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SUMMARY 

Oxygen in zircaloy surfaces has been de termined by means of 

charged par t ic le activation analysis employing the following two r e a c ­

tions 

I 1 6 0 (d, n ) 1 7 F -§-» 1 7 0 Q = - 1.63 MeV 
o 

II l 6 0 (d, p Y) 1 7 0 * Q = + 1. 05 MeV 

The detection l imi ts for oxygen in such surfaces has been inves t i ­

gated by measur ing the promptly emitted 0. 87 MeV gamma rays ( r e ­

action II) and also the 51 1 keV annihilation radiat ion which a r i s e s from 

+ 1 7 

3 -decay of F (react ion I). The corre la t ion between the detection 

l imit for oxygen in zircaloy, the par t ic le energy and the surface thick­

ness analyzed has been evaluated. 

At a deuteron energy of 3 MeV a detection l imit of 0. 7 • 10 g / cm 

was obtained from the measu remen t of the prompt gamma radiat ion 

a r i s ing from the second of these reac t ions . 

The analysis ca r r i ed out by means of this technique is c h a r a c t e r ­

ized by a high degree of rapidity. 

Pr in ted and dis t r ibuted in January 19 73. 
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INTRODUCTION 

C h a r g e d p a r t i c l e a c t i v a t i o n a n a l y s i s of l ight e l e m e n t s such as 

c a r b o n , n i t r o g e n and oxygen in m e t a l s u r f a c e s h a s b e e n s tud ied p r e ­

v ious ly by v a r i o u s i n v e s t i g a t o r s [ 1 - 3 ] . Th i s f o r m of a n a l y s i s p e r ­

m i t s d e t e r m i n a t i o n of e i t h e r the i n t e g r a l con ten t of the l ight e l e m e n t 

in the s u r f a c e [ e . g . 1 ] or the c o n c e n t r a t i o n p ro f i l e of the l ight e l e m e n t 

be low the s u r f a c e [ e . g . 2 , 3 ] , U s u a l l y , the e x c i t a t i o n funct ions for 

( d , n ) - and (d, p ) - r e a c t i o n s for v a r i o u s l ight e l e m e n t s i n c r e a s e wi th 

p a r t i c l e e n e r g i e s up to a few MeV [ 4 , 5 ] , Th i s i m p l i e s an i m p r o v e d 

d e t e c t i o n l i m i t for the e l e m e n t in the s u r f a c e wi th i n c r e a s i n g p a r t i c l e 

e n e r g y . It should be no ted , h o w e v e r , that, the p e n e t r a t i o n dep th of the 

p a r t i c l e a l s o i n c r e a s e s so tha t a t h i c k e r s u r f a c e l a y e r is involved . 

REACTIONS AND M E A S U R E M E N T 

In the p r e s e n t s tudy the c o r r e l a t i o n b e t w e e n p a r t i c l e e n e r g y , t h i c k ­

n e s s of l a y e r at the s u r f a c e and de t ec t i on l i m i t of oxygen in z i r c a l o y 

w a s c o n s i d e r e d for the r e a c t i o n s m e n t i o n e d be low. 

In the context of t h e s e two r e a c t i o n s oxygen can be ident i f ied 

by 

r e a c t i o n I: 0 ( d . n ) F v o' 

1) N e u t r o n t i m e - o f - f l i g h t m e a s u r e m e n t [ 3 ] 

+ 17 
2) M e a s u r e m e n t of the induced |3 - a c t i v i t y f r o m F ( T , /? = 66 sec) 

r e a c t i o n II: 0 ( d , p , y ) O^ 

3) P r o t o n s p e c t r o s c o p y [ 6 ] 

4) M e a s u r e m e n t of p r o m p t 0. 87 MeV-y - r a d i a t i o n 

The p r e s e n t w o r k m a k e s u s e of t e c h n i q u e s 2) and 4) . 
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A P P L I C A T I O N OF THE P R I N C I P L E OF CONVOLUTION TO 

