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;13 ABSTRACT

- -

Recently, auroral observations have indicated the strong enhancement of certain i
infrared bands during periods of auroral activity. A theoretical model has been
created in order to study the infrared processes associated with the aurora. The :
quantitative results of this study depend upon a thorough knowledge of the rates of
all pru esses involved. Some of the rate constants are well known while for others - ,
we have made only the crudest approximation. Qualitgtively, however, our results
indicate that certain infrared bands of C0,, N0, NO, and NO* are strongly enhanced
during perinds of auroral activity. This is prirarily the result of two basic energy
exchange me: hanisms. The energy deposited by the primary aurosral electron flux goes
into increasing the internal energy of N,, 03, and 0. That is, the vibrational
temperature of N, is significantly increased in an aurorally disturbed atmosphere.
This energy is then transferred to various infrared active minor constituents such
as CO0z, N, U, NO, etec., through near resonant vibrational-vibrational exchange pro-
cesses, increasing the higher level vibrational opulations of these species and
thereby enhancing their infrared radiative output. 1In addition to energetic auroral
particles as an energy gource, we have also considered electric fields. Qualitatively
the results are similar except that the energy tends to be deposited at altitudes i
somewhat higher than in direct precipitation processes. '
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NOTE ADDED IN PROOF

The radiances computed for selected bands of the infrared active
minor constituents treated in this study are affected by various input
radiative fluxes, as discussed in the report. The values adopted for
the terrestrial flux were based on the study of Corbin et al., [1970]. 1

It has recently been suggested [Murphy, 1973), and subsequently
confirmed [Degges, 1974), that the radiative flux from the lower ]
boundary for the present cal. dations (60 km), as provided by the k
cited study, is probably significantly in error over portions of the ]
spectral region of interest. In strongly absorbing spectral iegions,
the effective blackbody temperature at the lower boundary is expected

to closely approach the local kinetic temperature. (For example, in

the spectral region around 4.3 microns, where the atmosphere is op-

tically very thick at 60 km, the appropriate blackbody temperature i

should approximate 250°L for the temperature profile assumed in the
present study, whereas a value of 220°K was obtained from the work of
Corbin et al.)

The general impact of the error is (o render too small the cal-
culated vibrational populations (and hence band radiances), particu-
larly in the region of the lower boundary. Corrections must be made
on a band-by-band basis since the local optical thickness differs from
band to band. The significance of the corrections will also depend on
the relative importance of the various mechanisms which determine the

population of a particular excited level,

It is important to note that the problem witl the terrestrial flux

e

does not invalicate the primary conclusion of the study, i.e., that the

auroral energy input to the upper atmosphere can significantly enhance
certain atmospheric infrared emissions during and immediately after

periods of strong auroral activity.

Among all the bands considered in this study, probably the CH, band
at 3.31 u is the one which has the biggest error because the absorption
of terrestrial flux plays the predominant role in excitation of this
band. An approximate estimation indicates that differences as large

as one order of magnitude could be caused by the error in terrestrial

flux on the calculated band radiance.

X




INTRODUCTION

The purpose of “his study is to investigate the natural infrared

background ot the earth in the 1 to 25 micrometer region of the electro-

magnetic spectrum. The study is primariiy concerned with the natural
infrared backgr. ind during aurorally disturbed conditions. In order to
define this condition, the quiescent background must also be defined.
It was originally felt, and has been substantiated by this study, that
the auroral energy input would significantly change some of the atmo-
spheric infrared emissions during times of auroral activity.

The emphasis of the work effort was the development of a computer
program to physically model the atmosphere in an effort to predict
infrared emissions under various conditions of auroral activity. As
a starting point, the atmospheric radiance models developed by Corbin
et 2l. [1970] under a Honeywell, Inc. contract let by the Air Force
Cambridge Research Laboratories wer:: adopted. The so-called low-alti-
tude program was used only to determine terrestrial fluxes as an input
to the new program to be developed. The so-called high-altitude pro-
gram, on the other hand, was used as a starting point for the new pro-
gram.

