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Abstract 

The relative emission rates of the auroral N positive and 2 

as measures of the differential electron flux 

due to the remarkable differences in electron 

Observations of aurora over the years have 

+ N2 systems can 'be used 

distribution function, 

excitation functions, 

suggested that the four maJor systems are excited mainly by electrons, 

In the present work, calculations of relative emissfon rates using 

recently measured electron cross-sections are entirely consistent with 

the ground based and rocket-borne measurements. However the electron 

distribution function, with an analytic farm 4 Q En, ~ ~ ~ ~ e s ~ o n d i ~ ~  to 

the auroral observations gave a spectral index n ? - l e k ,  f n  ae~fous 

disagreement with recent high resolution electran spectrometer rmeetswe- 

ments in the low energy region (n 

n = -3 would require a large increase in 4 at some energy E 

in order to account for the N system emission rates, We suggest that 

a. distribution of this kind could not be pEausib%y explain 

the auroral characteristics. 

- 3 I e  The application of an index 

100 eV 
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I. Introduction 

Measurements of the  auroral  dif ferent ia l  e%ec%ron f lux  (@ 1 

i n  the Low energy region (Heikkila and Matthews, .l964 , Ulwfek, 196 

Feldman e t  al, 1971;') suggest an energy ( E )  dependence of" t h e  form 

The estimated values of n have been less than -2,0, and t h  latest high 

resolution observations according t o  Feldman e t  ab,  indicate  a. value sf 

n = -3, independent of auroral. a l t i t ude ,  This la%est v d u  

i n  good agreement with the  theoretical. c a l c ~ ~ t i o n s  by Rees e t  a1 (1969), 

although the experimental measurements do n t csntsfn the t h  

predicted f i n e  s t ruc tu reo  

We discuss i n  t h i s  ar t ic le  whether t he  d i r ec t  mea ~ ~ e ~ ~ ~ t ~  o f  flux 

dis t r ibu t ion  are consistent with the  observed opt ical  ~~~~~~~~ 

exci%8tion functions of the N21P (first  positive.g) 

systems are sharply peaked i n  the low energy region (10-lg e V )  
c Q t o  those of the N 2 U  (first negative) and M2M (Meinel) sys 

broad maxima i n  the  region of 100 e V ,  

The e l e c t l ~  

d N 2P (second g o a i t i  2 

s which have 

The e 1 ~ c t r ~ ~  excft  
9 N2 pos i t ive  systems r e l a t ive  t o  the M2 systems 

the  electron energy d is t r ibu t ion  in the 10-100 sfp r gfono 

systems are allowed t r ans i t i ons ,  

excited state populations i n  esur.0~ e are, in effect, determined dfreet1-y by 

electron exci ta t ion and rad ia t ive  decay, 

The foul? 

Ther 
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other processes (cf. Hunten,; 1958: Chamberlain, 1961 , Broadfoot and 

Hunten,% 1964' , Shemansky and Vallance Jones I 1968 1 but the effects w e  

small enough to be neglected for the purposes of Tihe ~ , ~ e s e n t  dfscimssion, 

The following discussion of both ground based and rocket auror& 

measurements shows that the emission rates are consfs-cent w i t h  the 

measured electron excitation cross-sections. However, the average rela%fve 

emission rates correspond to a differential electron flux with a spectral 

index of n = -1.4, suggesting a significantly larger proportion 

electrons than the distribution obtained from the dfrect  sbserva%fons of 

the low energy electron spectrum. 

physical considerations appear to place rather well. defined. l i m i t s  on 

the electron energy distribution, The energy distribution tafned from 

the direct electron spectrometer measurements and the theoretical 

calculations predict relative emission rates of the N2 positive and N2 

systems an order of magnitude different from those observed in the average 

aurora. The discrepancies w e  thus rather serfous, If one attempts to 

explain the optical observations, using an n = -3 f l u  d ~ ~ t r i b ~ t i ~ ~  for 

electrons in the 10 eV - 100 eV region, a large increase 2x1 the 

differential flux must be postulated at some energy E 9 100 e V  En order 

to account for the N system emission rates. Given the eharaeteristfes 

of the average aurora, we suggest that a flux distrfbutisn 

extending from at least 200 km down to the lowest auroral altftudes, 

canno% be explained in a plausible mannero 

The optical auroral o b ~ e ~ ~ ~ ~ i ~ ~ s  along with 

"3. 

