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FOREWORD 

"The Ionospheric Conditions" has been presented at the 
COSPAR'S meeting in Warsaw (June 1963) and has been used for a 
seminar for COPERS in Alpbach (Austria). It will be published in 
Planetary and Space Science. 

M. NICOLET. 

AVANT-PROPOS 

"The Ionospheric Conditions" a été présenté au Symposium 
de COSPAR en juin à Varsovie et a été l'objet d'un séminaire au 
cours d'été de COPERS à Alpbach (Autriche). Il sera publié dans 
Planetary and Space Science. 

M. NICOLET. 

VOORWOORD 

•The.ajpïtegpheric Conditions" werd ten gehöre gebracht 
op het Symposium van COSPAR in juni 1963 te Warchau en is het 
voorwerp geweest van een seminaire op een zomercursus ingericht 
door COPERS te Alpbach (Oostenrijk). De tekst zal verschijnen 
in "Planetary and Space Science". 

M. NICOLET. 

VORWORT 

"The Ionospheric Conditions" wurde wahrend der COSPAR'S 
Sitzung in Warschau (Juni 1963) vorgestellt und wurde fur ein Semi-
nair wahrend des Sommerkursus von COPERS in Alpbach (Österreich) 
gebraucht. Diese Arbeit wird in Planetary and Space Science heraus-
gegeben werden. 

M. NICOLET. 



THE IONOSPHERIC CONDITIONS 

by 

Marcel NICOLET and William SWIDER, Jr. 

Résumé. 

Une analyse générale des conditions physiques dans l'ionosphère 
a été effectuée en considérant les diverses réactions auxquelles sont soumis 
les divers ions atomiques et moléculaires. 

Tout d'abord, la détermination de la production et de la recombi-
naison ioniques indique que la distribution spectrale de l'émission solaire 
ultraviolette doit être mesurée avec plus de précision et que la recombi-
naison dissociative doit être fixée en fonction de la température. 

Ensuite, le comportement de l'ionosphère dépend de l'ensemble des 
+ + processus influençant les ions atomiques 0 et N , c'est-à-dire des réactions 

+ + + 
avec les molécules N2, 0 e t NO. Les ions moléculaires N2, 0^ et NO sont 
liés entre eux par suite de l'existence de réactions d'interchange entre ions 
et atomes neutres intervenant en même temps que les échanges de charges. 

En outre, la distribution verticale des ions est discutée dans le 
cadre d'une détermination de l'importance relative des processus au sein des 

+ diverses régions ionosphériques. L'ion moléculaire d'azote N disparaît par + ^ 
le transfert de charge tandis que l'ion NO ne peut disparaître que par l'inter-
médiaire du processus de recombinaison radiative. 

Au surplus, la production des ions atomiques d'oxygène dépend non 
seulement de sa production par photo-ionisation directe de l'atome d'oxygène 
mais aussi de la production de l'ion moléculaire d'azote. Quant au rapport 

+ + 
des concentrations des ions NO et il dépend dans l'ionosphère inférieure 
de réaction*? particulières. + + 

Enfin, les ions He et H sont liés à un système de production et 
de réactions qui les situe à haute altitude où les conditions de diffusion 
sont essentielles. 



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

The p r o b l e m of the i n t e r p r e t a t i o n of the p h y s i c s and c h e m i s t r y 
of t he i o n o s p h e r e i s in a s t a t e of c o n f u s i o n . The i n c r e a s i n g knowledge 
of the s o l a r s p e c t r u m in t h e f a r u l t r a v i o l e t h a s , a p p a r e n t l y , n o t a s ye t 
l e a d t o a c o n s i s t e n t p i c t u r e of the p h o t o i o n i z a t i o n p r o c e s s e s in the 
i o n o s p h e r e . .While H i n t e r e g g e r and Watar iabe ^ ^ h a v e d e t e r m i n e d a 
c e r t a i n d i s t r i b u t i o n of t h e n u m b e r of p h o t o n s a v a i l a b l e a t t he t o p of t h e 

[21 
i o n o s p h e r e , I v a n o v - K h o l o d n y 1 h a s a d o p t e d a n o t h e r d i s t r i b u t i o n . 
The d a t a of Tab le I b e t w e e n 900A and 30A show t h a t t he d i f f e r e n c e i s 
i m p o r t a n t . I t i s c l e a r t ha t f o r X < 800 A, the n u m b e r of pho tons u s e d 
b y 

- 2 - 1 
T a b l e I - N u m b e r of pho tons ( c m s e c ) a v a i l a b l e a t the t o p of t he 

e a r t h ' s a t m o s p h e r e a c c o r d i n g to H i n t e r e g g e r - W a t a n a b e 
(H-W) and I v a n o v - K h o l o d n y ( I -K) 

AX 910-850 850 -800 8 0 0 - 7 0 0 700-600 600 -500 5OO-4O0A 
(H-W) 9 . 5 x l 0 9 2 . 5 x l 0 9 5 . 0 x l 0 9 4. 7 x l 0 9 5 . 9 x l 0 9 2 . 4 x W 9 p h o t o n s 
(I-K) 5 . 0 x 1 0 9 2. l x l O 9 4 . 4 x l 0 1 0 3 . 2 x l 0 1 0 4 . 9 x l 0 l p 3 . 0 x l 0 1 0 p h o t o n s 

AX 400-300 300-230 230-170 170-110 110-80 80 - 60 60-30» A 
(H-W) 7. 2 x l 0 9 3 . 1 x 1 0 9 3 . 3 x l 0 9 3 . 5 x l 0 8 2 .4x10® 1. 8 x l 0 8 1 . 6 x l 0 8 

p h o t o n s 
(I-K) 9 . 6 X 1 0 1 0 5 . 3 x l 0 1 0 2 . 4 x l 0 1 0 5 . 7 x l 0 9 2. 24X10 9 l . l x l O 9 8 . 4 x l 0 8 

p h o t o n s 

I v a n o v - K h o l o d n y i s t e n t i m e s t h a t o b t a i n e d b y H i n t e r e g g e r and W a t a n a b e . 
N e v e r t h e l e s s , N o r t o n , Van Zand t and D e n i s o n ^ , u s i n g the s p e c t r a l 
d i s t r i b u t i o n g iven by Hal l , D a m o n and H i n t e r e g g e r ^ ^ and I v a n o v -
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Kho lodny , c l a i m t h a t t h e y h a v e s a t i s f a c t o r i l y i n t e r p r e t e d the i o n o s -

p h e r i c s t r u c t u r e . 

It i s d i f f i c u l t t o u n d e r s t a n d h o w it i s p o s s i b l e to m a k e suoh 

d i v e r g e n t i n t e r p r e t a t i o n s of op t iona l i o n o s p h e r i c b e h a v i o r ; even a l l owing 

f o r v a r i a t i o n of the f a r u l t r a v i o l e t s p e c t r u m wi th s o l a r a c t i v i t y . The 

a n a l y s i s of the s o l a r s p e c t r u m in the r e g i o n of X. > 800 by D e t w i l e r , 

G a r r e t t , P u r c e l l and T o u s e y J and by Z i r i n , Ha l l and H i n t e r e g g e J6] 

s h o w c o n s i s t e n t r e s u l t s . In the S p e c t r a l r e g i o n of X < §00, T a b l é I 

i n d i c a t e s a d i f f e r e n c e of a f a c t o r of 10 wh ich wi l l a f f e c t the i o n i z a t i o n of 

a l l t h e r m o s p h e r i c c o n s t i t u e n t s , n a m e l y O^ and O. S u c h a v a r i a t i o n 

c a n n o t e x i s t in t h e whole u l t r a - v i o l e t s p e c t r u m of w a v e l e n g t h s V < 800 A, 

even f o r the m a x i m u m - t o - m i n i m u m v a r i a t i o n of the s o l a r c y c l e . 

On the o t h e r hand , H i n t e t e g g e r ^ , and N o r t o n .et a l . ^ c o n s i d e r 

an a t m o s p h e r i c m o d e l wi th an a t o m i c oxygen c o n c e n t r a t i o n w h i c h i s n o t les® 

than f o u r t i m e é the m o l e c u l a r oxygen c o n c e n t r a t i o n a t 110 k m a n d not 

l e s s t han the m o l e c u l a r n i t r o g e n c o n c e n t r a t i o n a t 130 k m . D e n i s o n and 
f i l fg "1 

Van Zandt c l a i m t h a t N i c o l e t ' s m o d e l i s i n c o n s i s t e n t wi th 
H a l f ' s et a l . da t a ^ . T h i s deduc t i on by H i n t e r e g g e r ^ And N o r t o n 

r 31 

e t a l . i s b a s e d e s s e n t i a l l y OA t h e b e h a v i o r of two s o l a r l i n e s , n a m e l y 

L, y a t 972 A and Si III at 1206 A in the v^ing of L y m a n - f f . H o w e v e r , s u c h 

a deduc t i on c a n be m o d i f i e d if t he l a b o r a t o r y m e a s u r e m e n t s of the 

a b s o r p t i o n c r o s s - s e c t i o n â a r e not a d a p t e d to t h e a t m b s p h e r i c a b s o r p t i o n . 

As an e x a m p l e , the v e r t i c a l d i s t r i b u t i o n of s o l a r p h o t o n s f o r L y m a n - y 

â t 972. 537 A f o r an a b s o r p t i o n c r o s s - s e c t i o n 6f the o r d e r of 1 x 10 ^ 

2 
c m u s i n g N i c o l e t ' s m o d e l f i t s the v e r t i c a l d i s t r i b u t i o n d e d u c e d by H a l l 

U] 

et a l . . An N 2 band with a h e a d a t 972. 2 A, wh ich i s s h a d e d t o w a r d 

l o n g e r w a v e l e n g t h s , h a s m o r e t h a n 10 r o t a t i p n a l l i n e s ill a n a r r o w 



s p e c t r a l r a n g e w i t h J p ( 1 5 ) = 9 7 3 . 9 8 A . T h e a b s o r p t i o n c r o s s - s e c t i o n 
d e p e n d s on t h e d i s t r i b u t i o n of t h e r o t a t i o n a l l i n e s b e t w e e n 972 A and 
974 A and a h i g h r e s o l u t i o n s p e c t r u m i s n e e d e d to d e t e r m i n e t h e e x a c t 
a b s o r p t i o n c r o s s - s e c t i o n of X 972 . 537 A. I t c a n n b t b e c l o n e d t h a t 

- 1 6 2 - 1 6 2 t h e c r o s s - s e c t i o n i s 1 x 10" c m o r 3 x 10" c m w i t h o u t a s p e c i a l 
a n a l y s i s of l a b o t a t o r y a n d a t m o s p h e r e C o n d i t i o n s . It i s e v i d e n t t h a t a n 
o b s e r v a t i o n of s o l a r L^y f r e e f r o m a t m o s p h e r i c a b s o r p t i o n i s r e q u i r e d 
to m a k e a c o r r e c t m e a s u r e m e n t of t h e e x a c t p h o t o n f l u x a t t h e t p p of 
t h e e a r t h ' s a t m o s p h e r e . 

[ 7] 
H i n t e r e g g e r ' s d a t a s h o w s e v e r a l a n o m a l i e s . T h e r a t i o 

n ( N ^ ) / n ( 0 2 ) d e c r e a s e s f r o m a f a c t o r of 10 a t 120 k m to 4 a n d 2. 5 a t 
130 k m a n d 150 k m ; r e s p e c t i v e l y . The r a t i o n ( 0 ) / n ( C > 2 ) d e c r e a s e s f r o m 
a b o u t 15 b e t w e e n 1 10 a n d 120 k m to 10 a t 130 k m a n d 140 k m , T h e 
n o r m a l b e h a v i o r f o r such r a t i o s i s to i n c r e a s e with he ight . F u r t h e r m o r e , 
i t s h o u l d b e n o t e d t h a t H i n t e r e g g ^ r g i v e s t h e r a t i o n ( N 2 ) / n ( 0 ) e q u a l t o 
on ly 0 . 4 a t 4 30 k m w h i l e t h e r a t i o n ( 0 ) / n ( 0 2 ) r e a c h e s a t l e a s t 15 b e t w e e n I" 3] 
110 k m a n d 120 k m . On the o t h e r h a n d , D e n i s o n a n d V a n Z a n d t L 1 u s i n g 
the s a m e o b s e r v a t i o n a l d a t a a d o p t t h e f o l l o w i n g r a t i o s : n ( Q ) / n ( 0 2 ) = 4 a t 
110 k m , 9 a t 120 k m a n d a b o u t 15 a t 130 k m w h e r e n(O) a l m o s t p e a c h e s 
the c o n c e n t r a t i o n of n ( N 2 ) . 