Tae high-altitude progrars of Corbin et al. [1970] predict infra-
red emissions for the gases CH,, CO,, H,0, NO, N20, and 03 during qui-
escent conditions. These programs contain no atmospheric chemistry.
The present study undertook to modify these programs by .1ding addi-~
tional minor constituent gases, extending the spectral region to in-
clude some emissions from the region 1.0 to 5.0 micrometers, and lastly
but more importantly, to include a time-dependent accounting of the
effect of the auroral energy input on the vibrational populations as
well ac the number density profiles of the various mincr constituents
under consideration. This, of cuurse, implies that a number of atmo-
spheric chemical processes were considered.

"he high-altitude program of this study includes infrared emis-
sions from CH,, CO,, H,0, NO, N,0, 03, No*, OH, and CO. The inclusion

of NO* in the 1ist of gases changes the context of minor constituents




to that of ions and neutral molecules rathetr than solely neutral mole-
cules. The pregrams which account for atmospheric chemistry, therefore,
must not only be concerned with neutral chemistry but must also be con-
cerned with ion chemistry, as well as the interaction of charged auroral
particles with the atmosphere. & major programming effort was also
necessary in order to determine the effects that the incoming auroral
particles would have on the vibrationaj temperature of molecular nitro-
gen. An accurate knowledge of the vibrational population of molecular
nitrogen is necessary because of the importance of the many near-reso-
nant vibrational-vibrational energy exchange processes between N, and
minor constituent gases.

One of the results of the current study is in the form of a plot
or a table giving the infrared band radiance in watts/cm?-steradian for
various important bands of the minor constituent gases previously men-
tioned. The infrared radiance is given in 5-km increments from 60 km up
to 15 km (or the point where the number densities of the gas become in-
significant) and then in 25-km increments theceafter to 500 km. The
direction in which the observer is looking is varied and includes the
vertical direction (zenith angle 0°) as well as zenith angles of 20°,
40°, 60°, 70°, 80°, and 90° (horizontal). One other gecmetry (1limb
view) is considered and that is ine placing the observer outside of
the atmosphere and allowing him to view along a path which is tangent,
not to the earth's surface, but rather to an atmospheric shell above
the earth. The atmospheric shells (points of tangency) are located in
5-km increments from 60 km to 150 km and thereafter in 25-km increments.
The height from the surface of the earth to the atmospheric shell,
which is tangent to the view path, is called the tangent height. The
viewpath of the observer does not stop here but rather extends to a
point outside of the atmosphere on the side away from the observer.

A second form of result is presented as a plot or a table giving
a compilation of the infrared radiance of all the bands of all the
gases. This is done for the limb view case, the vertically looking
case, and the horizontally looking case. The table or plot lists the
radiance in watts/cmz—steradian every 0.1 micrometer over the region

of interest.




Several auroral and quiescent sets of conditions were studied.
In this context a quiescent atmosph:re has the meaning that no vis-
ible aurora is present. We have examined the infrared output in the
1-25 micron spectral region under this definition of quiescence but
with an electron drizzle present. We have also taken a quiescent case
but with electric fields being present in the atmosphere. Further,
we have studied the infrared emissions from the atmosphere with a
class IBC-II and a class IBC-III aurora in progress. A more detailed
description of the input parameters during both quiescent and aurorally
disturbed conditions will be presented in a following section of this

report.

GENERAL DESCRIPTION OF IR BAND MODEL PROGRAM

The purpose of this section of the report is to give a brief but
adequate description of the general philosophy used in computing the
infrared emissions on = band-by-band basis for each of the minor con-
stituent gases under consideration.

