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ROCKET ~ ~ ~ S T ~ ~ T ~ O N  OF THE AURORAL GREEN LINE* 

T. D. PARKINSO **$ E. c. Z%PF 

University of Pittsburgh 

Pittsburgh, Pennsylvania 15213 

ABSTRACT 

Results obtained from rocket borne photometers, e lectron energy 

analyeers and ion mass spectrometers show t h a t  d i r e c t  exci ta t ion of atomic 

oxygen by auroral  electrons can excite only a small f rac t ion  of the auroral  

green l ine observed. 

recombination of 0; is shown t o  contribute only weakly to  the exci ta t ion 

of O( S) except at  high a l t i t udes ,  

exci ta t ion of O2 can account €or the major portion of the production, of 

O( S) i f  the cross sect ion for the process is of order 10 

Dissociative recombination supplements 

and produces about 10 per cent of the  t o t a l  emission. 

From measured ion d is t r ibu t ions  diasociat ive 

1 It is proposed here tha t  dissociat ive 

1 -16 2 c m  . 
t h i s  mechanism at  high a l t i t u d e  

*This work is based on a portion of the  thes i s  submitted by T. D. Parkinson 
t o  s a t i s f y  requirements f o r  the Ph.D. i n  Physics a t  the University of 
Pittsburgh. 

**Present address - K i t t  Peak National Observatory, Tucson, Atizona, U.S.A. 



le INTRODUCTION 

I per  published t al. (1968) 

the  ~ e s u ~ t s  o b t a ~ n ~ d  from a series of s o ~ n d i n g  rocket 

d ~ ~ @ c t ~ o n  f l u x  ia a 

xc i t a t ion  of the  2 S 

ciat+pe r e c o ~ i n a t i o n  of 02" i n to  O( P) and O (  S> 

of atomic oxygen i n  th 1 

3 1 

nts  were bas d on an appa r@n~ ord r of m a ~ i t u d e  

insuff ic iency i n  the f lux  of slow electrons avai lable  t o  excite atomic 

rgy d i rec t ly ,  on the Parge and a1 cross see t fon  tha t  

would be needed f o r  t h  d issoc ia t ive  process 

and on the obsemation tha t  the  rate of production of 0; eafeula t  

f o r  an atmosph@~ic model f n  which composftion and temperatures wex 

"normal" was approximately f i v e  times the IS exci ta t ion  rate at  a19 

l t f tudes .  Since laboratory measurements of the  rate of productfon of 

O (  S) i n  d issoc ia t ive  recombination of 02"' a t  tha t  t i m e  indicated t h a t  

resul ted in t he  f o ~ a t i o n  of a S 

1 

eney percent of a l l  x 1 

tom (Zipf,  1967) the ~ e c o ~ i n a ~ i o n  mechanism seemed t o  be soundly 

orted,  Furehexmore, Dalgamo and Khare (1967) had shor t ly  before 

n tha t  t he  energy loss of slaw secondary lectrons t o  thermal 

i c  electrons i n  an aurora would compete strongly wfth exc i ta t ion  

of atomic oxygen. 

~ e ~ o ~ i n a t i ~ n  should b 

These authors a l so  proposed tha t  dissociatfve 

a major source of green f i n e  x e ~ e ~ t i o n  but  used 
1 a smaller branching rati  h t o  the  S channel than did Donah 

(1968) 
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l i d i t y  of t h i s  

rat quadrupole ion payload of a j o i n t  
I 

(~~~ 4.217 UA) launch 

ccordance with 

d in$o a qui  t post break-up d i f fuse  

r i t  w a s  equipp~d with a three 

F d t o  ead emission 
0 

irsa: n e g a ~ f ~ @  (0-0) b d a t  3914A, the 01 auroral  
0 0 

ctron ener P system i so la t ing  

otometer completed the 

Kiments i n  th 

The resu l t s  of the ion composition measurements have been 

reported i n  the pap g ehis  one, (Donahue e t  al. 1969). They 
f 

O2 density to  11 order of magnitude smaller than 

expected from normal models of composition, temperature and chemistry i n  

the region where most of the green l i n e  radiat ion occurred. The var ia t ion  

