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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 simpler situation of one ionic species

in addition to electrons for the purpose 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
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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.
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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 (02, NO+, N2) 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

3



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

atomic ions (0+, H+, and N+ ). At the upper altitudes, the

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 photochemical 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
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profile, calculated under the assumption of photochemical

equilibrium but utilizing observed concentrations for all

ions except the ion of interest. In 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 if,

in computing the concentration of a particular ion, the observed

concentrations of all other ions are used. The improvement is

very substantial in the case of 0+, H+ and N+. The improvement

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

P= QI + k 2 X2  L = (%I+k 1 )X1  V- 1 -- tIX 1

P2 =Q2 + k1 X1  L2 = (Z2+k 2 )X2  V'F2 - 2X2

5



where the Q's represent production rates not involving the

ions of interest, the Z'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

Q1 + k2 X2 - (k1+k 1 )X1 
= tlX 1

Q2 + k1 X1 - (z 2 +k 2 )X 2 
= t 2X2

The solution is

Xl 2 +k2 +t2 ) Q1 + k2Q2 1 / [(£2+k2t2 ) ( 1 +k1 +t
l) - k1k2 ]

with an analogous expression for X This is the exact solu-

tion and therefore represents the observed value of XIl. If we

neglect transport (tI = t2 = 0) the solution is

Y"1 = [(R 2 +k 2 ) Q1 + k 2Q2 1 / (92 +k 2 ) (9 1 kl) - k 1 k 2 ]

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

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

(observed) value XI :

Y1 = Xf1 1 + [(Z2+k2 )tl + k2t2 (X2/Xl)] / (91 k2+1k 2 +2+Z2kl) }

We note first that the difference is of order t/Z. This is a

ratio that increases rapidly with altitude, since transport ef-

fects increase with altitude whereas k decreases in proportion

to the neutral density. Secondly, the difference involves,

6



in general, the transport of both ions. Thirdly, the differ-

ence can be of either sign, since the t'F can be of either

sign. Finally, if the ratio of concentrations (X2/XI ) 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 = [1 + tl/(91+kl)

We have used a different symbol (Z) 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/(Z+k). This is of

practical interest forthe concentrations of 0+, H+, and N

because k is proportional to the molecular densities, whereas

k is proportional to atomic densities. Thus the error in Z1

is of order (£/k) compared to the error in YI' i.e. in the ratio

of molecular to atomic densities. Since this ratio decreases

rapidly with altitude, the ratio of the error in Z1 compared

to the error in Y1 decreases rapidly with altitude. Finally,

it should be noted that transport effects are needed to

reconcile the difference between the observed value (XI )

7



,And Z1 , not the difference between X, and Y,.

It is useful to discuss the definition of chemical life-

tiies. It 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 concentrdtion

in the loss term. When ions are coupled in the equation of

continuity, there are two lifetimes that can be defined. In

the conventional definition, 1/(ZI+k1 ) in the equation for

X is the lifetime for an individual ion. To discuss the

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

Qi ' 0 2 /(e 2 +k2+t 2 ) -[(ql+k 1 ) kIk2 / (q 2 +k 2 +t 2 )] X1 
=  .F

It. can be arqued that the reciprocal of the factor multiplying

X in this expression is the physically meaningful lifetime.

In the absence of transport, and if k 2  f z2' the lifetime

then becomes I/f1 , which is much larger than 1/(Z 1 +k I ) in

+ +the upper atmosphere for the species of interest (i ,0 ,1

8
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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)

Vp - nsmsg-ne ( s+-v x B) = -E nsmsvs(vs-Vs ss ss c s ts sst s t

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

Ps, ns, ms, es are the partial pressure, concentration, mass,

and charge, respectively, g is the gravitational acceleration,

and v st 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:

ui = vi -
ui vi

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

Fi= mig + ei(. + -V x B) - p/n + m. V) v. -c i in nn

where the sum over n indicates that the summation extends over

neutral species only. Then

Z miv ij(ui-uj ) + Y miV inU i - e.i u. x B/c =
iin i

where the sum over j extends over charged species only.

Finally, let

i j 1 n in

9



I)i = e B/miC

b :/B

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

gyrofrequency. Then

mivu i - m. v. .u + miWi(b x u.) = F.j Ii J j i

To solve this system of coupled vector equations, define

the matrix D as follows:

D-I  -m. D- I = -miv. (j~i)Di D ij 'i j ij

Then

SD. . ui + miWi(b x u)j1] ) 1 1

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

immediately:

b u. = X D.. b.F.1 j 1J J
JA

To obtain a solution for the transverse components, let i2 be

an arbitrary unit vector normal to b, and i3 = b x i 2.

Equating the coefficients of i2, i3 in the equation of motions.

-i
)D- I -mWu =Fij uj2 mi i i3 = i2

-i): D. u + miwiui 2 = Fi
ij 'j3 2 i3

10



These equations can be combined to give

-1 1 -1 1 u.F + D 1
F( Dik u j

2 + miui 2 =F3 ik kF
jk k mkwk k2

Z(Z D - Dk) m. =F + D-  1 F
j k ikmkk j3 j iui3 i2 k ik mk k k3

Let H- =1 D- 1 1 +6.. m.w.
1) k ik mk Dkj 1 1  1

Then

ui2 =E HijF i3 + E P.j F2

u. Hij F +Z P.. F.j j2 j 13 J3

where P.. (Z Hik Dk I /m.W.k i ) 3 ]

The total transverse component is

2ui2 + i3ui3 =Z Hij (i2 Fj3- i3Fj2 + E P ij (i2Fj2 + i 3 Fj 3 )

or

AA A A

b x ( i x b) EZ H.. i(F x b) + x P.. b x (F x b)1J1 JJ 1)

(E H ij j ) x b + b x [(X P...F.) x b]ij Jj 1

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

coordinate system.

4.4

~The definition of F. ,

mg + e..r - Vpi/ni + mi Z vn - V)
1 3. 1 1 in nn

1i



indicates that contributions to the drift velocity come from

the gravitational acceleration g, the total electric field

+ E 1 V x

c

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 ui by writing

u i = ui(g) + u i(E) + U i(V)

For the parallel components:

b*i (g) = (bg) E D..m.1j 1J J

b'ui() = (b- ) YDijej.

4. A )
J

b.ii (V) = -E D. . (Vpj/nj) - b

For the transverse components:

AA AAA

b x i (g) x b] = (g x b) E H..m. + b x (g x b) E P..m.1 1))3 j 1))3

b x [ui (c) x b] = ( x b) E H..e. + b x (c x b) E P..e.
i 13 j 11 1

A A AA

b x [ui (V) x b] = -E H. . (Vpj/n.) x b - b x [Y Pi (Vp./n.) x b]

B. Current Density

The current density J is given by

12



ne = e V n.e.u + 1 n.e.V
c i ni c 1 1

It is useful to write

3 = 3(V) + 3 (g) + J(C) + 3(V)

where, owing to the condition of local neutrality,

S{V) = V 7 n.e. = 0
c i  11

The other contributions may again be split into parallel and

transverse components. For the parallel components:

b - 1(g) = (b-g) -- .E n.e. E D..m.

b • i(A ) = (b'-) Eniei  Die

b * J(v) = - E D (Vpj/n b^
S1I i i J

For the transverse components
^ ^

b x [5(g) x b] =(g x b) 1 n.e. H. .m.C. 1. ,J

1 1J

+ b x (gxb)4 nle . P..m.ci I
^ [5( (E x ̂ )1 ni e i 7.Hije jb x [ 3 () x b] = ( x b) .. V. .e.

+ (1 . 1 1 )
1 j

b[xE (V) x b] = 1 7 n~e. 7. Hi. (Vp/nj) x b

+ bx F ~ .e. 7 .. (Vp/nj) x b]

+ C.x[ ) n1. 1)Pie

i j

13



The conventional electrical conductivities, which deter-

mine the contribution to the current density from electric

fields, are seen to be

Parallel: G = n e. D. e.

D c i  j

1
Hall: 0 = - E n.e. E Hi e.

c. 11. 1 )
1j

Petersen: 0 = - E n.e. E P. .e.
p c. i 1j 1]

In terms of the electrical conductivities, we may write

= D (c-b)b + aH(c x b) + ap b x (c x b)

C. Ion 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 i as

Ini n -mn nnni v i

= + mn V .u.
n n ni 1

4.= m.n.v, u.
1 1 in 1

by the symmetry property of collision frequencies.

The force exerted by all charged particles on neutral

species n is

14



= .• = m.n.v. -u.n in i 1 1 in

Finally, the total force exerted on all neutral species by

all charged species is

= I n = E nimi ( V in) ui
n i n

Let I = I(g) + f(C) + I(V)

For the parallel components:

bK'(g) = (bg) Z nim (Z V.n) E D...in j 1Jj]

b-I(-) = (b-') Z nimi(v.i) E D..e.
J iJiJ1

i n . j 3
b-I(V) = E. nim i (E Vin ) E D ij(Vpj/nj)-b

i n j

For the transverse components:

b x [I(g) x b] = (b x g) E nimi (E Vi) F H..m.
i n j 13 3

+ b x (g x b) E nim( V. ) E P. .m.
i i n 13 3

x (e) x b]= (b x c) E n.m. (E Vi) E H..e.
i i n j 3

+ b x x b) E n.m. (E.i) E P..e.

i i i n j 13

A

b x [IMV x bij E nim.i (E V in) E H i1 (Vp./n.) x b
i n j)J

+ Z n.m. (E V in) P. . b x [(Vpj/n 9 ) x b)i i n i . j j3

15



D. Electric Fields

The expression relating the drift velocity of a charged

species to the electric field may be inverted to yield an

expression for the electric field. For the parallel component:

A A

b' .= bu. ( ) /() D ( ie j )
1

For the transverse components:
A

2 2 X (F[(Z H. .e.) + (7, P. .e.) b x (e x b) =
j )3 j 1J J

A AA

S H [ui(E) x b] + (Z Pijej) b x [ui() x b]

A vector measurement of the drift velocity ui , together

with measurements required for the calculation of i(g) and

ui (V), is required for the calculation of

u i ( C ) 
= ui - u i ( g ) - 'Ui ( 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.

16



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

mi(Vin e+ V ) u - miV ieUe + mii(b x u.) = F.

m en + V .) U - me V eiui + m W (b x u ) =eme( en ei ) e e i e e e

where the forces Fi, P are defined by

P = -Vps/ns + ms g + es C ' s= i, e

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

and neutrals respectively. We note first that if collisions with

neutrals are neglected (vin =  e n = 0), then the equations of

motion can only determine the velocity difference (ui - u e) 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 =

Vei = 0):

b-u i  (b-4i)/(mi)in) Vi
A ). A

A (b'4)/(m V e
be e (me en) e

17



Inasmuch as the forces F.i and F are of the same order of

magnitude, it follows that

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

diffusion coefficient

D =kT/ msv s

in the presence of collisions, the solutions are

A ~A~
b- Hm[(in + m e v .)(b-F ) + ( i~v Vi)(b-F )]/D

b-ue = (ine V)(b-P ) + (mi v.i + m .V i)bPe)/

where

D mi Vin) e en) +(i Vin) e ei + me Ven)(i Vie)

Since n i = n ein the present case, it follows from the symmetry

property of collision frequencies that

1iie e ei

Accordingly

D Mi Vin) e en ) Me Vei H i in + me en)

= mi Vin) He en + Me Vei)( 0



and
A A

(bi) (me V ei)[b( i + Fe)]/D 4- (meven)(b-Fi)/D

(b'u e ) =(mevei) [b" (i + Pe) ]/D + (mivin )(b-Fe)/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 Pi and e . The "uncoupled" velocities Vi, V areVi Ve re

still present, but they are divided by the factor

D/[(mi in (m e en)] = 1 + (vei A en)(i+a).

It is useful to note that

a e (me en)/(mivin) < 10 - 2

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 V Vei/[Ven + (l+)v ei]

As the fractional ionization (ni /nn ) increases, the ratio

(V ei/v en) 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-u (1-ax) V. + axVe = Vi + ax(Ve - V.)

(b-u e ) = (l-x) Ve + xVi = Ve - x(V e - V i )

19



where V. and V are the uncoupled velocities previously1 e

defined. The collisional coupling changes both velocities, the

change being proportional to the coupling parameter x and to

the difference (V -V i ) of the uncoupled velocities. The changee1

in the ion velocity, however, is smaller than the change in the

electron velocity by a factor of a(<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. In 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

ni(b - )+ n e(b- = nimivin (b-ui ) + n e *en e)

nimivin [(b'ui) + a(b . e)]

= nimivin (Vi + aVe)

= n.mn v V. + n mn v V
Si iin i e e en e

Thus, irrespective of the magnitude and nature of the

collision frequencies,

(b'ui) 4 ct(b.ue V + (V
1 e

In some theoretical formulations (see for example

Schunk and Walker 1970) it is assumed that (meveU e ) is

0een e

20



of order (me/m.) compared to (miVuinU i ), and therefore negli-

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

in question is in fact

jaVe _XV-V) i/1V i + ax(V x__0I Vel/ix 0

- IOxil/ Vi+aV
e lx-1

Since lte /Ivil % 1 , as shown previously, the assumption 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 to

b. (u i-u e ) = (Vi-Ve) (l-x-ax)

= (Vi-V e )x {V en/[Ven + V ei(l + )}

As x approaches unity (which is equivalent to saying as electron-

ion collisions dominate electron-neutral collisions) the effect

of electron-ion collisions is to reduce the parallel conductivity

by a factor of (v en/Vei) compared to the "uncoupled" case. This

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

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

By combining the equations for ui and ue we obtainI|
uncoupled equations of the form

Aous + A1 (bxU) + A2 b x (bxuS ) =6s, s=ie

where

A° = ar 2 ( 1 + f + (if), A 1 = r(l-a), A 2  1 -
A 2

C. [ur(l+f) .+ rf + x bl]/(miWi)

Ce = [r(l+itf) e + arf F. - e x b]/(miwi )

and

( = (M /MiV in), r = (v in /w ) f = (V ei/Ven)

The parameter a has been discussed before. It ranges from

3.3x103 at 650 km to 1.2x10 at 160 km in the data used in

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

to the ion gyrofrequency has the value 0.06 at 160 km and

decreases with altitude essentially in proportion to the

atmospheric density. Like a, r is insensitive to atmospheric

conditions where its value is significant. The parameter f

is a measure of the fractional ionization and ranges from 0.5
3

aL 160 km to 4 x 10 at 657 km in our data. It is, of course,

hiqhly 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 needed. Taking into account the numerical
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characteristics of the pa.rameters, we may write the solutions

in a simple form that is highly accurate at all altitudes:
2 _+ 2 )

(l+r 2 )(m i ) bx(uxb) = [i- ar 2 fF I x b + r b x ( ixb)
AA

+ crf b x[(Pi+ e ) x b]

2 A2 2 x +2F e(l+r )(miW i ) b x (Uexb) = -(l+r (exb) rf[Fi e x b
A A A

+ ar b x (Fe xb) + arf b x [(Fi+Fk )xbj

It should be noted that the "Hall" components (i.e. the
A

components which involve a single vector product with b) are

are essentially diagonal, the off-diagonal elements being smaller

by a factor ar 2f(<10 - 4 ). The diagonal elements are essentially

equal to 1/(miW i ) = c/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 c-f(=v ie/V in) compared to diagonal components,

and this product may be small or large. Finally, the magnitude

of the Pedersen components is of order r (=v in/Ui) compared

to the Hall components.

It is useful to examine the velocity difference, which is

proportional to the current

2 A + ). A
(l+r )(mi i ) b x (ui-u e ) xb] =

b + r 2 (+ xb) + r b x [(P- ) x b]
r e e A[ e

The leading "Hall" component is independent of the electric

field, since Pi and Pe contain the electric field with opposite

signs. Thus the Hall electrical conductivity is proportional

to r2 /(l+r 2 ) , 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

rf (v (ie/Wi a2r2f = ieVin /Wi 2 "
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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 0+ ions, elec-

trons, and N+ 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
1-24

1.66 x 10 dyne.

Fig. 4 pertains to 0 , which is the major ion through most

of the altitude region considered. The curve labeled "un-

coupled" represents the response of 0+ 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 0+ represents the response of 0+ 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 collisions 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 0+

ions to the force exerted on electrons. Because 0+ is the

major ion, this response function is nearly identical to the

response function to the force exerted on 0+. Thus, ag far

as 0+ is concerned, the presence of collisions has the effect

of subjecting 0+ to the sum of the forces on 0 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 0+, 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 0+ predominate over collisions with neutrals,

and the motion of electrons is effectively governed by the sum

of the forces on 0+ and on electrons. The effect of minor ions

is an order of magnitude smaller.

Fig. 6 represents the respone of N+ 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
+
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ions is controlled by the sum of the forces on 0+ (the major

ion) and electrons. The response to the force on N+ 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 0+ are dominant,

the response functions of N+ are identical to the response

functions of 0+, which means that the motion of N+ ions is

identical to the motion of 0+ 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(=me v en/mi in10- 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 0+ Drift Velocity.

We have calculated the drift velocity of 0+ ions using the

equations of Section 3. In the expression for the force on

species s

Ps = msg + es -VPs/n

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 0+ from

various terms. The vertical component of the velocity is given

by sin 2I 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
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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

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 us represents the contributions to the

vertical velocity from the gravitational force and from the

gradients of partial pressures. us is proportional to sin 2I,

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 E 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 %0.01 millivolts per meter over most of the

altitude range. Up to about 500 km, the contribution from E

dominates us, and the calculated drift velocity can be said

to be in harmony with observations. Above that altitude,

however, the values of us 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 0+

To provide a satisfactory explanation of the observed

altitude profile of 0+ ions, we must be able to calculate the

divergence of the flux in the equation of continuity

P - L = V • (nu),

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, 0+, 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 150 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

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

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 ):9 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-latitude 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).

Concentrations are in units of cm- 3 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 N2 , He, 0, and N(4S) the measurements by the

OSS 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 02 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( 2D) concentration

was measured by the VAE experiment (Hayes et al., 1973) and

was extrapolated above 300 km.
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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 0 and N2 concentration pro-

files, the zenith angle (SZA), magnetic latitude (MLAT), latitude

(LAT), and local solar time (LST). No measurement of the neutral

temperature (TN) was ajailable on this occation. Temperatures

are given in degrees Kelvin, angles in degrees, and time in

hours.
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TABLE A-2. Logarithmic Concentrations of Neutrals (cm- 3
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TABLE A-3. Temperatures and Orbital Parameters
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APPENDIX B

COLLIS ION FREQUENCIES

This appendix contains expressions for the calculation of

various types of momentum transfer collision frequencies. These

are defined in such a way that

-n smsvst (us-Ut

represents the force per unit volume exerted by species t on

species s. ns, m, and u are the concentration, mass, and

velocity, respectively, for species s, and v is the momentum

transfer collision frequency of species s with species t. As

defined, the collision frequencies satisfy the symmetry property

v = nmt ts

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

Vst (Banks) = (ms/pst) vst(Schunk).

