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Abstract 

Some Parameters determining the beam- 
q u a l i t y  and energy r e s o l u t i o n ,  w i l l  be d i s -  
cussed. 
Experiments have been performed, and r e s u l t s  
w i l l  be shown. 

1 )  In t roduc t ion  

The motion of the  p a r t i c l e s  i n  the  
cyclotroncentre  i s  important f o r  the  q u a l i t y  
of the  beam. 
Misalignments i n  t h i s  r eg ion  e a s i l y  can d i s -  
t u r b  the  beam proper t i e s .  Many a r t i c l e s  have 
been published about the  cyclotroncentre  
(1 , 2 , 3) .  We only w i l l  d i scuss  here  the  in -  
f luence of some parameters on the  p a r t i c l e  
o r b i t s .  Many measurements on the  dimensions 
of the  beam have been performed. We have 
found t h a t  80% of the  e x t e r n a l  beam i n t e n s i t y  
has a  r a d i a l  q u a l i t y  of 10 mmmrad and an 
a x i a l  q u a l i t y  of 20 mmmrad f o r  protons of 25 
MeV. The f u l l  width ha l f  peak value of the  
energy spectrum i s  1/3 $. The compensation 
of f i r s t  harmonic pe r tu rba t ions  by harmonic 
cor rec t ion  c o i l s  i s  important.  F i r s t  harmonic 
pe r tu rba t ions  caused by the  Dee gap c ross ing  
resonance a r e  i n  general  very small  and n o t  
dangerous. 

Both c a l c u l a t i o n s  and experiments i n d i c a t e  
t h a t  cohaerent r a d i a l  o s c i l l a t i o n s ,  caused 
by a  misalignment of the  source of 3  mm, can 
be cor rec ted  i n  t h i s  way. Larger dev ia t ions  
cannot be f u l l y  compensated. One f i n d s  a  
worse beam q u a l i t y  due t o  non-linear e f f e c t s  
( r e f 5 ) .  
Cohaerent o s c i l l a t i o n s  can be observed a f t e r  
many revo lu t ions .  However, due t o  the  H.F. 
phase-width of the  beam, ions  with the  same 
energy can have a  d i f f e r e n t  number of revolu- 
t ions .  Therefore these  i o n s  w i l l  have d i f f e -  
r e n t  r a d i a l  osc i l l a t ionphases  . After  a  l a r g e  
number of r evo lu t ions  cohaerent o s c i l l a t i o n s  
become inobservable,  r e s u l t i n g  i n  a  r ing-  
shaped phase f i g u r e  g iv ing  a  very bad 
qua l i ty .  This H.F. e f f e c t  on cohaerent o s c i l -  
l a t i o n s  always w i l l  enlarge the  phasefigure 
of p a r t i c l e s  with the  same energy. For the  
b e s t  beam q u a l i t y  - the  smal les t  phasef igure-  
i t  i s  important the re fo re  t o  avoid cohaerent 
o s c i l l a t i o n s .  It appears,  t h a t  cohaerent 
o s c i l l a t i o n s  exc i t ed  i n  the  cyclotroncentre  
never can be compensated f u l l y  by f i r s t  har- 
monic f i e l d  components i n  the  e x t r a c t i o n  r e -  
gion. The b e s t  beamquality i s  achieved i f  a l l  
pe r tu rba t ions  during the  whole acce le ra t ion  
a r e  eliminated. The beam q u a l i t y  then depends 
on the  phasef igure  represen t ing  the ions  l ea -  
ving the  i o n  source and w i l l  be inverse ly  

2) The in f luence  of r a d i a l  o s c i l l a t i o n s  p ropor t iona l  t o  the square r o o t  of the  energy 

on beam q u a l i t y  ( r e f 6 ) .  One e f f e c t  which we d i d  no t  mention 
here  i s  the  gap c ross ing  resonance ( ref ' l ) .  

