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UV Absorption Disturbed Atmosp heres
Electron Absorption Electron Flux Spectra
Atmospheric Species and Energy Densities Predissociation of N 2
____  -

The ini t ia l  species , part i t ioning of energy , electron flux spectra and
derived quant i t ies  resulting f rom UV photon and electron absorption by
atmospher ic  species are calculated for the altitude range 60 to 500 km and
for photon and electron energies between 10 and 300 eV and 14 and 900 eV.
respectively . Cross-section curves for electron impact exc i ta t ion  of
ni t ro gen to predissociat ing states are derived .
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SUMMARY 
~~~~~~~~~~~~~~~

The consequences of UV photon and electron deposition in

the natur a l  and disturbed a tmosphere  between 60 and 500 km are

calculated in t e r m s  of the in i t ia l  species formed , the pa r t i t ion ing  of

eii ei’gv . e lectron flux spectra and other  derived quant i t ies .  The

phot on energies w e r e  between 10 and 300 eV and the initial electron

energies between 14 and 900 eV.

The d i f f e r e n t i a l  e l ec t  ron ene i’~ v si  ) w i n L ~— do W n spectrum is

calculated by a method whi ch accounts for  the disc r ete en ere ,v loss.

In the  ca l cu la t i o ns , re l iance is placed p r i m a r i l y  on exper imenta l

m e a s u r em e n l s  as a s ur ce  I t  i nput  da ta .

E n the ~I ) 5 ( )rpt  ion it CV p h (
~fl5 , th e initial species formed

a rI ’ sn i iu ~t h  f unct ions  of the photon enei’gv for energies abov e 16 eV :

the t o ta I numbe r ii electr  o i l S  fo rmed per absorbed photo n is rela —

I ive lv ~imp lv lescr ibed as a f u n c t i o n of photon ene i’gv . Most of the

photon  en ci  ~v is i’e qu i i’ ed for  d i s s  o c i a t  ion and ion i za t i on  but about

10 — 2( 1 f low s i n t o  electronic e x c i t a t i o n  while about 4 — 7’ c flows into

vibra t iona l  exc i ta t ion  (at a l t i tudes  not ~r eater  than 145 kin ) .  The

en ert ~, v requi r E d per ion pair formed af te r  photoa hsorp t ion is con—

s i ’-~t e n t  w i t h  the required enere. v as calcu late(l for electron deposition.

In the  d i s t u r b e d  a tmosphere , represented by increases in backgroun d
4 12

e l e c t r o n  d e n s i t y  by a c t o r s  up to 10 (10 at 60 krn ) .  po sitive ion

II T I S I t I I s were unaffected for  p hoton energies less then 34 eV.

The electron dep o si t ion calculations repres~’nt an improve-

men t  on pr e~’ious ca lcula t ions  ~1~ — 75] by US ( ’  of ml  rc accu ra t e
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cross-sections for excitation of molecular nitrogen. The principal
change in the results of the calculations for the natural atmosphere
is a reduction in the predicte d nitrogen atom densities by 40 - 45~ in
the altitude range of 60 to 145 km.

Da ta on the electron excitation of molecular nitrogen to pre-
dissociating states are reviewed and cross-section curves are derived
for these states. Use of these curves in calculations of electron-N 2
interactions leads to a value of the energy required per ion-pair
formed in agreement with experimental observations.
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1. INT RODUCTION

Calculations ~ re rep or ted for  the species and energy

densities whi cli result  f rom the  abs orpt ion of elect rons and

photons in the na tu ra l  and d is tur bed a tmosphere .  These c:~lcu 1a-

l ions are p e r f o r m e d  by a method L MS—7 51 which accounts  for  the

discrete energy loss und er g o on e by electrons resul t in g  f~ ono th e

ini t ia l  absorption and which y i e l d s  the  in i t ia l  species fo rm ed .  the

pa rt i t ioning of energy , the s tead y —sta te  elect ron flux as w e l l  as

other  derived quant i t ies .

Thr calculations apply t o  the a tmosp here  between 60 and

500 km a l t i t u d e .  In ti le (u S e  of photon absorption , the  e t l e  rgy of the

photons lies between 10 and 300 eV. For electron ab sorp t ion , the

incident  energy  of t h e  e lectrons lies i le iw een 14 and 900 eV ,  generally .

The calculat ions of e lectron abs o rp t ion  rep res en t  an unpr oved ver-

sion of pre y  t o o l S  results M 5—7 5 The improvement  cons i s t s

p r ima  r i l y  in the use of mor e  accura te  data on ni t rogen at 0111 f o r ma —

ion fo l l i  r t i n g  elect ron 101 pact on molecular  nit I’ o ge

In Section 2 f th i s  report , the deposition oo f a selected set

of CV photon s  is discussed: in Sect ion 3, electron dep os i t ion  calcula —

trnns  are  considered: in Sect ion 4 , the data on electron impac t

excitation of ni trogen to p red i s soc ia t in g  s t a t e s  are reviewed and a

consis tent  s o t  of cross sect ion s  is derived. Only a s u m m a ry  of the

result s of the  calculations discussed in Sections 2 and 3 is p i’ e sen t ed

in this repor t  detai led resul t s ar e  available on m i c r o f i c h e  as

considered in t h e  A ppendix .
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2. CV PHOTON DEPOSITION

The species and energy  densities which result  f rom absorp-

tion in the ea r th ’ s atmosphere  of a selected set of UV photons are

calculated. The calcula t ions  are perfo rmed wi th  a code designated

ISRADU.

2. 1 \ ICTH OD OF CALCULATION

The method of calculation is similar to the method pre-

viously used LMS -75 1  for  calculat ing electron energy degradat ion in

the atmosp here. In this method , the different ial  electron euer gy

spectrum for the electrons which are formed in in te rac t ions  follow-

ing absorpt ion is calculated by a discrete energy-loss procedure.

The assumption is made that a steady state for electrons , sorted

into a set of energy groups , is quickly established after  absorption.

In the present appl icat ion , the fu r the r  s impl i f icat ions  of local

energy deposition and isotropic electron fluxes are made. The

densities of species formed and of energy redistributed in the

establishment of the steady state for electrons are calculated with

the aid of the d i f f e r en t i a l  electron energy spectrum .

2. 1. 1 High-Energy Electrons

The tota l set of electrons existing af ter  photon absorption

is divided into a “high-energy,  ‘ slowing-down subset comprising

electrons with 30 discrete energies between 1 and 1O 3 eV and a

“ thermal”  subset characterized by an e lec t r on tempe rature.

11
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Electrons ifl  tile ili gh-energy subset only lose energy  in each inter-
action process and are placed in the th ermal  subset when the i r
energy becomes less than I eV . App lic~it i on of the s teady  sla te
assumptj on to the subset of h i g h - e n e r g y  electrons leads to the
following express ion for tile densit y of electrons in energy group j ,

[e .(cm 3 bin~~ )I  = P./L . ( 1)

wh ere the production rate , R , and loss f requenc y .  L . ,  are

P. = C~~1 ~{e~ , 1 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~

+ 
> 

[e k I v k~~~
(k

~
S)b ( k . l , S) [S ] 2 )

S k — j c i

= C . . 1  + v~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
( 3 )

The term s on tile r igh t  hand side of equat ion (2) r e f e r , re s pec t i v e ly ,
t o  the rate at which  electrons leave group j - ~1 and eate r  • p
as a result  of energy loss to t h e rma l  e lectrons w i t h  f requenc y  C. 1
and to the rates of fo rming  electrons in group i ft.; photoj oniza t ion
(subscript p 1 by ex c o a t o o n  an d dissociat ion,  inc lud ing  dissociat ive
exci ta t ion ( suh scr i p~ ~-~~ = xd) and by i on i za t i on ,  i nc lud in g  dissocia-
tive i o n i z a t i o n  ( sub scr ip t  e i 1 . P h o t n i o n i z a t i o n  occui s by absorp-
tion of group i ph )))  OIl S w i t  11 flux ~ ( i )  an d p h I o a i ) s o o r p t  ion cross-
section ~ ( i , S) for  t a r g e t  S to y ie ld  e lec t rons  in energy gr oup  j
with p I O  o f t d n  I i  t v  b (  i , j ,  S). The cxci t a t  i~on , dissociat ion and ioniza-
tion of t a r re t  S with c ross—sec t ion  ‘ k , 5) occurs by impac t  of

i ni p k elect  i c  ns h aving speed ‘k to vi P1 ( 1 e lect  ro  O I l S  in energy
t c l ip  j w i th  probability h~~~ k , j ,  S).

• 12
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The s t ruc tu re  of the electron energy groups and tile mathod

for  accurate l y  describing discrete energy losses have been previous-

ly given [MS-7 5 1.

2. 1. 2 Species and Energy Densities

As a result  of the in terac t ions  of photons and photo-

electrons with the ambient atmo spheric  species , a loss of tar g et
species S and a a m of species S’ occur according to

- = ~~~~( i ) :  ( i , S){S 1 o- ~~ t e . 1v .~~~(j, S ) I S I  (4)

and

d[S’ 
= 

~~~~~~~ 
c ( i ) : ( i , S) lp i , S , S ’) ( S l

c
’, ’ ~ ‘\ ‘  Ic. lv. -: ( J , S)b (j , S , S ’) {SI (~5~
~ J~~ 1 (Y

w here  i i , 5) is the photoa l csorpt ion c l o s s —  sec t ion ,  b ( i , 5, 5’) is

the  probabi l i t  v tha t  p r oo duc t  S i s  f o r m  ccl by t a r g e t  S abs orb ing  a

g r ou p — i  ph o ton  and i~~( , S. 5’) 15 the p rob ab i l i t\  that  product  5’ is

formed by impac t  of an elect ron in  energ r 00 1) on ta rge t  S in

the  processes of t ’x c i t a t l o  on ( 0  xd ) ,  ioni zat ion (a = i) and elect ron

a t t a c h m e n t  (a A ) .

The rate of increase in t o t a l  e lec t ron  dens i t y  is

di = I ~~ c i ( i ) ( i , S1b ( i , j , S)
S v H i

(6)

13
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where {e}, the total electron density , is the sum of the thermal
electron densit y and the high-energy e lec tmn dens i ty ,  i. e.

[e] = [e~h l + ~~ I e . 1 (7)
J

and ‘
~~~~ ft. S) is the cross section for electron a t t a c h m e n t .

The energy-density changes are moni tor ed  for  seven modes:
ionization , dissociation , electronic excitation , vibrat ional  excita-
tion , radiation , heavy-particle translat ion and (molecular)  rota t ion ,
and electron translation.  The heavv-part i  cle translational and
rotational modes are assumed to be in equi l ibr ium.  The energy
transfers  into the ionizat ion ( l b  dissociation (D ) ,  and electronic
excitat ion (Xe) modes are calculated from algebraic expressions
such as E - dt) where ~ represents  e i ther  tile ioniza t ion
potential  of S’ , the dissociation energy per atom of 5’ , or tile
excitation energy of 5’ , respect ivel y ,  and dS’ ’dt is the rate of
increase in 5’ resulting f rom the changes being dis t inguished.
Changes in the remaining energy modes are given by d i f fe ren t ia l
equations such as

dt = 

~~ ~M~~’ S)~ (i , t )  ~ Ci , S)(S 1

± 

~~~~~ 

~~ 1e~ Jv. P
\7~~ (~. S1 — ( I .  S) [S]  (8)

where  M(eV cm 3) denotes electron t ranslation ( E ) ,  h e a v y - p a r t i c l e
translat ion (K ) , radiation (R) ,  or vibrational exc i ta t io n  (X ). and
the negative sign is used only for  M = E. In equation (8) ,

14
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5) = ~~ 
E M (i , S , S’)b( i , S , S’) (1 — 6

M , >~ 
(9a)

S V

= ~~ 
E
M (j , S , S’)b d(j , S, S’) (9b )

= ~~~~~~~~~~~~~~~~~~~~~~ - 6
M , X 

(9c)
S V

where E M (i , S, S’) , 
~~~~~~~~~~~ 

and 
~~~~~~~~~~ 

are determined by

examining the energy transformations ill each physical process .

The quant i ty  6
M 

~ 
is the Kronecker delta . For M = R, the

arguments  i and j are omitted.

2. 1. 3 Thermal Electrons

The thermal  subset of electrons has contributions front

energy-degraded , high-energy electrons. The rate of increase in

the thermal  electron density is given i)v equation (2) wi th  j under-

stood to represent the thermal  subset. The t rea tment  of the inter-

action of the high-enei ’gy and thermal  subsets of electrons , pre-

viously develope d [MH-75a] . has been shown to be accurate.

2. 1. 4 Ener gy Transformations

The t reatment  of vibronic excitation and radiative decay

resulting from electron impact are as previously describe d [MS-7 5] :

for photoabsorption only electronic excitation was taken into

account.

