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A modif icat ion is proposed f o r  the  Uppsala 
185 MeV Synchro-cyclotron t o  ob ta in  a high i n t e n -  
s i t y  beam of d i f f e r e n t  p a r t i c l e s .  By in t roduc ing  
s e c t o r s ,  a r a d i a l l y  increas ing  magnetic f i e l d  can 
be used. The reduced bandwidth makes i t  poss ib le  
t o  rep laoe  t h e  presen t  r o t a t i n g  condenser by a n  
e l e c t r o n i c a l l y  tuned broadband system. R o t o n e  
w i l l  be a c c e l e r a t e d  with decreasing and heav ie r  
p a r t i o l e s  with increas ing  frequencies .  No correc- 
t i o n  c o i l s  a r e  required.  b p e c t e d  e x t e r n a l  
o u r r e n t s  a r e  of the o rder  of 10 pA. 

In t roduc t ion  

A d e s i g n  s tudy for  t h e  improvement of t h e  
Uppsala 185 HeV Synchro-cyclotron has been per- 
formed. A s u b s t a n t i a l l y  higher  ex te rna l  c u r r e n t  
than the  presen t  0.01 uA, m u l t i p a r t i c l e  accele-  
r a t i o n ,  and v a r i a b l e  energy a r e  demanded. Such 
f e a t u r e s  a r e  obtained i n  t h e  present  s e c t o r -  
focusing cyc lo t rons  (SFC). However, at higher  
energ ies  the  cons t ruc t ion  problems a r e  consider- 
a b l e  f o r  those machines. They a r e  s i m p l i f i e d  i f  
t h e  isochronous condi t ion  is abandoned. The 
combination of s e c t o r  focusing and frequency 
modulation1 is expected t o  g ive  e s s e n t i a l  improve- 
ments of the  synchro-cyclotron. 

With s e o t o r s ,  t h e  v e r t i c a l  focusing w i l l  
be s t ronger  than t h a t  p r e s e n t l y  obtained. This 
r a i s e s  the  space charge l i m i t  a t  a l l  r a d i i ,  which 
is important,  when considering high cur ren ts .  A 
reduc t ion  of t h e  frequency range is achieved by 
making t h e  f i e l d  r a d i a l l y  increasing.  The r o t a t -  
i n g  or  v i b r a t i n g  capac i to r  might t h e r e f o r e  be 
rep laced  by a more e f f i c i e n t  r. f. system. The 
pulsed na ture  of t h e  i n t e r n a l  beam makes it 
poss ib le  t o  app ly  a high vol tage .a t  cap ture  time. 
Before e x t r a c t i o n  t h e  beam CM be s t r e t c h e d  by 
s tack ing  c l o s e  t o  t h e  maximum rad ius .  

In  t h e  following a redes ign  of the  Uppsala 
synchro-cyclotron t o  a sector-focusing synchro- 
cyc lo t ron  (SFSC) is out l ined.  Sec tors  w i l l  be 
a t t ached  t o  t h e  po les  o f  the  p resen t  magnet. A 
geometry w i t h  i r o n  s e c t o r s  and beam-defining slits 
i s  proposed f o r  t h e  c e n t r a l  region. Broadband 
a m p l i f i e r s  w i l l  d e l i v e r  t h e  various r.f. pro- 
grermnes. The d . ~ .  power is l i m i t e d  by an ex is t ing  
300 kW supply, which makes it necessary t o  use 
two a c c e l e r a t i n g  e l e c t r o d e s  i n  a d d i t i o n  t o  the  
s t r e t c h i n g  one. A l i n e a r  regenera t ive  system is 
a n t i c i p a t e d  f o r  e x t r a c t i o n  of the  p a r t i c l e s .  

*) A t  present  a t  t h e  European Organizat ion f o r  
Nuclear Research (CERN). 

Magnetic F ie ld  

The mean f i e l d  is chosen such t h a t  a broad- 
band system can work e f f i c i e n t l y  f o r  the  p a r t i c l e s  
of i n t e r e s t .  I n  Fig. 1, isochronous f i e l d  p l o t s  
a r e  shown f o r  some p a r t i c l e s .  The B'r product at 
f u l l  r a d i u s  corresponds t o  t h a t  f o r  185 MeV 
protone, and t h e  r e a l  mean f i e l d  s t a r t s  midway 
between t h e  proton and deu te ron  isochronous fields. 
This  choice y i e l d s  t h e  same a t t a i n a b l e  vo l tage  
f o r  t h e  mentioned p a r t i o l e s .  It is a l s o  a com- 
promise, which g ives  good cap ture  e f f i c i e n c i e s  
and s u f f i c i e n t  to le rance  margins. 

