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PREFACE

T h is  t h e s i s  c o n s i s t s  m a in ly  o f  an a c c o u n t  o f  th e  work 

c a r r ie d  o u t  t o  r e n d e r  o p e r a t i o n a l  th e  300 MeV s y n c h r o tr o n  

at G lasgow  U n i v e r s i t y  from  t h e  t im e  a t  w h ich  i n s t a l l a t i o n  

and g e n e r a l  t e s t i n g  w ere c o m p le te d .

D e t a i l e d  d e s c r i p t i o n s  a re  g iv e n  o f  t h e  p a r t i c u l a r  

c o n t r ib u t io n s  made b y  th e  a u th o r ,  who was a s s o c i a t e d  w ith  

the p r o j e c t  d u r in g  t h e  p e r i o d  1949  -  1954 w h i l s t  w ork ing  

fo r  th e  Ph.D . d e g r e e .

The f i r s t  c h a p te r  i s  a p r e l im i n a r y  summary o f  th e  

p r i n c i p l e s  u n d e r ly in g  th e  a c c e l e r a t i o n  o f  e l e c t r o n s  t o  h ig h  

e n e r g ie s  in  t h e  b e t a t r o n  and s y n c h r o tr o n .

A b r i e f  a c c o u n t ,  in  c h a p te r  tw o , o f  th e  G lasgow  

i n s t a l l a t i o n  s e r v e s  t o  i l l u s t r a t e  t h e  p r a c t i c a l  r e a l i z a t i o n  

o f  t h e s e  p r i n c i p l e s ,  and b r i n g s  o u t  t h e  s a l i e n t  o p e r a t i o n a l  

f e a t u r e s  o f  th e  m a ch in e .

C hapter t h r e e  i s  an a c c o u n t  o f  t h e  m ethods and t e c h n iq u e  

employed i n  t h e  e s t a b l i s h m e n t  o f  t h e  X -r a y  beam.

The d evelopm en t o f  s e n s i t i v e  d e t e c t o r s  em bodying th e  

p r i n c i p l e s  o f  th e  s c i n t i l l a t i o n  c o u n t e r ,  and th e  su b s e q u e n t  

s u c c e s s f u l  employment o f  t h e s e  i n  th e  i n i t i a l  s e a r c h  f o r  a 

beam are r e p o r te d  i n  d e t a i l .

In c h a p t e r s  f o u r  and f i v e ,  v a r i o u s  e x p e r im e n ts  c a r r i e d  

out on th e  i n t e r n a l  e l e c t r o n  beam and e x t e r n a l  X -ra y  beam  

are d e s c r ib e d .



A n o t e  on th e  u s e  o f  t h e  s y n c h r o tr o n  i n  n u c le a r  p h y s ic s  

c o n c lu d e s  th e  t h e s i s .

O r ig in a l  work b y  th e  a u th o r  in c l u d e s  t h e  m o d i f i c a t i o n s  

t o  th e  e l e c t r o n i c  g e a r  d e s c r i b e d  i n  c h a p te r  tw o; th e  

d evelpom en t o f  t h e  s c i n t i l l a t i o n  p r o b e s ,  c h a p t e r  t h r e e ;  th e  

sh a p in g  e x p e r im e n ts  on t h e  RP w aveform , c h a p t e r  f o u r ;  and 

th e  beam e x p e r im e n ts  o f  c h a p t e r  f i v e .

The a c t u a l  s e a r c h  f o r  th e  beam and th e  e x e c u t i o n  o f  

th e  beam e x p e r im e n ts  were c a r r i e d  o u t  i n  c o l l a b o r a t i o n  w i t h  

Dr. Vi/. Me Far la n e  and Mr. S. E. B arden , th e  o t h e r  members o f  

th e  s y n c h r o tr o n  r e s e a r c h  team .

The a u th o r  w is h e s  t o  e x p r e s s  h i s  g r a t i t u d e  t o  t h e s e  

two c o l l e a g u e s  and a l s o  t o  P r o f e s s o r  P. I .  Dee f o r  s u s t a i n e d  

i n t e r e s t  and e n co u ra g e m e n t .

D. L. O ldroyd

November 1954

—o—
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CHAPTER 1

PRINCIPLES OP BETATRON AND SYNCHROTRON ACCELERATION

1 . 1  I n t r o d u c t io n .

In  th e  e l e c t r o n  s y n c h r o tr o n ,  a c c e l e r a t i o n  p r o c e e d s  i n  

two s t a g e s .  E l e c t r o n s  i n j e c t e d  a t  5 0 -1 0 0  keV a re  a c c e l e r a t e d  

hy b e t a t r o n  a c t i o n  t o  an e n e r g y  o f  2 - 5  MeV and t h e n  by

sy n c h r o tr o n  a c t i o n  t o  t h e  f i n a l  e n e r g y .

This arrangem ent i s  c o n s t r u c t i o n a l l y  a d v a n ta g e o u s  s i n c e  t h e  

whole a c c e l e r a t i o n  o c c u r s  i n  c i r c u l a r  o r b i t s  o f  s e n s i b l y  

c o n s ta n t  r a d i u s .

The p a p e r s  o f  K e rst  and B erb er  1 ,  2 ,  3 ,  and o f  Bohm 

and F o ld y  4  form  t h e  b a s i s  o f  t h e  f o l l o w i n g  summary.

1 .2  The B e t a t r o n .

The m a g n e t ic  f i e l d  in  a b e t a t r o n  c o n s i s t s  o f  two p a r t s :

a r a d i a l l y  s y m m e tr ic a l  g u id e  f i e l d ,  H, w h ich  c o n s t r a i n s  t h e

e l e c t r o n s  t o  p la n e  c i r c u l a r  o r b i t s  p e r p e n d ic u la r  t o  i t s e l f ,

and a c e n t r a l  o r b i t - l i n k i n g  f i e l d .  P i g .  1 .

The r a d iu s ,  r ,  o f  th e  o r b i t ,  o r  in s t a n t a n e o u s  c i r c l e , i s

g iv e n  ( i n  G a u ss ia n  u n i t s )  by

=  4  (1 )

e b e in g  th e  ch a rg e  and p th e  momentum o f  a p a r t i c l e ,  c i s  

t h e  v e l o c i t y  o f  l i g h t  i n  v a c u o .

I f  th e  c e n t r a l  f l u x  $  l i n k i n g  th e  o r b i t  i s  in c r e a s e d ,  t h e  

e l e c t r o n s  are  a c c e l e r a t e d  by  th e  in d u c e d  e l e c t r i c  f i e l d
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and t e n d  t o  move t o  a l a r g e r  o r b i t .  H owever, i f  th e  g u id e  

f i e l d  i n c r e a s e s  in  d i r e c t  p r o p o r t io n  t o  th e  momentum, 

a c c e l e r a t i o n  p r o c e e d s  in  th e  same o r b i t .  T h is  o b t a in s  i f  

th e  r a t e s  o f  change o f  g u id e  f i e l d  anu a c c e l e r a t i n g  f l u x  

are p r o p o r t i o n a l :  s p e c i f i c a l l y

—  =  (s ')

where r^ i s  th e  r a d iu s  o f  t h e  b e t a t r o n  o r b i t .

F i g .  2 r e p r e s e n t s  a v e r t i c a l  s e c t i o n  o f  a b e t a t r o n  

e le c tr o m a g n e t  -  a la m in a te d  s t e e l  s t r u c t u r e  c o m p r is in g  

c i r c u l a r  p o l e p i e c e s  P, yoke Y, and e x c i t a t i o n  c o i l s  0 

mounted round th e  p o l e s .  T h is  p r o d u c es  a f i e l a  r a a i a l l y  

sy m m e tr ica l  about t h e  v e r t i c a l  c e n t r e  l i n e  AA’ and 

everyw h ere  norm al t o  t h e  m edian  p la n e  BB^.

The s t r o n g  o r b i t - l i n k i n g  f i e l d  o c c u r s  a c r o s s  th e  narrow  

c e n t r a l  gap and th e  w eaker g u id e  f i e l d  a t  D where th e  

n o n -m a g n et ic  t o r o i d a l  vacuum cham ber, or d o n u t , i s  s i t u a t e d .  

The c e n t r a l  gap i s  a d j u s t e d  so  t h a t  t h e  b e t a t r o n  o r b i t  i s  

a t  th e  c e n t r e  o f  t h e  d o n u t.

An e l e c t r o n  i n  th e  o r b i t  h a s  t o t a l  e n e r g y  V/ g iv e n  in  

e l e c t r o n - v o l t s  by

-h w j  (3 )

where i s  t h e  r e s t  e n e r g y .  F or \Y > 10  MeV, and

(3 )  r e d u c e s  t o

=  3 0 0  HnT' (4 )

From (3 )  i t  f o l l o w s  t h a t  f o r  a g iv e n  o r b i t  r a d i u s ,  a 

o n e - t o - o n e  c o r r e s p o n d e n c e  e x i s t s  b e tw e e n  g u id e  f i e l d

- 7 -
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s t r e n g t h  H and p a r t i c l e  e n e r g y  W.

The m agnet i s  e x c i t e d  s i n u s o i d a l l y  ( u s u a l l y  a t  f i f t y  

c y c l e s  p e r  s e c o n d )  and th e  e l e c t r o n s  are  i n j e c t e d  

t a n g e n t i a l l y  i n t o  t h e  donut from  a lo w  e n e r g y  gun a t  g u id e  

f i e l d  s t r e n g t h s  n e a r  z e r o .  D u r in g  t h e  n e x t  q u a r t e r  c y c l e  

o f  f i e l d  v a r i a t i o n ,  a c c e l e r a t i o n  p r o c e e d s  b u t  a s  p eak  

f i e l d  i s  ap p roach ed  t h e  c e n t r a l  c o r e  s a t u r a t e s ,  so  t h a t  

^  d o e s  n o t  k eep  i n  s t e p  w i t h  ^  and t h e  e l e c t r o n s  s p i r a l  

in w a rd s .  They h i t  t h e  b a c k  o f  t h e  gun and p ro d u ce  X -r a y s  

w h ich  em erge from  t h e  m ach in e  i n  a narrow  beam.

The donut i s  c o n t i n u o u s l y  e v a c u a t e d  t o  r e d u c e  l o s s  o f  

e l e c t r o n s  by  c o l l i s i o n  v / i th  g a s  m o l e c u l e s .

P i g .  3 i n d i c a t e s  t h e  o p e r a t i o n a l  c y c l e .

1 . 3  F ocu sin /?  R eq u irem en ts  o f  t h e  G uide F i e l d .

The o r b i t s  g i v e n  b y  (1 )  m ust b e  s t a b l e ,  s i n c e  t h e  

e l e c t r o n s  may b e  d i s p l a c e d  b y  c o l l i s i o n  w i t h  r e s i d u a l  g a s  

atoms o r  b y  m u tu a l i n t e r a c t i o n .  Further^ th e  u s e  o f  an  

i n t e r n a l  gun p r e c l u d e s  d i r e c t  i n j e c t i o n  i n t o  t h e  b e t a t r o n  

o r b i t  r ^ ,  s i n c e  t h e  gun s t r u c t u r e  w ould  o b s t r u c t  p a r t i c l e s  

a f t e r  one r e v o l u t i o n .  Thus t h e  i n j e c t i o n  r a d iu s  r /  r^  

and t h e  p a r t i c l e s  m ust b e  f o c u s e d  on t o  th e  b e t a t r o n  o r b i t  

d u r in g  a c c e l e r a t i o n . ,

By w ea k en in g  t h e  f i e l d  w i t h  i n c r e a s i n g  r a d i u s ,  s o  t h a t

A / ^  ; 0  < (5 )

t h e s e  r e q u ir e m e n ts  a re  m et.

- 9 -
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P a r t i c l e s  d i s p l a c e d  from  t h e i r  in s t a n t a n e o u s  c i r c l e s ,  as  

g iv e n  h y  ( 1 ) ,  e x e c u t e  s t a b l e  f r e e  o s c i l l a t i o n s  about them  

w ith  f r e q u e n c i e s  r a d i a l l y ,  a x i a l l y :  where 3̂

i s  th e  f r e q u e n c y  o f  r e v o l u t i o n  o f  th e  e l e c t r o n .  F urth erm ore,

p a r t i c l e s  are  f o c u s e d  i n t o  th e  m eaian  p la n e .

As th e  f i e l d  i n c r e a s e s ,  th e  in s t a n t a n e o u s  c i r c l e s  

expand or c o n t r a c t  t o  th e  b e t a t r o n  o r b i t ,  w h i le  th e

a m p litu d e  o f  th e  f r e e  o s c i l l a t i o n s  d im i n i s h e s .

At i n j e c t i o n ,  th e  in s t a n t a n e o u s  c i r c l e  i s

e
In p r a c t i c e ,  i n j e c t i o n  w ith  a s e n s i b l y  c o n s t a n t  p.  .

m o
o c c u r s  o v e r  a s h o r t  f i n i t e  t im e d u r in g  w hich  H. . i s

m o
i n c r e a s i n g ,  w ith  c o n se q u e n t  d e c r e a s i n g  r^ . Thus m ost  

e l e c t r o n s  e n t e r  t h e  donut u n d e r g o in g  o s c i l l a t i o n s  w ith  

i n i t i a l  am p litu d e  | r -  ^ in j |  • ^ome o f  t h e s e  w i l l  be to o  

l a r g e  and su ch  e l e c t r o n s  v / i l l  h i t  th e  donut w a l l s ;  some 

e l e c t r o n s  v / i l l  be tr a p p e d  i n t o  s t a b l e  o r b i t s  and damp dovm 

s u f f i c i e n t l y  t o  m is s  th e  gun on su b seq u e n t  r e v o l u t i o n s ;  a 

few  V7ill n o t  o s c i l l a t e ,  b e i n g ’ i n j e c t e d  a t  th e  i n s t a n t  when 

^ i  ” ^ in j*  th e  f i e l d  i n c r e a s e s ,  a l l  w i l l  e v e n t u a l l y  move 

on t o  th e  b e t a t r o n  o r b i t  r ^ ,  g iv e n  b y  ( 2 ) ,  l y i n g  in  th e  

m edian p la n e  o f  th e  m agnet.

F ig .  4  d e p i c t s  a t y p i c a l  donut a sse m b ly  -  t h i s  i s  a 

g l a s s  or  c e ra m ic  s t r u c t u r e  and th e  gun i s  in t r o m i t t e d  

th ro u g h  a vacuum s e a l  on th e  end o f  a p o r t ,  th e  pumps 

b e in g  a t ta c h e d  t o  o t h e r  p o r t s .

- 1 1 -



In  f i g .  4 ,  e l e c t r o n s  a re  i n j e c t e d  a t  rj^^j > r ^ .  The m ajor  

p a r t  o f  t h e  a c c e l e r a t i o n  o c c u r s  a t  r g ,  and when t h e  magnet 

c o r e  s a t u r a t e s  t h e  e l e c t r o n s  h i t  t h e  gun and p ro d u ce  X -r a y s .

E l e c t r o n s  n o t  t r a p p e d  i n t o  s t a b l e  o r b i t s  a t  i n j e c t i o n ,  

o r  l a t e r  l o s t  th r o u g h  s c a t t e r i n g  b y  r e s i d u a l  g a s  a to m s,  

w ould  c h a r g e  up t h e  donut w a l l s  and d i s t u r b  t h e  tr a p p e d  

beam. In  o r d e r  t o  p r e v e n t  t h i s ,  t h e  donut w a l l s  are  m e t a l l i z e d  

and t h i s  c o n d u c t in g  c o a t i n g  i s  e a r t h e d .

F i e l d  d i s t u r b i n g  ed dy c u r r e n t s  s e t  up i n  t h e  c o a t i n g  

b y  t h e  c h a n g in g  m a g n e t ic  f i e l d  are  k e p t  t o  a minimum b y  

a p p r o p r ia te  s c r i b i n g  and b y  c o n f i n i n g  t h e  c o a t i n g  t h i c k n e s s  

t o  a f e w  s k i n  d e p t h s .

The u p p er  e n e r g y  l i m i t  a c h i e v a b l e  i s  s e t  b y  r a d i a t i o n  

l o s s e s  w h ich  a r e  p r o p o r t i o n a l  t o  t h e  f o u r t h  pow er o f  th e  

e l e c t r o n  e n e r g y ;  when t h i s  b a l a n c e s  t h e  e n e r g y  g a in e d  by  

i n d u c t i o n  t h e  l i m i t  i s  r e a c h e d .  F or a m ach in e  o f  p r a c t i c a b l e  

s i z e  t h i s  c e i l i n g  i s  e s t i m a t e d  a t  500  MeV, 5 - 1 0 .

D e t a i l s  o f  s p e c i f i c  m a ch in e s  and d e v e lo p m e n ts  o f  t h e  

b e t a t r o n  a re  g i v e n  i n  t h e  e x t e n s i v e  l i t e r a t u r e ,  1 1 - 5 7 .

1 . 4  S y n c h r o tr o n  A c c e l e r a t i o n .

In  t h e  s y n c h r o t r o n ,  e l e c t r o n s  a r e  c o n f i n e d  t o  an  

a n n u la r  r e g i o n  b y  a m a g n e t ic  f i e l d  i d e n t i c a l  t o  a b e t a t r o n
f

g u id e  f i e l d .  The m agnet h a s  no c e n t r a l  r e g i o n  h o w e v e r ,  t h e  

a c c e l e r a t i o n  b e in g  p ro d u c ed  b y  an a l t e r n a t i n g  e l e c t r i c  

f i e l d  g e n e r a t e d  t a n g e n t i a l l y  a t  some p o i n t  i n  th e  o r b i t .
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T h is  i s  u s u a l l y  a c h ie v e d  by  c o n s t r u c t i n g  p a r t  o f  t h e  donut  

i n  t h e  form  o f  a q u a r te r -w a v e  c o a x i a l  r e s o n a t o r  and a r r a n g in g  

t h a t  t h e  v o l t a g e  a n t in o d e  o c c u r s  a c r o s s  a narrow  gap i n  th e  

in n e r  c o a t i n g  ( f i g .  1 9 ) .

The r e s o n a t o r  i s  e n e r g i z e d  b y  an HP o s c i l l a t o r  a t  

a n g u la r  f r e q u e n c y  cô q e q u a l  t o  t h e  a n g u la r  v e l o c i t y  o f  a 

p h o to n  i n  t h e  a n n u lu s  mean o r b i t .

The gap v o l t a g e  i s  s i n u s o i d a l

(oJ^c )

Prom (1 )  t h e  a n g u la r  v e l o c i t y  o f  t h e  e l e c t r o n
y    e c  H  , .

-  ~  ~  p /  ( 8 )

where v ,  W a re  t h e  v e l o c i t y  and t o t a l  e n e r g y  r e s p e c t i v e l y .

m b e i n g  t h e  e l e c t r o n  mass* ^ ^

In  a c o n s t a n t  g u id e  f i e l d  H, an e l e c t r o n  r e v o l v i n g  

w ith  o)p = cô Q w ould  a lw a y s  b e  i n  s t e p  Y/ith t h e  r e s o n a t o r  

v o l t a g e  i f  i t  f i r s t  c r o s s e d  t h e  gap a t  a z e r o  v o l t a g e  

i n s t a n t .  I t  Y/ould e x p e r ie n c e  no change i n  i t s  sy n ch ro n o u s  

enerp;y Wgi from  ( 8 )

W ,  -  ^  ( 1 0 ,

(1 0 )  w i t h  (9 )  g i v e s  t h e  sy n ch ro n o u s  v e l o c i t y  Vg and th e n  

t h e  sy n ch ro n o u s  r a d iu s  i s

(11)
® C J a c

An e l e c t r o n  w h ich  c r o s s e s  t h e  gap when t h e  v o l t a g e

i s  n o t  z e r o  u n d e r g o e s  an e n e r g y  ch an ge  ev^^p. Prom ( 8 ) ,  ( 9 ) 

i t  i s  s e e n  t h a t  a ch an ge  o f  e n e r g y  i s  accom p an ied  b y
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ch a n g es  o f  v e l o c i t y  and r a d iu s  o f  t h e  same s i g n ,  and a 

change o f  a n g u la r  v e l o c i t y  o f  o p p o s i t e  s i g n ,  so  t h a t  th e  

e l e c t r o n  n e x t  c r o s s e s  t h e  gap a t  a s l i g h t l y  d i f f e r e n t  v a lu e  

o f  gap v o l t a g e .

The o v e r a l l  e f f e c t s  o f  s u c c e s i v e  t r a n s i t s  a r e  t h a t  t h e  

e n e r g y ,  r a d i u s ,  and a n g u la r  v e l o c i t y  o f  t h e  e l e c t r o n  u n d erg o  

o s c i l l a t i o n s  about t h e  sy n ch ro n o u s  v a l u e s  Y/g, r ^ ,  So

lo n g  as H and a re  c o n s t a n t  t h e  p a r t i c l e  s u f f e r s  no  

perm anent ch an ge in  e n e r g y .

F i g .  5 i l l u s t r a t e s  on e c y c l e  o f  p h a se  o s c i l l a t i o n  o f  

gap t r a n s i t ;  t h e  s t a b l e ,  sy n ch ro n o u s  p h a s e ,  f o r  f i x e d  H, i s  

th e  z e r o  p o i n t  when t h e  gap v o l t a g e  i s  p a s s i n g  from  p o s i t i v e  

t o  n e g a t i v e .

In p r a c t i c e  t h e  p h a se  o s c i l l a t i o n  i s  c o n s i d e r a b l y  s lo w e r  

th a n  f i g .  5 s u g g e s t s .

The s t a b i l i t y  o f  t h e s e  o s c i l l a t i o n s  d ep en d s  on t h e  

a m p litu d e  o f  t h e  gap v o l t a g e  and on th e  i n i t i a l  t r a n s i t  

p h a s e .

A s m a l l  i n c r e a s e  i n  t h e  g u id e  f i e l d ,  from  H t o  H*,

W» — c c
^AC

p a r t i c l e  m o t io n  now c h a n g e s  s o  t h a t  t h e  e n e r g y  o s c i l l a t e s

s h i f t s  t h e  sy n c h r o n o u s  e n e r g y  t o  Wg =  — —  > W .̂ The

about t h e  new v a lu e  I f  t h e  g u id e  f i e l d  i n c r e a s e s  

c o n t in u o u s ly  a t  a s lo w  r a t e ,  su ch  t h a t  t h e  ch an ge  in  f i e l d  

i s  s m a l l  in  one p e r i o d  o f  p h a s e  o s c i l l a t i o n ,  t h e  p a r t i c l e

e n e r g y  i n c r e a s e s  w i t h  H. The sy n ch ro n o u s  p h a se  now moves
!

b ack  from  t h e  z e r o  p o i n t  t o  a v a lu e  ^ ( f i g .  6 ) su c h  t h a t  a
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s^nnchronoiis e l e c t r o n  g a in s  s u f f i c i e n t  en e r g y  e V s in ^ s ,  on 

e a c h  t r a n s i t ,  t o  move out w i th  th e  synchronous o r b i t .

P h a se  o s c i l l a t i o n s  o f  n o n -sy n ch ro n o u s  e l e c t r o n s  now ta k e  

p l a c e  about <f>̂ .

Bohm and F o ld y  4 g iv e  q u a n t i t a t i v e  e x p r e s s i o n s  f o r  

s^m chrotron  m o tio n , and show t h a t ,  as th e  gu id e  f i e l d  

i n c r e a s e s ,  th e  p h ase  o s c i l l a t i o n s  are damped o u t .  Thus th e  

sy n ch ro n o u s  o r b i t  i s  th e  one on w hich  p a r t i c l e s  f i n a l l y  

move.