15
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2. 1. 5 Derived Quant i t i es

Several quant i t ies , derived fr om the relations developed
above and previously tMS-7 51, are of in te res t  in connect ion W i th
the absorption events. The q u a n t i t i e s  previous l y  presented IMS-75 1
include the particles formed per ion pair , the electron volts  per
ion pair , the  r adiation rate ,  f luorescence eff ic i ency,  loss funct ions
and the electron flux . Tile par t ic les  formed and electron vol t s  pci5

ion pa i r  and th e f luorescence e f f i c i e n c y  are now calculated in  the
fo l l owinc  manner  whi le  tile r emain ing  three  quant i t ies  are ca l cu l a t ed
as h efo i ’e [ \ 1S-75 J :

par t ic les  formed per ion pair ,

P. ( 5 ’)
‘1)

= ____ ___________ 

(d [ S ’l / d t )  
____-- -______ — 

( 1 0 )

~~ L’ ( i )  (i , S) b (i , j , S) [c lv . Q (j , S)~ {SJ
S F 1  i p ~

electron volts per ion pair ,

E C i )  ~~ ~~ ~ ( i )  ~ (i , S) [S 1p S .  
_ _ _E.  = _ _ _ _ _ _ _ _ _ _ _ _ _- 

~
— ----------- ------ -----—- — —-- - (~~~1)

E ~~ c~ ( i )  (i , S) b  (i , j ,  5) - o [e .]v. r n ( j .  5) 
~ [SJ

SF 1  i p 
- 1

where  E d )  is the energy of the absorbed photon , and

f luorescence eff ic iency,

E R
( S ’) (d !S’l / dt)

E~~1r 
( 12 )
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In add it io n .  the number ot’ particles ( i f species 5’ po~ ’ ab sorbed

photon is calc ulated as I c o l i c  o ws :

pa r t ic les  per absorbed p hoton .

P ap
( S’l = (dt S’ I dt)/~~~~~c~ ( i ) ~~(i . S) 15 J ( 13)

2 . 2  PROCESSES AND DATA

M o o s t  of til e processes and data used in the  [SHADU code

have been 1) 1ev iou s lv  described M 5— 7 5 I: below , only addi t i  ons and

changes :t i’o considered.  An updated l i s t  of t h e  p r oduc t  species i s

given i n Table 1. In ca lcu la t in g  the i’ates to t  f o r m a t i o n  f o r  these

species~ cross— sect ion data Wc ’i’e ave ra ged c o vet ’  e n e i ’ r v —  gl’oU~)

wid ths  \ i S— 75 1  and were  used in thi s numer ica l  for in  in ohe

caiculat 1 on~ .

2. 2. 1 P hoto abs orpt ion

Photoab sorl)t ion was calcU lated for  four teen 1)h t ~ il l’ c )Uj ) S

which span an ener range between 10 and 300 eV : these groups,

the radi at ors o of the se gi’oupS . and th e  cor respondi ne. e n er g i e s  and

n c omin a l  wav e lengths  a re  l is ted in Table 2. The photons were ab—

sorbed by 0, N ,,, 02 . and NO in t h e i r  ground elect conic and

vib rat ional  st a t e s .

Abs o r p t i  c ) f l  I c y  O(~ P )  was l im t t  ed t O )  I i t o ’  fo rn l a t lon  , f the

f i v e  at omiC X V g o ’ t l  i on S l i s t e d  in Table 1. The cross sections were

chosen from t i l e flle~l1l of I h ico  c t o t  i cal values [He— 6Th] : these  lie

h o t  ween the  X~x’ ci fl) en ta  I ( l i t  a I CS- t ~a. (‘5- 6f t i ] .  Au to iom zat ion

17

~ 

.~~~~~~~~ ~~~~~~ ~~~~~~- ~~~~~~~~~~~~~~~~ - 5 - . 
-~~~~~



________________________ - ~~~~~~~~~~~ —...- ___JS. -. -5 - ___ ___~_S - 

-‘

Table 1. Species and Energy Quanti t ies.

Tar o~,’t T ar czet
,, Eicer ~~. , ~ F. oot r o ’ v .

Produc t  0 Pt  cc N .  N O O N ‘P ‘V Pr o du c t  N IX N O o X  ‘Pt  , V‘0 - o  
- -

O( 3 P ) a, Xd, i .1 2 0
. , I a . i  a 4

0( 10) ad a, xd a 1 .96  NE 2
D a a 2 . 37

01’S) ad a 4.  17 Ni 2 P 1 a 3 56

00 3s 5~ I xd 9. 14 N 3 s  4 P) ad 10.33

O( 3s 3S )  xd a, xd 9 52 N 3s P) ad 10. 67

O(3p 5 P) a 10. 74 N 2 p4 4 J ,~ ad 10. 93

Ot 3 p
3 P) ad a 10. 99 N 3 p 4 D I ad 11 70

O 3 d 3 D \  ad 12 .09 5 3 p 4 P 1 ad 11 78
3Ot3s ’ I ‘ ad 12 . 54 N 3s

, D0 ad 12. 34

0(3s ” 3P I ad 1 4 . 1 2  N 4 s  2 P) 12 . 86
3O(3d ’ P t  xi , 15 .40  N 3d 1) O ad 13 .02

(l ’ o 4 S ) a , I 13 .62  N,, . v>  0) ad -

o t 2 n I a , 16. 93 
~~~~~~~~~~~~~~ 

a. x d 6 17

o c 1 ’  I a c  18. (~2 N 10 P t  ad 7 . 3 5

O’ o ’i’.2p 4 4 r t  a 2 8 . 4 9  N ~~~~ 
I ad -2 1 02

o 7 ’ .2~, P1 a 39. 98 ‘~,, .i P 1 ad 8. 55
3 01o ( P) i t ’ 1.08 N c P 1 ad 11 02

‘0 U
o (X ~~. ’ . v ’ 0 )  ad - N~~E ) ad 1 1 . 8 72 —
Oa (a ~~~‘ ad 0. 98 

~~~~~~ 
: ad 1 2 . 2 8

0 u ‘ 0 ad 1 . 6 3 ~ i 1 r ad 12 . 822 u
02 (c 

~~ 
0 ad 4 . 0 5  N9 o c ’ :c ~ i , o  “ ad 13.92

0 (B ~~ ) s i  6. 12 N h’ ~ ad 14.  712 u 2 1 u
02

( H v d b e r 0 1 )  ad — 1 3 . 5 N P t  i 14. 53

O ’(X 2~ a , i 12.06 N ; x  2 , a . 15. 58
? ~~~~0 (a P 1 a , i 1O 10 N A 1 a . i  16 58
~ 2 u ~o (A P 1 a c  16 .81  N t o  c .  1 8 . 7 5? 4 u 2

02 (b L )  a , 18. 2 NO ’ o X _ P a 10. 20

o~
2
~ 

- 
a 20. 02 ~

a p~. ‘ 0 . 01-  - -  t o . ~~i i , ad , ‘ U c s o o m c l x , - o 2 . 1 2 o 0 2 1  m d  dc~ s ’ c i a t t , , rc . m ,, i i i , , , ooo ~ l ‘ o toz . icon : and
th d i s s o c ia t i o  ,‘

The enc r i ’v refer en ce for all rnon at onicr p r . ’ o l o o c ’ ’’ o is th e e ’ o ’ ’ r o ’, ’f 00 1’ .r “ s o - t O  f o r  t ic est ’
la t te r : for d c . i t , r i o o ,  p r do~ ’ 0. s as -~ ,‘l I c c  0 0~, t I O  or N I V  ) ~5. ,-n. ’ r ~ ’, r . ’ 0 ’  r i o , - ~ 0 2 00 i i i  itv
02 (X ~ o * N X  P ~.) . 1- o. rLz-v d i f f e r e n ce s  amo no: le v t ’ I c  of 000 - ’t ’ o) 1. 2 0  0 0 . 1 0 , ’ i~~~ t ’ t O r , . : t t ’ , t , ’ o l  ex c ep t
In th e t r e a c n c . ’ r o O  ‘f f i n , -  — c o  r c c ’ t j rc ’  coolc n ’~.

F . x c c ’ a O  . V i  0 Rvdbe r t’ ‘. t ; mi , ’  .1  O~ is c ” o ~ It ’ red only for the ‘o o j l e c ”lofl od such s t a i t s and a r e—
prec en o a t c o t ’  “ i i , ’  c t ” . is taken t o ,  c, ,  13. , t V .

The r t ’p r . ’ . . t - ’ o O O 0 ’  • i ’ , ’ c  ‘ i ’ s  of l i t ’ s ”  ‘. t o , t , ’’o c r . ’ , b ’ te rn corw l on the 0 . 0 , 5  ~ ,h r . ’ , i c r  , ‘ t c i t a r c , ’n by
h cg h-c’ic.’r , o “ l e t  c ‘ii I o o o ; o . I  ‘0 ‘ , ‘ , ‘ ‘ , - o  iøn 1 .  The’ c o l lec t cccn  of t :c t , ’ s  c~ fl u. ~~ ~~~~~~ and ~ 

1fl
IR r e p r ’ ’~~ o t t ’ o l  by 5 9 , ’~ c;.,) .
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Table 2. Data on Photon Groups .

Radiator Energy , eV Nomina l Wavelength, A

NV 10. 01 1240

NIl 11.42 1085

NI h 12. 52 990

CII 1 3 . 7 1

011,0111 14 . 8 4  834 , 835

OW 15 . 74 789

0111 17.63 703

0111 20. 67 599

0111 24 .  40 508

Mg IX 33 . 67 368

He II 40.  80 304

- 65. 44 189
- 130 . 41 95

Si XII 281 . 05 44
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[He-68a 1 was not included. Production d is t r ibu t ion  probabi l i t i e s ,

b(i , S. 5’ ), w e r e  obtained f rom Henr y  He— 6 7b j . i n s t a n t a n e ous
+ 4  + 2i ’adiation by the 0 ( P) and 0 ( P) s l a t e s  was assumed.

Absorption by N 2 resulted in the products l isted in
Table 1. Cross sections were  chosen f r om var ious  sources [HT-63 .

SC-64 , Hu-69 .  HC-69 . Hu-72a 1. Recent cross-se ( ’t ion data [Ca-72 1
of genei’allv higher  resolution and for  v i b r a t i o n a l l v — e x c i t  ed ground—
elect ronic—state  N 2 [C\1-72c J were not used in the  present  calcula-
tions.  Use of i n t e rmed ia t e  resolution data [BC-69] in the range
fF 0111 700 to 785 A would not s ign i f i can t  lv cilange tile adopted cross —

section values.  For absorption of photon groups represent  i ng
mult i p le ts ,  the cross secti ons for  L nes ol the m u l t i p l e t s  were
ave raged , us ing line s t rengths  [WS-6G J as in t ens i t y  we i gh t in g
factors , to ob t a i n  mul t ip le t  c ross—s ec t ions .  In de t e rmin ing  tile
degree of i on i za t i on ,  the cross-sect ion data references giv u above ,

as well as other  sources [SC-64 , CO-65],  were searched. Where
the degree of ion iza t ion  was less than un i t y ,  tile fo rma t ion  of tile
products N( S ) and N( D ) was rega rded as equally probab le.  At
wavelengths above the ionizat ion threshold , predissociat ion was
considered : for  photo rt groups of nom inal  wavelengths 990 .\ ,
904 A , 835A , tile f ract iona l predisso ciat ion and products of pre-
dissociation were est imated to be , respectively 1. 0 and N( 4S

0. 0 , and 0.76 and N( 2D ) + N( 2D u )  on the basis of available
data [CC-69, Dr-69 1.

The probabil i t ies for ion products ,  h ( t , S, S’), were obtained
from Blake and Carver [BC-67 1 for wavelengths of 580 A and
greater; at smal ler  wavelengths , the probabilities were assumed

20
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t O  be cons tan t  at the values foi’ 580 A . For the ion products , only

the ground v l l ) r at io n a l level was assumed t o )  be populated. This is

a good appr oximat ion  for  N~ (X 2: r
’

