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-------- ABSTRACT 

M e a s u r e m e n t s  h a v e  b e e n  made by t h e  
time-of-f l i g h t  t e c h n i q u e  of  t h e  n e u t r o n  
e n e r g y  s p e c t r a  o b s e r v e d  a t  z e r o  d e g r e e s  
from t h e  7 L i ( p , n )  % e  r e a c t i o n  u s i n g  41-  
a n d  64-MeV i n c i d e n t  p r o t o n s .  The 
n e u t r o n  p r o d u c t i o n  cross s e c t i o n s  for 
t h e  f a s t  f o r w a r d  p e a k  ( c o r r e s p o n d i n g  t o  
e x c i t a t i o n  of  t h e  g r o u n d  and  f irst  
e x c i t e d  s t a t e s  of R e )  h a s  b e e n  f o u n d  t o  
b e  33 2 6 mb/sr a t  a mean e n e r g y  o f  39 
M e V  a n d  36  2 4 mb/sr a t  60 M e V .  T h e s e  
r e s u l t s  a r e  c o m p a r e d  w i t h  t h c s e  r e p o r t e d  
e l s e w h e r e  a n d  t h e  s u i t a b i l i t y  of s u c h  
7 ~ i  targets a s  a s o u r c e  of monoenergetic 
n e u t r o n s  i s  discussed. 
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FAST FORWARD NEUTRON PRODUCTION 
IN THE 7 L i ( p , n )  7Be  REACTT9N 

FOR 41-MeV AND 64-MeV PROTONS 

T h e r e  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  i n  t h e  d e v e l o p m e n t  

of a p r a c t i c a l  t a r g e t  for t h e  p r o d u c t i o n  of a m o n o e n e r g e t i c ,  

medium-energy  n e u t r o n  beam u s i n g  p r o t o n s  i n  t h e  e n e r g y  r a n g e  

40-60 M e V .  W h i t e h e a d l )  p o i n t e d  o u t  t h e  s u i t a b i l i t y  of 

l i t h i u m  t a r g e t s ,  s i n c e  more t h a n  h a l f  of t h e  n e u t r o n s  

e m i t t e d  i n  t h e  f o r w a r d  d i r e c t i o n  f a l l  i n  a n a r r o w  e n e r g y  

band.  S t u d i e s  of t h e  % i ( p , n ) 7 B e  cross s e c t i o n s  a t  30- a n d  

50-MeV by B a t t y ,  2% ~ 2 . 2 ’ 3 )  a n d  a t  94 M e V  by L a n g s f o r d 4 )  

show t h a t  t h i s  “ fas t9q  p e a k  c o r r e s p o n d s  t o  t r a n s i t i o n s  t o  t h e  

g r o u n d  s t a t e  (Q=-1.68 M e V )  a n d  t o  t h e  first e x c i t e d  s t a t e  

(0.43 M e V  of e x c i t a t i o n )  i n  %e. Yungerman, h a v e  

m e a s u r e d  t h e  cross s e c t i o n  c o r r e s p o n d i n g  t o  t h i s  p e a k  a t  

E =29.2  M e V  and  39.2 MeV a n d  Ander son  et 21.6 a t  10-20 MeV. 

I n  t h i s  p a p e r  we r e p o r t  m e a s u r e m e n t s  made b y  t h e  

t i m e - o f - f l i g h t  t e c h n i q u e  of t h e  f a s t  forward n e u t r o n  

p r o d u c t i o n  i n  1.4- t o  2-MeV t h i c k  l i t h i u m  t a r g e t s  by  41- a n d  

64-MeV p r o t o n s .  

B u r s t s  of p r o t o n s ,  a b o u t  1 n s  i n  w i d t h ,  were p r o d u c e d  

by t h e  O a k  R i d g e  I s o c h r o n o u s  C y c l o t r o n .  U s i n g  

r a d i o - f r e q u e n c y  d e f l e c t i o n ,  o n e  of e v e r y  7 p r o t o n  b u r s t s  was 

p e r m i t t e d  t o  p a s s  t h r o u g h  t h e  e n t r a n c e  s l i t  of a 1 5 3 - d e g r e e  

a n a l y z i n g  magne t ,  s o  t h a t  t h e  b u r s t  s e p a r a t i o n  a t  t h e  t a r g e t  

was g r e a t e r  t h a n  300 n s . 7 )  The  beam was f o c u s s e d  on a 

l i t h i u m  t a r g e t  p l a c e d  a t  t h e  e n t r a n c e  of a 1 7 - d e g r e e  b e n d i n g  
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maqne t  w h i c h  c l e a r e d  t h e  p r i m a r y  beam i n t o  a c a r b o n - l i n e d  

F a r a d a y  c u p 8 ) .  N e u t r o n s  e m i t t e d  from t h e  t a r g e t  i n  t h e  

d i r e c t i o n  of t h e  i n c i d e n t  p r o t o n s  t r a v e r s e d  a 4-m p a t h  t o  

t h e  d e t e c t o r .  

