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The P h i l i p  AVF ~ ~ c l o t r o n ' ~ ' , ~ r ~ )  is an a l l - p a r t i c l e  cyclotron with a three- 

s e c t o r  spi ra l - r idge f ie ld .  Its ex t rac t ion  system which s h a l l  be described here, is 
1 based on the same p r inc ip le  as i n  the  Berkeley 88" CyclotronS . We acce le ra te  through 

the  vr = 1 and vr = 2 v resonances, and d e f l e c t  the  beam with an  e l e c t r o s t a t i c  z 
channel, the shape and the e f f io iency  of which a r e  acquired by a graphical  ana lys i s  of 

computed orbits .  

P a r t i c l e s  w i l l  be accelera ted  as f a r  as the  f i e l d  isochronism permits and 

extracted at a rad ius  well  beyond the resonanaes. The ex t rac t ion  system uses two 

separa te  e l e c t r o s t a t i c  channels, a s  shown i n  Fig. 1 of paper 1-7, p 43. Each channel 

has four adjustments f o r  shaping them according t o  the  shape of the  orbit .  The 

maximum d e f l e c t o r  f i e l d  fo r  25 MeV protons is about 50 kV over 5 nrm, The beam then 

j u s t  passes the cyclotron yoke. After  the second channel the  beam t raverses  about 

15  cm of f r i n a  f i e l d  before enter ing a 25 cm1 long hor izon ta l ly  focusing and v e r t i c a l l y  

defocusing magnetic channel. It is about 1,5 mean gaps away from t h e  last tu rn  i n  the  

cyclotron, wherefore i ts  influence on the  f i e l d  i n  t h i s  region is  negligible. 

Three magnetic quadrupole lenses  of ape r tu re  5.5 cm a r e  used f o r  focusing the 

external  beam i n t o  a spot about 2 m beyond the last lens. The f i r s t  two a r e  focusing 

and t h e  t h i r d  defocusing ve r t i ca l ly .  Despite t h e i r  narrow aper ture  the beam l o s s  is  

smal l. 

Comwter Pro~rammes 

To inves t iga te  the o r b i t  proper t ies  i n  the  ex t rac t ion  region we have ava i l ab le  

a number of computer programes2). We use three d i f f e r e n t  s e t s  of d i f f e r e n t i a l  

equations. Set I descr ibes  the median plane motion i n  polar  coordinates r (4 ) ,  

In s e t  I1 the l inea r i sed  v e r t i c a l  motion is described, and the influence of the 

horizontal  on the v e r t i c a l  motion taken i n t o  account. Set  111 descr ibes  the small 

horizontal  devia t ions  around a solut ion of s e t  I. The s e t s  I1 and I11 a r e  l i n e a r ,  

which has the advantage t h a t  so lu t ions  can be added t o  form new solutions. 

A general  vector so lu t ion  X(4) of s e t  I11 is represented by a l i n e a r  combination 

X(4) = hqX1 (4 )  + h2X2(9) of two independent solutions.  

Each o r b i t  R(4) = (r  ) neighbouring a so lu t ion  Ro(4) of s e t  I, is represented by 

R(4) = R o ( 6 )  + X(4). The accuracy is  i l l u s t r a t e d  i n  Fig. 1 where the  f u l l  l i n e  

represents  the r a d i a l  d i f fe rence  versus azimuth of two o r b i t s  found by in tegra t ing  
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s e t  I, and the do t t ed  curve represents  the l i n e a r  combination X(4). 

In the  computer programme the t r a n s f e r  matrix T(4) is  ca lcula ted  from a 

prescribed s t a r t i n g  pos i t ion  %, i.e. X(%) = T(6) X(a0). 

We use the following types of programmes2)i 

Proaramme P7a determines the revolution frequency, the momentum, the energy 

and the hor izonta l  and v e r t i c a l  o s c i l l a t i o n  frequencies a s  functions of the equ i l i -  

brium o r b i t  radius. The input is the measured magnetic f ield.  

