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Abstract. 
I n  t h i s  paper it i s  shown t h a t  t he  extrac-  

t i o n  e f f i c i ency  i n  a synchrocyklotron can be in- 
creased considerably by s e l e c t i n g  proper values 
f o r  t h e  i n t e r n a l  c i r c u l a t i n g  beam parameters. A 
good energy homogeneity and a high microscopic 
duty cyc le  can be achieved simultaneously. A cal-  
c u l a t i on  f o r  some re levant  r a d i a l  amplitudes and 
energy ga in s l t u rn  gives t h e  energy diagram i n  f i g .  
11. From t h i s  it can be found t h a t ,  i f  t h e  i n t e r -  
n a l  beam i s  composed of  0.4 - 0.6 cm incoherent  
r a d i a l  amplitudes and i f  t he  usefu l  a cce l e r a t i on  
voltages a r e  7.2 - 10.6 kV, t h e  gross ex t r ac t i on  
e f f i c i ency  i s  40 % f o r  an energy spread of 300 
keV. The duty cyc le  w i l l  be about 20 %. These re- 
s u l t s  a r e  va l i d  i f  the  v e r t i c a l  amplitudes a r e  
small  s o  t h a t  t h e  median plane motion program i s  
cor rec t .  

In t roduc t ion  

In  a regenera t ive  ex t r ac t i on   stern^-^) the  
e x t r ac t i on  e f f ic iency ,  s , depends c r i t i c a l l y  on 
t h e  q u a l i t y  of t h e  i n t e r n a l  c i r c u l a t i n g  beam. I n  
a synchrocyclotron s i s  usua l ly  very low. It has 
been found, however, t h a t  t h i  ex t r ac t i on  method 
can give a du ty  cyc le  of 25 % ') n energy 
spread of 0.2 MeV (M) a t  185 iz:7f protons. 

I n  order  t o  s tudy  t he  inf luence of r a d i a l  
and phase o s c i l l a t i o n  amplitudes on t h e  regenera- 
t i v e  process and t o  f ind  s u i t a b l e  dee-voltages, 
computer ca lcu la t ions  have been performed i n  which 
t he  p a r t i c l e s  were followed during t h e  whole ex- 
t r a c t i o n  process. Below w i l l  be given explanat ions 
f o r  t he  behaviour of t he  p a r t i c l e s  during t h e  ex- 
t r a c t i o n  process and f o r  t h e  c press ion  of t h e  
energy spread t h a t  t akes  placegy. F i n a l l y  i t  w i l l  
be shown how a l a rge  gain i n  ex t r ac t i on  e f f i c i en -  
cy, keeping t he  small  energy spread,  can be accom- 
pl ished by an adequate choice of t he  i n t e r n a l  c i r -  
c u l a t i ng  beam parameters. 

The beam ex t r ac t i on  of the  Uppsala synchro- 
cyclotron 

I n  1955 t he  beam was success fu l ly  ex t rac ted  
from the  cyclotron by adopting a non-linear re- 
genera t ive  system. The ex t r ac t i on  was considered 
t o  s t a r t  a t  a radius r = 100 cm, and t he  beam 

g had t o  pass a magnetic r i dge  of  about 12 cm r a d i a l  
width before  i t  could s p i r a l  out .  The maximum use- 
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f u l  rad ius  was 102 cm where t h e  f i e l d  index n = 
0.2. Af te r  passing a magnetic channel a t  r = 108 
cm t h e  phase-space d i s t r i b u t i o n  of t h e  beam was 
changed by two "focusing channels" i n  the  f r ing ing  
f i e l d ,  a s  i s  shown i n  f i g .  1. The ex t r ac t i on  sy- 
stem i s  found t o  be very energy s e l e c t i v e  and only 
a small  f r a c t i o n  of t he  i n t e r n a l  c i r c u l a t i n g  beam 
passes.  Typical ly,  t h e  energy spread i s  13  MeV 
FGJHM a t  180 MeV, as  was measured by using t h e  cy- 
c l o t ron  magnet as  a 180' analyzer .  The energy 
spread i n  t h e  ex t e rna l  beam has been measured t o  
be not  more than 0.2 MeV FWHM, and t he  ex t r ac t i on  
e f f i c i ency  is normally 1 %. Hov~ever, by changing 
t he  ion  source condit ions y i e ld ing  a reduced in- 
t e n s i t y  of t h e  i n t e r n a l  c i r c u l a t i n g  beam, t h e  ex- 
t r a c t i o n  e f f i c i ency  can be increased t o  a few per- 
cent .  Separate  measurements have shown t h a t  t h e  
energy spread i n  t he  i n t e r n a l  c i r c u l a t i n g  beam i s  
decreased under these  condit ions.  These measure- 
ments i nd i ca t e  t h a t  t he  ex t r ac t i on  system accepts  
only r e l a t i v e l y  small  amplitudes of t he  r a d i a l  
o s c i l l a t i o n ,  as  w i l l  be shown t o  some ex ten t  be- 
low. The ex t e rna l  cyclotron beam i s  brought through 
an evacuated tube of about 20 meters length t o  t he  
experimental a rea ,  where t h e  beam can be focused 
by a guadrupole p a i r  t o  a c ross  s ec t i on  of about 
10 mm . The emit tance i s  about 230 mm.mrad i n  
both planes,  and the  i n t e n s i t y  i s  normally 5.10 
protonslsec.  

