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. I  

Excitation of the Auroral Green 

Analysis of Two 

To M, DONAHUE, T, 

9 Line by Dissociative Recombination of 0 

Rocket Experiments 

2: 

PARKINSON and E. ZPPF 
The University of Pittsburgh, Pittsburgh, Pennsylvania, U. S. A, 

W. G o  FASTIE and R. E. MILLER 
The Johns Hopkins University, Baltimore, Maryland, U. S. A. 

Analysis from photometric and electron f l u  data obtained 

during two sounding rocket auroral experiments has yielded volume emission 

rates for the N:(O-O) First Negative Band and the 01( S - ?l)) green line 

among other emission features. It is shown that excitation of the green 

line by electrons would require a cross section an order of magnitude 

larger than expected, 

shown that dissociative recombination can account for the entire green 

line emission if one fifth of all 0; recombinations excite the S state. 

This i s  the laboratory measured value. 

mechanism can describe the relative variation of A3914 and A5577 in time 

varying auroras. 

1 

+ From a calculation of the O2 production rate it is 

1 

Analysis also shows %hat this 



1. INTRODUCTION 

The purpose of t h i s  note is t o  report  some evidence w e  have 

obtained from rocket experiments tha t  the auroral  green l i n e  

O I ( l S  + I D )  

d issociat ive recombination of O2 ions. The evidence t o  be discussed 

w a s  obtained on twb of a series of rocket f l i g h t s  i n t o  auroras above 

x'5577 81 is  produced predominantly as a resul t  of the 

+ 

Ft.  Churchill,  Canada. During these f l i g h t s  data were obtained giving 

the  var ia t ion of the  brightness of se lec ted  l i n e s  and bands of N2,  

N2,  02, 0 and H as the rockets traversed the auroras. 

of the  f lux  and energy spectra  of auroral  electrons were a l so  obtained. 

.I 

+ +  Measurements 

Only the  results bearing most d j rec t ly  on the problem of the  mechanism 

responsible f o r  the  exci ta t ion of the green l i n e  w i l l  be discussed 

- here, We shall reserve t o  a l a t e r  detailed paper the  analysis of 

data r e l a t ing  t o  the processes t h a t  lead t o  exci ta t ion of other spec t ra l  

features of these auroras. 

2. EXPERIMENTS AND RESULTS 

On February 19, 1966 at 23h, 30m loca l  t i m e  Aerobee UA 4.162 w a s  
+ launched from Ft .  Churchill i n to  the post breakup yhase of a Class I1 

Aurora, The rocket carr ied f i l t e r  photometers which continuously 

measured the overhead brightness of A5577 [OI( S + 'D)] and 1 

A3914 [a;(B2L: * XI2+ ) I .  It was a l s o  equipped w i t h  a f i l t e r  wheel e 
photometer t o  observe three 01 l ines  a t  6300 R, 7774 

w e l l  as two N2 1PG bands at 6685 8 and 6765 i. Electron spectrometers 

yielded information concerning the f lux of electrons with energy above 

100 e V  (Doering, 1967). 

and 8446 as 



2 
I :  

From t h e  var ia t ion of zenith brightness w i t h  a l t i t u d e  the  rate 

of emission per un i t  volume of the l i n e s  and bands observed were 

obtained by di f fe ren t ia t ion .  The r e su l t i ng  r a t e s  f o r  the downleg are 

plot ted i n  Fig. 1. Almost ident ica l  r e s u l t s  were obtained during 

ascent even fo r  the details i n  the s t ruc ture .  The p r o f i l e  of t h e  

emissfon rate of ~6765 A N2 first pos i t fve  band is  typ ica l  f o r  t he  
0 

0 
N2 bands and the  01 l i n e s  at 7774 and 8446 A. The electron flux 

varied smoothly throughout t h i s  portion of t he  f l i g h t .  A t  o ther  times 

during the  f l i g h t  changes i n  column emission rates were c l ea r ly  correlated 

with changes i n  e lectron flux. Because of the appearance of the same 

bimodal s t ruc ture  i n  N: and A5577 emission a t  almost i den t i ca l  

a l t i t udes  during rocket ascent and descent, because the  other  emission 

features  have qufte another, bu t  common, var ia t ion w i t h  rocket a l t i t u d e  

and because no anomalies were noted i n  the electron flux w e  consider the 

aurora t o  have been reasonably stable i n  time during rocket t r ave r sa l  

of the 100-130 km region. The observed brightness var ia t ions may thus 

be regarded as s p a t i a l  and d i f fe ren t ia t ion  w i t h  respect t o  rocket a l t i t ude  

gives the  t r u e  gradients o r  volume emission r a t e s .  

