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VERTICAL DISTRIBUTION OF VIBRATIONAL ENERGY OF
MOLECULAR NITROGEN IN A STABLE AURORAL RED ARC
AND ITS EFFECT ON IONOSPHERIC ELECTRON DENSITIES

by

George P. Newton

ABSTRACT

Previous solutions of the problem of the distribution of vibrationally ex-
cited molecular nitrogen in the thermosphere have either assumed a Boltzmann
distribution and considered diffusion as one of the loss processes or solved for
the energy level populations and neglected diffusion. This work combines both
of the previous approaches by solving the time dependent continuity equations,
including the diffusion process, for the first six energy levels of molecular ni-
trogen for conditions in the thermosphere corresponding to a stable auroral red
arc. The primary source of molecular nitrogen excitation was subexcitation,
inelastic, collisions between thermal electrons and molecular nitrogen. The
reaction rates for this process were calculated from published cross section
calculations. The loss processes for vibrational energy were electron and
atomic oxygen quenching and vibrational energy exchange. The coupled sets of
non-linear, partial differential equations were solved numerically by employing
finite difference equations. The results show that molecular nitrogen in excited
vibrationally to the degree that the rate constant for the rate limiting ionospheric
loss process O* + N, - NO* + N is increased by as much as a factor of eight at
F, region altitudes. It was found that deviations from a Boltzmann distribution
caused the reaction rate constant to be as much as 1,7 times the reaction rate
constant calculated for the energetically equivalent Boltzman distributed densities.

ivs



The time constant for loss of ionospheric electrons \&as calculated using the en-
hanced reaction rates. It was found that, for altitudes where the normal loss
time constant is less than one day, the loss time constant was decreased in the
arc by factors of 1.6 to 5 depending, on altitude. It is concluded that the ob-
served decrease of electron density in the F, region in stable auroral red arcs
can be explained by enhanced reaction rates for ion-atom interchange between
ot and N, caused by vibrational excitation of molecular nitrogen through

electronic collisions.
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CHAPTER 1. INTRODUCTION

1.1 Description of Stable Auroral Red Arcs

Stable Auroral Red Arcs (SAR-Arcs) are photometrically observed enhance-
ments of air-glow at 6300 A and 6364 A wavelengths occurring during geomag-
netically active times. They were first observed by Barbier (1) in 1957. The
emissions are from the forbidden red lines of atomic oxygen OI (!D-3 P). Peak
intensities of emissions are located at altitudes near 400 km. and vary from a
few hundred ra.yleighs1 to tens of kilorayleighs. The arcs generally occur near
midlatitudes and are distinct in location from usual auroral phenomena. They
extend over spatial dimensions of approximately 1000 km, horizontally in a
meridional direction and globally in a longitudinal direction. The arcs are
magnetically controlled as evidenced by their alignment in geomagnetic, rather
than geographic latitude, and by their simultaneous occurrence at magnetically
conjugate points. Once the SAR-arc is formed it generally persists for ten hours
or longer. The frequency of observation appears to follow the solar cycle. Re-
views of the general properties of SAR-arcs and citations to the literature are

contained in Reference (2) and more recently Reference (3).

1.2 Cause of SAR-Arcs

The absence of the atomic oxygen green line OI (!S-!D) in the air glow en-
hancements during SAR-arcs, implies that a low energy source must exist for
the excitation of the OI(!D) state. Several mechanisms have been proposed for

selectively exciting !D level and their implications studied (see (3) for summary)

2 -1

1a rayleigh is 10° photons cm™ sec
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but one proposal has recently gained prominence. In this proposal (4) energy
originating in the solar wind is transferred through the ring current in the mag-
netosphere to the ambient plasma, from which it is conducted down magnetic field
lines into the ionosphere where it heats ambient electrons. These heated electrons
collisionally excite the atomic oxygen !D level, but lack sufficient energy to excite
the 'S level. This proposal was utilized together with in-situ measurements of
electron temperatures and densities by Roble et al. (5), (6) who found it to be con-
sistent with all observations. Other proposals have been excluded by in-situ

measurements (see (3) for discussion of the proposals and (7), (8) for observations).

1.3 Ionospheric Behavior in a SAR~-ARC

From ground based (see (3) for review) and more importantly from satellite
obtained data (9), (6), (7), (8), the following behavior of the ionosphere in the vi-
cinity of SAR-arc has been determined.

At the satellites where the electron temperatures, and in some instances the
ion temperatures, were measured a general enhancement of the charged particle
temperatures was observed on the geomagnetic field lines intersecting the SAR-
arcs. The electron densities at these satellite attitudes (usually greater than
1000 km.) showed for different SAR-arc occurrences both increases, decreases
and no change in the electron densities, apparently depending on the altitude of
measurement. However,. corresponding topside sounder data always showed
electron density depressions in the lower F, regions (near 300-800 km altitude)
in the corresponding region of enhanced electron temperature. The electron
density scale heights often are less in the red arc region, reflecting changes in

the ion composition (7), (6). The more complex electron density behavior at the
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higher altitudes (1000 km and greater) may in part be explained by a combination

of the ion composition changes and the increased plasma temperature. A typical
observation of the electron density and temperature in the vicinity of a SAR-arc

is shown in Figure 1-1.

1.4 Objective of this work

One of the primary loss processes for ionization in the F, region, where

atomic oxygen ions are the dominate ion species, is

0" + N, SNO* 4N (1-1)
followed by
NO" +e &N+ 0 (1-2)

where k and a are the ion-atom interchange and dissociative recombination re-
action rates, respectively. Typically « is about four orders of magnitude greater
than k, (11), so that the rate determining process for ionization loss is reaction
(1-1). However, k in reaction (1?1) is known to be a strong function of the vi-
brational temperature of molecular nitrogen (12), (13). This is why knowledge

of the energy distribution of the excited levels plays a crucial role in the under-
standing of the electron loss rates in the SAR-arc. Thus, as suggested earlier,
(12), the loss of ionospheric ionization may be considerably enhanced by the
presence of vibrationally excited nitrogen. The source of the vibrationally ex-

‘cited nitrogen molecules is sub—excitation,z inelastic, collisions between the

2Subexcitat:ion means that the final state of the N, is neither electronically ex-
cited nor ionized.
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ambient molecuiar nitrogen and the thermal ionospheric electrons, the same
mechanism that excites the OI(!D). The cross section for this type of process
is important to this study (Appendix I).

The objective of this work is to investigate the distribution of vibrationally
excited molecular nitrogen under conditions corresponding to a SAR-ARC to
determine if the presence of vibrationally excited nitrogen can account for the
observed decrease in -the electron density in the F, region. For this study we
used the same electron density profiles that Roble (10) used to calculate the
temperature profiles for SAR-arcs, and we used his calculated electron tem-
peratures. The electron density profile and model atmosphére used for this
work are shown in Figure 1-2. The neutral atmospheric model used for this
work is the 1965 Jacchia model (14) with an exospheric temperature of 1500°K.
We did not include minor constituents. The neutral atmosphere temperature
profile is shown in Figure 1-3, together with several of Robel's, (10), electron

temperature profiles corresponding to different SAR-ARC intensities.



CHAPTER II. FORMULATION OF THE PROBLEM

2.1 Previous Calculations of the Distribution of Vibrationally

Excited Nitrogen

Several authors have suggested that vibrationally excited nitrogen may in-
fluence the excitation of atmospheric radiations, chemical reactions, and the
ionospheric temperature (15), (16), (17), (18), (12), (19). Walker et. al. (20) were
the first to calculate the altitudinal distribution and diurnal variation of the vi-
brating molecules assuming a Boltzmann distribution. The diurnal calculations
assumed an unperturbed atmosphere and ionosphere. They considered diffusion
of the vibrationally excited nitrogen vertically and limited their calculation to alti-
tudes between 100 km and 300 km altitude. They found that vibrational energy
exchange with CO, was the dominant loss process for vibrational quanta below
125 km altitude. The principal sources of vibrational quanta in the lower thermo-
sphere (100 km and 600 km) were found to be: (1) the reaction between atomic
nitrogen and nitric oxide; (2) the collisions of photoelectrons and nitrogen mole-
cules; and (3) possibly the quenching of metastable oxygen atoms, OI (D), by
nitrogen, alfhough the vibrational yield of the last process is unknown.

Recently, McNeal, et. al. (21) measured the reaction rate for vibrational-
translation energy exchange between atomic oxygen and vibrationally excited
molecular nitrogen at 300°K and found the rate to be considerably larger than
extrapolated values (which were used by Walker et. al. (20).) obtained from ex-
periments at higher temperatures. The quenching of vibrationally excited mole-
cular nitrogen by atomic oxygen, which was ignored in the calculations of Walker
et. al. (20), has been included in the calculations of Breig, et. al (22) who used
the recently determined reaction rate. They essentially repeated the calculations

8
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of Walker, et. al. (19) and found that inclusion of the loss of vibrational excitation
by nitrogen molecules to atomic oxygen significantly decreased (by factors of 2 to
4) the vibrational temperatﬁres in the lower thermosphere.

Schunk and Hays (23) solved the continuity equations for the first eleven energy
levels of molecular nitrogen for altitudes above 150 km. under conditions corre-
sponding to an aux;ora. Diffusion processes were not included in their calculations.
The source of vibrational excitation was non-thermal electrons and the only loss
process included for each level was vibrational energy exchange between nitrogen
molecules. They found that when the non-thermal electron source was acting, the
N, vibrational distribution was non-Boltzmann and that the deviation from the
Boltzmann distribution increased with increasing altitude. They found that the
loss rate for O+ due to reaction (1-1) was increased by a factor of 1.5 when al-
lowance was made for the non-Boltzmann distribution. The non-thermal electron
source was allowed to operate for 15 min. and they found that the enhanced loss
rate persisted for 1000-2000 sec. after the auroral bombardment commenced.

Walker (24) discussed the result of Schunk and Hays (23) and included in his
discussion the effects of diffusion. He starts with the steady state continuity equa-
f:ion for each level and ignoreé quenching processes for the vibrationally excited’
nitrogen molecules. Under these conditions, the source of vibrational excitation
and diffusion are the only terms which can cause departures from a Boltzmann
distribution. By comparing the production term for a given vibrational level with
the production at that level due to vibrational exchange, he concluded that de-
partures fc;r vibrational levels containing a significant fraction of the nitrogen

molecules will not exist at altitudes below 300 km. By comparing the diffusive
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flux term with the loss due to vibrational energy exchange he concludes that dif-

fusion is less important than vibrational energy exchange at altitudes below 370
km. These conclusions were based on conditions of an undisturbed atmosphere

and source terms similar to those used by Walker, et al. (20).

2.2 Differences between this and previous works.

The source of vibrational excitation for this work is the thermal electrons
in SAR-arcs. This source extends to higher altitudes than the sources 'used. by
Walker, et. al. (20), Breig et. al., (22) and Schunk and Hays (23). As a result, the
molecular excitation occurs in a region of the thermosphere where vibrational
energy exchange is slow in comparison with the diffusion process. Thus, be-
cause the source is non-Boltzmann in its energy distribution and because the
excited molecules diffuse to lower altitudes where vibrational energy exchange
is the dominant process, the assumptions of a Boltzmann distribution and negli-
gible diffusion loss are no longer tenable. This work differs from that of Walker,
et. al., (20) and Breig, et. al, (22), by not assuming a Boltzmann distribution, and

from that of Schunk and Hays (23) by including diffusion of the excited molecules.

2.3 The equations of continuity.

The continuity equation for each energy level of vibrationally excited
molecular nitrogen, N; » governs the level population and its altitudinal distribu-
tion. For the ith level the equation is

fe) -
= n +V:(n.v.)=Q. -L. -
3¢t (n;v;)=0Q, -L, (2-1)
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where n, is the number density of molecular nitrogen in energy level i

;i is the vector velocity of transport of n,

Q, is the production rate of n,

L, is the loss rate of n.
In principal the production and loss rate terms contain all sources and sinks for
the ith level. However, we are interested in solutions of (2-1) corresponding to
SAR-arc conditions where the electron temperature is unusually large. In addition
we are interested in a process which, to first order, can be considered as an ad-
ditional source to those ordinarily present in the thermosphere.

Figure 2-1 shows the rates of the dominant processes for equation (2-1).
Also included in Figure 2-1, for comparison purposes, are the total vibrational
quanta production rates between 120 and 300 km. calculated from the work of
Walker et. al. (20) and Kummuler and Bortner (25) and shown as squares and
circles, respectively. Shown as triangles in Figure 2-1 are the CO, quenching
rates for vibrationally excited nitrogen at 120 km. taken from references (20),
(22) and (25).

The atomic oxygen quenching curve shown in Figure 2-1 was calculated using
the reaction rate of 3.5 x 107!5 cm3sec™!, (21), and the atomic oxygen number
density shown in Figure 1-2. The curve of atomic oxygen production of N; (trans-
lational-vibrational energy enchange process) was calculated from the quenching
curve using detailed balance considerations. These curves correspond to
1 - 0and 0 - 1 transitions of N2 respectively.

The vibrational energy exchange curve was calculated for the 0 - 1,1 ~ 0

transitions using the exact resonance case of the Schwartz~Slawsky-Herzfeld,
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(SSH), theory, (27) page 330, and the molecular nitrogen number density profile of

Figure 1-2.
The rate for diffusion was calculated from the diffusion coefficient, D, and the

density scale height, H, for molecular nitrogen by

rate :R (2-2)
H2

This rate may be regarded as the inverse of the time for a nitrogen molecule to
diffuse to an altitude where there is an appreciably greater density (by a factor of
e) of molecular nitrogen.

The electronic production curve was calculated using the reaction rates for
inelastic collisions between thermal electrons and molecular nitrogen discussed
in Appendix I and the electron and molecular nitrogen densities and electron tem-
peratures in Figures 1-2 and 1-3, respectively. The electron temperature used
is that for a 17.7 KR SAR-arc. For the calculation it was assumed that the vi-
brational temperature was zero.

From Figure 2-1 it is seen that the source of vibrational energy from
thermal electrons, under the SAR-ARC condition, is larger over most of the alti-
tude range of interest than the source of vibrational energy from ordinary
ionospheric processes (20), (25). Because of the uncertainty in the yield of vibra-
tional energy from 0 (!D) quenching by molecular nitrogen (20), (25), and because
the O (D) density during SAR-arcs is enhanced and its spatial distribution is
complex, we have ignored this potential source term. Thus, the source term,

Q,, in equation (2-1) will only include production of vibrationally excited nitrogen

by collisions between nitrogen molecules and thermal electrons (and only
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coincidentally by atomic oxygen) and vibrational energy exchange between nitro-
gen molecules. These approximations should underestimate the source terms and
hence the calculated temperatures would tend to be a lower bound for this reason.
The dominant loss processes for vibrationally excited molecular nitrogen at
higher altitudes is electron quenching at altitudes above 400 km. (20, 25), and
diffusion above 320 km. (see Figure 2-1). At low altitudes the dominant loss
processes are quenching by atomic oxygen for altitudes between 120 and 300 km
(Walker et. al., (20),found that quenching by other minor constituents in the lower
thermosphere through translational-vibration energy exchange was negligible) and
vibrational energy exchange with CO2 (20), (22), at 120 km. Thus, the loss term,
Li, in equation (2-1) will include loss by electron and atomic oxygen quenching and
vibrational energy exchange with molecular nitrogen. The vibrational energy loss
by molecular nitrogen to carbon dioxide will be included through a lower boundary
condition on the vibrational temperature for the following reasons. The abundance
of carbon dioxide at 120 km is somewhat uncertain and depends on the altitude of
the turbopause. The turbopause of the atmosphere is below 120 km altitude. Thus,
in the altitude region of interest, carbon dioxide could be expected to approach dif-
fusive equillibrium. Because of its relatively large mass, the density of carbon
dioxide should decrease rapidly above 120 km. and increase rapidly below 120

km. altitude, thus creating a loss process significant only at the lower boundary.
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The source and loss terms for equation (2-1) are therefore given by

!

Q = z Ajjny+ Z P iiimt,in Yienio M

=0 i=0

+ z P irinn o Yietiin Mo * 6 i Vier, [o] Mier (2-3)

i=1

+ €, is1 Vinn, [0) Nin

[
L = 2 Ajing + 2 P it Vi N
=0

=0

Z Piotjm1:i,y Yy ™ (2-4)

i1

<4

+ G i Vo) * G Vilo) ™

where a prime on the summation excludes j = i, and
iLjriel,i+l is the exchange transition probability for a nitrogen molecule in
level i - 1 going to level i while the collisional partner molecule
goes from level j + 1 to level j.
v, . is the collision frequency of a nitrogen molecule in level j with a
molecule in level i,
C, . is the probability for collisional transitions from level j to level i

where the collision is with atomic oxygen atoms.

A.. is the reaction rate, from Appendix I, for the transition from level

j to level i due to collisions between thermal electrons and molecular

nitrogen molecules in level j.
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v; [o] 1s the collision frequency of a molecule in level i with an atomic

oxygen atom,

2.4 The coefficients in the equations of continuity.

The cross sections for the subexcitation, inealstic, scattering of electrons by
molecular nitrogen (28), (29), (30) are only available for the first five energy levels.
These cross-section calculations and the calculation of reaction rates from the
cross-sections are discussed in Appendix 1.,

We will assume that molecular nitrogen can be represented by a harmonic os-
cillator. Thus, only transitions between adjacent levels will be considered. This
assumption is appropriate for the moderate vibrational temperatures of this prob-
lem where only the lower lying energy levels are important and where anharmonic
effects are small (31), (32), (33). It is also implicit to this calculation that the first
five excited levels of molecular nitrogen will be considered as the totality of excited
levels.

The above assumption and the theory for exact resonance vibrational-vibrational
energy exchange of SSH, (27), allow us to write the vibrational-vibrational energy
exchange probability in terms of the 0 —~ 1, 1 —» 0 transitions of molecular nitrogen

as
Primtnn =10+ DP 60 (2-5)
From detailed balance considerations

=P (2-6)

i=1,j+1l:4,j i,jri—1,j+1
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Setting the steric factor in the SSH theory to three, and using the Lennard-Jones
potential parameters for N, from table 66-1 of (27), and table 66~5 of (27) for the

characteristic £ of the theory, we have

i irie1,j41 = 2:600322x 1076 i(j 4+ 1) T e91-5/T (2-7)

where T is the kinetic gas temperature.
It is assumed that
Cinp,i =G +1HC (2-8)
for the translational-vibrational energy exchange probability, the reason will be-
come apparent later. Thus, (2-8) is consistent with SSH theory,3 but C, o will not
be determined from this theory (see reference (21)). Detailed balance gives
Cii-1= Cio1.i e=0/T (2-9)
where 0 is the characteristic temperature of N, (6 = 3380°K).

We assume that the vibrational level in which the nitrogen molecule resides
does not effect its collision cross section for both molecuies and atoms. Thus we
write

V.. = vn, (2-10)
v, [o] =¥ nlo], (2-11)

Equations (2-3) and (2-4) become respectively
Q = 2 Ay ny +Py 00,17 2 : i+ n_ n;, +P00,1 Y
J=0 ]=0 (2-12)

E JG+Dngy 0 +C o v nl0) ling_ + (i +1)e¥Tn, ]

j=1

3The measured reaction rate for Co' , is several orders of magnitude larger than
would be calculated using SSH theory. The reason for the discrepancy may be that
chemical interactions are responsible for the anomalous quenching, whereas SSH
“theory attributes the interaction as being due to short range repulsive potentials.
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L, = 2 Ajini+P1.0:O,1V 2 i(j +1)n n; +P g0V
i=0

i=0 - (2-13)

2 JA+Dnyn +C (v nl0) i e®T4 (i +1)) n,

i=i
The quantity » in equations (2-10), (2-12) and (2-13) is calculated from equation

(36-3) of reference (27)

v = 1—7'7:-711*‘) (2-14)
2

where

p is the gas pressure

N, is the viscosity for molecular nitrogen

n is the total number density of molecular nitrogen

Using the ideal gas law, we have
L _1.271 kT (2-15)
"IN

2

where k is Boltzmann's constant. Using (8.2-18) of reference (34), and average
values of the appropriate parameters for temperatures of 355°K and 1500°K, we
obtain for v
v = 1.482094 x 10711 /T (2-'16)

The quantity C, , »' occurring in equations (2-12) and (2-13) is calculated
from C,, v' by equation (2-9), where C,; v' 1is considered to be a '"lumped" con-
stant equal to the reaction rate constant reported by McNeal, et. al., (21) and is
considered constant with altitude.