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

Electron-Neutral Momentum Transfer Collision Frequencies

v(e-O) = 8.2 x 10 - I 0 n(0) Te I / 2

\) ,(e-N 2 ) = 2.33 x 10 - 1 1 n(N 2 ) (l-l.21xl0-4Te) T e
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v(e-0 2 ) = 1.82 x 10-10 n(0 2 ) (1 + 3.6 x 10 - 2 T 1/2) e 1/2

v(e-He) = 4.6 x 10- 0 n(He) Te 1/2

v(e-H) = 4.5 x 10- 9 n(H) (1-1.35 x 10- 4 Te) Te I / 2

v(e-N) = 6.0 x 10
- 10 n(N) T 1/2

where T is the electron temperature, n(x) is the concentration
e

of species x in units of cm- 3 , and the collision frequencies

are in sec - 1 Except for the collision frequency with N, which

is an interpolation based on the values for He and 0, 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 02 is about 20%, for H 25%, for He 10%, and

state that the result for 0 is uncertain both as to magnitude

and as to the dependence on T
e

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

in =2.6 x 10 9 n(n) 1/2/A i

in (inn )  i

where n(n) is the neutral concentration in cm , Ain = AiA /(Ai+A n )

is the reduced mass, A. and A are the ion and neutral masses ini n
atomic units, a(n is the neutral polarizability in units of

-24 3 -
10 cm and v. is in sec . Except for the adjustment re-

in

quired by the different definitions, these expressions, as well

as the polarizabilities listed below, are given by Banks and

Kockarts (1973).
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Polarizabilities of Neutral Gases

Neutral Gas c(10 - 2 4 cm3

H 0.667

He 0.82

N 1.1

O 0.79

02 1.59

NO 1.74

N2  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 p /mi, are
ini

v(O+-O) = 2.4 x 10 - 13 T1/ 2 (10.6-0.67 log1 0 T)
2 n(0) T>470

v(0 2 -O 2 ) = 1.7 x 10- 1 3 T1/ 2 (10.6-0.76 log1 0 T)
2 n(O 2 ) T>1600

13 2 0
V(N2-H 2 ) = 1.85 xl0 1 3 T1/ 2 (14.3-0.96 log1 0 T)

2 n(N2 ) T>340
2 13 20

\(H+-H) = 9.5 x 10- 1 3 T1 / 2 (14.4-1.17 log1 0 T)
2 n(H) T>100

v(N +-N) = 2.6 x 10- 1 3 T1 / 2 (10.4-0.64 lOgl0 T) 2 n(N) T-550

\(He-N) = 4.85 xl0- 13 T / 2 (11.6-1.05 log1 0 T) n(He) TN100
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where T = T. + 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

s = 8.47 x 10-2 £n A z 2Zt 2 A 1  2 n /A T 3/2
s s tst t 5 St

= 1.27 z 2 Zt2 At 1nt/AT 3/2

with ZnA = 15 (cf. Banks & Kockarts, 1973). nt is the

concentration of species t, As, TS, and zs are the mass (in

atomic units), temperature (in OK) and charge (in atomic units)

of species s, and

At = AsAt/(As+At )

T s = (As T t+A T s)/(As+AT )

If electrons are one of the species, the uxpession simplifies

to
= 45 2 3/2

"ei = 54.5 nizi /T e

= 2.98 x - 2 nz 2 /AiT 3/2

Collision frequencies for electrons and for 0 + are shown in

Figure B-I, and Figure B-2, respectively, based on the data

given in Appendix A.
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ALTITUDE (kin)

N N (A (A .b -4 L
0 CA 0 CR 0 0I 0 0 0) Cf
0 0 0 0 0 0 0 0 0

0

0N+

.0z

/0 +

Fig. B-1. Collison frequencies of electrons with ions and neutrals

(in sec- ). Also shown is the sum of the collision

frequency with all ions.
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APPENDIX C

LISTING OF THE ELECTRON ENERGY DEPOSITION

CODE AND THE CROSS SECTION DATA FILE
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PROGRAM RCIEMPR CLNPUTOUTPiT,TAPrA TAPE2ECUTFUT,TAPE3alRPUT#
I TAFL4,TAPk5,rAPE6,TAPE7)

C S**$ NCTEMAPH **** 770912
C THIS IS THF URIVER THAI' 1S *N17TEN 10 INTERFACE WITH THE
C PRIMARY~ PRUCUCTION FI[LE$

COMA'ONIXSXS/ (4C.SPEC, NOEXC(4), NGR1D(4,20),
IFGRID(4,20,25),SPLCOC4,20,25i).SPLCI(4,20,25),SPLC2(4,20,25),
2SPLC3(4,2v,25),ThkESH(4,20),NIONFS(4),NIONGD(4).FZONGD(4,25),
JCZFCON(4),TIXS0(4,25),TIXSI(4,25),T1XS2(4,25),TIXS3(4,25),C1X30C4,
425).CIXSt(4,2b) ,U1XS2(4,2b),DIXS3(4,25), IHRICZ(4,6),
5INACI(4,6,2,)
COAMN/VENS/TW,NCALT,1ALT(lu),XUFNS(4),XEDEN
COMMCrI/GR ID/INTGRIE ,XGJ'IV (400),*VGkdU (400),FPOGR ID(400)
COMMON I INI/ICINT(4,2J) ,IiP(3til(4) .1LPCNI (4)
COmMN/ALPIJA/NAME (4) ,SIATE(4,*20),*ISTATE (4,6
CCMMO& Ib(GN,1Od L, XAVGFFLXMULT

C BE~WARE, THE OHVkER CF SPEFCIE.S IN NfCXSN FAUST MATCH W'ITH
C THOSE IN TOn. PRIrWUCTIUN FILE

CALL SETGRID
C SETGRID SETS UP THE U'lTEGWATlON GRXC

WWI[Ek(2,4)
4 F0Ih4AT(* LTEk NtJMPER CF AL1ITUDE VALUES(12)*)

REAU(3.1) WVALT
C NCJALT 15 lHk. IdiMBEN OF ALTITUDE VALUES IC BIE DONE

I FUR0AATtl2)
*RITF(2,5)

5 FOR?-ATr(* LNTER f-UMVF.RS FUR AL'lITUDE RECURUS(0014)
RFAD(3,2) (lALTLIJ *IS1,f4CAl,'l)

6 FORaMAT(* ITER NUMHER (;F INILTRVALS F014 AVG;.(12)*)
READ(3,l) JAVGF

C NoB* IAV(F.oLT.2 IMPFLIES AVERAGED FLUX AND FLUX*4P1 NOT CCNFUTLD
WRITE(2. 10)

10 jq)PMAT(* FNTER fLUX MULTIPLICATION FACTUR(F3S1)*)
REAC(3,11) ILXMUil'

It FUR14AT F 3.*1)
2FORM AT C20 14

CALL REnxSK
CALL SETPRC(-1)
CC 3 131,NrALT
CALL SETP14C(IAL'1(1))
CALL WORK

3 CON~TIN~UE
END
SUOCUTINE, SLIPHC(KEY
COMMON GNIt1 AVIFLML
COMMCNI(RjC/INT(GRIC,XGk1D(40O),VGH1Dt40u),FHCGR'.C(4UO)
DIMENSION XPR6(40U) .YPPC(40u) .C(400)
DIMENSIONJ AORCSc19J

COWMON./ENS/7,MNCALTIALT(IU),XOLtNS(4).XFOEN
C THIS ROUTI-4 SETS UF THE PRIMAkY ELECIRCN PRODUCTION CAIA
C KFY:-1 TO HEAD PHnODUCTI0A- GRID DA7A.KEY&O READS IRk. POCLCTION
C DATA FOR Tt'E 9CEYtH ALlITUOV GN Vit FILE

IF(KEY;NE.-1) GU IJ) I
READ (4,52) NLRUS

52 FORMAT (19A4)
wHITEi(2,2) wCRflS

2 FOAT (lHI,19A4)
READ (4o52) PORr)S
REAO(4,;) NP15PHC
*HITF(2,2J) NPTSPkC
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23 FORMAT(14,* 8 NPISPHO*)
3 FORMAT(15)

READ(4,4) (XPRO(I) .131 NP~ISPRO)

21 FORMAT(* ELECTRON PRODUCTION GRID 4)
ioRIIE(2,22) (XPRC(I),1u1 .NPISPRO)

22 FORMAT (10E12.3)
NIAXBNPTSPROo1
no 17 Im1,t4PTSPRC

17 XGRID(I)=XFR2(I)
CO 117 1s1,NPIAX

117 VGRID(1 )u5,93E.7*SQHT(Q.5*(XGR!D(1)+XGR1D(1,1)))
4 FORMAT(bEI595)

REMiJND 4
RETURN

I CONIINUE
IUNVISPPO/S
FaI
FIZFLOAT(NPTSPR)/S.O
1I(F.EO.Fl) GO IG 5
131.1

5 CONTI N lJF
1=1+3
CC 6 Jvl,L
READ(C4, .)

6 CON'TIoUE
IF(KF.YE0,I) ;f 71) 7
I=NplSPkv/b
F=I
f 1FLOAT(NFTSPRU)/60O
IF(FdFG.FI) GO TC 8
121+1

k CONTIN~UE
C SIATFPNT 1=11 REPLACED HY 1:1.11 (RC#IC/17/75)

1=1+1 1
ILaIN[Y-
CC 9 JzI,1L
DO 9 P=,1,
RE.AD 04 ,3)

q CONr1 NVL
7 CON71rNUk

REAU(4, 10)ZA
10 FVOfVATc25X,ilI2.b)

j&LAD1(4,1) ALI
13 FUNMAI(* ALTI7UVF LS*,F12.b)

REAOC4,10) T
kKTTE (5,13) ALI
%H1TF (2,11) ALT,ZA,T

11 FOF'MAT (1~o119C1R-)/24H ALI SZA TEMP/3F8.2)
RE.AU(4,14) XCLNS(4)
PLAC(4,14) XCLNS(l)
READ(4,14) XCkPwSCJ)
Rb.AL(4o14) XLENS(1)

14 FOR9MAIA25XoLlb~b)
REArt.1,) It

15 FORMAT (2b~pEbb)
NEAV(4,2ni) X~E.N%

20 FORMAAT (2?X,Elb.b)
READ( 4,3)

C ANOTHER rQMtMY RtAU E'C1 AT(JAL JUN DFP4SIIY- (RC,1O/17/75)
READ (4,3)
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RLAD(4,16)(YPR0(K).Kul,NPTSPRO)
16 FORMAT MQ12,4)

TOTELmO.O
DO 32 Kul,NMAX
YPRO(K)wYPRC(K)*I LXMULT
TOTELaTOTEL#Y PRO (K)

PIOGRIOCK)aYFRO(KJ/(XGRIrj(Kg1)-XGHID(K))
C(K)xPROGRID(K)*VGRIC(K)
C(K)uC(K)/12.6

32 CONTINU.
WRJTE(2 ,400)

400 FORMAT(* INITIAL FLUX *
WRITE(2,22) (C(K) ,Kal ,NMAX)
REW~IND 4

C FIND END CF PROPfUCTION SPECTRUM
KaNPTSPRO-1

IS IF(AbSUVPRC(K)-00)GTol.OE-6) GO IC 19

GO To I$
19 CONTINUE

IbGN=K

31 FORF'AT(14,* a IbGN*)
mRITE(7,2O) ALT,l, XDFNS,TF,XEDEN

200 FCRMAT(SEIO.4)
WRIIE (6.201) ALT
RLTURN

201 FORMAI (F7,l)
E.ND
SIJBRUJINE. AUNK

CIMENSION IrFPIUS(1)CFE(4,20),CFI(4,b) ,I1J(4).PRDFA(400),PRCFAS(I
10).FELS(10),FI t400).PRC8IL(4,20),PRCBI(4,b),EEF(400),FELWP(400),Pk
2C(400),DUIMNY(b),O(13),(,oE(20)
COMMON IPGN. Ufl[ ,IAVGF
C0MMGNXSXS/ NOSPIEC, NLItXC(4), NGkIC(4,20),
IFGRID(4,20,25) .SPI,C(4,20,25),SPLC1(4,20,25) ,SPLC2(4,20,25),
2SPLC3(4,20,25),TI4IESH(4,20),NIONt'S(4),N1GNGD(4),EZONGD(4,25),
301FC0N(4),TIXSO(4,25),1IXSI(4,25),11X32(4,25),TIXS3(4,25,CIXSO(4,
'125) ,CJXSI (4,25) ,r.1S2L4,2b) ,01X53(4,25) , THRICZ(4,6),
5F RACT(4 ,6, 2b)
CUPMN/DUw'S/T , NCALT. IALT (1(), XUENS (4). XFDLN
COMMON/GR1C/JNTGNICXGPID(400),vGHkrC(400),PNCGRID(40O)
COPMON /POIN1#'IPCIN2 (4,20),IIPON1(4),IDPF&I(4)
COMMCN/ALPIPA/AME(4)SATL.(4,20),IS7ATE(4.6)
%RITF (2,70)

70 FORMAT (/IT*'*'HF PF'COLEM COND11IONS ARE-*/)

71 FOkMAT(FIO.2,0 LIE1CTPON IEMPFNATURE *
ORITE(2,72) XEI)EN

72 FOJRPAT (kL1O.2,4 = LECTRUN CENSIIY (CM-3)$)
WHilIE(2 .62) (C1FCCN( ICL) .NAtk( ICE). ICEI#NOSPEC)

62 FORMAT (P-10.2,' BiAll S IONIZA'TION EQUATION CONSTANT FCH **A1O)

73 FORMT'D C/o THE tikAVV BCDY NUMB3ER DENSITIES ARE..*)
,RITE(2,74) CNAmk(KK) ,KKxl ,iOSPLC)

74 FCRMAl (tO(2XAl0))
MRITE(2,7b)(XuErdSCKK),KK:1,NOSPEC)

75 FORMAT CIUF 12.3)
NINININTGRID-1
1.1 GN
Cc 371 Jul,1
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PPDFA (J)BPROGRIDCJ)
371 CONIINUE

IFLAGx0
I(JNFG*O
CFPRtCuPRDFA( I)
CESu(XGRIDC1,1).XGRID(I))/1o0
ELESCUO .0
OFPR0S( I)z0.2*DF'PRO
CFPSOS(10)UDFPROS( I)
OFPRUSC2)=0.4*DFPRC
DFPROS(9)BDFPNOS(2)
IFPROS(3)sOoO*DFPRO
DFPROS(8)aCFPkCS( 3)
DFPROS(4)al .6'rFPRC
aFPHOS(7)UCFPOS(4)
DFPHOS(5):2,04DF PkO
DFPRCS(b)=CFPHCS( b)
DO 15 Ja1,huspI.C
KKPMAXoNOFXC(J)
DO 16 I,PKKOAX
PkCBE CJ,K)zOU

lb CONIINUE
KKMAX=NIONFS(J)
DO 17 K:1.KFloAX
PROBI(J,K)CO00

17 CONTINUE
15 CONTINUE

DO 14 Jai,10
PRDFAS(J)z0.O

14 CON7INUL
Do 2 J2,i0i

C CLEAR COLLISION tREQUENCY ARRAYS
CC 3 K1l,NCSPFC
KKMA=NIONS(()
CO 4 KKrnI,KKPA
CI I(K,KK)=.O

4 CONTINUE
IKAX=NUFXC(K)
CC KK=1,IKMAX
C F F(K *K K)M :0 0

5 CONTINUE
3 CONTINUL

C INITIAL12E PCINTERS FOR FXClTATION AND IONIZATION GRIDS
CO 1000 KXI,NOSPEC
KNNAX=NUFXC (F)
I IRGNT(K )M1
IDPONT(X()zl
CO 1001 jjjzIKa~mAX
IPOINT (K,JJJ):1

1001 CONTINUE
1000 CONTINUE

C CALCULATE THE FNEHUY FOR IHE BIN, ALSO ThE VELOCITY
IuXGRlD(1+1)+,S*UL.5-FL0AT,(J)*CES
VmS *93E47*SQRT (E
CALL DtDT(I .Tt,XELEFN,DET,XL)
ELCF 2-C ET/CES
SUMEXUO~o

C CALCULATE THE EXCIIATION C6LLISION FREQUENCIES
DO 6 KXI,NOSPEC
KKOAXaNDEXC (N)
DO 7 K2I,IKKPAX
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IF(E.tLTTHRESH(I(DKK)) GO TO 7
XF(JoNEst) GO TO 26

25 LIO-I
GO TO 27

26 LIBO
27 CFE(K,KX)zQkX (IX N,F,LI )*V*XDENScK)

SUMEXwSUNEX+CFE(( .1K)
IFLAGal

7 CONTINUE
6 CONTINUE

c CALCULATE THE IONIZATION COLLISION FREGUFNCIES
C LOCATE ENERGY INVICILS FOR FRACTION

CC 8 1(U1,NCSPEC
IF(E.LE.EICNGO(K,1)) GO TO 8
ilia)

10 IFCE.GT.!ICNGrD(K.1II).AND.F.LE.EIONGD(K,III*1)) GO TO 9

GO To 10
9 llJCK)SIII
8 CONTINUE
SUIGINO*U
C0 11 Kul,hospEC
Q1=Q1ON(1(,EpLI)
KKKAXxN1ONFS(K)
CC 12 I(Kul,KKAAX
IF(E.LT.THRJCZ(I(.KK)) GO TO 12
IIJKKaXJJ(K)
CFI (K ,KK)zGIChi(( ,Ll)*V*XCENS(K)*FHACT(K ,KK, IIJKK)
SUPJIONSMIC.K+CFICX(KK)
IONFGXI

12 CONTINUE
11 CONTIN.UE

SCFXSOPICN+SUMEX+EtCF
PROBIUN25U9'ICN/SCF
PROlbFXXSUMEX/SCF
PROiBELcELCF/SCF
PROC=DF PROS (J )+PR FAS(J )
XNNXzPPOO*CE.S/SCF
XNFEsPFOO/SCF
FLLS(J)=V*PkCU/SCF
IF(J.EG.10) GC TO 107
FROFAS(J+1 )zELC0*(PROCJ/SCt)

107 CONTINUE
C ACCUAIILATE PkCBAESILITIILS
C ELESC IS THE ENFNGY LCSS TO ELASTIC SCATTERING PER ELECIRCH

ELESCuE LEC+(.LCF*DES*XNhX)
CO 1s IKzt,hOsptC
IKMAXshOFXC (K)
CC 19 IKuKxKIAX
POBDE(K ,KK )sFHOBE(K ,KK )+CIE(K ,KK) *XNNX

19 CONTINUE
IKAXNIONFS(K)
DO 20 KIp1KKMAX
PROBI(K,KK)aPHOBI(K.KK)+CFI(K,KK)*XNNX

20 CONTINUE
1S CONTINUL

C LCK AFTER rEGRAUED ELLCTRGNS FROM' EXCITATION
XXUXNEF
CO 21 981,NOSP:C
KKMAXaNOEXC (K)
00 22 KKnl.KKN'AX
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JHLE.L.THHN.SHU'.NN)) GU3 TC 22
FimI-THPFSH(' IN)

24 IF(~i.GT.XGHRIU(N l).Al-r.Ie.LT.XGHIC(KNNIl)) GC TC 2J

(.1) TO 24

22 CONTINL
21 C ONT I hLi

C LOCK AFTt4;rI~iltHAV1 FLEC1NUNS FROM IUSIZAlIC14
CU127 I'ul,NL;SINC
K N I A Xu NI vlN 80 N)

r(, 20 K1, tMAX
If(E.LTr.TH84ICZ(h,kh)) GO TC 2W

30 lN(.SMAA.GN.x kir(NkK).ANII.NSMAX.LT.XGRID(IKK~t)) GU TC 29

JS 1 SPAX:0 .St.SAX

42 IA(xH :()A.S x.TX I(NGl)GO TC 31

GCL T( 32
it1 il(NP'.t.T.I ) uc -Iti 31

IHINA( )SA(I42.*'I.NPOLNIUNNN.11,U.Od.UL,LUmf0Y) *(DES/(

G40 Ic 2H4

Ck, 34 1NNjIK.UfAI

I(ImMY $ (1l /(Xt..N1C(NI+I )-X(;kIL(NNII)))
3 4 CCI N1 I N L,

I F I ( i I u a . i (.r 1 '1 10 3

I ' Ply sX- t .r ' t L s xc t t K I I K C

I I L:NAXX, (It1d.