Median plane motion 

Assume t h a t  t h e  regenera tor  f i e l d  and t h e  
f r i ng ing  f i e l d  s t a r t  a t  t h e  same radius r The 
rad ius  of t h e  equil ibr ium o r b i t  f o r  a p a r f i c l e  mov- 
ing i n  t he  f i e l d ,  and t h e  amplitude and angular  
frequency of t he  be t a t ron  o s c i l l a t i o n  a r e  denoted 
by ro, pm and w respec t ive ly ,  where wr i s  given 
by 

r9  

The maximum r a d i a l  outswing ( ro  + pm) a t  azimuth 
0 w i l l  precess around t h e  magnetic c en t r e  of  
tRe cyclotron and t he  same holds f o r  t h e  o r b i t  
c en t r e  P. The locus of t h e  precession of  P i s  
e s s e n t i a l l y  a c i r c l e  with rad ius  p (l-n). 
As  soon as  t h e  regenera tor  f i e l d  s p a r t s  t o  in- 
f luence t he  p a r t i c l e  motion f o r  some value 
8 < 0 0 being t h e  regenera tor  azimuth, t h e r e  r' r ig a c e r t a l n  increase  i n  p per  tu rn ,  as  i s  shown 
i n  f i g .  2. I f  t h e  part iclemhas not  penetrated 
enough, P w i l l  " s l ip"  pas t  t he  regenerator  azi-  
muth and pm s t a r t s  t o  decrease. Due t o  t he  succes- 
s i ve  increase  i n  r caused by t h e  acce le ra t ion ,  
t h e  regenerator  a c t i on  i s  on t h e  average s t ronger  
f o r  em > er than  f o r  em er, and t h i s  implies  
t h a t  a s l i p  through t h e  regenerator  always causes 
a ne t  decrease i n  p which w i l l  somewhat a f f e c t  m' 
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t he  energy compression, a s  w i l l  b e  discussed 
l a t e r .  The most c r i t i c a l  passage a t  t he  regene- 
r a t o r  i s  when 60 t h e  t o t a l  s l i p  i n  em per t u rn ,  
i s  almost zero. % i s  gives a slow precession du- 
r i ng  which much energy i s  gained, i . e . ,  r in- 
c reases  thus giving a s t r ong  regenerator  h i o n  
fo r  0 > 8 and a considerable decrease i n  pm. r ~ u r i n t  t h e  l a s t  s t age  of t he  ex t r ac t i on  t h e  mo- 
t i o n  of the  p a r t i c l e s  is s t rongly  locked i n  phase 
by t he  ex t r ac t i on  system, i . e . ,  em i s  f ixed  a t  
some value ef (€lf < e r ) .  The motion of 0 (or  P) 
towards ef can proceed i n  mainly two d iTferen t  
ways. For p a r t i c l e s  experiencing a r e l a t i v e l y  
weak regenera tor  ac t ion  60 -+ 0 f o r  ef < em< 8 
which means t h a t  emwill dgcrease and r e tu rn  E: 
0 , giving the  motion of P i n  t he  pme-plane t h e  
c g a r a c t e r i s t i c  form of a "knee". For p a r t i c l e s  
experiencing a r e l a t i v e l y  s t rong  regenerator  
ac t ion ,  68 i s  always pos i t i ve  and em approaches m ef from smaller  values,  which gives a more 
"s t ra igh t"  ex t rac t ion .  This  can be seen i n  f i g .  3, 
which i s  a r e s u l t  of a computer run. P a r t i c l e s  A 
and B belong t o  t h e  l a t t e r  category and D and E 
t o  t h e  former. 

