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1, INTRODUCTION AND SUMMARY

Knowledge of the energy balance and plasma motions in the
atmosphere is essential for the accurate prediction of atmo-
spheric effects on radio communications under both normal
and disturbed conditions. A substantial portion of the
variable content of atmospheric energy is stored in charged
particles. Previous investigations have demonstrated that
the concentrations of atomic ions are controlled by transport.
Electric fields play an important part in determining transport
properties. Section 2 reviews some aspects of the photo-
chemistry of atmospheric ions and assesses the magnitude of
transport effects on atomic ions.

The effort undertaken under the present investigation has
focused on formulating procedures to utilize satellite measure-
ments in order to obtain a self-consistent model of charged
particle motions. Such a formulation is presented in Section 3.
Section 4 deals with the simpiar situation of one ionic species
in addition to electrons for the pu?pose of illustrating
several features of the general theory. Results utilizing
satellite data are presented in Section 5. It is shown,
generally, that the majorion moves in response to the sum of
the forces on itself and on electrons, and that minor ions

follow the motion of the major ion. It is further shown.that

the observed vertical plasma drift velocity can be accounted




for by an eastward electric field of between 3 and 5 millivolts
per meter. Calculations based on the assumption that horizontal
variations are negligible cannot account for the transport
term in the equation of continuity, probably because the data
pertains to the (magnetically) equatorial region., Application
of the present approach to midlatitude data is suggested.
Appendix A lists the data used in the calculations,
Appendix B reviews the definition of momentum transfer colli-
sion frequencies, and presents collision frequencies for
electrons and 0" ions. An updated version of atomic and
molecular cross sections is presented in Appendix F. A pro-
cedure for the calculation of the spectrum of secondary elec-
trons produced by energetic precipitating particles is given

in Section 6, and Appendices C, D, and E.




2, ION CONCENTRATIONS IN THE DAYTIME IONOSPHERE

The altitude profiles of ionic species in the upper
atmosphere are determined by photochemical processes and by
transport. In order to assess the effects of transport, it is
necessary to have knowledge of the relative importance of the
photochemical effects. Using data from an Atmosphere Explorer
orbit (see Appendix A for details) we show that the altitude
profiles of molecular ions are determined by photochemical
processes under the assumption of local equilibrium, i.e. that
transport effects are negligible for molecular ions. For
atomic ions, on the other hand, transport processes play the
dominant part in determining altitude profiles, particularly
at the upper altitudes.

Fig. 1 is a plot of the concentration of the molecular
ions (0;, NO+, N;) versus altitude. The observed concentrations
are in harmony with theoretical values calculated under the
assumption of local photochemical equilibrium. The agreement
between theory and observations is due to the short chemical
lifetimes of the molecular ions. Fig. 2 is a plot of the
chemical lifetime of each ion vs. altitude. The primary sink
for molecular ions is dissociative recombination. Accordingly
chemical lifetimes for these ions tend to decrease with
increasing altitude, following the increase with altitude of

the electron concentration. Under daytime conditions, the




sources are balanced by the sink from dissociative recombination
in the equation of continuity. At night, both of these terms
are reduced significantly, and transport terms become of
comparable magnitude.

Fig. 2 further shows that chemical lifetimes increase
rapidly with altitude for the atomic ions. The increase is
particularly rapid for He+, for which the only significant sink
is the reaction with molecular nitrogen. Thus the chemical
lifetime of He' is inversely proportional to the N2 concentra-
tion, and therefore transport effects dominate the He+ profile
at the upper altitudes. This is apparent in Fig. 3, which shows
the observed and calculated altitude profiles for the atomic
ions.

Fig. 3 contains three profiles for each of the other

+, and N+). At the upper altitudes, the

atomic ions (O+, H
significant sources for these ions are photoionization and
charge transfer from other atomic ions. The solid line profile
for each ion is a purely theoretical calculation under the
assumption of local photcchemical equilibrium (i.e. no transport
effects are included) and the concentrations of the ions are
determined by solving the coupled equations of continuity,

Fig. 3 shows that these purely theoretical profiles are
increasingly at variance with the observed concentrations

above 250 km, reflecting the neglect of transport on all the

coupled species. Fig. 3 also displays a second theoretical




profile, calculated under the assumption of photochemical
equilibrium but utilizing observed concentrations for all

ions except the ion of interest. 1In this instance the agree-
ment between calculated and observed values is very good.

This latter result indicates that the model of photochemical
reactions utilized is an accurate one. It does not follow,
however, that the atomic ions are in local photochemical
equilibrium, In what follows we indicate why the agreement
between observed ion concentrations and those calculated by
the photochemical model (without transport) improves 1if,

in computing the concentration of a particular ion, the observed
concentrations of all other ions are used. The improvement is

* ana N+. The improvement

very substantial in the case of O+, H
results from the fact that the observed concentrations impli-
citly contain the effects of transport. We demonstrate this
idea by considering two ions whose photochemistry is coupled.
The equation of continuity states that the rate of pro-
duction minus the rate of loss equals the divergence of the

flux:

P-L=V-+F,

For the example under consideration, we have

Py = Q + kX, Ly = (44K )X, v-ﬁl = tX)
+ —
P, = Q, + kiX; Ly, = (Ly+k,) X, VeF, I t,X,
5




where the Q's represent production rates not involving the
ions of interest, the 's represent loss rates not involving
the ions of interest, the X's represent the ion concentrations,
and the t's are defined by the equations., The equations of

continuity may then be written as

Q) * KXy = (R+ky)X) =

I
o+
>

|
t
>

Q, + klxl - (Q2+k2)x2 =
The solution is

Xl = [(22+k2+t2) Ql + k2Q2] / [(22+k2t2)(11+kl+tl) - klkZ]

with an analogous expression for X2. This is the exact solu-
tion and therefore represents the observed value of Xl. If we

neglect transport (t1 =t, = 0) the solution is

Y, = [(22+k2) 0, + k202] / [(12+k2)(11+k1) - klkzl

where a different symbol (Y) has been used to indicate that

this is an approximate value. We compare this with the exact

(observed) value xl:

Y, = X {1+ [(12+k2)tl + kztz(xz/xl)] / (2122+21k2+Q2k1) }

We note first that the difference is of order t/%. This is a
ratio that increases rapidly with altitude, since transport ef-
fects increase with altitude whereas ¢ decreases in proportion

to the neutral density, Secondly, the difference involves,




in general, the transport of both ions. Thirdly, the differ-
ence can be of either sign, since the t's can be of either
sign. Finally, if the ratio of concentrations (xz/xl) is very
large, the inaccuracy in the concentration of the minor ion
depends on the transport characteristics of the major ion.
This observation indicates that the use of observed concentra-
tions is particularly beneficial to the calculation of minor
ion concentrations.

Using observed concentrations in a pure photochemical

calculation (without transport) yields the solutions

Z, = X

L= X (1 + £/(0 4k ) ]

We have used a different symbol (2) for the computation that
neglects transport but uses observed concentrations for ions
other than the ion of interest. The error, in this instance,
involves only the transport properties of the ion of interest.
Further, the error is proportional to t/(%+k). This is of

+, and N+

practical interest forthe concentrations of O+, H
because £ is proportional to the molecular densities, whereas
k is proportional to atomic densities., Thus the error in Z,
is of order (2/k) compared to the error in Yl, i.e. in the ratio
of molecular to atomic densities. Since this ratio decreases
rapidly with altitude, the ratio of the error in zl compared
to the error in Y, decreases rapidly with altitude. Finally,

it should be noted that transport effects are needed to

reconcile the difference between the observed value (Xl)

P
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and Zl, not the difference between x1 and Yl.

It is useful to discuss the definition of chemical life-
times. If the equation of continuity does not involve coupling
to other ions, the chemical lifetime is uniquely defined as
the reciprocal of the factor multiplying the ion concentration
in the loss term, When ions are coupled in the equation of
continuity, there are two lifetimes that can be defined. 1In
the conventional definition, l/(Q1+k1) in the equation for

x] is the lifetime for an individual ion. To discuss the

sccond definition, we write the equation for X, in the form

Ql + Qz/(Q2+k2+t2) -[(Q1+k1) - klk2 / (12+k2+t2)] x1 = VeF

1

It can be arqued that the reciprocal of the factor multiplying
Xl in this expression is the physically meaningful lifetime,
In the absence of transport, and if k2 > Q2' the lifetime
then becomes l/Ql . which is much larger than l/(Ql+k1) in

. . + +
the upper atmosphere for the species of interest (H+,O , H).




3. GENERAL THEORY OF IONOSPHERIC MOTIONS

A. Determination of Particle Velocities

The drift velocity for each species in a gas mixture is
determined by the momentum transfer equations which may be
written as (cf. Schunk 1977)

> +> 1 > > >
m.9g nses(E+EVs X B) = -~ nmyv t(vs-vt)

Vp. - n
S ¢ 888

S

where E and B are the electric and magnetic fields, respectively,

, Mm_, e are the partial pressure, concentration, mass,

n
P S S s

s ’
+ » » «

and charge, respectively, g is the gravitational acceleration,

and Vst is the collision frequency of species s with species t.

For the charged species it is convenient to deal with drift

velocities relative to the neutral medium:

> >
u, = v; -V

where V is a suitably defined velocity for the neutrals. Let .

where the sum over n indicates that the summation extends over

neutral species only. Then

> > > > >
N b I + L RV . - .U, = .
? mlvlj(ul uJ) i m; v, Uy e;u; x B/c fl
where the sum over j extends over charged species only.

Finally, let




wy = eiB/miC

b = B/B

where B is the magnitude of the magnetic field, and Wy is the

gyrofrequency. Then

v.u > . + b x n.) =
mivlui m. J#l vl]uj miwi X ui = l

To solve this system of coupled vector equations, define

the matrix D as follows:

-1 - 1 _ .
Dy =™V » Dy =-myiy (371
Then
EDLY G+ mu (8 X a ) = F
ARCEI T i i

The solution for the parallel (to §) components) follows

immediately:
A+ . /\_)
b-ui = % Dij b-Fj
J
To obtain a solution for the transverse components, let i2 be
an arbitrary unit vector normal to b, and i3 = b x i2.
Equating the coefficients of 12’ i3 in the equation of motions.
D“l u - mw.,u = F
ij 7j2 i71713 i2
D7} u,, + mw,u.,., = F
ij 733 iTi7i2 i3




These equations can be combined to give

-1
Z(L D, D,.) u., + mw.u., = F., + & D, F
5 k ik My Wy k]) j2 iivi2 i3 X ik m, Wy k2
-1 1 -1 =101
Z(Z D, — D, Y) u., + muw.,u., = -F,, + % D, F
5k ik mew, kj j3 31713 i2 " ik m, wy k3
-1 _ -1 1 -1
Let Hij = i Dik ma, ij + 6ij mow,
Then
Ujp 5 L HigFy3 t 2 Py By,
J J
ui3 = 2 Hi] sz +2:P j Fj3
3 ]
where P.. = (I H., D.1)/m.w.
ij K ik “kj j 3

The total transverse component is

-~ A ~ ~ ~

12ui2 + 13ui3 = § Hij(lZFjB - 13Fj2) + § Pij(lej2 + 13F.
or
b x ( b) = L H..(¥. xb) + L P,. b x (F. x b)
x (u, % = .. . . .
1 i 1] ] j 1) J

~ A . > A
(g Hijﬁj) xb +b x [(; Py5F5) X bl

which is a form that makes no -2ference to any particular

coordinate system.

The definition of %i ,

-»> > >
%i = m.g + e ¢ - Vpi/ni + m, i v, (vn - V)

11

33)




indicates that contributions to the drift velocity come from

the gravitational acceleration g, the total electric field

E = E + i
C

>

>
VxxB,

gradients in the partial pressures, and contributions arising
from differences in the velocities of the neutral species. The
last-named contributions are small and will be neglected
hereinafter. It is useful to distinguish the different

contributions to the velocity Ei by writing
> -»> > >
ui = ul(g) + ui (e) + Ul(V)

For the parallel components:

b-u, (g) = (b*g) § Dijmj
~ > ~ >
b ui(e) = (be+¢) E}Dijej
]
~ > - A
b-ui(v) = =% Dij(ij/nj) b

3

For the transverse components:

A > A > A ~ > A
b x [ui(g) X b] = (gxb) I HijmJ + b x (g x b) ; ijmJ
] J
~N > ~ > A A - A
b x [ui(e) X bl = (¢ x b) g Hijej + b x (¢ x b) § Pijej
J J
~ - ~ ~ ~ ~
b x [ui(V) x bl = —g Hij (ij/nj) Xx b ~-Dbx [g Pij(ij/nj) x b]

B, Current Density

The current density J is given by




It is useful to write

FJ=3v + 3@ + Je) + T(V)

where, owing to the condition of local neutrality,

The other contributions may again be split into parallel and

transverse components,

For

-1 _
E(V) =V S ? n;e; = 0

b+ J(g) = (b"3) X% n_.e.
c . i
i
b - Je) = (b°?) L1
» Jle) = 8)52.‘nie1
i
A O 1
b‘J(V)—"E.
i J
the transverse components

X [3(9) X g]

o>

z
j
X
3

For the parallel components:

z n;e, ; Dij(ij/nj) *b

P A |
= (g x b) 3 i niei g HijmJ
3
+ b x (Sxb)is 5 P,.m
x 190t Mi® 5 13
" AT O | .
b x [J(e) x b] = (¢ x b) = i n.e, ? Hyse s
+ b £ x b)=’ ¥ P
X (e x . nje; X 13%5
1 J
g x [3(V) x g] =1 I n.e, ¥ H,.. (Vp./n.) x g
¢y iy ij 373
~ 1l . ~
+ b x [3 i i1 ? Pij(ij/nj) X bl




The conventional electrical conductivities, which deter-

mine the contribution to the current density from electric

fields, are seen to be

-1 )
Parallel: OD =3 § n.e; % Dijel

1 J

Hall: 0. =X5 ne. 1,

: H c . 1717 "ij ]

1 ]
Petersen: g = 1 L n.e, % P, .e.
P c ; ii P ij 3

In terms of the electrical conductivities, we may write

Je) = oD(E-b)b + o (¢ xb) + o, b x (€ x b) .

C. 1Ion Drag

The force exerted on the neutral constituents by charged
particles is commonly called ion drag. Neglecting differences
in the neutral particle velocities, we may write the force (per
unit volume) exerted on neutral species n by the charged

species 1 as

t . -m n_v .(G - 3.)
ni n n ni i

+ mn v .u,
nnniail

>
= m.n.v,. u,
11 1n1

by the symmetry property of collision frequencies.

The force exerted by all charged particles on neutral

species n is

14




>
f . = L m,n.v. u.
ni i 11 in1

t =<
n .
1

Finally, the total force exerted on all neutral species by

all charged species is
f=sfth=2nm( v, ) Q,
P R in i

n i n

Let t=TF(g) + f(e) + E(V)

For the parallel components:

b f(g) = (b°F) = ngmg (Z Vi) LD m
i n 3
A /\_>
b-f(s) = (be€g) I nimi(Zvin) ; Dijej
n n j
b-f(V) = I nimi(Z vin) b) Dij(ij/nj)'b

i n 3

For the transverse components:

g X [f(g) X G] (g X 3) X nimi(z vin) L H,

l.m.
i n 5 1373

A > A
+ b x (g x b) ; nimi(z vin) ; Pijmj
i n j

A ~ A 5
b x [£(e) xb] = (b x &) Ingm (X V) I H e,
i n 3
A > ~
+ b x (¢ x b) § nimi (% vin) ; Pijej
i n j
b x [£(V) x b] = i n,m (ﬁ Vi) § Hy5 (Vps/ng) x b

+ Lm, v, L P,. b x ./n.) xb
; nlm (Z n) 3 3 [(VpJ/ J) 1




D. Electric Fields

The expression relating the drift velocity of a charged
species to the electric field may be inverted to yield an R

expression for the electric field. For the parallel component:

> A .
e = b ui(e)/(g Dijej)

o 2

For the transverse components:

2 2 A A _
[(§ Hijej) + (g Pijej) ] b x (e xb) =

- -(§ Hijej)[ﬁi(e) x b] + (g P;je5) b x [3; (e) x b]

A vector measurement of the drift velocity Gi’ together
with measurements required for the calculation of Ei(g) and

Gi(V), is required for the calculation of

Ei(s) =u; - Gi(g) - Gi(V) ,

from which the electric field can be computed. This procedure

appears to be feasible in regions of the atmosphere where

one ionic species dominates.




4, THEORY: ONE IONIC SPECIES

Even though it is applicable only to a portion of the
ionosphere, the theory for the case when only one ionic species
and electrons are present helps illustrate several features of

the general theory. The equations of motion are

m (v, + Vv, ) u V. B +muw.(bx u.) =P
i'Vin ie! Ui T MiVielUe T MU0 X Uy = F
-+ > ~ >
m_ (v + v . - mVv_.u. + w (b u = Fe
e( en el) Ue eVeili Me e( X e)
> ? .
where the forces Fi, o are defined by
> ->
F o= - n_ + m + € s =1i, e
s vPs/ s sJ €gt v ’

and where the subscripts i, e, and n denote ions, electrons,

and neutrals respectively. We note first that if collisions with
neutrals are neglected (\)in =Van = 0), then the equations of
motion can only determine the velocity difference (Gi - Ge) and

not the velocities of each species. This remains true when

several ionic species are present.

Parallel Components

It is useful to examine the solution for the "uncoupled"”

case, i.e. when ion-electron collisions are neglected (vie =

Voi = 0):
b-u, » (b-ﬁi)/(mivin) =V,
b'ue i (b'ﬁe)/(meven) E Ve

17




Inasmuch as the forces Fi and Fe are of the same order of

magnitude, it follows that

vi/ve voa (meven)/(mivin) °

The "uncoupled” case also serves to define the "uncoupled"

diffusion coefficient

DS = kTs/ms\)sn °

In the presence of collisions, the solutions are

~ _ A._* A.+

b'ui B [(meven + me\)ei)(b Fi) + (mi\)ie)(b Fe)]/D

g'ﬁe = [(mevei)(g.ﬁi) + (mivin + mi\)ie)(b.i%e)]/D
where

D= (mivin)(meven) + (mivin)(mevei) + (meven)(mivie)

Since n, = ng in the present case, it follows from the symmetry

property of collision frequencies that

Accordingly

w)
Il

(mivin)(meven) + (mevei)[(mivin) + (meven)]

(mivin) [(me\)en_) + (me\’ei) (1 + a)]

18




and

T
£
"

(mgvg;) [be (F, + F)1/D + (mgyv_ ) (b-F)/D

T
[ ]
=
0

(Mo ) b (F, + F)1/D + (v, ) (b-F ) /D

These expressions show that collisions between ions and
electrons give rise to a velocity component that is common to
both. It should be noted also that the electric field does
not enter this component because it appears with opposite
signs in §i and §e' The "uncoupled" velocities Vir Ve are

still present, but they are divided by the factor

D/ f(m v, ) (movep) 1 = 1 + ("ei/"en) (1+o).

