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ABSTRACT 

D e a e r a t e d a c i d i c , n e u t r a l , and b a s i c a q u e o u s 

^ 0 s o l u t i o n s were i r r a d i a t e d w i t h Co-60 *y - r a y s 

i n o r d e r t o : 1) d e t e r m i n e t h e p r i m a r y y i e l d s , and 

2) r e s o l v e a n o m a l i e s i n r e l a t i v e r a t e c o n s t a n t 

r a t i o s o f t h e t y p e k ( e ~ + S ) / k ( e ~ +N 0 ) . The y i e l d s 
a q a q 2 

o f t h e g a s e o u s p r o d u c t s N^, 0^, and were d e t e r ­

m i n e d a s a f u n c t i o n o f b o t h pH and [ ^ 0 ] , A b o u t 
-2 ' 10 M ^ 0 i s commonly u s e d t o e v a l u a t e r e l a t i v e 

r a t e c o n s t a n t r a t i o s , b u t t h i s [ ^ 0 ] s c a v e n g e s 

n o t o n l y h y d r a t e d e l e c t r o n s (e ) b u t a l s o a n o t h e r 
a q 

s p e c i e s , X, (where G(X) = 0 . 6 5 ± 0 . 1 ) , r e s u l t i n g i n 

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

s p e c i e s f o u n d were: Ge~ = 2 . 4 ± 0 . 1 , G^ * -v 1.6, 
a q ti^u 

and G +, = 0 . 3 5 ± 0 . 0 5 . 
K i n e t i c c o m p e t i t i o n s t u d i e s o f t h e r e a c t i o n 

o f N_0 and H + w i t h e~ were u n d e r t a k e n i n t h e 2 a q 
-5 -4 + 

c o n c e n t r a t i o n r a n g e s 3 x 10 t o 2 x 10 M H and 
-4 -3 

10 t o 10 M N 2 O . The r e s u l t s c a n n o t be e x p l a i n e d 

b y : 1) s i m p l e c o m p e t i t i o n ; 2) c h a r g e t r a n s f e r , o r 

3) two s p e c i e s b e i n g s c a v e n g e d . T h e y may be e x p l a i n e d 



by assuming a conversion of N^O to another species 

i n acid s o l u t i o n . This acid species, suggested to 

be H 2 N 2 ° 2 ' ^ S a P P a r e n t ^ y f i v e times l e s s r e a c t i v e 
toward e~ than i s N„0 i n neutral s o l u t i o n , aq 2 

Deaerated neutral ^ 0 solutions were i r r a d i a t e d 

at extremely high i n t e n s i t y with very short pulses 

of 0.52 Mev electrons. The y i e l d s of the gaseous 

products Ng, C^, and were studied i n order to 

examine an expected decrease i n solute products, 

and to determine primary y i e l d s at high dose r a t e s . 

As predicted, s i g n i f i c a n t scavenging occurs f o r 

high dose rates only at ^ 0 concentrations an order 

of magnitude larger than those at low dose r a t e s . 
_2 

Also the scavenging, which i s complete at ~ 10 M 

N^O f o r low i n t e n s i t y i r r a d i a t i o n s , i s not complete 

at 2.6 x 10 M ^ 0 f o r high i n t e n s i t y i r r a d i a t i o n s . 

These r e s u l t s i n d i c a t e that the r a d i a t i o n y i e l d 

of scavengable hydrated electrons i s s i g n i f i c a n t l y 

l a r g e r at the high i n t e n s i t y used. The y i e l d of 

hydrogen i n pure water (G(H 2) = 1.15±0.2) can be 

explained on the basis of inter-spur reactions of 
e , H, and OH. aq' ' 
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INTRODUCTION 
1 

1. The I n t e r a c t i o n Of Radiation With Matter 

(a) Electromagnetic Radiation (1000 ev or more) 

Not a l l photons i n c i d e n t upon a f i n i t e thickness 

of material w i l l i n t e r a c t with that m a t e r i a l , and those 

which undergo no i n t e r a c t i o n are changed i n neither 

d i r e c t i o n nor energy. The e f f e c t of matter upon e l e c t r o ­

magnetic r a d i a t i o n then i s a reduction of i n t e n s i t y of 

of that r a d i a t i o n . This reduction of i n t e n s i t y by . 

absorption i n matter of thickness x i s given by 

I = I i e " U X ( i ) 

where I i s the transmitted and 1^ the i n c i d e n t i n t e n s i t y 

of the r a d i a t i o n . The l i n e a r absorption c o e f f i c i e n t , u, 

of the material i s a constant dependent upon both the 

energy of the photon and the nature of the m a t e r i a l . 

When they do i n t e r a c t with the material the photons tend 

to lose t h e i r energy i n r e l a t i v e l y ' l a r g e amounts. 

The e f f e c t of absorbed photons upon matter may be 

one of f i v e processes. These are: coherent s c a t t e r i n g , . 

the p h o t o e l e c t r i c e f f e c t , the Compton process, p a i r 

production, and photonuclear r e a c t i o n s . The r e l a t i v e 

p r o b a b i l i t y of each process i s dependent upon the 

energy of the photon. 

( i ) the p h o t o e l e c t r i c e f f e c t 

Absorption of low energy photons occurs mainly by 

the p h o t o e l e c t r i c e f f e c t . A d i r e c t c o l l i s i o n between 

the photon and one e l e c t r o n of an atom i n the material 
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r e s u l t s i n an e l e c t r o n b e i n g e j e c t e d f r o m t h i s atom 

w i t h k i n e t i c e n e r g y T g i v e n b y 

T = h V - CJ> ( i i ) 

wh e r e t h e i n c i d e n t p h o t o n e n e r g y i s h 1/ and i s t h e 

b i n d i n g e n e r g y o f t h e e l e c t r o n i n t h e atom. T h i s b i n d ­

i n g e n e r g y n e e d n o t be e q u a l t o t h e i o n i z a t i o n p o t e n ­

t i a l o f t h e atom. I n d e e d w i t h c e r t a i n m e t a l s <^>may be 

2 
d e c i d e d l y l e s s t h a n t h e i o n i z a t i o n p o t e n t i a l . 

S i n c e c o n s e r v a t i o n o f e n e r g y and momentum i s made 

p o s s i b l e b y t h e r e c o i l o f t h e r e m a i n d e r o f t h e atom, 

t h i s p r o c e s s i s i m p o s s i b l e w i t h a f r e e e l e c t r o n . I n 

g e n e r a l t h e p h o t o e l e c t r i c e f f e c t i n c r e a s e s w i t h a t o m i c 

number a n d d e c r e a s e s a s t h e p h o t o n e n e r g y i n c r e a s e s . 

T he d i r e c t i o n o f t h e p h o t o e l e c t r o n i s p r e d o m i n a t e l y a t 

r i g h t a n g l e s t o t h e d i r e c t i o n o f t h e i n c i d e n t p h o t o n 

a t l o w e n e r g i e s , b u t t h i s a n g l e d e t e r i o r a t e s t o w a r d 

z e r o a s t h e e n e r g y i s i n c r e a s e d . 

When a n e l e c t r o n i s e j e c t e d f r o m an i n n e r s h e l l , 

t h e v a c a n c y w i l l b e f i l l e d b y an e l e c t r o n f r o m an 

o u t e r s h e l l . T h i s w i l l g i v e r i s e e i t h e r t o a low 

e n e r g y A u g e r e l e c t r o n , o r t o c h a r a c t e r i s t i c x - r a y s . 

( i i ) t h e Compton e f f e c t 

Whereas t h e p h o t o e l e c t r i c e f f e c t c a n o c c u r w i t h a 

b o u n d e l e c t r o n o n l y , no s u c h r e s t r i c t i o n i s p l a c e d u p o n 

t h e Compton p r o c e s s . T he e n t i r e p h o t o n e n e r g y i s n o t 

g i v e n t o t h e e l e c t r o n as i t i s i n t h e p h o t o e l e c t r i c 



e f f e c t . The incident photon i s scattered with a l t e r e d 

energy, E, at an angle Q to the in c i d e n t d i r e c t i o n , 

while a r e c o i l electron with energy T i s formed at an 

angle Ct) • The energy r e l a t i o n s h i p i s given by 

E = E + T ( i i i ) o 
where E Q i s the energy of the in c i d e n t photon. The 

angular r e l a t i o n s are dependent upon the energies 

involved. For example, the angle Q may be found from 

the equation . 

E /E = (E /m c 2 ) ( 1 - cos Q ) + 1 (iv) 
O O O v 

2 
where m c i s the r e s t energy of the e l e c t r o n . For 

large incident photon energies Q tends to be small, 

but increases as the energy decreases. Compton i n t e r ­

actions w i l l predominate f o r photon energies between 

one and f i v e Mev f o r materials of high atomic number, 

and over a larger range f o r low atomic number material 

For example, i n water the Compton i n t e r a c t i o n s pre­

dominate from about 30 kev to 20 Mev. 

( i i i ) p a i r production 

When a photon i s completely absorbed i n the 

v i c i n i t y of an atomic nucleus, two p a r t i c l e s , an 

electron and a positron, are set i n motion. This 

process i s c a l l e d p a i r production. From conservation 

of energy we may write 
E = E + E + 2m c 2 (v) o e p o 

which i s almost exact since the nucleus acquires a 

n e g l i g i b l e amount of energy. Since the energy that 
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i s a s s o c i a t e d w i t h an e l e c t r o n o r a p o s i t r o n a t r e s t i s 
2 

m Qc = 0.51 Mev, p a i r p r o d u c t i o n o c c u r s o n l y a t p h o t o n 

e n e r g i e s g r e a t e r t h a n 1.02 Mev. 

The p o s i t r o n w h i c h i s f o r m e d i s s l o w e d down b y 

/]̂ 0- t h e m a t e r i a l a n d e v e n t i a l l y c o m b i n e s w i t h an e l e c t r o n 

o f t h e m a t e r i a l . T h i s g i v e s r i s e t o two 0.51 Mev *y -

r a y s , e m i t t e d i n o p p o s i t e d i r e c t i o n s . 

( i v ) c o h e r e n t s c a t t e r i n g 

A p h o t o n may be s c a t t e r e d b y i n t e r a c t i o n w i t h 

a t o m i c e l e c t r o n s . S i n c e t h e e l e c t r o n s o f an atom do n o t 

move i n d e p e n d e n t l y o f one a n o t h e r , t h e r a d i a t i o n t h a t 

i s s c a t t e r e d b y one e l e c t r o n may i n t e r f e r e w i t h t h a t 

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

i s c a l l e d c o h e r e n t , i n c o n t r a s t t o Compton s c a t t e r i n g 

w h i c h , s i n c e i t i n v o l v e s a " f r e e " e l e c t r o n and t h u s 

random p h a s e r e l a t i o n s , i s i n c o h e r e n t . 

C o h e r e n t s c a t t e r i n g i n c r e a s e s a s t h e a t o m i c 

number o f t h e s c a t t e r i n g m a t e r i a l i n c r e a s e s , and i t 

o c c u r s m o s t l y a t low p h o t o n e n e r g i e s . S i n c e t h e e n e r g y 

r a n g e i n w h i c h t h i s c o h e r e n t s c a t t e r i n g o c c u r s i s t h e 

r a n g e i n w h i c h t h e p h o t o e l e c t r i c e f f e c t i s mo s t 

e f f i c i e n t , t h e n t h i s e f f e c t i s a m i n o r o n e , w h i c h may 

o f t e n b e n e g l e c t e d . 

( v ) p h o t o n u c l e a r r e a c t i o n s 

A t h i g h p h o t o n e n e r g i e s a p r o t o n o r n e u t r o n may 

be e j e c t e d f r o m t h e n u c l e u s o f t h e atom. A t h r e s h o l d 



energy f o r t h i s process i s c h a r a c t e r i s t i c ; t h i s thres-: 

hold i s ~ 8 Mev f o r high Z materials, and 10 to 15 Mev 

f o r low Z materials. The cro s s - s e c t i o n f o r these 

reactions i s zero below the threshold, r i s e s sharply 

beyond the threshold to a maximum at 3 to 6 Mev beyond 

i t , and then f a l l s as the energy increases f u r t h e r . 

This photonuclear c r o s s - s e c t i o n i s small compared to 

the Compton and pair production cross-sections at the 

same energy. However the ejected proton or neutron . 

may be of some s i g n i f i c a n c e . 

(b) Electrons 

Energy i s l o s t by electrons as they pass through 

matter by a v a r i e t y of processes. These processes 

include e x c i t a t i o n of atoms, r a d i a t i o n production, 

c o l l i s i o n s with n u c l e i and electrons, resonance 

absorption, and e l e c t r o d i s i n t e g r a t i o n of n u c l e i . The 

r e l a t i v e importance of these processes i s strongly 

dependent upon the energy of the inc i d e n t electrons, 

and to some extent upon the nature of the absorbing 

material. At high energies r a d i a t i o n production and 

c o l l i s i o n s which produce ionized and excited atoms 

predominate. At lower energies i n e l a s t i c c o l l i s i o n s 

and e l e s t i c s c a t t e r i n g are of the greatest importance. 

This discussion w i l l be l i m i t e d to these important 

energy l o s i n g processes - namely r a d i a t i o n production, 

i n e l a s t i c c o l l i s i o n and e x c i t a t i o n , and e l a s t i c 
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s c a t t e r i n g . 

( i ) r a d i a t i o n energy loss 

When a f a s t e l e c t r o n i s decelerated by a nuclear 

f i e l d , electromagnetic energy (bremsstrahlung) must be 

radiated to conserve energy. Momentum i s conserved by 

the action of the nucleus. The rate of energy loss 

per u n i t path length i s approximately proportional to 
2 2-2 

z Z.m , where z and Z are the charges on the p a r t i c l e 

and the nucleus r e s p e c t i v e l y , and m i s the mass of the 

decelerated p a r t i c l e . Greatest energy losses occur f o r 

the l i g h t e s t p a r t i c l e s and the highest atomic number 

materials. Since the i n t e n s i t y d i s t r i b u t i o n of the 

bremsstrahlung i s approximately constant as a function 
3 

of e lectron energy , large energy losses are equally 

as probable as small energy l o s s e s . 

The k i n e t i c energy l o s t by an el e c t r o n of inc i d e n t 

energy E, due to the dece l e r a t i n g f i e l d of n u c l e i and 

atomic electrons, where 

m o c 2 « E « m O C 2 Z - 1 / 3 , 

the screening e f f e c t of the atomic electrons of the 
4 5 

nuclear f i e l d may be neglected, i s given by ' -(dE/dx) , = (NEZ[Z+l]e 4/137 m 2c 4) rad o (4in[2E/m c 2 ] - 4/3) (vi) o 
where N i s the number of atoms per cubic centimeter. 

2—1/3 

When E ^ ^ 1 3 7 m^c Z the screening i s assumed to 

be complete, and equation (vi) becomes 
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-(dE/dx) ' = (NEZ[Z+ Y]e4/137 m 2c 4) rad o o 
(4 In [183/Z 1 / 3] + 2/9) ( v i i ) 

where ^ i s a measure of the amount of s h i e l d i n g , and 

i s a function of atomic number. granges from 1.4 f o r 

low atomic.numbers to 1.1 f o r high atomic numbers. 

Below 100 kev bremsstrahlung emission i s n e g l i g ­

i b l e for electrons, but i t increases r a p i d l y with 

increasing energy. I t predominates between 10 and 100 

Mev, depending upon the stopping materials. The energy 

spectrum of bremsstrahlung extends from zero to the 

energy of the incident electrons, and i s i n f a c t the 

continuous x-ray spectrum. Bremsstrahlung does not 

produce any s i g n i f i c a n t changes i n the stopping 

material unless subsequently absorbed. 

( i i ) energy loss by i n e l a s t i c c o l l i s i o n 

Energy may be l o s t by charged p a r t i c l e s by means 

of Coulombic i n t e r a c t i o n s ( i n e l a s t i c c o l l i s i o n s ) with 

the electrons of the stopping m a t e r i a l . C o l l i s i o n s of 

t h i s type, which produce e x c i t a t i o n and i o n i z a t i o n i n 

the stopping material, are the dominant processes 

whereby electrons are thermalized a t i n c i d e n t energies 

below those at which bremsstrahlung emission occurs. 

This energy loss by e x c i t a t i o n and i o n i z a t i o n i s 

gxven by ' 

- ( d E / d x ) c o l l = (27TNe 4Z/m ov 2) [ l n ( m o v 2 E / 2 I 2 [ l - y g 2 ] ) 

-U \ l l - f i 2 - l + p 2 ) l n 2"+ 1-p 2  

+ 1/8(1 - sjl -yQ 2 ) 2 ] ( v i i i ) 

file:///ll-fi2
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where E i s the r e l a t i v i s t i c k i n e t i c energy, x the path 

length, N the number of atoms per c u b i c centimeter, Z 

the nuclear charge, and I the average i o n i z a t i o n pot­

e n t i a l of the atom. This expression includes the as­

sumption that the most energetic e l e c t r o n a f t e r the 

c o l l i s i o n i s the bombarding e l e c t r o n . 

The average i o n i z a t i o n p o t e n t i a l of the material 
J J 

takes i n t o account the e f f e c t of the binding energies 

on the l o s s of energy. I may be determined e i t h e r by 

experiment 

I = kZ (ix) 

where 8 < k ^ 1 6 and i s a constant f o r each element, 

or by c a l c u l a t i o n 
Z l n I ~ T f . In I. (x) l l 

where f. i s the number of electrons i n s h e l l i,and I. 

i s the i o n i z a t i o n p o t e n t i a l of that s h e l l . 

For an electron of energy E Mev, the r a t i o of the 

energy l o s t by c o l l i s i o n s to that l o s t by r a d i a t i o n i s 

(dE/dx) ' ' p 

£2±± <u 1600 m cT/EZ (xi) 
(dE/dx) . ° 

rad 
( i i i ) e l a s t i c s c a t t e r i n g 

Charged p a r t i c l e s may be de f l e c t e d by the e l e c t r o ­

s t a t i c f i e l d of an atomic nucleus. Since t h e i r mass i s 

so small, electrons may be deflected i n t h i s manner 

quite e a s i l y . The Rutherford formula f o r the s c a t t e r i n g 

of electrons through an angle ( p i n the s o l i d angle 27T 
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( w h i c h n e g l e c t s t h e e f f e c t o f o r b i t a l e l e c t r o n s ) i s 

dcf> = ( 7 T e 4 Z 2 / 2 m 2 v 4 ) ( s i n f 5 / s i n 4 [ Q/2~\) &Q ( x i i ) 

However o n l y l a r g e a n g l e s c a t t e r i n g o f e l e c t r o n s 

f o l l o w s t h i s f o r m u l a c l o s e l y . T he s c a t t e r i n g i s g r e a t ­

e s t f o r l o w e n e r g i e s and f o r m a t e r i a l s o f h i g h a t o m i c 

number. 

( i v ) e l e c t r o n r a n g e 

A c h a r g e d p a r t i c l e w i l l u n d e r g o a l a r g e number o f 

s m a l l e n e r g y l o s s e s i n i t s p a t h t h r o u g h t h e medium. 

S i n c e t h e e l e c t r o n h a s a r e l a t i v e l y l o w mass, t h e 

s c a t t e r i n g and t h e v a r i a t i o n i n t h e e n e r g y l o s t i s 

l a r g e r t h a n f o r o t h e r c h a r g e p a r t i c l e s . The s t a t i s ­

t i c a l v a r i a t i o n i n i t s t o t a l e n e r g y l o s s i s , h o w e v e r , 

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

i m a t e l y w e l l d e f i n e d . T he p e r c e n t a g e o f t r a n s m i t t e d 

" e l e c t r o n s a s a f u n c t i o n o f a b s o r b e r t h i c k n e s s f o r 

m o n o e n e r g e t i c e l e c t r o n s i s a r a p i d l y d e c r e a s i n g l i n e a r 

c u r v e w i t h a t a i l . The a b s o l u t e maximum r a n g e , R q , i s 

t h e p o i n t a t w h i c h t h e t a i l d i s a p p e a r s i n t o t h e b a c k ­

g r o u n d , and may be c a l c u l a t e d b y i n t e g r a t i o n o f t h e 

c o l l i s i o n a l e n e r g y l o s s . 
E 

R = T dE/(dE/dx) ( x i i i ) 

R a d i a t i o n e n e r g y l o s s e s do n o t e f f e c t t h e a b s o l u t e 

maximum r a n g e , s i n c e t h e y a r e i n f r e q u e n t , and u s u a l l y 

i n v o l v e l a r g e e n e r g y l o s s e s b y a few e l e c t r o n s . 