The advantage o f  b e t a t r o n  s t a r t i n g  now em erg es . From

( 1 1 ) i t  i s  s e e n  th a t  r^ oc v^ and ^  - ^ 1  as  th e  e n e r g y  i n c r e a s e s  

For e l e c t r o n s  o f  en ergy  2 MeV, ^  = 0 .9 8  so  t h a t  o n ly  a 2% 

v a r i a t i o n  o f  r^ o c c u r s  above 2 MeV, as ^ - ^ 1 .  By c o n s t r u c t i n g  

th e  magnet t o  a c t  i n i t i a l l y  as a b e t a t r o n ,  su ch  t h a t  th e  

b e t a t r o n  and l i m i t i n g  synchronous o r b i t s  c o i n c i d e ,  th e  g u id e  

f i e l d  can be k ep t to  a narrow annulus and a sm ooth t r a n s i t i o n  

made from b e t a t r o n  to  sy n c h r o tr o n  a c t io n .

I n s te a d  o f  a la r g e  c e n t r a l  c o r e ,  th e  magnet h a s  s e v e r a l  

f lu x  b a r s  v/hich s a t u r a t e  when th e  e l e c t r o n  en e r g y  r e a c h e s  

MeV, P ig .  7 i l l u s t r a t e s  a t y p i c a l  arrangem ent.

The e l e c t r o n s  are i n j e c t e d  in t o  th e  donut from  a 

h ] t - f i l a m e n t  e l e c t r o n  gun a t  5 0 -100  keV and a c c e l e r a t e d  at  

t i e  nom inal o r b i t  r a d iu s  R by b e t a t r o n  a c t i o n .  As th e  en erg y  

approaches ^2 MeV th e  f l u x  b a rs  b e g in  to  s a t u r a t e  and th e  

b e ta tr o n  o r b i t  d e c r e a s e s .  At some i n s t a n t  i t  i s  e q u a l  t o  

t i e  synchronous o r b i t  ana th e  r e s o n a to r  i s  e n e r g iz e d  n ear

- 1 7 -
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t h i s  t im e .  The e l e c t r o n s  th e n  e x p e r ie n c e  p hase  h u n c h in g  -  

some w i t h  t o o  la r g e  i n i t i a l  p h a se  o s c i l l a t i o n s  w i l l  h e  l o s t  

and are  c a r r i e d  to  p eak  e n e r g y  hy sy n c h r o tr o n  a c t i o n .  At 

p ea k  f i e l d  th e  RF i s  s w it c h e d  o f f  and th e  e l e c t r o n  heam i s  

d i s p l a c e d  on t o  a t a r g e t  t o  p rod uce X -r a y s .

F i g .  8  shows th e  o p e r a t i o n a l  seq u en ce  and th e  v a r i a t i o n  o f  

th e  s t a b l e  o r h i t  r a d iu s  d u r in g  a c c e l e r a t i o n .  The h o r i z o n t a l  

l i n e s  i n d i c a t e  th e  l i m i t s  o f  th e  s t a b l e  r e g io n  o f  th e  g u id e  

f i e l d  w i t h i n  w hich  0 < n < 1 . The t r a n s i t i o n  r a d iu s  must he  

i n s i d e  t h e s e  l i m i t s  (and i n s i d e  th e  d o n u t)  t o  a l lo w  

s u c c e s s f u l  ch a n g e o v e r .

The m agnet i s  e x c i t e d  s i n u s o i d a l l y  h u t  th e  f i e l d  i s  

n o t  s i n u s o i d a l  owing to  th e  p r e s e n c e  o f  th e  s a t u r a b le  

f l u x  b a r s .

H igh er  e n e r g i e s  are a t t a i n a b l e  th a n  i n  th e  b e t a t r o n  

s i n c e  th e  r e s o n a t o r  power o f f s e t s  r a d i a t i o n  l o s s e s ;  a 

m achine o f  1500 MeV e n e r g y  i s  u n d er  c o n s t r u c t i o n .

D e t a i l s  o f  p a r t i c u l a r  i n s t a l l a t i o n s  and s p e c i f i c  

t o p i c s  are  g iv e n  in  th e  l i t e r a t u r e  5 8 -5 7 .

1 .5  F i e l d  Inhomogene i t  i e s .

The g u id e  f i e l d  i s  d e s ig n e d  t o  have a z im u th a l  

h om ogen e ity  and a x i a l  symmetry about th e  m edian  p la n e .

In a d d i t io n ,  f o r  s t a b l e  o r b i t s ,  t h e r e  i s  a r a d i a l  dependence  

g iv e n  by ( 5 ) .

V a r ia t io n s  in  q u a l i t y  o f  m a t e r ia l s  and a sse m b ly ,

- 1 9 -



t o g e t h e r  w i t h  l o c a l i z e d  h y s t e r e s i s  and eddy c u r r e n t  e f f e c t s ,  

g i v e  r i s e  t o  o u t - o f - p h a s e  f i e l d s  v/h ich r e s u l t  i n  a z im u th a l  

i n h o m o g e n e i t i e s  ( t h e s e  d i s t o r t  th e  e l e c t r o n  o r b i t s )  and 

a x i a l  a sy m m etr ies  ( t h e s e  m o d ify  t h e  e f f e c t i v e  n - v a l u e ) .

B oth  e f f e c t s  are e s p e c i a l l y  s e r i o u s  a t  i n j e c t  io n  when 

th e  f i e l d  i s  lo w , ana l a r g e  in h o m o g e n e i t i e s  may g i v e  r i s e  

to  u n s t a b l e  o r b i t  c o n a i t i o n s  w ith  co n se q u e n t  p a r t i a l  or  

t o t a l  l o s s  o f  i n j e c t e d  e l e c t r o n s .

To c o u n te r a c t  su ch  i r r e g u l a r i t i e s ,  s u i t a b l y  a r i v e n  

f i e l d  c o r r e c t i o n  c o i l s  are in c o r p o r a t e d  a t  a p p r o p r ia te  

p l a c e s  in  th e  m agnet.

•20.



CHAPTER 2

THE GLASGOW 500 MEV ELECTRON SYNCHROTRON

2 . 1  I n t r o d u c t i o n .

The G lasgow  m achine was d e s ig n e d  t o  o p e r a te  i n i t i a l l y  

a t  5 0 0  MeV w it h  nom in a l o r b i t  r a d iu s  125 cm a t  a g u id e  f i e l d  

s t r e n g t h  8000 o e .

I n j e c t i o n  v o l t a g e s  up to  100 kV can be u se d  and 

t r ; a n s i t i o n  from  b e t a t r o n  t o  sy n c h r o tr o n  a c t io n  o c c u r s  at  

~5 MeV.

To prod uce X -r a y s ,  th e  i n t e r n a l  e l e c t r o n  beam i s  e i t h e r  

ex p a n d ed  on t o  an e x t e r n a l  t a r g e t  or  a l lo w e d  to  c o n t r a c t ,  

a f t e r  peak  f i e l d ,  on to  an i n t e r n a l  one.

The g a ia e  f i e l d  in d ex  n i s  0 .7  and th e  RP o s c i l l a t o r  

f r e q u e n c y  i s  5 8 .2  M c/s.

E x c i t a t i o n  o f  th e  magnet o ccu rs  f i v e  t im e s  p er  se co n d  

and t h e  a c c e l e r a t i o n  t im e i s  s i x  m i l l i s e c o n d s .

In th e  f o l l o w i n g  s e c t i o n s  th e  component p a r t s  o f  th e  

s y n c h r o t r o n  a ssem b ly  are b r i e f l y  d i s c u s s e d .

2 . 2  Magnet A ssem bly.

2 . 2 . 1  Generali.

The magnet co m p r ise s  tw enty  r e c t a n g u la r  c e e  s e c t i o n s ,

0 S i n  f i g .  7, e v e n ly  d i s t r i b u t e d  round a c i r c l e  v /ith  th e  

p o l e - p i e c e  wedges b u t t i n g  t o g e t h e r  t o  form a c o n t in u o u s  

c i r c l e  f o r  th e  g u id e  f i e l d .  V e r t i c a l  s t e e l  la m in a t io n s  o f
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0 .0 1 4  in  a re  u se d  in  th e  yok e s e c t i o n s  and 0 .0 0 7  in  f o r  th e  

f l u x  h a r s .  T r a n s v e r s e ly  la m in a te d  p ad s c a r r y  th e  f l u x  from  

yoke t o  h a r s .  Two c e e s  a re  e lo n g a t e d  h o r i z o n t a l l y  t o  p r o v id e  

a window f o r  th e  em erg in g  X -r a y s  ( f i g .  9 ) .

The e x c i t a t i o n  c o i l s  c o n s i s t  o f  tw e n ty  tu r n s  in  i d e n t i c a l  

u p p er and lo w er  s e c t i o n s  o f  t e n  tu r n s  e a c h , e n c i r c l i n g  th e  

p o le s  in s id e  th e  c e e s ;  a t  300 MeV t h e s e  c a r r y  a peak  c u r r e n t  

o f  3300 am peres.

Each c e e  i s  in  t h r e e  s e c t i o n s ,  and in  o r d e r  t o  g a in  

a c c e s s  t o  th e  d o n u t, a l l  tw e n ty  to p  l im h s , to p  p o l e - p i e c e s  

and upper s e t  o f  c o i l s  can  h e  l i f t e d  o u t as one fo r ty o n e  to n  

u n i t .  (F ig . 1 0 ) .

A f i e l d  in d e x  n  = 0 .7  i s  o b ta in e d  from  a 1 .5 ^  ta p e r  on  

ea ch  p o le f a c e ;  th e  gap s i z e  i s  a p p r o x im a te ly  7 in  r a d i a l l y  

hy 4  in  a x i a l l y .

P o le f a c e  ed ge l i p s  c o r r e c t  f r i n g i n g .

The m agnet w e ig h s  120 to n s  o f  w h ich  75 to n s  are  a c t i v e  

s t e e l .  I t  s i t s  on s i x t y  d o u b le  e l l i p t i c a l  s p r in g s  o v e r  a p i t  

w hich  h o u se s  th e  vacuum eq u ip m en t. C o o lin g  a i r  i s  b low n  up 

from  th e  p i t .

F ig .  10 show s th e  m agnet w h ich  i s  s i t u a t e d  b e lo w  ground  

l e v e l  in  a t h i c k -  w a lle d  c o n c r e te  cham ber, th e  r o o f  o f  w h ich  

s l i d e s  in t o  a r e c e s s  t o  g iv e  a c c e s s  f o r  m a n ip u la t io n .

2 . 2 . 2  C o r r e c t io n  C o i l s .

Twenty c o i l s ,  ea ch  wound round one f l u x  b a r , are
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c o n n e c te d  in  p a r a l l e l  a c r o s s  a m o t o r - c o n t r o l le d  v a r i a b le  

r e a c t o r ;  t h i s  arrangem ent p r o v id e s  e a s y  c o n t r o l  o f  th e  

p o s i t i o n  o f  th e  b e t a t r o n  o r b i t  and e n s u r e s  a z im u th a l  

u n if o r m it y  o f  b a r  f l u x .

The o u t - o f - p h a s e  f i e l d s  c a u se d  b y  eddy c u r r e n t s  and  

rem anence in  th e  y o k e , w h ich  p ro d u ce  a z im u th a l f i e l d  

in h o m o g e n e i t ie s ,  a re  c o r r e c t e d  b y  m eans o f  c o i l s  wound 

round e a c h  b a ck  lim b . C o n n ected  a c r o s s  t h e s e  a re  v a r i a b le  

r e s i s t o r s ,  w it h ,  in  p a r a l l e l ,  o th e r  v a r i a b le  r e s i s t o r s  

gan ged  in  f o u r  s e t s  c o r r e s p o n d in g  t o  f i v e  a d ja c e n t  c e e s  

p e r  s e t .  Thus c o r r e c t io n s  can  be made o v e r  in d iv id u a l  c e e s  

and o v e r  q u a d r a n ta l s e c t o r s  o f  th e  m a g n et, by  m eans o f  th e  

q u a d ra tu r e  f l u x e s  s e t  up b y  th e  c u r r e n t s  in  th e  c o r r e c t o r  

c o i l s .

Owing t o  th e  lo n g e r  ir o n  p a th , th e  g u id e  f i e l d  a t  th e  

two e x te n d e d  c e e s  i s  s l i g h t l y  w eaker th a n  e ls e w h e r e  and  

p ro d u c es  an a z im u th a l f i r s t  harm onic d i s t o r t i o n  in  th e  

f i e l d  d i s t r i b u t i o n .  A s i n g l e - t u r n  c o i l  e n c l o s in g  th e  o th e r  

e ig h t e e n  b a ck  lim b s  i s  c o n n e c te d  in  s e r i e s  w ith  a v a r i a b le  

r e s i s t o r  and b u ck ed  a g a in s t  c o i l s  wound round th e  e x te n d e d  

c e e s .  In  t h i s  way th e  e x te n d e d  c e e s  a r e  f l u x - f o r c e d  b y  th e  

o t h e r s .

V a r ia t io n s  in  n^ due t o  r a d i a l  f i e l d  in h o m o g e n e i t ie s ,  

a re  c o u n te r a c te d  b y  s in g le - t u r n ,  c i r c u l a r ,  p o le f a c e  c o i l s  

c o n c e n t r ic  w ith  th e  o r b i t .  T h ese a re  b a la n c e d  a g a in s t  a 

s i n g l e - t u r n  lo o p  e n c l o s in g  th e  t o t a l  p o le  and b a r  f l u x , a s
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in  f i g .  1 1 , s o  th a t  th e  c o r r e c t io n  c u r r e n t  ca n  h e  v a r ie d  in  

e i t h e r  d i r e c t i o n .  F iv e  su ch  c o i l s  and d r iv in g  lo o p  are  

f i t t e d  on e a c h  p o le f a c e .

2 .5  E x c i t a t io n  S ystem .

The m agnet i s  e x c i t e d  p e r i o d i c a l l y  h y  d is c h a r g in g  a hank  

o f  c a p a c i t o r s  in t o  th e  c o i l s .  F ig .  12 i s  a h lo c k  sc h e m a tic  

o f  th e  e x c i t a t i o n  sy s te m .

A th r e e -p h a s e  f u l l - w a v e  r e c t i f i e r  em p loys s i x  CAR4 d io d e s  

t o  p rod u ce 2 6 ,0 0 0  V DC, s t a b i l i z e d  t o  1 7 ,0 0 0  V h y  a s e r i e s  

p e n to d e  ( ty p e  E 1807) w h ich  a l s o  l i m i t s  th e  o u tp u t c u r r e n t  t o  

f i v e  am peres.

The 17 kV i s  a p p l ie d  t o  th e  c a p a c i t o r  hank w h ich  c h a r g e s  up  

th ro u g h  th e  c o i l s ,  e a c h  l e g  t a k in g  8 .5  kV. Two h a c k -to -h a c k  

s e t s  o f  f o u r  BK56 m ercury p o o l  p en to d e  i g n i t r o n s  in  p a r a l l e l  

d is c h a r g e  th e  c a p a c i t o r s  in t o  th e  c o i l s .  The le a n in g  ig n i t r o n s  

are f i r e d  from  a m a in s -o p e r a te d  t r i g g e r  u n i t ,  th e  t r a i l i n g  

o n es from  a p e a k in g  c u r r e n t  tr a n sfo r m e r  on th e  h u sh a r . A h ia s  

w in d in g  on t h i s  tr a n s fo r m e r  g iv e s  c o n t r o l  o f  th e  in s t a n t  o f  

com m utation  o f  th e  two s e t s  o f  i g n i t r o n s .

T h is  arrangem ent l e t s  th e  c o i l - c a p a c i t o r  sy s te m  o s c i l l a t e  

f o r  one c y c le  a t  s e n s i b l y  th e  r e s o n a n t  fr e q u e n c y  s in c e  th e  

l o s s e s  are  s m a ll .

D u rin g  th e  b e t a t r o n  p e r io d  th e  m agnet in d u c ta n c e  i s  

a p p r o x im a te ly  120 mH so  t h a t  th e  r e s o n a n t  fr e q u e n c y  i s  about 

16 c / s ;  when th e  f l u x  b a r s  s a t u r a t e  th e  in d u c ta n c e  d e c r e a s e s

« 2 7 -
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t o  2 0  mH and th e  fr e q u e n c y  r i s e s  t o  40  c / s *  The c u r r e n t  

w aveform  i s  th u s  a s in  f i g .  13 ; r e a c h in g  a p eak  v a lu e  o f  

3300 amps, w ith  805 |iP in  c i r c u i t .  T h is  p r o d u c e s  a p ea k  

g u id e  f i e l d  o f  8000  o e . A ls o  in  f i g .  13 i s  t h e  c a p a c i t o r  

v o l t a g e  Y/aveform, sh o w in g  th e  r e c t i f i e r  m aking good  th e  

c i r c u i t  l o s s e s  b e tw e en  p u l s e s  •

V iew s o f  th e  i g n i t r o n s  and c a p a c i t o r  hank  a re  shown  

in  f i g .  1 4 .

The c a p a c i t o r s  a re  o i l- im m e r s e d  u n i t s  o f  115 |iF e a c h :  

ea c h  l e g  h a s  a t o t a l  o f  14 u n i t s  f o r  300  MeV o p e r a t io n .

F u r th e r  u n i t s  w i l l  h e  added t o  p r o v id e  th e  la r g e r  p eak  

c u r r e n ts  r e q u ir e d  f o r  h ig h e r  o p e r a t in g  e n e r g ie s ;  t h i s  

p ro ce d u re  d e c r e a s e s  th e  m agnet f r e q u e n c y .

The norm al o p e r a t in g  r e c u r r e n c e  fr e q u e n c y  i s  f i v e  p e r  

se c o n d . E le c t r o n s  a re  a c c e l e r a t e d  in  th e  t h i r d  q u a r te r  c y c l e  

i . e ,  AB o f  f i g .  1 3 .

A f u l l  a c c o u n t o f  th e  i g n i t r o n s  i s  g iv e n  in  r e f e r e n c e

æ .

2 .4  Vacuum S y stem .

The la y o u t  o f  th e  d on u t i s  s k e tc h e d  in  f i g .  1 5 a ; (a  

b e t a t r o n  donu t i s  shovm in  f i g .  15h). I t  c o m p r ise s  tw e n ty  

p i e c e s :  p l a i n  s e c t o r s ,  p o r t  s e c t o r s ,  and r e s o n a t o r s ,  s e p a r a te d  

h y  t e f l o n  g a s k e t s  and j o in t e d  w ith  n eo p ren e  s l e e v e s .

A l l  p a r t s  a r e  o f  g la z e d  p o r c e l a i n  c a l l e d  “fr e q u e n tite * ^  

e x c e p t  th e  r e s o n a t o r s  w h ich  a r e  o f  “terap rad ex“ and u n g la z e d .
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The i n s i d e  s u r f a c e s  and t h e  en d s a re  p l a t i n i z e d  ( r e s o n a t o r s  

s i l v e r e d )  and t h e s e  c o a t in g s  a re  e a r th e d  th r o u g h  s u i t a b l e  

r e s i s t o r s .

The pum ping p la n t  c o n s i s t s  o f  f o u r  4" o i l  d i f f u s i o n  

pumps b a ck ed  b y  a K in n ey  r o t a r y  pump, a s  in  f i g .  1 6 , and  

t h e  o p e r a t in g  se q u e n c e  i s  a u t o m a t ic a l ly  c o n t r o l l e d  b y  t w o  

P ir a n i  g a u g e s . A co m p ressed  a i r  sy s te m  o p e r a t e s  th e  v a l v e s .  

W ith l i q u i d  a i r  in  th e  c o l d  t r a p s ,  a  donu t p r e s s u r e  o f  

lO'^mm Hg i s  q u ic k ly  r e a c h e d . An i o n i z a t i o n  gau ge on th e  

d on u t i s  in t e r lo c k e d  w ith  th e  i n j e c t o r  gun and EP o s c i l l a t o r  

s u p p l i e s  and t r i p s  t h e s e  i f  th e  d on u t p r e s s u r e  e x c e e d s  

10 mm Hg.

P ig .  17 i s  a g e n e r a l  v ie v / o f  th e  p l a n t ,  w h i le  f i g *  18  

show s s e c t o r s ,  r e s o n a t o r ,  g a s k e t  and s l e e v e .

2 .5  E le c t r o n ic  E q u ipm ent.

The equ ipm en t d i s c u s s e d  b r i e f l y  in  t h i s  s e c t i o n ,  

c o m p r is in g  th e  EP t r a n s m i t t e r ,  th e  gun and o r b i t  m o d u la to r s ,  

and th e  t im in g  eq u ip m en t, was b u i l t  b y  A .E .E .E . , H a r w e ll ,  a t  

T .E .E . , M alvern , w here th e  a u th o r  s p e n t  a y e a r  a s s i s t i n g  in  

i t s  c o n s t r u c t io n  and t e s t i n g .

A f t e r  i n s t a l l a t i o n  a t  G lasgow , su b s e q u e n t  m o d i f i c a t io n s  

w ere c a l l e d  f o r  a s  e x p e r ie n c e  was g a in e d  in  co m m iss io n in g  

th e  s y n c h r o tr o n  -  t h e s e  a re  in d i c a t e d .

F ig .  54  show s th e  u n i t  w h ich  i s  s i t u a t e d  in  th e  m agnet 

cham ber.
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2 . 5 . 1  EP E quipm ent.

The RP o s c i l l a t o r  p r o v id e s  pow er a t  3 8 .2  M c/s t o  e x c i t e  

th e  two r e s o n a t o r s .  T h ese a re  q u a r te r -v /a v e  c o a x i a l  c a v i t i e s  

c o n s t r u c t e d  o f  in  t h i c k  tem p rad ex  t o  form  p a r t  o f  th e  

d o n u t. A s i l v e r  c o a t in g  i s  f i r e d  on t o  th e  s u r f a c e  e x c e p t  

a t  th e  a c c e l e r a t i n g  gap and t o n g u e s ,  f i g .  1 9 .

To re d u c e  eddy c u r r e n t s ,  th e  c o a t in g  i s  s c r ib e d  in t o  

la m in a t io n s .  The l e n g t h  o f  th e  r e s o n a t o r  is-~< f^ ; À b e in g  

th e  f r e e - s p a c e  w a v e le n g th  o f  a 3 8 .2  M c/s wave and 6  th e  

p e r m i t t i v i t y  o f  th e  p o r c e la in .

The f e e d  from  th e  o s c i l l a t o r  i s  a t ta c h e d  a t  a m a tc h in g  

to n g u e  on th e  in n e r  e d g e , w h i le  a c o p p e r  s h o r t in g  s t r a p  

a c r o s s  a n o th e r  to n g u e  on th e  o u te r  ed ge tu n e s  th e  r e s o n a t o r .

An e l e c t r o n  in  th e  sy n ch ro n o u s  o r b i t  h a s  an e n e r g y  g a in  

p e r  r e v o lu t io n
T -  27T  •

= "Zv ^  (1 8 ) ̂r
c

u s in g  th e  r e l a t i o n s :

=  ^  c c o ( J l s ^ )  («*() (1 3 )

and s e t t i n g

K  =
e  c

<^AC =
C

A

K  = 3 0 0

A

A4 =

(10)

(1 4 )

(4 )

( l / I s  é )  (1 6 )

The c ir c u m f le x  i n d i c a t e s  p eak  v a lu e .

Thus ()% ) =  J i g  (el^ ) (1 6 )

As th e  s y n c h r o tr o n  p h a se  commences some lOOps a f t e r  f i e l d
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z e r o  (1 6 ) g i v e s  s e n s  T o ly  th e  minimum p e m i s s i h l e  r e s o n a to r
A

gap v o l t a g e .  F or th e  G lasgow  s y n c h r o tr o n , w ith  Wg = 300 MeV, 

r^ = 125  cm, = 4 0  c / s ,  t h i s  i s  1 .8  kV.