~~ 
IBC- 67] and N ( B  2

: 
+
~

~~~~~~~~~~~~~ 
bu t f o r  ~~~ 

~ u~’ level  v ’ = 1 may be si gni f ican t l y  POPU —

2 + 2~~+lated. Ins tantaneous radia t io n by N (A fl ) and N (B — ) was2 u 2 u
assumed.

The 11 produc ts  c ) I abS o) I’pt io fl  by 0 (X ~: ) are listed in2 g
Table 1. Cross-sect ion data were  obtained f rom var ious  sources

[BC-66 , CS-65a , H u-G 9 .  i lu-72a , \1W- G7 , SC-€’o4 , \ k’Z-5 3 ]. Ci’oss

sections t o o l ’  l l lU lti 1) le t  p hoton groups were obtained as for N 2 .

Photoioniza t i on  co e f f i c i en t s  were  obta ined  f rom Ma I sunaga and

W atan ahe \ I W — 6 7  ]. The probab i l i t ies  b ( i , S . S’) a t  wave leng ths

between tile ionizat ion threshold and 580 A were taken from Blake

and Carver  [ I ’3C— G7 1; for  wavelengths  sma l l e r  than 580 A . the

probabi l i t ies  were assumed t o  be constant  at the values for  580 A .

Furthe r , t o e  re la t ion

b(i . °2~~ 
1~~~), 0~ (a 4 n ) )  = 4b( i . 02 (X 

1 0 ), 0 ( A  2~~~
)

was aSSunled ; however , see Carlson and Judge ICJ-71a]. The

photodissociation products are not well known M\v-67 . BW-69 .

FW-69 J . Below 930 A . es t imates  of Matsunaga and Watanabe

IMW-67} and Bevei’ and ~Velge [BW-69} were used; at longer wave-

lengths , 0(3P) and 0( 1D) were regarde d as equally probable

dissociat ion products. As in the case of N 2. only tile ground

vibrah onal level of ions wa.s assumed to be populated: th i s  is not

21
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a good assumption for oxygen , but apparently it is not serious fu r
the results of the present calculations.  Instantaneous radiation by
0~~(b ~~ ), 0 (A ), and 0 

4 ( 2~~- ) was assumed.2 g 2 u 2 g
The products of absorption by NO were restr ic ted to  the

list of six in Table 1. Cross-section data were taken f rom several
sources [CC-65 , SH-66a , Wa-58 , WM-67 ]. Resolution of multi-
plets was not employed for these data as for N 2 and 0

2
. Ionization

coef f i c ien t s  [CC-65 , \ V \ 1- 6 7 ]  were a rb i t r a r i ly  set to uni ty  below
580 A • The product dis tr ibut ion was est imated on the basis of

phase-space considerat ions.

2. 2. 2 Collisional Exci tat ion

Add i t ion s  to the  cr oss—sect ion data for exci t at i on of
0(3 P) MS- 75} were Illade for the states 0(3d 3D°) . O(3s ’
0(3s ” 3 P~~) and O(3d’ 3P~ ) [DL-7 1}.

1 
A revis ion of ( ‘l’ c) s S  sections for excitation to )  the b ‘fl .

b ’ :‘ , and c ’ ‘ states and addit ion of data on excitation to theu
c 11 and o fl states have been made. The source and treat-n U fl U

ment of these data are described in Section 4.

Exc i t a t ion  to Rydber g st a t e s  o -cf nlo lecula r o cx v g c n  has been
inc luded .  These s t a t e s  are collect iv ely t reated; the exci tat ion
c r o s s - s e c t i o n  is based on exper imenta l  data T W - 7 2 1  obtained at an
i ’l e o ’t r on  impact  energ’v of 45 eV and o) fl a c ross-sect ion  curv e shape
of theore t i ” a l  or igin [SK— 75 

~
. F’rcon’i the expe r imen ta l  data . the

residual  c r 0  0 5 5 — S i f t  1 0 ) 1 1  ( I .  e. , t f t  o r  a ccounl  in g f o r  specific
excitations , ionizat ion and e las t ic  processes) has been in t e rp re t ed
as rep resen t ing  exci ta t ion  to Rydb erg s t a t e s .

22
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2. 2. 3 Radiative Decay

The changes made in accounting for radiative decay

consist of additional processes in which the radiative transi t ion is

regarded as occurring instantaneously after excitation to the

radiating state. These are presented in Table 3. The radiative

decay a t t r ibu ted  in Table 3 to Rvdberg states of molecula r oxygen

and the states b 1r i ,  b’ ~~~ c’ 1~~’l c 1ii and o ‘
~~u of

molecular nitrogen is only partial  as dissociation and predissociation
ar e also) accounted for in the t rans i t ions  undergone by these states
(see Section 4 for  fur the r discussion of these states of molecular
ni t rogen ) .

2. 2. 4 Conditions of tile Calculations

For each of the fourteen photon groups of Table 2. the

series of sixteen calculations (one calculation for each listed value

of the electron density, {e]) indicated in Table 4 were made. The

calculations span a range of atmospheric compositions corresponding

to al t i tudes f rom 60 to 250 km. For each composition , tile back-

ground ionization has ( 1) the ambient valu e (f i rs t  listed on Table 4 ) .

and (2) values between two limits:  at the lower l imi t , Coulomb

interactions between high- ene r g’v and the rmal  electrons became

an important contribution to energy loss by the tngh-energv electrons

and at the tipper l imit , loss of h igh-energy electrons by dissociative

recon ibination invalidates the s teady-state  approximation for  the

electron energy dis t r ibut ion as used in the present calculations.

Also, an additional three calculations are made for compositions

corresponding essentially to single species of N 2, 02 and 0.
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Table 3. Radiative Processes Regarde d as Insta n taneous.

T r a n s i t i o n  I n i t i a t i n g  i’ c’ o o c , ’ o o oo T , * 
( S ~~ O ,\ ‘

O(3s SS )  0( 3 P) hi ’ a 0(~~i~) c -4) ~ 9. 14

003s 3~~~) O( 3 P) ‘ hi” a 02 X s:’ , a o~~1’) 2 . ~~~ 9 o  9’ 52

u 3~) 5 p) Q(3s ) hv a 02 (X ~~~ a O’
3 P) 2 . 9  -81  1. 0))

O(3 p ~1~) O(3s 3s ) to o a 0,~~X 
3~~~), a 0~~ 1’) 3. 6(-8 1 .47

0(3s ’ 3
fl b )  O)~ P ) h~ a 0- 3 P) 4 3 0 - 9 )  12. 54

3 ‘3Oo3 s ‘P ’) -. 0 Pt hv a 0- ’ P0 3 . 1 0 — 9 )  1 1 . 1 2

0-3d 3[) ) O~~P ) h~ a () . 3 p) 2. 0-81 1? .  09

0 3 d ’ 3 P O 3P) h~ a ~~~~~~ 1, 3 ( - 8 ’ 15 .4 0

0 ( 2 s2p
4 4 P) O~~ S ) hV a 0 ~ I’ - 7. 1~~ 1 0 o  14. ~7

• 4 9  ., n 3o 2 2p “Pt ‘ 0 t n’ )  . hi” a 0 1° ) 5. U - 1 0)  2 3 .0 5

O2
( 1(vdIo ~ c’~’) 0~ ,X ~~~) h~ xd 09 X 3

~~~) - 13. 5
o (A 11 ) 0, o X  I~ hi” a 0 o X  ~ ) U 7 - 7 )  4 7 52 u 2 z 2 cz
0 ( b  o;a ~I 1 )  + h~ a 02 X ~~~ ~1. 2 - 0 ’ ) 2 -  1

o ( 2~~~) 0 ’ A  2~ hv a 0 x - o 3 , 192 g 2 u 2 ~

~~2 h 1f l )  N 2 X 1~~~) to : ” so) N ,o X  da 1 2 . 8 2

N 2 o c ’ 

~~
) 

~~~~ 
+ ho” xd N 9 X ~~

, )  da 13.92

N 9 (c ~~I )  -. N 2 X I S . ) h i - ” xd N 9 X 1~~.)

N 2 fl
u

) N~~cX 1~~~ ) - h o ’ ” Xd N 9 O X

52~~~ ~~~~ N 2 .\ 1~~’) h i ” xd N 2 - \  ‘3 da 14 17

N~~ A 2 f l )  -. N , ’X “c)  . hi”‘ a N 9 X - 1 2 o - 5 )  1 .0

N 2~ I3~~ - 0  N 7 X t . h c ’  a ’o~~ \ :, “7 -8 3 1 7

a t o t o o o r o:oto ~ - o r l o r c o n :  x d  = co l l i s i ona l  t ’ x i ’ i t a t i ’ n  and  d cs s o i c ’ i a t t ’ ’ r c :  i ‘- c i i t c ~~o ’ * t o , o  o o - T : o ; , o ; 1 0 0 0 .

o t o 0 0 0 1 ’  i ’ a d i t t i v ~ l c I , - ? c c t o t ’ . ’  f r i to  \~‘S — ° ~0 : dt :ot cioic r a d c a t c o - .’ I t O - t o o : , f r om ,-‘o ’’ — 71 .

Decad ic r ’xp ’ r c e n h o ~ a l t ’  p nc l ’ , -o p d  cn  p ot i’,’nl l t t ’ o o s.

co.. d i p i o I ~’ allowed , (‘1 -72.

Only for  I )  to ’ v i b r a t i o n a l  lt v t ’ l s  r o ot prt’dissociated )st-o ~ S . d  io n 4 ,
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The densities of N 2, 0
2 

arid 0 and the neutral particle

temperature (at and below 100 krn) for specified altitudes were

chosen from the CIRA 1972 mean atmosphere LCI-72] except

for the density of 0 at 60 km which was based on other calcuJations

LSL-70a1. At and below 100 km , the electron temperature  was set

equal to the neutral particle temperature.  Above 100 l~~~, the elec-

tron and neutral particle temperatures  were based on other models

[HS-75]. Densities of NO were taken from Mv -75.  The vibrationa l

temperature was set equal to the neutral  particle temperature .  and

the fIw value listed was a rb i t r a r i ly  chosen since results are

normalized with respect to absorbed photons.

2 . 3  RESULTS

The results are presented of calculations with the ISRADU

code for the depositions , in the ambient and disturbed atmosp here ,

of UV photons with energies in the range 10. 0 to 281. 05 eV i n d  at

altitudes in the range 60 to 500 km.

2. 3. 1 Initial Species

The initial species formed by the absorption of UV photons —

are listed in Table 5 in terms of the number of particles formed per

absorbed photon; these quantities are calculated according to

Eq. (13). The double entries for the species N( 4S ’) and N( 2D ’ )

represent the range of specific densities corresponding to the range

of uncertainty associated with the predissociation of molecular

nitrogen; discussion of the uncertainty in the predissociation is

presented in Section 4 . The ini t ial  species listed in Tables 5a through

Sd correspond to photon absorption at altitudes of 60 , 110, 145 and

26
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-.0 — 030 C: C) - — - - - C) - - —o a’ a’ ‘~ ‘ ‘
I a’ C CC 0 CC CC CC 0

— C) C) C) C) — C )  C) S — a’ a’ a’, C;:~ ~ C) C) CM
a’ a’ in c-C 0 — c’~ os CO C~ 0 a’ os CI’ CI’ a 0 CCI CM
— — C’ ~ -~ CO ~ ‘ a’ in a ’ )

C) C; 30’ ,_ C; C) C) C) C) C) C) C) ,.,
CI, I C ‘ 
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250 km respect ively : those listed in Tables 5e thro ugh 5g correspond
to photon absorption in single component gas es of a tomic oxygen
and molecular nitrogen and oxy gen , respect ively , wi th  background
electron densities. In the a tomic oxygen case , Table 5e , the in i t ia l
species also represent , to wi th in  a negligible erroi ’ , those species
formed at 500 km by photon absorption since th e electron densi ty
used has the ambient value and the density of atomic oxygen represents
about 99 of the total densi ty at 500 km.

The species densities per absorbed photon at a fixed
altitude have errat ic  values as a funct ion of photon energy for
energies below 16 eV. For photon energies in th e range between 20
and 281 eV , the species per absorbed photon hav e smooth~v increasing
values as a function of photon energy . At the low enei’ v t,Cnd of the
latter range of photon energies , neu t ra l  and ionic species are formed
in comparable amounts: at the hig h ’energ’y end of this  range , about
twice as many neutra l  as ionic species are formed except for a
range of altitudes centered about 250 km where  the respective
amounts are again compai’able. There is , as expected on the basis
of the change in atmospheric composition with  al t i tude , a monotonic
variat ion of species per absorbed photon at a fixed photon energy ,
for many of the species .

The total numbe r of electrons form ed per absorbed photon
can be represented , relatively simply , as a function of photon energy
and atmospheric composition for photon energies of 15. 74 eV and
larger and for compositions corresponding to the range of al t i tudes
between 60 and 500 km. On the basis of the data of the Tables 4 and
5, the total number of electrons per absorbed photon is given by
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[Cl ap

-0.  7323(1 -0 .  3509f -0.  23 19f )E
= 1~

1.864. 10 4 (1
~

0. 9936f
O~

1.016f N )e 0 N 2 p

( 14 )

for  15. 74 ~ E (eV ) < 28.0  and by
p

[e~ = 1. 0 ± ( 0 . 05371 - 0. 01519f - 0. 03179
~N )(E - 2 8 . 0 )  (15)ap 0 2 p

for E � 28. 0 eV. The quant i t ies  f and f are the fract ional
P 0 N2

densities of 0 and N 2. Equation (14) is accurate to within 3~
’
~ except

at 500 km for energies between 15. 74 and 17. 6 eV where the error

can be as large as 7~~: Eq. (15) is accurate to within 3( The fact  tha t
the f ract ional  contr ibut ions of 0 and N 2 to Eqs. (14) and (15) occur

as f i r s t  powers is a consequence of the coupling among contributions

of 0. N 2 and 02. To account for the individual contributions of

these latte r species to the electrons per absorbed photon requires , at
least at the hig her photon energies , relationships of the form

[e] , = af ~ b f ~~(E - E °) ( 16)ap, i 1 1 p p

where !.eL ~~ is the number  of electrons form ed per photon

absorbed by species i , a, b , a , $ and E ° are constants with

� 1. For the data of Tables 4 and 5, the value of these constants

are given in Table 6 for  photon energies greater than 33. 67 eV.

The sum ~ .[e] . [e] gives values accurate to about 3
5

1 ap, i ap
except for the smallest energies at the lowest altitudes (-“60 km)

and energies above 41 eV at 500 1cm where the errors are as large
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C I C t 1  6: Con st a  n t s  For The Relation Between 1’:lectrons
Formed ue 1 ’ Abso i’bed Ph~ ~i ~n and Absoi ’be r

‘ C O

A,bs ) 1’bt ’r a I )  a 1)

1.06 0. 0266 0. 872 0. 649 33. 67

0
2 

1. 2~. i 0 . 0 2 3 8  0, 927 0 . 821 33.  67

O 1.20 0 .0350 1.09 1.30 33.67

as 8~
’r. ,Also note tha t  t e l  . 

C 

where ~i ‘ 

} 
is the k- n s i t v  of

al) . 1 ap ap
ions !oi’med f rom absorber i per absorbe d photon and for the mo —

lecular absorbers , i represents the sum of the corresponding singly

ch ai ’~~”d molecular and a tomic  ions. To represent the electrons and
i)~r1,s per ahsor i ,;ed photon f rom absorber I as a func t ion  of photon
energy and a tmospher ic  composition will be more involved , for photon

enei’~, ies bet’,k’een 15. 74 and 33. 67 e\’ . than the above t rea tment :  no

at tempt  to obtain this representat ion has been made. From Table 5.
it is apparent that  neutral  species can also be represented as a
funct ion  of photon energy and atmospheric  composition in a manner
analogous to tha t for electrons and ions : again , no a t tempt  has been

ma de to do so.

2. 3. 2 Energy _P a r t i t i o n i n g

The pa r t i t ion ing  of energy into seven modes for  absorption

is shown in Table 7: the value s l is ted in the table  are the f r ac t i ons

Of t i l e  total energ appear in g  in mode M computed f rom the ra t io

(dM ‘dt) 
~~~~~~~ 

( C i \ ~~/dt) where d\l /dt is calculated according to Eq. (8).
The ene i’ gv rn ode s NI a i’e Iiea vy oa rtic le t rans la t ion (K) . e lectron

t rans la t ion  (} ‘ ) ,  r ad ia t ion (R) . vibrat ional  excitation CX ). ionization (I ) .
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dissociation (D), and electronic excitation (Xe)• Table 7a contains

data on energy partitioning for various photon energies as a function

of altit ude in the range between 60 and 250 km; Table 7b has data on

single component gases. As before (see Section 2. 3. 1), the data on

atomic oxygen , of Table Th, may be regarde d as the 500 km altitude

calculations and thus can be used as an extension of Table 7a.

