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T H E NUCLEAR SAFEGUARDS RESEARCH AND D E V E L O P M E N T 

PROGRAM O F THE LOS ALAMOS SCIENTIFIC LABORATORY 

In t roduc t ion : Background and Scope of P r o g r a m 

T h e L o s A l a m o s Sc ien t i f i c L a b o r a t o r y h a s u n d e r t a k e n an ex t ens ive 

r e s e a r c h and d e v e l o p m e n t p r o g r a m in t h e t echno logy of inspec t ion , a c c o u n t -

abi l i ty , and s u r v e i l l a n c e of f i s s i o n a b l e m a t e r i a l and f i s s i o n d e v i c e s t o m e e t 

t h e g rowing u r g e n t need f o r m o r e e f f e c t i v e na t i ona l and i n t e r n a t i o n a l c o n t r o l 

of s t r a t e g i c n u c l e a r m a t e r i a l s . T h e i m p l e m e n t a t i o n of an e f f e c t i v e n u c l e a r 

s a f e g u a r d s and m a t e r i a l s m a n a g e m e n t s y s t e m r e q u i r e s d i r e c t p h y s i c a l 

m e t h o d s of de tec t ing , iden t i fy ing , and quan t i t a t ive ly ana lyz ing f i s s i o n a b l e 

m a t e r i a l s in v a r i o u s p r a c t i c a l c o n f i g u r a t i o n s con ta in ing both f i s s i o n a b l e 

and n o n f i s s i o n a b l e m a t e r i a l s . To be m o s t e f f e c t i v e and u s e f u l , such a s s a y 

m e t h o d s should be n o n d e s t r u c t i v e , r a p i d , a c c u r a t e , and capab le of be ing 

c a r r i e d out u n d e r a wide r a n g e of bo th l a b o r a t o r y and f i e ld condi t ions ; 

e. g . , in s i tu o r o n - l i n e a s s a y in m a t e r i a l s p r o c e s s i n g p l an t s , o r in m o b i l e 

i so top ic a s s a y s t a t i ons f o r i n - t h e - f i e l d u se . The d i f f i c u l t i e s of r e p r e s e n t a -

t i ve s a m p l i n g in c h e m i c a l (des t ruc t ive ) a s s a y of h e t e r o g e n e o u s and c o m p l e x 

s y s t e m s a r e l a r g e l y obvia ted in new n o n d e s t r u c t i v e a s s a y m e t h o d s , m a i n l y 

b e c a u s e of t h e i r c h a r a c t e r i s t i c h igh p e n e t r a b i l i t y t h r o u g h bulk m a t e r i a l s . 

N o n d e s t r u c t i v e a s s a y m e t h o d s can be d iv ided into two m a i n c a t e g o r i e s ; 
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(1) p a s s i v e a s s a y , and (2) ac t ive i n t e r r o g a t i o n . P a s s i v e a s s a y m e t h o d s 

involve o b s e r v a t i o n of bo th n e u t r o n s ( f r o m spon taneous f i s s i o n o r [a , n ] 

r e a c t i o n s ) and g a m m a r a y s (emi t t ed fo l lowing a decay) which a r e un ique ly 

c h a r a c t e r i s t i c of ind iv idua l f i s s i o n s p e c i e s . T h e n a t u r a l l y o c c u r r i n g 

g a m m a l i n e s having su f f i c i en t i n t ens i t y f o r p a s s i v e a s s a y a p p l i c a t i o n s 

a r e t y p i c a l l y a f e w hundred k i l ovo l t s o r l e s s in e n e r g y and hence have 

l i m i t e d p e n e t r a b i l i t y t h r o u g h d e n s e m a t e r i a l s . Also , in t h e c a s e of highly 

r a d i o a c t i v e s a m p l e s (e. g. , " s p e n t " r e a c t o r f u e l e l e m e n t s ) any p a s s i v e 

g a m m a - r a y " s i g n a t u r e s " a r e c o m p l e t e l y m a s k e d by the h igh r a d i a t i o n 

l e v e l of t h e s a m p l e . T h u s f o r m a n y p r a c t i c a l a s s a y p r o b l e m s , such 

f a c t o r s a s l a c k of p e n e t r a b i l i t y , i nhe ren t ly h igh r a d i o a c t i v i t y l e v e l s , e tc . 

s e v e r e l y l i m i t t h e u s e f u l n e s s of p a s s i v e m e t h o d s , and one m u s t emp loy 

a c t i v e i n t e r r o g a t i o n t e chn iques . It should a l s o be noted t ha t , f r o m an 

in spec t ion and s u r v e i l l a n c e s tandpoint , a c t i ve i n t e r r o g a t i o n t e c h n i q u e s 

a r e i n h e r e n t l y m o r e d i f f i cu l t to subve r t o r c i r c u m v e n t t h a n a r e t h e 

s i m p l e r p a s s i v e t e c h n i q u e s . 

A c t i v e i n t e r r o g a t i o n invo lves t h e u s e of an e x t e r n a l s o u r c e of n e u t r o n s 

o r pho tons to induce f i s s i o n s in the m a t e r i a l u n d e r inves t iga t ion . N e u t r o n 

s o u r c e s w e r e chosen f o r a c t i v e i n t e r r o g a t i o n in t h e LASL s a f e g u a r d s 

p r o g r a m b e c a u s e of (1) t h e h igh e f f ec t ive p e n e t r a b i l i t y of f a s t n e u t r o n s 

in n u c l e a r m a t e r i a l s g e n e r a l l y ; (2) s h a r p , w e l l - d e f i n e d n e u t r o n f i s s i o n 

t h r e s h o l d s which p r o v i d e i n c i s i v e i so top ic d i s c r i m i n a t i o n ; (3) r e a d i l y 



-3-

ava i l ab l e , s i m p l e , i nexpens ive , c o m p a c t n e u t r o n s o u r c e s (e. g . , D-D, 

252 

D - T n e u t r o n g e n e r a t o r s , Cf, e tc . ) of the r e q u i r e d i n t ens i t y and 

r e l i a b i l i t y f o r p r a c t i c a l a s s a y app l i ca t ions . 

In ac t i ve i n t e r r o g a t i o n m e t h o d s , quan t i t a t ive a s s a y i s b a s e d on 

de t a i l ed o b s e r v a t i o n s of t h e de layed and p r o m p t n e u t r o n s and g a m m a r a y s 

f r o m f i s s i o n . T h e de layed r e g i m e h a s t h e a d v a n t a g e s of c o m p l e t e t i m e -

s e p a r a t i o n f r o m the i n t e r r o g a t i n g pu lse , and p e r m i t s t h e u s e of s imp le , 

i nexpens ive count ing c i r c u i t r y and data r e d u c t i o n equ ipment . E m p h a s i s 

a t LASL i s p l a c e d on t h e deve lopmen t of v e r y h igh e f f i c i ency d e t e c t o r s so 

a s t o m a x i m i z e s ens i t i v i t y and s i g n a l - t o - n o i s e c h a r a c t e r i s t i c s whi le 

m i n i m i z i n g t h e i n t e r r o g a t i n g - n e u t r o n - s o u r c e s t r e n g t h wi th i t s a s s o c i a t e d 

sh ie ld ing r e q u i r e m e n t s . 

T h e c h a r a c t e r i s t i c d i f f e r e n c e s in y i e l d s and k ine t i c r e s p o n s e of the 

de layed n e u t r o n s f r o m the v a r i o u s f i s s i o n s p e c i e s p r o v i d e a unique me thod 

f o r a n a l y s i s of ind iv idua l i s o t o p e s in unknown m i x t u r e s of f i s s i o n a b l e and 

n o n f i s s i o n a b l e m a t e r i a l s . The e x p e r i m e n t a l t e c h n i q u e s involved in de layed 

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

inexpens ive . F o r r e l a t i v e i so topic a s s a y , no abso lu t e c a l i b r a t i o n s (of 

s o u r c e , d e t e c t o r s , f i s s i o n r a t e s , e tc . ) a r e r e q u i r e d , and a l l m e a s u r e -

m e n t s a r e we l l s e p a r a t e d in t i m e f r o m the i n t e r r o g a t i n g n e u t r o n pu l s e a s 

wel l a s t i m e - d e p e n d e n t p e r t u r b a t i o n s f r o m p r o m p t n e u t r o n s s u c h a s 

h i g h e r - m o d e decay , d i f fu s ion and t h e r m a l i z a t i o n e f f e c t s . 
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Delayed f i s s i o n g a m m a r a y s and p r o m p t n e u t r o n s and g a m m a r a y s 

m a y b e u s e d e i t he r in combina t ion wi th de layed n e u t r o n s , o r s e p a r a t e l y , 

t o p rov ide c h a r a c t e r i s t i c s i g n a t u r e s of ind iv idual f i s s i o n s p e c i e s . 

New n o n d e s t r u c t i v e a s s a y t e c h n i q u e s deve loped on t h e b a s i s of 

t h e s e s i g n a t u r e s a r e be ing i n t e r c o m p a r e d wi th the conven t iona l c h e m i c a l 

a s s a y m e t h o d s in u s e f o r m a n y y e a r s in the v a r i o u s p i l o t - p l a n t o p e r a t i o n s 

a t LASL which r e p r e s e n t e s s e n t i a l l y e v e r y s tage of i n d u s t r i a l f a b r i c a t i o n , 

r e c o v e r y , and p r o c e s s i n g of n u c l e a r m a t e r i a l s . F u l l exp lo i t a t ion of the 

v a r i o u s ac t i ve and p a s s i v e n o n d e s t r u c t i v e a s s a y m e t h o d s u n d e r deve lop-

m e n t at LASL p r o m i s e s p r a c t i c a l so lu t ions to a wide r a n g e of s a f e g u a r d s 

and n u c l e a r m a t e r i a l s a c c o u n t a b i l i t y p r o b l e m s th roughout the n u c l e a r 

i n d u s t r y . 

