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Phase-Slip and Duty-Factor 
dE The approximate equat ions  f o r  the v a r i a t i o n  of E and a re :  a;; = El COS 9 ;  

$ = dl(E) = Orf T(E) - 2.R; where dn = G, d9 El i s  the peak energy gain/ turn,  and dl is  

t h e  phase s l i p / tu rn .  The i n t e g r a l  of t hese  equat ions  3 i e l d s  the usual  9 ve r sus  E 

r e l a t i o n :  El s inq(E) = F(E) + cons tant ;  where F(E) = jd l (E)dE .  Consider a  beam of 

p a r t i c l e s  a t  a n  energy E f o r  which 6 f &f a r e  the  maximm/minimm values  of cp(E). 

I n s e r t i n g  t h e s e  va lues  i n t o  t h e  sincp equation,  i t  then fol lows t h a t :  

(COS G) si* = constant ,  independent of E, El, and dl(E). Consequently, t h e  minimum 

spread i n  phase, Aqo, ob ta ins  a t  Ea when ;( la)  = 0 ;  a l so ,  t he  maximum phase spread 
1 AV Aqm ob ta ins  a t  Eb when ? ( E ~ )  f m = 1. 90'. Hence, t he  r e l a t i o n  between Aqm and 

2 
Acpo is: [ s i n ( i ~ q ~ ) ]  =  sin(&^^,), which is independent of the pa th  from Ea t o  Eb 

( s e e  Fig. l.). Therefore, use  of phase-sh i f t ing  can increase  the duty f a c t o r  a t  most . 
by a f a c t o r  (Aqm)/(Aqo); t h i s  improvement i s  g r e a t e s t  f o r  small Aqo, f o r  which 

(AQ, , , ) / (A~~)  g,/-. 

Applicat ion t o  H- Ion Accelera t ion  

With the  a c c e l e r a t i o n  of H- ions ,  a proton beam can  be e x t r a c t e d  v i a  e l e c t r o n  

s t r i p p i n g ;  thus,  the rainurn p o s s i b l e  phase spread Aqm can be achieved simply by 

lowering the RP v o l t a g e  so  t h a t  the i o n s  a c c e l e r a t e  i n to ,  b u t  not  through, t he  non- 

isochronous edge-f i e ld .  Furthermore, t h e  t o t a l  phase spread i n  t h e  beam a t  Eb can be 

increased  t o  2 ( ~ % )  by t h e  use  of an  e l e c t r o n  s t r i p p i n g  "wire" which i s  t h i n  enough t o  

s t r i p  only p a r t  of the beam and t o  allow the r e s t  t o  a a c e l e r a t e  p a s t  i t 1 ) .  These 

l a t t e r  i o n s  w i l l  even tua l ly  dece l e ra t e  p a s t  t he  wire  aga in  and the p ro t ion  of the  i o n s  

s t r i p p e d  w i l l  have phases: 90' < cp(Eb) < 90' + Aqm. For example, i f  Aqo 3 29O, then 

Aqm = 60'; those ions  s t r i p p e d  du r ing  a c c e l e r a t i o n  have 30' < q(Eb) < 90°, and those 

s t r i p p e d  dur ing  dece le ra t ion  have 90' < ')(lb) < 150'. I n  t h i s  case ,  t he  phase spread 
0 is increased  from 2 9  t o  120°, y i e l d i n g  a duty f a c t o r  = 1/3. The energy spread i n  t h e  

'3% r e s u l t a n t  pro ton  beam is  7 = (4~v;) /h,  where A i s  the  maximum r a d i a l  o s c i l l a t i o n  
a - amplitude, and R is  the o r b i t  r ad ius  a t  E; f o r  our  machine, - = 0.01. 
E 

Discuss ion  of ~ i c h a r d s o n ' s  Scheme 

J.R. Richardson' ) has  proposed the  use  of a sequence of e l ec t ron - s t r ipp ing  wi re s  

covering a narrow r - in t e rva l  i n  which B is made t o  change charply.  I f  each wire  s t r i p s  

( *) Work supported by the Nati onal  Science Foundation. 
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Fig. 1 Uaximur poss ib le  phase-spread (Ap ) versus  minimm 
phase-sprend (Alp,) f o r  a c y c l o t r o t  beam, independent 
of RF voltage,frcquency,and ranwet ic  f i e l d  v a r i a t i o n .  

Fig. 3 Phase-s[aread versus  energy f o r  H- ions  wl~ich s t a r t  
a t  Eg 0 with = 0, Llpo = 29'. and a c c e l e r a t e  
t o  h i g h e s t  poss ib le  energy f o r  t h i s  f i e l d  
(E - 54.i UeV), i n  such a way t h a t  d p / d ~  is 
u t i i i z e d  a t  D ; El = 122.4 YeV/turn, 

bor f /~r f  = -3?18 10-~. 

Fig. 2 F r a c t i o n a l  phase s l i p / t u r n  = d1/& versus  energy, 
and "threshold vol tage"  F(E;) =Yd,  ( Y )  dE versus 
energy i n  the edge reg ion  of magnctic f i e l d  "83.3". 
(See a l s o ,  Fig. 1 of preceding paper). 

