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ABSTRACT. Equations are derived for ealeulating ionization rates for three basio types of electron energy
spectrum distributions. These can be combined to model ohserved auroral electron energy distributions, in order

to simulate auroral effects and effects due to electron precipitation. Caleulated auroral 5577 3,’3914.&° intensity
ratios, using the ionization rates obtained by means of the derived equations, at the altitudes of 120, 160 and

200 km, show good agreement with observations.

1. Introduetion

The main spectral emissions and general appea-
rance of an aurora, as well as the height of maxi-
mum volume emission rate for a given radiation
wavelength, depend principally upon the elec-
tron energy spectrum distribution of the electron
flux penetrating the atmosphere. Electron impact
excitation of the various states of the atmospheric
species and indirect processes such as those caused
by the ionization created by the electron flux are
responsible for these emissions.

Some auroral electron spectrum distributions
have been investigated by rocket and satellite
studies and the results of a few of these studies are
shown by Hones et al. (1971). Most of these
reported distributions may be represented by
combinations of the basic types of electron
energy spectrum distributions such as :

() J(E) = K, E-exp (-E/E,)
(b) J(E) = Ky exp (-E/E,)
() J(E) = KyE 7

By means of analytical equations derived for the
ionization created by the above basic types of
electron energy distributions, it becomes possible
to simulate the ionization caused by combinations
of these basic types of distributions for electron
fluxes penetrating the atmosphere, with the use
of an assumed model atmosphere.

When the electron impact cross sections for the
excited states of the atmospheric components are
known, it is possible to simulate the major spectral
emission and ionization features of auroras by
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determining the emissions due to impact excitation
and those due to the indirect processes such as, for
example, the dissociative recombination of Oy+.
To illustrate the use of the derived equations, the

5677 A[3914A intensity ratio is calculated at a
few altitudes using the model atmosphere employ-
ed by Walker and Rees (1968). The results show
good agreement with previously reported observa-
tions of this ratio.

2. Approximations for number densily, scale height and

eolumn density

Reasonable approximations for the number
dersity and the column density of the atmosphere
upto at least about 300 km are required for the
calculations related to typical auroras. Some of
this data can be obtained from model atmospheres
such as the Cira 1965 model. The number density
of an individual atmospheric component, as cal-
culated by the Cira 1965 model atmosphere, is

w= i (T1)-oxpl- () - [ g-&/7) (@)

1
where n;, ny; is the number density of the 4 com-
ponent at altitude z, z;(em—3).

T, T, is the temperature at altitude z, z; (°K).

m; is the molecular or atomic mass of the ¢ com-
ponent (gm).

k is Boltzmann’s constant,
g is the acceleration due to gravity (cm/secd).

The total number density of all atmospheric com-
ponents may be approximated by the following
expression (valid over a limited range of altitude) ;
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n = myexp[-(z-2)/ Hel (2-2
where n, 4 is the total number density of all at-
mospheric components, at altitude z, z; (em™3).

Hegr is the effective scale height for the altitude
range, z, to z. Hegy for the altitude range, 2, toz,
is given by

Her = (2-2)/1n(n [ n) (2-3)

The column density increment between the al-
titudes z, and z is approximated by integrating
the number density expression, Eq. (2.2), thus

2

An= J- ny-exp [ - (2 — 2y)/Hete].dz (2.4)

(51
A = Hegg* (ny — ) (2-5)

The column density is obtained by summing the
column density increments above the altitude for
which it is required.

8. Derivation of the ionization rate equations

For obtaining some of the spectral emission
properties of auroral phenomena, it is useful to
know the total ionization at various altitudes
causéd by an electron flux having combinations of
the various types of electron energy spectrum
distributions mentioned in the introduction.
That is, equations for the ionization rate establish-
ed at each altitude under study should be derived
from basic physical principles.