Aerobee 4.163 w a s  launched February 16,  1967 at 22h, 18m l oca l  

t i m e .  The aurora it penetrated w a s  a diffuse glow which changed i n  

br ightness  several  times during t h e  f l i g h t .  The rocket car r ied  a f i l t e r  

wheel photometer designed t o  i so l a t e  the 5577 A l i n e ,  the 3914 A band, a 
0 0 

first pos i t i ve  band of N2 and two bands of t he  f irst  negative system of 

0:. It w a s  equipped with electron spectrometers designed t o  measure the  

spectrum, .the t o t a l  flux of electrons w i t h  energies above 2.0 e V  and the  
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f a s t ,  primary flux above 5 keV. 

which a l te rna te ly  observed above and below the rocket the brightness of 

t h e  2972 

and (4,2)  second posi t ive bands of N 2 ] .  

On board a l so  was an "up-down photometer" 

l i n e  (IS + 3P) of atomic oxygen [along wi th  the  (2 ,O)  ( 3 , l )  

The volume emission ra tes  f o r  the  green l i n e  and ( 0 - 0 )  first 

negative band obtained during t h i s  f l i g h t  are p lo t ted  i n  Figs. 2 and 3. 

With the  help of the  up-dawn photometer a small f luctuat ion observed 

between 115 km and 125 km during ascent has been removed. 

descent the up-down photometer ver i f ied  the  steadiness of exci ta t ion 

conditions i n  t i m e  down t o  105 km where a rapid decrease i n  the overa l l  

exc i ta t ion  r a t e s  occured. 

Figs. 2 and 3 as a function of  a l t i tude .  

During the 

The t o t a l  e lectron f lux  QT is  a l s o  p lo t ted  i n  

It is apparent from the figures that  the w e l l  known covar iab i l i ty  

' of A5577 and A3914 is  preserved at  a l l  a l t i t udes .  

s t r i k i n g  i n  f l i g h t  4.162 where the a l t i t u d e  d is t r ibu t ion  of exci ta t ion 

f o r  the N first positiire bands and the other 01 l ines  w a s  remarkably 

d i f f e ren t  from tha t  of the green l i n e  and the  (0 -0)  N2 band. This 

difference between the excitation probabi l i ty  of the  (0 -0 )  band on the  

one band and the 1PG bands and infrared 01 l i n e s  on the other is  

ascribable to changes i n  the  electron spectrum and the  more rapid 

var ia t ion  with energy of the cross sections for  exci ta t ion of the N and 

01 leve ls  involved. It i s  d i f f i c u l t  t o  avoid t h e  conclusion t h a t  

exc i ta t ion  of t h e  5577 A l i n e  m u s t  involve the  same s o r t  of cross sect ion 

as that of the 3914 1 band both i n  threshold and energy dependence, 

This is  par t icu lar ly  

2 
+ 

2 

0 



A model atmosphere has been assumed (Table 1) and t h e  

e f f ic ienc ies  of exci ta t ion fo r  t h e  emission features observed have 

been calculated as functions of a l t i t u d e  from the  relat ionship 

where Qi i s  the  volume emission rate and n 

atmospheric const i tutent .  

are p lo t ted  i n  Fig. 4. 

and the  column abundance of consti tuents i n  t h e  model t he  e f f i c i enc ie s  

f o r  t he  e n t i r e  atmosphere above 150 k m  were a l so  computed and marked 

on the  f igure.  It is  t o  be noted t h a t  t h e  probabi l i ty  of exc i ta t ion  of 

t h e  5577 A l i n e  per  atom of atomic oxygen is  a fac tor  of about 6 higher 

than t h a t  of exci t ing the  A3914 band per  nitrogen molecule. 