LASL P r o g r a m O b j e c t i v e s 

T h e p u r p o s e of the LASL p r o g r a m i s to e x p l o r e and deve lop p r a c t i c a l 

new a p p r o a c h e s t o the n o n d e s t r u c t i v e de tec t ion , i den t i f i ca t ion , and quan t i -

t a t i v e a s s a y of f i s s i o n a b l e m a t e r i a l s , a s wel l a s to i m p r o v e on a s s a y 

m e t h o d s u s e d in t h e p a s t . T h e s e a p p r o a c h e s inc lude de ta i l ed i nves t i ga t i ons 

of t h e k i n e t i c s , y ie ld and e n e r g y c h a r a c t e r i s t i c s of de l ayed f i s s i o n n e u t r o n s , 

p r o m p t f i s s i o n n e u t r o n s and g a m m a r a y s , and f i s s i o n - p r o d u c t de layed 

g a m m a r a y s . Such b a s i c data , which p rov ide the f u n d a m e n t a l s i g n a t u r e s 

f o r v a r i o u s f i s s i o n a b l e m a t e r i a l s , a r e be ing app l ied in t h e deve lopmen t of 
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c o m p l e t e s y s t e m s f o r n o n d e s t r u c t i v e i s o t o p i c a s s a y , and t h e e a r l y 

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

m a n a g e m e n t and a c c o u n t a b i l i t y p r o b l e m s in t h e expand ing n u c l e a r i n d u s t r y , 

a s w e l l a s t o U. S. and i n t e r n a t i o n a l N P T - i n s p e c t i o n r e q u i r e m e n t s . 

T h e s e b r o a d o b j e c t i v e s a r e b e i n g p u r s u e d v ia s e v e r a l p a r a l l e l 

e f f o r t s a t LASL: 

1. M e a s u r e m e n t s of f u n d a m e n t a l f i s s i o n s i g n a t u r e s w h e n e v e r 

e x i s t i n g da ta a r e i n a d e q u a t e f o r a s s a y a p p l i c a t i o n s . T h e 

r e q u i r e d b a s i c m e a s u r e m e n t s i nc lude : a b s o l u t e d e l a y e d 1/ 
/ / / 

n e u t r o n y i e l d v e r s u s e n e r g y of t h e n e u t r o n induc ing f iss ion;] / 

g r o u p a b u n d a n c e s and d e c a y c o n s t a n t s of d e l a y e d n e u t r o n s !j II 
f o r 1 4 - M e V n e u t r o n induced f i s s i o n ; t i m e - d e p e n d e n t e n e r g y 'i 

s p e c t r a of d e l a y e d n e u t r o n s ; de l ayed g a m m a - r a y l i n e s i< 
j i 

c h a r a c t e r i s t i c of i nd iv idua l f i s s i o n s p e c i e s w h i c h have :i 

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

2. D e v e l o p m e n t of p r a c t i c a l a s s a y m e t h o d s t h r o u g h e x p e r i m e n t a l 

m e a s u r e m e n t s and p a r a l l e l t h e o r e t i c a l c a l c u l a t i o n s of de l ayed 

n e u t r o n and g a m m a - r a y r e s p o n s e of v a r i o u s p r a c t i c a l c o n -

f i g u r a t i o n s (e. g. , f u e l s and f u e l c o m p o n e n t s , s m a l l s a m p l e s 

and s c r a p ) t o p u l s e d n e u t r o n i n t e r r o g a t i o n . 

3. D e v e l o p m e n t and a d a p t a t i o n of d e t e c t o r s , i n s t r u m e n t a t i o n , 

da t a a c q u i s i t i o n / r e d u c t i o n e q u i p m e n t , e t c . r e q u i r e d f o r bo th 
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p a s s i v e and a c t i v e i n t e r r o g a t i o n in s a f e g u a r d s R&D. 

4. D e v e l o p m e n t and a d a p t a t i o n of c o m p a c t , i n t e n s e n e u t r o n 

s o u r c e s , s o u r c e m o d e r a t i o n and sh ie ld ing , h o t - c e l l 

m a n i p u l a t i n g f a c i l i t i e s , s a m p l e h a n d l i n g e q u i p m e n t , e tc . 

r e q u i r e d f o r n e u t r o n i n t e r r o g a t i o n and a s s a y m e t h o d s . 

5. D i r e c t i n t e r c o m p a r i s o n of newly d e v e l o p e d n o n d e s t r u c t i v e 

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

t e s t s a m p l e s , and s c r a p p r o d u c e d a t LASL and o t h e r n u c l e a r 

f a c i l i t i e s , wi th conven t iona l d e s t r u c t i v e c h e m i c a l a s s a y a s 

c a r r i e d out a t t h e A E C New B r u n s w i c k L a b o r a t o r y , a t LASL, 

and e l s e w h e r e . 

6. A d a p t a t i o n a n d i n t e g r a t i o n of p r o v e n n e w a s s a y m e t h o d s in to 

i n - p l a n t and m o b i l e a s s a y s y s t e m s (e. g . , r o a d a b l e van) 

s u i t a b l e f o r p r a c t i c a l f i e ld u s e by t h e A E C and s u b s e q u e n t l y 

t h e n u c l e a r i n d u s t r y . 

P r o g r e s s t o Da t e in LASL R&D P r o g r a m 

P r o g r e s s t o d a t e in e a c h of the a b o v e - m e n t i o n e d c a t e g o r i e s of w o r k 

a t L o s A l a m o s c a n b e s u m m a r i z e d a s fo l lows : 

1. F u n d a m e n t a l Data , M e a s u r e m e n t s , and A n a l y s e s 

T h e f u n d a m e n t a l d a t a r e q u i r e d f o r t h e p r a c t i c a l a p p l i c a t i o n of d e l a y e d 
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n e u t r o n a s s a y t e c h n i q u e s i n c l u d e a b s o l u t e d e l a y e d n e u t r o n y i e l d s (per 

f i s s i o n ) a s a f u n c t i o n of i n c i d e n t n e u t r o n e n e r g y . A b s o l u t e y i e l d m e a s u r e -

m e n t s o r d e l a y e d - t o - p r o m p t n e u t r o n y i e l d r a t i o s p r o v i d e a b a s i s f o r 

e f f e c t i v e d i s c r i m i n a t i o n b e t w e e n t h e t h e r m a l l y - f i s s i o n i n g s p e c i e s (notably 

239 235 (1) P u and U). R e c e n t m e a s u r e m e n t s of the a b s o l u t e y i e l d s of 

d e l a y e d n e u t r o n s f r o m 3. 1 a n d 14. 9 MeV n e u t r o n - i n d u c e d f i s s i o n h a v e 
233 235 233 

b e e n c a r r i e d out f o r a l l of t h e m a j o r f i s s i o n s p e c i e s ( U, U, U, 

239 232 

P u , and Th) . T h e s e m e a s u r e m e n t s , s u m m a r i z e d in T a b l e I, 

show c l e a r l y t h a t t h e d e l a y e d n e u t r o n y i e ld p e r f i s s i o n of e v e r y i s o t o p e 

s tud i ed d e c r e a s e s s i g n i f i c a n t l y in going f r o m 3. 1 M e V t o 14. 9 M e V 

f i s s i o n - - a r e s u l t which i s e x p e c t e d f r o m t h e known b e h a v i o r of f i s s i o n 

m a s s and c h a r g e d i s t r i b u t i o n bu t w h i c h i s in d i r e c t c o n t r a s t to p r e v i o u s 

m e a s u r e m e n t s a t o t h e r l a b o r a t o r i e s in bo th t h e U. S. A. and t h e U. S. S. R. 
T A B L E I 

M E A S U R E D A B S O L U T E D E L A Y E D N E U T R O N Y I E L D S 

(Delayed N e u t r o n s / F i s s i o n ) 

I nd i ca t ed u n c e r t a i n t i e s a r e s t a n d a r d d e v i a t i o n s . A l l 
y i e l d v a l u e s h a v e b e e n c o r r e c t e d t o 100% i s o t o p i c p u r i t y . 

14. 9 M e V 3. 1 MeV Y i e l d 3. 1 MeV 
I s o t o p e F i s s i o n Y i e l d F i s s i o n Yie ld R a t i o : 14. 9 MeV 

2 3 9 P u . 0043 ± . 0004 . 0 0 6 9 ± . 0 0 0 7 1. 60 ± . 09 
2 3 3 U . 0043 ± . 0004 . 0 0 7 7 ± . 0 0 0 8 1. 79 ± . 10 
235 

U . 0 0 9 5 ± . 0008 . 0 1 8 ± . 0 0 2 1. 89 ± . 11 
2 38 

U . 0286 ± . 0025 . 0 4 9 ± . 0 0 5 1. 71 ± . 10 
2 32 

T h . 0 3 1 ± . 0 0 3 . 0 6 0 ± . 0 0 6 1 . 9 4 ± . 1 1 
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B a s i c d e l a y e d f i s s i o n g a m m a - r a y da t a m a y p r o v i d e u n i q u e i s o t o p i c 

s i g n a t u r e s or c o m p l e m e n t the d e l a y e d n e u t r o n a s s a y m e t h o d s a l r e a d y 

deve loped , depend ing on t h e s p e c i f i c g a m m a - r a y c h a r a c t e r i s t i c s m e a s u r e d . 