Assuming that the geomagnetic field lines are
approximately vertical and that each high energy
electron spirals about these lines at a given pitch-
angle as it approaches the denser atmosphere, it
is possible to formulate a comparatively uncom-
plicated integral for the ionization rate. Since
each precipitating high energy electron creates
jon-pairs along its entire path, those electrons with
sufficient energy to penetrate to a given altitude
contribute to the ionization at that altitude. Hence
the ionization rate at a given altitude, at each
differential solid angle, 2. = sin 8d 0. sterad.,
will be the sum of rate of energy loss per unit length
by all of the electrons of the distribution (having
energies over the minimum required to reach the
altitude under consideration), divided by the ave-
rage energy loss per ion-pair created, ( AE)uy-
This total number of ion-pairs created per unit
time is not altered by the fact that the primary
electrons create secondary electron which, in turn,
may have sufficient energy to create higher order
electrons,

Therefore, if J(E) refers to the function for the
assumed electron energy spectrum distribution of
the precipitating electron flux, then the ionization
rate at a given altitude is :

Blﬂ Elll
qg= f J“E-n-.«in 0-do (-dE dy) J(E)dE/(/\E)ay
0 E(0)

(3-1)

where g is the ionization rate, (ion-pair/em3/sec).

@ is the angle with respect to the vertical
direction. Since the geomagnetic field lines
are assumed to be approximately vertical,
6 also correspoads to the pitch-angle of pre-
cipitating electrons, (at the differential solid
angle located at ).

Op is the maximum possible pitch-angle, at a
given altitude, for the electrons with the
largest energy of the distribution.

E, is the least value for the energy that an
electron may have to penetrate to the given
altitude at the assumed pitch angle, 8.

E,, is the maximum electron energy for the elec-
tron energy spectrum distribution.

The steradian unit associated with the differential
solid angle has been omitted in Hq. (3.1) for s'm-
plicity, but it cancels with the steradian ! unit
associated with the function, J(E).

The first equation will be derived for ionization
at a given altitude created by electrons having a
“Maxwellian” type of electron energy spectrum
distribution of the types, J(E)=k,. E. exp(—E|E,),
and assuming isotropy for the angular distribution
of the precipitating electrons. By the latter assump-
tion, for electrons with lower energies, deflections
after collisions with air molecules will not affect
the ion-pair production rate obtained by Eq. (3.1).

An equation which relates electron energy to the
penetration and the pitch-angle of the electron
(Citrynell 1974 a), is

E=E'. (sec 8) (3.2)
where p=0.5785 and
E =[] N-dy/(ky Nsre) J? (3.3)

By is 4.467.107%-cm. (kev)™1-78, and Yyip is
very closely twice the Loschmidt’s number,
2.68719.10Y e¢m—3 (Weast 1970, p. F-84). A brief
summary of the derivation of Eq.(3.2)is given
in the appendix for the convenience of the reader,
Differentiating Eq. (3.2) with respect to the alti-
tude, y, yields

dE|dy=(sec 0)?.[ | N.dy/(ky.Nsrp)}r—2.
(¥/ Nsrp). plky (3.4)

since § may be assumed to be approximately
constant without changing the value for the ioniza-
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tion at a given altitude, significantly. N is the total
atomic density at the altitude under consideration
(units of atoms per cm®), and | N.dy represents the
total atomic column density at the given altitude,
(units of atoms per em?). fince it is the absolute
value for the rate of energy loss per unit length
that is requized for —dE/dy, Eq. (3.4) may be
substituted for —dE/dy in Eq. (3.1). Hence, Eq.
(3.1) may be written as

am e Ep
7=£1. j sin 0.(sec B)P,dﬂlf Ee EE, dR

0 E](G)
(3.5)
where §; = 2.7.[ IN.dy"(k_l.NsTP)]p"l.

(N/Nsrp) plky ky [( AE)ay (3.6)
Integrating over the variable, E, and substituting
the limits of integration, E,(8)=E'. (sec 8)? and
Emo yields

[}

sin 6. (sec 8)7. E’. (sec 6)7.

’

=& -Ey
exp [—(E'[E,) (sec 6)r]. df

0"!

