
c ~ 

ISSTITC'I'E FOR SPACE STCDIES 

!! N 6 4 1 3 3 2  10 " . 
I (ACCESSIOH H U U B E H )  ITHRUI 
e 
0 
L / 5-b 

(CODE) (PACES) 

/R 
(CATEQORYI 

&p.A mf 54765-  
(NASA CH O R  T I X  C R  AD NUMQTRI 

THE RED LINE OF ATOMIC OXYGEN 

I IN THE DAY AIRGLOW 

i i  

A. Dalgarno 
James C. G. Walker 

GODDARD SPACE FLIGHT CENTER 

r\Y'ATIONAL .\ERONAUTICS AND SPACE ,\DMINISTRXTION 



7 . .  - 
Q b .  

THE RED LINE OF ATOMIC OXYGEN 

IN THE DAY AIRGLOW 

A. Dalgarno and James C . G .  Walker  

Queens University,  Be l fas t ,  Northern 
Ireland, and Goddard I n s t i t u t e  f o r  

Space Studies ,  New York 27 ,  N .  Y .  

June, 1964 

To be published i n  Journal of the Atmospheric Sciences 



THE RED LINE OF ATOMIC OXYGEN 

I N  THE DAY AIRGLOW 

A ,  Dalgarno and James C .  G ,  Walker 

Queens University,  Be l fas t ,  Northern 
Ireland, and Goddard I n s t i t u t e  f o r  

Space Studies ,  New York 2 7 ,  N .  Y .  

(Manuscript received 



ABSTRACT 

It is  argued from t h e  o b s e r v a t i o n s  of t h e  r e d  l i n e  

t h a t  t h e  rate coef f ic ien t  f o r  d e a c t i v a t i o n  of t h e  e x c i t e d  

oxygen a t o m s  i n  c o l l i s i o n s  wi th  molecular  oxygen cannot  be  

much less t h a n  10 c m  sec and t h a t  t h e  s o l a r  f l u x  i n  

t h e  r eg ion  of 1450A cannot  b e  a s  large a s  t h e  r e p o r t e d  

measured va lues .  It is  f u r t h e r  argued t h a t  photodisso- 

-10 3 -1 

0 

c i a t i o n  of molecular  oxygen and recombination of molecu- 

l a r  i o n s  a r e  inadequate  t o  e x p l a i n  t h e  o b s e r v a t i o n s  and 

t h a t  an  a d d i t i o n a l  mechanism is  o p e r a t i v e  a t  high a l t i t u d e s .  

The mechanisms of f l u o r e s c e n t  e x c i t a t i o n  and of non-thermal 

e x c i t a t i o n  by pho toe lec t rons  a r e  b r i e f l y  examined and it 

is concluded t h a t  a l though t h e  l a t t e r  may be  a s ignif i -  

c a n t  source  of e x c i t e d  atoms, n e i t h e r  mechanism e x p l a i n s  

t h e  observed v a r i a b i l i t y .  It i s  sugges ted  t h a t  t h e  v a r i -  

a b i l i t y  i n  r ed  l i n e  i n t e n s i t i e s  is a s s o c i a t e d  wi th  t h e  

presence  of  h o t  thermal  e l e c t r o n s  and sample c a l c u l a t i o n s  

a re  presented  of t h e  a l t i t u d e  p r o f i l e s  

f r o m  t h i s  source .  
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1. I n t r o d u c t i o n  

From a t h e o r e t i c a l  survey, Ba te s  and Dalgarno (1954) 

concluded t h a t  t h e  red  l i n e  of atomic oxygen a t  6 3 0 0 ~  is 
0 

one of t h e  s t r o n g e s t  f e a t u r e s  of  t h e  dayglow spectrum, and 

a m o r e  q u a n t i t a t i v e  s tudy  of t h e  r e d  l i n e  by Brandt (1958) 

y i e lded  an i n t e n s i t y  of 50 k i l o r a y l e i g h s  (kR), about  h a l f  

a r i s i n g  f r o m  pho tod i s soc ia t ion  of molecular  oxygen i n  t h e  

Schumann-Runge continuum 

O2 + hV + O ( 3 P )  + O('D) (1) 

and about h a l f  a r i s i n g  f r o m  d i s s o c i a t i v e  recombination of 

t h e  molecular  i o n s  0 
+ 
2 

The ground-based measurements of t h e  red  l i n e  i n  t h e  

dayglow by Noxon and Goody (1962) and by J a r r e t t  and Hoey 

(1963) y i e l d e d  i n t e n s i t i e s  comparable w i t h  t h o s e  p r e d i c t e d  

by Brandt,  b u t  o t h e r  ground-based measurements by Noxon 

(1963 ) and rocket-based measurements by Zipf and F a s t i e  

(1963) and by Wallace and Nidey (1964) have shown t h a t  t h e  

i n t e n s i t y  of t h e  red l i n e  is o f t e n  much less t h a n  t h e  pre- 

d i c t e d  va lue .  This  v a r i a t i o n  i n  , i n t e n s i t y  is s i g n i f i c a n t  

for  it s u g g e s t s  t h a t  t h e  mechanisms l e a d i n g  t o  t h e  emission 

of t h e  r e d  l i n e  have n o t  been c o r r e c t l y  i d e n t i f i e d  and 

desc r ibed .  
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2 . Model atmospheres 

T o  d e s c r i b e  t h e  s t r u c t u r e  of t h e  n e u t r a l  component of 

t h e  upper atmosphere, w e  have employed t h e  a n a l y t i c  repre-  

s e n t a t i o n  of  B a t e s  (1959) which is s p e c i f i e d  by t h e  temper- 

a t u r e ,  t empera tu re  g r a d i e n t  and composition a t  a r e f e r e n c e  

a l t i t u d e ,  zo, and by t h e  exospheric  tempera ture ,  T( 00 ). 

For t h e  atmospheric  parameters,  w e  adopted t h e  v a l u e s  

= 120 k m ,  
zO dTj  = 20K/km, 

and f o r  t h e  number d e n s i t i e s  of atomic Oxygen, molecular  

oxygen, and molecular  n i t r o g e n  at: 120 k m  t h e  a l t e r n a t i v e  sets 

( i )  n (0 )  = 5 x 10 10 c m  -3  , n(02)  = 1 x 10 11 c m  -3 , n ( ~ ~ )  = 5 x 10 11 c m  -3 , 
which w e  s h a l l  d e s c r i b e  a s  t h e  h igh  O2 atmosphere, and 

which w e  s h a l l  d e s c r i b e  a s  t h e  low O2 atmosphere. 

appear  t o  span t h e  p o s s i b l e  atmospheres (Nico le t ,  1961;  

The models 

H a r r i s  and Priester, 1 9 6 2 ;  Pokhunkov, 1963 ; J u r s a ,  Nakamura 

and Tanaka, 1963; Schaefer ,  1963; H a l l ,  Schweizer, and 

Hinteregger ,  1963; N i e r ,  Hoffman, Johnson, and H o l m e s ,  1964).  