The i n c i d e n t  p r o t o n  e n e r g y  was e s t a b l i s h e d  by t h e  

m a g n e t i c  f i e l d  of t h e  1 5 3 - d e g r e e  magnet ,  a n d  t h e  beam 

i n t e n s i t y  was measured by a p r o t o n  m o n i t o r  p l a c e d  across  t h e  

beam i m m e d i a t e l y  u p s t r e a m  of t h e  t a r g e t .  For t h e  41-MeV 

m e a s u r e m e n t ,  a n  i o n  c h a m b e r s )  h a v i n g  a t o t a l  t h i c k n e s s  of 

101 mg/cm 2 a l u m i n u m - e q u i v a l e n t  s e r v e d  a s  t h e  beam m o n i t o r .  

An i m p r o v e d  m o n i t o r g )  was u s e d  f o r  t h e  64-MeV e x p e r i m e n t  

w h i c h  m e a s u r e d  c h a r g e d  p a r t i c l e s  scattered from t h e  p r o t o n  

beam i n  a 2 mg/cm2 H y l a r  p l a s t i c  f i l m  p l a c e d  ac ross  t h e  beam 

and a t  a 4 S - d e g r e e  a n g l e  t o  t h e  beam d i r e c t i o n .  Refore e a c h  

m e a s u r e m e n t ,  t h e  beam m o n i t o r  was c a l i b r a t e d  using t h e  

F a r a d a y  c u p .  

Targets were p r e p a r e d  from meta l l ic  lithium 

i s o t o p i c a l l y  e n r i c h e d  t o  99.3 w e i g h t  pe r  c e n t  7L i  by 

p r e s s i n g  u n d e r  o i l  t o  a n o m i n a l  t h i c k n e s s  of 0 . 3  cm. The 

l i t h i u m  d i s c  was mounted  i n  an a luminum frame h a v i n g  a 

1.6-cm a p e r t u r e .  The beam s p o t  d i a m e t e r  a t  t h e  t a r g e t  was 

less t h a n  1 cm. T h e  p r o t o n  e n e r g y  l o s s  i n  t h e  t a r g e t s  was 

2.0 U e V  for t h e  41-MeV m e a s u r e m e n t  a n d  1 . 4  M e V  f o r  t h e  64 

M e V  e x p e r i m e n t  . 
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T h e  n e u t r o n  detector  c o n s i s t e d  of a 7.62-cm by  7.62-cm 

d i a m e t e r  NE-213 l i q u i d  s c i n t i l l a t o r  v i ewed  by a n  RCA-4522 

p h o t o m u l t i p l i e r  t u b e  p o s i t i o n e d  SO t h a t  n e u t r o n s  e n t e r e d  

a l o n g  t h e  a x i s  of t h e  d e t e c t o r .  P u l s e  s h a p e  d i s c r i m i n a t i o n  

u s i n g  c r o s s - o v e r  t i m i n g  was u s e d  t o  reduce gamma-ray 

b a c k g r o u n d .  A 3 - m m  NE-102 p l a s t i c  d e t e c t o r  mounted  i n  f r o n t  

of t h e  n e u t r o n  d e t e c t o r  a n d  o p e r a t i n g  i n  a n t i - c o i n c i d e n c e  

w i t h  i t  s e r v e d  t o  v e t o  p u l s e s  from c h a r g e d  p a r t i c l e s .  

T h e  e f f i c i e n c y  of t h e  NE-213 n e u t r o n  d e t e c t o r  was 

c a l c u l a t e d  w i t h  t h e  0 5 s  Monte C a r l o  p r o g r a m  d e v e l o p e d  by 

