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The technique of micro - a n a l y s i s o f helium devel
oped "by Paneth and collalDorators i s here a p p l i e d t o the 
study of the i n t e r a c t i o n of neutrons and f - ^ ^ y s w i t h 
•beryllium. 

The study of neutron i n t e r a c t i o n w i t h •beryllium i s 
concerned w i t h the measurement of the c r o s s - s e c t i o n of 
the r e a c t i o n Be^(n,2n)Be^ SHe'̂  f o r neutrons a r i s i n g 
from the f i s s i o n of U'̂ ®̂. A value o f t h i s c r o s s - s e c t i o n 
i s o"btained "by meas^lrement of the helium produced on 
i r r a d i a t i o n of "beryllium i n a known f l u x of f i s s i o n neut
rons, the value "being 109 - 4 m i l l i ' b a r n s . This r e s u l t 
compares favoura"bly w i t h the p r e d i c t i o n s o f the 'compound 
nucleus' theory of nuclear r e a c t i o n s . 

I n these measurements a c o r r e c t i o n i s necessary t o 
allow f o r helium produced i n "beryllium "by the r e a c t i o n 
Be (n,a)lle ( p " ) L i . An attempt was made t o measure the 
cr o s s - s e c t i o n of t h i s r e a c t i o n lay e s t i m a t i o n of the L i 
produced using the technique of r a d i o - a c t i v a t i o n a n a l y s i s , 
v i a the r e a c t i o n L i (n,a)H . Apparatus was cons t r u c t e d 
f o r the e s t i m a t i o n of t r i t i u m so produced i n "beryllium, 
"but i n t e r p r e t a t i o n was rendered d i f f i c u l t "by the f a c t 
t h a t the t r i t i u m p r o d u c t i o n was g r e a t l y i n excess of the 
aramount which could reasona'bly "be expected from the a"bove 



r e a c t i o n s , and the ohservation t h a t the l e v e l of 
t r i t i x i r a a c t i v i t y i n the I r r a d i a t e d samples f a l l s o f f 
r a p i d l y w i t h time. An e x p l a n a t i o n of these ohserv-
a t i o n s i s o f f e r e d . 

An important question i n the technology of a 
h e r y l l i u m moderated nuclear r e a c t o r i s t h a t of the net 
c o n t r i h u t i o n of the (n,2n) and (n,a) r e a c t i o n s t o the 
neutron halance. I t has "been suggested t h a t an exam
i n a t i o n of the helium d i s t r i b u t i o n i n a mass of "beryllium 
i r r a d i a t e d w i t h f i s s i o n neutrons would provide t h i s 
i n f o r m a t i o n . An e x p l o r a t o r y experiment has "been per
formed, and i s discussed. 

The study of the i n t e r a c t i o n of y-^^ays w i t h "bery
l l i u m i s of i n t e r e s t i n the estahlishment of an a"bsolute 
neutron standard, since the nxariber of neutrons e m i t t e d 
hy a "beryllium photoneutron source i s d i r e c t l y r e l a t e d 
t o the number of helium atoms produced. The accumul
a t i o n i n the "beryllium of s u f f i c i e n t helium t o permit 
of accurate meas\irement r e q u i r e s the com"bination of a 
long i r r a d i a t i o n time, and a l a r g e mass of "beryllium. 
A technique was developed f o r the successful h a n d l i n g 
of such l a r g e masses of "beryllium. The author r e g r e t s 
however t h a t time d i d not permit the completion of 
these measurements. 
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CHAPTER I . 

INTRODUCTION. 

I , 1. The i n t e r a c t i o n of neutrons w i t h "beryllitim. 
This d i s c u s s i o n i s confined t o the i n t e r a c t i o n s 

of those neutrons having energies l y i n g w i t h i n the Û "'® 
f i s s i o n neutron spectrum, and i n p a r t i c u l a r t o neutrons 
having energies of i n t e r e s t i n the op e r a t i o n o f a nuclear 
r e a c t o r . The spectrum o f neutron energies e m i t t e d i n 
f i s s i o n extends a t l e a s t up t o 20 Me"V, "but the r e g i o n 
of i n t e r e s t f o r r e a c t o r s l i e s p r i m a r i l y "below 10 Me"V ( l ) . 

The i n t e r a c t i o n o f neutrons w i t h n u c l e i i n general, 
r e s u l t s i n the f o l l o w i n g types o f r e a c t i o n : ( n , n ) ; ( n , n ' ) ; 
(n,2n); ( n , r ) ; ( n , p ) ; (n;p,n); ( n , d ) ; {TL,E^); (n.He^); 
( n , a ) ; f i s s i o n and s p a l l a t i o n . F i s s i o n o f l i g h t elements, 
and s p a l l a t i o n "being r e a c t i o n s c h a r a c t e r i s t i c of very 
h i g h energy neutrons, l i e outside the scope of t h i s d i s 
cussion. The Be^(n,He^) r e a c t i o n i f i t takes place 

7 
would l e a d t o the pr o d u c t i o n of the isotope He , 
Ajzen"berg and L a u r i t s e n (8) l i s t t h i s i s o t o p e , and 

7 7 
suggest t h a t the mass d i f f e r e n c e He - L i i s a"bout 
14-5 Me"V corresponding t o a t h r e s h o l d o f 29 MeV f o r the 
Be^(n,He^) r e a c t i o n , "̂To evidence i s found f o r the 

• "y 
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r e a c t i o n Li'^(n,p) f o r -l»0<Q<-7»0, hut using the 

7 
He mass value from the lower l i m i t would g i v e a 
Q-value f o r Be^(n,He') o f -11*08 MeV. Thus the m i n i 
mum Be^(n,He*) t h r e s h o l d energy would "be 12*3 MeV. 
Table I gives a l i s t o f other neutron r e a c t i o n s o f 
b e r y l l i i u n w i t h t h e i r associated Q̂^ values and t h r e s h o l d 
energies B^, and i t can be seen t h a t the r e a c t i o n s ( n , p ) , 
(n;p,n), ( n , d ) , and (n,H^) are only p o s s i b l e a t energies 
g r e a t e r than 10 MeV, and consequently are o f l i t t l e 
i n t e r e s t i n nuclear r e a c t o r s . A measurement of the (n,H^) 
cr o s s - s e c t i o n a t 14 MeV neutron energy w i l l however be 
discussed. 

Reaction 
TABLE I . 

% (MeV) (MeV) 
(n,p) - 13*27 14*74 
(n;p,n) - 16»87 18'740 
(n,H3) - 10*42 11*58 
(n,2n) - 1*666 1*85 
(n,a) - 0*585 0*65 
(n,Y) 6*797 — 

(n,d) - 14*63 16*26 

Table I has been co n s t r u c t e d f r o m c t i r r e n t l y 
a v a i l a b l e mass data ( 2 ) , except i n the case o f t h e 
(n,a) r e a c t i o n , where the mass has been conrputed from 
the more recent values o f the p - d i s i n t e g r a t i o n energy 
of the H e ^ ( p ~ ) L i ^ r e a c t i o n ( 3 ) . The mass o f L i ^ 
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i n v o l v e d i n the d e t e r m i n a t i o n o f Q f o r the (n,p) 
r e a c t i o n has been o"btained from the r e a c t i o n Be^(d,2p) 
L i ^ ( 4 ) , The value given f o r the (n,2n) r e a c t i o n has 
heen computed from the r e a c t i o n Be (n,2n)Be r a t h e r 
than the e n e r g e t i c a l l y more favourable Be^(n,2n)2He'*, 
since the b u l k o f evidence i n d i c a t e s t h a t the r e a c t i o n 
goes through the i n t e r m e d i a t e Be® nucleus. 

Thus the r e a c t i o n s of i n t e r e s t f o r b e r y l l i \ i r a w i t h 
neutrons having energy below 10 MeV i n c i d e n t neutron 
energy are as f o l l o w s ; 

+ n — Q 
->Be^ + n ( e l a s t i c s c a t t e r i n g ) 

Be9 +• n — ~>Be^* + n» ( i n e l a s t i c s c a t t e r i n g ) 
Be9 + n — -^Be^O + Y ( r a d i a t i v e capture) 
Be^ + n — ~>Be® + 2n (n,2n) 1 ( < 10"^-^ sees) 

,4-2He' 
Be^ + n — > He® + He* (n,a) 

' r 
( 0*83 sees) 

Li® 
The t o t a l c r o s s - s e c t i o n w i l l be made up of the 

sum o f the p a r t i a l cross-section^ o f these r e a c t i o n s , 
and meastirements o f have been made over the range 

of energies from thermal t o 100 MeV ( 5 ) . 
Several attempts have been made t o study the de-

e x c i t a t i o n o f the r e s i d u a l Be^ nucleus by Y^emission 
a f t e r an i n e l a s t i c s c a t t e r i n g event, Grace, Beghian, 
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Preston, and Halban ( 6 ) , u s i n g neutrons of 2*5 MeV 
i n c i d e n t energy, were xmable t o detect r - r a d i a t i o n , 
and concluded t h a t the combined i n e l a s t i c s c a t t e r i n g 
and r a d i a t i v e captxire c r o s s - s e c t i o n was l e s s than 14 
m i l l i b a r n s . Day has p o i n t e d out however, t h a t neutrons 
of t h i s i n c i d e n t energy would be unable t o reach the 

g 
f i r s t e x c i t e d l e v e l of Be , and thus i n e l a s t i c s c a t t 
e r i n g i s not p o s s i b l e . He has a c c o r d i n g l y attempted 
t o observe the y-^^adiation u s i n g neutrons o f suff
icient energy t o a t t a i n t h i s l e v e l , but has been un
able t o f i n d f i i r t h e r evidence f o r t h i s r e a c t i o n t o 
which he assigns an upper l i m i t o f 0*3 m i l l i b a r n s a t 
the resonance energy ( 7 ) . This r e s u l t i s n o t s u r p r i s 
i n g since i n the r e g i o n of l e v e l s where p a r t i c l e 
emission i s p o s s i b l e the r e l a t i v e p r o b a b i l i t y of Y-
emission i s low, and i n the case of b e r y l l i u m there 
are no known l e v e l s s t a b l e t o p a r t i c l e emission ( 8 ) . 

Y-rays from the r a d i a t i v e capture r e a c t i o n have 
been observed by Bartholomew and Kinsey ( 9 ) , of energy 
6*8 and 3.41 MeV upon i r r a d i a t i o n of b e r y l l i x m i w i t h 
neutrons. The f i r s t of these i s the t r a n s i t i o n t o the 
ground s t a t e , and these correspond t o the neutron 
b i n d i n g energy of Be"̂ *̂ . A c r o s s - s e c t i o n of 8*5 m i l l 
i b a r n s i s r e p o r t e d by Ross and Storey (10). Thus i t 
appears t h a t the i n e l a s t i c s c a t t e r i n g and r a d i a t i v e 
capture r e a c t i o n s make on l y a small c o n t r i b u t i o n t o 
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the t o t a l c r o s s - s e c t i o n . 

The (n,a) r e a c t i o n was f i r s t observed by Bjerge 
(11) who assigned t o the r e a c t i o n a c r o s s - s e c t i o n o f 
approximately 1 barn. I n a study of the f a s t neutron 
resonances of b e r y l l i u m A l l e n , B\ircham, and Wilkinson 
(12) measured the c r o s s - s e c t i o n o f t h i s r e a c t i o n as a 
f u n c t i o n of neutron energy over the range 1*85 t o 4 
MeV. The c r o s s - s e c t i o n values observed were consider
a b l y l e s s than t h a t o f Bjerge, and show a broad reson
ance corresponding c l o s e l y i n p o s i t i o n w i t h the reson
ance i n the t o t a l c r o s s - s e c t i o n a t 2*73 MeV, w i t h a 
peak value o f 50 m i l l i b a m s . A more recent determin
a t i o n by Stelson and Campbell (13) confirms the reson
ance, but gives a peak c r o s s - s e c t i o n o f 100 m i l l i b a m s . 
The value o f the t h r e s h o l d energy observed i n b o t h 
s e r i e s o f measurements i s i n agreement w i t h t h a t corar-
puted from mass data (Table I ) . B a t t a t and Ribe (14) 
r e p o r t a value o f 10 m i l l i b a r n s f o r 14 MeV neutrons. 

The (n,2n) r e a c t i o n i n b e r y l l i T o m was f i r s t ob
served by Rusinov ( 1 5 ) , who noted the increased ac
t i v i t y induced i n a s i l v e r t a r g e t i r r a d i a t e d w i t h f a s t 
neutrons when the source was surrounded w i t h b e r y l l i u m . 

Rusinov estimated the c r o s s - s e c t i o n t o be 100 m i l l i 
bams. Several workers have attempted t o measure t h i s 
c r o s s - s e c t i o n u s i n g a v a r i e t y o f methods, and the r e -
u l t s o f these measurements are shown i n Table I I . The 
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measurements quoted range i n value from 40 m i l l i -
b ams t o 4*1 barns. I n a l l these cases the raeastirement 
has been made by observing the apparent y i e l d of the 
neutron source w i t h and w i t h o u t a s\irrotind o f b e r y l l 
ium metal. Since the (n,2n) c r o s s - s e c t i o n i s expected 
t o be small, the measurements are open t o the obvious 
c r i t i c i s m t h a t the r e s u l t i n v o l v e s the d i f f e r e n c e o f 
two l a r g e q u a n t i t i e s i n which small o b s e r v a t i o n a l 
e r r o r s would i n t r o d u c e q u i t e l a r g e e r r o r s i n t o t h e 
cr o s s - s e c t i o n value. The l a r g e photon f l u x assoc
i a t e d w i t h most n a t u r a l neutron sources, a l a r g e pro
p o r t i o n o f which exceed the photoneutron t h r e s h o l d 
of b e r y l l i u m , w i l l make necessary and un d e s i r a b l y l a r g e 
c o r r e c t i o n t o the observed neutrons from the source 
surrounded w i t h b e r y l l i i i m . The use o f n a t u r a l sources 
f o r t h i s type o f measurement i s o f d o u b t f u l u t i l i t y 
s i n c e the r e s u l t represents an average value over a 
considerable range o f energies (0*5 t o 12 MeV) f o r 
which the spectrum i s i m p e r f e c t l y known, and indeed 
w i l l v a ry among sources o f the same k i n d since i t i s 
dependent on the r e l a t i v e geometry o f the source mat
e r i a l s . The spread i n the publ i s h e d r e s u l t s t e s t i 
f i e s t o the d i f f i c u l t y o f t h i s type o f meas\irement. 
Powler, Hanna, and Owen r e p o r t the f i r s t measurement 
of t h i s c r o s s - s e c t i o n a t a s p e c i f i c energy o b t a i n i n g 
values ranging from 270 t o 390 m i l l i b a m s f o r 3*7 MeV 
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TABLE I I . 

Method of 
measurement 

o(n,2n) Reference 
mbarns 

Rusinov Rn-o-Be 
Ollano Rn-o-Be 
Houtermans Rn-a-Be 

11 
11 

j ^ m f e r 

Po-a^Be 
Ra-Or-Be 
Ra-ot-Be 

and Bothe Ra.cu-Be 
Teucher Ea-c^-Be 

11 Ra-o-Be 
Bern s t e i n Ra^-o-Be 

11 
M a r t i n 

11 
11 

Agnew 
11 
11 

Ra-or-Be 
Po-a-B 
Po-ctr'Be 
Po-a-Be 
Po-dP-Be 
Ra-Oi-Be 

Mock f i s s i o n ' 

A 
B 
B 
C 
B 
B 
B 
D 
E 
P 
P 
G 
G 
Q 
H* 
H" 

100 
3000 
4100 
3100 
3100 
300 
100 
380 
470 
100 
40 
150 
430 
810 
840 i 70 
800 i 40 

-160 - 130 

(15) 
(16) 
(17) 
(17) 
(17) 
(18) 
(18) 
(19) 
(19) 
(20) 
(20) 
(21) 
(21) 
(21) 
(22) 
(22) 
(22) 

A- s i l v e r a c t i v i t y B-
B- f o i l s i n d i f f u s i n g media P- indium f o i l i n p a r a f f i n 
G- g o l d f o i l G- sphere m u l t i p l i c a t i o n 
D- uranium f i s s i o n chamber H-
»» NaBp4 + NaaBeP-t (mole r a t i o 96:4) impregnated w i t h 

Po, The mixt\ire gives neutrons w i t h an energy d i s t ^ 
r i b u t i o n resembling t h a t o f a f i s s i o n source ( 8 3 ) . 

» The d i f f e r e n c e between the (n,Sn) c r o s s - s e c t i o n and 
the a d s o r p t i o n c r o s s - s e c t i o n i s the q u a n t i t y measured. 
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neutrons ( 2 4 ) . 
I . 2 . The use of b e r y l l i u m i n nuclear r e a c t o r s . 

B e r y l l i u m i s being considered as a moderating mat
e r i a l i n nuclear r e a c t o r s , e i t h e r i n the elemental s t a t e 
or as b e r y l l i u m oxide ( b e r y l l i a ) : As a r e a c t o r m a t e r i a l 
i t combines good mechanical and thermal s t a b i l i t y w i t h a 
r e l a t i v e l y i n e r t chemical n a t u r e , a l t h o i i g h i n the case 
of b e r y l l i a an i n e r t atmosphere or vacuum may be necess
ary owing t o i t s v o l a t i l i t y i n the presence o f water 
vapour ( 2 5 ) . I t s use as a moderating m a t e r i a l makes 
po s s i b l e the achievement of higher working temperatures 
which do not appear t o be p o s s i b l e w i t h commoner moder
a t o r s ( 2 6 ) . The ' slowing-down power* (27) i s conrparable 
w i t h t h a t of l i g h t and heavy water, and s u p e r i o r t o that, 
o f g r a p h i t e . The m a t e r i a l i s also much l e s s l i k e l y t o 
s u f f e r from Wigner e f f e c t s . 

C a l c u l a t i o n s on the behaviotir of a b e r y l l i u m moder
ated r e a c t o r have been presented by Hurwitz and B h r l i c h 
( 2 8 ) , who f i n d some disagreement between theory and exp
eriment. These e r r o r s are considered t o a r i s e from i n 
adequate s c a t t e r i n g c r o s s - s e c t i o n data, the e f f e c t o f 
s e l f - s h i e l d i n g , and the neglect i n t h e i r c a l c u l a t i o n s 
o f t h e (n,a) and (n,2n) r e a c t i o n s i n b e r y l l i u m . They 
have estimated the e f f e c t o f the (n,a) a b s o r p t i o n of 
neutrons i n reducing r e a c t i v i t y t o be o f the order o f 
3%f b u t liave been xrnable t o estimate the increase i n 
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a c t i v i t y due to enhancement of the neutron f l u x "by the 
(n,2n) reaction owing to lack of cross-section data. 

Prom the l i s t of neutron reactions of herylli-um 
"below 10 MeV neutron energy i t can he seen that e l a s t i c 
and i n e l a s t i c scattering do not involve loss of neutrons, 
the r a d i a t i v e capture and (n,a) reactions involve loss 
of neutrons, w h i l s t the (n,Sn) reaction represents a 
net gain of neutrons. I n the e a r l i e r discussion i t was 
pointed out that the ra d i a t i v e capture cross-section i s 
small, and hence can he neglected t o a f i r s t approxim
ation. The threshold energies of the (n,a) and (n,2n) 
reactions are 0*65 and 1:85 MeV respectively, and i t i s 
clear that i f the neutrons have i n i t i a l energies greater 
than 0*65 MeV there may he a net gain or loss of neutrons 
depending upon the r e l a t i v e magnitudes of the (n,a) and 
(n,2n) cross-sections. The number of neutrons reaching 
thermal energies ^^•^) can he expressed hy 

^ t h = % ^ S) 
where i s the numher of source neutrons, and 8 i s the 
enhancement f a c t o r whose value w i l l depend upon the r e l a t 
ive magnitudes of the (n,a) and (n,2n) cross-sections. 

Since loss hy ra d i a t i v e capture i s to he ignored, 
the numher of source neutrons of energy less than 0*65 
MeV reaching thermal energies w i l l he equal t o the n\araher 
of source neutrons, and S w i l l he zero. I n the region 
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0*65 t o 1*85 MeV, the region "between th.e (n,a) and (n,2n) 
tliresholds, there w i l l be a net absorption of neutrons 
due to the (n,a) reaction, and N^j^ w i l l be less than N^, 
i n which case S i s negative. For sotirce neutrons w i t h 
energy greater than 1-85 MeV the (n,2n) reaction w i l l i n 
crease t h e i r number, and hence w i l l tend t o make p o s i t i v e 
the value of S , The value of the resultant S f o r a 
f i s s i o n neutron spectrum w i l l depend upon the r e l a t i v e 
values of the (n,a) and (n,2n) cross-sections. 

Sanders and L i t t l e r (89), using various assumed av
erage values of the (n,2n) cross-section, and the (n,a) 
cross-section data of Al l e n , Burchara, and Wilkinson, have 
calculated 5 taking i n t o accoxmt the e f f e c t of m u l t i p l e 
c o l l i s i o n s i n a l t e r i n g the neutron energy. Their r e s u l t s 
are given i n Table I I I , Sanders and L i t t l e r point out 
th a t because of the approximation involved i n using aver
aged cross-sections t h e i r r e s u l t s can only be considered 
as rough i l l u s t r a t i o n s of the e f f e c t t o be expected. I t 
i s clear however that the enhancement might be of consid
erable importance i f the average (n,2n) cross-section 
l i e s outside the range 0'05 t o 0*1 bams. I n view of the 
high cost of beryllium considerable economies might be 
expected i n the design and construction of a beryllium 
moderated reactor i f the value of S i s p o s i t i v e . A recent 
Russian publ i c a t i o n (30), on the operation of an experi
mental beryllium moderated reactor gives the r e s u l t t h a t 
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the calciaated c r i t i c a l mass of U®'° i s greater than that 
required i n p r a c t i c a l operation, i n d i c a t i n g t h a t S i s 
indeed p o s i t i v e . 

TAqr.W TTT„, 

hams 0 0*05 0*10 0*02 0»30 
s -0»07 '0*02 0 +0*07 +0*11 

Thus i t appears t l i a t an accurate raeas\jreraent of the 
(n,2n) cross-section using a f i s s i o n neutron source would 
he desirable, and the present i n v e s t i g a t i o n was undertaken 
t o provide t h i s . 

I.S, Measurement of I n e l a s t i c Cross-sections. 
The methods availahle f o r the measurement of f a s t 

neutron cross-sections have heen reviewed hy Barschall 
(31). For i n e l a s t i c c o l l i s i o n cross-sections,i.e., the 
cross-section f o r a l l processes excluding e l a s t i c s c a t t 
ering, there are four main methods. These methods can 
he applied t o the measurement of (n,>2n) cross-sections, 
and are, the sphere transmission method, the detection 
of cascade y-rays associated w i t h an i n e l a s t i c neutron 
event, the detection of the i n e l a s t i c neutrons, and the 
associated residual nucleus method. 

The sphere transmission method measures the t o t a l 
i n e l a s t i c cross-section. When an i s o t r o p i c neutron 
source i s surrounded w i t h a spherical s h e l l of 
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absorbing material the measurement of the transmtss.ion 
through the s h e l l using a threshold detector eliminates 
the e f f e c t of e l a s t i c scattering and gives the i n e l a s t i c 
c o l l i s i o n cross-section. \Vhen an energy in s e n s i t i v e 
detector such as a 'long counter' (32) i s used the 
eff e c t s of i n e l a s t i c scattering can be eliminated also. 
I f the counter s e n s i t i v i t y i s independent of energy and 
only scattering processes take place i n the s h e l l the 
transmission w i l l be unity. When an absorption reaction 
occurs the transmission w i l l be less than u n i t y , but f o r 
(n,2n) reactions the transmission w i l l be greater than 
un i t y . Thus i f the absorption and ra d i a t i v e capture 
cross-sections are known the (n,2n) cross-section can 
be obtained. 

The method requires the use of iso t r o p i c sources 
(33) and t h i s l i m i t s i t s application t o only a few types 
of source. The natural sources have been used by Teucher, 
Martin, and Agnew (See Table I I I ) , and although t h e i r 
r e s u l t s are of the same order of magnitude as obtained 
i n t h i s work the agreement i s probably f o r t u i t o u s i n 
view of the d i f f e r e n t neutron spectra used. An almost 
is o t r o p i c source of 14 MeV neutrons i s obtained from the 
H^(d,n)He* reaction, and t h i s has been used by Taylor 
(34) to measure the t o t a l i n e l a s t i c c o l l i s i o n cross-
section of berylliTMn at t h i s energy. BeySter and c o l l 
aborators (35) using neutrons from the H'(p,n)He^ 
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reaction have used the sphere transmission method 
to measure the i n e l a s t i c c o l l i s i o n cross-section of a 
large ntiraher of n u c l e i , ohtaining f o r heryIlium at 4*07 
MeV the value of 0*62 ~ 0*05 hams. An application of 
the method to the determination of S has heen suggested 
hy Sanders and L i t t l e r (29), and w i l l he discussed l a t e r . 

The detection of cascade y-^ays from excited nuclei 
i n coincidence w i t h i n e l a s t i c neutrons i s a comparatively 
recent method (36) employing s c i n t i l l a t i o n counters w i t h 
Nal(Tl) crys t a l s . The method i s not applicahle i n the 
case of heryllium i n e l a s t i c scattering (n,2n process) 
since no y^rays are emitted ( 7 ) , 

The d i r e c t ohservation of the i n e l a s t i c a l l y s c a t t 
ered neutrons from Be^(n,2n) reaction has heen used hy 
Fowler, Owen, and Hanna (37) to estimate the cross-
section at 3*7 MeV using neutrons from the D(d,n) reaction. 
The i n e l a s t i c a l l y scattered neutrons were detected using 
stilhene s c i n t i l l a t o r s . 

The most productive method i s that of the 'associated 
residual nucleus'. VVhere neutron ahsorption leads to a 
radioactive residual nucleus the measiirement of the 
r a d i o a c t i v i t y produced on i r r a d i a t i o n i n a known neutron 
f l u x enahles the cross-section t o he ohtained. Thus 
Fowler and Slye (38) have measured the (n,2n) cross-
section f o r the reaction Gu®^(n,2n)Gu®^, hy ohserving 
the a c t i v i t y of Cu®^ produced on i r r a d i a t i o n w i t h 
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f a s t neutrons. Paul and Clarke (39) have measured the 
(n,8n) cross-section of 34 elements having . p active 
products. A compilation of (n,2n) reactions by Segre 
(40) shows the great number of n u c l e i t o which t h i s 
method i s applicable. 

I n the case of the Be^(n,2n) reaction the immed-
o 

i a t e residual nucleus Be breaks down i n t o two a - p a r t i c l e s , 
at least i n the energy range of i n t e r e s t . The measure
ment of the helium associated w i t h the d i s i n t e g r a t i o n , 
already used to prove that such breakdown occurs (41) 
can be used t o meas\ire the (n,2n) cross-section. This 
method i s the one used i n t h i s work, and w i l l be d i s 
cussed i n more d e t a i l i n a l a t e r section, together 
w i t h the application of the associated residual nucleus 
method to the Be^(n,a) and Be^(n,H') reactions. 
I 4. The nucleus Be . 

Before discussing the application of the associated 
residual nucleus method t o the Be (n,2n)Be reaction i t 

g 
i s necessary to consider the nucleus Be . The reaction 
may leave the Be nucleus i n one of several excited 
states, or i t s ground state, and i t i s essential t o the 
success of the method that a l l states capable of being 
reached i n the bombardment decay by a-emission before 
analysis of the beryllium f o r helixim. 

Early work on t h i s nucleus i s f u l l of contradiction. 
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Atkinson and Houterraans (42) from t h e o r e t i c a l con-
siderations postulated the i n s t a h i l i t y of Be . Rayleigh 
(43) i n considering that the helium content of hery
l l i u m minerals was derived from t h i s unstahle nuclide 
suggested that i t must therefore have existed i n geol
ogical time suhsequent t o the f o m a t i o n of the minerals, 
and on t h i s hasis Watson and Parker (44) sought and 
reported l i n e s due to Be i n the arc spectrum of hery
l l i u m hydride. I n the same year (1931) Olssen (45) 

g 

f a i l e d to ohserve l i n e s due to Be i n the same spect
rum. Mass spectroscopic ohservations of Neir (46) 
and Bleakney and collahorators (47) set an upper l i m i t 
of one part of Be^ to 10^ parts of Be^. Cockroft and 
Lewis (48) looked f o r Be® r e c o i l s i n the postulated 
reaction 

B^^ + H2 > Be® + He* 
hut were unahle to ohserve them, and they suggested 
that t h e i r r e s u l t s could he explained i n terms of the 
simultaneous production of two a-particles; No p o s i t i v e 

g 

evidence f o r a stahle Be co\ild he ohtained. Dee and 
Gil h e r t (49) proposed that Be was formed as an i n t e r 
mediate product i n t h i s reaction i n a 2*8 MeV excited 
state. 

The f i r s t conclusive proof that Be disintegrated 
i n t o two a-particles was ohtained hy Glueckauf and Paneth, 
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(41), who examined beryllixim a f t e r i r r a d i a t i o n w i t h y-
rays f o r the presence of helium. Positive evidence of 
the formation of helium was fo\md, the only possible 
source being from the break-up of Be , and they concluded 
that the decay time was less than 1 second. Kirchner and 
Neuert (50) examining the reaction B^^{p,a)Be^ fo\ind that 
frequently 2 a-particles entered the detecting apparatus 
simultaneously w i t h a small angle between the d i r e c t i o n s 
of f l i g h t which i s j u s t what would be expected i f the Be^ 
formed broke up i n t o two a-particles, and from the angles 
of f l i g h t estimated the i n s t a b i l i t y of the nucleus as 
l y i n g between 100 and 200 keV corresponding to a l i f e t i m e 
between lO""*"̂  and lO""'"̂  seconds (51). 