T h e o r e t ic a l  c o n s id e r a t io n s  o f  "betatron  t o  s y n c h r o tr o n  

t r a n s i t i o n  5 9 . 60 c u r r e n t  a t  th e  tim e  o f  d ev elo p m en t o f  th e  

RP o s c i l l a t o r ,  in d ic a t e d  t h a t  c o n s id e r a b ly  h ig h e r  v o l t a g e s  

th a n  th e  minimum w ould  b e  n e c e s s a r y  f o r  e f f i c i e n t  ch a n g eo v er . 

On t h i s  b a s i s ,  a t o t a l  gap v o l t a g e  o f  3 .5  kV was c a t e r e d  f o r  

i . e .  1 .7 5  kV p e r  r e s o n a t o r .  L a te r  tr e a tm e n ts  6 1 . 6 2 . 65  

in d i c a t e  t h a t  e f f i c i e n t  t r a p p in g  o c c u r s  w ith  v o l t a g e s  n o t  

g r e a t l y  in  e x c e s s  o f  th e  minimum.

A f u l l  a cco u n t o f  th e  r e s o n a to r s  i s  g iv e n  in  r e f e r e n c e

6 4 .

F ig .  20 i s  a b lo c k  d iagram  o f  th e  HF s e t  w h ich  p r o d u c es  

10 kW p eak  pow er a t  3 8 .2  M c/s.

Each d r iv e  u n i t  c o n t a in s  a t u n a b le ,  9 .5 5 M c /s  lo w  pow er  

o s c i l l a t o r  and a m p l i f i e r  g iv in g  10  W CW. T h is  f e e d s  th e  

m o d u la ted  c l a s s  C pow er s t a g e s  c o m p r is in g  two fr e q u e n c y  

d o u b le r s  and a p u s h - p u l l  o u tp u t s t a g e .

The w a ttm ete r  i s  b a se d  on th e  d i r e c t i o n a l  c o u p le r  p r in c i p l e  

65 and i n d i c a t e s  th e  forv /ard  and r e f l e c t e d  pov^ers in  th e  

r e s o n a to r  f e e d s .

P r o v is io n  i s  made, w it h in  th e  m o d u la to r , f o r  sh a p in g  

o f  th e  RF e n v e lo p e ;  t h i s  i s  d i s c u s s e d  f u l l y  i n  c h a p te r  f o u r .  

The RF p u ls e  i s  o f  s i x  m i l l i s e c o n d s  d u r a t io n .
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8 . 5 . 9  I n n e c to r  E qu ipm ent.

The e l e c t r o n s  a re  i n j e c t e d  from  a h o t - f i l a m e n t  gun , 

an i n t r i c a t e  s t r u c t u r e  o f  s t a i n l e s s  s t e e l  and g l a s s  -  f i g ,  

21 . I t  p r o tr u d e s  in t o  th e  d on u t th r o u g h  an 0 - r i n g  vacuum  

s e a l  on a p o r t .  The gun ca n  h e  a d ju s te d  in  p o s i t i o n  h y  m eans 

o f  t h r e e  r e m o te ly  c o n t r o l l e d  m o to r s  w h ich  c a t e r  f o r  r a d i a l  

movement in  and o u t o f  th e  d o n u t, r o t a t i o n a l  movement ab ou t  

th e  gun a x i s ,  and movement o f  th e  f i la m e n t  w ith  r e s p e c t  t o  

t h e  anode s l i t .  T h ese l a s t  two a d ju s tm e n ts  g iv e  v e r y  f i n e  

c o n t r o l  o f  th e  a n g le  o f  f i r e  o f  th e  gun .

The s t a i n l e s s  s t e e l  anode c y l i n d e r  i s  e a r th e d  and th e  

t h o r ia t e d  t u n g s t e n  f i la m e n t  i s  p u ls e d  t o  a n e g a t iv e  v o l t a g e  

t o  a c c e l e r a t e  e l e c t r o n s  th r o u g h  th e  anode s l i t .

I n j e c t i o n  v o l t a g e s  up t o  100  kV a r e  a v a i l a b l e ,  from  th e  

m o d u la to r  s k e tc h e d  in  f i g .  2 2 . The p u ls e  l e n g t h  i s  v a r i a b le

from  1 ,2 5  ps t o  5 pjs i n  s t e p s  o f  1 ,2 5  p.s and th e  f i la m e n t  

v o l t a g e  i s  a d ju s t e d  so  t h a t  th e  gun e m is s io n  i s  «^300 mA a s  

m easu red  b e tw e e n  d on u t c o a t in g  and e a r t h ,

2 , 5 , 5  E xpander M o d u la to r .

The ex p a n d er  m o d u la to r  p r o d u c e s  a c u r r e n t  p u ls e  in  

c o i l s  e n c l o s in g  th e  p o l e s ,  w h ich  w eakens th e  g u id e  f i e l d  

and d i s p l a c e s  th e  e l e c t r o n s  on t o  a t a r g e t  e x t e r n a l  t o  th e  

sy n ch ro n o u s o r b i t .

T h is  d is p la c e m e n t  i s  m ost e c o n o m ic a l ly  a c c o m p lis h e d  b y  m eans 

o f  a s t e p  f i e l d  a rra n g em en t, 6 ^  in  w h ich  th e  g u id e  f i e l d
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i s  red u ced  o v e r  o n ly  a p o r t io n  o f  th e  o r b i t .  As a r e s u l t ,  

f o r c e d  o s c i l l a t i o n s  o f  th e  e l e c t r o n  m o tio n  are  s e t  up and 

th e  e q u il ib r iu m  o r b i t  i s  s l i g h t l y  expanded  and s h i f t e d  

tow ard s th e  r e g io n  o f  w eaker f i e l d .  •

A noth er m ethod , r e q u ir in g  more p ow er, i s  th e  p lu s -m in u s  

arran gem en t, 1 5 , in  w h ich  th e  g u id e  f i e l d  i s  in c r e a s e d  o v er  

180® o f  th e  a n n u lu s and red u ced  o v e r  th e  o th e r  180^ . T h is  

j u s t  s h i f t s  th e  o r b i t  tow ard s th e  weak f i e l d  r e g io n ,  b e in g  

in  e f f e c t  a c o m b in a tio n  o f  two 180® s t e p  f i e l d s  w h ich  

p rod u ce a d d i t iv e  o r b i t  s h i f t s  and c a n c e l l i n g  ch a n g es  o f  

o r b i t  r a d iu s .

Ah advantage o f  t h i s  seco n d  m ethod i s  t h a t  i t  can  be  

p rod u ced  by a s i n g l e  c o i l ,  as in  f i g .  2 3 , a u to m a t ic a l ly  

d e c o u p le d  from  th e  m ain m agnet f i e l d .

C o n sid er  an e l e c t r o n  o f  en er g y  W m oving in  th e  g u id e  

f i e l d  ^

f ^ J  ,  0  < ' n < 1  (1 7 )

w ith  e q u il ib r iu m  o r b i t  r^ g iv e n  by

w  =  3 0 0  (1 8 )

I f  th e  f i e l d  i s  v/eakened so  th a t

=  ( A/ ^ -  A (1 9 )

th e  e q u il ib r iu m  o r b i t  a l t e r s  t o  rQ + h r^ w here

=  3 0 0  A' ti,) (so )

A sudden  f i e l d  change w ould  ca u se  th e  e l e c t r o n  t o  be

s h o c k - e x c i t e d  in t o  u n d er g o in g  f r e e  o s c i l l a t i o n s  ( s e c t i o n  

1 .3 )  about th e  new o r b i t ,  o f  fr e q u e n c y
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è  " - ' ' A .  ( 2 1 )

Hov/ever, i f  th e  w eak en in g  t a k e s  p la c e  g r a d u a l ly ,  th e  e l e c t r o n  

m ere ly  m oves outw ards t o  th e  new o r b i t .

E xp an sion  o f  (2 0 )  t o  f i r s t  o rd er  in c r é m e n ta ls  g i v e s ,  w ith  

( 1 8 ) ,  th e  r e la t io n s h ip

^  (2 2 ) 

where /<^ =  ^ — -72. (2 3 )

C o n sid er  now th e  m o tio n  o f  an e l e c t r o n  in  a 180® s t e p  

f i e l d  v i z .

/ / ^  =  Ai, ( 4 :  0  ^ O  (2 4 a )

=  ( H o  -  ^  O 6  7c (2 4 h )

r ,  0 are  th e  p o la r  c o o r d in a t e s  o f  th e  p a r t i c l e  in  i t s

o r b i t .  In  one h a l f  o f  th e  a n n u lu s th e  e q u il ib r iu m  o r b i t  i s

r^ in  th e  o th e r  r^ + I f  th e  w eak en in g  s t e p  ^ i s

e s t a b l i s h e d  (from  z e r o )  a t  a r a t e  s lo w  com pared w ith  th e  

p e r io d  o f  th e  f r e e  o s c i l l a t i o n s ,  t h e s e  a re  n o t  in d u ced  and 

th e  e l e c t r o n  u n d erg o es  a f o r c e d  o s c i l l a t i o n  i . e .  a c y c l i c  

m o tio n  about th e  mean e q u il ib r iu m  o r b i t  r  +O 2 /
By s e t t i n g  x  a s  th e  d isp la c e m e n t  from  th e  norm al o r b i t  r^ , 

th e  m o tio n  can  be r e p r e s e n te d  in  th e  form

00 ^  o, K 6  ¥- 4  y ^ 0 ^ 0  (25a)

sc *  à-r^ +  Q , <uxi K 6  4  K e  J 0  ^ 6  ^ 7 T  (85-b)

w here th e  c o n s t a n t s  a , b a re  d e te r m in e d  by th e  c o n t i n u i t i e s

o f X and ^  a t the p o in ts  0 = 0 in  (2 5 a , 25b) and 0 = -x  in  
cLc

(2 5 a ) w ith  0 = +x in  (2 5 b ) .

S in c e  —  —th e  r e l a t i o n s h i p s  b e tw een  th e  c o n s t a n t s  a r e :  
d t  7-0
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a,  = 7^ A  7̂̂  (2 6 a )

d f  /co c  K 7T — b f xKxn, f ^ T î  == A  T o  a ^ c o o K u

= 6j, = b  (2 6 c )

Oy K7Ï  ~h bf cc<s/C7T =  — ct^ ^cî/n K7T -/- b  ̂ cco f̂ TC (2 6 d )  

(2 6 c )  w ith  (2 6 d ) g iv e s

(Uf i -CL^)  ^  k TT =  O  (2 7 )

Now sin /r^ r* 6> îf K7T =  I tT^ Z = ^ , 2 ______

i . e .  i f  =  y  -  6>y -J  —

But i t  i s  s p e c i f i e d  (1 7 )  t h a t  0 < n <  1 , h en ce  sin/rTrA^ c>and 

(2 7 )  g iv e s  ^ 2  ^ o  (2 8 )

H ence, (2 6 a ) w ith  ( 2 8 ) ,  c f, =  =  — <7̂  (2 9 )

(2 9 ) w ith  ( 2 6 b ) ,  6  = ^  (3 0 )

I n s e r t io n  o f  ( 2 9 ) ,  (3 0 )  in t o  (2 5 )  le a d s  t o

#  . — , -7 -<  e  < 0  (3 1 a )a: =  _ ^

/C =  4 f " '  f < ( 9  ~ ^ )  O (3 1 b )0 2. ^  ^
a s th e  d is p la c e m e n t  from  th e  norm al o r b i t  r ^ , or  s e t t i n g  

X = y  +

7  -  - - V

g iv e  th e  d isp la c e m e n t  from  th e  mean e q u i l ib r iu m  o r b i t  r  + 

From (3 2 ) i t  i s  s e e n  t h a t  th e  o r b i t  i s  d i s p la c e d  to w a rd s th e  

weak f i e l d  r e g io n  i . e .  to w a rd s 8 = ^ ,  w here th e  d is p la c e m e n t  

I s  yg- ^ ( l -  (3 3 )

From ( 2 2 ) ,  (3 3 )  and r e le v a n t  m agnet d a ta  can  be 

c a lc u la t e d  th e  d is t u r b in g  f i e l d  r e q u ir e d  t o  s h i f t  th e  

e l e c t r o n s  from  th e  norm al o r b i t  on to  th e  t a r g e t  and a l s o
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t h e  power n e c e s s a r y  i n  t h e  c o i l  p r o d u c in g  th e  s t e p  f i e l d .

The o r i g i n a l  d e s i g n  p ro d u c ed  an optimum s t e p  f i e l d ,  

u s i n g  a 3000  amps p ea k  c u r r e n t  p u l s e  i n  a 10  |iH c o i l ,  

o b t a in e d  b y  d i s c h a r g e  o f  a c a p a c i t o r  i n t o  t h e  c o i l  and 

damping o f  t h e  e n s u in g  o s c i l l a t i o n  a t  t h e  i n s t a n t  o f  p ea k  

c u r r e n t .

Lack o f  s p a c e  b e tw e e n  d onu t and p o le  f a c e s  a f t e r  

i n s t a l l a t i o n  o f  th e  p o l e  f a c e  c o r r e c t o r s ,  p r e v e n t e d  f i t t i n g  

o f  t h i s  ex p a n d er  c o i l .  A l a r g e r  a r e a  c o i l  was i n s e r t e d  in  

p l u s -  m inus f a s h i o n  ( f i g .  2 3 )  b u t  th e  l a r g e r  in d u c ta n c e ,

^̂ 30 |iH, r e d u c e d  t h e  c u r r e n t  t o  t h e  i n s u f f i c i e n t  v a lu e  o f  

1800  amps. I n c r e a s i n g  th e  c a p a c i t o r  o v e r lo a d e d  t h e  r e c t i f i e r  

and re d u c e d  t h e  c h a r g e  v o l t a g e .

In  o r d e r  t o  a v o id  i n c r e a s i n g  t h e  r e c t i f i e r  power an a t te m p t  

a t  r e d e s i g n  was made u s i n g  t h e  BK24 i g n i t r o n s  b a c k - t o - b a c k  

as i n  f i g .  12; b u t  a s  t h e  p e r i o d  o f  LG o s c i l l a t i o n  was i n  

t h i s  c a s e  com p arab le  w i t h  t h e  d e i o n i z a t i o n  t im e  o f  th e  

i g n i t r o n s ,  t h e s e  b a c lc f ir e d  a l lo v / in g  th e  c a p a c i t o r  t o  r i n g  

dovm  and d i s c h a r g e  c o m p le t e ly .  T h is  c o u ld  n o t  r e c h a r g e  

s u f f i c i e n t l y  a t  t h e  f i v e  p e r  se c o n d  p u l s i n g  r a t e .

F i n a l l y ,  a s i m p l i f i e d  v e r s i o n  o f  t h e  o r i g i n a l  form  o f  c i r c u i t  

was u s e d  and fo u n d  t o  e j e c t  e l e c t r o n s  a t  lo w e r  p e a k  c u r r e n t s  

th a n  e x p e c t e d  b y  c a l c u l a t i o n .  T h is  may be due t o  t h e  

e s t a b l i s h m e n t  o f  a r e s o n a n c e  i n  t h e  e l e c t r o n  m o t io n .

P i g .  23 i s  a s k e t c h  o f  t h e  m o d u la to r .

A p lu s -m in u s  c o i l  i s  shovm: one h a l f  c a n  r e a d i l y  be
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d i s c o n n e c t e d  t o  l e a v e  a 180^  s t e p  f i e l d  c o i l ;  b o th  v e r s i o n s

are  s u c c e s s f u l .

The c a p a c i t o r  C c h a r g e s  from  th e  r e c t i f i e r  th r o u g h  t h e  

c o i l .  VJhen th e  BK24 i g n i t r o n  VI i s  f i r e d ,  C d i s c h a r g e s  

th r o u g h  L, t h e  c u r r e n t  r i s i n g  s i n u s o i d a l l y .  At t h e  p ea k  

v a lu e  Ij^*V^J^the i g n i t r o n  V2 i s  f i r e d  t o  damp ou t th e  

o s c i l l a t o r y  d i s c h a r g e  o f  C and remove i n v e r s e  v o l t a g e  from  

V I.

2 . 5 . 4  T im ing E quipm ent.

The w hole  se q u e n ce  o f  o p e r a t io n s  i . e .  i n j e c t i o n ,  RP on, 

HP o f f ,  o r b i t  e x p a n s io n ,  i s  a u t o m a t i c a l l y  t im e d .

A c u r r e n t  t r a n s fo r m e r  on t h e  magnet c o i l  c e n t r e  p o i n t ,  g i v e s  

a c u r r e n t  (o r  f i e l d )  waveform  as i n  f i g .  1 3 . T h is  i s  f e d  

i n t o  a s i x - c h a n n e l  m u l t i a r  b ox  w h ich  u s e s  a w e l l - s t a b i l i z e d  

power pack  as r e f e r e n c e  b i a s .  The power pack  v o l t a g e  and  

p eak  v o l t a g e  o f  th e  c u r r e n t  t r a n s fo r m e r  o u tp u t  c o i n c i d e .

The m u l t ia r  6 7 , 68 i s  a c i r c u i t  w h ich  i n d i c a t e s  e q u a l i t y  

b etw een  a n e g a t i v e - g o i n g  in p u t  v o l t a g e  and a r e f e r e n c e  b i a s  

v o l t a g e .  V a r i a t i o n  o f  th e  b i a s  s e t t i n g  from  z e r o  t o  maximum 

v o l t a g e  th u s  e n a b le s  s e l e c t i o n  o f  any i n s t a n t  o f  th e  

a c c e l e r a t i o n  i n t e r v a l  AB o f  f i g .  1 3 .

Each m u l t ia r  t r i g g e r s  a b l o c k i n g  o s c i l l a t o r  t o  g i v e  

out a narrow  p u l s e  r e f e r r e d  t o  as a t im in g  p i p .

In th e  o r i g i n a l  d e s i g n ,  th e  ab ovem en tion ed  o p e r a t io n s  

were c a t e r e d  f o r  b y  f o u r  c h a n n e ls  w i t h  two c h a n n e ls  f o r
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t r i g g e r i n g  d i s p l a y  u n i t s  and e x t e r n a l  eq u ip m en t.

The i n j e c t o r  c h a n n e l  was fo u n d  t o  be t o o  j i t t e r y  f o r

s t a b l e  i n j e c t i o n .  DC p o t e n t i o m e t e r  t e s t s  showed t h a t  th e

m u l t ia r  o p e r a t e d  o v e r  a ra n g e  o f  ~ V .  The c u r r e n t  t r a n s fo r m e r

peak  v o l t a g e  o f  500 V c o r r e s p o n d e d  t o  a f i e l d  o f  8 0 0 0  o e .

Thus ^ V  H 0 . 2  o e :  a t  i n j e c t i o n  th e  r a t e  o f  ch an ge  o f  f i e l d  
oO

i s  0 . 8  o e r s t e d  p e r  m ic r o s e c o n d  (16  c / s )  s o  t h a t  th e  p o s s i b l e
0 2i n j e c t i o n  j i t t e r  i s  = 0 .2 5  p s .  A m erican e x p e r ie n c e  a t
0. s

C o r n e l l  U n i v e r s i t y  had shown t h a t  an u p p er  l i m i t  o f  0 . 1  ps  

was n e c e s s a r y  f o r  a s t e a d y  beam.

A c c o r d in g ly  t h e  m u l t i a r  was r e p la c e d  b y  a b i a s e d  p e a k e r  

s t r i p  i n  t h e  magnet g a p , w hich  t r i g g e r e d  a b l o c k i n g  o s c i l l a t o r  

to  g i v e  t h e  i n j e c t i o n  t im in g  p i p .

2 . 6  C o n tr o l .

P r o t e c t i o n  i s  a f f o r d e d  a g a i n s t  e l e c t r i c a l  power and 

h ig h  e n e r g y  r a d i a t i o n .  A l l  h ig h  v o l t a g e  i n s t a l l a t i o n s  a re  

e x t e n s i v e l y  i n t e r l o c k e d  t o  r e n d e r  t h e  a p p a r a tu s  h a r m le s s  

t o  o p e r a t in g  p e r s o n n e l .  A u to m a tic  f i r e  p r o t e c t i o n  i s  i n s t a l l e d ,  

The m agnet i s  h o u se d  i n  a th ic k -W 'a i le d ,  s h i e l d e d  room b e lo w  

ground l e v e l ,  t o  c o n t a i n  s t r a y  r a d i a t i o n  and i s  o p e r a t e d  

r e m o t e ly  from  a c o n t r o l  d e sk  f i g .  24: f o r  m a in ten a n ce  

p u r p o s e s  i t  ca n  be  o p e r a t e d  from  t h e  s y n c h r o tr o n  chamber 

i t s e l f .

The g e n e r a l  l a y o u t  o f  th e  s y n c h r o t r o n  i s  shown i n  f i g .  25  

D i r e c t l y  above t h e  beam room and a d ja c e n t  t o  th e  c o n t r o l
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room a re  r e s e a r c h  rooms from  w hich  e x p e r im e n ts  ca n  he  

c o n d u c te d .  A c c e s s  t o  t h e  heam i s  a v a i l a b l e  th r o u g h  p o r t s  in  

th e  r e s e a r c h  room f l o o r s .

The heam p a s s e s  th r o u g h  a m o n ito r  i n t o  a r e c e s s  o f  

a h so r h in g  m a t e r i a l  -  14 f t  c o n c r e t e  -  and th e n c e  i n t o  t h e  

e a r th .

The e x c i t a t i o n  equipm ent i s  s i t u a t e d  a t  a h ig h e r  l e v e l  

th a n  th e  m agn et, and th e  c o i l  c u r r e n t  i s  f e d  down th r o u g h  a 

f a i r l y  lo n g  h u sh a r  run .

A c c e s s  t o  th e  magnet i s  o b ta in e d  hy s l i d i n g  th e  130 to n  

magnet chamber r o o f  u n d er  t h e  w orkshop. Above th e  m agnet 

chamber i s  a t r a v e l l i n g  cr a n e  w h ich  ca n  h a n d le  lo a d s  up t o  

50 t o n s .
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CHAPTER 5 

THE SEARCH FOR A BEAM

5 . 1  G en era l Approach t o  th e  P roblem .

A f t e r  i n s t a l l a t i o n  and i n i t i a l  t e s t s  o f  th e  v a r io u s  

component u n i t s  i n d i c a t e d  i n  c h a p te r  2 ,  an e x t e n s i v e  s e r i e s  

o f  m a g n e tic  f i e l d  m easurem ents was u n d e r ta k e n .  These  

in c lu d e d  c h e c k s  on th e  p o s i t i o n  o f  th e  b e t a t r o n  o r b i t ,  

symmetry o f  th e  f i e l d  and n - v a l u e ,  and m easured  th e  e r r o r  

f i e l d s  so  t h a t  th e  r e q u ir e d  c o r r e c t i o n s  c o u ld  b e  a s s e s s e d .

The e r r o r  f i e l d s  a r i s e  m a in ly  from  eddy c u r r e n t  and 

h y s t e r e s i s  e f f e c t s  and a re  th u s  d ep en d en t on th e  l e v e l  o f  

e x c i t a t i o n  o f  t h e  m agnet.

M easurem ents were ta k e n  a t  v a r i o u s  l e v e l s  by i n c r e a s i n g  

th e  v o l t a g e  on th e  c a p a c i t o r  bank; t h i s  b e in g  e f f e c t e d  by  

v a r i a t i o n  o f  th e  s c r e e n - c a t h o d e  v o l t a g e  o f  th e  c h a r g in g  

p e n to d e  in  th e  r e c t i f i e r  s e t .