Textor  a n d  V e r b i n s k i l o  ) u s i n g  m o d i f i e d  v a l u e s  of t h e  i n p u t  

cross s e c t i o n s  d u e  t o  C o h e n ,  a&?’ ) As d e s c r i b e d  

e l s e w h e r e 1 2  9 ,  t h e  p r o t o n  l i g h t  c u r v e  was r e v i s e d  a t  h i g h e r  

energies t o  a c h i e v e  c o n s i s t e n c y  w i t h  t h i s  a n d  o t h e r  

e x p e r i m e n t s .  T h i s  r e v i s i o n  c o r r e s p o n d e d  t o  e x t r a p o l a t  i o n  of 

t h e  T e x t o r  a n d  V e r b i n s k i  c u r v e  from 10 M e V  u s i n g  B i r k s q 1 3 )  

r e l a t i o n  

- 1  E 

L = 4.55 + A ( 1 + B IdE/dx(  ) dE i” 
10 

w h e r e  L is t h e  t o t a l  l i g h t  i n  t h e  Tex to r  a n d  V e r b i n s k i  

u n i t s ,  e m i t t e d  by  a p r o t o n  of e n e r g y  E , and  dE/dx is t h e  

r a t e  of e n e r g y  d e p o s i t i o n  a l o n g  t h e  p r o t o n  p a t h  l e n g t h .  

Values f o r  dE/dx as a f u n c t i o n  of E for t h e  NE-213 

s c i n t i l l a t o r  were t h o s e  of P e e l l e 1 4 ) .  The  i n t e g r a l  is 

P 



7 

p e r f o r m e d  from 10 M e V ,  w h e r e  t h e  T e x t o r  a n d  V e r b i n s k i  c u r v e  

y i e l d s  L = 4.55 p u l s e  h e i g h t  u n i t s .  T h e  d e r i v e d  c o n s t a n t s  

were A = 0.69 a n d  B = 0.0025 cm2/g. The  10-MeV c u t o f f  was 

c h o s e n  b e c a u s e  t h e  s l o p e  of t h e  dE/dx c u r v e  i n f e r r e d  from 

t h e  Textor  a n d  V e r b i n s k i  l i g h t  c u r v e  b e g i n s  t o  c h a n g e  

r a p i d l y  a t  a b o u t  10 M e V .  When t h e  c a l c u l a t e d  p u l s e  h e i g h t  

d i s t r i b u t i o n  for e a c h  n e u t r o n  e n e r g y  was c o m p a r e d  w i t h  t h e  

c o r r e s p o n d i n g  o b s e r v e d  d i s t r i b u t i o n ,  t h e  s h a p e s  were f o u n d  

t o  agree n e a r  t h e  u p p e r  e n d  of t h e  s p e c t r a .  In a n a l y z i n g  

t h e  da t a ,  o n l y  t h o s e  n e u t r o n  e v e n t s  were a c c e p t e d  for w h i c h  

t h e  p u l s e  h e i g h t  f e l l  w i t h i n  t h i s  r e g i o n  of o v e r l a p ,  

c o r r e s p o n d i n g  t o  p u l s e  h e i g h t s  a b o v e  3 MeV. The  u n c e r t a i n t y  

i n  t h e  estimate of t h e  i b s c l u t e  e f f i c i e n c y  is b e l i e v e d  t o  b e  

less t h a n  10 p e r  c e n t .  

For t h e  64-MeV m e a s u r e m e n t ,  a 1.43-cm a luminum p l a t e  

was p l a c e d  12.7 cm i n  f r o n t  of t h e  n e u t r o n  d e t e c t o r  t o  

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

r e a c h i n g  t h e  two detec%ors a n d  increasing the c o u n t  rates, 

The effect  o n  t h e  m e a s u r e m e n t  of ( p r n )  r e a c t i o n s  i n  t h e  

p l a t e  d u e  t o  t h e s e  p r o t o n s  was f o u n d  t o  be n e g l i g i b l e ,  

However ,  a l l  n e u t r o n s  e l a s t i c a l l y  s c a t t e r e d  by  t h e  p l a t e  

were assumed  d e t e c t e d  t o g e t h e r  w i t h  n e u t r o n s  from 

n o n - e l a s t i c  e v e n t s  e m i t t e d  i n t o  t h e  s o l i d  a n g l e  s u b t e n d e d  by 

t h e  d e t e c t o r  a t  t h e  a x i a l  c e n t e r  of t h e  p l a t e .  The  

d i f f e r e n t i a l  cross s e c t i o n  f o r  s u c h  n o n - e l a s t i c  e v e n t s  was 

c a l c u l a t e d  from t h a t  f o u n d  b y  a B e r t i n i  i n t r a n u c l e a r - c a s c a d e  
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c a l ~ u l a t i o n ~ ~ )  of t h e  s e c o n d a r y  n e u t r o n  e n e r g y  s p e c t r a  for 

