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I n  an isochronous cyclo t ron ,  i f  negat ive  ions  a r e  a c c e l e r a t e d  and beam def lec-  

t i o n  is  accomplished by s i n g l e - f o i l  e l e c t r o n  S t r i pp ing ,  the  duty f a o t o r  o f  the 

t ransmi t ted  beam is e s s e n t i a l l y  determined by the phase-bunching e f f e c t ,  the r a d i a l  

s t a b i l i t y  l i m i t  A r s t  of the  magnetic f i e l d ,  and the t o l e r a b l e  maximum spread of 

k i n e t i c  energy AEk/Ek at  d e f l e a t i o n  r a d i u s  rd, o r  the corresponding spread of o r b i t  

c e n t e r s  A r e  = (rd/2) AEk/Ek. The two parameters A r  and/or A r e ,  whichever is s t 
smal ler ,  def ine  the  t o l e r a b l e  spread of i n i t i a l  o r b i t  c e n t e r s  A r  and, s ince  t h e  

to1  
i n i t i a l  c e n t e r  p o i n t s  of t h e  t r a j e c t o r i e s  depend on t h e  phase a0 where the  i o n s  e n t e r  

i n t o  the  RF f i e l d  a t  the  ion  source,  the aoceptable i n t e r v a l  of s t a r t i n g  phases AeO. 
The phase-bunching e f f e c t ,  which occurs i n  t h e  e l e c t r i o  f i e l d  dur ing  the f i r s t  few 

revo lu t ions ,  causes  a oon t r ac t ion  of the u s e f u l  phase i n t e r v a l  and thus  determines 

the  f i n a l  pu l se  length A%, o r  t h e  a c t u a l  d u t y  f a c t o r  A%/=, of t he  aoceptable  beam. 

The amount of phase grouping depends s t r o n g l y  on the  f r a c t i o n  of time the  par-  

t i c l e e  spend w i t h i n  the  e l e c t r i c - f i e l d  r eg ion  during the e a r l y  revolu t ions .  I f  the 

o r b i t  r ad ius  r is much l a r g e r  t han  the ha l f  width d  of the  e l e c t r i c - f i e l d  gap, i.e., 

the time of gap cross ing  i s  a very  small compared wi th  t h e  R I  per iod  ( r>>d) ,  phase- 

bunching i s  n e g l i g i b l e  and the f i n a l  pu l se  l eng th  A6 of the use fu l  beam i s  equal t o  

the s ta r t ing-phase  i n t e r v a l  AaO. On the o t h e r  hand, i f  the f  irst t u r n  i s  completely 

wi th in  the  e l e c t r i c  f i e l d  ( r  5 d ) ,  a l l  p a r t i c l e s  leaving  the  source i n  the acce l e ra t -  

i n g  ha l f  period of the RF vo l t age  a r e  s t rong ly  bunched i n  phase t o  a s h o r t  pulse  of 

about  10' length  a t  the end of t h e  f i r s t  r evo lu t ion ,  as was shown t h e o r e t i c a l l y  by 
1 ~ o h e n '  . Cohen a l s o  poin ted  o u t  t h a t  the use of n f e e l e r s n  o r  e x t r a c t o r  e l ec t rodes  

oppos i te  the source is equivalent  t o  i n j e c t i n g  the ions  wi th  a high i n i t i a l  v e l o c i t y  

and may reduce the amount of phase bunching t o  some ex ten t .  

A t yp iea l  example of an  i d e a l  phase-bunching s i t u a t i o n  i s  shown i n  Fig. 1. The 

t r a j e c t o r i e s  p l o t t e d  i n  t h i s  f i g u r e  hare been c a l c u l a t e d  numerical ly2) assuming zero  

i n i t i a l  ve l  oc i  t y  f o r  the ions  and us ing  the known median-plane p o t e n t i a l  d i s t r i b u t i o n  

of an  idea l i zed  dee geometry. To i l l u s t r a t e  t h e  s t r o n g  grouping i n  phase, the 

p o s i t i o n s  of  the p a r t i c l e s  a t  times 6  = 6 + u e t  = r and 8 = 2 r  a r e  marked ( t h e  s t a r t i n g  
0 

phase d e f i n e s  the ins tantaneous  vo l t age  U = Uocos(60 + w e t )  at t = 0 ) ;  assoc ia t ed  w i t h  

phase bunching i s  a very  accentua ted  e f f e c t  of r a d i a l  grouping and degrouping. 