It is useful to note that

2

Q
it

(meven)/(mivin) < 107

at all altitudes. The parameter a is a measure of the strength
of electron-neutral coupling compared to ion-neutral coupling.

A second useful parameter is
X = \)ei/[\)en + (l+a)\)ei] .

As the fractional ionization (ni/nn) increases, the ratio
(vei/ven) increases and so does x. It is convenient to refer
to x as the (collisional) coupling parameter. The reason for

this choice becomes apparent when the veloci .ies are expressed

as
>
(b-ui) = (l=-ax) Vi + axve = Vi + ax(Ve - Vi)
S
(b-ue) = (1-x) Vg + xV; =V, = x(V, - Vi)

19




where Vi and Ve are the uncoupled velocities previously
defined. The collisional coupling changes both velocities, the
change being proportional to the coupling parameter x and to
the difference (Ve—Vi) of the uncoupled velocities. The change
in the ion velocity, however, is smaller than the change in the

electron velocity by a factor of oz(<10_2

). This, of course, is
the result of the fact that the coupling of the electrons to
neutrals is weaker (by a factor of a) than the coupling of ions
to neutrals. 1In fact, as the coupling parameter approaches
unity, the electron velocity tends to a value unrelated to its
"uncoupled" value,

Since collisions between particles do not constitute

external forces, the total force per unit volume remains un-

changed by collisions. In the present case, this force is

Ny ~
ni(b'Fi) + ne(b'Fe)

it

o >
n.m.,v, (beu,) + n m 0
i 1V1n( 1) e e\)en(b e)

~ Ay
= ngmv, [(b-ui) + a(b'ue)]

it

n.m (Vi + aVe)

M.V,
11 1in

=n.mv, V. + nmv V
i"i7in’i e een e
Thus, irrespective of the magnitude and nature of the
collision frequencies,

i;.-> ~ _
( ui) + a(b-ue) = Vi + aVe .

In some theoretical formulations (see for example

Schunk and Walker 1970) it is assumed that (mevenﬁe) is

20




> .
of order (me/mi) compared to (mivinui), and therefore negli-

gible, This assumption is not correct in general. The ratio

in question is in fact

IaVe-ax(Ve-Vi)|/|Vi + ax(Ve—Vi)|;:g[aVe[/[Vi[

—|av, |/|V, +av_|
x+1 1 1 e

Since Iuvel/lvil ~ 1 , as shown previously, the assumpticrn is

incorrect unless the collisional coupling parameter x is near

unity. Data from daytime observations (listed in this report),

indicates that x > 0.95 above 270 kilometers and x > 0.99

above 330 kilometers. At night, the fractional ionization is

lower, and these values of the coupling parameter are reached

above altitude limits which are ~100 kilometers higher than in

the daytime.

It is interesting to consider the effects of ion-electron

collisions on the parallel component of the current. This

is proportional

A S
b-(ui-ue)

il

As x approaches

ion collisions dominate electron-neutral collisions) the effect

of electron-ion

to
(Vi-Ve)(l—x-ax)
(Vi-v, ) x {\’en/[Ven Vg (14 a)ll

unity (which is equivalent to saying as electron-

collisions is to reduce the parallel conductivity

by a factor of (ven/vei) compared to the "uncoupled" case. This

result further shows that as (ven/vei) tends to zero, ions

and electrons tend to move with the same velocity.
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Transverse Components

By combining the equations for ug and u, we obtain

uncoupled equations of the form

o~ ~ N ~ ~ N . .
Aous + Al(bxus) + A2 b x (bxus) = és' s=i,e
where
2
Ao = ar" (1 + £ + af), Al = -r{l-a), Az = =1

v
[

[or(1+f) ﬁi + orf ﬁe + ﬁi X g]/(miwi)

[r(l+af) ée + urf fi - ﬁe X g]/(miwi)

Cav
]

@ = (meven/mivin)’ r= (Vin/mi) p L= (vei/ven) :

The parameter a has been discussed before., 1t ranges from

3 3

3.3x10 ° at 650 km to 1.2x10° ~ at 160 km in the data used in

this report. The ratio r of the ion~-ncutral collision frequency

to the ion gyrofrequency has the valuc 0.06 at 160 km and
decreases with altitude essentially in proportion to the
atmospheric density. Like a, r is inscnsitive to atmospheric
conditions where its value is significant. The parameter f
is a measure of the fractional ionization and ranges from 0,5

at 160 km to 4 x 10°

at 657 km in our data. It is, of course,
highly variable, and substantially lower at night than in the
daytime, Inasmuch as f appears in a product with r, and rf is

always a small number (-<0.03), knowledge of the actual value

of f is not neceded. Taking into account the numerical




characteristics of the parameters, we may write the solutions

in a simple form that is highly accurate at all altitudes:

2 A_'I\—_>_ 2»} A~ ~ i ~
(1+r%) (m w;) bx(4;xb) = [F,-ar°fF ] x b + r b x (ﬁixb)

-+

arf b x[(fi+§e) x b]

2 NS 2 - 2002 Lob -
(L+rf) (mw;) b x (U xb) = -(1+x%) (F xb) - ar®f[F +2F ] x b

+ ar b x (F xb) + arf b x [(F.+F )xb]
e 1 o

It should be noted that the "Hall" components (i.e. the
components which involve a single vector product with b) are
are essentially diagonal, the off-diagonal elements being smaller

by a factor Oerf(<10-'4

). The diagonal elements are essentially
equal to l/(miwi) = ¢/eB. The Hall components remain diagonal
even when several ionic species are present.

On the other hand the "Pedersen" off-diagonal components
are of order af(=vie/vin) compared to diagonal components,
and this product may be small or large. Finally, the magnitude
of the Pedersen components is of order r (=vin/mi) compared
to the Hall components.

It is useful to examine the velocity difference, which is
proportional to the current

(l+r2)(miwi) b x [(G-8) x b] =

2

(l+ar2f)(§i+§e) X g + r (ﬁexg) + r g X [(ﬁi-afe) X g]

The leading "Hall" component is independent of the electric
field, since fi and fe contain the electric field with opposite
signs. Thus the Hall electrical conductivity is proportional
to r2/(1+r2), and decreases very rapidly with increasing
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altitude, On the other hand, the Pedersen electrical con-
ductivity is linearly proportional to r, and decreases less

rapidly with altitude. Finally, we note for convenience that

2,2 /w.z) .

.V,
ie 1n 1

arf = (vie/wi), a“r“f = (v




5. RESULTS AND DISCUSSION

In this section we present some results using the formal-

ism of Section 3 and the data given in Appendix A.

A. General

It was shown in Section 3 that, when collisions between
charged particles are taken into account, the velocity of a
given charged particle species depends on the forces acting on
all the charged species. Figures 4, 5, and 6 demonstrate this
for the parallel component of the velocity of ot ions, elec-
trons, and NT ions, respectively. More specifically, the various
curves in each figure represent the velocity generated in the
species of interest by a force on another species. Before
discussing each figure separately, we note that these figures
give the velocity (in cm/sec) generated by a force of
1.66 x 10~%% ayne.

Fig. 4 pertains to O+, which is the major ion through most
of the altitude region considered. The curve labeled "un-
coupled” represents the response of o' ions to the force exerted
on them in the absence of collisions with other charged parti-
cles. It is defined explicitly in Section A. The curve
labeled ot represents the response of o' ions to the force
exerted on them in the presence of collisions with other
charged particles. We note, as in Section 4, that the intro-

duction of coilisions has a very small effect on this response
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function, owing to the much higher mobility of the electrons.
The curve labeled "electrons" represents the response o ot
ions to the force exerted on electrons. Because ot is the
major ion, this response function is nearly identical to the
response function to the force exerted on O+. Thus, & far

as ot is concerned, the presence of collisions has the effect
of subjecting O+ to the sum of the forces on ot and electrons.
The effect of the forces on the other (minor) ions is an order
of magnitude smaller in the altitude range considered. This
result remains valid even below 220 km, where 02+ and NO+ have
higher concentrations than O+, because at these altitudes
collisions with neutral particles play a major part, and the
ions are not strongly coupled.

Fig. 5 shows the response of electrons to forces exerted
on each charged species. As pointed out in Section 4, the
introduction of collisions reduces drastically the response
of electrons to the force exerted on them., This is evident
in Fig. 5 from a comparison of the curves labeled "electrons"
and "uncoupled" (no collisions). With increasing altitude,
collisions with ot predominate over collisions with neutrals,
and the motion of electrons is effectively governed by the sum
of the forces on ot and on electrons. The effect of minor ions
is an order of magnitude smaller.

Fig. 6 represents the respone of Nt ions to forces exerted
on each charged species. N+ is a minor ion throughout the

altitude range considered. Fig. 6 shows that the motion of N'




ions is controlled by the sum of the forces on O+ ({the major
ion) and electrons. The response to the force on Nt is
negligible compared to its value in the absence of collisions
(as depicted by the curve labeled "uncoupled"), except at the
lowest altitudes, where collisions with neutrals dominate.

At the upper altitudes, where collisions with ot are dominant,
the response functions of N' are identical to the response
functions of O+, which means that the motion of N+ ions is
identical to the motion of ot ions. This result is valid for
all the minor ions.

We can summarize the results for the parallel components
as follows:

~ Where charged particle collisions dominate ion-neutral
collisions, minor ions move with the same velocity as the major
ion;

~ Except as noted below, the velocity of the major ion and
of electrons is proportional to the sum of the forces exerted
on the major ion and on electrons;

- In the presence of parallel electric fields, the velocity
of electrons may be substantially different from the velocity
of the ions. The effect of electric fields on ions is of
order a(=meven/mivin<10-2) compared to the effect of electric
fields on electrons,

For the transverse velocity components we note that the
"Hall" contribution is negligible except for a force due to a
transverse electric field, and that the "Pedersen" contribution

is negligible in the altitude range considered.
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B. Calculation of o' Drift Velocity.

We have calculated the drift velocity of ot ions using the
equations of Section 3. In the expression for the force on

species s

>
ﬁs =mg + esﬁ - Vps/nS

we have assumed that the gradient of the partial pressure has
a vertical component only. Further, in the absence of any
data on electric fields, we have calculated separately the
contribution from parallel (to the magnetic field) and eastward
electric fields. The results are shown in Figures 7, 8, and 9.
Figure 7 shows the effect of the gravitational force on
charged particles, and demonstrates that, in the region where
collisions between charged particles dominate collisions with
neutrals, the gravitational force affects all species equally.
Figure 8 shows the contribution to the velocity of ot from
various terms. The vertical component of the velocity is given
by sinZI times the value shown in the figure (where I is the
magnetic inclination). Inasmuch as the magnitude of the velocity

varies by 104 over the altitude range, a logarithmic plot has

been used, and a dashed curve indicates negative contributions.
The curve labeled -G represents the contribution from the gra-
vitational force, as in Fig. 7. The curve labeled N (or -N)
represents the contributions from gradients of the concentra-
tions of charged particles. The curve labeled T (or -~T)

represents contributions from the gradients of electron and




ion temperatures., All ions were assumed to be at the same
temperature., The curve labeled S represents the sum of the
aforementioned contributions. Figure 8 indicates that the
3 contribution from temperature gradients is relatively small,
that the contribution from the gravitational force is the
largest contribution over most of the altitude ranges and
that the sum of the contributions is negative below about 590 km,
Fig. 9 displays various contributions to the vertical com-
ponent of the 0+ drift velocity. As in Fig. 8, a logarithmic
plot has been used, and dashedlines indicate negative values.
The curve marked ug represents the contributions to the

vertical velocity from the gravitational force and from the

gradients of partial pressures. ug is proportional to sinzl,
where I is the magnetic inclination, and thus tends to zero

at about 375 km, which occurs above the magnetic equator.

Also shown in Fig. 9 by the curve labeled Ell is the contri-
bution to the vertical velocity of a (constant) parallel elec-
tric field of 1 millivolt per meter. This contribution is
proportional to sinI, and also vanishes at the magnetic
equator, The curve labeled E, represents the "Hall" contri-

¢

bution to the vertical velocity of a geomagnetically eastward

electric field of 3 millivolts per meter. It should be noted
that, insofar as the calculation of drift velocities is con-
cerned, this contribution is the same for all charged particles,

including electrons. Finally, the filled circles represent the
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vertical component of plasma drift, as measured by the RPA
experiment on the AE-C satellite (Hanson, 1973). A comparison
of the measurements with the various curves indicates that an
eastward electric field of between 3 and 5 millivolts per meter
is sufficient by itself to explain the observations. Further,
it appears that if a parallel electric field is present, it
must be less than V0,01 millivolts per meter over most of the
altitude range. Up to about 500 km, the contribution from E¢
dominates Ug s and the calculated drift velocity can be said

to be in harmony with observations. Above that altitude,
however, the values of u dominate. It should be remembered
that, in calculating gradients, it was assumed of necessity
that variations occur only in the vertical direction, and

that no (geomagnetically) north-south variations are present,
It may very well be that this is not a valid assumption in

the equatorial region.

C. The Equation of Continuity for ot

To provide a satisfactory explanation of the observed
altitude profile of o' ions, we must be able to calculate the

divergence of the flux in the equation of continuity
P-L=V - (nd),

in regions where transport is significant. This task requires
knowledge of the variation of the concentration, and of the
drift velocity, in a three-dimensional frame. Unfortunately,

the data do not allow the calculation of horizontal derivatives,
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and the assumption that only vertical variations are present

is not consistent with the equation of continuity.

D. Conclusions

The motion of charged particles in the upper atmosphere
has been investigated with the aid of satellite data. It has
been shown that the major ion, O+, determines the motion of
all minor ions. The observed plasma drift velocity in the
vertical direction is in harmony with the assumption of an
eastward electric field of between 3 and 5 millivolts per
meter. It appears that the assumption that horizontal varia-
tions are negligible is not valid in the present instance,
owing probably to the fact that the altitude region where
transport is important lies within 15° of the magnetic equator.
The present investigation clearly demonstrates the need for
electric field measurements and measurements of plasma drifts.
The approach outlined in this investigation will be applied to
midlatitude data, where the assumption that horizontal varia-

tions are negligible is valid.
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6. ELECTRON VELOCITY DISTRIBUTION

Photoelectrons and secondary auroral electrons play

an important role in the coupling of the solar ionizing

¥ S on

ultraviolet flux and the fast primary particles to the

upper atmosphere. Theoretical studies of the transport

and thermalization of the photoelectrons and secondary

auroral electrons are necessary to determine how the incident

energy gets partitioned among heat, ionization, dissociation,

luminosity and other modes in the atmosphere. The presence

of a parallel electric field may influence the partitioning

of the energy and therefore provide the possibility of

developing diagnostics. Our preliminary effort to study

the effects of electric fields on the electron velocity

distribution has been to modify and generalize an accurate

electron deposition code (Victor, Kirby-Docken and Dalgarno

1976). With these modifications we had hoped to develop

a perturbation-iterative method to introduce the effects i

of weak electronic fields. Limits of time and funding

have limited progress. The code takes explicit account

of the discrete nature of the electron energy loss process

and employs cross section data based on a recent critical

reivew. Local deposition is assumed so that accurate

results can be obtained only for altitudes below about 300 km.
The latest original version of the code was operational

on a 19 computer system at NASA Goddard Space Flight Center.

Minor modifications were made so that the code would run

efficiently on CDC 6600 series computers such as those

at AFGL.
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The code was then generalized so that it would calculate

the steady state velocity distribution for arbitrary initial
velocity (E < 200 eV) distributions obtained from a file
(TAPE4) read by subroutine SETPRO. A card copy of the source
deck and the cross section data was supplied to AFGL. A
listing of this deck is given in Appendix C. A listing of a
typical production file (TAPE4) is given in Appendix D. A
small code to produce an input file appropriate to an auroral
secondary electron production distribution (using the energy
distribution given by Opal, Peterson and Beaty 1971) has been
written., A listing of the source code and sample output is

shown in Appendix E,
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APPENDIX A

DATA

The data utilized in this report pertain to the upleg of orbit
594 of the Atmosphere Explorer C satellite (Dalgarno et al.,
1973), The measurements made on this occasion (February 8,
1974) are representative of an undisturbed daytime atmosphere in
the mid-latituée and equatorial region. The data are summarized
in three tables,

Table A-1 lists ion concentrations as a function of altitude
Z (in km) as measured by the MIMS instrument (Johnson, 1973).

. . . -3
Concentrations are in units of cm

and listed in logarithmic
(base 10) form, The electron concentration is the sum of the

ion concentrations. An entry of -5 signifies that no measurement
of the concentration was made at that altitude.

Table A-2 lists neutral concentrations (in cm_3) in loga-
rithmic form. For Nz, He, O, and N(4S) the measurements by the
0SS instrument (Nier, 1973) were used to establish a Bates-Walker
(Walker, 1965) profile from which values were obtained at all
altitudes. The photochemical model of Oppenheimer et al. (1977)
was used in conjunction with a Bates-Walker profile to establish
the O2 concentration. The H concentration represents a model
calculation (Hedin et al., 1977). The NO concentration was
measured by the UVNO experiment (Barth et al., 1973) and was
extrapolated to altitudes above 260 km, The N(ZD) concentration
was measured by the VAE experiment (Hayes et al., 1973) and

was extrapolated above 300 km.,




Table A-3 lists the electron temperature (TE) measured by the
CEP experiment (Hanson et al., 1973); the ion temperature (TI)
measured by the RPA experiment (Brace et al., 1973), the neutral
temperature (TBW) inferred from the O and N, concentration pro-
files, the zenith angle (S2A), magnetic latitude (MLAT), latitude
(LAT), and local solar time (LST). No measurement of the neutral
temperature (TN) was available on this occation. Temperatures
are given in degrees Kelvin, angles in degrees, and time in

hours.
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TABLE A-1l. Logarithmic Concentrations of Ions and Electrons (cm-3)
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APPENDIX B
COLLISION FREQUENCIES
This appendix contains expressions for the calculation of
various types of momentum transfer collision frequencies. These
are defined in such a way that

NgMgVgt tUs™ 8¢

represents the force per unit volume exerted by species t on

B
species s. ng, M., and u, are the concentration, mass, and
velocity, respectively, for species s, and Vot is the momentum

transfer collision frequency of species s with species t. As

defined, the collision frequencies satisfy the symmetry property

The preceding definition is the most frequently used (cf.
Schunk, 1977). It should be noted, however, that other defini-
tions are in use as well. For example, Banks and Kockarts
(1973) , who have given a comprehensive review of collision

frequencies, define them in such a way that

Ve (Banks) = (ms/ust)vst(Schunk).

