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A MODIFIED PILE OSCILLATOR FOR NEUTRON 
CROSS-SECTION MEASUREMENTS 

J a m e s N. Anno, Richard G. Jung, and Joel W. Chasta in , J r . 

A pile oscillator has been designed, constructed, and operated at the 

Battelle Research Reactor, This pile oscillator cycles a specimen and a standard 

in the same container through an annular ion chamber located in the thermal column. 

This almost simultaneous oscillation of the standard and specimen eliminates 

errors caused by power drifts or fluctuations. The use of a continuous graphite 

rod for the container or carrier reduces undesirable scattering effects of the 

carrier. 

The oscillator was calibrated using the cross section of gold foil as a 
standard. Effects of geometry on measured cross sections were investigated. In 
general, larger samples gave higher apparent cross-section values than thin foils 
of comparable cross sections. Most measurements to date have been made on 
powdered-metal samples. Values obtained at Battelle are presented and compared 
with values from Oak Ridge on similar samples. 

•H present the sensitivity of the oscillator is limited to total absorption 

cross sections on the order of 1 mm for accurate cross-section data. The limit 

of the accuracy of the measurements is approximately the accuracy to which the 

absorption cross section of the standard sample is knorvn. in analysis of the 

errors indicates that cross sections on the order of 1 mm can be measured to 

accuracies within— 5 per cent without further modification of the oscillator. In 

general, the accuracy increases as the cross section is increased. 

I N T R O D U C T I O N 

With the development of nuclear r e ac to r s and reac to r cornponents has come the 
need for information on the neutron-absorpt ion p roper t i e s of m a t e r i a l s . The magnitude 
of neutron absorpt ion by a m a t e r i a l is cha rac te r i zed by i ts atomic density (nuclei per 
unit volume of the m a t e r i a l under investigation) and i ts absorpt ion c r o s s sect ion, which 
is essent ia l ly the effective ta rge t a r ea for absorpt ion presented by a nucleus to an 
incident neutron. The absorption c r o s s section can be defined as 

. R (1) 
^ (nv) N 

where 

R = number of absorpt ions per unit volume per unit t ime 

nv = neutron flux (or commonly jus t "flux"), where n is the neutron density 
and V is the neutron velocity 

N = number of nuclei per unit volume of the m a t e r i a l under investigation. 
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The a b s o r p t i o n c r o s s s e c t i o n of c o n c e r n in t h i s r e p o r t i s t ha t for t h e r m a l n u e t r o n s , 
i . e . , n e u t r o n s which a r e in t h e r m a l e q u i l i b r i u m wi th t h e i r e n v i r o n m e n t . 

In r e a c t o r t e c h n o l o g y , a knowledge of the t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s 
s e c t i o n of m a t e r i a l s i s p r i m a r i l y i m p o r t a n t to c o n s i d e r a t i o n s of (1) n e u t r o n e c o n o m y of 
a r e a c t o r s y s t e m o r of a r e s e a r c h e x p e r i m e n t , (2) t h e r m a l - n e u t r o n sh i e ld ing p r o p e r t i e s 
of m a t e r i a l s , and (3) a c t i v a t i o n of m a t e r i a l s ( s i n c e t h e r m a l n e u t r o n s a r e p r e d o m i n a n t 
in p r o d u c i n g r a d i o a c t i v e s p e c i e s by t r a n s m u t a t i o n ) . E x t e n s i v e s t u d i e s of the t h e r m a l -
n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n s of the p u r e e l e m e n t s have been u n d e r way s ince the 
d e v e l o p m e n t of the f i r s t n u c l e a r r e a c t o r . M o r e r e c e n t l y , c o m p i l a t i o n s of the m e a s u r e d 
a b s o r p t i o n c r o s s s e c t i o n s of n e a r l y a l l the n a t u r a l e l e m e n t s and m a n y of the i nd iv idua l 
i s o t o p e s h a v e been m a d e . ^ ' H o w e v e r , p r a c t i c a l c r o s s - s e c t i o n d a t a on c o m m e r c i a l 
m a t e r i a l s wh ich in g e n e r a l h a v e s ign i f i can t q u a n t i t i e s of i m p u r i t i e s a r e l a c k i n g . 
Minu te t r a c e s of e l e m e n t s wi th l a r g e a b s o r p t i o n c r o s s s e c t i o n s can " p o i s o n " an o t h e r ­
w i s e l o w - c r o s s - s e c t i o n m a t e r i a l . D e t a i l e d c h e m i c a l and s p e c t r o g r a p h i c a n a l y s e s can 
d e t e r m i n e the p r i n c i p a l i m p u r i t i e s in m a t e r i a l s and the q u a n t i t i e s of e a c h , and f r o m the 
a v a i l a b l e da t a on the c r o s s s e c t i o n s of the i nd iv idua l e l e m e n t s the t o t a l a b s o r p t i o n 
c r o s s s e c t i o n of the m a t e r i a l c an be c a l c u l a t e d . Ho 'wever , t h i s p r o c e d u r e i s an i n d i r e c t 
a p p r o a c h to d e t e r m i n i n g the p r o p e r t y which i s of c o n c e r n . A d i r e c t m e t h o d i s to 
m e a s u r e the a c t u a l t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n s of the m a t e r i a l s . 

S e v e r a l t e c h n i q u e s have been d e v e l o p e d to m e a s u r e t h e r m a l - n e u t r o n - a b s o r p t i o n 
c r o s s s e c t i o n s . ^ ' The p r i n c i p a l t e c h n i q u e s a r e d i s c u s s e d b r i e f l y be low: 

(1) M a s s - s p e c t r o m e t r i c m e t h o d . S ince n e u t r o n a b s o r p t i o n by a n u c l e u s 
r e s u l t s in the d i s a p p e a r a n c e of the p a r t i c u l a r s p e c i e s and the f o r m a ­
t ion of a new i s o t o p i c s p e c i e s ( i . e . , the p r o c e s s of t r a n s m u t a t i o n ) , 
a n a l y s i s of a m a t e r i a l e x p o s e d to a known n e u t r o n flux by a m a s s 
s p e c t r o m e t e r can be u s e d to deduce the t h e r m a l - n e u t r o n - a b s o r p t i o n 
c r o s s s e c t i o n of the m a t e r i a l . The m e t h o d h a s the d i s a d v a n t a g e of 
r e q u i r i n g l a r g e r e a c t i o n r a t e s . C o n s e q u e n t l y , i t l a c k s s e n s i t i v i t y 
wi th m a t e r i a l s of low c r o s s s e c t i o n and r e q u i r e s a h igh n e u t r o n f lux. 
H o w e v e r , the m e t h o d h a s been p a r t i c u l a r l y u se fu l in m e a s u r i n g the 
c r o s s s e c t i o n s of the v e r y s t r o n g a b s o r b e r s such a s s a m a r i u m and 
g a d o l i n i u m . 

(2) N e u t r o n - t r a n s m i s s i o n m e t h o d . By m e a s u r i n g the a t t e n u a t i o n in 
i n t e n s i t y of a n e u t r o n b e a m p r o d u c e d by a s a m p l e of known t h i c k n e s s , 
the t o t a l c r o s s s e c t i o n ( a b s o r p t i o n p lus s c a t t e r i n g ) can be d e t e r m i n e d . 
If an i n d e p e n d e n t m e a s u r e m e n t of the s c a t t e r i n g c r o s s s e c t i o n i s m a d e , 
the a b s o r p t i o n c r o s s s e c t i o n can be d e d u c e d . The miethod i s an i n ­
d i r e c t o n e , but h a s been u s e d wi th s u c c e s s in m e a s u r e m e n t s of the 
c r o s s s e c t i o n s of f i s s i o n a b l e m a t e r i a l s . H o w e v e r , the s c a t t e r e d 
n e u t r o n s m u s t be m e a s u r e d o v e r a 47T so l id a n g l e , and the low i n ­
t e n s i t i e s m a d e t h i s di f f icul t and t i m e c o n s u m i n g . 

(1) References at end. 
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(3) D a n g e r - c o e f f i c i e n t m e t h o d . I n t r o d u c t i o n of a n o n f i s s i l e a b s o r b e r 
into a r e a c t o r p r o d u c e s a change in the c o r e r e a c t i v i t y wh ich i s 
p r o p o r t i o n a l to the a b s o r p t i o n c r o s s s e c t i o n of the m a t e r i a l . The 
change in r e a c t i v i t y can be de t e rnn ined by m e a s u r i n g the p e r i o d of 
the p o w e r - l e v e l change o r by no t ing the change in p o s i t i o n of a 
c a l i b r a t e d c o n t r o l rod n e c e s s a r y to m a i n t a i n the r e a c t o r e x a c t l y 
c r i t i c a l . Th i s m e t h o d w a s one of the f i r s t to be u s e d to m e a s u r e 
a b s o r p t i o n c r o s s s e c t i o n s , but h a s the d i s a d v a n t a g e s of r e s t r i c t e d 
s e n s i t i v i t y and the p o s s i b i l i t y of r e a c t i v i t y c h a n g e s , c a u s e d by 
t e m p e r a t u r e o r p r e s s u r e v a r i a t i o n s , m a s k i n g the r e s u l t s . A l s o , 
the r e a c t o r m u s t be devo ted a l m o s t e n t i r e l y to the one p r o g r a m 
whi le m e a s u r e m e n t s a r e be ing t a k e n . 

(4) P i l e - o s c i l l a t o r m e t h o d . S o m e of the d i s a d v a n t a g e s of the d a n g e r -
coef f ic ien t m e t h o d w e r e o v e r c o m e in the d e v e l o p m e n t of the p i l e -
o s c i l l a t o r t e c h n i q u e of m e a s u r i n g a b s o r p t i o n c r o s s s e c t i o n s . The 
p i l e - o s c i l l a t o r m e t h o d aga in u s e s the change in r e a c t i v i t y to 
m e a s u r e the c r o s s s e c t i o n . In a d d i t i o n , the m e t h o d u t i l i z e s the 
fac t tha t a cyc l i c p e r t u r b a t i o n of the c o r e r e a c t i v i t y p r o d u c e s an 
o s c i l l a t i n g c o m p o n e n t of the c o r e n e u t r o n flux w h o s e a m p l i t u d e i s 
d i r e c t l y p r o p o r t i o n a l to the n e u t r o n a b s o r p t i o n c r o s s s e c t i o n of the 
m a t e r i a l . ^ - ' ' Good s t a t i s t i c s on the e x p e r i m e n t a l d a t a a r e o b t a i n e d 
by the r e p e a t e d a m p l i t u d e d e t e r m i n a t i o n s . H o w e v e r , t h i s m e t h o d 
a l s o h a s the d i s a d v a n t a g e of a l m o s t m o n o p o l i z i n g the r e a c t o r d u r i n g 
i t s u s e fo r c r o s s - s e c t i o n m e a s u r e m e n t s . 