The e x t r a p o l a t e d o r p r a c t i c a l maximum r a n g e , R , 
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i s f o u n d by e x t r a p o l a t i n g t h e l i n e a r p o r t i o n o f t h e 

c u r v e u n t i l i t i n t e r s e c t s w i t h t h e b a c k g r o u n d . B o t h 

o f t h e s e r a n g e s a r e c h a r a c t e r i s t i c o f t h e o r i g i n a l 

e l e c t r o n e n e r g y . The d i f f e r e n c e i s e s s e n t i a l l y due 

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

A l i n e a r e x t r a p o l a t i o n i s n o t p o s s i b l e when a 

c o n t i n u o u s , r a t h e r t h a n a m o n o e n e r g e t i c , s p e c t r u m b f 

e l e c t r o n e n e r g i e s e x i s t s . The r a n g e , R, i s t h e n 

o r d i n a r i l y t a k e n a s t h a t p o i n t a t w h i c h t h e a b s o r p t i o n 

c u r v e merges w i t h t h e b a c k g r o u n d . T h i s r a n g e i s s i m i l a r 

i n d e f i n i t i o n t o t h e a b s o l u t e maximum r a n g e , R q . F o r 

e n e r g i e s f r o m 0.01 t o 2.5 Mev t h e f o l l o w i n g e m p i r i c a l 
7 

e q u a t i o n h o l d s when a l u m i n u m i s t h e s t o p p i n g m a t e r i a l 

R ( o r R ) = 412 E n ( x i v ) o 
where n = 1.265 - 0.0954 I n E, a n d R ( o r R ) h a s u n i t s 

o 
2 

o f mg/cm , w h i l e E i s t h e maximum ( o r m o n o e n e r g e t i c ) 

e n e r g y . 

2. I o n i z i n g R a d i a t i o n s And W a t e r 

"When x - r a y s o r * ^ - r a y s p a s s t h r o u g h a s u b s t a n c e , 

t h e m a i n r e s u l t i s t h e f o r m a t i o n o f s e c o n d a r y e l e c t r o n s , 
8 

w h i c h c a u s e t h e c h e m i c a l c h a n g e . " O n l y t h e Compton 

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

s i g n i f i c a n c e when i o n i z i n g e l e c t r o m a g n e t i c r a d i a t i o n s 

s t r i k e w a t e r . T h a t i s t o s a y t h e s e e f f e c t s a r e t h e o n l y 

o n e s whose i n t e r a c t i o n s w i t h w a t e r w i l l e f f e c t t h a t 

w a t e r i n s u c h a way as t o r e s u l t i n a n e t c h e m i c a l 



11 

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

s i n c e t h e e n e r g y o f t h e r a d i a t i o n s most o f t e n u s e d i s 

b e l o w t h e t h r e s h o l d f o r t h i s p r o c e s s . C o h e r e n t s c a t ­

t e r i n g i s a n e g l i g i b l y i m p o r t a n t p r o c e s s , and i n any 

c a s e t h e e f f e c t i s more u p o n t h e r a d i a t i o n t h a n on t h e 

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

c h e m i c a l o n l y i f t h e two 0.51 Mev ^ - r a y s f o r m e d a r e 

s u b s e q u e n t l y a b s o r b e d i n e i t h e r a Compton o r a p h o t o ­

e l e c t r i c p r o c e s s b y t h e w a t e r . 

"Whether t h e i n c i d e n t r a d i a t i o n i s p e n e t r a t i n g 

e l e c t r o m a g n e t i c r a d i a t i o n , s u c h as * y ~ r a y s , o r s u c h 

c h a r g e d p a r t i c l e s as y ^ - r a y s o r an e l e c t r o n beam f r o m 

a h i g h v o l t a g e m a c h i n e t h e a g e n c y w h i c h e f f e c t s t h e 

w a t e r i s a l w a y s t h e same, n a m e l y , a f a s t - m o v i n g 
9 

e l e c t r o n . " The q u e s t i o n o f t h e n a t u r e o f t h i s e f f e c t 

t h e n a r i s e s . As h a s e a r l i e r b e e n n o t e d , a f a s t 

e l e c t r o n l o s e s i t s e n e r g y i n a v a r i e t y o f ways, t h e 

most i m p o r t a n t o f w h i c h a r e e l a s t i c , s c a t t e r i n g , i n ­

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

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

e f f e c t i s t h a t w a t e r may e i t h e r be r a i s e d t o an 

e x c i t e d s t a t e , o r b e i o n i z e d . 

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

i o n i z a t i o n s and e x c i t a t i o n s a l o n g i t s t r a c k as i t i s 

s l o w e d b y t h e w a t e r . As i s e v i d e n t f r o m e q u a t i o n ( v i i i ) 

t h e r a t e o f e n e r g y l o s s v a r i e s i n some i n v e r s e r e l a t i o n 

w i t h t h e v e l o c i t y , and h e n c e t h e e n e r g y , o f t h e e l e c t r o n 
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The r a t e o f e n e r g y l o s s i s commonly d i s c u s s e d i n t e r m s 

o f l i n e a r e n e r g y t r a n s f e r ( a b b r e v i a t e d a s L . E . T . ) . The 

- L - i E . T . — i s i n c r e a s i n g a s t h e e l e c t r o n l o s e s e n e r g y . The 

number o f i o n i z a t i o n s and e x c i t a t i o n s w i l l t h e r e f o r e 

i n c r e a s e a s t h e e l e c t r o n s l o w s down, a n d t h e y w i l l , i n 

g e n e r a l , o c c u r c l o s e r t o g e t h e r . 

C o n s i d e r t h e e l e c t r o n s f o r m e d i n t h e s e s e c o n d a r y 

i o n i z a t i o n s . T he s e c o n d a r y e l e c t r o n may i t s e l f g i v e 

r i s e t o a n o t h e r , t e r t i a r y , e l e c t r o n . T e r t i a r y e x c i t ­

a t i o n s w o u l d o c c u r a s w e l l . I n g e n e r a l , t h e s e c o n d a r y 

e l e c t r o n w i l l h a v e much l e s s e n e r g y t h a n t h e p r i m a r y . 

As a f i r s t o r d e r a p p r o x i m a t i o n we may c a t a g o r i z e t h e s e 

s e c o n d a r y e l e c t r o n s i n two ways: 1) l e s s - e n e r g e t i c , 

w i t h l e s s t h a n 100 ev o f e n e r g y ; and 2) m o r e - e n e r g e t i c , 

w i t h e n e r g y o f 100 ev o r more. 

The l e s s - e n e r g e t i c s e c o n d a r y e l e c t r o n s w i l l h a v e 

q u i t e a s h o r t r a n g e . T h e i r p a t h , due t o m u l t i p l e d e f ­

l e c t i o n s , w i l l n o t be a s t r a i g h t l i n e , b u t w i l l be 

bound i n some more o r l e s s s p h e r i c a l r e g i o n . T he r e s u l t 

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

i o n i z a t i o n s and e x c i t a t i o n s known a s a s p u r . 

The m o r e - e n e r g e t i c s e c o n d a r y e l e c t r o n s w i l l h a v e 

t h e r a n g e t o f o r m t r u e t r a c k s o f t h e i r own. T h e s e 

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

be o f s i m i l a r s t r u c t u r e t o t h e p r i m a r y t r a c k . T h i s 

t y p e o f t r a c k i s known a s a § - r a y . 

Of c o u r s e t h i s r a t h e r n a i v e d i v i s i o n o f t h e s e c — 
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o n d a r y e l e c t r o n s i n t o two c a t e g o r i e s w i l l r e s u l t i n a 

s i m p l i f i c a t i o n o f a r a t h e r more c o m p l e x s i t u a t i o n . The 

s i t u a t i o n w i l l be r a d i c a l l y d i f f e r e n t a t t h e e x t r e m e s 

o f t h e d i v i s i o n s . I t w o u l d p e r h a p s be e n l i g h t e n i n g t o 

c o n s i d e r t h e s e e x t r e m e c a s e s . 

A t h e o r e t i c a l d e v e l o p m e n t o f t h i s s i t u a t i o n h a s 
10 

b e e n d o n e b y Mozumder an d Magee . T h e y c o n s i d e r e d 

t h a t a h i g h l y e n e r g e t i c § - e l e c t r o n w i l l be a s p i c ­

t u r e d a b o v e . I t w i l l g e n e r a t e i t s own t r a c k , much l i k e 

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

be s u c h t h a t t h e y a r e n o n - o v e r l a p p i n g , s i n c e f o r v e r y 

e n e r g e t i c e l e c t r o n s t h e L . E . T . i s l o w . F o r a 0.50 Mev 

e l e c t r o n t h e mean s e p a r a t i o n o f t h e s p u r s i s o f t h e 

o r d e r o f 1 0 3 t o 10 4.8 a i » 1 2
} w h i l e t h e s i z e o f t h e 

s p u r u p o n f o r m a t i o n i s e s t i m a t e d t o be o f t h e o r d e r o f 

20 A* 1 2 » 1 3 > 1 4
# T h e t r a c k o f t h i s s o r t o f § - e l e c t r o n 

i s known a s a BRANCH TRACK, and o c c u r s a t e n e r g i e s 

a b o v e ~ 5000 e v . 

As t h e e n e r g y o f t h e ^ - e l e c t r o n f a l l s t h e L . E . T . 

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

When t h e e n e r g y f a l l s b e l o w ~ 5000 ev t h e s p u r s b e g i n 

t o o v e r l a p . A t r a c k w i t h o v e r l a p p i n g s p u r s s u c h as 

t h i s i s c a l l e d a SHORT TRACK, and a r i s e s f r o m a 

e l e c t r o n o f ~ 500 t o 5000 e v . 

D e c r e a s i n g t h e e n e r g y s t i l l f u r t h e r , a p o i n t i s 

f i n a l l y r e a c h e d where § - e l e c t r o n w i l l h a v e i n s u f ­

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

a l s o be u n a b l e t o e s c a p e t h i s a r e a . T h e r e s u l t i s a 

s u p e r - s p u r known a s a BLOB. T h i s b l o b may be s h a p e d 

more l i k e a p e a r t h a n a s p h e r e , s i n c e t h e f o r m a t i o n o f 

t h e s p u r s w i l l be g r e a t e r as t h e S - e l e c t r o n i s s t o p ­

p e d . The e n e r g y l i m i t s f o r b l o b s w i l l b e ~ 100 ev t o 

500 e v . B e l o w 100 ev t h e s p u r s f o r m e d a r e s t i l l c o n ­

s i d e r e d t o be i s o l a t e d e v e n t s . - The e n e r g y l i m i t s t h a t 

h a v e b e e n s e t f o r t h e b r a n c h t r a c k s , s h o r t t r a c k s , 

b l o b s , a n d s p u r s a r e n o t t o be i n t e r p r e t e d a s r i g i d 

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

The c o n s i d e r a t i o n o f t h e d i s t r i b u t i o n o f t h e 

s p e c i e s f o r m e d , w h e t h e r t h e y be b l o b s , s p u r s , o r what­

e v e r , must l e a d t o a c o n s i d e r a t i o n o f t h e i d e n t i t y o f 

t h e s e s p e c i e s . S i n c e t h e e l e c t r o n s may l o s e t h e i r 

e n e r g y b y e x c i t a t i o n o f t h e m e d i a , one o f t h e s p e c i e s 

f o r m e d i s H,,0 . T h i s e x c i t a t i o n may be s u f f i c i e n t t o 

decompose t h e w a t e r b u t n o t i o n i z e i t . S p e c i e s s u c h 

a s H ° and OH" a r e f o r m e d . T h e s e s p e c i e s a r e n o t . 
15 16 17 

unknown ' ' . T h e OH and H r a d i c a l s m i g h t o f 

c o u r s e r e c o m b i n e w i t h i n t h e s p u r 

H + OH > H 2 0 (1) 

H + H • > H 2 (2) 

OH + OH > H 2 0 2 (3) 

and so m o l e c u l a r h y d r o g e n and h y d r o g e n p e r o x i d e must 

be a d d e d t o o u r l i s t . 

U n t i l a b o u t 1958 t h e s e s p e c i e s were s u f f i c i e n t t o 
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describe quite adequately a l l of the r a d i a t i o n chem­
i s t r y of water. Indeed the d i f f u s i o n model of Samuel 

12 1 3 
and Magee ' , which d e a l t only with H and OH, was 

considered fundamentally sound, with errors only i n 
18 

minor d e t a i l . However i n 1958 Baxendale and Hughes 

found that hydrogen produced i n i r r a d i a t e d a c i d i f i e d 

aqueous methanol solutions 
H + CH3OH — ^ H 2 + CH2OH (4) 

3 2 

was reduced by Fe and Cu ions by an amount that 

was considerably higher than the competition of (4) 

with (5) 

H + F e 3 + ^ F e 2 + + H + . (5) 
19 

would p r e d i c t . About the same time Hayon and Weiss 

found that i n a c i d i c s o l u t i o n low concentrations of 

monochloroacetic acid gave hydrogen as the predominant 

product, while at high concentrations, and i n neutral 

and basic s o l u t i o n C l ~ ion was the favoured product. 
20 -Barr and A l l e n found that the rate constant r a t i o k c/k , where 6 7 ' 

H + 0 2 — ^ H0 2 (6) 
H + H 20 2 > H 20 + OH (7) 

d i f f e r e d markedly when the H was r a d i a t i o n produced 

than when i t was produced by another method. Czapski 
21 

^ and Schwarz found that the p r i n c i p l e reducing 

species i n i r r a d i a t e d water had a u n i t negative charge 

by varying the i o n i c strength and applying the 
it 

Br0nsted-Bjerrum theory and the extended Debye-Huckel. 
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theory of. e l e c t r o l y t e s . 
22 23 Boag and Hart and Keene found that pulse 

i r r a d i a t e d water exhibited an absorption spectrum much 

l i k e that found for the solvated e l e c t r o n i n l i q u i d 

ammonia. The shape of the spectrum was remarkably 

s i m i l a r , the major d i f f e r e n c e being that the X f o r 1 . ^ . max 
water was. -v 7000 while that f o r l i q u i d ammonia was 

^ 14,000 S. 

A l l t h i s evidence pointed to the existance of 

another reducing species that up u n t i l t h i s time had 

been mistaken f o r the hydrogen atom. I t was the hyd-
n '— 24 
L rated e l e c t r o n , e

aq> a s predicted e a r l i e r by Platzman 

In f a c t t h i s species i s the p r i n c i p l e reducing species 

i n water i r r a d i a t e d e i t h e r with cobalt-60 *Y-rays,or 
with f a s t e l ectrons. 

The reactions 
e + e~ ^ H~ + 20H~ (8) 
aq aq ^ 2 

e" + F e 3 + F e 2 + (9) 
a q ^ 

i n competition would account f o r the observations of 

Baxendale and Hughes, since kg/k^ i s s u b s t a n t i a l l y 

l e s s than k^/k,.. In acid s o l u t i o n the expected f a t e of 

the hydrated electron i s 

H + + e~ > H (10) 
aq ^ 

The hydrogen atom so formed would be able to abstract 

another from monochloroacetic acid to give molecular 

hydrogen. H +': C1CH2'C'00H '—̂ > H 2 + C1CHC00H (11) 
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However at high concentrations of monochloroacetic 

acid reaction (12) competes with r e a c t i o n (10) 

- e 7 „ + C1CH..C00H ^ C l ~ + *CHoC00H (12) 
aq J ^ £ 

to y i e l d c h l o r i d e i o n . In neutral and basic s o l u t i o n 

reaction (12) predominates and CI i s the product there 

also, i n agreement with the observations of Hayon and 

Weiss. 

In pure water i r r a d i a t e d with cobalt-60 ^ - r a y s or 

f a s t electrons the y i e l d s of these species discussed 

above are approximately 
G 6 a q = 2 ' 5 GH = °' 6 GOH = 2 * 8 

GH 20 2= °- 8 G H 2 ^ 1 - 2 

where G x i s the number of X molecules formed per 100 

ev of energy absorbed by the s o l u t i o n . 

After formation the fates of these species are 

generally two-fold; they may react with each other 

within the spur, or they may escape the spur by d i f ­

f usion. I f an escape by d i f f u s i o n i s to be t h e i r f a t e , 

then they must eventually encounter another d i f f u s i o n 

species from another spur, react with solute molecules, 

or react with solvent molecules. These events are the 

chemistry of the i r r a d i a t i o n . The r e l a t i v e importance 

of each of the products and of each r e a c t i o n may i n 

theory be predicted from the rates of d i f f u s i o n and 

the rates of r e a c t i o n . An example of such t h e o r e t i c a l 
14 

c a l c u l a t i o n s are those by A. Kuppermann 
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3. Dose R a t e E f f e c t s 

From t h e p r e v i o u s d i s c u s s i o n i t i s e v i d e n t t h a t 

t h e c h e m i c a l e f f e c t o f i o n i z i n g r a d i a t i o n w i l l d e p e n d 

upon t h e r a t e a t w h i c h t h e i o n i z a t i o n o c c u r s i n t h e 

a q u e o u s medium. S i n c e t h e c h e m i c a l e f f e c t s a r e due t o 

s p e c i e s e s c a p i n g f r o m one s p u r m e e t i n g t h o s e e s c a p i n g 

f r o m a n o t h e r , o r r e a c t i n g w i t h s o l u t e o r s o l v e n t m o l ­

e c u l e s , t h e n t h e a v e r a g e s e p a r a t i o n o f t h e s p u r s w i l l 

g r e a t l y e f f e c t t h e f a t e o f t h e a v e r a g e s p e c i e s . T h i s 

d e n s i t y o f s p u r s w i l l d e p e n d u p o n t h e d e n s i t y w i t h 

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

i n t e n s i t y o f t h e i o n i z i n g r a d i a t i o n . T h e c h e m i c a l 

e f f e c t w i l l b e i n t e n s i t y o r d o s e r a t e d e p e n d e n t . 

S p u r o v e r l a p p i n g s w i l l r e s u l t i n an i n c r e a s e d 

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

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

r a d i c a l - s o l u t e r e a c t i o n s . An i n c r e a s e i n t h e m o l e c u l a r 

p r o d u c t s and H^O^) a t t h e e x p e n s e o f t h e s o l u t e 

p r o d u c t s h o u l d be f o u n d . J u s t s u c h b e h a v i o u r h a s b e e n 
24,25,26 s e e n ' ' . 

A more r i g o r o u s d e r i v a t i o n o f t h i s b e h a v i o u r i s 
27 

shown i n t h e f o l l o w i n g s i m p l e c a l c u l a t i o n . C o n s i d e r 

an i r r a d i a t e d s o l u t i o n s u c h t h a t t h e r e i s f o r m a t i o n o f 

r a d i c a l s R. T h e s e w i l l be f o r m e d a t a r a t e e q u a l t o 

G R I , where I i s t h e i n t e n s i t y o f t h e r a d i a t i o n , and G R 

i s t h e number o f r a d i c a l s f o r m e d p e r 100 ev o f e n e r g y 

a b s o r b e d . R a d i c a l s f r o m d i f f e r e n t s p u r s w i l l c o m b i n e 
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o n l y i f t h e r e i s an a p p r e c i a b l e amount o f R i n t h e 

s o l u t i o n , e l s e t h e y w i l l r e a c t w i t h t h e s o l u t e o n l y . 

I f t h e r e i s a l a r g e s t e a d y - s t a t e c o n c e n t r a t i o n o f R 

t h e r a d i c a l s may e i t h e r r e a c t w i t h S o r t h e m s e l v e s . 

R + R R (13) 
k 

R + S ' S > P ( 1 4 ) 
* 2 The r a t e o f r e c o m b i n a t i o n i s t h e n k [ R ] , w h i l e t h e 

r a t e o f t h e s o l u t e r e a c t i o n i s k [ R ] [ s ] . S i n c e t h e 
s 

r a t e o f f o r m a t i o n must e q u a l t h e i r a t e o f d i s a p p e a r a n c e 

o f t h e r a d i c a l s 

G_I = k [ R ] 2 + k [ R ] [ S ] ( x v ) 
K S 

and s o l v i n g f o r [R] 
• C R ] = -k L~S]/2k + ( k 2 [ s ] 2 / 4 k 2 + G D I / k ) 1 / 2 ( x v i ) 

S S K 

The y i e l d o f t h e p r o d u c t G ( P ) w i l l show a s i m i l a r 

d e p e n d e n c e upon i n t e n s i t y . 

