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ABSTRACT

B re m ss tra h lu n g  r a d i a t i o n  w i th  a n  e n e rg y  g r e a t e r  th a n  0 .^  MeV 
p ro d u c e d  "by 1 .0  MeV e l e c t r o n s  i n c id e n t  on t h i c k  la n th a n u m  (Z = 57) 
t a r g e t s  h a s  b e e n  i n v e s t i g a t e d .  L a b o ra to ry  p r o v i s io n s  w ere made f o r  
t h e  m easurem en t o f  t h e  s p a t i a l  an d  e n e rg y  d i s t r i b u t i o n  o f  th e  
r a d i a t i o n .  E x p e r im e n ta l  d a ta  a r e  g r a p h i c a l l y  p r e s e n te d  i n  te rm s  o f  
t h e  b r e m s s tr a h lu n g  i n t e n s i t y ,  l ( 9 o ) j  ‘k*16 d i f f e r e n t i a l  c r o s s
s e c t i o n s  — a na  — . A ls o , th e  e f f i c i e n c y  f o r  p r o d u c t io n  o f  

dkd0o dk
h ig h  e n e rg y  p h o to n s  i s  g iv e n .  The e x p e r im e n ta l  d a t a  a r e  p r e s e n te d  
i n  c o n ju n c t io n  w ith  t h e o r e t i c a l  v a lu e s .



BREMSSTRAHLUNG PRODUCTION IN  LANTHANUM THICK TARGETS



INTRODUCTION

I n  p a s s in g  th ro u g h  m a t t e r  e l e c t r o n s  l o s e  k i n e t i c  e n e rg y  by e x c i t a ­

t i o n  and  i o n i z a t i o n  o f  a to m ic  e l e c t r o n s  and  by r a d i a t i v e  e m is s io n  i n  

t h e  f i e l d  o f  t h e  n u c le u s  and  t h e  e l e c t r o n s .  I n  t h e  e x c i t a t i o n  and  i o n i z a ­

t i o n  i n t e r a c t i o n s ,  e l e c t r o m a g n e t i c  e n e rg y  i s  g iv e n  o f f  in  t h e  form  o f  

c h a r a c t e r i s t i c  X - ra y s .  The c h a r a c t e r i s t i c  X -ra y s  have  d i s c r e t e  e n e r g ie s  

o v e r  a  l i m i t e d  r a n g e ,  t h e  e x t e n t  o f  w h ich  d ep en d s  on th e  e l e c t r o n  

e n e r g y - l e v e l  s t r u c t u r e  o f  t h e  atom . F o r  la n th a n u m , t h e  h ig h e s t  e n e rg y  

c h a r a c t e r i s t i c  X -ra y  i s  a b o u t 38  keV. I n  t h i s  w ork we m easu red  X -ra y s  

in  t h e  ra n g e  400 keV t o  1000 keV and  ig n o re d  t h e  c h a r a c t e r i s t i c  X -ray  

sp e c tru m . E l e c t r o n - e l e c t r o n  b r e m s s tr a h lu n g ,  w h ich  i s  e x p e c te d  t o  be  

l e s s  th a n  2 p e r c e n t  ( r e f .  1) o f  e l e c t r o n - n u c l e u s  b r e m s s tr a h lu n g  in  

la n th a n u m , was a l s o  ig n o re d .

When e n c o u n te r in g  l a r g e  e l e c t r i c  f i e l d  g r a d i e n t s  a r i s i n g  from  th e  

n u c l e a r  c h a r g e s ,  e l e c t r o n s  may e a s i l y  be  d e f le c te d . .  Upon d e f l e c t i o n ,  

t h e  e l e c t r o n  may lo s e  some o f  i t s  e n e rg y  by e m i t t in g  e le c t r o m a g n e t ic  

r a d i a t i o n  known a s  b r e m s s tr a h lu n g .  I n  t h e  e m is s io n  p r o c e s s  an  in c id e n t  

e l e c t r o n  o f  momentum p 0 and e n e rg y  E0 i s  d e f l e c te d  by th e  n u c l e a r  

f i e l d  and e m its  r a d i a t i o n  w ith  momentum -hk. The e l e c t r o n  i s  th e n  l e f t  

w i th  momentum p and  e n e rg y  E.
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The p r o b a b i l i t y  o f  r a d i a t i v e  e m is s io n  by an e l e c t r o n  dep en d s 

s t r o n g l y  on t h e  d i s t a n c e  o f  t h e  e l e c t r o n  from  th e  n u c le u s .  B re m s s tra h ­

lu n g  e m is s io n  o c c u rs  when an e l e c t r o n  i s  a t  a  d i s t a n c e  o f  th e  o r d e r  o f  

•ft / \— ( r e f .  1) from  th e  n u c le u s  w here q i s  t h e  r e c o i l  ^omentum /r iv e n  t o
q

t h e  atom  in  th e  r a d i a t i o n  p r o c e s s  a s  p e r m i t t e d  by c o n s e r v a t io n  o f  e n e rg y  

and momentum. I f  t h e  e f f e c t i v e  im p ac t P a ra m e te r ,  —, i s  l a r g e  com pared
* q'

w ith  th e  n u c le a r  r a d iu s  and. sm a ll com pared w ith  t h e  a to m ic  r a d i u s ,  we may 

ig n o r e  t h e  c h a rg e  d i s t r i b u t i o n  o f  t h e  n u c le u s  and th e  s c r e e n in g  o f  th e  

n u c le u s  by  th e  a to m ic  e le c t r o n s *  We may th e n  c o n s id e r  t h e  f i e l d  a c t i n g  

on t h e  p a r t i c l e  d u r in g  th e  r a d i a t i o n  p ro c e s s  a s  th e  Coulomb f i e l d  o f  a  

p o in t  c h a r g e , Z e , a t  t h e  c e n t e r  o f  th e  n u c le u s .  I f  t h e  e f f e c t i v e  im p ac t 

p a ra m e te r  i s  l a r g e  com pared w ith  t h e  a to m ic  r a d i u s ,  t h e  s c r e e n in g  e f f e c t  

o f  t h e  a to m ic  e l e c t r o n s  w i l l  p la y  an im p o r ta n t  r o l e .  F i n a l l y ,  i f  t h e  

im p ac t p a ra m e te r  i s  s m a ll  com pared w ith  th e  n u c l e a r  r a d i u s ,  th e n  we may 

n o t c o n s id e r  th e  e l e c t r i c  f i e l d  a c t i n g  on th e  p a r t i c l e  a s  t h a t  a r i s i n g  

from  a  p o in t  c h a rg e .

The b re m s s tr a h lu n g  p ro c e s s  d o e s  in d e e d  o c c u r  a t  d i s t a n c e s  from  th e  

n u c le u s  l a r g e  com pared w ith  t h e  n u c l e a r  r a d iu s  ( r e f .  2 ) .  T h u s , i t  i s  

c o r r e c t  t o  c o n s id e r  t h e  n u c le u s  a s  a  p o in t  c h a rg e .  The r e l e v a n t  p aram ­

e t e r  f o r  a s s e s s i n g  th e  im p o r ta n c e  o f  e l e c t r o n  s c r e e n in g  i s  d e f in e d  a s

1 0 0  m c^hv  

E ^ E z W
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w here

E0 = i n i t i a l  e l e c t r o n  e n e rg y ,  MeV 

E = f i n a l  e l e c t r o n  e n e rg y , MeV 

hv = E0 -  E, MeV

mc.2 = r e s t  m ass e n e rg y  o f  e l e c t r o n ,  MeV 

Z = a to m ic  num ber o f  t a r g e t  n u c l e i  

T h is  m easu re  o f  s c r e e n in g  h a s  b een  c a l c u l a t e d  by B e th e  and H e i t l e r  on 

t h e  b a s i s  o f  t h e  Ferm i-T hom as m odel o f  t h e  atom  ( r e f .  3 )-  When £ »  1 , 

t h e  s c r e e n in g  may be  n e g le c te d ,  w h e reas  f o r  £ =■ 0 , th e  s c r e e n in g  i s  

p r a c t i c a l l y  c o m p le te . F o r  t h e  e x p e r im e n ta l  e f f o r t  r e p o r te d  h e r e i n ,  t h e  

s m a l l e s t  p h o to n  e n e rg y  c o n s id e re d  i s  hv «  0 .^ 0 0  MeV and  t h e  i n c id e n t  

e n e rg y  i s  E = 1 .0  MeV. F o r  t h e s e  v a lu e s  £ «  9» T h u s, s c r e e n in g  i s  

n e g le c te d  in  t h i s  a n a l y s i s .