Wheeler (1941) (52) reviewed the experimental evid
ence available at that time, and concluded that the 
excited states disintegrated i n t o two a-particles, but 
thatothe evidence w i t h regard t o the ground state was i n 
conclusive. I n the foll o w i n g years the evidence f o r the 
i n s t a b i l i t y of the grovind state accxamulated (53). The 
cu r r e n t l y accepted view (s) i s that the ground state 
i s unstable by 96 keV, and that a l l levels up to about 
19 MeV e x c i t a t i o n are unstable t o a-emission, and above 
t h i s other modes of decay are possible. An e x c i t a t i o n 

g 
of Be of t h i s order corresponds to an incident neutron 

g 
energy f o r Be greater than 20 MeV, and t h i s i s above 
the range of energies of i n t e r e s t i n t h i s v/ork. The 



-17-
accepted l i f e t i m e of the nucleus i s less than 5 x lO"^* 
seconds ( 8 ) . 

1.5. Application of the associated residual nucleus method. 

Be® + n y Be® + 2n 
(less than 10'"''* seconds) 

4 2He-
From t h i s equation i t can he seen that each neutron 

i n i t i a t i n g an (n,2n) process i n heryllivmi r e s u l t s i n the 
production of two helitmi atoms. Thus i f the nimiher of 
helium atoms produced i s determined, the numher of (n,2n) 
inte r a c t i o n s , S, i s known. The (n,2n) cross-section i s 
then given hy 

o(n,2n) = S 
i . Ng^. t . 

Where S i s the t o t a l neutron f l u x , N^^ the numher of atoms 
of heryllium i n the sanrple, and t the time of i r r a d i a t i o n . 

The method i s l i m i t e d only hy the magnitude of the 
f l u x required t o acctmrulate s u f f i c i e n t helium f o r measure
ment. At the time when t h i s work was performed no mono-
ergic sources of neutrons were availahle w i t h s u f f i c i e n t l y 
high f l u x values t o enahle the e x c i t a t i o n f u n c t i o n of the 
reaction t o he determined. Fission neutrons having f l u x 
values of the order of msignitude required were however 
availahle i n the nuclear reactor BEPO at Harwell. Samples 
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of beryllium together w i t h f l u x monitoring devices were 
therefore i r r a d i a t e d inside a hollow uranium slug of the 
reactor. 

The f i s s i o n neutron spectrum c u r r e n t l y accepted i s 
that quoted by Leachman (54), and i s expressed i n the 
semi-empirical equation. 

N(E) oc exp(-E/0*965). ainh*/*2*29E. dE. 
The normalising f a c t o r obtained by graphical i n t e g r a t i o n 
of t h i s function i s 0*455, the u n i t s being i n MeV. The 
expression used throughout t h i s work i s therefore 

N(E) = 0-455 exp(-5^/0*965). sinh V2*29E. dE. 
where 1T(S) i s the number of neutrons of energy between 
E and S -jr dE. The cross-section obtained i n t h i s work 
i s therefore an average value over a known spectr\jm. 
The helium i s measured esse n t i a l l y by the method devel
oped by Paneth and collaborators (55). 

Under the conditions of i r r a d i a t i o n inside a ' p i l e ' 
the b e ryllium samples w i l l be exposed t o a large y-ray 
f l u x , and helium could be produced by the Be^(Y»n) reac
t i o n (41). Calculations of the helixxm production from 
t h i s source are given l a t e r said indicate that t h i s e f f 
ect i s n e g l i g i b l e . 

A more serious source of error i s the helium acc-
Tjmulating from the (n,a) reaction. As mentioned e a r l 
i e r , two e x c i t a t i o n ftinctions are available f o r t h i s 
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reaction and hy i n t e g r a t i o n of these over a f i s s i o n 
spectrum the ammount of helium a r i s i n g from t h i s react
ion can he calculated. The ammount represents some 10% 
of the t o t a l helium. 

Be® + n > He« + He* 
0^(0*85 sees). 

Li« 
I t w i l l he noted t h a t one product of the (n,a) 

reaction i s the nucleus Li®. The cross-section f o r the 
Li®(n,a)H^ reaction f o r slow neutrons i s approximately 
1000 hams, and t h i s high cross-section makes possihle 
a ra d i o a c t i v a t i o n analysis (56) of the herylliura f o r Li®, 
hy determination of the t r i t i i a m produced. The t r i t i u m 
production i s too small t o measure hy gas volumetric 
methods, hut can he detected hy v i r t u e of i t s p~ a c t i v i t y . 
The measurement of the Li® produced i n the (n,a) reaction 
makes possihle a measurement of the reaction cross-section 
averaged over a f i s s i o n spectrum, and thus helium a r i s i n g 
from t h i s so\irce can he experimentally determined. I n 
connection w i t h t h i s determination i t was neccessary t o 
measure the ( n . t ) cross-section of heryllivmi f o r 14 MeV 
neutrons, and t h i s measurement w i l l he descrihed l a t e r . 

The experimental determination of helium and t r i t i u m 
i n heryllitun w i l l he discussed i n a separate section. 
I . 6, Meas\arement of the enhancement S. 

Sanders and L i t t l e r (29), have suggested two methods 
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whereby the enhancement S of a f i s s i o n neutron source 
surrounded w i t h beryllium could be meas\ared experiment
a l l y . 

The f i r s t method i s es s e n t i a l l y that used by previous 
workers (18, 22), namely the sphere m u l t i p l i c a t i o n method, 
d i f f e r i n g only i n the use of a f i s s i o n neutron spectrum 
and a beryllitrai surround of dimensions greater than a 
few scattering lengths. The scattering length of b e r y l l 
ium i s approximately 3•'3 cms., and they suggest using a 
10 cm. radius sphere. As a source of f i s s i o n neutrons 
a few grams of plutonium immersed i n a thermal neutron 
beam would be used, and a long coiinter or i n t e g r a t i n g 
tank detector (57) would be used to measure the neutron 
y i e l d . The authors suggest that the comparison of source 
strength could probably be done to -2% accuracy. I n 
ad d i t i o n t o the d i f f i c u l t i e s of t h i s method discussed 
e a r l i e r , the method suffers from the disadvantage that 
the 2fo error i s i n the quantity (1 + S) and not i n S i t 
s e l f . Since S i s expected to be small, a large uncertain
t y i n S w i l l r e s u l t , e.g., -50?S i f S = 0*04. 

The second method uses a measurement of the helixan 
content of the i r r a d i a t e d b eryllium to obtain S , The 
(n.a) process y i e l d s one helitmi atom, and the (n,2n) 
process yields two. Combined w i t h a 'Monte-Carlo' c a l 
c u l a t i o n (58) of the helitim produced by the (n,a) pro
cess alone using the known e x c i t a t i o n function of the 
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r eaction, the niamher of (n,,2n) processes per f i s s i o n 
neutron can he determined, and S can he calculated. A 
heryllixim surrounded plutonium sample was suggested as 
i n the experiment ahove. The determination descrihed i n 
another section of t h i s work was a t e s t experiment t o 
study the f e a s i h i l i t y of the method, and was performed 
using a smaller sphere than that suggested. 

The advantage of t h i s l a t t e r method i s that even i f 
the r e s u l t s were only good t o an accuracy of 20%, t h i s 
i s 20^/i i n the quantity S i t s e l f which f o r etoialler values 
of i s much hetter than th a t ohtained from the source 
comparison method discussed ahove. 

Barrett (113) has recently descrihed a method f o r the 
determination of the e f f e c t i v e neutron m u l t i p l i c a t i o n 
due to h e r y l l i m . I n t h i s method her y l l i u m samples i r r 
adiated i n a reactor core are suhsequently analysed f o r 
Li®, He*, and Ĥ . A sample of f u e l situated near the 
her y l l i u m sample i s then analysed f o r a p a r t i c u l a r f i s s 
ion product concentration, and from t h i s the r a t i o of the 
numher of n,2n processes to the niunher of f i s s i o n s can 
he ohtained. These measurements, together w i t h other 
information ohtained from multi-group calculations or 
f o i l a c t i v a t i o n measurements i n a c r i t i c a l asserahly, 
can he used t o determine the o v e r - a l l r e a c t i v i t y change 
hrought ahout hy the production and ahsorption of neut
rons i n heryllitrai. 
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CHAPTBR I I . 

RESULTS AHP DISCUSSION. 

I I . 1 . Helium accumulating i n i r r a d i a t e d berylli\3m. 
The resul t s of fovr separate i r r a d i a t i o n s of pieces 

of berylliTmi i n a hollow slug of the 3EP0 p i l e at Har
w e l l are given i n Table IV. The cross-section f o r 
helium production o-̂ ^ given i n the l a s t coluimi has been 
calculated from the eguation 

''He 
a He " 1. X^. t . 

Where Nj^^ i s the number of atoms of helium produced, $ 
i s the f a s t neutron f l u x , Ng^ the niimber of atoms of 
beryllium i r r a d i a t e d , and t the time of i r r a d i a t i o n i n 
seconds. 

For i r r a d i a t i o n I I I the measured f l u x values were 
inconsistent w i t h those deduced from the p i l e power 
l e v e l , and i t was l a t e r found that the counting system 
used was at f a u l t . The value computed from the p i l e 
power l e v e l gives a value of Oj^^ consistent w i t h the 
other determinations but the r e s u l t w i l l be rejected i n 
the f i n a l analysis because of the uncertainty e x i s t i n g 
i n the f l u x measurements. 
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The r e s u l t s of o^^ obtained from i r r a d i a t i o n s I , 

I I , and IV show a standard deviation of approximately 
+0*7^. I t w i l l be noted that there i s an apparent 
c o r r e l a t i o n between the mass of beryllium and the 
e f f e c t i v e cross-section deduced. This e f f e c t may be 
i l l u s o r y , i n that only three i r r a d i a t i o n s were involved, 
but i t may be a genuine e f f e c t r e s u l t i n g from one of the 
f o l l o w i n g causes. 

(a) larger pieces of beryllium received an e f f e c t 
i v e l y greater f l u x on account of closer prox
i m i t y t o the walls of the hollow slug. 

(b) There i s some surface loss of helium from the 
smaller pieces, which w i l l not be so serious 
i n the larger ones. 

(c) Enhancement of the f l u x , a r i s i n g from the (n,2n) 
reaction, w i l l be greater i n the larger pieces. 

I n the case of (a) the inhomogeneity of the f l u x 
d i s t r i b u t i o n inside the hollow slug can be shown i n the 
f o l l o w i n g way; 

Assume an i n f i n i t e l y long t h i n c y l i n d r i c a l s h e l l of 
radius r emitting n neutrons/cm^secends, and a s t r i p of 
width dc(= r.de) taken along the length of the s h e l l 
(see f i g u r e l a ) . At a point d i s t a n t d from t h i s s h e l l 
the neutron f l u x passing through t h i s point due to an 
element d l of the s t r i p w i l l be 



FIGURE 1. 



( a ) 

(b) 
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n. dc»dl 
47r(cL= -1-1=) 

I n t e g r a t i n g from -co to +oowith respect t o d l gives the 
f l u x through the p o i n t due t o the whole s t r i p . 

n. dc I d l n«dc . /+„ -i 1\ 
— J dTTlF = d>-aD 

-00 
=s n« dc 

4d 
This i s f o r an i n f i n i t e s t r i p , which i s [^ohahly a good 
enough approximation. Now consider the e f f e c t o f a l l 
such s t r i p s ( f i g u r e I h ) . 

= r'' + f ^ - 2 f , r . cos 6 
where x i s the distance from the s t r i p dc, and f the 
dist a n c e from the centre. The t o t a l f l u x a t the p o i n t 
w i l l he given "by 

ir IT 

2 I n. dc =s o / n»r. de 
Q 4V(r= + f ^ - 2r.f»cose) 

= n.r / 
8 J d6 

«J"(r2 + f ^ - 2r.f.cose) 
o 

By means of the s u b s t i t u t i o n cos6 = 2cos^6/2 - I 
t h i s can he reduced t o an e l l i p t i c i n t e g r a l o f the f i r s t 
k i n d , the standard form of which i s 

K = P(k,jZJ) / ^ 
I ^ r ( l - sin^e) 
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thus the i n t e g r a l "becomes 

IT 

de 
+ + 2 r . f - 4r.f.coa^e/S) 

o 

2 d(e/2) 
4 r . f . c o ^ e / 2 

) ( r + f 
put e/2 = i r / 2 - i ^ ; COS0/2 — > sinjZl, and d(0/2) — ^ -
Then the f l u x F a t f i s 

Tr/2 

Hf) = ^ f ^ 
o ( r + f 

Thus = ^^'^ = ^^/^ 
( r + f ) 2 ( I + f / r ) = 

The f r a c t i o n a l increase i n f l u x as we move out from the 
c e n t r a l axis o f the c y l i n d e r i s giv e n 'by 

P ( f ) - F(o) F ( f ) = - I 
P(o) F(o) 

and 
7r/2 

F ( f ) _ 2 f ^ 

Ho) . ( I * f / r ) / ^ ( x , ^^'^ 3in^j^) 
i ( r + f 

Figure 2 shows the f r a c t i o n a l increase i n f l u x as a 
f u n c t i o n of f / r . The i n t e g r a l s o l u t i o n s were obtained 
from the t a b l e s of e l l i p t i c i n t e g r a l s ( 59). 



FIGURji] 2. 

Flux d i s t r i b u t i o n i n s i d e a hollow uranium slug. 
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From f i g u r e 2 i t can he seen t h a t l a r g e r pieces o f 

"beryllium are exposed t o higher f l u x values, and the 
order o f magnitude of the e f f e c t i s w e l l ahle t o acco\int 
f o r the observed mass c o r r e l a t i o n . However i t must he 
remembered t h a t the f l u x monitors are o f f i n i t e s i z e 
g i v i n g an average f l u x over the volume occupied, and 
t h e r e f o r e w i l l tend t o minimise e r r o r s a r i s i n g from t h i s 
source. 

I n the case of (b) Gluckauf and Paneth (41) have 
r e p o r t e d t h a t a l l metals are p e r f e c t l y heliiam t i g h t . No 
i n d i c a t i o n i s g i v e n as t o the source o f t h i s i n f o r m a t i o n , 
but t h e i r concluaion appears t o be based on e a r l i e r work 
on the l o s s o f helium from i r o n m e t e o r i t e s r e p o r t e d by 
Paneth (60). Reasbeck (61) r e p o r t s an attempt t o study 
the l o s s of helium from stone m e t e o r i t e s , i n which a 
specimen of m e t e o r i t e was sealed i n an evacuated vessel 
f o r a s u i t a b l e p e r i o d of time, and then the f l a s k was ex
amined f o r helium. The r e s x i l t was compared against an 
empty i d e n t i c a l f l a s k , but l i t t l e c onclusive evidence 
was gained. Although no experimental evidence i s a v a i l 
able on the d i f f u s i o n of helium i n b e r y l l i x i m the e f f e c t 
has been assumed n e g l i g i b l e throughout t h i s work. The 
f o l l o w i n g experiment i s proposed t o check the v a l i d i t y 
of t h i s assumption, 

A c y l i n d r i c a l piece o f b e r y l l i u m metal i s f i r s t 
i r r a d i a t e d i n a f i s s i o n f l t i x o f neutrons i n order t o 
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accumulate helium. The d i f f u s i o n could be observed i n 
two ways: 

(1) The b e r y l l i u m specimen i s heated f o r a f i x e d 
l e n g t h of time at a h i g h temperature under 
c o n d i t i o n s of h i g h vacuum.. The h e a t i n g i s 
discontinued, and l a y e r s o f b e r y l l i u m are 
removed a t known r a d i i and are analysed f o r 
helium. Prom the shape o f the r a d i a l d i s t r i b 
u t i o n o f helium, the i n i t i a l d i s t r i b u t i o n being 
assumed homogeneous or measured on a s i m i l a r 
specimen, the d i f f u s i o n c o e f f i c i e n t can be ob
t a i n e d . R e p e t i t i o n o f the experiment a t several 
d i f f e r e n t temperatures w i l l enable the a c t i v 
a t i o n energy of the d i f f u s i o n t o be obtained, 
and from t h i s the d i f f u s i o n c o e f f i c i e n t a t room 
temperature. 

(2) The experiment i s s i m i l a r except t h a t the spec
imen i s removed from time t o time and small 
pieces c u t from the c y l i n d e r , and analysed. Prom 
the time dependence of the d i f f u s i o n the d i f f u s 
i o n c o e f f i c i e n t s a t several temperatures can be 
measured and hence the a c t i v a t i o n energy o b t a i n 
ed as before. 

Equations f o r the d i f f u s i o n i n each case are g i v e n by 
Barrer (62). The d i f f u s i o n study would also be o f some 
i n t e r e s t i n r e a c t o r technology according t o C o t t r e l l (63). 
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The increase i n helium content due t o ( c ) i s c e r t 

a i n l y a p o s o i b i l i t y . However the s c a t t e r i n g l e n g t h o f 
f a s t neutrons i n beryllixam i s o f the order o f 3*3cms,, 
and t h i s i s much g r e a t e r than the dimensions o f the 
b e r y l l i u m specimens used i n these experiments, and hence 
the e f f e c t i s l i k e l y t o be extremely small. 

The apparent mass c o r r e l a t i o n i s not a serious 
e f f e c t however, the e r r o r being l e s s than the absolute 
e r r o r s i n f l u x values. 

I I . 2. C o r r e c t i o n f o r helium produced by Be^(Y.n)Be^(a)He'^. 
Associated w i t h the neutrons from the urani-um f i s s 

i o n i s a f a i r l y i n t e n s e Y-3?adiation, and helitim w i l l be 
produced i n the b e r y l l i u m as a r e s u l t o f the i n t e r a c t i o n 
o f these y-rays. Prom a knov/ledge o f the i n t e n s i t y and 
spectrum of the y-rays from f i s s i o n , together w i t h the 
p h o t o - d i s i n t e g r a t i o n e x c i t a t i o n f u n c t i o n o f the Be^, a 
c o r r e c t i o n f o r the helium a r i s i n g from t h i s so\irce can be 
obtained. 

The p h o t o - d i s i n t e g r a t i o n c r o s s - s e c t i o n o f Be^ as 
a f u n c t i o n of photon energy has been observed by several 
workers from the t h r e s h o l d of 1*666 MeV t o 24 MeV, A 
t h e o r e t i c a l f u n c t i o n c a l c u l a t e d by Guth and M u l l i n (64) 
i s i n good agreement w i t h the r e s u l t s o f several workers 
and provides a convenient summary of the data over the 
r e q u i r e d range. The f u l l range of the e x c i t a t i o n f u n c t 
i o n i s indeed covered by Nathans and Halpern ( 6 5 ) , but 
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because o f the l i m i t a t i o n s o f t h e i r method a t low energy 
they were unable t o give the f i n e s t r u c t u r e i n t h i s r e g i o n , 
which has been observed by several workers (64). Since 
the i n t e n s i t y of the f i s s i o n y-rays i s highest i n t h i s 
r e g i o n , the low energy spectrum i s o f the most importance, 
and i n t h i s r e g i o n the c a l c u l a t i o n s o f G-uth and M u l l i n 
reproduce the spectriom very w e l l . 

g 
Guth and M u l l i n use the valence neutron model o f Be 

i n which the f i n a l neutron i n the nucleus i s regarded as 
moving i n the f o r c e f i e l d o f the Be nucleus. The low 
b i n d i n g energy o f the f i n a l neutron i n Be suggests t h a t 
t h i s neutron spends the gr e a t e s t p a r t of i t s time on the 
f r i n g e o f the nuclear f o r c e s , and the model i s t h e r e f o r e 
not unreasonable. The photons produce p h o t o - e l e c t r i c and 
photo-magnetic t r a n s i t i o n s i n the system. At the comparat
i v e l y low energies i n v o l v e d only e l e c t r i c and magnetic 
d i p o l e t r a n s i t i o n s are e f f e c t i v e , and of these the magnet
i c d i p o l e c o n t r i b u t i o n can be neglected f o r our purpose. 
Assuming a P ground s t a t e f o r Be the s e l e c t i o n r u l e s 
permit P )̂  S and P ^ D t r a n s i t i o n s f o r e l e c t r i c 
d i p o l e s , the t o t a l c r o s s - s e c t i o n being the s"um o f these 
e f f e c t s . 

°T = °P ~ > S + °P — * D 
Guth and M u l l i n g i v e e x c i t a t i o n f u n c t i o n s f o r Op ^ g 

and Op ^ jj, and these have been added t o give the t o t a l 
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c r o s s - s e c t i o n ( f i g u r e 3 ) . 

Leachraan (54) quotes the work of Gamble and Francis 
who observed the spectrum of Y^rays i n coincidence w i t h 
^2 3 5 f i s s i o n by means o f a Nal s c i n t i l l a t i o n d e t e c t o r . 
The r e s u l t s , expressed as the nunber of p h o t o n s / f i s s i o n / 
100 keV energy i n t e r v a l ( f i g u r e 4 ) , show a y i e l d probab
i l i t y decreasing w i t h energy. The number o f photons/ 
f i s s i o n ( l ) i s then 

00 

I = k f(S).dE 

o 
The number of p h o t o n s / f i s s i o n w i t h s u f f i c i e n t energy 
t o produce p h o t o - d i s i n t e g r a t i o n of b e r y l l i u m i s 

00 

/ I (E^> 1*666 MeV) = k I f(E).dE 

1»666 
Since the number o f n e u t r o n s / f i s s i o n (V^ ) i s known ( 6 4 ) , 
the photon f l \ i x can be r e l a t e d t o the f i s s i o n neutron 
f l u x . Thus the number of p h o t o n s / f i s s i o n neutron i s 
( l / v ) ) , and hence t h e flvoa o f photons w i t h E > 1»666 
MeV i s 

CO 
[ 

V J 
\ = ~ - / f(B ) . d E 

1*666 
where i ^ ^ i s the f i s s i o n neutron f l u x . The average cross-
s e c t i o n f o r the p h o t o - d i s i n t e g r a t i o n , i s 



FIGURE 5, 

g 
Be p h o t o d i s i n t e g r a t i o n e x c i t a t i o n f i m c t i o n . 

Guth and M u l l i n (64). 
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J o(E).f(B).dE 
1*666 

1*^6 

GO 
f(S).dE 

66 

Hence the number of interactions/second i s given by 
op 

00 
/

a ( E ) . f (3).dE 
^ VV''Be=^a:^^ f ( E ) . d E i : ^ / l> J 00 

1*666 / f(E).dE 
1*666 

00 

^ V^'-^Be j o(E).f(S).dE 

1*666 
Since two helium atoms are produced f o r each i n t e r a c t i o n 
the number produced a f t e r i r r a d i a t i o n f o r time t i s 

00 
2 i .k.K^^.t / 

H ^® / a(s).f(E).dE 

^ t 
Using a t y p i c a l set o f e^cperimental data the magnitude 
of the p h o t o - d i s i n t e g r a t i o n c o r r e c t i o n can be computed. 
A s u i t a b l e b asis f o r comparison w i t h the o v e r a l l helium 
p r o d u c t i o n from the i r r a d i a t i o n i s the number o f helium 
atoms/atom o f b e r y l l i u i V f i s s i o n neutron/secons. T h i s can 
be obtained from the l a s t equation 

00 

= ~ J o(E).f(E).dE 
^ t 



FIGURE 4. 

I n t e n s i t y and spectrum of v-rays from U^^^ f i s s i o n . 

Leachman (5 4 ) . 
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Using U = 2*5 t h i s gives the number o f heliiara atoms/atom 
of " b e r y l l i x j i n / f i s s i o n neutron/second, i . e . the cross-sect
i o n f o r helium p r o d u c t i o n from the (Y»n) r e a c t i o n , as 
1*8 railliharns . This must he deducted from the ohserved 
helium cross-section. 

I I . 3. C o r r e c t i o n f o r Helium Produced by Be^(n.a)He^(S^^Ll^. 
I n order t o c a l c u l a t e the helium a r i s i n g from t h i s 

source a knowledge of the (n,a) e x c i t a t i o n f u n c t i o n , t o 
gether w i t h the i n t e n s i t y and spectrum of the i n c i d e n t 
neutrons, i s r e q u i r e d . Sanders and L i t t l e r (29) i n t h e i r 
enhancement c a l c u l a t i o n s have assumed a step f ^ m c t i o n 
form o f the e x c i t a t i o n f u n c t i o n "based on the r e s u l t s of 
A l l e n , Burcham, and Wil k i n s o n ( 1 2 ) . Thus from 0*6 t o 
1*85 MeV neutron energy the c r o s s - s e c t i o n i s assumed t o 
he 15 m i l l i h a m s , and ahove 1*85 MeV a c r o s s - s e c t i o n of 
50 m i l l i h a r n s i s assumed. 

The measuLrements of A l l e n , Burcham, and Wilkinson 
cover a range from 1*83 t o 4 MeV i n c i d e n t neutron energy 
( f i g u r e 5 ) , and were made using neutrons from the D(d,n)He' 
r e a c t i o n . A h e r y l l i u r a v/alled Geiger counter was i r r a d 
i a t e d w i t h these neutrons, and the He® P ^ a c t i v i t y produced 
was obaerved.. The c r o s s - s e c t i o n was deduced from t h e ab
s o l u t e f l u x o f neutrons through the counter, and the e f f 
i c i e n c y of the counter f o r He® d e t e c t i o n . Since the f u l l 
energy range o f the f i s s i o n neutron spectrum i s not cover
ed hy these measurements an e x t r a p o l a t i o n i s necessary. 
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The method of e x t r p o l a t i o n i s given Toelow, 

At the low energy end of the spectrum only e l a s t i c 
s c a t t e r i n g and the (n,a) r e a c t i o n are possilDle, and i n 
t h i s r e g i o n the e x t r a p o l a t i o n i s made "by. asstiming t h a t 
the r e l a t i v e r a t e s of the two competing r e a c t i o n s aj?e 
governed hy a simple "barrier p e n e t r a t i o n r e l a t i o n s h i p . 
The r e l a t i v e p r o h a h i l i t y of neutron and a - p a r t i c l e 
emission from the compoimd nucleus Be"̂ ^ w i l l he d e t e r 
mined hy the l i f e t i m e o f t h i s nucleus f o r the r e s p e c t i v e 
processes. The cross-sections a„ and o„ ^ w i l l he i n ^ n,n' n,a 
the inverse r a t i o of the l i f e t i m e T^ and T„ ^, i . e . , 

n,n' n,a' ' 
o T n. a _ n.n 
o ~ T n,n n^a 

9 
Assuming t h a t the t o t a l c r o s s - s e c t i o n of Be at 1»83 
MeV ( t h e f i r s t energy used t o measure the c r o s s - s e c t i o n 
hy A l l e n e t a l . ) i s made up of capture s c a t t e r i n g and 
(n,a) r e a c t i o n s , and t h a t the a-emission l i f e t i m e of Be"̂ ^ 
are not s u b s t a n t i a l l y d i f f e r e n t from those of Be^, the 
cr o s s - s e c t i o n r a t i o can he obtained a t t h i s energy from 
the measured values, and T^ ^ from the data g i v e n hy Be the (67 ) , Thus T can he found a t t h i s energy, and can safe-n,n 
l y he considered constant over the small range of e x t r a 
p o l a t i o n since there i s no p o t e n t i a l h a r r i e r opposing 
the process. For other energy values ô ^ ̂  can he found 
from the t o t a l c r o s s - s e c t i o n , and T^ „ values f o r v a r i o u s 

' n, a 



glGURB 5. 

Be^(n.a)He^ E x c i t a t i o n B^unction. 

(a) Stelson and Camphell (13). 
(h) A l l e n , Burcham and V / i l k i n s o n (12), 
( c ) S u t t a r , Morgan and Hudspeth ( 6 9 ) . 
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e x c i t a t i o n energies from Bethe (67). The r e s u l t s are 
g i v e n i n Tahle V. 

Tahle V - E x t r a p o l a t e d values of o 
n,a. 

Neutron Energy o 
MeV n,a 

M i l l i h a m s 
0*6 3*6 X 10-2 
0-8 
1*0 
1*5 

2*1 
3*0 

15 
1*83 29* 

Experimental value ( 1 2 ) . 
Ahove 4 MeV the c r o s s - s e c t i o n i s assumed constant a t 

45 m i l l i h a m s , f o l l o w i n g Sanders and L i t t l e r ( 2 9 ) . The 
e x t r a p o l a t i o n i n t h i s r e g i o n i s not v e r y serious since 
the neutron i n t e n s i t y f a l l s o f f r a p i d l y ahove 4 MeV. The 
e x t r a p o l a t i o n i s shown i n f i g i o r e 5. 

I n order t o o h t a i n the average value of the cross-
s e c t i o n o f o r a f i s s i o n spectrTjra, the e x c i t a t i o n 
f u n c t i o n o(E) must he i n t e g r a t e d over the f i s s i o n s p e c t 
rum f ( E ) . The average c r o s s - s e c t i o n i s given hy Ja(E).f(S).dB 

n,a = 

f(E).dE 
o 1 

f ( s ) i s p l o t t e d i n f i g u r e 6, and a ( E ) . f ( E ) i n f i g u r e 7. 
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By g r a p h i c a l i n t e g r a t i o n of f i g u r e 7 the average cross-
s e c t i o n i s obtained as 

5„ „ = 25 m i l l i h a m s . n,a 
Results obtained by Stelson and Campbell (13) f o r 

the (n,a) e x c i t a t i o n f u n c t i o n u s i n g neutrons from the 
T(p,n)He' and Li'''(p,n)Be''' r e a c t i o n s are also shown i n 
f i g u r e 5. The meastirements are taken from the r e a c t i o n 
t h r e s h o l d up t o 4*4 MeV i n c i d e n t neutron energy. The 
(n,a) c r o s s - s e c t i o n a t 14 MeV i s r e p o r t e d t o be 10 m i l l i -
barns ( 6 8 ) , and the r e s u l t s o f Stelson and Campbell have 
been e x t r a p o l a t e d t o t h i s energy by drawing a smooth 
curve between the two sets of r e s u l t s . The neutron i n 
t e n s i t y i s f a l l i n g o f f so r a p i d l y i n t h i s r e g i o n t h a t the 
assumption makes l i t t l e d i f f e r e n c e t o the average value 
of the cross-section. The average c r o s s - s e c t i o n over a 
f i s s i o n spectrum has been obtaned as before by g r a p h i c a l 
i n t e g r a t i o n . The r e s u l t i s 

0„ „ = 55 m i l l i b a r n s . n,a 
The value of „ obtained from the two sets of n,a 

measurements are i n reasonable agreement c o n s i d e r i n g the 
d i f f i c u l t y i n v o l v e d i n such measurements. The r e s u l t of 
Stelson and Campbell i s probably the b e t t e r of the two, 
since b e t t e r neutron sources were used and the neutron 
f l u x gieasiu'eraents are l i k e l y t o be b e t t e r . A clean neu
t r o n spectrum i s d i f f i c u l t t o o b t a i n w i t h the D + D 



FIGURE 6. 