product of elect density and 02+ densrity with a l t i t u d e  does 

not resemble a t  a l l  t h a t  of the 5577A volume emission rate. Further- 
0 

1 rate constant of O( S) production i n  
4- on of O2 may be only about ha l f  as large as 

th et al. (1968). For these reasons i t  is clear 

ina t ion  c ~ n ~ ~ i b u ~ e  8ey l i t t l e  to  green l i n e  productton 

except i n  the high a l t f t u d  

i t  might be responsible f o r  more than ha l f  of the loca l  exci ta t ion.  

portion of the  aurora where - near 150 km - 

We are forced, t h e r e f o ~ e ,  t o  re xamine other  modes of excitation. Since!, 

w e  s h a l l  again emph i z @ 9  d i r e c t  xc i ta t ion  of atomic oxygen by 
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electron impact seems t o  remain an inadequate source, the dissociat ive 

exci ta t ion process must be advanced as the most promising candidate for  

the pr inc ipa l  ro l e  i n  producing the green l i n e  i n  auroras. 

f o r  t h i s  mechanism are improved by the observation tha t  O2 

over as the  main source at high a l t i t udes ,  thus removing the pathological 

requirements on the a l t i t u d e  dependence of the dissociat ive exci ta t ion 

The prospects 

may take + 

process noted by Donahue e t  al. (1968). 

t o  determine what magnitude the cross sec t ion  f o r  dissociat ive exci ta t ion 

I n  t h i s  paper w e  s h a l l  attempt 

of O2 by electrons must assume i f  i t  is t o  produce the green l ine  prof i les  

observed i n  our experiments. 

2. OBSERVATIONS 

We s h a l l  begin by returning t o  the r e su l t s  obtained i n  

February, 1967 (NASA 4.163 UA) which were a l s o  discussed by Donahue 

e t  al. 

from Fort  Churchill recorded the  overhead brightness of the 01 55778 

l ine ,  the N C  3914; band, the (2-0) and (1-0) f i r s t  negative bands of 

0; a t  5279; and 5618; and the (4-1) f i r s t  posi t ive band of N An electron 

spectrometer obtained the energy spectrum of electrons from 2 e V  (nominally) 

(1968). A f i l t e r  wheel photometer abaard the  rocket flown then 
0 

2 "  

t o  1000 e V  between 97 km and 105 km on upleg and the t o t a l  f l u x  of electrons 

above 2 e V  thereaf ter .  An up-down w photometer enabled us t o  make a t  

least p a r t i a l  correction f o r  small var ia t ions i n  luminosfty caused by 

temporal or hor izontd  s t ruc ture ,  

t o  the up-dawn photometer and the electron spectrometer, occured above 

One such var ia t ion  which, according 

the rocket w a s  observed between 112 and 122 km during ascent. 

The integrated emisston rate of the d i f fuse  arc remained other- 

w i s e  steady a t  12  kR during the up-leg. 

apogee and then s lowly decreased by a f ac to r  of about 3 as the  rocket 

It rose to  24 kR j u s t  after 
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descended from 130 km t o  105 km. These var ia t ions were recorded i n  the 

sum of the upward and downward looking s igna ls  obtained by the up-dawn 

photometer and seem t o  be correlated a l so  with similar changes i n  e lectron 

f lux  (Fig. 3 1. 

Local volume emission rates were obtained from the integrated 

overhead emission rate curves by d i f fe ren t ia t ion ,  The r e su l t s  are shown 

i n  Fig. 1. 

descent the downleg curves underestimate the emission rates below 130 km 

and should not be regarded as val id  representations of steady state 

emission rates. 

Because of the presence of a temporal var ia t ion  during 

The energy spectrum of the auroral  electrons a t  105 km on 

ascent is shown i n  Fig. 2. 

similar t o  th i s  one. 

of 2.5. 