I t  i s  v e ry  d i f f i c u l t  t o  p r o p e r ly  p r e d i c t  t h e  t r a j e c t o r y  o f  th e  

e l e c t r o n  a f t e r  r a d i a t i v e  e m is s io n .  I f  we n e g l e c t  t h e  l o s s  o f  e n e rg y  

th ro u g h  r a d i a t i v e  e m is s io n ,  th e n  th e  e l e c t r o n  s h o u ld  f o l lo w  a  h y p e r b o l ic  

t r a j e c t o r y  i n  i t s  o r b i t  a b o u t a  p o s i t i v e  n u c le u s .  The t h e o r e t i c a l  

s p e c t r a l  d i s t r i b u t i o n  o f  t h e  r a d i a t i o n  e m it te d  by  e l e c t r o n s  i n  h y p e r ­

b o l i c  o r b i t s  a b o u t n u c l e i  was c a l c u l a t e d  by K ram ers. H owever, t h e  

e x p e r im e n ta l  d a t a  d id  n o t  b e a r  o u t h i s  t h e o r e t i c a l  c a l c u l a t i o n s  ( r e f .  J+). 

In  1919> W eb ste r ( r e f .  5) s u g g e s te d  t h a t  e l e c t r o n s  t r a v e r s i n g  m a t t e r  

w ere  s e t  i n t o  o s c i l l a t o r y  m o tio n . T h u s , t h e  e l e c t r o n s  w ould  be  m oving 

r a d i a t o r s  a s  th e y  p a s s  th ro u g h  th e  t a r g e t  m a t e r i a l .  T h is  o s c i l l a t i n g  

e l e c t r o n  m odel c o u ld  n o t be c o n firm e d  by  e x p e r im e n ta l  e v id e n c e  

( r e f .  5)* N ic h o la s  ( r e f .  6 ) i n  19^9 a t te m p te d  t o  a c c o u n t f o r  t h e  

b re m s s tr a h lu n g  sp e c tru m  by p ro p o s in g  t h a t  th e  e l e c t r i c  c h a rg e  d e n s i t y



o f  a u n ifo rm  moving e l e c t r o n  had  a wave form s im i la r  to  an e le c tro m a g ­

n e t i c  wave. T his p ro p o se] was in c o n s i s te n t  w ith  e x p e rim en ts  on e le c t r o n  

d i f f r a c t i o n  and was abandoned. C la s s ic a l  a tte m p ts  t o  acco u n t f o r  th e  

c o n tin u o u s  b re m ss tra h lu n g  spectrum  alw ays met f a i l u r e .

C o n tra s t in g ly ,  th e  i n i t i a l  a p p l ic a t io n s  o f  quantum p r in c ip l e s  to  

th e  p roblem  o f  a c o n tin u o u s  b re m ss tra h lu n g  spectrum  were more s u c c e s s fu l  

th a n  th e  c l a s s i c a l  t h e o r i e s .  A ccord ing  to  quantum e le c tro d y n a m ic s , 

th e r e  i s  a f i n i t e  p r o b a b i l i t y  t h a t  an e le c t r o n  t r a v e r s in g  in  th e  f i e l d  

o f  a n u c le u s  w i l l  make a r a d i a t i v e  t r a n s i t i o n  t o  a n o th e r  s t a t e  w ith  th e  

e m iss io n  o f  a p h o to n . I n t e r a c t io n  w ith  th e  f i e l d  o f  a n u c le u s  i s  n e c e s ­

sa ry  to  c o n se rv e  en erg y  and momentum s in c e  i t  i s  im p o ss ib le  f o r  a f r e e  

e l e c t r o n  to  em it a s in g le  p h o to n  and make a t r a n s i t i o n  t o  a r e a l  s t a t e .

The n u c le u s , b ecause  o f  i t s  la r g e  m ass, does n o t a c q u ire  any la rg e  

p o r t io n  o f  th e  en e rg y , b u t  may a c q u ire  a t r a n s v e r s e  momentum com parable 

w ith  th e  t r a n s v e r s e  momentum o f  th e  e le c t r o n  and p h o to n . T h e re fo re , 

th e  c o n s e rv a tio n  law s o f  momentum and en erg y  p e rm it an e le c t r o n  to  em it 

p h o to n s  o f  th e  same en erg y  in  d i f f e r e n t  d i r e c t io n s  and a r e l a t i o n  betw een 

en erg y  and a n g le  o f  e m is s io n  o f  th e  p h o to n  in  a r a d i a t i o n  p ro c e s s  i s  no t 

fu r n is h e d  by th e s e  c o n s e rv a tio n  law s. The quantum m ech an ica l t r e a tm e n t 

o f  th e  b re m ss tra h lu n g  phenomenon by B ethe and H e i t l e r  ( r e f .  p) h as form ed 

th e  b a s i s  from  w hich v a r io u s  a u th o rs  have d e r iv e d  b re m ss tra h lu n g  c r o s s -  

s e c t io n  fo rm u las  a t  d i f f e r e n t  l e v e l s  o f  s o p h i s t i c a t io n .  The r e s u l t s  o f  

th e s e  c a l c u la t io n s  have been  p re s e n te d  in  a summary a r t i c l e  by Koch and 

Motz ( r e f .  ? )•

In  th e  fo rm alism  u sed  by Koch and M otz, th e  c ro s s  s e c t io n  f o r  

b re m ss tra h lu n g  e m iss io n  i n  a  cube w ith  s id e s  L i s  g iv e n  by th e  t r a n s i t i o n
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p r o b a b i l i t y  p e r  atom  p e r  e l e c t r o n  d iv id e d  by  th e  in co m in g  e l e c t r o n  

v e l o c i t y .  The c r o s s  s e c t i o n  i s  e x p re s s e d  a s

a c    3L— ( J l . ) 3 l 3
(Poc/Eo)Vno c)

w here

2n
W “  h Pf

Hi f

= d e n s i t y  o f  f i n a l  s t a t e s  =

i s  t h e  t r a n s i t i o n  m a t r ix  and

(2n)°ra0 cc- 

2

6

H if i s  w r i t t e n  a s

Hi f 2 Tzec
khc |( hi0 c2 )' I|f| (A* • a j e " 1^ r  'iijd r v-9

A i s  t h e  u n i t  p o l a r i z a t i o n  v e c t o r  o f  t h e  p h o to n , a  i s  t h e  D ira c  

m a tr ix  and  ^  and ^  a r e  t h e  i n i t i a l  and  f i n a l  D ira c  wave f u n c t io n s

f o r  t h e  e l e c t r o n s .  I n  c o n s id e r in g  t h e  e l e c t r o n - n u c l e a r  i n t e r a c t i o n ,
Ze^ 2 nZ

V = — t h e  B o m  a p p ro x im a tio n ,  w h ich  assum es - • —  «  1 , h a s  b een  u se d
-1- p i p

t o  o b ta in  t h e  e x p l i c i t  d i f f e r e n t i a l  b r e m s s tr a h lu n g  c r o s s  s e c t i o n s .  W ith  

t h e  a s s u m p tio n  t h a t  t h e  n u c l e a r  Coulomb f i e l d  i s  u n s c re e n e d  by  t h e  a to m ic  

e l e c t r o n s ,  t h e  c o r s s - s e c t i o n  d i f f e r e n t i a l  i n  p h o to n  e n e rg y  and  e m is s io n  

a n g le  a s  d e v e lo p e d  in  t h e  summary a r t i c l e ,  F o rm u la  2BN, may be w r i t t e n  a s  

b e lo w  w ith  some re a r ra n g e m e n t o f  te rm s :



w here

g (P o g -  fr2 )

q2a 02

ItE

p02A0 W o

4Eq s in 2e0(3k - Po2E) i 4e02(Eo2 + E2 )
i_—■ ■■ 4* ,r

Po2a oU P q2a o2

2 -  2 (7E q2 -  dEE0 + E2 ) 2k (E Q2 + EEQ -  l )

Po2a o2 Pq2a o

+
4 6k  2k( p Q2 -  k2 )

A, Q2a 0

L = in
EEn -  1 + pp o
EE0 -  1 -  pp 0

Aq = E -  p Q cos 'o

e = Zni E -f p 
-  P.