+ 
2 



3 

11, Theory and Nomenclature 

The volume emission rate of abarid is  wri t ten 

where the  symbols have the i r  usual meaning. 

deactivation we m a y  a l so  write 

If there i s  no ~ ~ a ~ a ~ ~ ~ n ~ e s ~  

where g i s  the population rate, v' 

i s  the t o t a l  volume emission rate, 

For exc i ta t ion  by electrons the population rate (gvv)  is 

given by 

Qv 

where [N,X] is the ground state population density 

exci ta t ion cross-section t o  l eve l  v s .  The values of" g as 

the aurora along wi th  physical  considerations place a constraint  on %he 

possible shape functions of the d i f f e r e n t i a l  e lectron flux ( # I  

d Qvt is %he 

VV 
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111, Relative Emission rates of N2 and M2 Systems 

The r e l a t ive  emission rates, which BF 

t o  the population rates a t  normal aurora& al t i  

from Eq, 4 using measured exci ta t ion cross-secti ns,  i f  one prcwides an 

electron d is t r ibu t ion  function. 

The re l a t ive  gv values have been calculated using a d i ~ t r i b ~ ~ ~ 0 n  

function Q, a E". 

Figure as a function of t he  spec t ra l  index (n), I% is c 

emission r a t e s  of the N2 posi t ive systems r e l a t ive  $0 t k a  

qui te  sens i t ive  t o  the  value of t he  spec t r a l  index, 

The predicted r e l a t i v e  emission rates 

$. IN* s y s t ~ ~ ~  a?? 

Note that t h  

8 
rates of t h e  two pos i t ive  systems and the two N systems considered 

separately show very l i t t l e  var ia t ion ,  

the production of the graphs include the  cascade c 0 n % r ~ b u t ~ o n  from t h e  

N22PG. 

Shemansky and Broadfoot (1971a) f o r  the  N2 pos i t ive  systems at  low 

energies, extended t o  higher energies through t h  m e ~ ~ e m ~ n ~ s  of 

Aarts e t  al (1969) and Brfnkmmn and TraJmetfP (1970) 

of the  cross-sections according t o  Shemmsky a d  ~ ~ 0 ~ d ~ 0 ~ t  ~ 0 ~ ~ e ~ ~ 0 n d  t o  

the spectroscopic energies of the excited leve ls  

Table 1 gives the peak values of the cross-sections a1 

corresponding energies, The values given i n  the  Table 

system are based on the  meebsurements by Borst and Zipf 

for t he  N2M system axe due t o  Shemasky and B r  

p robabi l i t i es  used i n  the calculat ion were obtained fr 

given by Shemansky and Broadfoot (197lb),  

2 

The N2bPG emission rates use 

The exci ta t ion functions used i n  the  cdeula%fon we due 4a 

The m ~ a s ~ ~ e a  %ha. 

4- 

A measure of the spec t ra l  index gn) c ~ ? ? ~ ~ ~ ~ 0 ~ ~ ~  

emission rates can be obtained by p lo t t ing  the v 

appropriate curves given i n  the Figure, A nmbe f ndep en dent 
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observations are avai lable  i n  the  literature, and t h e  aver 

have been p lo t ted  as c i rc led  points ,  A l l  of the pofta%s fall i n  %he 

n = -1,2 - -1.~6 region, 

A number of details concerning the auroral  ~ e ~ ~ ~ ~ ~ m e ~ ~ s  should 

be kept i n  mind i n  the  following dbcussfon,  

of the  N2 posi t ive and N2 systems i n  t h e  aurora v ry 

The relative mission rates 
+ 

EL short  time 

scale ,  generally over a fac tor  of about 2, 

observations of N21P and N2M emissions (Shemansky and VaPlanee Jones, 1968 1 

the f luctuat ions are grea te r  at  high a l t i t udes ;  on apart? occ 

N2M system w a s  too w e a k  t o  be measured r e l a t i v e  t o  the  N2,1PC, indicating 

a variat ion of an order of magnitude - t he  reverse s i t ua t ion  of very w e a k  