T h e g r o s s d e l a y e d g a m m a - r a y i n t e n s i t y ( total p h o t o n s p e r f i s s i o n - s e c ) 

o v e r t h e e a r l y t i m e r a n g e f r o m ^ 0. 1 s ec t o 100 s e c a f t e r f i s s i o n d e p e n d s 

on t h e i s o t o p e u n d e r g o i n g f i s s i o n in m u c h t h e s a m e way a s t h e d e l a y e d 

^ n e u t r o n e m i s s i o n . T h e c o m b i n e d m e a s u r e m e n t of bo th d e l a y e d n e u t r o n 

[ and g a m m a - r a y r e s p o n s e to a c t i v e i n t e r r o g a t i o n should p r o v e u s e f u l f o r i 
f a s s a y a p p l i c a t i o n s in w h i c h t h e e n v i r o n m e n t of t h e n u c l e a r m a t e r i a l i s 
i t; 

unknown; i . e. , b e c a u s e of l a r g e d i f f e r e n c e s in the 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 of n e u t r o n s and g a m m a r a y s , s u c h c o m b i n e d da t a c a n g ive 

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

with, t h e f i s s i o n a b l e m a t e r i a l u n d e r i n v e s t i g a t i o n . 

T h e y i e l d s of ind iv idua l e a r l y d e l a y e d g a m m a - r a y l i n e s c a n b e u s e d 

f o r t h e a s s a y of f i s s i o n a b l e m a t e r i a l s u s i n g t e c h n i q u e s a l r e a d y deve loped 

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

t e r i s t i c h i g h - e n e r g y g a m m a r a y s f r o m f i s s i o n p r o d u c t s by m e a n s of a 

h igh r e s o l u t i o n Ge(Li) s y s t e m in t h e t i m e r e g i o n f r o m ~ 1 s e c t o 1 h o u r 

a f t e r e x p o s u r e of t h e s a m p l e to a n e u t r o n b e a m . Of p a r t i c u l a r i n t e r e s t 

f o r a c t i v e i n t e r r o g a t i o n would b e e x p e c t e d l a r g e d i f f e r e n c e s in t h e y i e l d s 
?35 239 

of h i g h - e n e r g y (pene t ra t ing) g a m m a r a y s f r o m ' U(n, F) and Pu(n , F) . 

In t h i s c a s e i n t e r r o g a t i o n w i th s u b t h r e s h o l d n e u t r o n s cou ld b e u s e d t o 
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a s s a y P u and U s e p a r a t e l y , in t h e p r e s e n c e of a l a r g e q u a n t i t y 

238 
of U, a s o c c u r s in p o w e r r e a c t o r f u e l s . E x a m p l e s of p r e l i m i n a r y 

235 

f i s s i o n d e l a y e d g a m m a - r a y s p e c t r a m e a s u r e d at LASL f o r U(n, F) 

a r e shown i n F i g . 1. A s add i t i ona l f u n d a m e n t a l h igh r e s o l u t i o n g a m m a -

r a y d a t a a r e ob ta ined in t h e c o u r s e of t h i s b a s i c m e a s u r e m e n t p r o g r a m , 

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

m o r e fu l ly e v a l u a t e d . 

T h e c h a r a c t e r i s t i c r e s o n a n c e s t r u c t u r e in t h e n e u t r o n f i s s i o n c r o s s 

s e c t i o n s of the d i f f e r e n t f i s s i l e i s o t o p e s o f f e r s a d d i t i o n a l m e t h o d s f o r 

n o n d e s t r u c t i v e a s s a y . T h i s s t r u c t u r e i s m o s t p r o n o u n c e d in t h e n e u t r o n 

e n e r g y r a n g e f r o m 0. 3 eV t o rough ly 10 keV w h e r e t h e r e s o n a n c e p e a k s 

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

a c t e r i s t i c s h a v e b e e n app l i ed a t LASL in d e v e l o p m e n t of t h e " r e s o n a n c e (2) 

s e l f - i n d i c a t i o n " t e c h n i q u e f o r n o n d e s t r u c t i v e a s s a y . T h i s t e c h n i q u e 

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

t h r o u g h a s a m p l e of f i s s i l e m a t e r i a l and t h e n c e to a s e r i e s of t h i n - f o i l 

f i s s i o n d e t e c t o r s con t a in ing t h e s a m e f i s s i l e i so tope ( s ) a s t h e s a m p l e 

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

r e s o n a n c e a b s o r p t i o n l i n e s in t h e t r a n s m i t t e d f l u x c o r r e s p o n d i n g t o t h e 239 r e s o n a n c e r e a c t i o n p e a k s . T h i s m e t h o d i s e s p e c i a l l y s e n s i t i v e f o r P u 

239 
a s s a y b e c a u s e of t h e l a r g e (3000 barn) r e s o n a n c e in P u a t 0. 3 eV. 

A n o t h e r d i r e c t r e s u l t of r e s o n a n c e s e l f - i n d i c a t i o n s t u d i e s at LASL 
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239 235 
i s t h e e x p e r i m e n t a l d e l i n e a t i o n of the e f f e c t i v e n e s s of Pu , U, and 

233 U n e u t r o n b e a m f i l t e r s f o r enhanc ing f i s s i l e i s o t o p e d i s c r i m i n a t i o n 
235 239 

(notably , t o p r o v i d e i n c r e a s e d d i s c r i m i n a t i o n b e t w e e n U and Pu) . 

T h e u s e of b e a m f i l t e r s c a n a l s o b e c o m b i n e d w i th o t h e r c h a r a c t e r i s t i c 

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

n e u t r o n c a p t u r e g a m m a r a y s . In t h i s c o n n e c t i o n it i s n o t e w o r t h y t h a t a 

s u i t a b l e c o m b i n a t i o n of a s s a y t e c h n i q u e s and s i g n a t u r e s m a y o f t e n b e 

u s e d t o p r o v i d e a n e x t r e m e l y e f f e c t i v e " h y b r i d " m e t h o d , s p e c i a l l y t a i l o r e d 

f o r a p a r t i c u l a r a s s a y a p p l i c a t i o n . 

2 . D e v e l o p m e n t of P r a c t i c a l N o n d e s t r u c t i v e A s s a y M e t h o d s 

Some of the n e u t r o n i n t e r r o g a t i o n t e c h n i q u e s w h i c h a r e be ing d e -

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

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

m a t e r i a l c o n f i g u r a t i o n s a r e g iven . 

D e l a y e d n e u t r o n a s s a y t e c h n i q u e s a r e b a s e d on t w o m a j o r a p p r o a c h e s -

t h e s o - c a l l e d " d e l a y e d n e u t r o n y i e l d " and " k i n e t i c r e s p o n s e " m e t h o d s . 

T h e y i e l d m e t h o d of a s s a y i s qu i te s i m i l a r t o the r e p e t i t i v e pu l s i ng t e c h -

n i q u e e m p l o y e d in t h e r e c e n t a b s o l u t e de l ayed n e u t r o n y i e l d m e a s u r e m e n t s 

a t L A S L . ^ T h e unknown s a m p l e s a r e r e p e t i t i v e l y i r r a d i a t e d wi th s h o r t 

p u l s e s (50-100 m s ) a l t e r n a t i n g wi th de layed n e u t r o n coun t ing i n t e r v a l s of 

s i m i l a r d u r a t i o n . F o r t h i s m o d e of i r r a d i a t i o n , m e a s u r e d de layed n e u t r o n 
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c o u n t i n g r a t e i s e s s e n t i a l l y p r o p o r t i o n a l t o t i m e - i n t e g r a t e d d e l a y e d 

n e u t r o n y i e l d s , and in t u r n t o t h e a m o u n t s of t h e f i s s i o n a b l e m a t e r i a l s 

p r e s e n t . T h u s u s i n g a s u i t a b l e f l u x m o n i t o r a n d / o r f i s s i o n m o n i t o r , 

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

s u r e d d e l a y e d n e u t r o n y i e l d a s c o m p a r e d t o the y i e l d f r o m a s t a n d a r d of 

known m a s s . T h i s a s s a y t e c h n i q u e h a s b e e n a p p l i e d t o M T R - t y p e f u e l i 

I 
e l e m e n t s and m o c k u p s w i t h a n a s s a y a c c u r a c y of b e t t e r t han 1% o v e r a j 

wide r a n g e of f u e l l o a d i n g s ; r e p r e s e n t a t i v e a s s a y da t a f o r bo th b a r e and 

h e a v i l y - s h i e l d e d e l e m e n t s a r e t a b u l a t e d l a t e r in t h i s s ec t i on . 