The niost important energy mode at low photon energies is

dissociation and at higher photon energies , ionization. A significant
fraction of the energy is used in dissociating molecules following
absorption of photons with energies ( E )  of 14, 84 eV or less , excepting

13. 71 eV; the f ract ion is errat ic  in magnitude ‘,vith variation in Ep
and has values as large as 0. 74. This fraction decline s in magnitude
with increasing alti tude excep t for E = 12. 52 eV where a maximum
occurs at 250 km. For E ~> 15. 75 eV, the energy in dissociation isp
generally less than 0. 05 up to 40. 8 eV and less than 0. 12 for all photon

energies above 15. 74 eV. At E 15. 74 eV. the energy in dissociation
declines with altitude and , as a function of E , exhibits a minimum at

p
about 20 eV. The energy in ionization is generally less than that in

dissociation for E1) ~ 14. 84 eV except at the highest altitudes, But
for E ‘- 15 . 74 cV , the fraction of energy in ionization is largest; for

the altitude range from 60 to 500 km . the fraction is between 0. 65 and
0, 80 for photon energies in the range from 15. 74 to 20. 67 eV and is
between 0. 43 and 0. 52 for E ~ 33. 67 eV.p

Of seconda r magnitude , are the f ract ions  of the enei’~~’ in the
ra diation and electronic excitation modes. For E 14. 84 eV , the
fract ion of energy in the radiation mode is significant only for E~ =

13. 71 and 14, 84 eV. The large fraction in the radiation m ode for

E 13. 71 eV , 0. 6 for altitude s from 60 to 145 km . is mainl y from
P
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radiative decay of the c 
~ 

state of nitrogen (see Section 4); for

photon energies of 12. 52 and 14. 84 cv , the nitrogen excited to the

singlet valence and Ry~~ erg states predominantly de cays by pre-
dissociation. The fraction of energ~ in the radiation mode for energies

in the range 15. 74 to 24. 40 eV is less than about 0. 05 and generally

declines with increasing altitude. For E � 33 . 67 eV , the f rac t ion inC, p
radiat ion is between about 0. 15 and 0. 25 and increases with increasing

altitude . For electronic excitation , the fraction of en er~ v is between
0. 15 and 0. 25 for E � 14. 84 eV and for altitude s in the range 60 top
145 km; the fract ion declines with increasing altitude and is erra t ic

as a function of photon energy For E “- 15. 74 eV. the fract ion ofp
energ~ in electronic excitation , as a funct ion of E , rises to nearp
30 eV and declines with f C ,C Ft her increase in E . The maxima arep
frac t ions  in the range 0. 15 to 0. 30 and the declines in the fract ional

~ralues at larger E are modest.p
The fract ions of energy in the electron and heavy particle

translation mode s and in the vibrational exci tat ion mode are generally

the smallest. The fraction in electron translation is less than about

0. 15 except at 250 km for E = 20. 67 and 24. 4C eV. The fract ion in

electron translation increases with alti tude except for I’~ 17. 63 eV

where a decline occurs between 250 and 500 km. For the heavy -
particle translation , the fract ion is ~ ‘nera llv in the ran g e 0. 03 to 0. 05

except at E = 15. 74 cv and for E = 10. 01 and 11. 43 cv;  in thep p
latter case , fract ions are in the range 0. 29 to 0. 38 at low altitudes.

The fract ion of energy in the heavy -j~ i t ’ t i ” 1 ’ t ranslat ion mode declines
with increasing al t i tude.  The fract ion of energy in vibrational excitation
decreases with  increasini~ alt t u C k ’ s , rises with E increasing to 20. 67p
eV and is r e l a t i v e ly  constant for  lai’~ ei’ Ep
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The electron volts per ion pair ( }~ formed by photon ab—

sorption are listed in Table 8 and shown in Figure 1 as a function of

1)hoton energy and altitude. The listed quantities were calculated

according t o Eq. ( 11). For photon energ’ies between 17 and 34 eV ,

the values of E. increase with increasing photon e n e r gy  and for

energies greater than 34 eV , E. moderately increases or decreases

and ultimately changes only slightly with increasing photon energy .

For photon energies below 17 eV , E. 1) increases in an irregular manne r

with decreasing photon energy. The dependence of E . [~~~ 
E . (pa) } in

photoabsorption is in contrast  to the case of E. [ - L~ (e )J in electron

deposition fM S - 75} ;  in the la t ter , well-known case . 1’ . 1) (e) decreases

monotonicallv wi th  increasing ( d c  ct ro n )  energy .  The differences are

un derstood by considering the equations for E , (pa) and E , ( e ) .  When
‘P ‘P

in the ~) h , t lu - ’u’ pt ion case , photoionization predominates . Eq. (11)

m ay be rearrang~Cd to y ie ld

E (i)
E ,~~pa) 1 ‘~~pa) (17)

where one represents the p r im ary  photoelectron and - (pa) the num ber

of subsequently derived electrons.  Between E~ (i )  values of 17 and 34

e V , (pa) is small compared to one and F . ) (pa) E~ (fl : al . ove 34 cv ,

-(pa ) is s i g n i f i c a n t  and as ~(pa ) increases w i t h  increasin ~ E (i) . a
moderate i’ slig ht change in E .~ (~a) with increasing photon energy is

understandable. Below 17 eV , where photon absorption to yield neutral
s tates  is important , less than  one p r i m a r y  photoelectron is obtained on
the average for absorption of energy E (i); thus  the one in the denon, i-
nator  of Eq. (17) is replaced by a numbe r less tha n one yielding a lar~, e r

value of F’ .1) (Pa) below 17 es ’ . The neut ra l  states formed by photo—

absorption below 17 eV are pr i ma r ii y those of N 2 . These states
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ei ther  predissoc iate , as is evident from Table 5 or ra ,\ ’~’ l )  dec ay

to the ground state.

In the corresponding’ case of electron deposition .

E . (e) (18)

where E E is the energy of the incident electron and -( c ) is ?he numbe r

of subsequently derived electrons (i. e. . pr imary , secondary , e tc .  ).

As E
E 

increases , -‘ (e) increases rapidl y at low electron energies and

in approximate proportion to e~ . at  high energies .

The relation between Eqs . (17) and (18) is deni ’- ~~~ . ‘ ;~ t - d  by

considering the e f fec t  of the ~)r lmary photoelectron on the subsequent

formation of ion pairs.  The ener gy  of the photoelectron is E (i) -

where is the average  ionization energy of the targe t gas for the

photon. Consequently, for  the photoelectron with energy in excess of

the smallest ionization ener gy  of the target gas , the electron volts

per ion pair , E . ) (pe). is

E (i) - E
E

~~(Pe) ‘- (pa) (19)

This equation gives the same results as Eq. (18); this is demonstrated

in Figure 2 by applying Fq. (19) to the data on Tables 4 and 5a for

60 km and comparing these results with values of E . (e) taken from

Table 10 in Section 3 below where the deposition of incident electrons

is treated (note tha t c y (,pa) = {eJ - 1 where {e] is given in Table 5a) .
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Figure 2. Compar ison  Between Ele ct r on  Vol ts  per I on -Pa i r  Resul t in g
f rom I)eposit ion of Photoelectron and Incident Elec t ron.
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2. 3. 3 Electron Flux Spectra

The electron fl ux spectra have been calculated by using the

steady state densities of electrons in each electron energy bin

according to the equation [MS-75J

= v. [e , J  ~~~ (20)

where ~,. is the flux and ~~U , the widt h of energy bin

The relative cont r ibut ions  of the thermal  electrons and photo-

electrons to  the electron flux spectra over the range uf photon energies

and al t i tude s considered here , vary .  At 60 and 110 km . the photo-

electron contr ibut ion is gI ’ ( C a t l v  in excess of the t he rma l  electron
( ‘ 1 ) f l j  1’ ihut a a b r  photon energies  above 12 . 51 eV. The photoele ctron

contr ibut ion don~ m ates a t higher alt i tudes for  phot on ene x’~ a’s (and

for e l e c t ron  bin e n e r g i e s)  above 14. 84 (2. ~~~~~, 15. 74 (3 . e t , and 17. 63

(5. 7) eV at a l t i t udes  of 145 , 250 . and 500 km . respect ivelv . The

el€ Cctron fl ux spect z’a p res ent ed  here wil l include t h e  photoelectrc ’i

contribution but not the  thermal  e lectron contr i b u t  1 u i  the lat ter  can

be readily added to the spectra . it k C s i r e d  [M l l — 7 5 a  J .

A ty pica l  e lec t ron f lux spectrum at 60 km is shown in

Figure 3 fu r  a photon energ~’ ul  20. ~ 7 e\ .  For l ower photon energies ,

the spectrum woul d be s imi lar  t o  that  in Figure 3 but te rminated  at a

lower electron bin e n e r g y ;  fox - h i gh e r  photon energies , the decline in

f lux t~~i h i  l e t  electron bin  energies would be extende d to h i gher

energies (no t e  that the e lec t ron  energy scale of F igure  3 is a loga-

r ith m ic scale). The electron flux spect rum is essentially that  shown

and discussed previously [MS- 7 5 } for e lec t ron  energy depesi tion.
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Figure 3. Electron Flux Spectrum and Dependence of Flux on
Photon Ene rgy at 60 km.
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Also shown in Figure 3 is the electron flux as a function of
photon energy t or the 4. 5 eV electron energy bin. Maxima in the
flux occur at 20. 67 and 40. 8 e\’. This shape for the fl ux-photon
energy profile persists (maxima at approximately the same photon
energy ) for other electron bin energies but wi th  the prof tie t erminated
on the low-energy side at pro gr ess ively  higher p hoton en2rg ies for
higher electron bin energ ies . This same shape and behavior are
foun d in flux data at higher a l t i t udes .  At 250 km. for example , only
the maxima are shifted to higher energies liv several eV.

The change in the photo electron cont r ibut ion  to the electron
flux spectrum with  alt i tude is shown in Figure 4 for 20. 67 eV p hotons.
The minim um , centered about 2. 3 eV , vanishes wi th  increase in
alt i tude as prev iously discussed {M!I- 75a].

2. 3. 4 Disturbed Atmosphere s

Calculations of the initial species , energy par t i t ion in g ,
electron fl ux spectra and derived quantit ies have been made for dis-
turbe d atmospheres. The disturbed atmospheres are represented
in the calculat ions by using a backgroun d electron dens i ty  in ( C ~~~~ ( ’(~~ss

of the ambient  electron densi ty  of the und i str ibuted (natural)  atni os-
phere. The basis of the selection of the range of these background
electron densities has been given in Section 2. 2. 4 above. Because
of the extensiveness of these calculations only a summary is given
h ere deta ils must  be obtained by examin in g  the in i cr o f i che  for  the
calculat ions (see A ppendix A).

The i ’l ’f ec t  of increasing the background ionizat ion is to
increase the Coulomb interactions be tw een  the thermal  subset  of
electrons (the back ground electrons) and the h i g h - energy subset of
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electrons. This reduces the number of high-energy electrons in

progressively higher energy bins as the background electron densit y

is increased. In turn , this reduces the occurrence of processes with

progressively higher energy requirements.

In the present calculations, background electron densities
12 4were raised by factors of 10 at 60 km and by 10 at all other

altitudes. At 60 km . no effect  on species densities was found until

the background density exceede d the ambient  density by factors of

io8 or larger. Positive ion densities were not affected liv the in-

creased background electron densities at any altitude for photon

energie s less than 33. 67 e \:  for photon energies at and above 33. 67

eV , reductions in the positive ion densities by 5 - 40~ and 5 - 90 at

145 and 250 krn , respectively, were found. Since the electron densities

at and above 33. 67 eV are relatively small , the overall effect  on posi-

tive ion densities of the increased background electron densities is

negligible. The neutral species derived from photoabsorption are

decr”ased with increasing background electron density by factors

greater than 100, 5, and 1. 3 at alt i tude s of 250 , 145, and 110 km .

respectively, and by 3O~ or less at 60 km. The exceptions to these

changes are nitrogen atoms (which are decreased only by factors of

1. 1 to 3 at 145 km and negligibly at 110 km) and 02(a) and 02 (b) (which

are decreased by factors of 10 - 20 at 60 1cm).