R a t i o s s u c h a s n ( 0 ) / n ( N 2 ) > 1 a t 130 k m a n d n(0) /n{C> 2 ) > 10 a t 
125 k m 4o n o t a g r e e wi th m a s s s p e c t f o m e t r i c m e a s u r e m e n t s m a d e in 
the USA (cf T o w n s e n d ^ , S c h a e f e r ^ ) a n d in t h e USSR (cf f o k h i j n k o v ^ 
F o r e x a m p l e , a n o b s e r v a t i o n m a d e b y S c h a e f e r s h o w s t h a t n ( 0 ) / n ( 0 2 ) = 1 
n e a r 118 k m a n d no t m o r e t h a n 3 a t 130 k m , 

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



f 31 f 21 
N o r t o n e t a l . o r b y I v a n o v - K h o l o d n y 1 1 c a n n o t b e u s e d f o r n i g h t -
t i m e c o n d i t i o n s wi thou t t he a d d i t i o n of a n o t h e r p r o c e s s . An tonova a n d 
I v a n o v - K h o l o d n y ^ ^ h a v e i n t r o d u c e d t he i o n i z a t i o n e f f e c t of e l e c t r o n s . 
The f l u x in the i o n o s p h e r e shou ld be a t l e a s t of t he o r d e r o ( 1 e r g c m " 
s e c * f o r e l e c t r o n s of e n e r g y b e t w e e n 100 eV a n d TO k e V , i . e . a t l e a s t 9 - 2 - 1 of the o r d e r of 5 x 10 e l e c t r o n s c m s e c f o r a n e n e r g y of 200 
In o t h e r w o r d s , I v a n o v - K h o l o d n y , a f t e r i n t r o d u c i n g a h igh i o n i z a t i o n 
r a t e f o r d a y t i m e c o n d i t i o n s , i s o b l i g e d to c o n s i d e r a h igh r e c o m b i n a t i o n 
r a t e to o b t a i n the o b s e r v e d e l e c t r o n c o n c e n t r a t i o n s . When s u c h a 
r e c o m b i n a t i o n r a t e i s u s e d f o r n i g h t t i m e c o n d i t i o n s i t wou ld d e s t r o y the 
F ^ l a y e r and a c o r p u s c u l a r f l u x i s p o s t u l a t e d to m a i n t a i n a n o c t u r n a l 
i o n o s p h e r e . H o w e v e r , s u c h an e l e c t r o n f l u x would e x c i t e t he nighty 
a i r g l o w s p e c t r u m in s u c h a way t h a t a u r o r a l e m i s s i o n s s h o u l d o c c u r ; 
in p a r t i c u l a r t he f i r s t n e g a t i v e s y s t e m , a n d t h e - f i r s t p o s i t i v e s y s t e m of 
n i t r o g e n . S i n c e s u c h e m i s s i o n s a r e not o b s e r v e d i t c a n b e c o n c l u d e d , a s 

[ 1 2 ] G a l p e r i n J h a s shown, t h a t t he n o r m a l c o r p u s c u l a r f l u x i s v e r y s m a l l . 
It i s p r a c t i c a l l y n e g l i g i b l e c o m p a r e d wi th the u l t r a v i o l e t f l u x , w h i c h i s 
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c e r t a i n l y g r e a t e r t h a n 1 e r g c m s e c , and i s i n s i g n i f i c a n t c o m p a r e d 
wi th the 15 e r g s c l a i m e d by I v a n o v - K h o l o d n y a s the n o r m a l u l t r a v i o l e t 
f l u x of \ < 900 A. -

A r e c e n t a n a l y s i s s h o w s h o w a c o r p u s c u l a r f l u x m u s t b e c o n s i d e r e d . ("13I At m i d - l a t i t u d e 6 o v e r N o r t h A m e r i c a O ' B r i e n 1 J h a s m e a s u r e d , a t 
3 4 - 2 - 1 1000 k m , a f l u x of p r e c i p i t a t e d e l e c t r o n s of 10 and 10 c m s e c f o r 

e n e r g i e s >. 40 k e V . H i s d i s c u s s i o n on the a i r g l o w e x c i t a t i o n i n d i c a t e s t h a t 
- 2 - 1 - 2 - 1 the n o r m a l f l u x e s a r e b e t w e e n 10 and 10 e r g s c m s e c f o r 1 k e V 

e l e c t r o n s . I t i s p o s s i b l e t h a t s o m e a n o m a l y c o u l d be d e t e c t e d a s shown 



r e c e n t l y by G l e d h i l l a n d Van R o o y e n ^ u s i n g O ' B r i e n ' s d a t a ^ . 
. The a i r g l o w d a t a s u g g e s t v a r i o u s l imi t ' s f o r t he e l e c t r o n f l u x . 

An e m i s s i o n of the g r e e n l ine of a t o m i c o x y g e n a b o v e 300 k m , e q u a l t o 
t he i n t e n s i t y of t h a t of t h e n o r m a l a i r g l o w a n d due to t he e x c i t a t i o n of 
e l e c t r o n s of abou t lOeV e n e r g y , would c o r r e s p o n d t o a f l u x of 1 0 ^ 

- 2 - 1 e l e c t r o n s c m s e c . An e l e c t r o n f l u x in t he e n e r g y r a n g e 5 0 - 5 0 0 e V , 
7 - 2 - 1 i . e . l e s s t h a n 1 k e V , c a n n o t b e m o r e t h a n 10 e l e c t r o n s crft s e c 

s i n c e i t would l e a d t o s u c h an e x c i t a t i o n öf N^ b a n d s w h i c h a r e no t 
o b s e r v e d in t he a i r g l o w . F u r t h e r m o r e , the s e c o n d p o s i t i v e s y s t e m of 
n i t r o g e n , wh ich i s l i k e w i s e not o b s e r v e d in t he a i r g l o w , r e q u i r e s the 
s a m e l i m i t i n g c o n d i t i o n s f o r t h e e l e c t r o n f l u x . T h e r e f o r e , the i o n i z a t i o n 

- 9 r a t e c o e f f i c i e n t f o r t h e c o r p u s c u l a r r a d i a t i o n c a n n o t b e g r e a t e r t h a n 10 
- 1 - 2 s e c i . e . i s a l w a y s l e s s t h a n 10 t he p h o t o i o n i z a t i o n r a t e c o e f f i c i e n t . 

S i n c e t h e r e i s no p o s s i b i l i t y of f i n d i n g a p e r m a n e n t e l e c t r o n f l u x in t hé 
- 2 - i 

n i g h t t i m e i o n o s p h e r e g r e a t e r t h a n 0 . 1 e r g c m s e c i t m u s t be 
c o n c l u d e d t h a t the t o t s j i o n i z a t i o n p r o d u c t i o n by c o r p u s c u l a r r a d i a t i o n 
c a n n o t a t t a i n in t he who le i o n o s p h e r e ( fo r n o r m a l c o n d i t i o n s o u t s i d e of 
t h e a u r o r a l zone) one h u n d r e d t h of t h a t p r o d u c e d by p h o t o - i o n i z a t i o n . 

F i n a l l y , t he n u m b e r of a t m o s p h e r i c m o d e l s u s e d to e x p l a i n t he 
u p p e r - a t m o s p h e r e b e h a v i o r h a s a d d e d to t he c o n f u s i o n a n d l e a d s t o t h e 
o t h e r d i f f i c u l t i e s . C o n s e q u e n t l y ^ b e f o r e t r y i n g to c l a r i f y t h e g e n e r a l 
p r o b l e m , an a t t e m p t i s m a d e to s h o w t h e c o m p l e x i t y of t h e p r o b l e m of 
i o n o s p h e r i c r e a c t i o n s a n d the d i f f i c u l t y of d e d u c i n g a c o r r e c t e x p l a n a t i o n 
of the i o n o s p h e r e wi thou t a n e x a c t k n o w l e d g e of the v a r i o u s p h y s i c a l 
p a r a m e t e r s i n v o l v e d . 
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I . P o s i t i v e Ion R e a c t i o n s 

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

t h e f o l l o w i n g p o s i t i v e i o n s m u s t b e c o n s i d e r e d : H + , H e + , N + , 0 + , 

+ •+ + + 0 2 , NO , Mg , Ga , . . . e t c . F u r t h e r , i t s h o u l d b e n o t e d t h a t 

m e t a l l i c i o n s a r e n o t p r e s e n t in t h e w h o l e i o n o s p h e r e , H + a n d H e * o c c u r 

+ + + in t h e u p p e r p a r t of t h e i o n o s p h e r e a b o v e t h e F_ p e a k , O , NO a n d O 
2 

a r e the e s s e n t i a l i o n i c c o n s t i t u e n t s of t he D, E a n d F r e g i o n s a n d 

a n d N + a r e m i n o r i o n s w i t h m a x i m u m c o n c e n t r a t i o n s in t h e F r e g i o n . 
+ + -r + -f-

T h u s , O , N , NO , O^ and N^ m u s t b e c o n s i d e r e d a s t h e b a s i c 

i o n s w h i c h a r e i n v o l v e d in t h e v a r i o u s r e a c t i o n s . 

T h e p r e d o m i n a n t ion in t h e F r e g i o n , 0 + , i s s u b j e c t to t h e 

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

( V 0 + ( 4 S ) + N2(1--S ) — N O + ( 1 S ) + N ( 4 S ) . + 1. 12 eV (1) 

0 + ( 4 S ) + 0 2 ( 3 S ) — o 2
+ ( 2 n ) + o ( 3 p ) + l . 54 eV (2) 

(v 3 ) o + ( 4 s ) + N O ( 2 n ) — N O + ( 1 S ) + 0 ( 3 P ) + 4. 37 eV (3) 

(V4) o + ( 4 s ) + N O ( 2 n ) — o 2
+ ( 2 n ) + n ( 4 s ) + o 15 eV (4) 

T h e f o l l o w i n g c h a r g e t r a n s f e r p r o c e s s m u s t b e a d d e d to r e a c t i o n s (1) 

to (4): f 

(Y_) ; 0 + { 4 s ) + D 2 ( 3 n ) - ° 2 + ( 2 n ) + ° ( 3 p ) + 5 4 e V 

S i n c e t h e r e i s no p r a c t i c a l d i s t i n c t i o n b e t w e e n (2) a n d (5), p r o c e s s (5) 

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

b e t w e e n 0 + a n d NO i s é q u i v a l e n t t o r e a c t i o n (3). 

T h e r a t e c o e f f i c i e n t s of t h e i o n - a t o m i n t e r c h a n g e r e a c t i o n s (1) 

to (4) a r e n o t w e l l k n o w n . The r a t e of (2) h a s b e e n m e a s u r e d b y D i c k i n s o n 
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and Sayers ^ , Langstro th and Hasted^- and F i te , Ru ther ford , 

I" 17 ] 
Snow and Van L in t . The fol lowing values have been obtained: 

. . I n-1G 3 -1 [17] 
y^ ^ 1 x 10. cm sec 

V2 = (2. 5 ± 0 . 4) x 1 0 ' 1 1 c m 3 sec" 1 ^ 

#i o n 9\ i n - 1 2 3 -1 f 16] 
y^ = (1.8 ± 0. 2) x 10 cm sec 

-9 3 - 1 
F r o m ionospher ic observat ions , values between 10 c m sec and 

-13 3 - 1 ' ' 
10 cm sec have been used to explain recombina t ion and ion ic 

r 1 8 l 3 [ l 9 l 
composi t ion ; Her tzberg , y~ 10" cm sec ; Dan i lov , 

y = l O ' ^ c m ^ s e c * ^ ; Norton , Van Zandt and Den i son^ 3 ^ , y^ = 5 x 10 

3 -1 0 „ J H . , J 20] .--13 3 -1 
cm sec ; Bates and Nicolet , y = 10 cm sec 

Langstroth and Hasted t 1 ^ ] have measu red , for react ion (1), 

-12 3 -1 
y^ = (4. 7 ± 0. 5) x 10 c m sec . But before this recent exper imen ta l 

- 8 3 - 1 

de termina t ion a high value of the order of 10 cm sec was given by-

Potter and a rate coeff icient of the order of 10~ 1 0 cm 3 sec~ 1 has 

been used in the study of the ionosphere by Krassovsky ^ ^ -p^e 

recent exper imenta l ana lys is of Ta l rose , Ma rk i n and La r i n ^ seems , -12, however , to agree with a lower rate coeff icient i . e . < 6 .75 x 10 

3 - 1 *'. 
cm sec . Var ious values have been used in the ana lys is of the 

_9 ^ j [ l 8 ] 
ionospher ic observat ions such as 10 cm sec by Her tzberg , 

1 0 " 1 0 c m 3 s e c " 1 by Dani lov ^ 1 , 1 x 10" 1 2 cm 3 sec . " 1 by Norton , Van 

Zandt and Den i son^ 3 ^ . and of the order of ,10 1 3 e m 3 s e c 1 by Bates and 

Nicole J . 

+ + 

Severa l react ions involving O 2 lead to NO , and pa r t i cu l a r l y , 

( y 6 ) ; O z
+ ( 2 n ) + N( 4S) - ) + 0 ( 3 P ) + 4. 22 eV (6) 

( Y 7 ) ; 0 2
+ ( 2 n ) + N 2 ( 1 2 ) - N G + ( 1 S ) + NO{ 2n ) + 0 .87 eV (7) 
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r 17i 
T h i s l a s t r e a c t i o n , a c c o r d i n g to F i t e e t a l . 1 , i s v e r y s l o w c o m p a r e d 
w i t h t h e c h a r g e t r a n s f e r p r o c e s s o r i o n - a t o m i n t e r c h a n g e r e a c t i o n 
Oz

+ + NO — Oz + NO+. H o w e v e r , in t h e a t m o s p h e r e , s i n c e n(N2) » n (NO) , 
(7) c a n n o t b e n e g l e c t e d ' e v e n i{ t h e r a t e c o e f f i c i e n t of the t r a n s f e r p r o c e s s 
w i th NG i s l a r g e . R e a c t i o n (6) c a n n o t b e r e j e c t e d s i n c e i t s r a t e c o e f f i c i e n t , 
y m a y b e m u c h g r e a t e r t h a n y^ a n d a l s o b e c a u s e in t h e 100 k m r e g i o n , 
w h e r e n(N) i s t h e m o s t i m p o r t a n t f r a c t i o n of t h e n ( N 2 ) , i t s e f f e c t c o u l d 
m o d i f y t h e r a t i o n + ( 0 2 ) / n * ( 0 ) . + 

T h e p r o c e s s e s a f f e c t i n g N 2 i n v o l v e c h a r g e t r a n s f e r p r o c e s s e s 
a n d i o n - a t o m i n t e r c h a n g e r e a c t i o n s : 

( \ g ) ; N 2
+ ( 2 S ) + 0 ( 3 P ) - 0 + ( 4 S ) + N ^ Z ) + 1 . 9 6 eV (8) 

(v9) ; N 2
+ ( 2 Z ) + O z ( 3 S ) - O z

+ ( 2 n ) + N ^ S ) + 3. 50 eV (9) 

( v 1 0 ) ; N 2
+ ( 2 S ) + N(4S) - N + ( 3 P ) + N ^ s ) + 1 . 0 3 e V (10) 

( \ H ) ; N + ( 3 P ) + NO(^n ) - N 2
+ ( 2 S ) + 0 ( 3 P ) + 2 . 2 2 e V (11) 

F i n a l l y , i o n - a t o m i n t e r c h a n g e r e a c t i o n s in w h i c h N+ a n d ON+ a r e 
i n v o l v e d m u s t b e c o n s i d e r e d b y t a k i n g i n t o a c c o u n t t h a t t h e l o w e r s t a t e 

+ 3 + ' of ON i s t h e e x c i t e d s t a t e n of t h e n o r m a l i on NO . 