The quantity of infrared radiation emitted by any band is directly
proportional to the number density of molecules in the excited state
capable of radiating at the band wavelength. It is therefore necessary
to have as an input to the model the best information available with
regard to the height profile of the number density for each species
under consideration. With a knowledge of the height profile and a
given temperature model, one may easily calculate, using the Boltzman
equation, the populations of the various vibrational levels of a gas.
These results represent the local thermodynamic equilibrium (or LTE)
case. At auroral altitudes one is often not interested in this case,
since many atmospheric conditions do not justify the assumption of
lo. al thermodvnamic equilibrium. When local thermodynamic equilibrium
vonditions do not prevail (the NLTE case), one must consider r1adiative
energy exchange processes as well as collisional energy exchange pro-
cesses in order to determine with reasonable certainty the vibrational

populations of a gas.
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In order to compute the vitvational populations of a gas under
NLTE conditions, one must have as an input to the program such quanti-
ties as sotar flux, terrestrial flux, and radiative flux from other
parts of the atmosphere, as well as excitation and de-excitation rates
for the collision processes of vibrational-translational (V-T), trans-
latirnal-vibrational (T-V), and near resonant vibrational-vibrational
(V-V) energy ex.hange. Additional tnputs giving information as to the
characceristics of the molecule Itself are also required. These would
include the energy levels and their degeneracies, rotational constants,
band transitions, and band strengths.

With this background we may now outline the methodology used in
the computation of the emission of a particular infrared band. First
the required inputs as described above are read into the computer. A
Boltzman or LTE population is determined for each of the vibrational
levels. Then, using this population as a starting point, an equation
describing both radiative and collisional excitation and de-excitation
processes 1s solved in an iterative fashion, leading to a new value of
vibrational population. The new population is ncw representative of
NLTE conditions.

Although a study of how the vibrational populations of various gas-
es change with changing NLTE conditions is of interest in itself, it is
more important to relate this to a quantity which can be measuted. We
desire to know the band radiance expressed in this report as watts/cm‘-
steradian that one would observe for various infrared bands for a variety
of conditions. If one integrates this quantity over a column with unit
area cross section along some optical path length, one obtains the pre-
dicted radiance for the chosen band and NLTE conditions. Most of the
gases considered are optically thin; however, in the case of the 4.3 y
band of CO; this is not true. In this case self absorption must be in-
cluded in the integration in order to obtain the radiance.

The picture which has been presented thus far appears simple
enough on the surface; however, in a detailed analysis, it becomes
rather complicated, especially during periods of electron precipita-
tion. Let us briefly consider the procedures involved in handling

the cnergy exchange processes during an auroral distrubance. First a




model is chosen to represent the primary auroral electron flux. With
a knowledge of the primary [lux, one may calculate the energy deposi-
tion rate for the electrons. Bv applying the proper cross sections,
the total production rates of Nﬁ, Of, ard ot may also be calculated
These production rates, in addition to various neutral-neutral and
ion-neutral chemical reactions, charge exchange, and recombination
must be considered in order to determine the height profiles for such
quantities as [Ng], [03], [0*], [NO+], and [NO]. These height pro-
files are computed on a time-dependent basis in order to study changes
which take place shortly after an aurora commences. It has been found
that of the minor cons!ituents under consideration the height profiles
of [NO] and [NO*] change in a siynificant enough manner after auroral
commencement to warrant usin_, these new height profiles as an updated
input to the program. In addition to the neight profiles just de-
scribed, a production rate for secondary electrons may also be com-
puted. This has been done following the techniques of Fees, Stewart,
and Walker [1969]. With an accurate knowledge of secondary electron
production, one may compute the secondary electron flux and then in
turn (and with a knowledge of the cross sections) the production rates
for Np(v=1), 0.(v=1), and 0(lD).

From the Jdescription just given, it can be seen that a large por-
tion uf the auroral energy is at least temporarily deposited in the
form of vibrational energy for the molecular N2 and 02 and in the
form of electronic energy for atomic oxygen. At this point several
other energy exchange processes occur. Energy stored in the 0(lD)
atom becomes an important production source for No (v=1) while both
No(v=1) and 05(v=1) exchange energy through near resonant (V-V) pro-
cesses with all of the minor constituents except OH.