Spectra obtained a t  100 km and 103 km are 

A t  97 km the integrated f lux  w a s  lower by a fac tor  

B e l o w  10 e V  these spectra  must be regarded as only poorly 

re f lec t ing  the ac tua l  energy d is t r ibu t ion  outside the space charge sheath 

around the rocket. The rocket i t s e l f  has an unknown poten t ia l  of several  

vo l t s  with respect t o  the plasma. The cyclotron radius of slow electrons 

i n  the terrestrial magnetic f i e l d  ( 6  cm a t  1 eV) is  not small compared 

t o  the radius of the  hemispherical electrodes used i n  the analyzer. 

It is  d i f f i c u l t  t o  see, however, i n  what way the e f f ec t s  of these 

perturbations could mask gross s t ruc ture  i n  the  ac tua l  e lectron spectrum. 

Xn par t icu lar  there  seems t o  be no evidence for a depletion of f lux  above 

6 e V  corresponding to  loss of electrons capable of exci t ing the A 

state of N2 (Rees e t  al.,  1967). 

3 +  
Cu 

3. EXCITATION PROCESSES 

The electron anergy spectrum shown i n  Fig. 2 can be represented 
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by a power l a w  i n  the form 

0 

We have used t h i s  f l u x  t o  compute the rate of exci ta t ion of the  3914A 

N: band at 105 km. 

The nitrogen density is taken from the model given i n  Table 1. The 

cross sect ion used is  tha t  obtained by McConkey e t  al. (1967) and the 

f ac to r  of 4+ implies an assumption of isotropy i n  e lectron f lux  above 

threshold f o r  exci ta t ion of the B Cu state of N2 . The r e s u l t  of t h i s  

computation f o r  ~ ( 3 9 1 4 )  is a value 6,2 t i m e s  greater  than t h a t  observed 

and p lo t ted  i n  Fig. 1, We have concluded t h a t  ca l ibra t ion  of the electron 

energy analyzer w a s  i n  error by a large amount. 

2 +  + 

There is no reason to  

mistrust  the energy dependence above 20 e V ,  however. I f  w e  assume tha t  

the shape of the spectrum as observed f s  correct ,  but tha t  the absolute 

scale m u s t  be  adjusted t o  give agreement with the  observe& 3914A excftat ion 

rate, the constant B i n  equation (2) becomes 2 x 10 electrons/cm sec 

0 

9 2 

sr eV,  At 105 km ~ @ ~ t r ~ ~ ~  with @ ~ ~ r g ~ ~ s  above 2 eV, 

l l zed  t o  br ing t h  exc i ta t ion  rate produced by electrons with 

the measured energy dependence i n t o  agreement with the observed value 

of E ,  was 4.8 x 10 cm sec The f lux  above 20 e V  was then 1.8 x 8 -2 -1 

-1 lo8 cmm2 sec 

The average cross ~e~~~~ f o r  exc i ta t ion  of the N: f i r s t  

negative (0-0) band can b calculated when the  electron f l u x  has the 
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of equation (2) from 

(3914) 

-17 2 The cross sec t ion  calculated i n  t h i s  way is 1.0 x 10 c m  

I f  the f l u x  above 20 e V  i o  dsffn 

n 

then 

been 

f lux  

i t  follaws from equatfons (3) and (4) %ha% 

B 

f f fe iency  of 3914A band exc i ta t ion ,  E (3914) /n(N2) has 

calculated f o r  a l l  a l t i t u d  s throughout the f l i g h t ,  

above 20 eV has been computed under the  assumption t h a t  a" (which 

Then the t o t a l  

is t o  say the e rgy d@pende~ce of the flux) remained constant at 
- 2  em I n  eomguting e f f i c i e n e i  rogen d @ n s ~ ~ i e s  w e r e  taken from 