The mass d e n s i t y  d i s t r i b u t i o n  cor responding  t o  t h e  low 

o2 atmosphere w i t h  T(oO ) = 750K and t o  h igh  O2 atmospheres 

wi th  T ( O 0  = 750K and l O O O K  a r e  compared i n  F i g .  1 w i t h  t h e  

d e n s i t y  d i s t r i b u t i o n s  de r ived  from s a t e l l i t e  d r a g  d a t a  
~ 
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(King-Hele, 1963;  J a c c h i a  and Slowey, 1964;  Bryant,  1964) . 
T h e  red  l i n e  o b s e r v a t i o n s  t h a t  w e  s h a l l  d i s c u s s  w e r e  c a r r i e d  

o u t  i n  1962 and 1963 and except  when o the rwise  noted  our 

r e s u l t s  refer t o  t h e  l o w  O2 atmosphere wi th  T ( 0 0 )  = 750K, 

an atmosphere i n  harmony with t h e  d r a g  d a t a  and an atmosphere 

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

than  a r e  t h e  h igh  O2 atmospheres. 

temperature ,and mass d e n s i t y  d i s t r i b u t i o n s  cor responding  

t o  t h e  l o w  O 2  atmosphere with T ( W )  = 750K are  p resen ted  i n  

Table  1. 

The number d e n s i t y ,  

A t  a l t i t u d e s  below 1 2 0  km w e  used an  atmosphere s i m i l a r  

t o  t h e  model of Jastrow and Kyle (1961). 

3. Pho tod i s soc ia t ion  i n  t h e  Schumann-Runge continuum 

0 0 
A t  wavelengths between 1350A and 1750A, u l t r a v i o l e t  

r a d i a t i o n  is  s t r o n g l y  absorbed i n  t h e  Schumann-Runge con- 

tinuum of molecular  oxygen 

I 
t h e  p rocess  p rov id ing  a s u b s t a n t i a l  sou rce  of O (  D) atoms 

i n  t h e  upper  atmosphere (Bates, 1948).  The r a t e  of pro- 

duc t ion  of O( D) atoms a t  an a l t i t u d e ,  z,  and f o r  a so l a ' r  

z e n i t h  angle ,  6 ,  is  given by 

1 
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()..I is  t h e  i n c i d e n t  f l u x ,  6(b )  is t h e  absorp- 
00 

w h e r e  F 

t i o n  cross s e c t i o n  and is t h e  a t t e n u a t i o n  f a c t o r ,  /” 

R be ing  t h e  r a d i u s  of t h e  Earth.  

w e  have used t h e  measurements of 

For t h e  c a l c u l a t i o n  of Q, 

6( tk ) by Metzger and Cook 

(1964) and w e  have supposed t h e  s o l a r  u l t r a v i o l e t  f l u x  t o  

be t h a t  of a b l ack  body a t  a tempera ture ,  The l i m i t e d  

d a t a  ( P u r c e l l ,  Packer and  Tousey, 1960; D e t w i l e r ,  Gar re t t ,  

P u r c e l l ,  and Tousey,. 1961;  Tousey, 1963)  are c o n s i s t e n t  w i t h  

Ts. 

a v a l u e  of 4750K f o r  Ts. 

a r e  a c t u a l l y  a p p r o p r i a t e  t o  a s o l a r  tempera ture  of 4500K, 

b u t  t h e y  may a l l  be s c a l e d  t o  a tempera ture  of 4750K by 

The r e s u l t s  shown i n  F igs .  2 t o  5 

m u l t i p l y i n g  by a f ac to r  of 2.9,  t h e  l o s s  of  accuracy be ing  

n e g l i g i b l e  . 
1 

Values of t h e  product ion r a t e s  of O( D) atoms a r e  

shown i n  F i g .  2 for s e v e r a l  v a l u e s  of  8. Since  t h e  in-  

t e n s i t y  of t h e  r ed  l i n e  a t  6300A in t h e  night airblow is much less 

t han  t h a t  of  t h e  green l i n e  a t  55778 ( c f .  Chamberlain, 1961a) 

0 

and s i n c e  t h e  r ed  l i n e  is emi t ted  a t  a much g r e a t e r  a l t i t u d e  

t h a n  is  t h e  green l i n e  (Packer, 1961;  Tarasova, 1963),  it 

is c l e a r  t h a t  s e v e r e  d e a c t i v a t i o n  of t h e  O( D )  atoms must 
1 

occur  a t  t h e  lower a l t i t u d e s  (Bates  and Dalgarno, 1953; 

Seaton, 1954).  Deac t iva t ion  by e l e c t r o n  impact is n e g l i g i b l e  
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( c f .  Bates ,  1960),  and Bates  and Dalgarno (1953) and Seaton 

(1958) have  argued t h a t  t h e  d e a c t i v a t i o n  probably occur s  i n  

c o l l i s i o n s  wi th  molecular  oxygen. W i t h  t h i s  assumption, 

Wallace and Chamberlain (1959 ) have de r ived  from an a n a l y s i s  

of a u r o r a l  o b s e r v a t i o n s  o f  t h e  O2 atmospheric  band system a 

r a t e  c o e f f i c i e n t ,  p , such t h a t  

-12  3 lo-lo 3 -1 4 x 10 c m  sec-l( < c m  sec . 
Despi te  t h e  f a c t  t h a t  t h e  mechanism does  n o t  conserve  

s p i n ,  it h a s  been sdggested t h a t  d e a c t i v a t i o n  o f  O('D) by  

molecular  n i t r o g e n  is comparable i n  e f f i c i e n c y  (DeMore and 

Raper, 1964) and, a l though t h e  arguments a r e  n o t  convincing,  

t h e  p o s s i b i l i t y  cannot b e  excluded. 

p r o f i l e  c l o s e l y  p a r a l l e l s  t h e  O2 d e n s i t y  p r o f i l e ,  t h e  in- 

c l u s i o n  of N2 d e a c t i v a t i o n  would invo lve  no impor tan t  modifi-  

c a t i o n  of o u r  subsequent arguments and w e  s h a l l  l a r g e l y  ignore  

it. 

