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With t h e  many advancements and experimental techniques a v a i l a b l e  t o  exper i -  

m e n t a l i s t s  working w i  th cyc lo  t rons,  a s u i t a b l e  method of monitoring to  e s t a b l i s h  the 

s p a t i a l  p o s i t i o n  of the  beam remains a problem. A non-interaepting beam p o s i t i o n  

sensor has been developed and used wi th  the e x t e r n a l  focused beam of the Argonne 

cyclotron.  I t  c o n s i s t s  of r e sonan t ly  tuned d e t e c t i o n  c o i l s ,  preamplif i e r  and r e -  

ce iver .  Using magnetic induct ion  techniques a  d . ~ .  beam cu r ren t  of 0.03 PA can be 

c e n t r a l l y  l oca t ed  t o  about  2 0.1 m with  pos i t i on ing  accuracy decreas ing  f o r  lower 

beam currents .  The sensor can e s t a b l i s h  the  time average p o s i t i o n  of the  beam but  

w i l l  no t  provide information i n  r ega rd  to f i n e  s t r u c t u r e ,  i.e., l oca t ion  of each 

p r o j e c t i l e  pulse.  

The p o s s i b i l i t y  of such a  device  f o r  use W i th an ex te rna l  cyc lo t ron  beam was 

mentioned i n  an  e a r l i e r  pub l i ca t ion  by the au tho r s ' )  i n  connection w i t h  a beam 

p o s i t i o n  sensor  f o r  an e l e c t r o n  l i n e a r  acce l e ra to r .  The d e t e c t i o n  problems f o r  the 

two a c c e l e r a t o r s  a r e  q u i t e  d i f f e r e n t .  The cyc lo t ron  produces peak c u r r e n t  pu l se s  

of microamperes i n  magnitude and megacycles/sec i n  r e p e t i t i o n  r a t e  as compared t o  

m i l l  iamperes and cycles/sec f o r  the e l e c t r o n  l i n e a r  acce l e ra to r .  

The paper t h a t  fol lows w i l l  d i s c u s s  the u n i t  t h a t  has  been used wi th  the 

ex te rna l  ANL cyc lo t ron  beam f o r  a d.c. c u r r e n t  range of about  0.01 to  s eve ra l  micro- 

amperes. 

Theory 

Two s e t s  of  de t ec t ion  c o i l s  a r e  requi red  t o  determine the  ho r i zon ta l  and 

v e r t i c a l  coo rd ina t e s  of the beam pos i t i on .  Each c o i l  s e t  c o n s i s t s  of two c o i l s ,  

connected i n  oppos i t ion  and symmetrically placed about  the mechanical cen te r  of the 

beam tube. The a x i s  of t he  c o i l s  a r e  loca ted  perpendicular  t o  the d i r e c t i o n  of the 

beam and the d i r e c t i o n  t o  be sensed. 

For a n a l y s i s ,  cons ider  t he  beam i ( t )  t o  be a f i lament  of c u r r e n t ;  then the  

vo l t age  induced p e r  c o i l  i s  given by 

where r is t h e  e f f e c t i v e  d i s t a n c e  from the  c u r r e n t  f i lament  t o  the  c o i l  a x i s ,  t is 

the time and K i s  a constant .  I f  the  c u r r e n t  f i lament  is symmetrically pos i t ioned 

between the two c o i l s ,  the  vo l t age  output w i l l  be zero. I f  i t  is  d isp laced  a  

d i s t ance  A r  towards one of the c o i l s ,  the output  vol tage  is  
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where rA = r + A r  and rAt = r - A r ,  Neglecting second order terms i n  A r  and con- 

s i d e r i n g  only the time de r iva t ive  of the current ,  the voltage w i l l  be 

where KO = -4p  AN/^' ; p is the e f fec t ive  permeabil i ty of the coil-filament flux 

loop, A the e f f e c t i v e  cross-sectional  a rea  of the c o i l ,  N the t o t a l  turns  of a c o i l  

and r the distance from the  cu r ren t  f  ilaanent i to  the a x i s  of the  c o i l .  Signal 

p o l a r i t y  ( 2 )  w i l l  depend on the d i r e c t i o n  of displacement. The magnitude and 

p o l a r i t y  of e  l may be used t o  determine the beam posit ion.  

