe  frequenay may be deduoed from a s e t  of I v s  R measure- 

ments at d i f f e r e n t  f requenaies  by s u b t r a o t i n g  the  appropr i a t e  frequenoy-shif t  

contributions t o  s i n  q a t  t h e  break p o i n t s  from -+ 1. Moreover, from the  shape of 

t he  I v s  R ourves between break p o i n t s  l i k e  A and B one oan deduce the  phase 

d i s t r i b u t i o n  of t he  beam. 

A t yp ioa l  s e t  of such measurements taken from a 130 MeV a - p a r t i c l e  beam i~ 

shown i n  Fig. 2 (oleaned up to  show r e l e v a n t  f ea tu re s ) .  The i n t e n s i t y  l o s s e s  were 

shown t o  a r i s e  from laok of synohronism, r a t h e r  than a x i a l  l o s ses ,  by observing t h a t  

no ou r ren t  appeared on a s t a t i o n a r y  probe above and below the  median plane (C-probe) 

as t h e  moving probe w a s  withdrawn. The phase diagram deduced from these  ourves is 

shown i n  Fig. 3. The c r o s s e s  mark p o i n t s  which were p red io t ed  by oomputer programs 

t h a t  used measured i r o n  and tr im-coil  f i e l d s .  I t  should be remarked t h a t  suoh 

d e t a i l e d  information about beam-phase behavior  r equ i r e s  a high degree of s t a b i l i t y  

of frequency and magnetio f i e l d ,  s ince  frequenoy s h i f t s  of l ko cause s i g n i f i a a n t  

ohanges i n  t h e  I v s  R aurves.  

The phase widths of beams we have analyzed a r e  40 t o  50' and the  d i s t r i b u t i o n  
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Radius ( i n . )  

Pig.  4 Change i n  s i n 9  r e s u l t i n g  from a 100 A d e c r e a s e  i n  
each  t r i m - c o i l  power-supply c u r r e n t ,  a  100 A i n -  
c r e a s e  i n  main-coi l  c u r r e n t  and a  1 0  kc/s  d e c r e a s e  
i n  f r equency .  

Radiua ( in.) 

Fig.  5 C o n t r i b u t i o n  t o  v [ i . e .  of -(n/R(dB/dR)] from 
i n c r e a s e  of  each  Zpore r - supp ly  c u r r e n t  by 100 A 
and  t h e  ma in -co i l  by 1 0  A. The v z 2 , c u r v e  is a 
computer  p r e d i c t i o n  based  on a  p a r t i c u l a r  s e t  of 
t r i m - c o i l  s e t t i n g s  (130 hleV a p a r t i c l e s ) .  

seems to  be peaked towards the  phase-lagging s i d e ,  which is  reasonable  f o r  t he  source-  

p u l l e r  geometry used. 

Improvement of beam-phase behavior ,  i f  i nd i ca t ed ,  is  obta ined  from computed 

cu rves  showing the  con t r ibu t ion  of each t r i m  c o i l  ( o r  s e t  of t r i m  c o i l s  connected i n  

s e r i e s )  t o  s i n  ?(R); see  Pig. 4. Since these  t r im-coi l  e f f e c t s  a r e  r a t h e r  f l a t  ou t  

t o  t h e  c o i l  r ad ius ,  they  make a c o n t r i b u t i o n  t o  s i n  9 quadraf ic  i n  r a d i u s ,  as does 

t he  f requency-sh i f t  term. Consequently, simultaneous tuning of a t r i m  c o i l  and the 

dee frequency can make a phase c o r r e c t i o n  s t a r t i n g  nea r  one of the undes i rab le  peaks 

o r  v a l l e y s  of t h e  s i n  cp curves.  Though t h i s  c o r r e c t i o n  w i l l  cont inue  ou t  t o  l a r g e r  

r a d i i ,  t r i m  c o i l s  f a r t h e r  out  can compensate. I n  t h i s  way one can sys t ema t i ca l ly  

s t r a i g h t e n  out  t he  phase curves. 

Beam Center ing  

A convenient  way t o  determine i f  the  beam i s  cen te red  is  t o  p l ace  t he  t h r e e  

probes (120' a p a r t )  at the same r ad ius .  The beam i s  cen te red  i f ,  and only i f ,  each 

probe p i cks  up t h e  same amount of beam. 

The beam may be cen te red  by changes of dee  v o l t a g e  and source-pul le r  geometry, 

by tun ing  wi th  the  f i r s t -harmonic  c o r r e c t i o n  c o i l s  i n  t h e  v a l l e y s ,  o r  both. While t he  

f i r s t  method is most u se fu l  f o r  g e t t i n g  the  beam cen te red  a t  a l l  r a d i i ,  i t  is  harder  

than t h e  second method, which g e n e r a l l y  s u f f i c e s  t o  c e n t e r  the beam near  t h e  coupl ing  

resonance r a d i u s  and d e f l e c t o r  entrance.  