Because t h e  N2 d e n s i t y  

During t h e  day, d e a c t i v a t i o n  by e l e c t r o n  impact is  still 
1 

n e g l i g i b l e  b u t  t h e r e  occur s  t h e  p o s s i b i l i t y  t h a t  O (  D )  atoms 

may b e  removed by resonance a b s o r p t i o n  of s o l a r  r a d i a t i o n .  

There appea r s  t o  be only one al lowed t r a n s i t i o n ,  t h e  

wavelength of which co inc ides  with a s t r o n g  s o l a r  l i n e ,  and 

t h a t  is t h e  t r a n s i t i o n  t o  t h e  O(2p 3 s  D) s t a t e  a t  1 1 5 2 A ,  t h e  

s o l a r  f l u x  i n  1 1 5 2 A  be ing  about l o 9  photons c m  

3 1  0 

0 - 2  -1 sec 
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(Hin teregger ,  1961;  Hinteregger  and Watanabe, 1 9 6 2 ) .  Desp i t e  

t h e  s u b s t a n t i a l  f l u x  and t h e  wavelength co inc idence ,  t h e  

mechanism can be  d iscounted  because t h e  on ly  al lowed t r a n s i -  

t i o n  from t h e  upper s t a t e  r e t u r n s  t h e  atom t o  t h e  o r i g i n a l  

'D s t a t e .  

The p r o b a b i l i t y  t h a t  an O(lD) atom a t  a l t i t u d e ,  z, w i l l  
0 

e m i t  a 6300A photon is  given by 

r - I  

w h e r e  A is t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  

l i n e  of wavelength X ( c f .  Chamberlain, 1961b). Values of 

p ( z )  a r e  given i n  Table 1 for p =  10 

A 

-10 3 -1 
cm sec . 

T h e  i n t e n s i t i e s  of  red l i n e  emission f o r  a s o l a r  tempera- 

t u r e  of 4500K and v a r i o u s  va lues  of t h e  d e a c t i v a t i o n  c o e f f i -  

c i e n t ,  p,  a r e  shown i n  Fig.  3 a s  a f u n c t i o n  of s o l a r  z e n i t h  

ang le .  The  i n t e n s i t y  f o r  an overhead sun v a r i e s  from 433 kR 

i n  t h e  absence of d e a c t i v a t i o n  t o  1 . 2  kR i f  p h a s  a va lue  
-10 3 -1 

of  10 c m  sec , which is  c l o s e  t o  t h e  maximum p o s s i b l e  

f o r  a thermal  c o l l i s i o n .  F i g .  3 i n c l u d e s  a l s o  t h e  i n t e n s i -  

t i e s  corresponding t o  t w o  o the r  model atmospheres t o  show 

t h e  l a c k  of s e n s i t i v i t y  t o  t h e  d e t a i l s  of t h e  number d e n s i t y  



d i st r i b u t  i o n  - 
To determine w e  no te  t h a t  Noxon (1963) h a s  r e p o r t e d  

t h a t  t h e  i n t e n s i t y  of t h e  dayglow r e d  l i n e  a t  noon a t  F o r t  

C h u r c h i l l  was less than  2 kR on December 15,  1962, a r e s u l t  

i n  harmony with an  obse rva t ion  of Wallace and Nidey (1964).  

S ince  Noxon was obse rv ing  with t h e  sun a t  a z e n i t h  a n g l e  

of about 80 , it fo l lows  from F i g .  3 t h a t ,  f o r  t h e  low O2 
0 

-10 3 -1 
atmosphere wi th  T( 00) = 750K, 1 .7  x 1 0  c m  sec i f  

-11 3 -1 
T i f  Ts = 4500K. 

I f  d e a c t i v a t i o n  i n  c o l l i s i o n s  wi th  N w e r e  s i g n i f i c a n t ,  t h e  

impl-ied upper l i m i t  on T would be increased .  

= 4750K and t h a t  p >/ 3.7 x 10  cm sec 
S 

2 

S 

B a t e s  and Dalgarno (1954) po in t ed  o u t  t h a t  photodisso-  

c i a t i o n  i n  t h e  Har t l ey  continuum of  ozone i s  an i n t e n s e  
1 

source  of  O (  D )  atoms below 100 km, and Cadle  (1964) h a s  

p r e d i c t e d  an i n t e n s i t y  of 2 kR f o r  t h e  r e s u l t i n g  r ed  l i n e  

emission, h i s  c a l c u l a t i o n s  fo l lowing  Brandt (1958) i n  u s i n g  

a va lue  of 10-12cm3sec -' f o r  p. With e i t h e r  of  t h e  two 

l i m i t s  de r ived  f r o m  Noxon's obse rva t ions ,  t h e  a c t u a l  r ed  

l i n e  emission below 100 k m  must be n e g l i g i b l e .  

for  f '  we 

-10 3 -1 
Adopting a va lue  of 1 0  c m  sec 

F i g s .  4 and 5, r e s p e c t i v e l y ,  t h e  emission r a t e  and 

i n t e n s i t y  a s  f u n c t i o n s  of a l t i t u d e  f o r  a number of  

z e n i t h  angles .  

show i n  

z e n i t h  

s o l a r  
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4. I o n i c  recombination 

T h e r e  is u s u a l l y  a good c o r r e l a t i o n  between t h e  noc- 

t u r n a l  i n t e n s i t y  of t h e  r ed  l i n e  and t h e  c r i t i c a l  f requency  

of t h e  F r eg ion  (Barb ier ,  1957;  Ba rb ie r  and Glaume, 1962;  

Ba rb ie r ,  Roach, and S t e i g e r ,  1962;  Carman and K i l f o y l e ,  1963;  

Ba rb ie r ,  1964),  s u p p o r t i n g  t h e  b e l i e f  t h a t  t h e  main e x c i t a -  

t i o n  mechanism is d i s s o c i a t i v e  recombination. O r i g i n a l l y  

t h e  molecular  i o n  involved was i d e n t i f i e d  a s  0 b u t  it is 

a p p a r e n t l y  now be l i eved  t h a t  NO i s  t h e  major  p a r t i c i p a n t  

+ 
2 + 

( c f .  Wallace and Nidey, 1964). T h e  proposed r e a c t i o n  

NO+(X1 +) + O('D) ( 7 )  

+ 
f a i l s  t o  conserve sp in .  W e  t h e r e f o r e  c o n c e n t r a t e  on O 2  

I 
recombination a s  a sou rce  of O (  D) atoms. The ionosphe r i c  

and a i rg low d a t a  p re sen ted  by Barb ie r  (1964) i n d i c a t e  t h a t  

t h e  r a t e  of e l e c t r o n  removal i n  t h e  noc tu rna l  ionosphere  ex- 

ceeds  t h e  r a t e  of emission of 6300g photons by a f a c t o r  of 

about  8,  c o n s i s t e n t  with our sugges t ion  t h a t  ( 7 )  i s  n o t  an 

important  mechanism f o r  O('D) e x c i t a t i o n .  