eff ic iency f o r  A5577 re la ted  t o  O2 i s  about f i v e  times as la rge  at  110 km 

as t h e  A3914 eff ic iency,  t e n  times as l a rge  at 130 km, and twenty times 

above 150 km. 

t h e  gensity of t he  appropriate i 

The ef f ic ienc ies  calculated f o r  f l i g h t  4.162 

From the res idua l  overhead brightness a t  150 km 

0 

The 

During the  4.163 f l i g h t  w e  have access t o  the  t o t a l  flux of 

electrons @ ( E  2 ev) .  With the help of t h e  values fo r  t h i s  f lux  an 

average cross sect ion for  exci ta t ion may be computed from the  re la t ionship  
T 

o r  
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These cross sections are p lo t ted  i n  Fig. 5. The average cross sect ion fo r  

exc-itation of 3914 ranges between 1 and 5 x 

very reasonable. 

computed a l so  seem qui te  normal except those f o r  excit ing the  5577 8 l i n e  

by electron impact on atomic o r  molecular oxygen. The cross sect ion 

related t o  atomic oxygen which is computed t o  be between 1 and 3 x 

cm2 is  a f u l l  order of magnitude too la rge  t o  accord w i t h  Seaton's (1956) 

calculated values. For O2 the  cross sect ion i s  reasonable at  l o w  a l t i t u d e  

only i f  the  average cross section f o r  dissociat ive exc i ta t ion  of the O( S) 

state from O2 i s  about equal t o  the t o t a l  ionizat ion cross sect ion of 02. 

But, above 150 km t h e  e f fec t ive  cross sect ion f o r  t h i s  process of cm 

seems much too high. 

2 cm which i s  cer ta in ly  

Cross sections f o r  other emission features  s imi la r ly  

1 

2 

+ 3. EXCITATION RATE OF O(lS0) by O2 RECOMBINATION 

The foregoing r e su l t s  a l locate  less than 10% of auroral  green 

l i n e  exci ta t ion t o  electron impact on atomic oxygen. While not c lear ly  

ru l ing  out dissociat ive excitation of O2 by electrons as a major source 

they render it very unlikely i n  view of *he l a rge  cross sect ion required 

and the  s t range increase i n  t h i s  e f f ec t ive  cross section with a l t i t u d e  

relative t o  t h a t  for A3914 excitation. 

a l t i t udes  t o  25 near 140 km and t o  125 above 150 km). 

t h a t  green l i n e  exci ta t ion l i k e  

ionizat ion.  

impact on O2 snd by charge transfer from N2 and 0 

recombination of O2 and an electron i n t o  O( S) and O( P) atoms. 

(The r a t i o  var ies  from 5 at luw 

"he data suggest 

A3914 exci ta t ion is  closely related t o  
+ The process suggested i s  formation of O2 by electron 

+ + fo l la red  by dissociat ive 

+ 1 3 (Dalg'wno 



and Khare, 1967). 

computed the  rate 

equated one f i f t h  

To t e s t  the adequacy of 

of production of O2 as a 

of t h i s  r a t e  t o  t h e  r a t e  

+ 
t h i s  mechanism we have 

function of a l t i t u d e  and 

of exci ta t ion of t h e  ( S) 1 

state of atomic oxygen. 

measured i n  the  laboratory by Zipf (1967) who has found tha t  one f i f t h  

af a l l  0 recombinations r e s u l t  i n  production of a 'S atom. 