+ & El J sin 8. (sec 6)P.
0

exp [—(E'|E,). (sec 6)¥].d8

— &1Ey*-exp (—Em/Bq)-(14-Em/E,)

Oum
: J‘ sin 6. (sec 8)7-df (3.7)

0
By multiplying and dividing the integralin the last
term of Eq. (3.7) by sec?d, this last term becomes

O
§1E¢* exp (—Em/E).(14-En/Ey). | (sec)r—2
sec . tan 6df ¥
=£,"Ey? exp(—En/Ey)- (1 +En/Eg).[1 —
(cos 8m)*—7]/(1—p) (3.8)

By multiplying and dividing the integral in the
second term of Eq. (3.7) by p. (E'/EN+1e.
sec 6, the intergal in the second term of Eq. (3.7)
becomes

Hﬂ}

Inty = (1/p)-(Ey/E")1 1 fP.J. exp[—(E'/E,)

0
(sec 6)7).[(E/E)-(seo )]~ [(B/Ey)
p-(sec 6)P~1, sec 6 tan 6.d6] (3.9)
Substituting ¢ for [(E'/E,).(sec 6)?] in Eq. (3.9)
changes this integral to

t
Int, = (1/p)- (B,/E")- 1172, f

e—ti1p dt
to (3.10)

where {, and fg,, are the new integration limits
which correspond to 0 and 6,,, respectively.

By setting @—1 equal to —1/p and by the use
of two integrals which are equivalent to the integral
in Eq. (3.10), Int, is transformed to

o

Inty, = (1/p)- (E'/By)~% ( J ety dt

ty
oc
— e at
10

hence
Inty = (1/p).(E"/Eo)™?. [T, to)—1(p; tom)]
(3.12)
where I'(p,fp) is an incomplete gamma function
ty = E'|E,
tgm = (E'|E,).(sec Om)? = En/E,
Substituting Eq. (3.12) for the integral in the second
term of Eq. (3.7), this second term becomes
évEy*. Inty = (6,.E,%/p)- (B'[Eo)~%.[T (0, )
—I'(5p, tom)) (3.13)
By multiplying and dividing the intergral in the
first term of Eq. (3.7) by (Ey/p).(E./E'))-1/?,
changes this intergral to

Inty = (Ey/p)-(Eo/E'N ’p-j

(3.11)

Om
exp [ —(E'[E,)
0
(sec 0)*] .[(B'|E.).(sec O)P]-1IP.(B'[Ey).p
.(sec 6)P~1.seo 0. tan 0.d0 (3.14)
Here, again, ¢ may be substituted for
[(E'|Eg) .(sec 8)7], so that
t0m
Inty = (EO/P)-(EofE').?'j. et o=1.dt (3.15)
t
o
where w=2—1/p and ¢=1—1/p
By using two integral in place of the integral is Eq.
(3.15), as was done for the similar situation in Eq.
Eq. (3.11), the first term in Eq. (3.7) changes to
£ Eg Inty = (&1.Eo2[D).(E'[Eo)™® .[I(w, ty)

— I'(w, tgm)] (3.16)
Therefore, the ionization rate, g, at a given alti-
tude cauged by an electron flux penetrating the at-
mosphere and having a ‘Maxwellian’ type of elect-
ron energy spectrum distribution, J(E)=Fk,. E.
exp (—E/Ey), 18 found by combining the results,
Eq. (3.8), Eq. (3.13), and Eq. (3.16), to yield
w=(£y E2(p) (B'|Eo)® .[{I'(w,ty) — I'(w, lom)}
; =+ {Ie(?: to)'_P(‘P: 9m)}]
— £, B2 .exp (— En/Eo).(1 + EwlE,).
{1 —(E'Ew)?} /(1 —p) (3.17)
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Where fl = 2.1r.[_[N.dy[(k1'Nb'1 1') Jp-l
L (N/NSTP) . (.p;‘rkl)‘kl.'( &E)ﬂt“
w=2—1/p=2—1.7286= 0-2715
g=1—1/p=1—1.7285=—0.7285
F = [f N.dy/(ky. Ner) ¥
to = E'[E,
!Bm = Em/Eo

o
I'(uy) = J
v

Epn is the maximum electron energy
spectrum distribution,
N is the atomic number density at the given
altitude, (cm-3).
{N.dy is the total atomic column density at the
given altitude, (cm~2).