(*) Research supported i n  p a r t  by National Science Foundation. 
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The inf luence  of d i f f e r e n t  opera t ing  condi t ions  and non-zero i n i t i a l  ve loc i  t i e s  

(i.e., use of an e x t r a c t o r  e l ec t rode  o r  d.c. i n j e c t i o n )  on phase grouping and spread 

of c e n t e r  p o i n t s  i n  t h e  case  r L d can  be  s tudied  a n a l y t i c a l l y  w i t h  the uniform-field 

theory2).  wi th  the  coordina te  system d e l  ined i n  Fig. 1 and with s t a r t i n g  condition. 

x o  = yo = to = 0 , 5' = eUi , the phase 8 a t  the end of each f u l l  turn,  i.e., a t  
2  0 

t imes a0 + o e t  = 2wN (n  = l, 2, 3, e tc . )  i s  i n  good approximation given by the  formula 

where X = d2B2eh . This formula shows t h a t  i n  t h e  case of zero  i n j e o t i o n  vo l t age  
U, Q W 

(ui = 0)  a l l  p a r t i c l e s  s t a r t i n g  i n  t he  i n t e r v a l  - 5 5 a0 L F a r e  bunched i n  phase t o  
0 a narrow pulse o f  9 t o t a l  width  a t  t h e  end of the f i r s t  t u rn  ( n  = 1); i f  t he  tra- 

j e c t o r i e s  remain w i  t h i n  t h e  e l e c t r i c  f i e l d  du r ing  subsequent t u rns ,  t h e  t o t a l  pulse  

width w i l l  b e  f u r t h e r  reduced t o  4.5' a f t e r  the second (n  = 2) ,  3' a f t e r  the t h i r d  

t u r n  ( n  = 3) ,  e t c .  The use  of an e x t r a c t o r  e l ec t rode  o r  d.c. i n j e c t i o n  (Ui f 0)  

reduces  the amount of phase bunching, and t h e  c o n t r o l l i n g  f a c t o r  is  here the  product 

of the parameter X and the r a t i o  of i n j e c t i o n  vo l t age  t o  dee vo l t age  ui/Uo. 
For t h e  coordina tes  of t he  c e n t e r  p o i n t s  a t  t imes a0 + w e t  = 2 m  one ob ta ins  

X = 0 and c  

From t h i s  formula one can  d r a w  the fol lowing conclusions:  ( a )  the ins tantaneous  

c e n t e r s  of  cu rva tu re  of each p a r t i c l e  t r a j e c t o r y  mwe i n  such a way t h a t  they a r e  

always a t  the  same p o i n t  a f t e r  each tu rn ,  i.e., the d i s t r i b u t i o n  of c e n t e r  p o i n t s  

remains cons t an t  throughout the a c c e l e r a t i o n  process,  (b)  d.c. i n j e c t i o n  causes a s h i f t  

b u t  does not change the t o t a l  spread  of c e n t e r  po in t s ;  the width of the  acceptable  

s ta r t ing-phase  i n t e r v a l  is, hence, a l s o  unchanged. 

Phase measurements, which show t h a t  t he  pu l se  length  A 6  of t h e  beam is  t y p i c a l l y  

about  10' t o  30°, i n d i c a t e  t h a t  the normal cyc lo t ron  s i t u a t i o n ,  where the  e l e c t r i c  

f i e l d  pene t r a t e s  deep i n t o  t h e  dees, i s  i d e a l  f o r  phase grouping and can be wel l  

descr ibed  by the previous uniform-field formulas. I f  the phase-bunching e f f e c t  is  t o  

be reduced, one must l i m i t  the e l e c t r i c  f i e l d  t o  the gap between dees and/or opera te  

a t  cond i t ions  such t h a t  r 7 d on t h e  f i r s t  t u rn  already.  The general  tendency i n  t h i s  

case  i s  c l e a r ;  the s h o r t e r  the  time of gap c r o s s i n g  compared w i t h  t h e  RIP period,  the 

smal le r  i s  the  phase-bunching e f f e c  t. Also, one expects  t h a t  s imultaneously the  spread 

of c e n t e r  p o i n t s  becomes smal ler  t han  i n  the  large-gap case. I n  the idea l i zed  case of 

i n f i n i t e s i m a l  gap width, f o r  example, the i n i t i a l  c e n t e r  po in t  coordina te  yc is simply 
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Fig. 1 Eleotr io-f ie ld  d i s t r i b u t i o n  and i n i t i a l  t r a j eo t -  
o r i e s  of R ions with d i f f e r e n t  s t a r t i n g  phases 
60 i n  an open-dee geometry. Dee spacing 2k = 4 e 8 .  
dee height  2h = 4 cm; dee-to-ground voltage 
U = Uocos (~o  + w t ), Uo = 70 kV, we/% = 21 Mole ; 
magnetic f i e l d  B'= 13.774 kG. 