N21PG r e l a t i v e  t o  the  N2M system, was never observed, 

toward dominance of the N21PG at high a l t i t udes  app 

charac te r i s t ic  of v i r tua l ly  a l l  auroral  types, Observations from the  

ground by Omholt (1957) , Shemansky and Vd..lance SOXI s (1968) and %he 

According to ground based 

-+ 

+ 

+ This ~ e n d ~ ~ c y  

recent rocket measurements which are compiled here, a l l  s 

gradual decrease of the  average emhiion rate o f  t he  N21PC wf%h 

a l t i t ude ,  r e l a t i v e  t o  e i ther  the  N 2 U  or  NaM systems, 

on the curves given i n  the  Figure indicate  the  r ge of observed valu 

which were averaged t o  produce the  p lo t ted  points ,  

suggest t h a t  the spec t r a l  index appropriate t o  an average aurora1 emission 

at high a l t i t u d e  i n  the 170-200 km region would be n 2 - laT3 
red aurora at 80 km, say, would typical ly  ~ o r ~ e ~ ~ ~ n ~  t o  48 = -2. 

9 + 
The 

Thus the  ~ b ~ e ~ ~ ~ ~ ~ o n s  

The p lo t ted  average r a t i o  ( I D G / I l N )  w a s  ~ ~ ~ a ~ ~ e a  from %AI 

measurements by Pe t r fe  and Small  (1952) and Huntan (1955) 

of measurements 

n = -1,3 i n  the  Figure, 

The two sets 

e i n  very good agreement and fall in %he regfan sf 

The average value due t 



4- 
average r e l a t i v e  emission rates of the N 1w and N22PG bands, The 

value due t o  Pe t r i e  and Small  i s  based on the  emission rates of VfrtuaYIy 

2 0,o 0,2 

all of' the bands observable from t h e  ground, The average r a t i o s  

(IlPG/IM) are due t o  estimates by Chamberlain (1961) m d  Shemaansw anpi 

Vallance Jones (1968) e The value due t o  Chamberlain (n 2 -1,3) is 
derived from a compilation of a number of earlier measurements. The 

value due t o  Shemansky and Vallance Jones (n % - - ~ ~ 6 )  is based On t h e  

. average r a t i o  ( I l P G  /IM3,.,)" A l l  of the average r a t i o s  (IPPG /TEN 1 4 9 1  5,2 0,o 
are due t o  rocket-borne photometric observations on NASA f l i g h t s  4 3-63 

4.217 and 4.309. 

nature,  f a l l  i n  the  same region of spec t r a l  index, n = -1,2 - -1.4,  

do not include the  measurements of f l i g h t  4.162 due $0 the unusual, 

spectacular var ia t ions tha t  are not at  all representat ive of normal. aurora 

( c f .  Donahue e t  a1,1968). 

were obtained at only two points i n  the low a l t i t u d e  region due to 

contamination by moonlight i n  the N 1PG ~ h ~ ~ ~ r n e t ~ ~ ~  2 

f l i g h t  are included here f o r  t h e  purpose of" ~ ~ m ~ ~ ~ ~ s ~ n  w i t h  low energy 

electron spectrometer measurements (Feldman e t  ~~~~~~~~ in %he same 

experimental package e 

A l l  of these observations although more t rans ien t  i n  

We 

The measurements obtafned on f l i g h t  4.217 

The results sf this 

Thus a l l  of the auroral  measurements are ~ ~ ~ s ~ ~ ~ e n t  with the  

measured electron exci ta t ion cross-sections in t ha t  the observed average 

r e l a t ive  emission rates can be reproduced w i t h  a. siasgLe sXe@tp.on fl 

dis t r ibu t ion  function. 

The r e l a t i v e  in t ens f t i e s  of t h e  long and short wavelength ends 

of %he auroral. spectrum have always been rather ~~~~~~~~~ fox" a number 

of reasons. 

dynamic range and the necessity of comparing ~e~~~~~~ w i t h  widely di f fe r ing  

d i f f e r e n t i a l  brightness t o  brightness r a t io s .  Photoel c t r i c  s@&cnnlang 