Prolramme P7b ca lcu la te s  o r b i t s  fo r  p a r t i c l e s  with a d e f i n i t e  momentum through 

t e n  revolut ions  without acce le ra t ion  (Fig. 4 of Ref. 2)  t o  ge t  a stroboscopic p ic tu re  

i n  the r a d i a l  phase plane. 

Programme P70 oa lcu la te s  fixed-point coordinates as functions of the  p a r t i c l e  

momentum (Fig. 2). 

Programme P7d is used extens ively  f o r  ex t rac t ion  studies.  Here a choice can be 

made of the o r b i t  equations t o  be in tegra ted  : 

1 )  In tegra t ion  of s e t  I is used f o r  inves t iga t ing  the accelera t ion  through vR = 1. 

The accelera t ion  is  s i m l a t e d  by suddenly changing the p a r t i c l e  momentum by a constant  

amount each time i t  passes the dee gap. 

2)  In tegra t ion  of s e t  I and s e t  I1 is  used t o  study the  influence of the horizontal  on 

the  v e r t i c a l  motion of an  accelera ted  p a r t i c l e  a t  v = 2vZ. R 
3 )  In tegra t ion  of a l l  three  s e t s  is used here t o  ca lcu la te  the o r b i t s  i n  the e lec t ro-  

s t a t i c  channel. A de ta i l ed  output comprising two independent so lu t ions  of s e t  I1 and 

two of s e t  I11 is given. The i n i t i a l  input  values a r e  40, r(60), p(60),  the p a r t i c l e  

momentum M, the magnetic f i e l d  and the  per turbat ion  i n  t h i s  f ie ld .  Acceleration is 

not included. 

Acceleration Throu~h  the  Resonances 

A t  a  radius  well  before the resonance region we have s t a r t e d  a number of p a r t i c l e s  

represented by a g r i d  of points  i n  the r a d i a l  phase plane (Fig. 3). The cen t ra l  point 

is  the equilibrium o r b i t  at t h a t  radius. By a f i r s t  harmonio i n  the  f i e l d  or, 

equivalently, an asymmetrio dee gap, the non-linear d r iv ing  force o r ig ina t ing  from the 

3/3 sub-resonance may cause t h i s  g r i d  t o  move during its accelera t ion  through the 

resonance region. &I our oyclotron acce le ra t ion  occurs at two angles  162' apart.  Thus 

we can expect a s h i f t  of the  g r i d  even with no f i r s t  harmonic. The f i r s t  harmonic 

amplitude which oompensates f o r  t h i s  is about 1.6 gauss. 

From Eq. (11.2) i n  Ref. 3 we f i n d  the naximum s h i f t  per  tu rn  : AA S B(C, + DA2/8), 
where Cl is t h e  r e l a t i v e  amplitude of the f i r s t  harmonic, D the oonstant of the non- 

l i n e a r  sub-resonance, A the r e l a t i v e  amplitude of the r a d i a l  o s c i l l a t i o n ,  and AA the 

increase  per tu rn  of t h i s  amplitude. Assuming Cl = 2.10'~, D 3, A e 10-~ (1/2 cm i n  

our cyclotron) we f ind  A 7.4 . 10'~. For a radius  of 50 ern the s h i f t  is about 

0.4 nrm/turn, For a reasonable value of the r a d i a l  amplitude (0.5 cm) the  non-linear 

d r iv ing  force  is very small with respect  t o  the  e f f e c t  of a f i r s t  harnonia. 
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A s  the rad ia l  frequency changes rap id ly  wi th  radius  at  vR = 1, there w i l l  be 

only a few revolut ions  i n  t h i s  dangerous region. Thus we may expect a very small 

increase of the amplitude A. For the compensation of a f i r s t  harmonic, three  

harmonic c o i l s  a r e  available.  These must be exci ted  so t h a t  C* = 0 at vR = 10 

In Fig. 4 the coordinate s h i f t  due t o  acce le ra t ion  through vR = 1 for' a p a r t i c l e  

s t a r t i n g  on the equil ibrium o r b i t  is plot ted  at one azimuth f o r  severa l  values of C l .  For 

C, = 0 there  i s  s t i l l  a s h i f t  caused by the asymmetric dee gap. After  correct ing fo r  

t h i s  with C, = 1.6 gauss, there  remains a small s h i f t ,  which may be due t o  o ther  e f fec t s ,  
1 e.g. the e l e c t r i c  gap crossing resonance which occurs i n  three-sector machines6 . 