T h e k ine t i c r e s p o n s e m e t h o d of d e t e r m i n i n g r e l a t i v e i so top ic 

a b u n d a n c e c o n s i s t s b a s i c a l l y of i r r a d i a t i n g an unknown s a m p l e wi th f a s t 

n e u t r o n s and o b s e r v i n g t h e d e l a y e d n e u t r o n r e s p o n s e a s a func t ion of 

t i m e . De layed n e u t r o n d e c a y i s c h a r a c t e r i z e d by s ix e x p o n e n t i a l d e c a y 

p e r i o d s , T \ , e a c h hav ing c h a r a c t e r i s t i c g r o u p a b u n d a n c e s , a^, wh ich a r e 

s i g n i f i c a n t l y d i f f e r e n t f o r t h e v a r i o u s f i s s i o n s p e c i e s . ' T h e d i f f e r e n c e s 

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

s u r a b l e d i f f e r e n c e s in t h e s h a p e of de l ayed n e u t r o n d e c a y fo l lowing n e u t r o n 

i n t e r r o g a t i o n . T h e s e d e c a y - s h a p e d i f f e r e n c e s h a v e b e e n f o r m u l a t e d in 

F o r e x a m p l e , t h e a b u n d a n c e s of t h e l o n g e s t (55 sec) d e l a y e d n e u t r o n g r o u p 
a r e n e a r l y equa l f o r 2 3 5 U and 2 3 8 u , but t h e a b u n d a n c e of t h e s h o r t e s t 
d e l a y e d g r o u p 0. 2 sec) i s a f a c t o r of s e v e n g r e a t e r in t h a n in J 3 U . 
D e t a i l e d d e l a y e d n e u t r o n g r o u p c h a r a c t e r i s t i c s f o r a l l t h e m a j o r f i s s i o n 
s p e c i e s a r e c o n t a i n e d in R e f . 3, C h a p t e r 4. 
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t e r m s of e x p e r i m e n t a l l y m e a s u r a b l e f u n c t i o n s , and and 

(4) 

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

a b u n d a n c e of a s e r i e s of c o m p o s i t e s y s t e m s m a d e up of t w o - i n c h d i a m e t e r 

d i s c s have b e e n d e t e r m i n e d b y a n a l y z i n g t h e m e a s u r e d c o m p o s i t e - s y s t e m 

r e s p o n s e c u r v e a s a l i n e a r s u p e r p o s i t i o n of n o r m a l i z e d p u r e - i s o t o p e 

r e s p o n s e c u r v e s . A t t h e p r e s e n t s t a g e of d e v e l o p m e n t , t h e k i n e t i c 

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

t y p i c a l l y t o 2 - 3 % a c c u r a c y . 

In bo th t h e d e l a y e d n e u t r o n y i e ld a n d k i n e t i c r e s p o n s e m e t h o d s j u s t 

d e s c r i b e d , t he e n e r g y of t h e i n t e r r o g a t i n g n e u t r o n s c a n a l s o be v a r i e d 

t o t a k e fu l l a d v a n t a g e of t h e g r e a t l y i n c r e a s e d i s o t o p i c d i s c r i m i n a t i o n 

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

of t h e v a r i o u s i s o t o p e s p r e s e n t in c o m p o s i t e s y s t e m s . In p a r t i c u l a r t h e 

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

s t r a i g h t f o r w a r d s e p a r a t i o n of t h e r e s p o n s e of the f i s s i l e i s o t o p e s (e. g . , 233TT 235 2 3 9 „ . . .. , ... . . . 238TT 2 3 2 m u , Tr . 

U, U, Pu) and t h e f e r t i l e i s o t o p e s (e. g. , U, Th) . V a r i -

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

n a t i o n h a s b e e n a c h i e v e d f o r 1 4 - M e V n e u t r o n s o u r c e s by p l a c i n g 

m o d e r a t i n g , o r " s p e c t r u m t a i l o r i n g " , a s s e m b l i e s a r o u n d t h e s o u r c e . 

T h e s e t e c h n i q u e s a r e d e s c r i b e d in d e t a i l in s e c t i o n 4, u n d e r t h e t o p i c of 

n e u t r o n s o u r c e s and s p e c t r u m t a i l o r i n g . 

I n add i t ion to e x p e r i m e n t a l m e a s u r e m e n t s , b o t h n e u t r o n t r a n s p o r t 
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and M o n t e C a r l o c a l c u l a t i o n a l t e c h n i q u e s a r e b e i n g u s e d t o i n v e s t i g a t e 

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

f r o m s y s t e m s of v a r i o u s s i z e , g e o m e t r i c a l c o n f i g u r a t i o n , and c o m p o s i t i o n . 

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

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

b e t w e e n s t a n d a r d r e f e r e n c e s a m p l e s a r e b e i n g d e v e l o p e d by m e a n s of 

M o n t e C a r l o c a l c u l a t i o n s . 

M o s t p r a c t i c a l a p p l i c a t i o n s of n o n d e s t r u c t i v e a s s a y m e t h o d s c a n be 

d iv ided in to t h r e e m a j o r c a t e g o r i e s : 

A . R e a c t o r f u e l s (e. g. , f a b r i c a t e d f u e l r o d s , p l a t e s , d i s c s , 

p i n s , f e e d m a t e r i a l s , m o l t e n sa l t f u e l s ) ; 

B. S m a l l t e s t s a m p l e s , e . g. , f i s s i o n a b l e m a t e r i a l s t a n d a r d s , 

p r o t o t y p e and e x p e r i m e n t a l m a t e r i a l s , c o m p o u n d s , m i x t u r e s , 

p r o c e s s - l i n e s a m p l e s in v a r i o u s p h y s i c a l and c h e m i c a l f o r m s ; 

C. S c r a p , e. g. , f r o m i s o t o p e s e p a r a t i o n , f u e l r e p r o c e s s i n g and 

f u e l f a b r i c a t i o n p l a n t s . 

P r o g r e s s in e a c h of t h e s e c a t e g o r i e s i s s u m m a r i z e d b e l o w 

A. F u e l a s s a y r e s u l t s i nc lude a s s a y of M T R e l e m e n t s , bo th b a r e 

and in l e a d r a d i a t i o n s h i e l d s ( s ee F i g s . 2 and 3). In t h e c a s e of b a r e f u e l 

235 e l e m e n t s , d e l a y e d n e u t r o n a s s a y f o r t o t a l a m o u n t of U h a s b e e n d e m o n -

(5) 

s t r a t e d t o b e a c c u r a t e t o ~ 0. 4%, u s i n g a p p r o p r i a t e s t a n d a r d s . Some 

t y p i c a l e x p e r i m e n t a l a s s a y d a t a f o r b a r e MTR f u e l e l e m e n t s a r e shown in 

T a b l e II. 
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TABLE II 

DELAYED NEUTRON ASSAY OF ABSOLUTE AMOUNTS OF 

FISSILE MATERIAL IN M T R - T Y P E F U E L E L E M E N T S ( 5 ) 

14-MeV (D-T) In t e r roga t ing Neut rons 

235 
A c t u a l Weighed U Content 

(grams) 

339. 95 (fully loaded) 

320. 95 

302 .15 

283 .95 

265. 45 

247. 05 

Delayed Neut ron A s s a y 
De t e rmina t i on (grams) 

Ca l ib ra t ion Point 

32 0 . 9 

303. 2 

283. 5 

266. 5 

249. 9 

Ave rage Deviation: 0. 4% 

F u r t h e r , when the fue l e lement i s enc losed in a m a s s i v e lead shield 

(of t h i c k n e s s c o m p a r a b l e to that of s p e n t - f u e l - e l e m e n t shielding ca sks ) , 

t h e r e i s l i t t le p e r t u r b i n g inf luence on the r e s u l t s and a c c u r a c y of fue l 
I 

e l emen t a s s a y us ing neu t ron i n t e r roga t i on and the de layed neu t ron r e s p o n s e 

method of a s s a y . Typica l a s s a y r e s u l t s f o r heavi ly shie lded MTR f u e l 

e l e m e n t s a r e p r e s e n t e d in T a b l e III. The obvious p r a c t i c a l imp l i ca t ions 

f o r a s s a y and burnup d e t e r m i n a t i o n s of spent fue l e l e m e n t s in lead shie lding 

c a s k s a r e c u r r e n t l y being inves t iga ted in the l a b o r a t o r y . 
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T A B L E III 

DELAYED NEUTRON ASSAY OF ABSOLUTE AMOUNTS OF 

FISSIONABLE MATERIAL IN HEAVILY SHIELDED 

M T R - T Y P E F U E L E L E M E N T S ( 6 ) 

(Fuel E l e m e n t Comple te ly Enclosed in 4 - inch Thick Lead Shield) 

Ac tua l Weighed 
2 3 5 u Content in 
E l e m e n t (g rams) 

340. 0 (fully loaded) 

321. 0 

302. 3 

282. 6 

Delayed Neut ron 
A s s a y De t e rmina t i on 

(grams) 

Ca l ib r a t i on Point 

322. 2 

304. 8 

286 . 2 

A v e r a g e Deviat ion: 

Deviat ion 

- 0. 37% 

- 0. 82% 

- 1. 28% 

0. 82% 

LASL i s developing the delayed neu t ron a s s a y technique for non-
233 d e s t r u c t i v e on- l ine i so topic a s s a y of U - T h f u e l - s a l t m i x t u r e s f o r the 

Oak Ridge mol t en sal t b r e e d e r r e a c t o r , MSBR. Actua l MSBR fuel i s a 

233 

m i x t u r e of B e F 2 , L i F , T h F 4 and UF 4 > n o r m a l l y mo l t en in the opera t ing 

MSBR r e a c t o r , but sol id i fying into a highly he t e rogeneous m a r b l e - l i k e 

solid (cf. F ig . 4) at r o o m t e m p e r a t u r e . It h a s p roved e x t r e m e l y di f f icul t , 

if not p r a c t i c a l l y imposs ib l e , to obtain r e p r e s e n t a t i v e s a m p l e s for con-

vent ional wet c h e m i s t r y a s s a y t e c h n i q u e s - - h e n c e the n e c e s s i t y f o r a 

n o n d e s t r u c t i v e a s s a y capabi l i ty . Using L A S L - p r e p a r e d s t anda rds , MSBR 



-16-

232 fue l s a m p l e s w e r e ana lyzed for absolute Th content to well within 1% 

a c c u r a c y a s d e t e r m i n e d by i n t e r c o m p a r i s o n With ORNL wet c h e m i s t r y 
(7) 

a n a l y s e s . Typica l a s s a y r e s u l t s a r e p r e s e n t e d in Tab le IV. In addit ion, 

232 p a s s i v e a s s a y fo r t h o r i u m based on de tec t ion of Th h i g h - e n e r g y 

1 

g a m m a - r a y l i n e s h a s been d e m o n s t r a t e d to be capable of ~ 1% a s s a y 

a c c u r a c y in MSBR fue l s amples , us ing a p p r o p r i a t e s t a n d a r d s (cf. Tab le V); 

however , in t h i s c a s e p a s s i v e a s s a y i s t i m e consuming and sub jec t to 
. . . . . (9) some ambigu i t i e s . 