Fig. 4 Duty-factor id versus  ensrgy-spread AE, a s  
obta ined  from d a t a  of Fig. 3, assuming ion  
s t r i p p i n g  occurs (dur ing  a c c e l e r a t i o n  and 
d e c e l e r a t i o n )  i n  energy range from Yb - AE 
t o  Eb = 54.26 UeV. 
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only a small f r a c t i o n  of the H- i o n s  du r ing  a c c e l e r a t i o n  and dece le ra t ion ,  then the  

t o t a l  phase spread of t h e  emergent pro tons  could  be very la rge .  Consider then the  

edge region  of t h e  f i e l d  "83.3" d iscussed  i n  the  preceding paper, and assume f o r  

s i m p l i c i t y  t h a t  t h e  f i e l d  is p e r f e c t l y  isochronous ( ( E )  = o f  f o r  E =' 45  Mev 

( s e e  Fig. 2).  In s t ead  of modifying the  f i e l d ,  l e t  t h e  RP vo l t age  and frequency be 

lowered such t h a t  i s  c l o s e  t o  t h e  peak energy obta inable  i n  t h i s  f i e l d  (54.7 hleV), 

and a l s o  such that% i s  maximized a t  E = Eb; i n  t h i s  way, the g r e a t e s t  b e n e f i t  is 

de r ived  from the  sharp1 y f a l l i n g  edge f i e l d .  The optimum parameters  a r e  obtained by 

spec i fy ing  the l i m i t i n g  oase i n  which t h e  ion  s t a r t i n g  a t  Ea(" 0) w i th  q(Ea) = - i ~ 9 ~  

reaches  a minimum phase r)(Ec) = -90' a t  Eo, then a t t a i n s  q(Eb) = +90° - A9. a t  Eb, 

and f i n a l l y  achieves  ?(Ed) = +90° at Ed = 54.7 MeV. Since the  minimum of s in9  occurs 
* * 

a t  Ec, then: dl(Ec) = 21r(wpf/orf - l ) ,  where orf/2v is  t h e  reduced RF frequenoy. I n  

add i t i on ,  Eb, Ec, and Ed must s a t i s f y :  Ecdl(Ec) - F(Ec) = F(Eb) - Ebdl(Ec) = K [ F ( E ~ )  

- E (E 1 ,  W K = K )  < l. Assuming ( a s  before)  Aqo 2 29' (A% = 60°), then  
d l  c 

K = 0.6; spec i fy ing  E - 54.7 MeV and us ing  t h e  given va lues  of dl(E),  P(E) f o r  t h i s  d - 
f i e l d ,  then Ec = 46.92 YeV and Eb = 54.26 MeV; furthermore, i t  f o l l a n s  t h a t  

d1(Ec)/2v = 3.18 X 104, and El = 122.4 keV/turn. The curves of Fig. 3 show ?(E) 

versucr E f o r  the l i m i t i n g  oases  q ( 0 )  = + l4.5', as de r ived  from t h e  above da ta .  Pig. 4 

shows the  r e s u l t a n t  duty- fac tor  fd ve r sus  AE obtained by assuming ion  s t r i p p i n g  over 

the  energy-range Eb - AE t o  Eb(= 54.26 MeV). (This AE does not inc lude  ci'E descr ibed  i n  

the preceding  sec t ion .  Clear ly ,  a l a r g e  AE is no t  p r a c t i c a l ;  moreover, because of t he  

9-E c o r r e l a t i o n ,  any energy s e l e c t i o n  performed on the  r e s u l t a n t  proton beam w i l l  

d iminish f aocordingly. Assuming a reasonable va lue  of AE = 0.75 MeV, then f d  = 0.51, d 
which is a 52% improvement over f f o r  AE = 0 ;  the fd  improvement f o r  given AE d 
inc reases  r ap id ly  as A9 decreases.  Note t h a t  t he  foregoing ca l cu la  t i o n s  a r e  designed 

0 

s p e c i f i c a l l y  t o  maximize f wi thout  cons ider ing  the consequent d i f f i c u l t i e s  i n  d 
a c c e l e r a t i n g  through the  vr = 1 and vr = 2v resonanaes. Note a l s o  t h a t  f o r  a given z 
AE, f d  can approach u n i t y  only by a d r a s t i c  reduc t i o n  i n  El (and hence, Eb) such t h a t  

e f f e c t i v e  ope ra t ion  of the machine would be p r a c t i c a l l y  impossible. 
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DISCUSSION 

RIGHARDSON : I would l i k e  t o  po in t  o u t  t h a t  the suggest ion w a s  i n  a r e p o r t  on the use 
of negative ions  i n  meson f a o t o r i e s  pr imar i ly  designed f o r  the production of secondary 
beams where one peroent  energy v a r i a t i o n  is  of no importance. I q u i t e  agree  w i t h  you 
t h a t  f o r  low energy artchines the  advantages a r e  not q u i t e  a s  grea t .  
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