= + i
where msmt/(ms mt) is the reduced mass.

Pst

Electron-Neutral Momentum Transfer Collision Frequencies

1 1/2

vie-0) = 8.2 x 10710 n(o) T,

v(e-N,) = 2.33 x 10”11 n(NZ)(l-l.zlxlo‘4

Te) Te




v(e-0,) = 1.82 x 10”10 n(0,) (1 + 3.6 x 19072 p 172y ¢ 172
e e

v(e-He) = 4.6 x 10-10 n(He) Tel/2

v(e-H) = 4.5 x 1077 n(m) (1-1.35 x 1074 1) 7 /2

vie-N) = 6.0 x 10-1% n() Tel/z

where Te is the electron temperature, n(x) is the concentration
of species x in units of cm >, and the collision frequencies

are in sec_l. Except for the collision frequency with N, which
is an interpolation based on the values for He and O, these
expressions are given by Banks and Kockarts (1973) and they per-
tain to elastic collisions. These authors estimate that the
accuracy for N2 and O2 is about 20%, for H 25%, for He 10%, and
state that the result for O is uncertain both as to magnitude

and as to the dependence on Te'

Ion-Neutral Momentum Transfer Collision Frequencies

At low temperatures the ion~-neutral interaction arises from
the induced dipole polarization of the neutral by the ion. The

corresponding polarization collision frequency is

_ -9 1/2
Vip = 2.6 x 10 n(n) (Ainan) /Ai

where n(n) is the neutral concentration in cm-3, Ain

is the reduced mass, Ai and An are the ion and neutral masses in
atomic units, a, is the neutral polarizability in units of

10_24 cm3 and Vin is in sec-l. Except for the adjustment re-

@ quired by the different definitions, these expressions, as wcll

as the polarizabilities listed below, are given by Banks and

Kockarts (1973).

= AiAn/(Ai+An)




by

Polarizabilities of Neutral Gases

Neutral Gas a(10”%? cmd)
H 0.667
; : He 0.82
N 1.1
0 0.79
02 1.59
NO 1.74
N 1,76

At higher temperatures, a repulsive force counters the

polarization force. The resulting collision frequencies depend

on the details of the particular ion-neutral pair, but there is
no data for collisions at high temperatures. This lack of data
is compensated to some extent by the fact that in the high-

temperature regions of the atmosphere the most important

collisions are resonant charge transfer collisions, i.e. colli-
sions between an ion and its parent neutral. The values given

by Banks and Kockarts (1973), adjusted by the factor uin/mi' are

vot-0) = 2.4 x 10713 1172 (10.6-0.67 log;, W% n(0)  T470
v(05-0,) = 1.7 x 10713 1172 (10.6-0.76 log,, W% n(0, 11600
v(Ny-H,) = 1.85 x 1073 1'/2 (14.3-0.96 log,; Mm% n(N,)  T>340
v -H) = 9.5 x 10713 V2 (14.4-1.17 log,, M2 ni)  T>100
vint-N) = 2.6 x 10713 7/2 (10.4-0.64 log;, T2 n(N) T~550
v(HE-N) = 4.85x1071% 712 (11.6-1.05 1og,; T? n(He)  T>100




where T = Ti + Tn is the sum of the ion and neutral temperatures.
These expressions are valid for temperatures above the limit

indicated for each reaction.

Coulomb Collision Frequencies

For charged particles the collision frequency arising from

the Coulomb interaction is

- -2 2 2,172 3/2
Vot 8.47 x 10 n A z, "z, Ast nt/AsTst

- 2,2, 1/2 3/2

= 1.27 zg Zt Ast nt/AsTst

with 2nAh = 15 (cf. Banks & Kockarts, 1973). n, is the

concentration of species t, As, T and z, are the mass (in

Sl
atomic units), temperature (in oK) and charge (in atomic units)

of species s, and

A

st AsAt/(As+At)

I

Tst = (AsTt+AtTS)/(AS+AT)

If electrons are one of the species, the cxpression simplifies

to

<
]

2 3/2
ei 54.5 nizi /Te

2 3/2

v, = 2,98 x 10~

2
ie Na?i /AiTe

o s . + .
Collision frequencies for electrons and for O are shown in
Figure B-1, and Figure B-2, respectively, based on the data

given in Appendix A.
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Fig. B-1l. Collison frequencies of electrons with ions and neutrals
(in secal). Alsc shown is the sum of the collision

frequency with all ions.
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Collision frequenfes of O+ with ions, electrons and
neutrals in (sec™ %) The curved marked E pertains

to electrons. Also shown is the sum of the collision
frequencies with all other ions.
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APPENDIX C

LISTING OF THE ELECTRON ENERGY DEPOSITION
CODE AND THE CROSS SECTION DATA FILE




(s XaNpl

S2

PROGRAM RCTEMPR (INPUT,OUTFUT,TAVPLL,TAPE2=CUTFUT,TAPE3S]INPUT,
1 TAFEd,TAPES, TAFEG,TAPET)
8% RCTEMFK S%%% 770912
THIS 1S THE UGRIVFR THAYT IS aKITTEN 10 INTERFACE wITH THE
PRIMARY PROCUCTION FILES
COMMON/XSXS/ NOSPEC, NCEXC(4), NGRIC(4,20),
1EGRID(4,20,25),5PLC0(4,20,25),5PLC1(4,20,25),5PLC2(4,20,25),
2SPLCI(4,20,25) ,THKESH(4,20) ,NIONFS(4),NIONGD(4) ,EIONGD(4,25),
3CIFCONCA),TIXS50(4,25),T1X51(4,25),T1X82(4,25),TIXS53(4,25),L1xs50(4,
425),C1X81(4,25),01Xx852¢(4,25),L1X%XS53(4,25), 1HRICZ(4,6),
SERACT(4,6,2%5)
COMMON/DENS/TE ,NOALT, IALT(1u) ,XDENS(4) ,XEDEN
COMMON/GRIC/INTGRIL ,XGRID(400),VGRIU(400),FROGRIC(400)
COMMON /POINT/IPCINT(4,20),1iP0ONKT(4),1CPONT(4)
COMMON/ALFHA/NAME(4),STATE(4,20),ISTATE(4,6)
CCMMON IBGN,T04EL, JIAVGF,FLXMULT
BEWARE, THE OQRPER CF SPECIES IN RECXSN MUST MATCH WITH
THOSE TN THE PROCUCTIUN FILE
CALL SETGRID
SETGRID SETS UF THE IMTEGHATION GRIL
WRITE(2,4)
FORMAT(*® ENTEKR NUMBRER CF ALTITUDE VALUES(I2)%)
REAL(3,1) NOALT
NOALT 1S THE WUMBEK GF ALTITUDE VALUES 1C BE DONE
FURMAT(12)
WRITE(2,5)
FORMAT(® ENTFR MUMBERS FUWP ALIITUDE RECURUS(2014)%)
READ(3,2) (JALTLL),1=21,404AL01)
WRITE(2,6)
FORMAT(® ENTER NUMBER CF INTERVALS FOR AVG,(12)®)
READ(3,1) IAVGF
NoB, 1AVGF . ,LT.2 IMFLIES AVERAGED FLUX AND FLUX®%4P)] NCT CCMFUTELD
WRITE(2,10)
FORMAT(* FNTER FLUX MULTIPLICATION FACTOR(F3.,1)%)
REAC(3,11) kLXMULT
FORMAT(F3,1)
FORMAT(2014)
CALL REDXSHM
CALL SETPRC(=})
CC 3 1=1,NnCALT
CALL SETPRC(IALT(I))
CALL WwCRK
CONTINUE
END
SUBKCUTINE SETIPRC(KEY)
COMMON IBGN,TUTel ,IAVGE ,FLXMULT
COMMCN/GRIC/INTGRIC ,XGRED(A0O0),VGRID(400) ,FRCGRIC(400Q)
DIMENSION XPRC(40U),YPRG(400),C(400)
DIMENSION «0QRCS(19)
COMMON/DENS/TE,NCALT,IALT(IU) . XDENS(4) , XEDEN
TH1IS ROUTI~E SETS UF THE PRIMARY BLECTRCN FROUDUCTION CATA
KFYZ2el TO READ PRODUCTIC™ GRID DATA,KEY&U READS THE PROCLCTICHM
DATA FOR THE XEY~TH ALTITUCF COn 1Me FILE
IF(KEY  NE,=1) GO TN 1
READ (4,52) wLRUS
FORMAT (19A4)
WRITE(2,2) »CRDS
FURMAT (1H1,1944)

READ (4,52) wOFDS .
NEAD(4,3) NPISPRC ) . -
WRITF(2,23) MPTSFKKC -




23 FURMAT(14,% = NPTSPROS)
3 FORMAT(IS)
READ(4,4) (XPRO(1),13]1,NPLISPRQ)
WR1ITE(2,21)
21 FORMAT(® ELECTRON PRQDUCTION GRID *)
wWRITE(2,22) (XPRC(I),I=),NPISPRO)
22 FORMAT (10E12,3)
NMAXENPTSPRO=}
0O 17 I=1,NPTSPRC
17 XGRIDC(I)=XFRO(I)
CO 117 I=1,nPAX
117 VGRID(1)=5,93E+7#SQRT(VU,S5%(XGRIDCI)+XGRID(1+1)))
4 FORMAT(SEL1S5,5)
REWIND 4
RETURN
1 CONTINUE
I=sNPISPRO/S
Fal
FI1=sFLOAT(NPTSPRO)/S,0
1IF(F.EC,F1) GO IC 5
1z]+1
S CONTIMUE
1=1+43
CO 6 J=1,1
READ(4, 3)
6 CONTINUE
IF(KEY.,EQ,1) GO TO 7
I=NPISPRO/E
F=1
Fi=FLOAT(NFTSPRO)/6,0
1IF(F,FGC,F1) GO TC 8
12T+l
# CONTINUE
C STATFMENT 121410 REPLACED BY I=1+411 (RC,10/717715)
I=1+411
1L=KEY=1
Lo 9 u=zi,lL
D0 9 r=i1,1
READ(4,3)
9 CONTINUE
7 CONTINUE
READ(4,10n)ZA
10 FONRMAT(25X,812,06)
ReAD(4,10) ALT
13 FORMAT(* ALTITUDFE L1S8%,F12.6)
READ(4,10) T
wRITE (5,13) ALY
wihITF (2,11) ALT,ZA,T
11 FORMAT (31X,119(1H=)/24k ALT SZA TEMP/IFS,2)
KEAG(4,14) XCENS(4)
REAC(4,14) ACENS(2)
READ(4,14) XCEMNS(3)
REAL(4,14) XLEANS(1)
14 FORMAT(25X,Ei1b,.0)
REAC(4,1%) TE
15 FORMAT (206X,E16,0)
REAC(4,20) XEDEN
20 FORMAT (22X,Elb,0)
READ(4,3)
C ANOTHER DUMMY READ FCk “TOUTAL IUN DENSITY® (RC,10/17/75)
READ (4,3)




16

32

400

18

19

31
200

201

10
71
72
62
73
14

75

READ(4,16)(YPRO(K),KS1,NPTSPRQO)
FORMAT (6E12,4)
TOTEL=0,0
DO 32 Kx1,NMAX
YPRO(K)SYPRC(K)®FLXMULT
TOTELSTOTEL+YPRO(K)
PROGRID(K)SYFRO(K)/(XGRID(Ke1)=XGRID(K))
C(K)SPROGRID(K)*®VGRID(K)
C(K)mC(K)/12,568
CONTINUE
WRITE(2,400)
FORMAT(#® INITIAL FLUX #)
WRITE(2,22) (C(K),K=1,NMAX)
REWIND 4
FIND END CF PROPUCTIOM SPECTRUM
KSNPTSPRO=1
IF(ABS(YPRC(K)=0,0),GT.1,0E=6) GO TG 19
KaKel
GO TC 18
COMNTINUE
IBGNE=K
wRITE(2,31) 18GHM
FORMAT(I4,* = 1HBGN®)
WRITE(7,200) ALT,T,XCENS,TE,XEDEN
FORMAT(BEL10,.4)
WRITE (6,201) ALT
RETURN
FORMAT (F7,1)
£ND
SUBRUUTINE &CkK
CIMENSION TFPRUS(10),CFE(4,20),CF1(4,0),710(4),PRDFA(400),PREFAS(1
10) ,FELS(10),FkL.(400),PROBE(4,20),PROBI(4,06) ,EEF(400),FELWP(4C0),PK
2C(400),0UMMY(b),G(13),GE(20)
COMMCN IRGN,TUTEI ,IAVGE
COMMCN/XSXS/ NUSPEC, wCEXC(4), NGKRIC(4,20),
1EGRID(4,20,25),5P1.C0(4,20,25),5PLC1(4,20,25),5PLC2(4,20,25),
25PLC3(4,20,25),THRESH(4,20) ,NIONFS(4),NICNGD(4) ,EIONGD(4,25),
3ICIFCONC4),TIXSU(4,25),11X51(4,25),T1XS2(4,25),TIXS3(4,25),C1X50(4,
425),CIXS1(4,2%),0IX52(4,25),D1xS83(4,25), THRICZ2(4,6),
SFRACT(4,6,25%)
COMMCN/DFNS/TE ,NCALT, TALT(10) ,XUENS(4),XEDEN
COMMCN/GRIC/INTGRIC,XGFID(40UO0),VGRILC(400) ,PKCGRID(400)
COFMMON /POINT/IPCINT(4,20),11PONT(4),1DPONT(4)
COMMCN/ALPHA/NAME (4) ,STATE(4,20),1STATE(4,6)
WRITF(2,70)
FORMAT (/6bH1#s%%3% % THE PHCOBLEM CONDITIONS AREL$%/)
wRITE(2,71) 1k
FORMAT(F10,2,% = EIRCTRUON 1EMPFRATURE *)
wRITE(2,72) XEDEN
FURMAT (£10,2,% = ELECTRUN CENSI1Y (CM=3)%®)
wRITE(2,62)Y(CIFCCN(1Ce) ,NAME(CLCE),ICES],NOSPEC)
FORMAT (F10,2,* = BEAYY S ICGNIZATIOM EQUATION CONSTANT FCR *,A10)
wR1TE (2,73)
FORMAT (/* THE HMEAVY BCDY NUMBER DENSITIES AREL?)
wRITE(2,74) (NAME(KK),KKk=1,NOSPEC)
FCRMAT (10(2X,A10))
WRITE(2,79)(XDENS(KK) ,KKE] ,NCSPEC)
FORMAT (10F12,3)
NINTSINTGRID=1
1sIBGN
co 371 u=1,1




In

16

17

15

14

4

5
k]

PRDFA(J)®PROGRID(J)
CONTINUE
IFLAG=0
IGNFGaO
CFPROSPRDFA(])
CESS(XGRID(I+1)=XGRIC(1))/}10,0
ELESCs0,0
DFPROS(1)=0,2%DFPRO
CFPROS(10)sDFPROS (1)
DFPROS(2)50,4%DFPRC
CFPROS(9)sDFPROS(2)
DFPROS(3)=0,8%DFPRU
DFPROS(B)=CFPRGS(3)
OFPROS(4)=1,6%DFPRC
OFPROS(7)=CFFROS(4)
DFPROS(5)=2,0¢0F PRO
DFPROS(6)=CFPKROS(5)
CO 15 J=31,NUGSPEC
KKMAXBNOEXC(J)
CO 16 K=1,KKMAX
PKOBE(JU,K)=0,0
CONTINLE
RKMAXENIONFS(J)
DO 17 k=g, ,KKMAX
PROBI(V,K)=0,0
CONTINUE
CONTINUE
DO 14 JU=1,10
PRDFAS(J)=0,0
CONTINUE
DO 2 v=1,10
CLEAR COLL1SION +REGUENCY ARKAYS
CO 3 k=1 ,NCSPEC
KKMASNTIONES(K)
CO 4 KK=3 ,KKMA
CFI1(K,KK)=0,0
CONTINMUE
RKMAXSNUEXC(K)
Lo 5 Kkzl,kRMAX
CFF(K,KK)=0,0
CONTINUE
CONTINUE

INITIALIZE PCINTERS FQOR EXCITATICN AND IONIZATION GRIDS

10014
1000

CO 1000 K=3 ,NUSPEC

REMAXRSNOEXC(K)

ILPCNT(K) =1}

1DPONT(K) =1

CO 1001 JJU=1,KKMAX

1POLINT(K,JJJ)=1

CONTINUR

CONTINUE

CALCULATE THE ENERGY FOR THE BIN, ALSC THE VELOCITY
EXGRID(I41)40,5*UES-FLOAT(D)SCES
Va5,93E+72S0RT(E)

CALL DEOT(E,Te,XELEN,DET,XL)

ELCF2=CET/CES

SUMEX®20,0

CALCULATE THe EXCITATICGN CLLLISIOM FREQUENCIES
CO 6 k=1 ,NOSPEC

KKMAXBNOEXC(K)