The changes in the energy partitionin g with increasing back- C

groun d electron densities at 60 and 110 km consist in an increase in 
C

the fractional energy of the electron translational mode by up to 0. 12

and a concomitant decrease in fraction of energy in vibrational and

electronic excitation modes. At 145 and 250 km . the changes upon

absorption of photons with energies less than about 20 eV , are negligible
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in all energy modes. At higher photon energies , the fractional energy

in the electron translational mode increases (by up to 0, 3 and 0. 75 at

altitude s of 145 and 250 km . respectively) and the fraction of energy in

the electronic excitation , radiation and ionization mode s decreases.

The change in the electron flux spectrum with increasing

background electron density is shown in Figur e 5 for the case of ab-

sorption at 145 km of photons with energy of 20. 67 eV. The flux shown

consists only of the photoelectron contribution; the arrows indicate the

€nergy above which the photoelectron contribution is greater than the

thermal (background) electron contribution. As shown in Figure 5.

the electron flux is preferent ia l ly  reduced in the low-energy bins; C

however , the more important reduction is tha t in the higher energy

bins since the thermal (background) electron flux for the low-energy

bins is much greater than the photoelectron flux. The flux spectra at

different background electron densities will tend to merge in higher

electron energy bins in the case of absorption of high-energy photons.
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Figure 5. Electron Flux Spectra at 145 km for Var ious
Background Electron Densi t ies  Following
Absorptien of 20. 67 eV Photons. b S(Ce t ex t
for significance of arrows .
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3. ELECTRON ENERGY DEPOSITION

The species and energy densities which result  f rom the depo-

sition of electrons in the earth’ s atmosphere are calculated. These

calculations are , to a large extent , a repetition of previous calculations

t M S-75 3 but with the changes and additions indicated in Sections 2. 2

and 4. An adde d feature of the present calculations is inclusion of

electron deposition in disturbed atntO sj )here s — the latter being defined

as in Section 2 .3 .4 .

The method of calculation for Species and energy densities

and derive d quantities has been discussed elsewhere {,is-75J.

3. 1 CONDITIONS OF THE CALCULATIONS

The input data for the calculations of electron deposition are
given in Table 9. For each of sixteen electron deus i t ies . a series

of calculations for th c seven values of the initial electron energy , C ,

were made . The calculations spanned the same ran ge of altitudes

and atm ospheric compositions as were used in the photon deposition

calculations. See Section 2. 2. 4 for additional discussion of input

da ta.

3 .2  RESULTS

The results are presented of calculations with the ISRA D
code for the deposition , in the ambient and disturbe d atmosphere . of

electrons w i t h  energies in the range 14 to 900 eV and at alt i tude s in
the range 60 to 500 km.
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3. 2 . 1 Initial Species

The initial species formed by the deposition of electrons with
initial energies in the range 14 to 900 eV are liste d in Table 10 in
terms of the number of particles formed per ion pair. These quanti-
ties were calculated as previously described [MS-75J. The species
liste d in Tables lOa through lOd correspond to electron absorptions
at altitude s of 60 . 110, 145 . and 250 km . respectively; those listed
in Tables lOe . lOf , and lO g correspond to electron absorption in
singl e Component gases of molecular ~ cygen , molecular nitrogen and
atomic oxygen , respectively, with back ground electron densities.
The atomic oxygen case , Table lOg. may be regarde d as a 500 km
altitude calculation as indicated in Section 2. 3. 1.

The only significant difference between the results of the
present calculation and the previous calculation [MS-75J in terms of
initial species is in the atomic nitrogen densities. Because of the

reanalysis of the electron impact exci ta t ion and dissociation (and
predissociation) of molecular nitrogen as presented in Section 4 . the
nitrogen atom densities are smaller in the present calculations. The
N( 4S°) densities are found to be about 40 and the N( 2D0) densities
to be about 45~ of the previously calculated [MS-75} values at altitude s
from 60 through 145 km.

3. 2. 2 Energy Part i t ioning

The parti t ioning of energy into seven mode s is shown on
Table 11; as before (see MS-75 and Section 2. 3. 2 above) the value s
listed in the table are the fractions of the tota l energy appearing in
mode M. Table h a  contains data on energy partitioning for various
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Table h a .  Energy Part i t ioning for Vary in g  Altitude s
C 

and Source Electron Flux Energies.
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0 , 1 4 2  0 . 1 1  0, 1 - 4 7 0, 1 52 0 . 16 7 0- 271 0 .3 12
0 .190 0 . 1 8 9  0 200 0 . 2 2 1  0 , 2 9 1  0 , 3 1 - -I 0, 462

0.008 0. 009 0,009 0.009 0 010 0 .013 0 022
0. ‘ (8 3 0 . 4 , 8  0, -C 1-1-C 0 444 0 .408 0. 330 0. 028
0. 04 ) )  0. C I t  1 0 .0 4 1 I) - 038 0 028 0, 1) 1 3 0.004

0 . 1 20 0, 13 2 0. 1 :7  0 .123 0 128 0 , 137  0. 170

E. 29 , 2 22 ‘1 3 0 .2  3 1  1- 34 . 3  42  2 4 85 ,
‘p
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Table hib. Enei’gv Part i t ioning for Single Consti tuent Gases
and Var y ing  Source Electron Flux Energies.

F’ r a ct i una l  1’ . ( C ’ I’OV

Gas U , V 900 450 230 110 57 2 9 14

0 f~ - - - - - - -
0. 044 0. 0 4 5  0. 041’ 0 042 0. 040 0. 072 0. 111

0 .222  0 ,219  0. 230 0.253 0 .290 0.330 0. (‘-1 4
- - - 0. 001 0. 001 0. 001 -

0. 515 0. 0 1 1  0. 502 0,4 11 1 0 .439 0 .3 56  0. (1-11’

f 1~ - - - - - - -
f~ 0.219 0 . 2 2 2  0. 221 0. 223 0 .2 2 5  0. 2 4 1  0 .199

E. 26 . 1 26. 5 27. 28. 3 31 .0  38.2 297
‘p

N 2 
0. 04 1 0 .0 4 2  0, 041 0. 036 0.024 0.005 0. 000

f~. 0, 036 0. 03 5 0. 032 0.027 0. 022 0. 039 0 .079

0. 171 0.177 0.190 0 .207 0. 225 0. 244 0. 2 58

0 .072 0. 073 0 .070  0. 080 0. 095 0. 11. 1 0. 308
f ~ 0 .429 0 .41 6 0.399 0 .37 3 0 .344 0 .2 7 2

0.110 0.114 0 , 117 0 .113 0 .092 0. 047 0. 009
0 . 141  0. 143 0 .145  0.16’l 0 .1 90 0 ,274  0 .346

E. 35.9 36.9 38.5 41.3 45.0 57.2 -

‘p

0
2 

0.096 0. 098 0. 090 0.090 0.081 0. 07- 1 0.087

— - - - - - 0 ,028

0.086  0. 088 0. 092 0. 106 0.114 0. 110 0. 035
0. 003 0.003 0. 003 0.003 0. 004 0. 005 0. 006

f .  0 .421  0 .4 13 0.398 0.372 0.326 0. 234 0. 082
0 . 228 0.228 0.231 0.250 0 .27 . 1 0,331 0 ,403

f X~ 
0. 111 0. 170 0. 180 0. 179 0. 201 0. 246 0 ,359

E - 29 , 7 30.3 31. 5 33. 5 37 .9  52. 1 147.
‘I’
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source electron flux energies  as a function of alti tude ; Table h i b

has data on single component gases.

The major differences between the present and previous

~I~ —75 J calculations ~‘i energy par t i t ionin g a r i se  f rom a reduc t i on
in energy in dissociation a n i  an increase in the energy in radiat ion.

These changes approach a factor  of two in magnitude ; they result

from the reassessment of the extent of predissociation of ni t rogen.
this being smaller in the present calculat ions.  .Also , the electron

~‘olts per ion pai r  is generally smaller in the l resent calculat ions.

3. 2. 3 LOSS Functions

The loss functions , calculated according to Eq. (20) of

\l~’— ~) • al’ f C ~hosv n in Fig ure 1,3.

3 . 2 . 4  E lec t ron  Fiu~x Spectra

The electron flux spect i’a calculated hel’e are not suf f ic ien t l y

d i f f e r e n t  f rom those previous l y  calculated MS-75] to warrant
discussion.

3.2 . 5 Disturbed _Atmospheres

The calculation 1)1 the ini t ial  species, energy par t i t ioning,
electron flux spectra and derived quantities was performed for elec-
t ron deposition in a s imi l a r  manner  as for  photon deposition except
tha t at ea ch  all  i tude Ihe  v a r i a t i o n  in enel ’ 7v represented the ini t ia l
elect ron energy over the ran g e  900 to 14 eV . The general effect  on
these calculat ions of the  increased backgr ound ionization in disturbed

a t n w sp h e r e s  has been discussed above ( see Section 2 .3 .4 ) .  A lso ,

_ _ _ _ _ _ _ _  
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Figure 6. Loss Functions for N 2, 02 and 0.
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as before , the background electron densities in the present calcula-
tions were raised above the ambient values by factors of i0 12 at
60 km and by hO 4 at all other altitudes. Only a summary of the
results of the calculations is presented below.

At 60 1cm , no effect on species densities was found unti l the

background electron density exceeded the ambient electron density
by a factor  of greater than io 8. The positive ion densities were

essentially unaffected by the increased background electron densities

at all altitudes : at higher altitudes , 145 and 250 km where small
changes did occur , the positive ion densities decreased by less than

10 1: . The densities of the neutral species decreased with increase in
the background ionization except for the nitrog en atoms , N( 4S’~),
N( 2D~ ), and N( 2

P 0 ) ,  whose densities did not change either with back-

ground electron density or with alt i tude.  The factors by which the
neutral spe c ies densities decreased were less than about 50, 20 . 5.

and 1. 2 at altitudes of 250 , 145 , 110, and 60 km , respectively ,
except for  O2 (a 1

~~g) and O2 (b 1~~~) which experienced greater de-

creases at the lower altitudes. At a given altitude , the decreases in

neutral species densities were smaller at smaller initia l electron

energies.

The changes in the energy partitioning at 60 and 110 km
consist only of an increase of the fraction of the energy in the electron

translationa l mode and a corresponding decrease in the vibrationa l

and electronic excitation modes when the background electron density

is increased: all other energy modes are unchanged. At higher

altitudes , the principal changes are the same as at 60 and 110 km

but the fractions of the tota l energy in other energy modes decrease
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with increasing background elect ron density .  At a given altitude ,

the magnitude of the change in any ener gy mode increases with

decrease in the initial elect i’on energy.

The changes in the elect i’on flux spectra with  increase in

the background electron density hav e the same genera l features  as

found in the case of photon absorption (see Section 2. 3. 4 ) .  The elec-

tron flux is preferent ia l ly  reduced in the low-energy bins . the shape

of the h igh -ene rgy  electron contr ibut ion to the flux spectra changes

in general as shown in Figure 5 and the flux spectra for different  back-

ground electron densities merge for the high-energy electron energy

bins.
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4. EXCITATION TO PRED I SSOCIATIN G STATE S OF NITROGEN

In previous calculations ~,M S-75] of the init ial  species

formed a f t e r  absorption of elect rons in the atmosphere , the largest

uncertainty in the species densities was associated w ith  ni trogen

atoms. This uncertaint y was related to the ext ent of predissociation

assigned to specific excited states of n i t rogen  and to the  excitation

cross-section values employed in the calculations. In this section ,

these aspects of t rea t ing  nitrogen atom format ion  are reviewed and

new values of f ract ional  predissociat ion and excitation cross-sections

are obtained. The cross-section values are derived in a consistent

manner  by combining data available in the l i t e r a tu re  and lead , in

calculations of electron energy degradation , to the observed value of

the energy per ion pair formed in ni t rogen.

4.  1 PREDISSOCIATION OF NITROGEN

The states of nitrogen which  hav e been considered in
C ‘ . C 1account in g fo r  predissoc iation consist of the valence states b flu

and b ’ ~L ’ and the Rvdberg states c ’ 1
= ~~~, c 1fl , o 1fl , and

~ l~=~ where  n 3 (using the pr incipal  quantum numbers  assignments

of LD- 72) .  The f i r s t  f ive  listed states apparent lv are the principal

states contributing to nitrogen atom format ion .  The evidence for

predissociation and the product states is considered f i r s t :  then

estimates of the extent of predissociation are made.