TABLE IV 

INTERCOMPARISON OF DELAYED NEUTRON ASSAY 

O F MSBR F U E L WITH WET CHEMISTRY ASSAY ( ? ) 

ORNL 
Sample 

No. 

6A 

7 

8 

LASL 
Standard 

No. 

RI 

R2 

R3 

R4 

232 
Th Weight 

(g rams) 

13. 80 

18. 19 ± . 13 

16. 33 ± . 1 1 

Wt. %of 2 3 2 T h 

LASL ORNL 

Standard 34. 9 

45. 6 ± . 3 45. 0 

40. 9 ± . 3 40. 6 

232 
Th Weight (grams) 

M e a s u r e d by Delayed 
Neutron Yield 

Standard 

18. 91 ± . 13 

21. 12 ± . 15 

24. 02 ± . 20 

Known 
232 

Th Weight 

16. 85 ± . 01 

18.98 ± . 01 

21. 44 ± . 01 

24. 25 ± . 01 
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TABLE V 

PASSIVE ASSAY OF MSBR F U E L ( 8 ) 

(Based on the 2 . 6 1 MeV G a m m a - R a y a ) 

2^2 
ORNL Th Weight 

Sample No. (g rams) Wt. % of Th 
LASL ORNL 

6A 13. 80 Standard 34. 9 

7 18. 19 ± . 13 44. 4 ± 0. 3 b 4 5 . 0 

8 16 .33 ± . 1 1 40. 4 ± 0. 3 b 4 0 . 6 

Addi t ional r e s u l t s of s i m i l a r a c c u r a c y have been obtained by us ing some 
of the lower ene rgy g a m m a r a y s emi t ted in the t h o r i u m chain. 

E r r o r based on s t a t i s t i c s only. 

A second s e r i e s of MSBR fue l s ample s , containing r e p r e s e n t a t i v e 

233 232 c o n c e n t r a t i o n s of both U and Th, wil l be suppl ied by ORNL to LASL 

in e a r l y 1969. Although the MSBR s a m p l e s a s s a y e d thus f a r have been 

one-componen t s y s t e m s (containing only the s ingle f i s s ionab le spec i e s , 

232 Th), the u s e of " t a i l o r e d " ene rgy s p e c t r a in neu t ron in t e r roga t ion 

(cf. l a t e r d i s cus s ion of t a i l o r e d spec t ra ) a s well a s delayed neu t ron k ine t ic 

233 232 

a n a l y s i s should prov ide good d i s c r i m i n a t i o n be tween the U and Th 

p r e s e n t in ac tua l MSBR fue l s . The u l t i m a t e goal of the MSBR work at 

LASL i s to develop delayed neu t ron and a s s o c i a t e d a n a l y s i s t echn iques 

f o r cont inuous, on- l ine nondes t ruc t ive a s s a y of "hot" MSBR r e a c t o r fue l s . 

Neut ron i n t e r r o g a t i o n and delayed neu t ron r e s p o n s e me thods f o r 

r a p i d nondes t ruc t ive a s s a y of F F T F fue l p e l l e t s and LMFBR fue l 
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pro to types have been developed and a r e c u r r e n t l y being t e s t e d a t LASL. 

B. Smal l t e s t s a m p l e s of v a r i o u s f i s s ionab le m a t e r i a l m i x t u r e s , 

compounds , etc, a r e being a s s a y e d us ing a v a r i e t y of t echn iques a t LASL. 

Under an AEC p r o g r a m of de ta i led in ter c o m p a r i s o n be tween chemica l 

a n a l y s e s and nondes t ruc t ive a s s a y techniques , t e s t s a m p l e s obtained in 

t h e c o u r s e of AEC s a f e g u a r d s inspec t ion v i s i t s t o v a r i o u s U. S. p lan ts 

a r e be ing a s s a y e d by delayed neu t ron r e s p o n s e m e t h o d s and the r e s u l t s 

c o m p a r e d d i r e c t l y with convent ional chemica l a n a l y s e s of the s a m e 

s a m p l e s at the A E C ' s New Brunswick L a b o r a t o r y . Some typ ica l p r e -

l i m i n a r y r e s u l t s ^ * ^ obtained in t h i s i n t e r c o m p a r i s o n p r o g r a m a r e s u m -

m a r i z e d in Tab le VI. 

C. F i s s i o n a b l e M a t e r i a l Scrap. An impor t an t p r a c t i c a l p r o b l e m 

in spec ia l n u c l e a r m a t e r i a l accountabi l i ty i s the d e t e r m i n a t i o n of the 

amount of f i s s i l e m a t e r i a l in common s c r a p c o n t a i n e r s . Delayed neu t ron 

yield and k ine t i c s m e a s u r e m e n t s o f fe r a p r o m i s i n g method f o r quant i ta t ive 

s c r a p a s s a y . Bas ica l ly , the method c o n s i s t s of i r r a d i a t i n g the s c r a p 

con ta ine r with a modula ted neu t ron s o u r c e and then m e a s u r i n g the delayed 

n e u t r o n s r e s u l t i n g f r o m the induced (n, F) r e a c t i o n s in the f i s s i l e m a t e r i a l . 

P r e l i m i n a r y m e a s u r e m e n t s have indicated sens i t iv i ty f o r de tec t ing sma l l 

(gram) quan t i t i e s of f i s s i l e m a t e r i a l in a s t anda rd 55-ga l lon s t ee l b a r r e l . 

L A S L ' s e x p e r i m e n t a l p r o g r a m in f i s s i o n a b l e s c r a p a s s a y h a s been 

guided by c o m p u t e r s imula t ion s tud ies of delayed n e u t r o n and g a m m a - r a y 



f 

T A B L E VI 

ASSAY O F SAFEGUARDS INVENTORY SAMPLES 

FROM NUCLEAR MATERIALS AND EQUIPMENT CORPORATION (10) 

Delayed Neutron Nondes t ruc t ive A s say ; (LASL) C h e m i c a l A s s a y (New Brunswick) 
Sample 

Desc r ip t ion 
(Numec No.) 

UO2 G r e e n Scrap 
P e l l e t s (#9332) 

UO2 + U 3 O g 
(#5373) 

UO2 Blended 
(#6440) 

Sample To ta l 
Weight (g) • U Weight (g) g U / g s a m p l e 

UO3 + Z r 0 2 B i h a r y 1 .921 
(#3619) 

UO2+ ZrC>2 Powder 1.827 
(#3941) 

UO2 + Z r 0 2 F i r e d 2. 045 
Scrap (#5353) 

UO2+ ZrC>2 Scrap 2 . 0 1 1 
Powder (#1611) 

4. 170 

UO2 Scrap P e l l e t s 4. 072 
(#1765) 

1. 988 

2. 046 

1. 44 

1. 40 

1. 56 

1. 52 

3. 60 

3. 60 

1. 67 

1. 82 

. 750 

. 766 

. 763 

756 

. 863 

. 884 

840 

. 890 

% 2 3 5 u 

98. 6 

96. 4 

97. 7 

96. 0 

2 0 . 2 

16. 0 

9. 91 

4. 25 

g U / g s a m p l e 

. 7678 

. 7545 

. 7695 

. 7444 

8678 

8794 

8467 

8713 

% 2 3 5 u 

97 .671 

97 .666 

97 .653 

97 .665 

20. 059 

15.968 

9 .409 

4. 158 
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r e s p o n s e t o ac t ive i n t e r r o g a t i o n of sma l l a m o u n t s of f i s s i l e m a t e r i a l 

i r" ' - r>ersed in l a r g e a m o u n t s of v a r i o u s s c r a p m a t e r i a l s . ^ ^ T h e s e 

p a ^ a ^ e t r i c computa t ions , s u m m a r i z e d in F i g s . 5 and 6, point up the 

v e r y u s e f u l g e n e r a l r e s u l t tha t b a r r e l s (55-gal . s ize , commonly used 

f o r s c r a p s to rage) containing a l m o s t any c o m m o n s c r a p m a t e r i a l o the r 

t h a n hydrogenous compounds , a r e ef fec t ive ly t r a n s p a r e n t to f a s t neu t ron 

i n t e r roga t i on and delayed neu t ron e m i s s i o n (cf. Fig . 5). Thus a s s a y 

f o r f i s s i l e m a t e r i a l i s e s s e n t i a l l y independent of compos i t ion of the 

m a t r i x in which the f i s s i l e m a t e r i a l i s i n t e r s p e r s e d . The c a s e of a 

hydrogenous m a t r i x m a t e r i a l i s the m o s t d i f f icu l t f o r neu t ron a s s a y 

appl ica t ions , but even h e r e ca lcu la t ions have shown that v e r y e f fec t ive 

f i s s i l e - m a t e r i a l a s s a y can be c a r r i e d out by t h e u s e of a m o d e r a t o r -

r e f l e c t o r t oge the r with a p p r o p r i a t e ( " a d d - a - g r a m " ) n o r m a l i z a t i o n of 

delayed neu t ron r e s p o n s e . The r e s u l t i n g d r a m a t i c i m p r o v e m e n t in 

de layed neu t ron r e s p o n s e f o r bulk hydrogenous s y s t e m s i s c l e a r l y i l l u s -

t r a t e d by c o m p a r i s o n of F i g s . 5 and 6. 