= Zn Q + P
,0. -  P,

Q2 = p Q2 + k2 -  2p0 k  c o s  9q

T h is  g iv e s  t h e  p r o b a b i l i t y  t h a t  f o r  a n  in c id e n t  e l e c t r o n  o f  e n e rg y  E0 , a  

quantum  o f  momentum k  i s  e m i t te d  a t  an  a n g le  0O t o  t h e  d i r e c t i o n  o f  

t h e  i n c i d e n t  e l e c t r o n ,  and  t h a t  t h e  s c a t t e r e d  e l e c t r o n  o f  momentum p 

p ro c e e d s  i n  a  d i r e c t i o n  g iv e n  by p o l a r  a n g le s  (3, 0 ,  r e f e r r e d  t o  k .
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F ig u re  1 shows th e  g eo m e try  f o r  b r e m s s tr a h lu n g  e m is s io n .  The 

in co m in g  an d  o u tg o in g  e l e c t r o n  s t a t e s  e a c h  h a s  tw o p o s s i b l e  s p in  s t a t e s  

and  th e  o u tg o in g  p h o to n  can  b e  p o l a r i z e d  i n  any d i r e c t i o n .  However, we 

a r e  n o t  i n t e r e s t e d  i n  th e  d i r e c t i o n  o f  th e  s p in  o r  t h e  p o l a r i z a t i o n  o f  th e  

p h o to n . Hence a  sum m ation o v e r  t h e  p h o to n  an d  o u tg o in g  e l e c t r o n  p o l a r i z a ­

t i o n s  and  an a v e ra g in g  o v e r  t h e  i n i t i a l  p o l a r i z a t i o n s  o f  t h e  e l e c t r o n  

h av e  b e e n  p e rfo rm e d  i n  d e r iv in g  t h e  c r o s s - s e c t i o n  fo rm u la .

f o r

E m ploying  th e  same c o n s id e r a t i o n s  a s  u s e d  i n  d e r iv in g  th e  fo rm u la  

da
dJkdQ

-, Koch and  Motz p r e s e n te d  an  e x p r e s s io n ,  F o rm u la  3 BN, f o r  t h e
o

b re m s s tr a h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  i n  p h o to n  e n e rg y .  I t  i s  

e s s e n t i a l l y  t h e  f o l lo w in g :

da

dk
 2EdE

ee o + L
PoP

8e oE

5P0P

k ^ E ^ E 2 + P q2? 2 ) k  / /E qE + p 02 '

PoV
,€o -

E0E + p ‘
€ +

2PoP P o ' P

2kE0E

p S oV J

w here

2 In
E0E + p 0p -  1

k

eo = Zi Ep + Po

E0 “ Po,

6 = i d * + J L

\ E "  py
T hese c r o s s - s e c t i o n  fo rm u la s  hav e  b e e n  u s e d  i n  a co m p u te r p ro g ram  f o r  

t h e o r e t i c a l  c a l c u l a t i o n s .
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The a n g u la r  d i s t r i b u t i o n ,  l ( 9 Q) ,  o f  th e  e m i t t e d  r a d i a t i o n  i s  

a lm o s t p r o h i b i t i v e l y  c o m p lic a te d  when th e  e l e c t r o n  e n e rg y  i s  co m p arab le  

w i th  th e  r e s t  m ass e n e rg y  o f  t h e  e l e c t r o n  ( r e f .  l )  and  no g e n e r a l  

a n a l y t i c a l  o r  e m p i r ic a l  fo rm u la  c o r r e c t l y  e x p r e s s in g  th e  d i s t r i b u t i o n  

i s  a v a i l a b l e .  I n  p r e v io u s  b r e m s s tr a h lu n g  m easu rem en ts  ( r e f .  7) i t  

h a s  n e v e r t h e l e s s  b e e n  n o te d  t h a t  ev en  i n  c a s e s  w here u se  o f  th e  B orn 

a p p ro x im a tio n  seem ed u n j u s t i f i e d  t h e o r e t i c a l  e s t i m a t e s  b a s e d  on i t  have  

shown r e a s o n a b le  ag ree m en t w ith  m e asu re d  v a lu e s .  The b re m s s tr a h lu n g  

e n e rg y  i n t e n s i t y  e m i t t e d  i n  a  c e r t a i n  d i r e c t i o n  90 i s  o b ta in e d  by

m u l t ip l y in g  t h e  num ber o f  p h o to n s  o f  e n e rg y  k ,  . ^ e  p h o to n
d0o

e n e rg y  and  i n t e g r a t i n g  o v e r  a l l  p h o to n  e n e r g i e s

1 .0  MeV

The t o t a l  r a d i a t e d  e n e rg y  b e tw e e n  0 .4  and  1 .0  MeV i s  t h e n  s im p ly  c a l c u ­

l a t e d  by  i n t e g r a t i n g  l ( 9 0 ) o v e r  a l l  d i r e c t i o n s  i n  sp a c e .



CHAPTER I
EXPERIMENTAL APPARATUS AND PROCEDURE 

G e n e ra l

The e x p e r im e n ta l  a s se m b ly  i s  shown i n  f i g u r e  2 and  f i g u r e  3» A 

c y l i n d r i c a l  b r a s s  t a r g e t  cham ber was m ounted a t  t h e  end o f  th e  

a c c e l e r a t o r  beam tu b e .  T h ic k  t a r g e t s  w ere  p o s i t i o n e d  a t  t h e  c e n t e r  

o f  t h e  cham ber. The e l e c t r o n  beam was fo c u s e d  on th e  t a r g e t  and  

s t r u c k  i t  a t  n o rm al in c id e n c e .  I n  o r d e r  t o  m easu re  t h e  t o t a l  num ber 

o f  e l e c t r o n s  i n c id e n t  on t h e  t a r g e t  and  th e  num ber b a c k s c a t t e r e d  o n to  

t h e  cham ber, i t  was n e c e s s a r y  t o  e l e c t r i c a l l y  i s o l a t e  t h e  cham ber from  

b o th  t h e  beam tu b e  and  th e  s u p p o r t in g  d i s t r i b u t i o n  t a b l e .  By u se  o f  

vacuum pum ping s y s te m s , t h e  p r e s s u r e  in  t h e  t a r g e t  cham ber was re d u c e d  

t o  a p p ro x im a te ly  1 x  10” ^ m i l l i m e t e r s  o f  m e rc u ry  d u r in g  th e  m e asu re ­

m e n ts . F o r  c o n v e n ie n c e  and  f o r  p r o t e c t i o n  o f  e q u ip m e n t, vacuum v a lv e s  

w ere  p la c e d  in  t h e  beam tu b e  a s s e m b ly . One v a lv e  o f  p a r t i c u l a r  im p o r­

t a n c e  was t h e  g a t e  v a lv e  b e tw ee n  t h e  t a r g e t  cham ber and  t h e  beam tu b e .  

U se o f  t h i s  v a lv e  p e r m i t t e d  o p e n in g  th e  t a r g e t  cham ber w i th o u t  o p e n in g  

th e  beam tu b e  t o  a tm o s p h e r ic  p r e s s u r e .

T a r g e ts

T a r g e ts  u s e d  i n  t h e  e x p e r im e n t w ere  t h i c k  t a r g e t s ,  t h a t  i s ,  t h i c k  

enough  t h a t  i n c i d e n t  e l e c t r o n s  ex p ended  a l l  t h e i r  k i n e t i c  e n e rg y  i n  

t r a v e r s i n g  th e  t a r g e t .  The th i c k n e s s  o f  t h e  t a r g e t  was d e te rm in e d  from

10
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t h e  fo l lo w in g  K a tz  an d  P e n fo ld  ( r e f .  8 ) r e l a t i o n  f o r  t h e  ra n g e  o f  

e l e c t r o n s :

R(mg/cm2 ) = hl2En

w here

n = 1 .2 6 5  -  0 .0 9 5 ^  In E

E = k i n e t i c  e n e rg y  o f  t h e  e l e c t r o n  i n  MeV 

To a s s u r e  n e g l i g i b l e  t r a n s m is s i o n ,  t h e  a c t u a l  t a r g e t  t h i c k n e s s  was made 

10  p e r c e n t  g r e a t e r  th a n  th e  ra n g e  R. H igh p u r i t y  la n th an u m  t a r g e t s  

(Z = 5 7 ) ,  0 .0 2 8 8  in c h  t h i c k ,  w ere p r e p a r e d  f o r  u se  w i th  1 .0  MeV e l e c t r o n s .  