1tA (N K KK )9 PN K ) *IN )+kMP$C1fUN (N .11I,UCII UPNC
U 11-N' op 1(~~((,1(N. ))d) S ,L)(INVUKK+

104 CCN I INC-N
KhtMX=KKN-1

[' t, JS N KN N = K f fl3. 1.-

I l I(KN .0 KtktNf*X) L.LC 10 3

UI C 1b SAX-X(.N III' I I#
F1I' AC1% I :I(NCI ),NNL ICC* CIU ,('L.

IUN3 9()F/1m*PCCNI, )-X;FINA1. INIU))4)Lo

3 Ct ( ul IN I t.
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127 CONTINUE
2 CONTINUE

SUMB0O.0
Do 3b jut'10
SUM85UMFLS (3)

36 CONTINUE

IF(I.E..) GC 16 37

CC 38 IP=1,1NN
IPI~mI-Ip

C IHVE PIN NumbEN
C CLEAk CCLL15ION FREQUE~NCY ANWA'S

CC JQ KzI,NUSPEC
CO 41) KKz1,b

40 CONTINUE
KIwAJAuNUFXCM('
CUI 41 K'KI, KltAAX

41 COJNTINUE
39 CUNTI\IJE

S= X ORl1C (IRPIJ)+. * uL

CALL DEVT (F , 1 f, XkUFN ,lT, XI.
I LCF=-CET/Ch

C CALCIII.Alk lhk EXCI AlITON CUILISTON FHEUUENCIES
SOMEX=0 .0
CC 42 KzI,NUSPtC
K1mAX=NOFXC(K)
Cil 43 KK=1,1%SftoAX
IdELTL.THPLSH'( K) GC TC 43
CFF(K,KK)ZELXC,,,L)*VXE.NS(K)
SLImt'X:SLMEX+CFE(K ,KK)

43 CONTINUE

42 CON'I1lUE
C CALCILATE. 114 ICNTZAr1&eN COLLISIUN FREWAINCIES
C LOICAlk I'HI ENE1HGY I NVIClES FOR tH AC1 ICN

rL 44 Kj,NUSFEC
IHEL.LFFICNL(K,I)) GC TU 44

GC 10 45
4b IIJ(KJZITI
44 CUNTINUE

CU 47 Kt,N.USPEC

CC 48 KK:I,WKAX
lFiUl.T*THPICZ(k,KX))f CC, 'C 4t8
IIJKK:!IJ(K)

SUMlONsSUFAIUh.C0i(K,IK)
40 CUNIINU.
47 COPTIrNUL

SC~uE.LCFSL,?'IX.SI KUN
FNCIIONmSuNIcI/bcF
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Pi4ObELvELCF/SCI
G ROxP PCF&A( IRV~)
XNNXSGRO*Dk /SCF
FEL( IRY )xV*GRO/5CF

Ir(IRV,EO.1) GO TO 38
PRDFA(XPV-1 )UPRDPA(IRVZ )+ELCF*(GPC/SCF) *(CE/(XGRID(IRdV)-XGRIC(
1 IRV-1 )))

C ACCUMILATE PROB&ABILITIES
FLESC=ELE5C+(kLCF*OE*XNNX)
CU 49 Kl.,NUSPEC
KKMAXaNUEXC (K)
CC 50 KK1l,KKPA.
PRO8E (KKK =FEK, KK )4C((K ,KK I XNNX

50 CU'I INUE.
KKMAX=NIONFS(lk)
DO 51 XKaz1KKMAX
PROlBI(K,KK)=PRCLA(K,KK)+tC1(K,K()XNNX

51 CONTIJUL
49 CONTINUE

C LOCK AiTER VE6HADED ELECTRONS I.'RCM EXCITATICN

10 52 K=INOSPFC
KKgiA2NOFXC(K)
CC 53 KK=1,IKMAX
IH(E.L'I.THRESH(K,KK)) GO IG 53
kE=F-7 H HF S (KKK s)
IKK 1

55~ IF( .GF.XGID(KKK).ANV.HK.LT.xGkIC(KKK+1)) GC TO 54
KKK=KKK*1
GO TO 55

54 PHCFA(KKK)zPRVFA(KKK),XX*CI'E(K,KK)*(CE/(XGRIC(KKK*1 )-XGHIC(KKK)))
53 CONTIN"UE
52 CONI IN'k

C LUCK AFTEk CEGNAVEC LEAC1RUN5 FROM ICNLZA71CN
DO 56 KJ,NOSP C
K,~mAX=NIONFS(K)
OC 57 KK=I,KK&MAA
IF(E.LT.THHICZ([%,K)) GO TC 57
kSMAXF-THIOZ(.KK9)
I 1JKK=IIJ (K)
ILPZXXeXfLFNS(K)*'Y*IdACT(K,KK,IIJKK)

59 IF(F SMAX.GFXGRNIC(KKK).ANU.V:SMAX.LT.XGP1C(KKK+1)) GO TU S8
NKKM KKK +

GO T(r 59
58 ESNAXeI1.5#I6SAX

KKO1l
hO IF(ESMAX.(;E.XOHIlC(KKO).AidO.ESMAX.L1.XGPICtKKc,1)) GO TC 61

K KC=KrK 041
GU TO bV

bt lUiKKK.('T.1) GO TO 6b
tUL:2.O*FSA'AX
FHOFA(1):PHOFA(1 )42.O*IEMIJ*D1FIUN(K~kI1DUeOEUL,DUMiY) *(CE/(XG
1RIO(.2)-XGRIU(1)))
GO TO 57

bb KUM1ZKU-1
Cu 67 KKI=I,Kom1
IF(kK F10.1) (;U *IC 67
PHOFA(1K)bPRL)FA(PK)+TkmPDIFIUN(Kdt,tl,X(HIC(KKI),XGPICCKKl41),C

lummyA') *CF ./(GHID(KK1,1)-XGRID(KK1)) I
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67 CONTINUE
IfCKKQEO.1) GO TO 105
PRDFACKKO )sPRL)FA(KKO )+TEmP#DIFION(K,E,LI,XGRID(KKg ) ,ESNAX,OU
hINT) *(CI. /(XGRIO(KICO+1)-XGRIDCKKG)))

105 CONTINUE
ESMAXU2.0$ESmAX
UPPLzESNAX-XGkID(KKK)
PRDrA(KKK)zPRDFA(uAKOTEMP*OIFION(K,EL1,0.0,UPPL
1 .rUMMV)$(DE /(XGI4IO(IKKK+1 )-XGRID(KKI) ))
IF(KKQ.EG.1) GO TO 106
ULLuESMAX-XGW1D(KK0, )
UPPLzO.5*ESMAX
PRDFA(KI(O)zIRDFA(KKO)+TMP*DIFION(K,ELI.ULL.UPPL

I DUMMY) s(DE /(XGRID(KKC+1)oXGRID(KKO)))
106 CONTINUE

KKGMX=KK(-1
KI(OhNxKKG4.
nC 68 KKIxKI(OMN,KKCMX
IF(KKIOMNNGE.KV.GMX) GO 1O 68
ULL=ESOAX-XGPID(KK1,1)
UPPLzFSMAX-XGRIO(KI~K)
FHDFA(KKI )ZPHUFA(M(1).IEMP*01110N(KE,LIULLUPPL

68 CONTINUE
b7 CONTINUE
56 CUNTINUE
39 CONTINUE
37 CONTINUE

EZ(XGRID(I+1),XGRID(I))*O.S
b =5.*93 F 47 *S u RT(h)
iNRITE (2,76)

76 FORMAT (/6H 4*4*4** SU&kMARY OF EXCITAlIONS PRODUCED-.*)
IF(IFLAG.EG.0) GO TC 77
suml130 .
CO 78 Kzl,NOSPEC
wRXTE (2,75)
6WXTE(2,74) NAM(K)
WRITE (2175)
KKMAX=NOF.XC(I' )
k.RITE(2,14)(STAIiE(K,K4J,KI2,KNMAX)
WRITE(2,75) (PEK,KKi) ,KK=1,KKmAX)
SUMs ( *

DO 86 kK.1,p'KMAX
SUM=5UM4PRCh (K,I(N)

ob CONI.TNUE
NAR1IE (2,87) SUM,NAMLA(K)

78 CONTINUr.
WHITE(2,98) SUMI
GO 10 79

77 *RI'IE(2,80)
80 FORMAT(//,691- LtIFHGY IS F!ELOw ALL EXClTATICN4 THRESHOLDS, LCSS 70

1 ELECTRONS UNLY ,/

79 CONTINUE

01 FORMAT (/bH *****,* SUIMMAkY OF IONIZAIIONS PRODUCEC..*)
IF(ICNFG.Ec,.0) GO '(C b2

CO b~3 pKal,hUSPEL
okITEC 2, 75)
hI'1F (2. 74) NAME(K)
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WRITE(2,7b)
KKIKAXaNIONFSEK)
uRI1E(2,74) CISTATE(K,9K) ,KKzI,KmD4A)
%RIIE(2,75) (PPOBI(KpKK),KKXI .I(IMAX)
SUMEO'O
00 89 KKs1.KKMAX
SU~mSUM+PRO8I(K,KK)

89 CONTINUE
WRIME2,9) SUM,NAMF (K)

83 CONTINUE
SPACEuC .0
AC2028PR081(1.J).PROBI(1.3)+PROBI(1,5)
AC4O2uPRCNI(1 .2)+PRIO8I( ,4)
ACN2zPHOBI(2,l)+PROP[(2,2)+PHOBI(2,3)+P8081C2,4)
ACNPUPRUBI (2,6)
hRITE(b,926) ACN2,AC202,AC4OZ,SPACE,P8081(3,1) ,PRO8I(3,2)o
1PR81(3,3) ,ACNP

926 FORMAT (7X,8O.10.3)
ELESCzELFSC,(SUM1,TCTEL)9(XGRTO(2)-XGRIO(l))

IWHITE(7,927) E.LESC
927 FORMAT M8k10,4)

WRITE(2091) SUMI
%W1TE(2,l1O) Lb.SC

110 FORMAT (//FIO.2,* a ENEFRGY LOST Ta THERMAL ELECTRONS (EV CP-3*
1 ,# SEC-I)*)

87 FORMAT (/ It1o.3,4 a TCTAL EXCITAlIChS OF *#A1U)
88 FOHAmATC// hL1O.3,* a TOTAL EXCITATIC1(S*)
9C FORPAT (/ tl0.,# s TCTAL IGNIZATICN5 OF *,AIO)
91 FURMAI(// LIU93,* zICTAL IONIZATICNS*)

GO TO 84
82 t*FITE(2,85)
b5 FORMAI(//,B1 ENF.RGY IS BELCw ALL ILNIZAIIN THRESHOLDS, LOSS 10

I EXCITATIONS ( IF POSSIBLE )//,17H AND ELECTRONS
84 CONTINUk.

93 FORM~AT(//* EGOUILIBRIUM FlUX DiS'IPUT1CN (CM3 SEC STER EV)o1*)
DO 94 1Ka1.1l
FEE(KK)=(XGH1D(1(K)+XGR1D(KK~1))*O.5

94 CON11NUE
oklITE(2,9b)

96 FORMAT (/b(9X,IHF,9X,18F)/)
653 FORMAI(S1O.3)

DO 945 KK:1,I
FL(KK)VFEL (1(1(/ 12 .5t

945 CON TI NU .

WRIlk. (2,2234) IA'GP,IAVGF
IF (IAVGF.LT.2) GO TO 6314
DO 2227 KK=I,I
P NU FA (I K) :1.

2227 COiNTlivuE
IA v 88: 1AVGF1/ 2 +I
DC 2228 KPK:1,IAVGF
PRDFA(I)=FP .AC 1) .FFL(K1K)

2228 CON7TI Ntif
PI4UFAC 1) :PPIA( I)/PLAT( IAvGF )
V0 2229 KK:2,IAVbPl
PROF A (1K) zPkij'A (1)

2229 CONTINUE
IAVCCXI-IAVeH
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IAVAAuIAVBb41
DO 2230 KIVzIAVAAplAVCC
IbL L K K -IA V GF/2
IVLTaKK+IAVC.F/2
DO 2231 IJAVRILLT#IVL1
PI4DFA(KK)*PPDFA(I(K)+FEL( IJAY)

2231 CONTINUE
PRDF A (1K)X*PR DF A(K K) /FLOAT (1AVG F)

22 O CONTINUF
IA~VCCaIAVCC.1
DO 2232 KlkIAVCC,I
PRCFA(lA VCC V PIkFA( IAV.CC) +FEL ( kK)

2232 CONTINUE
PRDFA(IAVCC)=PIkCFA(IAVCC)/FLUAT(IAVGF,)
IAVCCUIAVCC,1
D0 2233 KI(:IAVCC,l
PRDFA(KK)=PkUF'A(IA'JCC+1)

2233 CONTINUE
2234 FORMAT (//13,* FLUX PEP SIERADlAN AVEIhAGED OVLR*,13,4 INTERVALS*)

WR 1I. (2 96 )
WTIE (2 , Q7) EFE ( K) ,PROIA(KK)) ~, 13 )

6314 PPITE(5,946) I
94b FUIEMAI(l5)

947 FORMAT(6E12,4)
97 FUjRMAT(b(F1U.3,klV.3) )

IF (IAVGF.LT.2) C;U 30 6315
L(; 900 KK1Il
FE L(K K) =126568 *F .L (KK)

900 CONTINUE
W T E(2. 300)

300 FUNAT (// *EOUILIHHILM FLUX, NOT PFF( Sl~kAGZAh*)
1(HIIE(2 ,97 ) (( EFU(K) ,EL (1(') ),*K1(u1.. )

6315 PETUPI%

SUBRUjUTINk PFDXSN
C THIS ROUTINE HEADS THE CRUSS SECICN DATA

CO~hNON/XSXS/ tNOSFE.C, NCEXC(4), NGNICC4,20),
1EGRlD(4,20,25),SPiLC0(4,20,25),SPLCI(4.20,25),SPLC2(4,20,25),
2S[.C3(4,2,25),THESH(4,20),NdONFS(4),NICNCL(4),EICNGD(4,25),
3011CCN(4),IXSO.4,25),IIXS1(4,25),TIXS2(4,25),TIXS3(4,25),CIXSO(4
425) ,D.XS1 (4,25),CIXS2(4,2b),CIX5i(4,25), I-RICZ(4,6),
5FRACT (4.6, 25)
COMMON/AL r1A/NA'E (4) ,SI ATE(4 ,20). ISTAlE(4 .6)
CXMENSXON 1pckm(s)

20 FORI'AT(IAH)
REAC(1.1) rUSPEC

I FORMAI(2014)
C NCSPLC IS lik r.U ,FEI LF* SPECIES PRkSENT, 11101 4

CO 2 iz1,NCSPFC
READ (193) hAME (1),14LEXC (I)

3 FORMAT(AIV, Ib,F6.2)
C NAOF~d) IS INE NAME (IF THP SPECIE I
C NCEXC(I) IS THE tUMPFR OF EXCITA1TCS CROSS SECION1S FCR SELCI I

NXNUEXC( I)
CO 4 JuI,N
PEAL(1 .) SIA1E(i ,J),NGNIU)(I.J) THPLSN(I,J)

C STATE (1,J) 15 TH'E STATE CESIGNATIC(
C NGFTO (T,J.) I5 Jul NUPBIEH OF POINTS IN THE GRID
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C THFkEsH(I.j) is THE THI4ESHObu ENE.RGY
NI=NGRID(I#J)

IF(LrORPS.EOO) GO TO 21
READC1,1FURM)(EGRZO(I,J,K),Ku1,N1)
GO TO 22

21 RAC15 ERO ,,),~1I1
22 blohl-1

PEAD(1,6)(SPLC1(I,J,I(),Kal,Nl)

REAO(1,6)(SPLC3(I,J,K),KxIoh1)

READ(l,l) KYY
IF(KYY.FO.O) GO 1fG 4
PEAD(1,6) CONCT
co 9 Ka1,Ni
S&LCO(I,J,K)aSPLCu(I,JK)*CCRCT
SPLCI(IpJ,K)%SPLCI(1.J,K)CVCT
SPLC2( I,J,IK)%SPLC2(1 DJKO$CORCT
SPLC3(1,J,K)nSPbC3(1,J,K)*CORCr

9 CONTINUE
5 FORA'AT(1O(lX.f6,2) )
6 FORPsA1(7 C X,E 10.3))

C EGHID IS THE ENERGY1 GkID FOR THE SPLINE FITS
C SPLCO,SPLC1.SPLC2d,SPLC3 ARE THEk SPLINE COEFFICIENTS

4 CONTINUE

C NIONFS(I) IS TJIF NUMB~ER OF IQN FINAL STAflS,LIMIT 6 FOR EACH SPECIE
C NIONGO(I) IS THE NUMBERH OF GRID PCIkN1S FOP IONIZATION CROSS
C SECTION DATA
C DIFCCN(I) IS IHF CONSTANT IN RE;ATYlS IONIZATION EQUATION

h2mNIONtS( 1)
ii39NIONGD( I)
PEAD(il) LEFVHM
IF (LE;IUPm.FG.O) GO TO 23

GO TO 24
23 EA(,)(1CG(1d J:,i
24 N3zN3-1

hEAvOlIp)(11XSn(I.j),J=I,N3)