(V12) ; N + ( 3 P ) + 0 2 ( 3 I Iv ) — O N + ( 3 n , N O + ) + p ( 3 P ) + [6. 69 - E ( 3 n ) ]eV (12) 

( y 1 3 ) : N + ( 3 P ) + N O ( 2 n ) — O N + ( 3 n , NO + ) + 0 ( 3 P ) + [ 5 . 3 0 - E ( 3 n ) ] e V ( 1 3 ) 

(v*4> ; n 2
+ ( 2 s ) + o ( 3 p ) — O N + ( 3 n , n o + ) + n ( 4 s ) + [3.08 - E ( 3 n ) ] e v (14) 

(7*5) ; N 2
+ ( 2 2 ) + O z ( 3 S ) - r O N + ( 3 n , N O + ) + N O ( 2 n ) + [4.47 - E ( 3 n ) ] e V (15) 

R e a c t i o n s wh ich m a y o c c u r in t h e i o n o s p h e r e r e q u i r e t h a t t h e 
3 e x c i t a t i o n e n e r g y E ( fl ) i s l e s s t h a n t h e e n e r g y b a l a n c e . T h u s , r e a c t i o n 
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3 
(14) m u 6 t be r e j e c t e d s i n c e E ( II ) i s m o r e t h a n 3eV, f o r e x a m p l e 

E( 3n ) = 4 . 6 e v ' - 2 1 ^ . H o w e v e r , N o r t o n , Van Z a n d t and D e n i s o n ^ 

h a v e c o n s i d e r e d r e a c t i o n (14) a s v e r y i m p o r t a n t in the i o n o s p h e r é ' 

- 1 1 3 _1 s i n c e t h e y h a v e adop t ed f o r the r a t e c o e f f i c i e n t y ^ = 2 x 1 0 c m ^ e e " 

- 1 2 3 '-1 

1. e . , m o r e t han t h e va lue of y^ f o r which t h e y t a k e 1 x 10 . c m s e c 

T h i s i s b a s e d on the e r r o n e o u s a s s u m p t i o n t h a t t he r e a c t i o n (14) dQes 

not invo lve an e x c i t e d e l e c t r o n i c l e v e l of N O + . It shou ld be p o i n t e d out 

t h a t t he c h a r g e t r a n s f e r (N^ + NO N O + + N) i s e q u i v a l e n t in the ion 

p r o d u c e d to r e a c t i o n (13), but i s d i f f e r e n t f r o m r e a c t i o n (11). 

The r e a c t i o n e n e r g i e s d e r i v e d in (1) to (15) c o r r e s p o n d to thé 

fo l lowing d i s s o c i a t i o n a n d i o n i z a t i o n p o t e n t i a l s . 

D i s s o c i a t i o n of i o n i z e d m o l e c u l e s : 

0 2
+ , 6 . 6 6 eV N 2

+ , a. 73 eV 

D i s s o c i a t i o n of n e u t r a l m o l e c u l e s : 

0 2 , 5. 12 eV N 2 , 9. 76 eV 

I o n i z a t i o n of n e u t r a l m o l e c u l e s : 

0 2 > 12. 08 eV N 2 , 15. 58 eV 

I o n i z a t i o n of neu t ra ' l a t o m s : 

O, 1 3 . 6 2 eV • ' : . N, 14. 55 éV , 

II. P h o t o - i o n i z a t i o n P r o c e s s e s 

The r e a c t i o n s (1) to (13) m u s t be u s e d wi th the p h o t o - i o n i z a t i o n 

and Recombina t i on r a t e s to w r i t e e q u a t i o n s f o r e l e c t r o n and ion conce i> t ra ; 

t i o n s . The fo l lowing i o n i z a t i o n p r o c e s s e s a r e c o n s i d e r e d : 

N O + , 10, 88 eV 

NO, 6. 51 eV 

TSTÓ, 9. 25 eV 

H, 1 3 . 6 0 eV 
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I ( N 2 ) ; N 2 + hv ( \ < 796 A) — N + + e (16) 

I 2 ( N ) ; N 2 + hv ( \ < 516 A) — N + N + + e (17) 

I(N) ; N + hv (X < 8 5 2 A) — N + + e (18) 

I(O) ; O + hv (X < 910 A) — 0 + + e (19) 

I ( O z ) ; 0 2 + hv ( \ < 1026 A ) ^ 0 2 + + e (20) 

T h e p h o t o - i o n i z a t i o n of NO i s e s s e n t i a l l y due to the L y m a n - a 

r a d i a t i o n at 1216 A: 

I (NO) ; NO + hv (X = 1216 A) — N O + + e (21) 

The a b s o r p t i o n c r o s s - s e c t i o n s ^.nd a t m o s p h e r i c d e n s i t i e s a r e 

known with s u f f i c i e n t p r e c i s i o n a s f a r a s the o r d e r of m a g n i t u d e i s 

c o n c e r n e d . C o n s e q u e n t l y it i s p o s s i b l e to s t a t e that the f o l l o w i n g 

i o n i z a t i o n p r o c e s s e s o c c u r : 

(i) D r e g i o n 
y 

<a) i o n i z a t i o n of n i t r i c ox ide by L y m a n - a , s i n c e 0 2 > N 2 a n d 

O cannot be p h o t o - i o n i z e d by X 1 2 1 6 . 7 A. O t h e r 

c o n s t i t u e n t s s u c h a s Na (X < 2412 A), C a (X < 2071 A) , 

CH3'"(X < 1260 A), C (X < 1100 A) c a n b e p h o t o - i o n i z e d 

by r a d i a t i o n s which a r e u n a b l e to i o n i z e O^. 

(b) i o n i z a t i o n by X r a y s of X < 10 A, i . e . with c r o s s - s e c t i o n s 

l e s s than l O ' ^ c m 2 . It i s known f r o m r o c k e t a n d s a t e l l i t e 

m e a s u r e m e n t s that the L y m a n - * * f l u x i s b e t w e e n 3 and 6 e r g s 

c m " 2 s e c ~ 1 whi le the X - r a y f l u x i s e x t r e m e l y v a r i a b l e with 

s o l a r c o n d i t i o n s . F r o m 2 - 8 A the m i n i m u m - t o - m a x i m u m 

v a r i a t i o n i s a f a c t o r of s e v e r a l h u n d r e d ( s e e a r e c e n t r e v i e w 
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by F r i e d m a n ^ 

(c) i o n i z a t i o n by c o s m i c r a y s which i s e f f e c t i v e in the l o w e r 

D r e g i o n w h e r e Lyman-or cannot p e n e t r a t e and w h e r e X r a y s 

of X. < 2 A a r e not i m p o r t a n t ; p a r t i c u l a r l y d u r i n g s o l a r 

qu ie t c o n d i t i o n s . 

An e x a c t a n a l y s i s of the i o n i z a t i o n p r o b l e m in the D r e g i o n 

r e q u i r e s the d e t e r m i n a t i o n of the s e p a r a t e e f f e c t s of the t h r e e i o n i z i n g 

s o u r c e s . In f a c t , it i s n e c e s s a r y to c o m p a r e the ion iz ing e f f e c t of the 

s t a b l e S o u r c e s L y m a n - a and c o s m i c r a y s a s c o m p a r e d with the e x t r e m e l y 

v a r y i n g s o u r c e r e p r e s e n t e d by X - r a y s . Such an a n a l y s i s h a s b'een m a d e 
[ 2 3 ] 

by N i c o l e t and Aik in who c o n s i d e r e d v a r i o u s X - r a y f l u x e s a c c o r d i n g 

to d a t a o b t a i n e d by the N a v a l R e s e a r c h ' L a b o r a t o r y o v e r an i n t e r v a l of 

s e v e r a l y e a r s with L y m a n - a r and c o s m i c r a y i o n i z a t i o n p r o c e s s e s 

i n t r o d u c e d by N i c o l e t l - ^ 3 b ] ^ 

The i o n i z a t i o n r a t e c o e f f i c i e n t of c o s m i c r a y s i s b e t w e e n b e i n g 

t h e g e o m a g n e t i c l a t i t u d e ) 

I ( $ > > l O ' ^ s e c ' 1 a n d I ( $ < 5 0 ° ) < l O ' ^ s e c ' 1 , 

i . e . with the f o l l o w i n g v a l u e s : fc = 0 , 1. 25 x 10 s e c . $ = 30 , 

2 x 1 0 ' 1 8 s e c _ 1 , $ = 4 0 ° . 4 . 5 x 1 0 " 1 8 s e c " \ $ = 5 0 ° , 1 x l O ' ^ s e c " 1 

and 4>= 6 0 ° , 1 . 2 5 x 1 0 " 1 7 s e c " 1 . 

It i s c l e a r that X - r a y s of X. < 2A e m i t t e d d u r i n g c o m p l e t e l y 

qu ie t c o n d i t i o n s cannot l e a d to an i o n i z a t i o n r a t e c o ë f f i c i ë n t of the o r d e r 

- 18 -1 • 

of 10 s e c . On the o t h e r hand , s i n c e the i o n i z a t i o n r a t e c o e f f i c i e n t 

of n i t r i c o x i d e by L y m a n - a r r e a c h e s v a l u e s of the o r d e r of 
I(NO) = 5 X l O ^ s e c " 1 , 



a s m a l l r a t io nfNOJ/nfO^) = 10 ^ l e a d s to an e l e c t r o n product ion of 

the s a m e o r d e r a s the X - r a y product ion under quiet s o l a r condi t ions . 

Thus , the d i s t u r b e d s o l a r condit ions , and p a r t i c u l a r l y s o l a r f l a r e 

condi t ions , p roduce a D reg ion due to X - r a y rad ia t ion . 

(ii) E Reg ion 

(a) ionizat ion of m o l e c u l a r oxygen by u l t r a v i o l e t r ad ia t ion of 

X > 910 A, p a r t i c u l a r l y by m o n o c h r o m a t i c r a d i a t i o n s 

such a s L y m a n - P at 1025 A, i . e. with a b s o r p t i o n c r o s s -
- 1 9 - 2 - 1 8 - 2 s e c t i o n s between 10 c m and 10 c m " . In addit ion, 

ionizat ion of a tomic oxygen by rad ia t ion of X. < 910 A 

and, p a r t i c u l a r l y , by the c h r o m o s p h e r i c L y m a n continuum 

which can p e n e t r a t e into the E l a y e r via the windows of 

m o l e c u l a r n i t rogen a b s o r p t i o n . The v a r i a t i o n with the 

s o l a r cyc l e of the se u l t r a v i o l e t r a d i a t i o n s should be l e s s 

than a f a c t o r of two. 

(b) ionizat ion by X - r a y s of X > 10 A and p a r t i c u l a r l y by the 

rad ia t ion ip the s p e c t r a l r a n g e 30 < X. < 100 A. The 

m i n i m u m - t o - m a x i m u m s o l a r c y c l e va r i a t ion i s a p p r o x -

i m a t e l y sevenfo ld ^ ^ . 

(c) ionizat ion of m e t e o r a t o m s with low ionizat ion potent i a l s , 
[ 24] 

in t roduced by Nico le t , to expla in nocturna l conditicms 
[251 in the E l a y e r , and r e c e n t l y o b s e r v e d by I s tomin 

An e x a c t a n a l y s i s of the ionizat ion product ion p r o b l e m in the E 

reg ion s t i l l r e q u i r e s the de te rmina t ion of the s e p a r a t e e f f e c t s of the 

t h r e e ionizing s o u r c e s . The s tab le s o u r c e r e p r e s e n t e d by the u l t r a v i o l e t 

r ad i a t ions will have i t s m a x i m u m ionizat ion e f f e c t under quiet s o l a r 



conditions and, part icu lar ly , during the m i n imum of the solar cycle. 

The X-ray action wil l vary with solar activity and w i l l become 

predominant during disturbed solar conditions. 

Considering that the ionization rate coefficient of O 2 at zero 

- 8 1 
optical depth is not less than 10~ sec" , it is clear that an X-ray flux 

- 2 - 1 

varying f rom 0. 15 to 1 erg cm sec for an average wavelength of 

50 A leads to an electron production f rom less than to greater than the 

ultraviolet production of O., . To be consistent with the solar data the 
rat io of the electron production by ultraviolet radiations {O^ , O*) and 

+ + + 

by XT rays (N^ , O 2 , O ) must decrease with increasing solar activity, 

but at no t ime may one ionization process be neglected in comparison 

with the other. In any case, the X-ray action must explain the behavior 

of the E layer during the entire sOlar cycle. 

(iii) ' F region 

(a) ionization of molecular nitrogen for X < 796 A with 

-17 2 

absorption cross-section greater than 10 cm . 

(b) ionization of atomic oxygen for \ < 796 A subject to 

the absorption of molecular nitrogen. 

(c) ionization of atomic oxygen for X. > 800 A with different 

absorption cross-sections for its different ionizat ion 

potentials at 91Q A, 732 A and 665 A. 

An exact analysis of the ionization problem in the F region requires a 

simultaneous knowledge of the energy of solar emissions and of the 

absorption cross-sections of O, N^ and O^ . In part icu lar , the penetra-

tion of monochromatic solar radiations between the E and F^ peaks must 

be,-kpown in order to determine the exact behavior of the electron 
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production. 

Considering that var iat ions of s o l a r ac t ivi ty will affect 

c h r o m o s p h e r i c and coronal lines differently, it is difficult to 

predic t the e x a c t height-distribution of the e l e c t r o n production; 

f o r . e x a m p l e , the variat ion of line intensity in the s p e c t r u m should be 

m o r e important for th« shor tes t wavelengths than for the L y m a n 

continuum. However , it appears that N£ and O ionizations will fee 

subject to a l m o s t the s a m e var ia t ions , and that the m i n i m u m - t o -

m a x i m u m var ia t ion during a s o l a r cyc le should not be g r e a t e r than 

fourfold. 

III. E l e c t r o n Recombination 

The var ious p r o c e s s e s (1) to (15) r e p r e s e n t the m o s t important 

ionospheric r e a c t i o n s in which nitrogen and oxygen positive ions a r e 

involved. The p r o c e s s e s (16) to (21) c o r r e s p o n d to photo-ionization of 

these consti tuents . It should be kept in mind that s i m i l a r ionization 

p r o c e s s e s produce meta l l i c ions and a lso light ions such as He* and H*. 