The branching r a t i o  used i s  t h a t  recent ly  

+ 
2 
The procedure followed i n  t he  calculat ion was t o  multiply the  

A3914 emission r a t e  by 14 t o  obtain Q,, t he  r a t e  of ionization of 

ionizat ion of Ne.  

were assumed t o  be given by 

The r a t e s  of ionizat ion of oxygen and O2 by electrons 

and 

Where nl, n and n are the 0 ,  N,., and 0 densf t ies  respectively.  O f  

t h e  0 

t r a n s f e r  with a rate constant \ = 2 x 10 

changed t o  NO 

constant kc of 1.8 x 

between d 

2' 3 2 
+ + ions produced at a r a t e  Q1 a f r ac t ion  i s  converted t o  O2 by charge 

-11 3 cm /sec while t he  rest a r e  
+ as a result of ion-atom exchange with N2 w i t h  a rate 

3 crn /sec. The contribution of charge t r a n s f e r  
+ t and O2 t o  the O2 production rate is  given by 
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(Note tha t  t he  r a t i o  of the  reaction r a t e s  and dens i t ies  r a the r  than 

absolute values a re  involved i n  determining t h i s  f rac t ion  of Ql). 

Similarly f12 is rapidly converted i n t o  O2 and 0 

0 and ion-atom interchange w i t h  0 with rate constants k and k respect ively 

1 and 2.5 x 10-l' cm3/sec. 

negl igible  source of loss. 

way f o r  a f e w  se lec ted  a l t i t udes  i n  f l i g h t  4.162 a r e  given i n  Table 11. 

+ + + by charge t r a n s f e r  with 

2 a d 
+ (Dissociative recombination of N 

The rates of production calculated i n  t h i s  

i s  a 2 

Comparison of the  r a t e s  o f  'S exci ta t ion  calculated i n  t h i s  way 

with the  r a t e s  of A5577 emission observed i s  afforded on the  curves of 

Fig. 1, 2, and 3. A t  the  very lowest a l t i t u d e s  it i s  necessary t o  take 

i n t o  account quenching of t h e  

r a t e  t 6  the  emission rate. Use of a r a t e  coef f ic ien t  of 2 .1  x 10 

cm /sec (Zipf ,  1967) f o r  t h i s  deexcitation process leads t o  a reduction 

f ac to r  of 0.65 a t  100 km, 0 .81 at  105 km, 0.92 a t  110 km and 0.98 a t  

1 S s t a t e  by 0 t o  r e l a t e  the exc i ta t ion  2 
-13 

3 

115 km f o r  converting 'S exci ta t ion t o  A5577 emission r a t e s .  

consider t h e  s m a l l  divergences near the  top  and bottom of the  layers  

s ign i f i can t  because of t he  d i f f i cu l ty  i n  determining the  slopes of 

poorly defined curves for column emission r a t e  there .  

We do not 

A similar ca lcu la t ion  can be performed r e l a t ing  the  res idua l  high 
+ 

a l t i t u d e  A3914 column emission r a t e s  t o  column production rates of N2, 

thence t o  0 and A5577 column emission r a t e s .  

br ightness  at 130 km on ascent (4.163) is 3.0 kR t o  be compared with 

2 ~ ubserved, and at  150 km on descent (4.163) i s  2.1 kR compared 

w i t h  1.2 kR observed. It is t o  be noticed t h a t  the  emission rate of 

A5511 r e l a t i v e  t o  t h a t  of A3914 should increase slowly w i t h  a l t i t u d e  

+ The predicted overhead 2 
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according t o  t h i s  oversimplified model of ion production, transformation 

and loss. This is  because ionization of 0 becomes more important 

r e l a t ive  t o  t h a t  of N2 and t h e  r a t i o  of rate coeff ic ients  kc/kc i s  25 

times as large as the  r a t i o  ka/kd. Thus charge t r ans fe r  creation of 
+ + + 

0, from 0 more than compensates f o r  the decrease i n  d i rec t  O2 production 
c 

+ 
r e l a t ive  t o  N A t  200 km 

t ransfer  is' 1.33 times the 

2' 

times as large at  120 km. 

+ i n  the model usedthe 0 

direct  N production whereas it i s  only 0.3 

The predicted A5577 volume emission rate is 

production by charge 2 
+ 
2 

about 4.8 times the  A3914 r a t e  at  200 km compared t o  2.5 times a t  120 km. 

However, there  are many probable processes neglected i n  t h i s  calculation. 