The noc tu rna l  i n t e n s i t y  of t h e  r ed  l i n e  is between 50R 

and lOOR ( c f .  Chamberlain, 1961a) and c o n s i d e r a b l e  daytime 

enhancement is t o  be  expected. T h e  c a l c u l a t i o n s  by Brandt  

(1958)  w e r e  based upon a simple sequence of ion-removal 

r e a c t i o n s  and h i s  r e s u l t s  were s e n s i t i v e  t o  t h e  adopted 

r e a c t i o n  r a t e s .  It is n o w  c l e a r  t h a t  t h e  a c t u a l  r e a c t i o n  



p a t h s  i n  t h e  ionosphere a r e  much more complicated ( N i c o l e t  

and Swider, 1963;  Dalgarno, 1964a).  S e r i o u s  u n c e r t a i n t i e s  

remain, t h e  consequences of which can be  l a r g e l y  avoided by 

assuming t h a t  l o c a l  equi l ibr ium p r e v a i l s  between i o n  pro- 

duc t ion  and removal r a t e s ,  an assumption which is v a l i d  

below 300 km throughout  m o s t  of t h e  day b u t  f a i l s  a t  T r e a t e r  

a l t i t u d e s  because of t h e  i n c r e a s i n g  importance of  d i f f u s i o n .  

The i o n  product ion  r a t e s ,  q (0  1, q(N2 ), and q (02  +) 
+ + 

~ m - ~ s e c - '  have been c a l c u l a t e d  f o r  a wide range o f  model 

atmospheres and s o l a r  zen i th  a n g l e s  by Dalgarno and McElroy 

(1964a) and s o m e  of t h e i r  r e s u l t s  a r e  reproduced i n  F i g .  6 .  

I n  o r d e r  t o  e s t i m a t e  what f r a c t i o n s  of  t h e  ions,O , 
and 02, l e a d  t o  O( D) atoms, it is necessary  first t o  

de te rmine  what f r a c t i o n s  of t h e  i o n s  0 and N a r e  converted 

t o  0 i o n s  o r  p o s s i b l y  t o  NO i ons .  The f r a c t i o n s  depend 

upon t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  and w e  have adopted 

+ 
+ + 1 

+ + N 2  ' 
2 + + 

2 

t h e  d i s t r i b u t i o n  measured by Brace, Spencer,  and Carignan 

(1963) i n  a q u i e t  ionosphere and inc luded  i n  Table  1. T h e  

i n t e n s i t y  of t h e  r ed  l i n e  i s  i n s e n s i t i v e  t o  t h e  d e t a i l s  of  

t h e  adopted e l e c t r o n  d e n s i t y  p r o f i l e .  
+ 

T h e  r e a c t i o n s  which remove N i o n s  have been d i scussed  
2 

by N i c o l e t  and Swider (1963). They a r e  

+ e <-> N '  + N'' 
+ 

N2 
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-4 + 

+ + 
N 2  + o  N 2 + O '  

+ + 
N + O  ,-> NO + N  

2 

- 7  3 The r a t e  c o e f f i c i e n t  of ( 8 )  h a s  been measured a s  2 x 10  c m  
-1 sec ( c f .  Biondi,  1964) and of ( 9 )  a s  2 x 10-10cm3sec-1 

( F i t e ,  Rutherford,  Snow, and van L in t ,  1962).  Rate  c o e f f i -  

c i e n t s  of 2 x 10-11cm3sec-1 f o r  (10)  and (11) have been de- 

r i v e d  by Norton, Van Zandt, and Denison (1963) and by Whitten 

and Poppoff (1964) f r o m  ionospher ic  d a t a .  The a n a l y s e s  of  

i onosphe r i c  d a t a  impose a r b i t r a r y  tempera ture  v a r i a t i o n s  on 

t h e  r a t e s  of t h e  p o s s i b l e  processes  and t h e  de r ived  c o e f f i -  

c i e n t s  have l i t t l e  q u a n t i t a t i v e  s i g n i f i c a n c e .  However, t h e  
+ 

measured c o n c e n t r a t i o n s  of N a p p a r e n t l y  r e q u i r e  t h a t  one 

or both  of (10) and (11)  be r a p i d  so  w e  assume t h a t  each o f  

2 

-11 3 -1 them h a s  a ra te  c o e f f i c i e n t  of 1 x 1 0  c m  sec . Since ,  

i n  t h e  atmosphere, (10)  i s  u s u a l l y  fol lowed by 

t h e  d i s t i n c t i o n  between (10) and (11) i s  unimportant  f o r  

ou r  purposes.  
+ 

The 0 i o n s  a r e  removed by t h e  ion-atom i n t e r c h a n g e  

r e a c t i o n s ,  (12)  and 

+ + 
0 + 0 2 * 0 2  + o  



(Bates ,  1955).  For o u r  c a l c u l a t i o n s  w e  have adopted a r a t e  

c o e f f i c i e n t  of 1 x 10 c m  sec for both (12)  and (13)  

(Saye r s  and Smith, 1964) b u t  t h e  r ed  l i n e  i n t e n s i t y  depends 

on ly  upon t h e  r a t i o  of  t h e  r a t e s  of t h e  t w o  r e a c t i o n s .  

-11 3 -1 

+ 
d i s a p p e a r s  b y  d i s s o c i a t i v e  recombinat ion 

O 2  ' The ion ,  

I I1 

O 2  + + e + ~  + O  (14)  

th roughout  t h e  a l t i t u d e  region i n  which (14)  might provide  a 

s i g n i f i c a n t  sou rce  of e m i s s i o n  of t h e  r ed  l i n e .  Thus, i f  f 

i s  t h e  p r o b a b i l i t y  t h a t  (14) produces an  O( D )  atom, t h e  ra te  1 

of product ion  is given by 

J 
1 

I n  F i g .  7, Q2(z) i s  

The r e a c t i o n  is e n e r g e t i c a l l y  capab le  of producing two O( D) 

atoms so t h a t  f may be  a s  l a r g e  a s  2 .  
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shown as a funct ion of a l t i t u d e  f o r  several s o l a r  zen i th  angles 

with f taken equal t o  2. The r e s u l t s  provide an upper l i m i t  

t o  t h e  possible  exc i t a t ion  r a t e s  consis tent  with the adopted 

u l t r a v i o l e t  f l u x  and reac t ion  rates .  