The t a r g e t s  w ere  c i r c u l a r  w i th  1 .0  in c h  d ia m e te r .  To m a in ta in  c l e a n l i ­

n e s s  and  t o  s u p p re s s  o x id a t io n ,  t h e  t a r g e t s  w ere  s t o r e d  i n  an  i n e r t  

n i t r o g e n  a tm o sp h e re  when n o t  i n  u s e .

T a rg e t  Chamber

The t a r g e t  cham ber was a  b r a s s  c y l in d e r  8 in c h e s  i n  d ia m e te r  and  

5 in c h e s  d eep . As shown i n  f i g u r e  t h e  cham ber was m ounted  a t  t h e  

c e n t e r  o f  a  5 2 - in c h - d ia m e te r  s t e e l  t a b l e ,  t h e  p e r im e te r  o f  w h ich  was 

m arked  such  t h a t  t h e  a n g u la r  p o s i t i o n  o f  t h e  d e t e c t o r  a ssem b ly  c o u ld  be  

a c c u r a t e l y  known t o  ± 0 .2 5 ° .  F o r  v ie w in g  p u r p o s e s ,  a  l / 2 - i n c h - t h i c k  

q u a r tz  c o v e r  was f i t t e d  t o  t h e  to p  o f  t h e  cham ber. The cham ber w a l l  was 

made v e r y  t h i n  ( a p p ro x im a te ly  0 .0 5  in c h )  a t  s e l e c t i v e l y  s p a c e d  p o s i t i o n s  

a lo n g  one s id e  o f  t h e  cham ber t o  m in im ize  a t t e n u a t i o n  o f  t h e  p e n e t r a t i n g  

b r e m s s tr a h lu n g  and  th e r e b y  in c r e a s e  th e  s t a t i s t i c a l  a c c u ra c y  o f  th e  

s p e c t r a l  m easu rem en ts  a t  t h e  f i v e  a n g u la r  s e t t i n g s  o f  15°* ^5°^ 75°*

105° ,  and  155°• The z e ro  d e g re e  r e f e r e n c e  p o s i t i o n  was ta k e n  a s  t h e  

c e n t e r l i n e  o f  t h e  beam  tu b e .  A s m a ll  sh aT t th ro u g h  th e  cham ber w a l l  was
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c o n n e c te d  t o  a  r e m o te ly  c o n t r o l l e d  m o to r  w h ich  w ould  r o t a t e  a  z i n c -  

s u l f i d e  b a c k e d  p ie c e  o f  t i t a n i u m  i n t o  t h e  t a r g e t  p o s i t i o n .  A lig n m en t 

o f  t h e  e l e c t r o n  beam was a c h ie v e d  th ro u g h  t e l e v i s i o n  o b s e r v a t io n  o f  th e  

f l u o r e s c e n t  p a t t e r n  c r e a t e d  by  e l e c t r o n s  n o rm a l ly  i n c id e n t  on t h e  z in c -  

s u l f i d e  s u r f a c e .

E l e c t r o n  Beam C u r r e n t  I n t e g r a t i o n

I t  was n e c e s s a r y  t o  know t h e  num ber o f  e l e c t r o n s  i n c i d e n t  on t h e  

t a r g e t  f o r  a  g iv e n  r u n .  T h is  was a c c o m p lish e d  by  e l e c t r i c a l l y  c o n n e c t­

in g  t h e  t a r g e t  t o  an E lc o r  c u r r e n t  i n t e g r a t o r  w h ich  r e g i s t e r e d  a  

c u m u la tiv e  c o u n t o f  t h e  e l e c t r o n s  s t r i k i n g  t h e  t a r g e t .  A l l  e l e c t r o n s  

e n t e r in g  t h e  cham ber w ere  d i r e c t e d  a t  t h e  t a r g e t ,  b u t  an  a p p r e c i a b l e  

f r a c t i o n  o f  t h e s e  w ere  b a c k s c a t t e r e d  from  t h e  t a r g e t  o n to  t h e  cham ber 

w a l l s .  The num ber o f  e l e c t r o n s  so  s t r i k i n g  t h e  cham ber was m easu red  

i n  t h e  same way a s  f o r  t h e  t a r g e t .  D u rin g  a l l  r u n s ,  t h e  c u r r e n t  i n c id e n t  

on th e  t a r g e t  was k e p t a t  a b o u t 2 x  10"9  am p e re s .

D e te c t in g  S ystem

B re m s s tra h lu n g  l e a v in g  t h e  t a r g e t  a t  an  a n g le  0O t o  t h e  i n c id e n t  

beam p a s s e d  th ro u g h  a  l / 2 - i n c h - d i a m e t e r  by  a  6 - in c h - lo n g  c o l l im a t in g  

c h a n n e l  i n  a  l e a d  c y l in d e r  w h ich  e n c lo s e d  a  s c i n t i l l a t i o n  d e t e c t o r .  The 

l e a d  s h ie l d e d  t h e  d e t e c t o r  so  t h a t  o n ly  t h o s e  p h o to n s  r e a c h in g  th e  

d e t e c t o r  th ro u g h  t h e  c o l l im a t in g  c h a n n e l w ould be  c o u n te d . The d e t e c t o r  

was a  2 - in c h  by 2 - in c h  sodium  i o d i d e ,  t h a l l i u m  a c t i v a t e d  c r y s t a l  m ounted  

on a  Dumont 6292  p h o to m u l t i p l i e r  t u b e .  As shown i n  f i g u r e  t h e  d e t e c t o r  

was 3 f e e t  from  t h e  t a r g e t  so  t h a t  t h e  s p o t  a t  w h ich  e l e c t r o n s  s t r u c k  

t h e  t a r g e t  c o u ld  be a p p ro x im a te d  by a  p o in t  s o u rc e  o f  b r e m s s tr a h lu n g  t o
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t h e  d e t e c t o r .  The d e t e c t o r  a s se m b ly  was on a  m ovable s u p p o r t  w h ich  

p e r m i t t e d  h o r i z o n t a l  a n g u la r  v a r i a t i o n  o f  t h e  d e t e c t o r  p o s i t i o n  w h ile  

k e e p in g  i t s  r a d i a l  d i s t a n c e  from  t h e  t a r g e t  c o n s t a n t .  A n o th e r  d e t e c t o r  

o f  t h e  same ty p e  was p la c e d  on t h e  d i s t r i b u t i o n  t a b l e  on th e  o th e r  s id e  

a t  an  a n g le  o f  6 0 °  t o  t h e  beam d i r e c t i o n .  T h is  l a t t e r  d e t e c t o r  a c t e d  a s  

a  m o n i to r  i n  p r o v id in g  a n  in s ta n ta n e o u s  i n d i c a t i o n  o f  t h e  b r e m s s tr a h lu n g  

i n t e n s i t y  a t  a l l  t im e s .  By n o t in g  v a r i a t i o n s  i n  c o u n t r a t e  a s  r e g i s t e r e d  

by t h i s  d e t e c t o r ,  we w ere  made aw are  o f  f l u c t u a t i o n s  i n  t h e  e l e c t r o n  beam 

i n t e n s i t y  an d  e n e rg y  a t  t h e  t a r g e t  p o s i t i o n .  The e l e c t r o n i c  c i r c u i t r y  

c o n s i s t e d  e s s e n t i a l l y  o f  an  e m p l i f i c a t i o n  sy s te m  w h ich  f e d  p u ls e s  i n t o  a  

TMC ^400-channel p u ls e  h e ig h t  a n a ly z e r  an d  s to r a g e  u n i t  (M odel No. k 0 2 ) . 

S p e c t r a l  d a t a  i n  t h e  a n a l y z e r ’s memory w ere  e l e c t r o n i c a l l y  p r i n t e d  o u t 

w i th  a n  IBM t y p e w r i t e r .

C o r r e c t io n  f o r  B ackground  

B re m s s tra h lu n g  s p e c t r a  o b ta in e d  f o r  t h e  la n th a n u m  t a r g e t  n e c e s s a r i l y  

in c lu d e d  a  b a c k g ro u n d  c o n t r i b u t i o n .  T h is  b ack g ro u n d  c o n t r i b u t i o n  can  be  

assum ed t o  a r i s e  o n ly  from  t h e  b r e m s s tr a h lu n g  c r e a t e d  by  b a c k s c a t t e r e d  

e l e c t r o n s  s t r i k i n g  t h e  b r a s s  t a r g e t  cham ber, s in c e  t h e  d e t e c t o r s  w ere  so  

s h ie l d e d  t h a t  an y  r a d i a t i o n  i n a d v e r t e n t l y  p ro d u c e d  anyw here e x c e p t  i n  t h e  

t a r g e t  cham ber c o u ld  n o t  b e  c o u n te d . From t h e  d ia g ra m  b e lo w , i t  i s  s e e n  

t h a t  when t h e  t a r g e t  i s  i n  p o s i t i o n ,  i s  t h e  t o t a l  c h a rg e  b a c k s c a t t e r e d

o n to  t h e  t a r g e t  cham ber.