Study has shown that due to the Importance of the near resonant
(V-V) energy exchange process, several bands are particularly ennanced
during auroral activity. These include the bands of CO,, NO, N,0, and
not.

Thus it is seen that in order to accurately predict infrared

emissions (particularly for the bands mentioned above) one must have

available an accurate knowledge of the vibrational population of molec-




ular nitrogen. The methcds used in determining the vibrational popu-

lation of N, will be prescnted in detail in a later section.

INPUT PARAMETERS FOR THE INFRARED BAND MODELING °ROGRAM

The height profiles of the number densities of the various minor
constituent gases as well as the height profiles for [0], [02], and
[Nz] and the temperaturc were obtained from a variety of sources. This
also ho.s true for the iolecular constants, the band strengths, the
input fluxes, etc. It is therefore the purpose of this section ot the
report to collect together what are considered the more important of

these parameters and to state the source of the values used.

Number Density Height Profiles

The height profiles of [Cﬂu], [COQ], [HZO], [Nzo], [03] noon, [03]
predawn, [OH] day, [OH] night, and [CO] are shown in Figures 1-9 re-
spectively. The height profiles of [CHu], [COz], [H20], and {NZO] were
adopted from corbin et al. [1970]. It was necessary to modify the [03]
predawn height profiles of Corbin et al. in order to make them compat-
ible with the [OH] profiles of Shimazaki and Laird [1970]. To explain
this further, it was assumed in this report that OH is predominantly
formed by the process H+ 03 + OH + 0;. We have used the height pro-
files of both [H] and [OH] (day and night) from Shimazaki and Laird
[1970]. The [0;] profile used by Corbin et al. was somewhat larger at
higher altitudes than that of Shimazaki and Laird and had we used it,
it would have led to a population inversion +f [OH] as it is modeled
in this program. On the other hand, the profiles by Shimazaki and
Laird do not have quite the structure at 1 or altitudes as those of
torbin er al. Therefore, it was decided to simply modify the height
profiles of Corbin et al. in the higher altitude region. The one re-
maining height profile is [CO]. It was assumed that CO constitutes

7.0 x 10-8 times the total number density as suggested by Goody [1964].
Figures 10-13 show the height profiles of [NO] and [N0¥] during

an electron drizzle but no aurora and during an IBC-III aurora respec-
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tively. These height profiles are computed in the chemistry subprogram
which will be explained in detail in a later section of this report.

The height profiles of [N;], [0:], and [0] are shown in Figures 14,
15, and 16. These profiles have been extracted from Adams [1970]. The
height profile of the total number density is shown in Figure 17.
Figure 18 shows the temperature model used. This model is the spring/

t 111 mid-lati:ude model from the U.S. Standard Atmosphere Supplement
[1966].

Rotational Constants

O0f the molecules under consideration in this report, all are linear
with the exception of CH,, Hy0, and O3. The rotational constants B, of
a diatomic molecule for a given vibrational level v are different from
the r-~tational constants for the equilibrium positions, Be' To find By,

an averaging process is used which can be shown to yield
By = Bg - ag(v + %) +... (1)

where a, is a constant which depends upon the anharmonicity of the

vibrations as well as B, and other factors. For linear polyatomic

molecules the expression for B, becomes
dq 3

Here the subscript v has become the set of quantum numbers Vi, Vo,
V3s... and dy = 1 or 2 for nondegenerate and doubly degenerate vibra-
tions respectively. Table 1 is a compilation of the rotational con-
stant, B, for all of the minor constituents along with the source of
these constants. Also listed in this table are the wave numbers of

the vibrational levels. Tiese were taken either from the listed source
or Corkin et a’. [1970].