DO 7 KK=1,KKMAX
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IF(E,LT,THRESH(K,KK)) GO TO 7
IF(J,NE,8) GO TO 26

25 Llsej
60 10 27

26 LIsO

27 CFE(K,KK)=QEX({K,KK,E,LI)*VEXDENS(K)
SUMEXESUMEX+CFE (K ,KK)

IFLAG=]
7 CONTINUE
€ CONTIMUE
o CALCULATE THE ICNIZATICOM COLLISION FREQUENCIES
C LOCATE ENERGY INDICIES FOR FRACTION

CO 8 K=§,NOSPEC
IF(E,LE,EICNGD(K,1)) GO TO 8
1112}
10 IF(E,GT,EICNGL(K,1I1),AND,E,LE,EIONGD(K,IL1¢1)) GO TC 9
111211141
GO 10 10
9 11J(K)=III '
8 CONTINUE
SYmrIGn=0,0
CO 11 K=1,NOSPEC
G1=2GION(K,E,L1)
KKMAX=N1ONFS(K)
CC 12 KKmi,KKMmAX
IF(E,LT,THRICZ(K,KK)) GO TC 12
1IJKK=1TJ(K)
CFI(K,KK)SGIChH(K,E,LI)*VAXCENS(K)*FRACT (K, KK, [1JKK)
SUMIONZSUMIGN+CFI(K,KK)
10NFG=21
12 CONTINUE
11 CONTINUE
SCFESUMION4SUMEX+ELCF .
PROBIONZSUMION/SCF
PROBEXSSUMEX/SCF
PKOBEL=ELCF/SCF
PROO=DFPRUS(J) +PRUFAS(J)
XNNXZPROOSLES/SCF
XNEE=ZPROO/SCF
FELS(J)=VAPKCU/SCF
IF(J,EG,10) GG TC 107
FROFAS(J+1)=ELCF * (PROU/SCH)
107 CONTINUE
d ACCUMILATE FROBARILITIES
c ELESC IS THE ENERGY LCSS TO ELASTIC SCATTERING PER ELECIRCN
ELESCZELESC+(ELCFSDES*XNNX)
CO 18 K=1,NUSPEC
KKMAXSNOFEXC(K)
CC 19 KK=si,KKMAX
PROBE (K ,KK)ZFEROBE (K ,KK)+CFE(K,KK)®XNNX
19 CONTINUE -
KKMAXZNIONES (R)
i DO 20 KK=31,KKMAX
PROBI(K,KK)SPROBI(K,KK)+CFY(K,KK)®XNNX
20 CONTINUE
18 CONTINUE
c LOUK AFTER CEGRAUED ELECTRGNS FROM EXCITATICA
XXSXNEF
CO 21 K=y ,NOSPEC
KKMAXENOEXC (K)
00 22 KK=mgi,KKMAX

g b
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It (E, LT THRESHIR,AK)) GUG TC 22
FESE=THRRFSH(A,KR)
KKkhs]
24 IF(EE.GT XGRID(RRR) JANE FE,LT,XGRIC(KKRe¢1)) GC TC 23
KKKERRkkey
GO TC 24
23 PRDPA(AAK)RPROFA(RKK) #XXPCFE (K, RR)®(CES/(AGRID(KKRK+1)=XGRIC (KKK} ))
22 CONTINLE
21 CONTINUE
LOCK AFTEF CEGRADEL FLECTRUNS FROM IUGMIZATICN
CUL27 k=) ,NUSHFEC
AAMAXBNIONES(N)
G 28 ARl ,RKMAX
JIE(E LT, THRICZ(N,RR)) GO TC 24
TIJKKEI1J(N)
TEMEFEXXEXDENS(N )*FRACT(N , AN, 1LJKK) Y
ESEAXSESTHRICZ (N ,NN)
KRhhzi
3G TR (ESMAR,GE JXGRIT(KRK) ,AND ESMAX LT, XGRID(KKK+1)) GU TC 29
ARASKRKKe
GO OTe 30
29 ESMAXZO S OMAX
KhG=1
12 TH(FSMAR,GF XGRIC(KAG) JAND (£ SMAX LT XGRIC(KKGC+1)) GO TC 131
KRKQzhhG+1
GCOTC 32
3T TR URRR,GLT,.1) LU T 33
PULS2,USESMAX
PREFACIIZIPROPACLIAZ,UTEMPODEETONCK,E,LL1,U,0,BUL,CUMMY) $(DES/(
FXGHRID(2)=XCRIND01)))
G0 10 24
13 RUMI=RAU=]
L 34 AA13g,huM)
TEERRG LFUL1) GU T 34
PRIFA(RNRLIERPKEFACRANL ) +TEMPODTIFIUONCR B, L1, AGRIC(KKY) ,XGRIC(KK1¢1),0
TuMNMY) S(LDES/(XGRIC(RRLI*1)=XGRIL(RRL)))
I3 COUNTINLE
IF(MROULEG,L,T) GO 10 103
FROPALNNG JEPROFA(RAG YeTerEsDIFIOCNIN,E,LI,XCGRIU(ARY ),bSPAX,CuU
1MpY) S(PES/Z(XGRIT(RRU+I)=AGRID(RKG)))
tud ConTInNUE
PAMAXE2,08F5MAX
LEPLSESMAX=XRCRID(RNRN)
FERDEACRAR)IEPKIFA(KRR)4TEMPOOLETUN(A,F,LT1,0.0,UPFL
1,LUMMY IO (DFESZUAGHIT (RRN e 1) XGRIT'(RRK)))
TE(rRU L) [V XY 1uod
LELsESMAXaXLb Il (hRRGel)
UEPLBO S8ESwAX
PNLUEA(KRGISPRUFACRRG )Y eTEMPODTRTON(N, e, L1, LLL,UPPL
1 JOUMMY) S(LLS/(XGRID(KRGAL)=AGRIV(ANKRG)))
104 COMLINLE
ARRGVMXESKRR =]
RRGMNERRQG ]
e 38 RRIERRCAME ,RRGYX
TE(ARUMN  GF JRAUNMX) (C 10 3%
ULLSESVAR®XGNIL LRRTL L)
LPELZESMAR=ACKIL(RRT )
FRUFA(RR) JSPRIPA(ANL) #TEMEOL TFETOMIR kL1, 0LL,LFRL o C
1ymmy) S(DES/IXGRIC(ART 1) xGRIL(AND)))
35 CONTOINGE
28 CUNIINUE
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127
2

3eé

40

41
39

a3
42

45

40
44

49
47

CONTINUVE

CONTINUE

Sums0,0

CO 36 Ust,10
SUMESUMSFELS (V)
CGNTINUE
FEL(I)=8Um/10,
IF(I.eC.1) GC 1C 37

FRDFA(TI=1)2PFDFA(I=1)+ELCF*(PKNO/SCF)*(DES/(XGRIC(I)=XGRIC(1=1)))

INNZ] =]
CC 38 IP=],INN
IRVsI=1P

IkvE RIN MUMBEK

CLEAK COLLISION FREQUENCY ARKAYS

CC 39 K=1,NMUSPEC

CO 4n KK=t,6

CEFI(K,KK120,0

CONTINUE

KKMAXBNUFXC(K)

Co 41 AK=1,KhMAX
CtE(R,AR)=0,0

CONTINUE

CUNTINUE
CF=XGRID(IRV41)=XGRID(IKV)
ESXGRIC(IRV)+O,5%ut
Ve5,93E+7¢SORT (L)

CALL DEDT(F,Te,XELEN,LFT,XL)
ELCF==CET/Ct

CALCULATE THE EXCITATION CULLISTOM FREUUEMNCIES

SUMEX=E0,0

EC 42 Ks31 ,NUSPEC
KRMAXSNOEXC (K)
LU 43 RK=1,RKmAX

IP(E LT THRESH(R ,AK)) GC TC 43

CFE(K, AK)SCEX(K, KK, bE,LL)*VEXDENS(N)

SUMEXSSUMEX+CFE(K,KK)
CUNTINUE
COMIIMUE

CALCULATE 1HE ICONTIZATICON COLLISIUN FREQUEANCIES
LOCATE THE ENMERGY INDICLIES FOR PNACTICN

CL 44 K=t ,AMLSPEC

1e (£ LF,FICNGL(K,1)) GC TO 44

111=1

IF (F oGT EICNCO(R,TT1) ANDLF LEFICNGEC(K,I1141)) GO TC 4o

T1I=T11¢1

GC 10 45
110(K)=111
CONTINUE
SumICONE0,0

Cu 47 k=1 ,NUSPEC
RKMAXZSNLIONES(N)
CC 48 KKz),KKkrAX

1F(E LT, THRICZ(n,kK)) GU TC 48

I1JKK2T1J(K)

CFI(K,KK)SQICNCK, b, LI)3VEXLENS(R)*FRACT(XK,Kh,IIUKK)

SUMICNKNSSUMICASCHFI(K,KK)
CUNTINUER

CarTINUE
SCESELCFeSUMEX+SIMIOM
PRCBIONSSUM]ICN/O(CF
PRCBF x3SUMt X/ 5CE
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PROBELSELCF/SCF
GROzPROFA(IRYV)
XNNX=GRO®DE/SCF
FEL(IRV)=V*GRO/SCF
XNEE®GRO/SCF
IF(IRV,EQ,1) GO TO 38
PRDFA(IRV=1)SPRDFA(IRV=1)+ELCF*(GRC/SCF) $(CE/(XGRID(IRV)=XGRIC(
1IRV=1)))
o ACCUNMILATE PROBABILITIES
FLESC=ELESC+(eLCF*DE*XNNX)
CO 49 k=1,NOSPEC
KKMAXSNOEXC (K)
CO 90 KK=1,KKMAX
PRUBE (K ,KK)=PROBE (K ,KK)+CFE(K,KK)¥XNNX
50 CONTINUE
KKMAX=NIONFS (k)
CO 51 KK=l,RKMAX
i PROBI(K,KK)SPRCBI(K,KK)4+CHFI(K, KK)®XNNX
51 CONTINUE
49 COMTINUR
C LCCK AFTER CEGRADED ELECTRCNS FROM EXCITATICN
XXSXNFE
[0 52 K=1,NGSPEC
KKMAXSNOEXC(K)
CC 53 KK=1,RKMAX
1t (E,LT,THRESH(K,kK)) GO TG 53
EESE-THRESH(K,Kn)
KKK=1
9% 1F(FF,GF JXGRIU(KKR) AND EE LT, XGRIC(KKK+1)) GC TOU 54
KKKSKkK+1
GO TO 55
54 FROFA(KKK)SPRDFA(KKK)+XX¥CFE(K,RK)*(CE/(XGRIC(KKK+1)=XGRIC(KKK)))
53 CUNTIMUE
52 CONTINUE
C LOCK AFTEK CEGKADEC ELECTRONS FROM IONLZATICWN
0O 56 K=1,NUSPEC
KKMAX=NIGNFS(K)
0C ST KK=1,KKMAX
IF(E,LT,THRICZ(r,kK)) GO TC 57
ESMAX=F=THR10Z(K,KK)
T10KK=IIJ(K)
TEMPZXXSXDENS(R)*SVEFRACT (K, KK, 1 1JKK)
KKk=1
99 IF(ESMAX,GF JXGHRID(KKK) ANU ,ESMAX LT XGRIC(KKK+t)) GO TC 56
KKKasKkK+}
GO TC %9
58 ESmMAX=0,S5%FEONMAX
KhQ=1
60 1F(ESMAX,GE XGRIC(KKG) JANL ESMAX,LT XGRIC(KKGC+1)) GO TC 61
KKOZKKG+1
GC TC v
o1 1F(NKK,GT,1) GO TC 66
EUL=2,0#%FSVFAX
PROFA(1)=PROFA(1)+2,0%TEMPSDIFTION(K,E,11,0,0,EUL,DUMMY) ®(CE/(XG
1RID(2)=XGRID(1)))
GU T0 S7 -
66 KUM]ERKU=]
Cu 67 KK1=1,KGML
IF(KNKQ EQ.1) GU TC 67
PKDFA(KK})BPRDFA(KKL)+TEMP*DIFICGN (K, B, L1, XCRIC(KKY) , XGRIC(KK1¢1),0
1umMY) $(CE/UXGRIND(KK1+1)=XGRID(KK])))
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67 CONTINUE
IF(KKQ,EQ,.1) GO TO 105
FRDOFA(KKQ )=PRUFA(KKQ )+TEMP®DIFION(K,E,LI,XGRID(KKQ ),ESMAX,DU
1MMY) $(CEk /(XGRID(KKQ+}1)=XGRID(KKG)))

105 CUNTINUE

ESMAX®2 ,0%ESMAX

UPPLEESMAX®XGRID(KKK)

PRDFA(KKK)ZPRDFA(KKK)+TEMP*OIFION(K,E,L1,0,0,UPPL

1,DUMMY)&(DE /(XGRID(KKK+1)=XGRID(KKK)))

IF(KKQ,EQ,3) GO TG 106

ULLSESMAX=XGRID(KKG+]1)

UPPL=Q,S*ESMAX

PRDFA(KKQ)®PRDFA(KKO) ¢+ TEMP*DIFION(K,E,LI,ULL,UPPL

1 +DUMNMNY) *(DE /(XGRID(KKG+1)=XGRID(KKG)))
106 CONTINUE

KKQMX=KKK=1

KKQMNEKKQ+1

NG 68 KKISKKQMN,KKCMX
IF(KKQMN,GE ,KKQMX) GO 10 68
ULLSESMAX=XGRID(KKi+1)
UPPLESESMAX=XGRID(nK])
FRDFA(KK1)SPRUFA(KKL)+1EMP*DIFION(K,E,L]I,ULL,UPPL .C
1UNMY) $(DE/(XGRID(KK1+1)=XGRID(KK1)))
68 CONTINUE
%7 CONTINUE
56 CUNTINUE
38 COMTINUE
37 CONTINUE
ES(XGRIDCI+1)+XGRID(I))*0,5
V=5,93E+7*SUKRT (L)
WRITE(2,76)
76 FORMAT (/6H #%%%3% % SUMMARY OF EXCITATIONS PRODUCED.*®*)
JECIFLAG,EG,0) G0N TC 77
Sumi1=0,0
CO 78 K=1,NOSPEC
WRITE (2,75)
WRITE(2,74) NAME(K)
WRITE(2,75)
KKMAXSNOFEXC(K)
wRITE(2,74)(STATE(K,Kk) ,KKS ] ,KKMAX)
WRITE(2,75) (PRURE(K,KK),nrKS1,KKMAX)
SUmM=0,0
CO B6 KKe)l,KKMAX
SUM3ISUM+PRCbBF (K, KK)
86 CUONTINUE
WRITE(2,87) SUM,NAME(K)
SuMi=SumL+SU¥
78 CONTINUE
WRITE(2,88) Suml
G0 10 79
77 wRITE(2,80)
80 FORMAT(//,b69F ErEKGY IS RELUw ALL EXCITATICN THRESHOLDS, LCSS 10
1 ELECTRUNS UMLY ,7/7)
79 CONTINUE
WRITE(2,81)
81 FORMAT (/6H %s¢*ss% & SUMMAKRY OF 10NTZATIONS PRODUCED.®)
IFCICMFG,EG,0) GO TC &2
SUM1IS0,0
CO #3 K=1,NUSPEC
wRITE(2,75)
wRITF(2,74) MAME(K)
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WRITE(2,79)
KKMAXBNIONES(K)
wRITE(2,74) CISTATE(K,KK),KK=a1,KKMAX)
WRITE(2,75) (PRUBI(K,KK),KKz],KKMAX)
Sums0,0
DO 89 KK=i,KKMAX
SUMBSUN+PROBI (K ,KK)
89 CONTINUE
WRITE(2,90) SUM,NANF(X)
SUMI3SUM]I+SUM
83 CONTINUE
SPACE=0,0
AC2023PROBI(1,1)+PRUBLI(1,3)+PROBI(L,S5)
ACAQ2sPROBI(1,2)+PR0OBI(1,4)
ACN2=PROBI(2,1)+PRORI(2,2)+PROBI(2,3)+PKrCBI(2,4)
ACNP=PROBI(2,5%)
WRITE(6,926) ACNZ,AC202,AC402,SPACE,FROBI(3,1),PROBIC(3,2),
1FROBI(3,3),ACNP
926 FORMAT (7X,8E10,3)
ELESC2ELESC+(SUMI+TOTEL)*(XGRID(2)=XGRID(1))
wRITE(?7,927) ELESC
927 FURMAT (8k10,4)
WwRITE(2,91) Sum}
WRITE(2,110) ELESC
110 FORMAT (//F10,2,* = ENERGY LOST TO THERMAL ELECTRONS (EV CM=3%
1 ¥ SEC=1)%)
87 FORMAT (/ ElUu,3,%
B8 FORMAT(// E£10,3,%
9C FORMAT (/ E10,4,3,%
91 FURMAT(// E1U,.3,*
GO T0 84
82 WHITE(2,895)
89 FORMAT(//,81H ENERGY TS BELCw ALL JCNIZATION THRESHOLDS, LOSS 10
1 EXCITATIONS ( 1F POSSIBLE )//,17n ANC ELECTRONS )
84 CUNTINUE
wWRITE(2,93)
93 FORMAT(//*% EQUILIBRIUM FLUX CISIRIBLTION (CMI SEC STER EV)ei¥)
CC 94 kKk=i,}
FEE(KK)S(XGRID(AK)+XGRID(KKk+1))%0,%
94 CONTINUVE
wkRITE(2,96)
96 FORMAT (/0(9X,1HE,9X,1HF)/)
653 FORMAT(BEL10,3)
DO 945 KkK=1,1
FEL(KK)=FEL(KK) /12,568
945 CONTINUE.
wHITE(2,97) ((EEE(KK),FEL(KK)),KK=1,])
wRITE (2,2234) 1AVGE,LAVGF
1¥ (1AVGF,1T,2) GO TC €314
DO 2227 Kk=1,1
PRUFA(RK)=O0, 0
2227 CONTINUE
IAVBBSIAVGE /241
DC 2228 KKk=3,IAVGF
PROFACI)ISFROCEA(L)+FEL(KK)
2228 CONTIMNUE
PRUFPA(1)=PRLCPACLI)/Z7FELOATC(IAVGE)
DO 2229 Kk=2,1AvBR
PHODFA(RK)IPKRUFAC(YL)
2229 CONTINUE
JAVCCEl=1AVEHN

TCTAL EXCITALICNS QF %,A10)
TOTAL EXCITATICASY)
TCTAL 1ONIZATICANS OF %,210)
TCTAL IONIZATICAS®)




2
2

2

2

C
C

231

230

232

233

2234

6314
946

947
97

900

300

6315

20

IAVAARIAVBE+]

DO 2230 KF3IAVAA,lAVCC

ILLTsKK«]IAVGF/2

IVLT=KK+IAVGF/2

DO 2231 1JAVE=ILLT,IVLT

PRDFACKK)SPRDFA(KK)+FEL(IJAV)

CONTINUE

PRDFA(KK)ZPRDFA(KK)/FLOAT(JAVGF)

CONTINUF

IAVCC=TAVCC+]

D0 2232 KR=IAVCC,I

PRCFACIAVCC)=PRDFA(LIAVCC)+FEL (KK)

CONTINUVE

PROFACIAVCC)=PROFACIAVCC)/FLUGAT(LAVGEF)

IAVCCSIAVCC+1

DO 2233 KK=IAV(CC,!

