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A B S T R A C T 

The ^ B ( n , a ) and c r o s s s e c t i o n s h a v e b e e n m e a s u r e d r e l a t i v e to 
the H(n, n) c r o s s s e c t i o n f r o m ~ 1 - 1 0 0 0 k e V . T h e s e m e a s u r e m e n t s w e r e 
m a d e w i t h a E i n a c p u l s e d n e u t r o n s o u r c e and t i m e - o f - f l i g h t t e c h n i q u e s u s i n g 
a 2 3 0 - m e t e r f l i g h t path. The ^ B ( n , a ) data w e r e obta ined w i t h BF3 g a s p r o -
p o r t i o n a l c o u n t e r s and a l s o w i t h a l a r g e ion c h a m b e r c o n s t r u c t e d w i th thin 
10B 

- l o a d e d s e l f - s u p p o r t i n g f i l m s . The * ^B(n, esqY) data w e r e o b t a i n e d w i t h 
a Ge(Li ) d e t e c t o r . The i n c i d e n t n e u t r o n f l u x s p e c t r u m w a s m e a s u r e d w i t h 
a h y d r o g e n g a s p r o p o r t i o n a l counter f r o m ~ l - 5 0 keV and wi th a m e t h a n e 
g a s p r o p o r t i o n a l counter f r o m 1 3 - 1 0 0 0 k e V . P r e s e n t l y , the m e a s u r e m e n t s 
h a v e b e e n a n a l y z e d f o r n e u t r o n e n e r g i e s f r o m 4 to 100 keV f o r the 
r e a c t i o n and f r o m 4 to 1000 keV f o r the •';t-)B(n, o^Y) r e a c t i o n . A n a l y s i s i s 
cont inuing , and it i s e x p e c t e d that f i n a l r e s u l t s f o r both of t h e s e c r o s s s e c -
t i o n s w i l l be obta ined f r o m to 1000 k e V w i t h an o v e r a l l u n c e r t a i n t y v a r y -
ing f r o m at 1 keV to ~ 3% at 1000 k e V . 

1. INTRODUCTION 

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

the *^B(n,o!) and *^B(n,o^Y ) c r o s s s e c t i o n s , c o m b i n e d w i t h the e a s e of t h e i r 

i m p l e m e n t a t i o n in neutron d e t e c t o r s , has l e d to t h e i r f r e q u e n t u s e a s s t a n -

dard c r o s s s e c t i o n s for neutron f lux d e t e r m i n a t i o n s . In sp i te of t h e i r i m p o r -

tance in the k e V to MeV r e g i o n , h o w e v e r , r e l a t i v e l y f e w m e a s u r e m e n t s of 

t h e s e c r o s s s e c t i o n s have b e e n m a d e . Many of the d i r e c t m e a s u r e m e n t s 

m a d e p r e v i o u s l y m a y contain s y s t e m a t i c e r r o r s f r o m l o n g - c o u n t e r f l u x 
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d e t e r m i n a t i o n s and a r e subject to a v a r i e t y of u n c e r t a i n t i e s a s s o c i a t e d 

wi th background d e t e r m i n a t i o n s . The indirect r e s u l t s ( e . g . the ^ B ( n , o ; ) 

c r o s s s e c t i o n s deduced f r o m the tota l and s c a t t e r i n g c r o s s s e c t i o n s ) may-

contain substant ia l s y s t e m a t i c e r r o r s inherent in s u c h d e t e r m i n a t i o n s . 

The p r e s e n t m e a s u r e m e n t s w e r e under taken in order to r e m o v e or r e d u c e 

t h e s e u n c e r t a i n t i e s by making h i g h - a c c u r a c y , d i r e c t m e a s u r e m e n t s r e l a t i v e 

to the H(n, n) s tandard c r o s s s ec t i on . 

2. NEUTRON SOURCE 

T i m e - o f - f l i g h t m e a s u r e m e n t s w e r e m a d e with shor t b u r s t s of 

photoneutrons produced by bombard ing a tungsten a l loy t a r g e t with 8 0 - M e V 

e l e c t r o n s f r o m the Gulf Radiat ion Techno logy l inear a c c e l e r a t o r . The e l e c -

tron targe t w a s surrounded by a cy l inder of uran ium w h i c h m o d e r a t e s the 

neutrons by i n e l a s t i c s c a t t e r i n g and a l s o r e d u c e s the i n t e n s e b r e m s s t r a h l u n g 

b u r s t . The neutrons w e r e a l s o m o d e r a t e d by a 2. 5 - c m - t h i c k p o l y e t h y l e n e 

s lab, and a f i l t e r w a s e m p l o y e d to p r e v e n t o v e r l a p of l o w - e n e r g y n e u -

trons p r o d u c e d f r o m p r e v i o u s l i n a c p u l s e s . 