C, w i l l  i n  p rac t i ce  be adjusted empirically from the beam character is t ics .  We can 

conclude tha t  the vR = 1 resonance is  not too dangerouso 

The p a r t i c l e s  then cross  the vR = 2v resonance, which is very s e n s i t i v e  t o  
z 

small r a d i a l  amplitudes. In Ref. 5 equations f o r  the amplitudes of the o s c i l l a t i o n s  

i n  t h i s  region a r e  given, together with a condit ion fo r  the magnetic f i e l d  and the 

maximum r a d i a l  amplitude f o r  acce le ra t ion  through t h i s  resonance. In our oyclotron 

t h i s  condit ion is s a t i s f i e d ,  the value of the second de r iva t ive  D" of the  mean f i e l d  

with respect  to  the rad ius  being s u f f i c i e n t l y  small (D" N" -4). With these equations 

a q u a l i t a t i v e  p ic tu re  can be made of what w i l l  happen. 

The v e r t i c a l  motion can be described as a = A ~ ~ ~ z ( ~  * " ~ ( 8 )  + compl. conj. The 

per iodic  Floquet f a c t o r  ~ ( 6 )  can be eliminated by a stroboscopic view a t  v = % + 2 ~ k / 3 .  

A l l  p a r t i c l e s  with t h e  same amplitude A but d i f f e r e n t  phases cp a r e  then found i n  the 

v e r t i c a l  phase plane on an e l l i p s e  ( the e igenel l ipse) ,  the shape of which follorvs from 

P(00 1. 
Due t o  the  acce le ra t ion  the parameters determining F(BO), and thus the shape of 

the eigenellipse, changes. Far from a resonance t h i s  change is adiabat ic ,  i.e. the  

p a r t i c l e s  remain on the momentary e igene l l ipse  (see  upper part of Fig. 5). In the  

resonance region the change is e s s e n t i a l l y  non-adiabatic, and p r t i c l e s  behave 

d i f f e r e n t l y  according t o  t h e i r  phase. After  the  resonance the parameters again  vary 

adibiat ical  ly. The p a r t  i d e s  now l i e ,  however, each on a d i f f e r e n t  e igene l l ipse  (see 

lower part of Fig. 5). A s  a r e s u l t  the cigar-shaped e l l i p s e  on which they l i e  r o t a t e s ,  

giving amplitude maxima at a frequency 2vZ (Fig. 6). 

1Ve used programme P7d(2) t o  study the v e r t i c a l  motion including acce le ra t ion  

along these l ines .  After  the f i r s t  revolut ion the v e r t i o a l  e igene l l ipse  is calcula ted  

and 12 points chosen 15' apa r t  i n  phase. After  eaoh subsequent revolut ion the coordi- 

nates  of these p a r t i c l e s  a r e  given together with the parameters of the new eigen- 

e l l ipse .  The maximum v e r t i c a l  amplitude of the beam, represented by the 12  points,  

is  given every 6'. Thus we can check the assumption of ad iaba t i c  conditions a t  the 

beginning, and follow the v e r t i c a l  motion through the resonance. 
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Fig. 1 The f u l l  l i n e  r ep r e s en t s  the exnct d i f f e r en ce  
between two orbi t s .  The dot ted  l i n e  represents  
the sane d i f f e r en ce  but ca lcula ted  by using two 
independent eolu t ions  of the l i nea r i z e d  horizon- 
t a l  motion. 