\men t h e  magnet cur ren t  is lowered, t h e  h i l l  
f i e l d  decreases  slowly compared with the  v a l l e y  
f i e l d .  This  depends on the  s a t u r a t e d  i ron.  The 
e f f e c t  is more pronounced a t  l a r g e r  r a d i i ,  which 
makes Qr i n c r e a s e  there.  The e f f e c t  on QZ due t o  
t h i s  can be found from t h e  expression 

E, BH, denote average, h i l l ,  and v a l l e y  f i e l d ,  
respec t ive ly .  It is evident  t h a t  an increasing 
Q,. is compensated f o r  by t h e  a s s o c i a t e d  increase  
i n  t h e  f l u t t e r  term. A s  Q, is allowed t o  vary 
considerably,  one can expect t o  g e t  energy 
v a r i a b i l i t y ,  t h e  range of which is t o  be de te r -  
mined from model magnet measurements. Once the  
s a t u r a t i o n  reg ion  has been pene t ra ted ,  t h e  
focusing p r o p e r t i e s  remain unchanged. Then o ther  
fac tors ,  such a s  the  funct ioning of the  e x t r a c t i o n  
system and t h e  f l e x i b i l i t y  of t h e  r.f. system, 
s e t  t h e  l i m i t  f o r  the  energy range. 

The magnetic f i e l d s  should be chosen such 
t h a t  t h e  p resen t  magnet e x c i t a t i o n  is not 
exceeded. By using t h e  l i n e a r  edge approximation: 
i t  has  been p o s s i b l e  t o  g e t  a des ign  g iv ing  
s u f f i c i e n t  f l u t t e r  Q,. The pole  geonietry with 
t h r e e  s e o t o r s  and 55O s p i r a l  angle a t  f u l l  r a d i u s  
is shown i n  Fig. 2. With a h i l l  f i e l d  of 
2.2 wb/mP, suf f i c i e n t  f l u t t e r  w i l l  be achieved. 
Table l shows Or(r)  and Q,(r). The v a l l e y  f i e l d  
is c a l c u l a t e d  i n  such a way as t o  g ive  t h e  
d e s i r e d  B ( r )  funct ion.  

Resonances 

In  a n  isochronous cyc lo t ron  cons t ruc ted  t o  
g ive  a maximum energy of 185 NeV f o r  protons,  the 
opera t ion  is complicated by the f a c t  t h a t  the  
Qr = o r  Qr = resonances a r e  involved.' 
I f  one a l s o  wants t o  be a b l e  t o  a c c e l e r a t e  
heavier  p a r t i c l e s ,  t h e  magnetic f i e l d  has t o  be 
cor rec ted ,  and then Qr is decreased by a consider-  

ab le  amount. Without f l u t t e r  c o i l s ,  used t o  
reduce the  p o s i t i v e  focusing term, QZ w i l l  c ross  
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t h e  value '4. These d i f f i c u l t i e s  a r e  overcome i n  
the  sector-focusing synchro-cyclot ron proposed 
here ,  a s  Q, is only 3.1 a t  f u l l  r ad ius  and as the  
change of p a r t i c l e  is done without f i e l d  
cor rec t ion .  The con~parat ively small energy g a i n  
due t o  t h e  time s t r e t c h i n g  a c c e l e r a t i o n  system 
probably makes it i m p 0 ~ S i b l e  t o  pass t h e  Q, = 1 
and Q, = 2 Q, resonances a t  f u l l  r a d i u s  un less  t h e  
r a d i a l  o s c i l l a t i o n  amplitudes a r e  exc i ted  p r i o r  
t o  (2,. = 1. This w i l l  be done by means of a  l i n e a r  
regenerative e x t r a c t i o n  system. The lower l i m i t  
of QZ a t  f u l l  r ad ius  is s e t  by Q, = Qr - 1 ,  where 
Q, = 1.1 for  t h e  SFYC, compared t o  1.2 f o r  the  
SFC of t h e  samc energy. A t  small r a d i i  the f a s t  
inc reasc  of (iZ due t o  the  c e n t r a l  s e c t o r s  w i l l ,  
a f t e r  a  few p a r t i c l e  tu rns ,  make Q, - QZ become 
low enough t o  avoid t h c  resonance. 