It will be assumed that the neutral atmosphere is static, and uniform hori-

zontally in all of its parameters. The transport velocity, V; » is then the diffusion
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velocity for molecular nitrogen through the atmosphere, and is given by (35), page

244,

. =-D [— (Vp, - p, k, =V
vy [Pi (Vp; - £y ) + ke

where

d

(2-17)

D is the binary diffusion coefficient for molecular nitrogen, assvmed

to be independent of vibrational excitation.

p, is the pressure of the molecular nitrogen in energy level i.

k.. is the thermal diffusion ratio

is the aceeleration of gravity.

oal

Using the ideal gas law in (2-17) we have

—

where k is a unit vector in the vertical direction

m is the mass of molecular nitrogen.

Rewriting (2-18) we have

where

1
T.

mg
+_"1
z kT

|5

:(k.r+l)

Q)

1
H

_ 1 1 mg °
v, =-D I:;.Vni +(kT+1)TVT tor

o. is the mass density of molecular nitrogen

%] (2-18)

(2-19)

(2-20)

and z is the vertical coordinate, positive upward and H is the density scale height.

Thermal diffusion for molecular nitrogen is small, and therefore kT will be set to

zero. The flux term in equation (2-1) becomes

(2-21)
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It will be assumed that the magnetic field line is vertical, so that the
SAR-arc is symmetrical about the vertical. Under this assumption the hori-
zontal flux at the arc center vanishes. If,. in addition, the divergence of the
horizontal flux is ignored, equation (2-1) can be reduced to one spatial dimen-
sion corresponding to conditions at the arc center.
Under the above assumptions and using (2-21), (2-12) and (2-13), equation

(2-1) becomes

1 . .
at""g;(Fi)z:Z : {Aijnj-Ajini} + P 00,1 V1 2 (j+1) [ni-lnj-l»l
j=0 ;=0

_ninj] +P) g0 v+ 1) E i [ni"_lnj_1 - ninj]
i=1

(2-22)
+C o n(0] lin_, + 1+ DebTn

il

~(1e?T4i4+1)n,]

2.5 Boundary conditions.

Two sets of boundary conditions will be used for equation (2-22).
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For the first set we have
Initial condition: n, (z, 0) =0 for alli> 0
=nfori=0
Lower boundary: n. (120,t)=0 foralli> 0
=n (120) fori=0

Upper Boundary:

on, n, (o t) .
= =~ foralli.
ozl H

The initial and lower boundary conditions correspond to all molecular nitrogen
being in the ground state. This would correspond to total quenching by CO, at the
lower boundary, and no excitation initially. The upper boundary condition insures
zero flux, for all excited levels, at the top of the atmosphere.

For the second set of boundary conditions,

Initial Condition n, (z, 0) = — 2 78 9/355 forall i
1 — e"07/355
Lower Boundary n, (120, t) =___ 0 ¢7i0/355 f5r a1l
! 1 - e~9/355
on, n, (®, t)

Upper boundary — for all i

oz |, H

o]

The initial and lower boundary conditions in this case correspond to assuming the
vibrationally excited nitrogen to be Boltzmann distributed corresponding to a vi-

brational temperature of 355°K, the kinetic temperature at the lower boundary.

2.6 Simplification of equations and technique of solution.

In Appendix II the set of six, coupled, non-linear, partial differential equations

(2-22) are replaced by seven equations in which the essential coupling is more
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readily observed. This simplification is achieved by expressing the solutions of

equation (2-22) as a sum of a Boltzmann distributed part and a part representing

a deviation from a Boltzmann distribt_ltibn, that is
n, =n + €, (A2-1)

It is then required that the Boltzmann distributed part, n i » possess the total vi~
brational energy and number density of molecular nitrogen for the problem (see
equations (A2-2) and (A2-3)). The deviation part, ¢, , is then a measure of the de-
parture, at each altitude, of the solution from the energetically equivalent Boltz-
mann solution part. The differential equation to be solved for the Boltzmann part

of the solution is

3y 13Dndy [ %Y

W n 9z oz 'az2

2P ENENI P

i=0  i=0

+C v'n[O]'[\,b+ 1 -ee/Tn//]

where  is related to the partition function, Zp, for the vibrationally excited

nitrogen by

v=(Z,-1) (A2-27)

The differential equation for the deviation part of the solution is
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, G+
(¥ + 1)2

32 3D 1 i i+l a¢:]
o [EeCae 5ot o
i 1+1)] oy oy
S ER TR TR
i i+ W\ _pfi_ i+l a_%_p_ (a
+{¢ ¢+1}az)} ay ¢+1} 52 \3z

) b5

} AL (1=8,)+P o wn{@i+D)yri}d
j=0 n

Bcpi
oz

1

H

) . R ~-(j-1)8/T
+C1'ovn[0] (1e9/T+1+1):] o, = Z{Aii (1+(pj) (i-1) v}(l_gij)

i i+1\ 3y a¢ 1+1} {32 D

VRS T 7 vit) 1327 {'
_i__i+1 Eﬁ \ . i_1+1 325[1
" ¢+1} Bz}+;Aii(l—8ii)- 7 ¢+} 2

dz

@f) {i—+ Lel } + P g0 vn{Q2i+ 1) ¢+ i}

v+ 1)?

+Cp o v'nl0) (ie®T+i 4 1)} +P) .00 0 {Q2i+ D) Y+ i)

+C; o ¥'nlo] [iee/Tv+(i+1) ee/r-e/rv] + 9

i-1

6/Ty
€ [Px.o:o,lvni‘/

' . -8/T .
+C, o¥' nl0] 1] +P,,,e Y [PI,O:O,IVn(l +1) (¥ +1)

+C v nf0] /7 (i + 15}

(A2-46)
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The boundary conditions are

set 1:
Initial condition

Lower boundary
Upper boundary

set 2:
Initial condition

Lower boundary

3

Upper boundary

set 1 and set 2
Initial condition

Lower boundary

Upper boundary

9, =_ (A2-39)
n,
Y(z, 0) =0
(120, t) = 0
il Y (A2-31)

Y(z, 0) = 7.329241 x 1075

$(120, t) = 7.329241 x 1075

74 B (A2-32)
0z!,.0
9,(z, 0)=0 foralli
9,(120, t) =0 for all i
00,

= =0 foralli (A2-47)
oz

z=0

The set 1 boundary conditions on y correspond to a vibrational tempefature

initially zero, with the vibrational temperature at the lower boundary remaining

zero, presumably due to quenching. The set 2 boundary conditions for  correspond

to the initial vibrational temperature of 355°K (the kinetic temperature at the lower

boundary) and the vibrational temperature at the lower boundary remaining at
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355°K. In both cases the upper boundary condition on | corresponds to a zero flux
of quanta through the top of the atmosphere.

The boundary conditions on the ¢, 's correspond to zero deviations from a
Boltzmann distribution initially, with zero deviation being maintained at the lower
boundary (presumably due to the rapid vibration-vibration energy exchange among
N, at this altitude).

Calculation shows that the source term for vibrational quanta due to electron
collisions in equation (A2-30) is only mildly non-linear (less than 30%) for the elec-
tron and vibrational temperatures- of interest here. It can also be argued, that for
the relatively weak source of vibrational excitation for this problem, the departures
from a Boltzmann solution will be such that the term €, /n will be small relative to
1. Thus by dropping the ¢, /n term in (A2-30), the v and ¢, equations are un-

coupled, and a first approximation to y may be obtained by solving the equation

3 13Dn 3 Py S 1 (¢)i] .
St Tn oz v g L Z; o1 (e ] a-o
i= i= :

+C o' nl0) [y+1- ef/T y) (2-23)
When | has been obtained, the vibrational temperature may be calculated by

é
Y(z, t) +1
o

T,(z, t) = (2-24)

and the coefficients of equations (A2-46) are known functions of altitude and time. -

A first approximation to the ¢.'s can then be obtained by solving equation (A2-46).
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If necessary, a second approximation to ¢ may be obtained from equation
(A2-30) by using the first approximation of the ¢ 's to determine € /n in the source
term of equation (A2-30) and resolving equation (A2-30). A second approximation
to the p,’s can then be obtained by using the second approximation for  in equations

(A2-46). Higher approximations may in principle be found by repeating this process.

2.7 Finite difference equations and solutions.

In Appendix III it is shown that the finite difference equations for both equations

(A2-30) and (A2-46) take the general forms

-Agd3 + Bt - Ayt =D (A3-T)

and

- /F/Al ’ﬁ+1(p|;1+l + ’EBi /ﬁCPT+1 _ ’ﬁAl ’ﬂ-lcpr;ﬁ'l - /Ecm (A3_17)

1

where { refers to an altitude grid point, with £ = 1 the bottom boundary and { = L the
top boundary, m refers to a time grid point and i refers to the energy level being

solved for. The boundary conditions become for

set 1 set 2
m=1 % =0 % =7.329241 x 1075
(A3-8) (A3-9)
4=1 ym =0 yp = %
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and for the ¢, 's

m=1 Y¢l=0 for all i

L=1 1¢7=0 for all i (A3-18)

L =L L¢?-Ll7lg2=0 for all i
The two equations (A3-7) and (A3-17) are of the same form. We follow Richtmyer,
(36), pages 103-104, for the solutions of (A3-7) and (A3-17). Only the solution of
(A3-7) is presented here, because the extension to each of the equations in (A3-17)
is clear.

It is seen that the right hand side of (A3-7) is a known quantity. Equation (A3-7)

is a one parameter family, because any value of ¢l';+l determines a solution. Let

AL REY @29

which is also a one parameter family. We seek to find Ey and Fy such that the two
families of solutions (2-25) and (A3-7) are the same. If (2-25) is to be true for any

member of the family, the boundary conditions (A3-8) and (A3-9) require

El =0 (2-26)
0 set 1 (2-27)

F1 =
.7.329241x 10°°  set 2 (2-28)

Substituting (2~25) into (A3-7) and placing the result in the form of (2-25) we have
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A D? + A, F
k[lm+l= /{)/ L/Jm+l+ "E+ /ﬁ ’ﬁ—l (2-29)

B{_A,d Ep_, L+1 B}d -A{E}&_1

Comparing equation (2-29) with (2-25) we have

Ay
By=or— (2-30)
By -Ap By,
D% + A, F, -
R (2-31)
By - Ay Ep )

Using (2-26) and (2-27) or (2-28) we can calculate the E¢'s and F¢'s from 1 =1 to
1 = L, that is, from the lower boundary to the upper boundary, by using (2-30) and
(2-31), respectively.

When 1 = L - 1, equation (2~-25) gives

m — m+1 -
i =B ¥yt +F, (2-32)

Using the upper boundary condition of (A3-8) or (A3-9) in (2-32) we have

F
mé1z__ 71 (2-33)
L=t 1-§ _,

We now repeat the process, for{=L-2, L-3,....,1,to solve for the ym+*11s,
that is, we solve for the Y™ s from the upper boundary to the lower boundary.
This total process is repeated for each time step from m =1 to the maximum time
step of interest.

Only slight modification of this method is needed to solve for the six, coupled

¢.'s of equation (A3-17).
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The technique embodied in equations (A3-7) (A3-17) and equations (2-25) through

(2-33) was programmed for the IBM 360-75 for both sets of finite difference equations
(A3-7) and (A3-17). The program to solve for y was called BOLTSOL and the
program to solve for the ¢.'s was called BOLTDEV. Both programs are listed in

Appendix IV, Details of the numerical solutions are discussed in Chapter III.
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CHAPTER III. APPLICATION TO SAR-arc

The finite difference equations (A3-7) and (A3-17) were solved in single pre-
cision over the altitude interval of 120 km to 920 km for conditions corresponding
to those of a 17.7 KR SAR-arc, as shown in Figure 1-2 and 1-3. The upper altitude
limit was lowered to 840 km. with negligible effect (less than 5° in the vibrational
temperature and less than 2% in the ¢i's) on the solutions. The altitude step was
taken as 40 km. and variation of the time step by a factor of 10, from 100 sec. to 10
sec. had no significant effect on the results., The solutions were generated over a
time interval of 100000 seconds and approached (or r;eached) a steady state during
that time.

Figure 3-1 shows the number of density of vibrational quanta versus altitude
for a time into the solution of 95200 seconds. The number density of quanta was
calculated from the solutions of equation (A3-7) corresponding to equation (2-23)

(that is ignoring the € /n term in the source term). Also shown in Figure 3-1 is the

P

quantity i=2 o 1€ calculated from the solutions of equations (A3-17). Theoretically
equations (A2-4) and(A2-5) should be satisfied, however, because of the finite dif-
ference and other approximations, i’_g:o ie, will not be zero. A measure of its sig-
nificance is a comparison with the number of quanta calculated from the solutions

of (A3-7). From Figure 3-1 it is seen that igo i €, represents a negligible (<1%)
portion of the energy in the Boltzmann solution for altitudes below 300 km., Between
300 and 600 km altitude, igo i €, increases relative to the quantal number densify,
so that at altitudes of 600 km. and above 2 ie€; represents only about 3% of the
energy of the Boltzmann solution. These conclusions are valid at all other time

steps.

30
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Figure 3-2 is a plot of Iiéo €,/ €i| versus altitude for each of the six energy
levels corresponding to a time into the solution of 94700 seconds. This figure is
also representative of the results at other times. It is seen in Figure 3-2 that be-
low 400 km altitude i=20 €, is comparable to or greater than the number densities
of each of the deviations for all 6 energy levels. Above 400 km ié o €1 1s only
several tens of percent of the deviations for levels 2 through 5 and a few percent
of the deviations for levels 0 and 1. It should be pointed out that at 160 km. the
ratio of the magnitudes of the deviations of level zero to level five (that is eo/ € )
is 107 initially, and for the time corresponding to Figure 3-2, is near 10‘; . This
explains why the ratios at 160 km, increase with level number. At 840 km, altitude,
- for the time corresponding to Figure 3-2, the ratio of €, /e s is near 102 It is sig-
nificant that the ratio | .6 /e,| has its largest values at the lowest altitudes
where the deviations €, are numerically the largest. At low altitudes igo e, is
about 10 * of the molecular nitrogen number density and at high altitudes it is about
10 "3 of the molecular nitrogen number density. Figure 3-2 indicates that caution
should be exercised in using the calculated deviations, €, only for altitudes below
370 km. However, as later sections show, the influence of the deviations below
370 km. altitude is not large, but the €, do become physically important at higher

altitudes where the precision of determination is considerably improved.

3.1 Solution for the Boltzmann part.

The vibrational temperatures calculated from the solution of the J equation
are shown versus altitude and time in Figures 3-3 and 3-4, respectively. The
solutions are for the set 2 (initial and lower boundary vibrational temperature

of 355°K) boundary conditions.
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Figure 3~-3 shows the vibrational temperature profiles, calculated at five time

steps, versus altitude. It is seen from this figure that at altitudes above 600 km
the vibrational temperature is nearly isothermal at each time step, a result of the
rapidity of the diffusion process at these altitudes. The downward movement of the
energy is apparent in the figure. Vertical vibrational temperature gradients of as
much as 25°K/km. are observed in the steady state.

Figure 3-4 is a plot of vibrational temperature versus time at ten altitudes of
interest. It is seen from the figure that a steady state is reached in about one day.
However, in 10 hours, or less depending on altitude, the vibrational temperature has
achieved 90% or more of the steady state value. Notice that the vibrational temp-
erature at the higher altitudes has a very steep gradient with time, initially. This
rapid heating rate is important to the solutions of the deviation equations discussed
in the next section. It should be noticed that the temperature at 240 km altitude has
reached 1350°K, a value large enough to significantly effect the reaction constant of

reaction (1-1), as discussed in section 3.3.

3.2 Solutions for the deviation parts.

It was found that convergence of the deviation solutions could not be achieved,
even with 1 second time steps, if the solution was started at the "turn on' of the
SAR-arc. It was determined that the difficulty was caused by terms involving
derivatives of ¢ and was apparently due to the initially very large changes in y
primarily, those with time. Convergence of the solutions of the ¢, equations was
obtained if the solutions were started at 5200 seconds "into" the arc, and this was
the approach adopted. The physical conditions corresponding to the initial stages

of a SAR-arc are unknown. However, it is expected that the characteristic times
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of the important processes are measured in terms of one or more hours. Thus,
the imposition of SAR-arc conditions in a step-wise manner is not realistic; so
that little physical content has been lost by the adopted calculational approach.

Figures 3-5 through 3-10 show the ¢,'s versus altitude for three time steps.
These figures show that above 500 km the ratio of the deviation from the Boltzmann
solution to the Boltzmann population, at the energy level of interest, is nearly
constant with altitude. This result is again due to the rapidity of the diffusion
process at these altitudes. It is also apparent from these figures that at altitudes
of 300 km and above the qbi's rapidly reach a maximum and then decrease to their
"steady state' values. In these figures, where ¢, changes sign with altitude the
absolute value has been plotted. It is seen that the ''steady state' deviation popu-
lations above 300 km altitude, are less than the Boltzmann population of the cor-
responding energy levels 0, 1, 2 and 3 and are greater than the Boltzmann popula-
tion for levels 4 and 5. This will be important in the calculation of an effective
reaction coefficient for reaction (1-1) (see section 3.3).

Figures 3-11 through 3-16 show the ¢, 's versus times for several altitudes.
From these figures it is seen that above 300 km altitude a nearly constant, sig-
nificant, deviation is maintained from a Boltzmann distributed population for the

upper energy levels.

3.3 Reaction rate constant for reaction (1-1) and ionospheric loss time constant.

The effective reaction rate constant for the ion-atom interchange reaction (1-1)

was calculated from
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n,
ke: .§=0k(1)?
2 : () +E)
= k(l)__n—
T=0

where k _ is the effective rate constant and k(i) is the rate constant for level i, taken

(38-1)

from reference (13) and listed in Table 3. The reaction rate for the Boltzmann part
of the solution, k,, was calculated from equation (3-1) with the e, terms set to zero.
The computer program for these calculations, REACTRAT, is listed in Appendix II.
A comparison of k, and k is a measure of the importance of the deviation from a
Boltzmann distribution to the F, region ionospheric ionization loss.

Figure 3-17 shows the ratio ke /kB versus time for several altitudes of inter-
est. It is apparent in the figure, that for altitudes above 320 km the ratio is sig-
nificantly larger than 1 throughout the time interval of the solutions, and particularly
during the first 10 hours, the approximate duration of SAR-arcs.

Figure 3-18 shows the ratio ke/kB versus altitude for five time steps. It is
seen in the figure that for a given time step the ratio is relatively constant with
altitude for altitudes above 500 km. There is a large variation of the ratio with
altitude between 280 km and 500 km, the region of the atmosphere where diffusion
becomes the dominant process. This figure shows that the deviations from a Boltz-
mann solution are noticeable for altitudes as low as 300 km.

Figures 3-19 and 3-20 show the effective rate constant, calculated from equa-
tion 3-1 using the Yy and ¢, equation solutions, versus time and altitude, respectively.

These figures show that the rate constant can be factors of 2 to 8 times larger than
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the value for vibrational temperatures near 300°K (shown as a triangle in the two
figures).

The k, values, shown in Figui'es 3-19 and 3-20, have been used to calculate
the loss rate for the ionospheric electrons and the ionospheric '"loss time constant'’
in the following way. Assuming reaction (1-2) is infinitely fast, then the eiectron
loss rate will be the same as the O* ion loss rate. Further assuming the electron

density and the 0" ion density are the same, we have

=~k n n, (3-2)

where ne is the electron density. The loss rate for the electrons is defined from

(3-2) to be
l: k n (3"3)
T

where 7 is the ionospheric loss time constant.

Figure 3-21 and 3-22 show the loss time constant calculated from (3-3) versus
altitude and time respectively. In Figure 3-21 the loss rate for four time steps and
the "normal" (vibrational temperature of 300°K) ionospheric time constant are
shown. Noticeable decreases in the ionospheric loss time constant from the "nor-
mal" value is observed at altitudes as low as 280 km.

