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A r e l a t i v i s t i c  isochronous cyclotron at the  Nuclear Researoh Centre a t  Karlsruhe 

was b u i l t  by the research i n s t i t u t e  of the AEG. 

After  design s t u d i e s  from 1958 t o  1959 the  const ruct ion of the cyclotron vaul t  

and the  necessary l abora to r i e s  began i n  spr ing 1960. The cyclotron proper was 

completed i n  the summer 1962. After  a trial period f o r  the separa te  main p a r t s  the 

planned energy of 55 MeV f o r  deuterons w a s  a t t a ined  i n  October 1962. The maximum 

deuteron current ,  measured up t o  now, is  more than 200 4. A s  we have no t a r g e t s  

fo r  i n t e n s i t i e s  i n  t h i s  range the  a r c  voltage of the ion source is pulsed t o  f a c i l i t -  

a t e  the  measurement. 

Main Features 

The following are ,  i n  sum, the main fea tu res  of the  Karlsruhe cyclotrono 

1. The magnetic f i e l d  s t r u c t u r e  is of the  Thomas type with r a d i a l  60' s e c t o r s  and a 

period of 120'. 

2. The acce le ra t ion  system is housed i n  the val leys  of the  magnet pole shoes. It 

cons i s t s  of three  star-connected quarter-wave resonators. 

From t h i s  conception follows the mode of the const ruct ion of t h i s  cyclotron : 

the gap between the h i l l s  of the pole shoes could be f r e e l y  chosen so small (only 

8 cm) because no s p e c i f i c  space is wanted f o r  acce le ra t ion  purposes. It is  only wi thin  

t h i s  narrow a i r  gap t h a t  the magnetic f i e l d  increases r ad ia l ly ,  s t e p  by step. By t h i s  

means we compensate f o r  the r e l a t i v i s t i c  mass increase. A s  l i t t l e  as 1000 watt w i l l  

control  wi th in  the l i m i t s  of 0.3% the kidney-shaped trimming c o i l  system. 

The pe r iod ic i ty  of the acce le ra t ion  system is  three  times the  cyolotron 

frequency. Such a system makes use of s i x  acce le ra t ion  gaps per turn ins tead of two 

gaps f o r  the one- or  two-dee system. The r e s u l t  is a n  energy gain  per  revolut ion of 

s i x  times the RP amplitude, i f  the ions pass every gap at optimum phase displacement. 

In our case t h a t  means s i x  t imes 40 KeV or  %0 KeV per turn. 

The r e l a t i v e l y  high frequency of 33 Mc/s makes it possible t o  use a cen t ra l  

quar te r  wave transforming l ine.  The purpose is t o  f i x  the th ree  resonators i n  the 

cen t re  of the  machine and t o  adapt the  RF generator t o  the aooelera t ion system by a 

voltage transform r a t i o  1 : 4. 

The Karlsruhe cyclotron is equipped with control  and measuring systems t o  

s a t i s f y  a l l  opera t ional  and s a f e t y  needs. The current  of the  exc i t ing  c o i l s  is 

inherent ly  s t a b i l i s e d  f o r  a constancy b e t t e r  than 1 i n  10  000, the  voltage s t a b i l i t y  
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of t h e  RF genera tor  is  1 i n  1 000. I n s u l a t i o n  break downs w i t h i n  the  a c c e l e r a t i o n  

system a r e  i n t e r r u p t e d  i n  time by a r a p i d  e l e c t r o n i c  c i r c u i t  breaker. The s e l f -  

exc i t ed  RF system is au toma t i ca l ly  tuned under the  guidance of a quar tz  c o n t r o l l e d  

frequency t r a n s m i t t e r ,  and the  t h r e e  quarter-wave resonators  a r e  timed automat ica l ly ,  

e i t h e r  s e p a r a t e l y  o r  together ,  over a range of  & 1,5%. To avoid mul t ipac tor ing ,  a 

boos ter  generator  working wi th  a wobbled frequency is used. 

Themis  a sampling osc i l lograph wi th  f i v e  pick-up e l ec t rodes  f ixed  a t  the  end 

of each t r i m i n g  c o i l  range which se rves  t o  compare the  phase angle  of  the  ion  pulse 

wi th  t h a t  of t h e  RF frequency. This measurement is made continuous f o r  each r ad ius  

by means of a s p e c i a l  r a d i a l l y  moved sampling t a rge t .  An automatic adjustment of t he  

trimming c o i l s  according t o  the  phase angle  between i o n  pulse  and RF is i n  preparat ion.  