The e x t r a c t i o n  e f f i c i e n c y  and the  qua l i -  We w i l l  show i n  sec t ion  4  t h a t  t h i s  e f f e c t  i s  

ty  of the  ex te rna l  beam depend s t rong ly  on very small  i n  our cyclotrons .  Radial  o s c i l l a -  

the  r a d i a l  o s c i l l a t i o n s  of the  i n t e r n a l  beam t ions  i n  the  e x t r a c t i o n  region a r e  exc i t ed  t o  

during the  whole acce le ra t ion  period. g e t  b e t t e r  ex t rac t ion  e f f i c iency .  More w i l l  

So i t  i s  important t o  e l imina te  a l l  per turbs-  be said this in ref"). 
t ions  causing r a d i a l  o s c i l l a t i o n s  of the  
beam. Ins tead  of  studying the  r a d i a l  o s c i l l a -  3) Axial o s c i l l a t i o n s  

t ions  one a l s o  can i n v e s t i g a t e  the  precess ion 
of the  o r b i t  centre .  This w i l l  sometimes s i m -  
p l i f y  the  represen ta t ion  of the  r a d i a l  
motion ( 4 ) .  

An o f fcen te red  beam i s  exci ted by a  m i s -  
a l igned ionsource,  a  too low o r  too l a r g e  Dee 
voltage a s  well  a s  a  f i r s t  harmonic compo- 
nent  i n  the  magnetic f i e l d .  Especia l ly  i n  the  
cyclotroncentre  during the  f i r s t  10 o r  20 
revo lu t ions ,  the  r a d i a l  frequency i s  so c lose  
t o  un i ty  t h a t  o s c i l l a t i o n s  can e a s i l y  be 
exci ted.  
Cohaerent o s c i l l a t i o n s  i n  t h i s  region can i n  
p r i n c i p l e  be eliminated by a  f i r s t  harmonic 
f i e l d  component. 

I f  the  ion  source,  the magnetic median 
plane, the  Dee and the  dummy Dee a l l  coincide 
with o r  a r e  symmetric with respec t  t o  the  
geometrical  median plane only incohaerent 
a x i a l  o s c i l l a t i o n s  w i l l  be observed. The beam 
w i l l  be symmetric around the  median plane and 
i t  w i l l  have i t s  l a r g e s t  he igh t  a t  the  place  
of l e a s t  a x i a l  foousing. A t  t h i s  p lace  which 
l i e s  10 t o  20 revo lu t ions  away from the cen t re  
the  Dee w i l l  behave a s  a  diaphragm. During 
the  r e s t  of the a c c e l e r a t i o n  the  height  of 
the  beam i s  smal ler  than 

g  ( 3 zo 
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(where g  r e  r e s e n t s  the  Dee aper tu re  and 
I) zo , S Z(RP a r e  the  minimal a x i a l  frequency 

and the a x i a l  frequenoy a t  r ad ius  R respec- 
t ive ly ) .  

The main p a r t  of the  a x i a l  focusing i n  
the  cyclotroncentre  a r i s e s  from the  e l e c t r i c  
f i e l d  between Dee and dummy Dee ( r e f 2 , 9 ) .  The 
magnetic focusing becomes more important a f -  
t e r  a  rad ius  which i s  equal t o  h a l f  the  mean 
magnet gap. A t  t h i s  rad ius  the  magnetic focu- 
s i n g  takes over the  r o l e  of t h e  e l e c t r i c  fo- 
cusing and the t o t a l  a x i a l  focusing i s  mini- 
mal. Per turbat ions  i n  the  median plane a t  
t h i s  place e a s i l y  a r i s e  and d i s t u r b  the  a x i a l  
motion. I n  fig.1 i s  given the a x i a l  focusing 
i n  a  cyclotron with th ree  and four fo ld  symme- 
t ry .  One can observe t h a t  the  beam i n  a  four-  
f o l d  symmetric cyclotron seems to  be smaller 
theore th ica l ly  than i n  a  th ree  f o l d  symmetric 
cyclatron. However the  d i f fe rence  l i e s  only 
i n  the  f a c t ,  t h a t  i n  the  four fo ld  symmetry 
case,  a  l a r g e r  p a r t  of the  a x i a l  phasefigure 
i s  c u t  o f f ,  thus  giving l e s s  maximum beam 
cur ren t  ( t h i s  e f f e c t  can be acquired i n  a  
th ree  f o l d  symmetric cyclotron by decreasing 
the Dee aper tu re ) .  The inf luence on the a x i a l  
motion of per turbat ions  i n  t h e  weak focusing 
region of the  four fo ld  symmetric cyclotron 
w i l l  be l a r g e r  than i n  the  case of th ree fo ld  
symmetry. 