50-MeV n e u t r o n s  o n  a luminum 16), n o r m a l i z e d  b y  t h e  r a t i o  of 

t h e  t o t a l  cross sections a t  t h e  two e n e r g i e s .  I n  

c a l c u l a t i n g  t h i s  f r a c t i o n  a c c o u n t  must  be  t a k e n  of t h e  

e n h a n c e d  e f f i c i e n c y  of t h e  d e t e c t o r  i n  d e t e c t i n g  t h e  lower 

e n e r g y  n e u t r o n s  r e s u l t i n g  from t h e  i n t e r a c t i o n s  i n  t h e  

a luminum.  T h i s  was d o n e  by w e i g h t i n g  t h e  B e r t i n i  n e u t r o n  

e n e r g y  s p e c t r u m  by  t h e  d e t e c t o r  e f f i c i e n c y .  The  a luminum 

p l a t e  was t h u s  f o u n d  t o  cause a 3.2% d e c r e a s e  i n  t h e  o v e r a l l  

d e t e c t o r  e f f i c i e n c y  c o m p a r e d  w i t h  a 4.0% d e c r e a s e  i f  t h e  

effect  of t h e  n o n - e l a s t i c  e v e n t s  i n  t h e  aluminurn p l a t e  is 

n e g l e c t e d .  

T h e  f l i g h t  time of t h e  n e u t r o n s  o v e r  t h e  4-m p a t h  from 

t a r g e t  t o  d e t e c t o r  was m e a s u r e d  w i t h  a c o n v e n t i o n a l  

t i m e - t o - a m p l i t u d e  c o n v e r t e r  using a s t a r t  p u l s e  t a k e n  from 

t h e  a n o d e  of t h e  p h o t o m u l t i p l i e r  t u b e  a n d  a s t o p  p u l s e  

d e r i v e d  from t h e  cyc lo t ron  rf. T h e  t i m i n g  r e s o l u t i o n  was 

a b o u t  2 n s ,  a n d ,  f o r  t h e  64-MeV measuremen t ,  vas  m o n i t o r e d  

u s i n g  t h e  p r o t o n s  e l a s t i c a l l y  scattered from t h e  beam 

m o n i t o r  f i l m . 9  ) C o r r e c t i o n s  were made for n e u t r o n s  p r o d u c e d  

i n  t h e  beam m o n i t o r  f i l m ,  t h e  i o n  c h a m b e r ,  a n d  t h e  target.  

f r a m e  by making  b a c k g r o u n d  m e a s u r e m e n t s  w i t h  t h e  t a r g e t  

removed.  

T h e  n e u t r o n  e n e r g y  s p e c t r a  a re  shown i n  f i g u r e  1. The 

error s t r i k e s  i n c l u d e  t h e  e x p e r i m e n t a l  s t a t i s t i c a l  errors 



9 

d 

6.0 

4.8 

- 3.6 > 
2 
Q) 

. 
L 
v) 

7 n 
E 

2.4 

ORNL-DWG 72- 10922 

x 63.8 MeV PROTONS 
A 40.6 MeV PROTONS 

I 

0 16 32 48 64 80 
ENERGY (MeV) 

F i g u r e  1 .  Secondary  n e u t r o n  e n e r g y  spectra from t h e  
r e a c t i o n  7 L i ( p r n ) 7  B e  v i e w e d  a t  zero d e g r e e s  f o r  i n c i d e n t  
p r o t o n  e n e r g i e s  of 4 1  M e V  and 6 4  m e V .  The error s tr ikes  
d e f i n e  the e x p e r i m e n t a l  s t a t i s t i c a l  uncertainties. D o t t e d  
c u r v e s  i n d i c a t e  t h e  assumed background in d e t e r m i n i n g  t h e  
area  u n d e r  t h e  peaks .  
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f o r  t h e  f o r e g r o u n d  a n d  t a r g e t - o u t  b a c k q r o u n d  m e a s u r e m e n t s .  

The  d o t t e d  p a r t  of e a c h  c u r v e  shows  t h e  p o r t i o n  c o n s i d e r e d  

t o  be  p a r t  of t h e  c o n t i n u o u s  s p e c t r u m .  T h i s  b a c k g r o u n d  is 

n o t  i n c l u d e d  i n  t h e  peak  cross s e c t i o n  d e t e r m i n a t i o n .  A 

s p l i n e  f i t  was u s e d  f o r  t h e  h i g h - e n e r g y  peak  b a c k g r o u n d ,  a n d  

was b e l i e v e d  good t o  w i t h i n  +E\%. A s t r a i g h t - l i n e  b a c k g r o u n d  

was u s e d  f o r  t h e  41-MeV peak  b a c k g r o u n d  and  was a s s i g n e d  a n  

u n c e r t a i n t y  of 15%. O t h e r  u n c e r c a i n t i e s  i n  t h e  e f f i c i e n c y ,  