Fur ther  c h a r a c t e r i s i t i c  d a t a  a r e  : t he  magnet weight 280 me t r i c  t ons ;  the pole  

diameter is 225 am o r  88 in.; the  edge of the  pole shoe has a Rose shim, the  maximm 

isochronous r a d i u s  is about 105 cm; and the  amplitude of t he  f i r s t  harmonic i n  the 

r a d i a l  d i r e c t i o n  is about 4 cm. 

The Livingston type of i o n  source is loca t ed  2.4 cm from the  cen t r e  of the 

machine. The a r c  vol tage  may be continuous o r  pulsed. The tuning of the RF system 

is arranged by moving the  s h o r t  c i r c u i t ,  i n  our case,  t u rn ing  diaphragms of t he  

quarter-wave resonators .  The Q-factor of the RF system is about 7000, the  peak vol tage  

40  kV, t h e  power l o s s e s  a r e  1 8  klY, and t h e  maxirmm power output  of the RF genera tor  

is 70 kW. 

The v e r t i c a l  s e c t i o n  , Fig. 1, shows t h e  upper and lower magnet yokes wi th  the 

two pole shoes;  t he  main e x c i t i n g  c o i l s ,  cons i s t i ng  of copper conductors of 19  by 19mm 

wi th  a hollow c e n t r e  f o r  cool ing  water;  and the  trimming c o i l s ,  s i t u a t e d  only a t  the  

h i l l s  of the  pole shoes and made of t u rns  of 

1 0  mm by 0.2 mm anodised aluminum. E'urther 

v i s i b l e  a r e  p a r t s  of the  vacuum chamber, which 

is  cons t ruc ted  of non-magnetic s t e e l  p l a t e s ;  t h e  

quarter-wave resonator ;  the  tu rn ing  diaphragm, 

constructed of 0.2 m copper f o i l ,  wi th  the  

corresponding d r i v e  gear ;  t he  inne r  conductor; 

and the  t ransforming l i ne ,  wi th  t h e  RF feeder. 

The pole shoes serve  a t  t h e  same time as 

t h e  upper and lower cover of the  vacuum chamber. 

Without l i f t i n g  t h e  yoke the  complete chamber 

u n i t  can be dismantled by means of a s p e c i a l  

ra i l  t ro l ley .  

The ion  source is brought i n t o  the vacuum 

chamber from below. For adjustment  i t  Can be Fig .  1 V e r t i c a l  s e c t i o n  of the  Karlsruhe c y c l o t r o n .  
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moved i n  two d i r e c t  ions  and be turned 

about i ts  axis .  

The ho r i zon ta l  s ec t ion ,  Fig. 2, 

shows the  complete a c c e l e r a t i o n  system 

wi th  the th ree  quarter-wave resonators ,  

the s i x  a c c e l e r a t i o n  gaps, and the  vacuum 

chamber with the  connection f o r  t h e  o i l  

d i f f u s i o n  pump of 8000 l i t e r s / s  capaci ty.  

A p i c tu re  of t he  cyc lo t ron  w i t h i n  

the  v a u l t  is  shown i n  Fig. 3. In f r o n t  

is  one of t he  remote-controlled t a r g e t  
Fig. 2 Horizontal sect ion of the Karlsruhe cyclotron. 

changers. The high frequency genera tor  

is on top  of the magnet, along wi th  a second pumping s e t  comprising an o i l  d i f f u s i o n  

pump of 250 l/s capac i ty  t o  evacuate the  t ransforming l ine .  Two of t h e  t h r e e  

extens ions  of the  vacuum chamber f o r  t h e  quarter-wave resonators ,  the  main e x c i t i n g  

c o i l s ,  and a vesse l  f o r  deae ra t ing  the  cooling water  can a l s o  be iden t i f i ed .  

The t a r g e t  arrangement is shown i n  Fig. 4. The t h r e e  f r o n t  t a r g e t s  a r e  

relnotely con t ro l l ed  from the  opera t ion  room. The middle u n i t  al lows an  automatic 

t r a n s f e r  of t a r g e t s  from the  l abo ra to ry  along a s p e c i a l  t a r g e t  trail. 

Neasur ements 
+ 

The f i r s t  experiments were performed with Ha ions  t o  avoid high a c t i v i t i e s  

i n  t he  machine. A s u r p r i s i n g  r e s u l t  w a s  t h a t  at a vacuum of some 2 X 10'~ t o r r  about 

15% of t h e  hydrogen molecules of the  f i r s t  

t u r n  reached the  f u l l  radius.  Another 

r e s u l t  was t h a t  t h e  a x i a l  spread of t h e  

beam i n  no oase exceeded the  s l o t  he ight  

of the  ion  source. 