Figure 3-22 shows the loss tiine constant versus time for several altitudes
where the time constant is one day or less. It is seen from the figure that in the
first 10 hours, the time constant at 360 km. altitude, where the "normal" value is

approximately 90 minutes, decreases to a value of 30 minutes. This figure shows
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that the ionospheric loss time constant is decreased by factors larger than three
in altitude regions between 360 km and 440 km where the ionospheric loss time

constant is measured in hours.

3.4 The effects of: neglect of ¢; /n; boundary conditions; and atomic oxygen loss

process.

To determine the effect of the approximation of neglecting the € /n term in the
right hand side of the ¥ equation, (A2-30), the solutions of the ®, equations were
used to calculate the €, /n terms. Equation (A2-30) was then solved using those
€, /n terms. The second approximation to ¢ was then used to recalculate the ¢, 's.

The second approximation to y yielded a vibrational temperature which was
different from that obtained from the first approximation by 67°K, or less, at higher
altitudes. At lower altitudes the difference was only a few degrees. The igo 1e;
terms from the new solutions were also reduced by as much as a factor of 3. Thus,
as expected on the basis of the igo i €, results from the first solution, the second
approximation toy produces only a few percent correction to the results of the
first approximation. The €, 's calculated from the second approximation differed (
from those of the first approximation by 30%, or less, with most of the difference
occurring at altitudes below 360 km. The igo €, term changed by a few tens of
percent only. It is concluded, that the second approximation produces a negligible
correction to the Y equation. Because most of the influence of the ¢ ; 's is at alti-
tudes above 300 km. (see section 3.3), the second approximation to the ¢ 's is
different from the first by only several percent in its impact on the ionospheric

electron loss rates, and is therefore also negligible.
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The ¥ and ¢; equations were resolved using set 1 boundary conditions. It
was found that the vibrational temperature calculated from the ¢ equation solution
differed from that obtained using set 2 boundary conditions by only a few degrees.
The €, results differed by less than 3%. These results indicate that the solutions
are not sensitive to the details of the loss mechanisms at the lower boundary.

An interesting result was obtained by comparing the behavior of the solutions
with and without inclusion of the atomic oxygen production and loss processes for
vibrational excitation, for set 1 boundar& conditions (that is T, (120, t) = T,

(zy 0) = 0°K). The solution including the oxygen process yielded vibrational tem-
peratures that were larger at all altitudes than those obtained from solutions not
including the atomic oxygen processes. The largest differences between the two
solutions initially occurred at alti?:udes below 320 km and was greater than 150°K.
This location for the differences is expected because this is the altitude region
where the oxygen effects are relatively the most important. This result can be
explained by the fact tﬁat the boundary condition of 0°K vibrational temperature
causes the initial vibrational temperatures to be less than the gas temperature,
thus the atomic oxygen is a source of vibrational excitation through translational-
vibrational energy éxchénge. Eventually the electronic source of vibrational
energy dominates the' solution. In the "steady state' the vibrational temperature
“corresponding to the solution with no atomic oxygen processes has a vibrational
temperature only 8°K greater at 160 km altitude and 6°K greater at 920 km alti-
tude than that corresponding to the solution containing the atomic oxygen processes.

A comparison of the ¢, equation solutions for these two cases is complex. At

altitudes below 280 km, the ¢, initially changed by factors as large as 30 and 40
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with the largest values of ¢, corresponding to the solutions containing the oxygen
processes. Above 320 km altitude the two solutions for the ¢, 's differ by ap-
proximately 25% or less. The €, 's of the upper two energy levels show the
smallest differences between the two solutions. The two sets of solutions for the
€ 's approach the same values in the steady state. The influence of the differ-
ences in the two sets of solutions on the ionospheric loss rates is small because
the large differences occur below 320 km. altitude where the deviations from the
Boltzmann part of the solutions play a small part in the determination of the

reaction rate constant.



CHAPTER IV. SUMMARY AND CONCLUSIONS

The objective of this work was to determine if the observed decrease in
ionospheric electron density occurring in SAR-arcs could be explained by an in-
crease in the reaction constant for the rate determining ion-atom interchange re-
action (1-1). The increase in the reaction constant is due to vibrational excitation
of molecular nitrogen by subexcitation, inelastic collisions between ambient,
thermal, electrons and nitrogen molecules. The finding of this work is that the
vibrational excitation of molecular nitrogen is indeed important to the ionosphere
under SAR-arc conditions and can cause the loss time constant for the F, region
to change to lower values by factors of 1.6 to 5 with an attendant decrease in the
electron density.

Previous work, (20), (22) on the related problem of the diurnal variation of
the molecular nitrogen vibrational temperature assumed the vibrational distribu-
tion to be Boltzmann and considered diffusion processes. Earlier work (23) in the
vertical distribution of vibrationally excited molecular nitrogen in aﬁrora ignored
diffusion and solved the continuity equations for the excited energy levels of
molecular nitrogen. This work solves the continuity equations for the first six
energy levels of molecular nitrogen including the diffusion process. Thus, it
combines into one solution, the previous' approaches.

The continuity equations to be solved are six, coupled, mildly non-linear,
partial differential equations containing the dominant source and loss terms for
vibrational excitation of molecular nitrogen. The solutions were divided into an
energetically equivalent part that is Boltzmann distributed and a part representing

deviations from the Boltzmann solution. The resulting equations were solved
61
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numerically, using finite difference equations, to provide the populations of the
energy levels as functions of time and altitude.

It was found, under conditions where the ionospheric electron temperature
reaches values near 5000°K at 500 km altitude, that the vibrational temperature
of molecular nitrogen reached a steady state value near 2300°K. at that altitude.
The deviations from the Boltzmann distribution depends strongly on altitude for
altitudes below 400 km. This is the region of the atmosphere where the diffusion
process becomes dominant with increasing altitude over the vibrational-vibrational
energy exchange process. It was found that for the highest three energy levels,
above 300 km. altitude, the deviations from a Boltzmann distribution increased
the populations of these levels by factors of 2 to 10. These results were insensi-
tive to plausible variations of the boundary conditions.

The deviations from a Boltzmann distribution caused the effective reaction
rate for reaction (1-1) to be increased by as much as a factor of 1.7 over the value
obtained from the energetically equivalent Boltzmann solution. This indicates the
possible importance of these deviations in problems involving chemical reactions
at altitudes as low as 500 km. The effective reaction rate, calculated using the
total population densities, was as much as a factor of 8 greater than the reaction
rate for a vibrational temperature of 300°K. Significant enhancements of the re-
action rate were found to occur at altitudes as low as 300 km.

Because of these increased reaction rates, the times required to significantly
decrease the electron density in the ionosphere were reduced from their normal

value by factors of 1.6 to 5, depending on altitude. Over most of the altitude range
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where the loss time is short compared to SAR-arc durations, the loss time was
reduced by factors exceeding 1.8.

These results lead to the conclusions that the vibrational excitation of molec-
ular nitrogen, under conditions correspopding to SAR-arcs, causes a large increase
in the loss rate of ionospheric electrons in the F, region. The enhanced loss rate
is of such magnitude, that it alone will account for the observed electron density

depressions in SAR-arcs.
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TABLE 1

Cross Sections used from Reference (30) in Equation (A1-19)

Cross-Section Comment
%10 Numerical data available
Ty0 Numerical data available
43 Numerical data available
To4 Numerical data available
Ogo All that is available
Ty All that is available
o3 All that is available
Ola All that is available
og, All that is available
0p3 All that is available
T4 All that is available
o, All that is available
Os4 All that is available
Oss All that is available
O All that is available
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TABLE 2

Parameters for Reaction Rate Constants for Production and

Loss of Vibrational Excitation by Electron Collisions

I.D. Pl P2 P3 P4 Max Error %
10 | -1.837483E01 | -2.218530E04 | 1.684328E07 | -4.558864E09 -19@2500°
20 | -1.887149E01 | -1.851033E04 | ~1,317388E06 | 2.310335E09 ~37@1500°
50 | -2.004471E01 | -1.797215E04 | -6.671288E06 | 2.076589E09 -14@2000°
51 | -2.025835E01 | -1.628830E04 -2.509'007 E06 7.790528E08 - 5@1500°
12 | -1.874858E01 | -1.222789E04 | 1.102594E07 | -2.993175E09 14@5000°
52 | -1,974898E01 | -1.314905E04 | -2.739562E06 | 9.167196E08 - 9@1500°
03 | -1.950456E01 | -5.705000E03 | -6.362043E06 | 1.917276 E09 -13@1500°
13 | -1.972427E01 | ~4.652598E03 | -6.585213E06 | 1,931419E09 ~12@1500°
23 | -1.,939743E01 | -8.030383E03 | 5.607227E06 | -1.257535E09 -16@2000°
53 | -1.,980759E01 | -8.800227E03 | -2.526216 E06 | 9.740170E08 -12@1500°
04 | -1.964117E01 | -3.913067E03 | -5.735326 E06 | 1.842685E09 ~13@1500°
14 | -2,019481E01 | -3.588698E03 | -4.862049E06 | 1.688892E09 - 9@1500°
24 | -1,999716E01 | -4.421176E03 | -3.194914E06 | 1.243446E09 -10@1500°
35 | -1.,943835E01 | -4,869426E03 | 2.078704E06 | -1,935087E08 -15@1500°
54 | -1,983298E01 | -4.700520 E03‘ -4,217622E05 | 4.723745E08 ~-14@1500°
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TABLE 3

Reaction Rates for Vibrational Levels

Level kv (cm.3sec. 1]
0 1.3 x 10712
1 1.3 x 10712
2 5.0 x107 !
3 1.20 x 10710
4 2.6 x10-10
5 3.6 x10710
6 4,4 x10710
7 4.6 x1071°
8 4.6 x 10710
9 4,6 x1071°
10 4,6 x10710
11 4.6 x1071°




APPENDIX I

ELECTRONIC PRODUCTION AND LOSS OF VIBRATIONAL EXCITATION

Production and loss rates for the first six vibrational levels of molecular ni-
trogen were calculated using theoretically calculated (28), (29), (30) cross-sections
for inelastic, sub-excitation, electron scattering for these levels. The cross-
sections were averaged over the Maxwell-Boltzmann energy distribution repre-
senting the electron gas to produce the production and loss rates. This section
contains an amplified outline of the content of the theoretical cross-section calcu-
lations in Chen's, (28), (29) papers as well as discussion of the calculation of re~
action rates.

Chen (28), (29) applies the unified theory of Feshbach (37), for nuclear reac-
tions involving the formation of a compound state, to inelastic scattering of elec-
trons by molecules. Herafter Chen (28) will be called paper I and equations con-
tained therein referenced as I X.XX. Chen (29) will be referenced as paper II and

equations contained therein will be referenced as II X.XX.

Al,1 Paper I:

Paper I starts with the consideration of an N-electron system consisting of an
incident electron and a diatomic target molecule with N-1 electrons. The system
is separated into relative and center of mass coordinates and the center of mass
part is removed from the Schrodinger equation. The relative coordinates for the
electrons, X, I i‘N_ , » are referenced to the center of mass of the
nuclei. X refers to the incident electron. R is the vector separation of the two

heavy nuclei a and b with masses M, and M, respectively. The Schrodinger
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equation is (in atomic units)

[K,(X) + V,(X, T, B) +H_ (T, R)] Q= EQ (12.1)
where
- = 22 — 1 Za Zb
V(% T, B) = Z _ _e > . (I-2.2)
|X - ? l xa xb

i=1 i
and T is the collective notation of ¥, , T, , . . . , Ty, for the molecular electrons; K,
is the kinetic energy operator of the incident electron; V, is the Coulombic poten-

tial energy of the incident electron; H ., is the Hamiltonian for the target molecule;

ab
Q is the total wavefunction for the system having the total energy E; X and X, are
the position vectors of the incident electron with respect to the two nuclei having Z'a
and Z_ as their charges.

It is assumed that the unperturbed molecule is described by the set of

Schrodinger equations

H,, (T, ©) @ (f, B) = ¢ (R) & (T, B) (1-2.3)
[- w7 9+ € R x,,, ®) = €, X,y ®) (1-2.4)
where
- = .1+Ma+M’b . - 2 .
R B =0 v V24U, (T, B) (I-2.5)
and
MM,
= . V2
e,

is the Laplacian operator on coordinate i and U,, is the potential energy of the

molecular electrons.



73

H,(F, B)=- @' V2+H, T R (I-2.6)

The cross terms for electrons and electron-nuclei contained in the Born-Oppen-
heimer separation are neglected because they do not enter, in the zeroth order ap-
proximation, in the expression for the excitation of nuclear motion, (34), pages
925-928. The electronic wavefunctions, ¢ _, and nuclear wavefunctions Xy hav-
ing eigenvalues ¢ (R) and €y 1.'espective1y, form a complete, orthogonal set in
their corresponding spaces.

The total wavefunction is expanded in terms of ¢ and x  to give

OX TR = ) 0GRy ® v, B (1-2.7)

nl’y

where exchange effects are neglected. The expansion coefficients L/}ny X) are as-
sumed not to depend on the inter-nuclear separation as a parameter. It is as-
sumed that the inter-nuclear separation is fixed at its equilibrium value R£°)for
Yoy (5(’). The effect of this assumption is estimated to be of order . 1.

Substituting equation (I-2.7) into the Schrodinger equation (I-2.1), multiplying
on the left by @, x.., , integrating over T and R and using (I-2.3) through

(I-2.6) we have the coupled sets of equations

[Ko(i) + €y E] ‘pn'y(i) = - Z Vﬁ: (i) l,l!n,,y, (5(.) (I-2.8)
nl ‘.yl
with
V(3 = Xy Vo B B = 237 € R Tl ) (1-2.9)

v X B = |v,& R Die,» (I-2.10)
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C_, =240 [V [0 ,) -V, + <q>n|v§|q>n,) (I-2.11)

nn

Because we are interested in subexcitation electron impact, the ’t,boy’s are of par-

ticular interest. Thus writing (I-2.8) as

Ky K) + €g, - E] o, (X) = - Z VE o B - Z ¥ (X (A1-1)
y! n',y!
n'%
and
Ko X) + €, - E ¢, X) = _Z VI o () - Z vy, & (AL-2)
7' nl.yl
n'x0
for n # 0.

Rewriting (1) and (2) we have

Ky (X) + €4, i, (X) + Z VZ' o, ) - Ey, (X) = - Z V7 g, Ry (AL-3)
yl n")"
n'#0

Ry 4 ) by @ + ) VI s B =By B == 37V ) (81-9)

n!,y! 5!
n'70
Defining
_Ko t €50 ]
Ko t.€y 0
T = (I-2.14)
K0 + €n2

L o |
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(1-2.12)
(1I-2.15)
]
(1-2.13)
‘.
(1-2.16)
(I-2.17)
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(3) and (4) become

Ty o + Ugo Yo - Ethg = - Z Upat ¥ = = Ug ¥

and n'70

Tn ¢n + Z Unn' k/an' - E¢’n =- Uno‘[’o

n'

n'70
or
H-E)¥ = - U,
where
rT +U U U ]
1 11 12 13
Uy T, + Uy, Uss
H = Uy, Us, Ty + Uy,
. <
and
E = ES ]

nn nn

Following Fishbach's formalism, (37), the formal solution of (I~2.20) is

¥=(E-H+in) 1 Ugy,

(1-2.19)

(1-2.20)

(I-2.18)

(1-2.21)

where n = 7 8;; and 7-0" to ensure outgoing waves in the exit channels, (1-2.21)

gives y in terms of Y+ Using (I-2.21) in (1-2.19), we obtain

(T0+A-E)¢zo=0

(1-2.22)
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where

A =Uy + Uy (E ~H 4 in™ Uy (I-2.23)

and is the effective scattering potential for subexcitation scattering of electrons by
molecules.
The formal solution (I-2.21) contains the Green's function operator lim
n-0%

(E, - H +in)! which implies the need for a set of eigenfunctions of the effective
1

Hamiltonian H. Thus we write
HY =W ¥ (I-3.2)

where a set of eigenfunctions {‘pm} approximates the set of compound negative ion
eigenfunctions with energy spectrum {Wm} .
The physical significance of these states is illustrated in the weak coupling

limit where H is diagonal. In this case (I~3.2) gives the equations
(T, + U, ) yp{m =wm ym n £o (1-3.3) -

which is expanded further to become

m P ! -
(Ko + VY7 4+ €0 - WD () = - E Vor 4&m) (I-3.4)

v!Fy

The compound negative ion states y (™ describe, in this instance, a set of states
of the incident electron in resonance with the field of the excited target molecule.
Expanding the Green's function operator contained in (I~2.21) in terms of the

eigenfunctions ¥ we have



+ |‘P ) (P
¢E) = 9 | j de |‘P(P£‘ﬁ)zv‘f§f7’ il (I-4.1)

.where the sum over m is for the discrete states and the integral over p contains the
continuous eigenspectrum for energy E. Expression (I-4.1) implies a resonance part

of the operator and a non-resonance part. Therefore we write

G (E) = Q(E) + G (E) (I-4.2)

with

ey v |
Q(E) = Z o (I-4.3)

m

Q(E) is the resonance part of the operator and the prime means that only those
negative ion states having energies comparable to that of the system are included

in the summation. The effective potential (I-2.23) is now written, using (I-4.2) in

(I-2.23) as
A=u +u (1-4.4)
where
u’ = U, Q(E) U, (1-4.5)
u=Uy, + Uy GSP(E) Uy (I-4.6)

Let wg") be the solution for an outgoing wave of the equation

(T, -E)y {7 =0
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Using (I-4.4) in (1.22) we have

(TO +U - E) k/l-o = -u' L/IO (A1_5)

where the resonance part of the effective scattering potential is treated as the
scattering potential.

From scattering theory, (38), Chapter 12, the solution for the outgoing wave is

Vo =¥ + (B - Ty-u +im™ u' ¢ (-4.12)
where

(To +u-E)yy§H =0 (I-4.10)

and y{")is an incoming wave and contains the effects of the direct scattering
potential u.
The transition matrix describing transitions from the incident channel ' to

channel v for n =0 is
5o ¥) = (7§70 lu+u'| o' N (I-4.13)
Consider the outgoing wave solutions to
(Ty +u-E)y{ =0 v- (A1-6)
which may be written as

Y§ =7 4 B =Ty - im) uy{D) (1-4.14)
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Multiplying by (E - T, -in) and adding and subtracting u7{™) to the right hand

side we have

=Ty i 4 = € - To - iy 7 4w pumD un) (AL
lpo(') = wé') +(E-T),-u- i tu 770(') (I-4.15)
) =Y - B =Ty —u-in) unf?) (A1-8)

Substituting (A~1-8) in (I-4.13) we have

8o ¥') =4m{ ful Yo) = (B =Ty =u = in) um{? Ju’| 4,

(I-4.16)
+ 7 Ju' yy
=8 Jul gy = B =Ty -u+in o
(g ul ¥, = ( o —u+im T ul Y
+ s u’| Yy? (A1-9)
:(770(') lul ¢S+)) + (%') lu’| ‘/’o) (I-4.17)

using (I-4.12). Consider (¢g') lut] Y, and repeatedly substitute (I-4.12) for
to obtain
WD u g > = C§T T T Dy 44T T B = Ty —u s i)™ ' gy
=T T Ty T B - Ty -u s im)Thut [yt
+ AT B =Ty —u v im) ™ uE - Ty-usin ™’ |yl
NI
= (Y7 o' 4o B -Ty-utin)tu’ 4u E-Ty-u+sin)tu’

CE-Ty-u+inlu b [P (A1-10)
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For an isolated resonance, the summation over m in (I-4.3) reduces to one term

and (I-4.5) becomes

U II (W ’U’
0 m m 0

Thus (11) becomes

G ULy v [Ug] )y

W u' | ) = EIT
- W UG E-Ty-u+in™ Uy, ¥, \
E-W
Let
R, = JUG(E-Ty-u+intuy, ¥, (1-4.23)
Therefore
WU, ey w jul| gty
(Lpo(..) |U'|k//o) - 0 0 m m'"0 0

E-W
m

R R 2
1+ = 5 ki Feon
E-W ~ E-W

T gl ey cw, Tugl ugty (1-4.24)

- E-W -R
m m

Al.2 Paper II.