(5) Modi f ied p i l e - o s c i l l a t o r t e c h n i q u e . By p l a c i n g the o s c i l l a t o r in a 
h i g h - n e u t r o n - f l u x r e g i o n of the r e a c t o r r e m o t e f r o m the c o r e , the 
effect of the o s c i l l a t i n g a b s o r b e r on the p i le r e a c t i v i t y b e c o m e s 
n e g l i g i b l e . H o w e v e r , the a m p l i t u d e of the l o c a l d e p r e s s i o n in 
n e u t r o n flux c a u s e d by the a b s o r b e r i s s t i l l p r o p o r t i o n a l to i t s 
n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n , n e g l e c t i n g s c a t t e r i n g e f f e c t s . 
A n e u t r o n d e t e c t o r p l a c e d n e a r the o s c i l l a t i n g s a m p l e can be u s e d 
to d e t e c t the l o c a l flux v a r i a t i o n . The obv ious c h o i c e of l o c a t i o n 
of the a p p a r a t u s i s in a r e g i o n s u c h a s a t h e r m a l c o l u m n w h e r e 
t h e r m a l n e u t r o n s a r e p r e d o m i n a n t . If the r a t i o of t h e r m a l to 
r e s o n a n c e n e u t r o n s i s su f f i c ien t ly l a r g e , no c o r r e c t i o n i s n e c e s ­
s a r y for r e s o n a n c e - n e u t r o n - a b s o r p t i o n by the s a m p l e s . With the 
o s c i l l a t o r r e m o v e d f r o m the c o r e , a s in a t h e r m a l c o l u m n , i t m a y 
m o r e p r o p e r l y be c a l l e d a f lux o s c i l l a t o r . H o w e v e r , by u s a g e , the 
d e v i c e i s s t i l l t e r m e d e i t h e r a p i le o s c i l l a t o r o r m o d i f i e d p i le 
o s c i l l a t o r . 

The f i r s t mod i f i ed p i le o s c i l l a t o r w a s d e v e l o p e d a t the X - 1 0 g r a p h i t e r e a c t o r a t 
the Oak Ridge N a t i o n a l L a b o r a t o r y (ORNL) . ^"^1 S ince the d e v e l o p m e n t of t h i s i n s t r u m e n t 
s e v e r a l s i m i l a r d e v i c e s have been c o n s t r u c t e d a t o t h e r r e a c t o r f a c i l i t i e s . T h i s r e p o r t 
d e s c r i b e s the d e s i g n and c o n s t r u c t i o n of a m o d i f i e d p i le o s c i l l a t o r at the B a t t e l l e 
R e s e a r c h R e a c t o r and m e a s u r e m e n t s wh ich have b e e n m a d e wi th t h i s f a c i l i t y . T h i s 
d e v i c e , s i m i l a r to the ORNL o s c i l l a t o r , c y c l e s a m a t e r i a l w h o s e c r o s s s e c t i o n i s be ing 
m e a s u r e d t h r o u g h an a n n u l a r n e u t r o n - s e n s i t i v e ion c h a m b e r i m b e d d e d in the t h e r m a l 
c o l u m n of the r e a c t o r . The a m p l i t u d e of the s i g n a l f r o m the ion c h a m b e r g e n e r a t e d by 
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n e u t r o n a b s o r p t i o n in the s a m p l e whi le p a s s i n g t h r o u g h the c h a m b e r i s i n d i c a t i v e of the 
t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n . D i r e c t c o m p a r i s o n of t h i s a m p l i t u d e wi th 
the a m p l i t u d e of a s igna l g e n e r a t e d by a s t a n d a r d of known c r o s s s e c t i o n d e t e r m i n e s 
the t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n of the unknown s a m p l e . 

D E S C R I P T I O N O F A P P A R A T U S 

The p i l e o s c i l l a t o r c o n s i s t s of a m e c h a n i c a l d e v i c e to o s c i l l a t e the s a m p l e , a 
n e u t r o n - s e n s i t i v e i o n i z a t i o n c h a m b e r , and an e l e c t r o n i c s y s t e m . The e l e c t r o n i c 
s y s t e m a m p l i f i e s the vo l t age p u l s e s g e n e r a t e d wi th in the c h a m b e r by the a b s o r b i n g 
s a m p l e and c o n v e r t s the a m p l i f i e d p u l s e s in to e a s i l y m e a s u r e d u n i t s . T h e r m a l 
n e u t r o n s a r e supp l i ed by the t h e r m a l c o l u m n of the B a t t e l l e R e s e a r c h R e a c t o r . The 
p i le o s c i l l a t o r and a s s o c i a t e d i n s t r u m e n t s a r e shown in the p h o t o g r a p h in F i g u r e 1. 

A 1 /4-hp m o t o r d r i v e s a c o n t i n u o u s c h a i n , one l ink of wh ich i s r i g i d l y f a s t e n e d 
to a c a m f o l l o w e r . The c a m fo l lower i s f r e e to m o v e up and down b e t w e e n two h a r d e n e d 
s t e e l b a r s a t t a c h e d to a b lock which s l i d e s back and f o r t h on two s t e e l guide b a r s . 
E x c e p t a t the e n d p o i n t s , the c a m - f o l l o w e r a r r a n g e m e n t p r o v i d e s a c o n s t a n t - v e l o c i t y 
s t r o k e . A 5 / 8 - i n . -OD m a g n e s i u m - a l l o y tube wh ich c a r r i e s the s a m p l e i s p a s s e d 
t h r o u g h a m a c h i n e d hole in the b lock and i s f a s t e n e d to the s t e e l b lock of the c a m 
f o l l o w e r by m e a n s of a dowel pin and a se t s c r e w . The tube s l i d e s on Tef lon b e a r i n g s 
on e a c h s ide of an i o n i z a t i o n c h a m b e r i m b e d d e d in the t h e r m a l c o l u m n of the r e a c t o r 
and m a k e s no p h y s i c a l c o n t a c t wi th the c h a m b e r . The p a r t of the m a g n e s i u m - a l l o y tube 
which e n t e r s the t h e r m a l - c o l u m n flux i s f i l led •with m a c h i n e d g r a p h i t e to p r e v e n t e n ­
t r a n c e d i s c o n t i n u i t i e s and h e n c e u n d e s i r a b l e s c a t t e r i n g of n e u t r o n s . P r o v i s i o n for 
p l a c e m e n t of the samiple i s m a d e by m a c h i n i n g s l o t s a t a p p r o p r i a t e p l a c e s in the 
g r a p h i t e . The f r e q u e n c y of o s c i l l a t i o n of the s a m p l e i s a p p r o x i m a t e l y 40 c p e r m i n and 
the l eng th of the s t r o k e i s a p p r o x i m a t e l y 32 in . A c u t a w a y s k e t c h of the t h e r m a l c o l u m n , 
shown in F i g u r e 2 , i l l u s t r a t e s the r e l a t i o n s h i p of the o s c i l l a t o r and ion c h a m b e r wi th 
r e s p e c t to the t h e r m a l c o l u m n . The o s c i l l a t o r rod e n t e r s the s ide of the t h e r m a l 
c o l u m n t h r o u g h a s t e e l - l i n e d l e a d s l e e v e i m b e d d e d in the c o n c r e t e b i o l o g i c a l sh ie ld and 
p a s s e s t h r o u g h the ion c h a m b e r i m b e d d e d in the g r a p h i t e of the t h e r m a l c o l u m n . 

The i o n i z a t i o n c h a m b e r in u s e a t the p r e s e n t t i m e i s shown m F i g u r e 3. The 
a c t i v e g a s v o l u m e i s con t a ined b e t w e e n two c o n c e n t r i c a l u m i n u m t u b e s i n s u l a t e d by 
p o l y s t y r e n e end c a p s . F i v e i n c h e s of the i n n e r e l e c t r o d e i s c o a t e d e x t e r n a l l y wi th 
abou t 2 m g p e r c m ^ of b o r o n . The i on i z ing g a s i s a i r a t 1 a t m of p r e s s u r e . The 
c h a m b e r i s shock nnounted in sponge r u b b e r to p r e v e n t m i c r o p h o n i c p u l s e s due to 
m e c h a n i c a l v i b r a t i o n s . It i s b u r i e d in a g r a p h i t e s t r i n g e r w h i c h i s r e m o v a b l e f r o m the 
t h e r m a l c o l u m n . The c h a m b e r i s p l a c e d c o a x i a l l y to the pa th of the o s c i l l a t i n g s a m p l e 
and the s a m p l e p a s s e s t h r o u g h the i n n e r e l e c t r o d e . High v o l t a g e for the i o n i z a t i o n 
c h a m b e r i s supp l i ed by a bank of 4 5 - v " B " b a t t e r i e s . F i g u r e 4 shows the output c u r r e n t 
of the ion c h a m b e r a s a funct ion of a p p l i e d v o l t a g e . At p r e s e n t the c h a m b e r i s be ing 
o p e r a t e d a t an app l i ed vo l t age of a p p r o x i m a t e l y 360 v , n e a r the p l a t e a u of the c u r v e . 
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A block d i a g r a m of the e l e c t r i c a l s y s t e m i s shown m F i g u r e 5. The s i g n a l f r o m 
the i o n i z a t i o n c h a m b e r i s a m p l i f i e d by a n a r r o w - b a n d f e e d b a c k a m p l i f i e r , r e c t i f i e d by 
s y n c h r o n o u s s w i t c h e s , and i n t e g r a t e d by l o n g - t i m e c o n s t a n t R - C c i r c u i t s . The v o l t a g e s 
on the i n t e g r a t i n g c o n d e n s e r s a r e m e a s u r e d by v a c u u m - t u b e v o l t m e t e r s . The B 
v o l t a g e for the a m p l i f i e r and i n t e g r a t o r s i s supp l i ed by an e l e c t r o n i c a l l y s t a b i l i z e d 
p o w e r supply hav ing l e s s than 3 m i l l i v o l t s of r i p p l e . The supp ly i s of L o s A l a m o s 
d e s i g n . A c i r c u i t d i a g r a m i s shown m F i g u r e 6, 

The a m p l i f i e r and i n t e g r a t o r s a r e s i m i l a r to t h o s e u s e d by H o o v e r , et a l . , a t 
Oak Ridge N a t i o n a l Labora to ry ( ' ^ ) C i r c u i t d i a g r a m s a r e shown m F i g u r e 7 and 
F i g u r e 8, r e s p e c t i v e l y A p lo t of a m p l i f i c a t i o n v e r s u s f r e q u e n c y for the a m p l i f i e r on 
G a m 1 i s shown m F i g u r e 9 M a x i m u m g a m of the a m p l i f i e r (Gam 7) i s a p p r o x i m a t e l y 
five t i m e s g r e a t e r The a b s o r p t i o n p u l s e f r o m the ion c h a m b e r i s a t a f r e q u e n c y of 
abou t 4 c p s so t ha t m a x i m u m a m p l i f i c a t i o n of the s a m p l e s i g n a l on G a m 7 i s abou t 
3 0 , 0 0 0 One of the p r i n c i p a l m e r i t s of the a m p l i f i e r i s i t s d i s c r i m i n a t i o n a g a i n s t h i g h -
f r e q u e n c y n o i s e s i g n a l s F o r e x a m p l e , a t 60 c p s the a m p l i f i c a t i o n i s only 0. 05 p e r cen t 
of tha t a t 4 c p s A c u r v e of a m p l i f i e r l i n e a r i t y a t 4 c p s i s shown m F i g u r e 10 A s 
s e e n f r o m th i s f i g u r e , o v e r l o a d i n g b e g i n s a t about a 6 8 - v output p u l s e h e i g h t T h u s , to 
avoid o v e r l o a d i n g , the t o t a l a b s o r p t i o n c r o s s s e c t i o n of the s a m p l e s m u s t be r e s t r i c t e d 
to v a l u e s p r o d u c i n g output p u l s e s of l e s s than a 6 8 - v a m p l i t u d e 

The u s e of s y n c h r o n o u s s w i t c h e s a l l o w s i n t e g r a t i o n of the a m p l i f i e r output only 
d u r i n g tha t p o r t i o n of the o s c i l l a t o r cyc l e d u r i n g which a s a m p l e i s m c l o s e p r o x i m i t y 
vv îth the i o n i z a t i o n c h a m b e r , t hus d i s c r i m i n a t i n g s t r o n g l y a g a i n s t s t a t i s t i c a l f l u c t u a t i o n s 
m ion c u r r e n t and f l uc tua t i ons m r e a c t o r p o w e r . The s w i t c h e s a r e o p e r a t e d by m e a n s 
of a g e a r t r a m o p e r a t e d by the d r i v e m o t o r of the o s c i l l a t o r . Two s w i t c h e s o p e r a t e the 
i n t e g r a t o r s and a t h i r d s w i t c h o p e r a t e s a V e e d e r - R o o t c o u n t e r wh ich c o u n t s the n u m b e r 
of s a m p l e o s c i l l a t i o n s so t ha t r e p e a t m e a s u r e m e n t s h a v i n g the s a m e n u m b e r of o s c i l ­
l a t i o n s can be m a d e . 