Consequently, the f i r s t recombination p r o c e s s to be considered is 

radiative recombination, such as X T (or X Y ) + e X (or X Y ) + hv. 

-1 2 Since the recombination coefficient is always between 1 x 1 0 and 

- 1 2 3 -1 T 261 5 x 10 c m s e c in the ionosphere (see Rates qnd Dalgarno ), 

the radiative recombination is neglected c o m p a r e d with other p r o c e s s e s 

affecting idns. T h r e e - b o d y e l e c t r o n i c or ionic recombinat ion p r o c e s s e s 

a r e a l s o neglected since they cannot play a role in the n o r m a l ionosphere . 

The e s s e n t i a l recombinat ion p r o c e s s in the ionosphere is B a t e s ' 

p r o c e s s of neutral ization due to the dissociat ion of a m o l e c u l a r ion as 

follows: 



+ * * * • X Y + e ^ X Y — X + Y 

$ 
(the ind ica t ing poss ib le exc i ta t ion) . D i s soc i a t i ve r ecomb i na t i on 

T 261 

occurs (see Bates and Da l g a r no ) as "a resu l t of a r ad i a t i on l ess 

t r ans i t i on to some state of the mo l ecu l e in wh ich the const i tuents 

move apar t and ga in k ine t i c energy under the ac t ion of t he i r m u t u a l 

repu l s i on so that the neu t r a l i z a t i on is r endered p e rmanen t by v i r tue 

of the F r anck-Condon p r i n c i p l e " . It is c l e a r f r o m the t heo re t i c a l 

ana lys i s that i t is p r a c t i c a l l y impos s i b l e to p red i c t the t e m p e r a t u r e 

va r i a t i on of the d i ssoc i a t i ve r ecomb i na t i on coef f ic ien t , a. Fu r t he r-

m o r e , since the d i s soc i a t i on depends on the p resence of a repu l s i ve 

curve, it m a y be a s s u m e d that the abso lu te va lues of a shou ld be 

d i f ferent for d i f ferent mo l e cu l e s . In o ther words , if. va lues of a 

between 10 ^ and 10 ^ c m ^ s e c * and va r i a t i ons with t e m p e r a t u r e s 

such as T ^ ^ ^ a r e a s s umed , they do not con t rad ic t t heo re t i ca l 

cons i de ra t i ons . The p r o b l e m is qui te comp l i c a t ed s ince there is no 

s imp l e l aw es tab l i sh ing the va r i a t i on of the repu l s ive curves of 

mo l e cu l e s . Consequent ly , the abso lu te value of a and its dependence 

on T m u s t be found expe r imen t a l l y . 

The p r i n c i p a l d i ssoc ia t i ve r ecomb i na t i on p rocesses which 

occur in the ionosphere are : 

a(Oz) ; O z
+ f e — O + O (22) 

o-(NO) ; N O + + e — N + O (23) 

Q-(N2) , ; N 2
+ + e — N + N (24) 

Va r i o u s expe r imen t a l de t e rm ina t i ons of the r e comb i na t i o n coef f ic ients 

of these three ions exis t , but i t is d i f f i c u l t to adopt a c o r r e c t va lue for 
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ionospheric purposes, Thè determinations of «(N^) -at -room 

-7 3 -1 I 27l 
temperature, after 1958, give 4 x 10 c m sec . (Faire and Champion ) 

— 7 3 - 1 r 281 
and (5. 9 ±1); x 10 c m sec (Kasnèr, Rogers and Biondi 1 ), corrected 

• -7 3 -1 
more recently to 2 x 10 c m sec . At high temperatures> there is an 

F 2Q1 c* 7 3 X 
indication given by Sayers • for 320Ô : K , ar'(N^) = 1. 1 x 10" c m sec" , 

and by Mentzoni, Montgomery and Row for 725 ° K , «{.N^j = 6. 1 x 10"® 

Consequently, »(N^) is not known from laboratory measurements 

with sufficient precision for ionospheric purposes. A rough conclusion 

•.-..•••• ~7 "y - 1 
should be that afN^) > 10 c m sec for the lower ionosphere. 

No value can be obtained for the upper ionosphere since the 

temperature variation is not known. The recent determination of 

r 281 -7 3 -1 
^(O^) by KasnerV Rogers and Biondi leading, to 3. 8 ± 1 x 10" c m sec" 

-7 3 -1 

has been corrected to 1. 7 x 10 c m sec (private communication) 

indicating that there seems to be no practical différence between a(0 

and «(N^) at roorh temperature., At high temperatures the value obtained 

by Sayers ^ , 0(0^) ~ 4 x l O ^cm^sec at 2500° K , seerris to 

indicate a rapid decrease of with temperature. 

Laboratory data on « (NO) follow a pattern similar to. those for 

^(N^) and' afO^). Extremely high values such as a(NO) = 1. 3 x 10 ^ 
F 3 11 

were recently obtained by Gunton and Inn , .as were obtained in 

_ 7 
the 1950's (before 1958) for N ^ , and values between 4 x 10 and 

-6 3' -1 F 32Î 
2 x 10 c m sec" by Doering and Mahân For a high temperature 

of about 5000 ° K , L i n ^ ^ gave a(NO) = 10 ^cm^sec Syverson 

et al. ^ published a value of a(NO) = 1. 3 x 10"7çiri3s.ec" 1 at 3000° K . 

Thus, the temperature dependence of the coefficient is unknown. 

In such circumstances it is clear that it is not possible to argue 



f o r o r a g a i n s t any va lue a d o p t e d f o r i o n o s p h e r i c c o n d i t i o n s . T h i s 

p o i n t s to the c o m p l e x i t y of the d e t e r m i n a t i o n of an i o n o s p h e r i c 

r e c o m b i n a t i o n c o e f f i c i e n t depend ing on the r e c o m b i n a t i o n of s e v e r a l 

r 23] - 7 3 - 1 i o n s . N i c o l e t and Aikin a d o p t e d «(N^) = 5 x 10 c m s e c , 
- 8 3 - 1 - 9 3 1 a (0 2 ) = 3 x 1 0 c m s e c and a{NO) = 3 x 10 c m s e c f o r t h e i r 

D r e g i o n a n a l y s i s to s h o w how the i o n i z a t i o n i s a f f e c t e d when v a r i o u s 

c o n s t i t u e n t s a r e i n v o l v e d . H o w e v e r , whi le e x t r e m e v a l u e s f o r N 2 

_7 3 1 

and NO s t i l l r e m a i n a p o s s i b i l i t y , any v a l u e of the o r d e r of 10 c m s e c " 

would not c h a n g e the s i t u a t i o n s i n c e ion ic r e c o m b i n a t i o n and n e g a t i v e 

ions a r e i nvo lved . [ 3 5 ] On the o t h e r h a n d , Whi t t en and Poppof f L J h ave a t t e m p t e d t o 

i n t e r p r e t the b e h a v i o r of the D r e g i o n d a r i n g i o n o s p h e r i c d i s t u r b a n c e s 

- 7 3 - 1 - 8 by an i o n o s p h e r i c c o e f f i c i e n t b e t w e e n 4 x 10 c m s e c and 4 x 10" 

c m 3 s e c H o w e v e r , t h e y c l a i m e d t h a t t h e D - r e g i o n i o n i z a t i o n 

can be i n t e r p r e t e d , e v e n d u r i n g q u i e s c e n t s o l a r c o n d i t i o n s by, X - r a y 

r a d i a t i o n s . Such a n e v a l u a t i o n of t h e i o n o s p h e r i c b e h a v i o r in the D r e g i o n 

i n d i c a t e s t ha t an u n c e r t a i n t y of a f a c t o r of t e n in the r e c o m b i n a t i o n 

c o e f f i c i e n t s t i l l r e m a i n s a p o s s i b i l i t y when X - r a y e n e r g i e s a r e no t 
_ 7 

p r o p e r l y r e l a t e d to s o l a r c o n d i t i o n s . T h u s , any v a l u e of a f r o m 10 
- 8 3 - 1 to 10 c m s e c u s e d f o r D r e g i o n c o n d i t i o n s c a n n o t be c o n t r a d i c t e d . 

[ 2 ] 7 0 1 
In f a c t I v a n o v - K h o l o d n y a d o p t e d a = 3 x 10" 3 0 0 / T c m s e c " 

T 3l 

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

d i f f e r e n t v a l u e s : a (N z ) = 4 x 1 0 " 7 ( 3 0 0 / T ) c m 3 s e c " 1 , a ( 0 2 ) = 2 x 1 0 " 7 

( 3 0 0 / T ) c m 3 s e c " 1 a n d a(NO) = 6. 7 x 1 0 " 8 ( 3 0 0 / T ) c m 3 s e c " 1 , p.. a 

v a r i a t i o n of a f a c t o r of 6 b e t w e e n «(N^) and tt(NO), T h e v a l u e s a d o p t e d 

by I v a n o v - K h o l o d n y and N o r t o n e t a l . d e m o n s t r a t e t h a t one m a y 
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e s t i m a t e the a b s o l u t e v a l u e of a r e c o m b i n a t i o n and i t s v a r i a t i o n wi th 

t e m p e r a t u r e . O b v i o u s l y t e m p e r a t u r e d e p e n d e n c e i s i n t r o d u c e d in 

o r d e r to f o l l o w i o n o s p h e r i c o b s e r v a t i o n s , bu t a c o e f f i c i e n t v a r y i n g 

wi th ± ® - ^ l e a d s to v e r y d i f f e r e n t v a l u e s in the F l a y e r . 

An a n a l y s i s of i o n o s p h e r i c o b s e r v a t i o n s , s u c h a s d i u r n a l 

v a r i a t i o n s o r s o l a r e c l i p s e m e a s u r e m e n t s , l e a d to d i f f e r e n t c o n c l u s i o n s 
- 8 3 - 1 wi th r e c o m b i n a t i o n c o e f f i c i e n t s a s low a s 10 c m s e c and g r e a t e r 

-7 3 - 1 r 371 t h a n 10 c m s e c ( see R a t c l i f f e L 1 ) . H o w e v e r , i t i s c l e a r f r o m 

e c l i p s e d e t e r m i n a t i o n s t h a t a h igh va lue f o r the i o n o s p h e t i c r e c o m b i n a -

t ion c o e f f i c i e n t m u s t be t a k e n s i n c e t h e r e i s s o l a r e m i s s i o n d u r i n g 

t o t a l i t y . 

The n i g h t t i m e c o n d i t i o n s shou ld g ive a v a l u e of t h e r e c o m b i n a t i o n 

c o e f f i c i e n t in t h e E and F j r e g i o n s . If v a l u e s of t h e o r d e r of 
8 3 - 1 T 381 2 x 10" c m s e c " , s u c h a s r e p o r t e d by T i t h e r i d g e 1 , a r e a c c e p t e d 

f o r n i g h t t i m e c o n d i t i o n s , t h e y shou ld r e p r e s e n t the r e c o m b i n a t i o n 

c o e f f i c i e n t of the p r e d o m i n a n t ion . H o w e v e r , i t i s no t y e t c l e a r wha t 

t h e e x a c t v e r t i c a l d i s t r i b u t i o n of e l e c t r o n s i s in t h e n i g h t t i m e E and F^ 

l a y e r s . If t h e r e i s a p e a k in the E l a y e r due to m e t e o r i o n s , t he a n a l y s i s 

of the n o r m a l r e c o m b i n a t i o n i s p e r t u r b e d . If t h e e l e c t r o n c o n c e n t r a t i o n 

a t i o n o s p h e r e s u n s e t i s n g q i t s v a l u e ( n e ) t a f t e r t s e c o n d s i s g iven by 

(ne\ = at + \ / n e , o 

4 
T h u s , a f t e r 4 x 10 s e c o n d s , the fo l lowing v a l u e s a r e ob t a ined : 

a ( c m 3 s e c ' 1 ) = 2 . 5 x l O - 7 2 . 5 x l 0 - 8 2 . 5 x l 0 " 9 2 . 5 x l O " 1 0 

(n ) . ( c m ~ 3 ) £ 10 2 10 3 1 0 4 10 5 

6 t 
n ( c m - 3 ) > 10 3 1 0 4 10 5 10 6 
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3 - 3 E l e c t r o n concentra t ions of the order of 10 c m be low the F^ 

reg ion require an e l e c t r o n recombinat ion c o e f f i c i e n t of the order of 
- 8 3 - 1 + 2 . 5 x 10 c m s e c for a predominant ion such a s NO , or the p r e s e n c e 

of m e t e o r ions with radiat ive recombinat ion c o e f f i c i e n t s . A value of 
- 7 3 - 1 2 

a reaching 10 c m s e c cannot re su l t in m o r e than 2 . 5 x 10 e l e c t r o n s 

at the end of the night. N e v e r t h e l e s s , types of Eg ionizat ion could 

modi fy the a n a l y s i s s ince the ion behavior i s d i f ferent according to the 

nature of the ions . F o r example , m e t e o r ions and n i tr ic oxide are not 

subject to r e s o n a n c e charge t r a n s f e r as i s the c a s e for ' a n c * 

and their red is tr ibut ions in the p r e s e n c e of the ear th ' s magnet i c f i e ld 

are d i f ferent . There i s a l s o the p r o b l e m of the recombinat ion 

c o e f f i c i e n t changing with t ime due to i t s dependence on e l e c t r o n i c and 

ionic t e m p e r a t u r e s . In any event , it m u s t be remfembered that the 

e l e c t r o n - i o n c o l l i s i o n f requency d e c r e a s e s with t e m p e r a t u r e 
- 3 / 2 

(oc T ) and that the n o r m a l tendency of the t e m p e r a t u r e dependence 

of ttjj, t h e r e f o r e , should be, in a c o m p l i c a t e d way, a <lecrea?se with 

i n c r e a s i n g t e m p e r a t u r e s . 
IV. Negat ive Ions 

The reac t ions in which negat ive ions are involved are important 

in the D reg ion and m u s t be added to the preced ing r e a c t i o n s . The 

mutual neutra l i zat ion react ion between pos i t ive and negat ive m o l e c u l a r 

ions such as 

a. ; X Y + + 02" — (X + Y) + C>2 (25) 

wi l l add to the d i s s o c i a t i v e recombinat ion a(XY) an additional t e r m 

a, \ where X i s the rat io of negat ive ion and e l e c t r o n concentrat ions 
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f o r e q u i l i b r i u m condi t ions . In the s a m e way 

a ; 0 + + O" - O + O (26) 
i 

could be c o n s i d e r e d in a c e r t a i n i o n o s p h e r i c r eg ion . The r a t e 

coef f ic ients of r e a c t i o n s such a s (25) and (26) a r e not a c c u r a t e l y 
r -7 , 1 3 -1 

• known (cf. D a l g a r n o L ); v a l u e s between 10 and 10 c m s e c 

a r e p o s s i b l e . 