In t he  following i s  developed a theory f o r  
t h e  motion of t h e  o r b i t  c en t r e  P. We s t a r t  a t  
t he  moment t he  p a r t i c l e  c rosses  r on t h e  entran- 
ce t o  t h e  l i n e a r  f i e l d  region andgassume t h a t  
t h i s  happens a t  0 = er. One revolu t ion  l a t e r  t h e  
p a r t i c l e  w i l l  experience regenerator  a c t i on  and 
pm w i l l  increase  by an amount of 60,. The quan- 
t l t y  6pm/6 , expressed a s  a funct ion of t h e  

= ro - r 8 and pm, determines how 
s t rongly  t he  ex t r ac t&  s%ts  i n ,  and, a s  t h e  re- 
generat ion process i s  cumulative, t h e  value of 
6pm/pm should give a good i dea  of t h e  subse- 
quent motion of P. For p a r t i c l e s  with t he  same 
6pm/pm the  t r a j e c t o r i e s  described by P w i l l  be 
approximately uniform, i f  an e s s e n t i a l l y  con- 
s t a n t  a cce l e r a t i ng  voltage (small phase o sc i l -  
l a t i ons )  i s  assumed. I n  order  t o  ge t  an expres- 
s ion  f o r  6p /p we def ine  X = r - r and 
ed = 8 - 8:. ?!f v i s  t h e  betatrongfrequency r 
corresponding t o  tRe equil ibr ium o r b i t  r t h e  
increase  i n  0 due t o  t h e  precession i s  0' 

m 

The rad ius  of t h e  precession c i r c l e  i s  p (l-n) = 
p v2 and consequently t h e  vec tor  5 i n  Pig. 2  .m o 1s  

After  one revolu t ion  t he  outswing X i n  t h e  re- 
generator  becomes 

X = 2 s  v. (l-vo)pm s i n  ed + 6ro (2) 

as can be found from f i g .  2. The f i r s t  term is 
thus caused by t he  precession and t h e  second 
term i s  the  increase  i n  ro due t o  acce le ra t ion .  
The increment &pm, caused by a regenerator  of 

s t r eng th  Tx + Wx2 (z2 i n  f i g .  2) i s  roughly r 

6 pm = (Txr + ~ x f )  s i n  0 d 

I n se r t i ng  eq. (2) i n  eq. (3) gives h e g l e c t i n g  t he  
second order  term i n  6ro) 

2 €ipm/pm = Tc s i n  ed 3 
1 

+ wc;pm s i n  ed + 

+ 6 r  (L . s i n  ed + 2clW sinLed) (4) 
Pm 

where 

The f i r s t  and second terms i n  (4) a r i s e  from the  
l i n e a r  and quadra t ic  terms, respec t ive ly ,  of the  
regenerator  s t rength .  The t h i r d  term represen ts  
t h e  cont r ibu t ion  due t o  t he  acce le ra t ion .  Since 
6 r o  i s  small compared t o  T, W and c it i s  seen 
t h a t  t he  t h i r d  term i s  important only f o r  small  
pm. Graphs of 6pm/pm f o r  pm = 0.2 cm and 1.0 cm 
a r e  shown i n  f i g .  4. The r e l a t i o n  a t  t he  s t a r t i n g  
moment between b,pm and ed can be found from geo- 
me t r i c  consideration: which y i e ld  