When the electron energy spectrum distribution
is of the type, J(E)=k,.exp (—E/E,), the deri-
vation follows a pattem similisr to the derivation
of equation (3.17)). Hence, only the resulting equa-
ation for the ioniztion rate, ¢, is given here; this
equation is

q = (ES'EUIP)‘(E‘/EU)HQ' [F((?! !u)

— &y B exp (— En/B,)

[1—(E'[En)9)/(1—p) (3.18)
where the meaning of the symbols are given with
the derivation of Eq. (3.17).

The ionization rate caused by the atmospheric
penetration of an electron flux having the third
type of electron energy spectrum distribution listed
in the introduction, J(E)=k;.E-» will now he
derived. Beginning with Eq. (3.1) and again sub-
stituting Eq. (3.4) for—4E/dy results in the follow-

ing equation :
EL()

O
g==£;3" J
’ (3.19)

The meaning of the symbols used in Eq. (3.19)
are given with the derivation of Eq. (3.17). Integr-
ating over the variable, E, and substituting the
limits of integration, E(8)=E’. (scc 8)? and Ep,
yields

e~ti%1,.dt

of energy

— I(g. tom) ]

B
sin 0 - (sge 9)1"(18“[ E” dE

rOm
g =— [EgEV7[(1—y)]" | (sec 0)r' =) sin 6-d6

0

rOm

+ [& Enl/(1—7)] ° (sec 6)7.sin .46

(3.20)
Multiplying and dividing both integrands in the

right-hand member of Eq. (3.20) by (sec 6)°
changes the form of the equation to

¢ = — [ E"j(1-»))

0.
. j (sec 0)p (2-)-2 sec@.tan 0.d0

o
Om
g Bl [(L—p)]. | (sec 02
-sec @ tan 8.d0 (3.21) -
The integration of Eq. (3.21) and the substitution
of equivalent expressions results in the ioniza-
tion rate equation for an electron energy spectrum
distribution of the type, J(E)=k;.E-v, which is
0= ey BY(L—y)].[1— (Ew/Eip-C0-11])
[p-(2—y)—1]
+ (6 Bn' Y (L= )11 — (B[ Ew) %)
(1—p) (3.22)
where (he meaning of the “symbols are given with
Eq. (3.17). The conditions, y#1 and y#2—1/p,
apply to Eq. (3.22).
For the case where y=1, the integration proceeds

in a different manner. Substituting ¥=1 into Eq.
(3.19) and integrating over the variable, E, yields

[
q=—=£&.p- J (sec B)P.sin 0.1n (sec 6).d0

0.

+ ;c“a.ln(Em-'E’).J (sec B)P.sin 0.d40

0

(3.23)
Multiplying and dividing both infegrands in the
right-hand member of Eq. (3.23) by (sec 8),
changes the forms of the expressions so that they
may bc directly integrated, yielding the following
equation after the substitution of the limits of

integration :

g=—[& p/(p—1)] [(%'CBm) 2-1){ In (sec 8,,)1
—1} + 1]+[fa In (Em,/E ) {P 1)]
[ (sec8,)r*—1] (3.24)

Thus, by using the expressionsg=1—1/p and
En=E'. (sec. 6,)7, Eq. (3.24) may be simplified to
ymld the ionization rate oquatmn for the particular
case when y=1, which is
g=[&/e.(1 —p].[1 + In (En/E')? —(En/E')? ]
(3.25)
For the case where y=2—1/p, a different form
of ionization rate equation will result if this
substitution is made in Eq. (3.19). Here, one of the
integral will beocme | tan @.d@, which will result
in
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(= £&-En ¥o.(p—1)] [L— (sec 6,,)71]