_. G ( P ) . I = k [ R ] [ S ] ( x v i i ) 
s , 

2 

I f k [ R ] i s n e g l i g i b l e t h e two y i e l d s a r e e q u a l , b u t i f 

t h i s i s n o t t h e c a s e t h e n we may w r i t e 

G(P) = ( k 4 [ s ] 4 / 4 k 2 I 2 + k 2 [ s ] 2 G D / k I ) 1 / 2 

S S R • 

.- k 2 [ s ] 2 / 2 k l ( x v i i i ) , 

The a b o v e e x p r e s s i o n r e l a t e s t h e p r o d u c t y i e l d t o t h e 

i n t e n s i t y o f t h e r a d i a t i o n . As we m i g h t s e e , t h e y i e l d 

o f p r o d u c t , G ( P ) , w i l l d e c r e a s e a s t h e i n t e n s i t y o f t h e 

r a d i a t i o n i n c r e a s e s . . • 
4. The P r o b l e m One o f t h e s o l u t e s t h a t i s commonly a d d e d t o s o l -
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u t i o n t o r e a c t w i t h one o r more o f t h e s p e c i e s f o r m e d 

b y t h e r a d i a t i o n ( c a l l e d s c a v e n g e r s ) i s n i t r o u s o x i d e . 
15 28 

T h e r e a c t i o n s t h a t i t i s s a i d t o u n d e r g o a r e ' 

N o 0 + e " ^> N 0 + 0" (15) 
< aq ^ 2 

N 2 0 .+ H > N 2
 + 0 H ( 1 6 ) 

The r e a c t i o n s o f n i t r o u s o x i d e g i v e an e a s i l y d i s ­

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

T h i s p r o d u c t h a s t h e a d v a n t a g e o f b e i n g q u i t e s t a b l e . 
3 

The r a t e c o n s t a n t f o r r e a c t i o n (15) i s a t l e a s t 5 x 1 0 
29 

t i m e s l a r g e r t h a n t h a t o f r e a c t i o n (16) . B e c a u s e o f 

t h i s l a r g e d i f f e r e n c e b e t w e e n k „ c and k „ _ j u d i c i o u s . 15 16 J 

u s e o f N,,0 c a n d i s t i n g u i s h t h e r a d i a t i o n y i e l d s o f H 

and e . T h u s n i t r o u s o x i d e w o u l d seem t o be an i d e a l a q 

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

The s i t u a t i o n , h o w e v e r , i s f a r f r o m i d e a l . The 

c o n c e n t r a t i o n o f N,,0 n e c e s s a r y t o s c a v e n g e c o m p l e t e l y 

t h e h y d r a t e d e l e c t r o n s e s c a p i n g t h e s p u r s was t h o u g h t 
— 2 28 

t o be ~ 10 M . S o l u t i o n s o f t h i s c o n c e n t r a t i o n 

s h o u l d g i v e G ( N 2 ) v a l u e s e q u a l t o Ge~^, w h e r e a s t h e y 

y i e l d G(N ) v a l u e s o f ~ 2.9 t o 3.1 c o m p a r e d t o Ge 

o f ~ 2.4 f o u n d i n o t h e r s y s t e m s . S i n c e t h e v a l u e o f 
10 —1 —1 

k.^ i s ~ 10 M s e c ( f o u n d b y p u l s e r a d i o l y s i s ) , 
why i s i t n e c e s s a r y t o h a v e s u c h a h i g h c o n c e n t r a t i o n 

o f N^O t o s c a v e n g e a l l s p u r - e s c a p i n g e ? The l i f e t i m e 2 a q 
— —2 —8 o f e w i t h r e s p e c t t o ~ 10~ M N „ 0 i s < 1 0 s e c o n d s , a q ^ 2 ^ ' 

w h i c h i s b a r e l y enough t i m e f o r e ^ t o e s c a p e t h e s p u r , 

T a b l e I shows some o f t h e a n o m a l i e s t h a t h a v e 
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TABLE I 

Comparison Of Absolute Values Of k^ 5 Determined From 
Relative Rate Constant Data 

k(e~ +S) 

k15 

*15 

(x 10* M s ) 
PH 

N 20 

(x 10~ 3 M) 
r e f . 

0.8 H + 3013 3.0 14 28 
0.65±0.35 a H + 54133 2.7 1-6 15 
1.210.6 a' b H + 28116 1.8 3-20 15 
1.4910.16° H + 13±3 1.7-2.7 9-19 35 
1.64 H + 1411.4 1.2 2-23 31 
1.7010.15 H + 1413 16 30 
2.20° H + 1111 "high" 32 
2.6710.50 H + 8.812.5 3.1 3-15 33 

0.6710.07 acetone 8.811.3 16 30 
1.02d acetone 5.812.0 5.9 5-10 31 
1.50C acetone 3.910.2 "high" 32 

1.1710.15 NO3 9.412.4 16 30 
2.86 C NO" 3.710.2 "high" 32 

0.8910.07 Fe(CN)g" 3.410.8 16 30 
1.20° Fe(CN) 3" 2.510.6 "high" 32 

3.8510.04 Cu 2 + 8.711.5 16 30 
0.4610.04 c o 2 1.710.4 3.5-4.0 16 30 
0.4910.05 NO" 9.4+1.0 16 30 
0.1910.01 chloroacetate 6.310.4 16 30 
1.03 d acetaldehyde 3.4 5.9 10 31 
0.3110.07 ' T e I V 1.910.6 13.2 20 34 

8.6710.6f 7 0.3-5 36 
pulse r a d i o l y s i s ^ 5.612.0 23 37 

5.61^2 11 0-0.005 38 

a.ferrocyanide present;b.ferricyanide present;c.photo-
lys i s ; d . i s o p r o p a n o l present;e.k(e +S) values from ref, 

IV aq 
39, except Te from r e f . 43;f.methanol present. 
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a r i s e n w i t h t h e u s e o f N^O. I n v a r i o u s s y s t e m s v e r y 

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

e x p e r i m e n t e r s . When k^,- i s c a l c u l a t e d u s i n g a b s o l u t e 

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

q u i t e a r a n g e o f v a l u e s , t o o w i d e t o be a c c o u n t e d f o r 

b y e x p e r i m e n t a l e r r o r , i s f o u n d . 
40 

I n e a r l i e r work t h e y i e l d o f N 2 as a f u n c t i o n 

o f [N^O] was i n v e s t i g a t e d , and i t was f o u n d t h a t a b o u t 

8 x 10 ^ M N 2 0 was s u f f i c i e n t t o s c a v e n g e a l l t h e e
a ( ^ 

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

G ( N 2 ) was ( 2 , 4 5 + 0 . 1 ) . A t -v 1 0 " 2 M N ^ G ^ ) i n c r e a s e d 

t o 3.1. T h i s i n c r e a s e d r a d i a t i o n y i e l d o f 0.6510.1 may 

r e s u l t f r o m e i t h e r i n t r a - s p u r s c a v e n g i n g o f e
a q » o r 

s c a v e n g i n g o f a s e c o n d r a d i a t i o n p r o d u c e d s p e c i e s -

p o s s i b l y t h e H-atom s p e c i e s w h i c h i s b e l i e v e d t o be 

f o r m e d w i t h a y i e l d g i v e n b y G, H, = 0 . 6 . Much o f t h e 

c o n f u s i o n i n t h e r e l a t i v e r a t e c o n s t a n t r a t i o s may 

s t e m f r o m t h e u s e o f h i g h e r c o n c e n t r a t i o n s o f n i t r o u s 

o x i d e t h a n i s n e c e s s a r y t o s c a v e n g e e~ . 
^ a q 

41 42 D a m t o n and A n b a r h a v e s u g g e s t e d t h a t N 2 0 may u n d e r g o t h e f o l l o w i n g r e a c t i o n s . 

N „ 0 + e~ > N„0~ (17) 
2 a q ^ 2 

N 2 0 ~ + M + ^» N 2 0 + M (18) 

N 2 0 " ^> N 2 + 0 " ( 1 9 ) 

Some o f t h e d i f f i c u l t i e s a nd d i f f e r e n c e s may be t h e 

r e s u l t o f t h i s c h a r g e t r a n s f e r m e c h a n i s m . 
Th e m a i n a i m o f t h i s work was t o a t t e m p t t o 
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r e s o l v e some o f t h e s e d i f f i c u l t i e s . A s i m p l e c o m p e t ­

i t i o n 

H + + e~ > H (10) 

N o 0 + e ~ > N_ + 0~ (15) 
2 a q ^ 2 

was t o be s t u d i e d a t c o n c e n t r a t i o n s o f n i t r o u s o'xide 

s u f f i c i e n t l y low t o a v o i d r e a c t i o n (16) and a t a pH 

l a r g e enough t h a t ^ 0 w o u l d be a b l e t o c o m p e t e w i t h 

t h e p r o t o n e f f e c t i v e l y . S i n c e t h e v a l u e s o f k.^ and 

k 1 Q a r e ( 8 . 6 7 ± 0 . 6 ) x l 0 and ( 2 . 3 6 ± 0 . 2 4 ) x l O 1 U M s e c 1 

34 
r e s p e c t i v e l y , and t h e c o n c e n t r a t i o n o f n i t r o u s 

-3 

o x i d e must be l e s s t h a n ~ 2 x 10 M, t h e r a n g e o f 

pH v a l u e s n e e d e d t o s a t i s f y t h e n e c e s s a r y c o n d i t i o n s 

was ~ 4 t o ^ 4.5. 

The a c q u i s i t i o n o f a p u l s e e l e c t r o n a c c e l e r a t o r 

a b l e t o g i v e e x t r e m e l y h i g h d o s e r a t e s s u g g e s t e d a 

s t u d y o f t h e a q u e o u s n i t r o u s o x i d e s y s t e m a t t h e s e 

h i g h i n t e n s i t i e s . T he p r e d i c t e d b e h a v i o u r ( an i n c ­

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

p r o d u c t s ) m i g h t be t e s t e d . The y i e l d s o f w o u l d g i v e 

i n f o r m a t i o n c o n c e r n i n g Ge a t h i g h i n t e n s i t i e s . 
a <3 
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EXPERIMENTAL 

1. M a t e r i a l s 

L a b o r a t o r y d i s t i l l e d WATER was r e d i s t i l l e d f r o m 

a c i d i f i e d p e r m a n g a n a t e , t h e n r e f l u x e d a minimum o f 24 

h o u r s f r o m a l k a l i n e p e r m a n g a n a t e b e f o r e u s e . A F r i c k e 

d o s i m e t r y s t u d y showed no d e t e c t a b l e o r g a n i c m a t e r i a l 

was p r e s e n t . NITROUS OXIDE g a s , s u p p l i e d b y M a t h e s o n 

Of C a n a d a , was p u r i f i e d b y t r a p - t o - t r a p d i s t i l l a t i o n 

u n t i l a d y n a m i c vacuum o f a t l e a s t 2 x 10~^ t o r r was 

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

y s i s i n d i c a t e d t h a t t h e g a s was f r e e f r o m i m p u r i t i e s . 

T h r e e p u r i t i e s o f CYCLOHEXANE were u s e d . P h i l l i p s 66 

r e s e a r c h g r a d e and B&A r e a g e n t g r a d e were u s e d w i t h o u t 

f u r t h e r p u r i f i c a t i o n ; B&A r e a g e n t g r a d e was a l s o u s e d 

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

A n a l y t i c a l r e a g e n t SODIUM HYDROXIDE, SULPHURIC ACID, 

FERROUS AMMONIUM SULPHATE, and POTASSIUM CHLORIDE were 

u s e d w i t h o u t f u r t h e r p u r i f i c a t i o n . 

2. A p p a r a t u s 

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

I r r a d i a t i o n o f s o l u t i o n s b y c o b a l t - 6 0 - r a y s 

was c a r r i e d o u t i n a c y l i n d r i c a l p y r e x c e l l , i n t e r n a l 

d i a m e t e r 22.4 mm and l e n g t h ~ 110 mm. A 50 ml r o u n d -

b o t t o m e d p y r e x f l a s k was c o n n e c t e d t o t h e c e l l a nd 

s e r v e d t o h o l d t h e l i q u i d d u r i n g d e g a s s i n g . The c e l l 

t e r m i n a t e d i n a B14 c o n e b y w h i c h i t c o u l d be a t t a c h e d 
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t o a.vacuum t a p ; t h e t a p c o u l d i n t u r n be a t t a c h e d t o 

t h e vacuum l i n e . See f i g u r e K a ) . 

S o l u t i o n s i r r a d i a t e d b y 0.52 Mev e l e c t r o n s were 

c o n t a i n e d i n a c y l i n d r i c a l s t a i n l e s s s t e e l c e l l , 35 mm 

i n t e r n a l d i a m e t e r , and 8 mm i n d e p t h . T h i s i s p a r t C i n 

f i g u r e K b ) . A p y r e x window (D) was a r a l d i t e d o n t o t h e 

b a c k o f t h e c e l l t o a l l o w o b s e r v a t i o n o f t h e i n t e r i o r . 

An a l u m i n i u m f a c e p l a t e (A) and a t e f l o n r i n g ( i n t h e 

f a c e o f C) s e r v e d t o h o l d a m e t a l f o i l (D) i n p l a c e 

o v e r t h e f r o n t o f t h e c e l l . T h i s f o i l c o u l d be c h a n g e d 

b e t w e e n e x p e r i m e n t s , and a c t e d a s an e l e c t r o n window 

f o r t h e c e l l . Two s u c h windows were u s e d : 0.001" o f 

a l u m inum and 0.002" o f s t a i n l e s s s t e e l . A p y r e x r o u n d -

b o t t o m e d f l a s k ( F ) , w i t h a s i d e arm t e r m i n a t i n g i n a 

B14 c o n e , was a r a l d i t e d t o t h e e n t r a n c e p o r t ( E ) . A 

t a p a t t a c h e d t o t h e B14 c o n e was t h e means b y w h i c h t h e 

c e l l c o u l d be p l a c e d on t h e vacuum l i n e . The w h o l e 

s y s t e m was a b l e t o m a i n t a i n a d y n a m i c vacuum o f -v 10~^ 

t o r r . The s y s t e m was a t t a c h e d t o t h e f r o n t o f t h e 

e l e c t r o n a c c e l e r a t o r b y t h e a l u m i n u m f a c e p l a t e ( A ) . 

(b) R a d i a t i o n S o u r c e s 

( i ) y~rays - low i n t e n s i t y 

A 1000 c u r i e c o b a l t - 6 0 ^ - r a y s o u r c e was u s e d . 

T h i s s o u r c e was a t h e r e p u t i c m a c h i n e l o c a t e d a t t h e 

B.C. C a n c e r I n s t i t u t e . Due t o t h e d e s i g n o f t h i s m a c h i n e 

t h e c e l l s c o u l d be p l a c e d no c l o s e r t h a n ~ 50 cm f r o m 

t h e s o u r c e , r e s u l t i n g i n a l o w d o s e r a t e and, due t o t h e 



i n v e r s e s q u a r e f a l l o f f , a v a r i a t i o n o f t h e d o s e 

t h r o u g h t h e c e l l o f ~ 18%. S o l u t i o n s were i r r a d i a t e d 

i n g r o u p s o f s i x . 

( i i ) e l e c t r o n a c c e l e r a t o r - h i g h i n t e n s i t y 

A F e b e t r o n p u l s e e l e c t r o n a c c e l e r a t o r m a n u f a c t ­

u r e d b y t h e F i e l d E m i s s i o n Corp.," M c M i n n v i l l e O r e g o n , 

was u s e d t o a c h i e v e h i g h i n t e n s i t y i r r a d i a t i o n s . T h e 

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

was-a maximum o f 0.52 Mev. T h e c u r r e n t o f e l e c t r o n s 

s t r i k i n g t h e s a m p l e c e l l was -v 250 a m p e r e s . The p u l s e 

w i d t h a t h a l f - h e i g h t was 30 n a n o s e c o n d s . 

(c) Gas C h r o m a t o g r a p h y 

An a e r o g r a p h A-90-P2 g a s c h r o m a t o g r a p h was u s e d 

t o a n a l y s e p e r m a n e n t g a s e s . A t w e n t y f o o t , 5 A*, m o l ­

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

t o r w i t h m a t c h e d t u n g s t e n f i l a m e n t s w e r e u s e d . When 

h e l i u m was u s e d as t h e c a r r i e r g a s t h e l i m i t s o f 

d e t e c t i o n were as f o l l o w s : 

N 2 ~ 2 x 10" 9 mole/s) 

0 2 ~ 1 x 10~ 9 mole's! 

H 2 ~ 5 x 10~ 8 molefe) 

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

ment was n o t e x c e s s i v e l y l a r g e . D e t e c t i o n o f amounts 

o f g a s e s o f o n e - f i f t h o f t h e s e v a l u e s was p o s s i b l e , 

b u t t h e e r r o r i n t h e i r m e a s u r e m e n t was p r o b a b l y 50%. 

When a r g o n was. u s e d as a c a r r i e r g a s , t h e s i m i l a r l y 

d e f i n e d l i m i t s w e r e : 
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N 2 ~ 5 x 10 moles 

0 2 ~ 3 x 10~ moles 
-9 

H 2 ~ 2 x 10 moles 

I t i s evident from these two sets of l i m i t s that argon 

i s the c a r r i e r gas to be used when the measurement of 

hydrogen i s most important, while helium should be 

used when detection of oxygen or nitrogen i s more 

. important. : ."~ . 

(d) pH Measurements 

A Beckman Zeromatic II pH meter was used f o r a l l 

pH measurements. In a d d i t i o n a l l s olutions were made up 

s t r i c t l y by volume, thus ensuring a fu r t h e r check on 

the pH. 

(e) Vacuum System 

A hard vacuum was obtained i n a pyrex glass sys­

tem using a mercury d i f f u s i o n pump backed by a ro t a r y 
— 6 

o i l pump. The working pressure of the system was ~ 10~ 

t o r r of permanent gases, as measured on an i o n i z a t i o n 

guage. 

3. Procedures 

(a) Cleaning 

(i) pyrex c e l l s 

I n i t i a l l y c e l l s were washed with permanganic 

ac i d , rinsed twice with tap water, steamed from a 

s o l u t i o n of permanganate i n a c i d i f i e d d i s t i l l e d water 

for at l e a s t f i f t e e n minutes, heated i n an oxy-gas 
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f l a m e t o j u s t b e l o w t h e s o f t e n i n g p o i n t o f t h e g l a s s , 

washed s e v e r a l t i m e s w i t h d o u b l y d i s t i l l e d w a t e r , and 

f i n a l l y w ashed t w i c e w i t h t r i p l y d i s t i l l e d w a t e r . 

A f t e r u s e t h e c e l l s were l e f t e v a c u a t e d u n t i l n e e d e d 

a g a i n . I n s u b s e q u e n t u s e o n l y t h e s t e a m i n g a n d w a s h i n g s 

w i t h d o u b l y and t r i p l y d i s t i l l e d w a t e r were e m p l o y e d , 

( i i ) s t a i n l e s s s t e e l c e l l 

I n o r d e r t o m a i n t a i n t h e e p o x y r e s i n a d h e s i v e , i t 

was n o t p o s s i b l e t o s t e a m , f l a m e , o r wash t h e c e l l 

w i t h s t r o n g a c i d . The c e l l was washed i n i t i a l l y w i t h 

a n a l a r i s o p r o p a n o l . T h i s was f o l l o w e d w i t h s e v e r a l 

w a s h i n g s w i t h t r i p l y d i s t i l l e d w a t e r . A f t e r u s e t h e 

c e l l was k e p t e v a c u a t e d u n t i l n e e d e d a g a i n . I n f u r t h e r 

u s a g e o n l y t h e w a s h i n g s w e r e e m p l o y e d . 

(b) Sample P r e p a r a t i o n 

( i ) a q u e o u s s o l u t i o n s 

A c i d i c s o l u t i o n s w e r e made w i t h t r i p l y d i s t i l l e d 

w a t e r a n d s u l p h u r i c a c i d . T r i p l y d i s t i l l e d w a t e r was 

u s e d f o r n e u t r a l s o l u t i o n s . S odium h y d r o x i d e and 

t r i p l y d i s t i l l e d w a t e r was u s e d f o r , b a s i c s o l u t i o n s . 

When a c i d i c o r b a s i c c o n d i t i o n s were r e q u i r e d an 

a l i q u o t o f t h e s o l u t i o n was t a k e n and t h e pH m e a s u r e d 

on a pH m e t e r . 

The r e q u i s i t e v o l u m e o f l i q u i d was i n t r o d u c e d 

i n t o t h e c e l l v i a t h e B14 c o n e . T h i s c o n e was t h e n 

s e a l e d t o t h e B14 s o c k e t o f t h e vacuum t a p w i t h e i t h e r 

p i c e i n wax ( p y r e x c e l l s ) o r A p e z i o n N g r e a s e ( s t a i n l e s s 
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s t e e l c e l l ) . The v o l u m e o f l i q u i d u s e d was 25 ml f o r 

t h e p y r e x c e l l and *u 10 ml f o r t h e s t a i n l e s s s t e e l 

c e l l . The w h o l e c e l l was t h e n e v a c u a t e d a t room temp­

e r a t u r e . The l i q u i d was d e g a s s e d and t h e r e q u i s i t e 

amount o f n i t r o u s o x i d e i n t r o d u c e d . I f i s o p r o p a n o l was 

t o b e a d d e d , i t was d i s t i l l e d i n t o t h e s o l u t i o n a t 

7 7 ° K a s a l a s t s t e p . 