Two i n t e g r a t o r s a r e p r e s e n t l y m u s e . One i s u s e d to i n t e g r a t e the s i g n a l f r o m 
the unknown s a m p l e , the o t h e r m o n i t o r s r e a c t o r p o w e r by i n t e g r a t i n g the s i g n a l f r o m a 
s a m p l e of known c r o s s s e c t i o n . T h i s m e t h o d c o n t i n u a l l y c o m p a r e s the c r o s s s e c t i o n of 
the known s a m p l e wi th the unknown and h e n c e a l l o w s for c o r r e c t i o n of r e a c t o r p o w e r 
v a r i a t i o n s . 

Of the above f e a t u r e s of the o s c i l l a t o r , t h o s e c o n s i d e r e d un ique to the s y s t e m a r e 
the con t inuous g r a p h i t e m e d i u m m which the s a m p l e s a r e p l a c e d for m e a s u r e m e n t and 
the dua l i n t e g r a t o r s y s t e m for c o n t i n u a l c a l i b r a t i o n . Use of a c o n t i n u o u s g r a p h i t e rod 
e l i m i n a t e s a x i a l n e u t r o n s c a t t e r i n g due to the s a m p l e c a r r i e r , wh ich h a s been o b s e r v e d 
to affect the output w a v e f o r m f r o m the ion c h a m b e r ^ ^ Use of the t e c h n i q u e of c o n ­
t inua l c o m p a r i s o n b e t w e e n the s t a n d a r d and unknown s a m p l e , m add i t i on to c o r r e c t i n g 
for r e a c t o r p o w e r d r i f t , a l s o m i n i m i z e s e r r o r s r e s u l t i n g f r o m i n s t r u m e n t d r i f t and 
f r o m s a m p l e p o s i t i o n i n g m chang ing f r o m the known to unknown s a m p l e . 
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NEUTRON-FLUX AND -ENERGY SPECTRUM 

Since the o s c i l l a t o r t e c h n i q u e i s one of c o m p a r i s o n , the m a g n i t u d e of the n e u t r o n 
flux i s no t i m p o r t a n t to c r o s s - s e c t i o n d e t e r m i n a t i o n s and m u s t only be suf f ic ien t ly 
g r e a t to p r o d u c e the d e s i r e d t o t a l ou tpu t c u r r e n t f r o m the ion c h a m b e r . The s p a t i a l 
d i s t r i b u t i o n of n e u t r o n f lux , ho-wever , c an affect c r o s s - s e c t i o n n i e a s u r e m e n t s in i t s 
r e l a t i o n to n e u t r o n - s c a t t e r i n g p h e n o m e n a . S ince the n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n 
h a s a s t r o n g d e p e n d e n c y on n e u t r o n e n e r g y , the e n e r g y s p e c t r u m of the n e u t r o n s a b ­
s o r b e d by the o s c i l l a t e d s a m p l e s m u s t be known to p r o p e r l y i n t e r p r e t the c r o s s - s e c t i o n 
d a t a . F o r t h e s e r e a s o n s , the s p a t i a l and e n e r g y d i s t r i b u t i o n s of the n e u t r o n flux in the 
v i c i n i t y of the p i le o s c i l l a t o r ion c h a m b e r have b e e n m e a s u r e d e x t e n s i v e l y . 

T h e r m a l - N e u t r o n - F l u x D i s t r i b u t i o n 

When the o s c i l l a t o r w a s f i r s t i n s t a l l e d in the t h e r m a l c o l u m n , the t h e r m a l - n e u t r o n 
flux a t the ion c h a m b e r w a s be low 10° n / (cm'^)( s e c ) . At t h i s t i m e the t h i c k n e s s of 
g r a p h i t e b e t w e e n the r e a c t o r c o r e and the ion c h a m b e r w a s a p p r o x i m a t e l y 10 ft. T h i s 
t h i c k n e s s of g r a p h i t e , whi le p r o d u c i n g a v e r y w e l l t h e r m a l i z e d n e u t r o n flux (the 
c a d m i u m r a t i o m e a s u r e d wi th 1 -mi l gold fo i l s and ZO-mil c a d m i u m c o v e r s w a s w e l l 
o v e r 1000) , a t t e n u a t e d the flux to s u c h an e x t e n t t ha t the e x p e r i m e n t a l a c c e s s e s to the 
t h e r m a l c o l u m n w e r e r e s t r i c t e d in t h e i r u s e f u l n e s s to r e s e a r c h p r o g r a m s . To i n c r e a s e 
the f lux , the i n t e r i o r of the t h e r m a l c o l u m n w a s p a r t i a l l y vo ided by r e m o v a l of abou t 
25 p e r cen t of the t o t a l g r a p h i t e in the t h e r m a l c o l u m n . T h i s change r e d u c e d the 
e f fec t ive t h i c k n e s s of g r a p h i t e b e t w e e n the ion c h a m b e r and r e a c t o r c o r e to a p p r o x i ­
m a t e l y 4 ft and i n c r e a s e d the t h e r m a l - n e u t r o n flux a t the c e n t e r of the ion c h a m b e r to 

9 7 
1. 3 X lO'^ n / ( c m ' ^ ) ( s e c ) . R e d u c i n g the g r a p h i t e t h i c k n e s s d e c r e a s e d the c a d m i u m r a t i o 
a t the o s c i l l a t o r , b u t , a s wi l l be shown l a t e r in t h i s r e p o r t , the r a t i o of t h e r m a l to 
e p i t h e r i n a l flux i s s t i l l su f f ic ien t ly l a r g e to e l i m i n a t e m o s t c o r r e c t i o n s on c r o s s - s e c t i o n 
d a t a for r e s o n a n c e a b s o r p t i o n . 

S ince the o s c i l l a t o r e n t e r s the s ide of the t h e r m a l c o l u m n ( s e e F i g u r e 2), m o s t of 
the n e u t r o n s a b s o r b e d by the ion c h a m b e r and s a m p l e s a r e l e a k a g e n e u t r o n s and a 
g r a d i e n t in the s p a t i a l d i s t r i b u t i o n of n e u t r o n flux e x i s t s a long the a x i s of the ion 
c h a m b e r . The t h e r m a l - n e u t r o n - f l u x d i s t r i b u t i o n a long the a x i s i s shown in F i g u r e 11 . 
A s s e e n f r o m t h i s f i gu re the n e u t r o n flux d r o p a c r o s s the s e n s i t i v e r e g i o n of the ion 
c h a m b e r (the c e n t e r 5 in . ) i s abou t a f a c t o r of t w o . T h i s g r a d i e n t c a n , in s o m e c a s e s , 
be i m p o r t a n t to n e u t r o n - s c a t t e r i n g e f f ec t s ( ^ ) . P o s i t i o n i n g the ion c h a m b e r on the 
c e n t e r l ine of the t h e r m a l c o l u m n in the r e g i o n of a f la t f lux d i s t r i b u t i o n would e l i m i n a t e 
s c a t t e r i n g e f f e c t s . H o w e v e r , a s w i l l be shown in a n o t h e r s e c t i o n of t h i s r e p o r t , fo r 
the p r e s e n t u s e of the o s c i l l a t o r , s c a t t e r i n g e f fec t s a r e not s i gn i f i c an t . Should the n e e d 
a r i s e , wi th s o m e m o d i f i c a t i o n , the c h a m b e r can be r e l o c a t e d to the r e g i o n of f la t f lux 
d i s t r i b u t i o n . 
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T h e r m a l - N e u t r o n E n e r g y S p e c t r u m 

In a connple te ly t h e r m a l i z e d n e u t r o n f lux , the e n e r g y d i s t r i b u t i o n , or a p a r a m e t e r 
m o r e r e a d i l y m e a s u r e d — the v e l o c i t y d i s t r i b u t i o n — of the t h e r m a l n e u t r o n s should be 
M a x w e l l i a n wi th a d i s t r i b u t i o n g iven by 

v2 

V 2 J 4 n 2 o , ,^, 
dn = —— V e dv , (2) 

V 

w h e r e 

dn = n u m b e r of n e u t r o n s p e r uni t v o l u m e in the v e l o c i t y r a n g e dv a t the 
v e l o c i t y V 

n = t o t a l n u m b e r of n e u t r o n s p e r uni t v o l u m e 

V = n e u t r o n v e l o c i t y 

V = m o s t p r o b a b l e n e u t r o n v e l o c i t y (2198 m p e r s ec a t 20 C) . 

S ince i n o s t m a t e r i a l s exh ib i t a 1/v a b s o r p t i o n - c r o s s - s e c t i o n d e p e n d e n c y in the 
t h e r m a l - e n e r g y r a n g e , the c o m p a r i s o n t e c h n i q u e of the o s c i l l a t o r i s g e n e r a l l y va l id 
wi thou t c o r r e c t i o n fo r n o n - 1 / v b e h a v i o r . H o w e v e r , f o r c o m p l e t e n e s s , the d e v i a t i o n of 
the t h e r m a l - n e u t r o n s p e c t r u m f r o m the r o o m - t e m p e r a t u r e M a x w e l l i a n d i s t r i b u t i o n 
should be kno'wn. To ob ta in the v e l o c i t y d i s t r i b u t i o n of the n e u t r o n s a t the p i le o s c i l ­
l a t o r , a v e l o c i t y s e l e c t o r now u n d e r c o n s t r u c t i o n wi l l be u s e d . When s a m p l e s of u n ­
known c r o s s - s e c t i o n e n e r g y d e p e n d e n c y in the t h e r m a l - e n e r g y r a n g e a r e m e a s u r e d , 
the da t a m u s t be qua l i f ied by s t a t i ng the a s s u m e d n e u t r o n t e m p e r a t u r e so t ha t c o r r e c ­
t i ons can be m a d e a s f u r t h e r d a t a b e c o m e a v a i l a b l e . 

E p i t h e r m a l - N e u t r o n E n e r g y S p e c t r u m 

In the g r a p h i t e t h e r m a l c o l u m n , the e p i t h e r m a l ( r e s o n a n c e ) n e u t r o n s a r e u s u a l l y 
a s s u m e d to h a v e a 1/E e n e r g y d i s t r i b u t i o n . T h i s a s s u m p t i o n i m p l i e s t ha t the d i f f e r ­
e n t i a l f lux in t h e r e s o n a n c e r a n g e m a y be w r i t t e n a s 

0 ( E ) = - ? , (3) 
E 

w h e r e 

0 (E) = d i f f e r e n t i a l n e u t r o n f lux , n / ( c m ) ( s e c ) ( m e v ) 

E = e n e r g y , m e v 

0Q = s p e c t r a l c o n s t a n t d e t e r m i n i n g the m a g n i t u d e of the d i f f e r e n t i a l f lux. 
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To check the a s s u m p t i o n of a 1/E d i s t r i b u t i o n , four r e s o n a n c e d e t e c t o r s wi th 
r e s o n a n c e s in the e n e r g y r a n g e f r o m 260 to 9100 ev w e r e e x p o s e d in the c e n t e r of the 
p i l e - o s c i l l a t o r ion c h a m b e r . To e l i m i n a t e t h e r m a l a c t i v a t i o n of the d e t e c t o r s , 
c a d m i u m - c o v e r e d fo i l s w e r e u s e d . The r e s u l t s a r e shown in T a b l e 1. 

