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Abstract 

A non- intercept ing i o n  phase 
measuring equipment i s  i n  use a t  t h e  
Karlsruhe cyclot ron.  Five phase s i g n a l s ,  
s t e a d i l y  and simultaneously displayed 
a r e  p resen t ing  a  good survey of phase 
width and phase d i s t r i b u t i o n  versus  
rad ius .  High no i se  immunity i s  obta ined 
by the  use o f  d i f f e r e n t i a l  e l e c t r o s t a t i c  
pickup probes. 

Concerning the  J u l i c h  cyclot ron a  
s i m i l a r  device  with twelve double 
e l e c t r o s t a t i c  probes i s  i n  const ruct ion.  

In t roduc t ion  -- 
Regardless o f  t h e  geometrical  

conf igurat ion of t h e  a c c e l e r a t i n g  system 
t h e  energy ga in  per  t u r n  of the  i o n s  i n  
a  cyclot ron i s  always p ropor t iona l  t o  
the  cosine  of t h e i r  phase o ,  r e f e r r e d  t o  
t h e  a c c e l e r a t i n g  vol tage.  Maximum energy 
ga in  i s  obta ined when the  p a r t i c l e s  pass  
t h e  b i s e c t i n g  l i n e  o f  t h e  a c c e l e r a t i n g  
s e c t o r s  j u s t  a t  the  moment t h e  p o l a r i t y  
o f  t h e  r . f .  vo l t age  i s  changing ( #  = 0 ) .  

To a c c e l e r a t e  t h e  i o n s  up t o  
maximum energy i t  i s  necessary  t o  
p roper ly  a d j u s t  t h e  e x c i t e r  c u r r e n t s  o f  
t h e  t r im-co i l s  i n  such a  way t h a t  on a l l  
o r b i t s  t h e  condi t ion cos 4 > 0 i s  
maintained. 

Severe demands w i l l  have t o  be 
made t o  t h e  accuracy of t h e  f i e l d  when 
one should t r y  t o  ob ta in  separa te  o r b i t s  
i n  the  cyclot ron.  I n  t h i s  case  t h e  
energy gain  o f  the  p a r t i c l e s  o f  each i o n  
bunch must no t  d iverge more than n  t o  
( n + l )  where n  i s  t h e  number o f  o r b i t s  
considered. To o b t a i n  t h i s  an extreme 
narrow phase width and an isochronous 
f i e l d  shape o f  utmost accuracy i s  
necessary.  

Proper adjustment can be achieved 
by the  method of  Garren and smith1, o r  
by using a  movable phase probe. But 
these  methods r e q u i r e  p l e n t y  o f  time a s  
the  in f luence  o f  any t r im-co i l -cur ren t  
i s  not  r e s t r i c t e d  t o  a  d e f i n i t e  a r e a  o f  
the  f i e l d  and can hard ly  be pre- 
determined. 

Phase Measuring Equipment 
o f  t h e  Karlsruhe Cyclotron 

The cyc lo t ron  a t  Karlsruhe i s  
equipped wi th  a device  t o  simultaneously 
d i s p l a y  f i v e  beam phase s i g n a l s  on a  
cathode-ray tube (CRT) us ing f i v e  double 
e l e c t r o s t a t i c  pickup probes. The probes 
a r e  mounted a t  t h e  o u t e r  edges o f  f i v e  
t r im-co i l  groups which a r e  placed 
c o n c e n t r i c a l l y  i n  such a  way t h a t  every 
group covers t h e  same number (ab t .  50) o f  
o r b i t s  ( S .  Fig.  1 ) .  Means a r e  provided 
t o  r e g u l a t e  t h e  frequency o f  t h e  
a c c e l e r a t i n g  vo l tage  i n  dependence of the  
phase s i g n a l s .  But, h i t h e r t o ,  t h e r e  was 
no need t o  c l o s e  t h e  c o n t r o l  loop. It i s  
no t  d i f f i c u l t  f o r  t h e  cyc lo t ron  opera to r  
t o  c a r r y  ou t  s l i g h t  f i e l d  c o r r e c t i o n s  
from time t o  time on t h e  base o f  t h e  
phase d i sp lay .  