Band Strengths

B, ~ o

The integrated absorption Siu with dimensions cm™! sec™! may be

written in the following manner:

e
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Figure 14, Height profile of molecular nitrogen.
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TABIE 1
MOLECULAR CONSTANTS

Molecule vy Vo vy vy RCM By Source
CH, 0 0 0 0 0000.0 0.3400 Coriin et al.
o'y & @ 1526.0 0.3500 [1970]
0 01 0 3018.4 0.3500
0 0 0 1 1306.2 0.3500
co, 0 0 0 0000.0 0.38918 Herzberg [1945]
1 00 1388.2 0.38862
0 0 1 2348.0 0.38628
O o 667.¢ 0.38480
0 2090 1285.4 0.38990
0 22 ¢ 1335.1 0.39042
0 319 1932.5 0.30104
0 330 2003.3 0.39104
NO
v=20 0000.0 1.6961 Albritton
v=1 1878.0 1.6785 [1973]
v=2 3727.0 1.6610
N,0 0 0 0 0000.0 0.41892 Thomson and Wil-
1 0 0 1285.0 0.41549 1Zams [1953]
0 0 1 2223.5 0.41984
01 0 588.8 0.41916
0 2 0 1173.0 0.41941
0 3 0 1758.8 0.41966
0 4 0 2338.5 0.41991
Not
v=0 0000.0 1.9887 Field [1973]
v=1 2344.0 1.9696
v =2 4660.0 1.9508
OH

0000.0  18.513 Herzberg [1971)
3562.0  17.805

6976.0  17.097
10222.0  16.339
13315.0  15.681
16260.0  14.973
19061.0  14.265

21725.0  13.557
24258.0  12.849
26663.0  12.141

dddd g << <
o 0w ouonow
WoONITOLN =O




TABLE 1 (cont.)

Molecule V] v2 V3 vy RCM

co
0000.0 Mantz et al.
2143.0 [1971]
v =2 4260.0

H,0 0000.0 Corbin et al.
1594 .7 [1970]

03 0000.0 Corvin et al.
1043.0 [1970]

h\)lu
J = = - —
S1u Mpvty ® Oy = Nl ) —% )
Avl
u
where kL 4 (in cm~!) is the spectral absorptior coefficient per unit
]
length, and where Nu (Nl) is the number density in the upper (lower)
quantum state and Bl*u (Bu*l) is the Einstein coefficient for induced
absorption (emission). The parameter Y14 is the frequency (sec~!) of
the band center. Often it is advantagzovs to define a spectral ab-
sorption coefficient Pm (in cm™!. atm~l) where w 1s the wave number
(w = v/c). It is the integral of gﬂ that leads to the band strength

S1u as

Si
& s Ee)
S1u f Pwdw (%)

pc
Awlu

In this expression, p is the partial pressure of the absorber (in atm).
Needless to say, Pw (kL’v) is nonzero only for a narrow wave number
(frequency) range Awlu (Avlu).

The band strengths for all but N0+, OH, and CO were taken from
Corbin et al. The band strengths of NO* were obtained from Stqir and
Gauvin [1967]. Those for OH and CO were taken from Penner [1959].
Table 2 lists the various hands of interest and their respective band

strengths.




IABLE 2

MOLECULAR BAND STRENGTHS AND
COLLISIONAL ENERGY EXCHANGE COEFFICIENTS

Wavelength Band Strength
Band Band-Center V-T vV-v (cm=2 atm~1) and

Constituent No. (u) Coefticient Coefficient Temperature (°K)

CH, 7.66 10715 2 x 10-15 185.0000 273
3.31 10715 2 x 10715 320.0000 273
6.55 10-15 2 x 1015 2.4000 . 3
5,54 10713 2 x 10-15 0.0100 300