In his application to molecular nitrogen, (29), Chen makes the following
assumptions:

(1) an isolated resonance occurs.

(2) the direct transition amplitude is negligible.
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(3) a single excited electronic state, n, of the target molecule is responsible
for the resonance.

(4) the nuclear states of the target molecule are not strongly coupled and the
Born~Oppenheimer coupling matrix elements are negligible.

(5) the total contribution to the transition amplitudes due to resonance effects
of the set of compound negative-ion states may be accounted for as a line;ar
sum of the individual contribution of each compound state.

From assumptions (1) and (2) equation (I-4.24) gives the transition matrix ele-

ment. Thus

NS 2O BIA R TS T VARTISRYCZS)
5o ¥') = (II-2.2)
E-W -R

From assumption (3) only V A"

no ?

V,, and V__ in equation (I-2.10) are non-

on?

zero., Thus H in equation (I-2.18) becomes a single element matrix. Assumption

(4) gives from equations (I-2.11) and (I-2.9) respectively

C ,=0 and V?'=0.

nn

Thus U_  in equation (I-2.13) is diagonal., Therefore we have

I’I‘Pm = wm‘pm
giving
H, J ™ = Wim g

or

(T, + U, (™) = WMy (A1-12)
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where

B ) =

Expanding (A1-12) further and rearranging terms
CyAA m) _ m m
Ky + Vo 1900 = (R = €00) ¥

= {g(m) _ (m) (m)
{€n>\. 6" (Re )} ¢’n>\

Now consider

U, 1), = <Z U, ¢§'">>
Y

r

Upy 4™,
_ yYA
= Vi Yo

Similarly

(Uf)t W’m )y - v:,;m ‘l’r(.';\)

(I1-2.4)

(A1-13)

(A1-14)

The 7' = transition due to the X th vibrational level in the negative ion state is

53‘(% )

_ W VIR bR O

Wi L R(m
E-WY+RT
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Using assumption (5), the total transition matrix element is

S ¥') = Z 50 (')
}\- .

- m )
_ Z (¢éy) |V§n>‘ | ¢'n(>\.) )'(¢:;n\) |V:\07' | ¢Oy', )

(™ L R (m)
~ E-W2+RN

And
RGY = (52 1 ) WY ® By + i VI )
4
Expanding

[y S |
E-H, +in)™ =de oy 7Ty

where £, is the density of states in the exit channel v, and using

1 E-E‘Y in

E—E,y+177 (E—Ey)2+7’]2 (E_Ey)2+n2

we have

.1
(m) - A(m) _ 5 — " (m)
Rn)\ _An>\. ! 2 lHn)\.

where

(m) _ (m)
AN =R

v (E-Ey)z +772

Ay E-E‘Y + - A A
D B[V = s N €, ar ) i)

(1-2.3)

(II-2.5)

(1-2.5)

(II-2.8)



85

and

L =2 dm RM)

n

)y (w ()
=2 <¢(m) v)\y 7 |¢Oy “pO'y |V'y>\§ dE | L/l(m)) (A1-15)
nA n0 E - E )2 2 on ~Y Y nA :
=2 (mﬁn(;*\) ZJ‘ v}g It/fé;))( ¢g;)) <¢,&j) |7 8 (E - E) vgnk £, dEyl ‘/’n(;\l)) (A1-16)
Y
Using
) dQ; k,d (k2)
7o(2m? dE,
——— _ de 1 k'yd(k—f:)
- (27)3 A2 dE,y
and
D
E, 'Eky
then
¢ de
= —k (A1-17)
Toem 7
Using (A1-17) to (A1-16) we have
1 , - 2
= — Zﬁ( b TNy |* K oy (I-2.9)
@n? &

Using the definitions of V’gﬁ‘ and V:‘o?' from equation (I-2.10) and interchanging the

order of integration in (II-2.3) we ob.ta.inA

(II-2.11)

' Xy Lo | X (o x L any I Xoy?
DoY) = Z

- -EM™ 4 (m)
}\ E En>\+11/21_'n">‘\
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and
(m) ky 2
P - Z | Lo ol x40 (-2.12)
5~ (27)
where
= (g 0 [Vl @ vy (I1-2.13a)
¢ g ) A -
al, =< 0, 1Vl @ D (I-2.13b)
ERTHR + 40 7 4R ¢ AR+ e - € ) @214

The differential partial cross section dory is expressed as a function of the inci-

dent angles of the impinging electron by

- -
do_, = (47%) 3,07 ¥)I” A

where

k,f, = k?y, + 2(60y, - eoy)

with the initial and final wavenumbers of the electron given by ky, and k y
respectively.

Because the rotational motion of the molecule is relativély slow, the molecular
orientation is considered fixed throughout the vibrational excitation or de-excita-
tion., If the molecule remains in.the g'round rétational state then the partial cross-
section can be obtained by avefaging__the.transitiqn matrix elements over the

incident angles and integrating the resultant over the sphere of the final angles.

The result is

Ok
o, = (1673)7 k_zﬁ,lso(v’ v|? a0, da, (I1-2.17)
V'
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where the y’s have been replaced by v’s to reflect that the x’s now represent
vibrational wave functions only.

The further assumption that the compound negative-ion state does not depend

on the vibrational state is made. This assumption allows the cross-section to be

written as
| 2
o B, B, k, Z Koy |Xand Xonl X, (1-2.18)
1% —-—3 ﬁ -
with . n 2 n
ry = 2 Bk, (2mY? [ix,, | x 0l (I1-2.19)
£ :_J la,4l* d 0, (II-2.20)
A, = ylaou' |2 q, (II-2.21)

ES\‘) = er(‘lg) + A,‘.S‘) teE,-€ (Re(™) (II-2.,22)

A

where the o’s have been taken outside of the R integrals because they vary slowly
and most of their contribution comes from a narrow range of internuclear separa-
tion R = Re(?), |

Chen used Morse anharmonic Wa§efuncfions for the X’s and approximated the

resonance energy (II~-2.22) by

\ 2
E(D) = e(m 4 A (A +-12-) (™ _ (x +%) W™ x(m . (I-3.3)



88

where «{™ /2 is the zero point energy of the corresponding harmonic oscillator
and the last term is an anharmonic correction. The 8's are found from the set
of linear equations (II-2.19). The cross sections are then determined from
(II-2.18).

The excited field for resonance was identified as the x! z; of N ,+ Once the
excited state is identified the energy scale and averaged peak widths are shifted

and altered by varying two parameters (7’ + A" and (™ until adjustment to

the experimental data is achieved. The values giving the best fit are
651‘(’)’) + Ar(\g‘) =1.89 ev
r(m =0.152ev

These values are then used in the calculation of the cross-sections for excitation
and de-excitation for other levels. (See reference (30) for the corrected figures

for reference (29).)

Al.3 Calculation of reaction rates:

The reaction rate Iij , i8 obtained from the cross section, o by

L = JH Ve oy (Vo) £ (ve) & vy (A1-18)

v, is the electron velocity

where

f (v,) is the distribution function for the electrons (assumed Maxwell-Boltzmann).

Equation (A1-18) when expressed in terms of electron energy, E in Ev, becomes
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3/2 ©
I,. =(1.26574x 107%) 7r< 2 ) 1 Eo. . (E) e B/kTedE (A1-19)
H mk Te Vo o ij

where m_ is the electron mass in grams.

Te is the electron temperature in K

k is Boltzmann's constant. |

Chen presents, in graphical form, ..the cross sections which allow calculation of
(A1-19) for all transitions among the firét five excited levels of N,. Because we are
concerned with moderate electron temperatures, the low energy regions of the cross |
sections are of particulér interest. By using (A1-19) and detailed balancing argu-
ments we may relate the cross sections for excitation and de-excitation in the fol-

lowing way

E -
o (B =) = — - o, (B) (A1-20)

where €5 is the threshold for the j— i transition. Thus, near threshold we should
use de-excitation cross sections in (A1-19) because the low energy tails are more
readily observed. The principal of detailed balance allows calculation of the exci-

tation reaction rate from
I, =1, e (FITEiI/KTe . (A1-21)

The cross-section graphs in Chen's [Sé.per (30) were digitized and numerical inte-
gration of (A1-19) was performed for electron temperatures between 500°K and
10000°K. The identification of the cross sections used are given in Table (1). The

calculated reaction rates are plotted in Figures Al-1 through A1-15 as points.
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It was found that the reaction rates could be adequately reproduced by a four

parameter function of the electron temperature of the form
I.. = Exp <1=1 +T_2+_3+_1) (A1-22)

The four parameters for each cross section of Té.ble (1) are given in Table (2).
Equation (A1-22) reproduces the integrated cross section results, over the elec-
tron temperature range, to better than 40% in all cases. This was considered ac-
ceptable considering the order of magnitude accuracy of the basic cross section
calculations. The reaction rates from (Ai-22) are also plotted as lines in
Figures Al-1 through A1-15, Equations (A1-22) and (A1-21) were used to calcu-

late the reaction rates used in further calculations.



APPENDIX II

SIMPLIFICATION OF THE CONTINUITY EQUATIONS

From section 2.4 we have for the continuity equation of the number of N; in

level i

dn,

i L) = _
Te o Fom )ty by
j=o

+ P 00,1 V1 2 G+ Inyn, -0l
i=o

R SWITRRACERY Z J gy nyy -y onyl

i=1

+Cy v' n [0) [i n_,+ @i+ 1) e‘9/Tn“l

+((1eTrit) nJ (2-22)

These are a set of 6 coupled, non-linear, partial differential equations. The co-
efficients are functions of aititude through the altitudinal dependence of the model
atmosphere and ionosphere parameters.

Each solution to equations (2-22) will be written as a sum of a Boltzmann dis-
tributed density, n, , and a remainder term, €, » to simplify the coupling between

the equations. Thus,

n.=n +e€, (A2-1)

and we require that

Z in; =Z in/ (A2-2)
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Z'ni = Z n! =n (A2-3)
i=0 i=0

Equation (A2-2) and (A2-3), respectively, require the vibrational energy and density
of the Maxwell-Boltzmann distributed density to be the energy and density of the
solution for the set of equations (2-22). Thus, from equation (A2-1) we have using

(A2-2) and (A2-3)

Z i€ =0 (A2-4)

i=0
Z e =0 (A2-5)
i=0
Substituting (A2-1) into the flux term (A2-21) we obtain
F,=F;+3, (A2-6)
where
- I n' |
Fi=op [7nysid] (A2-1)
3 [ i ] A2-8
!'=2-D . - -
3 ity ( )

Substituting (A2-1) into (2-22) and rearranging terms we have

on/

1

; ,
3t +a_§( i)a +_+—(3) _Z {Ai(ni’+€i)

_.'Aji (ni' + Ei)} +P1.o:o,1 vi Z G+ [ni'_l n;;l

i=o0



] ’
N 05+ €y Dyayg

!
- € N0 +€_, €41 = € €.]

. . ’ ] ’ [
+Pp oo 7+ D) ) jlnf, 0l -nf n,

i=1

[} [
t€ar Moy + €509 Ny

- € nj' - €, n'i
v &1 7§ ‘ei] +Cpov'nl0] [i(ni_; +€_))
+G+D /T +e,)-GTriv )@ +6€)] (A2-9)
We have

Using (A2-10) in (A2-9) and rearranging terms we have

Bn d 36
'at +—(F) +st—+—(3) Z{Aij () +€;)
i=o

Ay (0 + €} + Py .01 7 l} €i-1 Z (3 +1)njy,

i=o0

-(i+1)eiZjnj'+ini'_lE G+D ey =G+l ) e

j= j=0 j=1

-ie, Z(J+1)n +(1+1)e‘+lZJn,_l-1n Z(]+1)e

i=o j i=o
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+ 1+ Dngy, 2 jej_1+iei_IZ(j+1) €j+1

i=o i=o
'(i+1)€izjej.’iEiZ(j+1)€j"'(i+1)€i+1 E J €5y

i=1 i=o i=1 (A2—11)
+C v nl0 [i(nl_ +€ D)+ +1) T, +6€,))

~A T i) (n! + )]

Using equations (A2-4) and (A2-5) in (A2-11) the 5th, 6th, 9th, 10th, 11th, 12th, 13th,

and 14th terms on the right hand side are zero. Thus we have

Bni' D - 9 €, 2 -
— (F! LA Y = .. ! .
ot +Bz(‘)’+3t +Bz(81)’ Z{Au (nj +¢€;)
i=o

A (0 + €D} HP Y [{i €,_y - (1+1)¢} Z in

i=1

i=1

+{@E+ D e, -ic€) Zvj n,.'_ljl +Cov'n[0] [i(nf +¢€_))

+ A+ DTl v, ) -G Trit])

(n{ + €,)] (A2-12)

A.2.1 The equation for the Boltzmann part of the solution.

Multiply (A2-12) by i and sum over i to get
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a . r a -—.' _ H ’
s—tZ“S‘(ZF> =) ) e
, . i

i=0

A (0 + €} +P 600 Vl: ;_ jny { 2 [i%e,_,
i=o

i=1

-(i+1) ei]} +Z j nj’_l{Z L@+ e, - i2 ei]}J
i=0

i=1
(A2-13)

+C v’ n (0] [Z {i2 n/_,+i(i+1) /T n;,,
i=¢0
-1 (1 fT4it1)n) +Z{i2 € -i(i+1)e)
' i=0

+ /T i(i+1)e,, -i? ei}:l

where we have used (A2-4) and

4 €, .
. = . v. ._1
E 131 E 1D[€1+H k]

i=0 i=0

€,
- . S
-D [VE 1ei+E 1-—Hk:|
=0 i=o

= 0 (A2-14)

Consider

Z [i2e_,-i(i+1)¢] =Z i? ei'l—Z izei'Ziei
i=0

i=1 iz i=o0

=Z (i+1)2e -Z i e
i=0

i=0
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= Z Qi+De | (A2-15)

i=Q

Also consider

iz=g

i=g0 i=0

= - ie,
z i

i=o0

=0 (A2-16)

Using (A2-15) and (A2-16) in (A2-13) we have

3 ., C= ) . ,
ﬁZ“‘i*a—;Q:‘F‘) =) ) e
2 i=0 j=0

i=0 i=0

- Aji (n{ + ei)} +C1'0 v' [0 Z {12 n/_; (A2-17)
‘ i=0

+i(i+1)/Tnf, i (ieTyislyn)

Consider
(i%nf  +i@+1) T -i(GefTrisl)n)
i=0

= E {G+12nf-i?n{-in{+e/T{i(i-1)n!-i2n}}

i=0
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:Z {(i +1) - i &&/T) n! (A2-18)
i=g .

Therefore equation (A2-17) becomes

9 - 2 ".-*, _ Z : . .
—_— ing +3 < 1.Fi> = Zl{Ai’. (n] + €;)
z

ot z
i=o0 -i=0 j=0

i=0
-A; (0 +€)+Cy v n 0] [Z i+1) ni"
, i=0

- /T Z i ni':l (A2-19)

Let Z, be the partition function for the Boltzmann distributed part of the solution.

Then,
z =_1 (A2-20)
p -a
1-¢€
where
6
- A2-21
* T, . ( )
and T, is the vibrational temperature. Therefore
Z in!= Z il ee
* Z
i=0 i=0 P
_h _e*
Z (1-ey
(A2-23)
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Also
TR S
-_p [vn @, -1+ 2D ] (Az-24)
Consider

Z iZ (A (n + €)= Ay (0] + €0} = (g + &) {Z 1A, d- Bio)}'
ico =0 im0 -
+61){Z1A1(1-51)—ZA a- }
+(né+62){Z iA, (1‘%)-22% (1-8j2)}

i=o i=0

+ (ng

—

+ .

+ (0 + €) {Z PA, (1-38,) -Z kA, (1- sjk)}
i=0 i=o0

+.

o mh ) {Z b At () ) G-D) A}
i=0 i=0 ]
+ (N + €,) {Z (i -2) Ajz} +
i=o0
+ (0 + €) {Z (i -k) Ajk} +
= .

=Z Z (! +€) (i ~i) Ay, (A2-25)
i=0 j=0
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Using (A2-23), (A2-24) and (A2-25) in equation (A2-19) we have

3 2 3 “(Zp-l)]}.
5—tn(Zp _1)+E{—D[é—;n(z"—l)+—*ﬂ

=Z Z(“;“E;)(i'j)Ai,’

i=0 j=0

+Cov'nlol n(Z - +n-eTn(Z -1)) (A2-26)

Let
Y=(z, - 1) (A2-27)
and use
20,
and
(Zp -1 g::_n(zil— 1)

in equation (A2-26) to obtain

dy 9 3 ' .
i=o

i=0

+C ,¥'n (0 n[y+1-e%Ty] (A2-28)

Using

’ n - j
nj=z (€Y
P

=_n ( L )j (A2-29)
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and dividing equation (A2-28) by n we have

3y 1 f3Dn\ 3y _23y? _ : 1 gy V&
ﬁ-—(az ) sz 23, . ZO: [;5‘;—1 (m) ’T]
= &

n i
(i-j)A, +Cy, vin [0l [+ 1-eTy] (A2-30)
The boundary conditions become for: set 1;
initial condition: Y (z, 0) =0
lower boundary: ¥ (120, t) =0
bound : on, niéa n; OJe, ni' €,
upper boun : —_— == -4 _ i
PPe ary oz H oz ¥ oz H H
Using (A2-23)
? ., .0y
CONEIDNE
i=p- i=g0
Using (A2-23) and (A2-27) we have
2 ny -_ny (A2-31)
9z H
z=® z=®
Thus,
o4 -0
z
=0
set 2;
e~0/355

initial condition: ¥ (z, 0) = ————
_ , 1 - e6/355

= 7.329241x 1075
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lower boundary: Y (0, t) =7.329241 x 1075

upper boundary: a—¢'_ = (A2-32)

It is worthy of note that the only coupling between equation (A2-30) and the other
equations is through the ¢, /n term of the source of N’; due to electron collisions.
This fact, and the expectation that €; /n is small with respect to 1 for all j of interest,

will be exploited in the solution of (A2-30).

A2,2 The equations for the deviation parts of the solution.

Returning to equation (A2-12) for the ¢ 's and treating the n’."s as known

quantities we have

- dn
ot i az(gi)zzzmij(“;*ei)‘ P (04 €Ok - =

o =, 1. . .
=35 T+ P00 [{1 €1 - (1 +1) €} Z ) n;

i=1

+{(1+1 €141 ~ i ei} Z j nj'-l] +C1'0 v' n [0] [i (ni'_l

i=1

(A2-33)

FE DA+ DT (nl re, V-G f Tl

v (n,' + € )
Using equations (A2-23) and (A2-27) ive have

’

E 3 = 3
3t it 55 @ Z{A;,(n +€) - A (o +€)}-a—t‘

9 2, . .
57 FD+ P e v i -G+ Dedny
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+{(i+1) €4q — 1 €} n (¢ + 1))

ey v n 0l [i(n,+e )+ +1) /T (nf,, + €4y)
(A2-34)

- (i €T 4i41)(n] + €]

Rearranging terms in (A2-34) and dividing by n/, we have

o o€ o\ €
I e e RCTH (|
1 1

L—a—é +ii

n 9t * n! 9z ' 7

i i = o i i
L2l gy, i vn{(2i+1)y
n; a t nl a V4 17z ' 110:0,1 N
i i

+i} +C, v’ nl0-d /T + i+ 1))

€. n/
+ i=-1 i-1 R , .
) 7 [Py o0, ¥iny+C v n (0] ]
e

€i+1 nil+1 ) R , o/ s
[Py 01N A+ 1) W+ 1)+Cy ;v n[0]-T (i +1)]

!