Sampling Technique 

I n  o rder  t o  examine a l l  d e t a i l s  o f  
phase s i g n a l s  t h e  t ransmiss ion and 
d i s p l a y  system of  t h e  equipment must 
have a  frequency response o f  about 
109 cps. Because o f  t h e  r e c u r r i n g  wave 
forms t h e  informat ion t ransmi t t ed  i s  
very small  but covers an  extremely wide 
frequency spectrum. 

The f a v o u r i t e  method t o  reduce t h e  
redundance o f  a  r e c u r r i n g  wave form i s  
t h e  sampling technique. By a  very f a s t  
switch a  small  por t ion  of each o f  t h e  
s t e a d i l y  r e c u r r i n g  wave forms i s  
s e l e c t e d  and s t o r e d  u n t i l  t h e  next sample 
has  been taken (S.  Fig. 2 ) .  The switch 
c o n s i s t s  o f  a  g a t e  c o n t r o l l e d  by t h e  
s t r o b e  pu l se  i n  such a  way, t h a t  t h e  
transposed s i g n a l s  of t h e  same wave form 
but  of much lower frequency a r e  b u i l t  
up by the  s t o r e d  samples. Only t h e  input  
c i r c u i t  must s u f f i c e  t h e  wide band width 
o f  t h e  s i g n a l s .  

Beam phase measurements i n  a  
cyclot ron were p r i m a r i l y  c a r r i e d  o u t ' b y  
M. Konrad i n  t h e  Birmingham cyclot ron,  
r epor ted  i n  1 9 5 8 ~ .  He used a  beam 
catching probe and app l ied  t h e  sampling 
technique.  Some years  l a t e r ,  commercial 
sampling osc i l loscopes ,  were a v a i l a b l e  
on t h e  market and i t  became e a s i e r  now 
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t o  make phase measurements i n  cyclo- 
trons.  Employing commercial sampling 
osci l loscopes beam phase measurements 
were made on the isochronous cyclotrons 
a t  Berkeley and Oak ~ i d ~ e 3 ~ 4 .  I n  both 
cases  a movable phase probe was used, i n  
Berkeley a beam catching water-cooled 
t a rge t ,  i n  Oak Ridge an e l e c t r o s t a t i c  
probe a t tached  t o  an experimental t a r g e t  

Signal  Pickup Methods 

A non-intercepting pickup method 
takes  o f f  the  phase s igna l  from the  
electromagnetic f i e l d  accompanying the  
ion  bunches. Fig. 3 shows three  s u i t a b l e  
methods. The f i r s t  and second method 
(Figs. 3a and 3b) i s  l e s s  expensive by 
using commercial sampling osci l loscopes.  
I n  both cases the  displayed s igna l s  a r e  
d i f f e r e n t i a t e d  and do not  correspond t o  
the  charge i n  the neigbourhood of t he  
probe but t o  i t s  temporal change. 

On the o ther  hand the  t h i r d  
method (Fig. 3c) i s  more expensive, but 
produces a t r u e  image on the  CRT of the  
charge i n  the neighbourhood of the  probe. 
It i s  character ized by the  f a c t  t h a t  the 
induced voltage on the  p l a t e  of  the 
probe i s  diredilytransposed i n  a low- 
frequency voltage by a sampling ga te  G,  
This method i s  used f o r  t he  phase 
measuring equipment of  the  Karlsruhe 
cyclotron. It i s  r e l a t i v e l y  simple t o  
extend the system t o  a grea t  number of 
probes. Each probe only r equ i r e s  a 
sampling gate  G and a low-frequency 
display channel, e a s i l y  obtained by an 
e l ec t ron i c  switch connected with the 
input of the  CRT. The sampling ga tes  G 
a r e  simultaneously cont ro l led  by the 
common s t robe  pulse generator P. How 
moderate the expense i s  may be seen i n  
Fig. 4 from the c i r c u i t  diagram and i n  
Fig. 5 from the construct ion drawing 
concerning t o  a probe a s  used a t  the 
Karlsruhe cyclotron. 