S U R F A C E ANALYSIS 

P r o t o n induced r e a c t i o n s often exh ib i t s h a r p r e s o n a n c e s in the 

r e a c t i o n c r o s s s e c t i o n . T h e s e r e s o n a n c e s can be u s e d for the dep th 

d e t e r m i n a t i o n of the l ight e l e m e n t s in the s topp ing m a t t e r [ 2 ] , F o r 

d e u t e r o n i nduced r e a c t i o n s , h o w e v e r , the c r o s s s e c t i o n a l t e r s very-

l i t t l e wi th e n e r g y . A c c o r d i n g l y , the y ie ld c o r r e s p o n d s a p p r o x i m a t e l y 

to bu lk c o n t r i b u t i o n f r o m the whole r a n g e i n t e r v a l . Along the r a n g e the 

d e u t e r o n e n e r g y d e c r e a s e s con t i nuous ly and a spec i f i c dep th c o r r e ­

sponds to a c e r t a i n e n e r g y , i, e. to a c e r t a i n va lue in the e x c i t a t i o n 

funct ion. T h e r e i s a c c o r d i n g l y a r e l a t i o n s h i p b e t w e e n the dep th and 

the r e a c t i o n c r o s s s e c t i o n . F u r t h e r m o r e , the y ie ld f r o m any p a r t of 

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

r e a c t i o n c r o s s s e c t i o n c o r r e s p o n d i n g to th i s dep th . T h u s the c o n v o l u ­

t ion i n t e g r a l o v e r the c r o s s s e c t i o n and the dep th wi l l g ive the a c t i v i t y 

i nduced o v e r the d i f fe ren t r a n g e s c o r r e s p o n d i n g to d i f f e r en t p a r t i c l e 

e n e r g i e s . The a p p r o a c h can be u n d e r s t o o d in the fol lowing t e r m s . 

The ac t i v i t y A (/\x) induced wi th in the dep th Ax c o r r e s p o n d i n g to 

the e n e r g y i n t e r v a l f r o m E , to E , - &E ( e n e r g y d e c r e a s e c a u s e d by 

the s topping p o w e r of the m a t e r i a l ) i s g iven by 

K • N(Ax) - I d • ö ( E d , AE) • Q • "0 • R " 2 

= p r o p o r t i o n a l i t y c o n s t a n t 

= a m o u n t of t a r g e t n u c l e i wi th in the i n t e r v a l Ax. Ax i s 
def ined by the d e u t e r o n e n e r g i e s E , and (E , - AE) 

= d e u t e r o n c u r r e n t d e n s i t y 

AE) = m e a n c r o s s s e c t i o n b e t w e e n E , and (E ,-AE) 

= so l id ang le ( d e t e c t o r ) 

= d i s t a n c e b e t w e e n r a d i a t i o n s o u r c e and d e t e c t o r 

= d e t e c t o r e f f ic iency 

A(Ax) = 

w h e r e 

K 

N(Ax) 

*d 

Ö (Ed , 

Q 

R 

11 
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The m e a s u r e d r a d i a t i o n i s p r o d u c e d by a c t i v a t i o n wi th in the e f fec ­

t ive r a n g e R , , of the c h a r g e d p a r t i c l e . Thus R f f (E) = R(E) - R(E , , ) 

s i nce at a depth R > R „ no r e a c t i o n can o c c u r for E . < E . . . 
c eff d t h r e s h 

A c c o r d i n g l y the convolu t ion i n t e g r a l can be w r i t t e n 

eff t h r e s h 
A(R e £ £ ) = J A(x)dR = K < I d • Q • 11 • R " 2 J CT(E) • N(x)dE 

o E , 
d, o 

N(x) is inc luded u n d e r the i n t e g r a l s i nce x i s r e l a t e d to E , by the 
M 

s topping p o w e r ( d E / d x ) . , The r e l a t i o n s h i p R -- = S Ax. p e r m i t s 
m a t r i x eft j_ i 

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

A(R ,,) = C • E >a . • N. • AE/ e f r • 1 1 

w h e r e 

C = K • I , • n • 11 • R~ 2 

d 

a. = m e a n c r o s s s e c t i o n o v e r the e n e r g y i n t e r v a l ( d E / d x ) . • Ax. 