Diffuslve loss rates which may become competitive with production rates 

above 150 km are neglected. 

rate coeff ic ients  f o r  t h e  0 loss reactions remains constant. If the  N2 

vibra t iona l  temperature increases with a l t i t u d e  t h i s  w i l l  not be correct  

and the  f rac t ion  of the  0 

may increase with a l t i t ude .  2 

develop during auroras indicates t h i s  may w e l l  be the  case. 

estimates of the 0 

high a l t i t ude .  

of N 

It i s  a l s o  assumed t h a t  the r a t i o  of t h e  

+ 

+ + produced which reac ts  with N2 t o  form NO 

The failure of a pronounced F layer  t o  

Sa our 
+ production rates may be considerably too high at 2 

To the extent t h a t  ion diffusion and vibrat ional  exc i ta t ion  

are important between 100 and 130 km these estimates are a l so  excessive. 2 
In  following the method of calculation used here it i s  not 

+ 
necessary t o  compute electron densi t ies  and O2 dens i t ies  nor t o  use 

absolute values for. the recombination coeff ic ient .  Recombination rates - 
and hence 'S  production rates - are d i r ec t ly  related t o  ion production 

rates. If standard values for recombination rate coeff ic ients  are assumed 
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the  ion and electron dens i t ies  can of course be computed by t h e  methods 

employed i n  ionospheric analysis.  

electrons f o r  the 4.162 f l i g h t  are shown i n  Fig. 7. 

densi t ies  computed agree i n  prof i le  qui te  w e l l  w i t h  these which have 

been observed i n  auroras. 

A3914 brightness.  

The predicted p ro f i l e s  of ions and 

The electron 

So does the  correlat ion between n (e )  and 

4. PHASE DIFFERENCE BETWEEN A5577 AND A3914 

It has sometimes been argued that  phase lags  between A5577 

and A3914 emission measured during f luc tua t ing  auroras exclude dissociat ive 

recombination as a major source of green l i n e  exci ta t ion (Omholt, 1967). 

This does not seem t o  us t o  be evident from published data. 

compared the var ia t ion of A5577 brightness and A3914 brightness given 

by Evans and Vallance-Jones (1965) w i t h  t h a t  t o  be expected on the  basis 

of a recombination mechanism. We f ind it possible t o  understand these 

observations i n  terms of combined time delays caused by a dissociat ive 

type decay of t he  source of O( S )  and a 0.75 sec l i fe t ime of t he  

state.  On the  other  hand it does not seem t o  us t h a t  those data can 
1 i n  f ac t  be fully understood i n  terms of prompt exci ta t ion of the *S state  

We have 

1 1 S 

simultaneous& with the  1st negetive band aqd exponential decay w i t h  t h e  

~ l ifetime of 0.75 seconds. A sample of the  observed data i s  i l l u s t r a t e d  

i n  Fig. 8. 

brightness is  considerably smaller t w ' t h a t  of h3914. 

expected for  recombination at reasonable rates but  not f o r  prompt 

exc i ta t ion ,  

between the  A3914 and A5577 emissions. 

It i s  t o  be noted that the r e l a t i v e  amplitude of the A5577 

This i s  t o  be 

The la t te r  s h o a d  produce e s sen t i a l ly  only a phase difference 
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In  terms of our proposed mechanism the  rate of 'S decay is  

given by 

n +  
- a ' n  n - - + 1 

d t  3 e  T 
- -  5* 

or 

dQ1 + 
d t  3 3 e - Q 1  T -  = a ' n n  

Where Q1 i s  the A5577 emission ra te ,  a '  the e f f ec t ive  recombination 

coeff ic ient  f o r  S exci ta t ion and T i s  the  e f f ec t ive  lifetime of the 

'S state ( taking i n t o  account quenching). 

is  t i e d  t o  Q,, the  A3914 emission rate,by a f ac to r  k so t h a t  the 

continuity equation f o r  n is  

1 

+ 
The n ion production rate 3 

+ 
3 

+ - = k Q 2 - a n  
d t  3 3 "e (9 )  