t h e  t o t a l  bombardment c h a r g e ,  a n d  t h e  t a r g e t  t h i c k n e s s  were 

e s t i m a t e d  to c o n t r i b u t e  a b o u t  10% u n c e r t a i n t y  t o  e a c h  cross 

s e c t i o n .  The cross s e c t i o n s  f o u n d  by i n t e g r a t i n g  u n d e r  t h e  

r e s u l t a n t  p e a k s  a r e  33 2 6 mb/sr  a t  a mean e n e r g y  of 39 M e V  

a n d  36 + 4 mb/sr a t  a mean e n e r g y  of 6 0  M e V .  The  cross 

s e c t i o n  a t  39 M e V  a g r e e s  w i t h i n  e x p e r i m e n t a l  error w i t h  t h e  

v a l u e  of 36.5 2 3.0 mb/sr f o u n d  by Junge rman ,  et aiz ) 5 

F i g u r e  2 is a p l o t  of t h e  r e p o r t e d  v a l u e s  f o r  t h e  

7 L i  (p ,n )  7 B e  h i g h - e n e r g y  p e a k  cross s e c t i o n  for i n c i d e n t  

p r o t o n s  h a v i n g  e n e r g i e s  r a n g i n g  from 10 t o  1 0 0  M e V .  T h e  

l i n e  h a s  b e e n  drawn b y  hand t o  g u i d e  the e y e  among t h e  d a t a  

p o i n t s .  O u r  d a t a  a p p e a r  t o  f i t  well i n t o  t h e  t r e n d  as 

e s t a b l i s h e d  by t h e  o t h e r  i n v e s t i g a t o r s .  

T h e s e  e x p e r i m e n t s  i n d i c a t e  t h a t  7 L i  is a s u i t a b l e  

source of m o n o e n e r g e t i c  n e u t r o n s  over t h i s  e n e r g y  r a n g e .  

The  f a c t  t h a t  most of t h e  n e u t r o n s  a p p e a r  i n  t h e  h i g h - e n e r g y  

p e a k  o f f s e t s  t h e  p r a c t i c a l  d i f f i c u l t i e s  o f  w o r k i n g  w i t h  
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F i g u r e  2. Neutron p r o d u c t i o n  cross  s e c t i o n s  from t h e  
7 L i ( p , n )  7Be reaction at zero d e g r e e s .  The cross s e c t i o n s  
were f o u n d  by i n t e g r a t i n g  under  t h e  h i g h - e n e r g y  peak of t h e  
e n e r g y  spec trum,  The l i n e  h a s  b e e n  drawn by hand t o  g u i d e  
t h e  e y e  among t h e  d a t a  p o i n t s .  
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e l e m e n t a l  l i t h i u m :  A l t h o u g h  n o t  p y r o p h o r i c ,  metal1 i c  lit hi.uni 

c o m h i n e s  acti.veI.y vi - tb  t h e  c o a s t i t . u e n t s  of a 3  a n d  must. h e  

h a n d l e d  u n d e r  oil. I n  a h i g h  vacuum s y s t e ~ a ,  a l i t h i u m  

t a r g e t  ac t s  as  a getter material i n  t r a p p i n g  t h e  r e s i d u a l  

gases  of t h e  vacuum s y s t e m  a n d  f o r m i n g  v a r i o u s  compounds  

w h i c h  i n c r e a s e  t h e  t a r g e t  t h i c k n e s s .  B e c a u s e  of t h e  small  Q 

v a l u e  of t h e  L i ( p , n ) 7 R e  r e a c t i o n ,  most of t h e  ( p , n )  

r e a c t i o n s  with t h e  c o n t a m i n a n t s  c o n t r i b u t e  n e u t r o n s  t o  the 

t a i l ,  r a t h e r  t h a n  t h e  p e a k ,  of t h e  e n e r g y  s p e c t r u m .  

S e l e c t i o n  of n e u t r o n s  from t h e  h i g h - e n e r g y  peak by 

t i m e - o f - f l i g h t  t e c h n i q u e s  is a f e a s i b l e  a p p r o a c h .  

7 

We s h o u l d  l i k e  t o  t h a n k  E. Beckham f o r  h i s  a s s i s t a n c e  

w i t h  the e x p e r i m e n t a l  a p p a r a t u s ,  a n d  A .  E. Pugh f o r  h e l p  

i n  p r e p a r i i i g  the targets. The assis tance of the O R I C  

rt,.clotror! CKWJ i s  %Is? T r a t e f u Z l y  ackiLatlledged. 

a 

w-- 

P 

s,' 
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