Central  Region 

The e s s e n t i a l  parts of t h e  c e n t r a l  reg ion  
are:  

hooded a r c  ion  source v e r t i c a l l y  i n s e r t e d  
through t h c  magnet; 

p u l l e r  e l e c t r o d e  and b e a n d e f i n i n g  slits f o r  
phase s e l e c t i o n  and e l e c t r i c  phase focusing;' 

c e n t r a l  s e c t o r s  of i r o n  t o  g ive  an adequate 
v e r t i c a l  focusing;  

two a x i a l  c o i l s  t o  give an increased  cap ture  
e f f i c i e n c y  of  heavier  p a r t i c l e s .  

A s  v a r i a b l e  energy and m u l t i p a r t i c l e  a c c e l e r a t i o n  
is  aimed a t ,  a  g r e a t  f l e x i b i l i t y  of the  c e n t r a l  
geometry is demanded i f  the  lilaximum performance 
of  t h e  r . f .  system is  t o  be u t i l i z e d .  In  p rac t ice ,  
a  t o o  g r e a t  complexity i n  t h e  a d j u s t i n g  meohanism 
f o r  p u l l e r  and beam-defining s l i ts  should be 
avoided. Orb i t  schemes t h a t  a r e  e s s e n t i a l l y  
constant  a r e  t h e r e f o r e  suggested f o r  oach of t h e  
two a c o c l e r a t i o n  modes ( f i r s t  and t h i r d  harmonic ) 
t h a t  w i l l  be used. 

MacKenzie has shown t h a t  the ion  d e n s i t y  a t  
small r a d i i  l i m i t s  the output  fmm a cyclotron.5 
He has found t h a t ,  under assumption of abrupt  
onset  of  the  rlagnetic foousing forces,  t h e  cur ren t  
is  propor t iona l  t o  t h e  t h i r d  power of the  dee  
voltage. Calculat ions by ~ a w s o n ~  with a  parabol ic  
magnet f i e l d  give a  V% dependence. For s e c t o r  
focusing,  still  another  vo l tage  dependence is 
obtained. The magnetic f o r c e  FZ f o r  a  s inusoidal ly 
varying f i e l d  with no s p i r a l  is approximately 
given by 

where 
z  = d i s t a n c e  from t h e  median plane 
f  = f l u t t e r  fac tor .  

I f  the f l u t t e r  increases  p a r a b o l i c a l l y  with 
r a d i u s ,  

f  = ar' . ( 3  1 
The space-charge force  given by MacKenzie is 

August 

With Eqs. (2 ) ,  ( 3 )  and (41, a n  expression is 
obtained f o r  t h e  mean beam c u r r e n t  which can be 
focused: 

3 I = -  ' h ! !  
I N 5  7rB 

where 
h = dee a p e r t u r e  
q = azimuthal ex tens ion  of the beam nsausageu 
B = magnetic f i e l d  
V = vol tage  g a i n  per  turn.  

It is thus very b e n e f i c i a l  t o  have a  high dee  
vol tage,  and our e f f o r t s  have been d i r e c t e d  
towards i n c r e a s i n g  t h i s  a s  much a s  possible .  The 
g r e a t  importance of v e r t i c a l  focusing i n  the 
cen t re  has a l s o  l e d  us  t o  i n v e s t i g a t e  the  possi-  
b i l i t y  of ob ta in ing  a  f l u t t e r  increasing very 
r a p i d l y  with rad ius .  