For the b in state, levels ~~
- 

= 0. 2. 3, and 4 ar e pre-

dissociated [CC-69j whi le  levels ‘
~ = 1, 5, and 6 are not. For levels

above v 6 there is a poss ib i l t t v  of p i’edissociation but no f i rm
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~~~~~~~~~evidence for it. The present calculations will include predissocia-

tion in the levels above V = 6 but this does not represent an important

assumpt ion since the exc ita ti on to levels v ~ 6 accounts for  abou t

83~ of the excitation. The b ‘flu state most probably predissociates

to the product-pair , N(4S°) + N(2D0) [CC-691; this product-pair is

adopted here.
C C

For the b state , there is an important  uncer ta in ty  as

to the occurrence of pred issoc iation . Levels v = 0 to 9 have been

observed in emission [CC-69] and levels v = 20 , 21, and 22 are

kn own [CC-70b ] to be predissociated. There are apparently no data

for the levels v = 10 through 19. Unfortunately , the lat ter  group

of vibrational levels are the most important  for elect ron exci tation

based both on hig h-energy [GS-69d] and low-ene r gy [La-69} electron

loss spectra. For the results reported in Sections 2 and 3 above,

repeat calculations were made by considering predissociation and

no predissociation in levels v = 10 through 19 (see Sections 2. 3. 1

and 3. 2. 1). The products of predissociation will be taken as

N( 2D°) + N(
21) ) for levels v ~ 20 [CC-70b ] and as N(

4S~ ) + N( 2D°)

for levels v < 20. Thus, as considered below, about 80~ of the

predissociateci molecules lead to the product pair N(
4
S0)  + N( 2D’ ).

The states 1 12+ are the f i rst members of the Worl ev-

Jenkins Rydberg ser ies conver~~n g to the ground state of the nitroge n

molecular ion. The principal quantum number of the lowest energy

state has been given different assignments by different investigators;

n = 3 according to LD-72 and n = 4 according to CY- 72a. Here.

n = 3 will be a rbi t rarily chosen. Following excitation to vibrationa l

levels v = 0, 1, 2, 3, 4 of the lowest energy state c
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the energy of excitation is radiated ~AD-71, CC-69]. (Excitation to

the v = 0 level yields the most intense peak in the energy loss
spectrum for 25 keV electrons [GS-69dJ .) Thus these vibrational

levels are not important for predissociation. The higher vibrational

levels , v � 5. are not recorde d as be ing observe d in em iss ion
{CC-69} and the rotational linewidths for v = 5 are possibly
w idened {CA - 72] , indicating the possibility of predissociation. The

assumption of predissociation will be made for vibrational levels
v = 5. 6. and 7; levels above v 7 can be neglected in considering
electron excitation processes. For the c~ 

1Z~
’ state, electron

exc itat ion to the v = 0 and 1 1.evels is important and the more
important of these levels . v = 0, is definitely predissociated

{CC-70bJ; level v = 1 will also be considered as predissociated.
4~~ 2~~~~~,The products of predissociation are taken as N( S ) + N( D ) ror

the c~ ~~~ levels and as N( 4
S0)  + N( 2D0 ) and N(2D0)  + N( 2

D0)  for
the c~ ~~~~

‘ levels , respectively, to the extent of 82~ and 18~- on the
basis of energy considerations. States with n � 5 will be treated

below , together w i th states of C ‘nl u having these principal quantum
numbers.

IThe states c U are a Rydberg series which also converge

to the ground state of the nit rogen molecular ion. For the lowest
sta te, c3 ~‘I1 , vibrationa l levels v = 1, 3, and 4 are apparently
predissociated [Dr-69j; the other vibrational levels of importance
(essentially only v = 0, 2) will be regarded as not predissociating.

The products of predissociation will be N( 4
S 0)  + N( 2D 0) [Dr-69].

1For the next lowest state , c4 fl u , only the v = 0 level has been
observed in emission [CY-72a]; the other levels of interest in
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connect ion wi th  e lectron exci ta t ion , v = I and 2, are regarded as

being predissociated and as y ielding the product pair N( 2D~ ) N~
2

D 0).

The states of c ’ and , - 
1fl abov e n = 4 are con-

~ldered togethe r and without dis t inguishing vibrat iona l levels. For

n = 7 , 9 , and 12 , prediss - c i at i on  is observed [CY-72a 1 and foi ’ all
h igher  S i C i t e s  (n > 4) predissociat ion is probable. Here we recognize

p r e d i s s och n l l ln  fo r  states with n 7 , 9, and 11 through 24 and take

the product pair  to be N( 2
D 0 )  + N( 2D 0 ) [CY- 7 2a].

1 C ~~~C - CFor the 03 
fl

u sta te ,  no pre dissociat ion is reported in

levels v = 0, 1, 2, 3, and 4. For the 04
111 , only the v = 1 level

is taken to be predissociated and with products N ( 2D ’) N( 2D °)

[YT-7 5].

The a” ~~~ Rvdberg state is assumed to predissociate
yielding N( 4S0 ) + N( 2 D °);  there is no compelling evidence for  these

assumptions: however, the assumptions have little impact on the

calculations since the excitation cross-section for the a ” 12+ stateg
is relat ively small , accounting for  not more than 1~ - of the total

exc itation cross-section.

In making estimates of the fractiona l predissociation

resul t ing  f rom excitat io” .~~o a specif ic  excited elect ronic state of

ni t rogen , use has been made of opti cal oscillator strengths and of

intensities observed in the electron impact energy loss spectra.

The fractional predissociation is the fract ion of the total numbe r of

m olecules , excited to the specific electronic state, which pre-
dissociate: the number of molecules excited to specific vibrational

levels of the electron ic state i s assumed to be proport iona l to the
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oscillator s t rength  (which is valid for  small collision vectors
[Be-30]) or the in tens i t y .  S t r i c t l y ,  to use oscillator s trengths and
intensit ies on a compa rable b a s i s , co r rec t i ons  for  exc i ta t ion  energy
and angula r resoluti on in the  electron loss measurement  must be
made; however , these cor rec t ions  are  neglected here .  The energy
correct ion is small  compared to other uncertainties since only one

electronic state is being considered in each case and the energy
spread of the relevent vibra t iona l levels is relat iv ely small: the
angu lar resolution is assumed not to change over the small energy
intervals  encountered.  The optical  oscil lator  s t rength  data [Ca-72}
and the electron loss spectra intensities (GS-69d 1 y ield the f ract ional
predissociation (f r ) values shown in Table 12. The fou r th  column
of Table 12 gives the selected range (~~f~~) or the average value (I~~)
of the f ract ional  predisso ciat ion.  The rat iona le for the selection of
an average value from the data for  the b 1

~~u state and the retention
of the range for the b ’12’

~ state is given below.

4 . 2  EXCITA ’I ION CROSS-SECTIONS

A bsolute e lectron impact  e x c i t a t i o n  cross-sect ions for the
predissociat ing states of n i t r ogen being considered have not been
measured individuall y. Here , these curves are de rived by the
fol lowing procedure. Measured values of re la t ive  cross-sections
[BT-70b] are adjusted on the basis of absolute values for the
N 2 (a t fl g) state {Ho-69b , Bo-72 ] to obtain absolute values for th e
total c ross-section curve for excitation to predissociating states.
This procedure is possible for energies up to 80 eV: beyond this
energy . the total cross-sect i on curve is extende d on the basis of
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Table 12. Fractional Predissociation (fr
) for

Excited Electronic States of N itrogen

State f~ (CA.-72) f~~(GS-69d) ~~~ or 1

b 1’
~u 

0. 65- 0. 94 0. 74- 0. 91 0. 83

b’
~ L~ 0.18-0.94 0.12-0. 94 0.18-0.94

c ~fl 0 .45 0.48 0. 46
3 u

c ~I1 0.08 0.29 0.19
4 u

0.05 0.10 0.075
3 u

c ’ 12~+ 1.0 1.0 1.0
4 u

c ~fl + c ’ ~Z.’~
’ 0 .70 - 0.70

n u n u

0 ~fl 0 .0  - 0 .0
3 u

o ~fl 0. 57 - 0. 57
4 u
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theoretically derived shapes of the cross-section curves for
individual predissociating states and relative values of these curve
segments based on oscillator strengt h data. Cross-section curves
for excitation to specifi c predissociating states of nitrogen for
energies above several huiidred eV are then derived on the basis
of the absolu te, total cross-section curve values and the osc i lla tor
strength data. These cross-section curves are extended to lower
energies on the basis of com patible theoretical and experimenta l
results for Rydberg states and of preservation of the ratio of
cross-section values for valence states at the lower energies.

4. 2. 1 Tota l Cross-section Values

Relative cross-section values for various sets of excited

states of ni trogen have been obtained by Br inkmann and Trajmar
[I3T-70b] . These measurements cover the range of incident electron
energies between 15 and 80 eV and the energy loss range between
6 and 19 eV for scat ter ing angles up to 800 . These values were
originally normalized on the basis of absolute measurements of the
cross section for  excitation to the C 3fl state of n i t roge n [BS-69].
Fo r presen t purposes , a preferable means of normalization is use of
the absolute cross-section data for excitation to the a 

1fl
g 

state of

nitrogen [Ho-69b , Bo-721. There are independent measurements of

the cross section for the latter state in the range between 20 and
2000 eV; these measurements are in excellent accord; the cross

sect ions for the a ~fl state are larger at higher energies than those
of the C 11 state and the ratio of the values for the states corres-

ponding to the 12-17 eV energy loss range (the predis sociating states

71

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,-
-

~~~~~

- C  
~~~~~~~~~~~~~~~~~~ 

.



--~~~~-- -- . -- ~~~~~~ —m~~ ‘ -~~~~~~

‘F.

of n i t r ogen )  t o  those of the a i fl state are more likely to be
1 g

accura te :  the a 11 relative cross-section data [BT-70b ] have the
g

same slope (d~ /dE )  abov e 20 eV as do the experimental , absolute
cross-section data for  the a 1fl~ state [Ho-69h , Bo-72] . The rela-
t ive cross-sect ion data for  the a 1Ug state [BT-70b ] have been
normal iz ed at 80 eV to the least-squares f i t  of the absolute data
[Ho-69b , Bo-72] as shown on Fi g, 7. Values of the cross section ,
as shown on Fig.  7 , are given in Table 14 be low.

The absolute total cross-sections for excitation to
predissociating states is now determined from the product of the
absolute cross-sections for the a 1fl state and the ratio of cross
sections for excitation to the pr edissociating states and the a 1

fl g
state. Data for relat ive cross-section value s for the predissoci-
ating states were taken from SK-75 which contains data supple-
mentary  to the original presentation [BT-70bJ . The relative
cross-sections for excitation to the predissociating states are
take n to be the sum of the curves labeled T12, 4 . T14. 0. and T16. 0
in SK-75. The absolute tota l cross sections obtaine d in this way
for ener~~es less than or equal to 80 eV are listed in Table 14
below.

To extend the tota l cross section curv e t o  energies above
80 eV , the theoret ical  c ross-section curves for ind iv idua l  states in
t he hi gh e n e r g y  range [CL-72,  AD-7 1] are added and t h e r e s u l t i n g
cu rve matched with  the absolute value of the cross section at 80 eV
determined as described in the precedin g paragraph; the th eoret ical
curves are added by ap o ly in g  weight ing factors to the curv e values  at
1000 eV which are based on optical osci l la tor  s t rength  and elect ron
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Figure 7. Cross-section Curve for ~. x c i t a t i o n to N 2 (a t
fl , ) :

Adjus tment  of Rela t ive  Cross— .’ect  ion Data.
73

~~~ __________________________ --  
~~~~

. ‘

~~~~~~~~ 
.
~~~~~~~~~~~~

- - -- - 
~~~~

--



r 

- - ,-- ,----- -

~~~~~~~~~~~~~~~~~~

- -

~~~~~~~

- -— —- -- -

~~~

‘F.

loss spectra intensity data. Thus , the absolute cross-section for

energies above 80 eV is given by

~ c7 (2S, E)
= ~~b (5S, 80) _el

(~~~ 8O)~ (21)
rel

and
/ f( S :Cs , E ) / ~~(S . 1000)~ \

~rel~~~ ’~~ ~~~~~~~~~ :

~~ 

f (s) ) 
(22)

where f(s) is the weight ing factor  for  state 5, ~(S, E ) ,  the cross

section for state S at energy E and the subscr i pts denote relative

(rel) or absolute (ab) values. Values of the ratio ~(S. E) c(S , 1000)

determined from theoretical curves are given in Table 13. The

theoretical curves were available [CL-721 for the b 111 , b ’ ~~~~~~~ and

c ’ L~ states and the curve shapes for  the e U and o U were
n U 1 n u fl

1~~~
assumed to be the same as for c ’ ~L~ ; thus the states c ’ L

1 1 n u n U

c , and o 11 were treated together. The oscillator strengths
n U fl U

given in Table 13 are based on optical measurements [Ca-72.

LM-68a] and high-energy electron loss spectra [GS-69d1 The use

of these data as relative measures of the electron excitation cross-

sections at energies as low as 1000 eV can be partially justified on

the bas is of the comparison of the relative intensities in electron loss

spectra at high and low energy . Thus f rom the high- (33 kev)IGS-65}

and low-energy (200 eV) {LS-66b ] electron loss data , the ratios of

intensities of comparable peaks (i. e., for excitation to a specific

v ibron ic level) are essentiall y constant for the b’ ‘2~ . b ~~~ and

c 1rL.~ states (althou gh there are few data in the latter case): for the
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Table 13. Relative Values of Cross Sections for the b ’ ~~~~~~~ b
Ii , and o 11 States at High Energiesn u n u n u

and the Corresponding Oscillator Streng ths

A. i~lelat ive Cross-Sections

c’(b , E ) n~b,E) o(c ’, c , o : E) V.
E(eV) c(g, 1000) ~(b , b OOT ~(c~ C , 0: 1 0 0 0 )  

a
rel~~

S. E)

1000 1.00 1.00 1.00 1.00
600 1.49 1.48 1.43 1.45
300 2 .55  2. 46 2 .2 1  2.34
100 5. 09 5.22 3.63 4.31
80 5. 74 5. 83 3 .79 4 .69

B. Oscillator Strengths

State 
______ 

Sta te f

b’ ~2 ’ 0. 24 c ~‘fl 0. 22u 3 u

b t fl 0. 20 c 
1fl 0. 0057u 4 u

I.’ 0.11 (~ 
in3 u ii u

( •  
12+ 0. 0175 o 1

n 0. 0754 u 3 u

C ’ * o 1fl 0. 031n u 4 u

+ 1 +  1n~~5 and c = c fl have the I value 0.070.n u n u
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c ’ 1L~ s l a t e , the r a t ios  v a ry  by about 30 - . No data are available

b r  the  o U s ta te s .n U

The I’eSU ltS of app l y ing  Eqs. (21) and (22) as described

above ace shown in Table 14.