Spectrum of neutrons from Û ^̂  f i s s i o n . 

Leachman (5 4 ) . 
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r e a c t i o n . The major c o n t r i h u t i n g f a c t o r i n d i s t o r t i n g 
the spectriim i s the h u i l d up of carhon deposit on the 
heavy i c e t a r g e t when the deuteron heam i s on, Tlie f o l l 
owing r e a c t i o n can occur i n the t a r g e t 

^ jj2 ^ j j i 3 ^ n 

The neutrons from the ^ ^ ( d ^ n ) r e a c t i o n have an energy 
of ahout 500 keV, and thus would he recorded i n the absol
ut e f l u x measurements hut would not i n i t i a t e an (n,a) 
process. The r e s u l t s would he correspondingly low. The 
T(p.n) source used hy Stelson and Camphell i s t o he p r e 
f e r r e d since i t i s a good continuously v a r i a b l e mono-
energetic source. The L i (p.n)Be i s also a good source 
but the two neutron groups present are a disadvantage. 
Both of the l a t t e r sources are capable of h i g h neutron 
i n t e n s i t i e s . 

Also shovm i n f i g u r e 5 are t h r e e values of the (n,a) 
c r o s s - s e c t i o n obtained by workers a t the U n i v e r s i t y of 
Texas ( 6 9 ) , but no d e t a i l s are y e t a v a i l a b l e as t o the 
method of measurement. I t i s of i n t e r e s t t o note hov/ever 
t h a t the curve obtained by combining these r e s u l t s w i t h 
the r i s i n g p a r t of the Stelson and Campbell f u n c t i o n can 
be f i t t e d t o a Breit-Wigner resonance curve, v/hereas the 
complete f u n c t i o n o f Stelson and Campbell cannot he f i t t e d 
t o such a curve. 

I n viev/ of the discrepancy e x i s t i n g i n these meas

urements i t was considered t h a t a d i r e c t measurement of 



FIGURE 7. 

o(n.a) f o r f i s s i o n spectrum neutrons. 
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the cross-section integrated over the spectrtm of f i s s 
ion neutrons would be desirable. Such a determination, 
involving the determination of the Li® produced i n the 
reaction, w i l l be described l a t e r . 
I I . 4. Correction for helium a r i s i n g from impurities. 

I n addition to the foregoing corrections i t i s 
necessary i n these determinations to include two f u r 
ther possible sources of helium: 

(a) The presence of occluded a i r i n the metal. 
(b) (n,a) reactions i n imp\n'ities i n the metal. 

Since i n a l l determinations i t was the p r a c t i c e to per
form blank determinations, and no helitam was ever found, 
i t i s unnecessary to make a correction for helium from 
source ( a ) . I t i s more d i f f i c u l t to make a correction 
for ( b ). 

I n order that (n,o) reactions i n impurities sho\ild 
give r i s e to s i g n i f i c a n t quantities of helium a high 
cross-section value i s necessary, and t h i s consideration 
w i l l exclude f a s t neutron reactions. I r r a d i a t i o n with 
thermal neutrons followed by a n a l y s i s for helixam woiild 
appear therefore to be s u f f i c i e n t to evaluate the cont
ri b u t i o n from iinpurities. Such an i r r a d i a t i o n was per
formed with the following r e s u l t s 

I r r a d i a t i o n time = 604*5 hours. 
Slow neutron f l u x = 2•78 x lO"'*̂  n/cm*/sec. 
HeliuiVgm beryllium = 3»45 x 10""'̂  ccs. at S.T.P. 
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I t i s expected that t h i s r e s u l t w i l l he i n error hy a 
fact o r dependent on the f a s t neutron contamination i n 
the thermal column. 

I n order to apply such a correction to the helium 
found i n the hollow slug i r r a d i a t i o n s i t i s necessary 
to know the slow neutron f l u x i n these i r r a d i a t i o n s . 
Unfortunately the slow f l u x was not monitored during 
the hollow slug i r r a d i a t i o n s , and subsequently measxire-
ments yielded slow to f a s t neutron r a t i o s varying be
tween 1 and 2* 5. When the h i ^ e r of these values i s 
used to compute the slow neutron f l u x i n the hollow 
slug i r r a d i a t i o n s , the correction for helium accumulat
ing from the thermal neutrons i s approximately 2?S. This 
value represents the upper l i m i t of contamination f r a n 
t h i s source. 

TABLE VI. 
Determination Average 

ana l y s i s 
Determination Average 

anal y s i s 
Total Be 99-1% SI 600 ppm 

Pe 1350 ppm B 0*5 ppm 
Al 300 ppm BeO 0*80^ 
Mg 80 ppm BeaC 0*14:% 
Or 100 ppm As 3 ppm 
Nl 200 Plan Co 3 ppm 
Cu 100 ppm Cd 0*2 ppm 
Mn 150 ppm Pb 30 ppm 
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Table V I (70) gives an average a n a l y s i s o f comm

e r c i a l b e r y l l i u m . Of the i m p u r i t i e s l i s t e d o n l y boron 
would give r i s e t o appreciable helium on slow neutron 
i r r a d i a t i o n by the r e a c t i o n 

B-̂*̂  + n > L i " ^ -ir He^ 
The value given together w i t h the i s o t o p i c abundance 
of B'''̂  and the slow t o f a s t neutron r a t i o can be used 
t o evaluate the helium a r i s i n g from t h i s source. The 
r e a c t i o n 

L i ^ + n > + He'̂  
should also be considered since i t has a very h i g h 
c r o s s - s e c t i o n f o r thermal neutrons, and t r a c e q u a n t i t 
i e s o f t h i s isotope i n b e r y l l i u m would give r i s e t o s i g 
n i f i c a n t q u a n t i t i e s o f helium, A measurement of t h i s 
isotope was made, and i s described l a t e r , by e s t i m a t i o n 
of the t r i t i u m y i e l d on slow neutron i r r a d i a t i o n . Allow
ance f o r these two sources of helium gives a c o r r e c t i o n 
f a c t o r o f about 0'5% t o the t o t a l helium observed i n the 
hollow s l u g i r r a d i a t i o n s . I n view o f the u n c e r t a i n t y 
i n t r o d u c e d by the f a s t neutron c o n t r i b u t i o n t o the t h e r 
mal column i r r a d i a t i o n s , t h i s estimate i s probably the 
more r e l i a b l e , although i t may be an overestimate due t o 
use o f the h i g h e s t observed value o f the slow .to f a s t 
neutron r a t i o . 

Since there i s some u n c e r t a i n t y i n e v a l u a t i n g a 
c o r r e c t i o n f o r helium a r i s i n g from i m p u r i t i e s , the c o r r -
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ectlon w i l l he Ignored I n the f i n a l r e s u l t . This I s 
c l e a r l y not a serious correction, and I s probably a 
good deal l e s s than the uncertainty e x i s t i n g i n the 
absolute fltix values. 

I I . 5. The Be^(n,2n)BeQ(a)H^^ croBS-sectlon. 

The helium production cross-section averaged over 
a f i s s i o n neutron spectrum, o^^, i s the sum of the con
tributions from the (n,2n) and (n,a) reactions. Each 
(n,2n) process y i e l d s two helium atoms, and therefore 
the average helium production cross-section a f t e r corr
ection f o r (Y»II) produced helium i s given hy 

He n,2n n,a 

Accepting the value of 5„ „ obtained hy integration of 
n, Q> 

the excitation function of Stelson and Campbell as the 
contribution from t h i s reaction, aaid the value deduced 
for o^^n* correction f o r these contributions i s 
(33 + 1*8) = 34*8 m l l l l b a m s . From table IV the helixm 
production cross-section I s 253 i 4 m l l l i h a r n s . There
fore 

^n,2n = 109 t 4 m i l l i h a m s 
This value I s , of course, averaged over the whole of 
the f i s s i o n neutron spectrum, whereas the reaction i s 
Impossible below the threshold energy of 1*85 MeV. From 
a graphical Integration of the f i s s i o n neutron spectrum 
(figure 6) the f r a c t i o n of f i s s i o n neutrons with energy 
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above 1*85 MeV i s 0*455, and hence the average cr o s s -
section for that part of the f i s s i o n neutron spectrum 
where the reaction i s energetically possible i s 
(120-6/0'435) 

°n,2n^® 1»85 MeV) = 250*5 * 4 m i l l i b a r n s 

Interpolating from the r e s u l t s of Sanders and L i t t 

l e r (Table I I I ) t h i s corresponds to an enhancement for 
a beryllium moderated reactor of + 0*09. 

9 8 
I I . 6. Be (n,2n)Be excitation function. 

Suitable sources of monoenergetic neutrons were 
not available during the course of t h i s work to enable 
measupements of the exc i t a t i o n function to be made. I t 
i s therefore of some i n t e r e s t to compare the r e s u l t s with 
t h e o r e t i c a l predictions. 

Attempts to cal c u l a t e the ex c i t a t i o n function f or 
the (n,2n) reaction have been made by Schlogl (71), and 
by Mamasakhlisov (72). Both authors eniploy the valence 

Q 

neutron model of Be , which has been applied with some 
measure of success by Guth and Mullin (64) to the photo-
disintegration excitation function of t h i s nucleus. The 
model has also been used by C a l d i r o l a (73) to predict 
the electro-disintegration function. I n t h i s model the 
f i n a l neutron i s regarded as moving i n the force f i e l d 
of the Be nucleus, the f i e l d being described by a spher
i c a l potential well of radius equal to the radius of the 
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Be nucleus. Using t h i s model Schlogl has calculated the 
(Y,n), (n,n), and (n,2n) excitation functions, the f i r s t 
two "being i n reasonable agreement with experiment, but 
the (n,2n) cross-section i s too low. The calculations 
are given for various ass-umed nuclear r a d i i , showing a 
strong dependence on this. Even for the smallest radius 
assumed the peak cross-section i s only 10 milliharns. 
The predicted shape (figure 8) i s however that which 
would "be expected f o r an endoergic reaction with sub
sequent neutron emission ( 7 4 ) . 

Mamasakhlisov gives his results i n the following 
form 

-24 (Y - 1) 2 n2 "n.Sn = X 1 0 - " -VY" ""̂  
Where Y = W^f S being the incident neutron energy, and 

g 
e the binding energy of the f i n a l neutron i n the 3e nuc
leus. The shape of this function near the threshold has 
more the form to be expected for an endoergic reaction 
With charged particle emission ( 7 4 ) , than for neutron 
emission. For high incident neutron energies the function 

3/ 

increases as y and becomes i n f i n i t e f o r very high energ
ies, whereas for high incident neutron energies the cross-
section would be expected to approach the geometrical 
cross-section TTĤ , where H i s the nuclear radius. At 14 
MeV the predicted cross-section of 1*5 barns i s equal to 
the t o t a l cross-section, and the t o t a l inelastic cross-



FIGURE 8. 

Be^(n.2n) excitation fimction. 

Schlogl (71). 
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section at this energy i s alDOut 350 millilDarns. Ma:nas-
akhlisov claims good agreement with the results of Punfer 
and Bothe (18), namely 0*3 "barns averaged over the Ra-o-Be 
spectriim. For thi s average he has taken the mean energy 
of the spectrum to be 6 MeV. When his spectrum i s aver
aged over the spectrtim quoted hy Dacy, Paine, and Goodman 
(75) the result i s 0*2 barns which i s i n reasonable agree
ment with some of the values quoted i n Table I I . Over a 
f i s s i o n neutron spectrum the value of the average cross-
section i s 55 millibarns. The agreement obtained with 
the natural sources i s probably due to the higher mean 
energy, and i n t h i s region the function of Mamasakhlisov 
i s r i s i n g steeply. 

The model cannot be regarded as useful i n the case 
of the (n,2n) reaction. The authors have assumed that 
a single potential well i s sufficient to specify the 
system, whereas Guth and Mullin require different pot
e n t i a l wells to treat different transitions. I n add
i t i o n the photo-disintegration i s a very much weaker 
interaction, as evidenced by i t s smaller cross-section, 
and hence w i l l involve weak perturbations of the nucleus. 

There are two possible mechanisms for the (n,2n) 
reaction i n beryllium. In the f i r s t the incident neut
ron i s inel a s t i c a l l y scattered leaving the Be^ nucleus 
i n an excited state which subsequently decays by eraiss-
ion of a neutron, i.e.. Be (n,n')Be (n'^Be 



FIGURE 9. 

Total neutron cross-section of beryllium (5). 
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Svidence for this mechanism i s given by Powler, Owen, 
and Hanna (37) who have observed two neutron groups 

Q 
emerging from the interaction of Be with 3*7 MeV 
neutrons. The second i s a 'knock-on' process i n which 
the incident neutron shares i t s energy with a bound 
neutron which i s emitted, the nucleus being l e f t with 
sufficient excitation to 'boil-off* a further neutron. 

Powler, Owen, and Hanna suggest that the excited 
q 

S t a t e of Be involved i n this process i s the 2*43 MeV 
level, this being the only accepted level i n t h i s energy 
range. Reference to the t o t a l cross-section curve of 
beryllixxra (figure 9) shows a broad resonance at an 
incident neutron energy of 2*75 MeV, this energy, when 
allowance i s made for momentiom transfer i n the reaction, 
corresponds to about 2*4 MeV excitation. At this excit-

Q 
ation the Be nucleus i s unstable to neutron emission by 
0*76 MeV, and thus a broad resonance for neutron emission 
would be expected, making the proposed mechanism high
l y probable. However the results of several experiment
ers suggest that the width of thi s level for neutron 
ei!ii33io:,T is extremely narrow. Thus i n a study of the 
reaction B"'""'"(d,a)Bê * Van Patter and collaborators (76) 
conclude that the neutron v/idth of the 2*43 MeV state of 

g 
Be i s 5 keV, and neutron emission i s improbable. 
Dissanaike and Newton (77) found that whilst this level 
decayed by neutron emission the level width v/as small, 
and they attribute t h i s to the p o s s i b i l i t y of a large 
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spin change i n the decay. Other workers report a narrow 
width, the most recent report being that of Gossett et 
a l . , (78) who conclude that the state has no observable 
natural width, and assign an upper l i m i t of 1 keV for the 
natural width of the state. The conclusion i s that a high 
spin change occurs i n neutron emission from this excited 
level, and thus such transitions are strongly inhibited. 
This also receives some support from the absence of a 
resonance i n the photo-disintegration excitation function 
at this energy (64). Thus the mechanism proposed by Pow
le r et a l . , whilst s t i l l possible, becomes less probable. 

The second method corresponds to the 'evaporation 
model' of the compound nucleus (79). On t h i s model the 
(n,2n) cross-section i s given by 

a(n,2n) = o ^ [ l - ( l + |) exp(-|) 

where o i s the cross-section f o r the formation of the 
compound nucleus, 0 the 'nuclear temperature', and e i s 
the difference between the incident neutron energy and 
the threshold energy. This formula i s only s t r i c t l y 
applicable to nuclei of medium and high mass nximber where 
the concept of the nuclear temperature can be applied 
owing to the density of energy levels i n such nuclei* 
In view of the developement of methods for studying the 
energy distribution of emitted particles i n reactions, 
data which enables the nuclear temperatures to be com-
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puted (79), and the application of such methods by Gugelot 
(80) to the measurement of nuclear temperatxires, i t be
comes of some interest to examine the predictions of this 
model. 

Paul and CJarke (37) have used the above formula 
to examine the results of their measurements of 34 (n,2n) 
reactions, the experimental results showing good agreement 
with theory i n most cases. Cohen (81) has also applied 
the theory to a number of elements, including a number 
of the lighter ones. Gugelot has assigned nuclear terap-

q 
eratures to the nucleus B , and since the parameters i n 
the formizla for the 'nuclear temperature' are slovay 
varying functions of the mass number i t seems reasonable 
to use these values for the nucleus Be^. 

I t i s necessary to know the cross-section f or com
pound nucleus formation o^. Paul and Clarke (39) have 
used values of quoted by P h i l l i p s (82), and Cohen has 
argued that since the neutron faces no Coulomb barrier 
the cross-section for compound nucleus formation i s simply 
the geometrical cross-section irR^ * Figure 10 shows the 
excitation function computed for Be^ using the geomet
r i c a l cross-section, and the nuclear temperatures of 
Gugelot. The nuclear temperatures are 

6 = 2*3 i 0*3 MeV for e > 4 MeV 
6 = 0*9 - O'l MeV f o r 1 < e < 4 MeV 

and i n the function presented the break which would 
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occur at 4 MeV by s t r i c t adherence to these temperatures 
has been smoothed out. The radius used i s that given by 
Cook and Bonner, 3*51 x 10'"''̂ cms., and corresponds to a 
geometrical cross-section of 386'5 millibams (83). The 
cross-section integrated over a f i s s i o n spectrum i s 

= 64^75 millibarns 
the result being lower than the experimental value. This 
low result probably arises from the use of the geomet
r i c a l cross-section, which cannot be expected to apply 
at such low energies, o can however be computed from 

c 
the compound nucleus theory. 

The treatment used i s that of the continuum theory 
given by Blatt and Weisskopf (79), and i s here restricted 
to S wave neutrons ( l = O). For th i s condition the 
capture cross-section i s given by 

o --2 ^kK / c,o =̂  (1̂ "̂  (neutrons, 1=0) 

v/here k i s the wave number of the incident particle 
outside the nucleus, K the wave number after penetration 
of the nuclear surface, and X = X/27r, \ being the neutron 
wavelength. I t i s shown (79) that K i s given by 

K = >r{Ki + k^) 

where = 1 x 10̂ ĉm""*, for incident nucleons. Values 
of oJirS? as a function of x=:kR for various = K̂ R, 
are given by Blatt and Weisskopf (79), and from these 
the curve against incident neutron energy S (figure n ) 



FIGURE 11. 

Be^(n.gn) excitation function ( l l ) . 
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has benn obtained. Using these values and the nuclear 
temperatures of Gugelot the excitation function of figrire 
11 has been computed. The integration of this excitation 
function over the spectrum of f i s s i o n neutrons gives an 
average cross-section of 

% 2 n 117 millibaras 
This i s i n better agreement with the experimental value 
of 109 i 4 millibarns. 

Table VIT» Total Inelaattc c o l l i s i o n croaa-seGtion. 
Neutron Energy °inel, ("t>arns) Reference 

4»0 0»62 i 0*05 (35) 
7*0 0*60 i 0»04 (84) 

12*7 0*49 ± 0'08 (34) 
14* 1 0-37 t 0*08 (34) 
14-1 0*65* (85) 
14*5 0»64 -0*02 (86) 
14»0 0*42 - 0*07 (87) 

» A reported preliminary value - (o^/o^) - 1 = 2 •25 
Values of obtained from *Neutron Cross-section 
Data', Brookhaven National Laboratory, B.N,L, 325, 
U.S.A.E.C. Document, 

Table V I I gives a number of determinations of the 
total inelastic cross-section measured by the sphere 
transmission technique. The points at 4 and 7 MeV are 
in good agreement with the derived curve ( figure 11 ) 
when allowance i s amde for the contribution of the (n,a) 
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reaction. At higher energies the spread i n the experi
mental results i s much broader but the results are of the 
same order as the derived curve. Reference to the work 
of Taylor, Lonsjo, and Bonner (34) indicates that f or 
many nuclei studied, the t o t a l inelastic excitation funct
ions f l a t t e n out at higher excitation energies, and hence 
the shape of the computed (n,2n) excitation fimction for 
be r y l l i m i appears to be j u s t i f i e d . Powler, Owen, and 
Hanna (88) give the cross-section at 3»7 MeV as 400 i 100 
raillibarns. Huber and Wagner (89) have meas\ired the d i f f 
erential cross-section at this energy at 90° to the incid
ent neutron beam obtaining o ^ i f f (90**) = 39 - 8 mb/stearadian. 
I f spherical symmetry of emission i s assumed, and the re
sults of Powler (90) would seem to indicate that t h i s 
i s approximately so, then the cross-section i s calculated 
as 490 i 100 millibarns. A l l these determinations are 
ahown i n figure 11 v/ith their associated errors. 

The agreement between the experimental and calculated 
values of the integrated cross-section i s remarkable i n 
the case of a l i g h t element such as beryylium. The 
treatment has been restricted to the interaction of S-
wave neutrons (1 =^0), but i t i s certain that at the high 
energies involved some P-wave interaction must occur. 
This l a t t e r would have the effect of increasing the value 
of the calculated cross-section. I t would seem probable 
that the neglect of t h i s contribution i s compensated 
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"by ignoring the contribution of 'capture e l a s t i c s c a t t 
ering* to the capture cross-section. 

Table V I I I ; Calculated values of ô ^ g^i_ 

en^gy 
„ Nuclear Temperature 

T 

E x c i t a t i o n energy 
n t 

Capture cross-segtion 
n.2n cross-section 
n.2n 

2*0 0*9 0»15 869 13*4 
2*5 0*9 0*65 832 135*4 
3»0 0*9 1*15 799 293 
5*5 0-9 1*65 775 354 
4*0 0*9 2*15 760 524 
4»5 0*9 2*65 745 587 
5'0 0''9 3»15 730 631 
6«0 2*5 4*15 707 380 
7-0 8*3 5*15 684 448 
8-0 2*3 6»15 668 498 
9*0 2»3 7*15 657 537 

10»0 2*3 Q*15 645 560 
11-0 2*3 9*15 634 575 
12^0 2*3 10*15 622 581 
13 2*3 11*15 611 583 
14*0 2*3 12*15 603 584 

I I . 7. Measurement of the enhancement S . 

This experiment was performed at the request of 
the Reactor Physics Group at Harwell, who were to be 
responsible f or the c a l c u l a t i o n of the enhancement S 
from the experimental r e s u l t s . At the time of writing 
the ca l c u l a t i o n s were not availa b l e , but the experimental 
arrangement and r e s u l t s are given. 

The experimental arrangement i s that suggested by 
Sanders and L i t t l e r (29) and i s i l l u s t r a t e d i n figure 12. 
An 11 cm. berylliirai sphere having an 0*5 cm diameter hole 
d r i l l e d along a radius, the hole extending 1*5 cms. be
yond the centre of the sphere, was packed with c y l i n d 
r i c a l slugs of length 1 cm, and diameter 0*5 cms. The 



FIGUEE12. 

Beryllium sphere experiment. 
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f i r s t slug was of alumini-um for use as a neutron monitor. 
The second was of f i s s i l e material situated such that i t s 
centre coincided with the centre of the "beryllium sphere, 
and t h i s was followed "by four laerylliura slugs. Thin 
colDalt f o i l s v/ere p l a c e d "between the slugs to monitor 
the slow neutron flux. The whole sphere was then immersed 
i n a slow neutron f l u x provided "by one of the experiment
a l holes i n the thermal column of BEPO, these neutrons 
"being converted to a f i s s i o n f l u x "by interaction with 
the f i s s i l e material. 

After a suitalDle i r r a d i a t i o n period the "beryllium 
slugs were removed and analysed for helium. A further 
i r r a d i a t i o n was performed without the f i s s i l e material 
at the centre i n order to check the system for the 
e f f e c t s of '"background'. The r e s u l t s of these measure
ments are given i n TalDle IX. 

As can "be seen from the t a l D l e of r e s u l t s the slow 
neutron ef f e c t i s quite large and since there i s no 
inte r a c t i o n which can give r i s e to helium d i r e c t l y from 
"berylliiim with neutrons of t h i s energy the following 
e f f e c t s are suggested: 

(a) Contamination of the slow neutron f l u x "by 
f a s t neutrons. 

("b) The presence of "boron and lithixmi impurity i n 
the "beryllitmi metal would give r i s e to helium 
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on slow neutron i r r a d i a t i o n . 

Since i n order to obtain the high thermal neutron 
exposures required to accumulate s u f f i c i e n t helium for 
measurement, the sphere was placed as near the reactor 
system as possible, some exposure to f a s t neutrons was 
unavoidable. Using the value given i n Table TV (page 23) 
for the helixim production cross-section averaged over a 
f i s s i o n spectrum, the f i s s i o n neutron f l u x required to 
accumulate the quantity of helium observed for the slow 
neutron i r r a d i a t i o n can be calculated. This f l u x i s 4*5 
X 10 neutrons/cn^ seconds, and corresponds to 1*8% of 
the slow neutron flux. This value has l i t t l e meaning 
however since the f i s s i o n neutron spectrum would be con
siderably degraded by the time these neutrons reach the 
thermal column, and i t i s only useful i n i l l u s t r a t i n g 
the order of magnitude of f a s t neutron contamination r e 
quired. 

The contamination due to impurities can be estimated. 
Thus the value for boron (5 ppra) given i n Table VI (page 39), 
together with the thermal neutron cross-section of natur
a l boron (754 barns) and the f l u x values used i n t h i s 
determination indicate that the helium accumulating from 
t h i s source i s about 1*16 x lO"*^ ccs./gram of beryllium. 
This represents some 60^ of the observed helium. Using the 
value observed f or the e a r l i e r slow neutron i r r a d i a t i o n 
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( page 38) the contamination from t h i s source i s e s t -
iraated at 0*85 x 10~ ccs./gram of berylli\jm, and repre
sents about 4:5% of the observed helium. These figures 
indicate an appreciable f a s t neutron effect . 

I t w i l l be observed that only the outermost p o s i t 
ions of the slugs were checlced for the slow neutron 
eff e c t ( Table IX ) , since i t was not expected that 
t h i s would be appreciable. The value obtained for the 
slow neutron ef f e c t has therefore been deducted from 
the values observed with the converter present, and 
these 'corrected ' values are given i n Column 6, Table 
IX. I n view of the f a s t neutron contribution i n the 
thermal i r r a d i a t i o n t h i s practice i s questionable, 
since some decrease i n the f a s t contribution would be 
expected on penetration of the sphere. However i t i s 
not possible to estimate the extent of t h i s decrease. 

The aluminium monitor indicated a f i s s i o n f l u x 
of 3'28 X 10^ neutrons/cm^/second, and t h i s should be 
approximately the same for beryllium san^le 1. Using 
the value of the helium production cross-section ob
tained from the hollow slug i r r a d i a t i o n s ( Table IV ) 
the helium accumulating i n beryllium sample 1 can be 
calculated, the value obtained being 12*9 x 10" cos./ 
gram of beryllium. This i s to be compared with the 
'corrected' observed value of 11*9 x l o " ccs./grara 
of beryllium. The agreement between these values i s 
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reasona"ble when the uncertainties i n these measurements 
are considered. Somewhat better agreement i s o"btained 
i f one disregards the f a s t neutron contri'bution i n the 
thermal i r r a d i a t i o n , and uses the value calculated from 
the e a r l i e r slow neutron measurement ( page 38 ) to 
correct for the slow neutron e f f e c t . 

Unfortunately i t i s not possi'ble to estimate the 
f i s s i o n flTix through the other "beryllium samples with 
the present experimental arrangement. The non-uniform 
distri"bution of points of origin of the f i s s i o n neutrons 
makes i t v i r t u a l l y impossi'ble to c a l c u l a t e s o l i d angles 
for these samples. 

I t had "been hoped that the mode of f a l l - o f f of 
helium concentration would enable the enhancement S 
for an i n f i n i t e moderating system to "be calculated. 
An examination of the present r e s u l t s (114) suggests 
that a worthwhile p r e c i s i o n cannot "be o"btained with 
the present experimental arrangement, and t h i s experi
ment was therefore abandoned. I n the design of a futxire 
experiment on these l i n e s the following points deserve 
attention, 

.(a) The v a r i a t i o n of slow neutron tlvoc along the 
radi\is of the sphere, 

(b) The r e l a t i v e contributions of slow neutron 
reactions (e.g. on boron impurity, the l i t h 
ium contribution being negligible - Chapter I I I ) . 
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and of reactions induced i n the beryllium 
i t s e l f by the f a s t neutron ' t a i l ' s t i l l 
present with the 'slow* neutrons. 

(c ) Arrangement of the f i s s i l e material i n such 
a manner that points of o r i g i n of the f i s s i o n 
neutrons i s uniform, or at l e a s t makes poss
i b l e a c a l c u l a t i o n of e f f e c t i v e s o l i d angles 
of the berylliimi slugs, 

(d) A reduction i n the s i z e of the berylli-ura slugs. 
The present method of helium analysis i s cap
able of s u f f i c i e n t s e n s i t i v i t y to perform the 
analysis on samples of beryllium f i v e to ten 
times smaller than those used i n t h i s experi
ment, v/ithout much s a c r i f i c e i n accuracy. 
Such samples would enable many more points to 
be obtained on the helium concentration c\irve. 