TABLE 1. R E L A T I V E D I F F E R E N T D V L N E U T R O N F L U X IN 
THE E N E R G Y REGION 260 TO 9100 EV 

R e a c t i o n 
R e s o n a n c e E n e r g y , 

ev 
C a d m i u m 

R a t i o 

R e l a t i v e 
D i f f e r e n t i a l 
N e u t r o n F l u x 

M n 5 5 ( n , 7 ) M n ^ ^ 

C u ^ ^ ( n , 7 ) C u ^ 4 

V 5 1 ( n , 7 ) v 5 2 

I 27 A l ^ ' ( n , 7 ) A I 28 

260 

570 

3000 

9100 

428 

870 

1500 

1200 

1. 0 

0. 19 

0. 078 

F r o m the da t a in T a b l e 1 i t i s s e e n t h a t the c a d m i u m r a t i o , def ined a s the r a t i o of the 
b a r e - f o i l a c t i v i t y to the a c t i v i t y of a c a d m i u m - c o v e r e d foil ( 2 0 - m i l - t h i c k c a d m i u m 
c o v e r s w e r e u s e d in t h i s m e a s u r e m e n t ) , i s l a r g e for a l l of the d e t e c t o r s . T h i s i n d i ­
c a t e s t h a t the t h e r m a l n e u t r o n s a r e p r e d o m i n a n t in a c t i v a t i n g the f o i l s , a n d , p r o v i d i n g 
tha t the t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n i s s i m i l a r to o r l e s s than the 
r e s o n a n c e - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n , the l a r g e c a d m i u m r a t i o i s i n d i c a t i v e of a 
w e l l - t h e r m a l i z e d n e u t r o n f lux . The da t a f r o m T a b l e 1 a r e shown g r a p h i c a l l y in 
F i g u r e 12. A s s e e n f r o m t h i s g r a p h , the e n e r g y s p e c t r u m of the r e s o n a n c e n e u t r o n s 
i s a p p r o x i m a t e l y 1/E . 

R a t i o of T o t a l T h e r m a l - to E p i t h e r m a l - N e u t r o n F l u x 

The r a t i o of the t o t a l t h e r m a l - to e p i t h e r m a l - n e u t r o n flux p r e s e n t a t the o s c i l ­
l a t o r ion c h a m b e r w a s m e a s u r e d by the t h i c k - i n d i u m - f o i l m e t h o d ^ " ' . B r i e f l y , t h i s 
m e t h o d r e l i e s upon the fac t t h a t the r a t i o of the t h e r m a l n e u t r o n flux to the r e s o n a n c e 
flux in any log^ e n e r g y i n t e r v a l can be e x p r e s s e d a s 

^th 

iNcr :) L 

r 00 
dE 

a E 
Qth (") 
Q . (x ) 

ep i 

- CR (x) ^ 
F 

1 - X CR (x) 
(4) 
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FIGURE 12. RESONANCE-NEUTRON ENERGY SPECTRUM AT PILE OSCILLATOR 
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where 

(p.-. = thermal-neutron flux 

{^NaJ ratio of slowing down density to slowing down power = resonance 

s/ flux per unit log energy interval 

oc 

e 

0".-. = thermal-neutron-absorption cross section of indium 
(54-min indium-116) 

CT = resonance absorption integral for indium (E^ = cadmium 
•c. cutoff energy) 

Qth^'^) 
—- = numerical factor depending on foil properties alone; includes 

epi effects of self-shielding, self-absorption, and self-scattering 
of neutrons as well as back scattering of beta particles; when 
X, the foil thickness, equals zero this ratio is unity 

CR(x) = cadmium ratio for a particular foil thickness and cadmium 
cover thickness 

— = fraction of epithermal neutrons transmitted by the cadmium 
cover (a function of cover thickness) 

X = fraction of thermal neutrons transmitted by the cadmium. 

The cadmium ratio was found to be 1495, using indium foils of thickness approxi­
mately 40 mg per cm and a 60-mil cadmium cover thickness. For this cadmium 
cover thickness, the value of F is about 1. 24'' ' and X may be assumed to be zero. The 
assumption that no thermal neutrons are transmitted by a 60-mil thickness of cadmium 

leads to a conservative estimate of the ratio /^|Ncrg) . 

To obtain the numerical value of the ratio of Equation (4), the following values of 
the additional parameters were used. 

t̂h 

op 

cr̂ -t-, = 190 barns 

I 
E c 

cr, — = 2580 barns 
^ E 

^th^"") (6) 
—^ = 0. 290^°'. 
Qepi(^) 
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Use of t h e s e v a l u e s y i e l d s a r a t i o of t h e r m a l flux to r e s o n a n c e flux m any log^, 

•^th e n e r g y i n t e r v a l of = 4750 . T h i s i n f o r m a t i o n , t o g e t h e r wi th the fac t t ha t the 

r e s o n a n c e - n e u t r o n e n e r g y s p e c t r u m i s a p p r o x i m a t e l y 1 /E , i s suff ic ient to e s t i m a t e 
e r r o r s wh ich a r e invo lved m r e s o n a n c e a b s o r p t i o n by the s a m p l e s . The m a g n i t u d e of 
the r a t i o of the t h e r m a l f lux to t o t a l r e s o n a n c e flux can be e s t i m a t e d by a s s u m i n g a 
r e s o n a n c e - n e u t r o n e n e r g y r e g i o n of 0 4 ev ( a p p r o x i m a t e va lue of c a d m i u m cutoff 
e n e r g y ) to 1 m e v . With t h i s e n e r g y r a n g e , the r a t i o of t h e r m a l flux to t o t a l r e s o n a n c e 
flux i s 320 , which f u r t h e r i n d i c a t e s a w e l l - t h e r m a l i z e d n e u t r o n flux 

W A V E F O R M S AND S C A T T E R I N G E F F E C T S 

The w a v e f o r m s of the ou tpu t s i g n a l s f r o m the ion c h a m b e r have b e e n e x a m i n e d 
P r e v i o u s s t u d i e s of w a v e f o r m s f r o m o t h e r m o d i f i e d p i l e - o s c i l l a t o r f ac i l i t i e s^ ' ' h ave 
i n d i c a t e d t h a t n e u t r o n s c a t t e r i n g by the s a m p l e can affect the output s i g n a l . T h e s e 
s t u d i e s a l s o i n d i c a t e t ha t a r e d u c t i o n of the s c a t t e r i n g s i g n a l m a y be a c h i e v e d by 
s u r r o u n d i n g the s a m p l e by a s c a t t e r i n g m e d i u m such a s g r a p h i t e In the a p p a r a t u s d e ­
s c r i b e d m t h i s r e p o r t , the s a m p l e i s e n t i r e l y s u r r o u n d e d by g r a p h i t e No s c a t t e r i n g 
s i g n a l s f r o m s a m p l e s have b e e n o b s e r v e d P h y s i c a l l y i t m a y be e x p e c t e d tha t s o m e 
s c a t t e r i n g e f fec t s do r e s u l t , but the m a g n i t u d e of the s i g n a l i s a p p a r e n t l y n e g l i g i b l e for 
the p r e s e n t s e n s i t i v i t y of the s y s t e m . 

The s i g n a l d i r e c t l y f r o m the ion c h a m b e r due to i n t r o d u c t i o n of a n e u t r o n -
a b s o r b i n g s a m p l e i s , of c o u r s e , g r e a t l y a m p l i f i e d b e f o r e be ing i n t e g r a t e d . P r i o r to 
i n c r e a s i n g the n e u t r o n flux a t the o s c i l l a t o r by r e m o v i n g a p o r t i o n of the g r a p h i t e f r o m 
the t h e r m a l c o l u m n , the a m p l i t u d e of the d i r e c t s igna l f r o m a 1-g c a d m i u m s a m p l e w a s 
abou t 0 015 V A s k e t c h of the s i g n a l w a s m a d e f r o m an o s c i l l o s c o p e t r a c e and i s 
shown m F i g u r e 13. Any s ign i f i can t i n d i c a t i o n of s c a t t e r i n g , which would a p p e a r a s a 
p o s i t i v e s igna l p r e c e d i n g the n e g a t i v e a b s o r p t i o n s ignal^ '* ' , w a s not d e t e c t e d . The 
c h a m b e r output w a s then c o n n e c t e d to the a i n p l i f i e r and the output w a v e f o r m f r o m the 
a m p l i f i e r o b s e r v e d The r e s u l t a n t t r a c e is shown m F i g u r e 14. A n o t h e r p h e n o m e n o n 
IS o b s e r v e d f r o m t h i s t r a c e o v e r s h o o t m the a m p l i f i e r i s a p p a r e n t , a s shown by l a c k 
of i m m e d i a t e r e c o v e r y of the s i g n a l to the b a s e l i n e . In o r d e r to ob ta in a b e t t e r 
p i c t u r e of the a c t u a l w a v e f o r m , the i n t e r s t a g e coup l ing t i m e c o n s t a n t s m the a m p l i f i e r 
w e r e i n c r e a s e d by a f ac to r of four b e t w e e n the f i r s t and second s t a g e s and b e t w e e n the 
t h i r d and fou r th s t a g e s , and a f a c t o r of 2 .5 b e t w e e n the second and t h i r d s t a g e s . The 
r e s u l t i n g output w a v e f o r m i s shown m F i g u r e 15. T h i s f i g u r e i n d i c a t e s t ha t t h e r e w a s 
no s ign i f i can t s c a t t e r i n g s i g n a l p r e s e n t . 

I n c r e a s i n g the i n t e r s t a g e t i m e c o n s t a n t s , a l t hough p e r m i t t i n g a b e t t e r c h a m b e r -
s igna l r e p r o d u c t i o n , h a s the u n d e s i r a b l e effect of a l s o i n c r e a s i n g the d - c dr i f t m the 
s y s t e m . D u r i n g n o r m a l o p e r a t i o n of the o s c i l l a t o r the i n t e r s t a g e coup l ing t i m e c o n ­
s t a n t s a r e r e s t o r e d to t h e i r o r i g i n a l va lue and a m p l i f i e r o v e r s h o o t i s p e r m i t t e d so long 
a s r e c o v e r y i s m a d e b e f o r e the second o s c i l l a t i o n o r b e f o r e the second s a m p l e e n t e r s 
the c h a m b e r if the dua l i n t e g r a t i n g s y s t e m i s u s e d The i n t e g r a t i o n i n t e r v a l i s c h o s e n 
to b r a c k e t the p o r t i o n of the wave g e n e r a t e d by n e u t r o n a b s o r p t i o n r a t h e r than by the 
i n s t r u m e n t s . 
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Inters tage coupling t ime constants in amplif ier i nc reased . 
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C a d m i u m , a l though p o s s e s s i n g a suf f ic ien t ly h igh a b s o r p t i o n c r o s s s e c t i o n to 
g e n e r a t e w a v e f o r m s wi th l a r g e a m p l i t u d e and h e n c e r e l a t i v e l y f r e e f r o m n o i s e , h a s a 
v e r y s m a l l r a t i o of s c a t t e r i n g to a b s o r p t i o n c r o s s s e c t i o n . I r o n , on the o t h e r h a n d , 
h a s a s c a t t e r i n g c r o s s s e c t i o n about five t i m e s g r e a t e r than i t s a b s o r p t i o n c r o s s 
s e c t i o n . A l a r g e c o m p r e s s e d p o w d e r e d - i r o n s a m p l e , 2 by 5 /16 by 3 / l 6 - i n . , w a s 
o s c i l l a t e d and the output w a v e f o r m e x a m i n e d a s for the c a d m i u m . A g a i n , no s c a t t e r i n g 
s i g n a l w a s d e t e c t e d . F o r m a t e r i a l s of p r e s e n t i n t e r e s t , r a t i o s of s c a t t e r i n g to a b s o r p ­
t ion c r o s s s e c t i o n s do not r a d i c a l l y e x c e e d tha t for i r o n . On t h i s b a s i s it i s conc luded 
t h a t , for the p r e s e n t u s e of the a p p a r a t u s , s c a t t e r i n g e f fec t s a r e not s ign i f i can t . 