Signal/Noise Ratio 

When using the  sampling tech- 
nique, the s e n s i b i l i t y  of  the  pickup 
method i s  e n t i r e l y  unessen t ia l  f o r  the 
s e l ec t i on  of t h i s  method. I n  t h i s  case 
only the  r a t i o  between the  received beam 
s igna l  and r. f .  noise  vol tage i s  decisive. 
The dis turbing r . f .  f i e l d  cons i s t s  of 
standing waves exc i ted  by the accele- 
r a t i n g  voltage and espec ia l ly  i t s  
harmonics. Because of v e r t i c a l  
asymmetries i n  the  acce le ra t ing  system 
considerable vol tages  a r e  of ten  s e t  
up between the  pole p l a t e s .  

The ana lys i s  of  these problems 
leads  t o  an important equation i n  which 
the usefu l  s ignal /noise  r a t i o  of the  
m a g n e t i c f i e l d  component HS/Hn 
i s  compared with the  e 1 e c t r i c 
f i e l d  component E s / E n ( s :  s igna l ,  
n: no ise) .  

This r a t i o  corresponds t o  the  
ve loc i ty  of  the p a r t i c l e s  v r e f e r r ed  t o  
the  ve loc i ty  of l i g h t  c. When the  
d i r ec t i ona l  c h a r a c t e r i s t i c  of magnetic 
probes i s  included, one w i l l  f i nd  t h a t  
with respec t  t o  the s ignal /noise  r a t i o  
e l e c t r o s t a t i c  probes a r e  superior  t o  
magnetic probes, provided t h a t  the 
ve loc i ty '  of the  p a r t i c l e s  i s  smaller 
than Sc, 

By using a non-intercepting pickup 
method there  i s  no p o s s i b i l i t y  t o  
e f f e c t i v e l y  screen the probe against  the 
r . f .  f i e l d  e spec i a l l y  aga ins t  the 
harmonics of higher order.  It seems t o  
be the  only way t o  lower the  r . f .  pickup 
by noise  suppression i n  a d i f f e r e n t i a l  
pickup probe a s  shown i n  Fig. 6. While 
the  ion bunch I induces s igna l s  of the  
same p o l a r i t y  on both p l a t e s  P, the r . f .  
pickup has an opposite po l a r i t y .  By 
using the t h i r d  pickup method 
character ized by d i r e c t  s igna l  convers- 
ion  (S. Fig. 3c) the  r. f .  noise  vol tage 
i s  simply suppressed by adding the low 
frequency output of both probes. By t h i s  
way, i n  the phase measuring equipment 
of  the  Karlsruhe cyclotron the  r . f .  
pickup i s  lowered so much t h a t  phase 
s igna l s  a r e  wel l  displayed down t o  1 uA 
of the  average beam current .  / 

Width and Amplitude of the Signals  

The theo re t i ca l  ana lys i s  of the  
pickup problems permits the determination 
of the  s igna l  wave forms. Here i t  i s  use- 
f u l l  t o  approximate the d i s t r i bu t ion  of 
the charge i n  the  i n bunches. a s  an 8 e r r o r  i n t e g r a l  (e'x ) and t o  express the 
width of the bunches and t h e i r  s i gna l s  
a s  the  h a l f  width A+ (band width a t  
50 % down) . 

The ca lcu la ted  curves i n  Fig. 7 
permit t o  determine the  width A $ of the 
bunches out  of the  width A # of the  
displayed s igna l s  fo r  the  f fve  probes. 
The ca lcu la t ion  i s  based on a width of 
39 mm f o r  the pickup p l a t e s  and a 
d i s tance  t o  the  beam plane of 13 mm a s  
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t h e  s i g n i f i c a n t  geometr ical  parameters. 

IQ Fig. 8 t h e  c a l c u l a t e d  peak 
vo l tage  U i s  p l o t t e d  versus  t h e  o r b i t  
r a d i u s  r a t  d i f f e r e n t  phase widths 0 9  . 
The vol tage i s  r e f e r r e d  t o  an average 
beam cur ren t  of 1 uA a t  # = 0 deg. and 
i s  based on an e a i t h  capac i ty  o f  t h e  
pickup p l a t e s  of 16.5 pF. Due t o  t h e  
r a d i a l  i n c r e a s e  o f  t h e  charge dens it^ i n  
a cyclot ron t h e  s i g n a l  peak vo l tage  U 
i n c r e a s e s  l i n e a r  t o  t h e  r a d i u s ,  a s  long 
a s  t h e  i o n  bunches a r e  smal ler  than t h e  
pickup p l a t e s  ( S .  curve &Q = 5 deg. i n  
Fig ,  8 ) .  I n  con t ra ry  t o  t h i s  t r u e  
d i s p l a y  t h e  pickup method of  Fig. 3b 
g i v e s  a square and t h e  method of  Fig. 3a 
even a cube dependence. 

