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A'bstracb ---- 

Some of t h e  'bas ic  a s p e c t s  of  neu t ron  radf ography a r e  

reviewed wi th  p a r t i c u l a r  emphasis on t h e  phys ics  o f  t h i s  non - '  

d e s t r u c t i v e  t e s t i n g  method, 

The , r e s u l t s  of  an  exper imenta l  e v a l u a t i o n  program a r e  

p r e s e n t e d  which show c o n c l u s i v e l y  t h a t  i s o t o p i c  ,antimony- 

beryzl ium photoneutron s o u r c e s  can. be used f o r  neu t ron  

r a d i o g r a p h i c  a p p l i c a t i o n s ,  T h i s  program provided v a l u a b l e  

new in fo rma t ion  r ega rd ing  neu t ron  moderation and beam c o P l i -  . . . . 
mat$on . requ iPementsd  

. . .  Based on t h i s  eAperirn6htal ev idence ,  a p o r t a b l e  dewfce 

h a s  h e n  des igned  and is deScr ibed h e r e i n .  ' h e  d e v i c e  ernploys 

a por.tab1.e r ad iog raph ic  darnePia, ,wi th  an antimony.-=beryPlium 

photoneutron s o u r c e ,  i n .  con junc t f  on1 with .  a  neu t ron  moderator  

and beam c o l l i m a t o r  c o n f i g u r a t i o n ,  This dev.elop~nent makes 

a v a i l a b l e ,  f o r  tki'e f i r s t  t ime ,  a means of  o b t a i n i n g  economi- . 

c a l  i n s p e c t i o n  neu t ron  r ad iog raphs  i n  f i e l d  a p p l i c a t i o n  usage.  



I, I n t r o d u c t i o n  

The employment o f  p e n e t r a t i n g  r a d i a t i o n  t o  o b t a i n  r a d i o -  

g r a p h i c  images h a s  become a wide ly  a c c e p t e d  p a r t  of  non- 

d e s t r u c t i v e  t e s t i n g  i n v e s t i g a t i o n s .  However, t h e  p o t e n t i a l  

u s e f u l n e s s  of n e u t r o n s  i n  t h e  f i e l d  o f  n o n d e s t r u c t i v e  t e s t i n g  

h a s  o n l y  begun t o  be i n v e s t i g a t e d ,  Neutron rad iography  i s  

s t i l l  i n  t h e  advanced developmenta l  s t a g e  b u t  t h e  pace o f  t h i s  

development  i s  qu icken ing ,  The p o s s i b l e  u s e s  of n e u t r o n  r a d i -  
. . 

ography a r e  many and v a r i e d ,  'The e x i s t e n c e  o f  a l t e r n a t e  ap- 

p r o a c h e s ,  such a s  f a s t  v e r s u s  t h e r m a l  n e u t r o n  and d i r e c t  v e r s u s  

t r a n s f e r  image t e c h n i q u e s ,  l e a v e s  open a  l a r g e  a r e a  o f  eomple- 

mentary  development  w i t h i n  t h e  o v e r a l l  f i e l d  o f  n e u t r o n  

rad iography .  I n  t h e  o p i n i o n  o f  t h e  a u t h o r  n e u t r o n  r a d i o g r a p h y  

s h o u l d  be viewed from two s t a n d p o i n t s :  

a'. A , s  an  a l t e r n a t i v e  OX*. supplement  t o  X and gamma 

r a d i o g r a p h y  f o r  s p e c i a l i z e d  e a s e s  where t h e s e  more 

c o n v e n t i o n a l  methods e i t h e r  f a i l  o r  a r e  only. p o s s i b l e  

w i t h  much d i f f i c u l t y . ,  One ve ry  i m p o r t a n t  example o f  
, , t h i s  i s  t h e  c a s e  o f  radiography i n  h i g h  r a d i a t i o n  f i e l d s  

which i s  a r e a l  problem i n  work i n v o l v i n g  n u c l e a r  r e a c t o r  

power p l a n t s ,  

b ,  A s  a new dimension i n  rad.iogr.aphy which i s  c a p a b l e  

. . o f  carry. i .ng r a d i o g r a p h i c  i n v e s t i g a t i o n s  i n t o  t o t a l l y  new 

a r e a s ,  T h i s  l a t t e r  a s p a c e  i s  d u e  t o  t h e  pec.ul.ia.rl. n a t u r e  

of t h e  n e u t r o n  a s  B p a r t i c l e  and t h e  behav io r a l  p a t t e r n  

of n e u t r o n s  i n  t :ransmissicrn t h r o u g h  v a r i o u s  rnatar ia . ls ,  



Although it i s  n o t  new f r c ~  a t l ~ s c ~ ; ~ e t i c a l  ~ t a n d ~ o i n t ,  

eogo D References  (1) and ( 2 ) ,  kleutron r a d i o g r a p h y  i s  q u i t e  new 

as  regards t e c h n o l o g i c a l .  d e ~ e l o p m e n t . ,  Recent  work i n  the f i  elld 

h a s  demons t ra ted  t h e  ~tremendcrus p o t e n t i a l  use  o f  n e u t r o n s  f o r  

r a d i o g r a p h i c  work ( R e f e r e n c e s  6 3 )  th rough  ( $ ) I ,  However, no 

economical  d e v i c e  has  been de-veloped which o f f e r s  t h e  p o r t a -  

b i l i t y  . r e q u i r e d  f o r  f i e l d  a p p l i c a t i o n s ,  U n t i l  such t i m e  as 

d e v i c e s  o f  t h i s  n a t u r e  become commercia l ly  a v a i l a b l e ,  a t r u e  

understanding o f  t h e  impor t  of neu9;~ 'oa radlogxbaphy w i l . 1  n o t  

be  f o r t h c o m i n g ,  

A b r i e f  r ev iew o.f ~ h e  ph.ysico of the:ilmal and f a s t  n e u t r o n  

r a d i o g s a p l ~ y  .is p r e s e n t e d ,  The e f f e c t s  of n e u t r o n  :Innage f o r -  

n~at ; ioh ,  neuti-on moderation,  and beurn o o l l i ~ ~ ~ t i e i o n  from a n  

' antimony--bery.lI:S.um ( Sb-Be ) s,oru:rce were eva lua ted  s:ruperf - 
m e n t a l l y  and t h e  r e s u l t s  o b t a i n e d  a r e  described i n  some 

d e t a i l ,  A por.t;able radlag.raphSc device  has  been deaf  f led 

wh:ich ref'leccs. .the experience ga:fned P n . % h i s  .sxpe~lmenta:l, 

program, T h l  s de?uv-l.ct. 1s  desc:rl.bed here, ln ,, A .uw,mlber. of' 

a reas  of' app2.f cabi.1 ity are  d isc , t~ .ased  w i t h  pa . ru~b lcu l a r  empha-, 

5.i.s on t h o s e  .tk).:tngs wh:i.eh a r e  bes t  s.u.:1..i:.ed t o  t h e  employ.menl . . 

of' a1l .o~ ene:s?gy nsil'C:rons, 

Some A s ~ e c t s  o f  t h e  Phos:ii.s 01' Neutron Radloxraphy; 11 O ..---..- -...-. ----- ...-.....- : ,:*--.--,-.eW" ..-.,.; -a*-- ....-..- 3....-..-->- ;...- :-,".: _?..., - -.-=:. ..:-=. >..=-.. 

1 .  

'Phere a.tne t w o  dis.t,inc-t; ::;y.pes of nerr.t:.:ron :radiog:k,ap:i~y a s  

c l a s s e d  ac:ccjrv.ding t o  t h e  neut, ron, w.e '~oc-~c .y .  energ:y ) 



invo lved , , ,  i . e o ,  t h e r m a l  and f a s t  n e u t r o n  rad iography .  T h i s  

i s  q u i t e  d i f f e r e n t  from t h e  c a s e  of  gamma radiography. ,  where 

i n c r e a s i n g  energy  s imply  means i n c r e a s i n g  p e n e t r a b i l i t y  w i t h  

a n  incumbent  l o s s  o f  image s h a r p n e s s  i n  most c a s e s a .  The . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a The degraded image i s . - d u e  t o  t h e  i n c r e a s e  i n  t h e  s c a t t e r e d  

component i n  t h e  emergent  r a d i a t i o n  beam. T h i s  is a  r e s u l t  

o f  compton s c a t t e r i n g  c o l l i s i o n s  w i t h i n  t h e  o b j e c t  u n d e r  

i n v e s t i g a t i o n .  I 

- - - - - - - - - - - - - - - - - - - - - - - A i i i i i i i  

c r o s s  s e c t i o n a l  dependence o f  v a r i o u s  m a t e r i a l s  on n e u t r o n  

e n e r g y  makes energy  d i f f e r e n c e s  o f  paramount impor tance  i n  

a p p l i c a t i o n s  i n v o l v i n g  n e u t r o n s .  For  t h i s  r e a s o n ,  t h e  f irst  
- - - - - - - - - - - - - - - - - - o - - - - - - - - - - - -  

b . I  

A c r o s s  s e c t i o n  i s  t h e  p r o b a b i l i t y  o f  a n  i n t e r a c t i o r i  o f  a  
s p e c i f i c  type  between a n  incoming p a r t i c l e  ( e , g o ,  n e u t r o n  6r 

gamma r a y )  and t h e  atoms' ( o r  n u c l e i )  ' of a  t a r g e t  m a t e r i a l .  

Any number of i n t e r a c t i o n s  cou ld '  t a k e  p l a c e ;  however,  we are . , 

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

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

t o  a c t i v a t i o n  o f  t h e  m a t e r i a l s  i n  q u e s t i o n ,  T h i s  a s p e c t  is 

i m p o r t a n t  i n  n e u t r o n  rad iography ,  ' 

- - - - - - - - . - -  . . . - - . . . . . .  - - . . . I , - = . Q U O I Y - - - I O - -  

t y p e ,  t h e r m a l  n e u t r o n  r a d i o g r a p h y ,  r e ' l i e s  on t h e  employment 

of v e r y  s low n e u t r o n s  in t h e  energy  range from ze.ro t o  s e v e r a l  

e l e c t r o n  v o l t s  ( e v ) .  