The introduction of nega t ive ions in the D r e g i o n c e r t a i n l y 

depends on the t h r e e - b o d y a t tachment 
a(Oz) ; O z + 0 2 + e - 0 2 " + 0 2 (27) 

f o r which Chanin, P h e l p s and B i o n d i ^ 4 0 ^ hâve obtained an e x p e r i m e n t a l 

va lue of the o r d e r of 2. 3 x 1 0 " 3 ° c m 6 s e c " 1 f o r low a t m o s p h e r i c 

t e m p e r a t u r e s . F o r a tomic oxygen, r a d i a t i v e a t t achment i s an 

e s s e n t i a l p r o c e s s 

a(O) ; 0 + e — 0 " + h v (28) 

-15 3 -1 
fo r which an a t tachment coe f f i c i en t of the o r d e r of 1. 3 x 10 c m s e c 

h a s been deduced f r o m the photodetachment c r o s s - s e c t i o n m e a s u r e d by 
[ 4 1 ] 

B r a n s c o m b , B u r c h , Smith and G e l t m a n 

F o r such nega t ive i ons , the photodetachment by s o l a r r ad i a t ion 

l e a d s to a photodetachment 

d ( 0 " ) = 1 . 4 s e c " 1 (29) 

[ 4 1 ] 

u s ing e x p e r i m e n t a l data obtained by B r a n s c o m b et a l . white 

d ( 0 ' ) i s about 10 t i m e s s m a l l e r than (29). Photodetachment i s the 

p r i n c i p a l l o s s p r o c e s s f o r nega t ive ions in a sunlit a t m o s p h e r e while 

mutual neu t ra l i z a t ion i s impor tant in the nightt ime D reg ion . However , 



it should be noted that ions such as O* do not e x i s t at low a l t i tudes 

due to i o n - a t o m interchange r e a c t i o n s . F u r t h e r m o r e , O ^ i s 

involved in an i o n - a t o m interchange react ion leading to NO*. Thus, 

the pos i t ive ions in (25) m u s t be the m o l e c u l a r ions O ^ and NO*. 

In the l ower nightt ime D region, a tomic oxygen i s exc luded 

f r o m c o l l i s i o n a l detachment of a negat ive ion b e c a u s e it d i s a p p e a r s 

via ozone format ion . Negat ive ions such a s OH~, O^" and NOT,, for 

which higher a f f in i t i e s «exist, depend on the behavior of O2" and m a y be 

c o n s i d e r e d as playing a role during twil ight condi t ions . In other words', 

their concentrat ions are re la ted to n ( 0 2 ) for nightt ime condit ions 

through reac t ions which g e n e r a l l y involve a t o m s . F o r e x a m p l e , 

n ( 0 3 ~ ) / n ( 0 2 ~ ) depends on n(O), n ( N 0 2 * ) / n ( 0 2 " ) depends on n(N); i . e . 

on a toms which are not important in the l ower D reg ion a f ter sunse t . 

However , charge t r a n s f e r p r o c e s s e s should be c o n s i d e r e d . 

F o r example , the OH ion under the s a m e condit ions should i n c r e a s e 

s ince a charge t r a n s f e r such as OH + O^" OH" + O^ wil l not be 

compensa ted for c o l l i s i o n a l detachment with a tomic hydrogen, H, 

which i s unimportant where OH can play a ro l e . F ina l ly , a l l 

r eac t ions leading to NO^ , an ion having a high aff ini ty (greater than 
[ 42I 

3 . 8 eV according to Curran ), should be studied. 

F o r other condit ions , the p r o c e s s e s of a s s o c i a t i v e detachment 
f 39] 

d i s c u s s e d by Dalgarno , i . e . 

O" + 0 O^ + e (30) 

0 2 " + O —• O + e ' (31) 
are Certainly the m o s t important p r o c e s s e s for c o l l i s i o n a l detachment . 
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Thus, even for n ight t ime condi t ions, negative ions are impor tan t 

only in the D region, and it is d i f f icul t to f ind adequate processes 

to introduce negative ions in the E l ayer . 

V. Ana lys is of Ionospher ic React ions 

1 - Genera l condit ions 

A l l processes (1) to (24) (after neglect ing the effect of 

negative ions) mus t be cons idered in order to de termine the 

essent ia l react ions in the ionosphere . The scheme of F igu re 1 

gives a genera l idea of the re la t ionsh ips between the var ious 

processes . F r o m th is , it is c lear that only N O + can be cons idered 

as d isappear ing by d issoc ia t ive recombina t ion alone, and N^t 

concentrat ions are affected by ion-atom interchange react ions 

( y^ and y^) and by charge t rans fer processes (\g and y r e s p e c t i v e l y . 

0 + is t r ans fo rmed into mo lecu l a r ions by ion-atom interchange 

react ions ( ^ to y I t s t r ans fo rma t i on into N O + is due to react ions 

with N 2 and NO (y^ and y^) and into O * by O 2 and NO (\2
 a n d V4) ' 

However, O * product ion is increased by the charge t rans fer process 

between a tomic oxygen and mo lecu l a r n i t rogen ions (\g). The ra t io 

n + ( 0 2 ) / n + (N0 ) is not independent of react ions leading to O^ or N O + 

+ + 

since O^ may t r a n s f o rm into NO by ion-interchange react ions 

(y ? and v 6 ) . 

2 - Equ i l i b r i um condit ions 

In order to de termine the re lat ive impor tance of react ions (1) 

to (24), ion izat ion equations are f i r s t cons idered for steady state 

condi t ions. They may be wri t ten as fol lows 
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I O N O S P H E R I C R E A C T I O N S 

NO + hv - I (NO) -» e + NO - a(NO) -» N + 0 

/ \ 
Y6 Y7 
I I 
N N 

+ \ / 
02 + hv - I(02) - e + O* ~ ot(02) - »O + O // \ 

T9 T2(5) Y4 

0, NO + .+ 

0 + hv - J(0) 0 + r T "2 - i - - -
t ^ + NO - - 0 + 

e + o V + N , " T , -» N + N0+ 

NO 

0 0 + + 

A N2 + hv - I(N2) - e + N2 - a(N2) - N + N 
\ ** + 3 0 - y N + NO ( n> + T u v* 

N | + °2 ~ NO + N0+ (3n) 
| NO 

* + + 3 
N + hv - I(N)- - e + N t — + °2 ~ Y12~' 0 + N° ( n ) 

NO - Y l 3 - 0 + N0+ (3I1) v+ 
IONOSPHERIC REACTIONS. PHOTOIONIZATION WITH RATE 
COEFFICIENT I , DISSOCIATIVE RECOMBINATION WITH COEF 
FICIENT a, CHARGE TRANSFER OR ION-ATOM INTERCHANGE 
WITH RATE COEFFICIENT 6. 

F I G U R E I 
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+ n ( N 2 ) I ( N 2 ) + n + ( N ) y n n ( N O ) 

n (N~) = , - (32) 

ar(N2)n.e + yQ n (O ) + y 9 n ( 0 2 ) + v 1 ( J n (N) 

n (N ) I (N) + n(N) [Î(N) + y n + ( N )] 

n (N) = -—- : — — (33) 

Y 1 2 n ( 0 2 ) + [ y 1 L + v 1 3 ] n ( N O ) 

. n (O ) [1(0) + Vo n + ( N )] 
n (O) = 2 L (34) 

yx n { N 2 ) + y 2 n ( O z ) + [ y ^ + \4'] n ( N O ) 

n ( 0 ) [ Î(O-) + y n + ( 0 ) + yq n + ( N . ) ] + n ( N O ) ^ ( O ) 

n + ( 0 2 ) - £ £ £ Z J : ± (35) 

a ( 0 2 ) n e + y 6 n(N) + n ( N 2 ) 

n + (N.O) = — — { n + ( 0 ) h ( N 2 ) + y^ n ( N O ) ] + n+(C>2) 

e (36) 

[ V 6 n{N) + v 7 n (N 2 )J + n + ( N ) [ 2 n ( 0 2 ) + v 1 3 n (NO ) ] + n ( N O ) I (NO ) } 

In the denominator of (32) the process N 2
+ + N O — N O + + N 2 has 

not been introduced, since the concentration of nitric oxide is only a 

f 4 3 ] 
fraction of that of molecular oxygen. According to Nicolet's formula , 

/ 

adapted to recent rate coefficients, 

n ( N O ) = n ( 0 2 ) x 1 0 " 1
 e - 3 0 0 0 / T (37) 

which shows that n ( N O ) is always a small fraction of n ( 0 2 ) . With 

diffusion conditions for nitric oxide, n ( N O ) and n(C>2) decrease with 

height at almost at the same rate since M ( N O ) = 30 and M(C>2) = 32, and 

the ratio n ( N 0 ) / n ( 0 2 ) almost corresponds to the ratio fixed by photo-

equilibrium conditions at the lower boundary of the diffusion region. 



- 25 -

On the o ther hand, r e a c t i o n s (14) and (15), which would lead 

d i r e c t l y to N O + , a r e not c o n s i d e r e d s ince (8) and (9) a r e m o r e 

e f fec t ive p r o c e s s e s . However , a s p e c i a l r e m a r k m u s t be m a d e h e r e 

on the p r o b l e m of n i t r i c oxide, s ince JDanilov c l a i m e d that the 

r e l a t i o n (37) cannot be a c c e p t e d . His a r g u m e n t s a r e b a s e d on the 

a s s u m p t i o n that m o l e c u l a r oxygen i s s t rongly d i s s o c i a t e d at 1 5 0 - 1 6 0 

k m altitude [ 19c ] . In f a c t , he a s s u m e d the following e q u i l i b r i u m : 

aD n + ( O z ) n e = y n + (O) n(O) 

where the r a t e c o e f f i c i e n t orD of the d i s s o c i a t i v e r e c o m b i n a t i o n i s 

1 0 " 6 c m 3 s e c _ 1 , while the r a t e c o e f f i c i e n t y f o r a rad ia t ive a s s o c i a t i o n 
1 1 3 1 of 0 2 + i s about 5 x 10 c m s e c " . Such a value i s much too g r e a t 

for a radia t ive a s s o c i a t i o n ; by a f a c t o r of 1 0 5 - 1 0 6 . With 5 x 10 
3 - 1 • c m s e c " , we should obtain 

1 dn + (Q) > 5 x 10"^ ^ n(O) 
n + ( G ) d t . 

and we should find that , for n(O) £ 1 0 7 c m " 3 , a t i m e s h o r t e r than 

1 0 4 s e c would reduce the sunset c o n c e n t r a t i o n to l e s s than 1 p e r c e n t . 

F o r e x a m p l e , no night t ime ionosphere at 300 k m - 350 k m , where 

n(O) - 5 K 1 0 8 c m 3 , can e x i s t a f t e r a few hundred s e c o n d é . In o r d e r 

to mainta in an o b s e r v e d ion c o n c e n t r a t i o n , a n ight t ime product ion 
•J . 1 

of m o r e 1000 ions c m s e c should be r e q u i r e d at a l l l a t i tudes . 

The s a m e r e m a r k m u s t be applied to the d i s s o c i a t i o n of n i t r o g e n . 

Danilov in t roduces a l s o the r e a c t i o n 

N + N — N 2 + hv 

- 1 1 3 -1 ' 
with a r a t e c o e f f i c i e n t of the o r d e r of 3 x 10 c m s e c which i s 
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too g r e a t by a f a c t o r of s e v e r a l h u n d r e d t h o u s a n d s . 

In f a c t ; the p r o b l e m m u s t be c o n s i d e r e d a s f o l l o w s . The 

ex t en t to which m o l e c u l a r oxygen i s d i s s o c i a t e d d e p e n d s on th,e 

i m p o r t a n c e of the l o s s p r o c e s s e s (2), in add i t i on to the n o r m a l 

p h o t o d i s s o c i a t i o n ^(C^) c o m p a r e d with the v e r t i c a l t r a n s p o r t , w, 

by d i f f u s i o n . A c o n t i n u i t y e q u a t i o n s u c h a s 

d n ( 0 ) d [ n ( 0 )w] 
= d T " n ( 0 2 ) [ j ( 0 2 ) - v 2 n + ( 0 ) ] . 

s i n c e J ( 0 2 ) > 10 ^ s e c * wi th the u s e of y^ <. 1 0 " ^ c m 3 s e c " \ 

shows t h a t t he d i f f u s i o n d i s t r i b u t i o n of m o l e c u l a r oxygen r e p r e s e n t s , 

in a f i r s t a p p r o x i m a t i o n , t he v e r t i c a l d i s t r i b u t i o n of t h a t m o l e c u l e . 

The d i s a p p e a r a n c e of m o l e c u l a r oxygen in the F 2 r e g i o n a s c l a i m e d 

by Dan i lov should l e a d to such a s t r o n g d e p a r t u r e f r o m a d i f f u s i v e 

e q u i l i b r i u m d i s t r i b u t i o n , t h a t an u p w a r d v e r t i c a l f l o w of O^ m o l e c u l e s 

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

10** m o l e c u l e s c m ^ s e c * at 150 k m and r e m a i n s g r e a t e r t h a n 10*^ 
- 2 - 1 

m o l e c u l e s c m s e c a t 250 k m . T h u s , t h e r e i s no d i f f i c u l t y in 

r e l a t i n g the d i s s o c i a t i o n of n i t r o g e n to the v e r t i c a l d i s t r i b u t i o n of 

m o l e c u l a r oxygen . 