- b  cos ed = - 2 . v. 
and t h i s  r e l a t i o n  i s  shown i n  f i g .  5 wi th  b a s  
parameter. Lines of constant  value of 6p /p i n  
f i g .  4 give a r e l a t i o n  between p and t3 matmthe 
po in t s  of i n t e r s ec t i on  with t h e  t u rve s  B l o t t i n g  
these  po in ts  i n  f i g .  5 and jo in ing  poin ts  of 
constant6pm/ p one ge t s  what may be  regarded as  
equ ipo t en t i a l  '9evels f o r  t he  r e l a t i v e  s t r eng th  
of t he  regenerat ion.  One of t he se  l eve l s  forms 
the  th reshold  between s l i p  and knee motion. I n  
f i g .  5 t he  pos i t i on  of t h e  o r b i t  c en t r e  f o r  a 
sample of numerically t raced  p a r t i c l e s  i s  marked 
when xr = 0, i .e. ,  when t h e  p a r t i c l e s  r e en t e r  t h e  
l i n e a r  f i e l d  a t  t h e  regenerator .  Dots i nd i ca t e  
t h a t  s l i p  motion w i l l  follow and c i r c l e s  and 
t r i a n g l e s  i nd i ca t e  knee and s t r a i g h t  ex t rac t ion ,  
respec t ive ly .  I n  order  t o  t r a c e  some i n t e r e s t i n g  
p a r t i c l e s  from t h e  s l i p  pos i t i on  t o  t h e  f i n a l  re- 
generat ion s t a t e  i n  t h e  diagram, connecting l i n e s  
have been drawn. Those l i n e s  "cover" t h e  30 - 40 
turns  needed f o r  t h e  l a s t  be ta t ron  cyc le  and they  
show t h e  decrease i n  p assoc ia ted  with a s l i p  
motion. The threshold f e v e l  i n  t h i s  ana ly s i s  i s  
ca lcu la ted  by t h e  computer and i s  shown i n  t h e  
diagram (upper "computed" curve). A s  a comparison 
t h e  a n a l y t i c a l l y  ca lcu la ted  curve i s  a l s o  given, 
t h e  pos i t i on  of  which i s  chosen t o  be common with 
t he  computed curve f o r  pm = 0.6. J u s t  below the  
th reshold  l eve l  t he r e  i s  a c r i t i c a l  i n t e r v a l  where 
t he  p a r t i c l e s  ge t  a slow, a t tenua ted  precession.  
P a r t i c l e s  occuring i n  t h i s  i n t e r v a l  s u f f e r  a con- 
s i de r ab l e  decrease i n  amplitude and an excessive 
energy gain when s l i pp ing  and even i f  a l l  t h e  
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incoherent p a r t i c l e s  i n  t h e  i n t e r n a l  c i r c u l a t i n g  
beam i n i t i a l l y  have t h e  same r a d i a l  amplitude, 
it i s  impossible t o  avoid a range of amplitudes 
(almost down t o  zero) ,  when t he  p a r t i c l e s  f i n a l l y  
regenerate .  This gives r i s e  t o  an increased ener- 
gy spread i n  t he  beam. The motion of P, f o r  some 
r ep re sen t a t i ve  p a r t i c l e s  A, B, D and E has a l -  
ready been shown i n  f i g .  3 and t he  same p a r t i c l e s  
a r e  marked i n  f i g .  5. Note t he  s t r ong ly  pronoun- 
ced knee motion f o r  p a r t i c l e  E, which s t a r t s  j u s t  
above the  s l i p  threshold,  and turns  a t  8 = 8 . 
Consequently f o r  small  amplitudes pa r t i cye s  cfo- 
s e r  t o  t h e  threshold can be  captured although 8 
has passed er. P a r t i c l e  A, f i r s t  appearing i n  tRe 
c r i t i c a l  i n t e r v a l ,  s l i p s  and i s  l a t e r  on extrac-  
t ed  s t ra igh t ly .The  curve def in ing  t he  lower l i m i t  
of t h i s  i n t e r v a l  i s  computed f o r  p a r t i c l e s  having 
a s l i p  of 2.8'1turn when P passes er. 

An acce l e r a t i ng  vol tage  of 20 kV gives an 
average increase  i n  b of about 0.35 cm per  beta- 
t ron  cycle.  A p a r t i c l e  acce le ra ted  with a lower 
vol tage has a slower "motion" through t he  s l i p  
region towards t he  ex t r ac t i on  region (above t h e  
threshold)  which can be found from f i g .  5. This 
e f f e c t  increases  t he  p robab i l i t y  of g e t t i n g  t h e  
p a r t i c l e  i n t o  t he  c r i t i c a l  i n t e r v a l ,  which gives 
r i s e  t o  an uncontrol led energy spread during t he  
ex t r ac t i on  process. Hence, l a rge  phase o s c i l l a -  
t i o n s  a r e  disadvantageous. 

Energy compression 

In order  t o  understand t he  f ac to r s  causing 
t h e  energy compression during t h e  ex t r ac t i on  we 
d iv ide  t h e  whole regenerat ion process i n  two p a r t s  
The f i r s t  includes t he  p a r t i c l e  motion t o  t h e  
f i n a l  regenerat ion s t a t e ,  and t he  second t h e  
f i n a l  regenerat ion (knee o r  s t r a i g h t ) .  During 
the  f i r s t  p a r t  t h e  energy i s  compressed due t o  
t he  f a c t  t h a t  p a r t i c l e s  with l a rge r  amplitudes 
make more precession cycles ,  which can be found 
from the  pos i t i on  of t h e  threshold l e v e l  i n  f i g .  
5. For example two amplitudes 0.2 and 
1.0 a, i n i t i a l l y  d i f f e r i n g  0.8 cm i n  ro, can 
d i f f e r  from 0.35 t o  0.65 i n  ro when t he  knee re- 
gion i s  reached. During t he  second p a r t  o f  t h e  
regenerat ion s t a t e  energy compression occurs f o r  
p a r t i c l e s  having t h e  same amplitude (o r  ly ing  
within a narrow band of p ) while a c e r t a i n  de- 
compression takes  p lace  i'P a l a rge  range of 
amplitudes a r e  presen t .  This can be found from 
eq. (4). I f  pm " const  ., 6pm increases  with ed, 
i.e., with ro and thus  particles with l a rge  
energy escape a f t e r  fewer tu rns .  I f  8 " const . ,  
6pmw pm (approximately) and thus  pa r e i c l e s  with 
l a rge r  pm escape f a s t e r .  But s i nce  ed =const .  
means a smal le r  r f o r  increas ing  pm ( f i g .  5) 
we conclude t h a t  t h e  energy d i f fe rence  between 
p a r t i c l e s  with small  and l a rge  pm has increased 
when escape occurs. This decompression, however, 
i s  smaller  than t h e  compression during t h e  f i r s t  
p a r t  of t he  regenerat ion and hence t he r e  i s  i n  
general  a n e t  energy compression which i s  l a r g e r  
t h e  samller  i s  t h e  range i n  pm when t h e  f i n a l  
regenerat ion s t a r t s .  