However, d e s p i t e  a d e s i g n  f i g u r e  o f  17 kV, th e  bank  

s u f f e r e d  e x t e n s i v e  breakdown i n  th e  r e g i o n  1 2 -1 4  kV. 

C o n s id e r a b le  e f f o r t  and t im e  were exp en d ed  in  s e a r c h  f o r  

p o s s i b l e  c a u s e s  o f  th e  f a i l u r e ,  su ch  a s  s w i t c h in g  t r a n s i e n t s ,  

b e f o r e  th e  m a n u fa c tu r e r s  a c c e p t e d  t h a t  t h e  c a p a c i t o r s  

th e m s e lv e s  were a t  f a u l t  and new u n i t s  had  t o  be d e s ig n e d .  

R e p a ir s  t o  th e  damaged u n i t s  p e r m it t e d  tem porary  ru n n in g  up  

t o  12 kV. The o r i g i n a l  190  pF u n i t s ,  o i l - im m e r s e d  i n  s t e e l  

c o n t a i n e r s ,  were t o  be r e p la c e d  b y  115 pP u n i t s  in  th e  same
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s i z e  ta n k s  t o  redu ce  s t r e s s ;  th e  c o n se q u e n t  in c r e a s e  in  

number o f  u n i t s  c a l l e d  f o r  c o n s id e r a b l e  c o n s t r u c t i o n a l  

a l t e r a t i o n s  t o  t h e  c a p a c i t o r  room.

In th e  c o u r s e  o f  t h e s e  s e tb a c k s  and d e l a y s ,  p r e p a r a t io n s  

were made t o  e x p e d i t e  th e  s e a r c h  f o r  a beam.

The g e n e r a l  l i n e  o f  a t t a c k  judged b e s t  t o  f o l l o w  was 

to  s t a r t  l o o k in g  f o r  a beam a t  low  e x c i t a t i o n  o f  th e  m agnet,  

when in h o m o g e n e i t ie s  are r e l a t i v e l y  s m a l l ,  and once e l e c t r o n s  

were s u c c e s s f u l l y  tra p p e d  in t o  c i r c u l a r  o r b i t s ,  t o  in c r e a s e  

th e  e x c i t a t i o n  g r a d u a l ly  and b r in g  in  f i e l d  c o r r e c t i o n s ,  by  

t r i a l  ana e r r o r ,  t o  m a in ta in  a s t a b l e  o r b i t .

F u r th e r ,  i t  was d e c id e d  t o  c o n c e n t r a t e  i n i t i a l l y  on th e  

b e t a t r o n  p hase  o n ly ,  s in c e  i t  ŵ as c o n s id e r e d  t h a t  once a 

r e a l l y  s t r o n g  b e t a t r o n  beam had b een  e s t a b l i s h e d ,  t r a n s i t i o n  

t o  sy n c h r o tr o n  o p e r a t io n  would be f a i r l y  e a s y .

In a d d i t io n ,  ap art  from  a v e r y  s h o r t  i n i t i a l  p e r io d  o f  

o p e r a t io n  a t  th e  f i v e  b u r s t s  a seco n d  r a t e ,  a l t e r a t i o n s  in  

th e  c a p a c i t o r  room n e c e s s i t a t e d  u se  o f  a tem porary  e x c i t a t i o n  

sy s te m  f o r  th e  m agnet.

A c c o r d in g ly ,  c o n t in u o u s  ru n n in g  a t  50 c / s  from  th e  

mains su p p ly  ŵ as e f f e c t e d  by means o f  a powder tr a n s fo r m e r .  

T h is  change e a s e d  c o n s id e r a b ly  th e  v i s u a l  s t r a i n  o f  s t u d y in g  

f a s t  waveform s on t r i g g e r e d  o s c i l l o s c o p e s ,  a v o id e d  t r a n s i e n t  

c o n d i t i o n s  in  th e  m agnet, and a f fo r d e d  a h ig h e r  i n t e g r a t e d  

X -ray o u tp u t  from th e  m achine -  th u s  g i v i n g  in c r e a s e d  

m o n ito r in g  s e n s i t i v i t y .
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The change h ack  to  p u ls e d  o p e r a t io n  a f t e r  a b e t a t r o n  beam 

had b een  s u c c e s s f u l l y  e s t a b l i s h e d  p r e s e n t e d  l i t t l e  

d i f f i c u l t y  in  v ie w  o f  th e  c h o ic e  o f  seco n d  h a l f - c y c l e  

a c c e l e r a t i o n  ( f i g .  13) w hich  had b een  govern ed  by b e t a t r o n  

o r b i t  c o n s i d e r a t i o n s .  As th e  magnet has s e t t l e d  down by t h e  

end o f  th e  f i r s t  h a l f - c y c l e ,  th e  f i e l d  d i s t r i b u t i o n  w i l l  be  

v e r y  s i m i l a r  t o  t h a t  o b ta in in g  under c o n t in u o u s  ru n n in g  and 

l i t t l e  ch an ges  in  c o r r e c t i o n  w i l l  be n e c e s s a r y .  On th e  o th e r  

hand, th e  t r a n s i e n t  c o n d i t i o n s  o c c u r r in g  i n i t i a l l y  in  th e  

f i r s t  h a l f - c y c l e  o f  a magnet p u l s e  g i v e  r i s e  t o  a v e r y  

d i f f e r e n t  f i e l d  d i s t r i b u t i o n  compared w ith  c o n t in u o u s  

ru n n in g  and a l s o  an uncie s i r  a b le  t im e v a r i a t i o n  o f  th e  

b e t a t r o n  o r b i t .

In v ie w  o f  th e  above d e c i s i o n s ,  th e  number o f  v a r i a b l e  

p a ra m eters  a t  th e  s t a r t  o f  th e  s e a r c h  was t h i r t y t w o .

T h is  com p rised  th e  tw e n ty fo u r  o u t - o f - p h a s e  f i e l d  c o r r e c t o r s ,  

th e  f i r s t  harmonic c o r r e c t o r  ( s e c t i o n  2 . 2 . 2 ) ,  th e  t h r e e  gun 

movements ( 2 . 5 . 2 ) ,  gun v o l t a g e ,  gun e m is s io n  c u r r e n t ,  

i n j e c t i o n  t im in g ,  and b e t a t r o n  o r b i t  p o s i t i o n  ( 2 . 2 . 2 ) .

A b e t a t r o n  donut had b een  i n s t a l l e d ,  s i m i l a r  t o  th e  

la y o u t  o f  f i g .  15 w ith  th e  r e s o n a t o r s  r e p la c e d  by p l a i n  

s e c t o r s .  F i e l d  m easurem ents had shown t h a t  eddy c u r r e n t s  in  

th e  r e s o n a to r  c o a t in g s  u p s e t  th e  r a d i a l  f i e l d  dependence  

( n - v a lu e )  in  th e  r e s o n a to r  n e igh b ou rh ood . In k e e p in g  w ith  

th e  g e n e r a l  p la n  o u t l i n e d ,  o f  s i m p l i f i c a t i o n  ana r e d u c t io n  

o f  v a r i a b l e s ,  i t  was t h e r e f o r e  e x p e d ie n t  n o t  t o  i n s e r t  th e
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r e s o n a to r s  a t  t h i s  s t a g e .

In t h e s e  days th e  s e c t o r s  were s e p a r a te d  hy t e f l o n  

g a s k e t s  so  t h a t  th e  i n t e r n a l  c o a t i n g  o f  ea c h  s e c t o r  was 

i n s u l a t e d  from i t s  n e ig h b o u r s .  Each c o a t i n g  was c o n n e c te d  

t o  a common c o n d u c t in g  r in g  th r o u g h  a r e s i s t o r  and th e  r in g  

i t s e l f  was grounded through  a f u r t h e r  r e s i s t o r ,  so  t h a t  

m o n ito r in g  p o i n t s  were a v a i l a b l e  o f  e l e c t r o n  c u r r e n t  t o  

i n d i v i d u a l  s e c t o r s  and t o t a l  gun e m is s io n  i n t o  th e  d o n u t.

A gun was i n s t a l l e d  and aged and t h e  v o l t a g e  s e t  a t  

6 0 -7 0  kV w ith  200 mA e m is s io n .  The f i e l d  c o r r e c t o r s  were  

s e t  in  th e  p o s i t i o n s  g i v i n g  optimum c o r r e c t i o n  a c c o r d in g  

t o  m easurem ent, th e  o th e r  p a ra m eters  were a r b i t r a r y .

The s e a r c h  began  in  August 1953 w ith  th e  magnet a t  

600 V e x c i t a t i o n  and p u ls e d  a t  f i v e  p u l s e s  p e r  se co n d .

Working from  th e  run s e c t o r ,  th e  i n d i v i d u a l  c o a t i n g  c u r r e n t  

waveforms w'ere o b se r v ed  on a p o r t a b le  o s c i l l o s c o p e  and th e  

f i e l d  c o r r e c t o r s  ivere a d ju s t e d  t o  en co u ra g e  e l e c t r o n s  t o  

t r a v e l  round th e  donu t.

In t h i s  way e l e c t r o n s  were soon  e s t a b l i s h e d  t o  c i r c l e  th e  

donut o n ce . The method o f  o b s e r v a t io n  v/as, h ow ever , v e r y  

i n s e n s i t i v e  and th e  waveform was b a d ly  masked by  o s c i l l a t i o n s  

due to  p ic k -u p  from th e  gun p u l s e .

I t  was t h e r e f o r e  c l e a r  t h a t  a more s e n s i t i v e  d e t e c t o r  was 

r e q u ir e d  b e f o r e  f u r t h e r  p r o g r e s s  would be made.

A c c o r d in g ly  th e  i n t e r n a l  s c i n t i l l a t i o n  p r o b e s  were  

brought in t o  u s e .
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3 , 2  S c i n t i l l a t i o n  P ro b es .

The s c i n t i l l a t i o n  prohe i s  an a d a p ta t io n  o f  th e  

s c i n t i l l a t i o n  c o u n te r  w hich  f i n d s  v e r y  w ide a p p l i c a t i o n  in  

many f i e l d s  o f  p h y s i c s .

I t  c o n s i s t s ,  f i g .  2 6 , o f  an e l e c t r o n  s e n s i t i v e  phosphor  

mounted on one end o f  a p e r s p e x  rod  t o  th e  o t h e r  end o f  

w hich  i s  a t ta c h e d  a p h o t o m u l t i p l i e r  tu h e .

Tvhen e l e c t r o n s  s t r i k e  th e  p h osp h or , i t s  m o le c u le s  

undergo i o n i z a t i o n  or  e x c i t a t i o n  and p h o to n s  are e m it te d  

in  th e  su b seq u e n t  r e tu r n  o f  th e  m o le c u le s  t o  norm al s t a t e .  

Some o f  t h e s e  l i g h t  quanta  p a s s  down th e  p e r s p e x  rod , w hich  

a c t s  as an i n t e r n a l l y  r e f l e c t i n g  l i g h t  g u id e ,  and f a l l  upon  

th e  p h o to c a th o d e  o f  th e  m u l t i p l i e r  tu b e .  As a r e s u l t ,  th e  

ca th o d e  e m it s  a few  e l e c t r o n s  w hich are a c c e l e r a t e d  t o  th e  

f i r s t  dynode by th e  v o l t a g e  a p p l ie d  b etw een  i t  and c a th o d e .  

At t h i s  d yn od e, each  i n c i d e n t  e l e c t r o n  g i v e s  r i s e  t o  f u r t h e r  

seco n d a ry  e m is s io n  e l e c t r o n s ,  so  th a t  th e  t o t a l  number o f  

e l e c t r o n s  i s  in c r e a s e d .  Each dynode i s  m a in ta in e d  a t  a 

h ig h e r  p o t e n t i a l  th an  th e  p r e c e d in g  on e , so  t h a t  th e  

m u l t i p l i c a t i o n  p r o c e s s  i s  r e p e a te d ,  s t a g e  by s t a g e  down th e  

tu b e ,  u n t i l  a v e r y  la r g e  bunch o f  e l e c t r o n s  a r r i v e s  a t  th e  

c o l l e c t o r ,  g i v i n g  r i s e  t o  a w orkable o u tp u t  v o l t a g e  p u l s e .  

A f t e r  s u i t a b l e  a m p l i f i c a t i o n ,  t h i s  i s  f e d  t o  a d i s p l a y  u n i t .

Common p h o t o m u l t i p l i e r  tu b e s  have m u l t i p l i c a t i o n  
é 9

f a c t o r s  o f  10 - 1 0  , c a th o d e  t o  c o l l e c t o r ,  so  t h a t  i t  i s  

r e a d i l y  s e e n  t h a t  th e  d e v ic e  i s  an e x c e e d in g ly  s e n s i t i v e
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d e t e c t o r .  In f a c t ,  v / ith  p ro p er  c h o ic e  o f  p h osp h or  and d e s ig n  

o f  arrangem ent, s i n g l e  e l e c t r o n s  can  he d e t e c t e d .

Such a d e v ic e  was d e v e lo p e d  hy th e  a u th o r  and em ployed  

as an i n t e r n a l  beam d e t e c t o r  hy  i n s e r t i o n  o f  th e  p e r s p e x  rod  

in t o  t h e  donut th ro u g h  a vacuum s e a l  as in  f i g .  27 .

S e v e r a l  f a c t o r s  in f l u e n c e d  th e  d e s ig n  o f  t h e  p ro h e .

I t  was c l e a r l y  a d v a n ta g eo u s  t o  have r a d i a l  movement in  ord er  

t o  i n v e s t i g a t e  t h e  beam p o s i t i o n  and d i s t r i b u t i o n .

A W ilso n  vacuum s e a l  p r o v id e d  t h i s  f a c i l i t y .

The phosp hor c r y s t a l  had t o  be o f  s u f f i c i e n t  s i z e  t o  

g iv e  a good l i g h t  y i e l d  b u t  t h i n  enough r a d i a l l y  t o  d e f i n e  

th e  beam p o s i t i o n  r e a s o n a b ly  a c c u r a t e l y .  C r y s t a l s  o f  ab out  

1 mm by 1 cm  ̂ were fo u n d  t o  be s a t i s f a c t o r y .

In r e g a r d  t o  c h o ic e  o f  p h o sp h o r , th e  m ain f a c t o r s  were  

s e n s i t i v i t y ,  s p e e d ,  p h y s i c a l  p r o p e r t i e s  and a v a i l a b i l i t y .

The phosphor had t o  have h ig h  e l e c t r o n  s e n s i t i v i t y  w ith  

p r e f e r a b l y  low  X -ray  s e n s i t i v i t y ,  s i n c e  i t  was r e q u ir e d  t o  

d e t e c t  th e  e l e c t r o n  beam and n o t  background  X -r a y s  from  th e  

gun or due t o  e l e c t r o n s  h i t t i n g  th e  donut w a l l s ;  f u r t h e r  i t  

had t o  h ave much h ig h e r  s e n s i t i v i t y  th a n  p e r s p e x  or m oun ting  

m a t e r i a l s .
—s

At i n j e c t i o n ,  e l e c t r o n s  c i r c l e  th e  donut in  '^6.10 s e c
-“3SO th a t the decay time of the phosphor had t o  be 10 s e c ,  

or f a s t e r ,  in  order th a t  the p u lse  h e ig h t would be s e n s i t i v e  

t o  time v a r ia t io n s  in  the e le c t r o n  beam d e n s i ty .

At th e  t im e  o f  commencement o f  th e  probe work, th e  b e s t
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a v a i l a b l e  p h o sp h o rs  were z i n c  s u lp h id e ,  sodium  i o d i d e ,  and  

a n th r a c en e  w h i le  th e  a v a i l a b l e  p h o t o m u l t i p l i e r s  were RCÂ 931A 

(peak  r e s p o n s e  4000  AU) and EMI 5311 (4600  AU).

Zinc s u l p h i d e ,  s i l v e r  a c t i v a t e d ,  a l th o u g h  m ost u s e f u l

f o r  h ea v y  p a r t i c l e  d e t e c t i o n ,  i s  s e n s i t i v e  t o  l a r g e  e l e c t r o n

f l u x e s .  I t s  e m is s io n  sp ec tru m  p eak  i s  a t  4 5 0 0  AU so  t h a t  i t

w e l l  m atches t h e  5311 tu b e .  H owever, i t s  d e c a y  t im e  i s  lo n g ,  
—s

10 s e c ,  and i t  i s  about e q u a l l y  s e n s i t i v e  t o  e l e c t r o n s  and  

Y - r a d i a t i o n .  F u r th e r  i t  i s  o f  c r y s t a l l i n e  powder form  and i s  

opaque i f  u s e d  in  t h i c k  l a y e r s .  I t  i s  s t a b l e .

Sodium i o d i d e ,  t h a l l i u m  a c t i v a t e d ,  i s  th e  m ost s e n s i t i v e  

e l e c t r o n  d e t e c t o r .  The e m is s io n  sp ec tru m  p eak  i s  a t  41 0 0  AU, 

w e l l  s u i t e d  t o  th e  931A. I t s  d e c a y  t im e  i s  2 . 5  x 10 s e c ,  b u t  

i t  i s  s e n s i t i v e  t o  X - r a d i a t i o n s - b e c a u s e  o f  i t s  h ig h  d e n s i t y  

and th e  h ig h  a to m ic  number o f  i o d i n e .  I t  i s  a v a i l a b l e  in  

t r a n s p a r e n t  c r y s t a l s  w h ich  ca n  be r e a d i l y  c l e a v e d  t o  any  

d e s i r e d  s i z e  b u t  i s  v e r y  d e l i q u e s c e n t  and i s  n o r m a lly  u s e d  

immersed in  l i q u i d  p a r a f f i n .

A n th r a c e n e ,  an o r g a n ic  p h o sp h o r ,  h as  h a l f  t h e  e l e c t r o n  

s e n s i t i v i t y  o f  sod ium  i o d i d e .  I t  m a tch es  t h e  5311 tu b e  

h a v in g  e m is s io n  p eak  a t  4 4 5 0  AU. I t s  d e c a y  t im e  i s  2 . l o  ^ 

s e c ;  i t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  X -r a y s .  I t  o c c u r s  in  

c l e a r  c r y s t a l s ,  r e a d i l y  c u t  b u t  somewhat v o l a t i l e  a t  v e r y  

low  p r e s s u r e s .

The RCA 931A i s  an e l e c t r o s t a t i c a l l y  f o c u s e d ,  n in e  

s t a g e  tu b e  o p e r a te d  a t  100  V p e r  s t a g e ,  or  1000  V o v e r a l l ,
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and h a s  a m u l t i p l i c a t i o n  f a c t o r  o f  10^ . I t  i s  somewhat n o i s y ,  

h u t i s  s m a l l  and i n e x p e n s i v e .

The EMI 5311 i s  an e l e v e n  s t a g e ,  ^'Venetian hlind^' ty p e  

tu b e ,  o p e r a t e d  a t  2000 V, w i t h  m u l t i p l i c a t i o n  f a c t o r  10^.

I t  i s  c o n s i d e r a b l y  q u i e t e r  th a n  th e  931A, l a r g e r ,  more 

e x p e n s iv e ,  and h a v in g  an end c a t h o d e ,  v e r y  s u i t a b l e  f o r  

l i g h t  g u id e  a t ta c h m e n t .

R e fe r e n c e s  6 9 -7 1  g i v e  f u r t h e r  d e t a i l s  o f  p h o sp h o rs  and 

t u b e s .

In  v ie w  o f  t h e  above c h a r a c t e r i s t i c s  i t  was d e c id e d  t o  

u s e  a n th r a c e n e  i n  c o n j u n c t io n  w i t h  a 5311 tu b e  a s  an i n t e r n a l  

e l e c t r o n  beam d e t e c t o r ,  and sodium  i o d id e  m ounted , in  a 

t h i n - w a l l e d  p e r s p e x  box  o f  l i q u i d  p a r a f f i n ,  d i r e c t l y  on t o  

a 931A tu b e  as  an e x t e r n a l  X -ra y  beam d e t e c t o r .

Other f a c t o r s  a f f e c t i n g  d e s i g n  were th e  n e e d  t o  p r o t e c t  

th e  p h o t o m u l t i p l i e r  from  e x t e r n a l  l i g h t i n g  by s u i t a b l y  

e n c l o s i n g  th e  p e r s p e x  r o d ,  and a l s o  t o  s h i e l d  t h e  tu b e  from  

th e  le a k a g e  m a g n e t ic  f i e l d  in  t h e  c e n t r e  o f  t h e  m agn et.

F i n a l l y  th e  d e v i c e  had t o  be s im p le  and r o b u s t .

A s o l u t i o n  t o  t h e  m a g n e t ic  p ic k - u p  prob lem  was t o  u s e  

a lo n g  p e r s p e x  rod  s u i t a b l y  b e n t  su c h  t h a t  th e  p h o t o m u l t i p l i e r  

c o u ld  be s i t e d  on to p  o f  th e  m agnet o r  w e l l  away from  i t .  

However t h i s  arrangem ent would have b e e n  c lu m sy  t o  a d j u s t  

r a d i a l l y  and d i f f i c u l t  t o  e n c l o s e  w i t h  few  s u p p o r t s  on t o  

th e  r o d .

Q u a l i t a t i v e  e x p e r im e n ts  w i t h  a lam p, ground g l a s s  s c r e e n ,
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s e c t i o n s  o f  p e r s p e x  ro d  and a p h o t o c e l l  had shoY/n t h a t  

c o n s i d e r a b l e  l i g h t  was l o s t  th r o u g h  th e  s i d e s  o f  th e  rod  as  

i t s  l e n g t h  was i n c r e a s e d ,  a t  j o i n s ,  or  a t  p o i n t s  o f  s u p p o r t .  

S l i g h t  l o s s  o c c u r r e d  i f  th e  p o l i s h e d  s u r f a c e  o f  t h e  ro d  had  

s m a l l  sm ears o f  vacuum g r e a s e  aauhed  on i t .

These e f f e c t s  v/ere l e s s  s e r i o u s  Y /i th  ro d s  o f  l a r g e r  c r o s s -  

s e c t i o n .

In  vieY/ o f  t h e s e  f i n d i n g s ,  i t  was d e c id e d  t o  u s e  as  

s h o r t  a s e c t i o n  o f  l i g h t  g u id e  as  p o s s i b l e  and t o  s c r e e n  th e  

p h o t o m u l t i p l i e r  w i t h  m i ld  s t e e l  s h i e l d i n g  and su p p o r t  th e  

p e r s p e x  rod  l i g h t  s h e a t h  a t  one p l a c e  o n ly .

S u f f i c i e n t  l e n g t h  o f  rod  had t o  be u s e d  t o  k eep  th e  t h e  

m e ta l-w o r k  away from  t h e  f l u x  b a r s  ana th e  m agnet gap in  

ord er , n o t  t o  d i s t u r b  t h e  f i e l d .

A c c o r d in g ly  t h e  arrangem ent o f  f i g .  28 was a d o p ted  and, 

a p a r t  from  s l i g h t  m o d i f i c a t i o n s  d i s c u s s e d  l a t e r ,  p r o v ed  

s a t i s f a c t o r y .

The 5311 tu b e  and i t s  a s s o c i a t e d  c i r c u i t s  w ere mounted  

i n s i d e  a l i g h t - t i g h t  c y l i n d r i c a l  a lum inium  ca n  su rro u n d e d  b y  

tvm c y l i n d e r s  o f  i n  m i ld  s t e e l  a c t i n g  a s  m a g n e t ic  s h i e l d s .
o

The C8J1 was grounded  t o  m in im iz e  e l e c t r o s t a t i c  p ic k -u p  i n  

t h e  p h o t o m u l t i p l i e r  from  t h e  i n j e c t o r  gun p u l s e .