F o r h i g h c o n c e n t r a t i o n s o f n i t r o u s o x i d e t h e g a s 

was e q u i l i b r a t e d w i t h t h e l i q u i d a t a s u i t a b l e p r e s ­

s u r e , a c o r r e c t i o n b e i n g made f o r t h e v a p o u r p r e s s u r e 

o f t h e w a t e r . F o r c o n c e n t r a t i o n s s o l o w t h a t t h i s 

e q u i l i b r i u m method was i m p r a c t i c a l , a known amount o f 

g a s was f r o z e n i n t o t h e s o l u t i o n a t 7 7 ° K . 

( i i ) . c y c l o h e x a n e 

The amount o f c y c l o h e x a n e r e q u i r e d was i n t r o d u c e d 

i n t o t h e c e l l a t t h e B14 c o n e . A B14 s o c k e t a t t a c h e d 

t o a vacuum s t o p c o c k was j o i n e d t o t h i s c o n e and t h e 

c e l l was p a r t i a l l y e v a c u a t e d a t room t e m p e r a t u r e . The 

c y c l o h e x a n e was d e g a s s e d . 

( c ) D e g a s s i n g 

( i ) a q u e o u s s o l u t i o n s 

The f r e e z e - p u m p - t h a w t e c h n i q u e was u s e d t o r e move 

t h e m a j o r p o r t i o n o f t h e d i s s o l v e d g a s e s f r o m t h e 
40 

s o l u t i o n . I n an e a r l i e r r e p o r t i t was shown t h a t 

t h i s t e c h n i q u e c o u l d l e a v e up t o 0.2 l J , m o l e s o f g a s 

i n 25 ml o f s o l u t i o n . B u t n i t r o u s o x i d e , a d d e d t o t h e 

s o l u t i o n t o a c h i e v e t h e f i n a l r e a c t i o n c o n f i g u r a t i o n , 
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was a b l e t o r e l e a s e some o r a l l o f t h i s g a s d u r i n g t h e 

a n a l y s i s p r o c e s s , d e p e n d i n g u p o n t h e amount o f n i t r o u s 

o x i d e i n i t i a l l y u s e d . To o v e r c o m e t h i s d i f f i c u l t y , t h e 

amount o f N O ' t h a t was t o be u s e d i n t h e r e a c t i o n was 

i n t r o d u c e d i n t o t h e r e a c t i o n v e s s e l , a l l o w e d t o e q u i l ­

i b r a t e , and r e m o v e d by a f r e e z e - p u m p - t h a w c y c l e . I n 

t h i s way t h e " r e s i d u a l " g a s was r e m o v e d p r i o r t o 

a c h i e v i n g t h e f i n a l r e a c t i o n c o n f i g u r a t i o n . F u r t h e r ­

more t h e n i t r o u s o x i d e was e s s e n t i a l l y a l l r e m o v e d 

f r o m t h e s o l u t i o n b y t h e f r e e z e - p u m p - t h a w c y c l e , s o 

t h a t l a t e r a d d i t i o n s o f n i t r o u s o x i d e w o u l d r e s u l t i n 

a c o n c e n t r a t i o n o f g a s t h a t was known t o a l e a s t f i v e 

p e r c e n t . 

( i i ) c y c l o h e x a n e 

L i q u i d c y c l o h e x a n e was d e g a s s e d b y m u l t i p l e 
o 

. f r e e z e - p u m p - t h a w c y c l e s a t 77 K u n t i l t h e p r e s s u r e 

o f t h e s y s t e m a t t h a t t e m p e r a t u r e was l e s s t h a n 
—6 

2 x 10 t o r r , as i n d i c a t e d b y an i o n i z a t i o n g u a g e . 

(d) A n a l y s i s 

The i r r a d i a t e d s o l u t i o n was e x p o s e d t o two t r a p s 

a t 7 7 ° K i n a s y s t e m h e l d a t a h i g h vacuum. The p e r m a n ­

e n t g a s e s were pumped f r o m t h e t r a p s i n t o a M c L e o d 

guage by a s m a l l m e r c u r y d i f f u s i o n pump. The amounts 

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

t h e e r r o r , a r e g i v e n b e l o w . 

20 t o 0.05 jjLmoles 5 t o 10% 

0.05 t o 0.01 i i m o l e s . . . . . . . . 10 t o 5 0 % 
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0.01 t o 0.002 f l m o l e s 50 t o 100 % 

The g a s was t r a n s f e r r e d f r o m t h e M c L e o d t o a g a s 

b u r e t t e , and f r o m i t t o a s m a l l c e l K f i g u r e 2 [ a ] ) b y 

w h i c h i t m i g h t be i n t r o d u c e d i n t o a g a s c h r o m a t o g r a p h . 

The amounts o f t h e i n d i v i d u a l g a s e s w e r e d e t e r m i n e d 

f r o m t h e c h r o m a t o g r a m , a n d t h e t o t a l c o m p a r e d w i t h 

t h a t m e a s u r e d b y t h e M c L e o d . A t y p i c a l c h r o m a t o g r a m i s 

shown i n f i g u r e 3, i n d i c a t i n g t h a t a c a l i b r a t i o n a c com­

p a n i e d e a c h a n a l y s i s . T he e r r o r s i n t h e s e m e a s u r e m e n t s , 

when c o r r e c t e d f o r h o l d - b a c k i n t h e s m a l l m e r c u r y d i f ­

f u s i o n pump, t y p i c a l l y was e s t i m a t e d t o . b e l e s s t h a n 

t e n p e r c e n t . 

4. D o s i m e t r y 

(a) The F r i c k e D o s i m e t e r 

The d o s e r a t e o f t h e c o b a l t - 6 0 s o u r c e was d e t e r ­

m i n e d b y t h e F r i c k e d o s i m e t e r . T h i s i s a c h e m i c a l 
56 

d o s i m e t e r f i r s t p r o p o s e d b y F r i c k e i n 1927, and 
57 

s i n c e t h e n m o d i f i e d b y M i l l e r a nd o t h e r s . I n t h i s 

d o s i m e t e r an a i r s a t u r a t e d s o l u t i o n o f F e ( N H . ) o ( S 0 )„ 

i n 0.8 N s u l p h u r i c a c i d i s i r r a d i a t e d . T he r e a c t i o n s 

t h a t o c c u r a r e t h o u g h t t o be 

H + 0 2 — — > H 0 2 (6) 

H + + H 0 2 + F e 2 + ~ > H 2 0 2 + F e
3 + (20) 

H + + H 2 0 2 + F e 2 + > O H + H 2 0 + F e 3 + (21) 

H + + OH + F e 2 + > H 2 0 - + F e 3 + (22) 

F o r c o b a l t - 6 0 y-rays G ( F e + ) = 15.5. The f e r r i c i o n 

i s d e t e r m i n e d s p e c t r o p h o t o m e t r i c a l l y a t 304 n a n o m e t e r s 
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where t h e d e c a d i c m o l a r e x t i n c t i o n c o e f f i c i e n t i s 2174 
n 58 

a t 20 C 

When o r g a n i c m a t e r i a l i s p r e s e n t i n t h e s o l u t i o n 

t h e f o l l o w i n g r e a c t i o n s may o c c u r 

OH + RH ^ R * + H 2 0 (23) 

R* + 0 2 > R 0 * (2 4 ) 

S i n c e RO* i s a n o r g a n i c a n a l o g o f HO^, i t w o u l d a l s o . 
2 

be a b l e t o o x i d i z e t h r e e F e + i o n s i n r e a c t i o n s s i m ­

i l a r t o ( 2 0 ) , ( 2 1 ) , and ( 2 2 ) . The r e s u l t w o u l d be an 

3 

i n c r e a s e d G ( F e ), w h i c h w o u l d l e a d t o e r r o r s i n t h e 

d e t e r m i n a t i o n o f t h e d o s e o r t h e d o s e r a t e . C h l o r i d e 

i o n i s a d d e d t o s u r p r e s s t h i s p o s s i b i l i t y . T he r e a c ­

t i o n s t h a t may o c c u r w i t h C l ~ i o n p r e s e n t a r e 

OH + C I " > C 1 * + OH~ ( 2 5 ) 
2+ ^ „ 3 

C I ' + F e + ^>Fe + C l " (26) 

S i n c e t h e c h l o r i d e i o n i s i n h i g h c o n c e n t r a t i o n r e l ­

a t i v e t o t h e o r g a n i c i m p u r i t y t h e f a t e o f t h e OH w i l l 

be r e a c t i o n (25) r a t h e r t h a n r e a c t i o n ( 2 3 ) . S i n c e t h e 

C l " h a s a n e f f e c t on f e r r o u s i o n t h a t i s t h e e q u i v a l ­

e n t o f t h e e f f e c t o f t h e OH, t h e r e w i l l b e no c h a n g e 

i n G ( F e 3 + ) . 

I f o x y g e n i s n o t p r e s e n t i n t h e s o l u t i o n , t h e n 

r e a c t i o n s (6) and (20) w i l l n o t o c c u r . T h e r e s u l t i s 
3+ 59 t h a t G ( F e ) becomes 8.2 . T h i s w i l l mean t h a t t h e 

y i e l d o f f e r r i c i o n as a f u n c t i o n o f i r r a d i a t i o n t i m e 

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

h a s become d e p l e t e d . 
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Two s e r i e s o f F r i c k e d o s i m e t r y s t u d i e s were u n d e r ­

t a k e n , t h e f i r s t some s e v e n t e e n months p r i o r t o t h e 

s e c o n d . The d o s i m e t r y c u r v e f o r t h e f i r s t s t u d y i s 

shown i n f i g u r e 9. A s i m i l a r c u r v e was o b t a i n e d f o r 

t h e s e c o n d s t u d y . The d o s e r a t e s , d e t e r m i n e d f r o m t h e 

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

c u r v e s , were ( 2 . 8 ± 0 . 1 ) x l 0 1 7 and ( 2 . 2 ± 0 . D x l O 1 7 e v / l - s e c . 

f o r t h e f i r s t and s e c o n d s t u d y r e s p e c t i v e l y . A p p l i c a t i o n 

o f t h e d e c a y e q u a t i o n , 

R = R e " 1 7 ^ ( x i x ) o 
where R and R a r e t h e f i n a l and i n i t i a l d o s e r a t e s , t o ' 

i s t i m e i n months, and X i s t h e d e c a y c o n s t a n t (63 

months f o r C o - 6 0 ) , p r e d i c t s t h a t t h e d o s e r a t e i n t h e 
17 

s e c o n d c a s e s h o u l d be ( 2 . 1 ± 0 . 1 ) x l 0 e v / l - s e c . 

B e c a u s e o f t h e o x y g e n d e p l e t i o n e f f e c t t h e o p t i c a l 

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

i s q u i t e e v i d e n t i n f i g u r e 9 f o r t h e i r r a d i a t i o n t i m e 

o f 40 m i n u t e s . The : i n i t i a l t w o - t h i r d s o f t h e c u r v e 

was, h o w e v e r , l i n e a r , a n d i t was f r o m t h i s p o r t i o n o f 

the- c u r v e t h a t t h e d o s e r a t e s were d e t e r m i n e d . 

The e f f e c t o f c h l o r i d e i o n was t e s t e d i n b o t h 
o f t h e s e s t u d i e s . I n e a c h c a s e i t was f o u n d t h a t t h e 

-3 

p r e s e n c e o f 10 M c h l o r i d e i o n h a d no d e t e c t a b l e 

e f f e c t . . We t h e r e f o r e c o n c l u d e t h a t , w i t h i n t h e l i m i t s 

o f d e t e c t i o n , no o r g a n i c i m p u r i t i e s were p r e s e n t . 
(b) The C y c l o h e x a n e D o s i m e t e r 

A t v e r y h i g h d o s e r a t e s t h e r e s p o n s e o f t h e F r i c k e 
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24 d o s i m e t e r f a l l s . F o r e x a m p l e , R o t b l a t and S u t t o n 
3+ 24 

f o u n d G ( F e ) = 13.110.4 a t a d o s e r a t e o f ~ 5 x 1 0 

e v / l - s e c . S i n c e t h e m a n u f a c t u r e r o f t h e e l e c t r o n 
30 

a c c e l e r a t o r s p e c i f i e d a d o s e r a t e o f t h e o r d e r b f 10 

e v / l - s e c . , u s e o f t h e F r i c k e d o s i m e t e r was n o t r e a s o n ­

a b l e . T h e r e i s a n e e d f o r a c h e m i c a l d o s i m e t e r t h a t 

may be u s e d a t t h i s d o s e r a t e . 

T he c y c l o h e x a n e d o s i m e t e r may be s u c h a c h e m i c a l 
60 

d o s i m e t e r . B u r n s and P a r r y f o u n d t h a t t h a t t h e 
y i e l d o f f r o m i r r a d i a t e d c y c l o h e x a n e i s e s s e n t i a l l y 

18 2 2 

d o s e r a t e i n d e p e n d e n t i n t h e r a n g e 10 t o 10 

e v / l - s e c . I n d e e d , d o s e r a t e and L . E . T . e f f e c t s i n 

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

r a d i c a l s c a v e n g e r , and s u c h e f f e c t s a r e n o t p r e s e n t 
61 

i n i t i a l l y . S i n c e t h e p u l s e o f e l e c t r o n s u s e d i n 

t h i s work i s o f s u c h s h o r t d u r a t i o n , d o s e r a t e e f f e c t s 

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

may be e x p e c t e d t o be s l i g h t o r n o n - e x i s t a n t . 

The h y d r o g e n f o r m e d i n t h e r a d i o l y s i s o f c y c l o ­

h e x a n e h a s t h r e e source's - t h e r m a l h y d r o g e n a t oms, h o t 
6 2 

h y d r o g e n a t oms, and m o l e c u l a r p r o c e s s e s . 

c - C 6 H 1 2 A A r - > c - C 6 H ' 1 + H* (27) 

c - C 6 H 1 2 A A r ^ c - C 6 H - + H ' o t (28) 

C ~ C 6 H 1 2 + H*" ^ * C ~ C 6 H 1 1 + H 2 ( 2 9 ) 

C - C 6 H 1 2 + H h o t > C - C 6 H i l + H 2 ( 3 0 ) 

c - C g H ^ 2 —^>H 2 + u n s a t u r a t e d p r o d u c t s (31) 
The c - C g H ^ 2 i s b e l i e v e d t o b e f o r m e d b y i o n n e u t r a l -



35 

l i z a t i o n . The y i e l d s of hydrogen from these processes 

are: G(29) = 2.0, G(30.)= 0.85, and'G(31) =3.0. -Values of 

G(H 2) from *y or electron i r r a d i a t e d cyclohexane that 

have been found are: '(5.6610.23) 6 ° , (5.8510.08) 6 2 , 

5.44 5.2 and 5.4 This hydrogen represents 

about 99% of the products v o l a t i l e at 77°K 6 6 » 6 7
} a n d 

hence i t i s an e a s i l y measurable product by ordinary 

vacuum techniques. 

In r a d i a t i o n chemistry i t i s always wise to. 

determine the e f f e c t of impurity upon the system 

y i e l d s when dealing with a pure system. To accomplish 

t h i s three grades of cyclohexane were used - P h i l l i p s 

research, B&A reagent, and the middle one-third of 
67 

d i s t i l l e d B&A reagent. As expected , no d i f f e r e n c e 

was found i n the hydrogen y i e l d s , within the error of 

the system (~ 5%), f o r the three grades. 

Since an unprecedented high dose rate was being 

used, i t was necessary to determine i f a dose rate 

e f f e c t e x i s t e d . An attenuator was used to reduce the 

i n t e n s i t y of the beam to 5.5% of i t uninterrupted 

value (as c a l c u l a t e d from the area of the holes and 

the area of the uninterrupted beam). This attenuator 

was a 0.004" thick platinum disc i n which were d r i l l e d 

f o r t y - f i v e 0.040" diameter holes arranged i n a square 

pattern. The disc was placed one-half inch i n f r o n t of -7 the c e l l window. The attenuated y i e l d was (1.110.2)xl0 

moles of hydrogen, which corresponds to (6.611.2) % of 
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the unattenuated y i e l d . 

Electrons, which would be stopped by the atten­

uator i f normal to i t , may s t r i k e the edges of the 

holes at an angle other than the perpendicular, and 

i n making such grazes would be reduced i n energy but 

not stopped. The attenuated y i e l d may be s l i g h t l y 

high due to t h i s . Also, with such small amounts of 

hydrogen the experimental errors may be as high as 

15 to 20%. 

With these two f a c t s taken in t o account, the 

attenuated y i e l d i s quite close to that predicted by 

area c a l c u l a t i o n s . Therefore the conclusion may be 

drawn that, within experimental errors and l i m i t a t i o n s 

just mentioned, no dose rate e f f e c t was evident i n the 

hydrogen y i e l d s . 

The t o t a l energy deposited i n the s t a i n l e s s s t e e l 

c e l l as determined by the cyclohexane dosimeter was 

(1.20+0.05) x 1 0 1 9 ev, assuming the value of G(H ) of 

5.66. Preliminary calorimetry studies confirm t h i s 

value. 

(c) Faraday Cup 

Faraday cup measurements may be used to determine 

the number of electrons deposited i n the system. By 

use of a v a r i e t y of thickness of interposed material 

a transmission curve may be found, from which one may 

determine whether the electrons were mono- or m u l t i -

energetic. 
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In the system used i t was found that a 0.002" 
13 

s t a i n l e s s s t e e l window transmitted (2.6±0.3) x 10 

electrons per pulse. This was ~ 57 % of the electrons 

incident upon the window. The transmission p r o f i l e , 

using aluminum as the interposed m a t e r i a l , was not 
c h a r a c t e r i s t i c of mono-energetic electrons, but rather 

that expected from multi-energetic e l e c t r o n s . This i s 

the performance that would be expected since these 

electrons must pass through both the tube window.and 

the c e l l window before reaching e i t h e r the l i q u i d i n 

the s t a i n l e s s s t e e l c e l l or the r e s i s t o r i n the 

Faraday cup. 

Combining information from the cyclohexane 

dosimetry, and the Faraday cup measurements, and 

using the known penetration of these electrons, the 
29 

average dose rate of the system Is 2.4 x 10 ev/ l - s e c . 

Due to v a r i a t i o n s of dose with depth and e l e c t r o n 

i n t e n s i t y during each pulse t h i s dose r a t e may vary 

by a f a c t o r of ~ 25. 
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RESULTS AND DISCUSSIONS 

1. C o b a l t - 6 0 y R a d i o l y s i s 

The n i t r o g e n y i e l d s o f a q u e o u s n i t r o u s o x i d e 

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

c o n c e n t r a t i o n f o r v a r i o u s h y d r o g e n i o n c o n c e n t r a t i o n s 
17 

f o r a t o t a l d o s e o f 7 x 10 e v / m l . ( f i g u r e 4 ) . Oxygen 

and h y d r o g e n y i e l d s f o r t h e s e s y s t e m s , h a v i n g l i t t l e 

m e a n i n g , h a v e n o t b e e n shown. Oxygen r e q u i r e s an 
29 

i n d u c t i o n p e r i o d b e f o r e i t i s f o r m e d . 

OH + H 2 0 2 > H 2 0 + H 0 2 (32) 

OH + H 0 2 — > H 2 0 + 0 2 (33) 

H 0 2 + H 0 2 — > H 2 0 2 + 0 2 ( 3 4 ) 

H + 0 2 > H 0 2 ( 6 ) 

On t h e b a s i s o f t h e s e r e a c t i o n s o x y g e n must n o t be 

l i b e r a t e d u n t i l some h y d r o g e n p e r o x i d e i s f o r m e d . 