Photographic spectra  were d i f f i c u l t  ts malyze due t o  the lirnfeed 



spectrometers were l imited i n  sens i t i v i ty  a d  only one set of auroral  

measurements simultaneously enclosing the  M2U and M21P systems has 

been published (Hunten, 1955) 

v 

Extinction of the  short w a ~ e ~ e n ~ t h  

emissions i n  t h e  lower atmosphere added t o  the  d f f f f eu i t f e s ,  As a 
9 r e s u l t ,  estimates of the auroralN21P and N2M brightnesses have been 

ind i rec t  f o r  the most pa r t ,  and uncertain t o  the t u n e  of" factors of 

2 o r  3. 

of the N21PG 5,2' N21PG4,1' and N21N0,0 

measured points on the  I2PG/IN, IlPC/IM, and I lPG curves of 

the  Figure c lear ly  conform t o  the  rela%ive emissforP rates (IPPG/I2PG) 

However w e  now have t h e  rocket-borne p h ~ ~ ~ m ~ ~ e ~  measurements 
+ bands, The poesf%fons of the  

/Ill! 
592 090 

predicted from the  measured electron exci ta t ion eross-se@tions, Thus 

we now appear t o  have a good measure of the  N21PC a d  M2M emission 

rates i n  average aurorae. 

and Shemansky and Yallance Jones (1968) thus appeaz t o  be a f ac to r  of 

+ 

The earlier estimates by Chamberlain (196.1) 

about 3 too  large,  

C rU9 B v 

given i n  Table 2, 

auroral  brightness (kR) i n  an I B C I  aurora, for  the  ~ ~ ~ ~ ~ ~ ~ ~ n d ~ ~ ~  t ~ ~ ~ ~ t ~ o ~ ~  e 

The predicted r e l a t ive  rates f o r  the N2V-K (A%: - X C 1 system i n  the 

V~ = 0,l l eve ls  are about an order of magnitude great  $2 t h m  t h e  ground 

The predicted r e l a t i v e  population rates of the  

3 3 2 +  
63 U 

A3Z:, A2au9 B C states i n  aver ge aurorae (n = - ~ - . 3 7 )  are 

The t o t a l  population rates ~ ~ r r e ~ p ~ ~ a  t o  $he 

l +  
Q 

based 

high radiat ionless  deactivation r a t e  of %he A Cu s t a t  ; $he ~ e ~ ~ ~ ~ e  

re l a t ive  rate IV-KO/J2PGOI0 % k , 8  at  200 km ~~~~~~p~ 1971 >, 
radiat ionless  deactivation rate is much slow F, io i n  gsod rag 

the predicted value from Table 2,  IV-KO/12PG 

measurements (cf, Broadfoot and Hunten, W 6 k Z  1 due to the 
3 +  

= 5 0 9 0  
Q $0 
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IV. Discussion 

It i s  c lear  t h a t  the  functional re la t ionship of gv and is 

not unique i n  t h a t  a number of d i f fe ren t  e lectron ~ i ~ ~ ~ i b ~ t ~ o n  

functions could produce the  same set of r e l a t ive  g values fo r  the 

four systems. However the  average auroral  r e l a t ive  e d s s i o n  rates 

d ic ta te  t h a t  the exci ta t ion of the  N2 posi t ive systems must be due 

mostly t o  e lectrons with energies E 

cross-sections of the N2 pos i t ive  systems we far too %ow above 100 e V  

and decrease too rapidly ( c f .  Brinkmetnn and TraJmar, 1970 1 w i t h  increasing 

energy i n  comparison with the  N2 systems, t o  a c ~ o ~ t  fo r  t he  observed 

auroral  r e l a t i v e  emission rates, Thus the  N pos i t ive  systems requ're 

a r e l a t ive ly  large low energy d i f f e r e n t i a l  e lectron f lux due to the  

sharply peaked cross-sections at  11 e V  and 15 e V  i n  order t o  produce 

v 

LOO e V ;  t he  electron exci ta t ion 

+ 

2 

emission rates comparable t o  

ratio. The question then is  

a l s o  largely responsible f o r  

+ 
the N2 systems, i n  the  average auroral  

whether t h e  f lux  of P energy electrons is 

the  N emission i n  t h e  average aurora. 9 
2 

I n  the above calculations we  assumed t h a t  the  d ~ ~ ~ e r e n t ~ a ~  

electron flux 4 01 En f o r  E 3 7.4 eV, 

the observed electron spectra ,  and with $he envelope of the  ~ ~ ~ ~ ~ a ~ e d  

spectra (cf, Stolarski ,  \ P968, Rees e t  a%,, 1-969) Howe 

of the  spec t r a l  index determined here ( n  2 -l03) from the opt ical  

measurements i s  s ign i f icant ly  smaller i n  magnit~de %hapa e i t h e r  the  secen.9; 