The neutrons t r a v e r s e d an evacuated , c o l l i m a t e d f l ight path t e r m i -

nating at a stat ion l o c a t e d 230 m f r o m the t u n g s t e n t a r g e t . During the v a r i -
•3 

ous m e a s u r e m e n t s , the inc ident neutron f l u x w a s m o n i t o r e d by He g a s p r o -

por t iona l c o u n t e r s l o c a t e d ahead of the f i n a l c o l l i m a t o r s and s u c h that they 

w e r e not v i e w e d by the d s t e c t o r s u s e d in the m e a s u r e m e n t s . 

3. F L U X MEASUREMENTS 

The neutron f l u x throughout the e n e r g y r e g i o n ~ 1 - 1 0 0 0 keV w a s 

m e a s u r e d wi th hydrogen and methane gas propor t iona l counter s . The h y d r o -

gen counter m e a s u r e m e n t s extend f r o m below 1 keV to 50 keV, and the 



m e t h a n e m e a s u r e m e n t s c o v e r the i n t e r v a l f r o m 1 3 to 1000 k e V . A f o u r -

p a r a m e t e r c o m p u t e r - b a s e d d a t a - a c q u i s i t i o n s y s t e m w a s u s e d to m e a s u r e 

the n e u t r o n f l i ght t i m e , a " l o w - g a i n " p u l s e he ight , a " h i g h - g a i n " p u l s e 

h e i g h t and the p u l s e r i s e t i m e . The l i n e a r p u l s e f o r e a c h event w a s routed 

to two s e p a r a t e a m p l i f i e r s hav ing g a i n s w h i c h d i f f e r e d by a f a c t o r of about 16. 

T h e s e l o w - g a i n and h i g h - g a i n p u l s e - h e i g h t p a r a m e t e r s a l l o w e d the d i g i t i -

za t ion of the p u l s e ampl i tude o v e r a v e r y w i d e d y n a m i c r a n g e , thus a l l o w -

ing a l a r g e e n e r g y o v e r l a p b e t w e e n the h y d r o g e n and m e t h a n e data . G a m m a -

ray d i s c r i m i n a t i o n w a s a c c o m p l i s h e d wi th the r i s e - t i m e p a r a m e t e r . The 

t i m e - o f - f l i g h t d i s t r i b u t i o n w a s f o r m e d by s o r t i n g t h e s e data w i t h p u l s e -

he ight bounds w h i c h w e r e a c o n s t a n t f r a c t i o n of the m a x i m u m p r o t o n - r e c o i l 

e n e r g y , so that h e a v y - i o n r e c o i l s cou ld b e b i a s e d out. C o l l i m a t o r s w e r e 

u s e d to p r e v e n t n e u t r o n s and g a m m a r a y s f r o m the t u n g s t e n t a r g e t f r o m 

s tr ik ing the w a l l s of the c o u n t e r s , w h i c h s i g n i f i c a n t l y reduced the w a l l -

s c a t t e r i n g e f f e c t s and a l s o r e d u c e d the g a m m a - r a y b a c k g r o u n d . C o r r e c -

t ions w e r e m a d e to the data for b a c k g r o u n d s , s e l f - s h i e l d i n g , m u l t i p l e s c a t -

t e r i n g , end-window t r a n s m i s s i o n and s m a l l n e u t r o n - s c a t t e r i n g e f f e c t s . 

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

c u l a t i o n s m a d e to e x t r a p o l a t e the p u l s e - h e i g h t d i s t r i b u t i o n s to z e r o p u l s e 

he ight . Lack of i n f o r m a t i o n on the e n e r g y d e p e n d e n c e of the i o n - p a i r d e f e c t 

f o r h y d r o g e n and m e t h a n e can i n t r o d u c e an u n c e r t a i n t y in t h e s e c a l c u l a t i o n s . 