The second m a j o r  type , ,  f a s t  n e u t r o n  r a d i o g r a p h y ,  r e l i e s  

on n e u t r o n s  of  a  v e r y  h i g h  v . e l o c i t y ,  a s s o c i a t e d  w i t h  e n e r g i e s  

i n  t h e  1 4  mev r a n g e ,  These h i g h  energy  n e u t r o n s  a r e  pro-  

d u c e d  by machines f r e q u e n t l y  c a l l e d  n e u t r o n  g e n e r a t o r s  o r  

n e u t r o n  a c c e l e r a t o r s ,  'The d i f f e r e n c e s  between t h e r m a l  and 

f a s t  n e u t r o n  r a d i o g r a p h y  a r e  somewhat ana logous  t o  t h e  d f f f e r -  

e n c e s  between t h e r m a l  and f a s t .  n u c l e a r  r e a c t o r s ,  The phys ics .  

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

some o f  which a r e  d i s c u s s e d  ' b r i e f l y  bi.low: 

A.  ---.--.--.-- Thermal Neutron Radiogra&x 

A. . r ad iograph ic  image can  be o b t a i n e d  by expos ing  

a n  X-ray f i l m  coupled  w i t h  a  n e u t r o n  s e n s i t i v e  s c r e e n  

o r  c o n v e r t e r  i n  what i s  known a s  t h e  d i r e c t e x p o s u r e  

t e c h n i q u e ,  An a l t e r n a t i v e  approach is t o  expose a 

n e u t r o n  s e n s i t i v e  f o i l  t o  obtiain a n  image on t h e  f o i l  

formed 'by n e u t r o n  a c t i v a t i o n ;  this image i s  t h e n  t r a n s -  

f e r r e d  t o  s t a n d a r d  X-ray f i l m  i n  a  r a d i o g r a p h i c  

cassettes type .  d e v i c e ,  T h i s  l a t t e r  appkoach,  known 

a s  t h e  t r a n s f e r  t i e e h n i q . ~ ~ e ,  o f f e r s  one v e r y  g r e a t  ad- 

van tage  i n  t h a t  i t  i s  :independent o f  t h e  arnount .of  

gamma radf  a t i o n  p r e s e n t ,  Therefo . re ,  i c  i s  qu:i , te u s e f u l  

f o r  : r a d i o g r a p h i c  work in gamma r a d i a t i o n  a r e a s  o r  f o r  

work on r a d i o a c t i v e  components, 

' Although t h e r m a l  o r  ].ow, ener.p;y n e u t r o n s  d o  n o t  

p e n e t r a t e  m a t t e r  a s  re'adl3.y a s  f a s t  n e u t r o n s ,  t h e y  have t h e  



advan tage  c k a t  d e ~ e c t s r  m a t e r i a i s  a r e  a v a i l a b l e  which 

have v e r y  n i g h  c r o s s  s e c t i o n s b  I 'or t h e r m a l  n e u t r o n  

a c t i v a t i o n ,  As a  g e n e r a l  r u l e ,  ' t h e  c r o s s - s e c t i o n  

i n c r e a s e s  r a p i d l y  w i t h  d e c r e a s i n g  energy.  F i g u r e  (1) 

shows how t h e  n e u t r o n  c ross  s e c t i o n s  o f  indium,  

dysprus imn ,  and cadmium compare, The peak a r e a s  on 

t h e  indium and d y s p r o s l m  ' c u r v e s  a r e  known a s  r e s o -  

nance  r e g i o n s , ,  These occur  due t o  t h e  n u c l e a r  physics 

a s p e c t s  o f  t h e  r e l a t i o n s h i p  o f  t a r g e t  n u c l e i  Lo i n -  

coming, n e u t r o n s .  It can 'be yeen t h a t  n e u t r o n  ab- 

s o r p t i o n  r a t e s  a r e  h i g h  for t h e  e n e r g i e s  where t h e s e  
\ 

peaks  o c c u r ,  If the energy  speot~'' 'urn of t h e  n e u c r o n s ,  

emerging from t h e  t e s t  p i e c e ,  is not. in t h e  thermal 

r a n g e ,  t h e n  t h e  e x f s c e n c e  of' t h e s e  peaks  is important 

for image de.t>ect;ion of ac t . iva t fons  .caused by chese 

h i . g l ? e ~  energy. neutron.::, Indium i s  a. b e t t e r  image 

d e t e c t o r  bhan dysprosktur~ for such a spect rum o f  high 

energy neut.:rons by  ~ia,'c;ure of i t . 5  h i g h  resonance 

r e g i o n s ,  

Severa l  dl:f"i;eeaenL s o u r c e s  a re  available and can 

be used  f o r  .t;he.rmal n e u t r o n  rad iography ,  T h e  :image 

f ormd t i o n  an,d tranuf''e:rs, t;ei.hniques a r e  v l r t u a l l j r  the 

same i .n any case , .  The ~1.io:ii:F;. clf a sou rce  of n e u t r a n s ,  

on the o t h e r  hand , wa:u.-.ies w..ide:l:y and i s  one of' ,the 





most i m p o r t a n t  a s p e c t s  o f  n e u t r o n  r a d i o g r a p h y .  Three  

major  s o u r c e s  o f  t h e r m a l  n e u t r o n s  a r e  p r e s e n t l y  a v a i l a b l e  

f o r  s u c h ~ a p p l i c a t i o n s .  They a r e  n u c l e a r  r e a c t o r s ,  moder- 

a t e d  n e u t r o n  g e n e r a t o r s ,  and r a d i o i s o t o p e s  i n  combina t ion  

w i t h  b e r y l l i u m .  

1. Nuc lea r  R e a c t o r  S o u r c e s  

Beam h o l e s  and t h e r m a l  columns,  which a l l o w  

n e u t r o n s  ' t o  l e a k  o u t  f r o m . o p e r a t i n g  r e a c t o r s ,  

o f f e r  v e r y  h i g h  y i e l d s  of  t h e r m a l  n e u t r o n s .  One 

such  beam h o l e ,  a t  t h e  CP-5 r e a c t o r  a t  Argonne 

N a t i o n a l  L a b o r a t o r y ,  was used i n  c o n j u n c t i o n  w i t h  

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

p a r a l l e l  beam o f  n e u t r o n s  w i t h  i n s i g n i f i c a n t  gamma 

r a y  i n c l u s i o n .  . Reference  (3) d e s c r i b e s  t h a t  d e v i c e .  

R e f e r e n c e s  ( 5 )  and ( 8 )  d e s c r i b e  t h e  employment o f  

t h e r m a l  columns w i t h  a l m o s t  no  p h y s i c a l  m o d i f i c a t i o n ,  

such a s  t h e  c r y s t a l  d i f f r a c t i o n  a p p a r a t u s  o f  Refe r -  . . 

e n c e  ( 3 ) .  A g r e a t  d e a l  of s u c c e s s  h a s  been a c h i e v e d  

w i t h  r e a c t o r  s o u r c e s  b u t  t h e y  a r e  s e r i o u s l y  l i m i t e d  

by l a c k  o f  p o r t a b i l i t y .    ow ever, t h e y  w i l l  .be u s e f u l  

even when p o r t a b l e  d e v i c e s  become a v a i l a b l e  because  

o f  t h e  h i g h  n e u t r o n  f l u x  l e v e l  o b t a i n a b l e  ( i . e . ,  
6 8 10 t o  1 0  n/cm2 s e c .  a t  t h e  image d e t e c t o r  l o c a t i o n ) .  



2 .  Moderated Neutron Genera tor  Sources 

A number of neu t ron  g e n e r a t o r s  a r e  com- 

m e r c i a l l y  a v a i l a b l e  (References  ( 9 )  and ( 1 0 ) ) .  

These g e n e r a t o r s  produce h igh  energy neu t rons  

by bombardment o f  t a r g e t  n u c l e i  ( such  a s  T I - ~ 3 )  

w i t h  i o n s  a c c e l e r a t e d  i n  magnetic f i e l d s  ( u s u a l l y  

deuter ium i o n s ,  i . e , ,  d ,  t r e a c t i o n ) .  

I n  o r d e r  t o  be used f o r  thermal  ,neutron r a d i -  

ography,  t h e s e  neu t rons  must be moderated,  o r  

slowed down, by means of  succes s ive  s c a t t e r i n g  

c o l l i s i o n s .  Some good moderating m a t e r i a l s  a r e  

g r a p h i t e ,  p a r a f f i n ,  po lye thy lene ,  and water .  

Thermal neu t ron  f l u x e s  i n  t h e  o r d e r  of  

8 2 2 x 1 0  n/em see. are o b t a i n a b l e  from l e s s  

p o r t a b l e  v e r s i o n s  of  t h e s e  d e v i c e s  (Reference 

( 1 0 ) ) .  However, t h e y  a r e  on ly  p o r t a b l e  i n s o f a r  

a s  they  can be moved from p lace  t o  p l ace  wi th  

c o n s i d e r a b l e  d i f f i c u l t y  and must be sh i e lded  by 

s e v e r a l  f e e t  of  neu t ron  s h i e l d i n g  m a t e r i a l .  