In f a c t , a t o m i c n i t r o g e n r feac ts With O^ a c c o r d i n g to the 

p r o c e s s 

N + O z — NO + O 

f o r which the r a t e c o e f f i c i e n t b^ c a n be w r i t t e n 

b x = 1 . 5 x l 0 - 1 3 T l / 2 e * 3 0 0 0 / T 

showing the s t r o n g e f f e c t of t h e t e m p e r a t u r e . An i m p o r t a n t l o s s 



- 27 -

process , for a tomic n i t rogen o c c u r s in the F^ r e g i o n where the 

t e m p e r a t u r e i s high an<3| where there i s s t i l l a su f f i c i ent number of 

(>2 m o l e c u l e s . F u r t h e r m o r e , n i tr ic oxide r e a c t s e a s i l y with N 

according to 

N .+ NO — N + -O 

for which a rate c o e f f i c i e n t b^ m a y be wri t ten 

b 2 = 1 . 5 x 1 0 - 1 2 T 1 / 2 , 

with p r a c t i c a l l y no act ivat ion e n e r g y . In c h e m i c a l equi l ibr ium, (37)-

r e p r e s e n t s , t h e r e f o r e , the exac t condi t ions . Thus, the m e c h a n i s m 

of a tomic n i trogen recombinat ion and that of the f o r m a t i o n of 

ions p r o p o s e d by Dani lov cannot be a c c e p t e d s ince they are b a s e d on 

the a s s u m p t i o n that radiat ive a s s o c i a t i o n s have rate c o e f f i c i e n t s of 
-11 3 -1 the order of 10 c m s e c 

It f o l l o w s f r o m the preced ing r e m a r k s that an adequate 

approximat ion for (32) to (36) . i s introduced by neg lec t ing r e a c t i o n s 

(3), (4), (11) and (13) in that -y n(NO) « y n(C>2) or y n (N 2 ) . 

In a l l the ionizat ion equat ions (32) to (36) there i s compet i t ion 

be tween r e a c t i o n s depending on the neutra l const i tuent c o n c e n t r a t i o n s . 

A s i m p l e way to inves t iga te .the v a r i o u s e f f e c t s i s to introduce n u m e r i c a l 

f a c t o r s having a l l p o s s i b l e v a l u e s be tween O and 1. They are: 

(a) for l o s s of a tomic oxygen ions 

Y? »(O ) V ,n (N . ) 
A = - =• ; 1 - A = — 1 1 (38) 

Y l n ( N z ) + Y 2 n ( 0 2 ) YjnfN^) + y?n(C>2) 
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(b) f o r p r o d u c t i o n of a t o m i c o x y g e n i o n s , 

B ; 1 - B = =—Z £ (39) 
Ygn(O) + V 9 n ( O z ) V 8 n ( 0 ) + Y 9 n(C> 2 ) 

(c) f o r l o s s of m o l e c u l a r n i t r o g e n i o n s , 

a ( N 2 ) n e V 8 h ( 0 2 ) + Y 9 n ( 0 2 ) 
C — * i 1 - C — 

a ( N 2 ) n e + \ g n ( 0 ) + \ 9 n ( C > 2 ) a ( N 2 > n e + Y 8 n ( 0 2 } + Y 9 n(C> 2 ) 

(40) 
(d) f o r l o s s of m o l e c u l a r o x y g e n i o n s , 

«( 'O-)n Y ,n (N) + Y 7 *I (N ? ) D = ^ ; 1 - D = b ' * 
o ( 0 2 ) n e + v 6 n ( N ) + Y ? n ( N 2 ) a ( ° z ) n e + V 6 n(N) + v ? n ( N 2 ) 

(41) 
3 - M o l e c u l a r n i t r o g e n ion 

T h e ion f i ^ a m i n o r c o n s t i t u e n t in t h e i o n o s p h e r e [44] , [46] 
[47] , e v e n if i t s p r o d u c t i o n b y u l t r a v i o l e t r a d i a t i o n n ( N 2 ) I ( N 2 ) = q . (N 2 ) 
i s i m p o r t a n t . E q u a t i o n (32) b e c o m e s , a f t e r m a k i n g t h e a p p r o x i m a t i o n s 
j u s t i f i e d b e f o r e , 

1 q ( N 2 > (42) n (N ) = : : o r ( N 2 ) n e + Vgn(O) + v 9 n ( 0 2 ) 

showing t h a t v a r i o u s l o s s p r o c e s s e s d o m i n a t e d e p e n d i n g on t h e a l t i t u d e 
i n v o l v e d . I t m u s t b e p o i n t e d out h e r e t h a t D a n i l o v ^ ^ 3 " ^ h a s i n t r o d u c e d 
a c o n c e p t w h i c h c a n n o t be a c c e p t e d . I n s t e a d of u s i n g t h e c h a r g e t r a n s f e 
o r i o n - a t o m i n t e r c h a n g e (10) 

N 2 + + N — N + 4- N 2 + 1 . 0 3 eV 
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h e c o n s i d e r e d the o p p o s i t e e n d o t h e r m i c r e a c t i o n 

N 2 + N 2 N 2 + N " 1 - ' 0 3 e V 

- 1 1 3 - 1 wi th a r a t e c o e f f i c i e n t of the o r d e r of 10 c m s e c 

It i s no t p e r m i s s i b l e to i g n o r e an e x o t h e r m i c r e a c t i o n ' w h e n t h e 

o p p o s i t e e n d o t h e r m i c r e a c t i o n i s u s e d , e v e n if t he r a t i o of the N^^ and 

N + c o n c e n t r a t i o n s t h a t D a n i l o v o b t a i n e d a g r e e s wi th t h e 

o b s e r v e d v a l u e s . The r e a s o n i n g i s i n c o r r e c t and the n u m e r i c a l v a l u e s 

u s e d a r e w r o n g . T h e r e l a t i v e c o n c e n t r a t i o n of N2* in t h e E l a y e r i s 

v e r y s m a l l , but i t s b a n d s a r e o b s e r v e d in t h e tw i l igh t a i r g l o w , e v e n 

6 - 2 - 1 t hough the n i g h t t i m e i n t e n s i t y ip v e r y low ( £ 5 x 10 p h o t o n s c m " s e c " 

d u r i n g qu i e t m a g n e t i c c o n d i t i o n s . The tw i l i gh t o b s e r v a t i o n s m u s t be 

e x p l a i n e d by a f l u o r e s c e n c e e f f e c t of s o l a r r a d i a t i o n on N2* i o n s wh ich 

a r e p r e s e n t in t h e F ^ r e g i o n . The p r o d u c t i o n of i s due t o s o l a r 

r a d i a t i o n of \ < 796 A wh ich a r e a b s o r b e d in the F^ r e g i o n ; X r a y s 

of X < 10 A a r e a b s o r b e d in t h e E l a y e r ; X r a y s s h o r t e r t h a n 10 A i r e 

a b s o r b e d in the D r e g i o n , and c o s m i c r a y s i on i ze ^ in the l o w e r p a r t 

of t h e D r e g i o n (Nico le t and Aik in [231 ). T h e r e is» t h e r e f o r e , a 

p r o d u c t i o n of i ons in the who le i o n o s p h e r e , i , e . w h e r e t h e 
2 - 3' 6 - 3 e l e c t r o n c o n c e n t r a t i o n v a r i e s f r o m 10 c m " to 10 c m " . In o t h e r 

w o r d s , the f i r s t t e r m in the d e n o m i n a t o r of (42") c o r r e s p o n d i n g to 

the, d i s s o c i a t i v e r e c o m b i n a t i o n i s no t a l w a y s the m o s t i m p o r t a n t t e r m ; 

N£+ c a n be t r a n s f o r r n e d , b e f o r e d i s s o c i a t i v e - r e c o m b i n a t i o n , b y c h a r g e 

t r a n s f e r p r o c e s s (8) and (9) invo lv ing 0 + and r e s p e c t i v e l y . T h u s 

t h e i o n i z a t i o n e q u a t i o n (42) b e c o m e s , by u s i n g (40), 

+ C 

, n (N_) = i (43a) 

*<N2> n e 

o r 
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[1 - G] q(N_) 
n + ( N ) = (43b) 

V 6 n(0 ) + v n ( 0 2 ) 

in wh ich 0 <,_ C 1 i n c r e a s e s w i t h h e i g h t . With e l e c t r o n c o n c e n t r a -

' 2 

6 - 3 + t i o n s of t h e o r d e r of 10 c m " , i . e . in the F_ l a y e r , t he l i f e t i m e of N c 2 
i s v e r y s h o r t s i n c e i t d e p e n d s on an e x p o n e n t i a l t e r m a p p r o x i m a t e l y 

a s f o l l o w s ' 

~<*(N2)net q ( N } - a ( N 2 ) n e t 
n + ( N 2 ) = n > 2 ) e + 2 _ [ i _ e ] (44) 

£ 6 

l e ad ing to 

t ( N 2
+ ) = l / « ( N 2 ) n e (45) 

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

T h u s , p h o t o e q u i l i b r i u m r e p r e s e n t s the i o n i z a t i o n c o n d i t i o n s 

f o r N 2
+ . N e v e r t h e l e s s , a n e x a c t a n a l y s i s of a e r o n o m i c d a t a i s 

d i f f i c u l t s i n c e a d e t e r m i n a t i o n Of t h e f a c t o r C in e q u a t i o n (43a) i s 

n e e d e d . An a e r o n o m i c d e t e r m i n a t i o n cannot l e a d to a p r e c i s e k n o w -

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

l a c k i n g . S ince t h e t h e o r e t i c a l a n a l y s i s s h o w s t h a t t h e r e m u s t be a 

t r a n s f o r m a t i o n of N 2
+ i n to 0 2

+ in the D r e g i o n / and in to 0 + up t o the 

F r e g i o n , i t i s shown u n d e r wh ich c o n d i t i o n s c h a r g e t r a n s f e r p r o c e s s e s 

(8) and (9) shou ld d o m i n a t e . 

- 7 3 - 1 L e t u s t a k e 5* x 10 q m s e c a s a w o r k i n g ( m a x i m u m ) v a l u e 

f o r a ( N 2 ) . In t h e D r e g i o n (60-80 k m ) , Yg n ( 0 2 ) > <*N n g when 
2 



n ( 0 2 ) = 1 0 1 5 = 1 0 1 4 c m ' 3 

a ( N 2 ) n e = 5 x l O " 5 ' * ' = 5 x l 0 ' 4 s e c " 1 

V9 > 1 0 " 1 9 > 1 0 " 1 7 c m 3 s e c _ 1 

Such v a l u e s of y^, c o r r e s p o n d i n g to c h a r g e t r a n s f e r c r o s s - S e c t i o n s 

-23 2 l e s s than 10 c m show that there i s no p r o b l e m in c o n s i d e r i n g 

the t r a n s f o r m a t i o n of N + into 0 _ + in the D reg ion . In addit ion, the 
2 ^ 

fol lowing c h a r g e t r a n s f e r p r o c e s s can be adopted f o r a r g o n 

A + + N 2 — N 2 + + A 

and thus the i o n o s p h e r i c condit ions r e su l t ing f r o m the ionizat ion of 

the p r i n c i p a l a t m o s p h e r i c cons t i tuents by c o s m i c r a y s and by X r a y s 

l ead to m o l e c u l a r oxygen i o n s . 

A s f a r a s the E reg ion (100 - 120 krfi) i s concerned , the s a m e 

a n a l y s i s f o r 0 2 and O g i v e s 

n ( 0 2 ) , n(O) = 1 0 1 2 = 1 0 1 1 c m " 3 

- 2 - 1 <*(N2) n g = 5 x 1 0 s e c 

i n - 1 ^ ^ , « - 1 2 3 -1 Vg , Vg ^ 1 0 > 1 0 e m s e c 

The s m a l l amount of N 2 + in the E reg ion cannot be j u s t i f i e d 
s 

if only d i s s o c i a t i v e r e c o m b i n a t i o n i s involved, it can be j u s t i f i e d if 
- 1 2 3 the r a t e c o e f f i c i e n t s y^ o r y^ r e a c h v a l u e s of the o r d e r of 10 c m s e c 
-18 2 i . e . a c h a r g e t r a n s f e r c r o s s - s e c t i o n of the o r d e r of 5 x 10 c m 

(*) Ionic recombina t ion i s n e g l e c t e d h e r e ; i t s e f f e c t i s s m a l l at 80 k m , 
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c o r r e s p o n d i n g to 1 /1000 t i m e s a r e s o n a n c e c h a r g e t r a n s f e r . Wi thou t 

i n c r e a s i n g t h e p r e c e d i n g v a l u e of \ g in the F r e g i o n , a d e c r e a s e wi th 

t e m p e r a t u r e of the d i s s o c i a t i v e r e c o m b i n a t i o n c o e f f i c i e n t m u s t be 
- 8 3 - 1 

i n t r o d u c e d . With, f o r e x a m p l e , « ( ^ J = 5 x 10 c m s e c , t he • 

fo l lowing c o n d i t i o n s a r e o b t a i n e d f o r t h e F r e g i o n : 

A l t i t ude 

n ( O ) 

<*(N2)ne 

150 

= 10 10 

= 10 

> 10 

- 2 

• 1 2 

300 

= 1 0 9 

= 5 x 10 

> i o - H 

- 2 

500 k m 

= 1 0 8 c m " 3 

l n - 2 - 1 = 10 s e c 

. , „ - 1 1 3 - 1 10 c m s e c 

T h u s , if t he c h a r g e / t r a n s f e r p r o c e s s (8) h a s SL r a t e c o e f f i c i e n t of the 
- 1 2 3 - 1 

o r d e r of 10 c m s e c an a d d i t i o n a l p r o d u c t i o n of a t o m i c oxygen 

i o n s r e s u l t s f r o m the g e n e r a l p h o t o - i o n i z a t i o n of m o l e c u l a r n i t r o g e n . 

B e a r i n g in m i n d t h a t the p r o d u c t i o n r a t e of N^" i s i m p o r t a n t in the 

F j l a y e r , i t i s c l e a r t h a t the p r o d u c t i o n of O * shou ld be i n c r e a s e d a s 

c o m p a r e d wi th i t s d i r e c t p r o d u c t i o n by p h o t o i o n i z a t i o n of a t o m i c 

oxygen . The t r a n s f o r m a t i o n of in to 0 + i s a p r o c e s s d i f f e r e n t 

f r o m an. i o n - a t o m i n t e r c h a n g e r e a c t i o n l e a d i n g to N O + i n d i c a t i n g 

t h a t t h e r o l e p l a y e d by in the E and F j l a y e r s d o e s no t c o r r e s p o n d r 3 i 

t o t h a t wh ich N o r t o n , Van Zand t and D e n i s on J a s s u m e d . 