Ny 0y
Ny . P ng,y . 6 .
+C v ' nlf0l | i + A+ 1D)fT T _(1f/Tris]) (A2-35)
' n’ n/
1 1
- Consider
€,
; _i :._1_ E& - Ei‘ a n'
t ,' ni’ ot (n'l)Q §—t i
thus ot
Q €, 3 ﬂl' €,
LR SR A B (A2-36)
r 9t 3t e nlnlot
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Also
€. 1 €
V._I:_V& - * Vn'
nj nf (n})?
Therefore (A2-37)
Ve, =n' V_1 +__i_an
n{ n;
Therefore
P e, €
—— @), =12 |_p{ s
n} 0 n! 9z i oz * H
la’D Iaei elan' el
"n,a_z - {n‘ Bz; n’ Bz+H
1 D [~ D € Ei 3nf n'
=— — |-Dn——2_D-2 1L (A2-38)
n' az z nl nl az H
Let
€,
9, =— (A2-39)
n{
then (A2-36) and (A2-38) become, respectively,
de.
1 i 9 1
— - 4= — ' A2-40
n;at atq’**.q’xat* ( )
and
1 9 13 3 [on; nj
— —(y.). =— — |-Dn! —— 9. - Do, L2 -
o 32 ¥v;), w52 [ n; 5,9 - Do { 57+ H}] (A2-41)

Using (A2-39), (A2-40), (A2~41) in (A2-35) and rearranging terms we have

d 3?2 1 3 1 on! . nfl 9.
— ., - D__ Q. - ——D : "—D 1 1. 1
ot ¥ 22 7 [n: oz Mt n oz * HJ oz

193, 13 [ fo n
[t ﬁ{"(&‘*?}}* BTN

j=0

+P 00, vn Qi+ DY+ i} +C gv'nl0] (1e¥T 4y 1)] P,
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on;]
E : 6 1
{A” (1+cp)e(’ 1) /TV } (1_8”) —
n

i

o9n! n!
: 1 8 i i 8/T .
o az{ D(az ¥ H)} + 0y e [Py ,0:0,10 iy

+C o v'nl0l i) + o, e %/Tv [p

1,0:0,1 V“(i_ + D+ 1)

+C, o v'nl0] /T (i + 1)] +C, o ¥'nl0] [i %/

G+ D) TV (18T 404 1) (A2-42)
Consider
on' i
i' 3-1 where n; =n ——\'b———
nj Yy (¢, + 1)J+1
A% 1o fi i1} (A2-43)
n' 9% n?dy (¥ y¢y+1f %y
Thus, if y =t
AN (4 _d+1) o4 (A2-44)
n; t Y Y +1) 9t
andify =12z
190 1 i_d+1) ¥y
n; oz - —-ﬁ-+ E \p + 1} (A2"45)

Using (A2-44) and (A2-45) in (A2-42) and collecting terms we have



32 3D 1 ioied ?ﬁ] 99,
gz;(pi—l:g+D(-ﬁ+2{¢-¢’+l} 9z 9z
B (4

[w Y +1) ot ¥ ¢'+ H
i i+ +1} )} ____} a_sz_D-(a_"z’>2 {_i
{¢ s+ b Y1) 52 3 Uy

, @ +1)}Jr Z A, (L-8,) 4P (o wn{2i+1)¢+i)

j=0 n

i i+1\ ¥y a¢ 1+1}{ p [[1
i ¢'¢+1> ot {¢ b1) 1327 {H
i+ A 1- _ i 141 ﬂ
¥ LIf+1} } Z i € v slf+} 2

9z
a¢) {L+ i+1} + P, vn{(2i + 1) ¢ + i}
<Bz 2 0 1,0:0,1

+C v'nl0] (i 9T 4 iy 1):| +P g0 vn {21+ DY+ i}

, . 6T . 6/T-6/T /1
+C, o v'nl0] [1e Vi(@+l)e v] + 0,87 [P1.o:o.1

N} . -GT .
+C1'°V n [0] 1] + P4y € /Ty [Pl.o:o.lvn'(x +D W+

+C o' nl0] T (i 4+ 1)]

. =(ji-iyo/r
1,0 ¥'n 0] (iee/T+1+1):I 9; = 2 {Ai,- (1+o)e S v}(l'sij)

vn, Yy

(A2-46)
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The boundary conditions for the €,'s are, by assumption, identical for set 1

and set 2 boundary conditions for /. For

initial condition 9, (z, 0)=0 for all i
lower boundary 9,(120, t) =0 foralli
on, n,
upper boundary _ =t
dz ‘H
th ‘ '
1S an; O€, n,

using (A2-45)

thus

using equation (A2-32) we obtain

de, €.
1 =2
9z |,y Hi _,
now using (A2-~37) and (A2-39) we have
129 40 il—i- -9 i:
i3z 71 13z iy

thus, using (A2-45)

a . . n.
n. ——z-.(]pi + (jpi n; {__];+‘(i_ 1+ l)ﬂ —_(p._l_
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again using (A2-32) we have-

or

i

oz

=0 foralli (A2-47)
z=¢

From equation (A2-46) it is seen that all solutions are coupled through the
electronic source term and that only those levels adjacent to the level of interest
are coupled through vibration-vibrational or vibrational-translational energy ex-
change terms. If  is assumed known, then equation (A2-46) represents 4a set of 6,

coupled, linear, partial differential equations for the €, 's.



APPENDIX II

CONSTRUCTION OF FINITE DIFFERENCE EQUATIONS

To numerically solve equations (A2-30) and (A2-46) we will use the finite dif-
ference approximation of Crank and Nicholson (see reference (36)). This particular
choice was made because, in a linear problem, the errors are of order two in both

the time and space step, and the solutions are expected to be unconditionally stable.

A3.1 Finite difference form,the | equation.

Equation (A2-30) becomes in six point finite difference form with
¥ = y((d - 1)dz, (m-1)At) £=1,2 -+, L
m=1,2 -, M (A3-1)

where Az is the altitudinal space step size and At is the time step size

meﬁ ‘p:ﬁ 1 [(9Dn
At - q ( ) 2Az {¢'m+1 l’%—}

(v - 23 gl 93, - 3 4R

2(A )2

L [N e
7= o Wt l\E 1) "

and the subscript £ and superscript m mean that the quantities are evaluated at the

altitude 120+ ({-1) Az and time % (m-1) At, respectively. The term e, /n has been
retained in the source term in (A3-2) for completeness. Solving for the m+1 super-

scripted terms in (A3-2) we have

123
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Dy Ot m+1 D{At nt+l D’ﬂAt m+1
- ¢’€+1 + Qb 2 ‘/’{ - 2 L'b/ﬂ-l
2(0z)? (Bz) 2(Az)

“Voway g 3y 2mzf Yin
Dy Ot Dgat 4 (ann
1- o+ -— %
¥ { (Az)2} 4 {2(Az)2 ny Ez),g 28z [ T4~

p3\  feo
+ At Z Z 1 i W (i-j)A;; (A3-3)
j=0  i=0 ¢2+1 ¥+ 1 "

Let
Ap = Dt (A3-4)
2(0z)?
Dy At
B{ = + 1
(bz)?
=14+2A; (A3-5)

Dy = A£+L<ED_“) }lp{“ {1_2A,€}¢2

n, 9z ,ﬁAz

BDn
{Afﬁ “ny az A 2Az} i1

L Ot Z Z 1 7 > Sila-na, (A3-6)
770 1m0 | ¥p.+1 ¥+ 1

Thus (A3-3) becomes

AL By <AL v <) -
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The boundary conditions become

set 1 set 2
m=1 =0 % = 7.329241 E - 05
£=1 Y™ =0 Y™ = 7.329241E - 05
(A3-8) {4 =L Yr g =0 Ym oy =0

Let

£ m_|2D 1 i oY
ai'[‘az““n('u+2 T }az)l&m

/{’,ﬁm_[(i 1+1)a¢, Y i+1) (3D
S A NVRRVANE Y T'"a?{?'wl}{a‘i

o (T e G ra
’D(%g{-ﬁ (w+1>2} ; fa G

+P 0.0, v0{Qi+ DY+ i+ C v nl0] (iee/T+i+1)]

{72‘:[2 {A; Ao ™V s oy Apn

=0

+P) 00,1 vn {21+ 1) Y+ i} + C (v'nl0] {i e?/Tv

e9/Tv (p

. 6/T-6
rA+D e’ /T"} + 90y

1,0:0,1 YNiVY

+Cy o v nl0] il 40, ™ [P, (o vn(i+1) W+ 1)

+C g v nlo] /T (i 4 1)]}
D

(A3-9)

(A3-10)

(A3-1i)

(A3-12)
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Using (A3-10) through (A3-12) and expressing (A2-46) in finite difference

form we have after some rearrangement of terms

_ Dy At /ﬁ+1cp?+1 + Dy At 2 fﬁ(pl_nﬂ _ Dy At /F’_lcp'f‘“
2(Az)? (Az)? 2(0z)?

Dy At Dy A
= /ﬂ +,£(1m /E+1(pm [ ’F/ i
2(AZ)2 2AZ (Az')2

Dy At
_’ﬁgf At] /{,'CP? + l: )f' _’f«am At] ’ﬁ‘lq)r;

2(AZ')2 i 2Az

4

s Dym e (A3-13)
Let
Dy At
ta - 2 (A3-14)
2(Az)?
Dy At
B 1.2 (A3-15)
(8z)?
=14 2%

Dy At Dy At
e - [_4;_ p Yan BE | Drign [1 T Ageael tep (as-16)
2(AZ)2 20z (AZ)2 1

am -1 ’ﬁ m
! [2(Az')2 Q—A—Z} O

Thus equation (A3-13) becomes

r{’,A)\ﬂ m1 'F’B Lo mt1 '{’,Ai 'ﬁ-l(p?i'l =fﬂc.;. (A3-17)
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for all i

foralli

foralli

(A3-18)



APPENDIX IV

COMPUTER PROGRAM LISTINGS

BOLTSOL

C THIS PROGRAM CALCULATES THE 00000100

C VIBRATIONAL TEMPERATURE, AND NUMBER DENSITY 00000200

C OF VIBRATIONAL QUANTA PRODUCED BY SLOV ELECTRON 00000300

c COLLISIONS FOR VIBRATIONAL NITROGEN. 00000400

C THE SYMBOLOGY IS THAT CONTAINED IN THE ANALYTICAL 00000500

c FORMULATION OF THE PROBLEM. 00000600

C THE DIMENSIONS OF PSI WILL CHANGE WITH THE UPPER ALTITUDE 00000700

c LIMIT,ZUPPER,THE STEP SIZE,DELZ. 000008V

o TIMEX IS THE MAXIMUM TIME AND DELT 1S THE TIME STEP. 00000900

C PSI SHOULD BE DIMENSIONED ACCORDING TO PSI(IALT, 2 ) WHEKE 00001000

o MINIMUM VALUE OF IALT IS 00001100

C IALT = 1. + (ZUPPER - 120.)/DELZ 00001200

C IPMOVE IS (ARRAY SIZE)*BYTES*(NUMBER OF ARRAYS). 00001300

C ALL OTHER ARRAYS ARE DIMENSIONED FOR A 10. KM. DELZ. 00001400

o MMMTIN GOVERNS THE PRINTER LISTING AND PLOTTING FREQUENCY. 00001500

o TCHANG IS THE TIME AT WHICH THE STEP SIZE IS CHANGED 00001600

C TO DELT2 FROM DELT,. 00001700

o ITFLAG IS A FLAG TO INDICATE TO TYHE PROGRAM THAT HMORE 00001800

c THAN ONE TIME STEP IS USED. 00001900

o IFLAG IS RELATED TO ITFLAG AND IS INITIALLY SET TO ZERO. 00002000

o ICFLAG IS A FLAG TO INDICATE TO THE PROGRAM THAT A CORRECTION 00002100

C USING RESULTS FROM PROGRAM BOLTDEV IS TG BE APPLIED TO 00002200

C THE SOURCE TERM OF THIS PROGRAM. 00002300

REAL *4 NEDyNIsINTyNZyNEsMBARyN2ZyNZ14NZ2yMBARLyMBAR2,NOZ 00002400

LOGICAL*]1 IMAGE(5151) 00002500

DIMENSION RAID(8)4TED(80)+ZD(10)NED(45) 00002600

c sGAMIZD(70Y yW(15)¢X(15),Y(15),2P(15) 00002700

c ,101(15),102(15),2(89),NDZ(89)yRATEDE(89),RATEOD(89) 00002800

o yTEI(2) 4 TE(BY)4NZ(6)4NE(8Y)yA(BY) 00002900

o sNZL(6) ¢y NZ2(6)9P1{646)4P2(6496)9P3(646)4P4(6,6) 00003000

o 2 INT(646)4E(10),B(89),C(89),D1(89),D2(89) 00003100

c »D3(89), D(89),D1{89),PS1(89,2) 00003200

o 1EC(89)4F(89),TV(90}+QUANTA(89)4N22(89) 00003300

o 2 T22(89), ALPSI(90),GRID(8281),CORR(89) 00003400

o 2 ALN2Z(89)+ALNE(89) s ALQUAN(89),DSOUR{89),DSOURC(8Y),TV1(1) 00003500

_ X ,PHI(6,21),EPSIL(6,21),NBOLT(6,21),SUMC(e,b),G(1),N211(1) 00003600

C DATA INPUT,. 00003700

READ (5,14END=90000) RAID _ 00003800

1 FORMAT (F5.1) 00003900
WRITE (6,2 )RAID 00004000 .

2 FORMAT ('1',8F6.1) 00004100

READ (5,3,END=90000) TED 00004200

3 FORMAT (F6.0) 00004300

WRITE (644) TED 00004400

4 FORMAT (*0',10F7.0) 00004500
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READ (5455,EMD=90000) ZD
5 FORMAT (F5.0)
WRITE (6,4,6) 20
6 FORMAT (*'0'4y10F6.0)
READ (547,END=90000) NED
7 FORMAT (ELll.5)
HRITE (648) NED
8 FORMAT ('0'410E12.5)
READ (5,10,END=90000) GAMIZD
10 FORMAT (E13.7)
WRITE (6411) GAMIZD
11 FORMAT ('0'48El4.7)
READ (54124END=90000) DELZZUPPERYDELTyTIMEXyMMMTIN, ITFLAG
X s TCHANG4DELT2,ICFLAG4RATEQG
12 FORMAT (F4.03F5.04F6e09FT7Te09149124F7404F6.0412yE102)
WRITE (6913)DELZ9yZUPPERGDELT»TIMEXyMMMTIN, ITFLAG, TCHANG,DELTZ2,
X ICFLAGyRATEQ
13 FORMAT {('0'sF4.09F5.09F6e0yF7e09149124F7404F6.04124E10.2)
READ (5,14,END=90000) DII,TIsNI,ENU,TOO
14 FORMAT (F6.49F6.03E13.73F5.349F5.0)
WRITE (6,515) DIT1,T1.NI,ENU,TOO
15 FORMAT ('0!'3Fbe49F6e09EL13e79F5.34F5.0)
READ (54164,END=90000) E
16 FORMAT ((1X4F6.4))
WRITE (64917) E
17 FORMAT ('0'y10(1XsF6e4))
READ (5418,END=90000) (WIN)yX(N)sY(N)sZP(N),
C IDL(N) s ID2(N)sN=1415)
18 FORMAT (1X94E14.693X,211)
WRITE (6419) (WIN)sXIN)sY(N)9ZP{N)+IDL(N)sID2(N)yN=1,15)
19 FORMAT ('0',1X,4E14.643X,211)
READ (5420,END=90000) RAI
20 FORMAT (F5.1)
WRITE (6421) RAI
21 FORMAT ('0'yF5.1)

C RECONSTRUCTION OF THE INTEGRATED CHEN CROSS-SECTIONS

PARAMETERS.
WRITE (6426)
26 FORMAT (104 32X e IDY 92X VITT 42Xy JJJ? 98Xy *PLY 99Xy P21,
c 13X, 'P3,12X, "P4")
DO 2700 1M=1,15
IIT = ID1(IM) + 1
JJJ = 1D201M) + 1
PLIIIIsJJd) = WCIM)
P2U1I1,J4d) = X(IM),

00004600
00004700
00004800
00004900
00005000
00005100
00005200
00005300
00005400
00005500
00005600
00005700
00005800
00005900
00006000
00006100
00006200
00006300
00006400
00006500
00006600
00006700
00006800
00006900
00007000
00007100
00007200
00007300
00007400
00007500
00007600
00007700
00007800
00007900
00008000
00008100
00008200
00008300
00008400
00008500
00008600
00008700
00008800
00008900
00009000
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Y{Im)
ZP (1)

P3(IIT,44J)
P&(ITl,JJJd)

2700 WRITE (6427} IOLCTM) 9 ID2(10) 3111 43JddsPL(IITdJd)

C

2P2OITT40JJ) 9 P30TIT4JJ0)4yP4ITII1,JJJ)

27 FURMAT ('0192X921143X91143XI1y1P4E1446)
C TEST MF RAT  FOR TABLE RANGE.

2100
22

23
2300
C SET

2900

DO 2100 1=1,7
I =1

IF (RATLGELRATID(I) «ANDeRATLLTLRAID(I+1)) GO TO 2300

WRITE (6422) -
FORMAT (P11, 'RAT NOT WITHIN TABLE RANGE?Y)
VRITE (6423) RAI

FORMAT (Y0'4F6.1)

STOP

CONTINUE

DIAGONAL ELEMENTS OF INTEGKATED CKROSS-SECTION MATRIX

TO ZERU.
DO 2900 1IK=1,6
INTIIK.TIK) = O.
IPMOVE = 89%4%]

"IFLAG = 0O

MLOW = 2

BK = 8.61703E-05

THETA = 3380,

MiMAX = TCHANG/DELT

MMM IN = O

DIFI =(DII*NI)/(TI%*%0.75)

CALL JACH2 (Z,TOO9TZyNZyMBARyRHOZ 4HZ)

C CALCULATIUN OF TIME INVARIANT COEFFICIENTS AT EACH

c

VERTICAL GRID POINT.
LMAX = 1 + (ZUPPER - 120.)/DELZ

3900 WRITE (6441)
41 FORMAT (10" 35Xy "OIFFY 3 10Xe "AY 412Xy %8B 4312X,! 'C'y12X,

c

'D1'912X9'D2' 510Xy 'D31, S5X, L")
DO 2000 L=1,LMAX
Z{L) = 120. + (L -1)%DELZ

C TEST OF Z TO BE WITHIN TABLE RANGES.

2400

24

25

DD 2400 K=1,9

IF (Z(L).GEZZD(K)AND.Z(L)4LT«ZD(K+1)) GO TO 2500
WRITE (6424)

FORMAT ('1',"ALTITUDE IS NOT WITHIN TABLE RANGE V)
WRITE (6,25) 7Z{(L)

FORMAT ('0'y F5.0)

STOP

2500 1K = K

00009100
00009200
00009300
00009400
00009500
00009600
00009700
00009800
00009900
00010000
00010100
00010200
00010300
00010400
00010500
00010600

©00010700

00010800
00010900
00011000
00011100
00011200
00011300
00011400
00011500
00011600
00011700
00011800
00011900
00012000
00012100
00012200
00012300
00012400
00012500
00012600
00012700
00012800
00012900
00013000
00013100
00013200
00013300
00013400
00013500
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I =K+
C CALCULATION OF TEI.
C TEI INDEX IS THE LINE NUMBER.
C OF THE PLOTTED ELECTRON TEMPERATURE DATA.
DD 2600 LL=1,2
2600 TEI(LL) = GAMIZD(IK + 10%(II-1) + LL - 1)
C #(RAI - RAID(II)) + TED((II-1)%10 +IK+LL-1)
C CALCULATION OF BETAZI AND THE ELECTRON TEMPERATURE.
BETAZI = (TEI(2) -~ TEI(1))/(ZD(IL) = ZD(IK}))
CTE(L) = BETAZI*(Z(L) -~ ZD(IK)) + TEI(L)
C CALCULATION OF ELECTRON DENSITY.
DO 100 1T=1,44
ITESTL = 20.%(1T-1) + 120.
ZTEST2 = ZTEST1l + 20.
IF ( Z(L)eGELZTESTL.ANDLZ(L)LELZTEST2) GO TO 200
100 CONTINUE
WRITE (6451)
51 FORMAT ('0',YALTITUDE FOR NE CALCULATION IS QUTSIDE TABLE?')
WRITE (6452) Z(L) :
52 FORMAT ('0'$2XsF6.0)

STOP

200 ITT = IT
GRADNE = (NED(ITT+1) - NED(ITT))/20.
NE(L) = GRADNEX(Z(L) - ZTEST1) + NED(ITT)
ZA = Z(L)

CALL JACHZ(ZA1TDU;TZyNZ,MBAR,RHUZ,HZ)
N2Z(L) = NZ(1)
NOZ(L) = NZ(3)

SUMNZ = NZ(1) + NZ(3)
TZZ(L) = TZ
RATEOD(L) = RATEO®NOZ(L)

RATEOE(L) = RATEOD(L)*EXP(-THETA/TZZI(L))

C CALCULATION OF DIFFUSION,A AND B COEFFICIENTS.
DIFF = DIFI®*(TZ%%0.75)/SUMNZ
A(L) = (DIFF * DELT)/(2. *({DELZ*1.E+05)%%2.))
B(L) = 1o + 2.%A(L)
IF(L.EOQ.1) GO TO 2000

CALCULATICGN OF DERIVATIVE OF PRODUCT OF DIFFUSION
COEFFICIENT AND MOLECULAR NITROGEN DENSITY
WITH RESPECT TO ALTITUDE.
Z1 = Z(L) — 0.5%DELZ
12 = Z{(L) + 0.5%DELZ .
CALL JACH2 (Z14TO0,TZ14NZ14yMBARLsRHOZ1,HZ1)
CALL JACHZ (ZZ,TUD’TZZ9NZ?,HRAR21RHUZZyHZZ)
SUMNZL = NZ1(1) + NZ1(3)

[aEaNe!