These dev ices  employ a  console  u n i t  l o c a t e d  

somewhat removed from t h e  shoo t ing  a r e a .  The 

c o s t  o f  such d e v i c e s  ranges  from $20,000 t o  

$1,000,000 (Reference ( 9 ) ) .  Although, admi t t ed ly  

more economical t h a n  buying a  n u c l e a r  r e a c t o r ,  



t h e s e  sou rces  a r e  n o t  n e a r l y  economical ly  

compet i t ive  wi th  i s o t o p i c  sou rces  o f  neu t rons ,  

such a s  t h e  dev ice  desc r ibed  h e r e i n ,  o r  o f  

i s o t o p i c  gamma r a y  sou rces  i n c l u d i n g  remotely 

opera ted  camera d e v i c e s  .' They' have s e r i o u s  

l i m i t a t i o n s  f o r  f i e l d  usage,  b u t  o f f e r ' h i g h e r  

f l u x e s  t han  a r e  o b t a i n a b l e  from i s o t o p i c  

sou rces  and a r e  t h e r e f o r e  u s e f u l  provided 

heav i ly .  s h i e l d e d  shoot  rooms a r e  a v a i l a b l e .  

3 .  I s o t o p i c  Sources  

Seve ra l  i s o t o p e s  y i e l d  a lpha  o r  gamma r a d i -  

a t i o n s  which a r e  capable  o f  producing neu t rons  

when surrounded by c e r t a i n  m a t e r i a l s  such as 

bery l l ium.  S e v e r a l  such sou rces  i n  combination 

, a  a r e  mentioned i n  Reference (11 )'. They a r e  

americium-beryll ium, ca l i fo rn ium-bery l l ium,  

polonium-beryllium, plutonium-beryll ium, radium- 

be ry l l i um,  and antimony-beryllium. The first two 

cannot be considered f o r  neu t ron  radiography 

a t  t h e  p r e s e n t  time b'ecause t h e y  a r e  n o t  com- 
I 

m e r c i a l l y  a v a i l a b l e .  They a r e  a t h e o r e t i c a l  

p o s s i b i l i t y  f o r  t h e  t ime when such m a t e r i a l s  

a r e  economical ly  a v a i l a b l e  i n  q u a n t i t y .  They 

could s e r v e  a s  sou rces  f o r  a second gene ra t ion  



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

,next  two (po lon ium-bery l l ium and plutonium- 

b e r y l l i u m )  a r e  n o t  promis ing  because  t h e y  a r e  

n o t  a v a i l a b l e  i n  amounts g r e a t e r  t h a n  100  c u r i e s  

( u n l e s s  a  number o f  s o u r c e s  a r e  grouped and t h e  

c o s t  becomes p r o h i b i t i v e ) .  They emi t  a  spect rum 

o f  n e u t r o n s  which a v e r a g e s  i n  t h e  neighborhood 

o f  4 mev. These f a s t  n e u t r o n s  must t h e n  be moder- 

a t e d ,  o r  slowed down t o  t h e  t h e r m a l  r a n g e ,  w i t h  

subsequen t  l o s s  i n  f l u x  d u r i n g  t h e  modera t ing  

p r o c e s s .  These r e s t r i c t i o n s  make them u n a t t r a c t i v e  

f o r  t h e r m a l  n e u t r o n  r a d i o g r a p h y .  Radium-beryllium 

s o u r c e s  a r e  t o o  c o s t l y  f o r  t h e  f l u x e s  r e q u i r e d  i n  

neutron r a d i o g r a p h i c  a p p l i c a t i o n s .  

F i n a l l y ,  t h e  l a s t  o f  t h e  s o u r c e s  mentioned 

above ,  an t imony-bery l l ium,  (Sb-Be) i s ,  i n  f a c t ,  

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

o f  t h e r m a l  n e u t r o n s  t o  make i t  u s e f u l  i n  t h e r m a l  

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

e x p e r i m e n t a l l y  e s t a b l i s h e d  and i s  r e p o r t e d  i n  t h i s  

a r t i c l e .  L i t t l e  l o s s  i n  f l u x  i s  e x p e r i e n c e d  due 

t o  modera t ion  because  o n l y  a  s m a l l  amount o f  

modera to r  i s  r e q u i r e d .  T h i s  i s  due t o  t h e  low 

energy  spect rum o f  n e u t r o n s  e m i t t e d  from t h i s  

s o u r c e .  The a v e r a g e  energy  i s  i n  t h e  a r e a  o f  



20 ,000  e l e c t r o n  v o l t s  ( 2 0  k e v )  from t h i s  

s o u r c e .  See R e f e r e n c e s  ( 1 2 )  th rough  ( 1 5 ) .  

Source  s t r e n g t h s  i n  t h e  o r d e r  o f  1 , 0 0 0  c u r i e s  

have been r e p o r t e d  ( R e f e r e n c e  ( 1 2 ) )  f o r  Sb-Re 

s o u r c e  combina t ions .  Refe rence  (15 ')  d e s c r i b e s  

t h e . e s s e n t i a 1  a s p e c t s  o f  Sb-Be a s  w e l l  a s  o t h e r  

pho toneu t ron  s o u r c e s .  . . . . . . . . . . . . . . . . . . . . . . . . .  
CThe y i e l d s  o f  n e u t r o n  s o u r c e s  a r e  e x p r e s s e d  i n  

t e r m s  o f  n e u t r o n s  e m i t t e d  p e r  u n i t  t i m e  ( n / s e c ) .  

T h i s  y i e l d ,  i n  t u r n ,  i s  based on t h e  s o u r c e  

s t r e n g t h  o f  t h e  r a d i o i s o t o p e  i n i t i a t i n g  t h e  

n e u t r o n  r e l e a s e  r e a c t i o n s .  I n  t h e  c a s e  o f  

Sb-Be pho toneu t ron  s o u r c e s ,  t h e  r a d i o i s o t o p e  

i s  Sb-124. The s o u r c e  s t r e n g t h  can be quo ted  

i n  t e r m s  o f  d i s i n t e g r a t i o n s  p e r  second ( d p s )  o r  

c u r i e s  where one c u r i e  i s  t h a t  q u a n t i t y  o f  r a d i o -  

a c t i v e  m a t e r i a l  which r e s u l t s  i n  3.7 x l o lo  
d i s i n t e g r a t i o n s  p e r  second.  . . . . . . . . . . . . . . . . . . . . . . . . .  

B. F a s t  Neutron Radiopraphy 

The n e u t r o n  g e n e r a t o r s  d e s c r i b e d  i n  t h e  p r e c e d i n g  

s e c t i o n  can be used w i t h o u t  a  modera to r  t h u s  e m i t t i n g  

a beam o f  14  Mev n e u t r o n s .  T h i s  beam can be used i n  

c o n j u n c t i o n  w i t h  e i t h e r  t h e  d i r e c t  exposure  o r  f o i l  



t r a n s f e r  t e c h n i q u e s .  H o w e v e r , ' t h e  c h o i c e  of  d e t e c t o r  

m a t e r i a l s  must be p r e d i c a t e d  on t h e i r  c r o s s  s e c t i o n s  

f o r  h i g h  energy  n e u t r o n s .  

Due t o  t h e  h i g h l y  p e n e t r a t i n g  n a t u r e  o f  14  Mev 

n e u t r o n s ,  t h e  s h i e l d i n g  and r a d i a t i o n  h a z a r d s  problems 

a r e  more compl ica ted  f o r  a p p l i c a t i o n s  i n v o l v i n g  n e u t r o n  

g e n e r a t o r s .  Another  v e r y  d i f f i c u l t  problem a s s o c i a t e d  

w i t h  t h e  u s e  o f  such  d e v i c e s ,  f o r  f a s t  n e u t r o n  r a d i -  

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

s h o r t  ( i . e . ,  measured i n  h o u r s  o f  c o n t i n u o u s  u s a g e ) .  

The t a r g e t  l i f e  o f  t h e  g e n e r a t o r  d e s c r i b e d  i n  Refe r -  

e n c e  (10) i s  t w e n t y - s i x  h o u r s  o f  c o n t i n u o u s  o p e r a t i n g  

t i m e .  

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

u s a g e  make f a s t  n e u t r o n  r a d i o g r a p h y  more e x p e n s i v e  

t h a n  t h e  t h e r m a l  n e u t r o n  r a d i o g r a p h i c  a p p l i c a t i o n  o f  

t h e  same d e v i c e ,  when used w i t h  a  m o d e r a t o r ,  a s  d i s -  

c u s s e d  above ,  s i n c e  t h e  modera to r  a l s o  p l a y s  a n  i m -  

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

The g r e a t  p e n e t r a t i n g  power o f  h i g h  energy  

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

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

where l a r g e  t h i c k n e s s e s  o f  h i g h  d e n s i t y  m a t e r i a l s  a r e  

, i n v o l v e d ,  e . g , ,  s t e e l  i n  e x c e s s  o f  f i v e  i n c h e s  t h i c k .  



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

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

w i l l  most c e r t a i n l y  l i m i t  f i e l d  usage .  