Fig. 3 Phase B of the  ions a t  tho end of the  f i r s t  turn  
a s  a  funotion of s t a r t i n g  phase 90 i n  four 
d i f f e r e n t  oases of cen t r a l  geometry. 

-7 
l l , , , ,  I , ,  

7 S 5 4 3 2  1 0 - 1 - 2 - 3 4 - 5  

Fig. 2 I n i t i a l  H- t r a j e c t o r i e s  i n  a  narrow-gap geomtry;  
dee voltage U. = 70 kV, i n j ec t i on  voltage U. = 0. 

Fig. 4  Center-point ooordinates y  a t  the  end of the 
f i r s t  turn a s  a  funotion of s t a r t i n g  phase 40. 

Proceedings of the International Conference on
Sector-Focused Cyclotrons and Meson Factories

CYC63E05 Geneva, April 23-26, 1963



Sess ion  V 

def ined  by the r a d i u s  of curva ture  r a f t e r  the f i r s t  gap cross ing ,  i.e., 1 

This  formula i n d i c a t e s  t h a t ,  con t r a ry  t o  the  large-gap s i t u a t i o n ,  the spread of o r b i t  

c e n t e r s  s h r i n k s  and hence the acceptable  phase i n t e r v a l  A60 i nc reases  w i t h  the i n j e c t i o n  

vo l t age  i f  d.c. i n j e c t i o n  is employed. 

To ob ta in  a q u a n t i t a t i v e  e s t i l m t e  as t o  the e x t e n t  of duty-cycle improvement to 

be achieved by reducing  the width of t h e  e l e c t r i c - f i e l d  reg ion ,  t h e  p a r t i c u l a r  case  

of an  isochronous cyclo t ron ,  a c c e l e r a t i n g  H- ions,  was considered,  assuming U = 70 kv 
0 

and B = 13.774 kG. Calcu la t ions  were made f o r  ( a )  a l a r g e  e l e c t r i c - f  i e l d  gap of t o t a l  

width 2d = 8.0 am and (b)  a  small gap w i t h  2d = 3.0 cm and a source-to-puller  spac ing  

of 1.0 cm. Both normal i n j e c t i o n  (ui = 0) and d.0. i n j e c t i o n  wi th  Ui = 70 kV were 

s tud ied  i n  each case. I n  the  large-gap case formulas (1)  and (2) were used (with 

d  = 4.0 cm and X = 4.15) t o  determine phases and o r b i t  c e n t e r s  a t  the  end of the f i r s t  
2 t u rn ,  and t h e  small-gap c a l c u l a t i o n s  were made wi th  a computer code Fig. 2  shows 

the geometry and i n i t i a l  t r a j e c t o r i e s  i n  the narrow-gap case  w i t h  Ui = 0. I n  e o n t r a s t  

t o  the open-dee s i t u a t i o n  i n  Fig. 1 the p a t t e r n  of motion i s  v e r y  uniform, the 
0 

p a r t i c l e s  s t a r t i n g  i n  the  i n t e r v a l  - 90' 1 B0 5 0 being s t rong ly  bunched r a d i a l l y .  

The r e s u l t s  of the c a l c u l a t i o n s  f o r  the  f o u r  c a s e s  a r e  p l o t t e d  i n  the next  two f igu res .  

These p l o t s  demonstrate how the phase-bunching e l f  e c t  (Fig. 3 )  i n  the  l a rge  gap 

(curve 1) can be s u b s t a n t i a l l y  reduced by d.c. i n j e o t i o n  (curve 2 )  o r  by decreas ing  

the  gap width (curve 3)  and, f i n a l l y ,  be completely e l iminated  by d.c. i n j e o t i o n  i n  

the  small-gap case  (curve 41, while  s i~rml taneous ly  the  spread of o r b i t  c e n t e r s  (Fig. 4 )  

is  gradual ly  sh r ink ing  i n  a l a rge  i n t e r v a l  of s t a r t i n g  phases. Since i n  the ac tua l  

cyc lo t ron  one would employ a  phase s h i f t  between f i r s t  and second gap c ros s ing  t o  

improve e l e c t r i c  focus ing  ( t h e  inf luence  of e l e c t r i c  defocusing on the  duty cyc le  has 

been d iscussed  i n  Ref. 2) ,  two more computer r u n s  i n  t he  narrow-gap case were made, 
0 one w i t h  Ui = 0 anu a  puller-to-dee angle a of 25 and one with Ui = 70 kV and ct = 15'. 