14.93 Temperature Dependent 194.0000 300
16.18 (See Taylor and 4.2700 300
14.98 Bitierman [1969]) 15.0000 300
15.45 1.0000 300
16.74 0.1400 300
14.97 0.8500 300
13.87 6.2000 300
10.42 0.0720 299
4.26 2700.0000 299
6.27 - 300.0000 273
5.32(1-0) 125.0000 273
2.68(2-0) B 2.1100 273
5.41(2-1) 0.0310 273
16.98 . 33.0000 303
7.78 . 260.0000 303
4.50 ' 1856.0000 303
9.59 360.0000 273
4.27 500.0000 300
2.15 : 3.0000 300
4.32 0.0100 300
1.87 4.0000 300
1.58 4.0000 300
4.67 260.N000 300
2.35 1.7900 300
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Input Radiative Fluxes

Radiative input fluxes come from three sources: the sun, the earth,
and other parts of the atmosphere. In the computational model, the
solar and the terrestrial fluxes have fixed input values for each band,
whereas the flux from other parts of the atmosphere is computed in the
program itself. The input values for the solar flux for all bands ex—
cept N0+, OH, and CO were obtained from Corbin et al. [1970], whereas
the solar flux for the bands of these gases were adapted from Gast
[1965]. The input values for the terrestrial flux were also obtained
from “orbin et al. for all but the same three molecules. For the vi-
bration-rotational bands of these molecules the so-called "low altitude
computer program" [Corbin et al. 1970] was run and values obtained
from this source. For band-center wavelengths below the operational

limit of this program (5u), an extrapolation was made.*

Collisional Energy Exchange Coefficients

Four basic collisional energy exchange processes have been con-
sidered in this study. They are vibrational-translational (v-1),
translational-vibrational (T-V), vibrational-vibrational (V-V), and
internal vibrational mode exchange. Of these, the latter is used only
for CO; and the temperature dependent values for this coefficient come
from Taylor and Bitterman [1969].

The V-T and T-V coefficients become important to the excitation
and de-excitation of N, and 0, (between v = 0 and v = 1 levels) in the
upper E-region and the F-region. The V-T coefficients were chosen to
be an input parameter to the program and the T-V coefficients were
found by solving a detailed balance problem as part of the overall com-
puter program. The V- values used by Corbin et al. were used for all
gases except N0+, €D, and JH. No information could be found regarding
this parameter for N0+. As a result, an estimated value of twice the
V-T coefficient for NO was used. The same problem of a lack of avail-

able information was encountered for CO and OH. This resulted in es-

timates being used for these gases also.

*The reader is referred to the Note Added in Proof, p. x.
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Of the collisional energy exchange processes, the V-V exchange
process is probably the most important. This is because near resonaznt
exchange conditions exist between M, and the following gases: CO,, NO,
N,0, N0+, and CO. Also, but less importantly, near resonant exchange
conditions exist between 0, and CH,, H,0, and 04. Again the values
used by “orbin et al. were adopted for all but NOW and CO (OH having
No near resonant V-V exchange with either Ny or 07). A lack of informa-
tion was again a problem for the determination of an input value. An
estimated value of three times the NO value was used for NO' and an
estimate consistant with the other constituents was used for CO. The

values of collisional energy exchange coefficients are listed in Table 2.

PHYSICS OF THF PROGRAM EXCHNG

Aurora and Drizzle Fluxes

When energetic electrons enter into the atmosphere, they cause
ionization and initiate many excitation proce:rses. In all these pro-
cesses, the transfer of energy occurs from ore particle to another and
from ¢ne form into the other. The excitation in the vibration-rotation
mode thus caused makes important contributions to the infrared emissions
in the upper atmosphere. The more important sources of these energetic
electrons are aurora and electron drizzles,.

Three "standards" were chosen for the primary electron fluxes and
represent IBC-[, -II, and -III auroras. These are all expressed in ex-
ponential form as

E/Eo (5)

¢(E) = wo'e—

where E = the energy of the primary electron,
” the low-energy flux limit as E approaches zero, and
the e-folding energy.

Table g lists the values of ¢o and Eo used in this report for the three
IBC auroras.