C .  R a d i a t i o n  A t t e n u a t i o n  C h a r a c t e r i s t i c s  

Neu t rons  a r e  a t t e n u a t e d ,  i n  t r a v e l i n g  t h r o u g h  a  

m a t e r i a l ,  by e i t h e r  a b s o r p t i o n  o r  s c a b t e r i n g  p r o c e s s e s  

i n  which t h e  n e u t r o n s  i n t e r a c t  w i t h  t h e  n u c l e i  o f  t h e  

m a t e r i a l s  atoms.  Gamma r a y s  and X-rays,  however,  a r e  

a t t e n u a t e d  by i n t e r a c t i o n s  w i t h  t h e  e l e c t r o n s  which 

su r round  t h e  n u c l e i  o f  t h e s e  atoms. The amount of 

o r b i t a l  e l e c t r o n s  p r e s e n t  i n  a  m a t e r i a l  ( t h e  e l e c t r o n  

d e n s i t y )  i s  de te rmined  by t h e  a tomic  number ( o r  ma- 

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

The d e n s i t y  o f  a  m a t e r i a l  i s  t h e  combinat ion  o f  t h e  

number o f  e l e c t r o n s  ( e l e c t r o n  d e n s i t y )  and t h e  number 

of p r o t o n s  and n e u t r o n s  ( i n  t h e  n u c l e u s )  f o r  a  u n i t  

volume. The a tomic  number ( i . e . ,  t h e  number o f  p r o t o n s  

i n  t h e  n u c l e u s )  i s  t h e  p r i n c i p a l  i n f l u e n c i n g  f a c t o r  i n  

d e t e r m i n i n g  a  ma te r i a l ' s  , d e n s i t y ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

i n t e r a c t i o n  ( i . e . ,  t h e  c r o s s  s e c t i o n )  i n c r e a s e s  w i t h  

i n c r e a s i n g  m a t e r i a l  d e n s i t y  f o r  t h e  c a s e  o f  X-rays 

and gamma r a y s .  Neutron a t t e n u a t i o n  i s  i n f l u e n c e d  

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

atoms.  The p h y s i c s  o f  t h e  atqmi c nucl-eus i s  such t h a t  

m a t e r i a l  d e n s i t y  i s  o n l y  one o f  rnany f a c t o r s  a f f e c t i n g  



n e u t r o n  a t t e n u a t i o n .  The a t t e n u a t i o n  o f  the rmal  

n e u t r o n s  i s ' q u i t e  d i f f e r e n t  a n d ,  i n  f a c t ,  i s  a l m o s t  

t h e  r e v e r s e  o f  t h e  a t t e n u a t i o n  found w i t h  i n c r e a s i n g  

d e n s i t y  f o r  gamma and X-rays,  Tha t  i s  t o  s a y ,  most 

l i g h t  m a t e r i a l s  a r e  good a t t e n u a t o r s  o f  n e u t r o n s ,  

whereas  n e u t r o n s  can p e n e t r a t e  h i g h l y  dense  m a t e r i a h : ~  

much more r e a d i l y  t h a n  X o r  gamma r a y s .  T h i s  tnea?lv 

r e v e r s e d  e f f e c t  i s  obv ious  i n  a  number , o r  :raA?off@aiphiic 

a p p l i c a t i o n s  where a r e a s  o f  t h e  f i B m  .dhii:cfh . a r e  d a e k  

f o r  X-rays a:re Pii!gihZ $or n e u t r o n s ,  e t c ,  

111. ,8xrperii:rn:eataition w i t h  Antimonv-Reryf_lium S o u r c e s  

A h i g h  y i e l d  pho toneu t ron  s o u r c e  was d e s c r i b e d  by Hennel ly  

i n  R e f e r e n c e  ( 1 2 ) .  T h i s  t y p e  of s o u r c e  r e p r e s e n t s  a  h i g h  enough 

n e u t r o n  y i e l d  t o  make i s o t o p i c  n e u t r o n  r a d i o g r a p h y  a  r e a l  p r a c t i -  

c a l i t y .  Based on t h i s  r e a l i z a t i o n ,  o u r  l a b o r a t o r y  r e c e n t l y  ex-  

pe r imented  w i t h  t h i s  ant imony-beryl l ium s o u r c e  i n  o r d e r  t o  o b t a i n  

t h e  f i rs t  r e p o r t e d  r a d i o g r a p h s  employing a n  i s o t o p i c  n e u t r o n  s o u r c e  

and t h e  f i rs t  r e p o r t e d  known u s e  o f  ant imony-beryl l ium i n  t h e  f i e l d  

o f  n e u t r o n  rad iography .  

S e v e r a l  t e s t  o b j e c t s  were rad iographed  w i t h  a  combinat ion  

modera to r  and c o l l i m a t o r  d e v i c e  c o n s t r u c t e d  o f  p o l y e t h y l e n e  and 

cadmium. F i g u r e  ( 2 )  shows a  t y p i c a l  t e s t  a r rangement  employed i n  

o b t a i n i n g  t h e s e  r a d i o g r a p h s .  I n  t h i s  f i g u r e ,  a  t w e l v e  i n c h  d i -  

a m e t e r  p i p e  s e c t i o n  i s  shown suspended o v e r  a  c o l l i m a t o r - m o d e r a t o r  

a r rangement  which was d e s i g n e d  t o  f i t  around a  s t a t i o n a r y  s o u r c e  

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

s e r v e s  a s  a  r e c e p t a c l e  f o r  a  c y l i n d r i c a l  ant imony s o u r c e  which i s  





i n s e r t e d  and r e t r a c t e d  t o  a  s h i e l d  cask  by a  r emote ly  o p e r a t e d  

d r i v e  mechanism. The Antimony 124  c y l i n d e r  i s  o n l y  a  gamma 

r a y  e m i t t e r  and no n e u t r o n s  a r e  a v a i l a b l e  u n t i l  t h i s  s o u r c e  

e n t e r s  t h e  b e r y l l i u m  r e c e p t a c l e ,  

.The combinat ion  m o d e r a t o r - c o l l i m a t o r  d e v i c e  was c o n s t r u c t e d  

f rom n i n e  i n c h  d iameter .  p o l y e t h y l e n e  d i s k s ,  one i n c h  t h i c k .  The 

p o l y e t h y l e n e  s u r r o u n d i n g  and b a c k i n g  up t h e  s o u r c e  t u b e  s e r v e d  

a s  a modera to r  and b a c k - ~ c a t t e r e r . ~  The f l a t  d i s k s  i n  between . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
e~ s o u r c e  o f  t h i s  n a t u r e  i s  e f f e c t i v e l y  a n  i s o t r o p i c  ( o r  4 ir 

s o l i d  a n g l e )  e,mi&%.g~.. Som,e o f  t h e  n e u t r o n s  d i r e c t e d  away from 

t h e  , t e s : t  ppe&a ,c.as be .aaw,d fmm b e i n g  l o s t  t o  t h e  sys tem by 

p r o v i d i n g  a  l a y e r  o f  po8yeCbgiLene t o  s c a t t e r  them back i n t o  

t h e .  beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t h e  s o u r c e  and t e s t  o b j e c t  were n e c e s s a r y  f o r  modera t ion  o f  t h e  

low e n e r g y  spect rum of Sb-Be n e u t r o n s  t o  t h e  even l o w e r  t h e r m a l  

e n e r g y  range .  F i n a l l y ,  t h e  t o p  d i s k s  w i t h  t h e  c e n t e r  h o l e  formed 

a beam c o l l i m a t o r .  The e n t i r e  a r rangement  was su r rounded  by 

20 m i l f  cadmium exc>ept i n  way o f  t h e  beam h o l e .  T h i s  t h i c k n e s s  

I 
A m i l  i s  d e f i n e d  a s  0.001 inch. -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

of cadmium s e r v e s  t o  e f f e c t i v e ] . ~  a b s o r b  t h e  the rmal  n e u t r o n s  which 

would o t h e r w i s e  l e a k  o u t  t h e r e b y  i i s t o r t i n e  t h e  image o u a l i t y  o f  

t h e  r a d i o g r a p h s .  The beam h o l e  was a l s o  l i n e d  w i t h  cadmium. 



Four  m a j o r  a s p e c t s  of' t .hese  e x p e r i m e n t s  - image 

f o r m a t i o n ,  n e u t r o n  m o d e r a t i b n ,  beam c o l l i m a t i o n ,  and  r a d i o -  

g r a p h i c  r e s u l c s  a r e  d i s c u s s e d  i n  t u r n  below,  

, ,. S i n c e  a n t i m o n y - b e r y l l i m  s o u r c e s  e m i t  a  g r e a t  

amount, o f  ,gamma r a d i a t i o n  which i s  n.ot used  in t h e  . 

p h o t o n e u t r o n  r e . ? . k t . i ~ n s ,  %ha galnilla ray d o s e  r a t e  n e a r  

. .  a h i g h  yield. .Sb- .Be s o u r c e  i s  t . h e r e f o r e  v e r y  h i g h ,  

. A 1 , 0 0 0  c u r i e  s o u r c e ,  a s  was used  i n  t h e s e  e x p e r i m e n t s ,  

r e s u l t s  i n  a n  u n s h i e l d e d '  gamma ray* d o s e  -rat6 o f  r o u g h l y  . 

1 , 5 0 0  r / h r  a t  one meter .  The average gamma r a y  e n e r g y  I 

is.1.69 mev a s  compared t o  t h e  C o b a l t  60 a v e r a g e  of 

l , 2 5  mev, 

A s  a  ' r e s u l t  o f  t h e s e  gamma ray e m i s s i o n s ,  t h e  

t r a n s f e r  f o i l  t e c h n i q u e  must be u s e d  w i t h  a n  Sb-Be 

s o u r c e ,  in mos.t. c a s e s ,  s i n c e  this' tec;hnique.. 'is fnde -  

penden t  of t h e  smo.unt of gamma r a d ? a t i o n  p r e s e n t .  
, . 

I lowever , ' : i f  a  l e a d  s h i e l d  were aesfgrled t o  s u r r o u n d  

such  a  s o u r c e  a r rangeinenc ,  w.it;h gamma r a y s  b e i n g  

allowed t o  escape o n l y  .in the ne.u.t,lnon 'beam hole, t h e n  

t h e  .direct;  expos.ur.e teehniq.ire c.:ou:id v e r y  w e l l  be  used. 