PRDFA(KK)=PRDFA(CLIAVCC+1)

CONTINUE

FORMAT (//13,% FLUX PEF STERADIAN AVERAGED OVER%*,13,% INTERVALS®H)
WRITE(2,96)
WRITE(2,97)((LEE(KK),PRDFA(KK)),KKS8]1,]1)
wRITE(S5,946) 1

FORMAT(1%)

wRITE(5,947) (FEL(KK),KK=],I)

wRITE(S5,947) (ELEE(KK),KK=1,1)

FORMAT(6EL12,4)

FURMAT(O(F10,3,E10,3))

IF (1AVGF,LT,2) GU 1C 63t5

LG 900 kK=1,1

FEL(KK)=12,568*FEL(KK)

CONTINUE

WRITE(2,300)

FORMAT (// *EQUILIBRIUF FLUX, NOT PFK STEKALIANS)
WRITE(2,97) ((EFE(KK),FEL(RK)) ,KK&],1)

KETURM

END

SUBRGLUTINE REDXSN

THIS ROULTINE READS THE CRUSS SECTICN DATA

COMMON/XSXS/ NOSFPEC, NCEXC(4), NGKIL(4,20),
1EGK1ID(4,20,29),8PiC0(4,20,2%),5PLC1(4,20,25),5PLC2(4,20,29),
28¥P1.C3(4,20,25),THKESH(4,20) ,NICNFS(Q),NICNGL(4),ELICNGD(4,25),
3CIFCCK(4),TIX5014,25),7T1Xx851(4,25),TIX852(4,25),TIXS3(4,25),CIXS0(4,
425),01X51(4,25),C1IX82(4,25),01X83(4,25), TRRICZ(4,6),
SFRACT(4,€,25)

COmMMON/ALKPHA/NAME(4) ,STATE(4,20),ISTATE(4,6)
CIMENSION 16ChM(B)

REAC(1,20)CIFOKM(I),I=1,8)

FOKMAT(1CAB)

REAC(1,3) NUSPEC

FORMAT(2014)

NOSPEC 1S 1.k MUMPEW CF SPECIES PRESEMNT, L1MIT1 4
CuU 2 13},NCSPEC

READ(1,3) NAMECL),NLEXC(T)

FORMAT(A10,15,F6,2)

NAME(I) 18 THE MNAME (F THE SPECTE 1

NGEXC(I) IS THE MUMBER OF EXCLITATICN CROSS SECTIONS FCR SFECI 1
N=SMCEXC(T)

CC ¢ v=),N

HEAL(1,3) S1A1E(I,J) ,NGRID(1,J),THRESKH(L,J)

STATE (1,J) IS THE STATE CESIGNATICA

NGFID (T,J) 15 ThHE NUFBEKR GF POINTS IN THE GRID
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QN

OO O

THRESH(I,J) 18 THE THRESHOLU ENERGY
N1=ENGRIDC(I,J)

READ(1,1) LECRM

I¢ (LFORM,EQ,0) ¢C TO 21

READ(1,IFORM) (EGRID(I,J,K), K81 ,N1)

GO 10 22

2! READ(1,5)(EGRID(I,J,K),K=1,N1)

22 MiENle]

READ(1,6)(SPLCOCI,J,K),K=21,NY)

READ(1I6)(SPLCI(I'J'K)'K:IlNI)

READ(1,6)(SPLC2(T,J,K) K3l ,NY)

REAO(I,G)(SPLC3(I.J.K)cKll.Ni)

READ(1,1) kYY

IF(KYY.EG,0) GO 1C 4

KEAD(3,6) CORCT

CO 9 Kk=1,N1

SPLCO(I,J,K)eSPLCU(L,J0,K)*CORCT

SPLC1(X, ,Kk)=2SPLCLIC(I,J,XK)*COKCT

SPLC2(I,J,K)aSPLC2(I,Jd,K)*CORCT

SPLC3(I,J,K)=SPLC3(1,J,K)*CORCT

CONTINJUE

FORMAT(10(1X,F6,2))

FORMAT(7(1X,E10,3))

EGRID IS THE ENERGY GKID FOR THE SFLIME FITS
SPLCO,SPLCL,SPLC2,SPLC3 ARE THE SPLINE COEBFJICIENTS
4 CONTINUE
READ(1,1) NIONFSC(I),NICNGD(1)
KEALC1,5) CLIFCONC(L)
NIONFS(I) IS ThE NUMBER OF LGN FINAL STAIES,LIMIT 6 FOR EACH SFECIE
NTIGNGO(T) 1S THE NUMBER UF GRID PCINIS FOF IONIZATION CROSS
SECTION DATA
DIFCONCI) IS THF CUNSTANT IN REATY)S IOMIZATION EQUATION
M2ENIONES(L)
N3ISNIONGDC(T)
REAC(1,1) LEFORM
1F (LEFURM,FGC,0) GO 10 23
KREAD(1,1FORM) (EIONGD(TI,J),J=1,N3)
GO TO 24

23 REAC(1,5)(RICNGO(T,J) U=, ,N3)

24 N3=N3e]
kEAu(l,6)(T1XSO(I,J),J=1,N3)
READ(L,6)CTIXS1(T,J),d=1,03)
READ(1,6)(TIXS2(1,J),ds1,M3)
READ(1,6)(TIXS3(1,J),J=21,N))
KEAD(1,6)(CIXSOCT,J),d=1,n3)
READ(1,6)(CIXS1(I,J),u=1,M3)
KEAD(1,b)(DIXS2(1,J),J=1,n])
READ(1,6)(CIXRS3I(1,J),d%1,M3)
REAC(1,1) KYY
IF(KYY, EQ,0) GU TO t0
READ(1,6) CURCT
CO 11 J=1,M3
TIXSOCT,J)=TIXxS0C1,J)*CURCT
TIXS1(L1,J0)2T11x81(1,J)*COKRCT
TIX52(1,0)eTIxS2(1,J)*CORCT
TIXS3(1,0)=TIXxS3(1,J)#CORCT
LIXSO(I,J)sUIXSuU(L,J)*CORCT
CiIXS1(1,J)=DIXx81(),u)*CORCT
LiXS2(1,d)=301Ix82(1,J)¢COKRCT
CIxS3(I,J)=LIX83(1L,J)#CORCT

11 CUMTINUE

[ R o
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ACONHDNOD

[N g]

aOONNO

120
110

1
2

§00

CONTINUE
EIONGD IS THE ITUNIZATION CRUSS SECTLION ENEKRGY GRID
TIXSO TU TIXS3 ARE THE TOTAL IONIZATION CSOSS SECTICN SPLINE
COEFFICIENTS

DIXSO TO D1XxS3 ARE THE DIFFERENTIAL CRUSS SECTICM SPLINE COEFFICIENTS

FOR THE NUMERATOR 1IN BEATY(S EGUATICN
DO 7 J=t,N2
READ(Y,8) ISTATE(1,J),THRIO0Z(I,V)

FORMAT(AB,F6,2)

ISTATE IS THE FINAL 1CN STATE DESIGNATICN

THRIOZ 1S THE THRESHCLD
READ(1,5)CFRACT(1,J,K),K81,N3)

CGANTINUE

COUNTINUE

FRACT ARE THE BRANCHING RATIOS

RETURN

EnD

FUNCTION QION(I,E,KEY)

COMMON/XSXS/ NOSPEC, NCEXC(4), NGRID(4,20),
1EGRID(4,20,25),8PLC0(4,20,25),5PLC1(4,20,25),SPLC2(4,20,25),
25KLC3(4,20,25), THRESH(4,20) ,NIONFS(4),N1ONGD(4) ,EL1ONGD(4,25),
JDIFCCN(4),TIXS0(4,25),11X51(4,25),T1X52(4,29),TIXS3(4,25),CIX50(4,
425),01X51(4,25),C1X82(4,25),C1IX53(4,25), THRI0Z(4,6),
SFRACT(4,6,25)

COMMCN /POUINT/1PCINT(4,20),11PONT(4),IDPUNT(4)

COMMON/ALPHA/WAME (4) ,STATE(4,20),18STATE(4,6)

THIS FUNCTICw CALCULATES THE TOTAL ELECTRCN INPACT IONIZATION

CROSS SKFCILCH ¥FCr THE SPECIE I AT FNERGY E, KEY ANC JIFCNT ARE
USED TG SAVE JIME (N THE ENERGY GRD SEARCH, IF KeYae=i, wE START

AT THF BEGINMNING CF THE ARRAY IN THE SEAKRCH AND SET JIPCNT BEFORE

EXIT, IF KEY s 0, wE START AT JIFCNT ANC RESET IIPONT IF NECESSARY,

IF KEY IS5 POSITIVE, wE S1AKT AT KEY AND RESE1 1IPONT IF NECESSARY

FORMAT(4HM I =,74,0H KFY =,14) .

FORMAT(4HW E =, E9,2,14H LIONGD(I,1) =, £9,2)
JF(E GE.,EICNGD(1,1)) GC TuO 2

GION=O,V

RETURN

NNSHIQNGD(T)

IF(ELGT,FICNGUCI,NN)) GO T0 1

FORMAT(S5H KM =,14,4H 1 =,14,4H E =,E9,2,
164 KEY =,14)

CUNTINUE

1 (KEY) 4,5,6

1Ps3l

IFCE GE,FICNGU(],IP) AND £ LT,ELONGD(I,1P+1)) GO TC 7
1P2]P+1

GO T0 9

IIPOMNI(1)=1P

X=E-EIONGD(L,1P)

YSEICNGU(CI,IP+1)~E
QICNSX®(TIXS3I(I,IP)+TIXSI(LI,IP)®X%32)eYS(11X8S2(),IP)+TIXSOU(],IP)*Y
1#22)

RETURN

IP=]1IPCNT(])

CONTINUE

IF(E.GE EICNGD(L,1P) AND L LT,FIONGL(1,1P¢1)) GO TO 10

IF(E,GE.FICNMNGL(L,1F)) GO 10 ®

IPSIP~1

IFC(E,GELEICNGU(L,IP) AND LT, ELONGD(L,1P+1)) GO TO 7
GC T0 13

IPakEY

-
t

[
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14

IIPONT(I)=IP
GO 10 12

END

FUNCTION DIFION(I,E,KEY,EQ,EL,¥)

COMMON/XSXS7” NOSPEC, NCEXC(4), NGRID(4,20),
1EGRID(4,20,25),SPLC0(4,20,25),8PLC1(4,20,25),8PLC2(4,20,25),
2SPLCI(4,20,25),THRESH(4,20) ,NIONFS(4),NIONGD(4) ,EIONGD(4,25),
3CIFCON(4),TIXSU(4,25),TIXS1(4,25),TIXS2(4,25),TIXS3(4,25),0IX50(4,
425),D1X51(4,25),CIXxS2(4,2%),0IXS3(4,25), THRIQZ(4,6),
SFRACT(4,6,25)

CUMMON /POINT/IPCINT(4,20),TIPONT(4),1DPONT(4)

COMMON/ALPHA/NAME(4),STATE(4,20),IS1ATE(4,6)

CIMENSION F(6)

HIS FUNCTION CALCULATES THE ELECTRON IMPACT ICNIZATICON CIFFERENTIAL
CROSS SECITION FOR THE SPECIE I AT ENERGY E, KEY AND JIFCNT ARE

USED TC SAVE TIME In THE ENFRGY GRC SEARCH, IF KEYs~1, wE START
AT THE BEGINMNING OF THE ARRAY 1IN THE SEARCH AND SET ICPCNT BEFOQRE
EXLT, IF KEY = 0, wk START AT IDPCNT ANLC RESET IDPONT IF NECESSARY,
1F KEY IS PCSITIVE, wkE START AT KEY AND RESET IDPONT IF NECESSARY
wE INTEGRATE BEATY)S EQUATION FROM EO TC E1 USING A CUBIC FIT
wHICH IMPLIES SMALL STEP SIZES, THE FRACTIONAL YEALD 1C
DIFFERENT ICN STATES ARE RETURNED IN THE ARRAY F,

1FCE,GE,EIONGD(1,1)) GC TU 2
CION3O, L

RETURN

NNENTONGDCT)

IF(E ,GT,FICNGL(I,NN)) GO TC 1

CUNTINUE

1IF(KEY) 4,5,6

Ip=i

IF(EL,GE,FEICNGD(]Y,1IP) JANDJELT,EIONGD(1,1IF¢1)) GO 10 7

IPzlPel

GO TG 9

TOBONTC(Y)=IP

X=k=F10ONGD(I1,1P)

Y=SEIONGD(I,IP+1)~t

CONCE=R®(LIXSICY,IP)+DINSI(L,IP)*X*22)+Y*(LIXS2CL,IP)+DIXSQ(I,IP) Y
1%%2)

MOSNIONFS(T)

CC 14 JU=3,ND

F(J)BFRACT(1,J,1F)

CCNTINUE

EMID=0,5%(E1+4L0)

De=0,5%(El=t0)

EXX=1,0/7(1,04(EO/7DIFCUN(L))®*%2,1)+4,0/7(1,0+4(EMID/DIFCON(I))®®*2,1)
1¢1,0/7(1,0+(EL/DIFCONCL))*%2,1)

CIFIONSCONCSEXXSTCE/3,0

RETURN

IPEIUPONT(])

CUNTINUE

TF(E GE,FICAGD(1,IP) AND L LT,EIONGC(1,1P¢1)) GG 1C 10

IF(F ,GE,FICMNGL(],IP)) GO 1U 8

TP2]lPel

IF(E GE,FICNGD(]1,1P) ANDELT EIUNGD(I,1IP¢1)) GO TC 7

GC 10 13

IPSKEY

IDPOUNT(1)=SF

GO TO 12

END

FUNCTION QEX(L,J,E,KFY)

COMMON/XSXS/ NOUSPEC, NOEXC(4), NGRILC(4,20),
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1EGRID(4,20,25),5PLCO(4,20,25),5PLC1(4,20,2%),5PLC2(4,20,25),
28PLCI(4,20,25),THRESH(4,20) ,NIONFS(4),NIONGD(4),EICNGD(4,25),
30IFCONC4),TIXS0(4,25),TIXS1(4,25),TIX82(4,25),TIX83(4,25),D1IXs50(4,
425),DIX51(4,25),01%82(4,25),DIXS3(4,25), THRICZ(4,6),
SFRACT(4,6,25)
COMMON /POINT/IPCINT(4,20),11PONT(4),IDPONT(4)
COMMON/ALPHA/NAME(4) ,STATE(4,20),1I51ATE(4,6)
THIS FUNCTICnN CALCULATES THE ELFCTRCN IMPACT EXCLITATION CROSS
SECTION FOR TnE PRCCESS J IN SPECIE I AT THE ENERGY E, KEY
AND TPUINT ARE USED TC SAVE TIME IN THE ENERGY GRID SEARCH) JIF
KFY 3<1, wk START AT 1HE BEGINNING CF THE AKRAY IN THE SEARCH AND
SET IPUINT BEFORE EX1IT, IF KEY =0,wE START AT IPCINT ANC RESET IPOINT
1F NECESSARY( IF KEY IS PCSITIVE, wE START AT KEY AND RESET IPOQINT
IF NECESSARY)
IFCE.GT,EGRID(T1,0,1)) GO 10 2
CEX=20,0 ;
RETURN
J13NGRID(],V)
IF(E.GE.EGRID(1,0,J1)) GG T0 1%
CUNTIMUE
IF(KEY) 4,5,6
Ip=]
IF(E(GEFGRID(1,J,1P) ANDLE LT EGRID(I,J,1IF+1)) Go 1C 7
IPE]IP+}
GG 10 9
IPCINT(1,J)=1P
X=E«EGRID(1,J,1P)
YSEGRID(I,J,IP+1l)~E
GEXaX*(SPLC3(1,J,1P)+SFLC1(1,0,1P)*Xx%%2)+Y*(SFLC2(1,J,IRP)+SPLCO(I,
10,1P)*Y**2)
RETURN
TP=IPOINTC(I,J)
CONTINUE
1F(LGEFGRID(I,J,IP) AND,E LT ,LGRID(]I,J,1F¢1)) GC TO 10
1F(ELGELFGRIC(I.JD,IP)) GO TC 8
IP=]P=]
JF(IP,FQG,0) GO 1C 1
1F(EGEEGRID(I,J,0F) AND,E LT ,EGRID(I,U,1F¢2)) GC T0Q 7
GU 10 13
1F3hEY
I#CINTC(L,J)=1P
GU T0 12
END
SUBKOUTINE SETGKID
SETGRID SETS UP THF GRID FOR INTEGRATION
CCMMON/GRIC/INTGRID,XGRID(400) ,VGNID(400) ,FRCGRID(400)
CIMeNSION EVUC10),EF(10),NPTS(10),DFE(LI0)
READ(1,1) ITYPE
ITYPE SPECIFLES THE TYPE CF GRID DATA , IF ITYPE =i, REACS
INTGRID PCINIS FOR XGRILC) 1F ITYPE 32, KEADS NRANGE SETS OF
INITIAL VALUES(FINAL VALUES(C AND NUNBER OF FPCINTS
If ITYPE =3, READS INITIAL VALUE ANC NRANGE SETIS CF IMTERVALS
AND NUMBER COF PCIMIS
1TYPES4, XGRIU 1S SET IN PRODUCTION SUBROUTINE
FORMAT(I4)
GO 10 (2,3,4,341),1TYPE
RETURN
REACCI,1) INTGRLID
READ(3,9) (XGuJUL(1),13)1,INTGR]ID)

S FORMAT(10(1X,F6,2))

CC 12 Kai,IMIGRIOD
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VGRID(K)=®S,93E+T*SQRT(XGRID(K))
12 CONTINUE
RETURN
3 READ(1,1) NRANGE
CO 6 I3} ,NRAMGE
READ(1,7) EO(Y) NPTS(I)},EF(I)
1 FORMAT(XX.Fb.ZoZX,1402X,Fb.2)
6 CONTINUE
INDEX=1
DU 8 131 ,NRAMGE
XGRID(INDEX)SEU(I)
DES(EFC(L)=EOQCIL))/FLOCAT(NPTS(I)=1)
NMAXZNPTS(1)
CO 9 Jz=¢,NMAX
INDEXSINDEX+1
XGRIVDCINDEX)SXGRID(INDEX=1)+DE
9 CONTINUE
B CONTINUE
INTGRID=INCEX
CC 13 Kk=1,INTGKID
VGRID(K)=295,93E+7*SQRT(XGRID(K))
13 CUMNTINUE
RETURN
4 READ(1,%) FOC
READ(L1,1) NRANGE
CC 10 I=1,NRAMNGE
READ(1,7) CEF(I),nNPIS(I)
10 CONTINUE
INDEX=1
XGRTID(1)=ECU
CO 11 I=1,NRANGE
MMAXSNPTS(I)
DO 11 Jst1,NMAX
INDEXSINDEX ¢1
XGRIDCINDEX)=XGRID(INDEX=1)+DEE(I])
11 CONTINUE
INTGRID=INCEX
DO 14 K=1,INTGRID
VGRID(K)25,93¢+7*SQGRT(XGRIC(K))
14 CUNTINUE
RETURL
END
SUBROUTINE DEVUT(E,TE,RHDE,DET,XL)
THIS RUUTINF CALCULATES ENERGY LOSS TC THE THERMAL ELECTRCNS
USING FITS BY SCHwARTZ, NISBOET, AND GREEN JGR 76,8425 (1971)
wHERE F. IS THF PHOTOFLECIRON ENERGY, TE THE THERMAL ELECTRON
TEMPERATURE, RnOb IS THE ELECTRON DENSITY, CE/DT IS RETURNED
VIA DET, L VIA XL,
EL=2¥,618E=5*T¢
XT(E=ELE)/(E=0,53%¢LF)
CeT=u,0
XL20,0
IF (X, ,Le,0,0) GU TO 1
Xux*%2,36
DETRe2 Fadts(KHUES20,97)8X/(E#20,44)
AL33,37E=12%X/(LRHOE®*® ,03)%(E**0U,94))
t RETURN
END