electron spectrometer measurements of f l i g h t  4 [I 217 ( Fel 

or the  theore t ica l  calculations ( n  -3 ) ;  t he  measur 

This  shape ~~~t~~~ conforms wi th  

would expect with a d i f f e r e n t i a l  electron f l u  h ~ ~ i ~ ~  
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n = -3 (c f .  Figure) e 

exci ta t ion cross-sections of t h i s  magnitude e out, of %he question, 

especially i n  view of the r e su l t s  presented i n  %he Figure, 

a spec t ra l  index of n = -3 extending from E = Tab eV t o  E 2 100 e V  as 

the  Feldmm e t  a l  estimate indicates ,  it would be necess 

a large increase i n  @ at some higher energy region E 

fo r  the Id2 emission rate. 

very d i f f i c u l t  t o  explain i n  physical %erms a% normal 

As the  p lo t ted  point f o r  f l i g h t  4,217 s 

t h a t  the pa r t i cu la r  aurora contained ~ h ~ a c % e r i $ t i ~ s  deviating s igni f icant ly  

from an average aurora. 

electron spectrum could e x i s t  i n  the energy region 100 

i n  normal aurorae, extending from the  region of 200 knn down t o  t h e  lowest 

auroral  a l t i tude .  A t  normal auroral  he low energy s e c o n d q  

electrons must be produced loca%ly (cf, ~ ~ ~ b e ~ ~ a f ~ ~  196l 1, by %he 

prec ip i ta t ing  primary electrons,  

could not be explained without the i ~ % ~ o a ~ c ~ ~ ~ ~  

e l e c t r i c  f i e l d ,  s ince,  on the sca le  of energies we refer t o  here,  t h e  

d i f f e r e n t i a l  production rate of secondary e ~ e ~ ~ ~ o ~ $  

thermal e lectrons and neut ra l  pa r t i c l e s  are all mono nfe  increasing 

functions .with decreasing energy (cf.. Rees e t  1969) The ne$ 

is the  production of a monotonic increasing 

with t h e  imposition of some s m a l l  scale  s t ~ ~ ~ t ~ ~  due t o  energy loss t o  

the neut ra l  pa r t i c l e s ,  

i n  the Rees e t  a l  calculation would be much les 

not measurable i n  the  noise of the  measured ~ ~ e c t ~ ~ ~  if one applied 

the more recent experimental exci ta t ion functions of the M2 systems 

Errors i n  t he  measurement of the  electron 

If" w e  apply 

t o  in%roduce 

$00 eV t o  account 
b. 

A dis t r ibu t ion  i n  @ of %hie; nature would be 

ges ts ,  there is no indicat ion 

We must then explain how a deep w e l l  i n  the  

I? e E l keV, s a y ,  

The proposed ~ ~ ~ ~ r ~ b ~ ~ ~ ~ n  in 4 thus 

2- a variable accelerating 

with decre 

Note %hat the strue$ 



If an e l e c t r i c  f i e l d  is introduced t o  explain the proposed distribution 

i n  0, the uniform dis t r ibu t ion  of N2 and N2 re la t ive emission rakes i n  

the  100 km - 200 km region observed i n  the rocket f i i g h % s  into nomad 

+ 

aurorae could not be reasonably explained. On &he eoatrary one would 

expect highly var iable  r e l a t ive  emission rates such as those meas.wed 

on NASA f l i g h t  4.162 (Donahue, e t  a l  1,968) 

In  summary, w e  suggest that the  r e l a t i v e  emission rates of t he  

4- 
N 

t o  the measured d i f f e r e n t i a l  electron flux. 

and N 2 2 systems cannot be explained i n  a plausible  manner w i t h  respect 

The peculiar electron 

d is t r ibu t ion  funcLion one must postulate  f o r  energies E PO0 eV t o  

explain the  op t i ca l  aurora, given the  measured d is t r ibu t ion  f o r  E .e: EO0 e V ,  

could not be maintained over the LOO km region of a l t i t u d e  as dic ta ted  

by the  auroral  charac te r i s t ics ,  I n  our opinion serious consideration 

should be given t o  t h e  poss ib i l i t y  t h a t  d i f f i cu l%ies  i n  the  d i r ec t  

measurement of the electron spectrum may contribute t o  the discrepancy. 