With i r o n  r i d g e s  placed on t h c  pole faces an 
apprec iab le  f l u t t e r  is obtained a t  a  rad ius  
comparable t o  the  pole  gap. Since a  considerable  
decrease  of t h i s  gap is not poss ib le ,  the  only way 
o f  increas ing  t h e  f l u t t e r  is t o  place i r o n  s e c t o r s  
on t h e  dee  and dunmy dee e lec t rodes .  Some pre- 
l iminary  measurements have been performed f o r  t h e  
following dimensions : 

v e r t i c a l  he igh t  of s e c t o r s  2.0 cm 
v e r t i c a l  d i s t a n c e  between s e c t o r s  3 . 5  om 
v e r t i c a l  d i s t a n c e  between pole faces 16 cm 
angle of s e c t o r s  30° 

Figure 3 shows the  aziinuthal f i e l d  v a r i a t i o n  when 
t h e  s e c t o r s  start at a  rad ius  of 0.64 cm. I n  
Fig. 4, curves of  t h e  mean f i e l d  and the  f l u t t e r  
a r e  shown f o r  t h e  same case. The reasonwhy t h e  
s e c t o r s  have t o  be brought s o  c l o s e  t o  the  c e n t r e  
is t o  prevent  a too s t rong  d i p  i n  the  f i e l d .  The 
small d i p  whioh s t i l l  appears  is not  important as 
the  f i r s t  o r b i t  has a r a d i u s  of 1 . 5  on. The 
f l u t t e r  i n c r e a s e s  approxim t e l y  p a r a b o l i c a l l y  t o  
a  value of 0.315 a t  a rad ius  of 3.5 cm. For t h i s  
case ,  formula ( 5 )  p r e d i c t s  2 mA of protons when 
V = 60 kV. A comparison of t h i s  value with 
c u r r e n t s  obtained i n  SF cyc lo t rons  shows t h a t  the  
f igure  is r c a l i s t i c .  The magnitude of  t h e  f l u t t e r  
a t  small r a d i i ,  a s  measured here,  is 5 t o  25 times 
more than t h a t  obtained i n  SF cyc lo t rons ,  a l though 
t h e  dee vo l tage  is genera l ly  smal lo r  i n  our case. 
A s  t h e  a e n t r a l  s e c t o r s  start only 0.64 om from 
the  c e n t r e  of the  magnet, t h e i r  azimuthal 
p o s i t i o n s  have t o  be chosen so  t h a t  enough space 
is given f o r  t h e  i o n  souroe. Unfortunately t h i s  
means t h a t  the  p o s i t i o n s  of t h e  c e n t r a l  s e o t o r s  
correspond t o  t h e  v a l l e y s  o f  t h e  main f ie ld .  Thus 
t h e r e  w i l l  be a reg ion  at which t h e  magnetic f i e l d  
has a  s i x f o l d  symmetry. Measurements of t h i s  
conf igura t ion  have not y e t  been done, but it is 
assumed t h a t  with a proper des ign  of t h e  s e e t o r s  
an adequate focusing can be sustained.  A t  t h e  
p o s i t i o n  of t h e  i o n  source, the  magnetic f i e l d  
g r a d i e n t s  a r e  r a t h e r  g rea t .  Spec ia l  a t t e n t i o n  
has t o  be paid t o  t h e  des ign  of t h e  i o n  source t o  
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make it work s a f e l y  under these condit ions.  A 
c l o s e r  examination of the c e n t r a l  sec tors - ion  
source problems has t o  be done, however, before 
it can be concluded what is t h e  b e s t  arrangement. 

Capture E f f i c i e n c y  

Dee vo l tage  and magnetic f i e l d  parabol ic  itr 
i n  t h e  c e n t r e  

To g e t  a good v e r t i c a l  focusing, i t  is 
d e s i r a b l e  t o  have a high dee vo l tage  dur ing  
cap ture  time and a high value o f  t h e  p a r a b o l i c i t y  
a t  small r a d i i .  These parameters do not  a f f e c t  
t h e  a c c e l e r a t i o n  time, i f  it is assumed t h a t  t h e  
magnetio f i e l d ,  t h e  vol tage and the  frequenay time 
funct ions a r e  not changed ou ts ide  the  c e n t r a l  
region. I n  t h i s  case, t h e  following express ion  
f o r  the cap ture  e f f i c i e n c y  can be derived with the  
a i d  of formulae (3),  (9 ) ,  and (10)  i n  the paper  by 
Bohm and Foldy7 

where eVc is t h e  energy g a i n  per  t u r n  a t  cap ture  
time and hc is the  p a r a b o l i c i t y  a t  small  r a d i i .  
No l o s s  of p a r t i c l e s  is supposed when t h e  magnetic 
f i e l d  and t h e  vol tage assume t h e  normal values. 
I f  s i n  vs does not change, t h e  r a t i o  of t h e  bucket 
a r e a s  is 

In  such a case a s p i l l  of p a r t i c l e s  w i l l  occur 
when V < V, and h c h,. With constant  phase-space 
dens i  ty ,  € - w i l l  then 6e i n v e r s e l y  propor t iona l  t o  
Vc(o: + hCc2 1. 