The r e s u l t s ,  which were q u i t e  s i m i l a r  t o  c a s e s  3 and 4  r e spec t ive ly ,  a r e  no t  shown on 

the f i g u r e s  bu t  a r e  considered i n  the f i n a l  comparison of Table I. This  t a b l e  show8 

the p o s i t i o n  and the width of the acceptable  s ta r t ing-phase  i n t e r v a l  AaO and the  pulse 

l eng th  A 6  a t  the  end of t he  f i r s t  turn  i n  a l l  s i x  cases  f o r  an assumed to lerance  

l i m i t  bptol of 0.5 cm. These f i g u r e s  demonstrate the  s i g n i f i c a n t  improvements of duty  

cyc le  which can be achieved by l i m i t i n g  the  e l e c t r i c  f i e l d ,  i.e., from l e s s  than l$ 

i n  t h e  i d e a l  phase-bunching s i t u a t i o n  (case  1 )  t o  24% i n  case  5 and f i n a l l y  t o  the 

very high value of 3% i n  the  case of d.c. i n j ec t ion .  This improvement is a s soc ia t ed  

wi th  a remarkable inc rease  of t h e  accep tab le  s tar t ing-phase i n t e r v a l  AaO and hence of 

the  amount of u se fu l  beam. 
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Table I 

Acceptable starting-phase in te rva l  and duty cycle f o r  d i f f e r e n t  
s i t u a t i o n s  of cen t ra l  geometry with A r t o l  = 0.5 cm. 

Case 
6 

o A60 6 A8 Duty 
Cycle (%) 

1 -15' t o  15' 30' -0.6' to o0 0.6' 0.17 

2 -15O t o  15O 30' - 13' to  13' 26' 7.2 

3 -90' t o  17' 107' - 28' t o  66' 72' 20.0 

4 -90' to  55' 145' - 55' t o  70' 125' 34.7 

5 -90' t o  24' 114' - 8' t o  77' 85' 23.6 

6 -1%' to 58' 162' - 46' t o  91' 137' 38.1 

Case 1 large  gap (width 8 cm), normal in jec t ion  

Case 2 large  gap (width 8 cm), d.0. in jec t ion  

Case 3 small gap (width 3 cm), p u l l e r  angle 0, normal in jec t ion  

Case 4 small gap (width 3 cm), p u l l e r  angle 0, d.c. in jec t ion  

Case 5 small gap (width 3 cm), p u l l e r  angle 25O, normal in jec t ion  

Case 6 small gap (width 3 cm), p u l l e r  angle 15O, d.c. in jec t ion  

Summarizing the r e s u l t s  of t h i s  analys is ,  one can say t h a t  i t  should be possible 

t o  subs tan t i a l ly  reduce the phase-bunching e f fec t ,  which is the main cause f o r  the  

low duty fac to r  of conventional cyclotrons, and produce a cen t ra l  beam with a pulse 

length approaching 160' by ( a )  operating a t  low magnetic f i e l d s  and high voltages t o  

increase the radius  of curvature, (b) l imi t ing the e l e c t r i c  f i e l d  to  a narrow gap by 

a t taching diaphragms to  the  dees i n  the center,  and ( c )  i f  necessary employing a 

d.c. in jec t ion  soheme. The duty f a c t o r  i s  then l imi ted only by the transmission 

capab i l i ty  of the magnetic f i e l d  and the to lerable  maximum energy spread of the 

ex t r a c  ted beam. 
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DISCUSSION 

VERSTER : You pointed out t h a t  the r/d r a t i o  determines phase grouping and a l so  the 
o r b i t  centre  soa t t e r .  Some g:neral theory might connect the phase spread and the o r b i t  
centre  spread us ing Liouvil le s theorem. Has anyone formulated such a theory, i n  a 
general way? 

REISER : We f i n d  t h a t  if you have phase grouping, i n  o ther  words, i f  you have a small 
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A9 o r  a small azimuthal ex tens ion  of t he  ion  pu l se  o r  "sausagen of ions,  you have a 
l a r g e  spread of o r b i t  c e n t r e s  a s soc ia t ed  wi th  t h i s  s t rong  e f f e c t  of r a d i a l  bunching 
and debunching t h a t  you s a w  i n  t he  f i r s t  f igure .  A s  you inorease  A 6  the "sausagew of 
ions  extends  over a l a r g e r  azimuth, of course,  while  its r a d i a l  dimensions a r e  small. 
I think t h i s  is i n  agreement wi th  the theorem. 

BLOSSER : We would be ve ry  p leased  t o  see the  people a t  P h i l i p s  work o u t  the theory 
which Vers ter  mentions. 
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