Numerical r e s u l t s  

In t h e  program s e t  up i n  order  t o  s tudy the  
p a r t i c l e  no t ion ,  acce le ra ted  p a r t i c l e s  a r e  fo l -  
lowed from the  i n s t a n t  t h e  maximum r a d i a l  out- 
swing reach= r = r . Due t o  t h e  incoherent  ra- 
d i a l  amplitudes, t f i i s  can occur a t  any azimuth 
8 i. The acce l e r a t i on  and t h e  motion i n  e l e c t r i c  
DRase space a r e  included. The e l e c t r i c  phase a t  
s t a r t ,  t h e  synchronous phase and t h e  phase o sc i l -  
l a t i o n  amplitude, a s  wel l  as  t he  dee vo l tage ,  a r e  
parameters of t h e  program. Thus one has complete 
freedom i n  choosing t he  i n i t i a l  condit ions.  The 
magnetic f i e l d s  a r e  approximated by a n a l y t i c a l  
funct ions.  The f r i ng ing  f i e l d  i n  t h e  median plane 
i s  described by a hyperbola and t h e  regenerator  
f i e l d  by a parabola given by LeCouteurcs para- 
meters T = 0.2 and V = 0.08. The azimuthal d i s t r i -  
but ion of t h e  regenera tor  f i e l d  i s  rec tangular  
("hard edge") and has a length of 12' (21 cm). I n  
f i g .  6 pm as  a funct ion of t he  number of t u rn s ,  
N, i s  shown f o r  6 p a r t i c l e s  with represen ta t ive  
i n i t i a l  amplitudes, a l l  p a r t i c l e s  s t a r t i n g  with 
P a t  t h e  same azimuth. A maximum energy gain per  
t u r n  of 40 keV and an e l e c t r i c  phase a t  s t a r t  of 
50° y i e ld  t he  equil ibr ium o r b i t  expansion Aro(N), 
which i s  s l i g h t l y  curved due t o  t h e  phase o sc i l -  
l a t i on .  P a r t i c l e  A s t a r t s  t he  f i n a l  regenerat ion 
when N = 10. Because B - F s t a r t  a t  t h e  same 
azimuth a s  A, they  a r e  a l l  inf luenced by t he  re- 
generator  when N = 10, a t  which time B- F a r e  
wel l  below t h e  threshold.  Therefore they make 
another precession cycle,  a f t e r  which they reen- 
t e r  a t  N = 40 and experience a s t ronger  regene- . r a t o r  a c t i on  than  previously because of t h e  in- 
c rease  i n  r due t o  t he  acce le ra t ion .  Now B - E 
regenerate  Ghile  F, j u s t  below t h e  threshold,  
s l i p s  over t h e  regenera tor  f o r  a new be t a t ron  
cycle.  Therefore t h e  precession i s  slow a t  t h e  
passage, and due t o  t h i s ,  p a r t i c l e  F f i n a l l y  re- 
generates  with a comparatively g r ea t e r  energy 
increase  than t he  o the r  p a r t i c l e s .  It can be 
seen from t h e  t a b l e  i n  f i g .  6 t h a t  an i n i t i a l  
energy d i f f e r ence  of 2.83 MeV i s  reduced t o  
1.60 MeV f o r  t he  p a r t i c l e s  A - F. I n  f i g .  7 t h e  
corresponding p (8  ) p l o t s  a r e  shown. P a r t i c l e  
A, having an expraGrdinary knee motion, spends 
about 40 t u rn s  i n  t h e  f i n a l  regenerat ion s t a t e .  
P a r t i c l e  B regenerates  s t r a i g h t  i n  around 15 
turns .  The o ther  p a r t i c l e s  exh ib i t  knees of 
d i f f e r e n t  magnitudes. For a l l  of them em app- 
roaches ef asymptot ical ly.  