Excepting auroras, there is an additional source of energetic elec~
trons for the high-latitude ionosphere, which we term as an electron

drizzle. The satellite measurement made by Burch [1968] gave evidence
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TABLE 3
THE VALUES OF ¢_ AND E FOR IBC-I, -II, and -III AURORAS

IBC ¢o (electrons cm™2? ster™! gec~! kev™1) Eo (kev)
i 107 3.5

I1 108 8.5

III 109 12.5

The values of ¢, and E; for IBC-T and -II were given by Ulwick e:r ql.
[1967]. The values for IBC-IIT Jre chosen arbitrarily.
electron fluxes for the I3C-1,
Figure 19.

The primary
-II, and -III auroras are plotted in

to the existence of an electron drizzle and indicated that its energy

spectrum is softer than that of most auroras and ranged approximately

from 50 ev to 10 kev. This long term bombardment of energetic electrons

can make some significant contribution to the ionization and excitation
in the normal high-latitude lonosphere in the nighttime. According to

Burch's measurement, the drizzle flux can be approximated by
¢(E) = 4.0 x 107 (g)~2 (electrons cm™2 ster~! gec~! kev™1) (6)

with E, the electron energy, ranginz from 0.05 kev to 10 kev.

Chemical Model

After the ionization of the major species Ny, O, and O in the
fonosphere by the primary electron flux, the ions and electrons thus
produced will immediately urdergo a series of secondary reactions.
The primary and secondary reacticas involved in variations of ion and

electron concentrations listed below are the important ones considered
in our calculation.

N2 + (energetic electron) - N; + e
02 + (energetic electron) + 0; + &
O + (energetic electron) + ot + e

PR Lt
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Figure 19. Primary electron fluxes for IBC-I, -II, and -III auroras.




+N, » NOT + N

1.7 x 10712 .« (1/300)71!
+02'*0;+0

2.0 x 10711 « (1/300)"-°
+ 80 >Nt +0

2.4 x 10711

+0>0 +N,

1.0 x 10~12

+0 + NOT + N(2D)

1.4 x 10710

s
+02”0-;+N2

5.0 x 101!
Y+ N0 > NOT 4+ N,
5.0 x 10”10

+ N, + No* + NO

5.0 x 10”16

+ N0 » No* + 0,

6.3 x 10710

+ N+ NOT 40

1.8 x 10710

0+0

10~7 « (T/300)1

N + N(%D)

107 . (T/300)"-33

[Dunkin et al. 1968]

[Dunkin et al. 1968])

[Fehsenfeld et al. 1965]

[Ferguson 1967]

[Fehsenfeld et al. 1970]

[Dunkin et al. 1968]

[Goldan et a.. 1966]

[Ferguson 1967)

[Fehsenfeld et al. 1970]

[Goldan et al. 1966)

[Biondi 1969]

[Biondi 1969)
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e + NOT > N(°D) + 0

(19)
4.1 x 1077 « (T/300)"! [Biondi 1969]
N(°D) + 0, > NO + 0 (20)
6.0 x 10”12 [Lin and Kaufman 1970]
N+NO>N, +0 (21)

2,2 x 107! [Prillips and Schiff 1962]

This reaction set does not include the excitation processes due to

secondary electrons. These processes are taken into account separately.

The only neutral reactions included in this model are N(?D) + 0, and

N + NO. The reaction of N(2D) + 0, is the major source for NO. The

production of N(2D) comes mainly from dissociative recombination reac-
tions of N3 and NOT. According to Micheles [1970], the production of
N(*S : 2D : ?P) from the reaction of N} + e is in the ratio 40 = 40 = 10
The quantum viela of production of N(?D) from the reaction NoOt

+ e is
assumed to be unity in the calculations presented here.
Time-dependent calculations are applied to this chemical model to

determine the concentrations of the electrons and various ions with the

+ #
aurora and electron drizzle input. Production rates of N;, 02, and O

due to primarv electron flux of aurora and drizzle must be evaluated

before one can make any time-dependent calculation of concentrations.