(2 XsXaXaKal

0004
(8C1X,F9,2))
4




MOL, O
A 3S1G+U
1
4,50
40,00
«2,103E-20
=1,3%0E=2)
4,366E-20
1,053:=22
4.911E=20
1.0215.18
7.108E=18
8,288E-19

B 151G+G

1,62

20,00

P 70,00
| 3,391E20
% 1,626E=22
F 7,503E=24
~6,762E=20
2,603E=22
4,588E=24
«5,891E=20
2,245E=19
2.,239E=2V
9,292E=19
1,649E=19
1,561E=20

A ICELT G
1

.88

20,00
70,00
1,043E=20
“1,188E=21
4,233€-2)
~2,065E=20
7T.413E=22
©4,424E~20
9.439E~19
9,677E=20
1,901E=18
6,673E=-19

A4FlU KRY3
1
12,70
52,61
89,77
«3,45BE~2)
«4,850£-22
«5,541E~23
6,915E-21
«3,283E~22
.2.”7E‘23

14
12 4,50
6,00

50,00
6,549E=20
1,053E=22

=1 ,025E=18
5,044F=23
1,074E~37
8,2056=19
1,829E~17
¢6,988E=19
20 1,62
2.9‘

25.00

80,00

=4,333E=-2v
2,003E=22
4,588E=24
1,066E=20
5,889E~23
2,245E=24
7,038E=19
1,649E=19
1,561E=2v
7,868F=19
1,443E-19
1,159E«2¢0
20 .88
2,94
25,00
40,00
~2, 085F=20
7.4138=22
1,264E=213
7.6586=21
4,948E=22
9,792E-24
1,961E~L4
6,673F=19
7.,212E=20
3.,435E~1v
5,018k=19
5.505E=20

20 12,70

17.69
57,60
110,42
6,915E=21
*3,283E~22
“1,691F~23
~4,637k~21
“2,215622
-2,804E-24

7,00

100,00
=1,025€E~18
1,009€E=2)
=2,756E=19
1'3305'24
1.829E-17
1,158E=19
1,970E=37
71,662E=20

5,00

30,00

90,00
1,494E220
-5,889E=23
2.245E~24
“4,107E~20
-2,551E=23
1,331E-24
1.,134E=18
1,443E~19
1,199E=20
1,449E-18
1,149E=19
8,907E~21

5,00
30,00
$0,00

1,073E=20
4,948E=22
9,792E=24
-1,642E~19
1,433E=22
4,887E=24
418365'18
5,018E=~19
5,505E=20
6.477€~18
4,106E~19
4,386E=20

22,68

59,25
144,33
«4,637E=21
-6,729E£=22
1 ,708E=24
*1,902E=21
*6,V05E=22
2.03‘&'2.

8,00
200,00
*2,756E=19

6.6485-25
=2,275E=20
=3,324E=25

1,970€=17
3,332E=20
1,944E«17
2.431E.2°

6,47

35,00

100,00
“4,107E-20
=2,551E«23
1.331E=24
1.429E-20
1,617E=22
1,160E-24
1,449E=18
1,149€~19
8.,907E=21
1.232¢~18
8,168E=20
7.027F=21

6,47

35,00

100,00
=1,642E-19
1.433E-22
4,887E=24
-2,865E=20
7.,596E-23
4,861E=24
6.,477E=18
4,106E=19
4. 386E=20
5,990E~18
3,409E-19
31,560E=20

27.617
60,30
200,0v
-1,902E=21
=9,395E-22
1.,239€-24
-1,781E=21
“8,573E~22
2,7386=24
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9,00
©2,275E=20
=1,341E-20

1,944E~-17

1.905&-17

7.94
40,00

1,020E=-20
1.617E=22
1,160E=24
=7.464E=-21
=5,104E-23
«5,798E~25
8,582E+19
8,168E=20
7.027E=21
8,637E=19
7.2710E=20
S.843E=21

T.94
40,00

»~2,045E=-20
7.596E~23
4,86 k=24
3, 454E~-21
1,289E=22

«2,430E-24
4,317€e=-18
3,409€=~19
3., S500E=20
3,383E-18
2,826E~19
3,026E=20

32,60
62,03

*1,761E=21
»5,221E=22

1,6068£~-24
~1,066k"21
~4,553E~22
~9,3308E=2%

10,00

10,00
45,00

10,00
45,00

37.65
64,87

*1,341E=21
1,079E=23
2.038["‘

1.,206E~18

«7,464E=2}
*5,104E=23

3,415€-21
4.321E=23

8,637k=19
7+270E=20

6,792E=19
S.bObE-ZO

3.45‘5'21
1.288E=22

2,299E=20
*3,138E-23

3,383E-18
2.826E-19

2.538E~18
2.436E=19

01.0665'21
«2,773E=22

'7.396"22
=2,205E=22

20,00

12,06
$0,00

12,06
50,00

42,64
69,54

1,079E-21
-1,350E~2)
1,206E~18

1,021k~18

2,393E~21
4,321E=23

2,765E%22
1,501E=213

4,654E=19
$5,606kE=20

3,864E=19
4.590E=20

1,611E=20
=3,138E=2)

-21021E.21
8.,467E=23

1,707k=18
2,436E-19

1,572F=18
1,999E=19

«7,396E=22
=1,343E=22

=4,850E~22
=9,098E=23

30,00

15,00
60,00

15,00
60,00

47,62
77.20



8,607E=20
4,800E-18
3,142€-18
7.,06SE=19
4,869E=18
3,083E-18

5 A4PIU RY4
! 1
14,60
00,49
97.02
g «q4,587E22
; “6.434E=23
‘ e1,038E=2)
| 9.174E=22
! “4,355E=23
] «6,001E=24
: 1,509E=20
B.416E=19
6.661E=19
1.239E19
§.536E=19
6,568E=19

A4FIU SuM
1
15,60
64,63
100,82
=3,492E~22
=4,898E=23
*9 ,269E~24
6,984E-22
=3,316E~23
«5,670E=-24
1.,312E=20
7-315&’19
6,358E=19
1.077E=19
7.,419€~19
6,202E=19

A2P1U RY3
1
13,20
54,69
91,68
-2,851E=21
=3,999E~-22
*5,034g=23
5,701E=21
*2,706k=22
«2,635F=23
T,666E=20
4,275~18
2,947E~-14
6,293F=19
4,330E-18
2,896E=~1P

7,065E=19
4,869E-14
1,879E=18
2,36VE=18
4,888E-18
1,908E=18
20 14,60
20,34
66,22
116,47
9,174E=22
«§4,355F=23
-3 ,678F=24
=6,151E=22
«2,937E=23
=1,163E=24
1,239E~19
8,530E=19
4,028E=19
4,137E=19
8,570E=19
3,910E=1Y
20 15,60
21,73
0,76
119,064
6,984k =22
=3,316E=23
3, 487E=24
-4 ,683E=22
«2,235k=23
1 ,312E=24
1,077F=19
7.819E=19
3, BboF~1Y
3,596E=19
7,449E=19
3,767¢=19

20 13,20

18,39
59,87
112,02
S.701E=21}
©d,706E=22
el,607t=23
=3 B23E=21
=1 ,b626E=22
~3,404E=24
b,293E=19
4,33bk-1y
1,76bk=15
2,102F=11
4,35%4F-19
1,705k=1u

2.360E.19
1,484€E=17
1.1025-‘8
3,321E~16
1,484E=17
1.026E=18

26,07
67,85
148,21
.6'lst.22
-1,032E=22
=7,129E-25
“2,523E=22
-9,382E=23
1,303E=25
4,137E=19
3,009E~18
2,398E-19
S.822E=19
3, 0USE~-18
2,2067€E=19

27,86
72,38
150,24
=3 ,683E=22
-8,425E-23
«8,067E=25
=1,921{E=22
«7,717E=23
-4,083E=27
3,596E=19
2,804E~18
2,31BE=~19
5,060E=19
2,804E~18
2,205E~19

23,57

61,51

145,135
=3,823FE=21
=5,775E=22
=2,076k=24
=1,5%8E=21
*5,181E=22
1,531E~24
2,102E~18
1,376F~17
1,041E=14
2,957E=1#
t,376€=17
9.738E=19

3,321k~138
2,311E~17
6,243E~19
3,997E=~18
2,310E=-17
$,561E~19

31,81
68,88
200,00
©2,523E-22
*1,485E=22
71.987E=26
=2,363E~22
*1,378E-22
4,769E=25
5,822E-19
4,763E-18
1.,389E=19
7.008E-19
4,762E-18
1,261E~19

33,99
73,40
200,00
=1,921E=-22
=1,233E~22
*2,511E=27
“1,799E~22
=1,149E=22
4,002E-25
5,060E=19
4,479E=14
1,356E=1Y
b,U9LE=19
4.,478E-18
1,243E=19

28,76
62,56
200,00
=~1,568k-21
=4,104E=22
9,338E«25
=il ,469E=2]
=7,453E=22
2,452E-24
2,957E=14
2,152E-17
5,934E-19
3,560E=18
2,151E=17
S,314E~19

80

3,997E~18
1,407E-17
3,355E-19
4,408E-18
1,40%E=17
2,922E-19

37,54
70,57

4,408E~18 4,659E-18
8.,560E=18 S,198E~18
4,659E=-18 4,800E-18
84531E~18 3,155E~18
43,28 49,01 54
73,31 77,79 85

«2,363k°22 *1,414E=22 »9,810E=23
*8,443E~23 =4,0611E=23

2,923E-25
1,414E=22
»7.,3523E-23
»1,461E=25
7,008E=19
2,918E~-18
7,679E=20
7.728E=19
2.916E'18
6,783E=20

40,11
75,00

46,24
77,75

»9,810E=2)
*3,807E-23

7.728E=19
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1,024€-19 3,604E~16 7,028E-180 2,828E=17 1,768E~-17 5,068E=17 3I,160E~17
1,334k=17 9,374E=18 1,753E=18 1,1956=18 4,105E-19 1,034E=~19 4,426E=20
2,474E-18  7,028E~-18 2,820€~17 4,1B4E=17 S5,068E-17 3,160E=17 2,692E~17
9,374L=18 6,161E=18 2,097E=18 6,06258=19 1,592E=19 4,426E-20 1,953E-20
0
T12,4 9 12,40
12,40 12,50 35,00 20,00 30,00 50,00 70,00 110,00 200,00
3,004E-19 =2,404E-20 2,476E~20 =2,1306=21 «3,996E~22 «1,019E~21 =§,377E=22
1,699E-24
=6,009€=19 4,951E=20 =4,200k=21 =7,9928-22 ~1,019E=21 =2,755E=22 3,823E=24
»8,495E-25
«),004€E=21 2,5VU2F=19 6,811E=19 2,913E~18 3,510E~18 ©6,657E=18 3,84SE~18
1,570~18
2,506E~18 2,291f~18 S5,506E=18 ©b,780E~18 ©b,657E={8 7,360E=18 3,556E~18
1
33
Tio,4 8 13,50
13,50 14,00 17,00 22,00 30.00 50,00 100,00 200,00
*2,332E~19 7,774E=20 2,496E~20 ~1,520E~21 ~8,307£=22 =4,473E«22 1,273E~2)
4,664E£=19 4,160E=20 *2,432E=21 =2,077E=2) =1,118E=21 2,547E-23 «6,367E~24
$,831L=20 »5,971F=19 9,759%k~19 4,347€~18 4,162k~18 4,218E=18 1,673E=}8
4,908€-19 2,292F~18 6,861E~18 9,756E~18 B,197E«18 3,536E~18 1,564E=18
1
84




033
N2(VIB)

0,00
4,50 5
=1,156E-19
-1,682E°15
2,311E-19
1.197E=15
2,889E°20
2.220E.15
6.422E~19
2.342E-16
1
33
N2(VIS)

12,00 10
150,00 200
=8,237£220

4,080E-23

1,647E=19
1,104 ~21
1,318E~18
1,560E=17
3,614E-18
1,591E~17
1
¢33
S 17
12,70

15,50 16
60,00 70
=1,945E~19
2,305€e-21
-1,404E-22
3.891E~19
~1,608E-20V
=3,070r=213
4,863E~2V
3,494e-17
4,993E~10
3,900E~17
0.2495-18
2,538E=20
4.431E-22
*5,155k=24
'5.o7°t-20
=9,027€E=22
«1,963E~25
2,535e=17
3,145E=18
3.,935€~19
2.547€=17
3,221E~18
3,503E-19
0

X281G+G
1.00

15

VY
200

12 43
«50
00
2,311E=19
1,197€=15
.lgéogi-lb
1,069E=16
6,422F=19
2,342E~)0
1,602E=18
4,329E-17

1,00

12 12,00
20,00

1,647E=19
«) b81E=22
«] ,078E=19
2,362E=22
3. 614E=18
5,465E=18
2.,172E=17
4,054E-14

.00 19,00
00U 80,00
6,484E~20
=1 ,0608E=20
«2,0476=23
-4,228E£-21
3,609E=21
1,023E=23
2,648E=19
3.900E=1"7
4,207E=18
7,251E=138
4,065E~1]
3,5%3E-1y
=3,40VE=21
=9,827€E=22
*],309€E=25
1,015E=20
%,277E~22
6.545E=2n
4,319K=1¢
3,221E~18
2,370E=19
4,174E=18
3. 149F=18
1,983E-19

.58

«89 .80

1,25 1,50 1.75 2,00 2,50
«3,218E=18 1,320E=16 =4,591E~16
5,343E=17 =3,886E-17
1.,320E=16 «4,591E=16 7,570E~15
“1,943E=17 1,943E-1?7
2,6U1E=18 1,7516-18 5,039E=17
»1,843E=17 3,306E=17
1,751E=18 S5,039E=17 =7,313E=17
3.,110E»17 =4,858E~18
25,00 30,00 35,00 55,00 80,00
-8,624E*20 =2,495E=20 =1,397E=20
2,362E=22 =1,273E~2)
-2.495L.20 -10397E-20 8.312&-.22
“2,121E=23 6,364E~24
1.816E=17 2,462E=~17 2,735E-17
4,054E=18 2,372E~18
2,462E=17 2,735E=17 2,798E=17
3,919F=18 2,0B84E~18
21,00 25,00 35,00 40,00 45,00
90,00 100,00 149,00 200,00
«6,342E=21 7,283E~21 4,694E-21
3,609E=21 1,221E=21 =4,665E=21
1,457E=20 1,224E~20 «1,487E=20
2,442E=21 «4,665F=21 1,240E-21
1,U85E=17 8,733E=-18 6,011E=18
4,00%E=17 2,133E=17 2,407¢=17
1,704E=17 1,605E=17 1,539E=17
4,284E=17 2,407E=17 Z,401k=17
1,522E=20 =1,0326=21 4,045E=22
$5,277E=22 1,560E=22 =2,698E=22
«2,065E~21 1,011E=21 =1,442E-21
3,1196+22 «2,098F=22 1,232e-22
6,334E=~18 3,334E=~18 1,394E=18
3,149E=18 1,566E~18 1,644E=}8
0,643L-18 3,569E«18 1,798k=18
3. 156E~16 1,644E~18 1,560f=1R
15 «6) .54 o 54 .54
85

3,00 3,50
7.570E=15 =1 ,937E=15

*3,874E=15 =1,682E-15

=7,313E=17 1,684E~15

2,642E=«15 2,220E~15

90,00 120,00

2,078E=22 ~3,170E~22
~3,963E-22 1,632E-2)
6,917E~18 6,358E-18
7,859E=18 6,230E~18
50,00 5%,00
©2,974E=20 6,859E~-21
1,240E=21 =1,946E-22
6,859E+21 2,30SE~-21
©1,946E~22 =5,614E-22
2,854E=17 3,123E-17
2,401E=17 2,469E=17
3,123E=17 3,494E~17
2,469E=17 2,526E-17
©2,0685E=21 1,690E=21
1,232E-22 6,045E=24
1,690E=21 4,431E=22
6,845E~24 =2,062E-2]
3,380E-18 3,136E~18
1.,560E~18 1,549E-18
3J.136E~18 3,145E=-186
1.549E=18 1,543E=18
54 54




-1 ]
A2PT U
0,00
012
B2S51G+G
0,00
.04
LUMPED
0,00
.07
pI1sC, 1,
.90
23
ATCM O
2P4 1D

1,90
200,00
5.315E=19
1,724L=23
=1,063E~18
4,830F=24
=5,315k=19
7.,054E-20
1,606E=17
4,466E-21
0
2P4 1S

2

4,18 6
100,00 150
1,297€-20
'2.31‘&.‘24
*2,594£-20
1,480L=2)
“h,108R=20
1,302e~19
9.,622E~19
B,852E=20
0
3858(28)

9,15 9
-6,042E~19
~1,104E-22

1.328E~18
1.971€=22
1,345L=19
1.561E=19
1,509¢e-18
=3,693€E-20
0
0 453s83s

9,50 12
54,50 b2
“4,177E =22
1,797¢=24
1.22%€=20
] ,808E=22

-1

.15
12

o U5
«04

U,V0
07

25,0

« 00
+23
18
11

s 00
023

.96 3,96
=1,063E=1y
4,640£-24
“1,279€E=1¥
=4 ,660E=2Y
1,606E=17
3,399E=21
2,0628E=17
5,565E=21
13 4,18
W6 9,18
«00 200,00
«2,594F=20
1,48VE=23
*5,195F=21
1,813k=213
Y,622E-19
8,852E~20
1,032E~18
5969k «2¢
10 9,15
60 11,062
2,959E-19
6,253€E=212
“1,027k=20
®*3,127£=22
o8,115F=1y
1,622E=20
4,992E-18
7.,3556=21
19 9,50
«00 14,50
00 74,50
1,225ke2¢
] ,80bk=22
1,448E-24
*3,036F=21
ob,241k~23