V e r t i c a l  S t a b i l i t y  

The most u s e f u l  instrument  f o r  d e t e c t i n g  a x i a l  l o s s  has been the  so-ca l led  

C-probe, which ex tends  above and below the median p lane ,  over a  l a r g e  r a d i a l  range. 
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Sess ion  I 

By watching C-probe cu r ren t  ve r sus  r ad ius  

on another  probe one can i d e n t i f y  the 

r a d i i  where a x i a l  l o s s  occurs. 
1.0 

The e f f e c t  of t he  t r i m  c o i l s  on 
a 
sl, as a x i a l  s t a b i l i t y  is conveniently d i s -  a 
l 

played by use  of  curves  of the  con t r ibu t ion  O 

t o  v* of each t r im-aoi l  power supply; -0.5 
z 

namely, the c o n t r i b u t i o n  t o  - 1.0 
0 90 180 270 560 

= ( R / B ) ( ~ B / ~ R ) .  These a r e  shown i n  d ( ~ S Q  

Fig. 5 f o r  the 130 MeV a case. One must Fig .  6 G r a p h i c a l  c o n s t r u c t i o n  t o  deduce f r a c t i o n  of beam 
h i t t i n g  two shadowing p robes  f o r  v r  = 1.05, 

t ake  c a r e  t h a t  the M '  changes from the o 2  = 120°,  Ar/A = 0.12. (R ,  = r a d i o s ,  ups t ream 
probe ;  Rz = r a d i u s ,  downstream probe ;  

t r i m  c o i l s  do not  cause v e r t i c a l  i n s t a b i l i t y .  = az imuth ,  downa t rean  p robe ;  0  = az imuth ,  
ups t ream probe) .  
l .  Draw c u r v e  1  : 1  - c o s  P  

Radial  -Ampli tude Determination 2. Draw c u r v e  2  : (R2 - R , ) / A  + [ l  - c 0 8 ( ~  - V 8 1 ) ]  
3 .  From o r i g i n  draw h o r i z o n t a l  segment  t o  l e f t r o f  

The amplitude of incoherent  r a d i a l  l e n g t h  A = 2w(v - 1 )  
6. From end  of A Legment draw v e r t l o a l  segment  of 

o s c i l l a t i o n s  may be deduced from measure- 
h e i g h t  Ar/A 

5. Complete t r i a n g l e  t o  o b t a i n  a n g l e  a = cot-'(AA/&) 
6. Nark i n t e r s e c t i o n s  A, R of c u r v e s  1  and 2 

ments of t he  r a d i a l  e x t e n t  of the shadow 7. Draw a  l i n e ,  p a r a l l e l  t o  OP, a t  a n g l e  a, a s  h igh  
a s  p o s s i b l e  b u t  n o t  above i n t e r s e c t i o n  A o r  

c a s t  by one probe on another. We have above c u r v e  2  
8. Draw a  l i n e ,  p a r a l l e l  t o  OP, a t  a n g l e  a ,  a s  h igh  

worked out  a g raph ica l  method f o r  pre-  a s  p o s s i b l e  b u t  n o t  above i n t e r s e c t i o n  B o r  
above c u r v e  1  

d i e t i n g  such shadow shapes, similar to  9. Mark i n t e r s e c t i o :  P,  A of the  above two l i n e s  
w i t h  a b s c i s s a  00 . P h a s e s  p between p p  and P 
( a t  t u r n  z e r o )  w i l l  s t r i k e  p robe  2. Q 

t h a t  used f o r  p r e d i c t i n g  d e f l e c t o r  Hence t r a c t i o n  on p robe  2 = PQ/OO' = (P - v )560° P  
* 1 10. P r o j e c t  P,  g upward o n t o  h o r i z o n t a l  lln! of 

t ransmiss ion  ef f io iency  . h e i g h t  (R?  - R , ) / A  
11.  Repea t  p rocedure  w i t h  new c u r v e s  2 f o r  y a r i y u s  

Consider two probes,  an upstream (RI - R,)/A.  Connect  r e s u l t i n g  p o i n t s  P , Q . 
The r e s u l t i n g  cu rve  ( 3 )  shows t h e  phases  h i t t i n g  

one a t  r ad ius  R1 and zero  azimuth, a probe  2  a s  a  f u n c t i o n  of  r a d i a l  p robe  s e p a r a t i o n .  

downstream one a t  r ad ius  R2 and azimuth 

6 < W. Suppose a p a r t i c l e  has r a d i a l  amplitude A, phase 9 and equi l ibr ium o r b i t  
2 

r a d i u s  on the  asroth t w n  (we may l abe l  t u r n s  a r b i t r a r i l y )  r = Rl - A - Mr, where 
oeq 

A r  is the t u r n  sepa ra t ion  and X, 0 S X S 1, is a random v a r i a b l e  express ing  the 

assumption t h a t  the r a d i a l  dens i ty  d i s t r i b u t i o n  is uniform. On the  k t h  t u r n  the  

r a d i u s  of t h i s  p a r t i c l e  a t  azimuth 6 w i l l  be 

where 9,  X a r e  random v a r i a b l e s  w i t h i n  the l i m i t s  

A p a r t i c l e  w i l l  s t r i k e  the upstream probe i f  t he re  is  some turn  number n such t h a t  

r k ( 0 )  < RI and rk (a2 )  R2 f o r  a l l  k < n, and rn (0 )  a RI; otherwise,  i t  w i l l  s t r i k e  

the downstream probe. These cond i t ions  may be w r i t t e n  
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Seooion I 