The enhancement S for an i n f i n i t e beryllium moder
ator could be calculated were an ex c i t a t i o n function 
for the n,2n reaction available. This could be most 
e a s i l y obtained by the helium method using suitable 
mono-energetic neutron so\irces. A l t e r n a t i v e l y , the 
ex c i t a t i o n function deduced i n the proceeding pages 
would appear to give s u f f i c i e n t agreement with experi
ment to j u s t i f y i t s use for t h i s purpose. Together 
with the known n,a exc i t a t i o n function, t h i s data could 
be submitted to a 'Monte-Carlo' c a l c u l a t i o n (58) i n 
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order to obtain S, 
I I . 8. Measiirement of neutron fluxes (114). 

The threshold reactions used to monitor the f i s s i o n 
f l u x during these i r r a d i a t i o n s were the Al^'''(n,a)Na^^ 
and Mg^*(n,p)Na^. I n a separate s e r i e s of measure
ments the cross-section for these reactions were com-
ared with those of the Al^'^(n,p)Mg^'^, and S^^(n,p)P^^ 
reactions. A l l these cross-sections have been measured 
i n terms of the f i s s i o n cross-section of U^^® i n a 
f i s s i o n spectrtun, t h i s being taken as 0»304 barns (114), 
The accuracy of the f i s s i o n f l u x measurements i s b%, 

59 
IThermal fluxes were measured using Co detectors, the 
thermal cross-section being taken as 37»0 bams ( 5 ) . 
The experimental error i n the thermal fluxes i s estimated 
at 2$>, 
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CHAPTgR I I ? . 

The production of t r i t i u m i n beryllium. 

I I I . 1. The reaction Be^(n.a)He^. 

An e s s e n t i a l requirement i n the determination of 
the Be (n,2n)Be cross-section by the helium method i s 
an accurate knowledge of the helium produced by the 
Be (n,a)He reaction. As was pointed out e a r l i e r 
there i s some uncertainty i n the published values f o r 
the cross-section of. the l a t t e r reaction, and t h i s un
c e r t a i n t y i s the major source of error i n the value 
deduced for the (n,2n) cross-section. I n addition the 
published cross-section values f o r the (n,a) reaction 
cover a limited, but nevertheless important, range of the 
f i s s i o n neutron spectrum. I t was therefore considered 
that an independent measurement of t h i s cross-section 
should, i f possible, be made covering the whole range 
of the f i s s i o n neutron spectmm, 

A suitable method of measurement i s suggested 
when one considers i n more d e t a i l the (n,a) reaction. 

Be^ + n » He^ He'̂  

:6 L i ^ 
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One of the immediate products of the reaction. He , i s 
p-active with a h a l f - l i f e of 0»83 seconds, smd r e s u l t s 
i n the production of the stable isotope L i ^ , The h a l f -
l i f e of He i s much too short to hope to measure i t s 
^ - a c t i v i t y a f t e r extraction from the beryllium, but the 
L i ^ produced undergoes reaction with thermal neutrons 
to produce t r i t i u m with a h a l f - l i f e of 12*5 years which 
can be extracted and measured. 

L i ^ + n > H® + He^ 
I t i s apparent therefore that a measiirement of the t r i t 
ium produced on i r r a d i a t i o n i n a khown neutron f l u x 
(thermal) w i l l enable the aramount of L i ^ formed to be 
determined, and t h i s w i l l give the Be^(n,a)He^ cross-
section, A method for the anal y s i s of trace quantities 
of t r i t i u m i n beryllium was developed, and i s described 
i n Chapter VI. 

Under the conditions of i r r a d i a t i o n of beryllium 
i n a hollow uranium slug i n a nuclear reactor, the 
sample i s subjected to the simultaneous action of a 
d i r e c t f i s s i o n f l u x , and a thermal f l u x . The above 
reaction sequence r e s u l t i n g i n the production of t r i t -
i^m w i l l therefore occur. 

Let = Total number of L i ^ atoms produced, 

= Number of beryllium atoms irradiated, 
Nj^^ = Number of L i ^ atoms present, 
% = Number of H3 atoms produced 
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= F i s s i o n neutron f l u x . 

0^ ~ Slow neutron flux, 
t = Time of i r r a d i a t i o n , 

= Be^(n,a)He^ cross-section, 
= Li^(n,a)H^ cross-section. 

Rate of production of L i ^ 

= Rate of production by Be^(n,a) - Rate of L i ^ (n,a) 

dt(^Li> - ^Be-^f°a - ^ L i ' ^ s - ^ T 
This may be written as 

f t ^ ^ L i ) * )^s-V<NLi> - ^ e - ^ f ^ ' a * ^ 
The solution of t h i s equation being 

K^ i = ^ . ^ ^ J 1 - exp(-;zJ3.o t ) . 

The t o t a l number of lithium atoms produced (N^) i s given 
hy 

^o = ^Be'V^f* 
and hence the number of tritium atoms i s 

o - ̂ ^Li 

— exp(-jZl3.0j,t)) =^fV^Be t -

Neglecting powers of t higher than t S and also the d e c i 



of t ritium, t h i s gives 

% = i^Be'W^s'^f ̂ ' 

Thus a measurement of the t o t a l number of t r i t i u m atoms 
produced with known thermal and f i s s i o n neutron expos
ures enables the Be^(n,a)He^ cross-section to be det-
emined. 

The QLuantities of tr i t i u m obtained proved to be 
much higher than expected, and t h i s at f i r s t suggested 
that the d i r e c t production of tr i t i t m i by the f a s t neut
ron reaction Be^(n,H^ )Li''' might occur with an appreciable 
cross-section within the spectr\mi of f i s s i o n neutrons. 
A measurement of t h i s cross-section f o r neutrons of 14 
MeV incident energy was attempted, and i s described 
l a t e r . 

I l l , 2, Experimental and r e s u l t s ; 

Samples of beryllium were i r r a d i a t e d inside one 
of the hollow slugs of iiranium i n the BEPO p i l e at 
Harwell. The f i s s i o n neutron fl\2x was monitored using 

CO 

the Ni (n,p) reaction, the cross-section of t h i s reac
t i o n being subsequently measured i n terms of the U^^® 
f i s s i o n cross-section. The f l u x values are therefore 
consistent with the e a r l i e r determinations of o„ for 

He 
f i s s i o n neutrons. . The thermal fItixes were measured 
using the reaction Co^^(n,Y)Co^^, f o r which the thermal 
neutron cross-section was taken as 57*0 bams. The 
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berylliura samples were removed a f t e r a known time and 
analysed f o r tr i t i i m i . The a n a l y t i c a l method i s described 
i n Chapter VI. 

Altogether three i r r a d i a t i o n s were performed, 
and for the f i r s t two of these small pieces of c a s t 
beryllium of 50 to 100 milligrams weight were used. I n 
order to ensure that the samples analysed were subject 
to the same neutron exposures, the t h i r d i r r a d i a t i o n 
was performed using a c y l i n d r i c a l specimen of b e r y l l 
ium from which small pieces were cut for the t r i t i u m 
a n a l y s i s . The material i n t h i s case was fabricated by 
a powder metallurgical process. The r e s u l t s of these 
determinations are given i n Table X, 

I n addition to these i r r a d i a t i o n s the beryllium 
was checked for L i impurity by i r r a d i a t i o n s i n the 
thermal column of the p i l e . The material used for these 
determinations was the same as that used i n the hollow 
sltig i r r a d i a t i o n s . The r e s u l t s of these measurements 
gave the following L i ^ contents: 

Cast beryllium :- 1*5 t 0*5 x 10"® grams L±^/m* Be 
Sintered beryllium :- 4-9 x 10""® grams Ll^/gia. Be 

I n Table X the column given as Triti\jm 'backgrovmd' 

gives the correction to be applied f o r t r i t i u m produced 

from L i impurity, allowance being made for the thermal 

f l u x i n the hollow slug i r r a d i a t i o n s . 
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The r e s u l t s of the f i r s t I r r a d i a t i o n showed an 

unexpectedly high t r i t i u m content. Suhsequent i r r a d 
i a t i o n s were therefore performed with some of the mat
e r i a l sheathed i n cadmiiam i n an attempt to measure the 
f a s t neutron contrihution to the t o t a l production of 
tritium. The r e s u l t s of these measurements are given 
i n Tahle X. 

The r e s u l t s given i n Tahle X are expressed, where 
appropriate, as the arithmetic mean of the determinations. 
The determinations were always performed as soon as poss
i b l e a f t e r removal from the p i l e , and i n general were 
performed on successive days. Even with t h i s short delay 
successive measurements of the r a d i o a c t i v i t y of the hydro
gen f r a c t i o n always showed a decrease with time, and t h i s 
together with the high a c t i v i t y observed suggested that 
some short-lived products might he present. Conseg.uently 
the t r i t i u m c o l l e c t e d from one determination was observed 
i n the gas counter over a period of time. No decrease 
i n a c t i v i t y was observed over a 14 day period, at the 
end of which the co\mter became unstable and measurements 
could not be continued. During the period of observation 
the fluctuations i n observed counts were no more than 
would be expected from s t a t i s t i c a l considerations. 

After about s i x months the beryllium samples from 

i r r a d i a t i o n I I I were examined again with the following 

r e s u l t (91): 
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Normal i r r a d i a t i o n :- 2*58 x i C ^ atoms H^/gram Be. 
Cadniiura sheathed , ,-.9 u s T , ^ 
i r r a d i a t i o n *" ^ H^/gram Be. 

Thermal i r r a d i a t i o n :- 2»83 x 10® atoms H^/gram Be. 

The t r i t i i a n 'haclcgroiind* correction to he applied to 
t h i s r e s t i l t from the normal i r r a d i a t i o n , a f t e r allow
ance for decay over a s i x month period, i s 2•12 x 10^ ^ 
atoms H^/gram heryllium. Comparison with the r e s u l t s 
of Tahle X f o r the same i r r a d i a t i o n indicates that a 
considerahle l o s s i n a c t i v i t y has occurred, and t h i s 
l o s s i s too great to account for hy t r i t i u m decay. 

I n addition to the p i l e i r r a d i a t i o n s , an attempt 
was made to ohserve the Be (n,H^)Li reaction and to 
meastire i t s cross-section for 14 MeV neutrons. This 
reaction has not previously heen ohserved hut should he 
energetically possihle at neutron energies greater than 
11*6 MeV, i t s calculated threshold energy. The r e a c t i o n 
H'(d,n)He'* was used as a source of 14 MeV neutrons, the 
target consisting of t r i t i u m adsorbed on a zirconitmi 
f o i l . The neutron f l u x was monitored using the Mg^'*(n,p)Na*'* 
reaction, and the time variations of the f l u x were observ
ed throughout the i r r a d i a t i o n hy means of a horon t r i -
fluoride co\mter. 

(a) I r r a d i a t i o n d e t a i l s : 

The beryllium used i n these i r r a d i a t i o n s was i n 
the form of turnings sieved to 24 standard mesh* The 
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magnesixam monitor was i n the form of small plates about 
2 millimeters square obtained as clippings from magnes
ium ribbon. Suitable quantities of beryllitam and raag-
nesixam (about 100 milligrams) were mixed together and 
sealed into a polythene envelope 1 cm. square. This 
envelope was then strapped to the back of the t r i t i u m 
target, the envelope being separated from the zirconium 
f o i l by a layer of brass. The deuteron beam was then 
switched on, and the time v a r i a t i o n of the neutron fl\ax 
was observed using a boron t r i f l u o r i d e counter i n a f i x e d 
geometry r e l a t i v e to the target, the t o t a l counts being 
recorded at regular i n t e r v a l s . At the end of the i r r a d 
i a t i o n the polythene envelope was opened and the beryllium 
and magnesium were then separated from one another. This 
separation was r e a d i l y accomplished using a p a i r of f o r 
ceps. The berylliiam was immediately examined for t r i t i i i m 
content, and the magnesium was examined f o r Nâ "* a c t i v i t y 
i n order to determine the neutron exposure. 

The magnesixim a f t e r weighing was placed i n a stand
ard volumetric f l a s k , and a s u f f i c i e n t quantity of con
centrated hydrochloric acid added to dissolve complete
l y the metal. The solution was then made up to a stand
ard voltime with d i s t i l l e d water. Aliquots of t h i s stand
ard solution were then transferred to a l i q u i d counter 
of laiown counting e f f i c i e n c y f o r Nâ **, and the a c t i v i t y 
observed over about two h a l f - l i v e s (30 to 40 hours observ
at i o n ) . The decay curve was used to obtain the a c t i v i t y 
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at the end of the i r r a d i a t i o n , and a correction applied 
f o r decay during i r r a d i a t i o n , allowance for the time 
v a r i a t i o n of the neutron f l u x being made. The 
t o t a l a c t i v i t y A© produced during the i r r a d i a t i o n 
was thus obtained, the t o t a l neutron exposure being giv
en by the expression, 

f6.-t = 

where \ i s the disintegration constant of Na**, N the 
t o t a l number of atoms of magnesium ir r a d i a t e d , and o i s 
the cross-section of the reaction Mg*'*(n,p)Na^'* f o r 14 
MeV neutrons (39). 

The l i q u i d counter was ca l i b r a t e d for Nâ "* i n the 
following manner. Na*"* was prepared by p i l e i r r a d i a t i o n 
of a sample of sodium carbonate, and a standard solution 
of t h i s sample was prepared. Weighed aliquots of t h i s 
standsucd solution were evaporated on to cotinting t r a y s 
consisting of a t h i n f i l m of p l a s t i c (V^Y.N.S.). The 
prepared trays were then counted over two h a l f - l i v e s i n 
a 4«r-counter, and from t h i s the absolute a c t i v i t y of the 
prepared Na"'* solution was obtained. The solution of Na^* 
was then diluted to provide a convenient counting l e v e l 
for the liQLuid counter, and aliquots of t h i s solution 
were counted i n the l i q u i d counter. The e f f i c i e n c y of 
the p a r t i c u l a r counter used i n t h i s work was 15*34:%. 
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("b) Hesults of 14MeV i y r a d l a t i o n s i 

The r e s u l t s of the 14 MeV i r r a d i a t i o n s are given 
I n Table XI. 

Table XI- Bfi^fn, H ^ j L i ^ cross-•section tar* 
14 MeV neutrons^ 

I r r a d i a t i o n number I I I 
I r r a d i a t i o n time (hours) 1*0 6*0 
Neutron exposure 
(neutron/cm^ x lO"*''-''-) 5*6 11 •25 

Observed a c t i v i t y 
(count s/minute) 90 :t 1 74*3 - 0*9 
Background 
(counts/minute) 73 - 0*9 48*2 - 0*7 
Tritium a c t i v i t y 
(counts/minute) 17 t 1*5 26»1 t 1-1 

Coiinting factor 2*372 2*372 
Mass of beryllium 
(grams) 0^0760 0*1514 
Sp e c i f i c a c t i v i t y 
(c ount s/minut e/gr am) 530 t 40 403 1 17 
Tritium content 
(atoms HVgram Be. x 10"^) 5*0 3*82 
cross-section 
( m i l l i b a r n s ) 134 i 10 51 i 2 

The cross-section values deduced above show a 
wide discrepancy. This i s to be expected considering 
the conditions under which t h i s experiment was performed. 
The neutron source ava i l a b l e was not capable of giving 
higher neutron exposures than those obtained, and 
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t h i s resulted i n a low t r i t i t m production. The low 
a c t i v i t y obtained as a r e s u l t of these I r r a d i a t i o n s 
does not permit of high accTiracy i n counting, part
i c u l a r l y i n the presence of such a high background. 
The r e s u l t s can only be of use i n indicating the order 
of magnitude of the effect. 
I I I . 3. Discussion of tr i t i u m measurements. 

Osing the r e s u l t s of Table X, and the formula 
g 

deduced i n section I I I . l the Be (n,a) cross-section 
can be calculated. The r e s u l t s of these c a l c u l a t i o n s 
are given i n Table X I I , the cross-section being deduced 
f i r s t from the r e s u l t without cadmium, and then from the 
same r e s u l t s a f t e r deduction of the t r i t i u m produced i n 
cadmiumu 

Table X I I ; Be®(n,a)He^ cross-section. 

I r r a d i a t i o n number 
Cross-section from 
t o t a l tritium. 
( m i l l i b a r n s ) 
Cross-section a f t e r 
correction f or Gd 
ef f e c t . 
( m i l l i b a m s ) 

Prom the integration of the exc i t a t i o n functions 
available (see I I . 3 . ) the cross-section of t h i s reaction 
over a f i s s i o n spectrum i s known to l i e i n the region of 
30 m i l l i b a m s . Only one of the r e s u l t s obtained, that 
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frora i r r a d i a t i o n I I a f t e r correction for the f a s t neutron 
contribution, l i e s i n t h i s region. There i s however no 
apparent reason why t h i s p a r t i c u l a r r e s u l t should be 
chosen. Examination of the r e s u l t s given i n Table X 
indicates that within a given i r r a d i a t i o n the analyses 
for t r i t i u m are consistent, and i t i s therefore reason
able to suppose that the a n a l y i t i c a l technique i s r e l 
i a b l e . 

The f a l l i n a c t i v i t y a f t e r a period of s i x months 
i n the sample from i r r a d i a t i o n I I I , and the high obseirved 
t r i t i u m values are the two main problems which must be 
set t l e d . These f a c t s lead immediately to the sxiggest-
ion that some short-lived isotope i s produced by reaction 
with impurity i n the beryllium dxiring the neutron i r r a d 
i a t i o n s . Having regard to the a n a l y t i c a l technique f o r 
the extraction of a c t i v i t y from the beryllium, an exam
ination of the isotope tables indicates that the most 
probable isotope i s argon 37, with a h a l f - l i f e of 35 
days, which coxild a r i s e from the reaction Ca^^{n,o,)A^^, 
This reaction i s exothermic and hence can occ\ir with 
thermal neutrons. This p o s s i b i l i t y must be re j e c t e d 
however, since an observation of the extracted a c t i v i t y 
over a period of 14 days showed no decrease i n a c t i v i t y . 
For the excess of a c t i v i t y observed i n the t r i t i u m deter
minations a decay of about 25% would have been expected 
for Â '̂  contamination. I n addition, the Ca^ ( n , a ) 
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reaction would also have taken place i n the thermal 
column i r r a d i a t i o n s , and high a c t i v i t i e s were not observ
ed. One i s forced to the conclusion that the high a c t i v 
i t y i s indeed due to tritium, and that the f a l l i n a c t 
i v i t y i s due to some other process. 

There are two further processes which might be 
used to account for the f a l l i n t r i t i u m a c t i v i t y i n the 
s i x month period: 

(a) The excess t r i t i u m could be present as a surface 
contamination a r i s i n g from the adsorption of externally 
produced tritium. Such t r i t i u m could a r i s e from (n,H^) 
reactions fn surrounding material. The t r i t o n s could 
be d i r e c t l y captured by embedding i n the beryllium sur
face, or cotild f i r s t be captured by water molecules 
present i n the surrounding atmosphere, replacing the 
liydrogen atoms, and t h i s followed by adsorption of the 
H r i t i a t e d ' water molecule on the beryllium surface. 
Exchange of t h i s adsorbed ' t r i t i a t e d water with the w 
water vapour of the atmosphere would provide a mechan
ism for the f a l l i n a c t i v i t y . 

(b) The excess of t r i t i u m could be present i n the 
body of the material, and might diffuse out of the ber
yllium, No information i s available on the d i f f u s i o n 
of gases i n beryllixam. The e a r l i e r experiments on the 
helium production cross-section suggest that the d i f f 
usion of heliimi, i f i t occurs at a l l , must be slow since 
the helium analyses were consistent, and i n most cases 



-73-
the time between i r r a d i a t i o n s and a n a l y s i s were quite 
dif f e r e n t . However t h i s argument may not be applicable 
to the diffusion of hydrogen or t r i t i u m since i n t h i s 
case the diffusion could be due to a chemical process 
as i n the case of palladium. I n the absence of inform
ation to the contrary i t can be eissumed that such d i f f 
usion i s possible. 

The pieces of berylliimi were i r r a d i a t e d i n alxam-
inium cans. L i impurity i n the aluminium could give 
r i s e to t r i t o n s on neutron i r r a d i a t i o n , and since the 
reaction i s exothermic to the extent of about 4 MeV 
such t r i t o n s woxild have s u f f i c i e n t energy to escape 
from at l e a s t the surface layer of the alxminium can. 
These might embed i n the beryllium surface, or c o l l e c t 
within the can and be subsequently adsorbed on the ber
yllium surface. An examination of a t y p i c a l can show
ed a tri t i m n content of 5-52 x lO"'""'" atoms of t r i t i u n / 
gram of alumlnitmi, the analysis being conducted as for 
beryllium. The t r i t i u m might thus contaminate the ber
yllium by either of the mechanisms discussed. This 
p o s s i b i l i t y i s rendered u n l i k e l y however, when one con
siders that such contamination would also occur i n the 
i r r a d i a t i o n s with thermal, neutrons, and no high a c t i v 
i t i e s were observed i n these i r r a d i a t i o n s . I t can be 
seen from the r e s u l t s of the thermal column i r r a d i a t 
ions that the correction to be applied i s small comp-
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ared with the t r i t i u m excess, 

TritiTini could also a r i s e from the reaction N^^(n,H=^) 
12 

C by interaction of neutrons with nitrogen i n the a i r 
surrounding the i r r a d i a t e d sample. This reaction has 
an energy threshold of 4*4 MeV, and the cross-section 
for f i s s i o n spectrum neutrons having energies above the 
tlireshold i s 11 - 2 m i l l i b a m s (92), Taking into acc
ount the fa c t that only 7-6JS of f i s s i o n neutrons have 
energy above 4*4 MeV, and that the volume of the i r r a d 
i a t i o n cans was about 5 ccs,, c a l c u l a t i o n indicates 
that f or i r r a d i a t i o n I (Table X) about 2 x lO"'--'- atoms 
of t r i t i u m could acciamulate i n the can from t h i s source. 
This represents somewhat over 5% of the t o t a l t r i t i u m 
observed. The N"'"*(n,Ĥ ) reaction i s endothermic and 
consequently r e l a t i v e l y few of the t r i t o n s formed would 
have s u f f i c i e n t energy to embed i n the beryllium surface. 
Although exchange with water molecules i s s t i l l a poss
i b l e mechanism for surface adsorption, such adsorption 
would be governed by an equilibrium between adsorbed 
water and water vapour i n the surround. An order of 
magnitude ca l c u l a t i o n assuming a 100 milligram spher
i c a l specimen of beryllium, and a vapour pressure of 
1 cm. of water vapour i n the surround indicates that 
a surface monolayer of water molecules contains only 

—9 
10 parts of the t o t a l water. Under such conditions 
the bulk of tr i t i i r a i would reinain i n the surround. Thus 
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i t appears improbable that t h i s reaction makes a s i g 
n i f i c a n t contribution to the t r i t i u m excess. 

Of the possible reactions which could give r i s e to 
surface contamination the L i ^ and N"̂ ^ reactions appear 
to be the most l i k e l y . The L i cannot be a contributing 
f a c t o r because of the absence of high a c t i v i t y i n the 
thermal neutron i r r a d i a t i o n s , and the reaction 
w h i l s t s t i l l a p o s s i b i l i t y would appear to give i n s t i f f -
i c i e n t t r i t i u m to account for the observed t r i t i u m ex
cess. Contamination of the beryllixam surface by f i s s i o n 
products from the uranium seems u n l i k e l y since the tiranium 
slugs would be completely enclosed i n a canning material. 
I n addition the berylliian slugs were themselves enclosed 
i n aluminium. 

I t would appear therefore that the d i f f u s i o n of 
t r i t i u m from the body of the material i s the most l i k e l y 
cause of the f a l l i n a c t i v i t y observed. I f t h i s i s i n 
deed the case then the present method of observation 
would need to be considerably modified. The high observ
ed t r i t i u m a c t i v i t i e s require to be accounted for. 

The (n,a) cross-section obtained by integration 
of the published e x c i t a t i o n functions i s i n the region 
of 30 millibai*ns, and t h i s i s lower than those i n Table 
X I I deduced from t r i t i u m measxarements. These high r e 
s u l t s must be due to an excess of tritium, rather than 
to an underestimated cross-section i n the e x c i t a t i o n 
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functions, since the cross-section deduced from the r e 
s u l t s out of cadmium i n i r r a d i a t i o n I I I (Table X) i s 
higher than the helixmi production cross-section (Table 
rv). Furthermore there i s a considerable t r i t i u m product
ion i n the cadmium sheathed specimens which should not be 
present as a r e s u l t of the Be®(n,a) reaction. The excess 
of tritiiam must therefore have i t s o r i g i n i n some epi-
cadmium neutron reaction. 

The t r i t i u m excess i s too large to be accounted for 
by the neglect of the L i (n,a) cross-section for f a s t 
neutrons. The e x c i t a t i o n function f o r t h i s reaction 
i s given by Ribe (93) for f a s t neutrons, and integration 
over the f i s s i o n spectrum gives a cross-section of 405 
m i l l i b a m s . I t i s r e a d i l y shown that the t r i t i u m pro
duced from t h i s i s several orders of magnitude lower than 
that observed. 

Having established that the t r i t i u m excess i s due 
to an epi-cadmi\3m neutron reaction i t i s considered Ira-
probable that the t r i t i u m would a r i s e from neutron reactions 
with irapTirity i n the beryllium. The known impurities i n 
commercial beryllium have been given i n Table VI, and 
Q-values of the isotopes of these impurities have been 
computed from mass values where these are available. 
These Q-values are given i n Table X I I I . I t can be seen 
that with the exception of B"̂ *̂  a l l possible impurity 
reactions involve high threshold energies, and t h i s f a c t 
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considered together with the low content of these im
p u r i t i e s r u l e s out the p o s s i b i l i t y of t h i s type of 
interference. 

Table X I I I t Calculated Q-values for (n.H^) reactions 
i n imTJurities i n beryllium metal. 

Isotope Q-value 
(MeV) 

Isotope Q-value 
(MeV) 

Isotope Q-value 
(MeV) 

Pe^^ -11*55 Al27 -10*87 Mg24 -15*47 
Mĝ ^ -10*53 Mg26 -14*69 Cr^^ -12*30 
Cr^O -15-SO Ni58 -11*36 Cu^S - 8*06 
Si28 -17*06 Si29 -11*56 Si^O -14*44 

+ 0*23 B^l - 9*55 _ 

The B (n,H')Be reaction i s exothermic and hence 
from energetic considerations should occur with thermal 
neutrons. The reaction of thermal neutrons with B^^ i s 
known to proceed v i a the (n,a) reaction with a cro s s -
section of 4QL0bams ( 5 ) , and i f the (n,H^) reaction 
were to proceed with a s i m i l a r cross-section the reaction 
would make a s i g n i f i c a n t contribution to the observed 
t r i t i u m excess. The reaction i s not reported i n the 
l i t e r a t u r e for thermal neutrons, and i t would appear 
that the reaction i s forbidden at these neutron energies. 
The reaction i s reported at higher energies (94; 95), 
but apart from a measurement of the d i f f e r e n t i a l cross-
section at 14 MeV (96) no cross-section values are r e 
ported. The cross-section f o r the reaction integrated 
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over a f i s s i o n spectrum w i l l be i n s u f f i c i e n t to account 
for the observed t r i t i u m excess, since a c a l c u l a t i o n 
based on the t o t a l cross-section (5) gives an i n s i g 
n i f i c a n t quantity of tritium. The d i f f e r e n t i a l cross-
section at 14 MeV i s reported as 3 millibarns/steradian 
(96),and assuming isotropic emission as an approximation 
t h i s gives a cross-section of 40 mill i b a r n s . Having 
regard to the low B"̂ ^ content, t h i s cross—section i s 
i n s u f f i c i e n t to account for the t r i t i i m i observed i n the 
14 MeV i r r a d i a t i o n s also. 

Prom the r e s u l t s of the 14 MeV i r r a d i a t i o n s i t 
would appear that the Be®(n,H^ )Li''' reaction occ\irs with 
an appreciable cross-section, although the r e s u l t s did 
not show good agreement. I n view of a possible bulk 
d i f f u s i o n of t r i t i u m i n beryllium such a r e s u l t i s not 
surprising since the berylliiam used for the i r r a d i a t i o n s 
was i n the form of turnings sieved to 24 standard mesh, 
i n which the bulk d i f f u s i o n would be more rapid than i n 
larger pieces. I t w i l l be noted that i n the 14 MeV i r r a d 
i a t i o n s the sample giving the lower cross-section was 
ir r a d i a t e d for the longer period (6x) and di f f u s i o n out 
of the material during the i r r a d i a t i o n wouldbe greater 
than i n the sample i r r a d i a t e d f or a short period. The 
actual cross-section f or the reaction at 14 MeV i s poss
i b l y larger than that observed i f d i f f u s i o n of t r i t i u m 
i n berylliijm occtirs. I t i s of some i n t e r e s t to consider 
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the cross-section values which would be required i f 
t h i s reaction i s to account for the observed t r i t i u m 
excess. 

Table XrV; Calculated values of Be®(n.H^) cross-section. 
I r r a d i a t i o n ntimber l " 

Normal i r r a d i a t i o n 
Average over f i s s i o n spectrum 0*033 ( m i l l i b a m s ) 

Average for f i s s i o n neutrons Q„ T(.„ 
11-6 MeV ( m i l l i b a r n s ) ®^ "̂ "̂^ -̂ ^̂  

Cadmium sheathed i r r a d i a t i o n s 
Average for epi-cadmium neut- _ ^.^,3 
rons i n f i s s i o n ( m i l l i b a r n s ) 0 038 0 009 
Average for epi-Cd neutrons 

11*6 MeV i n f i s s i o n - 109 25 /Lillibams^ 
9 

The Be (n,a) cross-section i s assumed to be 33 m i l l i 
barns integrated over a f i s s i o n spectrum as i n the e a r l 
i e r discussion of the Be®(n,2n) cross-section. Using 
t h i s value i n the formula deduced e a r l i e r , the contrib
ution of the Be®(n,a) reaction to the t o t a l t r i t i u m can 
be calculated. Deducting t h i s from the observed tritium, 
the remainder can be used to c a l c u l a t e the value of the 
cross-section of the Be®(n,H^) reaction. Using the i n 
formation that only 3*5 x 10"^ neutrons/fission neutron 
have energy s u f f i c i e n t to i n i t i a t e the reaction, the av
erage value of the cross-section above t h i s energy which 
i s required to account for the observed t r i t i u m can also 
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be calculated. Similar c a l c u l a t i o n s can be made f o r 
the r e s u l t s observed i n cadmium. The r e s u l t s of these 
ca l c u l a t i o n s are given i n Table XIV. 