The e f f e c t  would be t o  ha.ve a cornb.lned neutron and 

gamma r a y  r ad ioc r . aph ,  T h e  ex(~osu-re .time f o r  such 

r ad iog raphs  wou:l.d be . cxSt.l-erno't y s h o r t  ( i ,, e  ., , a f'ew 



During t h e  e x p s r i a ~ e n r ~ a l  program r e c e n t l y  completed,  ., , 

o n l y  t h e  t r a n s f e r  meci~od af image f o r m a t i o n  was employed, 

I n  t h i s ~ m e t h o d ,  indium o r  dyspxrosium f o i l s  were exposed 

t o  t h e  n e u t r o n  beam a f t e r  :it had t r a v e l e d  through t h e  
, . 

t e s t  o b j e c t s ,  An image oT t h e  t r a n s n ~ i s s i o n  e f f e c t s  of 

' t h e  t e s t  o b j e c t s  was ob'cafned by ne .u t ron  a c t i v a t i o n  re-  

a c t i o n s  i n  t h e  f o i l s ,  I n  t h e  case of ItndP,wn, t h i s  i n -  

duced a c t i v i t y  d e c a y s  a  f a c t o r  o f  two every f i f t y - f o u r  

m i n u t e s  ( i . e . ,  a  fifty-four minute h a l f  : l i f e ) ,  . Dys- 

pros ium,  on t h e  o t h e r  hand, has a cwo and one-half  h o u ~  
, 

I.. , '  

. h a l f  life. 

During t h i s  s e r i e s  of t e s t s ,  10 m i l  thick i n d i m  

and dysprosium f ' l ~ i l r ,  were used exclusively f o r  image 

f o r m a t i o n s .  T h i s  c h s i c e  was 'based on t h e  work, r e p o r t e d  

by Berger i n  References ( 3 )  and ( 6 ) .  A nu~inber of ,othas 

a c t $ v a t f o n  f o i l s  may be t?mploy.ed w'ith St-Be s o u r c e s i  

however, t ime  did not a l l o w  P"or 2 v a l u a t i . o n  sf e h e a e  a t  

th . i  s time, Fctl ls  o f  t.iz:f u .t:kllickhc*S~ a r e  st2,l'f'ie:lently t h i n  

t o  al low transfer. o f  the I.nduced :Linage t o  Cwo 'X-ray films 

s imul taneou.s ly . ,  w:ith one loc:a';ri?d on e:L..'i;P\er s i d e  o f  the ' 

f o i . 1  'in a f : f l m  c:as.:sac.te, The! photog:raphic 1.aiages .t.klua 

o b t a i n e d  a re  not. d i s t . i~~gu i . shab : l e  a s  rega;rds t he  s i d e  of 

t h e  f o i l  f rom which t h e  f ' i : l n ~  was % : r . a ~ ~ o f e ~ ~ e d ,  The f o i l s  

used i n  t h e s e  ox:perinrrent.s were :t"l we .2.nc:'t.;t$s w i d 2  atlci 

Yo.rrer1 i n c h e s  :Long,, 



B ,  Neu t ron  Modtlr-ation - ----.-- --..- -.:"-.--..>-a-... 

The pi>otoneut inons e m i t t e d  i ' r ~ t r i  Sb-Be s o u r c e s  have 

e n e r g i e s  which r a n g e  u p  to s l i g h t l y  g r e a t e r  t h a n  25 kev. 

I t  i s  n e c e s s a r y  t o  modera. te  o r  s I . ;~w t h e s e  n e u t r o n s  d.own 

t o  t h e  r a n g e  where  t h e y  can  rnoi-e r e a d i l y  be  a b s o r b e d  by 

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

a r e  g e n e r a l l y  h i g h e s t  f o r  'thermal e n e r g i a s  b u t  r e s o n a n c e s  

e x i s t  i n  t h e  c r o s s  s e c t i o n  c u r v e s  o f  b o t h  indiurn and  

d y s p r o s i u m  a s  :j'no.wrl i n  Figarc ( L ) ,  One means o f  f i n d i n g  

t h e  optimum amount o f  moderac ing  r r ~ a ~ e r i a l s  r e q u i r e d  f o r  

n e u t r o n  rad iogleaphy woru is t t o  e x p o s e  t h e  f o i l s  w i t h  

v a r y i n g  t h i c k n e s s e s  o f  mod.era tor  and  measure  c h e  gamma 

ray dose r a t e  due  t o  r c " t i v a t . i o n ,  Thf s was done f o r  

ind ium f o i l s  i n  t h i s  e x p e r i n l e n t ,  The d o s e  rates were 

measured  r o u g h l y  t w o  m:Enntes after.  each e x p o s u r e  with 
, . 

a 'Pcu t : i e  piegY i on i za . c l . on  chairtber d e t e c t o r ,  

The c e n c e r  of  d e z e c z i o n  was l o c a t e d  t h r e e  i n c h e s  

f rom t h e  f o i l  s u r f a c e  f o r  each c o n t a c t  r e a d i n g ,  The 

r e s u l t s  o f  t h i . s  f n v e s t i g a t i o s a  a r e  sho*m g r - a p f l i c a l l y  i n  

F i g u r e  ( 3 1 ,  It can 'be s e a n  f:rhom tlze f i g u . r e  t h a t  s l i g h t l y  

g r e a t e r  t h a n  t;hr.ee-quarte:t.s o f  an  i n c h  o f  po lye thy~ l . ene  

was optimum i n  . that ,  t h i s  t h i c k n e s s  of  modera to r  r e s . u l t u  

i n  t h e  h:l.ghest amount of" I.ridn.ccii a c t  . ' ivit,ye, . ' l ' i rnc :  d Td n o t  

permit a s:lmll.ar C-val~.at,:i!:~n f o . r  13 y 3pr,o:;j:ilm, '?JI:~ C. 1:iia da.ia 

of  F i g u r e  ( I + )  wo,ul.d i n d i c a t e  t h a t  s j l i g 1 . 1 C  i n c r e a s e  i n  
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p o l y e t h y l e n e  t h i c k n e s s  would be  advan tageous  f o r  

dysprosium due t o  t h e  h i g h e r  c r o s s  s e c t i o n  a t  t h e r m a l  

e n e r g i e s  and t h e  r e l a t i v e  r e l a t i o n s h i p  between t h e  

t h e r m a l  and r e s o n a n c e  c r o s s  s e c t i o n s  of  indium and 

dysprosium. No e x p e r i m e n t a l  e v a l u a t i o n  h a s  been made 

t o  d a t e  of  t h e  e f f e c t s  o f  o t h e r  m o d e r a t o r s ,  such a s  

g r a p h i t e .  No d i s c e r n i b l e  f i l m  d e n s i t y  changes  c o u l d  

be  o b t a i n e d  f o r  an  unmoderated s o u r c e  w i t h  e i t h e r  

dysprosium o r  indium f o i l s .  T h i s  showed c o n c l u s i v e l y  

t h a t  some modera t ion  i s  n e c e s s a r y  i n  o r d e r  t o  make 

Sb-Be s o u r c e s  a d a p t a b l e  t o  n e u t r o n  r a d i o g r a p h i c  

a p p l i c a t i o n s .  

C .  Beam C o l l i m a t i o n  

S i n c e  a  n e u t r o n  modera to r  i s  r e q u i r e d  f o r  t h e  u s e  

o f  Sb-Be s o u r c e s ,  t h e  geometry  of t h e  n e u t r o n  s o u r c e s  

t h e n  e f f e c t i v e l y  becomes t h a t  o f  t h e  modera to r  due  t o  

t h e  f a c t  t h a t  s low n e u t r o n s  a r e  e m i t t e d  t h r o u g h o u t  t h e  

mopera to r ,  Such a g e o m e t r i c  d i s t r i b u t i o n  i s  q u i t e  un- 

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

some t y p e  o f  c o l l i m a t o r  o r  a p e r t u r e  e e v i c e  must be em- 

p loyed.  Three t e c h n i q u e s  were a t t e m p t e d  d u r i n g  t h e s e  

t e s t s  ( s e e  F i g u r e  ( 4 ) ) .  The f i r s t  i n v o l v e d  a  two i n c h  

d i a m e t e r  h o l e  i n  a cad mi.^ wrapped p o l y e t h y l e n e  modera tor .  

The second i n v o l v e d  a  s i m i l a r  a r rangement  b u t  w i t h  a  

second cadmium d i s k ,  w i t h  a  two i n c h  h o l e ,  spaced  two 

i n c h e s  away w i t h  t h e  two h o l e s  l i n e d  up t o  form a n  
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Note: No cadmium c o v e r s  were provided a t  t h e  bottom of t h e  
m o d e r a t o r  assembly.  



' l e f f ec t ive l l  c o l l i m a t o r .  

r: 
A t h i r d  type  o f  c o l l i m a t o r ,  a  "beam hole"  t ype  was 

confirmed t o  be t h e  b e s t  means of o b t a i n i n g  t h e  h i g h e s t  

p o s s i b i e  amount of p a r a l l e l  component i n  t h e  neu t ron  

, beam. I n  t h i s  case  a  t ube  was c o n s t r u c t e d  of 20 m i l  

cadmium, wi th  a  d i ame te r  o f  two i n c h e s  and  a l e n g t h  of 

t h r e e  i nches .  T h i s  t u b e  was surrounded by po lye thy lene  

and t h e  e n t i r e  c o n f i g u r a t i o n  was wrapped wi th  cadmium. 

A major  f a c t o r  i n  t h e  d e c i s i o n ' t o  t e s t  a  beam h o l e  

d e v i c e ,  surrounded' by po lye thy lene ,  was t h e  r e s u l t  ob- 

t a i n e d  i n  a  neu t ron  f l u x  measurement f o r  t h e  second 

d e v i c e  shown i n  Figure .  ( 4 ) .  I n  t h i s  measurement two 

smal l  gold f o i l s  were p o s i t i o n e d  a t  t h e  t e s t .  o b j e c t  
I 

l o c a t i o n ,  one on e i t h e r  s i d e  of  t h e  second cadmium 

d i s k  cv c u t o u t h o l e .  One of t h e s e  f o i l s  was pu t -  i n  a 

cadmium j a c k e t ,  o r  cove r ,  whi le  t h e  o t h e r  was l e f t  bare .  