F r o m the p r e s e n t m e a s u r e m e n t s of the l e a d i n g edge of the p u l s e - h e i g h t 

d i s t r i b u t i o n as a f u n c t i o n of inc ident n e u t r o n e n e r g y , new i n f o r m a t i o n w a s 

obta ined about the i o n - p a i r d e f e c t . H o w e v e r , th i s t e c h n i q u e cannot b e 

appl ied r e l i a b l y at v e r y low n e u t r o n e n e r g i e s . F u r t h e r i n f o r m a t i o n on the 

i o n - p a i r d e f e c t w o u l d a l l o w th i s p r e s e n t u n c e r t a i n t y in the d e t e c t i o n e f f i c i -

ency , w h i c h i s s i g n i f i c a n t only at the l o w e s t n e u t r o n e n e r g i e s , to b e r e m o v e d . 



4. ION-CHAMBER M E A S U R E M E N T S 

The B(n,o;) c r o s s s e c t i o n w a s d e t e r m i n e d f r o m m e a s u r e m e n t s 

m a d e wi th a l a r g e , gr idded ion iza t ion chamber containing thin s e l f - s u p p o r t -

ing f i l m s . The f i l m s u s e d in the chanber w e r e 25 cm x 25 c m in s i z e and 

w e r e p r e p a r e d u s i n g a new technique w h i c h a l l o w s the d i s p e r s a l of a * ^B 

co l lo id in a thin p l a s t i c subs tra te . A s e c o n d c h a m b e r , u s e d for background 

d e t e r m i n a t i o n s , w a s i d e n t i c a l to the f i r s t c h a m b e r e x c e p t that the B w a s 

r e p l a c e d by carbon. The f o u r - p a r a m e t e r d a t a - a c q u i s i t i o n s y s t e m w a s u s e d 

to r e c o r d the neutron f l i g h t t i m e , the p u l s e he ight f r o m each s ide of the 

f i l m s and the sum p u l s e he ight . A l s o , "bit tagging" w a s e m p l o y e d to ind i -

cate when a c o i n c i d e n c e o c c u r e d b e t w e e n the d i f f e r e n t s i d e s of the f i l m s . 

T h e s e data w e r e c o r r e c t e d for backgrounds and a s m a l l e n e r g y dependence 

of the d e t e c t i o n e f f i c i e n c y . 

5. B F 3 M E A S U R E M E N T S 

Data on the ^ B ( n , o : ) c r o s s s e c t i o n w e r e a l s o obta ined wi th 

c o u n t e r s . A s m a l l admixture of m e t h a n e w a s u s e d in t h e s e c o u n t e r s so that 

an abso lu te m e a s u r e m e n t could be obtained by d i r e c t l y c o m p a r i n g the proton-

r e c o i l and a l p h a - p a r t i c l e p u l s e - h e i g h t d i s t r i b u t i o n s . The data w e r e 

obtained wi th the s a m e computer a c q u i s i t i o n s y s t e m e m p l o y e d for the f lux 

m e a s u r e m e n t s . The data w e r e c o r r e c t e d for backgrounds , s e l f - s h i e l d i n g , 

mul t ip le s c a t t e r i n g , w a l l s ca t t er ing , end-window t r a n s m i s s i o n , n e u t r o n -

s c a t t e r i n g e f f e c t s and a s m a l l e n e r g y v a r i a t i o n of the d e t e c t o r e f f i c i e n c y . 

6. Ge(Li) MEASUREMENTS 

1 0 - • 
The B(n,o:^y) c r o s s s e c t i o n w a s d e t e r m i n e d by de tec t ing , a s a 

funct ion of neutron e n e r g y , the 4-78-keV g a m m a ray f r o m the decay of the 



f i r s t exc i t ed s tate of Li . An 80 -cra Ge(Li) g a m m a - r a y s p e c t r o m e t e r 

w a s pos i t ioned in the center of the neutron b e a m and w a s s h a d o w - s h i e l d e d 

f r o m s o u r c e neutrons and g a m m a r a y s . The Ge(Li) d e t e c t o r v i e w e d a r i n g -

shaped s a m p l e of ^B. The data w e r e obtained in both o n e - and t w o - p a r a -

m e t e r da ta -acqu i s i t i on m o d e s , i . e . neutron f l i gh t t i m e only and th i s p a r a -

m e t e r combined with the p u l s e he ight . Background under the 4 7 8 - k e V peak 

w a s d e t e r m i n e d by accumula t ing t i m e - o f - f l i g h t data for a p u l s e - h e i g h t w i n -

dow se t just above the 4 7 8 - k e V g a m m a - r a y peak. A l s o , m e a s u r e m e n t s w e r e 

m a d e w i t h a carbon s a m p l e to d e t e r m i n e the s m a l l background ( l e s s than 2%) 

f r o m neutrons s c a t t e r e d f r o m the s a m p l e and in terac t ing in the Ge(Li) d e t e c -

tor and surrounding m a t e r i a l s . C o r r e c t i o n s w e r e m a d e to the Ge(Li) data 

for mul t ip le s c a t t e r i n g and s e l f - s h i e l d i n g of the n e u t r o n s in the s a m p l e . 