Heavier a a r t i c l e s  

The optimum cap ture  e f f i c i e n c y  is obtained 
f o r  a s t a r t i n g  phase 90 near  t h e  equ i l ib r ium phase 
vs. For e l e c t r i c a l  phase focusing, t h e  i o n  source 
and p u l l e r  angle should be such t h a t  90 i s  g r e a t e r  
than 90° , s u i t a b l y  between 90° and 1400. In  Fig. 5 
a r e  p l o t t e d  s e p a r a t r i c e s  f o r  protons and deuterons. 
The s t a r t i n g  angles  ind ica ted  i n  t h e  f i g u r e  should 
g ive  a well-optimised cap ture  e f f i c i e n c y  f o r  
protons. Deuterons w i l l  be captured only i n  a 
range between 90° and 120' a n d  with a mubh lower 
e f f ic iency .  h the  ex tens ion  i n  t h e  +-d i rec t ion  
of the  s t a b l e  phase space at a c e r t a i n  cpo is 
proport ional  t o  t h e  oapture time, a n  improvement 
can be obtained i f  t h e  phases a f t e r  a few t u r n s  
can be moved t o  va lues  around vs. A bump i n  t h e  
magnetic f i e l d  a t  t h e  c e n t r e  can be used f o r  t h a t  
purpose. Furthermore, i f  t h e  phases a r e  brought 
t o  small values ou ts ide  the normal s t a b l e  phase 
space, an accumulation can be expected f o r  heavier  
p a r t i o l e s .  This is due t o  the f a c t  t h a t  do/dt is 
p o s i t i v e .  A p a r t i c l e  s t a r t i n g  e a r l i e r  i n  time is 
t h e r e f o r e  s l ipped  t o  a smaller  phase by t h e  bump 
f i e l d  than a l a t e r  starting. The subsequent 
d i f f e r e n c e  i n  energy ga in  between them w i l l  g ive 
a s p a t i a l  accumulation. Af te r  t h a t ,  t h e  p a r t i c l e s  
can be brought i n t o  t h e  normal phase s t a b i l i t y  

The shaping of t h e  magnetic f i e l d  needed f o r  
heav ie r  p a r t i c l e s  w i l l  be done with two a x i a l  
c o i l s .  Figure 6 shows a t h e o r e t i c a l l y  c a l c u l a t e d  
f i e l d ,  which f o r  a numerical s tudy  of  t h e  p a r t i c l e  
motion was superimposed on t h e  main magnetic f i e ld .  
Figure 7 shows the  capture e f f i c i e n c y  obtained 
f o r  deuterons of 100 &V f i n a l  energy, VC = 60 kV 
and V = 4.0 kV. A cur ren t  of 75 amps corresponds 
t o  t h e  a l r e a d y  mentioned motion of  the phase from 
v. = 95O t o  a value around 60° g iv ing  an i n c r e a s e  
i n  G of 1.5 times. The f u r t h e r  increase  when the  
cur ren t  is r a i s e d  t o  150 amps is due t o  t h e  
accumulation e f f e c t .  

Di f fe ren t  frequency swings 

The choice of mean m g n e t i c  f i e l d  configura- 
t i o n  and t h e  a s s o c i a t e d  frequency swing Af has a 
g r e a t  e f f e c t  on t h e  oapture e f f i c i e n c y  E .  A 
s imple formula has been d e r i ~ e d , ~  when dws/dt and 
cp,  a r e  cons tan t :  

where 
f = mean r e v o l u t i o n  frequenoy 

Ef = f i n a l  k i n e t i c  energy 
ra = average a c c e l e r a t i o n  time. 