For s implici ty  w e  sha l l  assume t h e  re la t ionship 

(10) 
+ +2 

a3n3 "e = 

where a is  an ef fec t ive  r a t e  coefficient.  This assumption is not too 

gross according t o  the  indications of Fig. 7 where the density of 0 

dominates t h a t  of NO . Using t h i s  approximation Eq. ( 9 )  may be solved 

numerically f o r  n where the condition 

+ 
2 

+ 

+ 
3 

+2 = kQ2 (11) 30 an 
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+ gives the  value of n when Q2 has a maximum. With the  Variation of 3 
+ n 

solut ion of Eq. (8)  which i s  

thus obtained, the  r a t e  of 'S exci ta t ion may be obtained from the  3 

t' 

If we assume tha t  an30 + is  0.2 (corresponding, say t o  a % = 3 x cm 3 /sec 
+ %  

and n 

t h a t  observed. "he calculated var ia t ion i s  compared w i t h  t h a t  observed 

= 6 x lo5  we predict  a var ia t ion  i n  Q /Q very close t o  
30 1 10 

i n  Fig. 8. It seems therefore  tha t  the observed r e l a t i v e  var ia t ion  of 

A5577 and A3914 emission r a t e s  accord well  wi th  those expected on the  

basis of the recombination theory when reasonable values are taken f o r  

a and f o r  the average O2 dens i t ies .  
+ 

1 On the  other  hand i f  the  S s t a t e  is exci ted d i r ec t ly  by electron 

impact e i t h e r  on 0 or  0 t h e  continuity equation becomes 2 

dl 
= k'Q, - Q1/T 

f o r  which the solut ion i s  

(13) 

For the var ia t ion  of Q2 pictured i n  Fig.  8 and f o r  T = 0.75 seconds the  

predicted var ia t ion  of Q,, as shown, is  qui te  d i s t i n c t l y  different  i n  

amplitude and d e t a i l  from t h a t  observed. We consider,  therefore ,  t h a t  

these  observations support the  dissociation recombination as the exc i ta t ion  



12 

2' mechanism as opposed t o  one i n  which the exc i ta t ion  i s  i n  phase w i t h  Q 

5. CONCLUSIONS 

The r e s u l t s  reported here and t h e i r  i n t e rp re t a t ion  indicate(  t h a t  

i n  the  auroras s tudied almost a l l  of the  auroral  green l i n e  r e s u l t s  

from dissociat ive recombination of 02. 

t e n  percent of t he  integrated X5577 emission r a t e  can be a t t r i bu ted  t o  

d i r ec t  exc i ta t ion  of atomic oxygen by electrons.  We a l so  beldeve t h a t  

d i ssoc ia t ive  exc i ta t ion  of O2 is a minor source a l so  at most a l t i t udes .  

This follows because the  dissociat ive mechanism i s  adequate almost every- 

where t o  account f o r  the  observed emission r a t e s  and f o r  the  temporal 

behavior of A5577 and because the required e f f ec t ive  cross sect ion f o r  

t he  d i r ec t  d i ssoc ia t ive  process must be large and vary w i t h  a l t i t u d e  i n  

a way that  i s  d i f f i c u l t  t o  understand. O u r  r e s u l t s  support t he  proposal 

of Dalgarno and Khare (1967) that  t he  d issoc ia t ive  recombination 

mechanism might be important for 'S exci ta t ion.  

suggestion only t o  propase that it is  the dominant mechanism. 

difference between t h e i r  calculated contribution and ours l i e s  mainly 

i n  t he i r  taking a branching r a t i o  one fourth as l a rge  as the one used 

here f o r  d i ssoc ia t ive  recombination i n t o  the  S s t b t e .  Their calculated 

A5577 r a t e s  from dissoc ia t ive  recombination wauld be 50% higher than ours 

i f  we were both t o  take the  same branching r a t i o .  

f o r  UB t o  determine why t h i s  i s  so i n  the  absence of published d e t a i l s  

of t h e i r  method of computing ion dens i t ies .  

that  the  ac tua l  contribution t o  

more than half  as l a rge  as the  values they have calculated.  

