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Cal ibra t ion of the probes  (consisting of a magnet ic  loop, turns on the acce le ra t ing  chamber ,  
and an e l ec t ros ta t i c  signal e lectrode)  used to m e a s u r e  the cu r ren t  c i rcula t ing in the a c -  
ce le ra t ing  chamber  of the 15 MeV beta t ron  is repor ted  for  var ious  phases  of the a c c e l e r a -  
tion. The ca l ib ra t ion  was ca r r i ed  out in the working pa r t  of the a c c e l e r a t o r  with a cur ren t  
of e lec t rons  v~hich had undergone a single revolut ion in the chamber .  Resu l t s  found in a 
calculat ion of the sensi t iv i ty  and other probe  c h a r a c t e r i s t i c s  a r e  repor ted .  A method is 
descr ibed  for  measu r ing  the cu r r en t  involved in the acce l e ra t ion  by means  of turns  on the 
chamber  and an e l ec t ros t a t i c  deflection of e lec t rons .  Recommenda t ions  a r e  given for  the 
use  of probes  to adjust  a betatron.  

Analys is  of e lec t ron  cap ture  in acce lera t ion ,  of the acce l e ra t ion  i tself ,  and of the operat ing eff iciency 
of a be ta t ron  r equ i r e s  m e a s u r e m e n t  of the cu r r en t  c i rcula t ing in the acce l e r a t i ngchamber .  Var ious  methods 
a r e  avai lab le  fo r  measu r ing  this current :  1) a method involving m e a s u r e m e n t  of the charge  of the e lec t ron  
b e a m  when it  is s c a t t e r e d  on a t a rge t  [1, 2]; 2) the magnet ic- induct ion method,  based on m e a s u r e m e n t  of 
the vol tage induced in the turns  by the magnet ic  flux produced by the c i rcula t ing e lec t ron  beam [3, 4]; and 3) 
the method based on m e a s u r e m e n t  of the vol tage induced in an e lec t ros ta t i c  signal e lec t rode  in the a c -  
ce le ra t ing  chamber  by the charge  of the acce l e r a t ed  beam [5]. 

Measu remen t  of the cu r ren t s  c i rcula t ing in an induction a c c e l e r a t o r  during var ious  s tages  of a c -  
ce le ra t ion  r e s t s  on a de te rmina t ion  of the probe sensi t iv i ty  and capabi l i t ies .  

R e s u l t s  o f  t h e  C a l i b r a t i o n  o f  t h e  M a g n e t i c - I n d u c t i o n  

P r o b e s  a n d  t h e  S i g n a l  E l e c t r o d e .  D i s c u s s i o n  o f  R e s u l t s  

The probes  were  ca l ibra ted  with the cu r r en t  of e lec t rons  which had undergone a single revolut ion in 
the a c c e l e r a t o r  chamber  and which s t ruck  a baffle cover ing the ent i re  chamber  c r o s s  section; Fig. 1 shows 
the probe a r r a n g e m e n t  in the acce le ra t ing  chamber .  E lec t rons  f r o m  injector  2 comple te  a single revo lu-  
tion in chamber  1 and s t r ike  baffle 3 behind the injector .  The signal f r o m  the baffle is fed through RK-75 
coaxial  cable  loaded by 75 ~2 to the input of a DSO7 dua l - t r ace  osc i l loscope .S igna ls  f rom the m a g -  
netic loop 4, the turns on the chamber  5, and the e lec t ros ta t i c  signal e lec t rode  6 a r e  a l t e rna te ly  fed to the 
second osc i l loscope  input. A grounded s c r e e n  7 in f ront  of the signal e lec t rode  prevents" e lec t rons  f r o m  
st r ik ing it. The m ax i m um  cur ren t  to the baffle was 25 mA, at  an injection energy  of 10 kV and an induction 
cu r ren t  of 500 mA. 