Due t o  t he  incoherent  r a d i a l  o s c i l l a t i o n s  
and due t o  d i f f e r e n t  a cce l e r a t i on  h i s t o r i e s ,  
pa r t i c l e swh ich  i n i t i a l l y  had t h e  same amplitude 
can s t a r t  t h e  f i n a l  regenera t ion  with a range 
of r -values. I f  rol i s  t he  value of r a t  t h i s  
momegt, t h e  number of tu rns  N I  needed ?or a par- 
t i c l e  t o  escape depends on ro a s  explained 
e a r l i e r .  A small  rol was found t o  correspond t o  
a l a rge  M1 depending on t he  knee motion. Hence it 
i s  expected t h a t  t he  energy spread due t o  d i f f e -  
r en t  e n t r y  values of  rol could be made small  by 
a proper  choice of t he  acce l e r a t i ng  voltage.  Lar- 
ge phase o s c i l l a t i o n s ,  y i e ld ing  a l a rge  range of 
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r a r e  c e r t a i n l y  harmful i n  t h i s  respec t .  The 
0' 

quan t i t a t i ve  behaviour i n  t h e  f i n a l  regenerat ion 
s t a t e  i s  b e s t  seen from t h e  N ( r  ) diagram i n  
f i g .  8. The diagram has been ionghructed using 
t he  da t a  co l lec ted  f o r  a number of  incoherent par- 
t i c l e s  t raced  through t he  ex t r ac t i on  system; 6;: 
has been chosen t o  0.01 cm. The parameter p 
t h e  value of p a t  ro = r A p a r t i c l e  witff rol 

01' 
corresponding To t h e  por t ion  of t h e  curve where 
d r o / d ~  i s  small regenerates  with t h e  cen t r e  of 
curvature making a knee motion i n  t h e  p 8 -plane. 
P a r t i c l e s  s t a r t i n g  t h e  regenerat ion i n  #I% re- 
gion need a r e l a t i v e l y  small 6ro t o  homogenize 
t h e  f i n a l  energies .  The a r b i t r a r y  choice of 6ro 
does no t  appreciably change t h e  Nl(rol) p l o t s ,  
because t he  p a r t i c l e  t r a j e c t o r i e s  a r e  no t  very 
s e n s i t i v e  t o  t he  acce l e r a t i on  vol tage ,  when t h e  
regenerat ion i s  once i n i t i a t e d .  On the  o the r  hand, 
t h e  f i n a l  energ ies  a r e  a f fec ted  g r e a t l y  by t h i s  
choice. P a r t i c l e s  occurr ing on t h e  por t ion  of 
t h e  curves, where dro/dN i s  l a rge ,  regenera te  
s t r a i g h t .  P a r t i c l e s  en t e r i ng  with t he se  l a rg e  
r need between 15-20 t u rn s  t o  regenerate .  I n  
ogaer t o  ge t  a homogenimd f i n a l  energy, 56 kV 
dee vo l tage  w i l l  be needed i n  t h i s  region. This  
i s  too  high a vo l tage  fo r  a synchrocyclotron. We 
conclude, therefore ,  t h a t  t h e  usefu l  energy ho- 
mogenzing occurs mainly because of t h e  knee mo- 
t i o n .  P a r t i c l e s  making knee motions need r e l a t i -  
ve ly  small vol tages t o  compensate f o r  t h e  energy 
spread due t o  t he  d i f f e r e n t  en t ry  values of r . 
The N ( r  ) p l o t s  a r e  no t  shown above El = 36:' 1 01 a t  which number t h e  r values a r e  approximately 
0.01 cm l a rge r  than tgose  of t he  asymptotes which 
a r e  found f r m  t h e  threshold equipoten t ia l  l i n e  
i n  f i g .  5. 

The median plane motion program does n o t  
account f o r  t h e  good energy s e l ec t i on  of t h e  ex- 
t r a c t i o n  system i n  t h e  Uppsala machine. A channel 
1 cm wide w i l l  t r ansmi t  t he  p a r t i c l e s  B, C ,  E ,  F 
a s  i s  shown i n  the  emittance diagram i n  f i g .  9 ,  
and from t h e  t a b l e  i n  f i g .  6 t h e  t o t a l  energy 
spread i s  found t o  be 1.4 MeV, whit11 i s  more than 
t h e  corresponding value of t he  measured 0.2 MeV 
FWI-ET. I n  order  t o  expla in  t h e  good energy selec-  
t i o n  t h e  v e r t i c a l  motion must c e r t a i n l y  be in- 
cluded. Also r e c a l l i n g  t h e  f a c t  t h a t  t h e  ex te rna l  
proton energy i s  c l o se  t o  t h e  h ighes t  poss ib le  de- 
termined by tlre B . r  product ,  1.e conclude t h a t  on- 
l y  p a r t i c l e s  with small r a d i a l  amplitudes a r e  ex- 
t r a c t e d .  