T h e a d d - a - g r a m method c o n s i s t s e s sen t i a l ly of a d i r e c t e x p e r i m e n t a l 
d e t e r m i n a t i o n of the de layed neu t ron r e s p o n s e of a s m a l l amount (nominal ly 
one g ram) of e a c h f i s s i l e s p e c i e s of i n t e r e s t a s m e a s u r e d d i r e c t l y in the 
n e u t r o n ene rgy s p e c t r u m of the ac tua l s y s t e m unde r in t e r roga t ion . T h i s 
i s a c c o m p l i s h e d by i r r a d i a t i n g a g r a m of m a t e r i a l in c l o s e s t p o s s i b l e 
p r o x i m i t y ( in te rna l ly o r pe r iphe ra l l y ) to the unknown sample , and then 
r a p i d l y t r a n s f e r r i n g the g r a m of m a t e r i a l t o a sh ie lded 4n delayed n e u t r o n 
d e t e c t o r . T h i s i r r a d i a t i o n - c o u n t i n g sequence i s r e p e a t e d a s o f ten a s r e -
q u i r e d t o obtain d e s i r e d counting s t a t i s t i c s f o r the a d d - a - g r a m ca l ib ra t ion . 
F u r t h e r de t a i l s of the a d d - a - g r a m method a r e given in Ref. 12. 
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3. D e t e c t o r and I n s t r u m e n t a t i o n Development 

F o r both p a s s i v e and ac t i ve m e t h o d s of nondes t ruc t i ve a s s a y i t i s 

i m p o r t a n t to have de tec t ion s y s t e m s with the h ighes t pos s ib l e de tec t ion 

e f f i c i ency f o r both n e u t r o n s and g a m m a r a y s . In the c a s e of p a s s i v e 

a s s a y , high e f f i c i ency (and o f t en high re so lu t ion , a s well) is n e c e s s a r y 

b e c a u s e of the c h a r a c t e r i s t i c a l l y low in tens i ty of p a s s i v e emana t ions . 

F o r ac t ive in t e r roga t ion , high detect ion e f f i c i ency i s r e q u i r e d to m a x i m i z e 

sens i t iv i ty and s i g n a l - t o - n o i s e c h a r a c t e r i s t i c s while min imiz ing the s t r eng th 

of the i n t e r r o g a t i n g neu t ron s o u r c e and t h u s r educ ing the a s s o c i a t e d 

sh ie ld ing r e q u i r e m e n t s . 

F o r many neu t ron count ing appl ica t ions , it i s d e s i r a b l e to u s e a 

d e t e c t o r which ha s , in addi t ion to high e f f i c iency , a r e s p o n s e independent 

of neu t ron energy . Two t y p e s of d e t e c t o r s s a t i s fy ing t h e s e r e q u i r e m e n t s 

have been developed and used ex tens ive ly f o r s a f e g u a r d s r e s e a r c h and 

(13) deve lopment . The f i r s t i s e s s en t i a l l y a modi f ied Hansen-McKibben 
3 

long coun te r cons i s t ing of f ive 1. 5 " - d i a m e t e r He (6 a tmos) p r o p o r t i o n a l 

c o u n t e r s p laced in a 9 - in . d i a m e t e r polye thylene m o d e r a t i n g cy l inder . 

T h i s de t ec to r h a s a n e u t r o n - e n e r g y r e s p o n s e which is a s f la t a s tha t of 

t h e o r ig ina l Hansen -McKibben long coun te r (which e m p l o y s a s ingle BF^ 

tube) and an abso lu te e f f i c i ency which is about 50 t i m e s g r e a t e r . 

The second d e t e c t o r , which h a s a r e s p o n s e a l m o s t independent of 

e n e r g y and an i n t r i n s i c de tec t ion e f f i c iency of ~ 18%, i s the "N-6 s lab 
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3 
d e t e c t o r . " T h i s de t ec to r c o n s i s t s of t h i r t e e n He c o u n t e r s (6 a t m o s p h e r e s , 

1" O. D. by 20" long) imbedded in two 2" x 20" x 24" s l a b s of po lye thylene 

which a r e pos i t ioned in t andem. The c o u n t e r s in each s lab m a y be 

o p e r a t e d a s independent de tec t ion un i t s o r a l l t h i r t e e n c o u n t e r s m a y be 

connec ted in p a r a l l e l , feed ing into a s ingle p r e a m p l i f i e r . A spec i a l high 

(14) 

s tabi l i ty P E T p r e a m p l i f i e r developed by the LASL S a f e g u a r d s Group 

p e r m i t t e d the ope ra t ion of a l l c o u n t e r s in p a r a l l e l with an o v e r a l l pu lse 

height r e s o l u t i o n not s ign i f ican t ly d i f f e r e n t f r o m that of a s ingle counte r . 

Addi t ional neu t ron m o d e r a t i n g and a b s o r b i n g m a t e r i a l m a y be i n s e r t e d in 

f ron t of and be tween the s l a b s in o r d e r to v a r y the e n e r g y dependence of 

the e f f i c i ency of the de t ec to r . 

A c r o s s - s e c t i o n a l view of the N-6 s lab d e t e c t o r in i t s " e n e r g y 

d i s c r i m i n a t i o n " mode i s shown in Fig . 7. In t h i s mode the r a t i o of the 

r e s p o n s e of the f r o n t counte r bank to t ha t of the back c o u n t e r bank p r o -

v ides a s ens i t i ve m e a s u r e of the " a v e r a g e " e n e r g y of the incident neu t rons . 

A plot of t h i s r a t i o a s a func t ion of neu t ron energy , d e t e r m i n e d with 

v a r i o u s n e u t r o n s o u r c e s , i s shown in Fig . 8. 

E x t e r i o r f e a t u r e s of the n e u t r o n s lab de t ec to r a r e shown in Fig. 9. 

A plot of i t s de tec t ion e f f i c i ency v e r s u s n e u t r o n e n e r g y when ope ra t ed in 

the " f l a t " (energy independent) mode i s a l s o shown in t h i s f i g u r e . T h e s e 

s lab d e t e c t o r s have p roved e x t r e m e l y u s e f u l in de layed n e u t r o n a s s a y , a s 

wel l a s fo r o the r de tec t ion app l i ca t i ons such a s co inc idence de tec t ion of 
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P u spon taneous f i s s i o n in a background of (a, n) neu t rons . It i s n o t e -

240 

w o r t h y that f o r t h e p a s s i v e de tec t ion of Pu , t h e s e N-6 s lab d e t e c t o r s 

p r e s e n t a s ign i f i can t advancemen t over p r e v i o u s n e u t r o n d e t e c t o r t e c h -

nology, e. g. the B F 3 coun te r un i t s p r o v i d e d to the IAEA by the United 

Sta tes . 

A 4TT d e t e c t o r wi th an abso lu te n e u t r o n de tec t ion e f f i c i ency of ~ 65% 

h a s been c o n s t r u c t e d f o r u s e in a s s a y app l i ca t i ons requiring" e x t r e m e l y 

high sens i t i v i ty (e. g . , f o r s m a l l s a m p l e s a n d / o r low n e u t r o n s o u r c e 

in t ens i t i e s ) . 

In addi t ion to the s l ab n e u t r o n d e t e c t o r s , two l a r g e s l ab - type g a m m a -

r a y d e t e c t o r s have been des igned and buil t . Among o the r app l i ca t ions , 

t h e s e d e t e c t o r s wil l be u sed f o r g r o s s g a m m a - r a y counting and f o r 

co inc idence count ing of p r o m p t f i s s i o n g a m m a r a y s , thus p rov id ing an 

independent m e a n s of de tec t ing f i s s i o n s o c c u r r i n g within a s a m p l e u n d e r -

going n e u t r o n i n t e r roga t i on . T h e s e d e t e c t o r s should be p a r t i c u l a r l y 240 va luab le f o r co inc idence count ing Pu spontaneous f i s s i o n in s c r a p 

conta in ing P u F ^ . In t h i s case , the chance co inc idence counting r a t e of 

19 

" s i n g l e " n e u t r o n s f r o m the copious F ( a , n ) s o u r c e e f fec t ive ly m a s k s 

t h e co inc idence count ing r a t e of the spon taneous f i s s i o n neu t rons . 

L a r g e vo lume, high r e so lu t i on Ge(Li) d e t e c t o r s , a s wel l a s Nal 

d e t e c t o r s , a r e u s e d rou t ine ly f o r p a s s i v e g a m m a - r a y a s s a y . 

An eva lua t ion of c o m m e r c i a l l y ava i l ab l e s m a l l c o m p u t e r s f o r 
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on- l i ne data acq\ i i s i t ion and r educ t ion i s p r e s e n t l y u n d e r w a y at LASL. 

Such equipment , including input-output and i n t e r f a c i n g un i t s , wi l l be u s e d 

a s a p a r t of i n - s i t u and i n - p l a n t a s s a y s y s t e m s a s wel l a s in the p ro to type 

m o b i l e i so topic a s s a y l a b o r a t o r y (cf. d e s c r i p t i o n in sec t ion 6) being d e -

ve loped by LASL. 