The t o t a l  cu r r en t  p l o t t e d  versus r a d i u s  

is shown i n  Fig. 5. With deuterium, no 

beam l o s s  w a s  observed from the f i r s t  turn ,  

i n  our oase t h a t  is the  fou r th  a c c e l e r a t i o n  

gap, t o  f u l l  radius. The lower curve chows 
+ 

t he  measured HZ current .  A l l  measurements 

T were performed with an i o n  cu r ren t  up t o  

F i g .  4 Target arrangement. 

5 pA at. maximum energy. With a double 

t a r g e t  i t  was poss ib le  t o  measure t o t a l  

cu r r en t  and beam d e n s i t y  i n  the same run. 

The beam current  d e n s i t y  up t o  2/3 of 

f u l l  r ad ius  is p l o t t e d  i n  Fig. 6. 
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F i g .  5 Total current versus radius. 

Fig. 6 Beam current density  ta 2/3 f u l l  radius.  

A t  these mcasure:!~ents t he  t a r g e t  was 0.5 mm wide. One can recognize bes ides  the  good 

sepa ra t ion  of the  s i n g l e  o r b i t s  a pe r iod i ca l  s t r u c t u r e  of t he  c u r r e n t  dcrls i ty  versus  

r ad ius  . 
Pig. 7 shows t h r e e  of t he se  p l o t s  of beam c u r r e n t  d e n s i t y  up  t o  f u l l  r ad ius  of 

t h e  machine, a l s o  measured wi th  t he  0.5 nun t a r g e t  on t h e  azimuth. One can recognize,  

too, a sepa ra t ion  of s i n g l e  o r b i t s  nea r ly  up  t o  f u l l  rad ius ,  and t h e  pe r iod i c  

o s c i l l a t i o n  of beam cu r r en t  dens i ty .  Out of t he  number of t u rns  i n  such a period we 

have determined v,. There i s  a good agreement between t h e  va lues  of v gained out  of r 
t h e  t h e o r e t i c a l  f i e l d  con f igu ra t ion  and t h e  va lues  of vr determined out  of d e n s i t y  

per iods  of d i f f e r e n t  plots .  

We have measured the  r a d i a l  d i s t ancos  from peak t o  peak of t he  p l o t s  shown above 

and w e  have drawn up  these  va lues  versus  t he  number of o rb i t s .  There is a pe r iod i ca l  

change i n  these  r a d i a l  d i s tances .  
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Fig.  7 Beam current density to  f u l l  radius.  

I n  fo l lowing  a  siniple model concep t ,  we d e r i v e  t h e  ampl i tudes  of t h e  r a d i a l  

b e t a t r o n  o s c i l l a t i o n s  from t h e  d i f f e r e n c e  between t h e  l a r g e s t  and t h e  s m a l l e s t  

d i s t a n c e s  frolu peak t o  pcak. Th is  model i m p l i e s  t h a t  t h e r e  i s  a  ~ : r c c e s s i o n  of t h e  

r a d i a l  b e t a t r o n  o s c i l l a t i o n s ,  and t h a t  t h e  o s c i l l a t i o n  of t h e  measured o r b i t  d i s t a n c e s  

w i l l  be compared w i t h  t h c  average  d i s t a n c e s  r e s u l t i n g  from t h e  energy g a i n  per turn.  

A t  t h e  medium r a d i u s  of t h e  ~ilachine n c  found ampl i tudes  from 2 t o  6 m, and l e s s  

than  2 nm a t  f u l l  r a d l u s .  According t o  t h i s  1~1odel t h e s e  ampl i tudes  of b e t a t r o n  

o s c i l l a t i o n s  r e s u l t  from m1 e c c e n t r i c i t y  of t h e  o r b i t s .  Thc e c c e n t r i c i t y   my be 

produccd by poor ad jus tment  of t i le i o n  s o u r c e  o r  e r r o r s  i n  t h e  simgnetic f i e l d .  It i s  

p o s s i b l e  t h a t  a t  c e r t a i n  p o s i t i o n s  of t h e  i o n  s o u r c e  t h e  c e n t r e  p o i n t  of a l l  o r b i t s  

d e v i a t e s  by 3 mm from t h a t  of t h e  machine. With o n l y  a  few measure~tients we cannot  

s a y  t h a t  i t  is o n l y  t h e  p o s i t i o n  of t h e  i o n  s o u r c e  which is r e s p o n s i b l e  f o r  t h e  

e c o e n t r i c i t y  of t h e  o r b i t s .  On t h e  o t h e r  hand we c a n  s t u d y  t h e  i n f l u e n c e  of t h e  

f i r s t  harnlonic of t h p  magnet ic  f i e l d .  I n  t h e  upper  p l o t  i n  Pig, 7 a l l  t h e  c u r r c n t s  

of t h e  t h r e e  t r i m l i n g  c o i l s  of t h e  f i r s t  r ange  were equal.  The o t h e r  two p l o t s  of 