Choice of t h e  i n t e r n a l  c i r c u l a t i n g  beam 
parameters 

The choice of t he  proper ranges of r a d i a l  
amplitudes and dee vol tages y ie ld ing  a l a rg e  duty 
cycle and a good energy homogeneity i s  based on 
t he  following considerat ions.  Three r a d i a l  ampli- 
tudes 0.2, 0.4 and 0.6 cm a r e  examined. Smaller 
amplitudes than 0.2 cm a r e  not  l i k e l y  t o  occur and 
a largerrange of amplitudes w i l l  not  be su f f i c i en t -  
l y  compressed. A sample of p a r t i c l e s  with the  
chosen amplitudes and wi th  uniformly d i s t r i b u t e d  
values of ro a r e  shocln i n  f i g .  10. The r values 
below th e  rl l i n e  a r e  i n i t i a l l y  a t  8 = 8 one m r be ta t ron  cycle p r i o r  t o  f i n a l  regenerat ion.  Three 

acce l e r a t i n g  voltages a r e  examined and f o r  a l l  
poss ib le  combinations of amplitude and vol tage  
t h e  c r i t i c a l  i n t e r v a l s  a r e  marked (dashed re- 
gions) .  Here r = r denotes t h e  th reshold  and 
r = rl t he  vafue wiich g ives  a s l i p  &Bm of 
2?8°/turn, when-6 = 8 . This means a damping 
of t h e  amplitude Fy ro6ghly 20 %, considered t o  
be a t o l e r ab l e  l i m i t .  The p a r t i c l e s  occurr ing in- 
s i d e  t h e  c r i t i c a l  i n t e r v a l  regenera te  with f i n a l  
energies  which a r e  impossible t o  cont ro l .  The 
c r i t i c a l  i n t e r v a l s  increase  f o r  l a r g e r  r a d i a l  
amplitudes, and smal le r  vol tages.  Each p a r t i c l e  
i s  represented by a t h r e e  charac te r  index of 
which t h e  f i r s t  denotes t h e  i n i t i a l  r a d i a l  ampli- 
tude, t h e  second gives t h e  d i s t r i b u t i o n  of equi- 
l ibr ium o r b i t s ,  and t h e  t h i r d  index i s  r e l a t ed  
t o  t h e  vol tage.  Af te r  one be t a t ron  cyc le  the  
p a r t i c l e s  appear above r with ro = r The 
r values a r e  c a l cu l a t e2  by adding t e e  egu i l i -  
0 l b r i m  o r b i t  expansion during t h e  l a s t  be ta t ron  

cycle t o  t he  ro values below th e  c r i t i c a l  i n t e r -  
va l .  The vol tage  has t o  be kept  s u f f i c i e n t l y  low 
i n  order  t o  avoid a l a rge  increase  i n  ro, i . e .  
t o  prevent t h e  p a r t i c l e s  from reaching regions 
i n  t h e  N ( r  ) diagram where d r  /dN i s  l a rge  
( s t r a i g h t  e g i r a c t i o n )  . On t h e  o th e r  hand, t h e  
vol tage must be high enough f o r  a s  many par- 
t i c l e s  a s  poss ib le  t o  avoid t he  c r i t i c a l  i n t e r -  
v a l .  Furthermore, a l a r g e  range of vo l tages  i s  
required t o  y i e ld  a good duty cycle.  This, how- 
ever ,  i s  i n  cont rad ic t ion  wi th  t h e  need f o r  a 
constant  vo l tage  a s  6 r  should be equal  t o  
d r o / d ~  t o  compensate f g r  t h e  d i f f e r e n t  values 
of r . The dee vol tages 14.4, 10.8 and 7.2 kV 
haveo6een chosen with t he  mentioned f a c t s  i n  mind. 
They correspond t o  6ro equal  t o  0.01, 0.0075 
and 0.005 cm, respec t ive ly .  It i s  now poss ib le  
t o  c a l c u l a t e  t h e  f i n a l  energ ies  as  t h e  remaining 
t u rn s  N a r e  known from f i g .  S. Since t h e  values 
of p i n  t h e  f i gu re  a r e  c l o se  t o  t h e  amplitu- 
des geeing inves t iga ted ,  t h e  curves a r e  q u i t e  
represen ta t ive .  The ca lcu la ted  f i n a l  energies  
a r e  shown i n  f i g .  11. A s  expected t he r e  is a s  
energy spread due t o  t h e  r a d i a l  amplitudes. The 
l a r g e  vo l tage  values appear t o  be l e s s  usefu l  
than t h e  small  values.  For a c e r t a i n  amplitude 
t he r e  i s  a c o r r e l a t i on  between f i n a l  energy and 
voltage.  This can be seen as  a duty cyc le  l i m i -  
t a t i o n ,  which can be p a r t l y  overcome i f ,  f o r  
example, t h e  two amplitudes 0.4 and 0.6 cm a r e  
chosen and i f  t he  l a r ge s t  vol tage value i s  ex- 
cluded. This y i e ld s  a gross ex t r ac t i on  e f f i c i en -  
cy of 40 % f o r  an energy spread of 300 keV. A 
duty cycle of 21 % i s  given by t h e  usefu l  vol- 
t age  range 7.2 - 10.8 kV. I n  t h i s  i nves t i ga t i on  
t he  l o s s  t o  t h e  magnetic channel has been neg- 
l e c t ed .  This l o s s  should, however, no t  be more 
than 50 %. 
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F i g .  1. Lay o u t  o f  t h e  e x t r a c t i o n  s y s t e m  
f o r  t h e  U p p s a l a  S y n c h r o c y c l o t r o n .  