As t h e  d i s p l a y  u n i t s  v/ere s i t u a t e d  some d i s t a n c e  av/ay from  

th e  c e n t r e  o f  t h e  m agn et, t h e  p h o t o m u l t i p l i e r  o u tp u t  p u l s e  

Y/as f e d  i n t o  a c a th o d e  f o l l o w e r  u n i t ,  u s i n g  a CV138, 

in c o r p o r a t e d  i n t o  th e  m ain  a s se m b ly .
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EHT s u p p l y ' t o  th e  5 3 1 1 , HT and h e a t e r  s u p p l i e s  t o  th e  CV138, 

and th e  o u tp u t  l i n e  were b ro u g h t th ro u g h  th e  end p l a t e  A by  

means o f  s c r e e n e d  c a b l e s .  On u n sc r e w in g  t h i s  p l a t e ,  th e  w hole  

p h o t o m u l t i p l i e r  u n i t  c o u ld  be w ithdraw n w ith o u t  d i s t u r b i n g  

th e  r e s t  o f  th e  a s se m b ly .

The p e r s p e x  rod  o f  1 i n  d ia m e te r  ana a p p r o x im a te ly  30 in
y y

l e n g t h ,  was e n c l o s e d  i n  a —  i n  b r a s s  tu b e  o f  i n  in s id e *  

d ia m e te r ,  su p p o r te d  by means o f  th e  ru b b er  0 - r i n g ,  w hich  a l s o  

p r o v id e d  a vacuum s e a l ,  so  t h a t  th e  rod  was c l e a r  o f  th e  

b r a s s  tu b e .  A c i r e l i p  0 ,  c u t  so  t h a t  i t  to u c h e a  th e  p e r s p e x  

as l i t t l e  as p o s s i b l e ,  p r e v e n te d  th e  rod  from  b e in g  drawn 

i n t o  th e  vacuum.

The rod was h e ld  i n  c o n t a c t  v /ith  th e  p h o t o m u l t i p l i e r  c a th o d e  

end as shov/n -  a gap h e r e  c a u se d  d im in is h e d  o u tp u t .

In o r d e r  t o  m in im iz e  b e a m -a is tu r b in g  eddy c u r r e n t s ,  i t  

was d e s i r a b l e  t o  have a s  l i t t l e  m e ta l-w o r k  as p o s s i b l e  in  

th e  v i c i n i t y  o f  th e  a o n u t .  I t  w as, o f  c o u r s e ,  n e c e s s a r y  t o  

r e n d er  c o n d u c t in g  th e  s u r f a c e s  o f  th e  phosphor and e x t r e m i t y  

o f  th e  rod  in  o r d e r  t o  p r e v e n t  them from  c h a r g in g  up and 

d i s t u r b i n g  th e  e l e c t r o n  beam.

With t h e s e  p o i n t s  in  m ind, th e  W ilso n  s e a l  h o ld e r  W was made 

o f  p e r s p e x  and th e  b r a s s  s h e a th  was k e p t  t h i n .

The f i r s t  probe had th e  b r a s s  0 - r i n g  clamp 0 about f o u r  

in c h e s  from  th e  p hosphor end w ith  t h i n  a lum inium  f o i l  up t o  

th e  t i p  w hich  was c o a t e d  w ith  aquadag. T h is  arrangem ent was 

s a t i s f a c t o r y  a t  lov/ magnet e x c i t a t i o n s  b u t  as  p r o g r e s s  was
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ms.de t h e  d e s ig n  was m o d i f ie d  t o  t h a t  o f  f i g s *  2 8 ,  29 and th e  

"brass s h e a t h  was r e p la c e d  hy s t a i n l e s s  s t e e l .

A ttachm ent t o  th e  p o r t  s e c t o r  was made hy means o f  

s p e c i a l l y  m oulded n eo p ren e  u n io n s  B and th e  Vigils on s e a l s  

were made o f  i n  ru h h er , th e  h o l e  h e in g  in  d iam eter*

A l l  vacuum j o i n t s  and s e a l s  were s l i g h t l y  g r e a s e d .

The r a d i a l  p o s i t i o n  o f  th e  prohe c o u ld  he r e a d i l y  a d ju s t e d  

hy means o f  th e  a d j u s t e r  T clam ped t o  th e  s h e a t h .

B e fo r e  i n s e r t i n g  th e  p rohe i n t o  th e  d o n u t, i t  was 

t e s t e d  on th e  ‘bench w ith  a Sr^^ s o u r c e  o f  g - r a y s  and th e n  in  

a s i n g l e  p o r t  s e c t o r ,  e v a c u a te d  a t  one end hy  a 2 - i n  

d i f f u s i o n  pump, f i g .  30 .

A gun was i n s e r t e d  a t  th e  p o r t  and l i n e d  up t o  f i r e  a t  a 

z in c  s u lp h id e  s c r e e n  a t ta c h e d  t o  th e  o t h e r  end; t h i s  was 

th e n  removed and r e p la c e d  h y  th e  prohe a sse m b ly .

T h is  arrangem ent s e r v e d  t o  ch e c k  th e  vacuum t i g h t n e s s  o f  th e  

d e v ic e  and i n d i c a t e  th e  ty p e  o f  o u tp u t  w aveform s t o  he  

e n c o u n te r e d .

A 1 mil h y  1 cm  ̂ c r y s t a l  o f  a n th r a c e n e  had h een  cem en ted  on 

t o  th e  end o f  th e  rod  w ith  Canada h a lsam  and c o v e r e d  w ith  

alum inium  f o i l  o f  0 .0 0 0 2  in  t h i c k n e s s  -  s u f f i c i e n t  t o  s t o p  

25 keV e l e c t r o n s .

IVhen th e  vacuum p r e s s u r e  re a ch ed  1 0 mm Hg, th e  gun was 

p u ls e d  a t  50 c / s  (10  ps a t  20—30 kV) and th e  o u tp u t  

waveform s o b se r v e d  on an o s c i l l o s c o p e .  T hese were shown t o  

h e  due t o  e l e c t r o n s  h i t t i n g  th e  p hosp h or hy
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a) d e f l e c t i n g  th e  beam w it h  a perm anent m agnet,  

h )  s w i t c h in g  o f f  th e  gun f i l a m e n t  s u p p ly ,  and  

c )  r e d u c in g  t h e  gun HT s u p p ly  g r a d u a l l y ,  when a 

n o t i c e a b l e  d im in u t io n  i n  p u l s e  h e i g h t  was o b s e r v e d  a t  about  

2 5  kV.

As a r e s u l t  o f  t h e s e  t e s t s ,  t h e  p r o b e s  were judged  

f r e e  o f  m ajor d e f e c t s  and c o n s id e r e d  r e a d y  f o r  u s e .  

A c c o r d in g ly  one was i n s e r t e d  i n t o  t h e  donut b e h in d  th e  gun, 

i t s  t i p  c o v e r e d  w i t h  0 .0 0 1  i n  alum inium  f o i l  -  t o  s t o p  65 kV 

e l e c t r o n s ,  so  t h a t ,  by  i n j e c t i n g  a t  ab ou t 60 kV, a c c e l e r a t e d  

p a r t i c l e s  c o u ld  b e  d e t e c t e d .

Eovæver, t h e  donut p r e s s u r e ,  a f t e r  r e m a in in g  a t  1 0  mm 

Hg f o r  some t im e ,  g r a d u a l ly  d e t e r i o r a t e d  t o  10  imn Hg and on  

rem oval o f  t h e  p r o b e ,  a f t e r  u n s u c c e s s f u l  l e a k - h u n t i n g ,  th e  

f o i l  was fo u n d  t o  h ave b u r s t  and some a n th r a c e n e  had d i s t i l l e d  

in t o  t h e  d o n u t.

T h is  g a l l i n g  e x p e r ie n c e  was v e r y  s u r p r i s i n g  a f t e r  th e  

t r o u b l e - f r e e  s i n g l e  p o r t  t e s t s  b u t  may have b e e n  due t o  t h e  

d i f f e r e n t  manner o f  e v a c u a t io n .  In  th e  donut t h e  p r e s s u r e  

d o e s  n o t  f a l l  g r a d u a l l y ,  a s  i n  t h e  b en ch  a rra n g em en t, b u t  

b e in g  a u t o m a t i c a l l y  se q u e n c e d ,  i s  s u b j e c t e d  t o  d i s t i n c t  

d rop s i n  p r e s s u r e  and su ch  a su r g e  may h ave c a u s e d  r u p tu r e  

o f  th e  f o i l  and ex p o su r e  o f  th e  p h osp h or  s u r f a c e  t o  th e  

vacuum.

In o r d e r  t o  a v o id  r e p e t i t i o n  o f  t h i s  o c c u r r e n c e  th e  

probe s h e a t h  was s l i g h t l y  m o d i f i e d .
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V a r io n s  arrangem ents were t r i e d  "but d i s c a r d e d ,  in  t u r n ,  as  

i n s e n s i t i v e  u n t i l  a s u c c e s s f u l  v e r s i o n  was made.

The s t a g e s  o f  d eve lop m en t are  sho\m  in  f i g .  81: p e r s p e x  

a lo n e  was t r i e d ,  c o v e r e d  w ith  alum inium  f o i l  a t  th e  t i p  

(hk I I ) .  N ex t ,  a n th r a c e n e  ta p e d  on t o  th e  ro d , t o t a l l y  

s h e a th e d ,  th e  end h e in g  c o v e r e d  hy a 0 . 0 0 2  i n  cop p er  window  

l e t  i n t o  th e  h r  a s s  (Mk I I I ) .  lilk IV had a n th r a c e n e  e n c l o s e d  in  

a p e r s p e x  c y l i n d e r  o f  w a l l  t h i c k n e s s  0 . 0 0 2  in :  th e  w h ole  end  

o f  t h i s  s u c c e s s f u l  v e r s i o n  was c o a t e d  w i t h  aquadag t o  

p r e v e n t  c h a r g in g  up . îvik V f o l l o w e d  l o g i c a l l y  from  i t  v i z . , 

a tta ch m en t o f  th e  a n th r a c e n e  t o  th e  p e r s p e x  rod  w it h  p e r s p e x  

cem ent; when d ry ,  t h e  w-hole s u r f a c e  o f  th e  c r y s t a l  was 

p a in t e d  o v e r  w i t h  p e r s p e x  cem ent t h in n e d  down w it h  c h lo r o fo r m  

so  t h a t  th e  phosphor was s e a l e d  in  a f i n e  s k in  o f  p e r s p e x .

The p roh e t i p  was th e n  c o v e r e d  in  aquadag.

T h is  was th e  m ost s e n s i t i v e  a n th ra c e n e  p r o h e ,  h e in g  th e  

n e a r e s t  p o s s i b l e  ap proach  t o  th e  h a re  c r y s t a l .  F i g .  2 9  i s  a 

Mk V.

F i n a l l y ,  a f t e r  th e  a n th r a c e n e  p r o b e s  had h e e n  p u t  t o  

s u c c e s s f u l  u s e  in  e s t a b l i s h i n g  a b e t a t r o n  beam, p l a s t i c  

p h o sp h o rs  became a v a i l a b l e  and th e  f i n a l  Mk VI p r o b e s  w/ere 

c o n s t r u c t e d .

T e tr a p h e n y l  b u t a d ie n e  in  p o ly s t y r e n e  h as  one q u a r te r  

th e  s e n s i t i v i t y  o f  a n th r a c e n e  f o r  e l e c t r o n s ,  d eca y  t im e  o f  

8 . 1 0  s e c ,  i s  a v a i l a b l e  in  la r g e  c l e a r  m a s s e s ,  e a s i l y  

m achined and p o l i s h e d .  I t  i s  s t a b l e  in  a vacuum.
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C uboids 1 mm by 1 cra  ̂ were s t u c k  d i r e c t l y  on t o  t h e  rod  

w ith  p e r s p e x  cement and c o a t e d  w ith  aquadag.

The b e s t  shape f o r  th e  end o f  t h e  rod  i s  o b t a in e d  b y  

m a ch in in g  a h em isp h ere  ana c u t t i n g  t h i s  o f f  f l a t ,  norm al t o  

th e  a x i s  o f  t h e  rod . A l l  l i g h t  c r o s s i n g  th e  f l a t  i s  i n t e r n a l l y  

r e f l e c t e d ,  i r r e s p e c t i v e  o f  th e  p o s i t i o n  o f  th e  c r y s t a l .

In  th e  Mk IV, V v e r s i o n s ,  t h e  s h e a t h  was o f  b r a s s  and 

th e  t i p  was c o v e r e d  w ith  aquadag; th e  two c o n d u c t in g  p o r t i o n s  

were j o in e d  b y  alum inium  f o i l  s u i t a b l y  p u n c tu r e d  t o  a l lo w  th e  

sp a c e  b e tw e e n  rod  and s h e a t h  t o  e v a c u a t e .  The f i n a l ,  

s t a i n l e s s  s t e e l  v e r s i o n  d i s p e n s e d  w ith  th e  f o i l ;  lu g s  on t h e  

end o f  t h e  s h e a t h  made d i r e c t  c o n t a c t  w i t h  th e  aquadag.

P ig .  3 2  g i v e s  t h e  c i r c u i t s  a s s o c i a t e d  w i t h  th e  

p h o t o m u l t i p l i e r s .  The w id e -b a n d  A1 a m ip l i f ie r  o f  a C o sso r  1035  

o s c i l l o s c o p e  v/as u s e d  a s  d i s p l a y  and t h e  c a th o d e  f o l l o w e r  

Viras d e s ig n e d  t o  re p r o d u ce  a v e r y  f a s t  f a l l i n g  ed ge  v / ith o u t  

c u t t i n g  o f f .

3 . 3  Use o f  th e  P ro b es  t o  f i n d  a B e ta tr o n  Beam.

As i n d i c a t e d  in  s e c t i o n  3 . 1 ,  a "once round" beam had  

b e e n  e s t a b l i s h e d  b y  donut c o a t i n g  c u r r e n t  o b s e r v a t i o n s .

A Ivik I I  prob e was i n s e r t e d  25 IX 1 9 5 3 , and th e  p rob e o u tp u t  

waveform s were exam in ed . As th e  p h osp h or  was p e r s p e x  i n  t h i s  

c a s e ,  i t  was n e c e s s a r y  t o  run th e  5311 a t  maximum v o l t a g e  

and u s e  l a r g e  o s c i l l o s c o p e  g a in .

The ty p e  o f  t r a c e  o b s e r v e d  on th e  d i s p l a y ,  w hich  was
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t r i g g e r e d  "by a p ea k er  s t r i p  in  th e  magnet gap , i s  shown i n  

f i g .  3 3 .  For a f i x e d  gun v o l t a g e ,  th e  p rob e t r a c e  show ed th e  

f o l l o w i n g  v a r i a t i o n  as  th e  i n j e c t i o n  t im e  was v a r i e d  from  

l a t e  t o  e a r l y .

At f i r s t  th e  t im in g  was to o  l a t e  and no o u tp u t  was o b s e r v e d ,  

th e n  a s m a l l  p u l s e  ap peared  w hich  in c r e a s e d  in  s i z e  and w id th  

as th e  t im in g  was made e a r l i e r .  A se c o n d  e a r l i e r  p u l s e  th e n  

s e p a r a te d  from  th e  l a r g e r  o r i g i n a l  and moved away from  i t  in  

t im e ,  th e  o r i g i n a l  p u l s e  r e m a in in g  s t a t i o n a r y .  As th e  t im in g  

was made e a r l i e r  s t i l l  th e  two p u l s e s  d im in is h e d  i n  s i z e  

u n t i l  no ou tp u t was v i s i b l e .

hh -ile  t h e r e  were t?;o p u l s e s  s im u l t a n e o u s ly ,  m inor p ea k s  were  

o b se r v e d  in  b e tw e en :  t h e s e  were t o  p la y  an im p o rta n t  p a r t  in  

t h e  e s t a b lis l im e n t  o f  a beam.

T hese w aveform s, w hich  were due t o  e l e c t r o n s  c i r c l i n g  th e  

donut b e c a u s e  t h e y  v a r i e d  w i t h  gun t im in g ,  v o l t a g e  and 

e m is s io n ,  are  r e a d i l y  e x p la in e d  by  f i g .  3 4 . As th e  gun p u l s e  

i s  o f  f i n i t e  l e n g t h ,  t h e r e  are  in  g e n e r a l  tv^o i n s t a n t s  when 

th e  gun v o l t a g e  e x a c t l y  m a tch es  th e  f i e l d  v a lu e  a t  t h a t  

i n s t a n t  ( e q u a t io n  ( 3 ) ,  s e c t i o n  1 . 1 )  and s t a b l e  i n j e c t i o n  w i l l  

be m ost f a v o u r a b le .  D ep a rtu re  from  f l a t n e s s  o f  t h e  p u l s e  to p  

e . g .  r i n g i n g ,  may g iv e  r i s e  t o  in t e r m e d ia t e  m a tch in g  i n s t a n t s .

The v a r io u s  p a r a m e te rs  i n d i c a t e d  i n  3 .1  were l a b o r i o u s l y  

v a r i e d  in  an a tte m p t t o  en co u ra g e  a p u l s e  t o  ap pear much 

l a t e r  on th e  t r a c e ,  r e p r e s e n t in g  an a c c e l e r a t e d  beam, b u t  

t o  no a v a i l .
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I t  "became c l e a r  t h a t  e i t h e r  th e  p ro h e  was i n s e n s i t i v e  or  

so m e th in g  e l s e  v/as wrong. A c c o r d in g ly  a Uk 111 p roh e was 

i n s e r t e d  h u t  d e s p i t e  t h e  in c r e a s e d  s e n s i t i v i t y ,  no f u r t h e r  

p r o g r e s s  v/as made. The magnet to p  was l i f t e d  and th e  donut was 

removed f o r  i n s p e c t i o n .

S e v e r a l  h a r e  p a t c h e s  w hich  had d e v e lo p e d  on t h e  i n t e r n a l  

c o a t i n g ,  n e a r  t h e  gun, were p a i n t e d  o v er  w it h  aquadag. Some 

o f  t h e  t e f l o n  g a s k e t s  were fo u n d  t o  h e  p r o t r u d in g  i n t o  th e  

d o n u t ,  so  t o  p r e v e n t  t h e i r  c h a r g in g  up a l l  g a s k e t s  were  

c o a t e d  w ith  aquadag, e x c e p t  t h o s e  i n  th e  v i c i n i t y  o f  t h e  

gun. B e in g  s u h j e c t e d  t o  th e  m ost i n t e n s e  e l e c t r o n  homhardment, 

t h e s e  were v/rapped i n  alum inium  f o i l .

A Mk IV p roh e  had h e e n  made re a d y  and th e  d o u b le  prohe  

arrangem ent o f  f i g .  35a  was p u t  t o g e t h e r  on r e a s s e m b ly .

One prohe was i n s e r t e d  o p p o s i t e  t h e  gun and a n o th e r  j u s t  

b e h in d  t h e  gun. The f i r s t  was c a l l e d  t h e  180^ p ro h e  and th e  

o t h e r  th e  360^ p ro h e  a l th o u g h  t h i s  was s t r i c t l y  324^ round  

t h e  o r b i t  from  th e  gun; t h e  gap o f  two s e c t o r s  re d u c e d  

d i r e c t  e l e c t r o s t a t i c  p ic k -u p  from  t h e  gun.

W ith t h i s  arrangem ent i t  was hoped  t o  d i s c o v e r  i f  t h e  beam 

w ere g o in g  round t h e  donut more th a n  o n c e .

B oth  p ro b es  were s e t  a t  a n om in a l r a d iu s  o f  120  cm and th e  

magnet c o r r e c t o r s  w ere  a d j u s t e d  t o  b u i l d  up an in t e r m e d ia t e  

p eak  (x ,  f i g .  35h) o f  th e  180^ p roh e waveform . When t h i s  was 

o f  maximum s i z e ,  th e  360^ prohe v/as moved g r a d u a l ly  i n t o  th e  

d o n u t .
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The c e n t r a l  p o r t i o n ,  x ,  o f  th e  180^ p rob e v/aveform was o b se r v e d  

t o  d i s a p p e a r  -  i t  t h e r e f o r e  c o r r e sp o n d e d  t o  e l e c t r o n s  w h ich  

were g o in g  round th e  donut a t  l e a s t  one and a h a l f  t i m e s .

A fter  tY/o months o f te d io u s  v a r ia t io n  o f  magnet param eters, 

t h i s  Y/as an encouraging r e s u l t  -  2 XI 1953*

At t h i s  s t a g e ,  th e  ch an ge was made t o  c o n t in u o u s  50 c / s  

magnet e x c i t a t i o n  and t h e  donut a sse m b ly  was a l t e r e d  t o  t h e  

arrangem ent o f  f i g .  3 6 a ,  i n v o l v i n g  a ch an ge t o  more s e n s i t i v e  

p r o b e s  and th e  a d d i t i o n  o f  a DC d e f l e c t o r  c o i l  b e tw e en  th e  

p r o b e s .  T h is  c o i l  c o n s i s t e d  o f  a f e w  t u r n s  wound round th e  

b a c k  lim b  o f  a c e e .  On p a s s i n g  a d i r e c t  c u r r e n t  th r o u g h  th e  

c o i l ,  a b i a s  f i e l d  was s e t  up i n  t h e  c e e  w h ich  p r e v e n t e d  

e l e c t r o n s  from  t r a v e l l i n g  beyond  t h a t  p o i n t  o f  t h e  d o n u t .

Work recommenced a t  600  V, 50 c / s  e x c i t a t i o n .

W ith t h e  180^ p rob e s e t  a t  119 cm r a d iu s  and t h e  360^ p rob e  

p u l l e d  c l e a r  i n t o  i t s  p o r t , t h e  m agnet was tu n e d  f o r  maximum 

*'one and a h a l f  t im e s  round*’ e l e c t r o n s  a s  o b s e r v e d  on th e

180^ p r o b e ,  th e  DC d e f l e c t o r  b e in g  u s e d  t o  w ipe ou t th e

c e n t r a l  p o r t i o n  o f  th e  t r a c e  ( f i g .  36b , c f .  f i g s .  3 3 b , c ) .

The n e x t  s t e p  c o n s i s t e d  i n  p u t t i n g  t h e  DC c o i l  b e tw e en

th e  gun and th e  360^ (324^ ) p rob e a s  i n  f i g .  3 6 c .

With b o th  p r o b e s  a t  119 cm r a d i u s ,  t h e  two o u tp u t  t r a c e s  

were d i s p l a y e d  t o g e t h e r .  I t  was o b se r v e d  t h a t  th e  c e n t r a l  

p o r t i o n  o f  t h e  360^ probe t r a c e  v a n is h e d  s i m u l t a n e o u s ly  w it h  

t h a t  o f  t h e  180^ p ro b e  on a p p l i c a t i o n  o f  t h e  DC d e f l e c t o r  

c u r r e n t .  Thus e l e c t r o n s  had b e e n  e s t a b l i s h e d  as c i r c u l a t i n g
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th e  donut t w i c e .

At t h i s  s t a g e  "both p r o h e s  had b e e n  c o n v e r te d  t o  th e  m ost  

s e n s i t i v e  ilk V v e r s i o n .

In o r d e r  t o  p r o v id e  a means o f  e x p a n s io n  o f  th e  o r b it^  

one o f  th e  p o l e f a c e  c o i l s ,  f i g .  1 1 , was c o n n e c te d  t o  a 

c u r r e n t  p u l s e  m o d u la to r ,  f i g .  37a .

The m o d u la to r  was t r i g g e r e d  a t  i n j e c t i o n ,  a t  a r a t e  l e s s  th a n  

50 c / s  so  t h a t  i t  was p o s s i b l e  t o  o b se r v e  th e  p rob e  t r a c e s ,  

c o r r e s p o n d in g  t o  th e  norm al and expanded  o r b i t s ,  in  

s u p e r p o s i t i o n ,  as in  f i g .  37b .