To see if a s c a t t e r i n g s igna l could be g e n e r a t e d by r e m o v a l of the con t inuous 
g r a p h i t e m e d i u m m the n e i g h b o r h o o d of the s a m p l e , the s a m p l e - c a r r y i n g tube w a s 
e m p t i e d of g r a p h i t e e x c e p t for a 2 - in . l eng th which w a s left a t the u s u a l p o s i t i o n of the 
a b s o r b i n g s a m p l e . A s c a t t e r i n g s i g n a l w a s g e n e r a t e d and found to p r e c e d e the s i g n a l 
due to a b s o r p t i o n . With the tube c o m p l e t e l y f i l led wi th g r a p h i t e , no s i g n a l w a s a p ­
p a r e n t . It w a s conc luded tha t the s c a t t e r i n g s igna l g e n e r a t e d by the 2 - in . g r a p h i t e 
s a m p l e w a s due p r i m a r i l y to a x i a l s c a t t e r i n g of n e u t r o n s by the s a m p l e a s it m o v e d 
t h r o u g h the ion c h a m b e r . 

C A L I B R A T I O N O F O S C I L L A T O R 

Since c r o s s - s e c t i o n m e a s u r e m e n t s wi th the p i le o s c i l l a t o r a r e b a s e d upon a c o m ­
p a r i s o n t e c h n i q u e , the c a l i b r a t i o n of the i n t e g r a t o r r e a d i n g m t e r m s of c r o s s s e c t i o n is 
a c c o m p l i s h e d by o b s e r v i n g the v a l u e fo r a m a t e r i a l of known c r o s s s e c t i o n and wi th a 
g e o m e t r y i d e n t i c a l to tha t of the s a m p l e w h o s e c r o s s s e c t i o n i s to be m e a s u r e d . When 
p r a c t i c a l , go ld , wi th a t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n of 98 . 0 ± 1. 0 
barns ' -*- ' , i s u s e d a s the s t a n d a r d for the c r o s s - s e c t i o n m e a s u r e m e n t s . The m o s t c o n ­
v e n i e n t f o r m of the s a m p l e s i s th in foi l F i g u r e 16 s h o w s a t y p i c a l c a l i b r a t i o n 
c u r v e for gold f o i l s . The d a t a for t h i s c u r v e a r e given m T a b l e 2. The c r o s s s e c t i o n 
IS given m t e r m s of m m of t o t a l a b s o r p t i o n c r o s s s e c t i o n for c o n v e n i e n c e . T h i s c r o s s 
s ec t i on i s r e l a t e d to the m i c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n a s 

1 0 0 M N o ( r a 
0- ( m m ) = •— , ( 5 ) 

w h e r e 

M = m a s s of s a m p l e , g 

N = A v a g a d r o ' s n u m b e r , a t o m s p e r g - m o l e 

A = a t o m i c -weight of s a m p l e , g p e r g - m o l e 

cr = m i c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n , cm . 
3, 
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T A B L E 2. D A T A F O R G O L D - F O I L C A L I B R A T I O N C U R V E 

G o l d F o i l 
W e i g h t ( ^ ) , 

m g 

T o t a l T h e r m a l - N e u t r o n - A b s o r p t i o n 
C r o s s S e c t i o n , m m 

I n t e g r a t o r 
R e a d i n g ^ ^ ' ^ ) 

104 
214 
318 
426 
630 
842 

105 0 

1 2 7 7 
1 4 6 2 
1708 

1 9 1 8 
2 1 2 6 

3 . 11 
6 . 4 0 
9 . 5 1 

1 2 . 75 

1 8 . 85^ 
2 5 . 2 

31 
38 
4 3 
5 1 
5 7 . 4 
6 3 . 6 

0. 
1. 
2. 
2. 
4. 
5. 
6. 
8 

9. 
10. 

11. 
12. 

72 
50 
06 
76 
00 
46 
60 
16 
18 
40 
40 
54 

± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 
± 0. 

01 
02 
01 
02 
03 
05 
06 
03 
01 
05 
05 
08 

(a) Foili 2 in. long and 5/16 in. wide. 
(b) Gain 1, five l-min determinations. 
(c) The probable error is given after each value. 

A s s e e n fronri t h e f i g u r e , s e l f - p r o t e c t i o n e f f e c t s ( i . e . , e f f e c t s c a u s e d b y t h e f a c t t h a t 
a t o m s i n t h e c e n t e r of t h e s a m p l e s e e a lo -wer n e u t r o n f l u x t h a n o n t h e e d g e s of t h e 
s a m p l e d u e t o a b s o r p t i o n of n e u t r o n s i n t h e o u t e r r e g i o n s of t h e s a m p l e ) b e c o m e 
s i g n i f i c a n t a t c r o s s s e c t i o n s a b o u t 4 0 t o 4 5 m m ' ' . T h e s e l f - p r o t e c t i o n e f f e c t s a r e 
p r e s e n t , of c o u r s e , f o r c r o s s s e c t i o n s b e l o w t h i s a m o u n t , b u t a r e n o t s u f f i c i e n t l y 
p r o n o u n c e d to c a u s e s i g n i f i c a n t d e v i a t i o n in t h e l i n e a r b e h a v i o r of c r o s s s e c t i o n w i t h 
i n t e g r a t o r r e a d i n g . 

T h e p a r t i c u l a r c u r v e s h o w n i n F i g u r e 16 w a s o b t a i n e d f o r G a i n 1 of t h e a m p l i f i e r 
w i t h f i v e 1 - m i n i n t e g r a t i o n s d e t e r m i n i n g e a c h p o i n t . E a c h of t h e f i r s t f i v e g a i n s w a s 
s i m i l a r l y c a l i b r a t e d a n d t h e i n t e g r a t o r r e a d i n g p e r m m of c r o s s s e c t i o n f o r e a c h of t h e 
g a i n s i s sho-wn i n T a b l e 3 . 

T A B L E 3 . C A L I B R A T I O N O F I N T E G R A T O R F O R E A C H 
A M P L I F I E R G A I N 

A m p l i f i e r 
G a i n 

I n t e g r a t o r R e a d i n g ' ^ - ) , 

p e r m m 

1 

2 

3 

4 

5 

0 . 152 

0 . 206 

0. 298 

0. 4 3 0 

0 . 6 2 1 

(a) Determined from five 45-sec integrations. 
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O v e r l o a d i n g of the a m p l i f i e r o c c u r s a t a h i g h e r c r o s s s ec t i on than tha t a t wh ich 
s e l f - p r o t e c t i o n e f fec ts b e c o m e s ign i f i can t . F o r e x a m p l e , on G a m 1 the a m p l i f i e r f i r s t 
o v e r l o a d s a t a c r o s s s e c t i o n of abou t 75 m m ^ . The a m p l i t u d e of a s i g n a l f r o m an 
a b s o r b e r hav ing t h i s c r o s s s e c t i o n i s a b o u t 68 v ( s e e F i g u r e 10) on the output of the 
a m p l i f i e r . The o v e r l o a d po in t on the o t h e r g a m s , of c o u r s e , o c c u r s a t i n c r e a s i n g l y 
l o w e r c r o s s s e c t i o n s wi th i n c r e a s i n g g a m . 

F o r s a m p l e s h a v i n g g e o m e t r y d i f f e ren t f r o m f o i l s , s p e c i a l s t a n d a r d s a r e p r e ­
p a r e d . F o r e x a m p l e , c o m p r e s s e d p o w d e r e d - m e t a l s a m p l e s have b e e n p r e p a r e d wi th 
d i m e n s i o n s 2 by 5 /16 by 3 /16 m . for c r o s s - s e c t i o n m e a s u r e m e n t s . F o r t h e s e l a r g e r 
s a m p l e s , gold i s no t a su i t ab l e d i r e c t s t a n d a r d and s e c o n d a r y s t a n d a r d s a r e p r e p a r e d . 
H o w e v e r , a s wi l l be shown l a t e r m th i s r e p o r t m the d i s c u s s i o n of g e o m e t r y e f f e c t s , 
by a v e r y s p e c i a l cho ice of d i m e n s i o n s of the l a r g e r s a m p l e s , fo i l s c an be u s e d to 
s t a n d a r d i z e the c r o s s s e c t i o n . 

G E O M E T R Y E F F E C T S 

The e f fec t s of s a m p l e g e o m e t r y on c r o s s - s e c t i o n m e a s u r e m e n t s w e r e s tud ied by 
c o m p a r i n g c r o s s - s e c t i o n da t a for f o i l s , s l a b s , and c y l i n d e r s . To ob ta in c r o s s s e c t i o n s 
m the s a m e r a n g e , t h r e e m a t e r i a l s w e r e used - i r o n c y l i n d e r s , c o p p e r s l a b s , and 
gold f o i l s . The l eng th of a l l s a m p l e s w a s 2 m . T a b l e 4 s u m m a r i z e s the s a m p l e s i z e s 
and da t a The i n t e g r a t o r r e a d i n g r e p r e s e n t s m e a s u r e m e n t s t a k e n m ten d e t e r m i ­
n a t i o n s , e a c h of 200 o s c i l l a t i o n s . The i n t e g r a t o r r e a d i n g s a r e p lo t t ed v e r s u s the 
c a l c u l a t e d t o t a l a b s o r p t i o n c r o s s sections*:- m F i g u r e 17. A s s e e n f r o m t h i s f i g u r e , 
the l a r g e r the c y l i n d e r s and s l a b s , the m o r e the d e v i a t i o n f r o m the go ld - fo i l c a l i b r a t i o n 
c u r v e . At t o t a l a b s o r p t i o n c r o s s s e c t i o n s be low 15 to 20 m m , the i n t e g r a t o r r e a d i n g s 
f r o m the s l a b s and c y l i n d e r s a r e l e s s t han the go ld - fo i l r e a d i n g s . At c r o s s s e c t i o n s 
g r e a t e r than about 45 m m ^ (go ld - fo i l t h i c k n e s s of a p p r o x i m a t e l y 7 m i l s ) the e f fec ts of 
s e l f - p r o t e c t i o n b e c o m e a p p a r e n t , i . e, , the e f f i c i ency of the s a m p l e a s an a b s o r b e r i s 
r e d u c e d b e c a u s e the c e n t e r of the s a m p l e i s e x p o s e d to a l o w e r n e u t r o n flux due to 
n e u t r o n a b s o r p t i o n m the o u t e r r e g i o n of the s a m p l e . 