Because n(N2) i s  much greater than n(02) i n  the a l t i t u d e  

+ + region where q(0 ) and q(02 ) are comparable, the last term 

of (15) is  important only a t  high a l t i t u d e s  where the  production 

rates are small. Thus the in tens i ty  of the  r e d  l i n e  i s  in-  

s e n s i t i v e  t o  the magnitudes of d12 

is not markedly smaller than M13. 

t i v i t y  t o  the relative values  of ds and %. 

and &I3 provided t h a t  M12 
In  cont ras t  i s  the sensi-  

Reaction (9) i s  an 
+ important source of O2 

production rates are l a r g e ,  whereas the sequence of (10) followed 

ions a t  the lower a l t i t u d e s  where the 

by (13) is important only a t  high a l t i t u d e s  w h e r e  the  production 

of O('D) i s  s m a l l .  

the s e n s i t i v i t y  t o  the r a t i o  &8/% , the dashed curves of Fig. 7 

a r i s i n g  when the value of 2 x 10 -lo an3 sec-' f o r  d9 i s  replaced 

by zero so t h a t  most of t he  N2+ ions disappear by d issoc ia t ive  

recombination . 

Accordingly, we i l l u s t r a t e  i n  Fig. 7 only 

1 The possible  addi t ional  source of O( D) atoms provided by 

the  d issoc ia t ive  recombination of NO+ (7) is  shown i n  Fig. 8 on 

the assumption tha t  every NO+ recombination y i e l d s  an O( 1 D) atom. 

The a c t u a l  y ie ld  i s  presumably much less than unity.  
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The rate of emission of 63002 photons produced by disso- 

+ ot 3 d  c i a t i v e  recombination of O2 with 8/0ig = 10 , 8/0<10 

Qi lo cm3sec'', and f = 2 
= lSf = lo- 

= 8/W11 = 2 x lo4, & l l / W l 2  

i s  shown i n  Fig. 9. The corresponding zeni th  i n t e n s i t i e s  are 

shown i n  Fig. 10. 

Fig. 11 shows the s e n s i t i v i t y  of the predicted i n t e n s i t i e s  

t o  the atmospheric model. 

5. Photodissociation and ion ic  recombination 

A comparison of Figs.  3 and 11, and 5 and 10 shows 

t h a t  the contr ibut ions of photodissociation and of ion ic  re- 

combination t o  the zeni th  in t ens i ty  of the  red l i n e  may be 

comparable, depending upon the  values of Ts and f ,  but there  

are s ign i f i can t  differences i n  t he  va r i a t ions  with so l a r  

zen i th  angle and with a l t i t ude .  The zeni th  i n t e n s i t y  has 

been measured as a function of a l t i t u d e  by Zipf and Fas t ie  

(1963) a t  Wallops Island on May 7,  1964 with the  sun a t  a 

zeni th  angle of 60°. W e  have attempted t o  reproduce the 

observat ional  data of Zipf and Fastie by combining the  con- 

t r i b u t i o n s  of photodissociation, shown i n  Fig. 5, and of 

ion ic  recombination, shorn ir, Fig. 10, and regarding the 



s o l a r  tempera ture ,  Ts, and t h e  e x c i t a t i o n  p r o b a b i l i t y ,  f ,  as 

d i s p o s a b l e  parameters  s u b j e c t  t o  f < 2 .  

F i g .  12 shows t h e  b e s t  f i ts  w e  have been a b l e  t o  o b t a i n  

by t h i s  procedure for t h r e e  model atmospheres.  The r e s u l t s  

f o r  t h e  1000° high O 2  atmosphere wi th  T 

a g r e e  c l o s e l y  wi th  t h e  observa t ions ,  t h e  t o t a l  z e n i t h  in t en -  

s i t y  be ing  4.8 k R  of which 3 .1  k R  i s  due t o  photodissoc ia-  

t i o n  and 1.7 k R  to i o n i c  recombination. The cor responding  

i n t e n s i t i e s  a p p r o p r i a t e  t o  a z e n i t h  a n g l e  o f  80° a re  respec-  

t i v e l y  2.7 k R  and 1.0 kR, t h e  sum of which exceeds t h e  upper 

l i m i t  of 2 k R  observed by Noxon (1963) a t  F o r t  C h u r c h i l l  a t  

noon on December 15, 1962 .  I n  o rde r  t o  be c o n s i s t e n t  w i t h  

an upper  l i m i t  of 2 k R  a t  80°, it is necessary  wi th  t h e  

1000° high  O 2  model atmosphere t o  adopt  a s o l a r  t empera tu re  

n o t  g r e a t e r  t h a n  4580K, even with f = 0.  The r e s u l t s  f o r  

t h e  o t h e r  models shown i n  F i g .  1 2  l e a d  t o  even g r e a t e r  con- 

= 4660 and f = 2 
8 

f l i c t  with Noxon's upper l i m i t .  

Temporal v a r i a t i o n s  i n  t h e  s o l a r  u l t r a v i o l e t  f l u x  i n  

t h e  neighbourhood of 1 2 1 6 A  a r e  small (Lindsay, 19631, and 

t h e r e  is no evidence t o  suggest  t h a t  large v a r i a t i o n s  occur  

i n  t h e  f l u x  a t  t h e  longe r  wavelengths of t h e  Schumann-Runge 

continuum. Ignor ing  t h e  p o s s i b i l i t y  of temporal  change i n  

0 

w e  have determined t h e  va lues  of T s  which g i v e  t h e  l a r g e s t  s' 

i n t e n s i t i e s  a t  60° c o n s i s t e n t  wi th  t h e  upper  l i m i t  of  2 k R  

a t  80°. The i n t e n s i t i e s  a s  a f u n c t i o n  of a l t i t u d e  f o r  t h e  
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t h r e e  model a tmospheres  a re  shown i n  F i g .  13 .  A l l  of t h e s e  

models l e a d  t o  i n t e n s i t i e s  which a r e  markedly lower than  

t h e  Zipf and F a s t i e  r e s u l t s .  The s i t u a t i o n  cannot  be  improved 

by u s i n g  l o w e r  v a l u e s  of f and h i g h e r  v a l u e s  of  TB because,  

wi th  a d e a c t i v a t i o n  c o e f f i c i e n t ,  p, of  10-loCm sec , t h e  

p h o t o d i s s o c i a t i o n  c o n t r i b u t i o n  is n e a r l y  independent of 8 
a s  8 v a r i e s  from 60° t o  80°. 