+ 
We believe t h a t  not more khan 

We would modify t h e i r  

The 

1 

It is not possible 

I n  any event we bel ieve 

1 S exci ta t ion  by electron impact i s  no 

For a 
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Class I1 aurora t he i r  calculations suggest t h a t  col l fsonal  exci ta t ion 

of atomic oxygen produces about 0.4 times as much A5577 as A3914 below 

140 km. We suggest t h a t  it produces 0.2 times as much o r  less.  
+ Dissociative recombination of O2 as t h e  dominant mechanism f o r  

green l i n e  exci ta t ion has a l so  been advanced by Romfck and Belon (1967) 

as the  most na tura l  one t o  account f o r  t h e i r  observations of t h e  relative 

lateral and v e r t i c a l  d i s t r ibu t ion  of A3914 and A5577 i n  auroras. 

have not been able t o  sxrggest an a l te rna t ive  explanation but have regeeted 

the  one based on dissociat ive recombination on the  the  grounds t h a t  it 

would require an atmosphere too rich i n  O2 and t h a t  the observations of 

t i m e  lags  between A3914 and A5577 a r e  not compatible with it. 

paper w e  believe w e  have shown t h a t  nei ther  0f these obgections is 

compelling, We regard the  observations of Romick and Belon as strong 

support for  the  evidence introduced i n  t h i s  paper i n  favor of dissociat ive 

recombination as t h e  pr inc ipa l  mode of auroral  green l i n e  exci ta t ion.  

They 

In t h i s  
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FIGURE CAPTIONS 

Fig. 1. Volume emission r a t e s  and electron f lux  Q (greater than 0,1 Kev) 

f o r  downleg i n  1966, 

A5573* 

Volume emission r a t e s  and t o t a l  electron f lux  Q (greater than 

2eV) fo r  upleg i n  1967. Circles are the  calculated rates f o r  

X5579. Arrows show quenching correction. 

Circles are the calculated rates f o r  

Arrows show correction f o r  quenching. 

Fig.  2. 

Fig, 3. Volume emission rates and t o t a l  e lectron f lux  4 (greater than 

2eV) f o r  downleg i n  1967~ 

f o r  A5577. Arrows show quenching correction. 

Circles are  the  calculated rates 

Fig,  4. Excitation eff ic iency during upleg i n  1966. Values f o r  t h e  

res idual  emission above 150 km are shown on the r igh t .  

Effective cross sections f o r  exci ta t ion during upleg i n  1967. 

Values f o r  the res idus l  emission above 130 km are  shown on the 

r igh t  

Effective cross sections f o r  exc i ta t ion  during downleg i n  196Te 

Values f o r  the residual  emission above 140/km are sham on 

the right. 

Calculated ion densi t ies  f o r  the  1966 fl ight.  

Brightness i n  A3914 and A5577 reported by Ekans and Vallance-Jones 

(1965). Circles are A5577. Values calculated on the  basis 

of the dissociat ive recombination mechanism. Crosses are values 

calculated for the mechanism i n  which excitation of O(lS)  is 

proportional t o  the A3914 function and emission decays with a 

t i m e  constant of 0.75 scc. 

Fig. 5. 

Fig,  6 ,  

Fig, 

Fig. 8, 



TABLE I1 

4 3 Production Rates i n  10  per cm per sec 

Alt i tude Q2 Q3 Q1 &; Q; C Q3 [0*2 C Q31 Qobs 

+ + 
km N2 + O2 0 + O2 A 5577 

112 2.5 0.63 0.57 0.77 0.42 1.8 0.36 0.35 

120 0.31 0,093 0.12 0.07 0.09 0.25 0.50 0.50 

130 0.98 0.27 0.53 0.16 0.39 0.83 0.16 0.15 

135 0.17 0.05 0.1 0.02 0.07 0.14 0.04 0.05 
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TABLE I 

Model Atmospheric Densities and Column Densities above 150 km 

Altitude 
km 

Densities in particles per cm 3 

N2 O 2  0 



TABLE CAPTIONS 

Table I. Model Atmospheric Densities and Column Densities above 

150 km. 

Table 11. Ion Production Rates and A5577 emission rates during the 

1966 experiment e 
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