The presen t  frequenoy range f o r  185 MeV protons 
is 33 t o  26 hMs, achieved by means of a r o t a t i n g  
condenser. I n  the  redesign,  t h e  frequenoy range 
is 24.5 t o  22.9 Mis. This g ives  a n  improvement 
of E by a f a c t o r  2. Another f a c t o r  2 is gained 
a s  ra = T f o r  t h e  proposed r.f. system. One can 
assume 90 = 120° t o  be a good average value of 
t h e  cap ture  angles .  With cps = 1500, eVc = 60 keV 
and eV = 30 keV, 2% cap ture  e f f i c i e n c y  is obtained. 
Thus 40 pA i n t e r n a l  protons should be an t ic ipa ted .  
To g e t  a good beam q u a l i t y  it  is d e s i r a b l e  t o  
t r a v e r s e  small  r a d i i  rapidly.  This r e q u i r e s  
l a r g e  values of s i n  cp with a subsequent reduc- 
t i o n  of t h e  oapture eqf ic iency .  I f  (ps = 120°, 
t h e  i n t e r n a l  c u r r e n t  is reduced t o  24 fiA. The 
f i n a l  mode of operation must be determined 
experimental ly  t o  g ive  a good compromise between 
i n t e r n a l  cur ren t  and beam qua l i ty .  

r.f. System 

A broadband a m p l i f i e r  system is more f lex-  
i b l e  than mechanically tuned s y s t e m .  The g r e a t  
problem, however, is t o  l i m i t  t h e  power consump 
t i o n .  Various methods of doing t h i s  a r e  
suggested. The change of the magnetic f i e l d  t o  
r a d i a l l y  increas ing  makes Q ( c e n t r e  frequency 
over bandwidth) l a r g e r  and hence t h e  requ i red  
power smaller.  For t h e  present  synchro-cyclotron, 
Q = 4.2, and f o r  t h e  proposed SFSC, Q = 14.0. 
The power reduc t ion  is 3.4 due t o  t h i s .  A s p l i t  
of t h e  s i n g l e  dee i n t o  one dee and one ceeg 
reduces f u r t h e r  t h e  requ i red  power four  times. 
I n  t h e  h i l l  r eg ion  t h e  po le  gap is 16 cm, and i n  
t h e  v a l l e y  reg ion  4 0  cm. This f a c t  makes it 
f e a s i b l e  t o  minimize t h e  oapaci tance by a s u i t -  

a b l e  pos i t ion ing  of t h e  e l e c t r o d e s  ( s e e  Fig. 2). 
r eg ion  i f  t h e  magnetic f i e l d  i s ' s l i g h t l y  b e l o i  The oapaci tance w i l l  a l s o  be reduced by using a 
t h a t  normally used. ' s m a l l  c e e  angle. 
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In o rder  t o  feedthe p m e r  from t h e  f i n a l  
a m p l i f i e r  t o  the  ?,/4 resona tor ,  of which the 
e l e c t r o d e  forms a p a r t ,  a quadrupole coupling 
with two peaks i n  t h e  p a ~ s b a n d ' ~  w i l l  be used. 
A q u a r t e r  wave l i n e  connects t h e  a m p l i f i e r  t o  
t h e  resona tor  near t h e  short .  Low-level measure- 
ments have been made on t h i s  arrangement f o r  
condi t ions  corresponding t o  t h e  a c c e l e r a t i o n  of 
185 MeV protons. The frequency range from 24.5 
t o  22.9 MHz is s p l i t  i n t o  600, 800 and 200 kHz 
bandwidths f o r  t h e  dee, cee, and s t o c h a s t i c  cee, 
respec t ive ly .  The r e s u l t s  of t h e  measurements 
f o r  t h e  cee system a r e  given i n  Pig. 8. The peak- 
to -va l ley  r a t i o  of t h e  p l a t e  impedance Z3 has been 
chosen t o  g ive  a reasonable phase v a r i a t i o n .  The 
dashed curve shows t h e  gap vo l tage  V1 f o r  constant  
p l a t e  vo l tage  V3 which g ives  optimum working 
condi t ions  f o r  the  f i n a l  tube a t  a l l  frequencies. 
The requi red  d.0. power m o u n t s  t o  125 kW when 
c l a s s  C operat ion is considered. A s  a high vol tage 
V, is needed a t  the  start o f  the  a c c e l e r a t i o n  
cycle  i t  has been found necessary t o  s ide tune  the  
dee resonator .  By s a c r i f i c i n g  bandwidth, a 
n a t u r a l l y  high dee vo l tage  can be obtained f o r  t h e  
s t a r t i n g  frequencies  ( s e e  Fig. 9). The d o t t e d  
l i n e  shows the des i red  gap vol tage V' .  A s l i g h t  
modulation of the  g r i d  vo l tage  t o  t h e  f i n a l  tube 
is necessary f o r  t h e s e  frequencies ,  but f o r  t h e  
remaining frequencies  the  r.f. p l a t e  vo l tage  oan 
be held constant .  The vo l tage  and frequenoy 
programmes a r e  shown i n  Pig. 10. It is t o  be 
noted t h a t  the  dee is on f o r  one-third and t h e  
cee f o r  two-thirds of t h e  t o t a l  time. T o t a l l y ,  
200 kW d.?.-power w i l l  t h e r e f o r e  be required. 
The ca lcu la ted  vo l tages  f o r  o ther  p a r t i c l e s  at 
two d i f f e r e n t  B.r.-r)roducts a r e  shown i n  Table 2. 