00013600
00013700
00013800
00013500
00014000
00014100
00014200
00014300
00014400
00014500
00014600
00014700
00014800
00014900
00015000
00015100
00015200
00015300
00015400
00015500
00015600
00015700
00015800
00015900
00016000
00016100
00016200
00016201
00016300
00016400
00016401
00016402
00016500
00016600
00016700
00016800
00016900
00017000
00017100
00017200
00017300
00017400
00017500
00017600
00017700
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SUMNZ2 = NZ2{1)} + NZ2(3) 00017800

DIFF1 = DIFI*(TZ1%**0.,75)/SUMNZ1 00017900

DIFF2 = DIFI*(TZ2%%0.,75)/SUMNZ2 00018000

DERIV = (DIFF2%NZ2(1) - DIFF1%#NZ1(1))/(DELZ*1,E+05) 00018100

C CALCULATION, OF C AND TIME INDEPENDENT PARTIAL D COEFFICIENTS. . 00018200
C{L) = (DERIV*DELT)/(2+%(DELZ*1.E+05)%NZ(1)) ' 00018300

DL(L) = A(L) + C(L) 00018400

D2(L) = 1. — 2.%A(L) ) 00018500

D3(L) = A(L) - C(L) 00018600

WRITE (6442) DIFF9A{L)sBI(L)sC(L)yDI(L)yD2(L)sD3(L),yL 00018700

42 FORMAT ('0'41P7E13.5,13) 00018800
2000 CONTINUE 00018900
C(1) = C(2) 00019000.

D1(1) = A(1) + C(1) 00019100

D2(1) = 1« - 2.%A(1) 00019200

D3(1) = A(1) - C(1) 00019300

WRITE (6461) 00019301

61 FORMAT ('1'42Xs*ALT'y6Xy'RATEQE y8Xs'RATEOD 95X, 'N(O) ) 00019302
WRITE (6462) (Z(ILN)oRATEOE(ILN)yRATEOD(ILN)yNOZ(ILN)yILN=1,LMAX) 00019303

62 FORMAT ('0'4yOPF5.041P3E13.5) 00019304

IF (IFLAG.EQ.1) GO TO 3950 00019400

C CALCULATION OF EC AND F COEFFICIENTS FOR INITIAL TIME STEP. 00019500
C LLL IS THE ALTITUDE STEP INDEX. 00019600
EC(1) = O. : 00019700

F(1) = 7.329241E-05 00019800

WRITE (6443) 00019900

43 FORMAT ('1'96Xs'DI'910Xy'EC" 910Xy 'F'y10Xy *DENOM' 910X,y 'LLL") 00020000

DO 3200 LLL=1,LMAX ' 00020100

C SET DSOURC TO ZERO. 00020200
DSOURC(LLL) = 0. ’ 00020300

C CALCULATION OF INTEGRATED CHEN CROSS-SECTION VALUES 00020400
C AT ALTITUDE OF INTEREST. 00020500
BKTE = BKxTE(LLL) 00020600

RTE = 1o./TE(LLL) : 00020700

RTEZ2 = RTE*RTE 00020800

RTE3 = RTE2*RTE 00020900

DO 2800 IN=1,15 00021000

119 = IDLCIN) + 1 00021100

JJI = ID2(IN) + 1 00021200

INT (11J9JJ1) = EXP(PL{IIJeJJI) + P2(I1JyJJI)*RTE 00021300

C + P3UIIJsJJI)*RTE2 + P4(11J,JJI)*RTE3) 00021400

2800 INT(JJILIIJ) = INTUIIJeJJIIREXP(=(E(JJIT). = E(IIJ))/BKTE) 00021500
C CALCULATION OF INITIAL SOURCE TERM DI. 00021600
SUMST = 0. 00021700

DD 3400 IIL = 1,6 00021800
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SUM = (TIL=-1)*INT(IIL,1)*NE(LLL) ) 00021900

3400 SUMSI = SUMSI + SUM 00022000
DI(LLL) = SUMSI*DELT + RATEOCE(LLL)*DELT#*(F(1) + 1. - 00022100

X . FOL)YXEXP(THETA/TZZ(LLL))) ) 00022101

C END CALCULATION OF INITIAL SOURCE TERM AT ALTITUDE DENOTED BY LLL. 00022200
IF (LtL.EQ.1} GO TO 3200 00022300
DENOM = B(LLL) - A{(LLL)*EC(LLL- 1) 00022400
EC(LLL)= A(LLL)/DENOM 00022500
FlLLL) = (DI(LLL) + A(LLL)*F(LLL -1))/DENOM 00022600
WRITE (6944) DI(LLL)SEC(LLL)»F(LLL),DENOMyLLL 00022700

44 FORMAT ('0',1P4E13.6,413)- 00022800
3200 CONTINUE : 00022900
C CALCULATION OF INITIAL PSI. 00023000
MMM =" 1 . 00023100
LLMAX = LMAX - 1 ) 00023200
PSI(LMAX=141) = F(LMAX-1)/(1le.—-EC(LMAX-1)) 00023300

DO 3500 NNN=2,LLMAX 00023400

NNNN = LMAX = NNN : 00023500
PSTI(NNNNy1) = EC{NNNN)®PST{NNNN+1,y1} + F(NNNN) ’ 00023600
NNNNA = NNNN  + 1 00023700
TVINNNNA) = THETA/ALOG((PSI(NNNNA; 1 )+1.)/PSI{NNNNA, 1 1)) 00023800
QUANTA(NNNNA) = N2Z(NNNNA)*PST{(NNNNA, 1 ) 00023900

3500 CONTINUE 00024000
PSI(LMAXs1) = PSI(LMAX = 1,1) 00024100
PSI(LMAX+141) = PSI({LMAX,1) ) 00024200
TVILMAX ) = THETA/ALOG((PSI(LMAX 5 1 )+1.)/PSI(LMAX 4 1 )} 00024300
Tv(l) = 0. 00024400
QUANTA(1) = O. 00024500
QUANTA(LMAX ) = NZ2Z(LMAX }*PSI(LMAX , 1 ) 00024600

C WRITE RESULTS ON OUTPUT TAPE. 00024700
WRITE (10) (Z(ILNY9TZZ(ILN)yTE(ILN) »TVIILN)sN2Z(ILN}yNE(ILN) 00024800

C QUANTA(TILN)#PSI(ILNy 1 )yDI(ILN)sDCILN)yMMMsDELZ, 00024900

X MMAX 3 DELT s IFLAG,ILN=1,LMAX) 00025000
WRITE (6434) ) 00025100

34 FORMAT ('1'42Xs'ALT', 2X9PTV 46Xy 'TEY, 00025200

c 4X9 1TV Yy 4X9e*N(N2)'y 8Xye'NE'y 12X, 'QUANTAY, 00025300

c "9X9'PSI'y 5X,YSOURCE INT',5Xy'SOURCE'y5X, 'ELEC SOURCE", 00025400

X 2Xs 'CORRECTION') 00025500
WRITE (6935) MMM yMMAXDELTyIFLAGyICFLAGyMMMIN 00025600

35 FORMAT ('0'96X91496Xs1446XsF6e0+6X43125,12414) 00025700
WRITE (6928) (Z(IKN)yTZZ(IKN)$TECIKN) 3 TVIIKN)yN2Z(IKN)sNECIKN) 00025800

C sQUANTA(IKN) g PSI{IKNy 1 )4DICIKN)yD(IKN)}yDSOUR(IKN]), 00025900

X DSOURC(IKN) yIKN=1,LMAX) 00026000

28 FORMAT (' ',0PF5.040P3F640+1P8E13.5) 00026100

C - CALCULATION OF COEFFICIENTS AND PSI FOR OTHER TIME STEPS. 00026200
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C MMMT IS AN INDEX CONTROLLING THE AMOUNT OF PRINTED OUTPUT. 00026300
C MMM IS THE TIME STEP INDEX. 00026400
MMMT = 2 00026500
IF (ICFLAG.EQ.O0) GO TO 3950 00026600
READ (114END=9000149ERR=90002) MMMIN,DELT1,LBOUNDsDELZ1,DELZ2, 00026700
X LINCo(G(1)9N2Z1(1)sTVI(L) (I sPHICIILN}yEPSIL(TI4ILN), 00026800
X NBOLT(I9ILN)9I=196491)9ILN=1yLMAX) 00026900
3950 DO 3600 MMM=MLOW,MMAX ' 00027000
DO 3700 LLLL=1,LMAX 00027100
IF (LLLL.EQ.1) D(1)=D1{1}*PSI(2, 1 )+DI(1) 00027200
IF (LLLL.EQ.1) GO TO 3700 00027300
C CALCULATION OF INTEGRATED CHEN CROSS~SECTION VALUES 00027400
C AT ALTITUDE OF INTEREST. 00027500
BKTE = BK*TE(LLLL) 00027600
RTE = le/TE(LLLL) : 00027700
RTE2 = RTE*RTE 00027800
RTE3 = RTEZ*RTE 00027900
DO 3801 IJK=1,15 00028000
INI' = ID1(IJK) + 1 00028100
INJ = ID2(1JK) + 1 00028200
INTOINIZINJ) = EXP(PL(INIoINJ) + P2{INI,INJ)*RTE 00028300
C + P3(INI,INJ)*RTE2 + P4(INI,INJ)*RTE3) 00028400
3801 INTCINJSINI) = INT(INILZINJ)*EXP(-(E(INJ) — E(INI))/BKTE) 0002
C CALCULATION OF D COEFFICIENT AT ALTITUDE LiLLe. 0002
SUMST = 0. 0002
DD 3901 IIII=1,6 0002.
D0 3901 JJJJd=146 . 0002
SUMS = 14/(PST(LLLLy . 1 ) + le)*((PSI(LLLLy .1 )/ 0002
C (PSI(LLLLy 1 )#1e))#x(JJJJ=10)*(II11I-JJJS) 0002
"C ®INTOIITI»JJJJIENE(LLLL) 0002
3901 SUMST = SUMST + SUMS 0002
' IF (ICFLAG.EQ.0) GO TO 1500 0002
1100 IF(MMM—-MMMIN)1500,1200,90003 0002
1200 SUMT = 0. 0002
DO 1300 1I=1,6 0002
D0 1300 JJ=1,6 0002
SUMC(I19JJ) = INTUIToJJ)ENE(LLLL)*EPSIL(JJyLLLL)*(II~gJ) 0002
1300 SUMT = SUMT + SUMC(II,JJ) 0003
CORR(LLLL) = SUMT/N2Z(LLLL) 0003
DSOURC(LLLL) = CORR(LLLL)*DELT 0003
IF (LLLL.EQ.LMAX) GO TO 1000 0002
GO TO 1600 6003
1000 READ (114END=90001,ERR=90002) MMMINsDELT1,LBOUND,DELZ1,DELZ2, 00032
X LINCy(G(1)4N2Z1(1)sTVL(L)y(I14PHI(I4ILN)yEPSILITIoILN), 0002

X NBOLT(IyILN)»I=1,641)9ILN=1,LMAX) 000z
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G0 TO 1600
1500 DSOURC(LLLL) = 0.
1600 CONTINUE
DSOUR(LLLL) = SUMST*DELT + DSOURC(LLLL)
DILLLL) = DL(LLLLI*PSI(LLLL+ly 1 ) + D2(LLLL)*PSI(LLLL, 1
c + D3(LLLLI*PSI(LLLL=1y 1 ) + DSOUR(LLLL)
X + RATEDE(LLLL)*DELT*(PSI(LLLLs1) + 1.
X - PST(LLLLyL)*EXP(THETA/TZZ(LLLL)))
DENOM1 = B(LLLL) = A(LLLL)*EC(LLLL-1)
EC(LLLL)= A(LLLL)/DENOM1
FOLLLL) = (D{LLLL) + A(LLLL)*F(LLLL-1))/DENOML
3700 CONTINUE
C CALCULATION OF PSI, VIBKATIONAL TEMPERATURE,ETC.
PSTILMAX=1y 2 ) = F(LMAX=1)/(1e=EC{LMAX=1))
PSI(LMAX, 2 ) = PSI(LMAX-1, 2 )
PST(LMAX+1y 2 ) = PSI(LMAXy 2 )
DO 4000 INN=2,LLMAX
NNNNN = LMAX = INN
PST(NNNNN, 2 ) = EC(NNNNN)*PSIT(NNNNN+1, 2 ) + F(NNNNN)
NNNNM = NNNNN + 1
TVINNNNM) = THETA/ALOG((PSI(NNNNMy 2 )+1.)/PSI{NNNNMy, 2 ))

4000 QUANTA(NNNNM) = N2Z(NNNNM)}*PSI(NNNNM, 2 )
TVILMAX ) = THETA/ALOG((PSI(LMAX s 2 )+1.)/PSI(LMAX , 2 })
Tv(1l) = 0.
QUANTA(L1) = 0.
QUANTA(LMAX ) = N2Z(LMAX )%PSI(LMAX 4 2 )

c WRITE RESULTS ON OUTPUT TAPE.
WRITE (10) (Z(ILN)sTZZ(ILN)+TE(ILN)sTV(ILN)sN2Z{ILN) 4 NE(ILN),
C QUANTA(ILN) 9PST(ILNy 2 )yDI{ILN)yD{ILN)sMMM,yDELZ,
X © MMAXsDELTIFLAG, ILN=14LMAX)
C TEST FOR PRINTING AND PLOTTING.
IF(MMMeNE.MMMT) GO TO 3600
MMMT = MMMT + MMMTIN
WRITE (6434)
WRITE (6935) MMM MMAXDELTyIFLAGyICFLAGyMMMIN
WRITE (6428) (Z(IKN}yTZZ(IKN)¢TE(IKN) ¢ TVIIKN)sN2Z{IKN}yNE(IKN)
C yQUANTA(IKN) yPSTI(IKNy 2 )9DLIIKN)¢DUIKN)»DSOUR(IKNY),
C DSOURC(IKN) s IKN=14LMAX)
C CONSTRUCTION OF PRINTER PLOTTER ARRAYS.
DO 4100 IMN=2,4LMAX
ALPSTI(IMN) = ALOGLO(PSI(IMN, 2 ))
ALN2Z(IMN) = ALOGLO(NZ2Z(IMN))
ALQUAN(IMN) = ALOGIO{QUANTA(IMN))
4100 ALNE(IMN) = ALOGLO(NE(IMN})
C PRINTER PLOTTING.

00030800
00030900
00031000
00031100
00031200
00031300
00031301
00031302
00031400
00031500
00031600
00031700
00031800
00031900
00032000
00032100
00032200
00032300
00032400
00032500
00032600
00032700
00032800
00032900
00033000
00033100
00033200
00033300
00033400
00033500
00033600
00033700
00033800
00033900
00034000
00034100
00034200
00034300
00034400
00034500
00034600
00034700
00034800
00034900
00035000



<

C

29

31

32

136

WRITE (6429)
FORMAT (*1%',46X,'TEMPERATURES VEKSUS ALTITUDE!?)

XR = 1000,
XL = 0.
YT = 10000.
YB = 0.

NUMPR1 = LMAX + 1

NUMPR2 = LMAX

CALL FLOT2 (GRID+XRsXLsYT,YB)

CALL PLOT3 ('T'yZ,TZZ+NUMPRL1)

CALL PLOT3 (*'V',Z,TVsNUMPRL)

CALL PLOT4 (20,'TEMPERATUKE DEG. K ')
WRITE (6430)

FORMAT('0' 959Xy YALTITUDE (Kba)t)

WRITE (6431)

FORMAT ('1'451X,'PST VERSUS ALTITUDE"')
YT = 0.0

Y8 = =5.0

CALL PLOT2 (GRIDsXRyXL9YT,YB)

CALL PLOT3 ('%'47,ALPSIyNUMPR2}

CALL PLOT4 (3,'PSIV)

WRITE (6430)

YT = +9.0

YB = +4.0

WRITE (6432)

FORMAT ('1'446X, *QUANTA AND ELECTRON DENSITIES?)
CALL PLOT2 (GRID¢XRsXL9YTyYB)

CALL PLOT3 ('E',ZyALNENUMPR2)

CALL PLOT3 ('Q'4Z4ALOUANSNUMPR2)

CALL PLOT4 (23,'NUMBER DENSITY CM*%=3 1)
WRITE (6430)

3600 CALL CMOVE(IPMOVEPSI{142)414PSI{191)y1)
CONTINUE
TEST FOR CHANGE OF TIME STEP.
MLOW = MMAX + 1
IF (ITFLAG.EQ.1.AND.IFLAG.EQ.0) GO TO 3800
END FILE 10
STOP
SET UP DO LOOP INDICIES FOR SECOND TIME INCKEMENT STEP SIZE.
3800 DELT = DELT2
MMAX = (TIMEX - TCHANG)/DELT2 + MLOW - 1

IFLAG = ITFLAG
GO TO 3900

90000 WRITE (6,433)

33

FORMAT (*1','END OF FILE ENCOUNTERED ON CARD READER!)

00035100
00035200
00035300
00035400
00035500
00035600
00035700
00035800
00035900
00036000
00036100
00036200
00036300
00036400
00036500
00036600
00036700
00036800
00036900
00037000
00037100
00037200
00037300
00037400
00037500
00037600
00037700
00037800
00037900
00038000
00038100
00038200
00038300
00038400
00038500
00038600
00038700
00038800
00038900
00039000
00039100
00039200
00039300
00039400
00039500
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STOP

WRITE (6484)

FORMAT ('1','END OF FILE ENCOUNTERED ON INPUT TAPE')
STOP

WRITE (6485)

FORMAT ('1'9'10 ERROR ENCOUNTERED ON INPUT TAPE')
STOP

WRITE (64+86)

FORMAT (*1','MMMIN IS LESS THAN MMM')

STOP

END

00039600
00039700
00039800
00039900
00040000
00040100
00040200
000406300
00040400
00040500
00040600

04l¢ CA
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BOLTDEV

THIS PROGRAM CALCULATES THE DEPARTURES IN NUMBER DENSITY
FROM A BOLTZMAN DISTRIBUTION OF VIBRATIONAL QUANTA
PRODUCED BY AN ELECTRONIC SOURCE.

THE SYMBOLOGY IS THAT CONTAINED IN THE ANALYTICAL
FORMULATION OF THE PROBLEM.