N. = n u m b e r of t a r g e t n u c l e i wi th in r a n g e Ax. 
i ö i 

If the s a m p l e is h o m o g e n e o u s wi th r e s p e c t to the d i s t r i b u t i o n of t a r g e t 

n u c l e i , N. is a c o n s t a n t and can be s e p a r a t e d as fol lows 
i ^ 

A(R ) = C • N • S < cr. • ( d E / d x ) . • Ax. '. 

Th i s is the f o r m u l a which w a s u s e d to c a l c u l a t e the e x p e c t e d 

ac t iv i ty d i s t r i b u t i o n with e n e r g y . In F ig 2 the t h e o r e t i c a l v a l u e s o b ­

t a ined a r e n o r m a l i z e d to the e x p e r i m e n t a l po in t s s i nce K i s unknown. 



- 5 -

ESCAPE OF NUCLIDES FROM THE IRRADIATED SURFACE 

DUE TO THE RECOIL E F F E C T 

In accordance with the kinetics of nuclear react ions a nuclide 

formed in the meta l surface acquires a cer ta in amount of kinetic 

energy and may in consequence escape from this surface. 

As r ega rds react ion I, the conservation of momentum gives 

P , + P . , = P , _ + P d 1 6 0 17 F n 

Since O is at r e s t this reduces to 

P 1 7 = P - P 1 7 F d n 

- 17 
Numer ica l calculations show that P „ > O. Thus the F nucleus always F 

moves into the sample as the deuteron and therefore cannot escape from 

the target . Thus no activity can be lost . 

S imi la r ly , considerat ion of react ion II leads to 

P = P - P 
1 7 0 d p 

In this react ion, Q has a positive value, and a negative value of 

P . „ is therefore possible . Since, however, the measu remen t is 
O 

based on prompt gamma radiat ion, lack of activity due to the recoi l 

effect will not be experienced even when Q is posi t ive. Although the 

recoi l effect has no influence on the yield in this pa r t i cu la r ins tance , 

there a re other react ions which may be of in te res t where the loss of 

decaying nuclei can become significant. Thus for all exoergic r e a c ­

tions this effect should be considered. 
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E X P E R I M E N T A L 

A c c e l e r a t o r and m e a s u r e m e n t s 

The 5. 5 MeV Van de Graaf f a c c e l e r a t o r at AB A t o m e n e r g i , 

S t u d s v i k , w a s u s e d as the i r r a d i a t i o n fac i l i ty . In th i s d e v i c e a DC 

d e u t e r o n b e a m is p r o d u c e d at e n e r g i e s b e t w e e n 0. 9 and 5. 5 MeV. 

The b e a m is f o c u s s e d by two p a i r s of q u a d r u p o l e l e n s e s and d e ­

fined on the t a r g e t by c o l l i m a t o r s of t a n t a l u m wi th h o l e s b e t w e e n 

1. 2 and 0. 6 c m , l o c a t e d at the t e r m i n a l s e c t i o n of the t u b e . 

The g a m m a r a d i a t i o n induced in the s a m p l e s w a s d e t e c t e d by a 

3" x 3" Nal (Tl) c r y s t a l and af ter s e l e c t i o n in a d i s c r i m i n a t o r the 

s p e c t r u m was fed into a 16 x 2 5 6 - c h a n n e l m u l t i c h a n n e l a n a l y z e r (MCA) 

of N u c l e a r Da ta type . 

In o r d e r to avoid t h e r m a l de fec t s in the s a m p l e only c u r r e n t s of 

the o r d e r of 0. 5 |iA w e r e u s e d [z]. The t a r g e t h o l d e r is i s o l a t e d f r o m 

the r e s t of the tube so tha t the to t a l c h a r g e can be co l l e c t ed . T h i s was 

r e c o r d e d in an E L C O R - c u r r e n t i n t e g r a t o r . 