4. Deve lopment of N e u t r o n Sources , M o d e r a t o r s , Shielding, e tc . 

The s o u r c e s ava i l ab l e f o r neu t ron i n t e r r o g a t i o n s t u d i e s a r e s m a l l , 

inexpens ive , h igh-y ie ld n e u t r o n g e n e r a t o r s (D-D and D - T r e a c t i o n s , 

pumped- tube o r s e a l e d - t u b e type), pos i t ive ion a c c e l e r a t o r s , and r a d i o -

252 

a c t i v e s o u r c e s (e. g, , Cf) a s well a s r e a c t o r n e u t r o n b e a m s . A typ ica l 

compac t , mobi le n e u t r o n g e n e r a t o r , " A c c e l e r a t o r I", i s shown in Fig. 10. 

F o r a l l f a s t n e u t r o n s o u r c e s , cons ide rab ly v a r i a b i l i t y of n e u t r o n b o m -

b a r d i n g e n e r g y m a y be obta ined by: (1) u s ing e i t h e r the D-D r e a c t i o n 

(2. 5 MeV neu t rons ) or the D - T r e a c t i o n (14 MeV neu t rons ) ; (2) deg rad ing 

o r " s p e c t r u m t a i l o r i n g " of s o u r c e n e u t r o n s by s u r r o u n d i n g the t a r g e t 

with a p p r o p r i a t e s c a t t e r i n g a n d / o r m o d e r a t i n g m a t e r i a l s . A s e r i e s of 

computa t iona l and e x p e r i m e n t a l s t ud i e s of n e u t r o n m o d e r a t o r c o n f i g u r a -

t i o n s used in con junc t ion wi th ava i l ab l e h i g h - e n e r g y n e u t r o n s o u r c e s 

252 (D-D, D - T , and Cf) h a s d e m o n s t r a t e d the s u r p r i s i n g l y high d e g r e e of 
f l ex ib i l i ty in s o u r c e s p e c t r u m which i s a t t a inab le by s p e c t r u m t a i l o r i n g 

m e t h o d s . Some c a l c u l a t e d t a i l o r e d s p e c t r a f o r 14 MeV (D-T) and f i s s i o n 

252 s p e c t r u m ( Cf) s o u r c e s a r e plot ted in Fig . 11, and p e r t i n e n t s p e c t r a l 
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d a t a a r e s u m m a r i z e d in T a b l e VII.^15^ It m a y be noted tha t a 1 0 - c m 

t h i c k shel l of t ungs t en can sh i f t n e a r l y 90% of the 14 MeV s o u r c e n e u t r o n s 

238 t o e n e r g i e s be low the U f i s s i o n t h r e s h o l d . Note a l s o tha t e s s e n t i a l l y 

t h e s a m e s p e c t r a l sh i f t c a n b e r e a l i z e d f o r a f i s s i o n s p e c t r u m s o u r c e 

252 

(e. g. , Cf) u s ing e i t he r t u n g s t e n a lone o r t h r e e c o n c e n t r i c she l l s of 

t ungs t en , b e r y l l i u m , and po lye thy lene in t h i c k n e s s e s of 5, 5, and 2. 5 cm, 

r e s p e c t i v e l y . 

TABLE VII 

MODERATOR CONFIGURATIONS*15) 

Moderator 
Configuration 

(Thickness in cm) 
Neutron 
Source 

Total 
Leakage 

Fraction of 
Neutrons with 
E„ < 0. 1 MeV 

Fraction of 
Neutrons with 

E N < 2 3 8 U threshold 

CH^ - 10 14 MeV 89- 9% 9. 9% 16. 8% 

Pb/C/CH^ - 12/10/2. 5 14 MeV 141.5% 61.7% 82. 5% 

W/Be/CHj - 8 / 2 . 5 /2 .5 14 MeV 114.6% 61. B% 80. 1% 

W / B e / C H 2 - 5 / 5 / 2 . 5 FisB. 77.5% 69. 2% 88. 7% 

W - 10 14 MeV .139. 0% 15. 2% 86. 6% 

W - 10 F I B B . 86.4% 16.2% 88. 4% 

M o n o e n e r g e t i c n e u t r o n s of v a r i a b l e e n e r g i e s ( sub th re sho ld and 

s u p e r t h r e s h o l d ) a r e p rov ided by a Van d e Graaf f a c c e l e r a t o r a s the 

i n t e r r o g a t i n g n e u t r o n s o u r c e . F i g u r e 12 shows a 3 - M e V h i g h - c u r r e n t 

Van de Graaf f r e c e n t l y i n s t a l l ed in the N u c l e a r S a f e g u a r d s R e s e a r c h 

L a b o r a t o r y a t Los A l a m o s . ^ ^ 
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Neutron e n e r g y v a r i a b i l i t y (whether by s p e c t r u m t a i lo r ing or 

d i r ec t l y with a Van de Graaff source) i s impor tan t in many p r a c t i c a l 

a s s a y appl ica t ions . F o r example , in l o w - e n r i c h m e n t power r e a c t o r fue l 

e l e m e n t s the " spec i a l n u c l e a r m a t e r i a l " (i. e. , f i s s i l e s p e c i e s such a s 

2 35 239 233 U, Pu, or U) m a y be masked by l a r g e quan t i t i e s of f e r t i l e 

238 232 

m a t e r i a l (e. g. , U or Th); however , the r e l a t i v e r e s p o n s e of the 

s p a r s e f i s s i l e m a t e r i a l c an be g rea t ly enhanced s imply by shif t ing the 

e n e r g y of the p r i m a r y s o u r c e n e u t r o n s to t he r a n g e below the t h r e sho ld 238 232 

e n e r g y f o r f i s s i o n of U or T'h. T h u s by the u s e of " s u b t h r e s h o l d " 

f a s t neu t ron in t e r roga t ion , good pene t rab i l i ty i s p r e s e r v e d and, at the 

s a m e t ime , r e l a t i v e l y s m a l l quant i t i es of f i s s i l e m a t e r i a l can be de tec ted 

in the p r e s e n c e of m u c h l a r g e r quan t i t i e s of f e r t i l e m a t e r i a l ; t h i s c a p a -

bi l i ty i s c l e a r l y of p r a c t i c a l i m p o r t a n c e in the quant i ta t ive i so topic a s s a y 

of p o w e r - r e a c t o r fue l e l e m e n t s , r o d s , p l a t e s , p ins , pe l l e t s , s c r a p , etc . 

A s an a l t e r n a t i v e to a c c e l e r a t o r and g e n e r a t o r neu t ron s o u r c e s , a 252 

Cf spontaneous f i s s i o n s o u r c e of su i tab le in tens i ty (e. g . , 4 mg, giving 

1 0 ^ n e u t r o n s / s e c ) o f f e r s a v e r y p r a c t i c a l , m a i n t e n a n c e - f r e e neu t ron 

s o u r c e in e x t r e m e l y compac t f o r m , and having the convenient , highly 2 52 

pene t r a t ing , f i s s i o n - s p e c t r u m neu t ron e n e r g y d i s t r ibu t ion . A Cf 

n e u t r o n - i n t e r r o g a t i o n a s s a y s y s t e m i s p r e s e n t l y u n d e r deve lopment a t 
L A S L . ( 1 7 ) 
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5. I n t e r c o m p a r i s o n of New Nondes t ruc t ive Assay Methods with Conventional 

Chemica l Ana lys i s 

B e f o r e a given nondes t ruc t ive a s s a y method i s adopted fo r a p a r -

t i c u l a r f ie ld appl icat ion, it m u s t be fu l ly p r o v e d - i n by deta i led and exten-

s ive i n t e r c o m p a r i s o n with s t anda rd chemica l (dest ruct ive) a s s a y techniques . 

Such a p r o g r a m of i n t e r c o m p a r i s o n i s underway at LASL in the a r e a s of 

r e a c t o r fue l and fue l e lement ana lys i s , sma l l sample ana lys i s , and s c r a p 

a s s a y . 

In the a r e a of fue l e l emen t ana lys i s , the delayed neu t ron method of 

a s s a y on Rover fue l e l emen t s i s being c o m p a r e d with chemica l a s s a y on 

po r t i ons of the s a m e e l e m e n t s at the A E C ' s New Brunswick Labora to ry . 

A s a l r e a d y mentioned, MSBR fue l sa l t s a r e being analyzed by nondes t ruc t ive 

a s s a y me thods at LASL and compared with d i r ec t chemica l a s s a y at Oak 

Ridge. Also, delayed neu t ron techniques being developed for a s s a y of 

F F T F fue l pe l l e t s and LMFBR prototype fue l s will be compared with 

e s t ab l i shed chemica l a s s a y t echn iques used at Los Alamos . Nondes t ruc t ive 

a s s a y m e t h o d s under development at LASL f o r l ow-en r i chmen t w a t e r -

m o d e r a t e d power r e a c t o r fue l e l e m e n t s (both cold c lean and hot " spen t" 

e lements ) wil l a l so be compared with chemica l a s s a y r e s u l t s f r o m s eve ra l 

l a b o r a t o r i e s . 

In the a r e a of sma l l s a m p l e ana lys i s , a n u m b e r of t e s t s a m p l e s of 

u r a n i u m - and p lu ton ium-bea r ing compounds and m i x t u r e s in v a r i o u s 
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physical and chemical forms are being analyzed nondestructively by both 

passive and delayed neutron methods at L A S L for direct comparison 

with chemical assay on the same sample materials at the AEC's N e w 

Brunswick Laboratory (cf. results on N u m e c samples, Table VI). 