3 -1 

There a r e  a l s o  d i s c r e p a n c i e s  i n  t h e  d e t a i l e d  dependence 

of  emission on a l t i t u d e ,  Zipf and F a s t i e  (1963) f i n d i n g  t h a t  

t h e  emission r a t e  is 2.6 x 10 ~ m - ~ s e c - '  from 120 k m  t o  190 k m ,  2 

2 -3  -1 
i n c r e a s i n g  a b r u p t l y  t o  5.0 x 10 c m  sec f r o m  190 k m  t o  220 km.  

The dependence of emission on a l t i t u d e  would be modif ied i f  

t h e  d e a c t i v a t i o n  c o e f f i c i e n t ,  p ,  w e r e  t o  change r a p i d l y  wi th  

i n c r e a s i n g  tempera ture .  A s  B a t e s  (1960) h a s  po in t ed  ou t ,  

o (  D )  atoms produced by d i s s o c i a t i v e  recombinat ion i n i t i a l l y  

posses s  cons ide rab le  k i n e t i c  energy so t h a t  t h e  e f f e c t i v e  

may b e  h i g h e r  t h a n  t h e  ambient t e m -  t empera ture  c o n t r o l l i n g  

p e r a t u r e .  The effect  is probably smal l  s i n c e  molecular  oxygen 

1 

P 
is a minor c o n s t i t u e n t  a t  t h e  a l t i t u d e s  of  i n t e r e s t  and 

t h e r m a l i s i n g  c o l l i s i o n s  with t h e  major c o n s t i t u e n t s ,  0 and 

N 2 ,  occur  more f r e q u e n t l y  than  d e a c t i v a t i n g  c o l l i s i o n s  w i t h  

02. A r a p i d  change of with i n c r e a s i n g  a l t i t u d e  w i l l  n o t ,  

i n  any case ,  remove t h e  discrepancy between t h e  p r e d i c t e d  

i n t e n s i t i e s  of F i g .  1 3  and t h e  observed i n t e n s i t i e s .  The 

d i screpancy  can more p l a u s i b l y  b e  a t t r i b u t e d  t o  a n  a d d i t i o n a l  



e x c i t a t i o n  mechanism. 

6.  F luorescent  e x c i t a t i o n  

B a t e s  (1948) and Chamberlain (1958) have shown t h a t  

resonance s c a t t e r i n g  of s u n l i g h t  

O ( 3 P )  + A6300 -O('D) (16)  

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

t h e  r e d  l i n e  and it fo l lows  from t h e i r  c a l c u l a t i o n s ,  bu t  

i n c l u d i n g  d e a c t i v a t i o n , t h a t  t h e  y i e l d  i n  t h e  dayglow does n o t  

exceed 20R. 

Fluorescence through t h e  sequences 

or 

fol lowed by 

may b e  a more abundant source of dayglow r e d  l i n e  emission and 

i n c i d e n t a l l y  of dayglow green l i n e  emission a l s o ,  f o r  t h e  

atmosphere is o p t i c a l l y  very t h i c k  i n  t h e  t r i p l e t  c e n t e r e d  
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a t  A 1304. 

The i n t e n s i t y  of A 1 3 0 4  h a s  been measured by Donahue 

and F a s t i e  (1964) and by F a s t i e ,  Crosswhite  and Heath (1964) .  

If w e  assume a Doppler width cor responding  t o  a tempera ture  

i n  t h e  reg ion  of 2000K for t h e  l i n e  and a va lue  of 4-0 x 

(Garstang, 1961)  f o r  t h e  r a t i o  of t h e  t r a n s i t i o n  prob- 

a b i l i t i e s  f o r  t h e  emission of A1641  and A1304 r a d i a t i o n ,  

t h e  measured i n t e n s i t i e s  of 

t h e  o r d e r  of  lOOR f o r  t h e  red l i n e ,  an  e s t i m a t e  which i s  

c o n s i s t e n t  wi th  t h e  f a c t  t h a t  

d e t e c t e d  i n  t h e  airglow.  The c o n t r i b u t i o n  of (19) and ( 2 0 )  

is  much s m a l l e r  because t h e  r a t i o  of t h e  t r a n s i t i o n  prob- 

a b i l i t i e s  f o r  t h e  emission of 

lo-* (Garstang, 1961). 

A1304 l e a d  t o  an  estimate of 

A 1 6 4 1  r a d i a t i o n  has  n o t  been 

A2325 and A1304 is 1,6 x 

None of  t h e  mechanisms d i scussed  so  f a r  e x p l a i n s  t h e  

g r e a t  v a r i a b i l i t y  of t h e  red l i n e  i n t e n s i t y ,  d i scovered  by 

Noxon (1964).  The e l e c t r o n  tempera ture  is markedly h i g h e r  

t h a n  t h e  n e u t r a l  p a r t i c l e  tempera ture  i n  t h e  F r eg ion  and may 

w e l l  be  ve ry  v a r i a b l e  (Spencer, Brace, and Carignan, 1962;  

Brace, Spencer, and Carignan, 1963; Nagy, Brace, Carignan, and 

Kanal, 1963) and t h e  energy source  r e s p o n s i b l e  may a l s o  be 

a sou rce  of e x c i t a t i o n  of t h e  r ed  l i n e .  

7. E lec t ron  impact e x c i t a t i o n  

7 . 1  Thermal e x c i t a t i o n .  It h a s  been po in ted  o u t  (Dalgarno, 
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i 

1964b) t h a t  a r i se  i n  t h e  tempera ture  of  t h e  ambient e l e c t r o n  

gas w i l l  be  accompanied by  an enhancement of t h e  r ed  l i n e .  

Spencer,  Brace, and Carignan (1962) and Brace, Spencer,  and 

Carignan (1963) have presented  t h e  r e s u l t s  of measurements 

of  e l e c t r o n  d e n s i t i e s  and e l e c t r o n  tempera tures  from s e v e r a l  

r o c k e t  f l i g h t s .  I f  w e  assume t h a t  t h e r e  is no d e p l e t i o n  of  

t h e  high energy t a i l  of t h e  v e l o c i t y  d i s t r i b u t i o n ,  t h e  asso-  

c i a t e d  red  l i n e  emission r a t e s  may b e  e a s i l y  computed u s i n g  

ra te  c o e f f i c i e n t s  de r ived  from Seaton (1956). The emission 

r a t e s  and i n t e n s i t i e s  a s  f u n c t i o n s  of a l t i t u d e  a r e  shown i n  
- 10 

F i g s .  14 and 1 5  f o r  a d e a c t i v a t i o n  c o e f f i c i e n t  p= 10 

cm3sec-I  . 
I n  c a l c u l a t i n g  t h e  z e n i t h  i n t e n s i t i e s ,  it is necessa ry  

t o  e s t i m a t e  t h e  e m i s s i o n  a t  a l t i t u d e s  above t h o s e  f o r  which 

e l e c t r o n  t empera tu re  and dens i ty  d a t a  a r e  a v a i l a b l e .  W e  

have assumed t h a t  t h e  e l e c t r o n  g a s  i s  i so the rma l  and i n  d i f -  

f u s i v e  equ i l ib r ium a t  t h e s e  a l t i t u d e s .  The c o n t r i b u t i o n  of  

t h e  high a l t i t u d e s  t o  t h e  overhead i n t e n s i t y  is  about  30% 
\ 

f o r  f l i g h t  6.02, 20% f o r  f l i g h t  6.01, 5% f o r  f l i g h t  6.03,and 

O.l% f o r  f l i g h t  6.04. 