In  p r a c t i c e  the re  w i l l  be misalignments 
of source pos i t ion ,  Dee and Dummy Dee and 
magnetic median plane. Axial cohaerent o s c i l -  
l a t i o n s  w i l l  be exci ted a l ready during the 
f i r s t  revolut ions  ( r e f l o ) .  Due to  the  H.F. 
inf luence and the  value of 9 0,2 these 

cohaerent o s c i l l a t i o n s  w i l l  r ap id ly  g ive  r ing-  
shaped phasefigures , decreasing the a x i a l  
beam qua l i ty .  
Axial o s c i l l a t i o n s  a r e  e a s i e r  exci ted (low 
value of 3 z )  and more d i f f i c u l t  t o  avoid than 

r a d i a l  o s c i l l a t i o n s .  
Much care  must be taken f o r  the  v e r t i c a l  

alignment of a l l  pa r t s  i n  the  cyclotroncentre.  
A t  the ex t rac t ion  region the  beam passes 

the 9 R = 2 9  coupling resonance. By a  

cor rec t  adjustment of the  harmonic c o i l s  a t  
the  ex t rac t ion  region, t o  g e t  maximum extrac-  
t i o n  e f f i c iency ,  the  beam i s  e a s i l y  accelera- 
t ed  through t h i s  resonance without much in -  
crease  of i t s  height  ( r e f 8 ) .  

4) The Rap cross in^ resonance 

The theory of the  gapcrossing resonance 
i n  A.V.F. cyclotrons  has been given by 
M. Gordon some years  ago a t  the  Los Angelos 
conference (7 ) .  This resonance gives  a  f i r s t  
harmonic e f f e c t  i n  a  threefoldsymmetric 
cyclotron with two o r  four  acce le ra t ion  gaps 
due t o  i n t e r f e r e n c e  e f f e c t s .  

Following the theory of Gordon we f i n d  an 
acquivalent  f i r s t  harmonic component, expres- 
sed i n  f i e l d  quan t i t i e s :  

(where xl and g1 a r e  the components of 
the  f i r s t  harmonic. The magnetic f i e l d  i s  
represented as: 

00 

B.B,(~ + / U'X +. .+ (A,, + XA' + W - )  COS? 

k-l 
3k 

+ ( B ~ ~ +  x ~ '  + ...l s i n ?  
Jk 

(n  i s  t h e  number of revo lu t ions ) ,  I n  gig .  3  
we have given the q u a n t i t i e s  A 1  ana B1 the  components of the  f i r s t  harmonic as  a  
func t ion  of rad ius  i n  a  P h i l i p s  AVF cyclotron. 
The e f f e c t  i s  l a r g e s t  a t  the  c e n t r a l  region 
and q u i t e  small  a t  the ex t rac t ion  region. 
I n  p r a c t i c e  even i n  the cen te r  region,  t h i s  
small f i r s t  harmonic e f f e c t  of the  Dee gap 
crossing resonance i s  automatical ly  compen- 
sa ted  by adjustment of t h e  harmonic correc- 
t ions  c o i l s ,  f o r  optimal performance of the  
cyclotrons.  
The high q u a l i t y  of the  ex te rna l  beam ( s e e  
sec t ion  6)  does not  i n d i c a t e  a  harmful1 in -  
f luence of t h i s  resonance on the p a r t i c l e  
motion. 

5) Depolarisation of a  polar ised 
proton beam 

With he lp  of the  theore th ica l  der iva-  
t ions  of Khoe and Teng 12) i t  i s  found t h a t  
depo la r i sa t ion  of a  po la r i sed  proton beam i n  
our th ree fo ld  symmetric cyclotron i s  neg l ig i -  
b ly  small. 