These cal c u l a t i o n s indicate that the values of 
the 3e^(n,H')Li''' reaction cross-section required to 
account for the t r i t i u m excess are of a reasonable 
order of magnitude. Two explanations might be advanc
ed f o r the lack of agreement of the values obtained, 

(a) Variations i n the i n t e n s i t y of the f a s t 
neutron t a i l of the f i s s i o n spectrum i n d i f f e r 
ent i r r a d i a t i o n s . Such an e f f e c t would account 
for the r e s u l t s of the t r i t i u m measurements. A 
comparison of the f a s t to slow neutron r a t i o s 
between d i f f e r e n t i r r a d i a t i o n s indicates that 
the samples were subject to somewhat d i f f e r e n t 
i r r a d i a t i o n conditions: 

I r r a d i a t i o n I /^f//^g = 1*02 
" I I •'. = 0*40 
" I I I " = 0*50 

The thermal and f a s t neutron f l u x i n a reactor 
core should be proportional being dependent only 
on the thermal absorption cross-section of the 
f i s s i l e material (97). I t i s not known whether 
these d i f f e r e n t i r r a d i a t i o n conditions would a f f 
ect the proportion of higher energy neutrons to 
which the beryllium samples were exposed. 
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I t would be expected however that the energy 
spectrum of the neutrons from f i s s i o n would he 
invariant. Since the distance of the herylli"unt 
saniple from the fiss i o n soxirce i s small, signif
icant energy degradation of the fast neutron 
t a i l seems unlikely, 

(h) Diffusional loss of tritium from the irrad
iated samples. The evidence available siiggests 
that diffusion does occur, and that i t i s a rapid 
process. This would account readily for the var
iations in the observed tritium production, and 
i s the most acceptable explanation. 
The tritium observed i n the 14 MeV neutron irrad

iations of beryllium gives the cross-section l i s t e d in 
Table XI. (Page 69). I f diffusional loss of tritium 
occurs then these cross-sections w i l l be tmderestimated, 
particularly the value obtained for the six hour irrad
iation. I t would appear reasonable therefore to accept 
that the higher cross-section i s nearer to the true 
value, and as an approximation use the value of 150 
millibarns as the Be^(n,H^) cross-section at 14 MeV 
neutron energy. Graphical integration of the f i s s i o n 
neutron energy spectrum (54) indicates that the fraction 
of neutrons in the energy interval 13*5 to 14»5 MeV i s 
5 X 10"^. Using the data for irradiation I I I (Table 
X, page 64) calculation indicates that neutrons from 
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this energy interval would accoxmt for over 10% of the 
olDserved tritium. From 14 MeV to the threshold of 11*6 
Mev the cross-section for the reaction w i l l decrease 
with the energy of the neutron, "but the number of neut
rons available i s increasing exponentially. Thus lower 
energy intervals could contribute similar quantities 
of tritium. Thus i t would appear reasonable to a t t r i b 
ute the high tritium yields to the reaction Be^(n,H^) 
Li.''. 

I I I . 4 Conclusion^ 
The method proposed for the measurement of the 

Be^(n,a)He^ cross-section, whilst simple in principle, 
has been found wanting in practice^ Two effects, both 
previously unreported, are suggested to acco\xnt for 
the failure of the method. These effects are: 

(1) The diffusion of tritium from beryllium. 
(2) Tritium production from the direct reaction 

Be^(n,H^)Li'''. 
Consideration of these factors suggests that 

the tritium analysis method in a slightly modified 
form might s t i l l be used to measure the Be^(n^a)He^ 
cross-section over a fission neutron spectriira. The 
following method i s suggested: 

The samples of berylli-um for irradiation could 
be enclosed in evacuated gold envelopes. Metallic 
gold would be free from impurity which could give 
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r i s e to tritium, and wo\ild effectively prevent access 
of r e c o i l tritons. Evacuation of the envelopes would 
prevent possible contamination from the N"'"'*(n,.H')C"̂ ^ 
reaction, and gold having excellent cold welding 
properties could readily be sealed off after evacua
tion. Alternatively the beryllium samples could be 
sealed i n a coating of evaporated gold. The analytical 
technique for tritium would require no modification 
since the berylliirai sample and envelope could both be 
dissolved by the action of halogen, and hence a l l t r i t 
ium produced on irradiation coxxld be collected. A 
minor disadvantage woiad be the high Au^^® activity 
produced, but this has a h a l f - l i f e of 2*7 days, and 
would have disappeared at the end of one month. The 
samples coiild be analysed for tritium at the end of 
this period. Observation of the tritium production 
with and without a shield of cadmium would be necess
ary i n order to assess the contribution from the direct 
reaction Be^(n,H^)Li'^, The method could be subject 
to quite large errors, since the Be^(n,a)He^ cross-
section i s obtained as a small difference between two 
large quantities. 

I t i s regretted that time was not available 
d\u»ing the course of this work to perform these 
measurements. 
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CHAPTER TV. 

Establishment of an neutron 

rv, 1. Introduction, 

The problem of standardisation of neutron sources 
has been recently reviewed by Wattenberg (98), who 
concludes that at the time of writing absolute neutron 
measurements are only accurate to about 4 per cent 
for neutrons of almost a l l energies, whilst relative 
measurements can be made to an accuracy of a few 
tenths of a per cent. The uncertainty i n absolute 
neutron measurement represents one of the most ser
ious errors i n the measurement of absolute values of 
neutron cross-sections. Since accurate absolute v a l 
ues of neutron cross-sections are becoming increas
ingly necessary i n nuclear physics, i t i s considered 
desirable that the present accuracy of neutron meas
urements should be improved. One method of achiev
ing this would be the establishment of an accurately 
calibrated neutron source. 

In July 1954 a conference was convened at Harwell 
to discuss the present status of work on neutron 
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sources, and to consider various proposals for the 
establishment of an absolute neutron standard (99). 
At this conference proposals for the establishment 
of an absolute neutron standard were presented by 
E.B.M. Martin and G.R. Martin (lOO). In these pro
posals the programme outlined was divided into three 
component parts; 

( I ) The production of a reproducible arbitrary 
standard source. 

( I I ) The development of a aotirce whose yield i s 
known absolutely. 

( I I I ) The development of a technique for the 
accurate comparison of sources which w i l l , 
i n general, be of rather low intensity and/ 
or have different neutron energy spectra. 

The work described i n this thesis i s concerned with 
part I I of this programme. 
IV. 2. Outline of the method. 

The soiirce chosen for the determination of the 
absolute yield i n these determinations was the b e r y l l -
itmi photoneutron source. The so\irce consisted of a 
machined cylinder of beryllium of about si x grammes 
weight containing at i t s geometrical centre a radium 
preparation (approximately 500 milligrams of radium) 
sealed i n a platinum case. Neutrons are produced 
according to the nuclear reaction. 
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Be^ + Y > Be^ + n 

Contamination of the source with neutrons from the 
reaction. 

Be® r̂ a ^ C^^ + n 

i s avoided by the sealing of the radium preparation 
inside a platintim case. 

The method of calibration of the neutron source 
i s based on the original proposal of Glueckauf and 
Paneth (41). I t w i l l he observed that i n the h e r y l l -
ium photoneutron reaction the emission of a neutron 
results i n the formation of the nucleus Be which i s 
unstable and breaks down into two c^-particles, i . e., 
helium nuclei. The helium yield i s direatly related 
to the number of neutrons produced, and hence meastire-
ment of the helium gives the absolute neutron emission. 
The assuniptions embodied i n this method of calibration 
are few, and have been enumerated by E.B.M. Martin and 
G.R. Martin (100): 

(a) Bach neutron produced i s accompanied by two 
a-particles; i;e., 
( i ) Be disintegrates immediately on forma

tion, or at least before measurement of 
the heliimi. 
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( i i ) no other (xf^) (Y»^) reactions are 

possible with beryllium or with impurities 
contained in i t . 

(b) The resulting helium i s retained within the 
metal unt i l dissolution. 

The disintegration of the nucleus Be^ was discussed 
at some length in Section I . 4 (page 14) where i t was 
concluded that a l l states of the nucleus are -unstable 
with respect to breakdown into two a-particles. The 
maximum energy of the Y-^^ays from a radium preparation 
i s 2*4 MeV (from radium C). Only two (Y»n) reactions 
are known with the threshold energies below this value, 
the reactions Be®(Y,n)Be® and Ĥ (Y,n)H-'-. Contamination 
of beryllium metal with deuterium i s extremely unlikely, 
and hence the only photoneutron reaction v/hich needs 
to be considered i s that with beryllium. Be®(Y,a)He^ 
(n)He'^ - energetic threshold 2*229 MeV - i s merely 
an alterative to Be®(Y»n)Be®(a)He^. Of the known im
purities in commercial beryllium (page 39) the lowest 
(Y»a) energetic threshold i s 4*45 MeV with B"'"̂, and 
thus contamination from this source i s improbable. 

The loss of helium from the beryllium before 
dissolution i s the only question concerning which no 
data i s available. The energy available from the 
break-up of Be® i s only 96 keV (8) and hence the 
a-particle recoil range i s much less than the linear 
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diraensions of the beryllium capstae. Thus l i t t l e 
loss i s to be expected from this source. I t has 
been stated that a l l metals are perfectly helium 
tight (41), but there appears to be no experimental 
evidence for this i n the case of beryllium. Methods 
by which this diffusion might be studied have been 
suggested i n Section I I . 1 (page 28). The results 
obtained i n the study of the Be^(n,2n) reaction 
(Table IV, page 23) would appear to jus t i f y the 
assumption that at room tenrperatiire the diffusion, 
i f i t occurs at a l l , i s slow. 

Thus i t would appear that the assuinptions, on 
which the source calibration i s based, are reason
able. The calibration method suffers from the dis
advantage that the act of calibration destroys the 
source, but this disadvantage can be eliminated by 
comparison of the source with other berylliiam photo-
neutron sources. Relative measurements of neutron 
source strength can be made with an accuracy of a 
few tenths of a per cent, particularly i f the neutron 
energy spectra are the same (98). After determination 
of the relative neutron emissions of such sources 
the absolute emission can be determined by measure
ment of the helium produced i n one of them. Thus 
sources are made available whose absolute neutron 
emission i s known. 
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The helium i s analysed by the methods devel

oped by Faneth (55), and his collaborators, with the 
addition of some techniques developed during the course 
of this work* 

IV. 3. Comparison of photoneutron so\irces. 
Six machined capsules fabricated from a hellumr-

free specimen of cast beryllium were constrxicted for 
this experiment. The capsules were in the form of 
cylinders ahout six grammes in weight, having a c y l 
indrical cavity at the centre in which the platinum 
covered raditam sources were fitted. Cast beryllium 
was chosen as the constructional material since this 
had been shown to be free from heli\im "by previous 
workers. Beryllium fabricated by powder metallurgical 
processes was found to be unsuitable, having a measur
able helium content (101). 

Three of the sources thus constructed were chosen 
for subsequent helitmi analysis. For the purpose of 
comparison the sources were placed alternately i n a 
fixed position i n a paraffin block i n which was embedded 
a boron trifluoride counter for neutron detection. 
Observation of neutron counts for every combination 
of radium source and beryllium capsoile were made, the 
observations being continued for a sufficient time to 
achieve the required s t a t i s t i c a l accuracy i n the count
ing. In this way random errors i n the counting were 
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reduced to about 0*15 per cent i n the ratios between 
sources. 

IV. 4. Meastirement of Helium. 

From the known approximate neutron emission of 
the photoneutjSon sources i t was estimated that about 
10 CCS. of helium would accumulate i n the beryllium 
capsule for every six months of irradiation. During 
the course of the work described i n this thesis the 
quantity of heliton available for measurement varied 

—7 —7 from 10 CCS. to 6 x 10 ccs., this quantity being 
contained i n about six graimnes of beryllium. This 
represents quite a formidable problem i n analysis. 

A number of methods were considered for the 
extraction of the h e l i m from the beryllium sample. 
Attack by halogens was rejected because of the d i f f 
iculty involved i n handling the material in a vacuum 
system containing mercury. An attempt was made to 
amalgamate beryllium with mercury, which i f success
f u l would have been an ideal method of extraction, but 
i n pilot experiments beryllium resisted attack by 
mercury. The method f i n a l l y accepted was that of 
dissolution i n dilute sulphxiric acid, or a nearly 
saturated solution of potassium cupric chloride. 
These methods have the disadvantage that large vol
umes of hydrogen are produced during the dissolution. 

Dissolution i n dilute sulphtiric acid has the 
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advantage that the solution and dissolving vessel 
are readily freed from helium by flushing the solution 
with electrolytic gas derived from the electrolysis 
of the solvent. The rate of solution i n dilute 
sulphuric acid i s slow, and seemed to depend to some 
extent on the nat\ire of the surface of the beryllium 
metal. In one determination on a half-gramme quant
i t y of berylliijm some ten hours was required for com
plete solution. This situation was in^roved by using 
a nearly saturated solution of potassitim persulphate 
in dilute sulphuric acid, the rate of solution i n 
this case being much more rapid. I t i s necessary i n 
determinations of this kind to avoid saturated s o l 
utions, since the process of degassing the solution 
produces supersaturation with consequent c r y s t a l l 
isation of the solute. I t i s possible that such 
crystals could carry down occluded helium. However 
whilst dilute sulphuric acid was always used for 
helium determinations on approximately half-gramme 
quantities of beryllium, i t was not used for larger 
quantities because of the IsLPge volumes of hydrogen 
involved. 

Potassium cupric chloride solutions were used 
for the dissolution of larger quantities of be r y l l 
ium because of the lower hydrogen yield. Six gramme 
quantities of beryllium give with acid solution about 
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fifteen l i t r e s of hydrogen. This i s reduced to six 
l i t r e s of hydrogen by the use of potassium cupric 
chloride. This solvent has been successfully used 
for the dissolution of iron meteorites for the deter
mination of their helium content (102). The use of 
this solvent has some disadvantages. The solution 
cannot be de-gassed by electrolysis because of the 
production of chlorine, and consequently degassing 
i s performed by prolonged flushing with helium free 
oxygen. This involves the transfer of large quant
i t i e s of oxygen and water vapour through the pump
ing system. The process of solution in this solvent 
i s erratic, the surface of the beryllium "becoming 
coated with a layer of deposited coiJper which impedes 
solution un t i l the layer i s dissolved. This copper 
coating has other undesirable features. During the 
process of solution small quantities of berylli\im 
are sometimes broken off the main mass, become coat
ed with copper, and f a l l into the sediment of cuprous 
chloride at the bottom of the dissolving vessel. I t 
i s possible that such pieces might remain undissolv
ed. The process of solution therefore requires to 
be watched carefully. This flaking was only observed 
with unraachined samples of cast berylli\im which were 
very rough, and contained cracks. With machined 
samples the effect may not occur, A f\u*ther 
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disadvantage i s that comparatively large volxames of 
oxygen are required to sweep helium from the solution 
and dissolving vessel when dissolution of the bery
llium i s coinplete. The great reduction in the prod
uction of hydrogen obtained by the use of this sol
vent was considered to o^Ltweigh these disadvantages* 

Having settled the choice of solvent, the prob
lem of removing the liydrogen without loss of helium 
required to be solved. An attempt was made to 
remove the hydrogen, or at least a large proportion 
of i t , by leaking i t away through a heated palladium 
thimble* However with the size of thimble available 
the leakage rate was found to be too slow for t h i s 
method to be practicable. The method f i n a l l y used 
was that of burning with heliumr-free oxygen, a 
method used by previous workers (41,102)» Detailed 
accounts of the method are given i n Chapter V* 

The methods used by previous workers for the 
preparation of helium-free oxygen are satisfactory 
where the quantities of hydrogen involved are amall, 
but are tedious and d i f f i c u l t to apply with certain
ty for larger ammounts. Since i t was proposed to 
perform blank determinations on samples of b e r y l l -
Ixm before and after the determinations on the neutr
on standard capsules, a proceedure requiring the 
b\irning of some 18 to 20 l i t r e s of hydrogen, quan-
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quantities of helium-free oxygen of the order of 10 
l i t r e s were required for each analysis, A method i n 
volving the d i s t i l l a t i o n of liquid oxygen was developed 
to provide the oxygen, and was found to be satisfactory 
in practice. 

Detailed accounts of the proceed\ires adopted for 
the extraction of the helium from beryllium in a form 
suitable for measurement are to be found in Chapter V. 
The main di f f i c u l t y i n the work was that of obtaining 
satisfactory blank determinations on quantities of 
beryllium of the order of six grams. Since i t was re
quired to obtain an accuracy of one per cent or better 
on the neutron standard determinations, i t was necessary 
that the blank determination should give somewhat l e s s 

—Q 
than 6 x 10 ccs. of helium at S.T.P., this quantity 
being that contained i n 10~^ccs. of air. 

An early d i f f i c u l t y was that of determining 
whether the methods adopted were suitable for the 
f i n a l analysis. Thus the testing of the oxygen prep
aration methods required that the oxygen be burnt with 
helixm-free hydrogen, which coxild only be satisfactorily 
obtained by the dissolution of a helium-free metal. 
The testing of the metal sample required the use of 
samples of helium-free oxygen. No independent method 
for the testing of either the oxygen or the metal was 
available. A proceedure was adopted by which i t was 
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hoped to resolve the difficulty. This consisted i n 
dissolution of the same mass of metal i n dilute sulph-
\iric acid and also i n potassium cupric chloride, d i f f 
erent amounts of hydrogen being given i n each case. 
Thus i f the quantities of helium obtained were the same 
the impurity should then be contained in the metal, and 
i f different the helium imptarity would be i n the oxygen. 
Ideally this proceedure should give the required answer, 
but i n practice never did, the reason being that these 
are not the only possible sources of helium contamination. 
The iTiost satisfactory method i s that of obtaining a 
blank determination. 

A sample of helium-free metal was available i n the 
laboratory, this being the sample of cast heryllium 
which Heasbeck had found to free from helium, (see page 
89), but there being only about 10 grams of this mater
i a l remaining i t was considered that this sample should 
remain as a reference standard \mtil such time that the 
proceedures adopted were found satisfactory, 

A satisfactory blank determination was eventually 
achieved on a specimen of cast beryllium. The results 
of this analysis were: 

Mass of laeryllivm 
'deliwn fraction 
Neon fraction 

- 6*3 grams. 
- 6*5 X lO'^ccs. at 3.T,P. 
- 1*0 X 10"''^ccs. at S.T.Pi 
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The amount observed for the helixjra fraction w i l l be 
seen to be about one per cent of the helium expected 
on dissolution of the neutron standard capsules. The 
actual amount of helium in the sample measured must 
however be somewhat less thsin this for the following 
reason. In practice a blanlc: measurement made on the 
fractionating column always gave a meastu?able quantity 
of helium, which was considered to arise from a i r con
tamination. This point i s discussed in Chapter V, 
section 10, figures for typical blank analyses being 
given in Table XVII. In this table i t can be seen that 
typical contamination from the column i s about 2*5 x 10""̂  
ccs. of helium. Thus the observed heli\im should be corr
ected by this amount, the result being therefore 4*0 x 

—9 
10 ccs. of helitim per 6*3 grams of beryllium. 

The neon fraction observed i s high, but i t i s obvious 
that this i s not due to a i r contamination, at least not 
completely, since the helium to neon ratio i s very much 
less than that of a i r . This high neon value might be 
explained in two ways; 

(a) The neon may not have been completely removed 
from the oxygen in the d i s t i l l a t i o n process. 

(b) The neon fraction may actually be due to a 
small quantity of hydrogen which has survived 
attempts to remove i t in the earlier stages. 
The measuring technique would not discriminate 
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iDetween hydrogen and neon, and the q u a n t i t y 
of hydrogen r e q u i r e d t o g i v e the ohserved 
d e f l e c t i o n would he v e r y much l e s s than t h a t 
recorded as the neon f r a c t i o n , since the d e t e c t 
or i s much more s e n s i t i v e t o hydrogen then neon. 

This hlanl-c a n a l y s i s w h i l s t showing t h a t the helium 
e x t r a c t i o n methods are adequate i s s t i l l not completely 
s a t i s f a c t o r y . The neon f r a c t i o n must he reduced t o l e s s 

—8 
than 1 X 10" ccs, t o avoid amhiguity i n the neutron s t a n 
dard d e t e m i n a t i o n s . Thus although i t i s p o s s i b l e t o 
exclude a i r contamination i n the h u l k of the neon f r a c t 
i o n observed i n the bla n k d e t e r m i n a t i o n , t h i s would n o t 
be p o s s i b l e where the helium f r a c t i o n i s of the order 
of 6 X 10~'^ccs. 

I t i s r e g r e t t e d that time was n o t a v a i l a b l e t o comr-
p l e t e t h i s s e c t i o n of the work. 



-98-

CHAPTER V. 

THE ESTIMATIOIT OF HELIUM IN BERYLLIUM. 

V. 1. I n t r o d u c t i o n . 

The m i c r o - a n a l y t i c a l techniq.ues f o r the measiire-
ment of helium discussed i n the f o l l o w i n g pages are 
"based on the r e s u l t s of many years o f p a t i e n t e f f o r t 
"by Paneth and h i s c o l l a h o r a t o r s , o f whom s p e c i a l 
mention may he made of Glueckauf and Chackett who are 
l a r g e l y responsihle f o r the present form of the appar
atus. Paneth recognised i n the low d e t e c t i o n l i m i t s 
of the i n e r t gases a d i r e c t means o f studying a r t i f i c 
i a l t ransmutation o f the elements, a f i e l d of study 
which a t the "beginning of h i s reseaches was l a r g e l y 
the e x c l u s i v e domain o f p h y s i c i s t s . Paneth has r e c e n t 
l y reviewed h i s work i n the f i e l d o f micro - a n a l y s i s 
of the i n e r t gases ( 5 5 ) . The techniques have "been 
a p p l i e d t o a l a r g e v a r i e t y o f pro"blems o f which mention 
may "be made of the f o l l o w i n g : g e o l o g i c a l age determin
a t i o n s o f rocks and minerals (103); age of meteorites 
(60, 102, 104); the a n a l y s i s o f atmospheric and s t r a t 
ospheric a i r ( 6 1 , 105, 106); i n t e r a c t i o n of y-^ays w i t h 
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b e r y l l i u m ( 4 1 ) ; study o f s p a l l a t i o n r e a c t i o n s (107); 
i n t e r a c t i o n of neutrons w i t h boron (108). 

The f i r s t study o f the helium produced i n bery
l l i u m as the r e s u l t of a nuclear r e a c t i o n was made by 
Paneth and Glueckaxif (41) i n the course of which they 
were able t o show t h a t o f the two p o s t u l a t e d r e a c t i o n s , 

Be^ + Y ^ Be® + n (1) 

Be^ + Y > 2Ee^ + n ( 2 ) 

r e a c t i o n 2 was the one which occurred. P h y s i c a l methods 
of study had been unable t o decide, u n t i l t h i s t ime, 
which o f the two r e a c t i o n s occurred. The present work 
was undertaken as a f u r t h e r study o f t h i s r e a c t i o n w i t h 
a view t o i t s use i n neutron s t a n d a r d i s a t i o n (100), 
and also t o study the i n t e r a c t i o n o f neutrons w i t h bery-
lli\am. 

An o u t l i n e of the technique o f helium raeas\irement 
used w i l l be given before the more d e t a i l e d d i s c u s s i o n . 
The sample o f b e r y l l i u m i s d i s s o l v e d i n d i l u t e s u l p h u r i c 
a c i d or potassium c u p r i c c h l o r i d e s o l u t i o n t o release 
the helixan from the metal. This process was considered 
t o give the best promise o f success, i t s great draw
back being the l a r g e voliames of hydrogen released on 
d i s s o l u t i o n of the metal. An attempt was made t o r e 
move the b u l k of t h i s hydrogen by d i f f u s i o n through 
palladi-um, b ut the method was r e j e c t e d being too slow 
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w i t h the apparatus availa"ble. The hydrogen i s t h e r e 
f o r e removed "by c o n t r o l l e d "biirning w i t h h e l i t i m - f r e e 
oxygen. A f t e r passing throxigh a f u r t h e r stage i n 
which small t r a c e s o f hydrogen are removed "by c i r c u l a t 
i o n o f the gas m i x t u r e over heated palladium, the helium 
i s f r a c t i o n a l l y separated i n a s p e c i a l apparatus. The 
helixmi i s then measured "by means o f a P i r a n i guage c a l 
i b r a t e d against a known volume of helium. 

Soda glass i s used throughout the c o n s t r u c t i o n 
o f the apparatus t o reduce e f f e c t s f r o m the d i f f u s i o n 
of helium through glass. The o n l y exceptions t o t h i s 
r i i l e are the P i r a n i guages and the vacuum j a c k e t o f 
the palladium ftirnace used t o remove t r a c e s o f hydro
gen. Where heat i s developed i n the apparatus such 
as i n the d i s s o l v i n g vessels, hydrogen com"bustion 
chara'ber, and p a l l a d i u m furnace, the p a r t i c u l a r s e c t i o n 
i s immersed i n a water "bath, since d i f f u s i o n o f h e l i t m i 
i s much more r a p i d through heated g l a s s , p a r t i c u l a r l y 
i n the presence of hydrogen. Care must "be taken t o 
ensure t h a t a l l keys used i n glass taps are also o f 
soda g l a s s , i t being the p r a c t i c e o f some manufact\irers 
t o c o n s t r u c t the tap b a r r e l of soda glass and the key 
of 'Pyrex'; The presence of one such tap i n the appar
atus can g i v e r i s e t o serious helium contamination. 
For a d i s c u s s i o n o f the many d i f f i c u l t i e s associated 
w i t h the technique o f helium m i c r o - a n a l y s i s the reader 
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i s r e f e r r e d t o the review o f Paneth ( 5 5 ) , 
V. 2, The p r o d u c t i o n o f Heliumr-free Oxygen. 

Owing t o the low e q u i v a l e n t weight of b e r y l l i u m 
a l a r g e volume ofhydrogen i s produced on a c i d - d i s s o l 
u t i o n of the metal - approximately 2*5 l i t r e s /gram 
of b e r y l l i u m . The use of a n e a r l y s a t u r a t e d s o l u t i o n 
of potassium c u p r i c c h l o r i d e as s o l v e n t reduces the 
hydrogen p r o d u c t i o n t o about 1 l i t r e / g r a m and t h i s w i l l 
r e q u i r e 500 ccs. of pure oxygen f o r i t s removal by 
the b u r n i n g method. For the neutron standard determin
a t i o n s using 6 gram capsules o f b e r y l l i u m , 3 l i t r e s 
of oxygen would be r e q u i r e d . The b e r y l l i u m analyses 
should be checked by performing blank determinations 
before and a f t e r the measurement of the i r r a d i a t e d 
capsule t o ensure c o r r e c t working o f the apparatus. 
These blank determinations would r e q u i r e the use o f 
s i m i l a r q x i a n t i t i e s of oxygen, and thus a t o t a l o f 9 
l i t r e s o f helium-free oxygen are r e q u i r e d . 

A number of methods f o r the p r o d u c t i o n o f helium-
f r e e oxygen have been developed by e a r l i e r workers 
( 4 1 , 6 1 ) , but apart from the work of Glueckaiif on 
i r r a d i a t e d b e r y l l i u m they have a l l been designed f o r 
comparatively small volumes. The p o s s i b i l i t i e s of t h e 
e l e c t r o l y t i c method used by Glueckauf (41) were considered, 
and indeed an apparatus was c o n s t r u c t e d f o r t h i s 
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p r e p a r a t i o n , b u t the method was r e j e c t e d , since the 
i n i t i a l de-gassing o f the s o l u t i o n i n v o l v e d t r a n s 
f e r r i n g l a r g e volumes o f water through the pumping 
system, and the l a t e r p u r i f i c a t i o n stages i n v o l v i n g 
the a d s o r p t i o n o f the oxygen on charcoal cooled i n 
l i q u i d n i t r o g e n w i t h subsequent pumping-off of the 
heliiam and neon contamination, reduced the method t o 
t h a t used l a t e r by Chackett and co-workers (102). 
The method described by Chackett i s s u i t a b l e where 
the q u a n t i t y o f oxygen used i s comparatively small 
( i . e . 50 t o 100 C O S . ) , but when l a r g e volumes are 
r e q u i r e d the method i s somewhat l a b o r i o u s and r e q u i r e s 
a v e r y l a r g e r e s e r v o i r t o o f f s e t the volume wasted 
when pumping on the l i q u i d oxygen. Such l a r g e r e s e r v 
o i r s are undesirable i n t h i s type o f apparatus because 
of the long pximping-out p e r i o d , and the d i f f i c u l t y 
experienced i n d e t e c t i n g and i s o l a t i n g small leaks. 
The f o l l o w i n g method was t h e r e f o r e adopted. 