Detector

B a c k s c a t t e r i n g  s h o u ld  b e  sy m m e tr ic a l a b o u t t h e  i n c i d e n t  beam so  we hav e  

ta k e n  t h e  p o in t  B a s  t h e  e f f e c t i v e  s i t e  o f  b a c k g ro u n d  s o u r c e s .  W ith  

t h e  t a r g e t  rem oved , we l e t  a  c h a rg e  s t r i k e  t h e  w a l l  o f  t h e  cham ber

an d  r e g i s t e r  c o u n ts .  T h en , s in c e  t h e  num ber o f  p h o to n s  d e t e c t e d  a t

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

c r e a t i n g  t h e  b r e m s s tr a h lu n g  and  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a re  

o f  t h e  d i s t a n c e  from  s o u rc e  t o  d e t e c t o r ,  t h e  c o u n ts  a r i s i n g  from  c h a rg e  

Qg w ou ld  b e  g iv e n  a s
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T h is  th e n  i s  t h e  b a c k g ro u n d  s u b t r a c t i o n  ( a f t e r  c o r r e c t i o n  f o r  c o u n t in g  

r a t e  e f f e c t s )  from  s p e c t r a l  m e asu re m en ts  o b ta in e d  w ith  t a r g e t s  i n  p o s i ­

t i o n  an d  an  a c c u m u la te d  b a c k s c a t t e r e d  c h a rg e  Q2 . Ey i n t e r p o l a t i o n  o f  

e x p e r im e n ta l  d a ta  ( r e f .  9 ) ,  i t  i s  fo u n d  t h a t  when 1 .0  MeV e l e c t r o n s  

im p in g e  n o rm a lly  on la n th a n u m , t h e  b a c k s c a t t e r e d  e l e c t r o n s  h av e  an  

a v e ra g e  e n e rg y  o f  a b o u t 0 .7  MeV. I n  a s s e s s i n g  th e  b a c k g ro u n a  c o n t r i b u ­

t i o n ,  we h av e  n o t a c c o u n te d  f o r  t h i s  e n e rg y  d i f f e r e n c e  b e c a u s e  t h e  t o t a l  

b a c k g ro u n d  c o n t r i b u t i o n  i s  v e ry  s m a l l .  H ence, any e r r o r  e n t a i l e d  i n  

ig n o r in g  t h e  e n e rg y  d i f f e r e n c e  w ou ld  b e  n e g l i g i b l y  s m a l l .



CHAPTER II

COMPUTATIONAL MODEL

The c r o s s - s e c t i o n  fo rm u la  a s  p r e s e n te d  p e r t a i n s  t o  t h e  c a s e  i n  

'w hich a  s in g l e  e l e c t r o n  n o rm a lly  i n c i d e n t  on  t h e  t a r g e t  c o l l i d e s  w ith  

an  atom  and  i s  d e f l e c t e d  fro m  i t s  o r i g i n a l  d i r e c t i o n  and  e m its  a  p h o to n . 

T h is  i s  an  i d e a l i z e d  s i t u a t i o n ,  f o r  i n  t h e  t h i c k - t a r g e t  c a s e  t h e  e l e c ­

t r o n  may e x p e r ie n c e  many d e f l e c t i v e  c o l l i s i o n s  b e f o r e  b r e m s s tr a h lu n g  

e m is s io n  o r  t e r m in a t io n  o f  i t s  t r a v e r s a l  o f  t h e  t a r g e t .  To o b ta in  

t h e o r e t i c a l  e s t i m a t e s  o f  t h e  b re m s s tr a h lu n g  s p e c tru m , we m ust t h e r e f o r e  

e s t a b l i s h  a p h y s i c a l  m odel w h ich  a p p r o p r i a t e l y  r e p r e s e n t s  t h e  t h i c k -  

t a r g e t  c a s e .  Such a  p h y s i c a l  m odel h a s  b e e n  e s t a b l i s h e d  an d  p ro g ram ed *  

f o r  co m p u te r u se  i n  p r e d i c t i n g  b r e m s s tr a h lu n g  s p e c t r a ,  an d  t h e o r e t i c a l  

v a lu e s  o b ta in e d  w ith  i t  a r e  p r e s e n t e d  a lo n g  w i th  e x p e r im e n ta l  r e s u l t s .

The t h i c k  t a r g e t  i s  d iv id e d  i n t o  a  l a r g e  num ber o f  e q u a l  e n e rg y  l o s s  

s t r i p s ,  th e r e b y  a p p ro x im a tin g  a  la m in a r  s t r u c t u r e  o f  t h i n  t a r g e t s .

E ach  s t r i p  i s  o f  su ch  t h i c k n e s s  t h a t  a n  in co m in g  e l e c t r o n  l o s e s  10  KeV 

o f  i t s  k i n e t i c  e n e rg y  a s  i t  c i r c u i t o u s l y  t r a v e r s e s  t h e  s t r i p .  I t  i s  

assum ed t h a t  a l l  i n c i d e n t  e l e c t r o n s  a r e  s to p p e d  i n  t h e  t a r g e t  w i th  none 

b a c k s c a t t e r e d .  The a n g u la r  d i s t r i b u t i o n  o f  e l e c t r o n s  r e s u l t i n g  from  

m u l t i p l e  s c a t t e r i n g  i n  e a c h  s t r i p  i s  c a l c u l a t e d  u s in g  t h e

* H ie o r e t i c a l  v a lu e s  h av e  b e e n  p ro v id e d  by C h r is  G ro ss , NASA, L an g ley  
R e s e a rc h  C e n te r ,  Ham pton, V i r g in i a .
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G o u d sra it-S a u n d e rso n  th e o r y  ( r e f .  1 0 ) .  The p r o g r e s s  o f  t h e  e l e c t r o n  i s  

fo llo w e d  by  s im p ly  l e t t i n g  i t  p a s s  in c r e m e n ta l ly  th ro u g h  a  s e r i e s  o f  

e n e rg y  v a lu e s  ra n g in g  from  E0 t o  0 .

F o r  t h e  p u rp o s e  o f  d e te rm in in g  t h e  e l e c t r o n  d i s t r i b u t i o n ,  i t  was 

assum ed t h a t  t h e  e l e c t r o n  l o s e s  e n e rg y  o n ly  by c o l l i s i o n  w i th  a to m ic  

e l e c t r o n s .  T h is  i s  a  v a l id  a p p ro x im a tio n  f o r  e l e c t r o n s  o f  a  few  MeV o r  

l e s s ,  f o r  a t  t h e s e  e n e r g i e s  t h e  n e g le c te d  b r e m s s tr a h lu n g  e n e rg y  l o s s  

i s  o n ly  a  s m a ll  f r a c t i o n  o f  t h e  t o t a l  e n e rg y  l o s s  ( r e f .  l ) .  The d i s t r i ­

b u t io n  i n  e n e rg y  and  d i r e c t i o n  o f  t h e  e l e c t r o n  i s  d e te rm in e d  f o r  e v e ry  

10 keV i n t e r v a l  b e tw een  E0 an d  0 . As u se d  in  th e s e  c o m p u ta tio n s ,  t h e  

G o u d sm it-S a u n d e rso n  a n g u la r  d i s t r i b u t i o n  fo rm u la  f o r  m u l t i p l e  s c a t t e r i n g  

d e f l e c t i o n s  i s  g iv e n  by  ( r e f .  11 )

L r

^  + ^ je x p  -  j  Gz ( s ' ) d s f

1=0 L °
P z (c o s  T})

w here

Cri(s)  = 2ttN P  c t (p ,s )
^ o

1 -  P ^ (c o s  p ) s i n  p dp

an d  i n d i v i d u a l  p a ra m e te r s  a r e  d e f in e d  a s  f o l lo w s :

= s c a t t e r e d  e l e c t r o n  i n t e n s i t y  i n  t h e  d i r e c t i o n  r) 

t] = t h e  d i r e c t i o n  o f  t h e  e l e c t r o n  a f t e r  e x p e r ie n c in g  m u l t i p l e  s c a t t e r i n g  

i n  t r a v e r s i n g  s 

p = t h e  d i r e c t i o n  o f  t h e  e l e c t r o n  a f t e r  i t s  f i r s t  c o l l i s i o n
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a r ( i_l, s ) = c r o s s  s e c t i o n  f o r  e l e c t r o n  s i n g l e  s c a t t e r i n g  th ro u g h  an  a n g le  p. 

s = p a t h le n g th  t r a v e r s e d  b e tw een  e a c h  10 keV e n e rg y  i n t e r v a l  

L = v a lu e  o f  t h e  L eg en d re  p o ly n o m ia l in d e x  a t  w h ich  c o n v e rg e n c e  i s  a c h ie v e d  

N = a to m ic  d e n s i t y  o f  t h e  t a r g e t  m a t e r i a l

The g eo m etry  f o r  b r e m s s tr a h lu n g  p r o d u c t io n  i s  d e p ic t e d  i n  f i g u r e  1 .