Fig. 3 A g r i d  of i n i t i a l  poin ts  i n  r a d i a l  phase plane 
a t  a z i m t h  90 t o  be followed through mony 
revolut ions  by the  co~.~pllter.  Tl~e c e n t r a l  point 
represents  thc  equi l ibr ium orbit .  The morncntum 
of t he  pa r t i c l e s  i s  0.70397 i?b/m. 

Fig. 5 In the  upper case, 12  p a r t i c l e s  a r e  s t a r t c d  on 
the  same v e r t i c a l  e igenel l ipee  ( l e f t ) .  To the  
r i g h t  they a r c  shown a f t e r  some t i m .  Both 
s i t u a t i o n s  a r c  bcfore t h e  resonance re::ion, 
when parameters s t i l l  change adiabat ica l ly .  
In the  lower s e t ,  the same p n r t i c l c s ,  but now 
shown a f t e r  the  resoname region. The 
p a r t i c l e s  non move on d i f f e r e n t  e i gen e l l i p s e s  
(shown do t t e d  f o r  onc pa r t i c l e ) .  

Fig. 2 Var ia t ion  of s t a b i l i t y  t r i a n g l e  with increasing 
momentum i n  three-sec tor  cyclo t ron  near the 
outer  rcgion where v~ passes  1. is the  
momentum mul t ip l ied  by 10'. 4 = 71000. The 
momentum s t c p  is 60. 

Fig. 4 Coordinate s h i f t s  due t o  t r ave r s a l  of the v = 1 
resonance fo r  s eve ra l  values of C,. The o r i i i n  
represents  t he  equilibrium orbi t .  The f i r s t  
harmonic is C, cos (8  - 60'). 

Fig. 6 The v e r t i c a l  beam height  z versus the 
revolut ion  number n. The v s i c a l  frequency 
v, = 0.70 
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The Extraction of the Beam 

A l a rge  ex t rac t ion  rad ius  is  advantageous because then the required voltage on 

the e l e c t r o s t a t i c  channel may be r e l a t i v e l y  low and the p a r t i c l e  energy r e l a t i v e l y  

high. The maximum radius depends s t rongly  on the f i e l d  isochronism. Thid must be 

adjusted so  t h a t  before the  ex t rac t ion  region the p a r t i c l e s  have a pos i t ive  phase (+25') 

and a t  the ex t rac t ion  region a  negative phase (-25') r e l a t i v e  t o  the RF (Big. 7). The 

r a d i a l  frequency at  the ex t rac t ion  is well  below one. 

The d i g i t a l  computer simulates the  e l e c t r i c  f i e l d  i n  the channel by an equivalent  

magnetic f i e l d  decrease AB = V/vdS where V and d  a r e  the channel voltage and gap, and 

v  the p a r t i c l e  velocity.  

To follow the p a r t i c l e s  i n  the ohannel we have used programme P7d (3),  giving 

a l l  information about the o r b i t  eaoh 6'. 

The channel shape is chosen such t h a t  the septum and the  e lec t rode a r e  p a r a l l e l  

t o  the t r a j e c t o r y  of a  p a r t i c l e  s t a r t i n g  on an equil ibrium o r b i t  j u s t  before the ohannel 

entrance. The e l e c t r i c  f i e l d  is chosen such tha t  the  p a r t i c l e s  pass the cyclotron yoke. 

For 26 MeV protons V = 52.5 kV and d  = 5 mm. 

A p a r t i c l e  can only be ext racted i f  i ts  t r a j e c t o r y  r ( 4 )  does not i n t e r s e c t  the 

inner s i d e  Rsl (B) of the septum and ins ide  t h e  channel l i e s  between the outer  s i d e  

Rs2 (B) of the  septum and the W elect rode Rs2 (4)  + d(4),  where d (4 )  is the channel 

width. The channel extends from 4 = 108' t o  216'. Thus the condit ions fo r  ex t rac t ion  

a r e  : l )  During acce le ra t ion  : r ( 4 )  C Rs, ( 0 )  f o r  108' 4  < 216', and 2) In the 

channel : RsE (B) c r(B) c Rs2 (B) + d(4). 