veloped by Z%pf (1967) from op t i ca l  

i n  t h i s  model ov f a l t i t u d e s  of i n t e r e s t  

e which would be ob ta~ned  f other  models such 

d Walker (1965), B 120 km the  model w a s  smoothed 

and Francis (1966) Althou 

ng the  1968 @ ~ e ~ f ~ n  

c iab le  d f € € @ r e n e ~  in model d e n s i ~ i s s  below 170 km 

b @ ~ @ e n  tho 1967 and 1968 experiments, 
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V computed from equation (6) is plot ted 
2 5x3 Ffg,  3. This f l u x  wh d by cm is simply a m@a~ur@ 

f a  per t a rge t  

$,( > 20 e V )  is c o ~ p ~ ~ ~ ~  t o  the  ffgure with the m e  

e l e ~ t ~ o n  f lux  above 2 gzV. B e t ~ e e ~  104 

fency remains fly constant - 
d t o t a l  flux. Near apogee the affic 

a p p a ~ e R ~ l y  increases and d 

high. #T( > 20 eV)  fs a b o ~ ~  

ove 2.30 km OR descent as it w a t  105 km d u r ~ n ~  

Be low 130 km OR the  dawnleg the apparent efficfency drops more 

observed f lux  t o  et l eve l  which is roughly i n  agreement 

cent. 

rapidly than th  

with that obtained f o r  the ratio of these two quantf t iss  a t  low a l t i ~ u d e  

during ascent. €I ever9 the gen rap weakening of t h  aurora during t h i s  

period renders our method of computing E: and hence $,( > 20 eV)  suspect, 

was mentioned above the c o ~ ~ t e ~  values fo r  these two quant%tf 

ess, i n d 5 c a t f o ~  are t h a t  ghe f lux  is mor 

c t o r  of 3 in xcftfng the (0-0) first neg 

130 km than is: is near 105 km. Thfs might be ascribed t o  

s of Cp,( 20)/CpT( 2) found betwe 

w e d  a t  low a l t i t ude  durfng aesc 

a p p e a ~ s  to be more ~ @ f ~ ~ c i e n  

ncy f o r  green l f n  xcf ta t ion  by the 
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l eg  of this f l i g h t  by e ~ a l u a t i o n  of the 

quenching f ac to r  Q w a s  evaluated with the use of a rate constant 

3 1 f 2,1 X CEl SCeC-l (Zipf 1967) f o r  cQllfSfOn bemeen O( S)  and 

02" Q w a s  0.96 at 110 km, 0-91 at 105 km and 0,81 ae 101km. 

%ion eff ic iency w a s  a l so  comput~d from the observed (bu 

Th 

efeekron d i f f e r e n t i a l  energy spectrum 

P(557710) = 41r (P(E) a(E) dE s (9) 

where the i ~ t @ ~ r a t i o n  r ge was between threshold and 54 eV. 

t i on  f o r  ~ ~ c i t ~ ~ i o n  of O (  S) was thae ca lcu la t  

The C ~ Q S S  

1 e t  ale (1968). 

Q b s e ~ e d  and comput s are compared in Fig. 4. Only 

n 2 eV and 20 eV by a f ac to r  

IO0 and 30 could 

1 a g r e e ~ ~ n t ~  A P t s p n  t i ve ly  an f~e reas  

actor  of varying beltween 100 and 30 would accomplish 

i f f ~ c u l ~ y  which Ped D ~ ~ ~ u @  e t  al. (1968) to 

r p ~ ~ ~ e s s ~ s  i n ~ Q l ~ ~ g  col l i s ions  be een high energy 

1 
80UKCQS for s xcitation, The process which ehey C o ~ ~ d s ~ ~ d  
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. Subsequent t i o n  of 0; was t o  produce 