D u r i n g the p e r i o d of i r r a d i a t i o n (60 sec) both p r o m p t g a m m a r a d i a ­

t ion and ann ih i l a t i on quan t a w e r e d e t e c t e d . I m m e d i a t e l y a f t e r c o m p l e t i o n 

of the i r r a d i a t i o n the d e c a y w a s m e a s u r e d d u r i n g a s e r i e s of 10 s e c i n ­

t e r v a l s . The ann ih i l a t i on quan t a p r o d u c e d in e a c h p e r i o d w e r e r e ­

c o r d e d u s ing one of the 16 s u b g r o u p s in the MCA, The r a d i a t i o n b a c k ­

g r o u n d w a s m e a s u r e d be fo re and af ter e a c h s e r i e s and accoun t w a s 

t a k e n of both t i m e - d e p e n d e n t and t i m e - i n d e p e n d e n t b a c k g r o u n d s . 

S a m p l e s 

T h r e e d i f fe ren t k inds of s a m p l e w e r e u sed . Z r O ? and a s a m p l e 

of ox id ized m e t a l l i c Z r (~ 800 ppm C O w e r e u s e d for the oxygen d e t e r ­

m i n a t i o n whi le a s a m p l e of p u r e z i r c o n i u m m e t a l s e r v e d as a b a c k -
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ground r e f e r e n c e . Al l the s a m p l e s w e r e c l e a n e d in a c e t o n e be fo re 

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

T h i s t e c h n i q u e a l lowed the s a m p l e s to be k e p t in v a c u u m t h r o u g h o u t the 

e x p e r i m e n t . 

A n a l y s i s 

The g a m m a - r a y s p e c t r a m e a s u r e d w e r e a n a l y z e d wi th the a id of 

an 8 K - P D P 15 d i g i t a l c o m p u t e r . The p e a k s w e r e c o r r e c t e d for b a c k ­

g round and n o r m a l i z e d wi th r e s p e c t to l i f e t ime (channe l 0) and c h a r g e . 

B e c a u s e of the v e r y d i f f e r en t a c t i v i t i e s of o x y g e n - r i c h and o x y g e n -

p o o r s a m p l e s it w a s n e c e s s a r y to ad jus t the d i s t a n c e b e t w e e n d e t e c t o r 

and s o u r c e for e a c h g r o u p of m e a s u r e m e n t s to afford a r e a s o n a b l e d e a d -

t i m e . The ac t iv i t y w a s s u b s e q u e n t l y n o r m a l i z e d to a d e t e c t o r d i s t a n c e 

of 32 cm. 

The i r r a d i a t i o n w a s c a r r i e d out at t h r e e d e u t e r o n e n e r g i e s , n a m e ­

ly 2. 3 , 2. 6 and 3. 0 MeV. 

R E S U L T AND DISCUSSION 

The r e a c t i o n s 0 ( d , n ) F and 0 ( d , p 1 v ) O* can be u s e d to d e t e r ­

m i n e the c o n c e n t r a t i o n of oxygen in z i r c o n i u m or z i r c a l o y . A c c o r d i n g 

to the g r a p h in F i g 2 p e r f o r m a n c e of the a n a l y s i s by p r o m p t g a m m a r a y 

m e a s u r e m e n t s is a s s o c i a t e d wi th the l o w e s t d e t e c t i o n l i m i t i, e , (0. 70 + 