F i g .  2 .  Mot ion  of  c e n t r e  o f  c u r v a t u r e s  
( P )  d u e  t o  p r e c e s s i o n  (F1) a n d  r e g e n e r -  
a t o r  a c t i o n  ( F 2 )  d u r i n g  o n e  r e v o l u t i o n  
f o r  t h e  c a s e  O ,cQr .  P ' i s  t h e  new po- 
s i t i o n  o f  t h e  o r b i t  c e n t r e .  
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Fig. 3. p m(@,,) plots in the final re- 
generation state. 

Fig. 4. Curves showing relative increase 
in amplitude due to regenerator action as 
a function of 8d withp, as parameter. 

Slip 
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Fig. 5. Bd(pm)-plots with b as parameter 
when regenerator action starts (X, = 0 ) .  
Solid curves indicate the relations 
between b, 8d and,,. Final regeneration 
occurs above the crltical interval. 
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F i g .  6 .  P , ( N )  p l o t s .  E i  = i n i t i a l  e n e r g y .  
Ef = f i n a l  e n e r g y .  

August 

F i g .  8 .  N l ( r o l )  w i t h  p m l  a s  p a r a m e t e r .  

- 
1060 1070 l080 m m - ,  

F ~ E .  9 .  a )  R a d i a l  emmi tance  f o r  p h r t i c l e s  
A - F  om F i g .  7 .  

F i g .  7 .  p m ( O n )  p l o t s  i n  t h e  f i n a l  r e -  
g e n e r a t o j - o n  s T a t e  f o r  t h e  p a r t i c l e s  i n  
F i e .  6 .  

Proceedings of the International Conference on Isochronous Cyclotrons, Gatlinburg, Tennessee, 1966

B-009 Reprinted from IEEE Transactions on Nuclear Science NS-13 (4), Aug 1966 c© IEEE 1966



1 9 6 6  KULLANDER, ET AL: REGENERATIVE BEAM EXTRACTION 

P,: 0.40 cm Pmi= a60 cm 

U Q75U 05U U 0.75U Q5U U a75U 0.W 

F i g .  1 0 .  L e v e l  d iagram f o r  e q u i l i b r i u m  
o r b i t s  f o r  t h r e e  d i f f e r e n t  a m p l i t u d e s  
and a c c e l - r a t i n g  v o l t a g e s  . 

DISCUSSION 

HAGEDOORN: Are  you concerned about improve- 
ments  in the cen t ra l  region of the cyclotron to 
improve the beam quality? 

SVANHEDEN: Yes, certainly.  Wednesday I will 
p resen t  a paper about our  plans fo r  conversion of 
our  cyclotron. We plan to use  a calutron ion 
source ,  to p rogram al l  the accelera t ion p rocess  
with puller s l i t s ,  and to combine sector  focusing 
and v e r y  smal l  rf band width. If you modulate the 
rf so a s  to keep the phase constant d u ~ i n g  the 
whole acceleration p rocess ,  you may  end up with 
smal l  radia l  a s  well a s  smal l  phase oscil lat ions.  
That should provide for  high extraction efficiency 
f r o m  such machines.  

F i g .  11. The f i n a l  e n e r g y  d i s t r i b u t i o n  f o r  
t h e  p a r t i c l e s  a r r i v i n g  a t  t h e  m a g n e t i c  
channe l .  
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