Rk.AO( 1,b)(T XS3(l,J) ,J N 3)

REA ( ,b) (7 XS 3( , ), J z j, N 3)

REAO(I,b)(VIXS3(I,j)*Jml,N3)

REAC(1,l) KYY
IF(KYY,E;O,O) GO TO 10
NLAU(1.b) CUIkcT
CO 11 J=1,N3
IIXSO(I,J)z7.X.SO(1,J)*CURCT
lIXSl(I,J)21TIAS(,J)*CORC
II XS2(CI,,I)UTlxS2( .j) *CO.RCI
TIXS3(I,j)xlIXS3(1,J)*CORCI
LIXso(I.J)auIxSu(l,j)COPCl

LAXS2(1,j)=0lXS2(I,J)#CCl
[IXJS(I,J)=UlIXS3(L.1J)#CURCl

11 CUNTINtitk
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7 10 CONTINUE
C EIONGD IS THE IONIZATION CROSS SECTION ENERGY GR10
C TIXSO TO TJXS3 ARE THE' TOTAL IONIZATION CSOSS SECTICN SPLINE
C COEFFICIENTS
C DIX3O TO DIA53 ARE THE DIFFERENTIAL CROSS SECTION SPLINE COEFFICIENTS
C FOR THE NUMERATOR IN BEATYCS EQUATION

DO 7 Jul,N2
READ(1 ,b) ISTATh.(l.J) ,THRlOZ(I ,J)

9 FORMAT(AO,F6.2)
C ISTATE IS THE FINAL ION STATE OLSIGNAIIC14
C THRIOZ IS THE THRESHCLD

REAO(1.5)(FRAC7(I.J,K)sKz1,NJ)
7 CONTINUE
2 CONTINUE

C FRACT ARE THE BRANCHING RATIOS
RETURN
END
FUNCTION QION(3,E,KEY)
C0O'MON/XSXS/ NOSPEC, NCEXC(4), NGRID(4,20),

1EGRID(4,20,25),SPLCO(4,20,25),SPLC1(4,20,25),BPLC2(4,20,25),
2SfLC3(4,20,25),THRESH(4,20),NIONFS(4),NiCNGD(4),EIONGD(4,25),
JDiFCCN(4) ,TIXSO(4 ,25) ,11XS1 (4,25) ,IIXS2(4..25) .TIXS3(4,25) ,CIXSO(4,
425) ,DiXSI (4,25) .01X52(4,25) ,DIXS3(4,25), THRTOZ(4,6),
5FRACT(4, 6, 25)
COMMCN /PUJINT/IPCINT(4,20) ,IiPONT(4) ,IDPONT(4)
COFmMON/ALPHA/iiAMAE(4 ) ,STAT E(4,20) ,ISTATE (4 .6)

C THIS FUNCTI'im CALCULATES THE TOTAL ELECTRCN INPACT IONIZATION
C CROSS Sk*ClIiC' IVCr THE SPECIE I AT ENERGY E. KEY AND IIFCNT ARE
C USED TO SAV~E JIME IN THE ENERGY GNC SEARCH, IF KLYa-l, 01 START
C AT THE' BEGINNVING OF THE ARRAY IN THiE SEARCH AND SET IIPCNT BEFORE
C EXIT. IF KEY a 0, %F STANT AT IIFCNI AND RESET IIPONT IF NECESSARY.
C IF KEY IS POSITIVE, wE SlAkT AT I(FY AND RESE'I IIPCNT IF NECESSARY

120 FORmAT(4W I x,14,bH KEY =,14)
110 FOR~iAT(44 E a, E9.2.14H EIO'NGD(l.1) a, L992)

IF(k.GF.EICNGD(l,1)) GO TO) 2
1 OIONzO.U
RETURN

2 NNBNIONGD(l)
IF(E.GT.FICNCU(1.NN)) GO TO 1

500 FORMAI(5H NN =,14,4H 1 =,14,4H E msE9.2,
16hi KEY =,14)

3 CUNTIrvUE
iE(KFY) 4,5,6

4 IP21
9 ]F(E.GE.FICNGU(I,IP),AND.E.LT.ELIONGD(I.1P41)) GO TC 7
8 PL4

GO TO 9
7 IIPONI(I)zIP

10 XxE-EICNGD(i,iP)
YzUl OGuC IIP+1 )-&.
QiONzx* (TIXS3( I,IP),IIXS1(I, IP )*X**2 )*Y* (IIXS2( I,IP)+TIXSU(Ie IP)Y
1**2)
RETURN

5 I&z1IPCNT(I)
12 CONTINUE

iF(E.GE.FICN(;U(I,IP) .AND.E.LTJFIONGU(I, IP.1 ) GO TO 10
It IF(E.GE.FICNGU(I,1P)) GO IL0
13 IpaIp-)

IFCE.GE.EICNGLJ(I.IP) .AND.,LT.ELONGD(1,P.1*)) GO TO 7
GO To 13

6 IPUI'EY
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IFONI I )mIP
GO TO 12
END
FuNCtION oirtoN(i ,E,KfY ,E0,E1 ,V)
COWJ4ON/XSXS/ NOSPEC, rCEXC(4), NGRXD(4,'JQ),
IEGRID(4,2O.25),SPLCO(4,20,25),SPLCI(4,20,25),SPLC2(4,20,25),
2SPLC3(4,20,25),THRdESHCI,20),NIONFSC4),NIONGO(4),EIONGD(4.25).
3DIFCON(4),IIXSti(4,2b),TlXSl(4,25).TIJCS2(4,25).TIXS3C4,25),CIX50(4,
425),DIXSI(4,25).C1X52(4,2b) ,01X53(4,2b), THPIOZ(4,6),
5FRiACT(4,6,25)
CLMM0N /POINI/IPCINTC4,20) ,IIPONT(4) ,IDPONI(4)
COMMON/dALPHA/NAAME(4),STATE(4,20),ISIATE(4,6)
DIPENSION F(6)

C THIS FUNCTION CALCULATES THE ELECTRON IMPACT IONIZATION CIFFERENTIAL
C CROSS SECTION FOR THE SPECIE I AT ENERGY E. KEY AND IIFGNT ARE
C USED TC SAVE TIME IN THE ENERGY GRO SEARCH, IF KEYS-1, WE START
C Al THE BEGINNING 0 THE ARRAY 1N THE SEARCH AND SET IDPCNT BEFORE
C EXIT. IF KEY a 0, WE START AT IDPCNT ANC RESET IDPOKI If NECESSARY,
C IF KEY IS POSITIVE, ixE START AT KEY AND RESET IDPON7 IF NECESSARY
C WE INTEGRATE SEATYIS EQUATION FROM EO TC: El USING A CUBIC FIT
C WHICH IMPLIES SMALL STEP SIZES. THlE FRACTIONAL YEALD 10
C DIFFERENT ICN STATES ARE RETURNED IN THE ARRAY F.

IF(kGE,EICNGO(Il)) GO TU 2

RETURN~
2 NNUNIONGD(I)

IF(L.GT,FICNGU(I,NN)) GO TO I
3 CUNlINUL

IF(KFY) 4,5,6
4 IPaI
9 lF(E.GF.FICNGDU.LFP).AND.E.LT.EIONGD(I.1F41)) GO TO 7
8 IPNIPtl

Go TO 9
7 TUPUNT(I)MIP

10 Xzk-FlDNGD(I.IP)
Y:EIONGD(I ,IPI1)wt
CONO:X*(01X53(I, II) CIXS1LI, IP) *X**2 )iY#(01XS2(1, IF )401X50(I, IP)O
14*12)
NlJ=NIONFS(1 I
CO 14 Jzl,ND
F(J)2FRACT(IpJ#IP)

14 CONTINUE
EMIlOo.5*(E 14EO)

CIF1ONaCONC'* XX*DE/3,U
NET UN N

5 IPSJVPONT(l)
12 CUNTINUL

tF(E.GE.FiLt.GD(I,IP),AND.E.LT.EIONGC(I,IP+1) I GO Ic 10
It IF(F.GE.FICNGiJ(I,IP)) GO IU 0
13 JpuIP-I

IF(E.GE.EICNGU(I ,IP) .AND.E.LT.EICINGD(l,1P41)) GO TC 7
GO 10O 13

6 IPSKEY
IDPOJNT( I )JP
GO TO 12
END
FUNCTION QEX(I,J,L,,KIY)
COPMON/XSXS/ NC(SPLC, NOEXC(4), NGRIL(4,20),
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IGRID(4,2O,25).SPLCOC4a20,25).8PLCI(4,20,25)SPbC2(4,20,25),1
28PLC3(4,?O,25),THRCSH(4,20),NIONF3(4),NIONGD(4),EICNGDC4.25),
3OIrCONC4),TIXS0(4,25),TZXSU(4,25),TIXS2C4,25),TXXS334,25),DIXSO(4,
425),DZXS1 (4,25) ,01XS2(4,25) .DIXS3(4,25) * TI4RIOZ(4,6),
SFI4ACT(4 .6.25)
COOMOS /POINI/IPCINT(4,2O),IIPONT(4) ,IOPONI(4)
COMMON/ALPHA/NAME(4).8?ATE(4,20).ISTATE(4,6)

C THIS FUNCTION CALCULATES THE ELFCTNCN IMPACT EXCITATION CROSS
C SECTION FOR ThiF PRCCESS J IN SPECIE I AT THE ENERGY E, KEY
C AND IPOINI ARE USED TC SAVE TIME IN THE ENERGY GRID SEARCH) IF
C KEY not, WE START AT INE BEGINNING OF THE ARRAY IN THE SEARCH AND
C SET MPINT BEFORiE EXIT. IF KEY =0,hE START AT IPOINT AND RESET IPOINT
C If NECESSARY( IF KEY IS PCSITXVE, %E STANT AT KEY AND RESET 1POINT
C If NECESSARY)

IF(E.GT.EGRJD(1,J,1)) GO 7C 2
I QEXaO.0
RETURN

2 JIzNGRID(I,J)
IFCE.G9.EGRIO(IJJI)) GO To I

3 CUNTIN.UE
IF(KEY) 4,5,6

4 IPxl
9 li*(E.GE.FGPID(I,J,IP).AND.E.LT.EGRID(I,IF+1)) GO TC 7
a iPzIP+1

Go To 9
7 IPO1NI(I,J)Xlp

10 XmE-EC.RID(I,J,IP)
YSEGRID(I .J,IP.1 )-E
OF XsX*(SPLC3(1,J. IF ) 4FLC1( 1,J.IP) *X**2) Y* (SFLC2(1,J, IF) SPLCO(l,

li, IP) *Y**2)
RETURN

5 JPxlP0INT(I,J)
12 CONIINVE

IFU(..GE.FGRIO(I,J, ZR) AND,E.LT.EG4IO(I,JlF, ) ) GC 70 10
ti IU(E.GL*FGRIC(I.J,IP)) Go To 8
13 IPSIP-1

IF(IP.FQ.0) GO IC t
IF(EGE.GRIfI,,1F.AN.E LT.GHI(I,.1F1)) GC TO 7

Gu 10 13
6 IPShEY

IPCINT( I,J)=IP
GU TO 12
k EN f
SUBROUTINE SETGHJD

C SETGRID SFTS LP THF GRID FOR INTLGRATION
CGMMONo/GPIC/INTGRIO,XGrAID(400),VG$1lD(400),FNCGRID(400)
CIpitNSION FA3(I0) ,EF(O) *NP7S( 10) ,OF9(10)
RLAD(1,1) ITYPE

C ITYPt SPECIFIES THE TYPk CF GRID DATA *IF 17YPL a!, RE.ACS
C INTGRID PCINIS FUR XGRID) IF nYPt x2, READS NRANGE SETS OF
C INITIAL VALUES(FINAL VALUES( AND NU*BER OF FGINTS
C IF ITYPE S3, RE.ADS INIIIAL VALUE ANC NRANGL SETS CF INTERVALS
C AND NUMOLF CF PCINIS
C ITYPE*4, XGPISJ IS SET IN PRODUCTION SUBROUTINE

I FORMAT(14)
GO T0 (2,3*,34j),IlYPE

341 RETURN
2 RLAC(1,I) tNT(.RID
PLAC(1,5) tXGkIU(I),IU1 ,IN7GRID)

5 FORmAT(I0(1AF6.2))
CC 12 Ka1INIGRIO
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VGRIO(IclaS.93E4.7*SQRI(XGRID(K))
12 CONTINUE

RE.TURN
3 REAU(1,1 1 %RANGE

DO 6 Xa1.NRAbGE
RIACC 1,) ECCI)DNPTS(I ) .EF(I)

7 FORt4AI(IXF6e2v2X, I4o2X,fb.2)
6 CONTINUE

INDEXzl
Do 8 Z31,NRA1NGE
XGRID(INDEX)aLU( I)

NMNAX uaPTS CI )
CO 9 Juaj,NMAX
INDE1CSINCE:X.1
XGRLO(IN0EX)xXGRID( INDEX-1),DE

9 CONTINUE
8 CONTINUE

INTGRID=TNCEX
CC 13 IKz1,INTGkID
YGRID(g')zS.93E,1*SQRT(XGRID(K'))

13 CUNrIrNUE

4 READ(1b) FUC

RCAO(1,1) NRANGE
DC 10 li:,NiPANGE
REAU(1,7) CLFtI)*NP'IS(i)

10 COmNTUt
INDEXSI
XGRrO( 1IzECO
CO 11 Ict,NRANGE
NMAXZNPTS( I)
DC 11 J=jNNMAX
INDrL~X =I ND EX 4
XGRID( INDEX )=XGXID( INDEX-I) ,DE2( I)

11 CONTINUE
INTG4ID=INCEX
00 14 Aml,IIVIGRID
VGH1ID(I)S.93k47*5OHT(XGID(K))

14 CONTINIUE

END
SURkPOI~Nk VECT(E#TE#PHOL#DET#XL)

C THIS RUUrINP CALCUJLATES ENERGY LOSS IO THE THERMAL ELECTRCNS
C USING FITS P'Y SCt1wARTZ, NISBET, AND GREE6 JGft 76,8425 (1971)
C wHERt F1 IS 'THE PHOIOP'LEC'IRHON ENENGY, 7E THE THERMAL ELECTRION
C [PHTRRhOL IS THE ELECTWON DENSITY, CE/DT 1S NETURNED
C VIA 01T, L VIA XL,

Fkz.61vE-s*Tt
XXa(F -tEE) / (-0 *53 *Kf I)
rK:T=u.E)
XL=OUO,
IF (X.Lt.O.u) Gu To I
XuX**2.36
013z-2* .-4 *(P iiCE * *O 97) *X / E* *0 *44)

ALSaJ.37E-12*X/(tRHOE**.03)*(E**U.94))
I RETUR4N

END
0004

* (S(IX,F9,2)
* 4
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NOL, 0 14
A 3SIGU 12 4.50

4.50 6.00 7,00 8.00 9,00 10.00 20,00 30.00
40.00 50.00 1O0.O0 200.00

-2.1839-20 6,549E-20 -1.025E-18 -2.756E-19 *2,275E-20 -1,341E-21 1,079E*21
-1.3501-23 1,053E-22 1,009E-23 b,648E-2b
4.366E-20 -1,025E-16 -2.756E-19 -2.275E-20 -10341E-20 1.079E-21 -1,3501-23
1.053122 5.044F-23 1.330E-24 -3.324E-25
4.9111-20 1.074E-17 1.929E-17 1.970C-17 1.944E-17 2.038E-10 1.206E1-6
1.021E-18 6.285E-19 1.155E-19 3.332E-20
7.1081-18 1.829E-17 1.970E-17 10944E-17 1.9051-17 1.206E1.9 1.021L-18
8.28SE-19 6.988E-19 7.662E-20 2.431E-20

B 1SIG+G 20 1.62

1,62 2,94 5.00 6.47 7,94 10.00 12,06 15.00
20.00 25.00 30.0t 35,00 40,OU 45,00 50.00 60,00
70.00 80000 90,00 100.00

3,381°-20 -4.3339-2U 1,494E-20 -4.1071-20 1.020E-20 -7.464E-21 2,393L-21
1.626E-22 2.b031-22 -5.889E-23 -2.551E-23 1.617E-22 -5.104E-23 4.321E-23
7.503E-24 4,588E-24 2.245E-24 1.331E-24 1,1601-24

-6,762E-20 1.066E-20 -4.107E-20 1.4292-20 -7,464E"21 3.415-E21 2.765'-22
2.603E-22 -5.889E-23 -2.551[-23 1.617E-22 -5.104E-23 4.3211-23 1.501L-23
4.5881-24 2.245E-24 1.331E-24 1.160E-24 -5.7982-25

-5.891U-20 70038E-19 1.134E-18 1.449E-18 8.582Lo19 8.637L-19 4,654L-19
2.2451-19 1.649E-19 1.443E-19 1.149E-t9 8.168E-20 7.270E-20 5.6061-20
2.239E-20 1.5611-2u 1.159E-20 8.907E-21 7.027E-21
9.292E-19 7.8681e-19 1.449E-18 1.232k-18 8.637E-19 6.792E-19 3,864E-19
1.649E-19 1.443F-19 1.149E-19 8.1682-20 7.270E-20 5.b061-20 4.590E-20
1.561E-20 1,159E-20 8.907E-21 7.027F-21 5,843E-21

A ICELI G 20 .88
1

.88 2.94 5.00 6.47 7.94 10.00 12,06 15.00
20.00 25.00 30.00 35.00 40.00 45,00 50.00 60.00
70,00 80.00 90.00 100.00

1.043E-20 -2.085F-20 1.073E-20 -1.642E-19 -2.0451-20 3,454E-21 1.611E-20
-1.188E-21 1.413E-22 4.948E-22 1.433E-22 7.596E-23 1.289k-22 -3.138-23
4.233E-23 1,264E-23 9.792E-24 4,B871-24 4.8611-24

-2.0851-20 7.658E-21 -1.642E-19 -2.865F-20 3.454E-21 2.299F-20 -2.021E-21
7,413E-22 4,948-22 1,433E-22 7.596F-23 1.289E-22 -3.138-23 8.467E-23
1,264E-23 9.792E-24 4.887E-24 4,861E-24 -2.4301-24

-4.424E-20 1.9611-16 4.8361-18 b.4772-18 4.317E-18 3.383E-18 1.707E-18
9.439E-19 b.b73F-14 5.018-19 4.106E-19 3,409E-19 2.826E-19 2.436F-19
9.677t-20 7.2121-20 5.5051-20 4,396E-20 3.5o00-20
1.9b1E-18 3.435E-1u 6.477E-18 5,990E-18 3.3032-18 2.5381-18 1.5721-18
6.673E-19 5.0181-19 4.106E-19 3.409E-19 2.826E-19 2.436F-19 1,9991o19
7,212L-20 5,5051-20 4,386E-20 3.560E-20 3.0261-20