-7 2 

0 . 0 1 ) • 10 g / c m or ( 1 0 . 0 + 0. 1) p p m oxygen in z i r c a l o y c o n s i d e r i n g 

an i r r a d i a t i o n p e r i o d of 1 m i n . Th i s can be u n d e r s t o o d a s a c o n s e q u e n c e 

of the g r e a t e r a c t i v a t i o n dep th in c o m p a r i s o n wi th t h a t of the 0 ( d , n^) F 

r e a c t i o n . The d e t e c t i o n l i m i t i s def ined as the a m o u n t of oxygen giving 

r i s e to a s i g n a l wh ich i s t h r e e t i m e s g r e a t e r than the b a c k g r o u n d 

v a r i a t i o n . The v a r i a t i o n i s c a l c u l a t e d as the s q u a r e r o o t of the b a c k ­

g round coun t s f r o m a l l t hose channe l s tha t def ine the width of the peak . 
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In g e n e r a l it is p o s s i b l e to c a l c u l a t e the e x p e c t e d ac t iv i ty t h r o u g h 

the p r i n c i p l e of convolu t ion . S i n c e , h o w e v e r , the e r r o r s in the m e a s ­

u r e d v a l u e s of the r e a c t i o n c r o s s - s e c t i o n s a r e s t i l l of the o r d e r of 

20 - 30 % th i s type of r e s u l t r e q u i r e s ca re fu l hand l ing [ 5 , 9 J. 

S ince the e x c i t a t i o n funct ion i n c r e a s e s wi th e n e r g y , [ F i g 1 ] , a c ­

t iv i ty i s e x p e c t e d to follow sui t . T h i s can be s e e n in F i g 2, T h u s , 

a l though the ef f ic iency of the N a l ( T l ) c r y s t a l is l o w e r for 870 keV 

g a m m a r a y s than for the 51 1 keV quan ta the p r o m p t ac t i v i t y i s m u c h 

h i g h e r . T h i s is a ccoun ted for in t e r m s of the h i g h e r c r o s s - s e c t i o n 

for 0 ( d , p y) O" and the pos i t i ve Q - v a l u e of th i s r e a c t i o n . S ince 

the nega t ive Q - v a l u e in 0 ( d . n ) F is r e s p o n s i b l e for the m u c h s m a l l e r 

va lue of R f f , a c t i v a t i o n i s p r o d u c e d in a s m a l l e r zone by ( d , n ) than 

by (d, p) for a g iven e n e r g y ( see Tab le 1) [ a ( d , p ) m 0 be low 400 k e V j 

T a b l e 1 [ 7] 

E d 
(MeV) 

2. 3 

2 . 6 

3. 0 

R d 
(y.m) 

25 

30 

37 

R e f f ( d , p ) 
(u.m) 

21 

26 

34 

R e f f ( d , n ) 
(p,m) 

7 

12 

19 

C o r r e l a t i o n : p a r t i c l e e n e r g y — effect ive 
r a n g e in z i r c a l o y 

E l e c t r i c a l conduc t iv i ty is dependen t on the c o n c e n t r a t i o n of oxygen 

in a m e t a l and d e c r e a s e s wi th the oxygen con ten t . C a r e m u s t t h e r e f o r e 

be e x e r c i s e d wi th r e c o r d i n g s of c u r r e n t when o x y g e n - r i c h s a m p l e s a r e 

run . The r e l i a b i l i t y of the c u r r e n t r e c o r d i n g i n c r e a s e s as the c o n c e n ­

t r a t i o n of oxygen in the m e t a l f a l l s . In the p r e s e n t i n s t a n c e the r e ­

co rd ing f r o m the c u r r e n t i n t e g r a t o r was c o m p a r e d wi th the m e a s u r e d 

c u r r e n t f rom a t a n t a l u m p l a t e wh ich w a s i n s e r t e d in the b e a m f r o m 

; ime to t i m e . 
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It is worth mentioning that the atomic number of the ma t r ix has 

a considerable influence on the detection l imit of oxygen. Since z i r c o ­

nium has a ra ther high value of Z compared with that of oxygen the 

signal to background rat io is quite good. The determinat ion of oxygen in 

alloys such as steel is much more difficult to accomplish, essent ia l ly 

due to the lower value of Z for i ron which causes an inc rease in back­

ground radiat ion [ see Table 2 J. 