+ [£5.E"® [[p-(p—1)].In (sec 8,)r 1
(3.26)
Therefore, by the use of the expressions
p=1—1/p and E = E’.(sec 6,)? Eq. (3.26) may
be simplified to yield the ionization rate equation
for the particular case when ¥=2-—1/p, which is
g=[&E7? [{p.(1 —p)}].[1 —In(En/E")?
— (Em/E') %] (3.27)

4. Caleulation of the 5577A /3914A intensity ratio

The 5577 A/3914 A intensity ratio of an aurora
or of an electron precipitation event -provides a
good method for checking the validity the derived
of analytical equations for calculating ionization
rates since this ratio may be checked against known
observed values; these values are about 2.4-1.,
upto an altitude of 140 kmn (Dalgarno and Khare
1967).

The 5577 .di radiation wavelength is emitted
durng a transition of an atomic oxygen atom i1 the
excited Ig state to the lower energy level excited
Ip state. The intensity of this radiation emission
depends upon the generation rate of atomic oxygen
atoms in the Tg states, the Einstein coefficient for
the transition, and the rate of quenching by
0,, O, and N, . The two major processes that are
respoasible for the creation of Ig states during auroral
and electron precipitation events are direct
electron impact excitation and dissociative re-
combination of O,*. The latter process may be
represented by O,* 4 ¢ - 0* 4~ O where about
5 per cent of the excited states generated are
assumed to be the Tg states.

The 3914 A radiation wavelength is emitted
during a transition of an N,+ ion from the excited
B2Zy + state at an energy level of 18.75 ev to a
lower energy level. Direct electron impact exci-
tion is the only process assumed to take place
which generates this excited state,

To work with a specific case, a flux of electrons
with an electron energy spectrum distribution of
the type J(E)=Fky.E~r is assumed to penetrate
the model atmosphere (given Table 2, p. 461,
Walker and Rees 1968), (plus the Ar values of the
Cira, 1965 model atmosphere) £k, is assumed to
be 1.0.108 em—2 sec—L.sterad—1.kev—, with
y=2. The maximum and minimum energy
values are assumed to be 100. kev and 1. kev,
respectively. The resulting total ionization rate,
calculated by employing Eq. (3.22), is
Altitude (km) 80 120 160 200
q (ion-pairfem?/sec) X 10° 109 820  3-08 1-69
with the above values for the total ionization rate’
¢, the individual atmospheric component’s ioniza”
tion rates at the given altitudes may be obtained"
A brief review of equations which may be used for

this part of the caleulations is also given in the
appendix,

The production rate of a given excited state may
be calculated by means of the following equation
(Citrynell 1974) :

7 (X) = [opk ot Wor/(Z oo Wei)]- q(X, ) 10,/ Wi

where, k

q(X,;)! represents the production rate of the
excited state, Xz, (cm=3.sec™2)
q(X,*) represents the individual atmospheric

component’s, (X,), ionization rate, (ion-
pair.em—3.sec—1),

w, is the ratio of the total energy loss, (to
the X, species) per ion-pair produced,
(ev/ion-pair). '

W, is the energy level of the excited state,

X,z (ev).

is the effective electron impact cross

section for the entire electron energy

spectrum  distribution, for the % excited
state of the r species, (cm?).

Based upon the results of previous work by the
author and upon the results of work by Green and
Barth (1965) and Stolarski and Green (1967), the
ratio [o,4, etr- W,i/(Z04, of- W,e)] is assumed to be

k

0.0232 for the O(Ig) state and 0.0410 for the
N, +(B2Z 1) state, with w,=35. ev/ion-pair associa-
ted with ¢(O+) and with w,=36.2 ev/ion-pair asso-
ciated with ¢(N,*).

By means of the production rate of the excited
state obtained, the volume emission rate may be
caleulated using

7(A) = Ay [9(X ) + ¢'(Xn) + Zhi (Y3). Z)]/
[(4rkz + Zks- (Y] :

Oyl eff

where,

7(A) is the volume emission rate of the radiation
wavelength, A (photon.cm—3.sec™1),

A, 18 the Einstein coefficient for the radiation
wavelength, A representing the emission of a
photon due to a transition from the state, X,
to a particular lower energy level, (sec™1).