Table  1 shows the bas ic  c h a r a c t e r i s t i c s  and the calculated and exper imenta l  sens i t iv i t ies  of the m a g -  
net ic- induct ion probes  used to study e lec t ron  capture  in acce le ra t ion  and acce l e ra t ion  i tself .  The sen-  
s i t ivi ty and other probe c h a r a c t e r i s t i c s  were  calculated by the p rocedure  descr ibed  in [6], where  the output 
voltage of the magnet ic- induct ion probe was given as 

U ( t ) -  W~,~ ~q [e-(~-V~--L)~.~_ e_(~+V~)~ ] W ~  
10~ [/'~-1~1 = 108~-f(~, 0), (1) 
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T A B L E  1. B a s i c  C h a r a c t e r i s t i c s  of the  M a g n e t i c - I n -  
duc t ion  P r o b e s  

Characteristic 

Inductance 
Resistance 
Capacitance 
Number of turns 
Pulse rise time 

Sensitivity: 
a) calculated 

b) experimental 

Units 
Probe 

magnetic 
turns 

loop 

L. 10 "s H 69 
r,O 1,1 

C X 10 -t2 F 65 
W 8 

z,f X 10 -9 sec 70 

mV/mA 10,5 

mV/mA 12,0 

241 
51 
70 

1209 

120 

1,0 

1,6 

w h e r e  

1 L r 1 
o? - -  L C  ; ~ = - R  -[- rC; 7 = - ~  ; Tz '-- ~ V - ~  ~ -  ~" ; 

O = t / T  i i s  the  r e d u c e d  t i m e ;  ~ = ~ w / 2 ~ y  + 1; L i s  the  p r o b e  induc tance ;  r i s  the  r e s i s t a n c e  of the  p r o b e  
winding;  C i s  the  p r o b e  c a p a c i t a n c e ;  R i s  the  load  r e s i s t a n c e ;  W is  the  n u m b e r  of t u r n s  in the  p r o b e  winding;  
f0?, O) g i v e s  the  s h a p e  and m a g n i t u d e  of the  p r o b e  s i gna l ;  and ~ m  i s  the  a v e r a g e  m a g n e t i c  f lux  l inking  the  
p r o b e  winding  when a b e a m  I p a s s e s  a long  the  c e n t e r  of a t o r o i d a l  c o r e  wi th  a p e r m e a b i l i t y  p: 

e5 m 0.2Ib In r~. .~  0.21~,. S = - -  �9 (2) 
FI ray 

H e r e  b i s  the  c o r e  width ;  and r l ,  r2, r a v ,  and S a r e  the  o u t e r ,  i n n e r ,  and a v e r a g e  r a d i i  and the c r o s s -  
s e c t i o n a l  a r e a  of the  c o r e .  

F r o m  Eq. (1) we s e e  tha t  wi th  77 > I the  p r o c e s s  i s  a p e r i o d i c ,  wh i l e  wi th  77 < 1 i t  i s  o s c i l l a t o r y .  
Choice  of o p t i m u m  v a l u e s  of L, W, and R in our  c a s e  r e d u c e s  to f inding  the  o p t i m u m  va lue  of ~, a t  wh ich  
a m a x i m u m  p r o b e  s e n s i t i v i t y  would be a c h i e v e d  fo r  a s p e c i f i e d  p u l s e  r i s e  t i m e .  It should  be noted tha t  the  
r e q u i r e m e n t s  of a m a x i m u m  s e n s i t i v i t y  and a m i n i m u m  p u l s e  r i s e  t i m e  a r e  conf l i c t ing .  

E x p e r i m e n t a l  r e s u l t s  a r e  shown a long  wi th  the  r e s u l t s  of a p p r o x i m a t e  c a l c u l a t i o n s  in  T a b l e  1 fo r  
the  fo l lowing  load  r e s i s t a n c e s :  R = 560 ~2 fo r  the  t u r n s  and R = 750 ~2 fo r  the  m a g n e t i c  loop.  