These condit ions can be reduced to  condit ions f o r  the o r b i t  a t  6 = 108' by a  

transformation back t o  t h i s  azimuth using the computed t r a n s f e r  matrices. We i l l u s t r a t e  

t h i s  fo r  the geometry of the channel at B = 150~. The aper ture  (condi t ion 2) is here 

represented by two v e r t i c a l  l i n e s  i n  phase space (Fig. 8  l e f t ) ;  these a r e  transformed 

back t o  the  channel entrance at  B = 108'. The t r ans fe r  matrices used a r e  ca lcula ted  

i n  a  magnetic f i e l d  diminished by AB t o  account f o r  the channel e l e c t r i c  f ie ld .  

The inner septum wall  is a l s o  shown i n  Fig. 8. This is transformed back t o  108" 

i n  the sketch at the  r i g h t  (condit ion 1 )  using t r ans fe r  matrices ca lcula ted  i n  the 

proper magnetic f i e l d ,  not decreased by AB. 

To transform phase space f igures  over one or  more revolut ions  we have not used 

the matrix method as i t  is  not s u f f i c i e n t l y  accurate. Instead a  gr id  (Fig. 3 )  i n  

phase space was followed during many revolutions.  The shadow of t h e  septum wal l s  on 

subsequent revolutions was found by in te rpo la t ion  between g r id  points. 

In Fig. 9 t h e  channel entrance as well as the  beam represented by the g r i d  a r e  

shown a t  108' f o r  a  number of successive revolutions. The beam en te r s  the  d e f l e c t o r  

only a t  revolut ions  29 and 30. For a  l a r g e r  gr id ,  however, more tu rns  w i l l  contribute. 

The channel aper tures  f o r  108O < 6 < 216O a r e  now transformed back t o  108' f o r  

the two values of p a r t i c l e s  momentum corresponding t o  revolut ions  29 and 30. The 
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Fig. 7 Phase  o f  p r t i o l e s  r e l a t i v e  t o  t h e  RP and rn- 
d i a l  f r e q u e n c y  v e r s u s  r e v o l u t i o n  number. 

Fig. 9 The phase  spuce  g r i d  i n  Fig. 3  fo l lowed  d u r i n g  
mnny r e v o l u t i o n s .  n e v o l u t i o n s  24 t o  3 0  a r e  
shown a t  4 = 108'. The sep tum and e l a e t r o d e  
p o s i t i o n s  a r e  shown ( s e e  Fig. 8) .  The septum 
shadow a t  n  = 26 and  n  = 2 8  is r e l l r e s e n t e d  i n  
t h e  subsequen t  r e v o l u t i o n s  by b roken  l i n e s .  
The septum shadow a t  n  = 29 is g i v e n  i n  Fig. 10. 

Fig. 11 L e f t  : Channel op t imized  f o r  h i g h e s t  energy.  
Low-energy channe l  a p e r t u r e  is  c o n s t r u c t e d  
g i v i n g  s m a l l  e f f i e i e n c y  r e l a t i v e  t o  Fig. 10. 
R i g h t  : Channel r e a d j u s t e d  f o r  low energy ,  
g i v i n g  good e x t r a c t i o n  e f f i c i e n c y .  