«54 .5

15
12

ol
el

«0S
04

'0
o0

«05
07

09
07

00
023

ol
«2

5.96 9,4
“6,396E~19
«4,660E=25
-2,788E=21
4,558E=25
1,506L17
5,565E=21
1.376E~17
7.406E=22

11,68 14,1
*5,195€E~-21
3,956E=24
1.925E=-21
9,507E=26
1.032&.-l8
4,244E-21
9,080E=19
1,765E=21

14,06 17,0
-8,502E=21

«2,454L-19
4,149k~18

9,675e-18

17,00 19,5

4 «54

3
2

012
12

S
4

«04
.0‘

.07
07

0
3

.23
.23

6 16,96

~1,5%593€-21
©,875E=2)
1,877E=18

6,487k=18

B 19,18

1,925F-21
8.712E.2°
5,526k=23
T,389E=26
9,080E~19
1,582E~21
8,557E~19
3,953FE«22

1 20,59
=2,054E=~19

S.180E=20
8,567F-18

4,295E~18

0 22,00

TR
'12 012 llz "2
004 +04 004 04
.07 .07 .07 q°7
.23 .23 023 '23
31,96 %1,96 100,00 150,00
3.,208E=21 1.,409E=22 1,036E~22
2,818E=22 1,382E~22 4,141E-23
2,886E-19 1,122E~18 4,836E~19
2,291E=18 ©,0689E~-19 2,484E~19
24,18 34,18 44,18 54,18
2,703E°23 7,587E=23 =~5,552E-24
7.,389E=26
TeSBTE=23 =1,1106=23 =2,31{1E=24
~6,696E=27
4,273E-19 3,761E=19 1,706E=19
3,553E=22
3,781E=19 3,403E-19 1,302E-19
2,367E=22
24,91 33,15 48,54 53,39
4,209E-20 4,266t=21 2,478E-21
S.147E=21 4,7206E=21 =2,061E=22
3,364E~18 1,703E~18 3,293E~}19
2,085%E=18 8,009E=-19 2,507E=19
24,50 29,50 37,00 44,50

¥2,00 102,00 127,0y 152,00 172,00 199,50

=3,030E=21
*6,100E=23

1,396E-24
*3,348€E-21
«1,968E-23

®3,348E=21
=2,623k-2)

T4672E=25
*3,603E=21
=1.126t-23

86

*3,6U3E=21 ~2,846E-2)
“6,754E=24 2,265E-24

=1,114E~21
1.,431E-24

*2,646E=21 »2,226E~2] =6,265k=22
1,3016=24 3,516E=24 2,246E=24

4



1,448E-24 1,117€=24 1,055E*24 9,185E~25
©7,699E=20 2,584E=19 1,053E~18 1,734E<-18 2,209E-18 2,709€=18 1,532E-18
1,160E#18 1,230E-18 9,326E=19 1,212E~18 7,078E=19 1,116E~10 4,040E~19
2,949E=19 2,660E-19 3,035E=19 2,062E=19
2.,5U4E~=19 1,053E=~18 1,734E*18 2,2089E~18 2,709E-18 3,022E=18 1,720E~}18
1,230E=18 1,240E=18 9,097E~19 1,)178E~18 6,69%E~19 |,079E<18 3,691E~19
2,660E=19 2,426E=19 2,839E-19 {,895E~19
4S3PSP 24 10,70
10,70 13,20 15,70 18,20 20,70 23,20 25,70 28,20 30,70 33,20
35,70 38,20 40,70 43,20 48,20 53,20 63,20 73,20 65,70 100,70
125,70 150,70 175,70 198,20
©],816E=20 =1,433E-20 =1,523E-2]1 =) ,081E=21 2,244E-23 1,590E=22 1,734E=22
2,395E=22 1,647£=22 1,616E=22 1,297E-22 1,069E=22 9,564E=23 3,689E~23
2,781E-23 9,533E=24 5,347E~24 2,542E-24 1,192E~24 3 ,066E~25 1,620E-25
B,669E=-26 5,057F=26
=1,433£=20 =1 ,523€=21 =1,081E=21 2,244E-23 1,590E=22 1,734E»22 2,395E=22
1,647E«22 1,b616E-22 1,297€-22 1,069E-22 9,3564E=23 7,379E=-2) 2,781E~2]3
1,907E=23 5,3476=24 3I,177E=24 1,430E*24 6,4944E~25 1,620E=25 8,669E=26
4,551E=26 4,012Ek=2b
1,010E=-19 6,672E=19 6,959E=19 ©b6,676E=19 5,987E<19 5,306E~19 4,685E~19
4,129E=19 3,0662E~19 3, 296E~19 2,911E~19 2,614E~-19 2,358E-19 1,062E~-19
8,824E=20 3,654E=20 2,709E=20 1,653E~20 1,028E=20 4,438E~21 2,975E~21
2,119E=-21 1,770E=21
6,672E=19 6,959E=19 6,676E=19 S5,987E~19 S5,306E=19 4,685E~19 4,129E-19
3,662F=19 3,256E=19 2,911E~19 2,614E-19 2,350E~19 2,137E~19 B,824E~20
7.450E=20 2,709F=20 2,0B4E=20 1,243€-20 7,655E=-21 2,975E=21 2,119E-21
1,588L~21 1,401E~21
453pP3P 22 11,00
11,00 13,5 16,00 18,50 231,90 23,50 26,00 28,50 31,00 33,50
36,00 38,50 43,50 S3,50 66,00 78,50 88,50 101,00 126,00 151,00
176,00 198,50
©2,291E=20 ~4,4080E=21 «2,226E~22 *4,459E=22 =8,661E~2) «5,00808E=23 ~1,069E~23
©7,703E=25 1,3776=23 9,692E=~24 1,7B6E«23 7,430€E-24 3,422E-24 2,062E=24
1,307E-24 1,193E=24 6,781E=25 2,599E«25 1,451€=25 9,425€-26 7,417E=26
=4,488b°21 »2,226E=22 =4,459E%22 «8,661E~23 =5,888E=23 ~1,069E~23 =7,703E2Y
1,377€+23 9,092E~24 1,786E=23 1,486E«23 6,844E~24 2,577E~24 1,307E-24
9,548E=25 BH,476E=25 5,199E=25 1,451E=25 9,425E«26 6,675E=26 5,071E=26
1,432E=19 3,314F~19 3,512€~19 3,627E=19 3,575E-19 3,491E=19 3,304E=19
3,274£-19 3,163E=19 3,057E~19 2,955E~19 1,428E~19 6,6801E20 4,760E-20
4,217E=20 4,753E=20 3,527€-20 1,610E=20 1,401E~20 1,246E=20 1,253E-20
3,314£=19 3,512k=19 3,627E=19 3I,575€~19 3, 491E~19 3,304Ek~19 3,274E-39
3,163E=19 3,057E=19 2,955E-19 2,859€E~19 1,341k=19 S5,964E=20 4,217E*20
3,797E=20 4,414E=20 3,245F-20 1,401E=20 1,246E=20 1,127E~20 1,157E=20
3pio 19 12,10
12,10 14,60 17,10 19,60 22,10 24,60 27,i1C 29,60 32,10 139,60
47,10 54,60 64,60 74,60 102,10 127,10 149,60 174,60 199,60

87




APPENDIX p

PARTIAL LISTING OF A TYPICAL PHOTOELECTRON PRODUCTION INDPUT FILE
FROM ATMOSPHERIC EXPLORER ¢ SATELLITE ORBIT 284 UPLEG
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100 /

1410

PHOTOELFCTRON ENEPGY GRID IN EV - SF15e5

100=NP TSPRO

«00000E
«5C000F
21000 OE
21500 OF
«2000 OF
02500 0F
e3GN0 OF
¢ 3500 0F
04000 0E
+45000E
5000 0F
¢5500 0
«60000F
- o65000F
«7000 0F
¢7500 OF
e800C OF
8500 OF
¢90000F
29500 0OF

SOLAR ZENITH

ALTITULE
TEMPFRATURE
DENSITIES

00
nt
n2
02
02
02
n2
n2
n2
02
r2
02
r2
n2
n2
n2
n2
02
02
02

«100970E
06000 0F
¢11000F
¢ 16000E
¢ 21000F
e 25000
¢ 21000E
0 26000E
o 41000E
s 46000F
«S1000E
e S4000E
0 €1000F
e é€6G00F
¢71000€
©76300E
‘e 81000E
e 86000F
e51000E
eS6000F

HE
N2
¢

02

ELECTRON TEMPERATURE

ELECTKON CFNSITY
TUTAL ICON DENSITY

PHOTOLLEICTRON SPEC TRUM
eR140E 00 - oB666ZE 0C
- 92921E 00 - +183%E 0OC
- ei1734% 00 ¢3197E-01
- 02379E-01 0211 E-01
- eJUYIE-D01 - 42723E-01
- el4311%-01 09951E-01
02NYEE-01 - «306SE-01
- 01621% <01 - 02078F-J1
- 92164E-01 - #1697E-01
- e2TJ24F-01 - ¢335PE-D1
- 02394E-~02 02966 E-02
- 03637%~02 - e1RUY4F-02
© e3278F -0 - #2B44E-OU
- 02177%-02 e2343E-04
- e1317E-023 +5568BE-24
- o1549E-03 - ¢11U4&E-12
07661C-04 02088 E-02
SOULAR Z2ENTTH
ALTITUCE
TENPERATURE
CENSITIFS HE
N2
0
02

ELECTRON TFMPERATLURE
ELECTRON CFNSITY

TUTAL ICN DENSITY
PHOTOELECTRAN SPEC TRUM

e1382% 01 o1116E 014
el4936F% 00 e3115€ 00
e?A9EF 0C - oSUIUF -1

91

W
® HINTEREGGFR FLUXSFITTFD ATMOSPHKFRF KE 0284V . 7
01 ¢ 20000F 01 ¢3000CE 01 s 400Q00DF 01
01 ¢70000€ 01 ¢8NCOCE 01 ¢ 9CO000E 01
02 «12000F 02 ¢13000E 02 ¢ 14000E 02
02 ¢17000F 02 ¢18000€ 02 ¢ 15000E 02
02 »22000F 02 ¢2300CE 02 ¢ 24000F 02
02 ¢ 27000E 012 e280N0CE 02 » 29000C 02
02 «32000€ 02 «33000E 02 ¢ 34000F 02
02 ¢37000F 02 e XB8000E 02 ¢ 39000 02
02 ¢ 42000E 02 o4 3000E 02 ¢ 44J00F 02
02 s47200E 02 e4R00CE 02 e 4S0Q00E 02
02 ¢52000E 02 ¢530n0CE 02 e« SUOOOE 02
02 ¢57000E 02 «58000E 02 «59000F 02
02 - ¢52000€ 02 ¢63000F 02 e 6400NF 07?2
J2 «67000F 02 s6R000F 02 e 6S000E 02
02 072000E 02 «73000E 02 e« J4Q00E 02
02 «77000¢ 0?2 ¢78000F 02 ¢« 75000FE 02
02 ¢32070F 02 +83000F 02 «84000F 02
02 ¢87000F 02 e8B00CE 02 ¢ 89000F 02
02 ¢ 92000E 02 ¢93000F 02 ¢ 94000E 02
02 0 97000F n2 e98rQ0CE 02 ¢ 95000F 02
53¢649994
405000000
714 48569234
«523700F 07
«3802C7F 06
¢2132%2[C 08
0 2414S5F 04 25XsEL1he 6
0122000€ 04
0241300E 06
«000000E 00
6E1244
45 17E Q¢ 01650E 0O 22497E OO0 o1481E 90
«1088E 0O e1130E 00 e2N06E-01 el4285€-01
e 9165E-02 o7310E-01 ¢20N82E 00 59 4USE-01
e9690E~01 - 9782E-02 ¢3993F 00 ¢5303E OC
0S3J0E~-01 - sU42R6E 00 e7195%~01 ¢6878E-01
¢e4250E-01 eJ6U7E~-01 e7218F-01 «3098e-01
o1934E-01 - o1667F-01 e2M9F~01 e14 4uUE-n1
«1959€-01 e1778BE-01 e1607F-~01 ¢311CE-01
028487E-01 e 2RY4BE~-01 e2541F~01t ¢2936E-01
¢1205€-101 e1673E~-01 ¢1699F~01 02632E-02
e1234E-02 - el1767E-02 04726E~02 ¢697¢€E-0T
09774E-0F - o024 UUE-D2 sUIUIF-04 03562E-13
e 6999YE-05 +1620E-03 e 7€E93E-04 ¢2860£-023
¢ 2250E-02 ¢2571E-03 ¢1059€E~03 e1757E-02
e 8834E-0U 017 9RE-03 o1U458E-03 e1219E-02
02227E-03 69297E-04 e1897E-03 e1560E-02
¢9258E~-04 ¢1153E-01
S4e4809953
1844300049
71447282714
«5568C)F 07
¢102303F 07
2358147E 08
0 767103€ 04 25XsE1506
¢122770E 04
03062000 J46
¢« 0000007% J0
6E12¢4
¢8205E 0N 029878 0P ¢4209€ 00 e2570E 00
¢1853E 00 e1757E 00 e57211E~01 e7611c-n}
o1877F-nt a1 P3X2F Nn 0o?2FN7% 0 elNNIE NN




© s4O43E-01
© 06266E-01
© e7184F -1
- ¢3396%-01

¢ 2680€-~01
© o3K42F-01
© o3914€-01
T e30%yeE-0p
© eh123€-g2
- eS5U51F-02
- e3675F-D2
© 02171€-03
© 02604E-02

e12645-03

SOLAR IENTTH

ALTITuULE
TEFPFRATURE
BENSITIES

- 0337¢E-01

e4777€-~01

- e1678E 09
- #5118 E-01
© «3473E-01

*2852£-~01

© ¢5651E-01

s49720E-~02
+3109E-~02
4925 E-Qy

- el4207 E~-04

JUYOE-~Qy

© e1914E-92

°o3465€-02

HE
N2
l/§

0?2

ELECTRON TEMPFRATUR
ELECTRON DENSITY

TCTSL 10N DPENSTITY
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APPENDIX E

LISTING AND SAMPLE OUTPUT OF A CODE WHICH
CALCULATES THE PRODUCTION OF SECONDARY AURORAL ELECTRONS




1e00C
20030
3e0Q0C
Ge0UO
5¢000
6eN00
7100
800100
Se0QC
1Ce000

11000
12.00C

134000

144000
156000

16000

17700
180000

1¢oM 00
2Gen30
21000
220000
23000
24e 00
254000
260000
27000
269000
2%eN00
‘300000
314000
32000

2e000
340000
350000
Jee0 OO
370000
360000
39eN00
‘4Ce0UD
41000
42000

110

110

120

210
210

wuin  SCS16  wunM

CALCLLATES PRODUCTION SPECTRUM OF SECONDARY ELECTRONS
CIMENSION NAMES(U4)HAEP(UIsSTIC(UI WP (UIIRHOCH) sPCU)» AR(Y)
DIMENSION NORBIT(5),PES(270)

CATA 'NAMES/16H HE N2 01 02/

DATA AFP/1oU4U3E~18s 10134E-17)» 4e750E-18» 94692E-18/
CATA SIG/3e480E-17, cel1b6DE~16s 142UOE-16s 2e530E-16/
CATA RKO/S50370E+06s 30199FE+08, 64486F+08s 1e698E+07/
DATA  wP/15e80 s 1270 » 1740 2 1740 /

PRINT 100
FORMAT (% ENTER PFLUXSNORBIT (F104325X,5A4)")

READ (1,110) PFLUX,NCRBIT
FORMAT (E10e355X,5A4)

Lo 120 K=1,4

PRI =RFO(KINSIG(KINPFLUX
AR(K)=RHOC(K) R AFP(K) %PFLUY

DO 210 N=1,200

ES=N=00o3

CC=0e0

GO0 200 K=1,4

CC=CC+AR(KI/ (1e0+(ES/MP(K)INN241)
PES(N)=CC

LRITF (25300) NORBITsPFLUX
FORMAT (5A4,5X,E1063,'=ASSUMED PRIMARY FLUX!/)

WRITE (25310) NAMES

FORMAT (4(BX,AU)»2Xs'CONSTITUENT!)

WRITE (25,320) WP

FORMAT (U4F12+4252X> ' M(E®I=BEATY JONIZATION PARAMETER!)
WRITE (2,330) AEP

FORMAT (UCLPE1203)s2Xs?ACEP)=DIFFERENTIAL CROSS SECTION?)
WRITE (2,340) SIG

FORMAT (U(IPE12e3)52X s TOTAL JTONIZATION CROSS SECTIOGN')
WRITLC (2,350) RHG

FORMAT (4(IPEL1203),2X s "NUNBER DENS]ITY ")

WITE (25360) P

FOPMAT (4C1PEL1203) 92X »'TOTAL ION PROGUCTION RATE')

WRITE (2,370) PES
FORMAT (5€1204)
END
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CONSTITUENT

W(EP)=8FATY IONIZATION PAFAMETER

A(TP)I=DIFFERENTLAL CROSS

CZCTION

TCTAL ICNIZATION CROSS SFECTIGH
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TOTAL ION PROCUCTION FATE
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Photoionization and Photoabsorption Cross Sections
of He, O, Nz and 02 for Aeronomic Calculations

K. Kirby, E.R. Constantinides, S. Babeu,
M. Oppenheimer®, and G.A. Victor

Harvard-Smithsonian Center for Astrophysics

60 Garden Street
Cambridge, Mass. 02138

Abstract

A compilation of photoionization and photoabsorption
cross sections is presented for He, O, N2, and O2 for use in
studies of ion and photoelectron production in the terrestrial
ionosphere. 1In wavelength regions where rapid variations
occur in the cross sections, averaged cross sections are
calculated. When necessary the cross sections have been
extrapolated to shorter wavelengths. The cross sections
are tabulated at the wavelengths of the solar lines and
continua given in the solar reference spectrum of Hinteregger
from ~1030 g to 34 g. For molecules, N2 and 02, branching .
ratios are given for ionization intu the ground and electronic

states of the molecular ions and for dissociative ionization.
* 3 3 .
John Simon Guggenheim Memorial Foundation Fellow '78-'79.
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I. Introduction

Any detailed theoretical study of the earth's upper
atmosphere must begin with a calculation of the production
rates for major ions and photoelectrons due to solar
radiation. We have constructed a program to compute these
rates using a model atmosphere or measured neutral particle

’

o
. the solar flux tabulated on a 1 A grid and
3

densities
observed by Hinteregger~, and Heroux and Hinteregger4, and

a compilation of experimental and theoretical photoionization
and photoabsorption cross sections which we report here.

This program was undertaken in conjuﬁction with the series

of Atmosphere Explorer satellites (AE-C,D,E) which carried
instruments to measure simultaneously many geophysical

parameters of the terrestrial ionosphere. These experiments

have been described in volume 8 of Radio Science (1973).

The neutral species of interest in the altitude range above

120 km are He, O, N and 02, with photouionization thresholds

27
at 504 g, 910 g, 796 g and 1027 g, respectively. The minor
constituents, N and NO, are not included in this compilation.
We have been guided in our tabulation by the intended
atmospheric applications of the cross sections, for which a
detailed prescentation of the variat on of the cross sections

is neither necessary nor desirable. In wavelength regions

in which the cross sections are highly structured we have
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frequently computed and tabulated averaged values. The

accuracy of the atmosphere calculations is limited here

by uncertainties in the intensities of the incident solar
radiation and in the densities of the neutral constituents.
Many of the measured cross sections have been obtained at
low spectral resolution and at room temperature. We adopt
these nevertheless but the possibility of important errors
should beAnoteds.