The effect of the v a r i a t i o n of d i a m e t e r of the i r o n c y l i n d e r s on the o b s e r v e d c r o s s 
s e c t i o n can b e t t e r be s e e n f r o m the g r a p h of F i g u r e 18. In t h i s f i g u r e the m t e g r a t o i 
r e a d i n g p e r uni t of a b s o r p t i o n c r o s s s e c t i o n i s p lo t t ed v e r s u s the d i a m e t e r of the 
c y l i n d e r s . A s shown m t h i s c u r v e , a s the d i a m e t e r of the c y l i n d e r s i n c r e a s e s , the 
i n t e g r a t o r r e a d i n g p e r mm'^ of c r o s s s e c t i o n b e c o m e s l a r g e r un t i l s e l f - p r o t e c t i o n 
e f fec t s b e c o m e s ign i f i can t . F o r d i a m e t e r s g r e a t e r t han a b o u t 0. 275 m . ( a p p r o x i ­
m a t e l y 45 mm'^ to t a l a b s o r p t i o n c r o s s s e c t i o n ) , a d d i t i o n a l a b s o r b e r h a s a d i m i n i s h i n g 
effect p e r uni t c r o s s s e c t i o n . The go ld - fo i l i n t e g r a t o r r e a d i n g p e r uni t c r o s s s e c t i o n 
IS a l s o shown on the g r a p h , and i s a p p r o x i m a t e l y c o n s t a n t be low 45 m m ^ T h i s would 
be e x p e c t e d s ince r a d i c a l g e o m e t r y c h a n g e s a r e not i n c u r r e d wi th the th in fo i l s It w i l l 
be no ted f r o m the g r a p h tha t i d e n t i c a l i n t e g r a t o r r e a d i n g s a r e ob t a ined for a c y l i n d e r 
of 0 183- in d i a m e t e r and the gold fo i l s T h i s s u g g e s t s t h a t wi th p r o p e r c h o i c e of 
s a m p l e s i z e , g e o m e t r y e f fec t s can be e l i m i n a t e d m c o m p a r i n g the c r o s s s e c t i o n s of 
s a m p l e s of w ide ly d i f fe r ing g e o m e t r y 

•Using the eras'; section* reported in BNL-325 
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T A B L E 4. R E S U L T S O F G E O M E T R Y STUDY WITH F O I L S , 
S L A B S , AND C Y L I N D E R S 

S a m p l e 

I r o n c y l i n d e r 

C o p p e r s l a b , 5 /16 
by 2 in . by 
t h i c k n e s s 

Gold s l a b , 5 /16 
by 2 in . by 
t h i c k n e s s 

T h i c k n e s s 
o r D i a m ­
e t e r , in . 

0. 1247 
0. 1873 
0. 250 
0. 312 
0. 375 

0. 030 
0. 050 
0. 100 
0 . 1 8 6 5 
0. 250 

0. 00^12 
0 . 0 0 4 2 4 
0 . 0 0 7 4 2 
0 .0116 

W e i g h t , g 

3. 010 
7. 101 

1 2 . 5 9 7 
1 9 . 6 3 4 
2 8 . 4 7 0 

2 . 6 7 0 
4 . 4 3 4 
9. 028 

1 6 . 8 3 3 
2 2 . 6 6 6 

0. 420 
0. 840 
1.470 
2. 310 

C r o s s S e c t i o n ^ ^ ' , 
m m 

8. 46 ± 0. 20 
19. 37 ± 0 .46 
3 4 . 3 7 ± 0. 81 
53 . 6 ± 1. 3 
7 7 . 7 ± 1 . 8 

9 . 3 4 ± 0. 030 
1 5 . 5 1 ± 0. 05 
3 1 . 5 8 ± 1. 03 
5 8 . 9 ± 1 . 9 
7 9 . 3 ± 2 . 6 

12. 57 ± 0. 13 
25. 14 ± 0. 26 
44. 00 ± 0. 45 
69 . 14 ± 0. 71 

I n t e g r a t o r R e a d i n g 

0. 145 ± 0. Oi l 
0. 467 ± 0. 027 
0 . 9 3 4 ± 0. 008 
1. 42 ± 0. 02 
1.91 ± 0. 02 

0. 174 ± 0. 010 
0. 387 ± 0. 014 
0. 846 ± 0. 006 
1.47 ± 0. 02 
1.86 ± 0. 01 

0 .297 ± 0. 017 
0 . 6 1 8 ± 0. 016 
1.05 ± 0. 01 
1.54 ± 0. 003 

(a) Cross-section values from BNL-325. 
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Absorption Cross Section, mm A-Z8045 

FIGURE 17. E F F E C T S OF GEOMETRY ON CROSS-SECTION MEASUREMENTS 
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The g r a p h of F i g u r e 18 r e p r e s e n t s the s lope of the c o r r e s p o n d i n g c u r v e for 
c y l i n d e r s g iven in F i g u r e 17. The c u r v e in F i g u r e 18 a p p e a r s to e x t r a p o l a t e r e a s o n a b l y 
w e l l to z e r o , t hus i n d i c a t i n g t ha t the c u r v e of F i g u r e 17 i s S - s h a p e d and a p p r o a c h e s 
z e r o wi th z e r o s l o p e . 

It i s i n f o r m a t i v e to u n d e r s t a n d the r e a s o n s for the o b s e r v e d g e o m e t r y d e p e n d e n c e 
of the c r o s s - s e c t i o n m e a s u r e m e n t s . B e c a u s e of the s i m p l i c i t y of g e o m e t r i c s h a p e , a 
c o m p a r i s o n b e t w e e n the i r o n c y l i n d e r s and gold fo i l s i s m o s t r e a d i l y m a d e in t h i s 
a n a l y s i s . F o r f u r t h e r s i m p l i f i c a t i o n , a t w o - d i m e n s i o n a l m o d e l i s p r o p o s e d . The 
g e o m e t r y of the s a m p l e and ion c h a m b e r i s shown in F i g u r e 19. 

F o r the c y l i n d r i c a l s a m p l e g e o m e t r y , c o n s i d e r the n e u t r o n s p a s s i n g t h r o u g h a 
poin t P on the c i r c u m f e r e n c e of the ion c h a m b e r . A s s u m i n g an i s o t r o p i c n e u t r o n f lux , 

Q 
a f r a c t i o n of t h e s e n e u t r o n s wi l l be d i r e c t e d t o w a r d the s a m p l e . It i s f u r t h e r 
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a s s u m e d in t h i s s i m p l e m o d e l t ha t no s c a t t e r i n g of the n e u t r o n s o c c u r , so t h a t a 
n e u t r o n once d i r e c t e d wi th in the ang le Q wi l l " s e e " the s a m p l e . The ang l e 0 i s g iven 
in t e r m s of the d i m e n s i o n s of the ion c h a m b e r and s a m p l e a s 

0 = 2 a r c s in (i) • 
B e c a u s e of the s -ymmet ry of the s y s t e m , for the c y l i n d e r s , the ang l e 9 for e a c h po in t 
s o u r c e a r o u n d the c i r c u m f e r e n c e i s c o n s t a n t . 

F o r the f o i l - s a m p l e g e o m e t r y g iven in T a b l e 5 , the a n g l e 0 ' s u b t e n d e d by the foi l 
f r o m the point P ' i s not c o n s t a n t a s P ' ( l oca t ed by the ang l e a in F i g u r e 19) m o v e s 
a r o u n d the c i r c u m f e r e n c e . The a v e r a g e ang le ^ a v e ' g iven by 

\ 0 ' (a) d a 

6 ' = ^ ^ ^ — ; , (V) 
a-vg ^ 2TT 

d a 
'o 1 

i s found to be 0. 3551 r a d i a n . A s s u m i n g t h a t the m e a s u r e d c r o s s s e c t i o n i s p r o p o r ­
t i o n a l to t h i s a n g l e , then when 0X„„ = 0 the c r o s s - s e c t i o n m e a s u r e m e n t s for the foi l and 
the c y l i n d e r wi th ang le 9 should be the s a m e . F r o m the e x p e r i m e n t a l r e s u l t s , i t w a s 
found t h a t a c y l i n d e r of 0. 183- in . d i a m e t e r w a s e q u i v a l e n t g e o m e t r y w i s e to the foi l . 
T h i s va lue i s to be c o m p a r e d wi th the d i a m e t e r of 0. 179 in . a t Q^ya ~ ^ wh ich i s shown 
f r o m F i g u r e 20. T h u s , s i m p l e g e o m e t r i c c o n s i d e r a t i o n s p r e d i c t r a t h e r w e l l the point 
a t wh ich the c y l i n d e r and foi l c r o s s s e c t i o n s a g r e e and i n d i c a t e one of the p a r a m e t e r s 
r e s p o n s i b l e for c h a n g e s in the a p p a r e n t c r o s s s e c t i o n wi th g e o m e t r y . F o r a c o m p l e t e 
a n a l y t i c a l p r e d i c t i o n of the g e o m e t r y b e h a v i o r , c o n s i d e r a t i o n m u s t be g iven to the 
ef fec t ive t h i c k n e s s of the s a m p l e , the t h r e e - d i m e n s i o n a l c h a r a c t e r i s t i c s , and n e u t r o n 
dif fusion. T h e s e r e f i n e m e n t s a r e beyond the p u r p o s e s of the p r e s e n t d e v e l o p m e n t . 

B e h a v i o r s i m i l a r to t h a t of the g e o m e t r y e f fec t s of the c y l i n d e r s i s o b s e r v e d for 
the c o p p e r s l a b s . At a s l a b t h i c k n e s s of 0. 044 in . the i n t e g r a t o r r e a d i n g s p e r un i t 
c r o s s s e c t i o n of the s l a b s and fo i l s c o i n c i d e . 
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Boron-coated 
ctiomber electrode 

a. Geometry for Cylindrical Samples 

Boron-coated 
electrode 

b. Geometry for Foils 

FIGURE 19. GEOMETRY OF SAMPLES AND ION CHAMBER 
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T A B L E 5. P R E P A R A T I O N O F P O W D E R E D - M E T A L S A M P L E S 

M a t e r i a l 
W e i g h t , 

C o m p a c t i n g 
P r e s s u r e , 

p s i H e a t T r e a t m e n t R e m a r k s 

N iob ium 

I r o n 

N i c k e l 

1 5 . 5 6 2 

9. 670 

11 .735 

6 0 , 0 0 0 S i n t e r i n g conduc t ed a t 
2150 C fo r 3 h r 
u n d e r a v a c u u m of 
0. 035 ji 

3 0 , 0 0 0 S i n t e r e d for 1-1 /6 h r 
a t 2000 F in h y d r o g e n 
a t m o s p h e r e 

3 0 , 0 0 0 S i n t e r e d fo r 1-1 /4 h r 
a t 185 0 F in h y d r o g e n 
a t m o s p h e r e 

D e n s i t y a f t e r s i n t e r i n g 
'^• 31 g p e r cm , o r 
85. 3 p e r cen t of 
t h e o r e t i c a l d e n s i t y 

A l lowed to coo l to 
a p p r o x i m a t e l y 100 F 
in the h y d r o g e n 
a t m o s p h e r e 

Al lowed to coo l to 
a p p r o x i m a t e l y 100 F 
in the h y d r o g e n 
a t m o s p h e r e 

The o b s e r v e d v a r i a t i o n of m e a s u r e d c r o s s s e c t i o n s -with g e o m e t r y e m p h a s i z e s 
the i m p o r t a n c e of m a t c h i n g the g e o m e t r y of the unknown s a m p l e to tha t of the s t a n d a r d . 

C R O S S - S E C T I O N M E A S U R E M E N T S 

The p r i n c i p a l c r o s s s e c t i o n s wh ich have been m e a s u r e d to da te (o the r t han t h o s e 
m e a s u r e d in t he c a l i b r a t i o n and g e o m e t r y s t u d i e s ) a r e t h o s e fo r p o w d e r e d m e t a l s . The 
p o w d e r m a t e r i a l for t h e s e s a m p l e s w a s c o m p a c t e d a t B a t t e l l e . A s p e c i a l die w a s p r e ­
p a r e d to f o r m the s a m p l e into the shape of r e c t a n g u l a r b a r s , 3 /16 by 5 /16 by 2 in . 
The p o w d e r s and t h e i r t r e a t m e n t a r e g iven in T a b l e 5. 