H y d r o g e n , on t h e o t h e r h a n d , may become i n v o l v e d i n 

b a c k r e a c t i o n s , s u c h a s 

OH + H 2 > H 2 0 + H ( 3 5 ) 

w h i c h w i l l r e d u c e i t s y i e l d . 
17 

E x p e r i m e n t s a t d o s e s l o w e r t h a n 7 x 10 e v / m l . 

show g r e a t l y r e d u c e d o x y g e n y i e l d s , a n d h i g h e r 

h y d r o g e n y i e l d s . N i t r o g e n y i e l d s were h i g h e r a t v e r y 
17 

low d o s e s , b u t a t 7 x 10 e v / m l . and d o s e s ~ 1/10 

o f t h a t w e r e m a r k e d l y s i m i l a r , s h o w i n g d i f f e r e n c e s 

w e l l w i t h i n e x p e r i m e n t a l e r r o r . N e i t h e r t h e y i e l d o f 

h y d r o g e n n o r t h e y i e l d o f o x y g e n was d o s e i n d e p e n d e n t , 

w h i l e t h e n i t r o g e n y i e l d s were l i n e a r w i t h d o s e f o r a 
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a t o t a l d o s e o f 7 x 10 e v / m l . 

I n t h e s y s t e m s u s e d no s c a v e n g e r was a d d e d s p e c ­

i f i c a l l y f o r t h e h y d r o x y l r a d i c a l . I t s f a t e may be 

d e s c r i b e d b y r e a c t i o n s ( 1 ) , ( 3 ) , ( 3 2 ) , ( 3 3 ) , and ( 3 5 ) . 

I t may a l s o r e a c t w i t h a s o l u t e , b u t s u c h a r e a c t i o n 

w o u l d be s l o w , s i n c e no g o o d OH s c a v e n g e r was u s e d . 

I t s f a t e i s t o p r o d u c e H 2 0 , H 2 ° 2 ' ° 2 ' o r t o r e d u c e 

t h e y i e l d o f h y d r o g e n . 

(a) N e u t r a l S o l u t i o n s 

The d e t a i l s o f t h e n e u t r a l pH y i e l d s h a v e b e e n 
40 

d e s c r i b e d e l s e w h e r e ; a two p l a t e a u c u r v e i s due t o 

t h e s c a v e n g i n g o f two s p e c i e s b y n i t r o u s o x i d e . A b o u t 

8 x 10~~* M n i t r o u s o x i d e i s s u f f i c i e n t t o s c a v e n g e t h e 

h y d r a t e d e l e c t r o n . From t h e y i e l d o f n i t r o g e n i n t h e 

f i r s t p l a t e a u , s i n c e e a c h n i t r o g e n m o l e c u l e a r i s e s 
f r o m one e~ , Ge = 2 . 4 5 ± 0 . 1 . The s e c o n d p l a t e a u i s a q ' a q ^ 

due t o some s p e c i e s X, w h i c h may be t h e h y d r o g e n atom. 

The 100 ev y i e l d o f X i s 0 . 6 5 ± 0 . 1 . T h e s e v a l u e s a r e 

s i m i l a r t o t h o s e f o u n d i n o t h e r s y s t e m s ( t a b l e I I ) . 

T h i s c u r v e w i l l be u s e d a s a s t a n d a r d w i t h w h i c h 

o t h e r s w i l l b e c o m p a r e d . 

(b) B a s i c S o l u t i o n s 

The c u r v e s o b t a i n e d i n b a s i c s o l u t i o n show a t 

l e a s t t h r e e d i f f e r e n c e s f r o m t h e s t a n d a r d : 1) t h e 

s h a r p r i s e i n G ( N 2 ) o c c u r s a t s o l u t e c o n c e n t r a t i o n s 

one o r d e r o f m a g n i t u d e l a r g e r t h a n i n n e u t r a l s o l ­

u t i o n ; 2) t h e G ( N 5 ) a t t a i n e d a t 2.6 x 1 0 ~ 2 M n i t r o u s 
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TABLE II 

H-atorn And e~ Y i e l d s For A Va r i e t y Of Systems 

SYSTEM Ge" 
aq 

GH REF, 

N 20 + H + 2.3 " 33 

N^O .+ isopropanol 2.80+0.1 0.60 31 

N,,0 + acrylamide 2.80±0.15 15 

N 0 + ferrocyanide 
2 + f e r r i c y a n i d e 2.75 15 

N 20 + 0 2 + f e r r i c y a n i d e ~0.8 - 44 

H 20 2 + 0 2 2.85 0.55+0 .05 45 

H2°2 + °2 2.85±0.15 46 

H2°2 2.3 0.55 47 

isopropanol + acetone 2.3 0.6 48 

isopropanol + acetone 2.65 0.55 49 

isopropanol + H 20 2 0.6110 .03 50 

N0~ + HPO~ 2.65 0.55 51 

HCO~ + 0 2 2.3±0.1 0.7510 .1 52 

C ( N 0 2 ) 4 2.-610.26 53 

"many solutes" 2.3 0.55 54 

AVERAGES . 2.57 . 0.61 
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o x i d e i s much l a r g e r ; and 3) t h e c u r v e s h a v e o n l y one 

p l a t e a u r e g i o n . 

The f a c t t h a t t h e r i s e i n t h e y i e l d o f n i t r o g e n 

o c c u r s a t s o l u t e c o n c e n t r a t i o n s one o r d e r o f m a g n i t u d e 

h i g h e r may be due t o a c h a n g e i n t h e c h e m i c a l n a t u r e 

o f t h e s p e c i e s s c a v e n g e d , o r t h e s c a v e n g e r . S u f f i c i e n t 

r e a s o n e x i s t s t o b e l i e v e t h a t t h e s c a v e n g e r ' s n a t u r e 

c h a n g e s , b u t d i s c u s s i o n on t h i s i s l e f t u n t i l l a t e r . 

However, s i n c e CO" was n o t r e m o v e d f r o m t h e a l k a l i n e 

s o l u t i o n s , and s i n c e no e x t e n s i v e i n v e s t i g a t i o n o f t h e 

k i n e t i c s was u n d e r t a k e n , no c o n c l u s i o n may be drawn on 

t h i s p o i n t . 

The s i n g l e r i s e i n t h e pH 13 c u r v e and t h e f i r s t 

r i s e i n t h e pH 11.2 c u r v e may be a t t r i b u t e d t o t h e 

r e a c t i o n 

H + 0H~ > e " + H o 0 (36) aq 2 
36 68 

w h i c h i s known t o o c c u r i n b a s i c s o l u t i o n * . ( T h e 

H-atom h e r e u s e d r e p r e s e n t s t h e s p e c i e s w h i c h i s s c a v ­

e n g e d by h i g h c o n c e n t r a t i o n s o f n i t r o u s o x i d e i n n e u t ­

r a l s o l u t i o n . R a t h e r t h a n a r g u e t h e n a t u r e o f t h i s , 

s p e c i e s i t s h a l l be d e s i g n a t e d as t h e H-atom h e r e a f t e r , 

w i t h t h e p r o v i s o t h a t i t s e x a c t n a t u r e i s u n c e r t a i n . ) 

S i n c e t h e h y d r o g e n atom was t h e s p e c i e s r e s p o n s i b l e 

f o r t h e s e c o n d r i s e a t n e u t r a l pH, i t s c o n v e r s i o n t o 

t h e s p e c i e s t o w h i c h t h e f i r s t r i s e was a t t r i b u t e d 

w o u l d be e x p e c t e d t o r e s u l t i n o n l y one r i s e . The 

v a l u e o f G(N^) a t t a i n e d i n t h i s r i s e w o u l d be 
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e x p e c t e d , on t h e b a s i s o f t h e a b o v e a r g u m e n t , t o be t h i 

3 . 1 ± 0 . 1 r e a c h e d a f t e r b o t h r i s e s i n n e u t r a l s o l u t i o n . 

( i ) pH 13 

The v a l u e o f GCN^) a t h i g h n i t r o u s o x i d e c o n c e n ­

t r a t i o n s i s much l a r g e r i n b a s i c t h a n i n n e u t r a l s o l -
55 

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

i s a t t r i b u t e d t o s c a v e n g i n g o f e x c i t e d w a t e r m o l e c u l e s 

b y OH*", w h i c h i s i n h i g h c o n c e n t r a t i o n . 

H_0* + 0H~ *>0H + e~ (37) 
2 a q 

T h i s w o u l d g i v e a f u r t h e r number o f h y d r a t e d e l e c t r o n s 

c a p a b l e o f r e a c t i n g w i t h n i t r o u s o x i d e t o y i e l d N^. 

The i n c r e m e n t i n G(N^) r e p o r t e d was ~ 1, w h i l e t h a t 

f o u n d i n t h i s e x p e r i m e n t was ~ 1.6. F u r t h e r i n v e s t ­

i g a t i o n o f t h i s p o i n t was n o t u n d e r t a k e n . 

( i i ) pH 11.2 

S i n c e t h e 0H~ c o n c e n t r a t i o n i s ~ 60 t i m e s l e s s 

t h a n a t pH 13, i n t r a - s p u r s c a v e n g i n g o f e x c i t e d w a t e r , 

a s i n r e a c t i o n ( 3 7 ) , w o u l d n o t be e x p e c t e d t o o c c u r . A 

more l i k e l y f a t e w o u l d b e q u e n c h i n g , o r d i r e c t r e a c ­

t i o n , w i t h n i t r o u s o x i d e . 
' N 2 ° + H 2 ° * — ~ ~ ^ N 2 + 2 ° H ( 3 8 ) 

The r a t e c o n s t a n t o f r e a c t i o n (38) h a s b e e n e s t i m a t e d 
c 

t o b e 10 t o 100 t i m e s l e s s t h a n t h a t o f r e a c t i o n ( 1 5 ) 

H e n c e any r i s e i n G(N,>) a t pH 11.2 due t o r e a c t i o n o f 

H^O w i t h n i t r o u s o x i d e w o u l d o c c u r a t [N^O] 10 t o 100 

t i m e s l a r g e r t h a n t h e r i s e due t o r e a c t i o n ( 1 5 ) , 

a s s u m i n g a p p r o x i m a t e l y e q u i v a l e n t s t e a d y s t a t e c o n e -
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e n t r a t i o n s o f e and H_0 . J u s t s u c h b e h a v i o u r i s 
aq 2 

a p p a r e n t ; a two s t e p c u r v e i s i n d i c a t e d . 

W h e t h e r s u c h an e x p l a n a t i o n may a d e q u a t e l y 

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

t h e s e two b a s i c s o l u t i o n s i s e n t i r e l y p r o b l e m a t i c a l . 

T h e i n v e s t i g a t i o n a t pH 11.2 was n o t e x t e n s i v e enough 

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

( c ) pH 1.0 

S i n c e t h e [H + ] •> 5[ N 2 0 ] i n a l l c a s e s , and 

^ l O ^ l S ~ ^ ( t a b l e I ) , a l l t h e s c a v e n g a b l e e~ w i l l 

b e t r a n s f o r m e d i n t o H-atoms. The r i s e i n G ( N 2 ) s h o u l d 

t h e r e f o r e t a k e p l a c e i n t h e same [ N 2 0 ] r a n g e as t h e 

s e c o n d r i s e a t n e u t r a l pH. T h i s i s a p p r o x i m a t e l y what 

i s o b s e r v e d . 

The y i e l d o f n i t r o g e n a t s u f f i c i e n t l y h i g h N^O 

c o n c e n t r a t i o n s s h o u l d be e q u a l t o Ge + G t T. I n 
M a q H 

n e u t r a l s o l u t i o n t h i s sum was e v a l u a t e d a s 3 . 1 ± 0 . 1 , 

and t h e r e i s good r e a s o n t o b e l i e v e t h a t i t i s 
15 28 

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

3.1 f o r G ( N 2 ) i s n o t q u i t e a t t a i n e d , i t i s o b v i o u s 

t h a t t h e c u r v e i s r i s i n g t o a t l e a s t t h a t v a l u e . 

The s m a l l y i e l d o f n i t r o g e n s e e n a t low n i t r o u s 

o x i d e c o n c e n t r a t i o n s i s r e a l , a n d n o t due t o d e g a s s i n g 

d e f i c i e n c i e s . I t a p p e a r s t h a t some s p e c i e s i n l o w 

y i e l d (G=0.3510.05) i s b e i n g c o m p l e t e l y s c a v e n g e d b y 

3 x 10~^ M n i t r o u s o x i d e . An a d d i t i o n a l s p e c i e s h a s 

b e e n n o t e d i n v e r y a c i d i c s o l u t i o n p r e v i o u s l y , and 
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i d e n t i f i e d a s H* . The y i e l d a t pH 1.0 ( t a k e n f r o m 

t h e i r g r a p h ) was 0.60. Whether one m i g h t draw t h e 

c o n c l u s i o n t h a t t h e G ( N 2 ) = 0.35 may be e q u a t e d w i t h 

t h e G ( H 2 ) r e p o s t e d b y D a i n t o n and P e t e r s o n i s o p e n t o 

d e b a t e . 

(d) W e a k l y A c i d i c S o l u t i o n s 

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

s o l u t i o n s a t pH 3.8, 4.0, 4.2, 4.3, a n d 4.5. The 

y i e l d s f o r 4.0, 4.2, and 4.5 h a v e b e e n i n c l u d e d i n 

f i g u r e 4. C o m p a r i s o n o f t h e s e c u r v e s w i t h n e u t r a l 

s o l u t i o n y i e l d s i n d i c a t e s t h a t t h e a b r u p t r i s e i n 

G ( N 2 ) o c c u r s a t s u c c e s s i v e l y h i g h e r n i t r o u s o x i d e 

c o n c e n t r a t i o n s as t h e h y d r o g e n i o n c o n c e n t r a t i o n i s 

i n c r e a s e d . The d a t a f o r t h e s e f i v e a c i d i c s o l u t i o n s 

h a s b e e n p l o t t e d as 1/G(N 2) v e r s u s 1 / [ N 2 0 ] i n f i g u r e 

5. A l i n e a r r e l a t i o n s h i p a t e a c h pH i s e v i d e n t . The 

common i n t e r c e p t o c c u r s a t G ( N 2 ) = 2.4+0.1. The s l o p e s 

o f t h e s e l i n e s , w h i c h i s t h e mean L~N 20]/G(N 2) f o r e a c h 

pH, i s p l o t t e d as a f u n c t i o n o f h y d r o g e n i o n c o n c e n ­

t r a t i o n i n f i g u r e 6. L i n e a r i t y i s a p p a r e n t a t h i g h e r 

a c i d i t y , b u t i s l o s t as t h e pH a p p r o a c h e s s e v e n . 

( i ) s i m p l e c o m p e t i t i o n m odel 

I f t h e c o n c e n t r a t i o n o f n i t r o u s o x i d e i s k e p t 
_3 

b e l o w ~ 2 x 10 M, so t h a t r e a c t i o n (16) d o e s n o t 

o c c u r , t h e n t h e o n l y s o u r c e o f n i t r o g e n i s r e a c t i o n 

( 1 5 ) . The e f f e c t o f t h e a b r u p t r i s e o c c u r i n g a t 

h i g h e r n i t r o u s o x i d e c o n c e n t r a t i o n s a s t h e h y d r o g e n 
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ion concentration increases may then be due to the 

reactions 

H + + e" — — ( 1 0 ) aq < • 
N n + e~ >N + 0" (15) 
2 aq ^ 2 

competing. Thus the hydrogen ion concentration i n c ­

rease would necessitate an increase i n the amount of 

nitrous oxide required to scavenge an equivalent 

number of hydrated e l e c t r o n s . 

I f the simple competition f o r hydrated electrons 

does i n f a c t occur, then there existed an e x c e l l e n t 

opportunity of determing the rate constant r a t i o 

k^g/k^c-. For reasons mentioned e a r l i e r , previous 

determinations of t h i s r a t i o were perhaps i n v a l i d , 

or at l e a s t suspect. Thus the r a t i o found i n t h i s 

system would be of some value. 

Since the l i m i t s of the f i r s t plateau i n neutral 
-5 -2 

s o l u t i o n were 8 x 10 and ~ 2 x 10 M nitrous oxide, 

these were taken as the lower and upper l i m i t s of 

nitrous oxide concentrations used i n t h i s weakly a c i d i c 

region. These l i m i t s exclude r e a c t i o n (16), and yet a l l 

scavengable hydrated elecrons are scavenged. The [ H + ] 

necessary f o r a simple competition to occur, i f the 

pulse r a d i o l y s i s values of k and k^^ are accepted, 

must be i n the range 3 x 10~~* to 2 x 10~ 4 M. 

Applying the steady state treatment to t h i s 

simple competition, one f i n d s 
Ge" k n [K +] 
__aH_ = ! + _10 ( x x ) 

G(N 2) k 1 5 [ N 2 0 ] 
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This equation requires a l i n e a r r e l a t i o n between 
1/G(N2) and 1/[N 20] at each pH, the 1/G(N2) =0 i n t e r ­
cept i s 1/Ge" and the slope i s k ._[H + ]/k..-. The 

: aq . 10 15 
value of Ge then i s 2.410.1, which agrees well aq ' ^ 
with the values found i n neutral s o l u t i o n , and with 

those found i n other work (table I I ) . The rate cons­

tant r a t i o s c a l c u l a t e d from the slopes of the l i n e s 

are not constant however, but decrease with pH - as 

shown i n the following t a b l e . 

TABLE I I I 

Simple Competition Model C a l c u l a t i o n s 
Slope of Line or 

p H - [ H + 3 . mean [N 0]/G(N 2) k 1 0 / k
1 5 

3.8 1.7 x l O " 4 7.2 x l O " 4 4.23 
4.0 1.0 x l O " 4 4.0 x l O " 4 4.00 
4.2 6.0 x l O " 5 2.0 x l O " 4 3.33 
4.3 4.8 x io-5 1.2 x l O " 4 2.50 
4.5 3.2 x l O " 5 4.5 x l O " 5 1.41 

The model also p r e d i c t s that the mean [N 20]/G(N 2) i s 

l i n e a r throughout the e n t i r e pH range, which f i g u r e 6 

shows to be f a l s e . In a d d i t i o n a d d i t i o n the in t e r c e p t 

of the l i n e a r curve should be zero, which i s d e f i n i t e l y 

not the case. One i s therefore compelled to the con­

c l u s i o n that the simple competition model does not 

describe what has occurred. 

( i i ) charge t r a n s f e r model 
41 42 The suggestion of Dainton and Anbar 

that nitrous oxide might be involved i n a charge 
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t r a n s f e r p r o c e s s when a p o s i t i v e l y c h a r g e d s p e c i e s 

i s a v a i l a b l e l o o k s t o b e a p r o m i s i n g a n s w e r t o t h i s 

d i f f i c u l t y . The m e c h a n i s m w o u l d t h e n be 

->H (10) 

(17) 

H +
 + e 'aq 

N 2 ° + e a q — > N 2 ° " 
N 2 0 ~ + H + — — > N 2 0 + H ( 1 8 ' ) 
N 2 0 - > N 2 + 0" (19) 

I f t h e s t e a d y s t a t e a s s u m p t i o n i s made f o r N^O and 

e , t h e n i t f o l l o w s t h a t 
aq" 

Ge 
^3- = (1 + 

k 1 8 , [ H + ] 
0 ( 1 '10 [ H + ] 

G ( N 2 ) "19 k 1 ? [ N 2 0 ] 
( x x i ) 

W i t h t h i s scheme we h a v e l i n e a r i t y o f 1/G(N 2) a s a 

f u n c t i o n o f 1 / [ N 2 0 ] , However t h e r e i s no common 

i n t e r c e p t ; t h e i n t e r c e p t w i l l d e p e n d u p o n [ H + ] i f 

c h a r g e t r a n s f e r i s t o be i m p o r t a n t , w h i c h i s t o s a y 

t h a t k ^ g , [ H + ] / k ^ g must be a s i g n i f i c a n t f a c t o r . T h i s 

i s shown i n t a b l e I V . 

TABLE IV 

C h a r g e T r a n s f e r M o d e l C a l c u l a t i o n s 

P H 

* 
c a l c u l a t e d a c t u a l d i f f e r e n c e P H i n t e r c e p t i n t e r c e p t d i f f e r e n c e 

3.8 2 . 1 ± 0 . 3 0.4210.02 1.710.32 
4.0 1.410.2 0.4210.02 1.010.22 
4.2 1.010.1 0.4210.02 0.610.12 
4.3 0.9010.08 0.4210.02 0.5010.10 
4.5 0.7410.06 .0.4210.02 0.3410.08 

c a l c u l a t e d f r o m k g , / k ^ g = ( 2 . 6 + 0 . 4 ) x l 0 , t h e a v e r a g e 
d e t e r m i n e d f r o m t h e o b s e r v e d s l o p e s , and a s s u m i n g t h a t 
k 1 0 / k 1 7 = 2 , 5 
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The v a r i a t i o n i n t h e c a l c u l a t e d i n t e r c e p t s i s n o t 

s e e n e x p e r i m e n t a l l y , and i s much t o o l a r g e t o be 

e x p e r i m e n t a l e r r o r . T hus t h e c h a r g e t r a n s f e r mech­

a n i s m a l s o f a i l s t o a d e q u a t e l y e x p l a i n t h e e x p e r i m e n ­

t a l f a c t s . T h u s i t t o o must be d i s c a r d e d . 