1 

limfnated 02' as a source except at  high a l t i tudes .  We s h a l l ,  

the  O (  S) atoms observed. H ion mass spectrometer data  now 

by equation (1) e 

I n  Figs. 5 - 7 we show the av c t ion  f o r  t h i s  

as evaluated from th 

t o t a l  f l u x  is t h a t  computed from the  eff ic iency f o r  production of 

the (0-0) first negative N; band. Hence t h i s  average cross sec t ion  

can be regarded as measuring the r a t i o  of the e f f i c i enc ie s  f o r  production 

of O( S) from O2 and the  N2+ 3914; band from N2" This r a t i o  is J u s t  l 

2 a(5577) divided by 1O- l '  cm As i l l u s t r a t e d  i n  Figs, 5 - 7 the  average 

cross sec t ion  has been computed f o r  both legs  of the 1967 experiment 

d f o r  the  upleg n 1968. The trend i n  a l l  t h r e  cases is almosc 

ident ica l .  

constant with a l t i t u d e  is ca l led  for up t o  about 130 km. 

A value of lomf6 cm2 (or  an eff ic iency r a t i o  of 10) almost 

Above 3130 km 

f f i d e n c y  must inereas  to  about 30 (3 x cm2) a t  

145 km i f  t h i s  is eh so le  important channe~  f o r  green l i n e  p r o ~ u c ~ i o n ~  

It w a s  t h i s  high a l t i t u d e  increas  which led  Donahue 

(1968) t o  r e j e c t  t h i s  mechanism i n  favor of d i ssoc ia t ive  recombination. 

M o w ,  on the other  hand, kraow t h a t  d i ssoc ia t fv  recombination can 

contribute ins igni f i can t o  the exc i ta t ion  of 'S at  low a l t i t u d e s  but 

its po ten t i a l  importance becomes s ign i f i can t  above 130 km. Sh 

%g. 7 is thc  0 ns i ty ,  the t o t a l  ion  de d the product 
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ured during the up-leg of the 1968 f l i g h t .  Also shown 

i n  ehe f igure  fs cont ribu t ion  d issoc ia t ive  reco ina t ion  must 

e ~ ( 5 5 7 7 )  ff the  cros on ;(55771O2) - o r  the 

8s - is t o  ram 

1 

3 -1 

It is clear t h a t  nstetnlb: f o r  production of O( S) 

i n  d i ssoc ia t ive  recombination of 0; is of the order of cm sec 

t a major f r ac t ion  of the green l i n e  production above 130 k m w i l l  
4- come from O 2  recombinatton. Since the most recent measurements ind ica te  

3 -1 order of 2 x cm sec f o r  t h i s  rate constant at 

(Zfpf, 19691 the  requirements are reasonable i f  the electron 

tune is elevated t o  values of lOOO*K o r  higher. Because of t h  

i n ~ c ~ u r a c y  i n  determining the gradfent of the overhead brightness curves 

t o  determine the emission rate and the  unknown recombination branching 

atio fnto t he  O (  S) tenan at high electron t e ~ e r a ~ u r e s  i t  would no t  x - 

be worthwhile t o  t r y  t o  assess the  r e l a t i v e  contributions of the  two 

processes a t  high a l t i tude .  

I n  Figs. 5 and 6 are shuwn the average cross sect ions f o r  
9 excftat ion of the  O2 

aurora. 

at  low a l t i t u d e  and the absence of a high a l t i t u d e  increas 

(1-0) and (2-0) f i r s t  negative bands i n  the 1967 

The s imi l a r i t y  in the  behavior of these curves t o  G(5577 IO2) 

such as occurs 

f n  z ( 5 5 9 7 )  suggests t ha t  i t  makes sense t o  regard O2 

the  O2 

@xct ta t ion  of the green l i n e  

a;he source of 

4- 1 and O (  S) rad ia t ion  %except f o r  a high a l t i t u d e  component i n  the 

I f  the pos tulated recombination contribution t o  the  green l i n e  
B 0 

is removed the r a t i o  of the integrated 55978 t o  3914A emission rates is 

about 1.7. I f  the d issoc ia t ive  exc i ta t ion  process is the  source of the  

1 then it  occurs wfth a frequency about 10 percent s fdua l  S e x c i t a t i  
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tion of M p  or about 7 p rcecsat of the t o t a l  atmosph pic ionizat ion 