H aving  d e te rm in e d  t h e  num ber o f  e l e c t r o n s  o f  a  g iv e n  e n e rg y  and 

d i r e c t i o n ,  one u s e s  t h e  B e t h e - H e i t l e r  b re m s s tr a h lu n g  c r o s s  s e c t i o n  t o  

e s t i m a t e  t h e  b r e m s s tr a h lu n g  d i s t r i b u t i o n  a c c o rd in g  t o  th e  fo rm u la

p E  n i x  n 2 i x  /  \  l * ( k ) t

I(e° ’k) =J0 J 0 J 0 N(E)W ^ d f c ) e  2cos9° a* an as

w here  N(E) i s  t h e  num ber o f  a tom s w h ich  may b e  e n c o u n te re d  by  an  

e l e c t r o n  o f  e n e rg y  E j i-i(k) i s  t h e  c o e f f i c i e n t  f o r  t a r g e t  a b s o r p t io n  

o f  b re m s s tr a h lu n g  p h o to n s  o f  e n e rg y  k ; and  t  i s  t h e  t a r g e t  t h i c k n e s s .

I n  co m p u tin g  t h e  p h o to n  a b s o r p t i o n  i t  was assum ed t h a t  a l l  p h o to n s  

em an ated  from  t h e  p h y s i c a l  m id p o in t o f  t h e  t a r g e t .  The t r i p l e  i n t e g r a l  

i s  t h e n  t h e  b r e m s s tr a h lu n g  i n t e n s i t y  o f  e n e rg y  k  a t  e m is s io n  a n g le  90 .



CHAPTER III

DATA ANALYSIS

The m e asu re d  b r e m s s tr a h lu n g  s p e c t r a  a t  U50 and  1 0 5 ° a r e  p r e s e n te d  

i n  f i g u r e  6 an d  f i g u r e  7* T h ese  a r e  r e p r e s e n t a t i v e  o f  t h e  s p e c t r a  a t  

a l l  a n g l e s .  T h ese  f i g u r e s  p r e s e n t  t h e  raw  d a t a  w h ich  have  n o t  b een  

c o r r e c t e d  f o r  b a c k g ro u n d , c o u n t in g  r a t e ,  and  a b s o r p t i o n  e f f e c t s .  The 

c o r r e s p o n d in g  raw  b ack g ro u n d  s p e c t r a  a r e  p r e s e n te d  i n  f i g u r e  8 and  

f i g u r e  9*

A f te r  b ack g ro u n d  and  c o u n t in g  r a t e  c o r r e c t i o n s ,  t h e  n e x t  s t e p  in  

d a t a  a n a l y s i s  was t h a t  o f  " s t r i p p i n g "  t h e  sp e c tru m . S t r i p p i n g  i s  

n e c e s s a r y  b e c a u se  t h e  s c i n t i l l a t i o n  d e t e c t o r  i s  in c a p a b le  o f  m aking  

f a u l t l e s s  e n e rg y  i d e n t i f i c a t i o n  o f  th e  p h o to n s .  T h a t i s ,  upon d e t e c t i o n ,  

p h o to n s  o f  a  d i s c r e t e  e n e rg y  can  r e g i s t e r  a s  h a v in g  an  e n e rg y  s p re a d  

r a n g in g  from  z e ro  t o  th e  f u l l  p h o to n  e n e rg y . H ence, r e s o l u t i o n  

in a c c u r a c i e s  a r e  i n h e r e n t  i n  t h e  s p e c t r a l  d a t a .  To c o r r e c t  f o r  t h i s  

r e s o l u t i o n  e r r o r ,  one m ust o b t a in  a  r e p r e s e n t a t i o n  o f  th e  c r y s t a l ' s  

r e s o l u t i o n  c h a r a c t e r i s t i c s .  T h is  i s  a c c o m p lish e d  by  r e c o r d in g  th e  c a l i b r a ­

t i o n  s p e c t r a  o b ta in e d  from  m o n o e n e rg e tic  gammas e m it te d  by Na22 ( 0 .3 1  and  

1 .2 8  MeV), C s ^ T  ( 0 .6 6 7  MeV), and  Co^O ( 1 .1 7  and  1 .3 3  MeV). T hese  c a l i b r a ­

t i o n  s p e c t r a  a r e  shown In  f i g u r e s  10 an d  11 . The c o n t r i b u t i o n  i n  c o u n ts  

from  th e  C o ^  1 .3 3  MeV p e a k  t o  t h e  1 .1 7  MeV p e a k  was o b ta in e d  by f i r s t  

n o t in g  t h a t  t h e  e n e rg y  d i f f e r e n c e  b e tw een  th e s e  tw o p e a k s  i s  0 . l 6  MeV.

T hen , r e f e r r i n g  t o  t h e  1 .2 8  MeV p e a k  o f  Na2 2 , t h e  num ber o f  c o u n ts  i n

19
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t h e  c h a n n e l c o r r e s p o n d in g  t o  1 .2 8  -  0 . l 6  = 1 .1 2  MeV was ta k e n  a s  t h e  

c o n t r i b u t i o n  w h ich  t h e  C o ^  1*33 MeV p e a k  made t o  t h e  1 .1 7  MeV p e a k .

By t h i s  p ro c e d u re  t h e  c o r r e c t  num ber o f  c o u n ts  p  i n  t h e  1 .1 7  MeV p e a k  

was a s c e r t a i n e d .  I n  t h e  sp e c tru m  from  Na22 a s  shown in  f i g u r e  1 0 , th e  

c o u n t l e v e l  due t o  t h e  1 .2 8  MeV gammas was a p p ro x im a te ly  c o n s ta n t  b e tw een  

c h a n n e ls  120 an d  2 2 0 . T hen , by  e x t r a p o l a t i n g  t h i s  c o n s ta n t  c o u n t l e v e l  

t o  t h e  l e f t ,  we d e te rm in e d  th e  c o n t r i b u t i o n  u n d e r  t h e  0 . 5 H  MeV p e a k  due

t o  t h e  1 .2 8  MeV gammas. T h u s , we e s t im a te d  t h e  num ber o f  c o u n ts  i n  t h e

0 .5 1 1  MeV p e a k .

By d e te rm in in g  t h e  a r e a  u n d e r  e a c h  o f  t h e s e  c a l i b r a t i o n  c u r v e s ,  we 

o b ta in  t h e  t o t a l  num ber o f  c o u n ts  a t t r i b u t a b l e  t o  e a c h  o f  t h e s e  d i s c r e t e

e n e rg y  p h o to n s .  T hen , know ing t h e  h e ig h t  p  ( i n  c o u n ts )  o f  t h e  t o t a l

c a p tu r e  p e a k  i n  e a c h  o f  t h e s e  c a l i b r a t i o n  s p e c t r a ,  t h e  r a t i o  o f  p e a k  

h e i g h t  t o  t o t a l  c o u n ts  i s  d e te rm in e d .  T hese  r a t i o s  a r e  c h a r a c t e r i s t i c  

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

f u n c t i o n  o f  p h o to n  e n e rg y .