THE DIMENSIONS OF PSI WILL CHANGE WITH THE UPPER ALTITUDE

LIMIT,ZUPPER,THE STEP SIZE,DELZ,THE MAXIMUM TIME,TIMEX,
AND THE TIME STEP SIZE,DELT.
PHI SHOULD BE DIMENSIONED ACCORDING TO PHI(6,IALT) WHERE
MINIMUM VALUE OF IALT IS
IALT = 1. + (ZUPPER - 120.)/DELZ
ALL OTHER ARRAYS ARE DIMENSIONED FOR A 10. Kide DELZ.
MMMT IS AN INDEX CONTROLLING THE AMOUNT OF PRINTED OUTPUT.
MMMTIN GOVERNS THE PRINTER LISTING AND PLOTTING FREQUENCY.
ISTART IS THE TIME STEP FKOM BOLTSOL RESULTS AT WHICH THE
CALCULATIONS OF DEVIATIONS IS STARTED.
LINC CONTROLS THE ALTITUDE INCREMENT FOR THE DEVIATION
"PART OF THE PROGRAM, EQUIVALENT DELZ =LINC*DELZ
DELZ IS THE ALTITUDE INCREMENT FOR THE BOLTZMAN PART
OF THE PROBLEM.
DELT IS THE TIME INCREMENT FOR THE BOLTZMAN PART
OF THE PROBLEM.
EDELT 1S THE EQUIVALENT TIME STEP FOR THE DEVIATION
PART OF THE PROBLEM.
TINC IS THE NUMBER OF DELT INCREMENTS IN EDELT.
LBOUND IS THE LOWER BOUNDARY FOR THE DEVIATION CALCULATION.
REAL *& NED9NIoINToNZyNE,MBARyN2ZyNZ1yNZ2yMBARL,MBAR2yNU,NBOLT
X »NOZ
INTEGER TINC,TINC2
LOGICAL*1 IMAGE(5151)
DIMENSION Z(89),RAID(8),TED(80),ZD(10) yNED(45)
X 2GAMIZD(70), NZ(6)yNE(89)4A(89),NDZ(89)
sWE15) 9X(15) 5 Y(15),ZP(15),1D1(15)
9I1D2(15) 4 TEI(2)4TE(89),P1(6,6)
yP20646)4P3(696)1P4(646)INTI646)
sNZ1(6) yNZ2(6) 4GRADT(89) ,HPRESS(89)
_ yE(10)4B(89) ,MMAXL{3)yDELTL(3),IFLAG(3),

N2Z(89)y MMM(3),01(89)sPSI(3043),RATEOE(89),RATEGD(8Y)
»T22(89) yGRID(B281),SUMELA(89),SUME2A(89)

sDERIVD(89) yDIFF(89),H(89),DPSIZ(89),DPSIT(89)
1D2PSIZ(89) s ALPHA(6489) yBETA(6989) ,GAMMA(6,89)
sNU(89)4P1001(89),TV(30,3)  ,QUANTA(30,1),D(30,1)
yPHI(6,89)yC1(64+89),C2(6489)3C3(6489),C(6489),F(6489)
+EC16489) s ALPHI1(89),ALPHI2(89),ALPHI3(89),ALPHI4(89),
ALPHI5(89) yALPHI6(89) 4EPSIL(6489) yNBOLT(6989) yREPSIL(6,89)

XK XD XK XX XXX XXX

00000100
00000200
00000300
00000400
00000500
00000600
00000700
00000800
00000900
00001000
00001100
00001200
00001300
00001400
00001500
00001600
00001700
00001800
00001900
00002000
00002100
00002200
00002300
00002400
00002500
00002600
00002700
00002701
00002800
00002900
00003000
00003100
00003101
00003102
00003103
00003200
00003300
00003400
00003500
00003600
00003700
00003800
00003900
00004000
00004100
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C DATA INPUT. ' 00004200

READ (5491,END=90000) RAID, 00004201

1 FORMAT (F5.1) 00004202
WRITE (64+2)RAID 00004203

2 FORMAT ('1',8F6.1) 00004204
READ (5434END=90000) TED ) . 00004205

3 FORMAT (F6.0) 00004206
WRITE (644) TED 00004207

4 FORMAT ('0'410F7.0) - : - 00004208
READ (5,5,END=90000) 2D . 00004209

5 FORMAT (F5.0) - 00004210
WRITE (646) ZD ' 00004211

6 FORMAT ('0'410F5.0) 00004212
READ (547,END=90000) NED - 00004213

7 FORMAT (Ell.5) 00004214~
WRITE (64+8) NED : ) ) 00004215

8 FORMAT ('0',10E12.5) - 00004216
READ (5,10,END=90000) GAMIZD 00004217

10 FORMAT (EL13.7) 00004218
WRITE (6,11) GAMIZD : 00004219

11 FORMAT ('0'48El4.7) ) 00004220
READ (54129END=90000) DELZ4ZUPPERYDELTyTIMEXysMMMTIN,LINC,TINC - 00004700

X s LBOUND s TINC2+RATEO 00004800
12 FORMAT (F4e09F5.0¢F6e09F7e091494134E10.2) 00004900
WRITE (6913)DELZyZUPPERDELTy TIMEX yMMMTINsLINC,TINC . 00005000

X s LBOUND,TINC24RATED 00005100
13 FORMAT ('0'4F4.04F5.09F6.0¢F7.0914+413,E10.2) 00005200
READ (54+14,END=90000) DII,TI4NI+ENU,TOO 00005300

14 FORMAT (Fb6.44,F6.04E13.74F5.39F5.0). 00005400
WRITE (6415) DIISTI,NI,ENU,TOO ) 00005500

15 FORMAT ('0'yFb6.49F6.04E13474F5.34F5.0) 00005600
READ (5416,END=90000) E ) - 00005700

16 FORMAT ((1X,Fb6.4)) 00005800
WRITE (6,17) E 00005900

17 FORMAT ('0',10(1X4F6.4)) 00006000
READ (5918,END=90000) (WIN)sX{N)sY{N)yZP(N)y 00006001

- C IDLIN)+ID2(N)4N=1415) 00006002
18 FORMAT (1X44E14.643X9211) - 00006003
WRITE (6919) (WIN)yXIN)9Y(N)»ZPIN)»IDLIN)ID2(N)syN=1,y15) 00006004

19 FORMAT ('0'31X94E14.643X,211) 00006005
READ (5420,END=30000) RAI ’ 00006006

20 FORMAT (F5.1) ‘ 00006007
WRITE (6,21) .RAI 00006008

21 FORMAT ('0'4F5.1) ' 00006009

READ (5,22) ISTART 00006100
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22 FORMAT (14) 00006200
WRITE (6423) ISTART 00006300

23 FORHAT ('0',14) 00006400
CALL JACH2(Z,TOOsTZyNZyMBARSRHOZyHZ) 00006500

C RECONSTRUCTION OF THE INTEGRATED CHEN CROSS-SECTIONS 00006501
C PARAMETERS. 00006502
WRITE (6426) 00006503

26 FORFAT ('0'y2Xs ID"92Xs'TII" 32Xy JdJ 98Xy tP11,9X,1P21, 00006504

o 13X 'P31,12Xs'P4") 00006505

DO 2700 IM=1,15 00006506

II1 = IDL(IM) +.1 00006507

JJJ = ID2(IM) + 1 00006508
PLIIIILJJJ) = W(IM) 00006509
P2(IT114J0J) = X(IM) 00006510
P3(III,JJJ) = Y(IM) 00006511
P4(IT114JJJ) = ZP(1IM) 00006512

2700 WRITE (64927) IDL(IN) oID2(IM)yI114JJJsPL(I1T4JJJ), 00006513
X P2UIT143JJI)9P3IIIT40JdJ)sPE(I1T,JJJ) 00006514

27 FORMAT ('0'92X921142(3X911)41P4E14e6) 00006515
DIFI =(DII*NI)/(TI#%%0.75) 00006600

G IPMOV AND IMMOV.ARE (ARRAY SIZE)*BYTES*(NUMBER OF ARRAYS) 00006700
IPMOV = 30%4%2 . 00006800

IIMOV = 1%4%2 ’ 00006900

BK = 8.,61703E-05 00007000

THETA = 3380. 00007100

ISTAR = ISTART - 1 00007200

LMAX = 1. + (ZUPPER - 120.)/DELZ 00007300

C SET PHI(IsL)+sEC(I,LBOUND),AND F(I1,LBOUND) TU ZEROQ. 00007400
o SET REPSIL(I,LBOUND) AND DIAGONAL ELEMENTS OF THE 00007401
C INTEGRATED CHEN CROSS=-SECTION MATRIX TO ZERO. 00007402
DO 3000 IJ = 1,6 00007500

Db 3001 K=1,LBOUND - 00007600
EC(IJsK) = 0. 00007700

3001 F(IJ.K) = O, . 00007800
REPSIL(IJGLLBOUND) = 0. 00007900
INT(IJyIJ) = 0. 00007901

DO 3000 LL = 1,LiAX,LINC 060008000

3000 PHI(IJ,LL) = O, 00008100
C READ TAPE CONTAINING BOLTZMAN PART SOLUTION. 00008200
READ ( 10,END=900014ERR=90002) (ZUILN) 9y TZZOILN)Y S TECILN), 00008300

X TVUILN9L) 9N2ZUILN) yNEC(ILN) yQUANTACILNS1) 00008400

X PST{ILNgL)9DICILN)yD{ILN9L)yMMM(1),DELZL, 00008500

X MMAXL(L1)sDELTL(L) g IFLAG(L) yILN=14LMAX) 00008600

IF (ISTAR ~ MMM(1)) 900034+3600+4100 00008700

3600 DD 3700 KM=2,3 00008800
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3700 READ ( 10,END=90001,ERR=90002)  (Z(ILN)sTZZ(ILN)»TE(ILN),
X TV(ILNYM)yN2Z(ILN) yNE(ILN) yQUANTA(ILNy 1),
X PST(ILNyM)yDICILN) yD(ILNy1)sMMM(M)DELZL,
X MMAX1(M)yDELTL(M) »IFLAG(M), ILN=1yLMAX)
MMMT = ISTAR + 1
GO TO 6000
4100 DO 1000 JK=3,ISTAR .
1000 READ (10,END=90001,ERR=90002)
MMMT = ISTART + 1
_ DO 4200 LM=1,3 .
4200 READ ( 104END=90001,ERR=90002)  (Z(ILN)sTZZ(ILN)sTE(ILN),
CX TVIILNyLM) yN2Z(ILN) yNE{ILN) yQUANTA(ILN,1),
X - PSICILNsLM)oDI(ILN)D(ILNy1)yMMM(LM),DELZL,
X MMAXL(LM) ¢DELTL(LM) yIFLAG (LM)sILN=1,LMAX)
GO TO 6000 ,
. 3900 °DO 3901 -d=1,TINC
CALL CMOVE (IPMOVyPSI(152)s14PSI{1y1)s1)
CALL CMOVE (IPMOV,TV(152)91sTV(1s1)sl)
CALL CMOVE( IMMOV,MMM(2)419MMM(1) 1)
CALL CMOVE(IMMOV,MMAX1(2) 41 ,MMAX1(1)}s1)
CALL CMOVE(IMMOV,DELT1(2)s1,DELTL(1}y1)
CALL CMOVE(IMMOV,IFLAG(2) 15 IFLAG(L1),1)
READ ( 105END=90001,ERR=90002)  (Z{ILN)sTZZ(ILN)sTE(ILN),

X TVIILN3)¢N2ZUILN) oNECILN) yQUANTA(ILNy 1),
X PSI(ILNg3)+sDI(CILN)4D(ILNy1)sMMM(3)4DELZ],
X MMAXL(3)4DELTL1(3)yIFLAG(3)yILN=14LMAX)

IF (IFLAG (3)+EQ«1.AND.IFLAG (2).EQ.0) GO TO 6000
3901 CONTINUE :

GO TO 3800 :
C CALCULATION OF A,B AND OTHER TIME INVARIANT TERMS.
6000 DELT = DELT1(3) .

IF (IFLAG(3).EQe.1) TINC = TINCZ

EDELT = DELT*TINC

DO 2500 II=14yLMAX,LINC )

CALL JACH2 .{Z(11)+T00+TZyNZyMBARsRHDZ4HZ)

HPRESS(II) = HZ*MBAR/28.

NOZ(II) = NZ(3)

SUMNZ = NZ(1) + NZ(3)

DIFF(II) = DIFI*(TZ*%0.75)/SUMNZ

A(II) =(DIFF(II)*EDELT)/(2.%{(DELZ*LINC*1.E+05)%%2,))

B(IT) = 1. + 2%A(I1) :

TO5=TZ*%0.5

NUCTI) = 1.48209E-11%T05

P1O0L(1II) = 2.,6003E~06*TZI*EXP(91.5/TZ)

RATEOD(II) = RATEO®NOZ(II)} -

00008900
00009000

00009100
00009200

00009300
00009400

00009500
00009600
00009700
00009800

00009900
00010000

00010100
00010200

00010300
00010400

00010500 -
00010600

00010700
00010800

00010900
00011000

00011100
00011200

00011300

00011400
00011500
00011600
00011700
00011800
00011900
00012000
00012100
00012400
00012500
00012600
00012601
00012700
00012300
00012900
00013000
00013100
00013200
00013300
00013301
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RATEOE(II) = RATEOD(II)*EXP(-THETA/TZZ{TI)) 00013302

C CALCULATION OF DERIVATIVES OF DIFF.sTEMP. AND DENSITY SCALE HEIGHT. 00013400
IF (IT.EQel) GO, TO 2500 00013500

Z1 = Z(I1) -0.5%DELZ 00013600

22 = Z(11) + 0.5%DELZ 00013700

CALL JACH2(Z14TO09TZ14NZ19MBARLRHOZ19HZ1) 00013800

CALL JACH2 ( Z2+TOD9TZ29NZ22+sMBAR2yRHOZ2,HZ2) 00013900
GRADT(II) = (TZ2 - TZ1)/DELZ 00013901

H{II) = HPRESS{II)/(1 + HPRESS(II) % GRADT(II)/TZZ{(I1)) 00013902
SUMNZ1 = NZ1(1) + NZ1(3) 00014000
SUMNZ2 = NZ2(1) + NZ2(3) 60014100

DIFF1 = DIFI*(TZ1%*0.75)/SUMNZ1 00014200

DIFF2 = DIFI*{TZ2%%0.75)/SUMNZ2 © 000143200
DERIVD (II) = (DIFF2 - DIFF1)/(DELZ*1.E+05) 00014400

2500 CONTINUE . 00014500
GRADT(1) = GRADT(2) 00014501

H{1l) = HPRESS(1)/(1 + HPRESS(1l) * GRADT(1)/TZZ(1l) ) 00014502
DERIVD(1) = DERIVD(2) 00014600
LINCP1 = LINC + LBOUND ' 00014700

LLMAX = LMAX - LINC 00014800

MMMAX = MMAX1(3) - 1 00014900

3800 DO 4000 L = LINCPlyLLMAXsLINC 00015000
C CALCULATION OF DERIVATIVES OF PSI WITH RESPECT TO 00015100
C ALTITUDE AND TIME. 00015200
DPSIZ(L) = (PSI{L+1+2) = PSI(L=142))/(2.%(DELZ*1.E+05)) 00015300
D2PSIZ(L) = (PSI(L+142) =2.%PSI(Ls2) + PSI(L-142))/ 00015400

X ({DELZ*1.E+05)%%2 ) 00015500
DELTS = DELTL{1l) + DELTL(3) 00015600
DPSIT(L) = (PSI{(Ls3 ) = PSI(Ly 1))/(2.%DELTS) 00015700

C CALCULATION OF INTEGRATED CHEN CROSS~SECTION VALUES : 00015701
c AT ALTITUDE OF INTEREST. ) 00015702
BKTE = BK*TE(L) 00015703

RTE = 1./TE(L) 00015704

RTE2 = RTEX*RTE 00015705

RTE3 = RTE2*RTE 00015706

DO 2800 IN=1,15 . 00015707

ITJ = IDLUIN) + 1 00015708

JJI = ID2(CIN) + 1 00015709

INT (I1J9dJI) = EXPIPL(ITJ9JIT) + P2(I1JsJJI)*RTE 00015710

C + P3(ITJyJJII*RTE2 + P4(11J,yJJI)*RTE3) 00015711

2800 INTH{JJISIIJ) = INTUITJ9JJIVHEXP(—(E(JJII) - E(IIJ))/BKTE) 00015712
DD 4000 I=1,6 00015800
BRAKET = (I-1)/PSI(Ls2) - I/(PSI(Ls2) + 1.) 00015900

ALPHA(I,L) = DERIVD(L) + DIFF(L)*(=1e/{H(L)*1.E+05) + 2.%BRAKET 00016000
X *DPSIZ(L)) 00016100



C
C

2

C

C

143

CALCULATION OF SUMMATIONS FOR USE IN BETA AND GAMMA.

CALCULATION OF SOURCE TERMS.
SUMAL = O.
SUMAZ2 = 0.

DO 5000 IlL=1l,6

SUML = INT(IsIIL)I®NEC(L)
SUMAL = SUMAL + INT(IILsI)}=*NE(L)

SUM2 = SUMI*(1.

+ PHICIILGL)I®EXP( (I — TIL)*THETA/TVI(L,2))

5000 SUMAZ2 = SUMAZ + SUM2
BETA(I,L) = BRAKET*DPSIT(L) — DPSIZ{L)*BRAKET*(DERIV

(PSI(L,2)%%2

> X X X X

)

DIFF(L)*{=1./(H(L)*1.E+05) + BRAKET*DPSIZ(L))}
- DIFF(L)*BRAKET*D2PSIZ(L) = DIFF(L)*(DPSIZ{L)*%2

+ I/((PSI{Ls2) + la)*%2 }))

IF (I.EQ.1) GO TO 7000

IF (I.EQ.6) GO TO 8000

GAMMA (I4L) = SUMAZ - BETA(I,sL) + PLOOL(L)*NU(L)I*N2Z
2e%] = 14)%PSI(Ly2) + I ~ 1o + (I-14)%¥PSI(Ls2)*PHI(I=14L)
#EXP(THETA/TV(Ls2)) + I%(PSI(Ls2) + 1le)*PHI(I+1,L

+ RATEOE(L)*((I- 1)«EXP(THETA/TV(L,2))*(PHI(I—I,L)

X
X
X HEXP(=THETA/TV(L.2)))
X
X

I*EXP(THETA/TZZ(L) = THETA/TV{(Ls2))*(PHI(I+1,L)

GO TO 4500

7000 GAMMA(I,L) = SUMA2 — BETA(I.L) + P1OOL(L)*NU(L)I*N2Z(
X 2e%] = Lo)%PSI(Ls2) + I = 1o + IX(PSI(Ls2) + le)*PHI(2,L)

X ¥EXP(~THETA/TVI(L+2)))
X + RATEOE(L)*EXP(THETA/TZZ(L)

GO TO 4500

8000 GAMMA(I,L) = SUMA2 — BETA(I,L) + PLOOL(L)*NU(L)I*N2Z{
X 2.%] = 1a)#PSI(Le2) + I = le + (I = 1e)*PSI(Ly2)*¥PHI(I-14L)
X *EXP(THETA/TVI(L2)))
X + RATEOE(L)*(I-1)%EXP(THETA/TV(L,2))}%(PHI(I-1,4L)

4500 CONTINUE
Cl(I.L)
C2(1I,4L)
C3(I,4L)

D(L) +

)R(=(1-1)/

)

(Ly*((
)

+ 1.)
+ l.))

Lyx(d

— THETA/TVI(Ly2))%(PHI(2,L)

L)*x(d

+ 1)

A(L) +ALPHA(I4L)*EDELT/(2.*%DELZ*LINC*1.E+05)
le — 2.%A(L) —-BETA(I,L)*EDELT
A(L) —ALPHA(TL)*EDELT/(2.*DELZ*LINC*1+E+05)

ClIsL) = CLUT 4L I*PHI(I4L+LINC)I+C2(T,4L)}%*PHI(I,L)+ C3{I,L)

X *PHI( I L=LINC)}+GAMMA( T, L)*EDELT
CALCULATION OF EC(IsL) AND F{I,L) COEFFICIENTS.

DENOM = B{L) — A(L)I*EC(IsL—-LINC)

EC(IsL) = A(L)/DENOM

F(IsL) = (C{I,4L)
4000 CONTINUE
CALCULATION OF PHI.

+ A(L)*F(I,L~ LINC))/DENOM

+ SUMAL + PLOOL(L)®NU(L)I®N2ZIL)I*((2.%] — 1.)*¥PSI(Ls2) + I -1.)
+ RATEQE(L)*{((I-1)®EXP(THETA/TZZ(L)) + (I-1) + 1.