A4FtU RY3 20 12.70
1

12.70 17,69 22.6 27.60 32,6 37.65 42.64 47,62
52.61 57.60 59.25 60,30 62,03 64.87 69,54 77,20
99.77 110.42 144,33 200E6

-3.450E[21 6,915F-21 -4.637E-21 -1.902E-21 -1.781E21 -1,66-21 -7.396L-22
-4041E-22 -3,31-22 -6,729-22 -9.35-22 -5*2211-22 -2.773E-22 -1,3431-22
-5.541E-23 -1.6391-23 -1.708E-24 1.239E-24 1,6610-24
6.915E-21 -4,6371-21 -1,902E-21 -1,791E-21 -19066L-21 -7,396-22 -4,850E-22

-3.203E-22 -2.21SE122 &6,u051-22 -8.573E-22 -4.553E-22 -2.2051-22 -99096E-23
-2.777E-23 -2.804F-24 2,034E-24 2,7381-24 -8,338E-25
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8.607E-20 7,0656-19 2.360E-18 3,3211-18 3,997E-16 4.408E-16 4,659E-18
4.600E-16 4,86918 1.4d4E-17 2,311E-17 1.407E-17 0,560E=16 5,1981e9
3.142E-18 1,879F-18 1.102E-18 6,2431-19 3.355E-19
7.065E-19 2.160E-18 3.321E-18 3.997E1l 4,4086-18 4.659E-18 4,800E-18
4,869E-18 4.888E19 1.484E-17 2,3106-17 1.40561-7 8,531E-18 5,155E-16
30083E-18 1.808"-18 1.026E-18 5,561E-19 2,922E.19

A4PIU RY4 20 14.60

14.60 20,34 26.07 31.91 37,54 43.28 49,01 54.75
b0.49 66,22 67,b5 68,88 70,57 73.31 77,79 85,09
97.02 116,47 148.21 200.00

-4.587E-22 9.174E-22 -6.151E-22 -2.523E-22 -2,363L-22 -1.414E-22 -9.610E-23
-6.434E=23 -4.355F-23 -1.032E-22 -14485E-22 -8,443E-23 -4.611E=23 =2.333E-23
-1.038E-23 -3,678F-24 -7.129E-25 7.987E-26 2.923E-25
9.174L-22 -6.151E-22 -2.523E-22 -2.363E-22 -1,414E-22 -9.810E-23 -6.434E-23

-4.355E-23 -2.937F-23 -9.382E-23 -1.37@E-22 -7.523E-23 -3.607E-23 -1,694E-23
-b.0016-24 -1.163E-24 1.303L-25 4.769F-25 -1.461E-25
1.509E-20 1.239E-19 4.137E-19 5.822E-19 7.008E-19 7.728E-19 9.169E-19
b.41hE-19 8,53bk-19 3.009E-18 4.7631-18 2.918E-18 1.787E-16 1.0931L18
6.6b1E-19 4.0281-19 2.39RE-19 1.399E-19 7.679E-20
1.239L-19 4.137E-19 5.022E-19 7.008E-19 7.7281-19 0.169E-19 8.416E-19
0.536C-19 8,570E-19 3.009E-18 4,762E-18 2.916E-18 1.783E-18 1.086E-18
6.5691-19 3.910E-19 2.2b7E-19 1.261E-19 6,783E-20

A4PIU SUM 20 15o6)
1

15.60 21.73 27.86 33.99 40.11 46.24 52.37 58.50
64.63 1(I.76 72.30 73.40 75,0b 77,75 82.13 89.24
100,82 119.64 150.24 200,00

-3.492E-22 6.984E-22 -4.683E-22 -1.921E-22 -1.799E-22 -1.076E-22 -7.469E-23
-4.98E-23 -3.3lbE-23 -8.425E-23 -1.233L-22 -7.068E-23 -3.910E-23 -2.018E-23
-9.2b9E-24 -3.487E-24 -8.067L-25 -2.511E-27 2.461E-25
b.984L-22 -4.683F-22 -1.921E-22 -1.7996-22 -1.076L-22 -7.469F-23 -4.898E-23

-3.316E-23 -2.235L-23 -7.717E-23 -1.149E-22 -6,357E-23 -3.281-23 -1.507L-23
-5.670E-24 -1.312E-24 -4.083E-27 4.002E-25 -1.230E-25
1.312E-20 1.077F-19 3,596E-19 5.060E-19 6.091E-19 6.717F-19 7.100E-19
7.3151-19 7.419E-19 2,804E-18 4.479E1-H 2.754E-18 1.b92E-18 1.039E-18
6.358E-19 3.06bF-19 2.31bE-19 1.3561-19 7,605L-20
1.077E-19 3.596E-19 5,060°-19 6.091E-19 6,717L-19 7.1006E19 7.315E-19
7.419E-19 7.449L-19 2.804E-18 4.478E-19 2,752E-18 1.699F-18 1,033E-19
6.282L-19 3.767f-19 2.205E19 1.243E-19 6.767E-20

A2PIU RV3 20 13.20

13.20 18.39 23.57 20,76 33.94 39.13 44,31 49,50
54,69 b9,b7 61.51 62,56 b4.28 b7.09 71,71 79,28
91.68 112.02 145.35 200.0u

-2,851E-21 5.70)E-21 -3.823E-21 -1,5691.21 -1,469E-21 -8.187E-22 -6,097L-22
-3.999E-22 -2,706E-22 -5.775E-22 -8.104E-22 -4.547E-22 -2.434E-22 -1.194E-22
-5.034E-23 -1b07-23 -2.076E-24 9.330E-25 1.496E-24
5,7011-21 -3,S23-21 -1.5681-21 -1.469E-21 -. 70E-22 -bo097E-22 -3.999Eo22

-2.706L-22 -1.62bk-22 -5.181E-22 -7.453E-22 -3.989E-22 -1,957F-22 -6.252E-23
-2.635E-23 -3.404E-24 1,53IL-24 2.452E-24 -7.478E-25
7,6661-20 b,293E-19 2.102E-18 2.957E-16 3,560E=18 3.9261-18 4,1501-18
4,2751-18 4,336bt-l 1.376F-17 2.152E-17 1.312E-17 7.996E-18 4.864L19
2.947E-18 1.76bE-ld 1,041L-18 5.934E-19 3.214E-19
t,293F-19 2,102F-10 2.957L=18 3.560E-18 3.926t-18 4.150f-19 4,275"19
4.336L-18 4.54F-le 1.176L-17 2.151t-17 1.311-17 7.9721-18 4.291-18
2.896E-10 1.7051-18 9.7391-19 5.314E-19 2.910E"19
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A2PIU FV4 20 15,30
1

15,30 21.31 27o32 33.33 $9,34 45o35 51,36 57.37
63.39 b9.40 71.02 72.05 73.71 76.42 90.92 88.00
99,68 118.69 149,63 200,00

-4.882E-22 7,763E-22 -5,205E-22 -2.135E-22 2.0001E22 -1.197E-22 -S,302E-23
-5,445E23 -3.bbbE-23 -9.176L-23 -1.336E-22 -7.6401-23 -4.2101-23 -2.161E-23
-9.835E-24 -3.638E-24 -8.027E-25 2.104E-26 2.663E-25
7.763E-22 -5,205k-22 -2.135E-22 -2.000E22 -1.197E-22 -0.302E-23 -5.445E-23

-3,686E-23 -2.486E-23 -8.386E-23 -10244F-22 -6,854E-23 -3.517E-23 -1.601E-23
-5.9211-24 -1.307E-24 3,424E-26 4.335E-25 -1.332E-25
1.402L-20 1.151E-19 3.845E-19 5.410E-19 6,513L-19 7.182E-19 7,591E-19
7.821E-19 7.933E-19 2.938'1-b 4.679E-18 2.874L-18 1.764E-18 1.092E-18
6.613F-I9 4.014E-19 2.402E-19 1.401E-19 7.824-20
1.151E-19 3.84bE-19 5.41E-19 6,513E-19 7.182E-19 7,5911-19 7.8211-19
7.933L-19 7.964E-19 2.9381-1b 4.b7bE-18 2.8728-18 1.7601-18 1,076E-18
6.529E-19 3.907E-19 2.28CE-19 1,280F-19 6.9471-20

A2M1U SU 20 16.20
I

16.20 22,b 28,93 35,29 41,66 48,02 54o39 60.75
b7.l 73,48 75.10 76,11 77.75 80,41 84.73 91.73
103.09 121.53 161.45 200.00

-3.b29E-22 7,2551-22 -4.865b-22 -1.996E-22 -1.869L-22 -1.11E-22 -7.759L-23
-b.089L-23 -3.445E-23 -9.108E-23 -1.346E-22 -7.764E-23 -4.320E-23 -2,2b4E-23
-1.054E-23 -4.092F-24 -1.029E-24 -5.420E-2b 2.672E-2b
7.255L-22 -4.865E-22 -1.996E-22 -1.869E-22 -1.118E-22 -7.759E-23 -5.089E-23

-3.446E-23 -2,322L-23 -8.376E-23 -1.258k-22 -7.010k-23 -3.57E-23 -1.710E-23
-6.639E-24 -1,670E-24 -8.794E-26 4,33bE-25 -1.336E-25
1,469E-20 1,06F-19 4.029E-19 5.b69E-19 6.824E-19 7.b25E-19 7.954L-19
8.195L-19 't,312E-19 3,270E-1H 5,251E-18 3,2358-1b 1,993E-18 1,226E-18

7.523E-19 4,588E-19 2.7b31-19 l.b25E-19 9.189E-20
1.206L-19 4.029E-19 5.669E-19 b.8 4-19 7.525E-19 7.954-19 8.195F-19
9.312E-19 8,34SE-19 3.269E-18 5.2501-18 3.233E-18 1.989-18 1.220E-18
7.440E-19 4.480E-19 2.637E-19 1.497E-19 8.213E-20

845-G PY3 20 15,70
1

15,70 21,87 28,04 34.20 40.37 46.54 52,71 58,87
65.04 71.21 72.84 73.85 75.51 78.19 82.56 89.66
101,20 119,95 150.44 200.00

-5,362E-22 1,070F-21 -1.177E-22 -2,945E-22 -2.757E-22 -1.650E-22 -1.145E-22
-7.581-23 -5,082E-23 -1,300E-22 -1.905F-22 -1.C93F-22 -6.055E-23 -3,131E-23
-10443E-23 -5.457[-24 -1.281E-24 -1.555E-26 3.803E-25
1.070E-21 -7,177F-22 -2,945E-22 -2.757E-22 -1.6501-22 -1.1451-22 -7.508-23

-5.082E-23 -3.426F-23 -1.192E-22 -1.777E-22 -9.843E-23 -5.089E-23 -2,345E-23
-8.870E-24 -2.083E-24 -2.528E-2b 6.182E-25 -1.902E-25
2.036L-20 1,671F-19 5,582E-19 7.8551-19 9.456E-19 1.043E-18 1.102Eo18
1.136E-18 1.152E-18 4.383E-18 7.007L-18 4,309t-18 2.6491-°1 1.6271-18
9.962E-19 b,060E-19 3.636k-19 2.129E-19 1,1961-19
1.671E-19 5,562E-19 7.855E-19 9.45bE-19 1.C43E-18 1,102E-18 1.136E-18
1.152L-18 1.15bk-18 4.383E-18 7.005f-18 4.306E-18 2.6441-18 1.619E-18
9.844E-19 5,907E-19 3,4o1E-19 1.953-19 1.065E-19

B Cap P13 20 19.o60
I

1q.o0 27,30 35,00 42.70 50.40 58,10 65,90 73.50
81,20 88,90 90,50 91,47 93.01 95,40 99,44 105.79
115,94 132.21 158.27 200,00

-1,180E-22 2.360F-22 -1.5821-22 -b.491t-23 -6.079E-23 -36)71-23 -2,524E-23
-1.65S1-23 -1.120E-23 -3.630E-23 -5.657F-23 -3.345E-23 -1.9321-23 -1.0621-23
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-5,. 90t -24 -2.40b61 -24 200 -.25 -10361P"211 7. 7 3Eo-2 6

2, b(i -12 -1,1 St2t0 -24 4 V Ik- I1 -o,070P-23 o ) 7'f-2 3 -.2,524F-2.J -I. 655E-2

-1.-1-l3 -7,b5Ufr-I4 -1.4031-23 -5.)56F-2) - l.0941-23 -1.7011-23 -geb341"24
-306531-24 -1,J27[-24 -2.940L-25 1.2771-25 J.9V66-2b
6.996E-21 b.743t-20 1.91HE- 19 .9go -19 3.249F-19 3.5031-19 3.767E-19
J. 9 1U2-1 9  1.9571-19 1 .9o91-i 1171F- 1 .1 9UOr-I0 1, 2361-l 7,706E-19
4,799k-lQ 2.97TP-IY 1092t-119 1.1101-19 6.535E-20
5o743E-2O 1.918E-1 2.699F-19 3.2491-19 3.5031-19 Jo.7671-19 3,902C-19
3,957-19 3.973f-19 1 .906l)O1- 3,1711-10 1.979k-10 1.234-16 7 .664t-19
4,7bbt-19 2.9325-19 1.776t-19 I046F-19 5.9b55-20

SCs, kh, 1. li 640

1
0.40 10.0t, I15.09 20.u 3 .CO 40, o00 50.00 60,0

Ic.0t.bv0o '4ooovo 10 V. 0 t 2 V(). V L
I.b52 -t - otivF-19 1. 733*- 1 -4.4171-20 Y.C57F-21 -3.297k-21 .102V-22
3.1t.k-22 .5oe11-IJ -4.JYS9-27 7.u2io-22 -H.O591-24

-5. l o-I Q Io 7 I -19 -H . tt-Io Y . Woo7 t- 21 - 1.297k-jI I1,10 2-22 1 1 (ot ,22

5.5b07k-2 3 -4. Pi5-22 7,02V t -22 -R.bst -23 4.429t-24

eot 0 v1 3t-is s. to, %it - 1t s ". 6btt-I H 5 21 7 f- IH t, ObSk - 1
o.t.t -IS -3. 1091-I. I .229t-17 !%o.45(tf-I1 5.YSQ6-16 6o. 9 , -10 0,401O-I

5.1SJt- 5.TW-lb 5.217F-1 5.114F-16 2.052t-19

CI' Al L 9, I Y.9C(
1

4.q 1 .q Is I.(1 0 o 4 0.0 L)v !50,00 bc o0 70.00
sk,. O. y 00 1Ikk). CO 2 to 0

4 o4 It- .1 *.)I -it 24 -5,4,03 -13 I1of-24
-t .40Vt''-,'2 = j 7 H -21 -2.17t-22 -4,H5vF- 24 -1.' ) I-t . -2 4.3b2k -2

t I 't 24 - i 7t 13 1Pt -2 - 0 ' 4 k0 f.2 -12 !

I .ct,1--t' -7,tJ Tl-Jv @.41t61-2 .4,t2

-I.,t2 -' .%. 7 -I9 5.446t-I1 , 4.3F 19 . i5F- 9 b, t -19 6.531t-19

I ~4

0 ri I I 1 .0 S .% 0 1 1, s) .0 00 . 30I.00 40 % .I0

* 44t 1 1 004 1 ii Nb . 0i 41 0 - I Q0 t) 00F11 77t 9 6 I Y0 0 o0 12 I k 00

It41*-tt I tip "1 1 1 V- I I too-

,.4lt-t7 -. 1.h otS -It -2.;4y1-17 -4.b2O9 -l5 -4.6 7k-17 -2.(115F17 2.209 -1
1.r ot ! i ,l .44it01oi t. 46 -t20 5 t - l t 1t tt . P | I ,] b' l

It. 2 v4t-|I 1 .4 74t -|I 4 0 4 5 k-10
t. t t7 4.41?F0t1 4.4040 -17 jo.o1lllv -I? 1 .33lk-tot J. J7/ F-17 2,blIEol7

e.4 101 1 tt 2 '2 t= b -t. I bt i " jZ I

I:,1 t .. 0' 0. 12,4 1.0 LY 00 JO00v 40.00

S 0 %, .4 .('' I, So. k o It., 00 0' 00. e I O O 1 0 0

7 . 104 -ool4 1. 7 t -%14 1 .VS' t -t4 I . I IF J -C4 It..21 It-04 7 t)2 0 O 9. 275E-00
4 .449t 0 -%IS .I1 0 -kl, - I. dklf(',-05 -I.9061 -0. 1 .4 11t-06 - I.S%87 lo-0 5 2 .041 F-06

'-N.244t -% C, I t1 o t - 1., to - I . 41. -t- - to. 7 47, to¢C7 -I.I NI t.- 0 7
old4lo -"o4 1 . h!% St to4 s .4 %, 7t (4 4 , N g9F -"C N I , t. 1 7 k 0 5 1 . 4 6 a0 7 " J.949t-OS

o ", 1 lk - t' I . I t'' o t - Ytit4 -''
'% I, 

1 4 41t-eit ' 1 5 I -,.j '0 2, 4 11o0 6 "oe2g41toobv

S .