( i i i ) H-atom s c a v e n g i n g m o d e l 

A m e c h a n i s m must be c o n s i d e r e d w h e r e b y r e a c t i o n 

(16) w h i c h was t h o u g h t t o be e x c l u d e d d o e s i n f a c t 

t a k e p l a c e . T h i s m e c h a n i s m w o u l d be 

H + + e " > H (10) 
a q 

N o 0 + e " > N 0 + 0" (15) 
2 aq ^ 2 

N 2 0 + H > N 2 + OH (16) 

H ^ p r o d u c t (39) 

R e a c t i o n (39) i s one w h i c h i s f i r s t o r d e r i n H, and 

may o r may n o t be a r e a c t i o n w i t h some o t h e r b o d y . 

A p p l y i n g t h e u s u a l s t e a d y s t a t e a p p r o x i m a t i o n 
G e a q _ 1 +

 k l O k 3 9 [ H + ] _ _ _ ( x x i i ) 

G ( N 2 ) k 1 5 k i 6 [ N 2 0 ] 2 + k l 5 k 3 g [ N 2 0 ] + k 1 Q k 1 6 [ N 2 0 ] [ H + ] 

From t h i s e x p r e s s i o n one may s e e t h a t 1/G(N 2) as a 

f u n c t i o n o f 1 / [ N 2 0 ] w o u l d n o t be l i n e a r u n l e s s 

k ^ C l ^ O ] were much s m a l l e r t h a n k ^ g ' B u t i f t h i s were 

t h e c a s e t h e e q u a t i o n w o u l d r e d u c e t o t h e s i m p l e 

c o m p e t i t i o n e q u a t i o n - t h a t i s s c a v e n g i n g o f H-atoms 

i s n o t i m p o r t a n t . T h i s m e c h a n i s m must a l s o be r e j e c t e d . 

( i v ) s o l u t e c h e m i c a l c h a n g e model 

y-. The f a i l u r e o f t h e p r e v i u o s t h r e e m o d e l s was 
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somewhat d i s t r e s s i n g . T h e s e r e s u l t s c o u l d n o t be 

e x p l a i n e d on t h e b a s i s o f an i o n i c s t r e n g t h e f f e c t , 

< -4 2 x 10 M i n a l l c a s e s . W i t h t h i s i o n i c 

s t r e n g t h t h e e f f e c t on k ^ / k ^ i s l e s s t h a n 2%. The 

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

n i t r o u s o x i d e i n a c i d i c s o l u t i o n was c o n s i d e r e d . T he 

scheme o f r e a c t i o n s i s 
H+ 

N~0 X ( 4 0 ) 
2. aq ^ 

N » 0 + e"' > N „ + 0" (15) 
2 aq 2 

X + e ~ — > N _ (41) 
a q ^ 2 

H + + e " > H (10 ) 
a q ^ • 

where X i s some a c i d s p e c i e s o f n i t r o u s o x i d e w h i c h 

r e a c t s w i t h t h e h y d r a t e d e l e c t r o n a t a r a t e s u b s t a n ­

t i a l l y d i f f e r e n t f r o m t h a t o f N^O i n n e u t r a l s o l u t i o n , 

The k i n e t i c e q u a t i o n s a p p l i c a b l e a r e 

[ N 2 0 ] t = ^ N 2 ° a q - ' ( 1 + K 4 0 I " H + ^ } ( x x i i i ) 

Ge" k - [ H + ] ( l + K . n [ H + ] ) aq „• 10 40 / . % a. = l . + ( x x x v ) 

G ( N 2 ) ^ 2 ° ] t ( k l 5 + K 4 0 k 4 1 C H + ] ) 

E q u a t i o n ( x x i v ) p r e d i c t s a common i n t e r c e p t o f 1/Ge , 

and l i n e a r i t y o f t h e 1 / G ( N 2 ) v e r s u s 1 / [ M
2 0 ] f u n c t i o n 

a t e a c h pH. The m a g n i t u d e o f k 4 1 r e l a t i v e t o k ^ may 

be e s t i m a t e d f r o m f i g u r e 6. A t h i g h pH k i s t h e 

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

i s l e s s t h a n t h e s l o p e a t l o w pH where K " k„ CH +] 
. 40 41 

d o m i n a t e s . S i n c e t h e r e i s a r e c i p r o c a l r e l a t i o n w i t h 

t h e s e t e r m s i n e q u a t i o n ( x x i v ) , ^ - ^ ^ k ^ . L i n e a r i t y 

o f t h e [ N 2 0 ] / G ( N 2 ) v e r s u s [ H + ] f u n c t i o n w i l l o c c u r 
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f o r , two c a s e s : 1) K 4 Q [ H + ] « 1, and 2) K 4 0 [ H + ] » 1 . 

A t v e r y l o w h y d r o g e n i o n c o n c e n t r a t i o n [ N 2 0 ] / G ( N 2 ) 

a p p r o a c h e s z e r o . T h u s t h i s m o d e l a d e q u a t e l y a c c o u n t s 

f o r t h e e x p e r i m e n t a l k i n e t i c f a c t s . 

F r om t h e i n t e r c e p t o f t h e 1 /G(N 2) v e r s u s 1 / [ N 2 0 ] 

c u r v e Ge = 2.410.1. T h e s l o p e o f t h e l i n e a r p o r t i o n 

o f t h e c u r v e i n f i g u r e 6, c o r r e s p o n d i n g t o K ^ Q [ H + ] » 1 , 
- 10 i s k „ n / k . „ G e . Asumming t h a t k . n = ( 2 . 3 6 ± 0 . 2 4 ) x 10 10 41 a q 10 

- 1 - 1 -M s e c a n d t h a t Ge = 2 . 4 1 0 . 1 , t h e n t h e v a l u e o f k.. a q ' 41 
9 -1 —1 

i s ( 1 . 9 1 0 . 4 ) x 10 M s e c By a s e r i e s o f s u c c e s s i v e 

a p p r o x i m a t i o n s , a s s u m i n g t h e v a l u e s o f Ge and k ^ 
9 -1 —1 

m e n t i o n a b o v e , and k ^ = 9 x 10 M s e c ( t h e p u l s e 

r a d i o l y s i s v a l u e ) , v a l u e s o f K ^ Q a n d k ^ were f o u n d 

t o be ( 6 . 0 1 0 . 5 ) x 10" 4 M" 1 a n d ( 2 ± 1 ) x 1 0 9 M _ 1 s e c " 1 

r e s p e c t i v e l y . However a more a c c u r a t e d e t e r m i n a t i o n 

o f k^^ i s f r o m t h e s l o p e o f t h e [N,,0]/G ( N 2 ) v e r s u s 

[ H + ] c u r v e . The v a l u e s t h e r e f o r e a r e : 

K 4 Q = (6.0+0.5) x 1 0 4 M" 1 

k 4 1 = ( 1 - 9 ± 0 « 4 ) x 1 q 9 M " 1 s e c " " 1 

T h i s means t h a t s p e c i e s X r e a c t s w i t h t h e h y d r a t e d 

e l e c t r o n f i v e t i m e s more s l o w l y t h a n d o e s N 2 0 i n 

n e u t r a l s o l u t i o n . 

I f t h e c h e m i c a l n a t u r e o f N 2 0 i s c h a n g i n g t h e n 

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

a l s o . The a b s o r p t i o n s p e c t r a o f a c i d i c , n e u t r a l , and 

b a s i c a q u e o u s a t m o s p h e r i c n i t r o u s o x i d e s o l u t i o n s 

were d e t e r m i n e d on a Beckman DB s p e c t r o p h o t o m e t e r . 



Only wavelengths greater than ~2100 8 could be inves­

tigated with t h i s instrument. In basic s o l u t i o n an 

absorption was seen with a maximum at 2160 X . In both 

neutral and a c i d i c s o l u t i o n a small absorption was 

seen at lower wavelengths. .This absorption was s t i l l 

i ncreasing at 2100 X , and appeared to be the t a i l of 

an absorption peak with a maximum at a lower; wave­

length. From the appearance of the absorptions the 

impression was gained that V f o r neutral s o l u t i o n ^ ^ / v max 
would be at higher wavelength than that f o r a c i d i c 

s o l u t i o n , although i t would be erroneous to p o s i t i v e l y 

state that such was the case. The s h i f t i n absorption 

maximum from basic to neutral s o l u t i o n , and the pos­

s i b l e s h i f t from neutral to a c i d i c s o l u t i o n , tend to 

indicated that the chemical nature of nitrous oxide 

i s pH dependent. 

(e) The Nature Of X 
(i) the hyponitrous acid hypothesis 

The s i m i l a r i t y of nitrous oxide to the i s o e l e c -

t r o n i c and i s o s t e r i c carbon dioxide i s seen i n table 

V. Furthermore, carbonic acid i s much l i k e hyponitrous 

acid i n many respects (see table V I ) . Perhaps nitrous 

oxide may be converted to hyponitrous a c i d , much as 

carbon dioxide i s converted to carbonic acid i n 

aqueous s o l u t i o n . In the pH range studied the s i t ­

uation might be represented as 
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TABLE V 

C o m p a r i s o n Of Some Of The P r o p e r t i e s Of C 0 2 And N 2 0 * 

P r o p e r t y co 2 N 2 0 

m e l t i n g p o i n t (°C) -56.6 (5.6 atm) -90.8 

b o i l i n g p o i n t (°C) -78.5 -88.5 

25°C 
s o l u b i l i t y 
( v : v o f H 20) Q o c 

0.75:1 

1.7:1 

0.50:1 

1:1 

c r i t i c a l t e m p e r a t u r e 31°C ; 3 6 . 5 ° C 

c r i t i c a l p r e s s u r e 73 atm 71.7 atm 

h e a t o f f u s i o n 45.3 c a l / g m 36.5 c a l / g m 

h e a t o f v a p o u r i z a t i o n ~96 c a l / g m 89.9 c a l / g m 

m o l e c u l a r s h a p e l i n e a r l i n e a r 

s t r u c t u r e 0=C=0 
+ + -
=N=0 ^ N-0 

bo n d d i s t a n c e s C=0: 1.23 £ N=N: 1.12 £ 

N=0: 1.19 X 

5>298°K ( c a l / d e g - m o l e ) 51.061 51.44 

AH° ( k c a l / m o l e ) 
r 2 9 8 ° K 

94.052 19.650 

A F ° ( k c a l / m o l e ) 
* 2 9 8 ° K 

94.260 24.930 

f r o m r e f e r e n c e s 71, 73, and 74 
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TABLE V I 

Some P r o p e r t i e s Of C a r b o n i c A c i d And H y p o n i t r o u s A c i d 

C a r b o n i c A c i d 
i . O n l y 0.56% o f C 0 2 i n s o l u t i o n i n f o r m o f H C O ; t h e 

g r e a t e r p a r t i s o n l y l o o s e l y h y d r a t e d . 
2 - H 2 C 0 3 ^ H + + H C O i "apparent' / 10" 7 

k t r u . 
3. H C 0 3 ^ ^ H + C 0 3 k = 5 x 1 0 " 1 1 

4. T h e r a t e a t w h i c h c a r b o n d i o x i d e comes t o e q u i l ­
i b r i u m w i t h c a r b o n i c a c i d i s m e a s u r e a b l y s l o w . 

H y p o n i t r o u s A c i d 
1. 'N_0 i s a c i d a n h y d r i d e o f H „ N ? 0 ? ; h y p o n i t r o u s a c i d 

s l o w l y decomposes t o N^O. 

2. H 2 N 2 0 2 ^ 1 H + + H N 2 0 2 k = 9 x 1 0 ~ 8 

3. H N 2 0 2 „ 1K+ + N 2 0 2 k = 1 x 1 0 " 1 1 

4. H y p o n i t r o u s a c i d i s a b o u t t h e same s t r e n g t h a c i d a s 
c a r b o n i c a c i d ( b y e l e c t r i c a l c o n d u c t i v i t y m e a s u r e m e n t ) 

5. I t i s s u c h a weak a c i d t h a t e v e n HI i s u n e f f e c t e d . 
6. M a i n mode o f d e c o m p o s i t i o n o f H 2 N 2 0 2 w i t h H ^ S O ^ 

p r e s e n t i s t o f o r m N 2 0 : w i l l d ecompose <\> 17% i n 
24 h o u r s . 

7. N 2 0 + H 2 0 ^ ^ H 2 N 2 Q 2 A F ° 9 Q O = 4 2 . 7 6 k c a l s f r o m 
h e a t s o f f o r m a t i o n o f N ^ O a n a H^N^0?: t h i s r e a c t i o n 
i s e n d o t h e r m i c b y 36.8 fccals. 

f r o m r e f e r e n c e s 70, 72, 74 
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N-C) v H + + HN00~ (42) 

H + + HN20~ ^ ^ H 2N 20 2 (43) 

73 

The structure of nxtrous oxide i s 

N=N=0 x ^ N=N — 0 
6R 7 3 

while that of hyponitrous acid i s ' 

H-0 

0—H 

It i s quite probable that, due to the changes i n the 
J 75 76 configuration involved ' , k ^ l s much greater than k „.-,. Now, because N_0 and H„N„0„ are weak acids, -4<£ 1 2 aq 2 2 2 ' 

equilibrium (42) w i l l be much more slowly established 

than equilibrium (43). Since nitrous oxide i s spon­

taneously formed from hydrogen h y p o n i t r i t e , but not 
75 77 

from hyponitrous acid * , then i n a period too 

short f o r the establishment of a true equilibrium 

aqueous nitrous oxide i n acid s o l u t i o n may be con­

verted TEMPORARILY i n t o hyponitrous a c i d . For t h i s 

short period of time e q u i l i b r i a (42) and (43) may be 

represented by equation (44) 
N2°aq 5 = = ± H 2 N 2 ° 2 < 4 4 ) 

and we may write the following k i n e t i c equations: 
K / . / N o ° , J t H + ] = [HoN_0„3 (xxv) 44 2 aq 2 2 2 
[ N 2 0 ] t = [ N 2 0 a q ] + [H 2N 20 2] 

= [N„0 ](1 + K / ) /,[H +]) (xxvi) 
<z aq 44 

I t must be noted that equation (xxvi) i s exactly the 

same as equation ( x x i i i ) when X i s H 2N 20 2, and t h i s 

w i l l s a t i s f y the k i n e t i c equation (xxiv) which explains 
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t h e e x p e r i m e n t a l f a c t s . B e c a u s e a l l o f t h e e x p e r i m e n t s 

w i t h n i t r o u s o x i d e s o l u t i o n s were c a r r i e d o u t no l a t e r 

t h a n two h o u r s a f t e r t h e p r e p a r a t i o n o f t h e s o l u t i o n , 

t h i s n o n - e q u i l i b r i u m h y p o t h e s i s i s p l a u s i b l e . 

I f h y p o n i t r o u s a c i d , h y d r o g e n h y p o n i t r i t e , and 

h y p o n i t r i t e i o n -were f o r m e d when n i t r o u s o x i d e was 

d i s s o l v e d i n a q u e o u s s o l u t i o n , t h e n one m i g h t e x p e c t 

t o s e e t h e a b s o r p t i o n s p e c t r a o f t h e s e s p e c i e s . T he 

p u b l i s h e d a b s o r p t i o n maxima a r e g i v e n i n t h e f o l l o w i n g 

t a b l e . 

T ABLE VII 

The A b s o r p t i o n Maxima Of H-N-O,,, HN ?0~ And N „ 0 ^ 

S p e c i e s A b s o r p t i o n Maxima 
( n a n o m e t e r s ) 

E x t i n c t i o n 
C o e f f . R e f . 

H 2 N 2 0 2 207 75 
208.5 2740 76 
242.5 122 76 

HN 20~ 232 75 
233 3310 76 

N 2 ° 2 247 75 
248 3980 76 

i n 
However t h e s p e c t r a o f s a t u r a t e d a q u e o u s n i t r o u s 

A 

o x i d e s o l u t i o n s a t pH 1.0, 4.0, 7, a n d 13.0 no a b s o r ­

p t i o n p e a k s were e x h i b i t e d a t a n y o f t h e s e wave­

l e n g t h s . 

I f N,0 and H-N^O ' a r e t h e a n a l o g s o f CO a n d 
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I-^CO^, t h e n one m i g h t e x p e c t t h a t t h e pH d e p e n d e n c e o f 

t h e s o l u b i l i t y o f n i t r o u s o x i d e w o u l d be s i m i l a r t o 

t h a t o f CO,,. The r e s u l t s o f s u c h e x p e r i m e n t s a r e shown 

i n t h e f o l l o w i n g t a b l e V I I I . 

T A B L E V I I I 
The S o l u b i l i t y Of B o t h N i t r o u s O x i d e And C a r b o n D i o x i d e 

Gas Temp. 
(°G) 

pH Gas P r e s s u r e 
( t o r r ) 

C o n e , i n S o l . 
(M x 1 0 2 ) 

S o l u b i l i t y * 3 

( M / t o r r x 1 0 5 ) 

N 2 0 23 1 214 0.74 3.510.3 
N 2 0 24 7 220 0.77 3.510.3 
N 2 0 21 13 350 1.1 3.2+0.3 
N 2 0 a 20 7 760 - 3.6 

c o 2 24 .1 260 1.2 4.6+0.4 
c o 2 24 7 230 1.02 4.410.3 
c o 2 21 13 270 - • 36 
c o 2

a 24 7 760 - 4.6 

a . t a k e n f r o m Handbook o f P h y s i c s and C h e m i s t r y , 4 4 t h E d . 
b . e r r o r r e p r e s e n t v a r i a t i o n o f 3 o r 4 m e a s u r e m e n t s 

As may b e s e e n n i t r o u s o x i d e and c a r b o n d i o x i d e d i f f e r 

m a r k e d l y i n b a s i c s o l u t i o n , b u t show s i m i l a r b e h a v i o u r 

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

Whereas t h e s o l u b i l i t y and s p e c t r a l d a t a were 

d e t e r m i n e d f r o m s o l u t i o n s o f c o n c e n t r a t i o n ̂ 1 0 2M, 

t h e r a d i o l y s i s s o l u t i o n s w e r e f r o m 5 t o 250 t i m e s 

more d i l u t e . T h us i t may n o t be s u r p r i s i n g t h a t i n 

t h e t i m e e l a p s e d b e t w e e n t h e p r e p a r a t i o n and t h e 
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s p e c t r a l d e t e r m i n a t i o n o f t h e s o l u t i o n s ( ~ 4 5 m i n . ) 

o n l y a': v e r y s m a l l p e r c e n t a g e o f t h e n i t r o u s o x i d e i n 

t h e c o n c e n t r a t e d s o l u t i o n w o u l d be c o n v e r t e d i n t o 

h y p o n i t r o u s a c i d , w h i l e a r e l a t i v e l y l a r g e p e r c e n t 

w o u l d be c o n v e r t e d i n t h e l e s s c o n c e n t r a t e d s o l u t i o n s 

p r e p a r e d f o r i r r a d i a t i o n . I n d e e d i t i s n o r m a l t o 

e x p e c t s p e c i e s t o i o n i z e t o a g r e a t e r e x t e n t when i n 

d i l u t e s o l u t i o n . 

T h e s p e c t r a l d a t a i n d i c a t e s t h a t v e r y l i t t l e 

H N 2 ° 2 a " d N 2 ° 2 a r e f ° r m e c * * T n e s o l u b i l i t y d a t a i n 

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

W h i l e i t may n o t b e v e r y s u r p r i s i n g t h a t l i t t l e H ^ o " 

e x i s t s i n s o l u t i o n ( a n a l o g y w i t h C O ^ s u g g e s t s t h a t 

v e r y l i t t l e N^O i n s o l u t i o n i s i n t h e f o r m o f H ^ O " , 

w h i c h i s t o s a y t h a t e q u i l i b r i u m ( 4 2 ) l i e s s t r o n g l y 

t o N ^ O i n n e u t r a l s o l u t i o n , and e q u i l i b r i u m ( 4 3 ) l i e s 

s t r o n g l y t o j ^ N ^ O ^ i n a c i d s o l u t i o n ) , i t i s p e r h a p s 

s u r p r i s i n g t h a t no ^2G2 w o u i d f o r m . P e r h a p s i t s 

f o r m a t i o n i s so s l o w t h a t a l o n g t i m e i s n e c e s s a r y 

b e f o r e any. r e a s o n a b l e amount f o r m s . 

T he c o n c l u s i o n t h a t may be drawn f r o m t h i s 

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

d a t a i s t h a t i t w o u l d be p r e s u m p t i o u s t o i d e n t i f y 

s p e c i e s X as h y p o n i t r o u s a c i d . 