It i s  noteworthy t h a t  the uncorrected electron energy- spectrum measured 

d i r ec t ly  on f l i g h t  4.163 (Parkinson e t  a1, 1930) yfebds a spectral index, 

n = -l ,35,  remarkably close t o  the  present average value obtained from 

the  r e l a t i v e  emission rates. The theo re t i ca l  campulatfons of 9, which 

display an envelope d is t r ibu t ion  @ a En, a l s ~  do no% correspond $0 the  

opt ica l  observatlons. The s t ruc tu ra l  fea-bures in the Rees e t  a9 

computation, i f  one applies the  more recent exeftation functions, have l i t t l e  

e f f ec t  om the calculated r e l a t ive  emissi 

estimates would correspond roughly t o  0 a E-3 i n  t h e  e n e ~  

i n t e re s t .  The measured auroral. r e l a t i v e  emission rates of the  N posi t ive 

and N systems correspond t o  those predicted from the measured electron 

exci ta t ion cross-sections fo r  a d i f f e r e n t i a l  electron flux dfslrfbu%fon 

2 
+ 
2 

n 
@ a E for ~2 = -P,2 - -1.4, 

The recent rocket borne experiments appear Lo have f i n a l k y  
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provided a seasonably accurate measure of the  emission sates of the  long 

wavelength auroral  features  r e l a t i v e  t o  the short  wavelength emi.ssions. 

Table 2 shows the predicted r e l a t i v e  population rates of t h e  states 

involved i n  the above discussion (n = -1.39), f" r  ax^ average p31mor(~t, 

An estimate of the  population rates of the N2A31z s tate i s  included, 

Both the gound based and rocket borne opt ica l  measurements indicate  

a gradual average increase i n  the  N 2 D G  emission rate, r e l a t ive  to 

e i the r  of the N2 systems, w i t h  increasing a l t i t ude ,  According t o  the 

rocket observations t h i s  trend conttnues a t  least up Lo the  region of 

4- 

200 km, 

higher auroral  a l t i t udes  suggests t ha t  the  primary ele t ron  f lux may 

contain a rather broad spectrum of energies,  extending to r e l a t ive ly  

low energies 

This apparent softening of the  electron spectrum at the  
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TABU CAPTIONS 

Table I. 

a. 

do  

Table 11. 

a, 

be 

C. 

Measured Peak Electron Cross-Sections ($1 of N2 and 

N 9 a +  Sta tes  f o r  Excitation from N2X C 
2 @; 

- threshold energy, 

- energy at  peak cross-section, 

E~~ 

Ep 
From Shemansky and Broadfoot ( l g q l a ) ,  

Rough estimate by Shemansky and Broadfoot (197la) from 

energy loss measurements by W i l l i a m s  and Doering (19691, 

Brinkmann and T r a j m a r  (1970) 

From Borst and Zipf (1970) measurements of N21.N0,0 band. 

3 re la%ive t o  B T 

8 
g 

Predicted Relative Population Rates (g  1 of N2 and NC v 2 

S ta tes  i n  Average Aurora, 

Includes cascade contributions from N22PG. 

Includes cascade contribution from N22PG and N2L1PG, 

Total r e l a t ive  rates represent Brightness i n  kR i n  I B C I  

aurora f o r  the  appropriate t rans i t ions  provided the  

populations are controbhled en t i r e ly  by radiat ive 

deactivation. 
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Figure Caption 

4- Relative Emission Rates of N2 and N2 Systems as a Function of Electron 

Energy Distribution . JC 

(1) Hunten (a9551 

( 2 )  Pe t r ie  and Small (1952). 

( 3 Chamberlain (1961 

( 4 )  

( 5)  NASA Flight  4,163 

( 6 )  NASA Flight 4.247 

(7)  NASA Flight  4.309 

Shemansky and Vallance Jones (1968). 

"Differential  e lectron flux CP a Ene 
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