(1n the no ta t ion  of Khoe and Teng 

P, 10-4). 

6 )  Experimental r e s u l t s  

Radial  o s c i l l a t i o n s  can be measured i n  
severa l  ways. I n  a  cyclotron where the beam 
i s  acce le ra ted  beyond the  )) R = 1 

resonance one t a r g e t  i s  s u f f i c i e n t  to  observe 
the presence of r a d i a l  o s c i l l a t i o n s .  
These o s c i l l a t i o n s  can cause a  l o s s  of beam 
i n t e n s i t y  i n  the  resonant region ( r e f 8  9 l1  ) . 

However, f o r  a  more general  invest iga-  
t i o n  shadow methods with two o r  th ree  t a r g e t s  
a re  convenient ( r e f l o ) .  One example of such 
a  method i s  shown i n  fig.3. 

We have found incohaerent r a d i a l  o s c i l l a -  
t ions  with amplitudes smal ler  than 2 mm, con- 
s ide r ing  the ex t rac t ion  e f f i c i e n c  we even 
a r r i v e  a t  values  smaller than 3f i  mm. The 
cohaerent o s c i l l a t i o n s  of the  beam i n  the  r e -  
gion before  $ = 1 a r e  always kept small 
i n  o rder  t o  ge% a good q u a l i t y  of the  exter-  
n a l  beam (fig.4).  
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The a x i a l  height  of  the beam has been 
measured with a  radiogram and a  th ree f inger  
t a r g e t .  The r e s u l t s  a r e  shown i n  f i g .  5 and 
6. For 20 MeV protons the  beam has a  he igh t  
of 3 mm and f o r  10 MeV protons 4  mm. 

From these  f i g u r e s  one f i n d s  a  r a d i a l  and 
a x i a l  beam q u a l i t y  of the i n t e r n a l  beam. 

= n 14 mmmrad 

l 

'axial 
= n  ZoZo 6 7 mmmrad 

These numbers can be compared with the qua l i -  
t y  of the  e x t e r n a l  beam, which has been mea- 
sured by radiograms and by a  v i b r a t i n g  tar- 
get .  
The q u a l i t y  of the e x t e r n a l  beam was de te r -  
mined by two radiograms a t  p laces  l ,35  m 
separated from each other .  The following r e -  
s u l t s  have been found ( s e e  f ig .7) :  
f o r  protons 

8. 10 MeV 16 mmmrad 28 mmmrad 
b. r l2 ,9  MeV 15 mmmrad 15 mmmrad 
c .  15MeV 38 mmmrad 24 mmmrad 
d. 25 MeV 10 mmmrad 20 mmmrad 
e .  20 MeV 22 mmmrad 10 mmmrad 

machine method 

a .  pro totype radiogram 
b. Free Univ.of Amsterdam 
C .  prototype v i b r a t i n g  

t a r g e t  
d. prototype radiogram 
e. prototype v i b r a t i n g  

t a r g e t  
r Measured by J.Rethmeyer, Free Univers i ty  

of Amsterdam. 

 h he q u a l i t y  Q i s  def ined a s  the  phasefigure,  
i n  which 80% of the beam l i e s ) .  Measurements 
with a  v i b r a t i n g  t a r g e t  a re  l e s s  accurate.  

I t  has been found q u i t e  c l e a r l y  t h a t  the  
r a d i a l  beam q u a l i t y  becomes worse f o r  the  
lower energies.  This i s  n o t  only observed by 
means of these  radiograms b u t  i s  a l s o  conclu- 
ded from a decreasing e x t r a c t i o n  e f f i c iency  
which i s  f o r  10-25 MeV more than 7076, but  f o r  
energies  of 3-5 MeV l e s s  than 60%. The r a d i a l  
q u a l i t y  of a  3  MeV beam i s  about 30 mmmrad. 