Tolerances 

The t o l e r a n c e s  on the magnetic f i e l d  as a 
func t ion  of r a d i u s  a r e  determined mainly by t h e  
degree to  which the e l e c t r i c  frequency time 
curve can be f i t t e d  t o  the  mean f i e l d .  A r e l a -  
t i o n  between these  q u a n t i t i e s  is given by t h e  
Bohm and Foldy formulae ( 1 )  and (3) .  The magnetic 
f i e l d  is contained i n  K, which, i n  o rder  t o  avo id  
a phase t r a n s i t i o n ,  must have t h e  same s i g n  a t  
a l l  r a d i i .  Due t o  t h i s ,  c e r t a i n  r e s t r j c t i o n s  
a r e  imposed on the des i red  mean f i e l d  B ( r )  i n  
Fig. 1. The 'Hea + and t h e  H+ isochronous f i e l d s  
a r e  seen  t o  l i m i t  t h e  mean f ie ld .  The condi t ion  
f o r  avoiding phase t r a n s i t i o n  can be s t a t e d  as: 

Iqdex 1 s t a n d s  f o r  the ' ~ e * +  and index 2 f o r  t h e  
H isochronous f i e l d s .  

S t a r t i n g  with the c e n t r a l  magnetic f i e l d ,  
which is determined by the  frequenoy ranges 
chosen, E q .  (8 )  can be i n t e g r a t e d  t o  y i e l d  t h e  
abso lu te  to le rance  l i m i t s  shown as dashed l i n e s .  

The requi red  vol tage modulation and the 
magnetio f i e l d  determine t h e  w( t )  f inc t ion .  The 
t o l e r a n c e s  on the V ( t )  and w( t )  func t ions  can be 
found by d i f f e r e n t i a t i n g  Eq. (3 )  i n  t h e  Bohm and 
Fold y paper. The r e l a t i o n  between synchronous 
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energy and frequenay is used, and t h e  time 
f l u c t u a t i o n s  of t h e  magnetic f i e l d  a r e  neglected. 
This y i e l d s  

A0 !S + A sin 'S + -  2 + K 3 A 
V s i n  cp, K 

When approaching isochronism, K becomes small ancl 
s p e c i a l  a t t e n t i o n  has t o  be paid t o  t h e  t e r n  
con ta in ing  K. For reasonably l a r g e  K, however, 
t h e  e r r o r  i n  us can be neglected. By al lowing a 
% f r a c t i o n a l  change of s i n  cps we g e t  a t o l e r a t e d  
e r r o r  of 1% each f o r  V ( t )  and bs ( t  ). 