Upon d iv i d in g  th e  b re m s s tr a h lu n g  sp e c tru m  i n t o  50 keV w id e  b r a c k e t s ,  

a  p r o f i l e  o f  t h e  n e a r e s t  e n e rg y  c a l i b r a t i o n  p e a k  i s  su p e rim p o se d  on th e  

h i g h e s t  e n e rg y  b r a c k e t .  The c a l i b r a t i o n  p r o f i l e  i s  th e n  m a tch ed  t o  t h e  

mean h e ig h t  o f  t h e  50 keV e n e rg y  b r a c k e t .  T h is  p r o f i l e  o f  an  a c c u r a t e l y  

known m o n o e n e rg e tic  p h o to n  e s t a b l i s h e d  a  p u ls e  r e p r e s e n t a t i o n  f o r  t h a t  

p a r t i c u l a r  mean e n e rg y  i n  t h e  in c re m e n t .  By s u b t r a c t i o n  o f  t h e  p r o f i l e  

from  t h e  s p e c tru m , t h e  c o n t r i b u t i o n  o f  t h a t  p u ls e  was rem oved . The same 

p ro c e d u re  was fo l lo w e d  f o r  a l l  t h e  re m a in in g  50 keV w id e  b r a c k e t s .  F o r  

e a c h  b r a c k e t ,  t h e  mean p h o to n  e n e rg y  and  t h e  c o r r e c t e d  t o t a l  c a p tu r e  p e a k  

i n t e n s i t y  a r e  th e n  known. By r e f e r r i n g  t o  th e  c a l i b r a t i o n  c u rv e  o f  p e a k
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i n t e n s i t y  t o  t o t a l  c o u n ts  p l o t t e d  a g a i n s t  e n e rg y , one can  d e te rm in e  th e  

r a t i o  f o r  t h e  mean b r a c k e t  e n e rg y . W ith  t h i s  r a t i o  and  t h e  t o t a l  c a p tu r e  

p e a k  i n t e n s i t y ,  one can  d e te rm in e  t h e  c o r r e c t e d  num ber o f  p h o to n s  a t  e a c h  

mean e n e rg y .  A d d i t i o n a l l y ,  t h e  d e t e c t i o n  e f f i c i e n c y  o f  t h e  sodium  io d id e  

c r y s t a l  was a  f u n c t io n  o f  p h o to n  e n e rg y  a s  shown i n  f i g u r e  12 ( r e f .  1 2 ) .  

H ence, a  c o r r e c t i o n  f o r  d e t e c t o r  e f f i c i e n c y  was a p p l i e d  a lo n g  w i th  a  f i n a l  

c o r r e c t i o n  f o r  b r e m s s tr a h lu n g  a t t e n u a t i o n  in  t h e  a3.uminum c o v e r  o f  t h e  

c r y s ta l ,  and  t h e  w a l l s  o f  t h e  t a r g e t  cham ber. No c o r r e c t i o n  was made f o r  

p h o to n  a b s o r p t i o n  i n  t h e  t a r g e t ,  a s  a  n u m e r ic a l  e v a lu a t io n  o f  t h e  e x p o n e n t ia l  

a t t e n u a t i o n  f u n c t i o n  i n d i c a t e d  t h a t  a b s o r p t i o n  o f  p h o to n s  i n  t h e  e n e rg y
i

r a n g e  we a r e  c o n s id e r in g  was n e g l i g i b l y  s m a l l .  S t r i p p i n g  an d  a p p l i c a t i o n  

o f  t h e  c o r r e c t i o n s  t r a n s fo rm e d  t h e  d a t a  t o  a  fo rm  w h ich  c o u ld  b e  com pared  

w i th  t h e o r y .



CHAPTER IV

EXPERIMENTAL RESULTS

A n g u la r  D i s t r i b u t i o n  

The m e a su re d  a n g u l a r  d i s t r i b u t i o n  o f  O .k  MeV t o  1 . 0  MeV p h o to n s  

i s  shown i n  f i g u r e  13- F o r  c o m p a r is o n ,  t h e  a n g u l a r  d i s t r i b u t i o n  a s  

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

F o r  i n c i d e n t  e l e c t r o n s  o f  an  e n e r g y  c o m p a ra b le  w i th  t h e  e l e c t r o n  

r e s t  e n e r g y ,  no g e n e r a l  a n a l y t i c a l  o r  e m p i r i c a l  f o rm u la  c o r r e c t l y  

e x p r e s s in g  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h i c k - t a r g e t  b r e m s s t r a h lu n g  i s  

a v a i l a b l e .  U s in g  a  l e a s t  s q u a r e s  c u rv e  f i t t i n g  p r o c e d u r e  w i th  t h e  

f i v e  m e a su re d  v a l u e s  on  t h e  e x p e r i m e n t a l  c u r v e ,  an  e x p r e s s i o n  f o r  t h e  

a n g u l a r  d i s t r i b u t i o n  h a v in g  a  maximum o f  f o u r  t e r m s  w as p e r m i t t e d .

The f o rm u la  w as e x p r e s s e d  i n  te r m s  o f  a r b i t r a r i l y  c h o s e n  L e g e n d re  

p o ly n o m ia l  f u n c t i o n s  h a v in g  t h e  fo rm

W(0O) = a Q + a^ P ]_ (c o s  0Q) + 0^ 2 ( c o s  9Q) + a ^ P ^ ( c o s  0Q)

w h ere  t h e  c o e f f i c i e n t s  w e re  fo u n d  t o  h a v e  t h e  f o l l o w i n g  v a l u e s :  

a Q = 8.14-2 X 1 0 - 6  0 2  = 3 .^ 5  X 1 0 "6

a x -  6 .5 6  X 1 0 *"6  0 3  = 2 .1 0  x  1 0 - 6

C r o s s - S e c t io n  D i f f e r e n t i a l  i n  P h o to n  E n e rg y  a n d  A n g le

The d i f f e r e n t i a l  c r o s s  s e c t i o n ,  ——— , f o r  p r o d u c t i o n  o f  p h o to n s
d k d 0Q

o f  e n e rg y  i n  t h e  r a n g e  k  a n d  k  + dk a t  a n  a n g le  b e tw e e n  0Q a n d

2 2
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90 + d0o i s  p r e s e n t e d  i n  f i g u r e s  14  th r o u g h  18 a s  a  f u n c t i o n  o f  p h o to n

e n e r g y .  I t  i s  e m p h a s iz e d  t h a t  t h e s e  v a l u e s  c o n s t i t u t e  a  t h i c k - t a r g e t

m e a su re m e n t o f  t h e  c r o s s  s e c t i o n  i n  c o n t r a s t  t o  t h e  v a l u e s  one m ig h t

o b t a i n  i n  t h e  m ore i d e a l i s t i c  c a s e  o f  a  t h i n - t a r g e t  m e a su re m e n t. T h is

p o i n t  i s  s t r e s s e d  b e c a u s e  o f  t h e  d i f f e r e n c e  b e tw e e n  t h e  t h i c k - t a r g e t

c a s e  i n  w h ic h  t h e  e l e c t r o n  i s  m u l t i p l y  s c a t t e r e d  i n  i t s  t r a v e r s a l  o f

t h e  t a r g e t  a n d  t h e  t h i n - t a r g e t  c a s e  i n  w h ic h  t h e  e l e c t r o n  i s  s i n g l y

s c a t t e r e d  th r o u g h  a  n e g l i g i b l y  s m a l l  a n g le  i n  p a s s i n g  th r o u g h  t h e  t a r g e t .

I n t e g r a t i n g  —  o v e r  a n g le s  y i e l d s  ^ , t h e  d i f f e r e n t i a l  c r o s s  
dkd90 dk

s e c t i o n  f o r  p r o d u c t i o n  o f  p h o to n s  o f  e n e r g y  i n  t h e  r a n g e  k  a n d  k  + d k . 

M e a su re d  a n d  t h e o r e t i c a l  v a l u e s  a r e  shown i n  f i g u r e  1 9 .

E f f i c i e n c y  f o r  B re m s s tr a h lu n g  P r o d u c t io n  

When e l e c t r o n s  e x p e n d  a l l  o f  t h e i r  k i n e t i c  e n e rg y  i n  t h e  t a r g e t ,  

t h e  e f f i c i e n c y  f o r  b r e m s s t r a h lu n g  p r o d u c t i o n  i s  t h e  r a t i o  o f  b r e m s s t r a h ­

lu n g  r a d i a t e d  t o  t h e  e n e r g y  o f  t h e  in c o m in g  e l e c t r o n .  The t o t a l  e n e r g y ,

I ,  r a d i a t e d  a s  p h o to n s  h a v in g  e n e r g i e s  f ro m  0 . 4  MeV t o  1 . 0  MeV i s  o b t a in e d  

b y  i n t e g r a t i n g  t h e  i n t e n s i t y  W(9Q ) o v e r  a l l  a n g l e s :

I  = J  W(0o )dft = 2 jt J  W(0o ) s i n  90 d9 0

From  t h i s  i n t e g r a t i o n ,  i t  w as fo u n d  t h a t  t h e  e x p e r i m e n t a l  v a lu e  f o r  t h e  

e f f i c i e n c y  f o r  b r e m s s t r a h lu n g  i n  t h e  r a n g e  0 .4  MeV t o  1 . 0  MeV i s  

0 .6 3  p e r c e n t .  The c o m p u ta t io n a l  m o d e l p r e d i c t e d  a n  e f f i c i e n c y  o f

0 .5 1  p e r c e n t .