In the area of fissionable material scrap analysis, nondestructive 

assay is being carried out on Rover scrap material (largely graphite 
235 

plus 93% U), and on typical scrap configurations and containers 
235 

generated in the U and Pu processing facilities at Los Alamos. These 

assay results will be compared with known scrap standards prepared at 

L A S L and, whenever possible, with established destructive assay tech-

niques long in use at LASL. 

6. Adaptation of N e w Assay Methods to In-Plant and In-the-Field Systems 

for Practical Use by A E C and the Nuclear Industry 

The techniques for direct on-line nondestructive assay of fissionable 

materials being developed at Los Alamos are directly applicable not 

only to safeguards but to nuclear materials management and accountability 

problems throughout the nuclear industry. Most of the nuclear industry 

is unaware of the importance and economic impact which the new non-

destructive assay techniques can and will have on their operations, but 

an ever-increasing number of research-oriented people in industry and 

elsewhere are eager to explore the full potential of these new techniques 

as applied to a wide range of practical in-plant and in-the-field problems. 
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In discussions between L A S L and O S M M officials, as well as with 

representatives of industry (the Atomic Industrial Forum, major fuel 

reprocessors and fabricators, etc. ) it seems generally agreed that a 

most effective way of communicating and demonstrating these new tech-

niques to industry is to field a demonstration unit, such as a roadable 

van, containing both in-place and portable assay instrumentation. Such 

a mobile assay unit, employing passive methods as well as active inter-

rogation, would serve both as an assay laboratory per se, and as a 

staging area for conducting in-plant assay using portable instrumentation 

carried in the mobile unit. 

A prototype mobile assay laboratory as envisaged by L A S L is 

shown schematically in Fig. 13. The indicated neutron source for active 

interrogation can be a commercial pumped-tube type neutron generator, 

now available with all necessary beam pulsing and beam gating equipment, 

and capable of fast, convenient target replacement. A s an alternative 

neutron source providing m a x i m u m compactness, replacement-module 

design and m i n i m u m maintenance, the newest commercially available 

sealed-tube-type neutron generators are currently being evaluated by 

L A S L for nondestructive assay applications under both laboratory and 

field conditions. 
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Fig. 2. An exper imenta l a r r a n g e m e n t fo r delayed neutron a s s a y of ba re MTR-type r e a c t o r 
fuel e lements . The neutron in te r roga t ion source i s seen at the le f t and a high-
eff ic iency neutron detector , fo r m e a s u r i n g delayed neutron response , i s seen behind 
the MTR element . A s s a y a c c u r a c i e s of 0. 5%-l% a r e a t ta inable using th i s method of 
in te r roga t ion . 



Fig . 3. Expe r imen ta l a r r a n g e m e n t for delayed neutron a s s a y of MTR-type fuel e lement 
complete ly enclosed in a lead shield. The D-T neut ron source is in the s t a in less 
s tee l sphere seen in the foreground, and the h igh-ef f ic iency neutron detec tor is 
located behind the l a rge lead shield. 



Fig . 4. Solidified t e s t s ample of MSBR fue l sal t (mix tu re of BeF2, L i F , 
T h F ^ 2 3 3 U F 4 ) showing " m a r b l e - l i k e " h e t e r o g e n e o u s solid 
s a m p l e f o r which r e p r e s e n t a t ! . •• c h e m i c a l a s s a y i s e x t r e m e l y 
di f f icul t . Delayed neut ron ai_-:_y t echn iques now prov ide a 
new d i r e c t method of a s s a y nondes t ruc t ive ly , with a c c u r a c i e s 
b e t t e r t han 0. 5% (see text) . 
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Fig . 5. Delayed neu t ron r e s p o n s e of a s imula ted s c r a p b a r r e l containing 
one g r a m of at 15 c m in r e p r e s e n t a t i v e m o d e r a t o r o r m a t r i x 
m a t e r i a l s - - 1 4 - M e V s o u r c e . The dashed l i n e s ind ica te empty 
b a r r e l (no m o d e r a t o r ) r e s p o n s e ± 20%. (The ± 20% e r r o r span 
r e p r e s e n t s r e a s o n a b l e a c c u r a c y l i m i t s f o r p r a c t i c a l s c r a p 
a s s a y . ) 



BARREL DENSITY (g /cm3) 

F i g . 6. Delayed n e u t r o n r e s p o n s e of a s imu la t ed s c r a p b a r r e l s u r -
rounded by a 2. 5 - c m polyethylene r e f l e c t o r . The r e s p o n s e h a s 
been n o r m a l i z e d t o t h e " a d d - a - g r a m " ( see text) r e s p o n s e . The 
dashed l i n e s ind ica te empty b a r r e l (no m a t r i x m a t e r i a l ) r e s p o n s e 
± 20%. 
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F i g . 7. C r o s s - s e c t i o n a l v iew of the N-6 s l ab d e t e c t o r . T h i s c o n f i g u r a -
t ion i s u sed to obta in c o a r s e n e u t r o n - e n e r g y s p e c t r u m in fo rma t ion . 
The d e t e c t o r m a y be conver ted to i t s f l a t r e s p o n s e mode of 
ope ra t ion by r e m o v i n g the inne r Cd p i e c e s and r e a r r a n g i n g the 
po lye thy lene m o d e r a t o r . 



NEUTRON ENERGY, MeV 

F i g . 8. R e s p o n s e r a t i o s be tween f r o n t and back coun te r b a n k s of the 
N-6 s lab d e t e c t o r v e r s u s incident n e u t r o n ene rgy . T h e po in t s 
(with e r r o r b a r s ) r e p r e s e n t m e a s u r e d r e s u l t s , and t h e smooth 
c u r v e shows t h e f r o n t / b a c k r a t i o ca l cu l a t ed u s ing a one -
d i m e n s i o n a l t r a n s p o r t code . 
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Fig. 9. The photograph shows an TSf-6 high-efficiency slab detector having 
18% intrinsic efficiency over a sensitive area of 20" x 24". The 
Accelerator I neutron source (beam target shown in left foreground) 
in combination with the slab detector is used extensively for delayed 
neutron assay techniques being developed at LASL. The lower 
portion of the figure shows the intrinsic efficiency of. the detector 
versus neutron energy; the indicated flat response as.a function of 
energy for the sum of the front and back counter banks (i. e. , the 
total detector response) is necessary for most applications involving 
assay of large complex arrays of nuclear material such as fuel 
elements, nuclear devices, scrap, etc. 



Fig. 10. Accelerator I - A Compact, High Intensity Source for Neutron 
Interrogation and Nondestructive Assay. (Accelerator potential: 
150 kV; m a x i m u m beam current: 3. 5 ma; beam pulsing by pre-
and post-deflection; beam modulation by gating the R F ion source.) 
M a x i m u m source intensity is ~ 3 x 10 1 1 D - T neutrons/sec; the 
source can be gated on and off as required for optimum neutron 
interrogation applications. T w o new quick-change target holders 
have been adapted to Accelerator I for fast, convenient target 
replacement in laboratory and field installations. 
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F i g . 11. Neu t ron l eakage s p e c t r a f r o m a tungs ten " f a s t m o d e r a t o r " 
a s s e m b l y su r round ing both 14 MeV and f i s s i o n - s p e c t r u m neu t ron 
s o u r c e s . (Ordinate n o r m a l i z e d to one s o u r c e neut ron . ) 



F i g . 12. G e n e r a l view of the 3 -MeV h igh - in t ens i t y Van de Graaf f a c c e l e r a t o r 
i n s t a l l ed in t h e Nuc l ea r Sa fegua rds R e s e a r c h L a b o r a t o r y at Los 
A l a m o s . (High Vol tage Eng inee r ing C o r p o r a t i o n KN-3 000 V e r t i c a l 
Machine , 750 fj.a analyzed b e a m of p ro tons . ) Monoene rge t i c 
n e u t r o n s of v a r i a b l e e n e r g i e s (both above and below the " t h r e s h o l d " 
e n e r g i e s r e q u i r e d to f i s s i o n 238u, 232-ph, and 2 ^ 0 p u ) a r e u s e d 
to i n t e r r o g a t e fue l e l e m e n t s and o ther f i s s i o n a b l e m a t e r i a l s y s t e m s 
and dev ices . Using a p p r o p r i a t e s t a n d a r d s , n o n d e s t r u c t i v e i so topic 
a s s a y by n e u t r o n i n t e r roga t i on t e c h n i q u e s can be c a r r i e d out in 
m a n y p r a c t i c a l c a s e s t o b e t t e r than 1% a c c u r a c y . 
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Fig. 13. Schemat ic layout of mobi le isotopic a s s a y l abo ra to ry c u r r e n t l y under development at the 
L o s A l a m o s Scientif ic Labo ra to ry . The mobile l a b o r a t o r y i s i nco rpo ra t ed in a 10' x 50' 
c a r g o con ta ine r (roadable van) which can be t r a n s p o r t e d by land, sea, o r a i r . Act ive 
in t e r roga t ion (of s y s t e m s a s l a r g e a s a 55-gallon b a r r e l ) will be p e r f o r m e d in the shielded 
a r e a at the r e a r (left) of the van. The f ron t of the van s e r v e s a s con t ro l room, data ana lys i s 
s tat ion, and a genera l l a b o r a t o r y for pas s ive a s s a y of f i s s ionab le m a t e r i a l s . 