4. 2. 2 Cross-Sect ion Values for  Speci f ic  States

To obtain cross—sect ion  data for  e lec t ron excitat ion to

individua l s tates t oi ’  energies g rea te r  than 110 eV , the fo l lowing

relation was used:

a(S , F ,)  / ~~ (5 , 1000)

~ab~~
5’ 1OOO )I ~- - 

-s~~~~  
-) 

(23)

This  relation is consistent wi th  Eqs. (21) and (22 ) .  The values of

the cross sections so obtained are listed in Table 15.

The cross-section data for electron excitation to individual

st a tes  for  energies between 110 and 23 eV were obtained as follows.
- C / ICV ~+ -The cross-section profile for the c 

~u 
state is known to low

energies: the theoret ical  curve [CL-72]  and experimental curve

shapes AD-711 agree very well. By using this profile and the

absolute value at 110 eV , as determined with Eq. (23), the absolute

values of the cr oss sec tion for the combination of the c ’

c U , and 0 U s ta tes  were calculated from the i’elationn u n u

= 0.571 
~rel~~ rel~~’ 

110) (24 )

where  0. 571 is the absolute crOss-section in units of 1O~~
6cm 2 for

exci tat ion to the above combination of states as de t e rmined  from Eq. (23)

and t he ra tio of cross sections in Eq. (24) was found f rom the c ’ sta te
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Table 14. Absolute Cross-Sections for the a 1fl
and Predissociating States. g

Ene r~~’ (eV) ~(a l flg)* ~(pr e) t E n e r g y ( e V )  ~(a 1flg) ~(pre)

11 0.077 - 110 0.070 1.23

14 0. 292 0. 0 147 140 0. 056 1. 10

18 0. 321 0. 093 180 0.045 0 .95

23 0. 293 0. 32 230 0. 036 0. 82

29 0.231 0.508 290 0.029 0.71

36 0. 190 0.78 360 0. 024 0.61

45 0. 156 1.09 450 0. 020 0. 53

57 0. 126 1. 28 570 0. 016 0.45

72 0. 102 1. 43 720 0. 013 0. 38

90 0.083 1.34 900 0.010 0.32

* -16 2Cross-sections in units of 10 cm •

Pre represents the state s b ’ ~~~~~~~~~~ b ‘I1u~ 
c~ 
‘~~~~. en 

1’fl
~
. and
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Table 15. Absolute Cross-Sections for the States c’ ‘L~ .

c 
1fl , o 

lii , b’ ‘~~~, and b ‘fl
n U fl U U U

E (eV) ~(c ’, c. o)* — (b’)
t 

_____

14 0. 013 0. 001 0. 0007

18 0. 084 0. 005 0. 004

23 0. 288 0. 017 0. 015

29 0. 429 0. 043 0. 036

36 0. 532 0. 135 0. 113

45 0. 592 0. 271 0. 227

57 0.618 0.361 0.301

72 0. 618 0. 442 0. 370

90 0. 601 0. 403 0. 336

110 0 .571 0.359 0.300

140 0. 526 0. 313 0. 261

180 0. 468 0. 264 0. 218

230 0. 4 12 0. 220 0. 180

290 0. 361 0. 190 0. 159

360 0. 321 0. 163 0. 136

450 0. 2 78 0. 13 7 0. 115

570 0.239 0. 115 0. 096

720 0.205 0. 095 0. 080

900 0. 174 0. 079 0. 067

Cross-sections are in units of io~~ cm ’2; c ’, c, o represents
, 1 ±  1 1

the combination of c , c H , and o H states.n U n u n U

b’ represents b’

1
b represents Ii flu

.
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profile. Absolute cross-sections for excitation to the b’ and
b 

~ u states were found by difference , i. e. ,

~ab(4S E) — 

b
(c’,c,o;E) = —~(b

’,E) + :(b , E) (25)

with the further assumption that

—~(b, E) /n (b ’ /E)  = ~—( b , 110) / ’-t(b ’ / liO) . (26)

Below 23 eV , the relative values of all cross sections were kept
constant. The entire set of cross-section values is presented in
Table 15. The data of Table 15 are relevant to the choice of
fractional predissociations presented in Table 12. For the b ‘fl u
state , the maximum branching ratio is 0. 31. Thus the uncertainty
in this case is 0. 24 of the total cross-section and repeat calculations

were perf ormed to avoid introducing this uncertainty.

4.3 CONSISTENCY AND COMPARISON OF RESULTS

A comparison of the predicted value of electron volts per
ion pair based on the cross-section values established in Section 4. 2
with the observed value for N2 is a reasonable test of the validity of
these cross sections. The cross sections for excitation to the pre-
dissociating states of N2 account for at least 60~ of the total cross-
section for excitation of N2 above 30 eV , 80~ above 45 eV, and 85fl
above 140 eV according to the accounting employed in this report.

The predicte d value of the electron volts per ion pair for
N2 is 35.87 at 900 eV and becomes 35.36 eV at 20 , 000 eV. The
extension of the calculation from 900 to 20 . 000 eV reduces the
electron volts per ion pair by an amount which is insensitive to the
absolute cross-section values as compared between the present
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calculations and others [TA -74a; SK-75J . The measured value of

electron volts per ion pair at 20 , 000 eV is determined {IG-67] to

be 34. 8 ± 0. 2 (a previous assessment [Wh-63b] yields 34. 6 ± 0. 3).

Thus the predicted value is about 0. 6 eV larger than the observe d

value. This , howe ver , is not a signific ant difference as it corres-
ponds only to a 9( error in the total cross-sections and this is less

than any experimental error in measuring cross-sections. Therefore ,

the set of cross-sections for electron excitation to the b ‘H , b’
1 1 1 1 U U

c U . c’ :~~ . 0 U , and a ” ~~ states of N is consistent withn u n u n u g 2
observations on electron-N 2 interactions as measured by the value of

the electron volts per ion pair.

An alternate set of cross sections [Wi-66] is frequently used

[OJ -75] for calculating the formation of nitrogen atoms as a result

of predissociation and dissociative ionization. When accoun t is taken

of the contribution of dissociative excitation , and ionization to this

set and the total excitation cross-section curve derived from Winter ’s

data based on the fractional predissociations given in Table 12 , the

calculated value of electron volts per ion pair in N2 becomes 40. 78 at
900 eV and 40 . 26 at 20 , 000 eV. These values are substantially

large r than  the observed best value of 34. 8 and indicate that the

cros s sections derived from Winter ’s experiments [Wi-66J are too

large . Note should be taken that the experimental technique used

[Wi-66] is subject to large errors and that the experimental results
have not been checked by other investigators.
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APPEND iX A

GUIDE TO DATA AVAILABL E ON MI CROFI CHE

A. 1 The following is a guide to the detailed results of the calcula-
tions in this report. These results have been recorde d on m icrof iche
and are available from the authors in this form. * The calculations have

been made with two codes: ISRADU which was used for the UV photon
deposit ion describe d in Section 2 above and ISRA D which was used for

the electron deposition described in Section 3 above. The guide to
the latter code results has already been given [MS-75 } and onl y

corrections in this case are given below.

A. 2 The identification of the calculations with the numbers on the

upper right hand and left hand corners of the microfiche is given in
Table Al for the ISRADU code and in Tabl e A2 for the ISRA D code .
For each microfiche number (M. N . )  appearin g in the upper left hand
corner , there corresponds a series of numbers (SERIES) appearing in
the upper right hand corner. In the case of the ISRADU code calcula-
tions , the information in Table Ala identifies the results that appear
on each microfiche; the variation from one microfiche to another is
the result only of the change in the photon group - this change is
identified in Table Aib. Corrections to the microfiche listed in Table
Aib are given in M. N. 676 and are described in paragraph 32 of
Section A. 3 below. In the case of the ISRA D code calculations , the
microfiche number s and ser ies numbers apply in the order indicated
in Table A2; corrections to these microfiche are given in M. N. 633
and are described in paragraph 32 of Section A. 3 below.

* The 216 microfiche have not been distributed with this report owing
to their large bulk .
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Table A - i .  Ident i f icat ion of Microf iche  Data fu r  ISRADU Calculat ~uns
A-la.  Common In fo rma t ion  on Each M i c r o f i c h e

[01, cm 3 [N 2 ], cm 3 [02 1. cm 3 0. eV ALT , km Series ETH 1tM
2 . 0  ( 10) 5.2 1(15)  1.40(15) 0.0215 60 001 1.0(1)

001, 002 1.0(8)

002 1. 0(P))

0u ’~ 003 1.0( l2 ~
3. 23j i )  1. 58(12) 2. 5 ( i i )  0. 0221 110 003 , 004 1.0(5)

004 1 .0(7 )

004 , 005 1.0(9)

2. 98(10) 3.78(10) 4 .21 (9 )  0. 0847 145 005 2 .0 (5 )

006 2 .0 ( 7 )

006 , 007 2. 0(9)

1. 91(9) 4. 35(8) 2. 74(7) 0. 1105 250 007 6. 3(5)

007 , 008 6. 3 7 )

008, 009 6. 3(9 )

2. 5 (13) 1. 0 (8) 1. 0 (8) 0. 218 500 009 2. 6(5)
1 ,0  (10) 5.21(15) 1.0 (10) 0. 0215 100 009 , 010 1.0(5)

[ 1 . ” ~~~ 1.0 (10) 1.4 (15 ) 0. 0215 100 010. 011 1 .0 (5 )

—. ______ 
A-lb .  Mic ro f i che  Numbers  for  Photon Energies 

_____

1 ENGGRP~ M . N .  I ENGGRP M N .

6 10. 01 237 50 20. 67 053
12 11.43 231 54 24.40 034

17 12. 52 199 60 33.67 033
28 13.71 204 64 40. 80 852
31 14. 84 200 69 65. 44 854

36 15. 74 084 72 130.41 856
45 17 .63 057 82 281 .05 859

ETH RM = background e lect ron dens i t y ,  cm 3
:~ ENGGRP = Energy  of photon group , eV

I — photon gr oup ident i f i  cati on numbe r on m i c i-oh che
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A. 3 The microfiche for the ISRADU runs contain the following

data :

1. The first data of interest are the five columns headed by symbol s

N , U(N). DEL U(N). W(N), and empty heading. The N is the

index for the energy bin and is equal to j + 1 (see Table 1 of MS-75);

U(N). DEL U(N). and W(N) correspond to U~~1, A U
1 1. and W~~1

of Table 1 (of MS-75). The column with no symbol heading is the

electron speed , v. . in cm sec 1.P-i
2. The section of print beginning TERM S IN E (U) EQU. ,

PHOT OABSORPTION can be neglected. This is only used with a
solar source for photons.

3. The nex t section of print , beginning TERM S IN E (U) EQU. ,
EXCIT. /DISSOC. NUMBER , gives values of the quantity

[ek] vk ~xd (k . S) b d (k , j ,  S) [S found in Equation (2). The order
of presentation is: the first column gives W~. the second entry k ,
the third entry S. the fourth entry the above product. If electrons
from more than one energy group k excite or dissoc iate S.
additional sets of three entrie s — k , S, product — are printed.
Following the four slashes , the sum ~~ fe~ J Vk ~xd0” 5) b d(k , j , S)[S]

is given. The numbers 1, 13, and 14, representing S. correspond
to ground electronic states of 0, N2, and 02. respectively.