Total photoabsorption cross sections for the atomic
constituents He and O refer only to‘photoionization. For
the molecular constituents N2 and 02 they include photoion-
ization, photodissociation and discrete band absorption to
excited electronic states. In photoionization events,
different final electronic atomic and molecular states of
the ionic products may be populated and dissociative
ionization of the molecular species may occur.

All the photoionization and photoabsorption cross
sections presented here have been tabulated, using interpola-
tion and extrapolation where necessary, at the solar line
and continuum wavelengths of the Hinteregger reference
solar flux3 which is based on measurements by the Extreme

Ultraviolet Spectrophotometer (EUVS) on board AE-C6 and on

7,8

rocket data We restrict the tabulation to the wavelength

: Lo . Q
region from the photoionization threshold of 0, at 1027 A
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to 33.74 g which is the shortest wavelength in Hinteregger's
compilation before the nitrogen K-shell ionization edge at
31 g. The intensity of the solar flux decreases rapidly
for wavelengths below about 170 g , so that the solar flux
and the cross section data at short wavelengths are not
required with high accuracy for most aeronomy applications.

Specific cross sections for multiple ionization, are
not included in our tabulation except that the total photo-
absorption cross sections include them. At 260 g double
ionization of N2 contributes only about 2% of the total
oscillator strengthg, and although the multiple ionization
fraction becomes slightly larger at shorter wavelengths,
the solar flux is decreasing rapidly in this region and

the overall effect on the ion abundance is negligible.

Because the cross section data héve been obtained from

many different experimental and theoretical sources and
have involved interpolation and extrapolation, the accuracy
is not uniform. Although we are concerned primarily with
valence shell rather than inner shell processes, the total
cross sections of the molegular species at short wavelengths
(<150 g) where extrapolation has h\én carried out include

the cross sections for inner-shell processes. The branching

+
2 .

+ . o
and O2 are unknown in the wavelength region below 304 A4,
\

ratios for production of excited electronic states of N




and lacking any data we have used the 304 g values down to

34 g. In practice the branching ratios for inner shell
absorption presumably increase compared to the valence

shell cross sections as the wavelength decreases. At
wavelengths longer than 650 g there are several regions

in the moiecular cross sections which are densely structured.
Because the solar flux used in the calculations is not
tabulated on as fine a wavelength scale as the oscillations
in the cross sections, we fitted a straight line through the

peaks at half height. 1In other regions, in which the

structure was less dense we replaced the peaks by square

waves such that in integrating over the full width of the

lines, using che grid of solar wavelengths given by Hinteregger,
the effective cross section is equivalent to the integrated
cross section at finer resolution. Thus we have distorted

the shapes and magnitudes of the cross section data in order

to obtain equivalent integrated cross sections using our

solar wavelength scale. At particular wavelengths then,
individual cross sections may be incorrect. In addition, there
is some ambiguity in the cross sections adopted at the solar
lines due to the limited Spacecraf¥'spectrometer resolution,

to the pressure dependence of the laboratory data, and to the
uncertain widths of the solar lines compared to the laboratory

line sources. Thus, errors in the production rates could occur
3
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if there exists a coincidence, not properly included, between

a resonance for an absorbing species and a solar line. Where

we have discovered inconsistencies between several sets of

data we have generally favored the recent values. The following
section discusses the details of and the various sources for

the cross sections which are presented in Table 1. Because
cross sections for each species are treated differently in

the tables due to the diverse nature of the sources for the
data, it is desirable to consult Section II before using any

of the data in the tables.

We have incorporated the data presented here and the
tabulation of the EUV flux given by Hinteregger3 into a program
which calculates the ionization rates for thermospheric
constituents. Table A shows the production rate in s-1 for
the various ion states in an atmosphete with zero opacity.
These production rates are valid at altiutudes above 400

kilometers for daytime solar zenith angles.

II. Discussion of Cross Section Data

o
He: For He, with pho}oionization threshold at 504 A ,

10,11. 12,13

there are accurate theoretical and experimental

cross sections available which generally agree with each

other to within about 5%. The cross sections near threshold
o o

(504 A > M ~ 454 A) were taken from Doyle, Oppenheimer, and

A}
Dalgarnol4. The close-coupling calculation of Jacobslo for
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a simple system like He is probably accurate to about 2%,
except in the neighborhood of narrow resonances. We converted

Jacobs' values10 of the continuum oscillator strength to cross

sections and did a least squares fit to the values from 454 g
to 130 g. As the cross section curve is entirely smooth in
this region, little error should result from this procedure.
For wavelengths shorter than 130 g we used the fit to extra-
polate the cross sections.

O: Photoionization of the 2p valence shell electron of
atomic oxygen leads to o' (%s®), 0*(?0%), and 0% (?P°) with
thresholds at 910.4 2, 732 g, and 665 X, respectively. We
used the empirical fits to the partial cross sections
for these three channels given by Henryls, normalized to the

calculated total ionization cross sections of Taylor and Burke16.

Recent measurements near threshold by 'Kohl et a1.17

tend to

confirm the values of Taylor and Burke as well as those of

Pradhan and Saraphlg, which are 15-20% higher overall than

those of Henryls. Several resonances identified by Taylor

and Burke16 were included, from 706-608 g, below the 2DO limit.
Removing the 2s inner.shell electron of atomic oxygen

gives rise to 0+(4pe) and O+(2Pe) with thresholds at 435 A

and 315 g respectively. The partial cross sections for this

process were obtained from calculations of Dalgarno, Henry

and Stewart19 as modified by Henryzo. The branching ratios

o h
20 at 304 A have been confirmed by Dehmer and Dehmer

21

of lenry
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Total ionization cross sections for wavelengths shorter than

o
435 A were obtained by adding these partial cross sections

for inner shell ionization to the total ionization cross

sections of Taylor and Burke16.

o
NZ: For wavelengths shorter than 660 A, the ionization

efficiency has been found to be unityzz, and the photoionization

and photoabsorption cross sections are equal. In the region

o} o
180 A-650 A we interpolated the total absorption cross section

data of Lee, Carlson, Judge and Ogawa22 to obtain cross sections

at each wavelength in the Hinteregger reference flux. These
authors conservatively estimated the error in the cross sections
to be $20%, and as there is almost no structure in this region
the interpolated cross sections should be of the same accuracy.

We found good agre2ment of the cross sections with more recent

data of Hamnet, Stoll and Brion23 as well as those of Gurtler,

Saile and Koch24. We have not included the pcaks attributed

to the Rydberg series leading to the C23u+ state of N,¥

2
0
between 500 and 550 A24 and they are probably not significant

o o
for our studies. From 180 A to 34 A the data were extrapolated
so that consistency was gbtained with the absorption cross
. . o 1% : o 25
sections given at 100 A, 68 A, Ard 44.6 A by Huffman®”. From

.

o
650 to 668 A a smooth curve was drawn joining the absorption

22

data of Lee et al. and the data of Huffmanzs, passing throuah

. 2
two points mecasured by Samson, Haddad and Gardner 6. As the
\
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ionization decreases from 100% starting at 660 g, we will
now discuss absorption and ionization cross sections separately.
Where considerable structure in the cross section is
evident, from 668 g to 734 g, the total absorption cross
sections were obtained from Huffmanzs. We estimated a back-
ground cross section I by drawing in a base-line on the
graphs of his data; superimposed on Uy Was the peak cross
section, op. Each peak area was approximated as a square
wave over the same wavelength interval as the actual tri-
angular line-shape. Any dips in the cross sections were
approximated in similar fashion. The total cross section
at each wavelength was therefore the sum (or difference)
of ¢, and o5 From 734 g to 986 g Carter27 has tabulated
oscillator strengths for N, between adjacent pairs of wave-
lengths and again a square shape to the absorption cross
section between these wavelengths was assumed. Longward
of 986 g, conflicting measurements for the N, cross section

2
fa)
have been reported, and above 1000 A no detectable absorption

was observed by Huffman, Tanaka and Larrabeezs. Thus from

o o
986 A to 1030 A we have sq} the N2 absorption cross sections

to zero.

, Photoionization cross sections in the region from
i o
660 X to threshold at 796 A were expliicitly calculated using

a least squares fit to the ionization data of Cook and
b

‘E
!
!
?
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Metzger29 and the absorption cross sections previously

described. Our values for both photoabsorption and photo-
ionization cross sections in the wavelength range 100 X

to 796 g appear to be reasonably consistent with the recent
discrete line source measurements of Samson, Haddad and

9

o} (o)
Gardner26 and the work of Cole and Dexter” from 50 A to 340 A.

Photoionization and absorption cross sections of N,
at a number of solar lines listed in Huffman'525 Table I
were included explicitly. The majority of these values

30

are from earlier work of Samson and Cairns Not all the

solar lines listed in Huffman25

were identical with those
given in the Hinteregger reference spectrum, and several
lines were combined and the cross sections averaged.

The dissociative ionization of Ny, producing Nt ions,

was treated as arising from a single state with threshold at

o
509 A. The partial cross sections for this process were

obtained by multiplying the total ionization cross sections
by the fractional yield for dissociative ionization obtained
from Table B. Values for this yield were derived from the
data of Wight, Van der Wiel and Brion31 and of Fryar and
Browning32. The dissociative ionization yield, Y, can be
obtained from Table B by linear interpolation between the
listed values, with the exception of the region from 387 2

o
to 477 A where the following form should be:




Y=o.o329+s.13x10'6x(x-442)2

The remaining part of the total ionization cross section,

+
2

according to the branching ratios listed in Table C. At each

oion(l—Y), is apportioned among five electronic states of N

wavelength, the branching ratios sum to 1 and at wavelengths
not listed in Table C the ratios can be obtained by linear
interpolation between adjacent values. Partial photoionization
cross sections are obtained by multiplying the total cross
section (minus the dissociative ionization cross section)

by the relevant branching ratio. Branching ratios for N2

photoionization have been given by a number of worker526’23’33’34

and the agreement among the published results is generally
] within 10%. There appears to be some structure present in

the published branching ratios between 670 R and 720 g, but

this we have not included because the measurements differ

the most here and no strong solar lines appear in this region.

Since no measurements have been reported fcr wavelengths

shorter than 210 X, we assumed constant branching ratios from

210 g to 34 g. For most‘%eronomic_calculations this assumption
1 is of minor importance.

02: The photoabsorption and photoionization cross sections

o
for 02 in wavelength range 612-34 A werc obtained in an analocous

fashion to the N2 cross sections in this reaglon, from the data
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of Lee, Carlson, Judge and Ogawa22 and from the short
wavelength values of Huffmanzs. The ionization yield is
equal to unity for wavelengths shorter than 670 g. For
wavelengths longer than 670 ﬁ, a great deal of structure
is present in both the ionization and absorption cross
sections.

From 612 X to 742 X absorption cross sections were
obtained by graphically interpolating the points of Samson,

Gardner and Haddad35. Such a fit passes roughly through

29

the highly structured region of Cook and Metzger and is

in general agreement with the overall contour of their data.

o o
From 742 A to 870 A the cross sections are densely structured
and we used a least squares fit to the absorption data, region

by region, to give a smooth overall profile which joins
o
Samson's35 data at 742 A. The absorption profile in the 870-

o
1030 A region is marked by wider, well-secparated peaks and

25

we used Huffman's data to fit a superposition of background

and peak cross sections, % and op as described for Ni. Our

o)
photoabsorption cross sections for O, rrom 50-350 A are

2
consistent with the recent measurements of Mehlman, Ederer

and Saloman36, Cole and Dexterg, ahd of Samson et al.35

o o]
Photoionization cross sections from 670 A to 745 A
were obtained by a smooth fit to the ionization measurements

of Samson et al.35

which gives a curve similar in shape to
)




the overall profile of the earlier Cook and Mctzqor29 result:.
The Samson measurements are 501-60% higher than the Cook

(]
and Metzger data over much of this region; from 745 A lonqward

o 0
the two sets of data are in harmony. From 745 A to H70 A we

used a least squares fit to the highly structured data of
o
Cook and Metzger and in the region 870-1030 A we used Cook

and Metzger29 ionization data and total absorption cross

sections to obtain ionization cross sections as described

for.NZ. At the solar lines listed in the reference spoctirum

we adopted the ionization and absorption cross scctions listoed
2

wn

in Huffman®”, as discussed for N, .

From the photionization threshold at 1027 % o the
dissociative ionization threshold at 662 R we have used the
branching ratios for production of 02+ clectronic states
given by Samson, Gardner and Haxddad'35 and listed in Table D.

. o o .32
In the region 304 A-662 A, Fryar and Browning have measurod
the total cross section for dissociative ionization and
obtained values which exceed the sum of the partial cross
sections of five predissociating 02+ states (labeled 4-8 an
Table D) measurcd by Sagson et a1.35 To reconcile this
difference we include an additioﬁal predissociating branch
(labeled © in Table D) with threshold at 662 R. The addition
of the branch made renormalization of the other branching

ratios necessary.  As no measurcments have been reported fon
h)
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{
|

(o}
wavelengths shorter than 304 A we assumed constant branching
o o
ratios from 304 A to 34 A. Branching ratios at any wavelength
0 e}
from 34 A to 1027 A can be obtained by linear interpolation of

the values in Table D. At each wavelength branching ratios

sum to unity and the partial cross sections are obtained by
multiplying the total cross section by the relevant branching

ratio.
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Explanation of Table 1.

Photoionization and Photoabsorption Cross Sections
for 0, He, N2 and O2

All cross sections are in units of 10 18 cm®.

Before using the table, it is advisable to read Section II.

LAMBDA Wavelength in angstroms for which the solar flux

is given by Hinteregger3.

0+(4S) Cross sections for photoionization of a 2p valence

O+ (2D) electron of atomic oxygen giving the ground state

O+ (2P) O+(4S°) or excited states 0+(2D°) or 0+(2P°).

O+ (4P) Cross sections for photoionization of a 2s electron

0+ (2pP*) to give O+(4Pe) or O+(2Pe). The * indicates 2Pe
rather than 2Po.

TOT. O+ Oxygen total photoionization cross section.

N2 (ABS) Total photoabsorption cross sections for N2 and O2

02 (ABS) respectively. These are cross sections for

ionization, dissociation, and transitions to

excited vibrational and rotational levels.

N2 (ION) Total photoionization cross sections of N2 and O

2

02 (10N) respectively.
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Table A

Ion production rates in s—1 calculated using the tabulated
cross sections and the Hinteregger solar flux from
o o
1030 A to 32 A in an optically thin atmosphere

Ion Rate
net 4.84x107 8
o (159 1.23x107"7
ot (°p°) 9.29x10° 8
ot (%p°) 5.42x510 8
+,.25 + -7
5 .
Ny (2T 3.08x10
Nt 2@ 3.98x10 &
+..2 -7
0" (1) 2.64x10
+, .4 10”7
0, (am)) 1.54x10
ot P 8.70x10" 8

a) Nt produced by dissociative ionization of N2.

b) ot produced by dissociative ionization of 02.

Table A: In constructing the table it has been assumed
that any excited atomic and bound molecular states produced
radiate to the lowest state to which they are corrected by a
dipole transition. For example, the production rates for all

the doublet excited states of 02+ are included in the production

+.,4.
rate of 02+(X2Hg). The -excited O+(4Pe) statce decays to O ( &),

+, 2 e 2Do + 2p0

while the O ("P~) state radiates to O+( ) and O ( ) according

to the branching ratio 2.59:137. The ionization causcd by

absorption of these "secondary photens" has been nealected,
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Table B

Fractional Yield for Dissociative Ionization of N2

A (R) Yield
210 0.360
240 0.346
302 0.202
387+ 0.033
477+ 0.041
496 0.024
509 0.000

*See text

Table B: The cross section for dissociative ionization
o) 0
of N, at any waveleng.a from 32 A to 509 A is obtained by
linear interpolation of the values for the yield, except from

o o)
387 A to 477 A where the formula in Section II should be used, -

and multiplying by the total ionization cross section.




Branching Ratios for the Photoionization of N

Table C

See text for sources 2

Branch 1 2 3 4 5
D.signation xzzg+ Azﬂu Bzzu+ FZZu ng+

X(g) Branching Ratios

210 0.271 0.275 0.110 0.064 0.278

240 0.271 0.345 0.110 0.064 0.210

280 0.271 0.470  0.095 0.040 0.124

300 0.271  0.470 0.110  0.074  0.075

332 0.300 0.520 0.120 0.060  0.000

428 0.460 0.460 0.080 0.000

500 0.404 0.506 0.090

600 0.308 0.589  0.103

660 0.308  0.589 0.103

660.01 0.308 0.692  0.000

720 0.420 0.580

747 1.000  6.000

796 1.000

o o
Table C: From 796 A to 509 A, partial photoionization cross

sections can be obtained by multiplying the total ionization cross

section by the interpolated branching ratio.

For

wavelenagths

la]
shorter than 509 A, the cross section duc to dissociative ionization

must first be subtracted from the total ioniration cross scction.
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dCAMAL W

Branching Ratios for the Photoionization of 0,
See text for sources

Branch 1 2 3 4 5 6 7 8 9
Designat ion xzng a'n + a1, b " Bzzg’ 2 S S 2'4zg’ 662 A

A(X) Branching Ratios

304 0.365 0.205 0.125 0.055 0.060 0.035 0.030 0.125 0.000

323 0.374 0.210 0.124 0.055 0.060 0.035 0.030 0.000 0.112

454 0.432 0.243 0.120 0.055 0.060 0.035 0.000 0.055

461 0.435 0.245 0.120 0.055 0.060 0.035 0.050

504 0.384 0.270 0.126 0.079 0.026 0.000 0.115

537 0.345 0.290 0.130 0.098 0.000 0.137

556 0.356 0.230 0.225 0.109 0.080

573 0.365 0.270 0.216 0.119 0.030

584 0.306 0.330 0.210 0.125 0.030

598 0.230 0.295 0.375 0.058 0.045

610 0.235 0.385 0.305 0.000 0.075

637 0.245 0.350 0.370 0.036

645 0.340 0.305 6.330 0.025

662 0.270 0.385 0.345 0.000

634 0.482 0.518 0.000

704. 0.675 0.325

720 0.565 0.435

737 0.565 0.435

774 1.000 0.000

1026 1.000
Table D: For molecular oxygen, the first three colums ooy Az

.
labeled .\L“ffq, a

u

4, - . . . . .
and b lq give branching ratios to bound molecular ion states, while the last six

coluns represent dissociating ionic states.

The sum of the branching ratios

u’

, e}
for the last six colunns  for wavelengths less than 662 A nultiplied by the total 1on=-

tzation cross section gives the total dissociative jonizat ion crass soction.
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