The c r o s s s e c t i o n s of the p o w d e r e d - m e t a l s a m p l e s w e r e m e a s u r e d u s i n g the 
i r o n s a m p l e a s the s t a n d a r d , s i nce i t s c r o s s s e c t i o n i s known to b e t t e r a c c u r a c y than 
the o t h e r s a m p l e s . T h e s e v a l u e s a r e c o m p a r e d wi th c r o s s - s e c t i o n m e a s u r e m e n t s 
ob ta ined a t the ORNL o s c i l l a t o r in T a b l e 6. 
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T A B L E 6. COMPARISON O F THE CROSS SECTIONS O F 
THE P O W D E R E D - M E T A L S A M P L E S 

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

ORNL Value B a t t e l l e Value 
P r o b a b l e E r r o r of 

B a t t e l l e M e a s u r e m e n t 

Iron 
Niobium 
Nickel 

2.65 
0.86 
4. 00 

2. 73^^) 
0. 725 
4 . 09 

±0 . 04^^^ 
±0 . 05(t ') 
± 0 . 0 8 ^ ^ ) 

(a) Assumes BNL-325 cross-section value for standarization. 
(b) Total probable error. Includes error from standard and probable error in integrator readings. 

A s s e e n f r o m t h i s t a b l e , a g r e e m e n t b e t - w e e n t h e i r o n a n d n i c k e l s a m p l e s i s g o o d , b u t 
t h e n i o b i u m m e a s u r e m e n t s d i s a g r e e . H o w e v e r , t h e B a t t e l l e v a l u e y i e l d s a m i c r o s c o p i c 
t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n of 1. 12 ± 0. 1 1 * b a r n s , w h i c h c o m p a r e s 
f a v o r a b l y w i t h t h e v a l u e of 1 1 ± 0. 1 b a r n s r e p o r t e d m B N L - 3 2 5 . T h e e r r o r of t h e 
m e a s u r e m e n t , w h i l e s i m i l a r t o t h e B N L - 3 2 5 v a l u e , c o u l d b e f u r t h e r r e d u c e d w i t h a 
b e t t e r s t a n d a r d . 

D I S C U S S I O N O F E R R O R S 

V a r i a t i o n s o c c u r m t h e a m p l i t u d e of t h e s i g n a l g e n e r a t e d b y t h e n e u t r o n -
a b s o r b i n g s a m p l e m p a s s i n g t h r o u g h t h e i o n c h a m b e r d u e b o t h t o s m a l l v a r i a t i o n s m 
r e a c t o r p o w e r l e v e l ( r e a c t o r " n o i s e " ) a n d to i o n - c h a m b e r n o i s e . G o o d s t a t i s t i c s a r e 
o b t a i n e d m t h e m e a s u r e m e n t s b y o s c i l l a t i n g t h e s a m p l e t h r o u g h t h e i o n c h a m b e r m a n y 
t i m e s . In p r a c t i c e , t h e c h a m b e r p u l s e s a r e i n t e g r a t e d a n d a t t h e c o n c l u s i o n of a p r e ­
d e t e r m i n e d n u m b e r of o s c i l l a t i o n s t h e a c c u m u l a t e d s i g n a l i s r e a d f r o m a d - c m i c r o -
a m m e t e r T h e n u m b e r of o s c i l l a t i o n s r e q u i r e d to o b t a i n g o o d s t a t i s t i c s i s d e t e r m i n e d 
e m p i r i c a l l y , a n d , g e n e r a l l y , t h e s m a l l e r t h e t o t a l a b s o r p t i o n c r o s s s e c t i o n b e i n g 
m e a s u r e d , t h e l a r g e r t h e n u m b e r of o s c i l l a t i o n s r e q u i r e d . F o r c r o s s s e c t i o n s g r e a t e r 
t h a n a b o u t 10 m m ' ^ , a p p r o x i m a t e l y 4 0 o s c i l l a t i o n s ( c o r r e s p o n d i n g to a l - m m i n t e ­
g r a t i o n ) h a v e b e e n f o u n d to y i e l d a c c u r a t e r e s u l t s . F o r c r o s s s e c t i o n s l e s s t h a n 
10 m m ' ^ t h e n u i n b e r of o s c i l l a t i o n s p e r r e a d i n g i s i n c r e a s e d . 

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

0. 6745 

(AXJ' 

n ( n - 1) 

(8) 

•Standard deviation instead of probable error for the sake of comparison. 
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w h e r e 

ST = p r o b a b l e e r r o r a s s o c i a t e d wi th the a v e r a g e of the i n t e g r a t o r 
r e a d i n g s 

AX^ = d e v i a t i o n of the i th r e a d i n g f r o m the a v e r a g e r e a d i n g 

n = n u m b e r of r e a d i n g s . 

The c o n s t a n c y of the i n t e g r a t o r r e a d i n g s i s shown by the s m a l l p r o b a b l e e r r o r 
a s s i g n e d to the i n t e g r a t o r r e a d i n g s g iven in T a b l e 2. A s s e e n f r o m the v a l u e s in t h i s 
t a b l e , the e r r o r i n t r o d u c e d by the i n t e g r a t o r r e a d i n g i s g e n e r a l l y 1 p e r cen t o r l e s s . 

A p o s s i b l e s o u r c e of e r r o r in ob ta in ing the a c t u a l t h e r m a l - n e u t r o n - a b s o r p t i o n 
c r o s s s e c t i o n f r o m the i n t e g r a t o r r e a d i n g i s the c o n t r i b u t i o n to the a b s o r p t i o n s igna l 
f r o m a b s o r p t i o n of r e s o n a n c e n e u t r o n s by the s a m p l e . T a b l e 7 l i s t s the t h e r m a l -
n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n s and r e s o n a n c e - a b s o r p t i o n i n t e g r a l s for the m o r e 
c o m m o n s t r u c t u r a l m a t e r i a l s and i m p u r i t i e s c o m m o n l y o c c u r r i n g in t h e s e m a t e r i a l s ' ' ' ^ 

T A B L E 7. T H E R M A L - N E U T R O N - A B S O R P T I O N CROSS SECTIONS AND 
R E S O N A N C E - A B S O R P T I O N I N T E G R A L S F O R COMMON 
R E A C T O R S T R U C T U R A L M A T E R I A L S AND I M P U R I T I E S 
OCCURRING IN T H E S E M A T E R I A L S 

E l e m e n t 

M i c r o s c o p i c 
T h e r m a l - N e u t r o n -

A b s o r p t i o n 
C r o s s S e c t i o n , 

b a r n s 

7 1 
0 .515 
0. 063 
0. 230 
0. 13 
0. 20 
0 .49 

32. 6 
1.97 
0 . 4 3 
2 . 9 

13. 2 
2. 53 

3 7 . 0 
4 . 6 

3 .69 
1. 06 
0. 180 

R e s o n a n c e -
A b s o r p t i o n 

I n t e g r a l , 
b a r n s 

28 
0. 
0 . 

0 . 
0 . 

2 
0 . 

12 
1. 

2 
1. 

10 . 

2 . 
4 8 

4 
4 
2 

3 

27 

9 
18 
5 

6 

1 

9 
8 
3 

R a t i o of 
R e s o n a n c e - A b s o r p t i o n 

I n t e g r a l to 
T h e r m a l - A b s o r p t i o n 

C r o s s Sec t ion 

L i t h i u m 
Sod ium 
M a g n e s i u m 
A l u m i n u m 
S i l i con 
Phosphorus 
Sulfur 
C h l o r i n e 
P o t a s s i u m 
C a l c i u m 
C h r o m i u m 
M a n g a n e s e 
I r o n 
Coba l t 
N i c k e l 
C o p p e r 
Z inc 
Z i r c o n i u m 

0. 39 
0. 52 

14 
0. 
0. 

10 
1. 
0. 
0. 
4 . 

78 
38 

2 
37 
56 
6 

0 . 6 5 
0. 82 
0 . 9 1 
1. 3 
0. 
1. 
1. 

17 

87 
1 
9 
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F o r the l igh t e l e m e n t s such a s s o d i u m and a l u m i n u m , the a b s o r p t i o n c r o s s 
s e c t i o n in the r e s o n a n c e e n e r g y r a n g e i s a p p r o x i m a t e l y 1/v and the r e s o n a n c e -
a b s o r p t i o n i n t e g r a l i s abou t o n e - h a l f the t h e r m a l - a b s o r p t i o n c r o s s s e c t i o n ^ ^ ' . No tab le 
e x c e p t i o n s a r e m a g n e s i u m and p h o s p h o r u s . With the p r e v i o u s l y d e r i v e d r a t i o of 
t h e r m a l - t o - t o t a l r e s o n a n c e - n e u t r o n flux of a t l e a s t 320 , r e s o n a n c e a b s o r p t i o n for the 
l igh t e l e m e n t s wi th 1/v c r o s s - s e c t i o n b e h a v i o r would c o n t r i b u t e only abou t 1 p a r t in 
640 to the i n t e g r a t o r r e a d i n g . The nex t g r o u p of e l e m e n t s above the l i g h t - e l e m e n t 
g r o u p e x h i b i t s s e v e r a l r e s o n a n c e s and have r e s o n a n c e - a b s o r p t i o n i n t e g r a l s a p p r o x i ­
m a t e l y equa l to the t h e r m a l - a b s o r p t i o n c r o s s s e c t i o n . C o b a l t , c o p p e r , i r o n , m a n g a ­
n e s e , and n i c k e l a r e r e p r e s e n t a t i v e of t h i s g r o u p . F o r t h e s e e l e m e n t s the r e s o n a n c e 
a b s o r p t i o n s t i l l c o n t r i b u t e s on ly 1 p a r t in s e v e r a l h u n d r e d to the i n t e g r a t o r r e a d i n g . 
When the e l e m e n t s o c c u r a s i m p u r i t i e s ( a s i s c o m m o n ) in o t h e r m a t e r i a l s , a p p e a r i n g 
in q u a n t i t i e s of s e v e r a l p e r c e n t a t the m o s t , the r e s o n a n c e - a b s o r p t i o n effect i s c o m ­
p l e t e l y n e g l i g i b l e . F o r m a n y of the h e a v y e l e m e n t s the c r o s s s e c t i o n e x h i b i t s nnore 
n u m e r o u s and h i g h e r r e s o n a n c e p e a k s and the r e s o n a n c e - a b s o r p t i o n i n t e g r a l m a y be 
10 to 100 t i m e s l a r g e r than the t h e r m a l - a b s o r p t i o n c r o s s s e c t i o n . Ind iv idua l a n a l y s i s 
of p o s s i b l e e r r o r due to r e s o n a n c e a b s o r p t i o n by t h e s e e l e m e n t s m u s t be p e r f o r m e d 
for e a c h s a m p l e of m a t e r i a l s in t h i s g r o u p . H o w e v e r , if it i s on ly i m p u r i t i e s of m a ­
t e r i a l s in t h i s g r o u p wh ich a r e p r e s e n t , t he r e s o n a n c e - a b s o r p t i o n effect w i l l s t i l l be 
n e g l i g i b l e . 

In o r d e r to p r e v e n t e r r o r s f r o m be ing i n t r o d u c e d by s e l f - p r o t e c t i o n e f f e c t s , i t i s 
n e c e s s a r y t h a t the t o t a l a b s o r p t i o n c r o s s s e c t i o n of the s a m p l e be l e s s t han 40 to 45 
m m ^ . At t h i s c r o s s - s e c t i o n r e g i o n i t h a s been o b s e r v e d tha t s e l f - p r o t e c t i o n e f fec t s 
b e c o m e s ign i f i can t for both fo i l s and l a r g e s a m p l e s . 