Fig. 9 shows t h e  frequency 
spectrum of  t h e  pickup vo l tage  on t h e  
f i v e  probes r e f e r r e d  t o  a phase width o f  
P* = 0 and o* = 10 deg. The diagram 
r e v e a l s  t h a t  the  sampling device  must 
have a band width o f  more than l09 cps 
t o  give  a d i s p l a y  without remarkable 
d i s t o r t i o n s .  

Block Diagram of t h e  Equipment 

I n  Fig. 10 t h e  s impl i f i ed  block 
diagram of  t h e  phase measuring 
equipment o f  t h e  cyc lo t ron  a t  Karlsruhe 
i s  reproduced. The f i v e  d i f f e r e n t i a l  
probes combined wi th  t h e  sampling g a t e s  
a r e  mounted i n  t h e  vacuum chamber. 
Nearby, t h e  loop t o  take o f f  t h e  r. f .  
r e f e r e n c e  vo l tage  i s  i n s t a l l e d .  A t  t h e  
o u t e r  s i d e  o f  t h e  chamber a small  box 
(S.  Fig. 1 )  houses t h e  low frequency 
d i f f e r e n t i a l  ampl i f i e r s ,  t h e  s t r o b e  
pu l se  generator  and t h e  sampling g a t e  
f o r  t h e  re fe rence  vol tage.  

The 5-channel e l e c t r o n i c  switch 
and t h e  h o r i z o n t a l  d e f l e c t i n g  vo l tage  
generator  a r e  contained i n  t h e  c o n t r o l  
room toge ther  with t h e  frequency conver- 
t e r ,  which produces t h e  s t r o b e  pu l se  
frequency. 

A s  i t  i s  p o s s i b l e  t o  generate  t h e  
h o r i z o n t a l  d e f l e c t i n g  vo l tage  o u t  o f  t h e  
r. f ,  r e fe rence  vo l tage  by an equal  
sampling system, a zero phase balance 
i s  obta ined which i s  independent from 
frequency changes. By t h i s  means t h e  
e r r o r  o f  abso lu te  phase measurements i s  
l e s s  than 2 3 deg. 

The osci l logram i n  Fig. 11 demonstrates 
a simple method t o  check t h e  zero phase 
balance o f  t h e  equipment. The frequency 
o f  t h e  a c c e l e r a t i n g  vo l tage  i s  s h i f t e d  
above t h e  resonance so t h a t  near  t h e  
f i f t h  probe a l l  i o n s  change from 
a c c e l e r a t i n g  t o  d e c e l e r a t i n g  s t a t e  
( 4  = 90 deg.). Loosing t h e i r  energy they 
r e t u r n  t o  t h e  i o n  source. Hereby double 
s i g n a l s  a r e  generated which must cover 
a t  a l l  f i v e  probes,  i f  o r b i t s  a r e  
centered and &er0 phase balance o f  t h e  
equipment i s  exact .  

Fig. 12 c o n s i s t s  o f  s i x  o s c i l l o -  
grams represen t ing  t h e  phase d i s t r i -  
but ion when t h e  e x c i t e r  c u r r e n t  i s  
changed considerably  on ly  i n  one o f  t h e  
f i v e  t r im-coi l  groups. It may c l e a r l y  be 
seen t h a t  a cur ren t  change i n  one of t h e  
c o i l  groups does no t  on ly  produce a phase 
jump a t  t h e  r e s p e c t i v e  probe bu t  a l s o  
phase s h i f t s  i n  t h e  oppos i t e  d i r e c t i o n  
a t  t h e  o t h e r  probes. The phase 
measuring equipment o f  t h e  Karlsruhe 
cyclot ron enables  exact  necessary  f i e l d  
c o r r e c t i o n s  i n  a very  s h o r t  t ime, a s  t h e  
knobs f o r  t h e  c u r r e n t s  of t h e  f i v e  t r i m -  
c o i l  groups a r e  mounted d i r e c t l y  below 
t h e  CRT and adjustment can be made under 
immediate observat ion o f  t h e  f i v e  phase 
s i g n a l s .  