7. RESULTS AND CONCLUSIONS 

The incident neutron f l u x m e a s u r e m e n t s obta ined in the p r e s e n t 

work are of much h igher a c c u r a c y than t h o s e u s e d in e a r l i e r d e t e r m i n a t i o n s 

of the ^ B ( n , 0 ! ) c r o s s s e c t i o n s . The total s y s t e m a t i c uncer ta in ty i s ~1% 

f r o m 10 keV to 1 MeV. F u r t h e r i m p r o v e m e n t s in the data be low 10 keV a r e 

e x p e c t e d f r o m future i o n - p a i r de fec t s tudies and' addit ional f l u x m e a s u r e -

m e n t s in th is :»:egion. 

The p r e s e n t ion iza t ion c h a m b e r , BF^ and Ge(Li) data have b e e n 

d iv ided by the neutron f lux and n o r m a l i z e d in the i n t e r v a l f r o m 1 0 - 2 0 keV 

to the ^ B ( n , o ; ) and ^ B ( n , o ; y) c r o s s s e c t i o n s obtained f r o m E N D F / B V e r -
( 1 ) 

s ion III and the branching rat io of Irving. With fur ther i m p r o v e m e n t s in 

the quality of the f lux data be low 10 keV, t h e s e n o r m a l i z a t i o n s can be p e r -

f o r m e d at lower e n e r g i e s w h e r e the c r o s s s e c t i o n i s even c l o s e r to l / v . 

The °B(n, o^y) m e a s u r e m e n t s obtained wi th the Ge(Li) s p e c t r o -

m e t e r y i e l d a s ign i f i cant i m p r o v e m e n t in the p r e c i s i o n of this c r o s s s e c t i o n . 

This i s l a r g e l y a r e s u l t of the e x c e l l e n t s i g n a l - t o - b a c k g r o u n d rat io p r o v i d e d 



by the h i g h - r e s o l u t i o n Ge(Li) de tec tor combined with the h i g h - e f f i c i e n c y 

r ing-geometx-y conf igurat ion . T h e s e advantages a l s o m i n i m i z e d the s t a t i s -

t i ca l u n c e r t a i n t i e s . Although they a r e s m a l l , the b a c k g r o u n d s , such as 

those due to s c a t t e r e d neutrons , have b e e n care fu l l y a s s e s s e d . 

The p r e s e n t * °B(n, a^V) m e a s u r e m e n t s a r e shown i n P i g . 1 t oge ther 

w i th p r e v i o u s data. The e r r o r b a r s shown on the p r e s e n t m e a s u r e m e n t s a r e 

a r e s u l t of a de ta i l ed e r r o r a n a l y s i s combining both s y s t e m a t i c and s t a t i s -

t i ca l u n c e r t a i n t i e s . The p r e s e n t r e s u l t s in troduce d i r e c t m e a s u e m e n t s 

be low 100 keV and h i g h - a c c u r a c y data in the 100- to 1 0 0 0 - k e V e n e r g y range . 

The p r e s e n t data a r e s e e n to d i s a g r e e s i g n i f i c a n t l y w i th the e a r l i e r m e a -

s u r e m e n t s shown in F i g . 1; h o w e v e r , they are in v e r y good a g r e e m e n t wi th 
(5) 

p r e l i m i n a r y m e a s u r e m e n t s of Coates w h i c h extend up to ~ 2 5 0 - k e V n e u -

tron e n e r g y . 