For the purpose of analys is ,  i t  w i l l  be assumed tha t  the  external  cyclotron 

beam current  can be represented by a  periodic s e r i e s  of t r iangular  pulses of magni- 

tude Io, duration T and period To. The Fourier  s e r i e s  f o r  such a  current  is 

The voltaged induced i n  the sensor c i r c u i t  is by Eq. (1)  

+ K o I o  Aro L nAn s i n  (nut )  
n= l 

To u t i l i z e  the voltage el,  the sensor input  c i r c u i t  is  tuned to  the n  = 1 

mode (Fig. l ) ,  The voltage developed ac ross  the capaci tor  C is 
EQ 

e2 = + QKOIO A r  W A1 s i n  ( o t )  , (2) 

where Q is the q u a l i t y  f a c t o r  of the c i r c u i t .  This voltage is  amplified and used to  

ind ica te  beam posit ion.  

I f  both the  displacement A r  and beam amplitude I. a r e  small,  the voltage ei  

g ib le  then the equivalent  dr iv ing voltage 
Pig. 1 Equivalent electricnl circuit of the sensor and 

assumed accelerator beam pulse shape. L = 31.4pH; 
R = 26 n; C ,, ., 6.L pF; C = C, + C. + C,, where of the sensor w i l l  be e l  i n  the s e r i e s  w i t h  
C, = effecttde coil capacitance .L 3 PP, 
c2 = tuning capacitor C 0.7 p ~ ,  and C, = i n p t  e  This noise voltage is  a  l imi t ing  
capacitance at amplifier ,-- 2.7 pF. n* 

w i l l  be small and the thermal noise en of 

=I 

10 the sensor c i r c u i t  BUS t then be considered. LmrT! A I - Assuming t h a t  a11 other  noise generators 
I I 

~ 1 2  Go-l i n  t h e  amplif ier-de tec  t o r  system are  negli-  
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Fig. 2 Components of the sensor. 
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f a c t o r  i n  the  beam deteot ion,  Its e f f e c t s  a r e  minimized by providing a sharply- 

tuned amplifying system. 

Equipment Description 

The sensor c o n s i s t s  of t h e  deteot ion c i r c u i t  and preamplif ier .  The rece ive r  

cons i s t s  of the ampl i f ier  and detector.  The sensor and associated e lec t ron ics  were 

constructed with s impl ic i ty  t o  prove the  f e a s i b i l i t y  of the technique and t o  obta in  

opera t ing experience. Although the sensor housing described below i s  capable of 

accommodating two s e t s  of deteot ion oo i l s ,  only one s e t  was i n s t a l l e d  and w a s  pos- 

i t ioned  t o  determine hor izonta l  beam displacements. 

Coil - IS turns 

a 

Fig. 3 Mechanical layout o i  the sensor. 

Referring to Fig. 2 and 3, i t  i s  seen t h a t  the c o i l s ,  A and A ' ,  a r e  mounted 

wi thin  a brass housing but located external ly  t o  the vacuum syetem. The evacuated 

beam tube is of quar tz  to  permit f lux  linkage between the beam and the coi ls .  The 

outer  surface of the s h e l l  connects mechanically and e l e c t r i c a l l y  t o  the beam tube 

of the accelera tor .  

Each sensor c o i l  cons i s t s  of 19 turns of No. 20 s o l i d  copper conduc t o r  wound 

on a Type 9-1') f e r r i t e  core, 1.2 cm outer  diameter, 2.7 am long. The c i r c u i t  i s  

tuned to  the  cyo lo t ren t s  fundamental frequency of 11.2 Mc/s and has an e f fec t ive  Q 

of 85. The e f f e a t i v e  26n s e r i e s  r e s i s t ance  of the  sensor c i r c u i t  is  the input 

thermal noise generator. 