¢'(X,4) represents the production rate of the exeit-
ed state, X,;, due to cascading processes in which
transitions from states at higher energy levels to
the energy level of the given state take place,
(cm—3, gec™?),

k; and Fjarereactionrate coefficients (cm3/sec)

(Y:)and (Z;) are the number densities of atmos-
pheric components which react chemically to
produce the excited state, X,; (cm—2).

(Y;) is the number density of an atmospheric
component which reacts chemically to reduce the
the number of atoms, molecules or ions at the
given excited state, X,z or which otherwise
act to deactivate the state, (quenching agents)
(om—3).
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TABLE &-1

Prineipal reactions used for obtaining volume emission rates

Reaction Rate
coeflicient

Reference

1 Ny++0, = 0,++N, 4+7(-11)* Dunkin et al. (1968)

2 Ny+4+0 = NO++N 1-4(-10) Fehsenfgld ot al.
(1970

3 Np++0 - 0++N, <1+0{-11) Hunt (1973)
4 Ny++4NO -»NO++4-N, 3-3(-10) Fehsenfeld et ai.

(1970)
5 0,+#4+NO->NO++40, 6-3(-10) Fehsenfeld et al.
(1970)
6 0+4+Ny» NO+4N  1-0(-12) Dunkin et al. (1968)
7 0++0y = 0+, -0 2¢0-11)  Schmeltekopf et al.
(1967)
8 N++4+0, - NO+40  3.0(-10)  Hunt (1973)
9 Ny+4-0, = 0+ N 3-0(-10) Fe}:xsenfgsld et al.
1970
10 N,++e - N+N 2.9(-7) Walker and Rees

(300/T,)4/*  (1968)

11 Optt+e—> 0*4-0 242(-7)« Rees ef al. (1969)
(300/T,)

12 O++4e—=> 0 1:0(-6) b

13 N++4e = N 1-0(-6) b

14 NO++4e = N+O 4-6(-7)»  Biondi (1968)
(300/7,)

15 O(Is)4+-0, = 040, 4+3(-12)« Slanger and Black
exp(-1700  (1973)

[RT)

1-2(-11)  Slanger and Black
exp(-450/  (1973)
RT)

<1-0(-17) Zipf (1968)

16 O(Is)+4-0 = 0+0

17 O(Is)4N, = O+N,

TABLE 4.1A
Assumed Nitric Oxide concentrations

A 680 70 80 90 100 110
C 3.0%10° 10108 2.0 107 1.3 107 8.0x 107 1.0 108
A 120 130 140 150 160 200

C 90x107 70x 107 8.0x10% 1.0x10% 6-0x10% 1-0x lut

A=Altitude (km) C=~Concentration (cm~%)

TABLE 4-2
Volume emissicn rates (ph./cm?/sec)

23014 A) 75677 &) #6577 &)
Altitude
(km) E.LE. D.R.
120 387 142 411
160 130 108 35.7
200 69-8 86.2 11-6

E.LE. refers to electron impact excitation.
D.R. refers to dissociative recombination, (reaction No. 11).

TABLE 4-3
5577;&!3914 A intensity ratio
Altitude E.LE. D.R. COMB
(km) Ratio Ratio Ratio
120 0-367 0-106 0-473
160 0-778 0229 1-01
200 1-24 0.166 1:41

a- units cm?fsec- (-x)=10— b- assumed rate of coefficient

A, represents the sum of all the Einstein coeffi-
cients for radiation which are transitions from the
state X, to lower states (sec™1),

In this way, the velues of 7;(5577.R) and

7 (3914. %) are caloulated. For convenience and
for understanding the relative importance of the
major excited state generating processes, the cal-

culation for the # (5577.A) is divided into a part
due to direst electron impact excitation and a part
due to the dissociative recombination of the mole-
cular oxygen ion. Table 4.1 lists the principal
reactions used for obtaining the volume emission
rate due to the dissociative recombination of 0,1,

Table 4.2 gives the results of the volume emission °

rate caleulations, Table 4.3 lists the resulting

B5TT K/:}QM K intensity ratios for the altitudes
that were checked.