With th e  m o d u la to r  s w i t c h e d  o f f ,  a t w ic e  round peak  

was tu n ed  up on th e  360*^ p rob e  b y  u s e  o f  t h e  DC d e f l e c t o r .

T h is  i s  A i n  f i g .  37b . On s w i t c h in g  on t h e  o r b i t  expander  

m o d u la to r , th e  d i s t u r b e d  t r a c e  was o b s e r v e d .  T h is  s t i l l  had  

a t w ic e  round peak  B, i d e n t i f i a b l e  w ith  th e  DO d e f l e c t o r .

The d i f f e r e n c e  b e tw e en  th e  two t r a c e s  t h e r e f o r e  c o r r e sp o n d e d  

t o  e l e c t r o n s  w hich  had c i r c u l a t e d  more th a n  t w ic e  round th e  

d o n u t ,  and w hich  m is s e d  th e  prob e when th e  o r b i t  was expanded.  

As an a d d i t i o n a l  c h e c k ,  th e  c o n n e c t io n s  t o  th e  p o l e f a c e  

c o i l  were in te r c h a n g e d  in  o r d e r  t o  c o n t r a c t  th e  o r b i t  when 

th e  m od u la tor  w/as t r i g g e r e d .  The once round t r a c e  th e n  

showed an e x te n d e d  t a i l  w h ich  v a n is h e d  when t h e  DC d e f l e c t o r  

was o p e r a te d .

Hence i t  was c o n c lu d e d  t h a t  e l e c t r o n s  were d e f i n i t e l y  

c i r c u l a t i n g  th e  aon u t many t i m e s ,  b u t  as no d e la y e d  p u l s e  

was e v e r  s e e n ,  i t  was c l e a r  t h a t  t h e y  were n o t  tr a p p e d  in
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s t a b l e  o r b i t s  b u t  Yiere p e e l i n g  o f f  t o  th e  w a l l s .

The m o d u la to r  v is s  r e s t o r e d  t o  a c t  as an o r b i t  expander  

and a d e la y  was in c o r p o r a te d  i n t o  i t s  t r i g g e r  c i r c u i t  t o  

g iv e  v a r i a b l e  o p e r a t io n  a t  any i n s t a n t  from  i n j e c t i o n  

onw ards•

A ’’t w ic e  o r  more t im e s  rou n d ” beam was m a x im a lly  tu n e d  b y  

o b s e r v a t io n  o f  th e  360^ probe t r a c e  and u s e  o f  th e  DC 

d e f l e c t o r .  T h is  beam was made t o  o cc u r  as  l a t e  a s  p o s s i b l e  

and was d i s p l a y e d  s im u l t a n e o u s ly  w ith  th e  i n j e c t o r  gun p u l s e  

f i g .  38a .

The o r b i t  exp an der was th e n  t r i g g e r e d  and i t s  t im in g  and 

r a t e  o f  change o f  c u r r e n t  were v a r i e d  t o  p r o v id e  v a r i o u s  

r a t e s  o f  o r b i t  e x p a n s io n .  A f t e r  some e x p e r im e n ta t io n ,  th e  

t w ic e  round p u l s e  was moved ou t beyon d  t h e  b a ck  edge o f  t h e  

gun p u l s e ,  f i g .  38b . As t h i s  d e la y e d  p u l s e  v a r i e d  w ith  gun  

v o l t a g e  and t im in g  and d is a p p e a r e d  when th e  DC d e f l e c t o r  

was o p e r a t e d ,  i t  r e p r e s e n t e d  a t i n y  a c c e l e r a t e d  beam. 

V a r i a t i o n  o f  th e  magnet p a ra m eters  e n a b le d  t h i s  p u l s e  t o  be  

b u i l t  up and as i t s  s i z e  in c r e a s e d ,  i t  moved ou t from  th e  

gun p u l s e  e v e n t u a l l y  o c c u r r in g  some 1 0  ds a f t e r  t h e  gun  

t r a i l i n g  ed g e . (13  XI 1 9 5 3 ) .

The em erging  beam was s t i l l  p r e s e n t  when t h e  magnet 

e x c i t a t i o n  was r a i s e d ,  f i r s t  t o  800 V, th e n  t o  1000  V, b u t  

i t -b e c a m e  d i f f i c u l t  t o  co a x  i t  aŵ =»y from  th e  gun p u l s e  a t  

1000 V and i t  Ysras o b se r v e d  t o  h ave  a marked t a i l ,  i n d i c a t i n g  

t h a t  u n s t a b le  c o n d i t i o n s  p e r s i s t e d .
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I t  was t h e r e f o r e  d e c id e d  t o  h r in g  th e  p o l e f a c e  n - v a lu e  

c o r r e c t i o n  c o i l s  i n t o  u s e  and a c c o r d in g ly  t h e  two c e n t r a l  

o n es  on ea ch  p o l e f a c e  were c o n n e c t e d  up as i n  f i g .  11 .

The p o l e f a c e  c o i l  u s e d  as an o r b i t  exp an d er  was chan ged  

t o  become an o r b i t  c o n t r a c t o r .

With th e  m agnet e x c i t a t i o n  b a ck  a t  800 V ana th e  o r b i t  

c o n t r a c t o r  d e la y e d  w e l l  a f t e r  i n j e c t i o n ,  b u t  b e f o r e  p eak  

f i e l d ,  th e  360^ p rob e t r a c e  was s t u d i e d  (119  cm r a d i u s )  

w h i le  th e  c u r r e n t s  t o  th e  p o l e f a c e  c o i l s  were v a r i e d .

A lm ost im m e d ia te ly  a p u l s e  a p p e a r e a ,  w e l l  away from  t h e  gun  

p u l s e ,  a s  in  f i g .  3 9 a ,  and i t  v a n is h e d  on o p e r a t io n  o f  t h e  

DC d e f l e c t o r .

The magnet was th e n  tu n ed  up and a l l  o th e r  p a r a m e te r s  v a r i e d  

t o  in c r e a s e  t h e  s i z e  and s t e a d i n e s s  o f  t h i s  beam and a l s o  

t o  b r in g  i t  o u t  f u r t h e r  tow ard s  p eak  f i e l d .  As p r o g r e s s  ?/as 

made th e  e x c i t a t i o n  was i n c r e a s e d  u n t i l  f i n a l l y  th e  beam 

was o b ta in e d  a t  2000 V on t h e  m agn et, th e  maximum a p p l i c a b l e  

w it h  th e  tem p orary  50 c / s  s y s te m .

The 360^ p ro b e  was th e n  o b s e r v e d  s im u l t a n e o u s ly  w ith  

t h e  magnet f i e l d  waveform  ( f i g .  39b ) and th e  maximum e l e c t r o n  

e n e r g y  a t t a i n e d ,  w i t h  u s e  o f  th e  d e la y e d  o r b i t  c o n t r a c t o r ,  

was e s t im a t e d  a t  ~12 MeV. (18 XI 1 9 5 3 ) .

An i n t e r n a l  t a r g e t  o f  t u n g s t e n  was i n s e r t e d  i n t o  th e  

d o n u t, f i g .  4 0 a ,  and one o f  th e  931A t u b e s  w it h  a t t a c h e d  

sodium  io d id e  s c i n t i l l a t o r  vms s i t e d  t o  d e t e c t  an X -ray  

beam from  t h e  t a r g e t .
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With t h e  i n t e r n a l  p r o h es  p u l l e d  w e l l  i n t o  t h e i r  p o r t s ,  t h e  

e x t e r n a l  beam was o b se r v e d  and t h e  magnet was tu n e d  up t o  

in c r e a s e  i t s  s t e a d i n e s s .

The o r b i t  c o n t r a c t o r  was s w it c h e d  o f f  and X -r a y s  o f  e n e r g y  

*̂ 15 MeV were o b s e r v e d  a t  p ea k  f i e l d ,  b u t  n o t  a s  a c o n c e n t r a t e d  

tea m , f i g .  4 0 c .  (19  XI 1 9 5 3 ) .

As t h e  sodium  io d id e  c r y s t a l  h ad  b e e n  c o v e r e d  w i t h  0*002 in  

alum inium , no X -r a y s  were o b s e r v e d  due t o  u n tr a p p e d  low  

en e r g y  e l e c t r o n s .  On rem oval o f  t h i s  f o i l .  X -ra y  p u l s e s  a t  

i n j e c t i o n  were a l s o  o b se r v e d  ( d o t t e d  i n  f i g .  4 0 ) .

P i g s .  4 0 d ,e  are  p h o to g r a p h s  o f  th e  i n t e r n a l  and e x t e r n a l  

p ro b e  w aveform s, ( o r b i t  s e l f - c o n t r a c t e d ) ,  sh o w in g  th e  

i n t e r n a l  b e t a t r o n  beam and o u tp u t  X -ra y  beam. T hese t r a c e s  

v/ere ta k e n  v/hen more p o l e f a c e  c o r r e c t o r s  had b e e n  p u t  i n t o  . 

u s e  t o  g iv e  a c o n c e n t r a t e d  beam a f t e r  p eak  f i e l d .

The f i r s t  p h a se  o f  th e  s e a r c h  f o r  a beam was now 

c o m p le te d . A b e t a t r o n  beam had b e e n  e s t a b l i s h e d  w i t h i n  t h r e e  

m onths from  th e  s t a r t ,  l a r g e l y  b y  s t u d y  o f  th e  e f f e c t  o f  

l a b o r io u s  t r i a l - a n d - e r r o r  v a r i a t i o n  o f  th e  magnet and gun 

p a ra m eters  on th e  i n t e r n a l  p r o b e s .

T h is  p e r io d  had s e e n  some f a l s e  s c e n t s  -  w aveform s had b een  

o b s e r v e d  w hich  a p p a r e n t ly  i n d i c a t e d  an a c c e l e r a t e d  e l e c t r o n  

beam, b u t w hich  were t r a c e d  t o  e l e c t r o n i c  t r o u b l e s  a f t e r  

r i g o r o u s  t e s t s  -  and had b e e n  p u n c tu a te d  b y  s to p p a g e s  due 

t o  t h e  i n e v i t a b l e  vacuum t r o u b le s  and e l e c t r o n i c  f a i l u r e s .

I t  was now d e c id e d  t o  i n s t a l l  t h e  r e s o n a t o r s  and
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r e g a i n  th e  b e t a t r o n  beam, and w h i le  t h i s  change was t a k in g  

p l a c e .  X -ray  m o n ito r s  were f i t t e d  t o  i n d i c a t e  th e  beam 

i n t e n s i t y .

The s e a r c h  recommenced i n  December 1953 w ith  a 

s y n c h r o tr o n  d o n u t, as f i g .  1 5 , and th e  b e t a t r o n  beam was 

r a p i d l y  r e g a in e d  a f t e r  a p p r o p r ia te  r e a d ju s tm e n t  o f  th e  

o u t - o f - p h a s e  f i e l d  c o r r e c t o r s ,  e s p e c i a l l y  t h o s e  on c e e s  in  

th e  n e ig h b o u rh o o d  o f  th e  r e s o n a t o r s .

G r a d u a lly  more o f  th e  p o l e f a c e  c o r r e c t o r s  were c o n n e c te d  up  

u n t i l  a l l  f i v e  on ea ch  p o l e f a c e  were i n  u s e .  By c a r e f u l  

a d ju stm en t o f  a l l  p a r a m e te r s ,  th e  b e t a t r o n  beam ?/as b u i l t  

up t o  an i n t e n s i t y  o f  0 . 1  r o e n tg e n /m in  a t  1 m etre  from  th e  

t a r g e t .  T h is  m easurem ent was o b ta in e d  b y  ex p o su re  o f  a 

25 r  V ic t o r e e n  t h im b le ,  sh e a th e d  i n  a ~  i n  c y l i n d e r  o f  

l e a d ,  t o  th e  beam.

The s 0 I f - c o n tr a c t i n g  b e t a t r o n  beam now o c c u r r e d  a f t e r  

p eak  f i e l d  as  a narrow  c o n c e n t r a t e d  p u l s e  f i g .  4 0 f .

The i n j e c t o r  gun had b e e n  run a t  an e m is s io n  o f  

200 mA i n t o  th e  d o n u t, w i t h  HT *̂ 70 kV, above w hich  v o l t a g e  

i t  s u f f e r e d  f r e q u e n t  i n t e r n a l  breakdoim .

IVhile th e  o u tp u t  was s t e a d y ,  a number o f  e x p e r im e n ts  on 

t h e  v a r i a t i o n  o f  o u tp u t  w i t h  gun v o l t a g e ,  gun e m is s io n  and 

p u l s e  l e n g t h  was c a r r i e d  o u t .  These are  r e p o r te d  i n  c h a p te r  

f i v e .

At th e  end o f  th e  month th e  gun was t r i g g e r e d  a t  f i v e  

p u l s e s  p e r  s e c o n d  v^ith th e  magnet ru n n in g  a t  50 c / s .
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T h is  was a cco m p lish ed  hy f e e d i n g  th e  p ea k er  p u l s e  i n t o  a 

1009B s c a l i n g  u n i t  and u s in g  th e  p u l s e  a t  one o f  th e  d eca d e  

anodes t o  t r i g g e r  th e  gun m o d u la to r . In  t h i s  way, some 

e x p e r ie n c e  was g a in e d  w ith  th e  i n t e g r a t e d  o u tp u t  red u ced  

by a f a c t o r  o f  t e n ,  p r i o r  t o  r e t u r n in g  t o  norm al p u l s e d  

o p e r a t io n  o f  th e  m agnet.

S a r ly  in  January 1 9 5 4 , a l t e r a t i o n s  t o  th e  c a p a c i t o r  

room were co m p leted  and th e  115 pP u n i t s  were rea d y  f o r  

p u ls e d  e x c i t a t i o n .

In o r d e r  t o  have a p p r o x im a te ly  th e  same peak c u r r e n t  a s  in  

th e  50 c / s  c a s e ,  th e  r e c t i f i e r  v o l t a g e  was s e t  a t  2000 V 

and o n ly  t h r e e  c a p a c i t o r s  p er  l e g  were put i n t o  c i r c u i t .

The e x c i t a t i o n  c o u ld  th e n  be in c r e a s e d  by r a i s i n g  th e  

v o l t a g e  on th e  bank and by ad d in g  f u r t h e r  a c t i v e  u n i t s  -  

f i n e  and c o a r s e  c o n t r o l .

The beam hunt recommenced a t  th e  5 pps r a t e  w ith  a l l  

p a ra m eters  s e t  at th e  optimum p o s i t i o n s  b e f o r e  c h a n g e o v e r ,  

but no beam was t o  be fo u n d .

A r e tu r n  was made t o  50 c / s  w ork in g  w ith  th e  same r e s u l t .  

A ft e r  a v e r y  th orou gh  ch eck  o f  e v e r y  i te m  o f  equipm ent in  

u s e ,  no e x p la n a t io n  o f  t h i s  t o t a l  l o s s  o f  th e  beam 

t r a n s p i r e d ,  so  th e  s e a r c h  had t o  be s t a r t e d  from  th e  

v e r y  b e g in n in g  a g a in .

However, th e  p r o c e s s  o f  a d ju stm en t o f  p a ra m eters  f o r  

maximal i n d i c a t i o n  on th e  i n t e r n a l  p r o b e s  o f  once rou n d ,

t w ic e  round, f o l lo w e d  by th e  e x t r a c t i o n  o f  th e  a c c e l e r a t e d
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beam w ith  th e  o r b i t  s h i f t e r ,  as o u t l i n e d  ab ove , e n a b le d  th e  

e s ta b l i s h m e n t  o f  a new beam to  be made w i t h in  a few  a a y s .

T his beam was e v e n t u a l l y  b u i l t  up t o  th e  b e s t  p r e v io u s  

i n t e n s i t y ,  and s t i l l  o b ta in e d  when a s e c o n d  c h a n g e -o v e r  t o  

p u ls e d  e x c i t a t i o n  to o k  p l a c e .

G rad u a lly  th e  e x c i t a t i o n  l e v e l  was r a i s e d  and w ith  i t  

th e  beam en e r g y . As t h i s  p r o c e e d e d ,  th e  s e l f - c o n t r a c t i n g  

beam, f i g .  4 0 f ,  b egan  t o  o ccu r  b e f o r e  p eak  f i e l d ,  s i n c e  th e  

b e t a tr o n  f l u x  b a rs  were now s a t u r a t i n g .

H e n ce fo r th  th e  beam was o b se r v ed  by c o n t r a c t i n g  i t  on t o  

th e  360° probe a t  an en er g y  o f  5 MeV, ( t h i s  b e in g  th e  

t r a n s i t i o n  en erg y  f o r  300 MeV o p e r a t i o n ) ,  by  f i r i n g  th e  

o r b i t  m oau la tor  (sec t.j  on 2 . 5 . 3 )  c o n n e c te d  as a c o n t r a c t o r ,  

at th e  a p p r o p r ia te  f i e l d  v a lu e .

T his work c o n t in u e d  u n t i l  th e  c a p a c i t o r  v o l t a g e  r e a c h e d  

8 kV.

On 3rd  February 1954 , one r e s o n a t o r  was d r iv e n  by th e  

RP o s c i l l a t o r  f o r  a s h o r t  t im e  ana th e  5 MeV b e t a t r o n  beam 

was c o n v e r te d  t o  a 135 MeV s y n c h r o tr o n  beam, o c c u r r in g  

somewhat b e fo r e  peak  f i e l d .

O p era tio n s  were te m p o r a r i ly  h a l t e d  w h i le  ru n n in g  t e s t s  

b etw een  8 kV and 17 kV were made on th e  c a p a c i t o r  bank. 

iVfter s a t i s f a c t o r y  c o m p le t io n  o f  t h e s e  t e s t s ,  o b s e r v a t io n  

o f  th e  5 MeV b e t a t r o n  beam was resum ed and th e  magnet 

e x c i t a t i o n  g r a d u a l ly  r a i s e d  f u r t h e r ,  by a d d i t io n  o f  c a p a c i t o r  

u n i t s ,  u n t i l  i t  r e a c h ed  f u l l  v a lu e .
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5 ,4  S y n ch ro tro n  O p érâ tion>

B e fo re  th e  two r e s o n a to r s  were i n s t a l l e d  in  th e  d o n u t ,  

a f t e r  s u c c e s s f u l  e s ta b l i s h m e n t  o f  a b e t a t r o n  beam, th e y  

were t e s t e d  on th e  b en ch .

The EF t r a n s m i t t e r  was tuned  up f o r  maximum power o u tp u t ,  

f e e d in g  i n t o  r e s i s t i v e  dummy lo a d s .  One o f  t h e s e  was th e n  

r e p la c e d  by a r e s o n a to r  and th e  peak v o l t a g e  d e v e lo p e d  

a c r o s s  th e  a c c e l e r a t i n g  gap was m easured w ith  th e  d io d e  

v o l t m e t e r  o f  f i g .  4 1 . The r e s o n a to r  was c o n t in u o u s ly  

e v a c u a te d .

With th e  t r a n s m i t t e r  s e t  at 3 8 ,2  M c/s, th e  p o s i t i o n  o f  th e  

r e s o n a to r  f e e d  was a d ju s te d  to  g iv e  th e  b e s t  m atch as  

i n d i c a t e d  by th e  in c id e n t  and r e f l e c t e d  power r e a d in g s  o f  

th e  w a ttm e te r .  A lso  th e  r e s o n a to r  was tu n ed  t o  3 8 ,2  Mc/s 

by m oving a s h o r t  copper s t r i p  a lo n g  th e  tu n in g  tongu e  

to  th e  p o s i t i o n  g iv in g  maximum v o l t a g e  on th e  d io d e  

v o l t m e t e r .  The s t r i p  w-as th e n  a f f i x e d  t o  th e  r e s o n a to r  w ith  

t a p e .

Each r e s o n a to r  was a d ju s te d  a lo n e  and arran ged  t o  have  

a peak v o l t a g e  o f  2000 V a c r o s s  th e  gap. Both were th e n  f e d  

in  p a r a l l e l  and th e  t r a n s m i t t e r  was r e a d j u s t e d .  They were 

th e n  i n s t a l l e d  in  th e  donut.

As th e  two a c c e l e r a t i n g  gaps are s e p a r a te d  by a s h o r t  

d i s t a n c e ,  i t  i s  n e c e s s a r y  th a t  th e r e  be a s l i g h t  p h ase  

d i f f e r e n c e  b etw een  th e  tvi/o gap v o l t a g e s  a t  any i n s t a n t ,  

so  th a t  th e  e l e c t r o n s  e x p e r ie n c e  maximum a d d i t i v e  a c c e l e r a t i n g
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e f f e c t s  in  p a s s in g  through  them.

T h is was acco m p lish ed  e x p e r im e n ta l ly  w h i le  th e  m achine was 

running  as a s y n c h r o tr o n  by th e  i n s e r t i o n  o f  an e x t r a  l e n g t h  

o f  RF c a b le  i n t o  one r e s o n a to r  f e e d .  The beam was o b ser v e d  

on th e  360^ p ro b e , c o n t r a c t e d  th e r e  by th e  o r b i t  m o d u la to r ,  

ana s h o r t  l e n g t h s  o f  c a b le  were added t o  one RF f e e d  u n t i l  

th e  p robe s i g n a l  was b es t*

As a n t i c i p a t e d ,  no g r e a t  d i f f i c u l t y  was e x p e r ie n c e d  

in  c o n v e r t in g  th e  b e t a t r o n  beam i n t o  a sy n c h r o tr o n  beam.

I t  was m ere ly  n e c e s s a r y  to  tune up a good b e ta tr o n  beam 

"-•nd th e n  s w itc h  on th e  RF p u l s e ,  a a j u s t  i t s  a m p litu d e  and 

t im e o f  i n i t i a t i o n ,  ana th e  ou tp u t p u l s e  o b s e r v e a  on th e  

probe w^ould be s e e n  to  jump t o  th e  end o f  th e  RF p u l s e ,  

f i g .  4 8 .

The ’’RF on ” t im in g  i s  n o t  v e r y  c r i t i c a l  and some e l e c t r o n s  

are l o s t  from th e  beam c u r in g  t r a n s i t i o n  -  t h i s  w i l l  be  

a i s c u s s e d  in  c h a p te r  fo u r .

300 MeV sy n c h r o tr o n  o u tp u t was f i r s t  o b ta in e a  on 

23 IV 1954 . At th e  p r e s e n t  t im e (O ctober 195 4 )  th e  beam 

i n t e n s i t y  i s  ~700 r /m in  at one m etre from  th e  t a r g e t  and 

th e  peak  en erg y  i s  ~335 MeV. The i n t e n s i t y  measurement was 

o b ta in e d  w ith  V ic to r e e n  th im b le  chambers; th e  en e r g y  was 

e s t im a t e d  from peak f i e l d  m easurem ent.

H igher i n t e n s i t i e s  y e t  are e x p e c te d  from t h i s  m-^chine 

by in c r e a s in g  th e  i n j e c t i o n  v o l t a g e ,  c f .  s e c t i o n  5 .1 .

The p r e s e n t  guns are l i m i t e d  t o  ^^70 kV, above w h ich  f r e q u e n t
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i n t e r n a l  breakdown occurs*, new guns ca p a b le  o f  r e a c h in g  

th e  a v a i l a b l e  100 kV are b e in g  d e v e lo p e d .

Two t a r g e t s  are a v a i l a b l e ,  a t  s m a l le r  and la r g e r  r a d i i  

th a n  th e  sy n c h r o tr o n  o r b i t  r e s p e c t i v e l y .