F l i g h t  6.01 w a s  f i r e d  from F o r t  C h u r c h i l l  on March 16 ,  

1960, du r ing  spread  F cond i t ions  and f l i g h t  6.04 w a s  f i r e d  

from Wallops I s l a n d  on March 3, 1961, d u r i n g  q u i e t  i onosphe r i c  

cond i t ions .  The r ed  l i n e  i n t e n s i t i e s  p r e d i c t e d  f o r  thermal  

e x c i t a t i o n  a re  4.1 k R  and 0.79 k R  r e s p e c t i v e l y .  T h e  a l t i t u d e  
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p r o f i l e s  are  markedly d i f f e r e n t ,  t h e  emission ra te  f o r  f l i g h t  

6.04 peaking a t  220 km and decreas ing  r a p i d l y  and t h a t  f o r  

f l i g h t  6.01 vary ing  l i t t l e  from 220 k m  up t o  a t  l eas t  320 k m .  

F l i g h t  6 . O 4  p rovides  an i n t e r e s t i n g  c o n t r a s t  t o  f l i g h t  

6.02 which w a s  f i r e d  from For t  C h u r c h i l l  on June  15, 1960, 

a l s o  du r ing  q u i e t  ionospher ic  cond i t ions .  F l i g h t  6.02 is 

a c t u a l l y  ve ry  s i m i l a r  t o  t h e  spread  F f l i g h t  6.01 with a pre- 

d i c t e d  i n t e n s i t y  of  4.9 k R  and a n  emission r a t e  v a r y i n g  l i t t l e  

from 225 k m  up t o  a t  l e a s t  280 k m .  

F l i g h t  6.03 w a s  f i r e d  from Wallops I s l a n d  on August 3, 

1960, fo l lowing  a pe r iod  of magnetic d i s tu rbance .  Below 

250 k m  t h e  r e s u l t s  are similar t o  t h o s e  f o r  t h e  q u i e t  iono- 

sphe re  Wallops I s l a n d  f l i g h t  6.04. However, the .6 .03  emission 

r a t e  is enhanced a t  g r e a t e r  a l t i t u d e s ,  wi th  a second maximum 

a t  310 k m  and a r e l a t i v e l y  slow dec rease  above t h i s  a l t i t u d e .  

The p r e d i c t e d  i n t e n s i t y  f o r  f l i g h t  6.03 is 1.2 kR.  

The day time e l e c t r o n  tempera ture  is  ve ry  s e n s i t i v e  to 

s m a l l  d i s t u r b a n c e s  and it appears  t h a t  t h e  i n t e n s i t y  and t h e  

a l t i t u d e  dependence of  t h e  r ed  l i n e  may be  still  more sens i -  

t i v e .  Thus an i n c r e a s e  i n  e l e c t r o n  tempera ture  of 10% d u r i n g  

f l i g h t  6.04 would raise t h e  p r e d i c t e d  r ed  l i n e  i n t e n s i t y  from 

0.79 k R  t o  2 . 1  k R .  The combined p r o f i l e  due t o  such a r b i t r a r y  

thermal  e x c i t a t i o n ,  t o  Schumann-Runge p h o t o d i s s o c i a t i o n  wi th  

Ts = 4610K and t o  i o n i c  recombination wi th  f = 2 is  i n  harmony 

with t h a t  observed by Zipf and F a s t i e  (1963),  a s  F i g .  16  
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demonstrates .  T h i s  model r e c o n c i l e s  t h e  o b s e r v a t i o n  of Zipf 

and F a s t i e  wi th  Noxon's (1963) upper l i m i t  on t h e  i n t e n s i t y  

a t  F o r t  C h u r c h i l l  i f  w e  assume t h a t  e lectron impact e x c i t a -  

t i o n  was n e g l i g i b l e  a t  t h e  t i m e  of Noxon's measurement. 

The ve ry  high i n t e n s i t i e s  of t h e  o r d e r  of 40 kR observed 

by Noxon and Goody (1962)  and by Ja r re t t  and Hoey (1963) can 

be  a s c r i b e d  t o  thermal  e x c i t a t i o n  by e l e c t r o n s  wi th  a tempera- 

t u r e  i n  t h e  reg ion  of 4 O O O K .  Such h i g h  t empera tu res  have 

been de tec t ed ,  bu t  on ly  occas iona l ly ,  on Explorer  XVII (Brace 

and Spencer, 1964) and it is s i g n i f i c a n t  t h a t  ve ry  i n t e n s e  

r e d  l i n e  emission is  a l s o  a r a r e  phenomenon (Noxon, 1964).  

The Explorer  X V I I  da t a  show an  e a r l y  morning m a x i m u m  

i n  t h e  e l e c t r o n  temperature  (Brace and Spencer,  1964) ,  re- 

l a t e d  presumably t o  t h e  dawn effect  (Dalgarno and McElroy, 

1964b), and an e a r l y  morning enhancement of  t h e  r e d  l i n e  may 

b e  a r e g u l a r  f e a t u r e  of i t s d i u r n a l  v a r i a t i o n .  