The. a c t i v i t y  induced i n  t h e s e  f o i l s  was counted and a 

de t e rmina t ion  was made of t h e  e q u i v a l e n t  thermal  neu t ron  

f l u x .  The f l u x  a t  t h e s e  l o c a t i o n s  was r o u g h l y  
6 2 

4 x 1 0  n/cm set ' f o r  neu t rons  below t h e  cadmium 

c u t o f f  p o i n t ,  i . e . ,  the rmal  neu t rons .  

However, a  cadmium r a t i o g  of  on ly  s l i g h t l y  more - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - - - - - -  
R 

The cadmium r a t i o  i s  simply t h e  r a t i o  o f  t h e  induced 

a c t i v i t y  o f  t h e  bare  f o i l  t o  t h a t  of  t h e  cadmium covered 

one. A cadmium r a t i o  of t e n  means t h a t  f o r  every  neutron 



a c t i v a t i o n  r e a c t i o n  i n  t h e  cadmium covered f o i l ,  t h e r e  

were n i n e  t a k i n g  p l a c e  i n  t h e  b a r e  f o i l .  ( S e e  F i g u r e  (1) 

f o r  f u r t h e r  i n f o r m a t i o n  c o n c e r n i n g  energy  ranges .  ) 
_ _ - - - - - - - - - - - - - - - - . - _ - - _ - - - - -  

t h a n  one was o b t a i n e d .  T h i s  meanL t h a t  an a l m o s t  

e q u i v a l e n t  f l u x  o f  e p i t h e r m a l  ( o r  above t h e r m a l )  

n e u t r o n s  was p r e q e n t ,  I n  o t h e r  words,  t h e  cadmium , 

wrapping was n o t  d o i n g  i t s  job  e f f e c t i v e l y ,  n o t  because  

it f a i l e d  t o  a b s o r b  t h e r m a l  n e u t r o n s  which would o t h e r w i s e  

l e a k  o u t ,  b u t  because  n o t  enough p o l y e t h y l e n e  was pro- 

v i d e d  t o  modera te  t h e s e  n e u t r o n s  s o  t h a t  t h e y  c o u l d  be 

absorbed  by t h e  cadmium, ( R e f e r e n c e  (16)  p r o v i d e s  

f u r t h e r  i n f o r m a t i o n  on t h i s  measurement t e c h n i q u e . )  

The t h i r d  t y p e  o f  - d e v i c e ,  t h e  beam h o l e  t y p e  de-  

s c r i b e d i n  F i g u r e  (41, was d e s i g n e d  t o  c o r r e c t  t h i s  . . 

v e r y . d e f i c i e n c y  b e f o r e  t h e  exper iment  was under taken .  

The e x p e r i m e n t a l  conf i rn ie t ion  was noteworthy,.  

By employing a beam c o l l i m a t i n g  d e v i c e ,  a  ' p a r a l l e l  

component r e s u l t s  i n  t h e  f i e l d  of n e u t r o n s  i m p i n g i n g ,  

on t h e  t e s t  o b j e c t ,  T h i s  i s  an  i m p o r t a n t  f a c t o r  i n  
, 

improving c o n t r a s t  s e n s i t i v i t y .  F l u x  l o s s e s  a r e  en- 

c o u n t e r e d  i n  t h i s  c o l l i m a t i o n  bu t  t h e  remain ing  f l u x  
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p,roved t o  be s u f f i c i e n . c i y  h i g h  f o r ,  m o a t  a p p l i c a t i o n s ,  

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

o b j e c t s  can  be compensated f o r  Oy t h e  u s e  of'  f a s t e r  

f i l m  f o r  t h e  t r a n s f e r  o f  t h e  i n d u c e d  image. However, 

t h i s  f e a t u r e  h a s  i t s  n a t u r a l  l i m i t a t i o n s .  These limits 

were  n o t  e v a l u a t e d  d u r i n g  t h i s  set .  o f  e x p e r i m e n t ' s . .  

Do P h o t o g r a p h i c  N e u ~ r o n  Image .--.--.-.- D e t e c t i o n  ..-. --i.-.W.-.Y--Y R e s u i t s  

F i g u r e  ( 5 )  i s  a r a d i o g r a p h  o f  a 2 0 , m i l  t h i c k .  cadmium 

d i . sk  w i t h  h o l e s  d r i l l e d  from t h e  c e n t e r  o u t  3/16" a p a r t .  

The h o l e  d i a m e t e r s  were 16, 2 0 ,  2 4 ,  3 2 ,  LO, 429 4.7, .59, 

and 70 m i l s ,  A 10 m i ;  ind ium f0i.i. was exposad for 

t w e n t y - f i v e  m i n u t e s  a d 2 a c e n t  t o  ths! test p i e c e ,  w i t h  

a 2" d i a m e t e r  p i n  ' h o l e  devf ca,  Tlla ?:.est p i e c e  was; 

one  i n c h  above t h e  apert:.u.;.c-, Tna inducsd image was 

t r a n s f e r r e d  f o r  f o r t y - - f i v e  minut .es  to Kodak A A  film. 

A r a d i o g r a p h  of' a :l'' d i a n l e t ~ ~  0,229"  t h i c k  p:ipe 

s e c t i o n  i s  reproduc:ed i n  F g u . r e  ( 6 ) .  T h i s  o b j e c t  was 

l o c a t e d  l / i " j  from a  I" diameter., p i n  h o l e  a p e r t u r e , .  A 

10 m i l  ind ium f o i l  was mounted on t w o  p o l y e ~ h y l e n e  rings 

so a3 to r e s t  on t.he 1 . o ~  of' che p i p e  s e c t i o n .  It; was ax -  

posed f o r  f i f t y - f o u r  m i n u f ~ e s  and  che induced  image was 

a l l o w e d  t o  t r a n s f e r  t o  t y p a  A A  f i ' l m  f o r  f ' i l t .y . . . four  m i n n t e s .  
2. 

The cen t . e r  weld i s  c1earl .y  v i s i b : l c  ::.n t h i s  s h o t .  Tha 

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

r i n g s  which w e r e  u s e d  f o r  s,ii;;;)cjr-I., 'rna : i . d s n t i f  :i c a t i o n  

l a b e l  ''IN-.21'' stlows how a : j O  mi': roasic.i.llg t n p i ?  t h i c k n e s s  

i s  o b s e r v a ' b l e  . in th i s  technicl.il2 ,., 



F i g u r e  ( 5 )  Radiographic  r e p r o d u c t i o n  of 20 m i l  cadmium 
test p i e c e  o b t a i n e d  by t h e  indium t r a n s f e r  method w i t h  
a 2" d iame te r  p i n  h o l e  camera dev ice .  



Figure (6) Radiographic reproduction of a 1" diameter 
pipe section obtained by the indium transfer method 
with a 1" diameter pin hole camera device. 
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The employment o f  a n  i s o t o p i c  s o u r c e  of  n e u t r o n s  means t h a t  

a  c o n t i n u o u s  e m i s s i o n  s o u r c e  i s  made a v a i l a b l e  f o r  n e u t r o n  

r a d i o g r a p h i c  work. T h i s  i s  n o t  t h e  c a s e  f o r  r e a c t o r  beam 

h o l e s  which a r e  s u b j e c t  t o  power changes and shutdown t i m e s .  

due t o  r e a c t o r  o p e r a t i o n s .  Nor i s  i t  p o s s i b l e  t o  o b t a i n  

c o n t i n u o u s  e m i s s i o n  from a  n e u t r o n  g e n e r a t o r  source .  

A s o u r c e  i n t e n s i t y  o f  100  c u r i e s  o f  ant imony would s u f f i c e  

f o r  r a d i o g r a p h i c  i n s p e c t i o n  o f  many o b j e c t s .  However a  500 c u r i e  

s o u r c e  would be r e q u i r e d  f o r  b i g  j o b s  such a s  t h e  r a d i o g r a p h y  o f  

t h e  t w e l v e ' i n c h  d i a m e t e r  p i p e  s e c t i o n  d e s c r i b e d  i n  t h e  p r e c e d i n g  

s e c t i o n .  A s o u r c e  o f  t h i s  n a t u r e  could  be used r o u t i n e l y  w i t h i n  

t h e  compartment s h i e l d i n g  o f  a nllc1.ear r e a c t o r  i n s t a l l a t i o n .  

Shoot  room a p p l i c a t i o n s  cou ld  be accompl ished i n  a  c o n c r e t e  

s h i e l d e d  room which would n o t  be  o f  unusua l  d e s i g n ,  a s  compared 

t o  t h e  s h i e l d i n g  r e q u i r e m e n t s  f o r  h igh  y i e l d  gamma rad iography .  

Sb-Be s h i e l d i n g  r e q u i r e m e n t s  a r e  e s s e n t i a l l y  a  gamma s h i e l d i n g  

problem s i n c e  t h e  n e u t r o n  energy  spectrum i s  low. The h a l f .  

l i f e  o f  Antimony 124 i s  s i x t y  days .  T h i s  compares t o  a  v a l u e  

o f  s e v e n t y - e i g h t  days  f o r  I r i d i u m  1 9 2 ,  which h a s  been found t o  

be a n  a c c e p t a b l e  decay r a t e  f o r  r o u t i n e  gamma r a d i o g r a p h y  appli- 

c a t i o n s .  