Fig. 7 show t h a t  t h e  trimming c o i l s  of t h e  f i r s t  r ange  were e s c i t e d  d i f f e r e n t l y ,  t h a t  

a f i r s t  harmonic was produced. The f i r s t  harmonic was d i s p l a c e d  120° ,  conpar ing  t h e  

middle of t h e  lower p lo t .  One can s e e  a  remarkable  changc of beam c u r r e n t  d e n s i t y  
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versus radius. A 0.1% change i n  the f i e l d  s t r eng th  of the f i r s t  harmonic resu l t ed  

i n  r a d i a l  beta t ron amplitudes of up t o  9 mm. 

This range of measurements could not yet  be f in i shed  because the cyclotron has 

t o  be completed t o  a f ixed time table. But we hope t h a t  we can f i n i s h  these measure- 

ments l a t e r .  Besides these measurements the cyclotron was used fo r  r a d i a t i o n  expe- 

riments. In the course of these, the  cyclotron with the exception of the t a rge t  

support was ac t iva ted  t o  only a low level. Towards the end of February, a l l  experi- 

ments were stopped. A t  t ha t  time the necessary changes i n  the ex t rac t ion  system were 

began. 

The ex t rac t ion  system, Fig. 8, begins with a s h o r t  septum s i t u a t e d  i n  the s t rong 

magnetic f i e l d  sector. The r a d i a l  e l e c t r i c  f i e l d  s t r eng th  is 80 kV/cm. By t h i s  means 

the beam is def lec ted  by 1 8  mm where i t  en te r s  the magnetio channel. By means of 

f u r t h e r  magnet shims not shown i n  t h i s  f igure,  the d e f l e c t i o n  can be increased t o  

about 35 mm. The f i e l d  gradient  between the strong and weak magnet sec to r s  l i e s  mainly 

i n  the d i r e c t i o n  of the  beam. Along the shims i n  the weak magnet sec to r  the re  is a 

strong f i e l d  gradient  at a r i g h t  angle t o  the  d i r e c t i o n  of beam. The gradient  can be 

posi t ive  or negative according t o  the loca t ion  of the shimes t o  the beam. The edge of 

the  following s t rong f i e l d  s e c t o r  is 

s h i f t e d  r a d i a l l y  i n  such a way t h a t  it l i e s  

p a r a l l e l  t o  the last isochronous orbi t .  A t  

t h i s  corner of the s t rong f i e l d  sec to r  the 

magnet channel begins; it w i l l  be b u i l t  i n  

such a way tha t  the beam is guided by 

a 1  ternat ing f i e ld  gradients. With t h i s  f i e l d  . 
gradient  i n  the  magnetic channel as well  a s  

along the shims we may expect a good op t i ca l  

q u a l i t y  of the external  beam. 

The foregoing desc r ip t ion  of the 

Karlsruhe cyclotron w a s  no more than a shor t  

survey. Comprehensive d e t a i l s  w i l l  be 

pub1 ished l a t e r .  Pig. 8 The extraction system. 

DISCUSS ION 

LIYINGSTON : Did you measure the  l eve l  of r ad ioac t iv i ty?  

K ~ L M E R  : A t  10  pA we measured 50 Rh a t  2 m from the target .  

LIVINGSTON : I would l i k e  t o  express admiration f o r  the very beaut i fu l  curves of 
current  dens i ty  versus radius. Have you attempted t o  g e t  r i d  of t h i s  sharp peaking 
by re locat ing the  ion source? 

~ i j f i ~ b I E R  : We can move the  i o n  source only wi thin  a range of 2 mm. Ne think the peaks 
of beam d e n s i t y  a r e  due t o  an excen t r i c i ty  induced by a f i r s t  harmonic of the 
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magnetic f i e l d  near  t h e  ion  source. 

WATERTON : Where does vo l t age  breakdown occur i n  t he  RF system? 

KULLNXR : Breakdown occurs only near  t h e  ion  source. 

LAPOSTOLLE : Does the  machine use the  d e f i n i n g  and focusing system whioh w a s  
designed f o r  i t ?  

KULLLER : Yes, the machine has  s ix  slits on t h e  f i r s t  turn. Each a c c e l e r a t i o n  gap 
has i t  own slit. 
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