With th e  u se  o f  th e  expander m odu lator  o f  s e c t i o n  2 . 5 . 3 ,  

th e  beam can be expanded on t o  th e  e x t e r n a l  t a r g e t  t o  

produce a v er y  sh o r t  p u ls e  o f  X -r a y s ,  <̂ 1 p s ,  a t  any i n s t a n t  

o f  th e  sy n c h r o tr o n  p hase  up to  peak  f i e l d .  The RP i s  tu rn ed  

o f f  s im u lta n e o u s ly  w ith  the  f i r i n g  o f  th e  o r b i t  m o d u la to r .

The i n t e r n a l  t a r g e t  i s  u sed  to  produce a s l i g h t l y  

lo n g e r  X -ray p u l s e .  I f  th e  RP i s  tu r n e d  o f f  somewhat b e f o r e  

peak f i e l d ,  th e  e l e c t r o n s  s p i r a l  in w a ru s , owing t o  l o s s  o f  

en ergy  by r a d i a t i o n ,  and s t r i k e  th e  i n t e r n a l  t a r g e t .

Much lo n g e r  X -ray p u l s e s  can be o b ta in e d  i f  th e  RP 

v o l t a g e  d i e s  away s lo w ly  -  t h i s  i s  d i s c u s s e d  in  c h a p te r  four*

D uring t h i s  p e r io d ,  th e  Mk VI p ro b es  w ith  p l a s t i c  

ph osp h ors were u se d .

5 .5  I n t e n s i t y  M easurem ents.

The X-ray i n t e n s i t y  m easurem ents have b een  ta k e n  w ith  

s ta n d a r d  25r V ic to r e e n  th im b le  chambers s h e a th e d  in  ^  in  

l e a d  c y l i n d e r s .  These are charged  up t o  a s ta n d a r d  v o l t a g e  

in  an in stru m en t d e s ig n e d  f o r  th e  p u r p o se ,  and th e n  ex p o se d  

to  th e  beam f o r  a m easured tim e a t  a known d i s t a n c e  from  

th e  t a r g e t .  The l o s s  in  ch arge i n d i c a t e s  d i r e c t l y  th e  X -ray  

d osage  at th e  p o in t  o f  measurement and by u se  o f  th e  in v e r s e
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square law th e  i n t e n s i t y  a t  one m etre from  th e  t a r g e t  can  

be a s c e r t a in e d .  T h is  i s  e x p r e s s e d  in  r o e n tg e n  p e r  m inute  

or som etim es in  r  p er  X -ray b u r s t ,  by in v o k in g  th e  p u l s i n g  

r a t e .

The p o s i t i o n  o f  th e  beam was l o c a t e d  w i t h  e x t e r n a l  

931A d e t e c t o r s  as a lr e a d y  d e s c r ib e d .

An i o n i z a t i o n  chamber i d e n t i c a l  t o  t h a t  u se d  a t  C o r n e l l  

U n i v e r s i t y  has b een  c o n s t r u c t e d  f o r  m o n ito r in g  th e  beam. 

T h is i s  a t  p r e s e n t  u sed  as an in s t a n t a n e o u s  m o n ito r  

c a l i b r a t e d  from V ic to r e e n  m easurem ents.

Under c o n s t r u c t io n  i s  a d o u b le - f o c u s in g  e l e c t r o n  p a i r  

s p e c tr o m e te r  w ith  w hich  th e  en erg y  sp ec tru m  o f  th e  X -ra y s  

w i l l  be a s c e r t a in e d  and th e n  th e  chamber can  be a b s o l u t e l y  

c a l i b r a t e d ,

A h e a l t h  m o n ito r , ty p e  1006 , c o m p r is in g  an i o n i z a t i o n  

chamber and a s s o c i a t e d  c i r c u i t s ,  i s  u se d  t o  g iv e  i n d i c a t i o n  

o f  in s ta n t a n e o u s  and in t e g r a t e d  o u tp u t r a d i a t i o n .
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CHAPT5R 4  

RF SHAPING EXPERIiyiENTS

4 . 1  I n tr o d u c t io n .

The RP a c c e l e r a t i n g  v o l t a g e  a p p l i e d  t o  th e  r e s o n a t o r s  

at th e  end o f  th e  b e t a t r o n  p h a se ,  o r i g i n a l l y  had a square  

e n v e lo p e ,  as f i g .  4 2 a , and w ith  such  th e  s y n c h r o tr o n  beam 

was e s t a b l i s h e d .

By s lo w in g  down th e  r a te  o f  d ecay  o f  th e  RP v o l t a g e ,  

f i g .  4 2 c ,  a w ide X -ray  p u ls e  can be g e n e r a te d  -  t h i s  i s  

v e r y  u s e f u l  in  c o in c id e n c e  work. I f  th e  RF i s  tu r n e d  o f f  

r a p id ly  j u s t  b e f o r e  peak f i e l d ,  th e  e l e c t r o n s  l o s e  en erg y  

by r a d i a t i o n  and s p i r a l  q u ic k ly  on t o  th e  i n t e r n a l  t a r g e t .  

An e s t im a t e  o f  th e  d u r a t io n  o f  t h i s  X -ray  p u l s e  can  be made

as f o l l o w s  -  th e  sym bols have t h e i r  u s u a l  m e a n in g s : -

E q u a tio n  ( l )  w ith  v —*-c g i v e s

W = e H r  (3 4 )

The f i e l d  r a d i a l  dependence i s

H   ̂  ̂ 0 < -ri < I  (35 )

from  w hich

W  = -  'n  (3 6 )

D i f f e r e n t i a t i o n  o f  (34) w ith  (36 )  l e a d s  t o  th e  r a t e  o f  

c o n t r a c t i o n  o f  th e  o r b i t :
A  ^  _  26^
_̂__  ZLj i a __  (37)

d t  H  ( — ' )̂
Rear peak  f i e l d ,  1 0 , so  (3 7 )  r e d u ce s  t o

0Ô
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d-r-   ^
M  H ( î - - ^ )  (3 8 )

The en er g y  l o s s  p er  r e v o l u t i o n  o f  th e  e l e c t r o n  by r a d i a t i o n

i s  g iv e n  b y , 83^

^  f  ^  7  (39)

T his i s  ^500 eV f o r  300 MeV e l e c t r o n s  in  an o r b i t  o f  125 cm 

r a d iu s .
T r dJV" ,  ̂  ̂^

Rot/ W (. =  — ----  ‘ ^  (4 0 )

h e n c e ,  from ( 3 8 ) ,  ( 3 9 ) ,  ( 4 0 ) ,

^  ^ ______ f  B L  Ÿ  (4 1 )
c L t 3  T - ^  ( T n c y

The d u r a t io n  o f  th e  X -ray p u l s e ,  t ,  i s  th e  t im e  ta k e n

f o r  th e  e l e c t r o n  beam t o  sweep r a d i a l l y  a c r o s s  th e  t a r g e t .

I f  X i s  th e  r a d i a l  sp rea d  o f  th e  beam,

/  -  *
e û t

X i s  e s t im a t e d  as b e in g  1 -2  cm. S e t t i n g  x  = 1 cm g i v e s

(  .  { ^ y  (43 )

S u b s t i t u t i o n  o f  v a lu e s  (li = 8000 o e , r  = 125 cm, n = 0 . 7 ,
-IO  ^

W = 300 MeV, mc  ̂ = 0 . 5  MeV, e = 4 . 8  x 10 e s u ,  c = 3 x 1 0  c m /s )  

g iv e s  t ^ 3 0  p s .  The o b ser v ed  v /id th  i s  ^̂ 50 p s .

I f  th e  RP v o l t a g e  d eca y s  s l o w l y ,  th e  r a d i a t i o n  l o s s  

i s  p a r t l y  o f f s e t ,  so  t h a t  i s  d im in is h e d ;  th e  c o l l a p s e  o f

th e  o r b i t  p r o ce e d s  more s lo v / ly  and a w ide X— ray  p u l s e  

i s  o b ta in e d .

S e v e r a l  t h e o r e t i c a l  t r e a t m e n ts  5 9 -6 3  o f  th e  e l e c t r o n  

m otion  at th e  tim e o f  b e t a t r o n  to  s y n c h r o tr o n  t r a n s i t i o n  

have b een  made, w ith  r e s u l t s  w hich  s u g g e s t  t h a t  th e  r a t e  

o f  r i s e  o f  th e  RP p u ls e  may in f l u e n c e  th e  number o f  e l e c t r o n s
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which are  s u c c e s s f u l l y  tra p p ed  in t o  th e  syn ch ron ou s o r b i t .

The e l e c t r o n s  b e g in  to  undergo p h ase  and c o n c o m ita n t  r a d i a l  

o s c i l l a t i o n s  ( s e c t i o n  1 .4 )  as so o n  as th e  RP v o l t a g e  i s  

a p p l ie d  t o  th e  r e s o n a to r .  Bohm and PolcLy 4 show t h a t  th e  

am p litu d e  o f  t h e s e  o s c i l l a t i o n s  i s  p r o p o r t io n a l  t o  t h e  f o u r t h  

r o o t  o f  th e  peak  gap v o l t a g e  and i n v e r s e l y  p r o p o r t i o n a l  t o  

th e  f o u r t h  r o o t  o f  th e  cube o f  th e  e l e c t r o n  e n e r g y .

Many p a r t i c l e s  undergo l a r g e ,  u n s t a b le  o s c i l l a t i o n s  

and s t r i k e  th e  donut w a l l s  or th e  gun, i f  th e  RP v o l t a g e  i s  

su d d en ly  a p p l ie d  a t  f u l l  a m p litu d e ,  m er e ly  as a r e s u l t  o f  

u n fa v o u r a b le  i n i t i a l  t r a n s i t  o f  th e  a c c e l e r a t i n g  gap when 

th e  v o l t a g e  th e r e  i s  l a r g e ,  h ow ever , i f  th e  RP v o l t a g e  i s  

tu rn ed  on s lo w ly ,  f i g .  42b, th e  in d u ced  i n i t i a l  o s c i l l a t i o n s  

sh o u ld  be s m a l le r  in  a m p litu d e ,  w h i le  th e  damping w it h  r i s i n g  

en ergy  sh o u ld  c o u n te r a c t  th e  e f f e c t  o f  i n c r e a s i n g  gap v o l t a g e  

so t h a t  more p a r t i c l e s  m ight be tr a p p e d .

The RP v o l t a g e  must r i s e  s u f f i c i e n t l y  r a p i d l y ,  n e v e r t h e l e s s ,  

to  su p p ly  th e  e l e c t r o n s  w ith  enough e n e r g y  t o  rem ain  on th e  

o r b i t .

With t h e s e  c o n s i d e r a t i o n s  in  mind, th e  a u th o r  d e c id e d  

to  p ro v id e  a means o f  v a r y in g  th e  shape o f  th e  RP p u l s e  

e n v e lo p e .

4 .2  RF F ront Edge Shaping.

P ig .  20 i s  a b lo c k  sc h e m a t ic  o f  th e  RF t r a n s m i t t e r  

which c o n s i s t s  o f  a lov/-power m a ster  o s c i l l a t o r  and b u f f e r
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8jT ip lifier, f o l lo w e d  by t h r e e  c l a s s  C power s t a g e s  o f  w hich  

th e  f i r s t  two are  fr eq u en cy  d o u b le r s .  The m a ste r  o s c i l l a t o r  

i s  tu n a b le  about th e  nom inal fr e q u e n c y  o f  9 .5 5  Mc/s and 

th e  whole d e v ic e  i s  c a p a b le  o f  p r o d u c in g  10 kW peak  power  

at 3 8 .2  M c/s.

In th e  o r i g i n a l  d e s ig n ,  square wave m o d u la t io n  to o k  

p la c e  at th e  c o n t r o l  g r id  o f  th e  f i r s t  d o u b le r  s t a g e ,  by  

means o f  th e  m odu lator shov/n in  f i g .  4 3 .

The t r i g g e r e d  m u l t iv ib r a t o r ,  v a lv e s  V4, V6, p rod uced  a 

n e g a t iv e - g o in g  square  p u ls e  a t  th e  anode o f  V6 w h ich , a f t e r  

a m p l i f i c a t i o n  by V8 was f e d  v i a  th e  c a th o d e  f o l lo v /e r  VIO, 

as a p o s i t i v e - g o i n g  p u ls e  : f  some 600 V a m p li tu d e ,  t o  th e  

g r id  o f  th e  fr e q u e n c y  d o u b ler  to  d r iv e  t h i s  v a lv e  above  

c u t - o f f .  Component v a lu e s  had b een  c h o se n  t o  g iv e  th e  p u l s e  

th e  s t e e p e s t  p o s s i b l e  s i d e s .

The e n v e lo p e  o f  th e  v o l t a g e  o s c i l l a t i o n s  in  a tu n ed  

r e so n a n t  c i r c u i t ,  o f  q u a l i t y  f a c t o r  Q, t o  w hich  i s  a p p l i e d  

at th e  re so n a n t  fr e q u e n c y  f  an i d e a l l y  sq uare  RP p u l s e ,  

b u i l d s  up w ith  t im e -c o n s ta n t  ^  .

Thus th e  most r a p id  tim e o f  r i s e  o f  t h e  RP p u l s e  in  th e  

tuned  c i r c u i t  i s  a p p r o x im a te ly  s e c o n d s ,  and i s  about 8 ps 

f o r  a r e s o n a to r  o f  Q = 200 a t  f  = 3 8 .2  M c/s .

In g e n e r a l ,  th e  v o l t a g e  in  th e  tu n ed  c i r c u i t  t e n d s  

e x p o n e n t ia l l y  t o  f o l l o w  th e  in p u t v a r i a t i o n ;  s p e c i f i c a l l y  

i f  th e  a p p l ie d  RP p u ls e  r i s e s  t o  f u l l  v a lu e  a c c o r d in g  t o  

th e  r e l a t i o n
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=  V ( <^à)  (4 4 )

th e n  th e  tu n ed  c i r c u i t  r e s p o n s e  i s  a p p r o x im a te ly  o f  t h e  

form

^ ( 6 )  ,c^ C < ^ è) , ( l  -  e  ^  (4 5 )

Thus, i f  th e m odulator p u lse  r i s e s  sloY /ly , th e RP en velop e  

Y /ill a lso  undergo a slow  r i s e .  T his i v i l l  not q u ite  he o f  

th e  same form as th e m odulator p u lse  due to  th e  tim e -co n sta n t  

e f f e c t  o f  th e reso n a to r  and a lso  th e n o n - l in e a r it y  o f  th e  

c la s s  0 s ta g e s .

I t  was t h e r e f o r e  d e c id e d  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  

o f  e f f e c t i n g  c o n t r o l l a b l e  v a r i a t i o n  o f  th e  RP e n v e lo p e  by  

s h a p in g  th e  m o d u la to r  p u l s e .

T h is  was m ost c o n v e n i e n t l y  done by  i n s e r t i o n  o f  th e  s h a p in g  

c i r c u i t  o f  f i g .  4 4 a  b etv /een  t h e  m u l t i v i b r a t o r  v a l v e  V6 and  

t h e  a m p l i f i e r  V8 o f  th e  o r i g i n a l  m o d u la to r ,  f i g .  4 3 .

The sh a p er  c o n s i s t e d  o f  a b o o t s t r a p  VI and anode fo l lo Y /e r  

i n v e r t e r  s t a g e  V3. W ith th e  s v / i t c h  S op en , th e  f r o n t  edge  

o f  t h e  m od u la tor  p u l s e  r o s e  e x p o n e n t i a l l y ,  f i g .  4 4 b , and  

w ith  S c l o s e d ,  i t  r o s e  l i n e a r l y  a s  f i g .  4 4 c .  Times o f  r i s e ,  

t p ,  up t o  *̂ 6 m i l l i s e c o n d  were o b t a in a b le  b y  v a r i a t i o n  o f  

RVl. An i n i t i a l  s t e p  c o u ld  be in tr o d u c e d  by  means o f  RV2; 

f i g .  44d .

An HP d e t e c t o r  u n i t ,  f i g .  4 5 ,  was u s e d  t o  d i s p l a y  t h e  

RP e n v e lo p e  a t  th e  r e s o n a t o r  in p u t  f e e d s  -  i t  was n o t  p o s s i b l e  

t o  o b se r v e  th e  gap v o l t a g e  d i r e c t l y  w i th  th e  r e s o n a t o r s  

i n s t a l l e d  i n  th e  d o n u t.
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The m o d u la to r  p u l s e  was made s e n s i b l y  sq u a re  by  s e t t i n g  

RVl a t  minimum v a lu e  and was d i s p l a y e d  s i m u l t a n e o u s ly  w ith  

t h e  d e t e c t e d  RP p u l s e .  These a re  th e  u pp er  and lo w e r  t r a c e s  

o f  f i g .  4 6 a  r e s p e c t i v e l y ,  i n  v/hich th e  p u l s e  w id th  i s  6 ms.

The ap parent drop i n  a m p litu d e  a lo n g  th e  d e t e c t e d  RP p u l s e  

was due to  th e  t i m e - c o n s t a n t  o f  t h e  o s c i l l o s c o p e  A2 a m p l i f i e r .

On in t r o d u c t i o n  o f  a s lo w  l i n e a r  r i s e  t o  th e  m o d u la to r  

p u l s e ,  i t  was o b s e r v e d  t h a t  th e  f r o n t  edge o f  t h e  RP e n v e lo p e  

was a l s o  s lo w e d  u p , r o u g h ly  e x p o n e n t i a l l y ,  b u t  t h a t  a d e la y  

o c c u r r e d  b etw een  th e  s t a r t  o f  th e  m o d u la to r  p u l s e  and t h e  

b e g in n in g  o f  t h e  RP p u l s e ;  th e  l e n g t h  o f  t h i s  d e la y  was 

d ep en d en t on th e  r a t e  o f  r i s e  o f  th e  m o d u la to r  p u l s e .

S im i la r  e f f e c t s  were n o te d  w it h  t h e  e x p o n e n t i a l  r i s e ,  S open .

T his d e la y  i n d i c a t e d  t h a t  th e  m od u la ted  v a l v e  i n  th e  

t r a n s m i t t e r  had t o  b e  l i f t e d  t o  a d e f i n i t e  b i a s  l e v e l  b e f o r e  

a p p l i c a t i o n  o f  t h e  s lo w  r i s e  -  RV2 c a t e r e d  f o r  t h i s .

F i g s .  4 6 b , 4 6 c  show t h e  e f f e c t  o f  two d i f f e r e n t  

e x p o n e n t ia l  r a t e s  o f  r i s e  o f  th e  m o d u la to r  p u l s e ,  from  

w h ich  i t  i s  s e e n  t h a t  th e  r e q u ir e d  c o n t r o l  o f  RP b u i l d - u p  

can  b e a c h ie v e d  i n  t h i s  manner. In  t h e s e  t r a c e s ,  th e  i n i t i a l  

s t e p  had n o t  b e e n  c r i t i c a l l y  a d j u s t e d  (a s  i t  v a r i e d  i n  

a m p litu d e  when th e  f r o n t  edge s lo p e  was a l t e r e d )  s o  t h a t  a 

s l i g h t  d e la y  i s  s t i l l  o b s e r v a b le  b e tw e e n  th e  two p u l s e s .

The l e f t  hand p h o to g r a p h  shows th e  m o d u la to r  p u l s e  v / ith  

th e  RP o f f ;  th e  u p p er  t r a c e  o f  th e  r i g h t  hand p h o to g ra p h  

i s  t h e  same p u l s e  w i th  th e  RP on: i t  i s  somewhat a f f e c t e d
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b y  RP p ic k -u p  on t h e  o s c i l l o s c o p e .

On th e  b a s i s  o f  t h e s e  r e s u l t s ,  a new m o d u la to r  was 

b u i l t  t o  p r o v id e  a w aveform  as in  f i g .  4 7 a ,  i n  v/hich th e  

i n i t i a l  p e d e s t a l  h e i g h t  ( 1 ) ,  and th e  r a t e s  o f  e x p o n e n t i a l  

r i s e  and f a l l  o f  th e  a c t u a l  d o u b le r  d r i v i n g  p o r t i o n  ( 2 ) ,  ( 3 ) ,  

c o u ld  b e  v a r i e d  in d e p e n d e n t ly .  When t h e  p e d e s t a l  h e i g h t  

was c o r r e c t l y  a d j u s t e d  t o  b r in g  t h e  d o u b le r  v a l v e  t o  i t s  

o p e r a t in g  t h r e s h o ld  b i a s ,  an RP p u l s e  v / i th  sh aped  l e a d i n g  

and t r a i l i n g  e d g e s  c o u ld  b e  o b ta in e d ,  f i g .  4 7 b . P i g .  4 7 c  

shows th e  m od u la tor  and d e t e c t e d  RP p u l s e s .

T h is  was t r i e d  u n d er  o p e r a t i o n a l  c o n d i t i o n s .

4 . 5  E x p er im en ta l R e s u l t s .

The r i s e  t im e  o f  th e  f r o n t  ed g e  and f a l l  t im e  o f  

t h e  back  edge o f  t h e  m o d u la to r  p u l s e  c o u ld  be  in d e p e n d e n t ly  

a d ju s t e d  w i t h in  th e  ran ge  50 p.8 -  6 ms; th e  gap v o l t a g e s

w ould  t h e r e f o r e  r i s e  and f a l l  s i m i l a r l y .

A synchrotron  beam was b u i l t  up u s in g  th e most square 

edges and th e in t e n s i t y  o f  th e X-ray output Y/as observed  on 

th e m onitor io n iz a t io n  chamber. The e le c tr o n s  l o s t  at 

t r a n s i t io n  were observed  on th e  in te r n a l probe.

V a r ia tio n  o f th e r a te  o f  r i s e  o f th e fr o n t  edge o f th e RP

p u lse  procLuced no change in  output.

On th e  o t h e r  hand, th e  e f f e c t  o f  t h e  b a ck  ed ge  s h a p in g  

was v e r y  marked. The R P -o f f  t im in g  Y/as s e t  s l i g h t l y  b e f o r e  

p eak  f i e l d  Y/ith a n o rm a l, r a p id  RP d eca y  and t h e  s h o r t  X -ra y
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p u l s e ,  *^50 jj,s, from  th e  i n t e r n a l  t a r g e t  was o b s e r v e d  on  

an e x t e r n a l  931A d e t e c t o r .  The t im e  o f  f a l l  o f  t h e  RP 

p u l s e  was g r a d u a l ly  in c r e a s e d  w h i le  th e  R P -o f f  t im in g  

was s im u l t a n e o u s ly  a d j u s t e d  t o  g iv e  w ide X -ra y  b u r s t s .  

The w id e s t  p u l s e  o b s e r v e d  v/as ~3 m i l l i s e c o n d s  in  l e n g t h ,  

P i g .  48  shows t h e  s h o r t  p u l s e .
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CHAPTER 5

IvîISCBLLANBOUS EXPERIMENTS

5 , 1  B e ta tr o n  Output V a r ia t io n  w ith  Gun Param eters^

D uring  th e  p e r i o d  o f  c o n t in u o u s  50 c / s  e x c i t a t i o n  o f  

t h e  m agnetj a number o f  e x p e r im e n ts  v/as c a r r i e d  ou t on th e  

v a r i a t i o n  o f  X -ray  o u tp u t  w it h  gun p a ra m eters*

The o u tp u t was o b se r v e d  w ith  an i o n i z a t i o n  chamber s i t u a t e d  

i n  t h e  15 MeV beam o f  r a d i a t i o n  some t h r e e  m e tr e s  from  t h e  

t a r g e t ,

A s t e a d y  beam was o b ta in e d  by a d ju stm en t  o f  th e  m a g n e t ic  

f i e l d  c o r r e c t i o n  p a r a m e te r s  and th e  gun m ovem ents, t o  g iv e  

maximum in s t a n t a n e o u s  r e a d in g  on th e  i o n i z a t i o n  cham ber.