The a x i a l  q u a l i t y  of the  ex te rna l  beam 
i s  d i f f e r e n t  from the q u a l i t y  of the  i n t e r n a l  
beam. This must be ascr ibed t o  pe r tu rba t ions  
during the  l a s t  r evo lu t ions  and during the  
path through the f r i n g i n g  f i e l d .  It i s  possi -  
b l e  t o  improve the  a x i a l  beam q u a l i t y  by a  
good adjustment of the magnetic median plane 
and by good focusing p roper t i e s  of the ex te r -  
n a l  beam path through the f r i n g i n g  f i e l d .  I n  
the machine of the  Free Univers i ty  of Amster- 
dam t h i s  r e s u l t e d  i n  a  b e t t e r  a x i a l  beam- 
qua l i ty .  External  beam c u r r e n t s  of 100 uA 
have been obtained. For t h i s  a  copper dooled 
septum i s  used. A s  mentioned a l ready above 
the  e x t r a c t i o n  e f f i c iency  depends s l i g h t l y  

on the  energy. A t  the  low energy s i d e  t h i s  
must be ascr ibed t o  a  decreasing beam q u a l i t y  
A t  t he  high energy s i d e  the  inf luence of sa- 
t u r a t i o n  e f f e c t s  i n  the pole on the  p a r t i c l e  
o r b i t s  becomes important.Both e f f e c t s  dimi- 
n i s h  the  e x t r a c t i o n  efficiency.For protons of 
27-28 MeV we have a  maximum e f f i c i e n c y  of 8 0 s  

Ex t rac t ion  e f f i c i e n c i e s  of 95s have 
been found f o r  a  0 , l  mm t h i n  tungsten septum. 
However a  septum of t h i s  type can e a s i l y  be 
destroyed f o r  ex te rna l  cur ren t s  above 10 uA. 

For a  l a r g e  range the  mechanical po$i- 
t i o n  of the  ex t rac t ion  system does no t  need 
to  be changed. The d i r e c t i o n  and the pos i t ion  
of the  beam leaving the  cyclotron can be made 
independent of the energy by ad jus t ing  the  
vol tage on the  ex t rac t ion  e lec t rode ,  and the  
f r i n g i n g  f i e l d .  
The energyspectrum of the  e x t e r n a l  beam has 
been measured by an analysing magnet and by 
s o l i d  s t a t e  counters.  Both methods give 

A E - 1/3 $ f u l l  width ha l f  peak value.  
E 

Numerical ca lcu la t ions  give  the  same r e s u l t  
( see  r e f l l ) .  

The c e n t r a l  region and the  ex t rac t ion  
region of the  30 MeV cyclotron i s  used a s  a  
model f o r  l a r g e r  cyclotrons .  Therefore a t  
l e a s t  the  same experimental r e s u l t s  f o r  the  
beam i n  machines with higher  energies  w i l l  be 
a t t a ined .  
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centml tidd 2'4,highcr 
than resonant value. 

number of revolutions. ----c 

Pigol. The axial focusing is given as a 
function of revolution number in the 
central region of the cyclotron for 
three and four fold symmetric magnetic 
fields. 
(curves marked 3 belong to 3-fold 
symmetry marked 4 belong to &fold 
symmetry j . 
We have given three cases: 
1) the phase of the particles with 

respect to the H.F.phase is O0 

2) the phase of the particles with 
respect to the H.F.phase is -20°, 
resulting in a better axial focu- 
sing 

3) mean magnetic field in the centre 
2 o/oo higher than the resonant 
value, resulting in a worse axial 
focusing. 
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mlattve 
values. 

Figo20 The inf luence of the  gap crossing r e -  
sonance represented as  a  f i r s t  harmo- 
n i c  f i e l d  per tu rba t ion  i n  a  30 MeV 
P h i l i p s  AVF cyclotron. 

excitatton of an inner circular trimmingcoil. 
(arbitrary units) 

Fig.30 An example of a  shadow method with 
two t a r g e t s  to  determine the cohae- 
r e n t  r a d i a l  o s c i l l a t i o n  amplitude. 
One t a r g e t  has a  f ixed  r a d i a l  posi- 
t ion.  The r a d i a l  pos i t ion  of the  o ther  
t a r g e t  i s  changed to achieve a n  equal 
d i s t r i b u t i o n  of beam cur ren t  on both 
t a r g e t s .  