( i i ) t h e h y d r a t i o n s h e l l h y p o t h e s i s 

S p e c i e s X may b e a n i t r o u s o x i d e m o l e c u l e w i t h a 

h y d r o g e n i o n i n i t s h y d r a t i o n s h e l l . 
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N O + H + — ^ N_Q » H + (45) 
2 aq " c 2 a q + S u c h a s p e c i e s w o u l d n o t r emove H f r o m s o l u t i o n , a s 

i t w o u l d a l l o w H + t o b e h a v e more o r l e s s a s i f i t were 

" f r e e " . T h e a c i d i t y o f t h e s o l u t i o n w o u l d n o t d e p e n d 

u p o n t h e n i t r o u s o x i d e c o n c e n t r a t i o n . I t s r e a c t i o n s 

w i t h t h e h y d r a t e d e l e c t r o n w o u l d be t o b e h a v e as i f 

i t w ere e i t h e r N^O o r H + a s i n (46) and ( 4 7 ) . 

N~0 'H + + e~ - > N „ 0 + H (46) 
2 aq^.,- aq ^ 2 aq 

N_0 »H + + e~ >N_ + OH (47) 
2 a q a q ^ 2 

w h i c h a l o n g w i t h t h e i n d i v i d u a l r e a c t i o n s o f H + and 

N 2 0 w i t h t h e h y d r a t e d e l e c t r o n 

H + + e " - > H ( 1 0 ) 
. aq ^ 

N „ 0 + e~ > N 0 + 0~ (15) 
2 a q 2 

w i l l r e s u l t i n t h e k i n e t i c b e h a v i o u r 

[ N _ 0 ] , = [ N o 0 ] ( 1 + K.cCH" 1"]) ( x x v i i ) 
2. t 2. aq 4 D 

K g , k 1 Q [ H + ] ( l + K [H + ] ) 
2±i_ = 1 + 2 _ ( X X V I I I ) 

Q ( N 2 ) [ N 2 0 ] t ( k l 5 + K 4 5 k 4 ? [ H + ] ) 

o n l y i f k^Q = k ^ g . T h i s l a s t e q u a t i o n s a t i s f i e s t h e 

e x p e r i m e n t a l f a c t s . . 

I n s u c h a s y s t e m i t w o u l d n o t b e s u r p r i s i n g t h a t 

t h e s o l u b i l i t y o f t h e g a s was i n d e p e n d e n t o f pH. T h e 

s h i f t i n t h e a b s o r p t i o n maximum m i g h t be due t o an 

i o n a t m o s p h e r e e f f e c t . However r e a c t i o n (10) p r o c e e d s 

a t a d i f f u s i o n c o n t r o l l e d r a t e ; t h a t i s , e a c h e n c o u n ­

t e r o f H + w i t h e~ l e a d s t o r e a c t i o n . S i n c e N „ 0 *H + 

aq 2 a q 
must r e a c t w i t h e a ^ i n two ways, and k ^ 2 must e q u a l 
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k.,~. t h e n i t f o l l o w s t h a t N_0 •H + must d i f f u s e a t a 10' 2 a q 
f a s t e r r a t e t h a n H + t o b e a b l e t o e n c o u n t e r e~ more 

a q 
o f t e n . S i n c e t h e h y d r o g e n i o n may d i f f u s e b y a p r o t o n 

t r a n s f e r p r o c e s s , w h i l e t h e r e l a t i v e l y b u l k y N 2 ° a q * H + 

h a s no s u c h m e c h a n i s m a v a i l a b l e t o i t , i t d o e s n o t 

seem r e a s o n a b l e t h a t N„0 *H i s more m o b i l e t h a n H . 
2 a q 

The h y d r a t i o n s h e l l h y p o t h e s i s must, t h e r e f o r e , be 

c o n s i d e r e d a v e r y u n l i k e l y m e c h a n i s m . 

2. E l e c t r o n I r r a d i a t i o n s 

( a ) D i f f u s i o n C a l c u l a t i o n s 

A t t h e v e r y h i g h d o s e r a t e s p r o d u c e d by t h e e l e c ­

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

w i t h i n -vlO n a n o s e c o n d s o f t h e i r f o r m a t i o n ( i . e . b e f o r e 
— 2 " — ~ 10 M N„0 i s a b l e t o commence s c a v e n g i n g e ) . T h e 2 aq 

t i m e n e c e s s a r y f o r t h i s o v e r l a p t o o c c u r must be known. 

From F a r a d a y c u p m e a s u r e m e n t s t h e s h a p e o f t h e e l e c t r o n 

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

( A ) . F o r t h e p u r p o s e s o f c a l c u l a t i o n (A) w i l l be a p ­

p r o x i m a t e d b y ( B ) . 

2 io 
z o 
cz 
t-

ui _J 
U l 

6 z 
10 3 0 5 0 

N A N O S E C O N D S 

( A ) 

10 3 0 5 0 
N A N O S E C O N D S 

(B) 
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T h e r a d i u s , r , o f t h e s p u r a t t i m e t i s g i v e n 
, 7 8 by 

r = ( r 2 + 2 D t ) 1 / 2 ( x x i x ) o 
and t h e s p u r v o l u m e , V , b y 

s 
V s = [ 2 7 T ( 2 r 2 + 4 D t ) ] 3 / 2 ( x x x ) 

where D i s t h e d i f f u s i o n c o n s t a n t o f t h e s p e c i e s u n d e r 

c o n s i d e r a t i o n , and r' i s t h e i n i t i a l s p u r r a d i u s w i t h 

r e s p e c t t o t h a t s p e c i e s . 

F o r t h e h y d r a t e d e l e c t r o n t h e i n i t i a l s p u r r a d i u s 

o 14 
i s o f t h e o r d e r o f .20 A , w h i l e i t s d i f f u s i o n c o n s -

-5 2 79 t a n t i s known t o be 4 . 7 5 x 10 cm / s e c . On t h e 

b a s i s o f F a r a d a y c u p m e a s u r e m e n t s and c y c l o h e x a n e d o s ­

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

e s t i m a t e d t o be ~ 4 5 0 k e v . A s s u m i n g t h a t i t r e q u i r e s 

«v30 ev t o f o r m a h y d r a t e d e l e c t r o n , t h e n e a c h f a s t 
4 

e l e c t r o n w i l l g i v e r i s e t o -v 1 . 5 x 1 0 h y d r a t e d e l e c t ­

r o n s on t h e a v e r a g e . F o r e l e c t r o n s w i t h i n i t i a l 

e n e r g y f r o m 2 0 0 t o 5 0 0 k e v a b o u t 6 0 % o f t h e h y d r a t e d 
10 

e l e c t r o n s f o r m e d a r e f o u n d i n i s o l a t e d s p u r s . I t 

i s t h e o v e r l a p o f t h e s e s p u r s t h a t we w i s h t o c a l ­

c u l a t e . S i n c e an e l e c t r o n o f .500 k e v w i l l p e n e t r a t e 
l b 

t o a d e p t h o f -v2 mm xn w a t e r . , and s i n c e t h e a r e a 
i r r a d i a t e d was a c i r c l e 33 mm i n d i a m e t e r , t h e n t h e 

3 

v o l u m e i r r a d i a t e d was ~ 1.7 cm . T a k i n g i n t o c o n s i d e r ­

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

t h a t w i l l a l s o be o c c u p i e d b y b l o b s and s h o r t t r a c k s , 

t h e n when t h e t o t a l v o l u m e o f t h e i s o l a t e d s p u r s 
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reaches ~2 cm overlap should have occurred. C a l c u l ­

ations done on the basis of the above assumptions are 

given i n the following t a b l e . 

TABLE I X 

Spur Overlap C a l c u l a t i o n s 

pulse time r V volume occupied 60% volume 
(nanosec.) (X) (8 s 3) , 3. (cm ) (cm ) 

20 5 -3 _3 5 20 3.5 x 10 8.2 x 10 4.9 x 10 
10 70 1.5 x 10 6 5.4 x 10~ 2 3.2 x l O " 2 

15 100 4.4 x 10 6 2.3 x 10" 1 1.4 x 10' 1 

20 120 7.6 x 10 6 6.3 x 10" 1 3.8 x 10" 1 

25 140 1.2 x 10 7 1.4 8 . 4 x l O " 1 

30 155 1.7 x 10 7 2.5 1.5 
35 170 2.2 x 10 7 3.9 2.3 
40 185 2.8 x 10 7 5.4 3.2 
45 195 3.3 x 10 7 7.2 4.3 
50 205 3.9 x 10 7 9.3 5.6 

Even with a l l the approximations that were made 

(which usually erred on the generous side) i t seems 

f a i r l y obvious that overlap must have occurred by the 

time the pulse of electrons has f i n i s h e d . We are 

dealing therefore with a s i t u a t i o n wherein homogen­

eous k i n e t i c s are a p p l i c a b l e for a scavenging process 
— 1"^ —8 

i n which (k [s] ) £ 3 x 10" sec. (This was not the 

case f o r the cobalt-60 ^ - i r r a d i a t i o n s . With 10~ M 

nitrous oxide present only ~ 10 tracks e x i s t within 

the s o l u t i o n at any one time. This corresponds to a 
-13 

spur volume ~ 10 times the s o l u t i o n volume. Even 
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-4 -4 + 
w i t h o n l y 10 M N 2 0 and 10 M H p r e s e n t t h e s p u r 

-10 

v o l u m e t o s o l u t i o n v o l u m e r a t i o i s ~ 10 :1. The 

k i n e t i c s o f t h e s e c o b a l t - 6 0 ^ - i r r a d i a t i o n s a r e 

d e f i n i t e l y i n h o m o g e n e o u s . ) 

(b) N i t r o g e n Y i e l d s 

The n i t r o g e n y i e l d s f o r h i g h i n t e n s i t y e l e c t r o n 

i r r a d i a t i o n s a r e shown i n f i g u r e 7. The s y s t e m a t i c 

e r r o r i n a l l c a s e s was ~ 12%. D e p l e t i o n o f n i t r o u s 

o x i d e i s a v e r y r e a l p o s s i b i l i t y i n t h e s y s t e m . A l l 
3 

t h e f a s t e l e c t r o n s a r e s t o p p e d i n a b o u t 1 cm o f 10 
3 

cm o f s o l u t i o n , b u t t h e r e a c t i o n s t h a t o c c u r a r e 

c o m p l e t e d so q u i c k l y t h a t d i f f u s i o n o f N 20. f r o m t h e 

b u l k o f t h e s o l u t i o n i n t o t h e i r r a d i a t i o n s i t e i s 

n e g l i g i b l e . D e p l e t i o n w i l l be g r e a t e r a t l o w e r c o n ­

c e n t r a t i o n s o f N 2 0 . T h i s e f f e c t w i l l c a u s e p o i n t s t o 

be s h i f t e d h o r i z o n t a l l y b y v a r y i n g a mounts, b u t t h e 

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

s h a r p r i s e . By v e r y g e n e r o u s e s t i m a t i o n l e s s t h a n 

2 5 % d e p l e t i o n o c c u r s a t t h e l o w e s t n i t r o u s o x i d e 

c o n c e n t r a t i o n and l e s s t h a n 5% a t t h e h i g h e s t . 

The n i t r o g e n f o r m e d must ( a t l e a s t i n p a r t ) be 

a t t r i b u t e d t o t h e r e a c t i o n o f N o 0 w i t h e and w i t h 
2 a q 

H-atoms. A t h i g h i n t e n s i t i e s t h e b i m o l e c u l a r r e a c t i o n s 
e ~ + e~ 9 > H „ + 20H~ (8) 
a q a q ^ 2 

H + H > H 2 (2) 

compete w i t h the. r e a c t i o n o f n i t r o u s o x i d e w i t h t h e s e 

s p e c i e s much more e f f e c t i v e l y t h a n a t l o w i n t e n s i t y . 
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The e f f e c t , as p r e d i c t e d b y e q u a t i o n ( x v i i i ) , i s t h e 

need o f h i g h e r c o n c e n t r a t i o n s o f N „ 0 t o s c a v e n g e e 
3 • 2 a q 

-4 
and H. T h u s ~ 5 x 10 M n i t r o u s o x i d e i s n e c e s s a r y t o 

a c c o m p l i s h s i g n i f i c a n t s c a v e n g i n g a t h i g h i n t e n s i t i e s 

w h e r e a s ~ 5 x 10"^ M i s s u f f i c i e n t a t l o w i n t e n s i t i e s . 

The v a r i a t i o n o f d o s e w i t h d e p t h a s w e l l a s t h e 

v a r i a t i o n o f e l e c t r o n i n t e n s i t y d u r i n g t h e p u l s e w i l l 

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

a s m a l l e r d o s e a t a r a t e much l o w e r t h a n t h e a v e r a g e . 

A l o w e r d o s e r a t e means t h a t h o m o g e n e i t y i s a l e s s 

l i k e l y c o n d i t i o n . I n t h i s l o w d o s e r a t e s e c t i o n a 

c o n d i t i o n o f i n h o m o g e n e i t y may be f o u n d , s u c h t h a t 

l e s s n i t r o u s o x i d e i s n e e d e d t o s c a v e n g e e . I f t h i s 
* a q 

were t h e c a s e , and i f t h e s e c t i o n u n d e r d i s c u s s i o n 

were a s i g n i f i c a n t p o r t i o n o f t h e i r r a d i a t i o n s i t e , 

t h e n a p l a t e a u c o u l d o c c u r i n t h e G ( N 2 ) v e r s u s [N^O] 

c u r v e . As s u c h a p l a t e a u i s a p p a r e n t i n f i g u r e 7 a t 

low N^O c o n c e n t r a t i o n s , t h e a b o v e a r g u e m e n t may be 

r e a s o n a b l e . 
A most s i g n i f i c a n t f a c t i s t h a t GCN^) f r o m a 

-2 

~2 x 10 M n i t r o u s o x i d e s o l u t i o n i s g r e a t e r f o r t h e 

h i g h i n t e n s i t y e l e c t r o n i r r a d i a t i o n s t h a n f o r t h e l o w 

i n t e n s i t y c o b a l t - 6 0 ^ - i r r a d i a t i o n s . T h i s may be e x p ­

l a i n e d i n two ways - e i t h e r Ge i s , f o r some r e a s o n , 
J aq ' • ' 

h i g h e r a t h i g h i n t e n s i t y , o r some o t h e r s p e c i e s c o n ­

t r i b u t e s t o t h i s h i g h v a l u e . I f some o t h e r s p e c i e s 

r e a c t s w i t h N „ 0 a t h i g h i n t e n s i t y t h e n i t w o u l d a l s o 
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be e x p e c t e d t o do s o a t t h e same pH and [ N 2 0 ] i n t h e 

c o b a l t - 6 0 e x p e r i m e n t s . 

Y + N 2 0 > N 2 + OY ( 4 8 ) 

. Y ^ . p r o d u c t . ( 4 9 ) 

I f s p e c i e s Y i s l o s t i n r e a c t i o n ( 4 9 ) b y a p s e u d o -

f i r s t o r d e r p r o c e s s , t h e n r e a c t i o n ( 4 8 ) w o u l d be 

. i n t e n s i t y i n d e p e n d e n t . I f Y i s l o s t b y a b i m o l e c u l a r 

p r o c e s s t h e n r e a c t i o n ( 4 8 ) w o u l d p r o d u c e l e s s N 2 a t 

h i g h i n t e n s i t y . T h e e x p l a i n a t i o n o f h i g h e r G(N" 2) c a n ­

n o t be t h a t a n o t h e r s p e c i e s i s s c a v e n g e d by N 2 0 . 

T h e r e f o r e t h e c o n c l u s i o n t h a t a t h i g h i n t e n s i t y 

Ge~ i s l a r g e r t h a n a t l o w i n t e n s i t y was d r a w n . S i n c e a q 
N~0 i s l e s s e f f e c t i v e i n s c a v e n g i n g e due t o t h e 2 ^ ^ a q 
b i m o l e c u l a r r e a c t i o n o f e w i t h i t s e l f , t h e same w i l l 

a q 1 

be t r u e o f H-atoms. S i g n i f i c a n t s c a v e n g i n g o f e 
a q 

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

o x i d e c o n c e n t r a t i o n a t h i g h i n t e n s i t y . A p p l y i n g t h e 

same c o n d i t i o n t o t h e H-atom, s c a v e n g i n g o f H w i l l 
-2 

o n l y j u s t be s i g n i f i c a n t i n <v2 x 1 0 M N 2 0 s o l u t i o n . 
T h u s an i n c r e a s e i n G „ a t h i g h i n t e n s i t y w o u l d h a v e 

tt 

o n l y a s m a l l e f f e c t on G ( N 2 ) a t t h e n i t r o u s o x i d e 

c o n c e n t r a t i o n s u s e d . The i n c r e a s e i n G ( N 2 ) a t h i g h 

i n t e n s i t y must be a t t r i b u t e d f o r t h e most p a r t t o a n 
i n c r e a s e i n Ge" . W h e t h e r G t t a l s o i n c r e a s e s may o n l y a q H • J 

be d e t e r m i n e d a t p r e s s u r e s o f N 2 0 g r e a t e r t h a n a t m o s -

p h e r i c . I n a n y e v e n t , f o r [ N 2 0 3 ~ 2 x 1 0 M, G(N )' 
2 9 

a t a d o s e r a t e o f ~ 2 x 1 0 e v / l - s e c . i s g r e a t e r t h a n 
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17 
a t ~ 2 x 1 0 e v / l - s e c . b y a p p r o x i m a t e l y 0.4. 

-2 A d d i t i o n o f 0.26M i s o p r o p a n o l t o a 2 . 6 x 1 0 M. 

n i t r o u s o x i d e s o l u t i o n d o e s n o t r e d u c e G(N ) a t t h e s e 
2 

h i g h i n t e n s i t i e s . S i m i l a r r e s u l t s h a v e b e e n r e p o r t e d 
17 31 

a t a d o s e o f <\,10 e v / m l . The c o n c l u s i o n t o be 

drawn i s t h a t i s o p r o p a n o l d o e s n o t s c a v e n g e a s p e c i e s 

c a p a b l e o f r e a c t i n g w i t h N^O t o f o r m . S i n c e i s o ­

p r o p a n o l i s known t o r e a c t , much more r a p i d l y w i t h H 
t h a n w i t h e t h e r e a p p e a r s t o be a r e a l i n c r e a s e i n a q ^ 
G e a q i n g o i n g f r o m v e r y l o w t o v e r y h i g h d o s e r a t e s . 

( c ) H y d r o g e n Y i e l d s 

The. h y d r o g e n i s f o r m e d i n t h e i r r a d i a t i o n s b y 

r e a c t i o n s s u c h as 

H + H > H 2 ( 2 ) 

e~ + e~ > H „ + 20H~ ( 8 ) 
a q aq 2 

where, s i n c e more e i s f o r m e d t h a n H, r e a c t i o n (8) 
a q 

i s t h e more i m p o r t a n t . The y i e l d o f h y d r o g e n f r o m 

p u r e w a t e r a t h i g h i n t e n s i t i e s was f o u n d t o be 

G(H,,) = 1 . 1 5 ± 0 . 2 , w h i c h i s s i m i l a r • t o v a l u e s f o u n d b y 
25 29 o t h e r s a t h i g h i n t e n s i t i e s , and a t l o w d o s e s 

T h i s v a l u e o f G(H,,) i s l o w e r t h a n m i g h t h a v e b e e n 

e x p e c t e d on t h e b a s i s o f r e a c t i o n s (2) a n d (8) b e i n g 

t h e o n l y s i g n i f i c a n t p r o c e s s e s . T h e n 

G(H ) = l / 2 ( G e ~ + G „ ) > 1 . 7 5 ± 0 . 2 ( x x x i ) 
<L a q rt 

However h y d r o g e n i s l o s t i n b a c k r e a c t i o n s s u c h as 

OH + H 2 > H20;.+ H (35) 

so t h a t t h e y i e l d o f h y d r o g e n i s g i v e n b y 
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G(H ) < l / 2 ( G e ~ +G - k _ c [ O H ] [ H „ ] / I ) ( x x x i i ) 2 — a q H 35 2 

Thus a v a l u e o f G ( H ^ ) = 1.1510.2 i s n o t s u r p r i s i n g . 

When n i t r o u s o x i d e was i n t r o d u c e d i n t o t h e s o l ­

u t i o n t h e h y d r o g e n y i e l d , a s e x p e c t e d , was r e d u c e d . 