I V .  D e s c r i ~ L i o n  o f  P o r t a b l e  Device f o r  F i e l d  Use 

A r e m o t e l y  o p e r a t e d  p o r t a b l e  d e v i c e  which i s  c a p a b l e  

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

been des igned  and i s  p r e s e n t l y  under  development .  F i g u r e  ( 7 )  





shows t h e  b a s i c  f e a t u r e s  of  t h i s  d e v i c e .  The d e v i c e  employs 

a s t a n d a r d  r a d i o g r a p h i c  camera method of  r emote ly  c r a n k i n g  o u t  

a n  ant imony gamma r a y  s o u r c e  from a s h i e l d e d  c o n t a i n e r .  The 

d i f f e r e n c e s  l i e  i n '  t h e  f a c t  t h a t  t h e  end o f  t h e  s t a n d a r d  

t e l e f i e x  c a b l e  i s  f i t t e d  w i t h  a  b e r y l l i u m  receptac1.e.  T h i s  

b e r y l l i u m  a b s o r b s  t h e  e m i t t e d  gamma r a y s  and c o n s e q u e n t l y  

gives o f f  a  h i g h  y i e l d  o f  pho toneu t rons .  The b e r y l l i u m  t h i c k n e s s  

i s  de te rmined  such t h a t  optimum pho toneu t ron  p r o d u c t i o n  i s  r e a l i z e d .  

Thk b e r y l l i u m  r e c e p t a c l e  i s  surrounded by v a r y i n g  i h i c k n e s s e s  o f  

p o l y e t h y l e n e  w i t h  a  cadmium l i n e d  h o l e .  The e n t i r e  a r rangement  

i s  su r rounded  by a  cadmium wrapping 30 m i l s  t h i c k ,  e x c e p t  i n  

way o f  t h e  beam h o l e ,  which r a n g e s  from one t o  t h r e e  i n c h e s  i n  

d i a m e t e r ,  depending on t h e  a p p l i c a t i o n .  

The c o l l i m a t e d  beam h o l e  i s  p o i n t e d  toward t h e  o b j e c t  

t o  b e  r a d i o g r a p h e d .  A n e u t r o n  s e n s i t i v e  image d e t e c t o r  i s  

l o c a t e d  on t h e  o p p o s i t e  s i d e  o f  t h e  o b j e c t  under  i n v e s t i g a t i o n ,  

much i n  t h e  same manner t h a t  a n  X-ray f i l m  i s  l o c a t e d  i n  X o r  

gamma rad iography .  T h i s  image d e t e c t o r  i s  e i t h e r  indium o r  

dysprosium depending upon the a p p l i c a t i o n .  Some use  o f  europium 

and /o r  f i s s i o n a b l e  m a t e r i a l  f o i l s  ( e - g . ,  U 0 2 )  i s  expected  a t  a  

l a t e r  d a t e .  I n  most c a s e s  t h e  n e u t r o n  s e n s i t i v e  f o i l  w i l l  be 

a p p r o x i m a t e l y  1 0  m i l s  t h i c k  and w i l l  be f o l l o w e d  by a  cadmium 

f o i l  20 m i l s  t h i c k  t o  p r e v e n t  any e f f e c t s  o f  b a c k s c a t t e r e d  

n e u t r o n s .  



The image p icked  up by the  d e t e c t o r  f o i l s  i s  t h e n  

t r a n s f e r r e d  50 s t a n d a r d  X-ray film i n  an  a r e a  removed from 

t h e  s o u r c e  exposure  l o c a t i o n  s o  c h a t  a d d i t i o n a l  e x p o s u r e s  may 

be  c o n t i n u e d  w h i l e  t h e  r e s u l t s  of  t h e  p r e v i o u s  exposure  a r e  

b e i n g  t r a n s f e r r e d  t o  f i l m .  Kodak t y p e  A A ,  K K ,  and M ' f i l m s  

e a c h  h a s  been found t o  be s u i t a b l e  f o r  v a r i o u s  f i l m  C r a n s f e r s .  

However, any number of X-ray t y p e  f ' i lnls .may be used  w i t h  t h i s  

d e v i c e .  

The r a d i o g r a p h i c  remote c rankou t  t o o l  ( camera ) f e a t u r e  

' i s  n o t  new. What i s  new i n  t h i s  r e g a r d  i s  t h a t  no such camera 

h a s  been made t o  employ a n  ant imony s o u r c e  i n  c o n n e c t i o n  w i t h  

a  b e r y l l i u m  r e c e p t a c l e  t o  form a p o r t a b l e  r a d i o g r a p h i c  nuetr.on 

s o u r c e ,  Gamma rad. iography i~ t h e  on ly  k~lown use  t o  which 

t h e s e  comparable d e v i c e s  have 'been p u t  t o  d a t e ,  

A major  f e a t u p e  0 f . t h i . s  approach i s  t h a t  a s  l o n g  a s  t h e  

an'timony i s  s e p a r a t e d  from xne b e r y l l i u m  no Source  o f  n e u t r o n s  

e x i s t s .  T h i s  was a l s o  t h e  c a s e  o f  t h e  s o u r c e  o f  Refe rence  ( 1 2 ) .  

F o r  t h i s  r e a s o n ,  a r e l a t i v e l y  s m a l l  ( i . e ?  , approximazely  

twen ty  i n c h  d i a m e t e r )  l e a d  s h i e l d  can be  used f o r  t h e  camera 

d e v i c e ,  An e n t i r e l y  d i f f e r e n t  s h i e l d  would be . requi red  i f  

t;he s o u r c e  were t o  be permanent ly  a t t a c h e d  t o  t;he b e r y l l i u m .  

T h i s  would be needed due . to  t h e  c r e a t i o n  of  gamma s o u r c e s  due 

t o  n e u t r o n  c a p t u r e s ,  Local  s h i e l d i n g  can 'be u s e d ,  around t h e  

o b j e c t  t o  be r a d i o g r a p h e d ,  i f  i t  i a  n o t  l o c a t e d  i n  a  shiel .ded 

s h o o t  room o r  w i t h i n  t h e  compartment s h i e l d  o f  a n u c l e a r  



r e a c t o r ,  D i s t a n c e  h a s  t h e  same e f f e c t  i n  r e d u c i n g  s h i e l d i n g  

r e q u i r e m e n t s  a s  it  h a s  f o r  gamma r a d i o g ~ a p h y ,  

A d e v i c e  s i m i l a r  t o  t h e  one d e s c r i b e d  above would c o s t  

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

d e s i g n e d  t o  s u p p l y  t h e  e o u i v a l e n t  the rmal  n e u t r o n  f l u x  a t  t h e  

image d e t e c t o r  l o c a t i o n ,  There  i s  no ec,onomic comparison 

between t h i s  d e v i c e  and a  n u c l e a r  . r e a c t o r  s o u r c e  o f  n e u t r o n s .  

V. A p p l i c a t i o n s  o f  Neutron l33dioaraphx 

A s  was s t a t e d  i n i t i a l l y  i n  t h i s  d i s c u s s i o n ,  n e u t r o n  

r a d i o g r a p h y  c o u l d  be viewed from two a s p e c t s :  

a ,  Those a p p l i c a t i o n s  where it can s u p p l a n t  gamma and 

X r a d i o g r a p h y  when t h e y  f a i l  t o  g i v e  t h e  d e s i r e d  r e s u ' l t s .  

b, Those a p p l i c a t i o n s  which r e s u l t  d i r e c t l y  from t h e  

un ique  n a t u r e  and behav io r  o f  n e u t r o n s  a s  r e g a r d s  

t r a n s m i s s i o n  t h r o u g h ,  and i d e n t i f i c a t i o n  o f ,  v a r i o u s  

m a t e r i a l s .  

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

ere  c a t e g o r i z e d  a c c o r d f n g  t o  t h e s e  two a s p e c t s ,  These l i s t i n g s  

. inc lude  some a p p l i c a t i o n s  a l r e a d y  s u g g e s t e d  by W a t t s  i n  Refe r -  

ence  ( 4 )  and'  Berger  i n  R e f e r e n c e s  ( 3 )  and ( 6 ) .  
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T a b l e  I 

A p p l i c a t i o n s  of. Neutron Radiography A s  a Supplement 
To o r  Replacement f o r  X and Gamma Radionraphv 

1. Radiography i n  h i g h  r a d i a t i o n  f i e l d s  o r  o f  components which 

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

such a s  c rud  d e p o s i t s .  ( B e r g e r  h a s  r e c e n t l y  demons t ra ted  

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

r o u t i n e l y  be n e u t r o n  rad iographed  w i t h  t h e  beam h o l e  a t  

Argonne N a t i o n a l  L a b o r a t o r y ' s  J u g g e r n a u t  R e a c t o r  ( R e f e r -  

e n c e  ( 1 8 ) ) .  

2.  N o n d e s t r u c t i v e  t e s t i n g  o f  m e t a l  c a s t i n g s  and f o r g i n g s .  

3 .  I n s p e c t i o n  r a d i o g r a p h y  o f  weldments.  

4. I n s p e c t i o n  o f  .very  l a r g e  t h i c k n e s s e s  o f  heavy m e t a l s  where 

e x c e s s i v e  s c a t t e r  and t r a n s m i s s i o n  l o s s e s  make X and gamma 

r a d i o g r a p h y  v e r y  d i f f  icu1.t  , o r  i m p o s s i b l e .  

5. Examinat ion o f  s p o t  welds  i n  s t ee l  e n c l o s u r e s  o f  t h i c k  uranium 

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

problems f o r  X and gamma r a y  rad iography .  

6. I n s p e c t i o n  of new (or  u n i r r a d i a t . e d )  r e a c t o r  f u e l  e l e m e n t s  

and r e a c t o r  c o n t r o l  rods .  The a f f i n i t y  o f  f u e l  and poison 

m a t e r i a l s  f o r  n e u t r o n s  makes n e u t r o n  r a d i o g r a p h y  a n  i d e a l  

r ep lacement  f o r  X and gamma r a d i o g r a p h y  i n  t h e s e  a r e a s .  