With th e  gun e m is s io n  s e t  a t  200 mA and t h e  gun p u l s e  

w id th  a t  5 p s ,  th e  v a r i a t i o n  o f  b e t a t r o n  o u tp u t  as a 

f u n c t i o n  o f  gun v o l t a g e  was o b s e r v e d .  The gun v o l t a g e  ?/as 

v a r i e d  from  50 kV t o  90 kV i n  s t e p s  o f  5 kV and a t  e a c h  

s e t t i n g  th e  i n j e c t i o n  t im in g  was a d j u s t e d  t o  g i v e  maximum 

i n d i c a t e d  o u tp u t .

Above a p p r o x im a te ly  75 kV, th e  gun became tr o u b le so m e  and 

underw ent f r e q u e n t  i n t e r n a l  breakdown.

P ig ,  49  i s  a p l o t  o f  th e  r e l a t i v e  ou tp u t  i n t e n s i t y  

a g a i n s t  th e  gun v o l t a g e ;  t h i s  i s  a sm o o th ly  r i s i n g  cu rv e  

w h ich  i n d i c a t e s  t h a t  a h ig h  gun v o l t a g e  i s  d e s i r a b l e .

S im i la r  c u r v e s  were o b ta in e d  a t  o t h e r  v a l u e s  o f  gun e m is s io n ,  

F o l lo w in g  on t h i s  work, th e  gun v o l t a g e  was s e t  a t
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70 kV and t h e  i n j e c t i o n  t im in g  v/as a d j u s t e d  t o  g i v e  

maximum s t e a d y  o u tp u t  a t  200 mA e m is s io n  and 5 fxs w id th .  

O b s e r v a t io n s  w ere th e n  made on th e  o u tp u t  v a r i a t i o n  w ith  

gun e m is s io n  c u r r e n t ,  t h i s  b e in g  m o n ito re d  as t h e  donut  

c o a t i n g  c u r r e n t  ( s e c t i o n  3 . 1 ) .

F i g .  50 i s  a p l o t  o f  th e  r e s u l t s  o f  t h i s  e x p e r im e n t  

and shows t h a t  th e  o u tp u t  i n t e n s i t y  r i s e s  w i t h  i n c r e a s i n g  

gun e m is s io n  up t o  a maximum v a l u e ,  w h ich  f o r  th e  

p a r t i c u l a r  gun c o n c e r n e d  o c c u r r e d  a t  a p p r o x im a te ly  300 mA.

F i n a l l y  w i t h  gun v o l t a g e  a t  70 kV, e m i s s i o n  a t  200 mA, 

t h e  e f f e c t  o f  gun p u l s e  w id th  was o b s e r v e d .

T h is  can  b e r e d u c e d  i n  s t e p s  o f  1 .2 5  p.s b y  rem o v a l o f  

s e c t i o n s  o f  th e  p u l s e - f o r m in g  n etw o rk  i n  th e  i n j e c t o r  

m o d u la to r ,  f i g .  22 .

W idths o f  5 j is ,  3 .7 5  f is ,  2 . 5  f is ,  1 .2 5  fis were t r i e d ;  in  

e a c h  c a s e  th e  t im i n g  was a d j u s t e d  f o r  maximum o u t p u t .

The ou tp u t was fo u n d  t o  d e c r e a s e  w ith  s h o r t e n in g  o f  p u l s e  

l e n g t h ;  th e  p o i n t s  are  p l o t t e d  i n  f i g .  50 n o r m a l iz e d  t o  10  

a t  5 fis. Ho e s t im a b le  o u tp u t  was o b s e r v e d  a t  1 .2 5  fis .

T h is  work i n d i c a t e d  th e  im p o rta n ce  o f  h a v in g  guns  

c a p a b le  o f  b e in g  run  f o r  lo n g  p e r i o d s  w ith o u t  breakdovm., 

a t  h ig h  v o l t a g e  and e m is s io n ,  i n  o r d e r  t o  a c h ie v e  h ig h  

o u tp u t  i n t e n s i t y .
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5 ,2  A p ertu re  E x p e r im e n ts ,

FolloY/ing the work o f s e c t io n  5 , 1 ,  an in v e s t ig a t io n  

was made o f  the e f f e c t  on the output i n t e n s i t y  o f  the  

r a d ia l  p o s i t io n  o f  the prohes,

A s t e a d y  heam a t  70 kV, 200 mA, 5 p.s Y/as o b ta in e d .

B oth  p rob es  v/ere i n i t i a l l y  p u l l e d  w e l l  i n t o  t h e i r  r e s p e c t i v e  

p o r t s ,  th e n  th e  180^ p rob e was moved i n t o  th e  donut i n  f i v e  

m i l l i m e t r e  s t e p s .  At ea c h  p o s i t i o n ,  th e  i n t e n s i t y  i n d i c a t e d  

b y  th e  beam m o n ito r  was n o te d .

The ou tput Y/as a t  f i r s t  s t e a d y ,  th e n  f e l l  r a p i d l y  and Y/as 

re d u ced  to  n i l  when th e  p rob e t i p  was a p p r o x im a te ly  2 . 5  cm 

from  th e  nom inal o r b i t  r a d iu s  o f  125 cm.

T h is  probe was p u l l e d  b ack  i n t o  i t s  p o r t  and th e  p r o c e d u r e  

r e p e a te d  w ith  th e  360^ p ro b e .

F ig .  51 i s  a p l o t  o f  th e  r e s u l t s .

I t  v / i l l  be o b ser v e d  t h a t  th e  360^ p rob e b e g in s  t o  remove 

e l e c t r o n s  from  th e  beam b e f o r e  th e  1 8 0 °  p r o b e .

T h is  can be e x p la in e d  by c o n s id e r in g  th e  o s c i l l a t o r y  m o tio n  

o f  th e  e l e c t r o n s  f o l l o w i n g  i n j e c t i o n .  The p e r io d  o f  r a a i a l  

o s c i l l a t i o n  ( s e c t i o n  1 . 3 )  i s  g iv e n  by

~  -TÎ.)  ̂ (4 6 )

where i s  th e  p e r io d  o f  . r e v o l u t i o n  o f  t h e  e l e c t r o n  round  

th e  d onu t.

For n = 0 . 7 ,  7^ == ^ 7 ^  . Thus p a r t i c l e s  l e a v i n g  th e  gun w ith  

l a r g e  o s c i l l a t i o n  a m p li tu d e s  v i z ,  th e  e a r l y  e l e c t r o n s  from  

th e  f r o n t  edge o f  th e  gun p u ls e  whose in s t a n t a n e o u s  c i r c l e s
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a r e  l a r g e ,  w i l l  have l i t t l e  o r  no d e v i a t i o n  from  t h e i r  

in s t a n t a n e o u s  c i r c l e s  h a l fw a y  round t h e  donut from  t h e  gun. 

In  s h o r t ,  th e  180°  proh e i s  s i t u a t e d  n e a r  a node o f  th e  

e l e c t r o n  r a d i a l  m o tio n  and t h e  3 6 0 °  p ro h e  n e a r  an a n t in o d e *

In  f i g .  52 , th e  d o t t e d  c i r c l e  r e p r e s e n t s  t h e  b e t a t r o n  

o r b i t ,  th e  c h a in e d  cu rv e  ABODE t h e  p a th  o f  an e l e c t r o n  

t h e  in s t a n t a n e o u s  c i r c l e  o f  w h ic h , a t  i n j e c t i o n ,  i s  

r e p r e s e n t e d  b y  th e  f u l l  c i r c l e .

T h is  p a r t i c l e  m is s e s  th e  180^ p ro b e  b u t  s t r i k e s  t h e  36 0 °  

p r o b e  on i t s  se co n d  r e v o l u t i o n .  Both  p r o b e s  a re  a t  th e  

same r a d iu s .

In  t h i s  way th e  3 60°  p rob e  a f f e c t s  th e  beam a t  s m a l l e r  

r a d i i  th an  th e  1 80°  p ro b e .

L a te r ,  T/hen th e  m achine was o p e r a t in g  as a s y n c h r o tr o n ,  

a n o th e r  a p er tu re  l i m i t i n g  d e v ic e  was u s e d .  T h is  c o n s i s t e d  

o f  a mesh o f  fo u r  t u n g s t e n  v / ir e s  Ay B, 0 ,  D, f i g .  5 3 ,  

v /h ich  p a sse d  th ro u g h  0 - r i n g  vacuum s e a l s  i n  a p e r s p e x  p l a t e  

on th e  end o f  a p o r t .  The w ir e s  w ere a rra n g ed  t o  r e s t r i c t  

t h e  donut a p e r tu r e  t o  a r e c t a n g l e ;  A and D were m ovable  

r a d i a l l y ,  one on e a c h  s i d e  o f  th e  n o m in a l o r b i t  R, and  

B and C were r o t a t a b l e  so  t h a t  t h e i r  h o r i z o n t a l  p o r t i o n s  

r e s t r i c t e d  th e  v e r t i c a l  a p e r t u r e .  A l l  th e  w ir e s  were  

e a r t h e d  t o  p r e v e n t  l o s s  o f  th e  beam due t o  t h e i r  c h a r g in g  

u p ,

The w ir e s  w ere s e t  t o  g iv e  t h e  l a r g e s t  p o s s i b l e  r e c t a n g l e  

and th e  e f f e c t  o f  e a c h  w ir e  s e p a r a t e l y  was o b s e r v e d .
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C urves s i m i l a r  t o  t h o s e  o f  f i g .  51 sh ow in g  a r a p id  f a l l  

i n  i n t e n s i t y  were o b ta in e d  and i t  was th e n  p o s s i b l e  t o  

d e te r m in e  th e  p o s i t i o n  o f  th e  c e n t r e  o f  t h e  e l e c t r o n  beam 

i n  t h e  d o n u t.

T h is  d e v ic e  was t r i e d  a t  a fe?/ p o i n t s  i n  th e  d o n u t .  As a 

r e s u l t  i t  was fo u n d  t h a t  t h e  d onu t was n o t  s i t u a t e d  c e n t r a l l y  

i n  t h e  magnet gap a t  s e v e r a l  p l a c e s  and a l s o  th e  o r b i t  was 

somewhat d i s t o r t e d  n e a r  t h e  gun.

In  a d d i t io n  t h e  e x p e r im e n t  showed t h a t  th e  f u l l  a p e r tu r e  

was u s e d  d u r in g  t h e  s y n c h r o tr o n  p h a s e  i n  c o n t r a s t  t o  th e  

b e t a t r o n  e x p e r im e n t .
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CHAPTER 6

USB OF THE SYNCHROTRON IN ITÜCLEAR PHYSICS

6 . 1  I n t r o d u c t i o n .

R ecen t  i n v e s t i g a t i o n s  i n  n u c l e a r  p h y s i c s  a r e  c o n c e r n e d  

w i t h  t h e  s t r u c t u r e  o f  t h e  a to m ic  n u c le u s  and i n  t h i s  f i e l d  

t h e  h ig h  e n e r g y  s y n c h r o t r o n  p l a y s  an im p o r ta n t  r o l e .

By p r e s e n t  c o n c e p t s ,  t h e  atom i s  r e g a r d e d  a s  c o n s i s t i n g  

o f  a c e n t r a l  p o s i t i v e l y - c h a r g e d  n u c l e u s ,  w h ich  c o n s t i t u t e s  

t h e  m ajor p a r t  o f  t h e  a to m ic  m a ss ,  c o n t a i n e d  w i t h i n  an  

e x c e e d i n g l y  s m a l l  r e g i o n  o f  some 10 ~^^cra r a d i u s .

S u rro u n d in g  t h e  n u c le u s  and hound t o  i t  b y  Coulomb e l e c t r i c a l  

f o r c e s ,  i s  a c lo u d  o f  t i n y  n e g a t i v e l y - c h a r g e d  e l e c t r o n s ,  

e x t e n d in g  t o  d i s t a n c e s  o f  some 10~^ cm r a d i u s .

The t o t a l  e l e c t r o n  c h a r g e  b a l a n c e s  t h e  n u c l e a r  c h a r g e  t o  

r e s u l t  i n  a n o rm a l,  n e u t r a l  atom .

A l l  th e  c h e m ic a l  and m ajor  o p t i c a l  p r o p e r t i e s  o f  th e  atom  

a r e  due t o  t h e  p l a n e t a r y  e l e c t r o n s .

N u c le i  c o n s i s t  o f  a g g lo m e r a t io n s  o f  p r o t o n s  and  

n e u t r o n s ,  w h ich  are  p a r t i c l e s  o f  n e a r l y  e q u a l  m a ss .  The 

p r o t o n  i s  p o s i t i v e l y - c h a r g e d ,  t h e  n e u tr o n  n e u t r a l .

C lie m ic a l ly  a i f f e r e n t  e l e m e n t s  h ave  n u c l e i  d i f f e r i n g  i n  

number o f  c o n s t i t u e n t  p r o t o n s ;  i s o t o p e s  a r e  c h e m i c a l l y  

i n d i s t i n g u i s h a b l e  n u c l e i  v / i th  d i f f e r e n t  num bers o f  n e u t r o n s .  

Not a l l  c o m b in a t io n s  o f  p r o t o n s  and n e u tr o n s  are  s t a b l e ,  

s e v e r a l  n a t u r a l l y  o c c u r r in g  e l e m e n t s  e x l i i b i t  t h e

- 1 1 9 -



phenomenon o f  r a d i o a c t i v i t y  w hereby th e  n u c le u s  e m it s  

p a r t i c l e s  or r a d ia t io n ,^  o f  e n e r g y  a few  MeV, s im u l t a n e o u s ly  

u n d e r g o in g  t r a n s f o r m a t io n  o f  s p e c i e s .

S tudy o f  t h e  i n t e r a c t i o n  o f  t h e s e  e m it t e d  r a d i a t i o n s  

w it h  s t a b l e  n u c l e i ,  l e d  t o  t h e  d i s c o v e r y  o f  a r t i f i c i a l  

r a d i o a c t i v i t y .

The d evelop m en t o f  t h e  v a r i o u s  p a r t i c l e  a c c e l e r a t o r s  

p r o v id e d  i n t e n s e  beams o f  h ig h  e n e r g y  p a r t i c l e s  f o r  u s e  as  

p r o j e c t i l e s  t o  in d u ce  r a d i o a c t i v e  ch a n g es  i n  th e  n u c l e i  o f  

t a r g e t  a tom s. By s tu d y  o f  th e  e n s u in g  r e a c t i o n s  and d e c a y  

p r o c e s s e s ,  c o n s i d e r a b l e  d a ta  on n u c le a r  t r a n s f o r m a t io n s  

and en er g y  l e v e l s  h a s  b e e n  am assed .

In v ie w  o f  th e  s m a l l  s i z e  o f  t h e  n u c l e u s ,  s t r o n g  

b in d in g  f o r c e s  must e x i s t  among t h e  c o n s t i t u e n t  n u c le o n s  

w h ich  overcom e th e  m u tu a l Coulomb r e p u l s i o n s  b e tw e e n  th e  

p r o t o n s .  S in c e  n e u tr o n s  are  u n c h a r g e d , t h e s e  f o r c e s  are  

n o t  e l e c t r i c a l  and t h e y  are  term ed  n u c le a r  f o r c e s .

The d e te r m in a t io n  o f  t h e i r  e x a c t  n a tu r e  i s  t h e  c e n t r a l  

p ro b lem  o f  n u c le a r  p h y s i c s .

Cosmic r a y  s t u d i e s  l e d  t o  th e  d i s c o v e r y  o f  m e so n s , 

p a r t i c l e s  in t e r m e d ia t e  i n  s i z e  b e tw e en  e l e c t r o n s  and 

p r o t o n s ,  som etim es e m i t t e d  by  d i s r u p t i n g  n u c l e i .

T h e ir  e x i s t e n c e  had b e e n  p r e d i c t e d  t h e o r e t i c a l l y  by  

Yukawa 7^ i n  th e  f o r m u la t io n  o f  a t h e o r y  o f  n u c le a r  

f o r c e s ,  i n  w hich  m esons b e a r  t o  t h e  f i e l d  o f  n u c le a r  

f o r c e  t h e  r e l a t i o n s h i p  o f  p h o to n s  t o  t h e  e x t r a - n u c l e a r
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Coulomb f i e l d .  On t h i s  a n a lo g y ,  a v i g o r o u s l y  a c c e l e r a t e d  

n u c le o n  was e x p e c te d  t o  c a u s e  e m is s io n  o f  m esons i n  much 

th e  same manner t h a t  p h o to n s  are  e m it t e d  h y  a c c e l e r a t e d  

e l e c t r o n s .

Mesons h ave "been p ro d u ced  a r t i f i c i a l l y  from  t a r g e t  

n u c l e i  u n d e r g o in g  bombardment b y  e n e r g e t i c  a - p a r t i c l e s ,  

p r o t o n s ,  and b y  y - r a d i a t i o n  o f  ~150 MeV o r  m ore.

The main p u r p o se  o f  c o n s t r u c t i n g  h ig h  e n e r g y  

s y n c h r o tr o n s  i s  t o  p rod u ce  m esons and s tu d y  t h e i r  p r o p e r t i e s  

i n  attem p t t o  d i s c o v e r  t h e i r  r o l e  i n  n u c le a r  s t r u c t u r e  

and e l i c i t  th e  n a tu r e  o f  n u c le a r  f o r c e s .

6 . 2  P r o d u c t io n  o f  M esons.

Cosmic ra y  s t u d i e s  u s i n g  n u c le a r  e m u ls io n s  had  

e s t a b l i s h e d  th e  e x i s t e n c e  o f  th e  p o s i t i v e  and n e g a t i v e  

% and (X m esons and t h e  x  -  p. d e c a y  p r o c e s s .

The -m eson  was i d e n t i f i e d  w i t h  t h a t  p r e d i c t e d  b y  Yukawa.

7c-mesons were f i r s t  a r t i f i c i a l l y  p ro d u ced  v /ith  t h e  

184 in  c y c l o t r o n  a t  th e  U n i v e r s i t y  o f  C a l i f o r n i a ,  and 

d e t e c t e d  by  n u c le a r  p l a t e s  p la c e d  n e a r  t h e  t a r g e t  w h ich  

was u n d e r g o in g  bombardment by  380 MeV a - p a r t i c l e s .

The f i r s t  p r o a u c t io n  by p h o to n s  a l s o  to o k  p la c e  a t  

B e r k e le y  74 u s i n g  th e  335 MeV s y n c h r o tr o n  beam.

L a t e r ,  n e u t r a l  -m eson s were prod u ced  w i t h  t h e  s y n c h r o tr o n  

7 5 , 76 .

The s y n c h r o tr o n  h a s  th e  a d van tage  o v e r  th e  c y c l o t r o n
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in  r e g a r d  o f  background  r a d i a t i o n ,  s i n c e  th e  beam c o n s i s t s  

o n ly  o f  b r e m s s tr a h lu n g  p h o to n s  ana u n c o n v e r te d  e l e c t r o n s  -  

th e  l a t t e r  are  e a s i l y  rem oved m a g n e t i c a l l y .  In  t h e  c a s e  o f  

th e  c y c l o t r o n ,  th e  h ea v y  p a r t i c l e  beam g i v e s  r i s e  t o  a 

b ack grou nd  o f  e n e r g e t i c  p r o t o n s ;  e l a b o r a t e  arran gem en ts  

are  n e c e s s a r y  t o  d i s c r i m i n a t e  b e tw e e n  t h i s  and meson  

p r o d u c in g  i n t e r a c t i o n s .

On th e  o t h e r  hand , th e  c y c l o t r o n  beam i s  o f  a d e f i n i t e  

e n e r g y  and i n t e n s i t y  w hereas t h e  p h o to n  beam (p ro d u ced  by  

s e n s i b l y  m o n o e n e r g e t ic  e l e c t r o n s  s t r i k i n g  a t a r g e t )  e x h i b i t s  

t h e  b r e m s s tr a h lu n g ,  c o n t in u o u s  e n e r g y  sp ec tru m  from  z e r o  

t o  th e  p eak  e l e c t r o n  e n e r g y ,  i n  w h ich  th e  number o f  p h o to n s  

T /ith  e n e r g y  E i s  r o u g h ly  p r o p o r t i o n a l  t o  . Thus in  

g e n e r a l ,  th e  e n e r g y  o f  a p h o to n  r e s p o n s i b l e  f o r  any g iv e n  

e v e n t  i s  n o t  known.

The e n e r g y  sp ec tru m  can  b e  a s c e r t a i n e d  b y  s t u d y in g  

t h e  p r o d u c t io n  o f  e l e c t r o n  p a i r s  i n  a c o n v e r t e r  p l a c e d  i n  

t h e  ph oton  beam, u s i n g  e i t h e r  a c lo u d  chamber 7 7 . or  

m a g n e t ic  p a i r  s p e c tr o m e te r  7 8 .

A prob lem  o f  some d i f f i c u l t y  i s  th e  c a l i b r a t i o n  o f  th e  

b e a m -m o n ito r in g  i o n i z a t i o n  cham bers i n  term s o f  th e  p h o to n  

f l u x  79 .

The b a s i c  r e a c t i o n s  f o r  p h o t o - p r o a u c t io n  o f  m esons are

Y ■f n P +

Y + P —► n +

Y + P — + %

- 1 2 2 -



—123—



A7«. S  S

s
I

o
00 200

Photon energy in Mev
300

Absolute cross sections for the production of t  mesons by the reaction 
7 +  p —' ri +  as a function of photon energj', according to Bishop, Steinberger, 
and Cook



I f  a t a r g e t  o f  l i q u i d  h y a r o g e n  i s  u s e d ,  and m esons  

are  p ro d u ced ;  v / ith  carb on  o r  p a r a f f i n  t a r g e t s  b o t h  and 

t y p e s  are p ro d u c ed .

T h re sh o ld  e n e r g i e s  f o r  s i n g l e  meson p r o d u c t io n  in  

c o l l i d i n g  sy s te m s  o f  e le m e n ta r y  p a r t i c l e s  were e v a l u a t e d  

b y  Barkas 80 . U s in g  m = 286m , t h e  v a l u e s  wereu ^ 0/

Y + p n  + 159 MeV

Y + O'"— 9C+ 161 MeV

Y + C  ̂ +- tC ' 165 MeV

B ish o p  e t  a l  8 1 ,  u s i n g  a l i q u i d  h y d r o g en  t a r g e t ,  m easured  

t h e  p h o to —-meson p r o d u c t io n  as  a f u n c t i o n  o f  e n e r g y  and  

a n g le  o f  e m is s io n  and th u s  c a l c u l a t e d  th e  e n e r g y  o f  th e  

p h o to n  p r o d u c in g  th e  meson^ Knowing t h e  number o f  p h o to n s  

as a f u n c t i o n  o f  e n e r g y ,  t h e y  th e n  fo u n d  th e  m eson  

y i e l d  in  term s o f  p h o to n  e n e r g y .  F i g .  55 show s t h e i r  

r e s u l t s ;  th e  e x t r a p o l a t e d  t h r e s h o l d  i s  ^^160 MeV.

Apart from  t h e  u s e  o f  n u c le a r  p l a t e s ,  d e la y e d  

c o i n c id e n c e  t e c h n iq u e s  are  em p loyed  t o  i d e n t i f y  me so n s

i n  v i r t u e  o f  t h e  % -  p. d e c a y .  N e u tr a l  m esons are  d e t e c t e d  

b y  c o i n c i d e n t  p r o d u c t io n  o f  tv;o e n e r g e t i c  p h o t o n s ,  e a c h  

~ 70  MeV# th e  m eson d ec a y  p r o d u c t s ,

^ 2 y

A summary o f  t h e  p r o p e r t i e s  o f  m esons i s  g iv e n  i n  

r e f e r e n c e  8 2 .
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