The two oo i l s ,  A and A ' ,  are  connected i n  opposit ion with the output leads  

short-coupled to the preamplif ier  which i s o l a t e s  the resonance sensor c i r c u i t  from 

the coaxial  cab le  connection used to bring the s igna l  t o  the ampl i f ier  readout 

s t a t i o n ,  The p r e m p l i f i e r ,  of voltage gain about one, is constructed ins ide  the 

sensor housing and is we1 l shie lded t o  minimize s t r a y  RF coupling, I t  uses Amperex 

E 180 F pentodes and has an equivalent  noise res i s t ance  about 150-fold l e s s  than the  

senror  c i r c u i t ,  
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The output from the preamplif ier  is  led  by a 100 f  t o o u i a l  oable, Type RG22B, 

t o  an R I  ampl i f ier .  The purpose of t h i s  ampl i f ier  is twofold) i t  must f i r s t  provide 

high s e l e o t i v i t y  t o  minimize the thermal noise e f f e a t s ,  and seoond t o  provide su f f i a -  

i e n t  s ignal  gain f o r  readout. A oommeroial type oomwnioation reoeiver  was f i r s t  

used, but  s t r a y  piakup ef  feo ts were ocaasionally experienoed. For suboequent work 

an anplif  i e r  w a s  oonstruoted with speoif io  a t t e n t i o n  being given t o  shie ld ing i n  the 

e a r l i e r  s t a g e s  of amplif ioation.  Br ief ly ,  the input  signal  (11.2 ~ o / s )  from the pre- 

ampl i f ier  i s  amplified and then heterodyned with a f ixed 6,7 Mo/s o s c i l l a t o r  g iv ing 

a 4.5 Mc/s signal. The r e s u l t a n t  4.5 MC/S s ignal  is  then amplif ied and mixed with a 

f ixed  4.020 Mo/s s ignal ,  thereby produoing a 480 ko/s output. It is  by t h i s  means of 

heterodyning and the use of tuned o i r o u i t s  t h a t  an e f feo t ive  bandwidth of 2 2 ko/s 

i s  obtained. Since the noise output is d i r e o t l y  proport ional  to  the square root  of 

the bandwidth, the bandwidth of the ampl i f ier  is a determining f a c t o r  i n  e s t ab l i sh -  

ing the bes t  beam-displacement detea t ion.  

For s ignal  readout,  t h e  ampl i f ier  i s  coupled i n t o  a l i n e a r  de teotor ,  with the 

d.c. output used t o  indioate  beam posit ion.  However, the d i r e a t i o n  of beam displaae- 

ment i s  hereby los t .  This has  not  been a se r ious  disadvantage, s inoe we a r e  

primari ly in t e res t ed  i n  having the beam oharge oenter  ooinciding with the mechanio a1 

oenter  of the tergetry.  Direction of beam displacement is sensed with a s t e e r i n g  

magnet and then manually corrected.  For automatic contro l ,  the ampl i f ier  readout 

system must become more sophist icated.  Bench t e s t s  a r e  now undemay f o r  phase detec- 

t ion  and w i l l  be b r i e f l y  discussed a t  the end of t h i s  paper. 

Operation Resu l t s  

Typioal beam displacement d a t a  a r e  given by the ourves of Fig. 4 and 5. The 

d a t a w e n  obtained w i t h  an ampl i f ier  voltage gain of 0.9 x 106 and an  output noise 

3 mm 0.0. Baom 

L I I I I I I I 

-4 -3 -e -I o I e 3 4 
BEAM OISPLACEMENT, mm 

Fig. 4 Measured sensor-ampl i f ie r  s i g n a l  versus  beam 
displacement. S e n s i t i v i t y  is about  45 i ~ V / m  UA. 
Beam diameter 3 m. 

l 3 mm QO. Beam 

0 ILmm 0.0. Beam 

0.05 uo 

-4 -3 -e -I o I r 3 4 
BEAM DISPLACEMENT, mm 

Fig. 5 Ncasured acnsor-ampl i f ie r  d i s p l n c e ~ n e n t  s i g n n l  
f o r  a  3 mm and n  1 2  mm d iameter  beam. 
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s igna l  of 2.7 V. Operating experience has proven t h a t  a d.c. beam cur ren t  of 

0.03 pA can be c e n t r a l l y  located t o  about 2 0.1 mm with posi t ioning accuracy de- 

creas ing f o r  lower beam currents .  

It is t o  be noted t h a t  the d.c. output beam displacement signal  is  not l i n e a r  

as predic ted  by equation (1). This i s  the r e s u l t  of l i n e a r l y  de tec t ing  two s ignals  

of comparable magnitude; beam displacement and noise. When the output displacement 

s igna l  great ly  exceeds the noise,  the r e s u l t a n t  d.c. de tector  s ignal  w i l l  be 

d i r e c t l y  proportional  t o  e which i s  i l l u s t r a t e d  by the curve f o r  0.07 MA. 
1' 

The measured and ca lcu la ted  s e n s i t i v i t y  of the sensor (preamplif ier  input)  i s  

about 45 pV/m pi and 40 pV/napA respectively.  The output thermal noise s ignal  

( 2  2 kc/s bandwidth) r e f e r r e d  back t o  the preamplif i e r  input  is about 3 pV. 