-8.6381-07 -4.45-E06 -5.865E-07 -1.592k-Ob 1.592E-07
1.737F'-u4 1.213E-02 4.776E-02 3.059E-02 2.3001-0! 1.0111-01 1.0201-01
1.709L-01 2.162E-01 2.482E-01 2.730E-01 2.8591-01 2.996E-01 3.0381-01
3.092f-01 6.192F-01 2.0672-ut 3.081E-01 6.200E-02
3.215E-02 4.776L-02 8.7b4L-02 9.338E-02 3.039E-01 1.700E-01 1.709E-01
2.162E-01 2.482E-01 2.730E-01 2.859E-01 2.996F-01 3.0361-01 3.0921-01
3.097E-01 6.193E-01 2.05SE-01 3.062E-01 5.720E-02
1.058E-02 -8.463E-03 2.2381-03 -1.156E-04 8.083E-05 *1.4175-05 -6.43SE-07

-2.647E-06 -3.476E-07 -9.252E-08 -6.024E-07 4.120E-07 -5.656E-07 2.8059-07
-2.662E-07 10290E-07 -9.669E-09 1.7182-00 *8.248-10
-2.116L-02 2.238E-03 -2.889E-04 3.233E-05 -4,250E-05 -1.0731-06 -2.647E-06
-3.476L-07 -9.2522-08 -6.024E-07 4.120E-07 -5.656E-07 2.8059-07 -2.6621-07
6.450E-08 -2.901E-Ob 1.145E-08 -4.124E-09 4.124E-10

-6.770L-03 b.b3bE102 2.575E-02 1.796E-02 4.9012-02 1.824E-02 1.238E-02
1.4381-02 1.480E-02 1.501E-02 1.516E-02 1.496L-02 1.500E-02 1.470E-02
1.456L-02 2.856F-02 9.434L-03 1.375E-02 2.7001-03
9.4801-02 2.575E-02 3.884E-02 1.892E-02 59337E-02 2.056E-02 1.438E-02
1.480E-02 1.501E-02 1.516E-02 1.496E-02 1.500E-02 1.470E-02 1.4561-02
1.427L-02 2.829E-02 9.1b3E-03 1.349E-02 2.434E-03

8,7970F-17
X2FI G 12.2u

1.00 1.OU 0.50 0.27 0.26 0.17 0.17 0.17 0.17 0.17 0.17
0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17

A4Fl U 16.10
0.00 0.00 0.50 0.41 0.40 0.37 0.37 0.37 0.37 0.37
o.37 0.37 0,37 0.37 0,37 0.37 0.37 0.37 0.37 0.37

A2M I. 16.90
0,0() (.00 O..o 0.24 0.23 0.22 0.22 0.22 0.22 0.22
0.22 0,22 0,22 0,22 0,22 0.22 0,22 0.22 0.22 0,22

B4SIG -G 18.20
0.00 O.O 0.00 0.08 0,07 0.15 0.15 0.15 0.15 0.15 0.15
(.15 0.15 0.15 0.15 0.15 0.15 0.15 0,15 0.15

B 23.00
0.00 0.0 0,00 0.00 0.04 0.09 0.09 0.09 0.09 0.09
0.u9 0,09 0.09 0.09 0.U9 0.09 0.09 0.09 0.09

MOL. N 9
AII 15 U.40

P.40 8.50 9.00 10.00 11.00 12.00 13.60 16.00 20.5C 25.00
35,00 50.00 7u.00 100.00 200.00
4.619E-19 -1.84aE-19 2.1251-19 4.0881-19 1.152E-18 -2.019E-18 -2.593L-20

-2.660L-20 -4,062E-21 -4.714E-22 7.9311E-22 6.327E-23 2.717E-23 3.280°-24
-9.2381-19 4.250F-19 4.08HE-19 1.152L-18 -2.019k-1A -7.778E120 -3.990L-20
-4.0621-21 -1.048E-21 1.19()E-21 8.436E-23 4.076L-23 1.093E-23 -1.640L-24
-4.619E-21 1.046F-18 2.788118 S.91F-18 1.6N51-17 3.202E-17 1.190Eo17
9.650t-18 9.ob2h-1b 3.647E-18 1.4881-18 8.247E-19 3.755E-19 4.720E-20
5.0091-18 5.8941-IN 8.591E-18 1.bSE-17 3.202E-17 3.508S-17 1.403E-17
9.Ob21-18 b.021E-1b 2.3811-18 1.114F-18 5.837E-19 2.5682E19 5.640E-20
0

W 3r1L 10 7.20

7.20 7.5. 8.)0 15.00 20.00 25.00 30.00 40.00 75.00 90.00
2.162E-20 -2.594E-20 5.373F-21 -b.505E-21 -1.705L-21 -1.0741-21 -2.002L-22
7.697E-23 -6.1702-23

-4.323L-20 7.b221-20 -4.647E-21 -1.705E-21 -1.074E-21 -4.0041-22 2.6901-22
-2.901E-23 3.385E-23
-1.9451-21 3.365F-19 -2.004E-19 1.4831-18 1.683E-18 1.627E-18 7.200E-19
3.155E-20 1.372L-19
5.539L-19 8.6121-19 1.171E-18 1.683F-18 1.627E-18 1,410i°18 4.1311-19
8.783E-20 4.118F-20

83



0
A35IG 14 b14

b.14 6.50 7.00 7.50 8,00 9.00 10,00 12.00 13,00 20.00
35,00 50.00 70,00 90.00

-1.441L-18 2.076E-18 -4.746E-19 -1.374E-19 4.7601-19 -1.2741-18 -6.904E-19
7,794E-19 1.219t-20 -1.593E-23 1.662E-23 1,176E-22 -8,614-24
20883E-18 -4,7461-19 -1.374E-19 9.521E-19 -1,274E-18 -1.361E-16 3.971-19
80.532E-20 -3.4131-23 1.662E-23 1.569E-22 -8,614E-24 4.307L-24
1.9681-19 4,815F-18 1.434E-17 2.3155-17 1.552E-17 2.627E-17 1.6761-17
1.722E-17 1.546F-18 6.03bE-19 3.296E-19 3.794E-20 3,345E-20
7.035E-19 1,434F-17 2.315E-17 3.1765-17 2.627E-17 2,93851-7 7,4415o18
1.491E-17 1.267E-18 3.296E-19 7,804L-20 3.345E-20 8.277E-21

0
ojpj 14 7.40

7,40 7.5o 9,00 10.50 11,'0 12,00 13,00 16,00 20.00 25.00
35.00 50.00 7u.uO 90.00

-6.042E-18 9.122E-19 -1.9161-18 -4.5415-18 3.221E-20 2.986f18 3.4491-19
-4.973E-20 1.320E-20 -8.447L-22 1,5621-22 9.099E-23 b.145E-24 -4.503+115
1,368L-17 -1,916k-18 -3.027L-18 1.b101-20 5,9715-18 1.035E-18 -6.630E-20
1.6501-20 -1.689E-21 2.343E-22 1.213F-22 6.145E-24 -3.072E-24 4,940-223
6.842E-20 -5.24b-2U 3.b311-17 b,454E-17 8.199E-17 2.7011-17 2.896b-18
4.296L-18 1.8701-18 9.845L-19 3.648-19 8.360E-20 4.254F-20 4.940-223
2.986E-17 3.631E-17 4.6b11-17 4.099E-17 5.851L-17 1.697k-17 5.263E-18
2.486E-18 1.842t-18 5.766E-19 1.327E-19 4.254E-20 1,23E-20 3.730E-23

0
C3P1 15 10.80

10.80 11.50 1200 12.50 13,00 14.00 15.00 16,00 18.00 20,00
25.00 35.00 50,00 70.00 90,00

-2.090E-19 5.511-19 1.189E-17 -5.132F-18 4.321E-18 -8.6801-18 2.400E-18
3.949E-20 3.1455-2U 3.3881-20 -1.9481-21 2.498E-22 9.146E-23 1.434F-23
4.179E-19 1.189E-17 -5.1321:-18 8.642E-18 -8.6801-18 2.4005-18 7.997E-20
3.145E-20 8.470F-2u -3.897E-21 3.7481-22 1.219E-22 1.434E-23 -7.1721-24
1.024E-19 3.604E-18 7.0281-18 2.8281-17 1,76b8-17 5.068E-17 3.160E-17
1.334L-17 90374k-18 1.753F-18 1.195f-1b 4.1051-19 1.034E-19 4.426E-20
20474E-18 7.028E-18 2.828-17 4,184E-17 5.0681-17 3.160E-17 2.6921-17
9.374t-18 6.161E-l 2.0979-18 b.b251-19 1.592E-19 4.426E-20 1.953E-20

0
712,4 9 12,40

12,40 12.50 15.00 20.00 30.00 50,00 70.00 110,00 200,00

3.004E-19 -2.404E-20 2.476L-20 -2,1301-21 -3.996E-22 -1,019E-21 -1.377E-22
1.699L-24

-6.009E-19 4.9511-20 -4.2601-21 -7.9921-22 -1.0191-21 -2.7551-22 3.823E-24
-8.495E-25
-3.004E-21 20502F-19 6.811E-19 2.913E-18 3.510E-18 6.6575-18 3.8451-18
1.570L-19
2.506E-18 2.2911-18 5.506E-18 b0780E-18 b.6571-18 7.3601-18 3#5561-19
1.340L-18

I

,33
Tlb,4 8 13.5o

13.50 14.O 17.00 22.00 30,00 50,00 100.00 200,00
-2,332E-19 7.774E-20 2.496L-20 -1.5201-21 -8.307L-22 -4.4735-22 1,273E-23
4#664E-19 4.1601-2U -2.4321-21 -2.0771-21 -1,1185-21 2.547E-23 -6.367L-24
5.8311-20 -5,971F-19 9.759L-19 4.347E-18 4.12L-18 4,2181-18 1,673E1-9
4.9988-19 2.292F-18 6.861E-18 9.758°1-8 8.197E-18 3.536E-18 1.564C-18

1



o33
N2(VID) 12 .43

0,00 ,50 Iuo 1,25 1,50 1.75 2.00 2,50 3.00 3,50
4,50 5,00

-1.156Eo19 2.311E-19 -3.218E-18 1,320E-16 -49591E-16 7.570Eo15 -1.937E-15
*1,682Ewl5 1.197E-15 5.343E-17 -3,086Evl7
2.311E-19 el.609E-lb 1.320E-16 -4.591E-16 7.570E-15 -3.874L-15 -1,682E-15
1.197E-15 1,069E-lb -1.94Jk-17 1.94JEo17
2,889E*20 6.422F-19 2.bUIE-18 1.751E-18 5.039E-17 7.313E-17 1.684E-15
2.220E-15 2.342E-.o -1.843E-17 3,306Ew17
b.422E-19 1,602E-18 1.751E-18 5,039E-17 -7.313Eo17 2.6421E15 2,220E*15
2.342f-16 4.329E-17 3.110E-17 -4.858E-18

.33
N2(vIS) 12 12.00

12,00 lb.00 20.U0 25.00 30.00 35.00 55.00 80.00 90,00 120.00
15000 200,00
-8.237L-20 1.647E-19 -8.624E-20 -2.495F-20 -1.397E-20 2.078E-22 -3.170E-22
4,080E-23 -3,bbIE-22 2.362E-22 -1.273E-23
1.647E-19 -1,078E-19 -2.495E-20 -1.397L-20 8.312L-22 -3.963E-22 1.632E-23

-1.104L-21 2.362E-2i -2.12E-21 b,3b4E-24
1.318E-18 3.614E-18 1.916E-17 2.462E-17 2.735E-17 b.917E-18 6.3581.18
1.5OE-17 5,465E-is 4.054E-18 2.372E-10
3.614E-18 2.172E-17 2.462L-17 2.735E-17 2,798E-17 7,959h-18 6.230E-18
1,551E-17 4.054E-16 3.919F-18 2,084E-18
1
,33

5 17
12.70

15.bO 1b.00 19,00 21.00 25,00 35.00 40.00 45,00 50.00 55.00
bU.00 70.Ou 80.00 90.00 100.00 140,00 200.UO

-1.945E-19 b.484E-2) -6.342E-21 7.203E*21 4.694E-21 -2.974E-20 6.859E-21
2.305E-21 -1.bOE-20 3.609E-21 1.221E-21 -4.665E-21 1.2401E21 -1.946E-22

-1.404E-22 -2.047E-23
J.8911-19 -4.228E-21 1.457E-20 1.224E-20 -1.487E-20 b@859Eo21 2.305E-21

-1.608E-20 3,609E-21 2.442L-21 -4.665E-21 1.240L-21 -1.946Eo22 -5,614E-22
-3.07OL-2 3  1,023E-23
4.863E-20 2.b48E-19 1.U85E-17 8.733E-18 6.011E-10 2.854E17 3.123E-17
3.494t-17 3.900k-ll 4.0bSE-17 2.133E-17 2.407E-17 2,401E-17 2o4b9E-17
b,525L-18 4,207E-18
4.993E-18 7,251E-14 1.7b4E-17 1.605E-17 1,539E-17 3,123E-17 3.494E-17
3.900E-17 4.065E-11 4.284L-17 2.407E-17 2.4U1-17 2.469E-17 2.526E-17
6.249k:-18 3,b63E-1
2.538E-20 -. 460E-21 1.522E-20 -1.032L-21 4.045E-22 -2.885E-21 1.690E-21
4.431E-22 -9.827E-22 5.277E-22 1.560E-22 -2.699E-22 1.232E-22 6.845E-24

-5.155L-24 -1.309E-25
-5.076L-20 1.015E-20 -2.065E-21 1.011E-21 -1.442E-21 1.690E-21 4.4J11-22
-9.027E-22 5.277E-22 3.119L-22 -2.o98F-22 1.232L-22 6.845E-24 -2.062E-23
-1.963L-25 b.54bE-2*
2.535L-17 4,319K-1d 6.334L-18 3.334E-18 1.394k-1b 3.360E-18 3.136-E18
3.145£-18 3.221E-18 3.149E-1B 1.566E-18 1.644E-18 1.560E-18 1.549E-18
3.935E-19 2,37bE-19
2.547E-17 4.172E-18 b.643L-18 3,.69E-18 1.798E-18 3,136E-18 3.1451-18
J.221E-Il 3.1491-18 3.156E-18 1.644E-18 1.S601-lR 1.549E18 1,543Eo18
3.563E-19 1.983E-19
0

X2SIG.G 15.58
1,00 .89 .6O .75 .63 .54 .54 .54 .54 .54
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,54 .54 .54 .54 .54 .54
A2PI U 16.73

0,00 '10 .15 '15 ,13 012 .12 .12 ,12 ,12
912 .12 .12 .12 .12 .12

B2SIG G 18.75
0.00 .01 ,ob .05 .05 .04 ,04 ,04 ,04 .04
.04 .04 .04 .04 .04 .04

LUMPED 22.80
0,01 0.00 0.0 .0h ,09 .07 ,07 .07 .07 .07
.07 .07 .07 .07 .07 .07

DISC. 1. 25,0
.00 .00 '00 .00 .10 .23 .23 .23 .23 .23
.23 .23 .23 .23 .23 .23

ATCM 0 i8
2P4 1D 11 1.96

1,9b 2.96 3.9b 5.96 9,46 16.96 31.96 51,96 100.00 150.00
200.00
5.315E-19 -1,063E-1b -6.396E-19 -1,593E-21 3.20@E-21 1.409E-22 1.036bE22
1.724L-23 4.640E-24 -4.660E-25

-1.063L-18 -1.279E-10 -2.788E-21 b.875E-21 2.81SE-22 1.382E-22 4.141E-23
4.83OE-24 -4.600-25 4.55SE-25
-5.315L-19 1.bObE-17 1.506L-17 7.677E-18 2.686E-19 1.122E-18 4.836E-19
7.054L-20 3.399E-21 5.565E-21
1.606E-17 2.b282-17 1.376L-17 b.487k-18 2.291E-19 b.669E'19 2.484E-19
4.4b66-21 5.565E-21 7.406E-22
0

2P4 1S 13 4.18

4.18 6,6d 9.18 11.6d 14.18 19.18 24,16 34,18 44.18 54,18
100.00 150.00 200.00
1.2972-20 -2.594F-20 -5.195E-21 1.925F"21 2,7b3E-23 7.587E-23 -5.552E-24

-2,311E-24 1.480E-23 3.956E-24 8.712E-2b 7,389L-26
-2,594L-20 -5.195F-21 1.925E-21 b.526-23 7.587E-23 -1.110E-23 -2.311E-24
1,480L-23 1,813k-23 90507E-26 7.389E-26 -6,696E-27

-b.lo8t-20 9.622-19 1.032L-ib 9.080E19 4.273E-19 3,781E-19 1.70bE-19
10302E-19 H.b52E-20 4.244L-21 1.5822"21 3,553E-22
9.622L-19 1.032E-18 9.060E-19 Uo557E%19 3.7811.19 3.403E-19 1.302E-19
b.N52F-20 b.569k-2U 1,7652-21 3.553E-22 2.367E-22
0

3S5S(ZS) 10 9015

9.15 9.60 1162 14.06 17,01 20.59 24,91 33,15 49,54 53,39
-6.b42E-19 20959E-19 -8.502E-21 -2.054E-19 4.269E-20 4.266E-21 2.4781-21
-1.104E-22 6.253F-22
1.3281-18 -1.027E-20 -2.404k-19 5.1801-20 5.1472-21 4,726E-21 -2.0612-22
1.971E-22 -3.127k-22
1.345L-19 -8.115-19 4.149L-18 8.567F-18 3.364E-18 1.7031-18 3,293E219
1.5b11-19 1.22k-2G
1.509k-18 4.992E-IH 9.6 7 5t-1 8 4.295E-18 2,085E-18 8,b09E-19 2.5b7E-19

-3.693E-20 7.355E-21
0

0 4SJSS 19 9,50

9.50 12.00 14.50 17.00 19.50 22,00 24.50 29,50 37.00 44,50
54.50 b2o0o 74.50 U2.00 102.o0 127,Oo 152.00 172.00 199.50
1.232L-20 1.2251-2u -3.03ot-21 -3.3481-21 -3.603E-21 -2.846E-21 -1.114E-21

-4.177E-22 -1.8Obk-22 -6.1HO-23 -2.623k-23 -6.754E-24 2,269E°24 1.431E-24
1.797F-14 1.448E-24 1.396Eo24 7.672F-25
1.225E-20 -3.036F-21 -3.348E-21 -3.0031-21 -2.646F-21 -2,22BE-21 -60265L-22
-1.081-22 -b.241L-2j -1,9680-23 -1.126E-23 1,)lo1-24 J.816E-24 2.246E-24
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1.448E-24 1,117E-24 1.0551.24 8,185E-25
-7.699E-20 2,584E-19 1.053E-19 1,734E-18 2,209E-18 2,7091-18 1,532L-10
1,160E-18 1,2301"18 9,3261-19 1,212L-19 7.078['19 k.1169-18 4,0406019
2.949E-19 2,660[-19 3,03SE-19 2.062E-19
2.584E-19 1.0531-10 1.734E-18 2.269-18 207099-18 3,0231-16 1,7209m16
1.230E-10 1o240E-l- 9.0979-19 1.178E18 69695E19 1,0791o16 3,691E-19
20660L-19 2,426E-19 2,839E-19 1.895E-19

0 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 4b,20 53.20 63.20 73.20 95,70 100,70
125,70 150,70 175,70 198,20
-1.616L-20 -1.433E-20 -1.523L-21 -1.081-E21 2@244E-23 1.590Ee22 1.734E122
2,355E-22 1,647k-22 1.616E-22 1.297E-22 1.069E-22 9.564E23 3.689E-23
2,781E-23 9,533JE24 5,347E-24 2.542E-24 1,192E24 3.966E-25 1,620E-25
8.669E-26 5.057F-26

-1.433E-20 -1.523E-21 -1.081E-21 2@244E-23 1.590E-22 1.734E-22 2.355E-22
1,647E-22 1,616E-22 1.297E-22 1.069E-22 9.564E-23 7.379E-23 2.781E-23
1.907L-23 5.347F-24 3.177E-24 1.430Eo24 6.444E-25 1.620Eo25 8.6691-26
4.5511-26 4,012k-26
10010E-19 6.672E-19 6,959C-19 b.676E-19 5.987E-19 5.306E-19 4.685E-19
4.129E-19 J.b62E-19 3,256E-19 2.911E19 2,6141-19 2,358E-19 1,062E-19
8.824E-20 3.654E-20 2.709E-20 1.653E-20 1.028E-20 4.4381-21 2.975o21
2.119E-21 1.770E-21
b,6721-19 b,959E-19 6.676E-19 5.987E-19 5,306E-19 4.685E-19 4,129E-19
3.662F-19 3,256E-19 2.911E-19 2,614F-19 2,358E-19 2,137E119 8.824E-20
7.450E-20 2,709F-20 2.084E-20 1.243F-20 7.655E-21 2.9751-21 2.119E21
1,58 bt21 1.401E-21