F r o m the p r e s e n t a n a l y s i s of r e a c t i o n s invo lv ing i o n s , i t 

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

of o t h e r i o n s bu t to the p r e s e n c e of e l e c t r o n s a n d t h e c o n c e n t r a t i o n s 

of the n e u t r a l c o n s t i t u e n t s . In a d d i t i o n , N * m a y a l w a y s be c o n s i d e r e d 

a s e s s e n t i a l l y b e i n g in p h o t o - i o n i z a t i o n e q u i l i b r i u m in a l l i o n o s p h e r i c 

l a y e r s . 
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4 - A t o m i c n i t r o j j e n ion 
[43] A t o m i c n i t r o g e n i s a m i n o r c o n s t i t u e n t 1 J a n d i t s ion , 

N + , e x i s t s on ly a b o v e t h e F^ l a y e r , b e i n g a c e r t a i n f r a c t i o n of 
+ rrt f44l + O (< 10%) in t he F 2 l a y e r -1 J . The N c o n c e n t r a t i o n i s g i v e n 

e s s e n t i a l l y by the f o l l o w i n g a p p r o x i m a t i o n of (33) 

n(N ) I (fc) + n(N) [l(N) + v , n n + < N ? ) ] 
n + (N) = 12 L (46) V 1 2 n ( O z ) 

The p r i n c i p a l l o s s p r o c e s s of N + o c c u r s by i o n - a t o m i n t e r c h a n g e 
r e a c t i o n s wi th O^ w h i c h a p p a r e n t l y i s v e r y r a p i d . A c c o r d i n g t o 

n 7 i 
l a b o r a t o r y m e a s u r e m e n t s m a d e by F i t e e t a l . 1 a t e n t a t i v e v a l u e 
f o r t he r a t e c o e f f i c i e n t \ 1 2 s h o u l d be of t h e o r d e r of 5 x 10~ 1 0 c m ^ s e c " V 
E v e n if s u c h an e x p e r i m e n t a l v a l u e i s no t p r e c i s e , e q u a t i o n (46) s h o w s 
tha t t h e a b s e n c e of N + i o n s in t he low i o n o s p h e r e c a n b e e a s i l y j u s t i f i e d . 

The f i r s t p r o c e s s of N + p r o d u c t i o n i s due t o t he d i s s o c i a t i v e l 
p h o t o - i o n i z a t i o n of m o l e c u l a r n i t r o g e n a n d r e q u i r e s the e f f e c t of 
s o l a r r a d i a t i o n of X < 510 A. A c c o r d i n g to W e i s s l e r e t a l . , t h e 
i o n i z a t i o n c r o s s - s e c t i o n of the p r o c e s s 

N 2 + hv (X < 510 A) — N + ( 3 P ) + N ( 4 S ) (47) 

- 1 9 2 
i s of t he o r d e r of 10 c m , i . e . a b o u t 100 t i m e s l e s s t h a n the 

i o n i z a t i o n c r o s s - s e c t i o n l e a d i n g t o N ^ . S ince the r a t i o of m o l e c u l a r 
a n d a t o m i c n i t r o g e n c o n c e n t r a t i o n s n ( N 2 ) / n ( N ) i s m u c h g r e a t e r t h a n 
100 a t n o r m a l i o n o s p h e r i c l e v e l s , the i o n i z a t i o n r a t e f o r a t o m i c 
n i t r o g e n a t X < 510 A i s due to t he d i s s o c i a t i v e p h o t o - i o n i z a t i o n of 
N 2 . In f a c t , s i n c e t he o p t i c a l dep th f o r X < 800 A d e p e n d s on m o l e -
c u l a r n i t r o g e n a b s o r p t i o n , t h e r e i s on ly t he n a r r o w s p e c t r a l r a n g e 
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b e t w e en 850 and 800 A,. 'which l e a d s to a. d i r e c t p h o t o - i o n i z a t i o n 

of N c o m p l e t e l y i n d e p e n d e n t of N 2 . T h u s , in u s i n g (43b), (46) i s 

w r i t t e n a s f o l l o w s 

q ( N ) + v 1 0 n ( N ) [ l - C ] q ( N , ) / [ v R n ( 0 ) + v q n ( 0 . ) ] 
n (N) = — « 1 2 J . / (48) 

V 1 2 n ( O z ) 

o r , by the g e n e r a l l y a d e q u a t e a p p r o x i m a t i o n , 

n(N ) I (N) 
n (N) = (49) 

V 1 2 n ( O z ) 

When the o p t i c a l dep th b e c o m e s s m a l l enough (above the F^ peak) the 

N* c o n c e n t r a t i o n , a f t e r a r a p i d i n c r e a s e , shou ld be 

n t ( N ) « I 2 ( N ) / v 1 2 (50) 

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

v a r i a t i o n of n ( N 2 ) / n ( 0 2 ) i n c r e a s e s s lowly with h e i g h t . 

F r o m c o n s i d e r a t i o n s of o b s e r v a t i o n a l d a t a o b t a i n e d by 
[44] ! + 4 - 3 

I s t o m i n 1 , i t a p p e a r s t h a t n (N) i s not l e s s t h a n 10 c m a b o v e 

the F 2 peak and c a n be o b t a i n e d f r o m a n e q u a t i o n s u c h a s (49). „At 

s u f f i c i e n t l y 

long , si&ce 

s u f f i c i e n t l y h igh a l t i t u d e s , t he l i f e t i m e of N* ions i s , h o w e v e r , v e r y 

r ( N + ) = 1 / Y l 2 n ( 0 2 ) (51) 

and (49) shou ld on ly be u s e d to d e t e r m i n e the ion c o n c e n t r a t i o n f o r 

b o u n d a r y c o n d i t i o n s of the d i f f u s i v e d i s t r i b u t i o n a b o v e t h e F 2 pea.k_. 

A l s o n e t e t h a t r e a c t i o n (12) d o e s no t p l a y a m a j o r r o l e in c r e a t i n g 
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NO*, s i n c e r e a c t i o n (1) invo lv ing 0 + a n d N^ i s , in f a c t , t he 
e s s e n t i a l p r o c e s s . F r o m the p r e s e n t a n a l y s i s , i t a p p e a r s t h a t t he 
N c o n c e n t r a t i o n i s no t d i r e c t l y r e l a t e d t o t he p r e s e n c e of o t h e r 
i o n s bu t e s s e n t i a l l y t o m o l e c u l a r oxygen . T h u s , i t c a n b e 
n e g l e c t e d w h e n t he i o n i z a t i o n c o n d i t i o n s f o r a l l o t h e r i o n s a r e 

+ + 
s tud ied . F u r t h e r m o r e , t hé e n d o t h e r m i c r e a c t i o n N + N 2 + ^ 
u s e d b y D a n i l o v ^ ® 3 ^ m u s t be r e j e c t e d s i n c e t he i n t e r c h a n g e p r o c e s s 
t r a n s f o r m i n g t he m o l e c u l a r ion N 2 * in to t h e a t o m i c ion N * i s an 
e x o t h e r m i c r e a c t i o n . 
5 - A t o m i c oxygen i o n s 

The p r i n c i p a l r e a c t i o n s in w h i c h O * i s i n v o l v e d l e a d t o t he 
fo l l owing e q u a t i o n f o r p h o t o - i o n i z a t i o n e q u i l i b r i u m , (34) 

q(O) + n + ( N ? ) Ygn(O) n (O) = - (52ar 
e q Y l n ( N 2 ) + y 2 n ( O z ) 

The l o s s of 0 + ions b y t h e a s s o c i a t i v e p r o c e s s 

0 + + O — O z + + h v - 1 6 3 -»I 
w i th a r a t e c o e f f i c i e n t c e r t a i n l y l e s s t h a n 10 e m s e c i s , of 

c o u r s e , i g n o r e d in the p r e s e n c e of i on a t o m i n t e r c h a n g e r e a c t i o n s 
(1) a n d (2). The p r o d u c t i o n of O* i o n s by t he e n d o t h e r m i c r e a c t i o n 

0 2 + + N — NO + 0 + - 0 . 15 eV 

i s n o t c o n s i d e r e d , s i n c e i t c a n n o t p l a y an i m p o r t a n t r o l e c o m p a r e d 
wi th o t h e r p r o d u c t i o n s o u r c e s . 

Wi th (39) and (43b), t he s t e a d y s t a t e v a l u e (52a) b e c o m e s 
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q(O) + B( l - C) q(N ? ) 
n + (Oh = — (52b) 

q Vj n(N 2 ) + y 2 n (0 2 ) 

in which 0 £ B < 1. 

In the lower ionosphere B and C decrease to very sma l l 

values while they increase with height in the F region. The max imum 

effect for an addit ional production of O n i o n s should occur for B = 1 

and C = 0. Such conditions are never reached but are best approached 

in the F^ layer . Thus, there is a contribution to the direct photo-

ionization of atomic oxygen by the indirect photo-ionization of mole-

cular nitrogen leading to an important production of the O* ion. At 

altitudes corresponding to the E layer, ion-atom interchange 

reactions (1) and (2) are important enough to t rans form 0 + ions into 

NO + and O ^ • If approximate ionization equ i l ibr ium can be retained 

for day-time conditions in the F^ layer according to ionospheric 

observations, they must be rejected for the F 2 layer. Dayt ime and 

nightt ime conditions for F j and F 2 layers c lear ly show that the loss 

coefficient 

V l n(N2) + y 2 n (O z ) = P(z) (53) 

becomes smal l so that 

n + ( 0 , = n + ( 0 , t = o , - « • * • n + , 0 , e q [. , . - « • * ] ( M ) 

* 

In o ther words, the low electronic concentration in the F^ layer for 

nightt ime conditions mean that the pr inc ipa l loss processes (1) and 

(2) for atomic oxygen ions are large, and that steady state conditions 

can be used for day-time conditions. In the F 2 layer, the nightt ime 



c o n c e n t r a t i o n of 0 + i ons i s s u c h t h a t t h e s t e a d y s t a t e i s f a r f r o m 

be ing an a d e q u a t e a p p r o x i m a t i o n f o r r e a l c o n d i t i o n s , wh ich d e p e n d 

on d i f f u s i o n p r o c e s s e s ; I n . f a c t , i t i s w e l l known t h a t d i f f u s i o n 

. l e a d s to the F ^ p e a k and i s a c t i v e a b o v e i t , so t h a t p h o t o e q u i l i b r i u m • 

r.ar»not be a p p l i e d in t h a t r e g i o n . 

F r o m t h e a n a l y s i s of i o n o s p h e r i c c o n d i t i o n s by D a n i l o v ' 

and Ivanov- IQio lpdny , . h igh v a l u e s of y of riot l e s s t h a n 10 

c m ^ s e c * a r e (deduced s i n c e i s a t l e a s t 10"^ s e c " • and 1 0 s e e " * 

a t 500 k m and 300 k m ; r e s p e c t i v e l y : All o.ther r e s u l t s wh ich h a v e b e e n 
_3 

o b t a i n e d , h o w e v e r , l e a d to v a l u e s l e s s thg.n 10 s e c a t 300 k m . 
_4 _ 1 

F o r e x a m p l e , (3(300 k m ) = 6. 8 x 10 s e c g iven by Van Zand t e t 

[49] 

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

n e a r s u n s p o t m a x i m u m * A low v a l u e (3(300 k m ) = 10 s e c i s . 

d e d u c e d by R a t c l i f f e et. 
a l . f o r n i g h t t i m e da t a i A r e c e n t a n a l y s i s 

[511 

m a d e by N i s b e t and Quinn l e a d s to e v e n s m a l l e r v a l u e s f o r 

n i g h t t i m e d a t a wh ich m u s t c o r r e s p o n d to l o w t e m p e r a t u r e s of the 

. t h e r m o p a u s e . 

It i s c lear . , t h e r e f o r e , t h a t e q u i l i b r i u m .condi t ions c a n n o t -4 ' _ 1 . r e p r e s e n t r e a l c o n d i t i o n s if |3(z) = y n < 10 s e c . E q u a t i o n s 
(53) and (54) show t h a t f r o m s u c h o b s e r v a t i o n a l r e s u l t s y c a n n o t 

- 1 1 3 . - 1 
r e a c h 10 c m s e c . . A m a x i m u m a v e r a g e v a l u e shou ld be 

- 1 2 3 - 1 

y < 10. c m s e c . F u r t h e r m o r e , i t i s n e c e s s a r y to k n o w the 

e x a c t r a t i o y ^ / o r d e r to d i s t i n g u i s h b e t w e e n the i o n - a t o m 

i n t e r c h a n g e r e a c t i o n s of 0 + wi th N2 and Q^. It i s not. p o s s i b l e to 

ob ta in e x a c t a e r o n o m i c c o n d i t i o n s wi thou t knowing the r a t i o 

•YjnfN^) /y^niO^) . Aga in an a p p a r e n t i n t e r p r e t a t i o n of i o n o s p h e r i c 
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b e h a v i o r m a y be g iven wi th an a r b i t r a r y h y p o t h e s i s s i n c e v e r y 
. m a n y p a r a m e t e r s a r e invo lved f o r which a c c u r a t e v a l u e s a r e a s 

ye t unknown. 

6 - M o l e c u l a r ions O * and N O + 

M a s s - s p e c t r o m e t r i c m e a s u r e m e n t s , [46] , [47] , [52] show 
tha t 0 2 + and N O + a r e the p r i n c i p a l ions in the E l a y e r and t h a t 0 + 

b e c o m e s i m p o r t a n t only in the F j l a y e r . E q u i l i b r i u m cond i t ions m a y 
, t>e c o n s i d e r e d a s a v e r y good a p p r o x i m a t i o n to s tudy t h e . g e n e r a l 

b e h a v i o r of m o l e c u l a r ions in a sun l i t a t m o s p h e r e , s i n c e they 
d i s a p p e a r v ia d i s s o c i a t i v e r e c o m b i n a t i o n . 