4. The section beginning TERMS IN E(U) EQU. , EX CIT. /DISSOC.
(U = U P RIME) gives values of the quantity v~ b d(], j . S)  

~~~~ 
S){SJ

found in Equation (3) but is otherwise similar to the previous section.
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5. The section beginning TERMS IN E(U ) EQU. , IONIZATION NUM.
gives value s of the quantity [ek}vk o~ (k , S) b~(k . j . S)[SJ found in

Equation (2) but is ot herwise identical to the section discussed in
paragraph 3.

6. The section beginning TERMS IN E(U) EQU. , IONIZATION ( U =

U PRIME ) giv es the values of the quantity v. b.(j , j , S) i-.(j, S)[S]

found in Equation (3); otherwise paragraph 3 applies here.

7. The section beginning TERMS IN E(U) EQU. , LOSS TO THERMAL

ELEC. NUMER. lists values of k and C. . [e. ] ,  the latterj + l ,j  P-’
being a term in E quation (2).

8. The section beginning TERMS IN E(U) EQU. , EX CIT. /DISSOC.
DENOM. gives values of v. G d(j . S) [S} as found in Equation (3).
The first column gives U. with further entries of S and
V~ ~Xd (1. S) [SJ.

9. The section beginning TERMS IN E(U) EQU. , IONIZATION

DENOM. gives values of v. c-’. (j , S) [5] but is otherwise similar to
the previous section.

10. The section beginning TERMS IN E(U) EQU. , LOSS TO TH ERMAL

ELE C. DEN OM . lists values of k and C. see Equation (3).

11. The next section gives a summary of the preceding sections. The
headings and their reference are : ENERGY , the values of U.; S.
the targets as listed; PA , not applic~~le here ; XD and I. individual
entries are ek vk ~a(k~ S) b (k , j ,  S)[S] for a = xd , i and sums are
given below the dotted lines; TH gives C~~1 [e. 1J; SIG+ . the sum
of XD , I , and TH; XD and I (the headings on the right-hand side
of the table), individual entries are 

~~
Vk ~a

(k
~ 

S)b (k , j, s){SJ for
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a = xd , i and sums are given as before; TH (heading on rig ht-hand

side of the page) gives C. and SIG- , the sum of XD , I, TH.

The number above SIG- which is precede d by ( is [e.] which is

calculated from the ratio SIG + /SIG- .

12. The section beginning EXCIT . /DISSOC. TERMS IN EQUA TION

6A gives the quantities [e.] v. 
~ 

(j , S) for a = xd as found in

Equation (4) of the text. The f i rs t  entry is N ( - j -. 1), second entry

is S. the thi rd  entry is an index redundant for reading the

microfiche , and the fourth entry is the quantity given above.

13. The section beginning IONIZATION TERM S IN EQUATION 6A

is identical to the previous section except that a i.

14. The section beginning EXCIT. /DISSOC. TERMS IN EQUATION 6B

gives the quantity [e
1J V . 7 (j , S)b (j . S~ S’)[S] for a = xd which is

found in E quation (5). The first four entires are N . S. S’ , and

the previous quantity . When S = 1, S1 = 1. 2 . 3, or 4 . and these
1 1 3~~numbers represent the products O( D), O( S). O(3s S ). and

O(3p
3
P), respectively; when S = 13, S1 = 1. 2 , 3, 4 , 5. 6, 7, 8.

and these numbers represent the products

[N2 A 3:~~ N2 (B 3flg)~ N2 (W 3Au)
~ N2(C 3rlg)]. N2(c~~~~~~. C- n

’I1u~

on
i

fl u ) ,  N2 (a ” 1~~~), N2 (b ’ ‘
~~~t~~~

). N 2 (b 1fl g)• [N
4s~~. N( 2

D
0

). N(2P°)

from decay of excited atoms formed in dissociative excitation] .

N2
(X 1~T~ ) vibrationally excited; when S = 14. S’ = 1, 2 , 3. 4 , 5.

6, 7, and these numbers represent the products

02 (a 1
Ag). O2 (b

1
~~ ). O2 ( c ’~’ ) ,  O2(B 3

~~~), [
O(3P) . O(3s~ S°)] .

-
. 

[o(3P). O(3s 5s0)] . o2 ix 3~~~) vibrationally excited.

- - i
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15. The section beg -inning IONIZATION TERMS IN EQUATION 6B

gives the  quant i t y  [e.]v . r~ (j,  S)b a (j
~ S

, S’)LSI for  ~ = i :  see

Equation (5) . The l is t ings are  s imi lar  to those of the p revious

section but when S = 1, S’ 1, 2 . 3. and these numbers

correspond to the  products O~ ( 4S ), O ’ ( 2 D~) . O~~(
2

P 0 ) ,

respect ively :  when S = 13 , S’ = 1, 2 , 3 , 4 , and these numbers

* 2 - + •- 2 +correspond to the products  N 2
(A Ii ), N 9 ( B ~~), N

2
(X ~~~ ) .

and [N~ ( 3P) and N ( 4S~~I : when S - 14 , S 1, 2 , 3. 4 , 5, and

these numbers correspond t o the products O~ (X ~~~ 0 ( a 4f l ) ,

0 ( A  211 ), O~ (b 4
~~ ) , and [Q t

(
4

5~~ ) and O( 3P) 1.

16. The section beginning PHOTOABSORPTION TER\1 S iN EQUA-

TION 6B gives the quan t i t y  ~ ( i )  ~ (i . 5) b ( i , S. S’) [S] found in
Eq. (5) . When S = 1, S’ = 1, 2 .3 .  and these numbers  (•O~’~’~~5

pond to the products  O~ (4S~ ), O~ ( 2 D~ ), 0 (2 P ) , r espect ive l y :

when S = 13, S’ = 1, 2 , 3 , 4 , and these numbers  correspond ~o

the  products N( 4S ) , N( 2 D ) ,  N ( X 2
~~~) and N 2 (A 3L~ )

respect ivel y :  when S = 14, S’ = 1. 2 , 3, 4 , 5 , and these

numbers correspond to the products O( 3P) ,  O( 1D) . O( 1S),

0 ( X  2I1g)~ and 0 ( a  4f l )  r espectively; when S 23, S’ - 1,
2, 3, 4, 5, 6, and these numbers correspond t o  the  p roducts

O( 3P),  O( 1S), N( 4
50) ,  N( 2D ) ,  N( 2 P ) ,  NO~(X~~-*,

respectively.

17. The section be ginning  EXCIT. /DISSOC. TE RM S IN I~~OT

EQU . lists the quanti t y [e ly .  ~~~~~~~~~~~~~~~~~ as found in

Equation (8) with  a = xd and M = K. The fou r repeated ent r ies

are N , 5, 1 , and the quan t i t y  given here.
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18. The section beginning IONIZATION TERMS IN KDOT EQU.

is the same as the previous section but with a = i.

19. Paragraph 17 or 18 applies to the sections beginning EXCIT. /
DISSOC. TERMS IN EDOT EQU. , IONIZATION TERMS IN

EDOT EQU. , EXCIT. DISSOC. TERM S IN RDOT EQU. ,

IONIZATION TERMS IN RDOT EQU. , and EXCIT C DISSOC .

TE RM S IN XVDOT EQU. but with the set of values (a , M) equal

to (xd , E) ,  (i , E),  (xd , R), (i , R), and (xd , X ) ,  respectively .

20. The next data are printed in the fo rm of four tables, which in

view of the above guide , the text and reference MS-7 5 , are

readily understood. These tables list formation rates for the

various species resulting from photoabsorption . excitation

and ionization which are calculated according to Eq. (5 ).

Radiation rates and fluorescent efficiencies are also listed;

these are calculated as described in MS-75. The f i rs t  two

tables concern oxygen species. The f i rs t  table gives uniquely
the particles formed per ion pair; the second table , the

particles form ed per absorbed photon: otherwise the two

tables are identical. The third  and four th  tables concern

nitrogen species and are distinguished as the f i r s t  two tables

are. The calculation of the radiation rates and florescent

efficiencies are described in MS-75.

21. The next two tables are reductions of the preceding fou r tables.

The reductions are made by taking into account the result of

radiative transitions and dissociations (including predissocia-

tions). The radiative t rans i t ions  taken into account are given

in Table 4 of reference MS-75 ( p. 28) and Table 3 of this report

(p. 24). The dissociation or pred issociat ion of molecules
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(of the preceding fou r tables) [and products] are

O2 (B 3: )[o( 3P) + O( 1D) J ,  O2
( c  1~~~) [O( 3P) + O(3P)] ,

N 2b 1fl
~~

[0. 83N( 4S ’) + 0. 83 N( 2D~)] , N 2(c ’~~~~, c 1fl , 0
n

[0. 125 N( 4S0 ) ~ 0. 375 N( 2D~ )] , N 2 (b ’ 1~~ ) [0. 144 N ( 4 S ) +

0. 2 16N (2D 0 ) or 0. 7 52 N( 4S0 ) + 1. 128N( 4 S ) ] ,  N
2

(a
C 1~~+ )

[N( 4 S ) ÷ N 2 ( 2D
o ) ] .  For the alternate product sets in the

- - - , 1 -t-

case of predissociation of N 2(b ) , there are two sets of

data given in these two tables. The corresponding energy

transformation for  all processes in the reduction are taken

into account. Each table contains the formation rates for both

oxygen and nitrogen species and the two tables d i f fe r  by the

inclusion of the quantity particles per ion pair form ed in one

and particles per absorbed photon in the other.

22. The line of pr int  beginning VIBENG gives dXy /dt  for the

fou r species indicated.

23. The next fou r lines show spec ies densities for gr~ .tnd state 0,

N2, and 02 : the numbe r on the f i rs t  of the four lines is the 0

density and the fi rst and second numbers of the second line

are the N2 and 02 densities , respectively. The remaining

numbe rs can be neglected.

24. The lines labeled PH I (I , T) give the photon f lux (photons / cm 2sec)

where I indicates the position of the entry in the array and the

photon energy corresponding to the value of I is given in

Table A-lb.
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25. The line beginning BIGI is not of interest in relation to the
present calculations .

26. On the next line , beginning with THETA , the relevant item s are
THETA , the elertron temperature , TEMP , the neutral particle
tem perature , THVIB , the vibrational t emperature and YPOS ,
the altitude.

27. The next two lines contain in order , ETH RM , the ~1ectron
density of electrons in the thermal  group, le~h I. SMEU , the
electron density of electrons in th e hi gh energy groups ,
SMUEU , the energy of the high-ene rgy electrons ,
DE THDT , the rate of formation of thermal  electrons ,
d[e th ] / d t ;  SEUETH , the ratio of the densities of hi gh-ener~rv
to thermal  electrons , = [ e . J /  [e th i: DOTUTA , the sum of the
energy densities in the seven energy modes: SUMON5 , the
number of absorbed photons given by the denominator of Eq. (13) .

28. In the next two lines , be ginning with NGRP , the number  of the
photon group in which the photon belongs, the fol lowing quant i t i es
are listed: DELDT , the denominator of Equation (10); EVP IP ,
the electron volts per ion pair , E. of Equation ( 11), ENGGRP ,
the energy of the photon: SUMEDT , the sum o~ the rates of
change of energy density in the seven energy modes:
TE RMON , the quan t i t y  ~~[ e . j v .  A (1

~
O2 )I02 l: SOKDOT.

SODDOT , and SOI DOT , are  not applicable t~ the present
calculat ions.

29. The next two lines l is t .  i :~ order , the rates of change of energy
den sOv and the f rac t i ona l cont r ibutions of the seven e n e r~ v
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modes , K , E , R , Xy~ I , D , Xe (see Section 2. 1. 2)

ponding to the tables of paragraph 20.

30. The next four lines are the same as the corresponding four

previous lines but apply to the tables of reduced data (see

paragraph 21 above).

31. The seven columns with the headings N , U(N ),  E(TH )/DE L U ,

~E(TH ) ~ E(N ) )  DEL U. F(N ) PRIME. H(N )  PRIME and E ( N )

represent : the energy-group index , j+l  (see Table 1 of MS-75) :

the energy group , U . 1 ; the d i f ferent ia l  ther mal  electron

densi ty contr ibut ion to each energy group : the d i f f e r e n t i a l

total electron density contr ibut ion to each ener~ v i~j ou p.

LC t ota i ]/ ~’ ~ U: the total  electron flux , 
~ 

(see E quation (20 )) :

the photoelectron flux : the electron dens i t y . L e, i J.

32. Because of a round-off e r ror  in calcu lat in ~ the thermal  electron
density,  some of the columns headed E (TH ) / I)E L U.
(E(TH ) + E ( N ) ) / D E L U and F(N) Piti~\ lF  may be in e r ror .  To

correct these data by repeating the calculations is too expen-

sive: rather , only the calculations for  the t h e i m a l  electron
dens i ty  and fluxes were repeated. These cor rec t ions  are on
mi cro f i sche  no. (M. N . )  676 wi th  the I l l n w i n g  format :  the

fi rst two lines contain 0, N 2. O9~ THETA . VTH t~\I , A L T

where  0, N 2, and 02 are followed by the  respective densit ies .

TH E TA by the electron t empera tu re .  ETH I~ M liv the electron
dens i t y , ALT 1 v  the a l t i tud es  f u r  the  calculations to wh ich  the
correc t ions  apply . The lat ter  are iden t i f i ed  in the  t h i r d  l ine

and referenced table. Following these q u a n t i t i e s ,  a table w i t h
the headings N, 1 5 ( N ) . E ( T H ) ,D E L  and K N )  PRIM E appears.
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The first three quantities are defined in paragraph 31 above and

K(N) PRIM E is the thermal electron flux . The corrected value
of the total electron flux is obtained from the relation
F(N) PRIME = K(N) PRIME + H(N) PRIME , th e latter quantity
being obtained as indicated in paragraph 31.

33. The final group of data labeled U(J), S, S(SIGMA), and repeats,
gives the energy group (see Table 1 of MS-75) , the target , and
the loss function (Equation 26 of MS-75). The last column ,
column 10, gives values of [e ly .  aA(j , 02

) [09 1

A. 4 The guide to the microfiche for ISR.A D calculations has

been previously presented (MS-75 ’t; here , only the changes

are given for the items of MS-75.

14. The quantity [e .}v. ~~~ S)[S~ i s incorrect : the correct quant i ty
is [ej ]v j c

~a (J~ S).

16. Replace N (c 1~~ ) by N (c ’ ‘E~, c 1fl ~2 u 2 n u n u n u
28. Replace EUPIP by EVPIP ; replace TE HMUM by TE RMOM.

31. The corrections discussed in paragraph 32 of Section A. 3 apply
here with the following changes: the corrections are on micro-
fi che no. (M . N.)  633: the calculations to which the corrections
apply are identified on the third line .
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