In addition to the neutral atmospheric consti-
tuents already mentioned. the assumed nitric oxide
concentrations given in Table 4.1A were also used
to calculate the equilibrium concentrations of the
major ions formed.

E.LE. Ratio is the ratio due to electron impaet excitation
D.R. Ratio is r.tio due to dissociative recombiratjon
(reaction No. 11).

COMB Ratio is the combined ratio, (i.e. the ratio due to the

effect of electron impact excitation combined with the effect
due to dissociative recombination).
5. Discussion

For work with the third type of electron energy
distribution listed in the introduction, ecalculation
require the use of Eq. (3.22). If E'<Emin' (the mini-
mum energy of the distribution), it is necessary to
first calculate g=q (Em ;) With En=E,, ,;, = F ax
(the maximum energy, of the distribution); next,
q=q(En ;) is calculated with Ey = Ep,.=Enip,
The ionization for this case will be

7=9(En 1) — g(Emv2) (5-1)

If , however, E>FE iy, the ionizatio rate g,
is simply that given by Eq. (3:22) with E,, = Emnax.
[ie., 7=q(Eus) 1.

The analytical expressions for the ionization
rate, equations that have been derived in section 3,
of this paper together with the other methods
discussed in secticns 2, 4 and the appendix achieve
a significant simplification of the work that
would otherwise be required to model the effects
of an electron precipitation event or an aurora,
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However, the electron temperature, T',, which was
required for the rate coefficients of reactions 3 and
5 of Table 4.1, necessitated the use of values
which were approximated from the results of the
work by Walker and Rees (1968).

In conclusion, it may be noted that the results

for the 5577 :1/3914 A intensity ratios listed in

Table 4.3, which were obtained by the use of one
of the derived analytical equations for ionization
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rate and by the use of the other methods dis-
cussed, show good agreement with observations.
Observed values are about 2.-+1 (Dalgarno and
Khare 1967).

The low combined ratio at 120 km, in Table
4.3, is due to the low, dissociative recombination,

5577. A emission caused by a lower concentration
of 0,+resulting from charge transfer to NO, (No.
b, Table 4-1).
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APPENDIX A-1

Brief summary cf the derivation of Eq. (3-2) : (Citrynell 1974)

By negleting relatively small terms and by using
gubstitutions of good approximations for certain
terms, the basic equation given by Bethe and
Ashkin 1953 (Eq. 52, p. 254), for the electron
energy loss per unit path length, may be simplified
to the follwing form

—dE|dz=(a"N"Z/E) 1n(b- E?)
where,

E is the
electron.

% is the distance along the path through the
material.

N is the number of atoms of the material per
unit volume,

Z is the nuclear charge of an atom of the ma-
terial.

(A1.1)

kinetic energy of the incident

a =ITet| (1 — )2

b =1/ (0" (1 — B
e is the magnitude of the charge of an electron
C’ is a constant.

I is the average excitation potential over all
electrons of an atom.

B=v/c
v is the veloeity of the incident electron.
¢ is the velocity of light.

Over the limited extent of electron energies
applicable to the auroral region and the D-region
of the atmosphere, the expression, (1 — pg%)1/2
does not vary sufficiently to change the values of a
and b to an appreciable degree. Hence, @ and b
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may be regarded as constants. The distance through
which a high energy particle penetrates a given
material before being stopped is known as the
range of the particle for that material. This may be
determined for high energy electrons penetrating
air at given values of temperature and pressure.
For this case, N and Z in Eq. (A1.1) are constant;
hence, by multiplying both members of Eq. (A1.1)
by -—(2.b. E. dx)/In(b.E?) and then integrating
the range of high energy electrons in air is obtained

as R=[1/(2'a"b'Z N)]" E[2 In(b** E)] (A1.2)
wherc E; is the exponential integral function,