Calculation of Production Rates of N;, O;, and O+ due to

Primary Electron Flux of Aurora and Drizzle

The ionization rate coeffi ient due to primary electron flux is a

function of altitude because energetic electrons with different ener-

gles have diffcrent limits on their penetration depth into the atmo-

sphere. The maximum penetration depth for electrons with energy E kev
can be calculated by using the following formula [Gerard 1970]

X = 4.6 x 1076 . (g)1.65

(gm/cm?) (22)

P ———

WS T —




g —
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This penetration depth is given as the mass of air penetrated through

in a unit area of column. The actual altitude corresponding to a ver-
tical penetration depth in the atmosphere can be found in a functional
relationship, X = X(h), where h is the altitude and X is the penetra-
tion depth. This functional relationship is tabulated in Table 4.
Therefore, the minimum energy, Emin’ needed for electrons to penetrate
down to a particular altitude can be found by using the above formula
and Table 4. The linear ionization rate at an altitude h due to pri-
mary energetic electrons with cnergy E kev is given by Lazarev [1257] as

q(h,E) = ig%g d(x)o (cm™3 gec! kev™l) (23)
m

where E(kev) > Emin(kev)
¢ = the electron flux
p = mass density of air at altitude h

Ae = average energy dissipation of primary electrons for a
single ionization to produce an electron-ion pair, 34 ev
needed for air

@ = the solid angle extended by a cone with a half vertex
angle of 80°

and d(x) = 4.2x exp (-x2 - x) + 0.48 exp(-17.4x1+37) | called the
dimensionless energy
with X = X(h)/X_(E)

The total production rate of ions is obtained by the integration

Q(h) = ST q(h,E)dE (cm™3 sec™l) (24)
min
+ + +
The individual production rates for N>, Oy, and 0 from the ionization
of Np. 0y, and O by primary electron flux are given as

g,n

4 =
Q,(h) = Q(h) (em™3 sec-l) (25)
i oNan2 + 002n02 + oono

where the subscript 1 represents the ith species Np, 0y, or 0; n's are

the concentrations; and ¢'s are the ionization cross sections. Values
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TABLE 4
THE PENETRATION DEPTH AND DENSITY OF THE ATMOSPHERE [Rees 1963]

h X o}
(km) (gm cm™2) (gm cm™3)
60 2.34 -1 3.04 - 7
¢4 1.37 -1 1.89 - 7
68 7.76 = 2 1.15 - 7
72 4,20 - 2 6.71 - 8
76 2,17 - 2 3.71 - 8
80 1.08 -2 1.94 - 8
84 5.16 = 3 9.59 - 9
88 2,46 - 3 4.56 - 9
92 1.19 - 3 2057 = 9
96 5.88 - 4 9.93 - 10
100 3.10 - 4 4,48 -~ 10
108 1.04 - 4 1.32 - 10
114 5.18 - 5 5.70 - 11
12¢ 2:.75 = 5 2,61 - 11
126 1.65 - 5 1.30 - 11
132 1.08 - 5 7.05 - 12
140 6.90 - 6 3.47 - 12
150 4,40 - 6 1.70 - 12
162 2.96 - 6 9.00 - 13
192 1.41 - 6 2,94 - 13
230 7.05 - 7 1.16 - 13
252 5.02 - 7 7.60 - 14
276 3.59 - 7 5.00 - 14
300 2,65 - 7 3.42 - 14

Note: FEntries in the Table N * n are to be read as N X 10N




calculated for Quz, Qoz’ and Q; are sent into the program SIXBIT [Adams
and Meg7!l 1970]. 1In this program the ionization reactions due to the
energetic electrons in aurora and drizzle are treated in the same way
as other chemical and photochemical reactions for the time-dependent

calculation of concentrations of ions and electrons.

Iime-Dependent Calculations of the Electron and Ion Concentrations

The generalized reaction kinetics program SIXBIT was originally
developed for the time-dependent calculation of concentrations of re-
actants and products in a chemical mudel. This program was modified
to calculate temporal variations of electron and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>