The p r e s e n t m e a s u r e m e n t s p r o v i d e ^ B ( n , 0 ! ) c r o s s s e c t i o n s be low 

100 keV f r o m BF^ m e a s u r e m e n t s and b e l o w 750 keV f r o m the i o n i z a t i o n -

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

those shown in F i g . 2 f r o m 4 to 80 k e V . T h e s e data a r e f r o m the m e a -

s u r e m e n t s (which a g r e e e x c e l l e n t l y with the data f r o m the i o n - c h a m b e r m e a -

s u r e m e n t s and have s u p e r i o r counting s t a t i s t i c s in th is e n e r g y reg ion) . The 

e r r o r b a r s shown on the p r e s e n t m e a s u r e m e n t s are , as in F i g . 1, the to ta l 

u n c e r t a i n t i e s . A l s o shown i n F i g . 2 are e a r l i e r m e a s u r e m e n t s and the 

E N D F / B -III data. In g e n e r a l t h e r e i s good a g r e e m e n t b e t w e e n the p r e s e n t 

r e s u l t s and the e a r l i e r m e a s u r e m e n t s , and the p r e s e n t data p r o v i d e an 

i m p r o v e m e n t in the u n c e r t a i n t i e s in th i s e n e r g y reg ion . 

While the i o n i z a t i o n - c h a m b e r r e s u l t s a r e not y e t f ina l , a p r e l i m i -

nary ind icat ion f r o m t h e s e m e a s u r e m e n t s i s that the ^ B ( n , a ) c r o s s s e c -

tion i s s i g n i f i c a n t l y h igher than the E N D F / B - I I I data above ~ 1 0 0 lceV. Our 

p r e l i m i n a r y data a r e in b e s t a g r e e m e n t wi th the data of B o g a r t and 

N i c h o l s / 1 0 ' A l s o , s t ruc ture in the c r o s s s e c t i o n near 450 keV, w h i c h i s 

not w e l l r e s o l v e d in p r e v i o u s m e a s u r e m e n t s , i s c l e a r l y de f ined in the i o n -

chamber data. . This s t r u c t u r e i s qual i ta t ive ly s i m i l a r to that p r e d i c t e d in 



Fig. 1. Measurements of the cross section 
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Fig. 2. Measurements of the 10B(n,a) cross section. The data of Mooring have been 
averaged to facilitate a comparison with the other measurements. 



the ( n , ^ ) channel by Lane et al . f r o m an R - m a t r i x a n a l y s i s of e la s t i c 

s ca t t er ing , po lar izat ion and other react ions proceeding through the c o m -

pound nuc l eus B. Addit ional a n a l y s i s and exper imenta l v e r i f i c a t i o n s are 

in p r o g r e s s . It i s ant ic ipated that the ^B{n,0!) c r o s s sect ion, with an 

o v e r a l l uncerta inty ~ 3%, w i l l be obtained f r o m t h e s e m e a s u r e m e n t s up to 

7 5 0 - k e V neutron energy . 



R E F E R E N C E S 

1. D. C. Irving, "Evaluation of Neutron G r o s s Sect ions for Boron 10, " 
O R N L - T M - 1 872 (1967). 

2. Donald O. N e l l i s , W. E . Tucker and Ira L. Morgan, P h y s . Rev . £ 1 
(1970) 847. 

3. E. A. D a v i s , F . Gabbard, T. W. Bonner and R. B a s s , Nucl . P h y s . 
27 (1961) 448. 

4 . R. L. Mackl in and J. H. Gibbons, P h y s . Rev. 165 (1968) 1147. 

5. M. Coates , pr iva te communica t ion (1971). 

6. H. B i c h s e l and T. W. Bonner , P h y s . R e v . 10S (1957) 1025. 

7. F . P . Moor ing , J. E. Monahan and C. M. Huddleston, Nuc l . P h y s . 8̂ 2 
( 1 9 6 6 ) 1 6 . 

8. M. G. Sowerby , B. H. P a t r i c k , C. A. Uttley and K. M. Dimenfc, J. 
Nucl . Energy 24 (1970) 323 and pr iva te communica t ion f r o m M. G. 
Sowerby (1972 )T 

9. S. A. Cox and F . R. Pontet , J. Nucl . E n e r g y 21 (1967) 271. 

10. Donald B o g a r t and L o w e l l L. N icho l s , Nucl . P h y s . A125 (1969) 463. 

11. K. M. D iment , "The A v e r a g e Neutron Total Cros s Sect ion of F r o m 
100 eV to 10 MeV and Absorpt ion C r o s s Sect ion up to 500 keV, " A E R E -
R5224 (1967) and pr ivate communica t ion f r o m M. G. Sowerby (1972). 

12. R. O. Lane . S. L. Hausladen, J. E. Monahan, A. J. Elwyn, F . P . 
Mooring and A. Langsdorf , J r . , P h y s . Rev . C4 (1971) 380. 

000553 