CHAPTER V

CONCLUSIONS

From t h e  d a t a  p r e s e n te d  h e r e i n ,  t h e  f o l lo w in g  c o n c lu s io n s  a r e  

d e r i v e d :

1 . ( a )  U sin g  t h e  c o m p u ta t io n a l  m odel d e s c r ib e d  h e r e i n ,  com puted 

v a lu e s  o f  t h e  b r e m s s tr a h lu n g  i n t e n s i t y  f o r  p h o to n s  o f  e n e rg y  g r e a t e r  th a n

O.h MeV a r e  b e lo w  t h e  m e asu re d  v a lu e s  a t  a l l  a n g le s  a s  shown by c o m p a riso n  

i n  f i g u r e  13* I t  i s  a l s o  shown t h a t  t h e  d i f f e r e n c e  b e tw een  t h e s e  t h e o r e t l  

c a l  an d  e x p e r im e n ta l  v a lu e s  d e c r e a s e s  w i th  i n c r e a s in g  e m is s io n  a n g le .

2 . ( a )  As shown i n  f i g u r e  1^ th ro u g h  f i g u r e  1 8 , t h e  e x p e r im e n ta l

d i f f e r e n t i a l  c r o s s  s e c t i o n ,  - 2 2 — i s a  sm o o th ly  d e c r e a s in g  f u n c t i o n  o f
dkd0o

p h o to n  e n e rg y  a t  a l l  a n g le s .

(b )  M easu red  v a lu e s  o f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  a t  

p h o to n  e n e r g i e s  g r e a t e r  th a n  a b o u t 0 .7  MeV a r e  b e lo w  t h e  c a l c u l a t e d  

e s t i m a t e s ;  f o r  s m a l le r  e n e r g i e s  t h e  r e v e r s e  i s  t r u e .  T h is  d i f f e r e n c e  i s  

a t t r i b u t e d  i n  p a r t  t o  t h e  f a c t  t h a t  e x p e r im e n ta l  m easu rem en ts  w i th  t h i c k  

t a r g e t s  a r e  c o m p lic a te d  by  e l e c t r o n  b a c k s c a t t e r i n g  from  th e  t a r g e t .

H ow ever, t h e  t h e o r e t i c a l  an d  e x p e r im e n ta l  r e s u l t s  a r e  i n  a g ree m en t 

w i th i n  a  f a c t o r  o f  2 a t  a l l  p h o to n  e n e r g i e s .
d 0 ,

( c )  A t s m a l le r  p h o to n  e n e r g i e s ,  e x p e r im e n ta l  v a lu e s  o f

a r e  o f  t h e  same o r d e r  o f  m a g n itu d e  f o r  a l l  a n g l e s ,  w h e reas  a t  t h e  h ig h e r

2k
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p h o to n  e n e r g i e s  t h e i r  m a g n itu d e  v a r i e s  g r e a t l y  w i th  a n g le .  F o r  ex am p le ,

a t  a  p h o to n  e n e rg y  o f  0 .^ 0  MeV, t-tVo ■ f o r  t h e  1 5 °  c a s e  i s  5 .5  t im e s
QKCLy o

—  a t  155 ° 3  "but a t  0 .9 7  MeV t h e  v a lu e  a t  1 5 °  i s  60  t im e s  t h a t  a t  
dk.d9o
1 5 5 ° .

(d ) I n  g e n e r a l ,  e x p e r im e n ta l  an d  t h e o r e t i c a l  v a lu e s  o f dkd0o

te n d  to w a rd  c l o s e r  ag re e m e n t a t  b ack w ard  a n g le s .

5 .  ( a )  The r e a s o n a b ly  good  ag ree m en t b e tw e e n  t h e  e x p e r im e n ta l

e f f i c i e n c y  (0 .6 5  p e r c e n t )  an d  th e  com puted  v a lu e  (0 .5 1  p e r c e n t )  a f f i r m s  

t h e  g e n e r a l  ad eq u acy  o f  t h e  c o m p u ta t io n a l  m odel i n  w h ich  th e  B orn  a p p r o x i ­

m a tio n  h a s  b e e n  em ployed  u n d e r  c o n d i t io n s  w here  i t  i s  e x p e c te d  t o  f a i l .
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T a r g e t  c h a m b e r

D i s t r i b u t i o n  t a b le

Beam tube

V a c u u m  p u m p

V a c u u m  c r o s s

E x te n s io n  t u b e

B e a m  f o c u s i n g  m a g n e t s

T o  D y n a m i c  r u n  A c c e l e r a t o r

F ig u re  3* - E x p e rim e n ta l assem bly  f o r  b re m ss tra h lu n g  m easurem ent.
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Stationary detector

Distribution table -

6 0
Bellows

Beam tube

3 6T arget chamber

Rotating arm

Lead collimator

Moveable detector

Support for 
collimator

F ig u re  S chem atic  o f  th e  d e te c to r  a rra n g em en t.
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F ig u re  13*- Com parison o f  t h e o r e t i c a l  and e x p e r im e n ta l a n g u la r  
d i s t r i b u t i o n  o f  0 .4  t o  1 .0  MeV b re m ss tra h lu n g  e m itte d  when 
1 .0  MeV e le c t r o n s  bombard t h i c k  lan thanum  t a r g e t s .  The 
e n c i r c le d  p o in t s  a r e  th e  B o rn -a p p ro x im a tio n  t h e o r e t i c a l  
b re m ss tra h lu n g  i n t e n s i t i e s .
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F ig u re  1^+.- B re m ss tra h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  w ith  r e s p e c t  t o  
p h o to n  en erg y  and e m iss io n  a n g le  f o r  1 .0  MeV e le c t r o n s  on lan thanum . 
The e n c i r c le d  p o in ts  a r e  th e  B o m -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  
s e c t io n .  The p h o to n  e m iss io n  a n g le  i s  15°•
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F ig u re  1 0 .-  B re m ss tra h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  w ith  r e s p e c t  t o  
p h o to n  en erg y  and e m iss io n  a n g le  f o r  1 .0  MeV e le c t r o n s  on lan thanum . 
The e n c i r c le d  p o in t s  a re  th e  B o rn -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  
s e c t io n .  The p h o to n  e m iss io n  a n g le  i s  0 0 ° .
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F ig u re  16 . -  B re m ss tra h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  w ith  r e s p e c t  to  
p h o to n  en e rg y  and e m iss io n  a n g le  f o r  1 .0  MeV e le c t r o n s  on lan thanum . 
The e n c i r c le d  p o in t s  a r e  th e  B o rn -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  
s e c t io n .  The p h o to n  e m iss io n  a n g le  i s  75°•
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Photon energy - MeV

F ig u re  17*- B re m ss tra h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  w ith  r e s p e c t  t o  
p h o to n  en erg y  and e m iss io n  a n g le  f o r  1 .0  MeV e le c t r o n s  on lan thanum . 
The e n c i r c le d  p o in t s  a r e  th e  B o rn -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  
s e c t io n .  The p h o to n  e m iss io n  a n g le  i s  105°•
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F ig u re  l 8 . -  B re m ss tra h lu n g  c r o s s - s e c t i o n  d i f f e r e n t i a l  w ith  r e s p e c t  to  
p h o to n  en erg y  and e m iss io n  a n g le  f o r  1 .0  MeV e le c t r o n s  on lan thanum . 
The e n c i r c l e d  p o in ts  a re  th e  B o rn -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  
s e c t io n .  The p h o to n  e m iss io n  a n g le  i s  135°•
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F ig u re  1 9 •-  Dependence o f  th e  b re m ss tra h lu n g  c ro s s  s e c t io n  in te g r a te d  
o v e r p h o to n  e m iss io n  a n g le  on th e  p h o to n  en erg y  f o r  1 .0  MeV e le c t r o n s  
in c id e n t  on a  lan thanum  t h i c k  t a r g e t .  The e n c i r c le d  p o in ts  a r e  th e  
B o rn -a p p ro x im a tio n  t h e o r e t i c a l  c ro s s  s e c t io n s .
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