The method c o n s i s t s i n the f r a c t i o n a l d i s t i l l 
a t i o n o f l i q u i d oxygen and employs an apparatus sim
i l a r t o t h a t used by Clusius and R i c c o b i n i (109) f o r 
the p u r i f i c a t i o n of l o w - b o i l i n g hydrocarbons. A 
s i m i l a r u n i t was used by Lambert and P h i l l i p s ( l l O ) 
t o p u r i f y oxygen f o r d e n s i t y determinations on the gas. 
During the course o f t h i s work two p u r i f i c a t i o n systems 
were used, and these are shown i n f i g u r e s 13 and 14. 
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The f i r s t system (]?igure 13) c o n s i s t s of a vacuum 
j a c k e t t e d b o i l e r and column surmounted by a re f l u x - h e a d 
and t a k e - o f f system. Also shown i n the f i g u r e are the 
l i n e s f o r f i l l i n g the s t i l l , and supplying the p u r i f i e d 
oxygen t o t h a t p a r t of the apparatus i n which i t i s 
re q u i r e d . Heat i s su p p l i e d t o the s t i l l e l e c t r i c a l l y 
by means of an i n t e r n a l heater of 'Nichrorae' r e s i s t -
ance w i r e sealed i n t o the b o i l e r by means of p l a t i n i m 
t o g l ass seals. The wires are l e d out of the system 
by two f u r t h e r p l a t i n u m seals i n the vacuum j a c k e t 
arranged so as t o c l e a r the surface o f the l i q u i d 
n i t r o g e n i n which the s t i l l i s immersed. The colxamn 
i s packed w i t h glass h e l i c e s throughout i t s 20 cm. 
l e n g t h , and i s widened a t i t s upper end t o admit the 
f i n g e r t r a p refl\ax head. The annular space between 
the upper end of the s t i l l and the f i n g e r t r a p i s r e 
duced t o as small a volume as p o s s i b l e , and the l e a d 
t o the t a k e - o f f system i s made of c a p i l l i a r y tube, 
b o t h t o l i m i t the voliime and serve as a f l o w imped
ance. Take-off i s e f f e c t e d through a mercury non
r e t u r n valve connected v i a tap T,̂  t o the secondary 
vacutim system the tap being used t o ad j u s t the t a k e - o f f 
r a t e . I n operation the s t i l l i s immersed i n l i q u i d 
n i t r o g e n t o the l e v e l i n d i c a t e d , and the f i n g e r t r a p 
i s f i l l e d w i t h l i q u i d n i t r o g e n . 



FIGURE 15. 

Oxygen - p u r i f i c a t i o n ar)paratn« t. 
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The taps Tg, Tg, Tg, Tg, are opened and the system 

i s evacuated v i a the secondary vacu\im l i n e through the 
t a k e - o f f non-return valve and tap T,̂ . The system i s 
then r i g o r o u s l y evacuated through the main vacuim 
l i n e v i a the tap T^, the e a r l i e r evacuation through 
the secondary l i n e being performed o n l y t o avoid t a k 
i n g l a r g e volumes o f gas through the d i f f u s i o n pumps. 
Pumping i s continued i r n t i l a hard vacuum i s produced, 
t h i s s t a t e being i n d i c a t e d by a McLeod guage i n the 
main vacuum l i n e . The j a c k e t o f the d i s t i l l a t i o n 
colimin i s pumped a t the same time through a connection 
not i n d i c a t e d i n the diagram. Throughout t h i s pxnaping 
p e r i o d oxygen i s bubbled slowly thro\agh the mercury 
r e s e r v o i r t o f l u s h out any a i r contained i n the t u b i n g 
on the h i g h pressure side of T^. When a hard vacuum 
has been a t t a i n e d pumping i s d i s c o n t i n u e d on the s y s t 
em and vacuum j a c k e t , and taps Tg, T^, Tg, and Tg are 
closed. 

The r a t e of oxygen f l o w i s increased and tap T^ 
i s s l o w l y opened t o a l l o w the b u l b A t o f i l l w i t h 
oxygen, care being taken not t o a l l o w the f l o w of gas 
through the mercury r e s e r v o i r t o be i n t e r r u p t e d , and 
then T^ i s closed. The s t i l l i s cooled by surrounding 
i t w i t h l i q u i d n i t r o g e n , and the f i n g e r t r a p i s f i l l e d . 
Taps Tg and Tg are then opened, the oxygen thus being 
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allowed t o enter the s t i l l where i t i s condensed, and 
cools the s t i l l t o l i q u i d oxygen temperature. A f t e r 
a l l o w i n g time f o r the s t i l l t o c o o l , the tap T^ i s 
again opened, and oxygen from the stream allowed t o 
ente r the s t i l l . About 20 minutes was the usual time 
r e q u i r e d t o f i l l the b o i l e r , men the oxygen used had 
been obtained by a commercial e l e c t r o l y t i c process, 
the b u i l d - u p o f the non-condensible hydrogen i m p u r i t y 
sometimes causes the condensation o f oxygen t o cease, 
and when t h i s occurs i t i s necessary t o remove t h e 
hydrogen through the t a k e - o f f system, before the oxygen 
condensation can be completed* The tap T^ i s then 
closed, and a f t e r a l l o w i n g the system t o a t t a i n i t s 
equilibriiJin pressure of about 15 cms. o f mercury, tap 
Tg i s closed. The gas remaining i n t h i s p a r t of the 
l i n e i s then removed v i a T^. 

The heater o f the s t i l l i s switched on, and the 
oxygen i s r e f l u x e d f o r about 15 minutes, the tap T^ 
being adjusted so t h a t about 40 bubbles/minute o f 
oxygen pass through the mercury non-return valve. 
D i s t i l l a t i o n i s continued f o r about 8 hours, d u r i n g 
which time the s t i l l r e q u i r e s l i t t l e a t t e n t i o n a p a r t 
from topping-up the l i q u i d n i t r o g e n l e v e l s i n the 
re f l u x - h e a d and Dewar vessel. The volume of the l i 
q u i d oxygen i s then reduced t o about one t h i r d by t h i s 
process, and t h i s p u r i f i e d oxygen i s then s t o r e d i n the 
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s t i l l . The Dewar ve s s e l i s u s u a l l y s u f f i c i e n t t o 
r e t a i n the oxygen o v e r n i g h t , b u t , should the pressure 
of oxygen r i s e above atmospheric, the manometer p r o 
v i d e s a s a f e t y - v a l v e . 

The system j u s t d e sc3?ibed was used tliroughout the 
major p a r t of t h i s work, and was fotmd t o be s a t i s f a c t o r y . 
I t was e v e n t u a l l y replaced by the system shown i n f i g u r e 
14 when leaks were f o\ind t o have developed around the 
metal t o glass seals, and i n the second system the l e s s 
d e s i r a b l e f e a t u r e s of the f i r s t were removed. These 
undesirable f e a t u r e s are: 

1. The p l a t i n u m t o glass seals used t o l e a d i n 
the heater c u r r e n t are s u b j e c t t o l a r g e temp
era t u r e changes, p a r t i c u l a r l y those i n the 
b o i l e r . 

2. The w i r e leads provided a good heat l e a k 
i n t o the system d u r i n g storage and were prob
ably the main f a c t o r i n l o w e r i n g the e f f i c i e n c y 
o f the s t i l l as a storage v e s s e l . 

3. The manometer, used as a s a f e t y - v a l v e and a 
check on the d i s t i l l a t i o n pressure, i s a poss
i b l e source of a i r leakage. This a r i s e s when 
the mercury i s subjected t o l a r g e f l u c t u a t i o n s , 
such as occur d u r i n g i t s o p e r a t i o n as a s a f e t y -
valve and when the oxygen becomes superheated. 
Experience w i t h a s i m i l a r system has l e d t o 
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the s u s p i c i o n t h a t a i r i s e n t r a i n e d i n the 
mercury column under such circumstances. 

4. The f i n g e r t r a p type o f r e f l u x head i s waste
f u l o f l i q u i d n i t r o g e n , and r e q u i r e s more con
s t a n t a t t e n t i o n than i s d e s i r a b l e . This c o u l d 
be improved by having the whole o f the f i n g e r 
t r a p immersed i n l i q u i d n i t r o g e n , b u t owing 
t o the d i f f i c u l t y experienced i n making the 
i n t e r n a l and Dewar seals necessary, t h i s was 
not adopted. 

The system shown i n f i g u r e 14 used an e x t e r n a l 
heater o f *Nichrome' tape wound on a narrow glass tube 
i n the base o f the b o i l e r and f i x e d w i t h brass sleeves. 
The connections t o the h e a t i n g element were c a r r i e d i n 
two tubes p r o j e c t i n g w e l l above the l i q u i d n i t r o g e n 
l e v e l , a vacuum seal being made w i t h p l a t i n i i m w i r e . I n 
t h i s model the column was packed w i t h s t a i n l e s s s t e e l 
gauze (Dixon packing). The r e f l u x - h e a d c o n s i s t s o f a 
glas s s p i r a l which was completely immersed i n l i q u i d 
n i t r o g e n so t h a t evaporation o f the c o o l a n t , a p a r t 
from the normal losses o f the Dewar v e s s e l , occurred 
only throxigh heat exchange w i t h the oxygen. Since 
t h i s s t i l l i s not used as a storage v e s s e l i n the system, 
the manometer was dispensed w i t h . The t a k e - o f f system 
i s t he same as i n the previous model. 
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With the taps .Tg» Tg, T^, and Tg opened the 
whole system was r i g o r o u s l y evacuated as b e f o r e , and 
on the attainment o f a hard vacutmi the tap Tg was 
closed. A f t e r f i r s t f l u s h i n g out the l e a d l i n e by 
b u b b l i n g the gas through the merctiry, oxygen was pass-

• ed i n t o the small b u l b A which was surrounded by 
l i q u i d n i t r o g e n . The oxygen was condensed and c o l l 
ected i n A, which had a voliame of about 60 ccs. the 
bulb being completely f i l l e d . With taps Tg and T^ 
closed, the b u l b was opened t o the pumps two or t h r e e 
times, f o r a few seconds, t o remove any non-condensible 
gases. 

The d i s t i l l a t i o n u n i t was then immersed i n l i q u i d 
n i t r o g e n t o j u s t below the i n t e r n a l s e a l , t o a l l o w 
the s e a l t o c o o l s l o w l y , and then the l e v e l was r a i s e d 
t o completely cover the s p i r a l . Tap T^, l e a d i n g t o 
the h i g h vacuxmi l i n e , was closed, together w i t h the 
l e a d t o the vacuum j a c k e t (not shown i n f i g u r e 14), 
before the immersion. Tg and Tg were then opened, 
and the l i q u i d n i t r o g e n surrounding the bulb A was 
removed t o a l l o w a small q u a n t i t y of oxygen t o condense 
i n the s t i l l , tap Tg then being closed, and the l i q u i d 
n i t r o g e n being replaced aroimd the b u l b A. Some 10 
minutes was r e q u i r e d f o r t h i s small q u a n t i t y of oxygen 
t o c o o l the s t i l l , a f t e r which Tg was again opened, 
the l i q u i d n i t r o g e n around A removed, and the oxygen 
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allowed to condense i n t o the s t i l l . '.Vhen a l l the 
oxygen had been transferred t o the s t i l l , Tg was 
closed and the lovCLb A was evacuated through T^, the 
hTilh and connecting tu^bes "being evacuated, when prac
t i c a b l e , throughout the whole period when the s t i l l 
was i n use. 

The s t i l l heater was switched on and the oxygen 
refluxed, w i t h the take-off operated as before, f o r 
about 8 hours at the end of which was closed, and 
Tg opened. The bulb A was once more immersed i n l i q u i d 
nitrogen, that surrounding the s t i l l being removed, 
and the oxygen remaining i n the s t i l l was b o i l e d i n t o 
A. When the transfer was completed the s t i l l heater 
was switched o f f , tap Tg closed and the s t i l l once more 
evacuated v i a T̂ . The p u r i f i e d oxygen was stored i n 
bulb A. 

Pure oxygen i s supplied to those parts of the 
apparatus i n which i t i s required by means of mercury 
non-return valves. I n f i g u r e 13 these are shown wi t h 
the lead-in taps Tg and Tg, and that f o r the second 
system i n f i g u r e 14 w i t h the lead-in tap T̂ . 

V . 5. Extraction -proceedureBfor Helium. 
During the course of t h i s work three d i f f e r e n t 

proceedures were adopted f o r the extr a c t i o n of helium 
from beryllium, the choice of method being determined 
l a r g e l y by the size of the sample which varied from 
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alaout 50 milligrams t o 6 grams. An ou t l i n e of the 
three methods w i l l iDe given. 
Method 1. 

The f i r s t method, which was applied t o samples 
of 500 milligrams to 1 gram, consisted i n acid-diss
o l u t i o n of the metal, the evolved hydrogen together 
w i t h the attendant helium Ijeing c o l l e c t e d hy adsorp
t i o n on charcoal cooled i n l i q u i d nitrogen. The 
hydrogen was then removed by "burning w i t h heli-um-free 
oxygen, the remaining mixture of oxygen, helium, and 
traces of hydrogen "being collected f o r f u r t h e r process
ing "before the f i n a l analysis. The method i s a modif
i c a t i o n of that previously used "by Glueckauf (41), 
and the apparatus i s shown i n f i g u r e 15. 

Sulphuric acid (20jS aqueous solution) nearly 
saturated with potassitmi persulphate was used to d i s 
solve the "beryllitan. Solution i n sulphuric acid alone 
was foimd to "be too slow i n practice, p a r t i c u l a r l y i n 
the case of machined samples, "but the addition of 
persulphate considerably speeded up the process. 100 
CCS. of t h i s solution was contained i n the f l a s k A 
which had an o v e r a l l capacity of a"bout 350 ccs. The 
weighed sample of "beryllium was contained i n a small 
platinum cage C which was connected "by means of a 
platinum wire to an i r o n slug B encased i n a sealed 
sleeve of soda-glass. With the "by-pass tap T^g open 



FIGURE 15. 

Apparatus f o r extraction of helium from beryllium. 

(Method 1.) 
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the f l a s k was evacuated through the high vacuum l i n e 
v i a taps T^, and Tg. The taps were then closed and 
the acid solution electrolysed by means of two p l a t i 
num electrodes sealed i n t o the f l a s k , u n t i l a pressure 
of 1 cm. of mercury had been b u i l t up i n the f l a s k , 
t h i s pressure being observed on the manometer M̂ . 
The e l e c t r o l y s i s was stopped and the f l a s k once more 
opened to the pumps. This process was repeated s i x 
times at the end of which the s o l u t i o n was completely 
free of dissolved helium and neon. 

A f t e r the process of de-aeration, the sample of 
beryllixjm was lowered i n t o the solvent by moving the 
i r o n slug B with an external magnet. Solution was 
allowed to proceed u n t i l a pressure of 60 cms. was 
observed on the manometer, when i t was stopped by 
again moving the i r o n slug B, The Dev/ar type trap D 
was f i l l e d w i t h l i q u i d nitrogen, and the charcoal bulb 
E, which had been previously evacuated w h i l s t baking 
at 200**C, was immersed i n l i q u i d nitrogen. The char
coal bulb E contained 35 grams of coconut charcoal. 
Taps Tg and T^ were opened. The tap T^ was then opened 
to allow the hydrogen, together w i t h i t s attendant 
helium, to flow, v i a the trap D and the non-return 
valve K, to the charcoal bulb E where i t was condensed. 
This process was repeated x m t i l a l l the beryllium had 
been dissolved. There then remained i n the f l a s k a 



-112-
residual pressure of hydrogen which was i n s u f f i c 
i e n t to pass the approximately 1 cm. l e v e l of mercury 
i n the valve K. I t was necessary to remove t h i s and 
any helium remaining either i n s o l u t i o n or i n the gas 
phase. 

The taps Tg and T^ were closed and the l i q u i d 
nitrogen i n the trap D removed, to allow the water 
condensed there to l i q u i f y and f a l l "back i n t o the 
f l a s k throiigh the tap T^, which was then closed. V/ith 
the tap T^g closed pure oxygen was admitted to the 
f l a s k v i a the tap T-ĵ g and the valve 0^, and was •bu"b"bled 
through the solution t o f l u s h out dissolved helium 
u n t i l a pressure of a"bout 3 cms. was o"bserved on the 
manometer M̂ . The mercury i n the Toepler piamp G was 
raised to the "ball-valves and Bg, and the trap D 
once more f i l l e d w i t h l i q u i d nitrogen. The taps Tg 
and Tg were opened, and then T̂^ was opened t o allow 
the oxygen to flow i n t o the vessel H. T^ and Tg were 
then closed, and the gas confined i n the system "between K, 
T̂ , Tj^, and Tg was transferred i n t o the vessel I I , using 
the Toepler pump G w i t h T^^ open, the gas i n H "being 
prevented from flowing "back "by the " b a l l - v e n t i l Bg. This 
process was repeated three or four times w i t h the excep
t i o n that the tap Tg remained closed, a f t e r which the 
greater part of the helium was contained i n the char
coal "bul"b E the residue "being i n the vessel H together 
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w i t h an excess of oxygen. Evidence f o r the correct
ness of t h i s l a s t statement i s given by the f a c t that 
no helium was observed i n the blank determinations 
f o l l o w i n g an actual measurement on i r r a d i a t e d bery
l l i u m , when these blank determinations were made w i t h 
out opening the f l a s k from the previous measiirement. 

The tap Tg was opened to allow pure oxygen from 
storage t o enter the vessel H v i a the valve Og, I t 
w i l l be recalled from the e a r l i e r discussion on the 
p u r i f i c a t i o n of oxygen that t h i s gas was stored as 
l i q u i d at the temperature of l i q u i d nitrogen. The press
ure of oxygen i n the l i n e w i l l not therefore exceed the 
vapour pressure of the l i q u i d at the temperature of 
l i q u i d nitrogen (approximately 15 cms. of mercury), 
and hence the pressure of oxygen i n the vessel H can 
never exceed t h i s value, and i n f a c t i s always s l i g h t l y 
less owing to the presence of a 1 cm. l e v e l of mercury 

i n the valve Og. 
The vessel H i s a specially designed chamber f o r 

the combustion of hydrogen-oxygen mixture w i t h the 
minimum r i s k of explosion. The vessel i s f i l l e d w i t h 
oxygen to a pressure of 15 cms, as described above. 
Tap T^ i s opened and the l i q u i d nitrogen surroxmding 
the bulb E i s lowered \ i n t i l a hydrogen pressure of 30 
cms. i s registered on the manometer Mg, The tap Tg 
i s c a r e f u l l y opened t o admit hydrogen t o the vessel H 
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v i a the upper side-arm at the jun c t i o n of which i s a 
heated platinum s p i r a l . The hydrogen i s i g n i t e d and 
the r e s u l t i n g flame travels down the "body of the vessel 
which i s conical i n shape. As the flame trav e l s down 
the vessel a greater surface of contact i s presented 
to the reaction mixture causing a corresponding increase 
i n the reaction r a t e , r e s u l t i n g i n a decrease i n liydro-
gen pressure. This decrease i n pressure retards the 
advance of the "burning f r o n t causing the flame t o w i t h 
draw t o the narrower part of the vessel and the reaction 
rate decreases. The l i q u i d nitrogen l e v e l around E i s 
meanwhile f u r t h e r lowered t o admit more hydrogen, the 
"bul"b F acting as a h a l l a s t to minimise the pressure 
changes occuring. Pure oxygen i s continuously supplied 
to maintain a pressure of 15 cms. i n H, the tap Tg r e 
maining open throughout the period of "burning. How
ever, even w i t h the presence of the h a l l a s t vessel P, 
the liydrogen pressure would sometimes f a l l dangerously 
low w i t h poor adjustment of l i q u i d nitrogen l e v e l around 
E, the control "being d i f f i c u l t t o adjust, and i n such 
case Tg was closed u n t i l the hydrogen pressure "built 
up again. This process was continued u n t i l the hydro
gen pressure i n S and F f e l l "below 30 cms. with no n i t r o 
gen surroxmding the "bulb E. The taps Tg and Tg were 
then closed. 

The mercury i n the Toepler pump was then lowered. 
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the gases i n the vessel H being prevented from escape 
by the ball-valve Bg, and the tap T^^ was c a r e f u l l y 
opened to allow hydrogen to enter G, being then closed. 
The Toepler pump was then raised and hydrogen bubbled 
past the ball-valve Bg and was burnt i n the chamber. 
This process was repeated u n t i l no residual pressure 
was observed on the manometer Mg. Thro\ighout t h i s 
process the oxygen pressure was manually adjusted to 
maintain the pressure at ;just above the stoichimetric 
requirement. The f i n a l pressure i n H was of the order 
of 3 cms, of which the greater part was contributed by 
the water vapoiir i n the vessel. The vessel H now con
tained a l l the helium together w i t h a residual press\ire 
of oxygen, water vapour, and traces of xmbumt hydrogen. 

The trap I was then surrounded w i t h l i q u i d n i t r o 
gen, the tap Tg opened, and the gases transferred by 
means of the Toepler pump J to the next section of the 
apparatus v i a the tap Tg, t h i s next section being the 
c i r c u l a t i n g system. This process was continued u n t i l 
no residual pressure was observed on the manometer Mg, 
the water vapour i n H having been condensed i n the trap 
I . With the Toepler pump J raised, oxygen i s admitted 
to the vessel H to a pressure of 1 cm. and the trap I 
i s surroxmded w i t h warm water thus vapourising the 
water condensed there and freeing any dissolved helium. 
The trap was once more surrounded w i t h l i q u i d nitrogen. 
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and the gases i n H transferred t o the c i r c u l a t i n g 
system as before. This process was repeated three 
times to enstire that a l l the helium was transferred 
to the next section of the apparatus. 

The method j u s t described was found to be s a t i s 
f a c t o r y f o r samples of beryllium y i e l d i n g from 500 ccs. 
to 2 l i t r e s of hydrogen, but f o r smaller samples the 
method was unwieldy i n practice. Indeed as experience 
of helium analysis was aquired the method was found to 
be unnecessarily complicated and was l a t e r abandoned 
even i n cases where the hydrogen production was as much 
as 6 to 7 l i t r e s . With such large volumes the apparat
us became more d i f f i c u l t t o operate. I n the apparatus 
described by Glueckauf (41) the dissolving vessel i s 
exposed to the charcoal reservoir v i a a trap cooled i n 
l i q u i d nitrogen, no non-return system being included 

at K i n f i g u r e 3, Under such conditions i t i s not 
possible, i n the w r i t e r s opinion, to ensure a q u a n t i t a t 
ive transfer of helium since there w i l l be exposed to 
the charcoal the large volume of the f l a s k . The non
re t u r n valve K was included to remove the p o s s i b i l i t y 
of non-quantitative transfer, but there are d i f f i c u l t 
ies associated w i t h t h i s when large volumes of hydrogen 
are to be handled. With large volumes of hydrogen a 
large equilibrium pressure i s b u i l t up on the charcoal, 
t h i s i n t u r n means that the f l a s k can only be emptied 
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to that pressure, and hence the dissolving cannot be 
completed i n one stage. This considerably lengthens 
the time required f o r an analysis. The d i f f i c u l t y 
could presuraeably be removed by increasing the quant
i t y of charcoal i n the bulb B, but w i t h 90 grams of 
charcoal i n the bulb l i t t l e improvement was observed. 
Any f u r t h e r increase i n the quantity of charcoal above 
t h i s l e v e l increases the d i f f i c u l t y of de-gassing. 
There also arises the possibilits'^ of helium r e t e n t i o n 
on charcoal observed by V/ardle ( i l l ) , a phenomenon 
which seems to depend on the source of the charcoal. 
The r e s u l t s obtained when only 30 grams of charcoal 
were used are i n agreement w i t h other measurements 
performed by a d i f f e r e n t method, and r e t e n t i o n of 
helium i s not suspected i n t h i s case. However, i n 
making up the charcoal to 90 grams i t was not possible 
to use the same material, and helium r e t e n t i o n was 
suspected although the method was rejected before t h i s 
observation could be confirmed, 

A f u r t h e r d i f f i c u l t y observed i n handling larger 
volumes of hydrogen was that a f t e r about three l i t r e s 
of hydrogen had been burnt the reaction became much 
slower, and the flame disappeared completely. During 
such times the glow of the platinum s p i r a l was exting
uished, and i n some cases an hour or more was required 
before conditions necessary to continue the bxirning 
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were attained. This was assumed t o arise from the 
accumulation of nitrogen or argon (from the oxygen) i n 
the burning vessel - the trouble d i d not arise w i t h 
oxygen obtained by a commercial e l e c t r o l y t i c process. 
Method 11> 

This method was applied t o small samples of mass 
approximately 50 milligrams. The apparatus, shown i n 
f i g u r e 16, consists of a four-necked 500 ccs. f l a s k 
containing 100 ccs. of a 20^ aqueous solu t i o n of s u l 
phuric acid nearly saturated w i t h potassium persulphate. 
One of the necks i s not shown i n the f i g u r e . The neck 
B carries a heating c o i l of platinum tape D sealed i n t o 
a B-14 soda glass cone which f i t s i n t o B, The neck C 
carri e s another cone j o i n t B having three side-arms 
d i s t r i b u t e d as shown i n f i g u r e 16, these small side-
arms carrying samples of beryllium. The construction 
i s the same f o r the f o u r t h side-arm not shown i n the 
f i g u r e . Two electrodes of platinum f o i l are sealed 
i n t o the base of the f l a s k . 

The taps T^, Tg, and Tg are opened and the f l a s k 
evacuated through the main vacuum l i n e , a f t e r which 
the tap Tg i s closed. The solution i s electrolysed, 
the current being adjusted t o give a ra p i d atream of 
bubbles, u n t i l the pressure inside the f l a s k i s about 
1 cm. of mercury on the manometer M, The e l e c t r o l y s i s 
i s then stopped, and the f l a s k once more evacuated 



FIGURE 16. 

Beryllium dissolving vessel. 

(Method I I ) . 
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through Tg. This i s repeated s i x times at the end of 
which the solution i s completely de-aerated. T^ and 
Tg are then closed. Prom a knowledge of the dimensions 
of the f l a s k and the mass of beryllium t o be dissolved, 
the pressure of oxygen required f o r complete combustion 
of the hydrogen evolved on acid-dissolution of the met
a l , can be calculated. This pressure of oxygen can 
then be admitted to the f l a s k throTigh the tap Tg and 
the valve 0. The f l a s k i s then immersed i n the water-
bath W t o the l e v e l indicated i n the f i g u r e , and the 
platinum heating s p i r a l switched on, the current being 
adjusted so that a b r i g h t red glow i s produced. 

The sample-holder B i s rotated t o allow a sample 
of beryllium t o f a l l i n t o the solvent, and the liydrogen 
produced btirns q u i e t l y , the flame, v i s i b l e i n a darkened 
room, being confined t o the region around the glowing 
s p i r a l . This continues u n t i l hydrogen i s no longer 
evolved. The trap P i s f i l l e d w i t h l i q u i d nitrogen, 
and the tap Tg i s opened. Tg i s then opened t o allow 
the residual gas to be transferred to the c i r c u l a t i n g 
system, Tg then being closed. T^ i s closed, and pure 
oxygen i s bubbled through the so l u t i o n v i a the valve 
0 and tap Tg, u n t i l a pressure of 1 cm. i s observed 
i n the f l a s k by means of the manometer M. The oxygen 
supply i s then cut o f f , and Tg again opened t o tra n s f e r 
the gas to the c i r c i i l a t i n g system. Water i s condensed 
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out by the trap F. This process i s repeated s i x times 
to ensure qua n t i t a t i v e transfer of the helium t o the 
c i r c u l a t i n g system. The tap Tg i s then closed, and the 
heater D switched o f f . 

The sample-holder E i s constinicted with several 
side-arms so that a number of samples can be analysed 
without opening the f l a s k t o the atmosphere. Samples 
of un-irradiated b e r y l l i u m are included i n practice 
to perform the blank analyses necessary t o check the 
working of the apparatus. The use of t h i s method en
abled analyses t o be performed r a p i d l y . Althoiigh the 
method used only small samples, i t can re a d i l y be app
l i e d t o larger samples, as the fo l l o w i n g method, app
l i e d t o sanrples of mass approximately s i x grams, w i l l 
show. 
Method 111. 

The apparatus i s shown i n f i g u r e 17, the main 
reaction vessel consisting of a c y l i n d r i c a l f l a s k A 
of 2 l i t r e s o v e r a l l capacity, and f i t t e d w i t h three 
side-arms i n addition to the main neck. The side-arm 
B i s f i t t e d w i t h a long arm D, and contains the bery-
l l i m sample i n a platinum cage 0 which i s attached 
to the i r o n slug E by means of a t h i n platinum wire. 
The arm P carr i e s the platinum heating c o i l G as des
cribed i n method 11, the c o i l being situated j u s t 
above the surface of the solvent. A water-bath W 



FIGURB 17. 

Ber.vllittm dissolving vessel. 

(Method I I I ) . 
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stirrounds the main "body of the f l a s k . 
For approximately 6 grams of beryllium the solvent 

c o n s i s t s of 1 l i t r e of a nearly saturated solution of 
potassium cupric chloride. This reagent reduces the 
hydrogen y i e l d to ahout 1 litre/gram of beryllium, as 
compared to 2'5 litres/gram with sulphuric acid. I t 
i s desirable to l i m i t the hydrogen production so as 
to allow a l e s s stringent tolerance l e v e l of helitim 
impurity i n the p u r i f i e d oxygen required to b\irn the 
hydrogen. The method to be described could handle 
much larger quantities of hydrogen were i t not for 
t h i s l i m i t a t i o n . The quantity of solvent used i s i n 
excess of that required for complete solution of the 
berylli\am for the following reason. During the d i s s o l 
ution of the beryllium the metal becomes coated with a 
layer of deposited copper which retards the rate of 
solution, often to such an extent that solution of the 
beryllitxra ceases. This can be avoided by using a large 
excess of solvent. 