The  t u r n s  in  the  c h a m b e r  w e r e  m a d e  of PELShO c onduc to r ,  0.33 m m  in  d i a m e t e r ;  the  a v e r a g e  t u r n  
d i a m e t e r  was  270 m m ,  and the  wind ing  s p a c i n g  w a s  6-8  m m .  T a b l e  i shows  the t u r n  i nduc t a nc e  in the 
w o r k i n g  gap  of the  15 MeV b e t a t r o n ;  the  t u r n  i n d u c t a n c e  in a i r  was  28.0 �9 0.3 ~H. The  m a g n e t i c  loop 
c o n s i s t s  of PI~LShO w i r e  0.12 m m  in  d i a m e t e r  on a h a r d b o a r d  s t r i p  1.8 x 26 m m  in  a r e a  and 240 m m  long.  

The  s i g n a l  e l e c t r o d e  w a s  an  a l u m i n u m  p la t e  22 m m  wide  and 40 m m  long,  held  a t  a r a d i u s  of 160 
m m  in  the  c h a m b e r .  The  e q u i l i b r i u m  o r b i t  of the  15 MeV b e t a t r o n  has  a r a d i u s  of 135 mm.  

U s i n g  known equa t i ons  fo r  the  s e n s i t i v i t y  of the  s i g n a l  e l e c t r o d e s  [7, 8] and e x p e r i m e n t a l  da t a  [9] 
showing  tha t  the  p r o b e  s h a p e  has  l i t t l e  e f fec t  on i t s  s e n s i t i v i t y  and c h a r a c t e r i s t i c ,  we d e r i v e d  the fo l lowing  
equa t ion  f o r  a p l a t e - s h a p e d  e l e c t r o s t a t i c  s i gna l  e l e c t r o d e :  

Ue = KlKe Q, (3) 
CeII 

w h e r e  U e i s  the  v o l t a g e  on the  e l e c t r o d e ;  Q i s  the  c i r c u l a t i n g  c h a r g e ;  l i s  the  e l e c t r o d e  length ;  K e i s  the  
s c r e e n i n g  coe f f i c i en t ;  II i s  the  l eng th  of the  e q u i l i b r i u m  o r b i t ;  C e i s  the  t o t a l  c a p a c i t a n c e  of the  e l e c t r o d e  
and the  e n t r a n c e  to  the  m e a s u r e m e n t  a p p a r a t u s ;  and K i s  a c o r r e c t i o n  f a c t o r .  In K e = ~ /27r ,  the  ang le  
i s  tha t  sub tended  by the s i g n a l  e l e c t r o d e  a t  the  c e n t e r  of the b e a m .  The  f a c t o r  K t a k e s  in to  a c c oun t  both  
the  shape  of the  z e r o - p o t e n t i a l  s u r f a c e s  a d j a c e n t  to the  s i g n a l  e l e c t r o d e  and the f ac t  tha t  a vo l t a ge  i s  i n -  
duced  in  e l e c t r o d e  not  only  by  e l e c t r o n s  o p p o s i t e  i t ,  but  a l s o  by e l e c t r o n s  in  f r o n t  of i t  and behind it .  
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Fig. 1 Fig. 2 Fig. 3 

Fig. i .  Probe a r rangement  in the accelera t ing chamber.  

Fig. 2. Osci l lograms of the voltage taken f rom the turns in the chamber,  a) Transient  cu r -  
rent; b) accelera ted current .  

Fig. 3. Osci l lograms of the voltage f rom the signal electrode,  recorded during the ca l ibra-  
tion. 