A compar ison of the two methods used in this investigation indi­

cates a preference for g a m m a - r a y m e a s u r e m e n t s not me re ly because 

of the bet ter detection l imit which is attained but also in view of the 

shor ter running t ime which is requi red . Thus the gamma peak is 

built up during an activation t ime of one minute , while it is n e c e s s a r y 

to follow the P -decay curves for per iods which a re at leas t th ree t imes 

longer. F u r t h e r m o r e , the analysis in which the a r ea of a single peak 

is measu red (0. 87 MeV) is m o r e rapidly performed than an analysis 

which involes the m e a s u r e m e n t of the severa l peak a r ea s n e c e s s a r y 

for charac ter iz ing the decay curve (0. 51 MeV) [ F i g 4 ] , 

It is expected that more than 10 analyses per hour can be achieved 

using the react ion 0 ( d , p , v ) O* in combination with a remote ly con­

trol led sample changer. 

COMPARISON WITH OTHER NUCLEAR METHODS 

Various methods indicating a very high degree of sensi t ivi ty for 

determining oxygen in meta l s have been repor ted in the l i t e r a tu r e . 

Some of these methods have been collected in Table 2. 
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Tab le 2 

B o m b a r d i n g 
P a r t i c l e 

T 

P 

3 4 
J H e , He 

P ; 3 He 

P 

H e 

4 TJ 
He 

E n e r g y 
in MeV 

< 3 

< 3 

30; 55 

12; 15 

10 - 15 

10 - 20 

40 

Notes 

d i f f e ren t i s o t o p e s of Oxygen 

Oxygen in p u r e m e t a l s 

Oxygen in s i l i con 

Oxygen in e x t r e m e l y 

p u r e m a t e r i a l s 

(Si, F e , Nb) 

D e t e c t i o n 
l i m i t 

10 p ,g /cm 

10 | i g / c m 

i n " 2 

10 p p m 
- 3 

10 p p m 

i n " 5 

10 p p m 
10 p p m 

10 p p m 

R e f e r e n c e 

10 

1 1 

12 

13 

14 

14 

14 

R i c c i and Hahn have m e a s u r e d the r e l a t i o n s h i p b e t w e e n e n e r g y 
1 / O "I O 

and s e n s i t i v i t y for the r e a c t i o n 0 ( H e , p ) F in the e n e r g y i n t e r v a l 

b e t w e e n 3 and 10 MeV [ 15 ] , They have a l s o p u b l i s h e d a s e n s i t i v i t y 

l i s t for 1 5 l ight e l e m e n t s (Be "* Ca) wi th r e f e r e n c e to r e a c t i o n s i n i -

t i a t e d by 18 MeV H e - p a r t i c l e s [ l 6 j . By c o m p a r i s o n they have a l s o 

m e a s u r e d the d e t e c t i o n l i m i t s for oxygen in t h i ck and th in t a r g e t s 

b o m b a r ded wi th 4 - 1 0 MeV H e - p a r t i c l e s [ 1 7 ] , 
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FIGURE CAPTIONS 

Fig 1. Total c ros s - sec t ion for the reac t ions : 

l 6 0 ( d , P l Y ) 1 7 0 * 

(0.2 - 1. 1 MeV) [ 1 8 ] , (1.1 - 2 . 0 MeV) [ 4 ] , ( 2 . 0 - 3 . 0 MeV) [ 9 ] 

l 6 O ( d , n 0 ) 1 7 F [ 4 ] . 

Fig 2. Curves for measu red (X,0) and calculated (A,G) act ivi t ies 

re fe r r ing to prompt gamma- and annihilation radiat ion (decay). 

The energy scale shows incident deuteron energy. Effective 

range sca les a re presented for (d,n) and (d, p ) - r eac t i ons , 

respect ively . 

Fig 3. Calculated detection l imits obtained from the exper imenta l 

values. Scales as defined in Fig 2. 

1 7 Fig 4. Decay curve for the induced F activity. 
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