The taps T̂ ,̂ Tg, and T^ are opened and the f l a s k 
evacuated through the main vacuum l i n e , Tg then being 
closed. I t i s not possible to de-aerate the potassium 
cupric chloride solution by e l e c t r o l y s i s since chlorine 
i s evolved during t h i s process, and t h i s i s an undesir
able material to handle i n a vacuimi apparatus of t h i s 

type. The solution was therefore de-aerated by f l u s h 
ing 
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the solution several times with pure oxygen, i n the 
following manner. The tap i s closed, and pure oxy
gen i s passed into the f l a s k v i a Tg and the valve 0, 
u n t i l a pressure of ahout 3 cms. i s recorded on the 
manometer M. This gas i s then pumped away through the 
high vacuum l i n e v i a the tap Tg, the f l a s k remaining 
open to the pumps for ahout 1 minute hefore i s closed. 
I t was found experimentally that t h i s process should 
he repeated 15 times i n order to ensure complete de-
aeration, and i n practice t h i s was extended to 20 times 
i n order to he quite sure that a l l helium and neon had 
heen removed. On the f i n a l flushing the tap was 
opened hefore pumping out the oxygen, af t e r which Tg 
was closed. 

The tap Tg i s opened, and the f l a s k f i l l e d with 
oxygen to the l i m i t i n g press\are of ahout 12 cms. deter
mined hy the vapour pressure of l i q u i d oxygen i n the 
reservo i r . The heating c o i l i s switched on, and the 
heryllium sample lowered into the solvent hy moving 
the iron slug B. When the f i r s t of the hydrogen i s 
hurnt the flame extends to the wal l s of the f l a s k A, 
hut t h i s rapiflly diminishes and the flame i s confined 
to the region of the platinum s p i r a l , and i t s s i z e 
can he controlled hy regulating the d,epth of immersion 
of the sample. More oxygen i s automatically added 
to make up for that used, the pressure i n the f l a s k 
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being regulated by the vapour pressure of the l i q u i d 
oxygen i n the reservoir. With experience the btirning 
can be controlled without explosive conditions being 
attained, \lfhen only a l i t t l e beryllium remains Tg i s 
closed to cut off the oxygen supply. At t h i s jxincture 
the manometer M i s observed continuously i n order to 
follow the progress of the reaction, the reading de
creasing as oxygen i s used up u n t i l a small r e s i d u a l 
pressure i s attained. Oxygen i s then added, by manual 
operation of the tap Tg, i n small quantities u n t i l the 
burning i s complete. With practice i t i s possible to 
end up with a pressure of 2 to 3 eras, of which the 
greater part i s contributed by the water vapour press
ure of the solution. The heater G i s then switched off. 

The trap H i s f i l l e d with l i q u i d nitrogen, the tap 
T^ closed and Tg opened. Tg i s then opened to allow 
the gas to pass on to the c i r c u l a t i n g system, water 
being removed by the trap H. Tg and T^ are then closed 
and oxygen i s passed into the f l a s k to a pressure of 
about 1 cm. This gas i s then transferred to the c i r c 
u l a t i n g system v i a Tg. The solution i s flushed i n t h i s 
manner a t o t a l of f i v e times when a l l the helium has 
been transferred to the c i r c u l a t i n g system, t h i s being 
checked by a subsequent flushing of the solution and 
examination of the flushing gas f o r helitrai. 

The three proceedures outlined f o r the extraction 
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of helium from heryllium a l l r e s u l t i n the helium 
heing collected i n the c i r c u l a t i n g system, the helium 
heing i n admixture with a large excess of oxygen and 
traces of hydrogen. I t i s important i n the method 
used for the f i n a l a nalysis of the helixmi that a l l 
traces of hydrogen are removed, and t h i s i s performed 
i n the c i r c u l a t i n g system which w i l l now he descrihed. 

Vt 4, The c i r c u l a t i n g system. 

I n t h i s system the mixture of helium, excess of 
oxygen, and traces of unhurnt hydrogen, i s passed over 
heated palladium which catalyses the comhustion of 
hydrogen and oxygen to water. The gases;are c i r c u l 
ated around the closed c i r c u i t hy means of the p\jmp 
G (figure 18), the intermittent action of the solenoid 
causing the close f i t t i n g iron slug, which i s contained 
i n a soda-glass envelope, to r i s e and f a l l , and t h i s , 
together with the action of the two h a l l - v a l v e s and 
B^, allows gas to c i r c u l a t e i n the system. The gas i s 
thus caused to pass over heated palladium i n the furn
ace 0, the detailed design of which has heen descrihed 
hy Paneth and h i s collahorators (108). The design of 
the present method of removing trace quantities of 
hydrogen i s due to Chackett and collahorators (102). 

The system i s rigorously evacuated through the 
v e n t i l s and Vg with the taps Tg and Tg open, the 
charcoal i n the U-tuhe B heing haked at 250**C during 
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The c i r c u l a t i n g ayatftm. 
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t h i s evacuation. When the system i s evacuated the taps 
Tg and Tg are closed and the v e n t i l Vg raised. The 
v e n t i l i s r a i s e d only to such height as to close 
the U-tuhe at i t s lower end. The tap Tg which i s the 
same as Tg i n figures 15, 16, and 17, i s opened and 
the charcoal hulh B i s immersed i n l i q u i d nitrogen. As 
gas i s transferred from the helium extraction systems 
v i a Tg i t forces i t s way past the mercury i n the v e n t i l 
V^, and i s condensed on the charcoal i n B. The several 
quantities of gas which are transferred from the helium 
extraction systems i n order to ensure quantitative trans
f e r of helium, serve to sweep out the intervening tuhes. 
The v e n t i l acts as a non-return valve. vVhen a l l the 
gas has heen transferred the v e n t i l i s closed. The 
helium, together with excess of oxygen aoid t r a c e s of 
hydrogen, i s now confined i n the c i r c u l a t i n g system. 

Liquid nitrogen i s placed around the trap D, and 
the hulh B i s allowed to warm up to room temperature 
the gas pressure i n the system r i s i n g as i t i s released 
from the charcoal. I n the case of extraction methods 
I and I I the f i n a l pressure attained i s ahout 3 to 4 
cms. hut i s greater i n I I I heing of the order of 15 cms. 
Tap T^ i s opened, and the solenoid around' the v e n t i l F 
i s activated to r a i s e the stopper. The palladium f \ i r -
nace i s switched on, and the current ad;3usted so that 
the »Nichrome* tape winding glows at a d u l l red heat. 
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The outer jacket of the f\irnace i s immersed i n water 
to cool the system. The gas i s c i r c u l a t e d by means 
of the pump G. For extraction methods I and I I the 
c i r c u l a t i o n of the gas i s continued for about t h i r t y 
minutes, but i n I I I t h i s i s lengthened to 2 hours. 
Water i s condensed out i n the trap D. When the hydro
gen has been removed the palladium furnace, and the 
p-ump G are switched off. The system now contains h e l 
ium with a large excess of oxygen. 

Before the helium can be measured i t must be sep
arated from the excess of oxygen, andfor t h i s purpose 
the method adopted by Glueckauf (106) for the separation 
of the helium and neon i n atmospheric a i r i s used. The 
design of the present system i s due to Chackett (102), 
and although somewhat more complicated than should be 
necessary for the separation of helium from oxygen i t 
i s used i n t h i s work i n order to check that no a i r 
leaks have occured during the previous operations. An 
a i r leak would be indicated by the pressure of neon i n 
the gas mixture, and i n practice t h i s was always looked 
for a f t e r the measurement of the heliTom. Although the 
fractionating coltmm has been described, a b r i e f account 
i s included here for the sake of completeness. 
V. 5, The fractionating colimm. 

The method developed by Glueckauf (105) for the 
quantitative separation of the helium and neon i n a i r 
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depends upon the f r a c t i o n a l adsorption of the gases 
on charcoal cooled i n l i q u i d nitrogen. A single ad
sorption unit c o n s i s t s of a quantity S of s o l i d ad-
sorhent i n contact with a ve s s e l of volume V. At 
equilihrium the distrihutiom factor 'a', defined hy 

1 
1 + a(S/V) (1) 

gives the f r a c t i o n of the i n i t i a l material i n the gas 
phase, and i s a c h a r a c t e r i s t i c of the gas whose adsorp
t i o n c o e f f i c i e n t i s a. When a mixture of gases i s pres
ent i n the adsorption unit, the equilihrium d i s t r i h u t i o n 
of the gases w i l l he dependent upon the d i s t r i h u t i o n 
f a c t o r s of the gases, which i n ttirn depend upon the r e l 
a t i v e values of S and V. There i s an in5>licit l i m i t a 
tion to l i n e a r adsorption isotherms, and gas mixtures 
with no mutual interference. With the condition that 
the hest separation of two gases may he considered ach
ieved when a maximum proportion of one of the gases 
would have to he transferred to the other phase i n order 
to produce equal r a t i o s of the two gases i n hoth phases, 
Glueckauf shows that f or optimum separation the d i s t 
r i h u t i o n factors are simply related as 

a -tr h = 1 (2) 

When a s e r i e s of adsorption u n i t s i s used the gas
eous phase i s transported from one adsorption unit to 
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the next. The adsorbent of the f i r s t stage i s then 
again connected with an evacuated space, and the ad
sorption equilibrium re-established with the gas i n 
i t i a l l y adsorbed. This process i s repeated, the gas 
from any one stage being combined with the adsorbent 
of the next. The gas from the f i n a l stage i s c o l l e c t e d 
i n a storage v e s s e l . Glueckauf has calculated the am
ounts of material i n the various u n i t s 'm' and stages 
•n* of the fractionation process, deriving the follow
ing general expressions : 

Where A© i s the i n i t i a l quantity of gas, •A^(g) i s the 
amount of gas i n the gaseous phase, and A^(s) I s the 
amount adsorbed i n the m*"'̂  unit a f t e r n operations. For 
a system of *m' \mits the amount of gas A, A„, transferred 

s 
to the storage v e s s e l a f t e r 'n' fractionation processes 
i s 

the summation beginning with the m̂ ^ process since no 
gas i s delivered to the storage v e s s e l u n t i l t h i s oper
ation. The amount remaining, A^, i n the system i s 



-189-

^ = C l * * * A"' (6) 

Similar expressions are v a l i d f or another gas B. 

During the course of the fractionation of two suh-
stances A and B, the successive f r a c t i o n s delivered to 
the storage v e s s e l P„ w i l l he given hy 

^x = + ^ (7) 

the t o t a l amotint of gas i n the storage v e s s e l SP i s 

I n the course of the process hoth the quantities A°^, 
gm 

go through maxima, t h i s heing i l l u s t r a t e d i n figure 
22 which shows an experimental curve ohtained for the 
fractionation of the heliimi and neon i n a sample of a i r . 
Figure 22 i s drawn as a continuous curve, hut i n r e a l i t y , 
hy the nature of the process, i t i s a step function . 

I t can he seen from equation 8 that the gas accxim-
ul a t i n g i n the storage ve s s e l i s a mixture of the two 
components. Qlueckauf considers the question of the 
numher x of fractionations required to give an optimiun 
degree of separation. I f the fractionation i s cut off 
too e a r l y the gas i n the storage v e s s e l w i l l he of a 
high degree of purity, hut as the fractionation contin
ued an increasing amount of the component with the high
er adsorption c o e f f i c i e n t w i l l he collected. A state 
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of separation i s required i n which A„ together with 
the contamination B represents as nearly as possible 
the I n i t i a l quantity of the gas A. The fractionation 
number n i s deduced approximately as 

log I ; 
n = 2m - 1 + (9) 

and i t can be seen that i f A and B are present i n nearly 
equal quantities the number of fractionations i s approx
imately twice the number of adsorption units, i r r e s p e c t 
ive of the adsorption factors of the two gases. The 
r a t i o of two successive f r a c t i o n s of gas from the m*̂  
adsorption \mit i s , from equation ( 3 ) , given by 

^ = (1 - a) = z ( l - a) (10) ^ n - m + 1 

where for the optimum number of fractionations given 
by (9) the value of z i s 2, An expression i s also de
duced for the degree of purity of the separated products 
as a function of the adsorption f a c t o r s , the number of 
adsorption units, and the fra c t i o n a t i o n nximber. 

The expressions deduced above are applicable to 
an i d e a l fractionation system, i n which a l l the adsorp
t i o n u n i t s are i d e n t i c a l . I n pra c t i c e t h i s i s d i f f i c u l t , 
i f not impossible, to achieve, and the ntiraber of operat
ions for optimum separation together with the purity of 
the separated product i s best determined by experiment. 
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The design of apparatus used i n the present work i s 
due to Chackett ( 1 0 2 ) , and ccanprises 1 5 adsorption imits. 
The construction of the fractionating system i s shown 
i n figure 19, the adsorption u n i t s heing indicated. 
Bach unit consists of a charfifoal hulh (C^^) connected 
to a v e s s e l (A^) which i s i n turn connected to a second 
v e s s e l (BJ^). The hulh Ĉ ^ contains 1 gram of coconut 
charcoal as adsorhent. The mixture of gases to he anal
ysed i s condensed on the charcoal which i s cooled to 
the temperatTore of l i q u i d nitrogen, the set of hulhs, 
A^, B^, heing f i l l e d with mercury to the l e v e l indicated 
hy the horizontal dotted l i n e 1. The sets of hulhs are 
supplied with mercury from two separate r e s e r v o i r s not 
shown i n figvire 19. Wnen the mercury i n the hulhs Â ^ 
i s lowered to the l e v e l indicated hy the horizontal 
dotted l i n e 2, there i s exposed to the adsorhent 
the volumes A^, and the adsorption equilihrium. i s s e t 
up. The mercury i s then raised, the action of the cut
off tuhes preventing the gaseous phase from heing r e 
turned to the adsorhent. As the mercury r i s e s i n the 
hulh A^, that i n the hulh B̂ ^ i s lowered to the l e v e l 
2 and the gas enters the volume space provided hy the 
operation. The merc\iry i n B̂ ^ i s then raided, the action 
of the cut-off allowing the gas to he transferred to 
the adsorhent 0^^^, The set of hulhs B thus act as 
Toepler pumps. The end fractions from unit 1 5 are 
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c o l l e c t e d i n the storage v e s s e l E, a f t e r passing the 
U-tube D. At the end of a pre-determined set of oper
ations, an operation being considered as the transfer 
of gas from one unit to the next, the fractionation i s 
stopped, and the accxmiulated gas can then be measured. 
This i s done by r a i s i n g the mercury i n the storage 
v e s s e l E, thus compressing the gas into the space de
fined by the ba l l - v a l v e Vg, and the taps Tg and T^, 
the gas being then measured by admitting i t into the 
P i r a n l guage system v i a T^, 

The function of the fractionating system being out
li n e d , the discussion of f i n a l stages of the determin
ation of helium i n beryllium can be completed. 

The fractionating column i s f i r s t rigorously evac
uated throtigh the tap Tg (figure 19), and the charcoal 
i n the bulbs C„ baked at 250*'C for h a l f an hour to r e -n 
move adsorbed gases and activate the charcoal. When a 
hard vacuum has been attained, indicated by means of 
a McLeod guage, the mercury i s r a i s e d i n the column to 
the l e v e l indicated by the horizontal dotted l i n e 1. 
When the mercury i s i n t h i s position i t w i l l be observ
ed that only the charcoal bulb i s exposed to the 
tap T^. The charcoal bulbs are then immersed i n l i q u i d 
nitrogen, and the mixture of oxygen and helitmi present 
i n the c i r c u l a t i n g system may now be transferred to 
the fractionating column. 



FIGURE 19. 

The fractionating coltmm. 
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Por heliiom extraction methods I and I I the whole 

of the gas i n the circulating system i s transferred 
to the f i r s t "bxilb Ĉ , the amoxint of gas Taeing compar
atively smalj, and readily accomodated on the charcoal. 
The proceedure i s as follows. The mercury i n the Toepler 
pimip E (figure 18) i s raised to the cut-off point with 
the tap closed. The solenoid P i s switched on to 
raise the v e n t i l , and the tap T^ carefully opened to 
allow the gas contact with the charcoal of the frac
tionating coluBon. This operation must he performed 
very carefiilly at t h i s stage as a sudden flow of gas 
into the column may he sufficient to depress the mercury 
level i n the cut-off tuhe to such an extent that gas 
passes into the 'bvCL'b Â . Apart from upsetting the sep
aration process, the violent movement of mercury may 
easily fracture the delicate structure of the column. 
The mercury i n the Toepler pump E w i l l hegin to rise 
as gas i s adsorhed on the charcoal and at th i s point 
the mercury i n the pump may "be slowly raised hy open
ing the tap H slowly to the atmosphere. When the mer
cury reaches the ball-valve Bg, the tap T̂  i s closed 
and T^ opened. The mercury i s then lowered i n E "by 
opening H to the secondary vacuvim l i n e . This proceed
ure i s adopted to avoid violent "buhhling of gas from 
the circulating system into E, which would "be xznder 
vacuum i f were not opened. The hall-valves Bg and 
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shotild "be held open with a magnet to allow free flow 
of gas throtigh T̂ . 

The tap i s again closed and the Toepler pianrp 
raised as hefore, Taeing carefully opened to admit 
gas to charcoal of the column, and then i s again 
closed. The mercury i n E i s lowered with the solenoid 
P switched off so that a mercury seal i s made at the 
v e n t i l , thus preventing gas from flowing hack into the 
circulating system. The Toepler pump i s then operated 
a further f i v e times, T̂  heing opened after each stroke 
to admit the gas to Ĉ . This proceedure serves to trans
fer the helium quantitatively to the charcoal Ĝ . At 
the end of the f i n a l Toepler stroke, the mercury i s 
raisedto the hall-valve Bg, and the tap T̂  i s opened. 
T̂  remains open throughout the rest of the proceedtire. 

When the extraction method I I I i s used t h i s pro
ceedure must he modified since the f i n a l volume remain
ing i n the circulating system i s too much to accomod
ate on the charcoal Ĉ . Accordingly, after the remov
al of traces of hydrogen, the hulh B (figure 18) i s 
again surrounded with l i q u i d nitrogen to condense the 
oxygen. Tap T^ i s then closed, and the mercury i n E 
raised to the hall-valve Bg. The tap T̂  i s opened to 
admit the gas to the f i r s t charcoal hulh, and may re
main open. The mercury i n E i s lowered, and the v e n t i l 
V closes forming a gas-tight seal. After allowing ahout 
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30 seconds for the gas i n the circulating system to 
come to equilihrium, the Toepler ptimp i s again raised 
to Bg. I t was found experimentally, using an a i r sample 
analysis, that some 15 operations of the Toepler pump 
i n t h i s manner, served to quantitatively transfer the 
heliian and neon to the column. 

After allowing ten minutes f o r the heat of adsorp
ti o n of the gas on the charcoal to he dissipated - the 
temperature of the adsorhent heing an important para;-
meter i n the adsorption equilihrium - the column i s op
erated hy alternately lowering and raising the mercury 
i n the sets of hulhs A and B. In t h i s particular system 
the mercury levels are automatically altered hy a system 
of e l e c t r i c a l l y operated gas valves. At the end of 15 
operations, the column i s stopped and the mercury i n 
the hulh E (figiire 19) i s raised to the hall-valve Vg. 
The tap T̂  i s then opened, and the deflection of the 
galvanometer i n the e l e c t r i c a l system of the Pirani 
guages observed. No deflection should he observed. Tg 
i s then opened to the high vacuum l i n e , and the galvan
ometer again observed. No deflection should be observ
ed since no gas i s delivered to the storage vessel 
during the f i r s t 15 operations of the column. The taps 
Tg and T^ are then closed and the mercury i n the stor
age vessel E i s lowered. Should a deflection be observ
ed after 15 operations of the column the run must be 
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rejected, the column not having heen completely freed 
of adsorhed gases during the pumping period. More w i l l 
he said on this point later. 

The column i s then operated for a further 21 op
erations at the end of which the gas i s transferred to 
the Pirani guage system as hefore. During these 21 
operations the l i q u i d nitrogen i s successively removed 
from charcoal hulhs Cg to Ĉ g, i n order to f a c i l i t a t e 
the removal of any neon present. and Cg remain imm
ersed to hold hack oxygen. Reference to figure 22 w i l l 
show that some 80 f\iPther operations would he required 
to quantitatively remove neon from the colimm with the 
charcoal at l i q u i d nitrogen temperature. Since helium 
is quantitatively removed after 36 operations, Cg could 
he allowed to warm up after operation 25, at operation 
26 and so on, For practical convenience the charcoal 
hulhs are immersed i n l i q u i d nitrogen i n hatches of 4. 

°1,2,3,4, together, as also C^^g^^^g' 10,11,12, 
and f i n a l l y C-ĵg -^^ 2.5* ^® charcoal i s lowered from 
around the f i r s t set after operation 26, and Cg heing 
constructed so that they can he separately immersed, 
whilst Cg and Ĉ  are allowed to warm up. ^5 6 7 8* 
are allowed to warm up after operation 30, and so on. 

Earlier work on this apparatus has shown that neon 
i s quantitatively transferred to the storage vessel 
after 61 operations of the colxram, i.e. 25 operations 
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after the removal of the helium, under the conditions 
given (61), The gas i n the storage vessel i s then trans
ferred to the Pirani gauge system as before. 

At the end of a complete determination, the mercury 
i s lowered i n the column, the system then being opened 
to the madn vacuum l i n e . The l i q u i d nitrogen i s removed 
from and the oxygen thus released i s pumped away. The 
charcoal i s then baked i n preparation for the next run. 
V. 6. The Pirani Gauges. 

The Pirani type of pressure ga\ige has been used f o r 
the measurement of micro-quantities of helium by sever
a l workers, many different designs being used (55,102,112) 
One of the major d i f f i c u l t i e s with t h i s type of gauge 
is the problem of ' d r i f t * , the term being used to des
cribe the movement of the zero of the recording device, 
e.g., a galvanometer needle, with time. L i t t l e i s known 
of the reason for t h i s phenomenon, but during the course 
of this work i t was suspected to be due to small thermo-
e.m.f's produced by temperature differences i n the b i 
metal junctions present i n the system. The present 
gauge was therefore designed to minimise these temper
ature differences, the elimination of the bi-metal junct
ions not being practical. 

The design of the Pirani gauge i s shown i n figure 
20. Two tungsten wires (O'lmm. diameter) are sealed 
through the glass envelope by means of a 'pinch' seal. 



PIGUR3 20. 

The Pirani Gauge. 



I 



-158-
A piece of tungsten wire i n the form of a short spring 
i s also sealed into the pinch. The three wires are 
formed into hooks at their ends, as near the pinch as 
practicable. An 8 cm. glass rod sealed to the pinch 
runs axially down the glass envelope, heing fashioned 
into two hooks at i t s free end. A length of nickel 
tape (30cms x 0*05mm x 0*003msTi.) i s stretched on the 
frame, provided hy the 3 tungsten hooks and two glass 
hooks, i n the form of a 'W, the nickel tape heing 
soldered to the two outer tungsten hooks. Before sold
ering, the tape i s tensioned hy suspending 5 gram weights 
from i t s free ends. The tape i s put under tension since 
i t was found that t h i s improves the s t a b i l i t y of the 
gauge. 

The glass envelope i s made of 'Pyrex' glass i n 
order to make the pinch seal to tungsten, the volume 
of the envelope heing made as small as possible to i n 
crease the sensitivity of detection. A similar system 
was constructed completely i n soda glass using platinim 
throtigh seals, but t h i s would not stand immersion i n 
l i q u i d nitrogen. Although *Pyrex* i s permeable to hel-
itrni, no build-up of gas was observed i n the Pirani system 
during operation, probably because the diffusion throtigh 
the glass i s very much slower at. l i q u i d nitrogen temp
eratures. 

Two Pirani gauges are used i n practice, one being 
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used for the measurement of the gas and the second prov
ides a compensating arm i n the Wheatstone bridge net
work used. The range of se n s i t i v i t y enabled measure
ments to be made i n the range from about 10"^ to 10"'* ccs, 
of helixam. 

The Piranis are mounted on the apparatus as ind
icated i n figure 19, the pyrex to soda j o i n t being ind
icated by a BIO cone and socket sealed with 'Apiezon W 
wax. The whole of the system i s immersed i n l i q u i d 
nitrogen to about 2 cms. below the waxed joint s . The 
operation i s as follows. 

The Pirani's are opened to the high vacutim system 
via Tg^^^g, the charcoal i n the U-bend being baked with 
a small flame at intervals. The charcoal i s included 
to mop up gases released into the system via the tap 
grease. vVhen a hard vacuum i s attained the taps are 
closed, and a potential of 1 v o l t applied across the 
bridge. A potential difference of 1 v o l t i s chosen to 
maintain the wire at approximately room temperature when 
the Pirani i s immersed i n l i q u i d nitrogen, thus avoid
ing large changes i n the mechanical condition of the 
wire. As soon as the potential i s applied across the 
bridge, the Pirani system i s immersed i n l i q u i d n i t r o 
gen to a level just below the Dewar seals. Five to ten 
minutes i s allowed to cool the pinch seals slowly before 
complete immersion i n l i q u i d nitrogen. A period of two 
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hours i s then required to bring the Pirani's to a 
steady state before measurement can be made, 

V/ith t h i s system the d r i f t was considerably reduc
ed compared to that observed with another system (102). 
Measurements are made by observing the galvanometer 
spot and recording i t s position at half-minute i n t e r 
vals u n t i l steady conditions are assured. The admission 
of the gas to the Pirani gauge via T^ cools the nickel 
wire thus changing i t s resistance and the out of bal
ance current produced i n the galvanometer i s recorded. 
The gas i s then pumped away via Tg and the balance i s 
restored. Readings of the position of the galvanometer 
spot are taken at half-minute intervals during the pro
cess, the deflection produced being determined graph
i c a l l y . The mean of the 'in* and 'out' deflections 
i s taken as the true deflection. 

The Pirani gauge i s then calibrated by admitting 
a known amount of the same gas and recording the de
f l e c t i o n rpoduced, t h i s known amount of gas being meas
ured i n a gas pipetting system, the design of whichis 
due to Chackett (102). Prom the r a t i o of the deflect
ions and the known amount of gas, the unknown amount 
i s determined by simple proportion. 
Y, 7. The Pipetting System. 

This system i s designed to deliver an accurately 
known volume of gas to the Pirani gauge, the volumes 
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—7 —3 

being i n the range from 10 to 10 ccs. The design 
of the system i s shown i n figure 21. 

The system i s rigorously evac\iated by opening i t 
to the main vacu"um l i n e through T̂ , the pressure being 
observed i n the McLeod gauge E. The mercury i n the 
colunms A-ĵ  and Ag i s then raised t o the etch marks 
P̂  and Pg the tap T,̂  being closed. T̂  i s opened to ad
mit a small pressure of helium to the bulb Ĥ , T̂  being 
then closed. Tg i s opened to the bulb and then closed, 
thus confining a portion of the helium into the tube 
between Tg and Tg. The tap Tg i s then opened to admit 
th i s gas into the system. The mercoiry i n the McLeod 
ga\ige E i s raised, the level being brought to one of 
a niraiber of etch marks, each marking accurately known 
volumes, on the closed limb of the gauge. Tap T̂  i s 
then opened and the gas i n the remainder of the system 
pumped away. The difference i n the level of mercury 
i n the two limbs of the gauge i s then measured, and a 
correction applied for c a p i l l i a r y depression. The temp
erature of the system i s measured, and the quantity of 
gas i n the system can then be determined. 

Tap Tg i s closed, and the mercury lowered i n the 
gauge to the etch mark G, The volxjjne of the McLeod 
gauge and connecting tubes to the etch mark Pg i s 
accurately known. The mercury i n Cg i s then raised 
to cut off a portion of the gas i n the volume Bg 



FIGURE 21. 

The Pipetting system. 
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which i s accurately known. The level of the mercury 
i s lowered i n Ag to a definite mark, and the gas con
fined i n Bg expanded into D, the volume of this system 
to the etch mark being known. Mercury i n Ĉ  i s then 
raised to cut off a known fraction of t h i s gas i n the 
pipette B̂ .̂ Lowering the mercury i n Â  allows this gas 
to be expanded in t o the storage vessel E (figure 19), 
from v/hich i t can be transferred to the Pirani gauge. 
The mercury i n A^ i s then returned to the level P̂ , 
and by lowering Ĉ  another quantity of gas can be meas
ured, and again transferred to the Pirani gauge. This 
volume w i l l be smaller but the correction factor can 
be determined from the known volume of the system. A 
second measurement i s always made i n practice to check 
on the working of the measuring system. 

Small samples of neon can also be transferred to 
the Pirani gauge from the neon reservoir i n the same 
manner, 

V. 8, The Practionation Calibration;-
I n the earlier discussion of the fractionating 

column i t was pointed out that the equations were de
rived f o r an ideal column i n which a l l adsorption units 
were identical. This situation does not obtain i n prac
tice and the column characteristics were determined by 
experiment. 

A small sample of a i r (approximately Icc at N.T.P.) 
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i s put onto the charcoal (figure 19), and the column 
operated i n the manner descrlhed. After the f i r s t 15 
operations have "been completed, the succeeding oper
ations are performed singly, the gas c o l l e c t i n g i n the 
storage v e s s e l a f t e r each operation being transferred 
to the P i r a n i gauge and the deflection observed. I n 
t h i s way the experimental curve of figure 22 has been 
obtained, and t h i s shows a well defined helium peak, 
followed by a f l a t t e r neon peak. 

The adsorption factor of each gas can then be 
determined using equation 10, the r e s u l t i n g f a c t o r s 
being a c h a r a c t e r i s t i c of the column. Using these ad
sorption factors i t i s then possible to calc u l a t e the 
shape of each individual curve of which figure 22 i s 
compounded. The calculated curve i s shown as a dotted 
l i n e . The adsorption factors obtained are. 

Helium a = 0*606 
Neon b = 0*220 
i. e . a + b = 0*826 

the r e s u l t indicating that the optimum separation con
d i t i o n expressed i n equation 2 i s not f u l l y r e a l i s e d . 

Graphical integration of figure 22 reveals that 
for an a i r sample the error Introduced by stopping the 
helium fractionation at operation 36 i s l e s s than 0*2%» 
When no neon i s present the error introduced i n stopping 
the helium fractionation at operation 36 i s about 0*8%, 



FIGURE 22. 