The phase of the  r a d i a l  o s c i l l a t i o n  
i s  changed by a  s l i g h t  detuning of the  
magnetic f i e l d  - i .e.  by v a r i a t i o n  of 
the  number of revoJutions.  Therefore 
t h e  r a d i a l  pos i t ioh  of the  second tax- 
ge t  f o r  equal i n t e n s i t y  d i s t r i b u t i o n  
i s  a  funct ion of the  mean magnetic 

f i e l d .  
For a  complete revo lu t ion  i n  phase 
space of t h e  r a d i a l  o s c i l l a t i o n  one 
can expect f o r  the  movable t a r g e t  po- 
s i t i o n  a  s inusoidal  dependence on the 
magnetic f i e l d .  I n  t h i s  f i g u r e  curve 1 
represen t s  a  cohaerent r a d i a l  o s c i l l a -  
t i o n  and Curve 2 represen t s  a  case 
where the  cohaerent o s c i l l a t i o n s  have 
been made small by a  cor rec t  adjust-  
ment of the  ion source pos i t ion  and 
the  c e n t r e  harmonic c o i l s .  
To change the number of revolut ions ,  
the  e x c i t a t i o n  of a  c i r c u l a r  correc- 
t i o n  c o i l  was varied. 
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Fig.4. The beam i n t e n s i t y  on a  d i f f e r e n t i d  
t a r g e t  as  a  funct ion of radius .  
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Fig.5. The a x i a l  i n t e n s i t y  d i s t r i b u t i o n  of 
t h e  beam measured with a  th ree  f inger -  
t a r g e t  a s  a  funct ion of the  radius .  
B very small increase i n  height  i s  
observed a t  the  $R - 
resonance. * J z  
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z axial holght of the beam. 4 z 

intensity. 

(arbitraq units) 

' 1  4Ocm Radius. 

Fig.7. The hor izon ta l  width of the  ex te rna l  
beam a t  two places ,  1,35 meter sepa- 
r a t e d  from each other.  
I n  t h i s  case the measured r a d i a l  qua- 
l i t y  was about 10 mmmrad. 

10. 

5 

L 

horizontal wldth of the beam - 

50cm Rad~us. 

Fig.6. The a x i a l  i n t e n s i t y  d i s t r i b u t i o n  of 
the  beam measured with a radiogram a t  
two d i f f e r e n t  r a d i i .  

.. 

' '5 '10rnrn. ," '0 ' ' l5 'l0 mm. 

DISCUSSION 

LIVINGSTON: You mentioned something about the 
gap-crossing resonance, and your conclusions 
with respect to it. Would you repeat? 

HAGEDOORN: The f i r  st-harmonic component in 
the central  region due to this effect i s  about 3 to 
4 gauss; a t  the extraction region i t  i s  about one- 
third gauss.  

LIVINGSTON: Could I a s k  Mr. Blosser  to com- 
ment on this same point? He has  pointed out that 
the gap-crossing resonance i s  perhaps a serious 
problem in 3-sector machines. 

BLOSSER: The gap-crossing resonance i s  a 

sizeable nuisance ra ther  than a serious problem. 
I a m  sure  Dr. Hagedoorn recognizes that i t  con- 
tributes an amplitude, and in any given situation 
one can calculate just  how much i t  contributes. 
The slide I showed with AX and A P  X was an ex- ample of the effect of the gap-crosslng resonance; 
i t  contributed something like 5 mil l imeters .  Five 
mil l imeters ,  i t  i s  quite cor rec t ,  i s  not going to 
wreck the performance of the beam. On the 
other hand, i t  seems  to m e ,  i t  i s  an  effect which, 
now that you know about i t ,  you would do better 
to design away f rom,  ra ther  than into. The phe- 
nomenon gets  much worse if you slide the rf 
phase, o r  if you use cut-back dees,  o r  when you 
use harmonic acceleration. In the worst  situation 
the beam can be driven out of the stable region 
and lost .  So the effects of the resonance vary  
greatly,  depending on the particular situation. 
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