The ~ a d i a l  over lap  of t h e  e l e c t r o d e s  is 
determined from t h e  pene t ra t ion  o f  t h e  e l e c t r i o  
f r i n g i n g  f i e l d s ,  t h e  bucket s i z e  at the t rane i -  
t i o n  rad ius ,  and the p r e c i s i o n  with which the  
switching can take place.  I n  the  median plane 
t h e  p o t e n t i a l  can be allowed t o  d r o p  t o  9% of 
its f u l l  value. This  f i g u r e  is a t t a i n e d  1 cm 
i n s i d e  an e l e c t r o d e  of  4 cm aper ture .  The bucket 
s i z e  is 9.1 cm r a d i a l l y  at the  t r a n s i t i o n  radius.  
A switching e r r o r  o f  1 psec o r  e q u i v a l e n t l y  
8 kHz implies  a r a d i a l  p o s i t i o n a l  e r r o r  of 0.5 cm. 
A t o t a l  overlap of 3.6 cm is t h e r e f o r e  required. 

Conclusion 

The est imated i n t e r n a l  c u r r e n t s  a r e  between 
20 and 40 BA. Large f r a c t i o n s  of these  c u r r e n t s  
can be e x t r a c t e d  i f  the  beam q u a l i t y  is good. 
This is found from numerical c a l c u l a t i o n s  on t h e  
regenera t ive  e x t r a c t i o n  system f o r  the  p resen t  
machine. ' ' Unti l  s i m i l a r  e a l o u l a t i o n s  have been 
c a r r i e d  out f o r  the  SFSC, it  might be j u s t i f i e d  
t o  use the  r e s u l t s  from t h e  mentioned inves t iga-  
t i o n  and assume t h a t  the requ i red  beam q u a l i t y  
can be obtained. Hence i t  should be poss ib le  t o  
o b t a i n  e x t e r n a l  c u r r e n t s  of t h e  o rder  of  10 pA, 
with 1 . 5 % ~  energy spread and 30$ microscopic duty 
fac tor .  The nacrosoopic time s t r u c t u r e  of  t h e  
i n t e r n a l  beam w i l l  be removed by means of s to rage  
at t h e  e x t r a c t i o n  radius.  For c e r t a i n  p a r t i o l e s  
charge exchange e f f e c t s  and i o n  source, output  
w i l l  l i m i t  t he  i n t e n s i t i e s  t o  smal le r  va lues  than 
those given here. 
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Fig. 1. Isochronous fields for some part-icles 
and mean f ie ld wit,h t,olerance limits. 
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Fig. 3. Azimuthal f i e ld  variation at different, 
radii for sectors start.ing at r = 0.6L cm. 

Fig. h .  Mean magnetic f i e ld  B and flut,ter f at. 
Fig. 2. Horizontal view of poles and electrodes. small radii. 
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Starting ongks 

t--i 

Fig.  7 .  Capture e f f i c i e n c y  f o r  deuterons as a 
Fig. 5,  Phase gpace f o r  protons ( s o l i d  l i n e )  function of c o i l  currents .  
and deuterons (dashed l i n e )  wi th  sincp, =.0.85, 
eV = 40 keV. 

Fig.  6. Cent,ral c o i l  magnet'ic f i e l d  a s  a 
function o f  radius. 

Fig. 8. Gap voltage V1 and power tube p l a t e  load 
Z3 for.  dee system; d.c. power 125 kW. 
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Fig. 9. Gap vo i tege  V and power t.ube 
plat,e load Z for  the i e e  system; d.c.  
power = 350 &. 
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Fig.  10. Frequency f and accelerat ing voltage 
VR ; d.c. power = 200 kW, s in(ps  = 0.85. 

DISCUSSION 

KHOE: Did you not c r o s s  the nonlinear coupling 
resonance  2 V + 2 V = 3 ?  

X Y 

SVANHEDEN: I don' t  think the re  will be any 
spec ia l  difficultie S with these  coupling r e  sonances.  
As you see  t he re ,  V would be about 1.  12 ,  o r  so  
a t  ful l  rad ius ,  and 6 e  haven' t  invest igated a l l  
these  resonances  a s  yet ;  just  lower modes  of 
coupling S .  

W O E :  Did you study i t  s tat ical ly o r  dynami- 
cal ly? When you cons ider  that the momehtum 
i s  constant  with the synchrot ron  orb i t ,  then the 
resonance  may  not be s e r ious ,  but i t  can be 
s e r ious  if you c r o s s  this  resonance  many t imes ,  
due to the phase osci l lat ion,  and because  the 
energy gain pe r  turn  i s  r a the r  smal l .  

SVANHEDEN: I think we have to study th is  by 
computer  S. 
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