7. Provided a n  a p p r e c i a b l e  p a r a . l l e 1  component e x i s t s  i n  t h e  

n e u t r o n  beam, n e u t r o n  r a d i o g r a p h y  can improve t h e  image 

s h a r p n e s s  and c o n t r a s t  o b t a i n a b l e  f o r  c e r t a i n  m a t e r i a l s  

w i t h  X and gamma ray d e v i c e s ,  e . g . ,  f o r  crysta .11 i n e  

s t r u c t u r e  e v a l u a t i o n s  i n  metal l .agra.phic a p p l i c a t i o n s .  
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Table  I1 

A p p l i c a t i o n s  o f  Neutron Radiography-Eased on t h e  Unique Na tu re  
O f  t h e  Neutron and Neutron A t t e n u a t i o n  C h a r a c t e r i s t i c s  

1. S t u d i e s  o f  i n c l u s i o n s  i n  m e t a l s  where t h e r e  a r e  c r o s s  

s e c t i o n a l  d i f f e r e n c e s  due t o  t h e  m a t e r i a l s  i n  q u e s t i o n .  

2 .  E v a l u a t i o n  of hydrogen c o n t e n t  i n  v a r i o u s  m a t e r i a l s ,  

3 .  N o n d e s t r u c t i v e  t e s t i n g  of  assembled components t o  a s c e r t a i n  

t h e  l o c a t i o n  and c o n d i t i o n  of r u b b e r  "0" r i n g s  and g a s k e t s .  

The c r o s s  s e c t i o n s  o f  b o t h  hydrogen and ca rbon  i n  hydro- 

c a r b o n s  such  a s  r u b b e r  make t h e s e  m a t e r i a l s  e a s i l y  i d e n t i -  

f i a b l e  w i t h  n e u t r o n  t r a n s m i s s i o n  t e c h n i q u e s .  

4. I n s p e c t i o n  o f  ho l low p o r t i o n s  o f  m e t a l  o b j e c t s  such  a s  t u r b i n e  

b l a d e s .  The ho l low p o r t i o n s  a r e  f i l l e d  w i t h  a  hydrogenous 

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

a n  almosL vpaaue o b j e c t  t o  t h e  n e u t r o n  beam. 

5. Examinat ion  o f  a  combinat ion  o f  m a t e r i a l  which a r e  c l o s e  i n  

d e n s i t y  ( t h e r e f o r e ,  b a r e l y  d i s c e r n i b l e  w i t h  gamma o r  X-rays)  , 
b u t  have d i f f e r e n t  n e u t r o n  c r o s s  s e c t i o n s  making them r e a d i l y  

d e f i n a b l e  w i t h  n e u t r o n s .  One such  example o f  t h i s  i s  a  combi- 

n a t i o n  o f  t a n t a l u m  and t u n g s t e n .  

6 .  I n s p e c t i o n  o f  p l a s t i c  and r u b b e r  m a t e r i a l s  such a s  e l e c t r i c a l  

i n s u l a t i o n  f o r  f l a w s  and d e f e c t s .  

7. B i o l o g i c a l  and medica l  s t u d i e s  o f  such specimens  a s  p l a n t  o r  

a n i m a l  t i s s u e s  can be  accompl ished w i t h  g r e a t e r  c o n t r a s t  t h a n  

w i t h  X-rays i n  t h o s e  c a s e s  where h i g h l y  a b s o r b i n g  m a t e r i a l s  

a r e  p r e s e n t  ( e . g . ,  boron o r  b a r i u m ) .  



The above l i s t i n g s  a r e  n o t  f n ~ e n d e d  t o  be exhaust ive 

but a r e  k e p r e s e r l t a t i v e  of r h e  v a r i e t y  of a p p l i c a b l e  a reas  o f  

i n v e s t i g a t i o n  t h a t  can b e n e f i t  f'ronn f u l q t h e r  development  and 

a p p l i c a t i o n  of n e u t r o n  rad iag l -aphy .  ln g e n e r a l ,  t h e  tabu- 

l a t i o n s  a p p i y  more 'c.0 thermal :~eaCr.on r a d i o g r a p h y ,  F a s t .  

n e u t r o n  r ad iog raphy .  would 'ba v e r y  use.fu:l i n  such a r e a s  a s  t h e  

n o n d e s t r u c t i v e  t e s t i n g  o f  such Cilfngs as l a r g e  t h i c k n e s s e s  of 

cast, s o l . i d  r o c k e t .  f u e l  f o r  t h e  exi.stence o f  c r a c k s  or 

f i s s u r e s .  

The nunber  and var.i'e-ty of  a p p l i c a t i ~ k s  w i l l  o b v i o u s l y  

.be i n c r e a s e d  a s  t h e  Gpe~. ,aSioi~~ o f  u yuancui ty-  o:f" devices :in 

f i e l d  u s e  are r ~ e a l i z 9 d .  / 

0n.e o f  t h e  major o ' b s t a z l e s  i n  tht? de.:r.eloprnc?:?.t o f  

p r a c t i c a l  and '  2conomf c v . 1  r j . ) . e~t .~~~i)z~  jr3.di~g:raphy h a s  been .cha 

rner1ta:L ' v e ~ r i . f i c a t . l ~ n  of' ;i,!!.e a p p l i e a ' b l l i t y  o:f Sb.-.Be so.illbces 

and t h e  subsequent  desc r . ip t ion .  of a p o r t a b l e  dev:ica,, as re..:. 

p o r t e d .  in t h i s  paper., .I.L i s  c ~ n c . L ~ i l e ; . d  , t . i~at  l ~ s r ~ t x ~ c r r r  : r a d i o g ~ a p l l y  

ehould  now ad'vance, even ni~:.re y a p i d l y  t:.l.lan has  't)ssn t.11.e c a s e  

to dae.e, 

The w o r k  rs.epoz~t..ed h e r e  on. '  t h e  nic+dt.!rn-at;ion and  bean1 

coll'ima.t,io:l o f  S'b-.Be r!.c!ucrcrn Y C ) U K . ~ ~ ' . B  ~lrli:-j$.;jons shou;d puaoya 

valuable .  to o t h e r  j.n.i)e..:j t i  p,ar:,o.rt, ., I l o ~ \ ~ l ~ ; ~ . j ,  ,;:",/8 j.nc.11 2.C' 



polye thy lene  moderator  was found t o  be optimum f o r  indium 

t r a n s f e r s .  The h igh  r a t e  of l eakage  o f  epicadmium energy 

n e u t r o n s ,  i n  t h e  d i s k  c o l l i m a t o r  approach,  was c l e a r  evidence 

t h a t  a beam h o l e  c o l l i m a t o r  must be surrounded by s u f f i c i e n t  

moderator  t o  a l l o w  t h e  c o n f i g u r a t i o n ' k  cadmium wrapping t o  

be most e f f e c t i v e .  Th i s  demonstrated t h e  advantages  o f  t h e  

cadmium l i n e d  beam ho le  type  o f  c o l l i m a t o r .  

The r ep roduc t ions  of  photographic  neu t ron  image de- 

t e c t i o n s  r e p r e s e n t  t h e  f irst  such r e p o r t i n g  o f  t h e  use  of  

a n  i s o t o p i c  neu t ron  source  f o r  neu t ron  radiography.  Addi t iona l  

exper imenta t ion  i s  d e s i r a b l e ,  i n  t h e  a r e a s  d i scus sed  i n  t h i s  

paper ,  in.  o r d e r  t o  r e f i n e  some of  t h e  f e a t u r e s  of t h e  p o r t a b l e  

r ad iog raph ic  dev ice .  Refinements i n  such t h i n g s  a s  beam 

c o l l i m a t i o n  w i l l  improve photographic  image s e n s i t i v i t y .  

F u r t h e r  exper imenta t ion  w i l l  a l s o  demonstra te  t h a t  exposure 

t i m e s  can be s u b s t a n t i a l l y  reduced wi th  t h e  expanded use  o f  

f a s t  X-ray and b e t a  s e n s i t i v e  f i l m .  We p lan  t o  conduct expe r i -  

ments o f  t h i s  n a t u r e  i n  t h e  n e a r  f u t u r e  i n  con junc t ion  w i t h  

Monte Car lo  computer code a n a l y s e s  of  t h e  neu t ron  moderator 

and c o l l i m a t o r  con f igu ra t ions .  



W o  .Do Welte' and A .  T o  Garvey played a  -major  c o n t r i b u t i n g  r o l e  

i n  t h e  experfmentati ,on r epo r t ed  h e r e i n  and i n  t h e  des ign  of . : I  

t h e  dev ice  f o r  p o r t a b l e  f i e l d  usage,  I n  a d d i t i o n ,  t hey  re-. 

viewed t h i s  manuscr ipt  f o r  cechni  c a l  accuracy and adequacy, . 

T h e i r  p a r t i c i p a t i o n  in t h e s e  e f f o r t s  i s  s i n c e r e l y  app rec i a t ed .  

T o  Wb Dunn, E, M, Marcus, and Eo L o  Czapek have provided t h e  

d i r e c t i o n  and supe rv i s ion  o f  ~ k n e r a l  ~ ~ n a m i c s / l 3 l e c t r i c  Boat 

e f f o r t s  i n  t h e  a r e a  o f  neu t ron  r ad iog raph ic  i n v e s t i g a t i o n s .  

. . 
T h e  a s s i s t a n c e  and t e c h n i c a l  adv ice  provided by H, B e ~ g e r  

(Argonne Na t iona l  Laboratory, Ha V, Wakts (Arknour Research 

~ o u n d a t i o n )  and W. Z. L e a v i t t  And A .  S h u l t a  (Watertown 

~ r s e n a . 1 )  a r e  g r a t e f u l l y .  acknowledged, 

We would a l s o  l i k e  t o  thank E. J O  H e n n e l l ~ ,  W, B,. Rogers, and 

H o  0, Rahner o f  t h e  Savannah River  Laboratory f o r  t h e i r  as- 

s i s t a n c e  ' i n  t h e  expesiment,al e v a l u a t i o n  o f  Sb-Be sou rces  ... , f o r  
' 

neut ron  radiography.  
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