If the geomagnetic field lines are assumed
to be approximately vertical in high-latitude
regions and if y is the vertical component of the
actual distance traversed along the helical type
of path, the energy-loss equation for electrons
precipitating in the auroral and D-region of the
atmosphere may be obtained directly from Eq.
(Al.1) as

—dE|dy = (a"N-Z|E). In(b-E?)'sec § (Al.3)

where the pitch angle, 8, is the angle between the
geomagnetic field lines and the helical type of
path of the precipitating electron. By multiplying
both members of Kq. (A1.3) by—(2.b.E.dy)/ In (bE?)
and then integrating the penetration equation of
a high energy electron precipitating in the atmos-
phere may be approximately

§Z'N'sec g'dy=[1/(2a"b) " E.[2'In(b 2" E) ] (A1 .4)

If the penetration equation. (A1.4), is divided
by the range equation, (A1.2), this yields

(§Z-N sech-dy)/R=[ {1/(2ab)} E,{2- In(b' - E)}]/
[{(1/(ZabZNsrp) } “E:{2In(B 2 E)}] (A1.5)

Sirce @, band E arve the same in the numerator
and the denominator of the right-hand member,
and since Z and § may be assumed to be appro-
ximately constant (without significantly changing
the result for most of region of the atmosphere
concerned, Eq. (A1.5) can be smplified to

IN“dy = Ngpp' R cos @ (A1.6)

A good approximation for the range of an energe-
tic electron in air at STP, for electron energies
that are used in the ionization of this iegion of
the atmosphere, is given by

R = 4.467°1073, cm(kev)—1-7285, f1-7288 (A].7)

where the kinetic energy, E, is expressed in kev
units. Since Ngp is very closely twice the
Loschmidt’s number, if the range, R, as given in
Eq. (AL.7), is substituted into Eq. (A1.6) and the
resulting equation is solved for E, this will yield

E=1[ | Ndy (240.107 em—2)]"5%5 kev,
(sec §)0+5785 (A1.8)

Eq. (A1.8) may be written in the symbolic form

APPENDIX A-2

Brief review of equations for the ionizations rates of aimospheric components

When high energy electrons penetrate the
atmosphere, the ionization rate is approximately
given by

gNg* + N¥) = [(Ny) /(M) ]"(2E]2) |
(36.2 ev/ion-pair) (A2.1)

where (¢N,+ - N+) is the ionization rate for
meolecular nitrogen, (ion—pair. em—3. sec—1).

(X) refers to the number density of the gas. X,
(em—3).
(M) refers to the total number density of all
species, (cm—2).
(9E | ot) is the total energy transfer rate to all
species, per unit volume, (ev.em—3, sec—1).

The production rate of most of the ions may be
calculated using the method developed by Walker
and Rees (1968), where

q(N+) = 0.25.9(N,*)
g(Ngt+ N+) = ¢(Ny+) 4¢(N+)

(A2.2)
(A2.3y

given in Eq. (3.2) as E=E', (sec 8)? (A1.9)
Therefore
qNyT) = g(Ng#+NH) [ 126 (A2.4) -
Tor molecular oxygen ions
g(0,+) = 0.8¢(Ny - +N+):(0,) /(N (A2.5)
and for atomic oxygen ions
q(0+)= 0.5:¢ (0,%) + 05 g(N,*
+N+) - (0)/(Ny) (A2.6)

Besides the ion-pair production rates suggested
by Walker and Rees, the following ionization raie
equations are useful :

q(ArT) = [ (Ar) [ (M)] ‘(oE /1)/(24°3 ev/ion-pair)
(A2.7)

7(He+) = [ (He) / (M) 1-(2 E/ 81)/(30.2 ev/ion-pair)
(A2.8)

The total ionization rate is equal to

g=g¢(Not +N+)+-q(0,+)+g(0+)+-g(Art)+g(He™)
(A2.9)