Fig. 8  L e f t  : Geometry o f  e l e c t r o s t a t i e  c t ~ a n n e l  a t  
4 = 150'. The i n n e r  ( 1 )  and  o u t e r  s i d e  ( 2 )  o f  
t h e  sep tum and t h e  IIV e l e c t r o d e  ( 3 )  a r e  sl!own. 
The c h a n n e l  a p e r t u r e  is r e p r e s e n t e d  by t h e  a r e a  
between t h e  l i n e s  2 and  3. 
C e n t r e  : The o u t e r  s o p t u a  w a l l  and  t h e  e l e c t r o d c  
t r n n s f o r ~ : ~ e d  back t o  t h e  channe l  e n t r a n c e  a t  108". 
The sep tum and  e l e c t r o d e  a t  108" a r e  shown by t h e  
d o t t e d  l i n e s .  Only p a r t i c l e s  between l i n e s  2 
a n d  3 elrn p n s s  t h e  channe l  a t  150'. 
R i g h t  : The i n n e r  sep tum w a l l  t r ans fo rmed  back 
t o  108'. Only p n r t i c l a s b o l o w  t h e  heavy l i n e  can  
be a c c e l e r a t e d  f u r t h e r .  

Fig. 1 0  Upper : The n , e r t u r e  o f  t h e  channe l  a t  s e v e r a l  b az imuths  (108  < 4 < 216') t r ans fo rmed  back t o  
t h e  e n t r a n c e  a t  108' f o r  r e v o l u t i o n s  29 and 30. 
The shaded a r e a  i s  the  a11ertnr.e of t h e  whole 
channel .  The beam is r e p r e s e n t e d  by t h e  d o t t e d  
l i n e s .  
Widdle : The i n n e r  septum w a l l  t r ans fo rmed  back 
t o  108' f o r  r e v o l u t i o n  29 and 30. The shaded 
a r e a  r e p r e s e n t s  p a r t i c l e s  which w i l l  h i t  t h e  
s e p t u n ~ .  
Lower : Shorled n r e a s . r e p r e s e n t  beam go ing  
th rough  t h e  channel .  The channe l  a p e r t u r e  is 
g i v e n  by t h e  marked l i n e s .  The shadow of  t h e  
sep tum at n  = 29 is r e p r e s e n t e d  by t h e  l i n e  
AB i n  t h e  n  = 30 diagram. For  s i m p l i c i t y  t h e  
shadows f rom o t h e r  t u r n s  have been  omi t t ed .  
From Fig. 9 i t  is c l e a r  t h a t  t h e y  r e s u l t  i n  
o n l y  a  s m a l l  l o s s  o f  beam i n t e n s i t y .  
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common a rea  of these represents  the aperture of t h e  whole channel. This is the  

shaded a rea  i n  Fig. 10 uppero Also the inner septum w a l l  is transformed back t o  108' 

pig.  10 middle). It is c lea r  t h a t  no s ign i f i can t  par t  of the beam s t r i k e s  the 

septum internally.  
ir 

The phase plane diagram of revolution 29 shows the pa r t  of the  beam being 

def lec ted and the pa r t  being accelera ted  further.  The l a t t e r  is transformed t o  the  

diagram f o r  revolution 30 (see lower sketch i n  Fig. 10). The t o t a l  phase plane a rea  

of beam traversing the  channel gives the  de f l ec to r  efficiency. 

The method has the  advantage t h a t  n eas i ly  determines the pa r t  of the beam 

s t r i k i n g  the electrode or  septum at  a c e r t a i n  place. Moreover, one immediately sees 

how the channel must be shaped t o  get  a high efficiency.  In most cases we f ind tha t  

it should f l a r e  out somewhat a t  the end, decreasing the  e l e c t r i c  f ie ld .  However, a 

l i m i t  t o  t h i s  is s e t  by the de f l ec t ion  requirements. For lower energies the  de f l ec t ion  

voltage w i l l  not be too high, leaving a g rea te r  freedom t o  vary the channel shape. 

Due t o  magnetic sa tu ra t ion  effectts, there  is i n  a variable-energy machine a deviation 

of the lower energy o r b i t s  r e l a t i v e  t o  those fo r  higher energies. One may expect t h a t  

the low-energy extract ion e f f i c i ency  would be very low. This is i l l u s t r a t e d  by t h e  

very small shaded a rea  (ef f ic iency)  i n  Fig. 11 l e f t ,  oalculated f o r  a lower f i e l d  than 

i n  Fig. 10. To el iminate t h i s  d i f f i c u l t y  we have b u i l t  i n  four posi t ion adjustments 

f o r  each channel. If  co r rec t ly  adjusted a s u f f i c i e n t  ef f ic ienoy can be acquired a l s o  

f o r  lower energies (Fig. 11 right) .  