The s ignal -e lec t rode voltage U e can be related to the beam current  I by 

KIKe 
Ue=  ._  I, (4) 

C e" 5.96' 107 V u 

where U is the e lectron injection voltage. In our case we have l = 4 cm, K e = 0.1, and C = 50" 10 -12 F. 
Calibration of the signal electrode yielded K = 1.5. Substituting these values into Eq. (4), we find 

I = 5.10 -3 IF~.Ue. (5) 

At an injection voltage of U = 10 kV and a load res i s tance  of R = 75 ~2, we find a s ignal-e lectrode 
sensit ivity of 2.1 m V / m A ;  the sensit ivity of the, probe consisting of turns on the chamber  is 12.0 mV 
/mA, and that of the magnetic loop was only ~1 mV/mA.  The turns on the chamber  are  apparently to be 
prefer red  because of their high sensitivity. The turn sensit ivity measured agrees  well with that calculated 
(Table 1). 

Measurements  can be made with magnetic-induction probes only after  the conductors are  shielded 
and all possible paths by which in terference can reach  the measurement  apparatus a re  blocked by capaci-  
tances. Much noise is produced by, e.g., the power-l ine and heater windings of the t r ans fo rmers  in the 
injection circuit ,  by the last  cascade in the synchronizat ion circuit ,  etc. 

Magnetic probes were  used to measure  the circulating current  at  the t ime of injection (a t ransient  
current) [3, 4]. It has not previously been possible to use the magnetic-induction method to measure  the 
cur rent  captured in acce lera t ion  because of the interference caused by operat ion of the bias circuit.  By 
using e lect ros ta t ic  deflection of electrons,  we were able to significantly reduce the interference and use 
the turns to measure  the cur rent  captured in accelerat ion.  Figure 2 shows osc i l lograms of the voltage 
taken f rom the turns. The negative part  of the pulse (a) corresponds  to an increase  in the current  in the 
chamber,  while the positive part  of the pulse corresponds  to a decay of this current .  The t ransient  cu r -  
rent  had an amplitude of 35 mA, and the injection voltage was 18 kV. The positive pulse in Fig. 2b c o r -  
responds to deflection of the current ;  here  its level is 3 mA. Osci l logram 2b was photographed at a scale 
10 t imes as  large as that in Fig. 2a. The electrons were  deflected by supplying a high-voltage pulse to the 
signal electrode;  the voltage was 6 kV, supplied 40 psec after  the beginning of injection. 

Figure  3 shows osc i l lograms of the voltage f rom the signal electrode recorded  during the calibration. 
Figure  3a corresponds  to capture of electrons in accelera t ion at the peak of the injection pulse, while 
Fig. 3b corresponds  to capture at  the fronts.  

C O N C L U S I O N S  

The most  sensitive of our probes is a probe consist ing of turns on the acce lera t ing  chamber,  along 
the pe r ime te r s  of the electron orbits.  We found that a t ransient  current  exists in the chamber and reaches  
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a large value when e lec t rons  a r e  no longer captured in acce le ra t ion  and when there  is thus no b r e m s -  
strahlung x radiation,  which is usually used to adjust  betatrons.  It is easy to adjust  the beta t ron for  maxi-  
mum radiat ion by using the maximum signal f r o m  the probes.  In this adjustment  method, the betatron gives 
a maximum radiat ion during the v e r y  f i r s t  operat ion of the e lec t ron-def lec t ion  circuit .  

In this study, we: 1) found a logical way to choose probe pa rame te r s  and evaluate their  sensit ivi ty and 
other  cha rac te r i s t i c s ;  2) cal ibrated probes (consisting of turns,  a magnetic loop, and an e lec t ros ta t ic  
signal electrode)  with the cu r ren t  of e lec t rons  completing a single revolution in the acce lera t ing  chamber  
of a betatron;  3) proposed a method for  adjusting the beta t ron on the basis of the maximum probe signal 
without operating the e lec t ron-def lec t ion  circui t ;  and 4) measured  the cur ren t  captured in accelera t ion by 
a magnet ic- induct ion pickup, by cutting off the cu r r en t  in the acce lera t ing  chamber.  
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