+

+ 1.0

00016200
00016201
00016202
00016203
00016204
00016205
00016206
00016207
00016208
00016900
00017000
00017100
00017200
00017300
00017301
00017400
00017500

- 00017600

00017700
00017800
00017900
00017901
00017902
00018000
00018100
00018200
00018300
00018301
00018400
00018500
00018600
00018700
00018701
00018800
00018900
00019000
00019100
00019200
00019300
00019400
00019500
00019600
00019700
00019800

.00019900
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DO 4301 IL
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+EQs1) GO TO 4300
=146

NBOLT(IL,LBOUND) = N2Z(LBOUND)*(1./(PSI(LBOUNDy2) + 1.))%

X ((PSI(LBOUND+2)/(PSI(LBOUNDs2) + le))®*x(IL = 1))

4301 EPSIL(IL,LBOUND) = 0.
GO TO 4400

4300 NBOLT(1,1) = M2Z2(1)
NBOLT(2,1) = O,
NBOLT{(3,1) = 0.
NBOLT(441) = 0.
NBOLT{(541) = 0.
NBULT(641) = 0.
EPSIL(1,1) = 0.
EPSIL(2,1) = 0.
EPSIL(3,1) = O.
EPSIL(441) = 0.
EPSIL(541) = 0.
EPSIL{641) = 0.

4400 DO 4600 II=1,6

PHI(IIsLLM

AX } = F(II,LLMAX )/{le — EC(IT,LELMAX })

PHI(IT,LMAX) = PHI(II,LLMAX )

NBOLT(II,L

LMAX) = N2Z(LLMAX)*(1le/(PSI(LLMAXy2) + 1.))

X HUPSTILLFAX92)/(PST(LLMAX,2) + 1o ))*x(11-1))

NBOLT(II,

LMAX) = N2Z{ LMAX)*(1a/(PSI{ LMAXs2) + 1l.)}

X %({PSTILMAXy2)/(PSI{LMAXy2) + la))*=(II = 1))

EPSIL(IIsL

LMAX ) PHI(IIsLLMAX )*NBOLT(II,LLMAX)

EPSIL{IISLMAX ) = PHI(II,LMAX )*NBOLT(II,LMAX)

LLLMAX = L
DO 4700 LL

MAX - 2%LINC

=LINCPlyLLLMAXyLINC

MN = LMAX = LINC + LBOUND - LL

PHI(I1,0N)

= EC{IToNNI*PHI(ITNN+LINC)I+F(ITIsNN)

NBOLT(IIsNN ) = N2Z{NN )#(1a/(PST (NN v2) + 1.))
X *((PST{NN »2)/(PST(NN 12) + la))®x(11-1))
4700 EPSIL(IT NN ) = PHICIIZNN )*NBOLT(II4NN)

4600 CONTINUE
C WRITE RESULT
WRITE (11)
X N2Z{ILN
X NBOLT(
IF (MMM(2)
DGO 5200 NN
SUMEL = 0.
SUMEZ = 0.
o 5100 IK
SUME = £EPS

S TO TAPE

MMM(3) yDELTL(3),LBOUNDyDELZyDELZ1sLINCy(Z(ILN),
JoTVIILNS2) 9 (T PHI(IZILN)yEPSILIIZILN),
ToILN)yI=149691) s ILN=LBOUNDyLMAX,LINC)
JNESHMMMT) GO TO 3500

=LBOUND yLMAX oL INC

=146

TLUTK 9 NN)

00020000.
00020100
00020200
00020300
00020400
00020500
00020600
00020700
00020800
00020900
00021000
00021100
00021200
00021300
00021400
00021500
00021600
00021700
00021800
00021900
00022000
00022100
00022200
00022300
00022400
00022500
00022600
00022700
00022800
00022900
00023000
00023100
00023200
00023300
00023301
00023400
00023401
00023402
00023404
00023405
00023900
00024000
00024100
00024200
00024300
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SUMETI = EPSIL(IKsNN}*(IK-1)
SUMEL = SUME1l + SUME
5100 SUME2 = SUME2 + SUMEI

SUMELA(NN) = SUMEL
SUME2A(NN) = SUME?2
IF {NN.EQ.LBOUND) GO TO 5200
DO 5200 IK=146
REPSIL(IKyNN) = SUMELA(NN)/EPSIL{IK¢NN)
5200 CONTINUE
MMMT = MMMT + MMMTIN
91 FORMAT ('1"42Xs'CllIgL) " 92X C2(TaL) 92Xy C3{I4L) 45Xy 'C(I4L)",
X 2X s VGAMMA(TI L), 1X,'ALPHA(I,L)',1X,'BETA(I,L)'
X 4XeVA(L) 94Xy "BIL) 95Xy "EC(IsL) 34Xy 'F(LyL) ")
DO 4900 IJK=1,6
WRITE (6491)
WRITE (6992)(CL{IJKyL)sC2(TIKyL)»C3(IJUKyL)yClIJIKsL)yGAMMA(TIK L),y
X ALPHA{IJKyL)sBETALIJKsL) »A{L)9BIL)9sECIIIKsL) 9 F{IJIKsL),
X L=LINCPLlyLLMAX,LINC)
92 FORMAT (' '41P11E10.3)
WRITE (64+93)
93 FORMAT (10" 42Xs'DPSIT'y5Xy 'DERIVD ' 34Xy 'DPSIZ"y5X, 'D2PSIZ",8X
X 9'DIFFY 35Xy "H' 48Xy 'PLOOLY y4X 4 'NU")
WRITE (6994) (DPSIT(L)yDERIVD(L)yDPSIZ(L)yD2PSIZ{L)+DIFF{L)yHI(L)
X sP10O0L (L) yNU(L)yL=LINCP1,LLMAX,LINC)
94 FORMAT (' ',1P8E10.3}
WRITE (6,37)
37 FORMAT (V0" 32Xy "MMM? 41Xy "LEVEL' 33Xy "DELT'43X, 'EDELT")
WRITE (6435) MMM(3),IJKyDELT,EDELT
35 FORMAT ('0'92X31493Xs1333X9F5.093X3F5.0)
WRITE (6434) -
34 FORMAT (101 92Xy "ALT ' 32X, 'T1, 4X 4 VTV,

X 9X 9 'N(N2) 1, 8Xy'PSI',11X,'PHI'y8Xy*SUM EPSILON?,
X 3Xy 'SUM I#EPSILON'3X,"ERPSILON',4X, 'BOLTDEN"',3X, *REPSIL!)
4900 WRITE (6436) (Z(IKN)$TZZ(IKN), TVIIKNS2)y
X N2Z(IKN)y PSICIKN92) 9 PHI(IJKyIKN}ySUMELALIKN),
X SUMEZ2A(IKN) yEPSTL(TIJK s IKN) yNBOLT(IJKyIKN) sREPSIL(TJKs IKN}
X IKiN=LBOUND ¢ LMAXyLINC)
36 FUORMAT (' '4wOPF5.0,0P2F6.041P5E14.641P3E12.3)
CONSTRUCITON OF PRINTER PLOTTER ARRAYS.
DO 4800 JJ=2LBOUND,LMAX
ALPHI1(JJ) = PHI(14JJ)
ALPHIZ2(JJ) = PHI(2,JJ)
ALPHI3(JJ) = PHI(3,JJ)
ALPHI4(JJ) = PHI(445J4)
ALPHI5(JJ) = PHI(5,44)

00024400
00024500
00024600
00024700
00024800
00024900
00025000
00025100
00025200
00025400
00025500
00025600
00025700
00025800
00025900
00026000
00026100
00026200
00026300
00026400
00026500
00026600
00026700
00026800
00026900
00027000
00027100
00027200
00027300
00027400
00027500
00027600
00027700
00027800
00027900
00028000
00028100
00028200
00028300
00028400
00028500

00028600

00028700
00028800
00028900
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4800 ALPHIG6(JJ) = PHI(64JJ)
C PRINTER PLOTTING.

29

30
3500

90000
33

90001
84

90002
85

90003
86

X

WRITE (6429)
FORMAT (71',43X,'DEVIATION VERSUS ALTITUDE"')

XR = 1000.
XL = 0.

YT = +14.
YB = -6.

NUMPR1 = LMAX + 1

CALL PLOT2(GRIDyXRsXLyYT,YB)

CALL PLOT3('1'4724ALPHI1¢NUMPR])

CALL PLOT3('2'4Z,ALPHI2sNUMPR])

CALL PLOT3('31,7Z,ALPHI3yNUMPR1)

CALL PLOT3('4'4Z4ALPHI49yNUMPR])

CALL PLOT3 . ('5',Z,ALPHISNUMPR1)

CALL PLOT3 ('6'4Z4ALPHI64NUMPR])

CALL PLOT4(3,'PHI')

WRITE (6430)

FORMAT ('0' 459X, "ALTITUDE (KM.)?')

IF (MMM(2).LT.MMMAX) GO TO 3900

END FILE 11

sSTOoP

WRITE (6,33) )

FORMAT ('1','END OF FILE ENCOUNTERED ON CARD READER?')

sSTOP

WRITE (6484)

FORMAT (*1','END OF FILE ENCOUNTERED ON INPUT TAPE')

STOP

WRITE (64+85)

FORMAT ('1','I0 ERROR ENCOUNTERED ON INPUT TAPE')

STOP

WRITE (6486)

FORMAT ('1','ISTART IS LESS THAN OR EQUAL TO THE FIRST TIME
STEP AVAILABLE")

STOP

END

00023000
00029100
00029200
00029300
00029400
00029500
00029600
00029700
00029800
00029900
00030000
00030100
00030200
00030300
00030400
00030500
00030600
00030700
00030800

T 00030900

00031000
00031100
00031200
00031300
00031400
00031500
00031600
00031700
00031800
00031900
00032000
00032100
00032200
00032300
00032400
00032500

0396 (
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REACTRAT

THIS PROGRAM CALCULATES THE REACTION RATES FOR ION-ATOM
INTERCHANGE BETWEEN O PLUS AND N2.

THE POPULATION OF THE VIBRATIONALLY EXCITED LEVELS

(JF N2 AND THE VIBRATIONAL TEMPERATURE COME FROM
THE OUTPUT TAPE OF PROGRAM BOLTDEV.

REAL * & NI, N2Z,y NBOLT+KBOLTyKEFFyKVIBLyNLTOTyKPRIM

LOGICAL * 1 IMAGE(5151)

DIMENSION Z(89), NZ2Z(89)4PHI(6489),TVIBI)EPSIL{6489)
SNBOLT(6+89) 4KBOLT(89)y KEFF( 89),RATIOK(21)4+KVIBLI(6)
JILEVEL(6)yTAUN (89)yALKBOL(21)yALKEFF(21)sI11(6)sNLTOT(6,89)
+TAUB(89),TAUE(89)ALTAUB(21)yALTAUE(21),ALTAUN(21)
yARRAY{(21)4ARRAY1(21),GRID(8281)

DATA INPUT _
READ (54124END=90000) DELZyZUPPERDELT s TIMEXyMMMTIN, LINC»TINC

X yLBOUND , TINC2 , '

12 FORMAT (F&4409F5.043F6,04F7409149413)

WRITE (64913)DELZ¢ZUPPERDELT yTIMEXyMMMTIN,LINCy TINC
X  4LBOUND,TINC2
13 FORMAT ('0'3F4404F5.09sF6.03F7e0y144413)
READ (5414,END=90000) DII,TI,NI,ENU,TOO
14 FORMAT (F6.42F6.,09E13.79F5.34F5.0)
WRITE (6515) DII,TIyNIsENU,TOO
15 FORMAT (101 ,F6.43F6.03E13.74F5.34F5.0)
READ (54165END=90000) (ILEVEL(N)sKVIBLIN)sN=146)
16 FORMAT (6(12,69.1))
WRITE (6417) (ILEVEL{N)sKVIBL(N)yN=1+6)
17 FORMAT(!' *,I12,E9.1)
LMAX = 1. + (ZUPPER - 120.)/DELZ
READ (5,18,END=90000) INCRTM,KPRIMsIPR
18 FORMAT(164E9.1,16})
WRITE (6419) INCRTM,KPRIM,IPR

19 FORMAT (' ',16451PE9.1,16)

READ (10,END=90001,ERR=90002) MMM,DELT1,LBOUND,DELZ
X sDELZLyLINCoy(Z(ILN)yN2ZCILN) 9TVCILN) 4 (II(I),
X PHI({IyILN)EPSIL(ToILN)yNBOLT(IyILN)sI=1y651)4ILN=
X  LBOUNDyLMAXsLINC)

ITEST = MMM

JMAX = INCRTM - 1

DO 1000 M=1,10000,INCRTHM

DO 1500 L=LBOUNDLMAXsLINC

SUM1 = 0.

SuM2 = 0.,

DQ 2000 J=1,6

NLTOT(JsL) = NBOLT(JsL) + EPSIL(JsL)

A = (KVIBL{J) - KPRIM)®NBOLT(JsL)

> X > X

00000100
00000200
00000300
00000400
00000500
00000600
00000700
00000800
00000900
00001000
00001100
00001200
00001300
00001400
00001500
00001600
00001700
00001800
00001900
00002000
00002100
00002200
00002300
00002400
00002500
00002600
00002700
00002800
00002900
00003000

"00003100

00003200
00003300
00003400
00003500
00003600
00003700
00003800
00003900
00004000
00004100
00004200
00004300
00004400
00004500



c

c

2000

1500

B = KVIBL{J)*EPSIL(J,yL)

SUM1 = SUM1I + A

SuUM2 = SuM2 + B

TAUINV = SUM1 + KPRIM*N2Z(L)
TAUB(L) 1+/TAUINV

TAUE(L) 1./(TAUINV + SUM2)
TAUN (L) = la/(1e3E-12%N2Z(L))
KBOLT(L) = KPRIM + SUM1/N2Z(L)
KEFF(L) = KBOLT(L) + SUM2/N2Z(L)

RATIOK({L) = KEFF({L)/KBOLT(L)
ALTAUB(L) = ALOGL1O(TAUB(L))
ALTAUE(L) = ALOGLO(TAUE(L))
ALTAUN(L) = ALOGLO(TAUN (L))
ALKBOL(L) = ALOGLO(KBOLT(L))

ALKEFF(L)= ALOGLO(KEFF(L))
CONTINUE

WRITE RESULTS TO TAPE.

x> X X

20

21

50

51

WRITE (11) MMM,DELT1,LBOUND,DELZ,DELZ1
sLINCy(ZUILN)oN2ZCILN)»TVIILN) s TAUB(ILN),
TAUE(CILN) yKBOLTUILN) oKEFF(ILN)yRATIOK(ILN),
(IT(I)y NBOLT(IsILN}+EPSIL(I»ILN)4sNLTOT(IoILN),
I=196491) 9 ILN=LBOUNDsLMAX,LINC)

IF (MMM.NE.ITEST) GO TO 5000
ITEST = ITEST + IPR

WRITE (6420)

FORMAT (*1',1X,'MMM IS ')
WRITE (6421) MMM

FORMAT ('+',9X,16)

WRITE (6450)

FORMAT ('O' 92X 9 'ALT 94Xy 1TV 94Xy "NIN2) 39X, 'KBOLT'9X,
X YKEFF'911Xe 'RATIOK 9 7X9 *TAUN' 10Xy 'TAUB'y 11X, *TAUE!)
WRITE (6951) (Z(ILN)yTVIILN) ¢N2Z({ILN) ¢KBOLT(ILN) ¢yKEFF(ILN),

148

00004600
00004700
00004800
00004900
00005000
00005100
00005200
00005300
00005400
00005500
00005600
00005700
00005800
00005900
00006000
00006100
00006200
00006300
00006400
00006500
00006600
00006700
00006800
00006900
00007000
00007100
00007200
00007300
00007400
00007500
00007600
00007700

X RATIOK{ILN) s TAUNCILN) 9 TAUB(ILN)TAUE{ILN),ILN=LBOUND,LMAX,LINC)0O0007800

FORMAT ('0"'40PF5.090PF6.041P7E14,.6)
PRINTER PLOT.

XR =.1000.

XL = Oe

YT = 11.

YB = 1.

NUMPRL = LMAX + 1

‘DO 3000 N=1l,6

DO 3100 LL=LBOUND,LMAX,LINC
IF (LL.GE.2) GO TO 3105
ARRAY(LL) = 1.

ARRAYL(LL) = 1.

00007900
00008000
00008100
00008200
00008300
00008400
00008500
00008600
00008700
00008800
00008900
00009000



3105

3100

22

23

24
3000

25

26

27

5000

5500
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GO TO 3100

ARRAY(LL) = ALOGLO(NBOLT(NsLL))

ARRAYL(LL) = ALOGLO{(NLTOT(N,LL))

CONTINUE

WRITE (6422)

FORMAT (*1',40X,'DENSITIES VERSUS ALTITUDE FOR!')
WRITE (6423) N

FORMAT ('+',71X,12)

CALL PLOT2(GRIDsXRyXL s YTsYB)

CALL PLOT3('*',7Z4ARRAY,NUMPRL)

CALL PLOT3('+'4Z,ARRAY14NUMPR])

CALL PLOT4(27,'LOG NUMBER DENSITY (CM*%=3)")
WRITE (6424) ’

FORMAT ('0'459X,'ALTITUDE (KMe) ")

CONTINUE ’

WRITE (64925)

FORMAT ('1',40X,'REACTION RATES VERSUS ALTITUDE!'")
YT = -9. ' .

YB = -l4.

CALL PLOT2(GRIDsXRyXLsYT4YB).

CALL PLOT3('*"'yZ4ALKBOL yNUMPR1)

CALL PLOT3('+',Z4,ALKEF,NUMPR1)}

CALL PLOT4{35,'LOG REACTIUN RATE (CM%*%3 SEC*%~-1)"')

WRITE (6424)

YT = 1.5

YB = 0.5

WRITE (6426)

FORMAT ('1',40X,'RATIO OF REACTION RATES')
CALL PLOT2(GRIDyXR9XLy¢YToYB)

CALL PLOT3('*%'4Z4RATIOKyNUMPRL)

CALL PLOT4{20,'RATIO OF KEFF/KBOLT')
WRITE (6424) .

YT = 5.

YB = O

WRITE (6,27)

FORMAT ('1',40X,'ELECTRON LOSS TIME CONSTANT')
CALL PLOT 2(GRIDyXR¢XL9YT,YB)

CALL PLOT3('%',24,ALTAUByNUMPRL)

CALL PLOT3('+',Z,ALTAUEsNUMPRL)

CALL PLOT3{'N',Z+ALTAUNsNUMPR1)

CALL PLDT4(24,'.0G TIME CONSTANT (SEC.)*)
IF (INCRTMs.EQel) GO TO 5500

DO 5500 JJ=14JMAX

READ (10,END=900014+ERR=90002)

CONTINUE

00009100
00009200
00009300
00009400
00009500
00009600
00009700
00009800
00009900
00010000
00010100
00010200
00010201
00010300
00010400
00010500
00010600
00010700
00010800
00010900
00011000
00011100
00011200
00011300
00011400
00011500
00011600
00011700
00011800
00011900
00012000
00012100
00012200
00012300
00012400
00012500
00012600
00012700
00012800
00012900
00013000
00013100
00013200
00013300
00013400
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READ (10+4END=90001,ERR=90002) MMMyDELT1,LBOUNDsDELZ
X sDELZYLsLINCo(ZUILN)GyN2Z(ILN) 9 TVIILN){(II(]I),
X PHI(T9ILN) 9EPSIL(IsILN) ¢NBOLT(I9yILN)yI=19691)9ILN=
X LBOUNDyLMAX 4L INC)
1000 CONTINUE
END FILE 11
STOP
90000 WRITE (6433)
33 FORMAT ('1','END OF FILE ENCOUNTERED ON CARD READER!')
STOP
90001 WRITE (6484) o
84 FORMAT ('1%,'END OF FILE ENCOUNTERED ON INPUT TAPE!')
STOP .
30002 WRITE (6485)
85 FORMAT ('1','10 ERROR ENCOUNTERED ON INPUT TAPE!')
STOP
END

7
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00013500
00013600
00013700
00013800
00013900
00014000
00014100

00014200

00014300
00014400
00014500
00014600
00014700
00014800
00014900
00015000
00015100
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