Phase Measuring Equipment 
o f  t h e  Cyclotron a t  J u l i c h  

The cyclot ron a t  J u l i c h  w i l l  be 
equipped wi th  a s i m i l a r  phase measuring 
device. Due t o  t h e  h igher  maximum 
energy varying between 45 MeV and 90 MeV 
l 2  double e l e c t r o s t a t i c  probes a r e  
provided i n  t h i s  case.  They a r e  mounted 
a t  t h e  o u t e r  edges o f  12 concen t r i c  
t r im-co i l  groups, c o n s i s t i n g  o f  36 p a i r s  
o f  c o i l s .  Each p a i r  i s  fed  by a DC push- 
p u l l  ampl i f i e r .  By means o f  analoque 
computer technique t h e  a m p l i f i e r  i n p u t s  
a r e  coupled i n  such a way t h a t  f i r s t  
harmonic and isochronous f i e l d  
c o r r e c t i o n s  can be c a r r i e d  o u t  inde- 
pendently and a r e  n e a r l y  r e s t r i c t e d  t o  
t h e  r e s p e c t i v e  concen t r i c  t r im-co i l  
ranges. Important p r e - r e q u i s i t e s  are 
thus  met t o  c o n t r o l  t h e  isochronous 
f i e l d  shape by t h e  phases o f  t h e  i o n  
bunches au tomat ica l ly ,  so t h a t  i t  seems 
t o  be adv i sab le  t o  provide appropr ia te  
c o n t r o l  loops. 

Examples o f  Phase Measurements 

Two examples o f  phase measurements 
c a r r i e d  o u t  wi th  t h e  equipment o f  t h e  
Karlsruhe cyclot ron a r e  discussed here.  
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DISCUSSION 

Follows next paper. 

Fig. 1 

Horizontal cross section of the 
Isochronous Cyclotron at Karlsruhe. 

9 lower part of the phase probe 
containing five electrostatic 
pickup plates 

10 coaxial lines 
1 1  leading-through flange 
12 amplifier box 
15 carbon screen 

Strobe pulse - 
lP-r)t 

// 
Transposed signal 

Demonstration of the sampling technique. 

* r---- - - - - - ;  
Magnetic 
probe 

- - -  - -  - - - - - J  

+ r - - - - - - - - - 1  
Electrostatic 
probe 

Electrostatic 
P- l@- + 
I 

Fig. 3 
Beam signal pickup methods. 

a) Magnetic probe in connection with 
commercial sampling oscillascope 

b) Electrostatic probe with commercial 
sampling oscilloscope 

c) Electrostatic probe with ditect 
signal conversion by a special 
sampling system 
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Low frequency 
signal q-=-$jo4"-' 

l -L 

Strobe -v- ~ u l s e  

Fig. 4 

C i r c u i t  diagram of the  sampling ga te .  

P piclcup p l a t e  
D ga te  diode 
C s to rage  capac i to r  
R: and Cp low-pass f i l t e r  
it2 load r e s i s t o r  

Fig. 5 
Construct ion drawing o f  one of the  
pickup u n i t s .  

1  c a r r i e r ,  2 pickup p l a t e ,  3 i n s u l a t o r ,  
4 spr ing  con tac t ,  5 s t r o b e  pu l se  l i n e s ,  
6 low-frequency l i n e s ,  7 h e a t e r  vo l t age  
l i n e s ,  8 g a t e  diode,  9 and 10 capac i to r s ,  
11 and 12 r e s i s t o r s .  

August 

Fig. 6 
RF-signal suppress ion by d i f f e r e n t i a l  
pickup probe. 

I i o n  bunch 
P pickup p l a t e s  
E  f i e l d  s t r e n g t h  of s i g n a l  
E' f i e l d  s t r e n g t h  o f  no i se  
n  

Fig. 7 
Width o f  i o n  bunches A Q  vs. width of 
phase s i g n a l s ~ f ~  r e f e r r e d  t o  t h e  f i v e  
probes. 

Orbit rodiur r-I - 
Fig. 8 .. 

Signal  peak vol tage U vs. o r b i t  r a d i u s  r 
i n  dependence of phase width 45 .  
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