C 453P3P 27 11.00

11.00 13.50 16,O 18,50 21,00 23,50 26.00 28,50 31,00 33,50
36,00 38.50 43.50 53.50 66,00 78.50 88,50 101,00 126,00 151,00

176.00 198,5
-2.291E-20 -4.498F-21 -2.226E-22 -4.4591-22 -8.6611-23 -5.01-E23 -1.069E-23
-7,703E-25 1.377E-23 9.692E-24 1.7861-23 7,430E-24 3.422f-24 2.0621-24
1.307E-24 1.193E-24 6.781E-25 2,599E-25 1.451E-25 9.425E-26 7.417E-26

-4.468L-21 .2.226E-22 -4,459E-22 -8.b61E-23 -5.988E-23 -1.069l-23 -7.703E25
1.377E-23 9,092F-24 1.786L-23 1.486E-23 6.844E-24 2.577E124 1.3071-24
9,548E-25 b.47 6E-25 5.199E-25 1,451E-2b 9.425E26 6.675E-26 5.071Lo26
1#432E-19 3,314F-19 3,512E-19 3.627E-19 3.575119 3.4911-19 3.304E19
30274L-19 3,163k-19 3.057E1-9 2#955E-19 1,429E-19 6.6911*20 4,7601o20
4,217E-20 4.753E-20 3.527E-20 1,610E-20 1.401E-20 1.246E-20 1.251E-20
3.314L-19 3,512E-19 3.627E-19 3.575E-19 3.491E-19 3.394-19 3.274E-19
3,tbSL-19 3.057E-19 2.955E-19 2,859E-19 1.341L-19 5,964E-20 4.217E-20
3,797E-20 4,414E-20 3.245E-2C 1.401E-20 1.246E-20 1,127E-20 1.157E-20

0 3D3D 19 12,10

12.10 14.6t) 17.10 19.60 22,10 24,60 27,10C 29,60 32.10 39,60
47.10 54,60 64.60 74,60 102,10 127,10 149.60 174.60 199,60
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APPENDIX D
PARTIAL LISTING OF A TYPICAL PHIOTOELECTrRON PRODUC~TIOJN INPUT F11,1.FROM ATMOSPHERIC EXPLORER (7 SATELLITE ORRIT 284 IIPLEc;

pa W A M NOT 1L1

89



1000 / 1610 HINTEREGGFR FLUX#FITTFD ATMOSPHFRF VE 0284U - 7
PHOTOELrCTQPN ENEPGY GRID IN EV - 5ri5es
100=kPTSVRO

00000'OE 00 910090E 01 02000OF ci @30000E 01 04000OF 01
05cooor Pi o60000E 01 970000E 01 *8000CE 01 9*9COOOE 01
91000 OE n 2 91LOOOF 02 o 120SOF 02 913000E 02 a 14OOOE 02
*15 00 GE V2 a 16000E 02 st7ooor o2 91ROOOF 02 o 1900CE 02
e20000F 02 *2100OF 02 o?2000r 02 e2300CE 02 * 2400OF 02
92500OF C2 oZbOODE 02 @27000E P2 e28000E 02 9290OOr- 02
930nO OF fl 2 e!iOOOE 02 a 32 00 Of' 02 933000E 02 * 34000E 02
* 35 00 OF (72 916000E 02 @3700OF 02 08000E 02 @3qoooE 02
*40000E P2 941000E 02 *'42000E 02 o43000E 02 94430OF 02
94500CE 02 e46000F 02 s47000E 0? o4ACOCE 02 *45000E 02
95000OF r' 2 *!ICOOE 02 e52000E 02 o 5 3 0 0 (! E 02 o54000E 02
o550)0 OF 02 o!6000E 02 o57000E 02 *54000E 02 05900OF 02
960000E f' 2 96100OF 02 s62000F 02 *6300OF 02 *6400OF 0 ?
o65OOOF n 2 ;o f6GO OF 02 @6700OF 02 96800OF 02 e 65000E 02
970000E r 2 e71000F 02 o72000E 02 o73000E 02 a 74000E 02
97500or n 2 .*76000E 02 o7700OF n? 97800OF 02 9 79000E 02
98000 OE 112 '08ioOOE 02 * 9 2 01 OF 02 *8300OF 02 *840DOE 02
985 00 OF 02 9e6000F 02 o87000E 02 @8800CE 02 *8900OF 02
99000OF V2 o9i3OOE 02 092000E 02 *93VOOF 02 o94000E 02
*9500 OF 02 s56000E 02 o9700OF r2 egarocE 02 e 95 00 O 02

SOLAR ZENITH 53*649994
ALTITUDE 4090000000
TE10 PFRA TUQE 714*8569.4
DENSITIFF HE *523'7POE 07

N2 *3802CIE" 06
0 *2132!2E 08
02 o241455F 04 25XPE1696

.ELIECTR ON TcP' PE RA TURE o12200OF 04
1LECTkON DFNSITY @241300E 06
T0AL IC'N )rNsITY a OOOOOOE 00
PHO TOL LEIC T9ZP N SP EC TRUM 6EI2*4

9AIqOE '00 *6662E OG *4517E 00 s165DE Or *2497E 00 014SIE 00
o2921F 00 oi83S E OC oiO88E 00 oil3OE 00 *3000-01 *4289E-01
e1734 00 93197 E-01 o 91 65E- 02 973IOE-01 *2n82E 00 059 4c"E-01
*237SE-01 921it' E-01 *9690E-01 o9782E-02 e3993F 00 9 63 01 E Or
*3443E-'Ol *2723E-01 95330E-01 *4296E 00 o7l99F-Oi *687SE-01
o431IS-01 99951E-01 *4250E-01 93647E-01 *77leF-01 e30981E-01
o2n46E-01 @3065 E-01 *1934E-01 91667E-01 92P9!F-01 *1444E-01
eif 21F-'Ol o2078F-JI 01959E-01 @177SE-01 o16O7F-31 * 31 ICE- nl
o?164E-01 91697E-01 *2867E-01 92A48E-01 92!41F-01 *2936E-01
o??24F-01 *335PE-01 e12O5E-01 o1673E-01 ei699F-01 *26-32E-02
9?394E-02 92966E-02 91234E-02 o1767E-02 o4726E-OZ *697 CE-03
@3637c-'02 eiRM4 r-02 o9774E-07 o2444E-02 o4343F-04 o3562E-03
*3?7bF-03 *2844E-04 o6991JE-09 ol62DE-03 o7693E-04 *2860E-O.
@2177E-O! *2343 E-34 o2250E-03 *2571E-03 o 1(159E-03 o1757E-V
ei3l7E-03 *556SE-34 a 01834E- 04 ol79SE-03 ot45SE-03 et2 19E- 03
e1549F-03 eii46E-33 92227E-03 o9297E-04 eIP97E-03 *15 60E-03
97661E-04 e206FE-0-' o935eE-04 oil53E-01

SOLAR ZFN'ITP 54o8O9993
ALlITUCE 794*30004)
TEPPFRATU)RE 714o728271
GENISITIPS Hr o5569C)r 07

h 2 9102303F 07
0 *358147E P1
02 7 6 7 10 f F P 14 ?5 X.0 E 160 6 FFJ=MW PAM BLANK - NOT

LLECTRON TrPPERATLRE e12?.710E 04
ELECTRON CFNSITY e306!O0r 36
TuTAL TUN f)FN ITY 0000000r )0
PHOTOLLFCTReN SPEC TRUM 6E12*4

o1382E 01 01116E 01 *1120SE Of' 92qA7F Or *4!09E On o257OF 00
04936E 00 *31t9E 90 oi953E 00 e1757E 00 or'?IJE-01 *7611t -nl
.'>AgSl: 'OC - o5414F-I)l a I S 7 7 F - n i ol:13')F n" .7F07= ir Iinir nn
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* *~'3~01 337fE-o 1 *1589E 00 *159ls-ol *67 0 l~E0* 6266E-0l -14777 E-01 o8796E-ql, #7 192E 00 *668OE 00 - 101E D0'I, 84 ~ j ~ * 67 ~ 0 *7152E- 01 *61 36E -ol 0 11 00 5212E-011936'-Oi *S11eF-ol 03 179E-01 * 2 733E-01 43509E-01 923 448E-01*"E0 3 4 73lE-01 0 3 1 9 2E-01 2?93!E-ol 29J-l 59Eo39 4 'l * 5 1 E252 -01 62021E-01 *' 7 0E o q~slE-oI 049445E-01* * 9 1 4 E -' 1 . 6 5 1 -o ~ * 2 0 1 E - i 2 8 0 8 E - a l * 2 8 3 7 E - 0 1 0 4 4 4~5 E - 02
* 30 96 E-o2 *L4970 E-02 *2085E-02 .2978E-02 *94E3 laE0* 62~02 -3109E-02 01644E-02 .441 J0-02 01954E-32 91184E-02
0 65F-Vog 14 27 -0,Y 4.24Ei' 26 90?-03 *125!E-o3 04802E-03021371E-03 4i7-qoq 4 3 791E-03 *4261-03 -1767E-03 .29.62E-039 2604E-03~ j914 E~j-o *13E- 0 3  *3018E-07 02439E-03 2 .52E.- 9,101*26 4E-03'o s114 2 3 37 35 E -0 ,1 15 06 E- 03 * i 2-a 2 2 E o0 16420 3465E-02~ OiS07E-03 *19j5E- @"2E0 52E0SOLAR~ ZISNIT4 590osH

ALTITuLEF 
360*699951TEIP2RATUIRE 
7144.496094ODtvSIT1ES HE *6 95800E 07

N20269103E 07

02 5944733( 08
*233'$25c* 05 25X,216s

6
ELECTRON TEMPFRATLIRF .1300on00Q4ELECTRON DENSITY 300F1
TLTAL low nrtqslzr 0300900 00
*PHOT0kLECTQCN SPECTRUM 66012.E4 0
*'274E of 1847E 01 *135SE 01 #5112E 00 .74461E 00 04510E 00* 47~9SC '00 '5~ ~ ~ 3143 E 00 -2842F 00 9 4 1- 01 91375E 00*q~ e .0 91 6211e 795E-01 2056F 00 .429 9F 00 1702E 00

* 7qljj2 -,01  *559SE-0j a.2620E 00G .2713E-01 91111E 01 *1735E 010 1 2 1 9 7 1 0'* 7 1 - 1 .~0 0 . 2 1 0 o o9 3 01 * 0 2 S E 0 0 e 1 9 2 e E 0 0*1 J 2 0 . 8 02 0 1205E 30 1026F Do 2017S 00 - 8704E-01
9'35654S-01 -8498E-01 *5269E-01 945'"4E-01 95A56E-Oi 396Zo* '5 -al -5787 E-01 0 528DE-01 *487qE-01 .462-j .3872r-01* .102E-.Ol .417 3E-01~ #9074E-01 .92-i *042?-i 66367E-01"5*-l 9428 E-31 @3373E-01 *466!E-01 .qgEI, 8'421-02* .i2o *8262E-j2 03d93e-02 . 497!E-02 .1!25E-Ol *1998E-0291 f72oF-01 *5191E-o2 .27352E-02 -6A07E-02 09814F-04 010 02E-02

* 9n252E-03~ 08139E-04 * 22382-04 *Q452S-O3 .09EQ3.%02o* .615E-03 159E7-O3 063 s- 7063E-03 0295 4'F- 03 * 9 ~ o.361 2-0 .1 9o ~ o~ 24 24 2- 0 31 ,50 39 E- 03 0 4963 -0 43 7E - 0304366E-03 *3199E-03 06226E-03 *2485E-03 o4222E-03 &.47E2-0392104E-Ol .5781 E-03 02484E-03 93182E-01olE0 017E0SOLAR ZEN174 57o229996ALITTUDE 
138 3

009oo8TElI PFA TVI 714.059
OE.S~lS HE *7l3200, o7NZ2 *64790oI 070 %954134E 0302 &683161E' 05 ?5X,2i6o$iELFCTR0N T FP1P E A TU.RE s136F)OE 034ELECTRON OFNSITY ~0

rCTAL 1014 #IFNSITY .0000002 00
PM01'OELEFCTQIIN SPECTRUM 6E12s(q.3869E '01 .2559E 01 #21851E 01 0990or 00 1620 *75E 0*7680E 01 @185 0 0 Do 51d2E OV 0 44 9E 3 *157.I 00 .24482 01.7 800 ii~ E 0 4878E-01 *3319E no 063;26E 00 *248E on0 1191F 00 09027 F-01 84175E go *~~~j 1820 *2823E 010 2263F '00 *.15812 0 2500 0 .1910c i 01 .329 001 3160* I 0 40~ ~ 1974E 00 e1660E 00 *32952 o0 .31407 n0

*75 F o *33JE .J 9o. 4 42 a 7366E-01 09;42cEol 6271E-oi*7 52 -0 . 33 2- 0 84 61E-01 07836E-fti s 'F71E-01 *1335E 00)**9902E-31 ,774CE-01 01 299E 00 .1282E I '0 1156E 00 *1332E 00
111058E '00 *152?F 00 @5450E-01 ;rijaer-o 71-i .2020f10602-al * 132SE.31 5600? .0i- *7)16ac*-o 1  91207E-01*16441E-01 0567E~ ~40E-02 8019!2-0? 01472-03 *17kE-02
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I

*9975E-03 .1386E-03 o1023E-02 *1113E-02 *4791E-03 .79'98E-03
* eS817E-03 *2602E-03 *3927E-03 .8150E-03 *6553E-03 95658E-03

0"7r98E-03 *5185E-03 *1004E-02 o3971F-03 9014O5E-03 96686E-03
*3396E-03 *93 1E-03 *3966E-03' eSl17E-O1

SOLAR ZENITH 570869995
ALTITUDE 327o200049
T.EPFPrRATURF 713*782959
DENSITIES HE o7S19OOE 07

N2 99144OOE 07
0 *126071E 09
02 9114444E 06 25XPE1696

ELECTRON TCPPERATUIRE .1400)OE 04
:ELECTRON D.NSITY .471900E 36
TOTAL J1 0 FNSITY *OSOOOE 90
PHOTOLLECTRON SPECTRUM 6E12*4
o5182E 01 *3947E 01 288'4E 01 -1203E 01 *1694E 01 oiO45E 01
o1785E 01 o1138E 01 96893E 00 *581-E 00 .2119E 00 o3329E 00
st0i3E 01 s1969E 00 *6605E-01 *4387E 00 *8127E 00 93760E 00
*1608E '00 .1194 E 00 .5497E 00 @6070E-01 o2355E 01 o36F.6E 01
03129E '00 o2161E 00 .3109E "30 *2518E 01 o4367E 00 .4113E 30
*2573E '00 .6034E 00 .2622E 00 *2197E 00 94289E 00 91861E 00
s1206E CI0 si8OIE 00 o1116E "00 o9750E-01 o1252E 00 @8289E-01
@94 4-'01 12341E 00 o1117E 00 o103.E 00 @9071E-01 91759E 00
*13!12E 00 s1025 E 00 .1716E 00 ot695S 00 o1.30E 00 e17.62E D0
o14OlF '00 o2013E 00 o7212E-01 o9888I.-01 o9915E-01 .1599E-01
*1.99E-'01 e1755E-01 *7516E-02 o1065E-O1 92822E.-01 *4354E-02
?2175E-01 .1110E-01 95815E-02 e1442E-01 92036E-03 *2141E-02
m1905E-02 o1776E-03 *54O1E-04 .9393E-03 .*4521E-03 s1705E-02
*132iE-02 o18914E-03 .1354E-02 *1496E-02 o6?51E-03 91059E-02
o769'4F-03 .3458E-03 .5203E-03 .1079E-0? 98672E-03 .7521E-03
.9416E-'03 .6871 E-03 e 1329E-02 o5242E-03 .1112E-02 *8829E-02
o .41496E-03 .1237E-02 .5233E-01 .6760S-01

SOLAR ZENIT4 58e509995
ALT!TUDE 316.699951
TEIMPFRATURF 713386963
OENSITIES HE *836003E 07

N? .1,13303E f4
0 .160019F 09
02 *190304F 06 25XE16o6

ELECTRON T=rPFRATURF ol143000E 04
.ELECTRON" DFNSTTY .520300E 06
TGTAL J1I DFNSITY .300000F 30
PHOTOELECT90N SPECTRUMi 6E12.4
o619SE '01 •o4942E 01 .3641E 11 .1597E 01 o2218E 01 o1382E II

*2290E 01 1458E 01 .8888E 00 .737E 00 .2804E 00 94483E 00
.1284r '01 •2523F 00 .o814E-01 .5585E 00 o1034E 01 o4887E 00
o?108E 00 .1S39E 00 o6977E 00 o7995E-01 .2991E 01 94627E 01
o0352S 00 o2914SE 00 .3971E 00 o3149F 01 95590E 00 .523PE 00
*3294E "00 .7708E 00 .3375E 00 .2803£ 00 .1454E 00 .237E 00
*17o 00 .2289F 00 .1424E 00 s1252E n0 .1597E 00 e1863E 0t
* .1205 '00 @1573E 00 1426E 00 o1321E 10 .1162E 00 o2234E 00
s 1676F '00 013i1E 00 o2182E 00 .21r3E 00 *19505 00 *2244E 00
.1787s 00
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APPENDIX E

LISTING AND SAMPLE OUTPUT OF A CODE WHICH

CALCULATES THE PRODUCTION OF SECONDARY AURORAL ELECTRONS
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1.000 C ~wa* FCE16 uU
2.OJO C CALCU-LATES PRODUCTION SPCTU OF SECONDARY ELECTRONS
3000CC CIMENSION NAS()AE( S,()W()PH()PCM),AR(q)

40cuoDIMENSION NOR9I T(5) ,PFS(2')O)
5.000 VATA 'NAMES/164 HE N? 01 0?/
6.'noo DATA AFP/i1443r-18# I .13'E-17P 4o750E-18, 9*692E-18/
7.flOO0 CATA SIG/3oq8OE-i7, 2ei,60E-16p 192'40E-16, 29530E-16/
g.000 CATA RHO/5o370E,06P 39i99F+08i 69486F+OSP 1.69SE407/

sigacDATA hP/15e80 l 1o70 P 17.@40 17.'40
1cOU0 C
11.000 PRINT 100
12000C 100 FORMAT (I ENTER PFLUXPNORBIT (F1O*3p5Xp5A4)1)
13.000 R~EAD (1,110) PFLUXNOlBITT
149000 lit) FORMAT (E±O*3,5Xp5A4)
150000 En 120 K=1,4
lb.000 P(K);I-0(K )WSI16(K)*PFLUX
l7.'nU0 120 AR(K',=RHG(K)*AFP(K) 'PcLUY
160000 C
i'.roo DO 210 N1i,200
2eO"J ES=N-Oo5
2leOtJO CCCOS0