S a t e l l i t e  obse rva t ions  (Willmore, Henderson, Boyd, and 

Bowen, 1964; Brace and Spencer, 1964)  show t h a t  t h e  e l e c t r o n  

tempera ture  remains h ighe r  t h a n  t h e  n e u t r a l  p a r t i c l e  tempera- 

t u r e  d u r i n g  t h e  n i g h t .  The t empera tu res  a r e  u s u a l l y  t o o  l o w  

t o  g i v e  r ise t o  s i g n i f i c a n t  t he rma l  e x c i t a t i o n  and t h e  in- 

t e n s i t y  a s s o c i a t e d  wi th  t h e  noc tu rna l  r o c k e t  f l i g h t  6.05 o f  

Brace, Spencer, and Carignan (1963) was a f r a c t i o n  of a 

r ay le igh .  However t h e  energy source  a s s o c i a t e d  w i t h  t h e  

h e a t i n g  of t h e  e l e c t r o n s  may c o n t r i b u t e  d i r e c t l y  t o  e x c i t a t i o n  
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of  t h e  r ed  l i n e  and it is i n t e r e s t i n g  t o  n o t e  t h a t  Ba rh ie r  

(1964)  has  suggested t h a t  about 20R of r e d  l i n e  emission 

is n o t  d i r e c t l y  c o r r e l a t e d  with t h e  normal ionosphe r i c  

parameters .  

A s i m i l a r  effect may occur du r ing  t h e  day. 

7.2 Non-thermal e x c i t a t i o n .  A major sou rce  o f  h e a t  

d u r i n g  d a y l i g h t  is t h e  f a s t  pho toe lec t rons  produced by 

pho to ion iza t ion  by s o l a r  u l t r a v i o l e t  r a d i a t i o n .  The photo- 

e l e c t r o n s  l o s e  energy through a complicated sequence of 

c o l l i s i o n  processes ,  one of which is e l e c t r o n  impact ex- 

c i t a t i o n  of a tomic oxygen t o  t h e  O( D )  s t a t e  (Hanson and 

Johnson, 1961 ;  Hanson, 1963; Dalgarno, McElroy, and Moffe t t ,  

1963 ; Dalgarno, 1964b). The r e s u l t i n g  a l t i t u d e  p r o f i l e  

w i l l  be s i m i l a r  t o  t h a t  der ived  f o r  thermal  e x c i t a t i o n  and 

t h e  i n t e n s i t y  may b e  of  t h e  o r d e r  of a k i l o r a y l e i g h  i n  

w h i c h  c a s e  t h e  importance of thermal  e x c i t a t i o n  i n  t h e  i n t e r -  

p r e t a t i o n  ( F i g .  1 6 )  of t h e  observed p r o f i l e  (Zipf  and F a s t i e ,  

1963)  must be  correspondingly diminished.  

1 

8. Conclusions 

Noxon's obse rva t ion  t h a t  t h e  i n t e n s i t y  of t h e  red  l i n e  

a t  a z e n i t h  angle of 80' i s  less t han  2 k R  p l a c e s  s e v e r e  

r e s t r i c t i o n s  upon t h e  c o n t r i b u t i o n s  f r o m  p h o t o d i s s o c i a t i o n  

of molecular oxygen and f r o m  recombinat ion of molecular  i o n s .  
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FIGURE LEGENDS 

Figure 

1. 

2. 

3. 

4. 

5. 

Comparison of the model atmospheres with mid-year 

daytime maximum satellite drag densities 

(King-Hele, 1963; Jacchia and Slowey, 1964; 

Bryant, 1964) . 
Dependence on altitude of the rate of production 

1 of O (  D) atoms by photodissociation of O 2  

for the 750' low O 2  model atmosphere with 

Ts = 4500K. 

values of solar zenith angle, 0 .  
Results are shown for several 

Dependence on solar zenith angle of the intensity 

which results from the photodissociation of 

O2 with Ts = 4500K. 

several atmospheric models and several values 

of the deactivation coefficient, f . The 

upper limit imposed by Noxon's (1963) ob- 

Results are shown for 

servation is indicated. 

Dependence on altitude of the emission of ,46300 
which results from the photodissociation of 

02. 

model atmosphere with Ts = 

3 -1 cm sec . 

The results are for the 750° low O2 

-10 
l1500K and/8= 

Dependence on altitude of the zenith intensity which 

results from the photodissociation of 02. The 
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FIGURE LEGENDS -- Continued 

Figure 

results are for the 750' low O2 model atmosphere 

with Ts = 4500K and p = 10-~~cm3sec-~ . 
6. Dependence on altitude of the ion production rates for - 

the 750" low O 2  model atmosphere. 

7. Dependence on altitude of the rate of production of 

O('D) atoms by the dissociative recombination of 

O2 
+ for the 750' low O 2  model atmosphere. 

8. Dependence on altitude of the rate of production of 
1 O (  D) atoms by the dissociative recombination 

of NO + for the 750' low O2 model atmosphere. 

9.  Dependence on altitude of the emission of A6300 

which results from the dissociative recombina- 

tion of O2 
+ for the 750' low O2 model atmosphere. 

10. Dependence on altitude of the zenith intensity which 

results from the dissociative recombination of 

O2 
+ for the 750' low O2 model atmosphere. 

11 . Dependence on solar zenith angle of the intensity 

which results from the dissociative recombina- 

tion of O2 for several model atmospheres with + 

p= 10-10cm3sec-1 and f = 2. 

12 . Comparison of the data of Zipf and Fastie (1963) with 

the theoretical intensities at e= 60' which 

9 result from photodissociation and ionic recom- 
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FIGURE LEGENDS -- Continued 

Figure 

B =  bination. A l l  three models use f = 2 and 

10-~~cm3s ec-'. 

1 3 .  Comparison of the data of Zipf and Fastie (1963) with 

theoretical intensities at 

photodissociation and ionic recombination for 

models which lead to an intensity of 2 kR at 

8 = 60° due to 

8 = 80'. The calculations assume f = 2 and 

p = 10-~~cm'sec-~. 

which results from excitation by thermal electrons 

14. Dependence on altitude of the emission of X63OO 

for four measured profiles of electron tempera- 

. ture and density (Spencer, Brace, and Carignan, 

1962; Brace, Spencer, and Carignan, 1963). The 

results are for the 750' low O2 model atmosphere 

with /8= 10 cm sec . -10 3 -1 

1 5  Dependence on altitude of the zenith intensity which 

results from excitation by thermal electrons 

for four measured profiles of electron tempera- 

ture and density (Spencer, Brace, and Carignan, 

1962; Brace, Spencer, and Carignan, 1963). The 

results are for the 750' low O 2  model atmosphere 

with = 10-10cm3sec-1. 

16. Comparison of the data of Zipf and Fastie (1963) with 

the theoretical intensity which results from 
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FIGURE LEGENDS -- Continued 

Figure 

the combination of photodissociation with Ts 

= 4610K, ionic recombination with f = 2, and 

electron excitation given by the profile calcu- 

lated for flight 6.04 enhanced by a factor of 

2.7. 

low O2 model atmosphere with p= 10-~~cm3sec . 
The theoretical results are for the 750' 

-1 
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