The r e d u c t i o n was p r o p o r t i o n a l t o t h e amount o f N^ 

t h a t was f o r m e d . The c u r v e o f GCH^) v e r s u s [ ^ 0 ] 

( f i g u r e 8) i s t h e r e v e r s e o f f i g u r e 7, r i s i n g a s G ( N 2 ) 

f a l l s . S i n c e t h e h y d r o g e n y i e l d i s n o t r e d u c e d t o 

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

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

h i g h e s t [ N O ] u s e d . 
2 

A d d i t i o n o f 0.26 M i s o p r o p a n o l t o a s o l u t i o n o f 
_2 

2 . 6 x 1 0 M n i t r o u s o x i d e i n c r e a s e d t h e h y d r o g e n y i e l d 

by 0,8810.22. S i n c e h y d r o g e n may be f o r m e d f r o m i s o ­

p r o p a n o l by t h e a b s t r a c t i o n o f a H-atom b y some 

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

Z + C H 3 C H 2 C H 2 0 H >CH 3*CHCH 20H + H 2 (50) 

t h i s i n c r e a s e must r e f l e c t t h e y i e l d o f Z. T h u s we 

may s a y t h a t G z = 0.8810.22. One s h o u l d n o t e t h a t 

t h i s y i e l d i s h i g h e r t h a n t h e G H f o r c o b a l t - 6 0 i r ­

r a d i a t i o n s ( G u = 0.6) a n d t h u s i f Z i s an H-atom t h e 
r l 

• y i e l d o f b o t h t h e p r i m a r y r e d u c i n g s p e c i e s H a n d e
a g 

i n c r e a s e a t v e r y h i g h d o s e r a t e s . 

3. C o n c l u s i o n s 

C o b a l t - 6 0 ^ - i r r a d i a t i o n s o f a q u e o u s n i t r o u s o x i d e 

s o l u t i o n were u n d e r t a k e n i n an a t t e m p t t o d e t e r m i n e 

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

r a t i o s o f t h e t y p e k ( e + S ) / k ( e +N_0), w h i c h do n o t 
. a q a q 2 ' 

a g r e e f r o m p l a c e t o p l a c e . T h e s e r e l a t i v e r a t e c o n s -
-2 

t a n t r a t i o s a r e commonly d e t e r m i n e d w i t h ~ 10 M N2O. 

Use o f t h i s [ ^ 0 ] w i l l r e s u l t i n a d d i t i o n a l u n w a n t e d 

s c a v e n g i n g o f a n o t h e r s p e c i e s X, w h i c h w i l l g i v e 

e r r o n e o u s r a t i o s . G(X) = 0 . 6 5 ± 0 . 1 . Y i e l d s o f p r i m a r y 
s p e c i e s d e t e r m i n e d i n t h i s work a r e : Ge~ = 2 . 4 ± 0 . 1 , • a q ' 
G „ • ~ 1.6. and G , „ + t = 0 . 3 5 ± 0 . 0 5 . 
«2 2 

• R e s u l t s f r o m s c a v e n g i n g e x p e r i m e n t s i n a c i d i c 

d i l u t e n i t r o u s o x i d e s o l u t i o n s c a n n o t be e x p l a i n e d 

on t h e b a s i s o f a s i m p l e c o m p e t i t i o n , a c h a r g e t r a n s ­

f e r m echanism, o r s c a v e n g i n g o f two d i s t i n c t s p e c i e s . 

The r e s u l t s may, h o w e v e r , be e x p l a i n e d b y a s s u m i n g 

t h a t N2O i s c o n v e r t e d t o a n o t h e r s p e c i e s i n a c i d 

s o l u t i o n . T h i s a c i d n i t r o u s o x i d e s p e c i e s r e a c t s w i t h 

t h e h y d r a t e d e l e c t r o n f i v e t i m e s more s l o w l y t h a n 

d o e s ^ 0 i n n e u t r a l s o l u t i o n . I t i s . s u g g e s t e d t h a t 

t h i s s p e c i e s m i g h t be H 2 N 2 ^ 2 * 

N e u t r a l a q u e o u s s o l u t i o n s o f n i t r o u s o x i d e were 

i r r a d i a t e d a t h i g h i n t e n s i t y w i t h 0.52 Mev e l e c t r o n s 

i n a n e f f o r t t o o b s e r v e a d e c r e a s e i n s o l u t e r e a c t i o n 

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

r a t e s . As p r e d i c t e d , t h e c o n c e n t r a t i o n o f ^ 0 n e c e s s a r y 

t o a c h i e v e s i g n i f i c a n t s c a v e n g i n g was l a r g e r a t h i g h 

d o s e r a t e s t h a n t h a t a t l o w d o s e r a t e s . S i n c e s c a v -
_2 

e n g i n g a t l o w d o s e r a t e s i s c o m p l e t e f o r ~ 10 M N2O, 
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w h i l e a t h i g h d o s e r a t e s i t i s n o t c o m p l e t e a t 
-2 

2.6 x 10 M NgO, n i t r o u s o x i d e seems t o b e l e s s 

e f f i c i e n t a t h i g h i n t e n s i t i e s . 

The h i g h i n t e n s i t y y i e l d o f e ~ ^ was f o u n d t o be 

l a r g e r t h a n t h e l o w i n t e n s i t y y i e l d . A p o s i t i v e o r 

n e g a t i v e s t a t e m e n t o f s i m i l a r k i n d c a n n o t b e made 

f o r G „ u n t i l i n v e s t i g a t i o n s a t p r e s s u r e s o f N „ 0 

g r e a t e r t h a n a t m o s p h e r i c a r e c o m p l e t e d . The y i e l d 
-2 

o f n i t r o g e n f r o m a 2.6x10 M Np̂ O s o l u t i o n a t 
~ 2 x 1 0 2 9 e v / l - s e c . i s h i g h e r ( A G ( N 2 K 0 . 4 ) t h a n 

17 
a t ~ 2 x 10 e v / l - s e c . T he y i e l d o f h y d r o g e n f r o m 

p u r e w a t e r , GCH^) = 1.1510.2, i s a b o u t t h a t e x p e c t e d 

on t h e b a s i s o f t h e i n t e r - s p u r r e a c t i o n s o f H, e , 

and OH. 



69 

REFERENCES 

1. Much o f t h i s f i r s t s e c t i o n o f t h e i n t r o d u c t i o n was' 
g l e a n e d f r o m t h e f o l l o w i n g : 
(a) J.W.T. S p i n k s and R . J . Woods, An I n t r o d u c t i o n  

To R a d i a t i o n C h e m i s t r y , J o h n W i l e y & S o n s , New 
York,. 1964 pp 15-76. 

(b) G . J . H i n e and G.L. B r o w n e l l , e d . , R a d i a t i o n  
D o s i m e t r y , A c e d e m i c P r e s s , New Y o r k , 1956, 
pp 50-107. 

( c ) I.V. V e r s h c h i n s k i i and A.K. P i k a e v , I n t r o d u c t i o n  
To R a d i a t i o n C h e m i s t r y , E n g l i s h T r a n s l a t i o n f r o m 
I s r e a l P r o g r a m F o r S c i e n t i f i c T r a n s l a t i o n s , 
J e r u s a l e m , 1964, pp 6-16. 

2. A . E . Moelwyn-Hughes, P h y s i c a l C h e m i s t r y , Pergamon 
P r e s s , O x f o r d , 1961, p 109. 

3. L . I . S c h i f f , P h y s . Rev., 1946, 70> 8 7 5 i b i d , 1951, 
83, 252 

4. H.A.' B e t h e and J . A . A s h k i n , i n E x p e r i m e n t a l N u c l e a r  
P h y s i c s , ( e d . E . S e g r e ) , V o l . 1, J o h n W i l e y & s o n s , 
New Y o r k , 1963, p 166 e t s e q . 

5. W. H e i t l e r , Quantum T h e o r y Of R a d i a t i o n , 3 r d e d . , 
O x f o r d U n i v e r s i t y P r e s s , 1954. 

6. H.A. B e h t e , Ann. P h y s i k , 1930, 5_, 352 

7. L . K a t z and A.S. P e n f o r d , Rev. Mod. P h y s . , 1952, 
24, 28 

i 
8. V e r s h c h i n s k i i and P i k a e v , o p . c i t . , p 13. 

9. A.O. A l l e n , The R a d i a t i o n C h e m i s t r y Of W a t e r And  
A q u e o u s S o l u t i o n s , D.Van N o s t r a n d , New Y o r k , 1961, 
p 3. 

10. A. Mozumder and J . L . Magee, Rad. R e s . , 1966, 28,203 

11. A.O. A l l e n , o p . c i t . , p 12. 

12. A.H.. Samuel and J . L . Magee, J . Chem. P h y s . , 1953, 
21, 1080 

13. J . L . Magee, i n P h y s i c a l And C h e m i c a l A s p e c t s Of  
B a s i c M e c h a n i s m s I n R a d i o b i o l o q y , U.S. N a t l . R e s . 
C o u n c i l , 1953, P u b l . No. 305. 



70 

14. A. Kuppermann, i n The C h e m i c a l And B i o l o g i c a l  
A c t i o n Of R a d i a t i o n s , (M. H a i s s i n s k i e d . ) , V o l . V . , 
A c e d e m i c P r e s s , L o n d o n , 1961, p 162. 

15. F . S . D a i n t o n and W.S. W a t t , P r o c . Roy. S o c , 1963, 
A275, 447 

16. J.K. Thomas, T r a n s . F a r a d . S o c , 1965, 6_1, 702 

17. U. S o k o l o v and G. S t e i n , J . Chem. P h y s . , 1966, 
44, 2189 

18. J . H . B a x e n d a l e and G. Hughes, Z. P h y s i k Chem. 
[ F r a n k f u r t ] , 1958, 14, 323 

19. E . Hayon and J . J . W e i s s , P r o c . I n t e r n . C o n f . 
P e a c e f u l U s e s A t . E n e r g y , 2nd, G e n e v a , 1959, 
V o l 29, p 80. 

20. N.F. B a r r and A.O. A l l e n , J . P h y s . Chem., 1959, 
6_3, 928 

21. G. C z a p s k i and S c h w a r z , J . P h y s . Chem., 1962, 
66, 471 

22. J.W. Boag and E . J . H a r t , N a t u r e , 1963, 197, 45 -

23. J . P . Kee n e , N a t u r e , 1963, 197, 47 

24. J . R o t b l a t and H.C. S u t t o n , N a t u r e , 1957, 180, 
1332; P r o c . Roy. S o c , 1960, A2 55, 490 

25 . J.K. Thomas and E . J . H a r t , Rad. R e s . , 1962, 17, 408 

26. A.R. A n d e r s o n and E . J . H a r t , J . P h y s . Chem., 1962, 
66, 70 

27. A.O. A l l e n , o p . c i t . , p 96. 

28. F . S . D a i n t o n and D.B. P e t e r s o n , P r o c Roy. S o c , 
1962, A267, 443 

29. F . S . D a i n t o n and D.C. W a l k e r , P r o c . Roy., S o c , 
1965, A285, 339 

30. G. S c h o l e s and M. S i m a c , J . P h y s . Chem., 1964, 
68, 1731 

31. J . T . A l l e n and C M . B e c k , J.A.C.S., 1964, 86, 1483 

32. S. Ohno, B u l l . Chem. S o c . J a p a n , 1965, 2018 

33. F . S . D a i n t o n and G.V. B u x t o n , P r o c . R o y . S o c , 
1965, A287, 427 



71 

34. F . S . D a i n t o n and R. R u m f e l d t , P r o c . Roy. S o c , 
1965, A287, 444 

35. F.S. D a i n t o n and P. F o w l e s , P r o c . Roy. S o c , 
1965, A287, 312 

36. S. G o r d e n , E . J . H a r t , M.S. M a t h e s o n , J . R a b a n i , 
and J.K. Thomas, D i s c . F a r a d . S o c , 1963, _36, 193 

37. J . P . Keene, Rad. R e s . , 1964, 2_2, 1 

38. E . J . H a r t and F.M. F i e l d e n , i n S o l v a t e d E l e c t r o n , 
Am. Chem. S o c . P u b l . , W a s h i n g t o n , 1965, pp 232-241 

39. M. A n b a r and P. N e t a , I n t . J . A p p l i e d Rad. and 
I s o t o p e s , 1965, 16, 227 

40. D. Head a n d D.C. W a l k e r , N a t u r e , 1965, 207, 517; 
D. Head, B . S c . T h e s i s , 1965. 

4 1 . F . S . D a i n t o n , Rad. R e s . Supp. 4, p 72. 

42. M. A n b a r , i n S o l v a t e d E l e c t r o n , Am. Chem. S o c . 
P u b l . , W a s h i n g t o n , 1965, pp 65-66 

43. D.M. Brown, F . S . D a i n t o n , J . P . Keene, and D.C. 
W a l k e r , Proc.. Chem. S o c , 1964, 266 

44. G.E. Adams, J.W. Boag, a n d B.D. M i c h a e l , T r a n s . 
F a r a d . S o c , 1965, 61, 492 

45. E . Hayon, J . P h y s . Chem., 1964, 68, 1242 

46. G. C z a p s k i and A.O. A l l e n , J . P h y s . Chem., 1962, 
66, 471 

47. E . Hayon, T r a n s . . F a r a d . S o c , 1964, 60, 1059 

48. J . T . A l l e n and G. S c h o l e s , N a t u r e , 1960, 18 7, 218 

49. J . R a b a n i and G. S t e i n , J . Chem. P h y s . , 1962, 
_37, 1865 

50. T. S a w a i , B u l l . Chem. S o c J a p a n , 1966, _39_J 955 

51. M. H a i s s i n s k i , J . C h i m . P h y s . , 1965, 62_, 1141 

52. G. S c h o l e s and M. S i m a c , N a t u r e , 1963, 199, 276 

53. J . R a b a n i , W.A. M u l a c , and M.S. M a t h e s o n , J . P h y s . 
Chem., 1965, 6j>, 53 



72 

54. E . Hayon, T r a n s . F a r a d . S o c , 1965, _61, 723 

55. F . S . D a i n t o n and S.R. L o g a n , T r a n s . F a r a d . S o c , 
1965, 6J., 715 

56. H. F r i c k e and S.. M o r s e , Am. J . R o e n t g e n o l . Radium 
T h e r a p y , 1927, 18, 430; P h i l . Mag., 1929, l_i  1 2 9> 
as c i t e d i n 9. 

57. H.A.J.B. B a t t a e r d a n d G.W. T r e g e a r , Rev. P u r e and 
A p p l . Chem., 1966, JL6, 83 

58. A.O. A l l e n , o p . c i t . , pp 20-23. 

59. W.S. Moore, P h y s i c a l C h e m i s t r y , 3 r d e d . , P r e n t i c e -
H a l l , E n g l e w o o d C l i f f s , N . J . , 1962, pp 83 6 - 8 4 2 . 

60. W.G. B u r n s and J.R. P e r r y , N a t u r e , 1964, 201, 814 

61. P . J . Dyne and J.W. F l e t c h e r , C a n . J . Chem., 1960, 
38, 851 

62. L . S . F o r r e s t a l and W.H. H a m i l l , J.A.C.S., 1961, 
8^, 1535 

63. W.H. H a m i l l and S.Z. Toma, J.A.C.S., 1964, 86, 1478 

64. A.O. A l l e n and R.H. S c h u l e r , J.A.C.S., 1955, 77, 
507 

65. R.H. S c h u l e r , J . P h y s . Chem., 1957, 6_1, 1472 

66. J.W. F a l c o n e r and M. B u r t o n , J . P h y s . Chem., 1963, 
67, 1743 

67. H.A. D e w h u r s t , J . P h y s . Chem., 1957, 61, 1472 

68. J . J o r t n e r and J . R a b a n i , J . P h y s . Chem., 1962, 
66, 2081 

69. J.W. M e l l o r , A C o m p r e h e n s i v e T r e a t i s e On I n o r g a n i c  
And T h e o r e t i c a l C h e m i s t r y , Longmans G r e e n and Co., 
1928, p p391-410. 

70. W.L. J o l l y , I n o r g a n i c C h e m i s t r y Of N i t r o g e n , 
I n t e r s c i e n c e , New Y o r k , 1964, p 71. 

71. M.C. Sneed and R.C. B r a s t e d , C o m p r e h e n s i v e I n ­ 
o r g a n i c C h e m i s t r y , V o l V, D. V a n N o s t r a n d , New 
Y o r k , pp 52-59. 

72.. I b i d . V o l V I I , pp 4 2 - 4 9 . 



73 

73. F.A. C o t t o n and G. W i l k i n s o n , A d v a n c e d I n o r g a n i c  
C h e m i s t r y , I n t e r s c i e n c e , New Y o r k , 1962, pp 225, 
254-260. 

74. - E . L . Q u i n n and C . L . J o n e s , C a r b o n D i o x i d e , R e i n h o l d 
P u b l . C o r p . , New Y o r k , 1936, pp 113-119. 

75. J.R. B u c h h o l z and R.E.. P o w e l l , J .A.C.S., 1963, 
85, 509 

76. M.N. Hughes and G. Stedman, J . Chem. S o c , 1963, 
1239 

77. J . H . A n d e r s o n , A n a l y s t , 1963, 88, 494 

78. A. Kuppermann, o p . c i t . , p 112. 

79. K.H. S c h m i d t and W.L. Buck, S c i e n c e , 1966, 151, 70 

8 0 . S p i n k s and Woods, o p . c i t . , p 6. 

8 1 . A. Kuppermann, o p . c i t . , pp 150-154. 



L I S T OF ILLUSTRATIONS 

F i g u r e 1: a) P y r e x r e a c t i o n v e s s e l f o r gamma i r r a d i a t i o n s . 
S o l u t i o n s p r e p a r e d a n d d e g a s s e d i n 50 ml r o u n d -
b o t t o m e d f l a s k b u t i r r a d i a t e d i n t u b e a s shown. 
B14 g r o u n d g l a s s j o i n t s were u s e d , 
b) V e s s e l f o r e l e c t r o n i r r a d i a t i o n s . A l u minum 
f a c e p l a t e A a t t a c h e s t o a c c e l e r a t o r ; m e t a l f o i l 
B t r a n s m i t s e l e c t r o n s i n t o s t a i n l e s s s t e e l c e l l 
C. I n t e r i o r o f C o b s e r v e d t h r o u g h p y r e x window D 
a r a l d i t e d o n t o c e l l b a c k . S o l u t i o n s p r e p a r e d and 
d e g a s s e d i n 50 ml r o u n d - b o t t o m e d f l a s k F ' a r a l d i t e d 
o n t o c e l l a t e n t r a n c e p o r t E . 

F i g u r e 2: a) C e l l f o r t r a n s f e r o f g a s e s f r o m vacuum l i n e t o 
g a s c h r o m a t o g r a p h . 

b) C r o s s - s e c t i o n o f F a r a d a y c u p u s e d . 

F i g u r e 3: T y p i c a l c h r o m a t o g r a m . 

F i g u r e 4: N i t r o g e n y i e l d s a s a f u n c t i o n o f n i t r o u s o x i d e 
c o n c e n t r a t i o n a t v a r i o u s pH v a l u e s f o r Co-60 

17 
gamma i r r a d i a t i o n s . D ose ~ 7 x 10 e v / m l . The 
pH's a r e : @ 1 . 0 , 4 4 . 0 , 0 4 . 2 , 1 ^ 4 . 5 , © 7 , # > 1 1 . 2 , and 
0 13. 

F i g u r e 5: R e c i p r o c a l n i t r o g e n y i e l d s a s a f u n c t i o n o f 
r e c i p r o c a l n i t r o u s o x i d e c o n c e n t r a t i o n s f o r 

17 
Co-60 gamma r a y s . D ose -v 7 x 10 e v / m l . 13 pH 3.8, 
$ p H 4.0 ,OpH 4.2,<>PH 4 . 3 , © p H 4.5, and A pH 7. 

F i g u r e 6: Mean C ^ O l / G t ^ ) a s a f u n c t i o n o f h y d r o g e n i o n 
c o n c e n t r a t i o n . 

F i g u r e 7: N i t r o g e n y i e l d s a s a f u n c t i o n o f n i t r o u s o x i d e 
c o n c e n t r a t i o n f o r . e l e c t r o n i r r a d i a t i o n s . Dose 

19 f~\ 
~ 1.2 x 10 e v / m l . Kj 0.26 M i s o p r o p a n o l p r e s e n t , 
© no o t h e r s o l u t e s . 



Figure 8: Hydrogen y i e l d s as a function of nitrous oxide 
concentrations f o r e l e c t r o n i r r a d i a t i o n s . Dose 
~ 1.2 x 10 ev/ml. ^0*26 M isopropanol present, 

. @ no other solute present. 

Figure 9: F r i c k e Dosimetry p l o t . O p t i c a l density at 304 
nanometers as a function of i r r a d i a t i o n time, 
o 10~ 3 M c h l o r i d e present, ©chloride absent. 
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