1 - oos (cp - M) > (k - X) AI-/A I al l  k < n 

( R ~  - RI)/* + [ I  - oos(9 - LA - v,%,)] > (k - X) A ~ / A  

1 - cos(cp - nA) C (n  - X) &/A 

where A = 2 4 v r  - l )  and Q, X obey eq. ( 3 ) .  The oonetruotion is  i l l u s t r a t e d  i n  

Fig. 6 f o r  a p a r t i c u l a r  ohoioe of %2, vr, and Ar/A. For eaoh o hoioe of A r / A  one geto 

a d i f f e r e n t  angle a and oonsequently a d i f f e r e n t  ourve 3, showing the  range of phaoes 

h i t t i n g  each probe. Suoh a sequence is shown i n  Fig. 7, whioh oorreopondlr t o  

vra2 = 120°. Eaoh curve enoloses the  phases s t r i k i n g  probe 2 a s  a funotion of 

(R2 - R1)/A. These curves a r e  labeled by t h e i r  values of A / A ~ ,  where A. = Ar/2w 

(V, - 1). For a low-energy oyolotron v 1 and we w i l l  introduce l i t t l e  e r r o r  by r 
replaoing vre2 by fi2. Then the re  remains only one oharac te r i s t io  parameter, 

A/AO = 2w(vr - l ) ~ / A r ,  for  eaah value of which one g e t s  one of the ourve8 of Fig. 7. 

The f r a o t i o n  of p a r t i o l e s ,  f2 ,  s t r i k i n g  probe 2 is obtained by taking at  eaoh 

ordinate  (R2 - Rl)/A the r a t i o  of the phase width ins ide  the ourve t o  2w radians. 

Final ly  the ordinates  a r e  mul t ip l ied  by A/AO t o  y i e l d  the ourves of Pig. 8, whioh 

shows f2(A/AO) v s  (R2 - R1)/AO. From Fig. 8 one can p red ia t  probe shadows f o r  a l l  
0 

combinations of parameters so long a s  the probes a r e  120 apar t  and vr is not too 

d i f f e r e n t  from unity.  Another useful  representa t ion derived from Fig. 8,  and shown 

i n  Fig. 9, g ives  the  to ta l  shadow width versus A. f o r  var ious  amplitudes A. The A. 

I I 1 I I I l 1 
0 60  I20 180 240 300 360 

Radial oscillation azimuth (&g) 

Fig. 7 Radial o r o i l l a t i o n  pharrr l t r i k i n g  ehadowing 
prober. taoh ourve rnolorrr  pharr r t r i k i n g  

($:::Au) probe t o r  v ,  3 1 .  

Ordinate i r  2 (R. - R,)/A f o r  v ,  3 1.  

Fig. 8 Shadow c a s t  by one probe on another (separated 
by 120') v e r s u s  radia l  separation o f  the probes, 
f o r  var ious  radial m p l i t u d e r  A .  
t = t - f r a c t i o n  o f  beam on downstream probe, 

" i t v  , l  
t = tU . t r i o t i o n  o t  b r u  u p r t r o u  probe, 

i t v  < l  
% radiurrot downrtrram probr 
51 = radium ot  u p r t r r u  probe 
bRp.% - R " ,  i t v r  > 1 

* = R " - i $ , i t v , <  1 

= A R / W V ~  - l ) ,  &R = turn soparation 
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Fig. 9 Probe shadow widths  AR v s  Ao = A P / ~ ~ ( v ~  - 1 )  
f o r  v a r i o u s  a m p l i t u d e s s ~ .  
Length u n i t  f o r  ARE, A and Ac a r b i t r a r y .  Rodius (inches 

Fig. 10  AO = bRhlr(vr : 1 )  v s  R i n  88-inch c y c l o t r o n  f o r  
130 YeV a p a r t i c l e s ,  65 kV doe vol tage .  Based 
on computer p r e d i c t i o n s .  

may be predioted e a s i l y  from the dee voltage,  r f  p a r t i o l e  phase, and v Figure 10 rm 
shows a prediot ion based on oomputer oaloulatione of A. f o r  130 MeV a-par t io les  i n  

the 88-inoh oyolotron. The shape of the oumes of Fig. 9 i s  worth noting: f o r  

AO > A, A PI hRs/3, but f o r  A. < A, A is  inoreasingly g r e a t e r  than ARo/3. I n  other 

words, probe shadowo beoome deoeptively sharp when A. beoomes small, whioh ooours a t  

large  r a d i i .  

Probe shadowo measured here and in te rp re ted  i n  t h i s  nay have indioated r a d i a l  

amplitudes of about 1/4 in. fo r  the 88-inah oyolotron. This helps to  explain our 

favorable def leotor  ohannrl tranrmiroion eff io ienoy (about 4@) and good external-  

be- qual i ty. 

1. A.A. Oarren e t  a1 ., Nuol. Ins t r .  and Meth. 18-19> 525 (1!%2)* 
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