Ilue t o  the  r a t h e r  low value of the r a d i a l  frequency a t  ex t rac t ion  (vR = 0.75), 

there  may be a large  turn separa t ion for  p a r t i c l e s  which a r e  not  well  centred. This 

enhances the  ex t rac t  ion efficiency.  With 0.5 mm septum thickness and a dis tance  between 

successive equil ibrium o r b i t s  of 2 m, one 

should expect about 25% loss. In f a c t  it 

is about 1% o r  l e s s ,  due t o  the above 

mentioned e f fec to  However, due t o  the  

exc i t a t ion  of t h e  v e r t i c a l  o s c i l l a t i o n s  

a t  v, = 2vz, t h i s  useful  r ad ia l  osc i l l a -  

t i o n  has t o  be small ( c  1/2 am). 

I f  the  phase plane a rea  of the beam 

is large ,  t h e  channel e f f i c i ency  w i l l  be 

small and the energy spread large. In 

Fig. 12 the  ef f ic ienoy is plot ted  as a 

function of t h e  r a d i a l  beam extent. A 
The expected beam spread and 

I 

0 lcm 2cm 
divergence a f t e r  the second e l e c t r o s t a t i c  

Fig. 12 The channel ef f ic iency c versus the horizon- 

channel a r e  0.7 cm and 1 0  hor izonta l ly  tal spread of the beu .  A i s  the radial 
extent of tho i n i t i a l  be- in  Big. 3. 

and 0.5 cm and -1.5' ver t iaa l ly .  Since 
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the  beam must s t i l l  t raverse  some f r inge  f i e l d  the  divergence w i l l  increase. To ' 
reduce t h i s  we have included the magnetic channel with posi t ive  f i e l d  indexo The 

beam f i n a l l y  leaving the cyclotron has a 1 cm horizontal  spread and p r a c t i c a l l y  no 

divergence, and a v e r t i c a l  spread and divergence of 1 cm and 3'. We expect about 

8% of the  beam leaving the  cyolotron t o  be focused i n  a spot  about 2 m beyond the 

last of the th ree  quadrupoles mentioned ear l ier .  
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D IS CUSS ION 

BERKES : Would you please explain i n  a l i t t l e  more d e t a i l  i n  terms of Qr and Q=, the  
most important resonances you a r e  crossing? 

HAQEDOORN : Q, = 1 is the  most important because even a f i r s t  harmonic as  small a s  
1 gauss can give  a 20 or  3% beam loss. 

BWKES : Did you cross  the Qz = 1/3 resonance without losses?  

HAGEDOORN : Once. Our ex t rac t ion  is a t  a place where Q about equals Qr, somewhat z smaller. 

GORDON : Have you oonsidered the  use of a small f i e l d  bump t o  improve the extract ion? 

HAGIEDOORN : We have not considered that ,  but we have t es ted  some f i r s t  harmonics in  
our cyclotron; for example, with a f i r s t  harmonic of 20 gauss a t  d i f f e r e n t  azimuthal 
posit ions the beam was immediately los t .  

TICKLE : You mention roughly a 1 gauss tolerance fo r  crossing through t h e  vr = 1 
resonance. Is tha t  with your f u l l  dee voltage? 

HAGEDOORN : Yes. We have a ra the r  low dee voltage, 

WALKINSHAW : Why d i d  you change from resonant extract ion? 

HAGEDOORN : We made a ca lcu la t ion  f o r  t h e  magnetic bump but the c o i l s  would be large  
and d i f f i c u l t  t o  place within the narrow gap of the cyclotron. We were glad t o  see 
the  p o s s i b i l i t y  of e l e c t r o s t a t i c  extraction. 
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