220001130 2C00 K=1,~4
23000 2"fl CC=CC'+AR(K)/( 1.0.(ES/WP(K+))wW2.1)
24.000 210 Pr(N )=CC
25.000 C
2t.floo W.RITF (2,300) NORBITP'FLUX
279000 30C FORMAT (5A4,!5XL10*3s $=ASSUMET) PRIMARY FLUW'/)
2beC00 WRITE (2,310) NAMES
29.floo .,in FORMA T (4(kXA4)j,2X,'CONSTITUENT1)
309000 WRI TE (2p320) 6P
31.000 ~20 FORMA T 04 Fl,2 *2 92X p IV(E01) =BEATY IOIN I7A TY 0N PAR AET ER I
32.000 URITF (2p330) PEP
3.0000 3!n FORMA T c((PEi2.3),92XA(EP)=)IFFERENTIAL CROSS SECTION$)
34.00 WRITE (2,340) SIG
35*.00 .crP FORMAT (4(lPE12*3)s2X,'Tf1TAL IONIZATION CROSS SECTION')
3ie..00 WRITE (2,350) PHO
37.UOo ', c FORMA T (4(PE12o3),2Xv1NUMBER nENSITY')
38000o W 4 1TE (2j360) P
3C,.noo 36n FOOMA T (4(iPEi2.3)2XpTVTAL ION PRODUCTION RATE')
'4 C 0 U0 WRITE (20370) PLS
41.noD 37n~ FORMAT ( E!2v4)
429POO ENn
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(C-116',UA IRC A -23-76 iS15OE 08=ASSUMF') PPI?'APY 9:LUX

NEC N2 01 02 CONSTITUENT
1,;08C 1 2070 17.*40 l7.oV WCTFP)=qFATY J(NIZATION PAPFATER

I *443"-1 1 e134E-17 4 *750E-18 9@69?q-18 A~rv)=IFFERP,'TL.AL CROSS S':CTIVrd
ZollSOE-17 2*160E-16 io2'IOE-16 7o530S-16 TOTAL IVNI7ATION CROSS SFCTIOV
370- '06 3 919 5,E Ob E(soI86E *Oe 1*69PE 07 NL'WBEP DENSITY
26or-a 1*036'E 00 lo206E 00 6@Q444E-02 TOTAL TON PROCUCTION FATE
*lr'31F 'Ot oI023E 00 o IO07E 00 *98leE-O1 oQ'499E-01 o 912 2 E - 01
o970 2 F-'Oi o1256F-31 .7797E-01 *7335E-01 o6481E-0i o6LI4E-01
64r 2 o -oj .5621 E-01 o52q5E-01 *&1894F- 01 94566E-01 o4263E-0I

* ."W'-'al 93721 C-01 o 348iE- 01 03259E-01 o3055E-01 o2866E-Oi
0o!A9Z r-0 o2532 E-O1 o238'4E-01 o22L47F-nl a 11 20E-01 o20 02E-O1

*1 .1~5-0 119 F-31 ot257E-01 *1200E-Oi a1146P-31 o1095E-01
*10471-'01 .10OVE-31 *9607E-O? @9212E-02 oAP39E-02 *o'487E-0?
90155 -'02 9 784a2F-2 o7' 45E-O? a726'JF-07 o6

0 9fRE-02 o6745E-02
* 4 O6r- 02 of,278 F-)., of3O62E-32 o5856F-02 o5660F-02 o54 74E-02
* *)796"-'G2 *3127 F-02 4Lq 65E- 02 @48 1F- 02 *4f635-02 Pq5221E-OP
*4 871 -02 *425OF-02 o~l34E-02 *q'215F-02 *9'9O1E-02 o37922-02
*168b'-OC; o3F87E-2 a 3'9OE- 02 *o5397F-n? *330BE-02 *3222E-02
*31 3SE-'02 * 3fl6r E-02 929(33E-02 o2P09E-02 *2938E-32 o2769E-0?
"'" 0 2 *263ft F-02 o 2F77E- 2 o2517'S-02 o "U~F- 02 924 03E-32

*?3'49-'0? ol297 F-J2 o2246E-02 9 2 197F-O2 .'?150 E-02 a 2104E-02
o .? P5)*-0 o20UtE-02 e197'4E-12 oi! '0 o109PC-02 .1856E-02
*1815 -'0? o1792 E-02 17 4bE-02 ot7 14F-0' e!631F-n2 016 QSE-12
m16lbr--'02 o1587 2-02 oi558IF-12 oi529C-112 0 v 1:- 02 o14 74E- 02
9tlQ48F-'02 *1422S-02 * i3!97E-02 o1372F-02 a 1,148- 02 o 1325F- 02
st 01!2E'02 al 128 0E-02 . 125r;'EO 2 *1236F-02 * 1717E-02 o.I1 97E-O2
a t176F-02 a1159E-32 * 11 40E- 12 e1122E-022 e.11 04E-02 a.1087E- 02
o iC70 9-12 @1053E-02 .1037E-02 o1021F:-n2 *ln3'6F-02 o9904E-03
*9756E -03 @9612 E-03 * 9470E-03 *9331E-03 09196E-03 o9067'E-O!
oq933F-'03 98806E-33 o86S1E-03 @8559F-03 99440F-03 983 2ZE-03
0 q,)o8F-03 98196E-03 *7985E-03 o7877E-03 07772F-03 @7668E-03
o 7'66c-*0 o7'466E-03 .73b9E-031 .7273E-03 s7179:-Q3 o7086E-03
o 6996F-*03 o6907 E-2 o 68 20E- 02 .6734E-03 .6f502-03 *6567E-03
.,;L. ot -*a03 e6'407 F-0 - .6"29E- 03 *62r32E-03 *6177E-03 *61 OZE-03
0Ar30'-o3 .55R -J3 .5888E-03 o5EtI9E-03 95751E-03 *568FE-03
.'9415c-,03 o5555 2-03 .5491E-03 .5429E-03 *536eE-03 s53 082E-0
* ,?4V8-'OZ o5'19(t-03 o51J3'E-0Z3 o5076F-03 .50212-03 * 4966E-03

o.0ZE0 4P06C2-03 *4807E-03 *47r;6E-03 94706F -03 94656E-03
.9I6Q7E-0 .o55YF-J3
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Photoionization and Photoabsorption Cross Sections

of He, 0, N2 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, 0, N2, and 02 for use in

studies of ion and photoelectron production in the terrestrial

ionosphere. In 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 th% wavelengths of the solar lines and

continua given in the solar reference spectrum of Hinteregger
0 0

from A1030 A to "'34 A. For molecules, N2 and 02' branching

ratios are given for ionization intQ the ground and electronic

states of the molecular ions and for dissociative ionization.

*
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

102 0
densities', the solar flux tabulated on a 1 A grid and

3 4observed by Hinteregger , and Heroux and Hinteregger , and

a compilation of experimental and theoretical photoionization

and photoabsorption cross sections which we report here.

This program was undertaken in conjunction 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, 0, N2 , and 02, with photuionization thresholds
0 0 0 0

at 504 A, 910 A, 796 A and 1027 A, 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 presentation 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

5should be noted

Total photoabsorption cross sections for the atomic

constituents He and 0 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 flux 3 which is based on measurements by the Extreme

Ultraviolet Spectrophotometer (EUVS) on board AE-C 6 and on

rocket data 7,8 We restrict the tabulation to the wavelength

0region from the photoionization threshold of 02 at 1027 A
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0
to 33.74 A which is the shortest wavelength in Hinteregger's

compilation before the nitrogen K-shell ionization edge at

0
31 A. The intensity of the solar flux decreases rapidly

0
for wavelengths below about 170 A , 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-

0
absorption cross sections include them. At 260 A double

ionization of N2 contributes only about 2% of the total

9oscillator strength , 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 have 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 molefular species at short wavelengths
0

(<150 A) where extrapolation has '.,n carried out include

the cross sections for inner-shell processes. The branching

ratios for production of excited electronic states of N2
+

+ 0and 02 are unknown in the wavelength reqion below 304 A,
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0

and lacking any data we have used the 304 A values down to
0

34 A. In practice the branching ratios for inner shell

absorption presumably increase compared to the valence

shell cross sections as the wavelength decreases. At
0

wavelengths longer than %650 A 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. In 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

105
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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-  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

0
He: For He, with photoionization threshold at 504 A

there are accurate theoretical1 0 '1 l and experimental12 '1 3

cross sections available which generally agree with each

other to within about 5%. The cross sections near threshold
0 0

(504 A N A 454 A) were taken from Doyle, Oppenheimer, and

14 10Dalgarno 1 . The close-coupling calculation of Jacobs 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' values 1of the continuum oscillator strength to cross
0

sections and did a least squares fit to the values from 454 A
0

to 130 A. As the cross section curve is entirely smooth in

this region, little error should result from this procedure.
0

For wavelengths shorter than 130 A we used the fit to extra-

polate the cross sections.

0: Photoionization of the 2p valence shell electron of

atomic oxygen leads to 0+( 4S ), 0+(2 D ), and 0 +( 2P) with
0 0 0

thresholds at 910.4 A, 732 A, and 665 A, respectively. We

used the empirical fits to the partial cross sections

15for these three channels given by Henry , normalized to the
16

calculated total ionization cross sections of Taylor and Burke

Recent measurements near threshold by Kohl et al. 1 7 tend to

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

Pradhan and Saraph 18 , which are 15-20% higher overall than

15those of Henry Several resonances identified by Taylor
Buke6  0 2 o

and Burke were included, from 706-608 A, below the D limit.

Removing the 2s inner shell electron of atomic oxygen
gie rs t + 4 e O+ 2pe) 0

gives rise to 0( p ) and 0 ( P ) %'th thresholds at 435 A
0

and 315 A respectively. The partial cross sections for this

process were obtained from calculations of Dalqarno, Henry

and Stewart19 as modified by Henry 2 0 . The branching ratios

20 0 N 21of Henry at 304 A have been confirmed by Dohmer and )ehnier
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Total ionization cross sections for wavelengths shorter than
0

435 A were obtained by adding these partial cross sections

for inner shell ionization to the total ionization cross

sections of Taylor and Burke16 .

N2: For wavelengths shorter than 660 A, the ionization

22efficiency has been found to be unity , and the photoionization

and photoabsorption cross sections are equal. In the region
o 0

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

data of Lee, Carlson, Judge and Ogawa2 2 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 agreament of the cross sections with more recent

data of Hamnet, Stoll and Brion 2 3 as well as those of Gurtler,

Saile and Koch24 . We have not included the peaks attributed

to the Rydberg series leading to the C21 + state of N2u
024

between 500 and 550 A and they are probably not significant
0 0

for our studies. From 180 A to 34 A the data were extrapolated

so that consistency was ibtained with the absorption cross

0 0 0sections given at 100 A, 68 A, ar,' 44.6 A by Huffman2 5 . From
0

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

data of Lee et al. 22 and the data of Iluffman 25 , passing through

two points measured by Samson, 1laddad and Gardno "- . As the
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0

ionization decreases from 100% starting at 660 A, we will

now discuss absorption and ionization cross sections separately.

Where considerable structure in the cross section is

0 0
evident, from 668 A to 734 A, the total absorption cross

25
sections were obtained from Huffman . We estimated a back-

ground cross section ab by drawing in a base-line on the

graphs of his data; superimposed on u b was the peak cross

section, up. 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)
0 0 27

of Cb and a From 734 A to 986 A Carter has tabulated

oscillator strengths for N2 between adjacent pairs of wave-

lengths and again a square shape to the absorption cross

section between these wavelengths was assumed. Longward
0

of 986 A, conflicting measurements for the N2 cross section
0

have been reported, and above 1000 A no detectable absorption
28

was observed by Huffman, Tanaka and Larrabee Thus from
0 0

986 A to 1030 A we have set the N2 absorption cross sections

to zero.

Photoionization cross sections in the region from

660 to threshold at 796 A were explicitly calculated using

a least squares fit to the ionization data of Cook and
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Metzger 29 and the absorption cross sections previously

described. Our values for both photoabsorption and photo-
0

ionization cross sections in the wavelength range 100 A

0
to 796 A appear to be reasonably consistent with the recent

discrete line source measurements of Samson, Haddad and

26 9 0 0
Gardner and the work of Cole and Dexter from 50 A to 340 A.

Photoionization and absorption cross sections of N2
25

at a number of solar lines listed in Huffman's Table I

were included explicitly. The majority of these values

are from earlier work of Samson and Cairns 30 . Not all the

solar lines listed in Huffman2 5 were identical with those

given in the Hinteregger reference spectrum, and several

lines were combined and the cross sections averaged.

The dissociative ionization of N2, producing N
+ ions,

was treated as arising from a single state with threshold at
0

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
31

data of Wight, Van der Wiel and Brion and of Fryar and

Browning 32 . The dissociative ionization yield, Y, can be

obtained from Table B by linear interpolation between the
0

listed values, with the exception of the region from 387 A

0
to 477 A where the following form should be:
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Y=0.0329+8.13xlO-
6x(-442) 2

The remaining part of the total ionization cross section,

an (1-Y), is apportioned among five electronic states of N2
+

Oion (-)

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

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 workers
2 6'2 3'3 3 ,34

and the agreement among the published results is generally

within 10%. There appears to be some structure present in
0 0

the published branching ratios between 670 A and 720 A, but

this we have not included because the measurements differ

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

Since no measurements have been reported fcr wavelengths
0

shorter than 210 A, we assumed constant branching ratios from
0 o

210 A to 34 A. For most aeronomic. calculations this assumption

is of minor importance.

02: The photoabsorption and photoionization cross sections
2o

0

for 02 in wavelength range 612-34 A were obtained in an analo,7ous

fashion to the N2 cross sections in this re&ion, from the datL
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of Lee, Carlson, Judge and Ogawa2 2 and from the short
25

wavelength values of Huffman The ionization yield is
0

equal to unity for wavelengths shorter than %670 A. For
0

wavelengths longer than 670 A, a great deal of structure

is present in both the ionization and absorption cross

sections.
0 0

From 612 A to 742 A absorption cross sections were

obtained by graphically interpolating the points of Samson,

35Gardner and Haddad Such a fit passes roughly through

the highly structured region of Cook and Metzger 29 and is

in general agreement with the overall contour of their data.
0 0

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
35 0

Samson's data at 742 A. The absorption profile in the 870-
0

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

we used Huffman's 2 5 data to fit a superposition of background

and peak cross sections, ab and ap as described for N2 . Our
0photoabsorption cross sections for 02 trom 50-350 A are

consistent with the recernt measurements of Mehlman, Ederer

and Saloman, Cole and Dexter , and of Samson et al. 35

0 0
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
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the overall profile of the earlier Cook and Metzqer 29 result;.

The Samson measurements are 50%-60% higher than the Cook
()

and Metzger data over much of this region; from 745 A loniiw.iid
0 0

the two sets of data are in harmony. From 745 A to 870 A we

used a least squares fit to the highly structured data of
0

Cook and Metzger and in the region 870-1030 A we used Cook
29

and Metzger ionization data and total absorption cross

sections to obtain ionization cross sections as described

for N2 . At the solar lines listed in the reforenc, spectium

we adopted ti ionization and absorption cross sect ions list.LW

25in Huffman , as discussed for N2.
C,

From the photionization threshold at 1027 A '.o the
0

dissociative ionization threshold at 662 A we have used the

branching ratios for production of 02 e lectronic states

given by Samson, Gardner and Haddad*3 5 and listed in Table D.
0 0 32

In the region 304 A-662 A, Fryar and Browninq have enioisii ,d

the total cross section for dissociative ionization and

obtained wlues which exceed the sum of the, partial cross
+

sections of five predissociating 02 states (labeled 4-8 in
15

Table D) measured by Sagson et al. To reconcile this

difference i,,e include an additional predissociat inq branch
0

(labeled in Table D) with threshold at 062 A. The ,idition

of the branch made renormalization of the other branchi nq

ratios necessary. As no measuremi.nts have k , n i-l)1rtod ' tol
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0
wavelengths shorter than 304 A we assumed constant branching

0 0
ratios from 304 A to 34 A. Branching ratios at any wavelength

0 0
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 02

All cross sections are in units of I018 cm .

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

LAMBDA Wavelength in angstroms for which the solar flux
3

is given by Hinteregger

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

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

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

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

O+(2P*) to give 0O+ (4P e ) or 0+(2P ). The * indicates 2pe

rather than p

TOT.O+ Oxygen total photoionization cross section.

N2(ABS) Total photoabsorption cross sections for N2 and 02

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 and2 02

02(ION) respectively.

11



Table A

Ion production rates in s-1 calculated using the tabulated

cross sections and the Hinteregger solar flux from
0 0

1030 A to 32 A in an optically thin atmosphere

Ion Rate

fie 4.84x 1

O+( 4S ° )  1.23xi0"7

+ 2a -8N2
+ (x 2 Zg ) 3. 08xi0 - 7

Na 3.98x0-8

02+ (X 2 ) 2.64xi0 - 7

02+ (a4 II) 1.54x10- 7

0O+ b 8.70x10- 8

a) N+ produced by disociative ionization of N2 .

b) N+ 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
0+ (2 +g) O+(4

rate of 02 (X 2 )1 The-excited 0+(4 P e ) state decays to 0 )
2 9

while the 0 +( 2P e ) state radiates to 0+(2D ) and 0+(2 P ) accoriti,.
37

to the branching ratio 2.59:1 The ionization cused by

absorption of these "secondary photons" has ben iicoilo ct ed.
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Table B

Fractional Yield for Dissociative Ionization of N2 *

0

A(A) 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

0 0of N2 at any waveleng. from 32 A to 509 A is obtained by

linear interpolation of the values for the yield, except from
0 0387 A to 477 A where the formula in Section II should be used,

and multiplying by the total ionization cross section.
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Table C

Branching Ratios for the Photoionization of N2
See text for sources

Branch 1 2 3 4 5

D-signation X2H A2 B2 +  F2E 2 : +

0
X(A) 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 0.000

796 1.000

0 0

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. Fez wavelenqths
0

shorter than 509 A, the cross section due to dissociat i vt ioniZ,,t ion

must first be subtracted from the total ionization cros ss ction.
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Branching Ratios for the Photoionization of 02
See text for sources

Branch 1 2 3 4 5 6 7 8 9

2 4 2 4 - 2 - 2 4 -2 240
Designation X2H all + A2H bE B2 T c4 2E4EE 662 Ag u u g g U u u g

0
A(A) 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 0.330 0.025

662 0.270 0.385 0.345 0.000

684 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 i.o0b

go'2.. 4..Table D: For rrolccular ox'y n, the first three columns labeled a g . + .A

4-and b - gi%,v branching ratios to bound molecular ion states, wile t1e last sixq

colummts represent dissociating ionic states. The sum of the br,1inhini I-,It iOs

for the last six colmns for wavele .ths less tihan 62 A n1i tiHI)ied by the, total inn-

"!t em;Scct iol q i vcs the total dissocilat ivr ion i.%.it io oss -vo o~t i
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