With the p r e s e n t i n s t r u m e n t a t i o n , e r r o r in the t r u e a b s o r p t i o n s i g n a l due to 
a m p l i f i e r o v e r l o a d i n g i s p r e v e n t e d by r e s t r i c t i n g the u p p e r l i m i t of t o t a l a b s o r p t i o n 
c r o s s s e c t i o n s to t h o s e v a l u e s shown in T a b l e 8. E a c h of t h e s e v a l u e s c o r r e s p o n d s to 
an output v o l t a g e of a p p r o x i m a t e l y 68 v. 

T A B L E 8. LIMITS O F T O T A L A B S O R P T I O N CROSS S E C T I O N 
ON THE VARIOUS A M P L I F I E R GAINS DUE TO 
A M P L I F I E R O V E R L O A D I N G 

U p p e r L i m i t of T o t a l A b s o r p t i o n 
A m p l i f i e r Ga in C r o s s S e c t i o n , m m 

1 75 
2 55 
3 38 
4 26 
5 18 
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A p p r e c i a b l e e r r o r can be i n t r o d u c e d by d i f f e r e n c e s in g e o m e t r y b e t w e e n the 
s t a n d a r d and the unknown s a m p l e . F o i l s , in g e n e r a l , m a k e i m p r o p e r s t a n d a r d s fo r 
the l a r g e s l ab o r c y l i n d r i c a l s a m p l e s . F o r e x a m p l e , f r o m the g e o m e t r y s tudy d i s ­
c u s s e d p r e v i o u s l y , a d i f f e r e n c e of abou t 8. 5 p e r c e n t e x i s t s in the i n t e g r a t o r r e a d i n g 
b e t w e e n a gold foi l h a v i n g a t o t a l a b s o r p t i o n c r o s s s e c t i o n of abou t 32 m m and a 
c o p p e r s l a b (0. 100 in . in width) hav ing the s a m e c r o s s s e c t i o n . If the geonne t ry of the 
s a m p l e s i s s i m i l a r but wi th s l igh t v a r i a t i o n s in the d i m e n s i o n s , s ign i f i can t e r r o r s can 
a l s o be i n t r o d u c e d . F o r e x a m p l e , f r o m F i g u r e 18 i t c a n be s e e n t h a t , for c y l i n d e r s 
of d i a m e t e r on the o r d e r of 1/8 in . , a d i f f e r e n c e of 0. 01 in . b e t w e e n the d i a m e t e r of 
the s t a n d a r d and unknown s a m p l e would i n t r o d u c e an e r r o r of abou t 8 p e r cen t in the 
o b s e r v e d c r o s s s e c t i o n , i . e . , if t he m a s s of the s a m p l e s h a d b e e n d e t e r m i n e d and the 
d i a m e t e r s a s s u m e d to be i d e n t i c a l , the c r o s s s e c t i o n d e d u c e d f r o m c o m p a r i s o n of the 
i n t e g r a t o r r e a d i n g s p r o d u c e d by o s c i l l a t i o n of the known and unknown s a m p l e would be 
in e r r o r by 8 p e r c e n t . F o r t h i s r e a s o n a c a r e f u l d i m e n s i o n a l c h e c k m u s t be m a d e on 
a l l s a m p l e s . C o m p r e s s e d p o - w d e r e d - m e t a l s a m p l e s a r e p r o d u c e d f r o m the s a m e die 
to e l i m i n a t e t h i s s o u r c e of e r r o r . 

The p r i n c i p a l l i m i t to the a c c u r a c y of c r o s s - s e c t i o n d a t a ob t a ined by the c o m ­
p a r i s o n t echn ique of the p i le o s c i l l a t o r i s the a b s o l u t e a c c u r a c y to which the c r o s s 
s e c t i o n of the s t a n d a r d i s k n o w n . The c r o s s s e c t i o n of go ld , a l t hough a s ye t no t c o m ­
p l e t e l y r e s o l v e d , h a s been g e n e r a l l y a c c e p t e d to be 98 . 0 ± 1. 0 b a r n s ^ ' . T h u s , the 
l i m i t i n g a c c u r a c y of the o s c i l l a t o r t e c h n i q u e i s a t p r e s e n t abou t 1 p e r c en t . S u b -
s t a n d a r d s can be p r e p a r e d in s p e c i a l g e o m e t r i e s f r o m the gold s t a n d a r d to a c c u r a c i e s 
of abou t 2 p e r cen t . 

G e n e r a l l y , a knowledge of the a b s o r p t i o n c r o s s s e c t i o n in t e r m s of m m p e r g of 
m a t e r i a l i s suf f ic ien t for e n g i n e e r i n g a p p l i c a t i o n s . E x a m i n a t i o n of E q u a t i o n (5) r e v e a l s 
tha t in o r d e r to ob ta in the c r o s s s e c t i o n of an unknown m a t e r i a l in t e r m s of mm'^ p e r g , 
it i s n e c e s s a r y only to know the weigh t of the s a m p l e and i t s t o t a l c r o s s s e c t i o n deduced 
f r o m c o m p a r i s o n wi th the s t a n d a r d . T h u s , the f o r m u l a for ob ta in ing the c r o s s s ec t i on 
of an unknown in t e r m s of m m p e r g i s 

/ M _ \ / I . . \ 
(9) 

u \ g r a m 

•where 

cr = t o t a l t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n of unknown 
s a m p l e , m m p e r g 

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

M^ = m a s s of unknown s a m p l e , g 

M = m a s s of s t a n d a r d s a m p l e , g 

I^ = i n t e g r a t o r r e a d i n g p r o d u c e d by unknown s a m p l e fo r a g iven 
n u m b e r of o s c i l l a t i o n s on a g iven a m p l i f i e r ga in 

IQ = i n t e g r a t o r r e a d i n g p r o d u c e d by s t a n d a r d s a m p l e fo r the s a m e 
n u m b e r of o s c i l l a t i o n s on the s a m e ga in a s fo r the unknown. 
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P r e c i s i o n in m e a s u r e m e n t of the w e i g h t s of the s a m p l e s i s e a s i l y a t t a i n e d wi th a 
s t a n d a r d a n a l y t i c a l b a l a n c e , a n d , in g e n e r a l , e r r o r f r o m t h i s s o u r c e i s of no c o n s e ­
q u e n c e . A s s u m i n g n e g l i g i b l e e r r o r f r o m the we igh t d e t e r m i n a t i o n s , i d e n t i c a l s a m p l e 
g e o m e t r y , and no r e s o n a n c e - a b s o r p t i o n e f fec t s ( t h e s e e r r o r s can be i nc luded if 
d e t e r m i n e d to be s i g n i f i c a n t ) , the p r o b a b l e e r r o r a s s o c i a t e d wi th the d e t e r m i n a t i o n of 

(T in E q u a t i o n (9) i s g iven a s 

1 / 2 

(10) 

w h e r e 

Sn. = p r o b a b l e e r r o r in cr d e t e r m i n a t i o n 
u 

ST = p r o b a b l e e r r o r a s s o c i a t e d wi th the a v e r a g e va lue of the 
^ i n t e g r a t o r r e a d i n g s of the unknown s a m p l e 

ST = p r o b a b l e e r r o r a s s o c i a t e d wi th the a v e r a g e va lue of the 
° i n t e g r a t o r r e a d i n g s of the s t a n d a r d s a m p l e 

S(j- = p r o b a b l e e r r o r in (T„ of the s t a n d a r d . 

S i s kno-wn and ST and ST a r e d e t e r m i n e d f r o m E q u a t i o n (8) . 

In o r d e r to d e d u c e the m i c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n , the a t o m i c we igh t 
of the m a t e r i a l m u s t be kno-wn. High p u r i t y of the m a t e r i a l o r a c c u r a t e a n a l y s i s of the 
i m p u r i t i e s m u s t be a s s u r e d in a s s i g n i n g the va lue of the a t o m i c w e i g h t . G e n e r a l l y , 
r e d u c t i o n of the da t a to ob ta in the m i c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n i s u n n e c e s s a r y . 

F r o m the s o u r c e s of e r r o r s which have b e e n d i s c u s s e d , it i s a p p a r e n t t ha t wi th 
v e r y s p e c i a l p r e c a u t i o n s ( such a s e x a c t d u p l i c a t i o n of g e o m e t r y b e t w e e n the known and 
unkno-wn s a m p l e s ) a c c u r a c i e s of c r o s s s e c t i o n s m a y be m e a s u r e d to wi th in s e v e r a l 
p e r c en t . M e a s u r e m e n t s to t h e s e a c c u r a c i e s can be a c c o m p l i s h e d , of c o u r s e , on ly on 
s a m p l e s wh ich h a v e t o t a l a b s o r p t i o n c r o s s s e c t i o n s wi th in the p r e s e n t r a n g e of s e n s i ­
t i v i ty of the a p p a r a t u s . The r a n g e of s e n s i t i v i t y of the a p p a r a t u s i s no t p r e c i s e l y 
de f i ned , but wi th the p r e s e n t s y s t e m t o t a l a b s o r p t i o n c r o s s s e c t i o n s g r e a t e r than abou t 
1 m m c a n be d e t e r m i n e d wi th p r e c i s i o n . At c r o s s s e c t i o n s m u c h s m a l l e r than 1 m m ' ^ , 
the p r e s e n c e of r e a c t o r and i n s t r u m e n t n o i s e m a s k s the a b s o r p t i o n s i g n a l to the ex t en t 
t ha t m a n y o s c i l l a t i o n s a r e r e q u i r e d to ob ta in r e a s o n a b l e s t a t i s t i c s on the d a t a . With 
s o m e m o d i f i c a t i o n s the n o i s e s o u r c e s can be r e d u c e d to i n c r e a s e the s e n s i t i v i t y of the 
o s c i l l a t o r . H o w e v e r , fo r the m a t e r i a l s of c u r r e n t i n t e r e s t the p r e s e n t s e n s i t i v i t y i s 
suf f ic ient . 
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CONCLUSIONS 

As a r e s u l t of the d e v e l o p m e n t and t e s t i n g of the m o d i f i e d p i le o s c i l l a t o r i t i s 
conc luded t h a t : 

(1) An a p p a r a t u s h a s been d e v e l o p e d to m e a s u r e t o t a l t h e r m a l - n e u t r o n -
a b s o r p t i o n c r o s s s e c t i o n s in the r a n g e of 1 to 45 m m ^ to a c c u r a c i e s 
wi th in ±5 p e r cen t . 

(2) G e o m e t r y d i f f e r e n c e s in the s a m p l e s be ing m e a s u r e d can i n t r o d u c e 
s ign i f i can t d i f f e r e n c e s in the a p p a r e n t c r o s s s e c t i o n s . 

(3) With the c o n t i n u o u s g r a p h i t e - r o d s a m p l e c a r r i e r a p p r e c i a b l e 
s c a t t e r i n g e f fec ts a r e e l i m i n a t e d , and for the s a m p l e s s tud ied the 
e f fec t s of n e u t r o n s c a t t e r i n g w e r e not s ign i f i can t . 

(4) The r a t i o of t h e r m a l n e u t r o n s to r e s o n a n c e n e u t r o n s in the v i c i n i t y 
of the p i le o s c i l l a t o r i s su f f ic ien t ly l a r g e to e l i m i n a t e c o r r e c t i o n s 
on the c r o s s - s e c t i o n da t a for r e s o n a n c e a b s o r p t i o n for m o s t 
s a m p l e s of p r e s e n t i n t e r e s t . 
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