Helium - Neon separation curve. 
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Thus a correction of 0*8% should "be added to the 
helitim olDserved from the dissolution of beryllium, a 
case i n which no neon i s observed. 

A i r sample analyses are conducted at regular i n t 
e r v a l s as a check on the correct working of the appara
tus. The proceedure and r e s u l t s of these analyses w i l l 
now he discussed. 
V. 9« A i r Analyses, 

An a i r pipette of the type shown i n figure 8Sa i s 
f i t t e d to the apparatus at K (figure 15) hy means of 
a BIO cone and socket j o i n t , Th6 taps Tg and Tg are 
opened to allow a i r to he admitted, the a i r being 
dried by the magnesiiam perchlorate packed in the tube. 
The temperature of the room and the atmospheric preas-
ure are observed, and Tg i s closed. T^ i s then opened 
to the apparatus, and the sample of a i r i s transferred 
to the c i r c u l a t i n g system using the Toepler pump J 
(figure 15), the v e n t i l V-ĵ  (figtire 18) being open. 
The Toepler pump E (figure 18) i s then used to trans
f e r the sample to charcoal of the column, and the 
analys i s performed as described e a r l i e r . 

The r e s u l t of eleven a i r analyses performed at 
in t e r v a l s during the covirse of t h i s work are given, 
(see table XV".) The mean of these r e s u l t s together 
with t h e i r standard deviations i s . 
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Helium = 5*279 - 0*006 x 10"^ ccs/cc. of dry a i r . 
Neon = 18*39 - 0*08 x 10"® ccs/cc, of dry a i r . 

These r e s u l t s are i n good agreement with those of 
Reasbeck (61) obtained with the same apparatus, i * e . . 

Helium = 5*285 - O'OlO x; 10"^ ccs/cc. of dry a i r . 
Neon = 18*23 i 0*020 x 10"^ ccs/cc. of dry a i r * 

TAHLB XV. AIR ANALYSES, 

HelituE/cc. of a i r 
(ccs. X 10®) 

Neon /cc. of a i r 
(ccs. X 10^) 

1 5*272 18*42 
2 5*281 18*38 
3 5*293 18*45 
4 5*278 18*28 
5 5*282 18*36 
6 5*269 18*52 
7 5*288 18*30 
8 5*276 18*26 
9 5*274 18*37 

10 5*278 18 •41 
11 5*285 18*29 

The r e s u l t f or neon obtained i n the present work i s 
however somewhat higher than that obtained by Reasbeck. 
This cannot be due to systematic errors a r i s i n g i n the 
c a l i b r a t i o n of the a i r pipette since the r e s u l t f or 
heliimi i s i n close agreement, within the standard errors, 
with that of Reasbeck. However i f the error i s quoted 
as two standard deviations the r e s u l t s are i n agreement. 
The a i r analysis r e s u l t s may be compared with those of 



FIGURE 23. 

(a) The a i r pipette. 

(b) A i r trap for fractionatinp; column. 
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e a r l i e r workers given i n Table XVI. 

Heliunv'cc.of a i r Neon/cc.of a i r 
(ccs. X IQg) (ccs. X 10^) 

Ramsay (1905) 4*0 12'3 
Claude (1909) 5 15 
Watson (1910) 5*4 18»2 
Glueckauf(l944) 5-24 ± 0*03 
Glueckauf(1945) 5*239 t 0*004 18*21 i 0*04 

V. 10. Concluding Remarks, 

I n V. 5 i t was pointed out that no deflection 
of the P i r a n i gauges should be observed for the f i r s t 
15 operations of the column, but i n practice a r e s i d u a l 
deflection was observed when the measuring system was 
used on i t s most s e n s i t i v e range. An attempt was made 
to f i n d the source of t h i s r e s i d u a l deflection with a 
view to removing i t s cause; the apparatus used i n h e l 
ium extraction method I was i n use at the time. 

I t was at f i r s t suspected that the r e s i d u a l de
f l e c t i o n arose from mechanical v i b r a t i o n of the P i r a n i 
gauges on opening the admission tap, but t h i s was checked 
by observing the galvanometer spot wh i l s t opening and 
closing the tap. No discontinuity i n the d r i f t was 
observed. The whole apparatus, a f t e r pumping out i n 
the normal manner p r i o r to a helium determination, was 
operated without any gas i n the system, the r e s u l t s of 
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t h i s being shown i n Table XVII, Nos. 1 and 2. The 
column alone was then operated a f t e r preliminary 
baking, the r e s u l t s are given Table XVII, Nos. 3 and 
4. The average P i r a n i s e n s i t i v i t y on the measuring 
range used was 5 x lO"*^ ccs. of heliunv^cm deflection. 

TABLE XVII. 

Column Operations. 

0*24cras. 0*57 
0*15 0*50 0*60 
0*29 0*44 0*70 

0*42 0*52 
Mean 0*20 0*48 0*61 
Helium 
equivalent 
X 10"^ ccs. 1*0 2*5 3*0 

I t was observed that small bubbles of gas had 
col l e c t e d on the column at the positions and 
(figure 19). These bubbles were only v i s i b l e when 
the raerciiry i n the column was lowered, and i t was 
suspected that these were bubbles of a i r entrained 
with the mercury of the column r e s e r v o i r s . I t w i l l 
be noted that i f a i r i s entrained i n t h i s way i t has 
ready access to the storage v e s s e l E by way of the 
U-branch D. This explanation of the re s i d u a l 
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d e f l e c t i o n i s a l l the more credible i n view of the 
roTigh proportionality between the observed deflection 
and the number of coliamn operations shown i n Table XVII. 
An attempt was therefore made to remove t h i s e f f e c t 
by providing an a i r trap (figure 23b) i n the lead from 
the mercury reser v o i r to the column. The a i r trap 
depends for i t s action on the observation that mercury 
'wets' platinxun so that an a i r t i g h t s e a l should be 
provided by a platinTrni-raercxiry interface, so that any 
a i r entrained between mercury and glass should c o l l e c t 
around the i n t e r n a l s e a l . After t h i s was i n s t a l l e d 
an improvement was noted i n the r e s i d u a l deflection 
but a f t e r some weeks the value of the deflection became 
the same as before and the bubbles on the colxiran r e 
appeared. I t was therefore decided to operate the c o l 
umn using carbon dioxide at atmospheric pressiire, the 
carbon dioxide being supplied from a cylinder of the 
l i q u i d , i t being considered that t h i s should be sub
s t a n t i a l l y helium^free. This system brought some im
provement, the f a c t that the r e s i d u a l defleistion was 
not completely removed may be due to the p o s s i b i l i t y 
that some a i r was s t i l l entrained and that some time 
would be required before t h i s could be completely 
replaced by carbon dioxide. 

The r e s i d u a l deflection observed can be neglected 
for most of the raeasiirements described i n t h i s work 
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being l e s s than 1% of the t o t a l helium, but i t does 
set a l i m i t to the detection of helium. 
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CHAPTER VI. 

THE ESTIMATION OF TRITIUM IN BERYLLIUM. 

VI. 1. Introduction. 
For reasons given elsewhere i n t h i s work a method 

was developed for the estimation of trttiiom produced 
i n m e t a l l i c beryllium on i r r a d i a t i o n with neutrons* 
V/ith the neutron flxjxes available i t was estimated that 
continuous i r r a d i a t i o n of beryllium for one month would 
produce an estimated 4 x 10""^ ccs. of tritiuny^gram of 
beryllium. This quantity would be d i f f i c u l t to extract 
and measure by gas volumetric methods, but trititmi i s 
r e a d i l y measured i n such quantity by v i r t u e of i t s 
p-radioactivity, the volume given above being approx^ 
imately equivalent to 10* disintegration/minute. How
ever, quantities of berylliiim of the order of 1 gram 
were inconveniently large for the method developed, 
and i n practice 100 milligrams samples were analysed, 
hence only 10^ disintegration/minute were to be expect
ed. I t was therefore e s s e n t i a l that the bulk of t h i s 
material should be counted i n order to ensure reasonable 
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s t a t i s t i c a l accuracy. 
The method con s i s t s i n attacking the beryllium 

i n vacuo with bromine vapotir to convert the berylliimi 
to the bromide, the t r i t i u m released reacting with the 
bromine to form t r i t i u m bromide. A small amount of 
hydrogen bromide was present to act as c a r r i e r for the 
tr i t i u m bromide. The excess of bromine i s then removed 
by admitting mercury vapour to the system thus leaving 
the hydrogen and t r i t i u m bromides. These gases were 
then passed over heated magnesium at 500**C to convert 
the halides to hydrogen and tritium, which were then 
transferred to a gag coxinter and the r a d i o a c t i v i t y of 
the mixture meas\ired. The quantity of tritixim i n the 
beryllium can then be estimated. 

I n the extraction proceedure described i t i s con
sidered e s s e n t i a l that the t r i t i u m should be I n the 
same chemical form as the c a r r i e r , and i t i s useful 
to consider whether t h i s w i l l be so i n t h i s case. The 
t r i t i u m w i l l be released from the beryllium i n the atomr-
i c or molecular state, and i t can be assumed that i t s 
properties as regards chemical reaction w i l l not d i f f e r 
grossly from those of hydrogen. The equilibrium con
stant for the reaction 

Hg + Brg ^ 2H Br 
at 25**C i s of the order of 10^, and from the known heat 
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of reaction H at 25®, i t can be computed, assuming H 
constant, that at eOO^C the value i s 10®. Thus even at 
high tenrperaturea the reaction favours the formation 
of hydrogen bromide i n the presence of bromine vaooizr. 
During the course of the extraction the system favours 
conversion of t r i t i u m to t r i t i u m bromide. When the 
excess of bromine i s f i n a l l y removed by mercury there 
i s the p o s s i b i l i t y that t h i s w i l l also attack the hydro
gen and t r i t i u m bromides. Should t h i s occur however 
the condition that the t r i t i u m should be i n the same 
chemical form as the c a r r i e r w i l l s t i l l be maintained. 
VI. 2. Preparation of Pure Dry Hydrogen Bromide. 

Hydrogen bromide was prepared by the bromination 
of tetrahydronaphthalene ( t e t r a l i n ) , the apparatus 
being shown i n figure 24. A stream of dry Ng was passed 
through the t e t r a l i n i n f l a s k A with taps g y and Tg 
open and allowed to bubble out through merciiry i n the 
beaker G, i n order to displace a i r from the apparatus. 
The reservoir R was then cooled i n l i q u i d nitrogen, 
and bromine was allowed to drip into f l a s k A from the 
separating funnel v i a tap Tg, The hydrogen bromide 
produced was passed through the trap B which contained 
t e t r a l i n to remove any bromine c a r r i e d over with the 
gas stream. After passing through the phosphorus 
pentoxide tube P^ to remove water, the hydrogen bromide 
was condensed i n the rese r v o i r R. VVhen s u f f i c i e n t 



FIGURE 24. 

Apparatus for the preparation of pure dry hvdrogen bromide. 
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hydrogen 'broraide had iDeen condensed the stream of 
nitrogen was cut o f f and taps T„ „ o» were closed. 
The s o l i d hydrogen "bromide was then allowed t o warm 
up t o allow gaseous hydrogen "bromide t o "bu'b'ble out of 
the mercury i n G, t h i s "being observed "by the white 
fumes produced on contact w i t h a i r , t o displace excess 
nitrogen. The hydrogen "bromide was again frozen i n R, 
Tg heing closed t o prevent mercury sucking "back from 
the reservoir G, 

The reservoir S was then pumped out to a hard vac
uum v i a the tap which was then closed. Hydrogen 
"bromide i n R was again allowed t o warm up w i t h Tg open
ed and the delivery tu"be was placed under the sintered 
glass disc. The hydrogen "bromide a f t e r f u r t h e r drying 
over phosphorus pentoxide was thus passed i n t o the res
erv o i r S. liVhen a"bout 30 cms. pressure of hydrogen "brorar-
ide had collected i n S the stream was again stopped hy 
freezsing R as "before, and the gas i n S was frozen down 
i n the side arm G by immersion i n l i g u i d nitrogen. The 
system was then opened to the piamps v i a T^ to remove 
any residual nitrogen. The tap T^ was closed, the hydro
gen "bromide i n C allowed t o warm up and the c o l l e c t i o n 
of hydrogen "bromide was continued u n t i l i t "began t o 
•bu'b'ble out of the manometer M, when i t was stopped. The 
hydrogen "bromide was again frozen down i n the side arm C 
and the system once again pximped out v i a T-^, The reservoir 



-154-
S was then sealed "by melting the glass at the con
s t r i c t i o n s D and H. The hydrogen Taromide i n C was 
again allowed to warm up. There was thus collected, 
i n C a quantity of pure dry hydrogen "bromide. 

n rz y<t are opened to the pumps u n t i l a hard 
vacuum i s obtained the taps again "being closed. The 
steel "ball i n the side arm i s l i f t e d w i t h a magnet and 
allowed to f a l l on to the glass seal K which i s "broken 
on impact, thus admitting the hydrogen "bromide to the 
space "behind T̂ . T^ was then opened, and "by slowly 
opening T^ a amall quantity of hydrogen "bromide could 
"be admitted to the "bulh B v/hose volume was accurately 
]£nown. The pressure was then measured i n the system 
"by means of manometer L, and then Tg was closed. Room 
temperature was observed, and then Tg was opened t o 
admit the gas to the sample tu"be J which was immersed 
i n l i q u i d nitrogen. The hydrogen "bromide was thus 
frozen down i n the tu"be J, i t s vapour pressure "being 
negligi"ble at t h i s temperature of l i q u i d nitrogen, aid. 
the tube could "be sealed o f f at the c o n s t r i c t i o n P. 
A s i m i l a r sample tuhe could then "be sealed on to the 
apparatus, and the f i l l i n g process repeated. I n t h i s 
way a large number of sample tu"bes containing accurately 
known quant i t i e s of hydrogen "bromide could "be prepared. 
TL, g. P u r i f i c a t i o n of Bromine, 

For the I n i t i a l experiments w i t h t h i s method of 
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t r i t i u m estimation i t was desirable that the "bromine 
"be freed from impurities. Commercial l i q u i d "bromine 
was used, the main impurities "being water and hydrogen 
"bromide. The "bromine was therefore mixed w i t h calcium 
oxide, to remove hydrogen bromide, and w i t h magnesi\im 
perchlorate, to remove water, i n the f l a s k A ( f i g u r e 25), 
The f l a s k was frozen i n l i q u i d nitrogen and then opened 
to the vacuum system v i a Tg and Tg, the trap E being 
immersed i n l i q u i d nitrogen to trap out escaping vapour. 
^5,6* then closed and the bromine allowed to l i q u i 

f y . The system was then frozen again and the pumping 
operation repeated. This process was repeated four or 
f i v e times i n order to completely de-aerate the bromine, 
a f t e r which the bromine was again frozen, and the f l a s k 
sealed o f f at the c o n s t r i c t i o n C. A f t e r allowing the 
bromine to warm up the f l a s k was shaken vigourously 
and allowed t o stand f o r several hours, at the end of 

which the f l a s k was sealed to the remainder of the app
aratus at D. 

n m Af were opened and the system rigorously 
evacuated thro\igh the high vacuum l i n e . T-ĵ  g were then 
closed and the s t e e l b a l l allowed to f a l l on to the glass 
seal B which was thus broken. The tube G- was then f r o z 
en i n l i q u i d nitrogen and bromine a f t e r passing throtigh 
the tube F, where i t was f u r t h e r d r i e d over magnesium 
perchlorate, v/as condensed i n the tube G. \men approx

imately 



FIGURE 25. 

Apparatus for the p u r i f i c a t i o n of "bromine. 
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1 cc, of bromine was collected i n G the tap Tg was 
closed and the sample tube sealed o f f at the c o n s t r i c 
t i o n H. A fresh sample tube could then be sealed on 
to the system and the process repeated. I n t h i s v/ay 
1 cc. samples of p u r i f i e d bromine were obtained f o r the 
subsequent analysis. The tube I was packed w i t h potass
ium hydroxide p e l l e t s to prevent access of bromine vap
our to the puniping system, but i t did not prove a very 
e f f i c i e n t method, and bromine c o l l e c t e d i n the l i q u i d 
nitrogen trap of the d i f f u s i o n pumpss. 

The f i r s t four sample tubes obtained as above were 
analysed f o r impurity i n the f o l l o w i n g manner. A sample 
tube was opened t o an evacuated tube containing mercury 
vapour, and the bromine combined w i t h the merctiry quant
i t a t i v e l y . This evacuated tube was then opened to a 
tube containing magnesium metal at 500**C, and, using 
a Toepler ptimp, any gases i n the tube were transferred 
to a manometric system. Only i n the f i r s t two of the 
bromine sample tubes was any gas removed from the system, 
and from t h i s i t was i n f e r r e d that a l l other sample 
tubes were s u f f i c i e n t l y free of impurity f o r use i n 
the t r i t i u m e x t r a c t i o n method. The f i r s t two sample 
tubes probably contained some residual hydrogen bromide 
not removed by the calcium oxide. 
TL, 4. The Extraction of T r i t i i m i from Beryllium. 

The apparatus, shown i n f i g u r e 26, consists of a 
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s i l i c a tube A f i x e d t o the *P3rrex* vacuum l i n e throu.gh 
a s i l i c a t o *Pyrex* seal B. Sealed on t o the *Pyrex' 
system are two sample tubes, one containing about 

—4 
3 X 10 moles of hydrogen bromide, and the other 1 cc. 
of l i q u i d bromine. The sample tubes can be opened t o 
the system by breaking the glass seals and Cg using 
the s t e e l b a l l s and Sg. The b e r y l l i m sample i s 
contained i n a wrapping of platinum gauze f o r the single 
pieces, or i n a platinum boat i f i n the form of turnings. 
The f u n c t i o n of the platinum cover i s to prevent attack 
on the s i l i c a by the beryllium when t h i s i s heated. An 
early experiment showed that beryllium r e a d i l y attacks 
s i l i c a , presumably withdrawing oxygen, when heated. 
Two small sealed soda-glass bulbs M containing mercury, 
are also included i n the tube at the p o s i t i o n shown. 

The reaction vessel i s pumped out rigorously t o 
a hard vacuum v i a tap T̂.* "t̂ ® tube being l i g h t l y heated 
w i t h a gas flame to drive out water. When a suitable 
vacuum has been attained the sample tube i s sealed o f f 
at the c o n s t r i c t i o n B. The glass seals and Cg are 
then broken, using the s t e e l b a l l s and Sg which are 
afterwards withdrawn i n t o t h e i r respective side tubes 
using an external magnet. Bromine and hydrogen bromide 
are thus admitted to the reaction vessel. The beryllium 
sample i s then heated to redness and reaction occurs 



FIGURE 26. 

Reaction vessel for, t h ^ extraction of t r i t i n r r . 

from b e r v l l i i i T n . 
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between the beryllium and bromine producing a voluminous 
white deposit on the cool walls of the vessel. The 
ber y l l i u m burns b r i g h t l y i n the bromine vapour, and 
would no doubt continue u n t i l a l l of i t were used, ToxEt 
the deposition of b e r y l l i u m bromide prevents ready acc
ess of the combustion materials t o one another. The 
whole tube must by kept warm to prevent choking up w i t h 
beryllium bromide. The l a s t traces of beryllium are 
removed by strongly heating and causing the bromine 
vapour to pass over and over the heated metal. This 
flow can r e a d i l y be achieved by f i r s t cooling one end 
and then the other i n a bath of l i q u i d nitrogen. When 
a l l the beryllium i s used up the excess of bromine i s 
then removed i n the f o l l o w i n g way. The two merctiry 
bulbs are heated u n t i l the break up, the hot mercury 
released i n t o the reaction vessel immediately reacts 
w i t h the bromine, a flame being observed to move along 
the tube. At the end of reaction w i t h mercury no char
a c t e r i s t i c colo\ir of bromine can be observed i n the 
vessel. 

I n e a r l i e r experiments the f i n a l removal of excess 
bromine was performed by heating a s t r i p of m e t a l l i c 
copper i n the system. This was quite e f f e c t i v e as a 
scavanger, but was somewhat slow i n practice, and had 
to be heated t o quite a high temperature. The use of 
copper also impaired the l i f e of the reaction vessel 
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since i t l e f t a coherent deposit on the walls which 
could not be removed. The use of mercury removes 
these d i f f i c u l t i e s . 

The reaction vessels now contains t r i t i u m bromide 
together w i t h hydrogen bromide c a r r i e r . This mixture 
must be converted t o t r i t i u m and hydrogen f o r gas 
counting, since the presence of halogen and halogen 
acid i n Geiger counters i s undesirable. 
"VI. 5. MeasTirement of Tritium. 

Figure 27 shows the complete apparatus f o r the 
ext r a c t i o n and measurement of t r i t i u m i n b e r y l l i i m i . 
Reaction vessel A f o r the degradation of met a l l i c bery
l l i u m and conversion of t r i t i u m to the bromide has been 
described. The remainder of the system i s concerned 
w i t h the conversion of the hydrogen and t r i t i u m brorar-

ides t o elemental hydrogen and t r i t i u m , and the trans
f e r of the gases to a Geiger counting system f o r meas
urement. 

The whole apparatus i s rigorously evacuated w i t h 
a l l taps open, w i t h the exception of T^ which opens 
d i r e c t l y to the atmosphere. Tap Tg i s closed and hy
drogen from a cylinder, a f t e r passing throiigh coconut, 
charcoal cooled i n l i q u i d nitrogen t o remove imp u r i t i e s , 
i s passed i n t o the f l a s k G v i a the mercury t i g h t s i n t 
ered glass disc P. vVhen f i l l e d to atmospheric pressure 
tap Tg i s closed and the excess hydrogen i n the connecting 



FIGURE 27. 

ApTParatus f o r the e s t i m a t i o n of t r i t i u m i n 

berylli\3m. 
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tube i s pumped away. The hydrogen i n G i s required 
f o r counter f i l l i n g . 

I t i s required that the voltime of c e r t a i n sections 
of the apparatus be accurately known, and these volumes 
are determined by the method of gas expansion using the 
a i r p i p e t t e L. The volume of L has been accxzrately 
determined from the weight of mercury required t o f i l l 
the space between Tg and T,̂ . The Toepler pumps P and 
H are raised t o the ball-valves B^ g, and Bg, and the 
mercury t i g h t sintered glass disc R. The taps Tg g^g, 
and T̂ Q are closed. Tap T,̂  i s opened t o admit a sample 
of a i r i n t o L, the atmospheric pressure being observed 
and T,̂  i s closed. Tg i s then opened to admit the saii5)le 
of a i r to the volume space defined by T,̂ , Bg, Tg, Tg, 
T^Q, and Bg and the surface of the mercury of the man
ometer M̂ . The difference i n l e v e l of the mercury i n 
the manometer i s observed using a cathetometer. 
A f t e r correction f o r the volume of L, the tap key Tg, 
and the volume of displaced mercury i n M̂ , the volume 
defined by Tg, Bg, Tg, Tg, T^Q, and Bg can be deter
mined. Tap T̂ Q i s then opened to admit the a i r sample 
up to T̂ 2.« ^ ® pressure i s again noted, and a f t e r corr
ection f o r the second manometer Mg, the increased v o l 
ume can be determined. Continuing i n t h i s way, and 
making appropriate corrections f o r the volume of tap 
keys etc., the vol\ame of each section of the apparatus 
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can be determined. The main volumes of i n t e r e s t are 
(1) that defined by Bg, Tg, Tg, Tg, T^Q, and Bg 

now refer r e d to as •\r„. 
a 

(2) that defined by R, T^^, T^, and the Geiger 
co\inter K, now refer r e d t o as "7̂ , 

(3) the cathode volume of the Geiger counter, 
t h i s being determined by measurement of the 
diameter and length of the cathode and sub
sequent c a l c u l a t i o n of the volume of the 
cylinder. This volume w i l l now be re f e r r e d to as V^. 

The e l e c t r i c heater of the magnesium furnace i s 
switched on, and the magnesium baked at 500**C f o r an 
hour, the system being opened to the pumps v i a taps Tg 
and T^, The furnace consists of a brass tube covered 
i n asbestos paper, around which i s wound a layer of 
*Nichrome* resistance tape. The whole i s then covered 
wi t h tv/o or three layers of asbestos paper. 250v A.C. 
mains are used t o supply the heater current which i s 
co n t r o l l e d by means of a potentiometer. The teraperattire 
i s measured by means of a cal i b r a t e d thermocouple. This 
furnace surrounds a length of *Pyrex* tube packed w i t h 
magnesium turnings (Grignard reagent q u a l i t y ) . A f t e r 
baking f o r one hour the tap T^ was closed, and the U-
tube N immersed i n l i q u i d nitrogen. Tap Tg i s opened 
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and the mercury i n the Toepler pump F lowered. The 
taps Tg, Tg, Tg, T̂ Q should be closed and the mercury 
i n the Toepler pxamp H raised to the b a l l Bg and the 
sintered glass disc R. 

The glass seal Gg i s then broken using the s t e e l 
b a l l Sg, the hydrogen and t r i t i u m bromides i n A thus 
being allowed t o pass over the heated raagnesiimi. The 
Toepler pump i s used t o transfer the gases i n t o the 
section "7̂ , the solenoid operated v e n t i l prevent
ing r e t u r n of the collected gases. Some ten to f i f t e e n 
operations of the pump F are required to q u a n t i t a t i v e l y 
transfer the gas from A to V. The purpose of the trap 
N i s to remove unconverted bromides from the triti\am 
amd hydrogen f o r recycling over the heated magnesiiara. 
This could be performed by closing Tg, roaoving the 
l i q u i d nitrogen aroundN, and cooling w i t h l i q u i d n i t r o 
gen some part of the reaction vessel A to bring the 
bromides back over the heated magnesium. The proceed-
ure above could then be repeated. I n practice t h i s was 
found t o be unneccessary, the bromides being completely 
converted t o hydrogen and t r i t i i i r a a f t e r one passage 
of the gases through the heated magnesium. 

The quantity of hydrogen and t r i t i u m collected i n 
the volume can now be determined. The presstire i n 

the system i s measured using the manometer M̂ , and the 
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tenrperature observed. A f t e r correction of the volume 

f o r the increase due to movement of the mercury i n 
Uj^f the y i e l d of hydrogen can "be obtained, and i s com
pared w i t h the quantity of hydrogen "bromide used i n 
the sample tuhe. Q3iis provides a check on the correct 
working of the extraction system. The Geiger counter 
i s then f i l l e d . 

The bulh I contains absolute alcohol which was 
d i s t i l l e d i n t o the hulh a f t e r a short treatment w i t h 
Calciiam metal to remove traces of water, present i n 
the alcohol. The alcohol i s confined "by the mercury 
i n the U-tuhe J; i n order t o indicate the hall-valves 
Bg, and i n the diagram the mercury i s shown h a l f 
way down the U-tuhe, hut i n actual practice i t i s push
ed r i g h t up to the hall-valves, p a r t i c u l a r l y during the 
c a l i b r a t i o n operation. The alcohol i s frozen i n l i q u i d 
nitrogen a f t e r which the mercury i n J i s lowered below 
c u t - o f f . The taps T^^, T^g, and T^^ are opened, and 
the bulb I i s warmed u n t i l a 8 cm pressure of alcohol 
i s registered on the manometer Mg. T̂ ĵ̂  i s then closed, 
and I again frozen t o condense the alcohol between T^^ 
and T^^, the mercury i n J being raised t o the b a l l -
valves Bg and B̂ ,. 

Prom the known volumes of and the pressure 
of hydrogen required i n to give an 8 cm. p a r t i a l 

el 
pressure of hydrogen i n i s calculated, l e . , 
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With the system used P„ i s greater than that recovered 
from the hydrogen bromide. The mercury i n the Toepler 
pump H i s then lowered slowly, and when the l e v e l of 
mercury i s ahout l*5cm ahove the v e n t i l Vg the s t e e l 
h a l l i s pulled down w i t h an external magnet t o close 
the v e n t i l , thus preventing alcohol escaping from V^, 
H i s f u l l y lowered and then raised again t o R. This 
i s repeated several times u n t i l the t r i t i a t e d hydrogen 
i n i s transferred t o V^. Tap Tg i s opened t o admit 
hydrogen from the storage hulh G t o the space "behind 
Tg, Tg heing then closed. With the Toepler pump H 
raised t o R and Bg, the tap Tg i s opened slowly t o ad
mit a pressiire of hydrogen i n t o V„, t h i s pressure, t o -

a 
gether w i t h that of the t r i t i a t e d hydrogen transferred 
t o V^, should he eoLual to P̂ , The gas measured out i s 
then transferred t o using the pump H as before. 

I t i s desirable, before counting, t o thoroughly 
mix the hydrogen and alcohol i n the counter system. 
The alcohol i s added as a quenching agent f o r the 
Geiger discharge. The gas mixture i s then thoroughly 
mixed by expanding i n t o the Toepler pimip bulb ̂ ) sev
e r a l times. F i n a l l y the mercury i n the Toepler pimip 
i s raised t o the sintered glass disc R, and the taps 
T^g and T^^ are closed. The t r i t i u m a c t i v i t y may then 
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be observed. 

The current practice i n gas coxmting i s to ass\ime 
that a l l disintegrations occurring i n the cathode v o l 
ume are recorded. VVhen t h i s i s assumed, the observed 
a c t i v i t y A^, a f t e r correction f o r cotmter paralysis 
time and backgrormd, i s converted to the t o t a l a c t i v i t y 
of the t r i t i a t e d hydrogen by m u l t i p l y i n g by the r a t i o 
\ *o The t o t a l triti\am content/gram of beryllivmi 
i s then given by. 

Where i s the ntimber of t r i t i u m atoms/gram of bery
l l i u m , M the mass of beryllium used, \^ the d i s i n t e g r a t 
ion constant of t r i t i u m (1*058 x 10"''^mins~"^), and 
the observed a c t i v i t y corrected f o r paralysis time and 
background. The quan t i t i e s and have already been 
defined. 
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