Disaussion 

If the n u l l  de tec t ion  readout does not  suf f ice ,  d i reo t ion  of beam displaoement 

can be sensed by providing a means of time referencing the sensor s ignal  t o  the pro- 

j e c t i l e  pulse. This has been r e a d i l y  accomplished on the bench by using two signal  

channels, A and B, with channel A deriving i t s  input  s ignal  from a n  a i r  core t o m i d  

(cur ren t  transformer) mechanically coupled wi th  the sensor head and tuned t o  the 

f i r s t  harmonic frequency of the p r o j e c t i l e  pulse. The input s ignal  for  channel B i s  

developed by the desoribed sensor c i r c u i t .  Since both channels have the same phase 

c h a r a c t e r i s t i c s ,  beam displacement d isplay is  accomplished by coupling the sensor 

s igna l  output of channel B, t o  an oscil loscope with the time t r igger ing  pulse being 

provided by the toroid s ignal ,  channel A. The 2 c h a r a c t e r i s t i c  of the f i r s t  swing 

of the sensor s igna l  provides the information a s  to  the d i r e c t i o n  of beam displace- 

ment, 

The e l e c t r o n i c s  of e i t h e r  channel cons i s t s  of a preamplif ier  with i ts  output 

s ignal  led  by a coaxial  cable  t o  a mixer (11.2 Hc/s - 6.7 ~ a / s )  which produces a 

4,5 Hc/s information signal .  This s ignal  i s  amplif ied and then d i r e c t l y  coupled i n t o  

the oscilloscope. 

To achieve var iable  frequency, i.e. va r i ab le  energy operation, the sensor 

c i r c u i t  must be constructed fo r  tuning to the  highest  acce le ra t ing  frequency. The 

question now a r i s e s  a s  t o  the f e a s i b i l i t y  of modifying the  described c i r c u i t  t o  

resonate a t  a higher frequency, such a s  20 Mc/s. Since the  capacitance cannot r ead i ly  

be decreased, one must consider decreasing the inductance of the sensor c o i l s  by low- 

e r i n g  the number of turns.  This w i l l  r e s u l t  i n  a proportional  decreaee i n  s e n s i t i v i t y  

and w i l l  a l s o  lower the s ignal  t o  noise r a t i o .  I f  a. and a l  a r e  the  signal-townoise 

r a t i o s  and No and NI  a r e  the c o i l  turns  f o r  the frequeneies f o  and f l ,  then 

a l  = a. ( N ~ / N ~ )  'l4 = ao(f  ,/f To change f ron 11.2 Hc/s t o  20 PC/. operation,  

the c o i l  tu rns  must be decreased by a fac tor  about 1.8, and the resu l t ing  change i n  

the signal-to-noise r a t i o  w i l l  be a f a c t o r  of about 1.5. This is not  ser ious  and can 

be r e a d i l y  overcome by narrowing the band width of the amplif ier .  
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For frequeneiea l e s e  than the design umximum we propose t o  use a tuning 

capacitor.  This w i l l  lower the Q of the  c i r c u i t  and f o r  constant  gain the decreaoe 

would have to  be eompensated by the amplif ier .  To follow the change i n  aocelera t ing 

frequencies, the sensor c i r c u i t ,  preamplif ier ,  ampl i f ier  preeeding f i r s t  mixer, and 

the ampl i f ier  of the cyolotron heterodyning s ignal  would have to  be gang-tuned. The 

remainder of the e lec  t ron ies  would remain unchanged. 

1.  K .  Johnaon, e t  al., Nuel. Ins t r .  and Meth. l4, No. 2 (1962).  
2. Indiana General Corporation, Valparaiso, Indiana. 

DISCUSSION 

SMITH : What type of f e r r i t e  a re  you using? 

RAMLER : Type 01.  I t  has a permeability of about 400 a t  our frequency. The per- 
meabil i ty of the f lux loop, r e l a t i v e  to a i r ,  is  about 3.3. 
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