Its eff ic iency,  hawev r ,  would be aboug half t h a t  f o r  ionizat ion rate, 

of 02' Clearly t h i s  is a s t i f f  ~ ~ ~ u ~ ~ @ m e ~ t ~  but  w e  see no r 

tive t o  t h i s  mechanism. An average cross sect ion for a l l  co l l i s iona l  

dissociat ive processes leading ts the 'S %e B of 0 of the order of 

required A laborato 

l rt of the Q( S) in an $ora while dissociat ive recombination 

ces about ten p r e e n $  of the Eotal mainly at high alt%tude seems 

t o  be reconcilable with most reported features  of green l ine radiat ion 

t al. (3.968) show d t h a t  some results reported 
0 

by Evans and Vallmce Jones (1965) f o r  the phas s h i f t s  between 5577A 

ng auroras could b explained i n  tern of 

the time cons t ~ n ~ ~  charactebfst ic  of d i ssoc ia t ive  recombination. There 

re9 however, many other cases of f luctuat ions r ported i n  the  l i t e r a t u r e  

i n ~ ~ c ~ t i n g  tha t  the delay is d wfeh the rad ia t ive  l i fe t ime of 

by electrons is the 

ry 8ource of excft ned fu r the r  da ta  

s u ~ p o r t ~ ~ g  fthesQ conclus%osns (P t al.,  1969). It 

~ F p r o ~ ~ h  used by Don 968)  t o  expl 

ce Jones (31965) 

seen whether t he  dual source mechanfsm proposed 

ccount f o r  the 

ratfo of 55798 bg.%gh 
0 
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rcs. Since th t o t a l  ion  production going t o  produce 

0; is height dependent and since d i f fus ive  loss of ions may be important 

borders of arcs the r  em t o  be a poss ib i l i t y  t h a t  a 

explain th  E varying ratgo of th s of 8(  S) production 

phenomenon ~ e p o r t e d .  
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Fig, 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5 .  

Fig. 6. 

Fig.  7. 

FIGURE C s 

s s i ~ n  rates observed during f l i g h t  4.163 UA, Ft. 

Churchill,  1967. 

d on f l i g h t  4.163 UA, 1967 

f l i g h t  cal ibrat ion.  

so l id  l i ne  is the s to  be the t o t a l  

f l u x  of e l e ~ t r o n s  with 

t is a f~tcltor 

d, The X's show %he f lux  with energy greater than 

20 eV calculated from the A3914 s ignal .  

fficiency as obsewsd i n  the upleg of the 1967 

experiment and as ca lcu la t  d f o r  a d i r ec t  impact 

1 using the measured electron f lux  and the  ~ P Q B S  sec t ion  

o f  Henry et al. (1968). 

Average exci ta t ion cross sect ions ca1cu1ated f o r  t h e  upleg of 

xperiment. Of ~ ~ o r t a n c ~  is th r e l a t ive  increase 

for dfssocfa ion relative t o  t h a t  for %he f i r s t  negativ of 

e The errors at  145 km are expect 

Cross ~ e c t i ~ m  calculated for d l eg  of the  1967 experiment, 

( f l i g h t  4.163 UA). 

Volume emission rates observed by the I968 experiment ( f l i gh t  

4.217 UA) on the up leg. 

and 0: ion density. The CKOSS sect ion needed for dissociat ive 

exc i ta t ion  of the O( S) state is a l so  plotted.  The shaded area 

shows t h a t  portion of the  green l i n e  due to  dissociatfve 

recombination of O2 

Also shown is the electron density 

1 

9 



0 

Figure 1 



I 

IO 100 1000 
ELECTRON ENERGY (eV) 

Figure 2 



_. 

I967 UA 4.163 DOWN 

x 
L 

X 

x 



F' calculated. fOF O+e+O('S)te 

I 

Figure 4 



t 

Figwe 5 





Figure 7 