. Again n e g l e c t i n g r e a c t i o n s with NO, (35) and (36) a r e 
w r i t t e n a s fo l lows 

n + ( N O ) | «(NO) n e j- = q(NO) + [ l - A ] '[y^ n ( N 2 ) + y 2 n ( 0 2 ) ] n+(0) 

+ [V 6 n(N) + v 7 n ( N 2 ) ] n + ( 0 2 ) (55) 

n + ( 0 2 ) | a ( 0 2 ) n e + y ^ i N ) + v ? n ( N 2 ) j = q ( 0 ^ ) + A ^ n ^ ) + 7 ^ ( 0 ^ ] n + ( C ) 

+ [ 1 - B ] [ V q n ( O ) + V 9 N ( 0 2 ) ] n + ( N 2 ) 

(56) 
It should aga in be m a d e c l e a r t ha t we do not i n t r o d u c e , in the p r e s e n c e 
of the i o n - a t o m i n t e r c h a n g e (2), 

o + + . Q - o 2 + + o 
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t he p r o d u c t i o n of m o l e c u l a r o x y g e n by t h e r a d i a t i v e a s s o c i a t i o n 

0 + . + -O — O z
+ •+ h v 

i n t r o d u c e d b y D a n i l o v ' ^ ^ s i n c e the r a t e c o e f f i c i e n t h e h a s u s e d , 

i . e . 5 x 1 0 ^ c m ^ s e c " \ i s t oo g r e a t by a f a c t o r of abou t 10^. 

E q u a t i o n s (55) and. (56) show h o w n + (NO) and n+(C>2) a r e r e l a t e d 

t o the s a m e l o s s r e a c t i o n s of a t o m i c oxygen i o n s . An e x a c t 

k n o w l e d g e of the f a c t o r A d e f i n e d by (38) i s f i r s t r e q u i r e d . Bu t 

the r a t i o n + (NO)/n + (C> 2 ) i s s u b j e c t t o t h e e f f e c t of r e a c t i o n s (6) a n d 

(7) l e a d i n g to a t r a n s f o r m a t i o n of O * in to N O + . E q u a t i o n (55) 

l e a d s t o 

n + (NO) y^ n(N) + n(N 2> 

n + ( O z ) ~ or (NO) n e 

(57) 

5 - 3 13 In t h e E r e g i o n , w h e r e n = 10 c m a n d n(N_) = 10 t o 6 Ct 

1 0 1 2 c m " 3 , a v a l u e \ 7 ^ 1 0 " 1 5 c m 3 s e c ' 1 l e a d s t o n + (NO) > n + ( O z ) 

- 7 8 3 1 if or (NO) = 1 0 to 10" c m s e c " . T h u s , if one a s s u m e s t h a t t h e 

+ _ 20 2 c r o s s - s e c t i o n Q ( 0 2 - N 2 ) c a n r e a c h 10 c m , t h e r e i s a t r a n s -

+ + 

f o r m a t i o n of i o n s 0 2 i n to NO a t t he b o t t o m of t he E l a y e r . Such a 

v a l u e of Y j would l e a d t o a c o m p l e t e t r a n s f o r m a t i o n of a l l i o n s in to 

in t he D r e g i o n , s i n c e N_ cai i a.lso b e t r i t i m f u r m e d in to O -

a c c o r d i n g t o c h a r g e t r a n s f e r p r o c e s s (9). 

T h e r e i s , t h e r e f o r e , a n i m p o r t a n t p r o b l e m to be r e s o l v e d 

b e f o r e d e t e r m i n i n g t he e x a c t b e h a v i o r of the D r e g i o n a n d l o w e r E 

l a y e r . AH m a s s - s p e c t r o m e t r i c o b s e r v a t i o n s , e x c e p t p e r h a p s d u r i n g 

d i s t u r b e d c o n d i t i o n s , s e e m to s h o w an i n c r e a s e of N O + c o m p a r e d wi th 

0 2
+ t o w a r d low a l t i t u d e s . In a d d i t i o n , r e a c t i o n (6) invo lv ing n i t r o g e n 
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atoms should be considered as a process transforming into N O + 

since atomic nitrogen reaches its m a x i m u m concentration in the E 

f43l 

layer . A sufficiently high value of y^ is required but is not 

impossible. As far as the reaction O * + N O — N O + + O ^ is 

concerned, it should not be compared with (6) since n (NO) is a very 

small fraction of n(N) in the E layer according to equation (37). 

In any case, the present analysis shows that the behavior of the 

lower ionosphere cannot be studied by ignoring the possible effect 

of reactions (6) and (7). 

Above a certain altitude, it is clear that O * is more 

important them in the production of the N O * ion. Equation (55) 
leads to 

n ( N O | Y1 2 ' ( 5 8 ) 

n + (O) a (NO) n e 

which becomes, where n* (0 ) = n e , 

n + ( N O ) > v i n ( N 2 ) / a ( N O ) (59) 

Equations (58) and (59) should be applied to the F and F ? layers, 
1 ^ 

respectively; the N O + production essentially depends on the ion-ator 

interchange reaction (1). 

Analysis of (56) shows that the direct production of O * ions 

by photoionization is an important process since all solar radiation 

of X < 1026 A is involved. But the final concentration n + ( 0 2 ) is 

related to the effect of its transformation into N O T by reactions (6) 

and (7). Above a certain altitude, (56) leads to 
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n + ( O J Y ? n(N_) + q ( 0 ? ) / n + ( 0 ) _ 2 > J2 2 ( 6 Q ) 

n (O) a ( ° 2 > n e 

w h i c h b e c o m e s , w h e r e n * ( 0 ) = n g , 

q ( 0 ) V ? n ( 0 ) 
n (O-) > 1 - + L (61) 

a ( G 2 ) n e a ( O z ) 

E q u a t i o n s (60) a n d (61) shou ld be a p p l i e d t o t he F a n d F . l a y e r s , 1 ^ 
r e s p e c t i v e l y ; O ^ p r o d u c t i o n d e p e n d s on t he i o n - a t o m i n t e r c h a n g e 
r e a c t i o n (2) t o g e t h e r wi th d i r e c t p h o t o - i o n i z a t i o n . 

The g e n e r a l i o n i z a t i o n e q u a t i o n s (55) a n d (56) c a n be 1 

w r i t t e n , u s i n g e q u i l i b r i u m c o n d i t i o n s (43b) a n d (52b), 

n + ( N O ) | * ( N O ) n e | = q(NO) + [ l - A ] q(O) + [ l - C ] [B*AB] q ( N 2 ) 

+ n + ( O z ) t v 6 n(N) + V ? n ( N 2 ) ] (62) 

a n d 

n + ( O z ) { « ( O z ) n e } = q ( O z ) + A q(O) + [ l - C ] [ l - ( B - A B ) ] q ( N 2 ) 

- n + ( 6 2 ) [ v 6 n(N) + n ( N 2 ) ] (63) 

T h i s a n a l y s i s s h o w s t h a t , in t he D r e g i o n , t h e l a s t t e r m of t h e 
s e c o n d m e m b e r of e q u a t i o n (62) and (63) c a n n o t be n e g l e c t e d w h e n 
r e a c t i o n s (6) a n d (7) a r e i n v o l v e d . If t he c r o s s - s e c t i o n f o r r e a c t i o n 

- 20 2 
(7) r e a c h e s 10 c m , i t m a y e v e n p l a y a r o l e in t he l o w e r EJ l a y e r . 
When t he t r a n s f o r m a t i o n of O ^ in to N O * c a n . b e i g n o r e d , i t i s c l c a r 
f r o m (62) a n d (63) t h a t a t m o s p h e r i c c o n d i t i o n s a r e s i m p l i f i e d , s i n c e 
t h e n one c a n w r i t e 
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n + ( N O ) | a ( N O ) n e } = [ l - A ] q ( 0 ) + [ l - C ] [ B - A B ] q ( N 2 ) + q (NO) (04) 

a n d 

n + ( 0 2 ) | a(C>2)n e j- = A q(O) + [ l - C ] [ l - ( B - A B ) ] q ( N 2 ) + q (O^) (65a) 

A p p l i c a t i o n of (64) a n d (65a) i n t h e F j l a y e r r e q u i r e s t h e k n o w l e d g e of 
a l a r g e . n u m b e r 1 of p a r a m e t e r s . N u m e r o u s e x p e r i m e n t a l a n d 
a e r o n o m i c d a t a a r e n e e d e d b e f o r e t h e w h o l e i o n o s p h e r e w i l l b e s u s -
c e p t i b l e t o e x p l a n a t i o n e v e n u n d e r p h o t o - e q u i l i b r i u m c o n d i t i o n s . 
N o t e a g a i n t h a t t h e c o n d i t i o n s i n t h e l o w e r E l a y e r o r u p p e r D r e g i o n 
s h o u l d n ô t b e s t u d i e d b y u s i n g a n e q u a t i o n s u c h a s (65a) b u t , w i t h 
(63) a n d (41) , b y 

n + ( O z ) | a ( O z ) n e } = D ^ Aq(O) + [ l - C ] [ l - ( £ * A B ) ] q ( N 2 ) + q (O^) j-

(65b) 
w i t h A , B , C arid D b e t w e e n 0 a n d 1. F a c t o r D m a y b e s m a l l i n 
t h e l o w e r i o n o s p h e r e a n d c e r t a i n l y r e a c h u n i t y in t h e F.j l a y e r , C 
i s s m a l l in t h e E l a y e r b u t d o e s n o t r e a c h u n i t y in t h e F j l a y e r w h i l e 
B h a s i t s s m a l l e s t v a l u e in t h e l o w e r p a r t of t h e i o n o s p h e r e b u t 
i n c r e a s e s w i t h h e i g h t ; p a r t i c u l a r l y i n t h e d i f f u s i o n r e g i o n . A s h o u l d 
d e c r e a s e w i t h h e i g h t s i n c e n ( 0 2 ) / n ( N 2 ) d e c r e a s e s i n t h e d i f fu s ion : 
r e g i o n . ^ 

In c o n c l u s i o n , t h e f i v e e q u a t i o n s (43), (48), (52), (62) a n d 
(65) s h o w h o w e a c h i o n i s r e l a t e d to t h e v a r i o u s p r o d u c t i o n s q ( N 2 ) , 
q (Q) , q ( 0 2 ) . q(NO) a n d q (N) . A n y a e r o n o m i c a n a l y s i s m u s t d e a l w i t h 
t h e v e r t i c a l d i s t r i b u t i o n of t h e v a r i o u s f a c t o r s A, B , C a n d D. A n 
e x a c t k n o w l e d g e of t h e s e f a c t o r s r e q u i r e s a p r é c i s é d e t e r m i n a t i o n of 
t h e r a t e c o e f f i c i e n t s of r e a c t i o n s (1) a n d (2), (8) a n d (9), (6) a n d (7) 
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and (12) with tha t of the r e c o m b i n a t i o n c o e f f i c i e n t s «(N^), or(0 

and «(NO) i . e . the knowledge of at l e a s t 10 p a r a m e t e r s when the 

v e r t i c a l d i s t r i bu t ion of n e u t r a l cons t i t uen t s (N2, ©2» ® ^ ^ NO) 

with t h e i r ion iza t ion and abso rp t i on r a t e coe f f i c i en t i s p e r f e c t l y 

known along with the s o l a r f lux . Since t e m p e r a t u r e e f f e c t s a r e 

a l s o i m p o r t a n t , i t i s c l e a r that only a p p r o x i m a t e so lu t ions can be 

obta ined . Some s impl i f i ca t ion m a y be in t roduced when a spec i f i c 

i onosphe r i c r eg ion i s c o n s i d e r e d a s shown in the a n a l y s i s of the 

t h e o r e t i c a l behav io r of each ion. N e v e r t h e l e s s , the g e n e r a l c o m -

plexi ty of equa t ions (43) to (65) d e m o n s t r a t e s tha t c o n t r a d i c t o r y 

conc lus ions can be r e a c h e d when a p a r a m e t e r i s not wel l chosen . 

M o r e in s i t u o b s e r v a t i o n s , p a r t i c u l a r l y of ion d e n s i t i e s , a r e 

needed b e f o r e su f f i c i en t a e r o n o m i c data wil l be ava i l ab le to 

d e t e r m i n e r a t e coe f f i c i en t s of r e a c t i o n s yet unknown f r o m l a b o r a t o r y 

m e a s u r e m e n t s . 

7 - Hydrojjen and h e l i u m ions 

It i s not the p u r p o s e of th i s work t o d i s c u s s the b e h a v i o r of 

H* and He* ions which p lay an i m p o r t a n t r o l e above the F_ peak 

w h e r e d i f fus ion c o n t r o l s the e l e c t r o n and ion d e n s i t i e s . However , i t 

m a y be pointed out tha t c h a r g e t r a n s f e r p r o c e s s e s give the b a s i c 
[ 5 3 ] 

condi t ions (see f o r e x a m p l e , B a t e s and P a t t e r s o n 1 ). At 

su f f i c i en t ly low a l t i t udes , the pho to - ion iza t ion of H i s l e s s i m p o r t a n t 

than the c h a r g e t r a n s f e r H '+: Q + H* + O. F o r a t o m i c hydrogen 

ions , the s teady s ta te i s given by 
n*(H) _ 9 n(H) 

" F ^ ( 6 6 ) 
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where the ratio* 9 /8 is the ratio of products of statistical weights 

considering 

H + H + + Ô (67) 

as the essential process. In the lower ionosphere, n(H)/n(G). is 

- 5 
small, less than 10 , and since n (O) < n the concentration of 

© 

atomic hydrogen ions is very small in the thermosphere. Above 

the F , peak, the ratio n(H)/n(0) increases and n + (Ô) = n . At 

high temperatures of the order 

of 2000 K n(H)/n(0) is still of the 

-5 + -3 order of 10 

, and n T (H) is less than 10 cm . However, the 

ratio a^H)/n(0) is very sensitive to the temperature; it reaches at 

500 km about 1 0 f o r T = 1000° K and increases up to more than 
-1 o + ' 

10 at 700 K . It is, therefore, clear that H becomes an important ion near 1000 km when the temperature decreases1 to 

about 1000° K . 

For helium ions, the boundary conditions for the diffusive 

region are subject to the effect of its- ionization by ultraviolet 

radiation. It will play an important role when the température is 

sufficiently high i. e. T > 1000° K only in the diffusive region and 

will remain a minor ion in the normal ionospheric layers. 
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