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I INTRODUCTION

The E and F regions of the ionosphere can be ionized (thus disturbed)
under a variety of natural and man-made disturbing agents. Among these are:
sun flares, energetic particle precipitations (which causes auroras), high
power radars, high energy electron beams and nuclear bursts. The degree of
the ionization, the spatial extent of the disturbed ionosphere and its
relaxation time, depend clearly on the extent of the energy deposited.

Such a disturbed atmosphere will have measurable and damaging effects on

the communication and detection systems. Therefore, a complete understanding
of the disturbed E and F regions is essential. This understanding will help
to assess the impact of the disturbance on the communication and detection
systems.

The disturbance in the E and F regions, due to a nuclear effect, e.g.,
can be summed up as to constitute the ionization of the medium and its
subsequent motion accompanied by the deionization and the ultimate relaxation
to the ambient condition of the atmosphere. The ionization and the deioniza-
tion processes play a very important role in the complete analysis of the
disturbed atmosphere. This report deals primarily with this aspect of the
problem.

The disturbed atmosphere contains atomic and molecular ions, free
electrons, neutrals and a host of excited species. A large number of atomic,
molecular and chemical processes occur in such an ionized medium. The
ionization and the deionization processes are accompanied by a wide range
of emission in the ultraviolet, visible and infrared. Therefore, the dis-
turbed atmosphere produces two very important agents that impact on the
communication and detection systems. These are: the free electrons and the

emitted radiation. To assess the impact of these, a detailed analysis of

Note: Manuscript submitted February 10, 1978. 1-
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the disturbed atmosphere is required. This entails a time dependent physical
model which is complete in its description of the phenomena. The approach,
generally, has been to describe the phenomena by a set of rate equations
which predict the time histories of all appropriate species and relevant
kinetic temperatures. This approach has led to the development of multi-
species codes whose complexities depend on the number of species, reactions
and temperatures that enter into the code.

The NRL Master Code is such a multispecies code. From its first inception

as a disturbed F region deionization code1

, evolved to include ionization due
to incoming radiationz, describe3 the disturbed E region, and provide volume
emission over a wide range of visible and infrared radiation. It was used
to obtain simpler deionization codes to be utilized in conjunction with large
scale MHD codes. The Simple Codes, with emphasis on electron density,
generally, has predicted4 electron densities within 20% of the Master Code.
One of the important characteristics of a multispecies code is to re-
main dynamic and to incorporate the most appropriate and up-to-date reaction
rates available. In this report we describe the current NRL Master Code
and give the current reaction rates it incorporates. We discuss in detail
the physics and the chemistry of the disturbed E and F regions, point out
important processes that provide an overall view of the relaxation

phenomenon.




II DISTURBED E AND F REGIONS CONSTITUENTS

The major neutral species in the ambient E and F regions are N,, 0, and

1. =5
cm

2,
This region, however, is

2
0, where the peak densities are ~ 10

weakly ionized, due to the ionizing radiation from the sun, with a peak

electron density of ~ 5 X 10° an™3,

For all practical purposes, one may
ignore this ionization level when the E and F regions are subject to high
intensity radiation from nuclear weapons effects. Thus, one can consider the
region to be made of the above neutrals only.

When the E and F regions are subjected to an intense ionizing force, one
may consider the analysis of the problem in two phases. The first phase
coincides with the duration of the ionizing force and may be termed as the
deposition phase. This phase is dominated by ionization of the medium and
the occurance of a large number of processes which are physical and chemical
in nature. The second phase starts with the termination of the ionizing
force and is generally called the deionization phase. During this phase,
fractional ionization may occur, however, it may not be as important in com-
parison with the major trend of the relaxation which is accompanied by a
large number of atomic and chemical processes.

A The Deposition Phase

The incident radiation consisting of X-ray and UV spectral lines will
dissociate 02 ard ionize NZ’ 02 and 0 resulting in N;, 0;, 0" and free
electrons. Dissociation of 02 leads to the formation of oxygen atoms in
the ground, and exicted O(ID), states. The dissociative recombinations of
N; and O; produce N, N(ZD), 0, O(ID) and 0(18). However, the collisions of
the free electrons with atomic and molecular species adds N(ZP), NZ(A%E),
Oz(a%h) and Oz(bkﬁ), while chemical reactions e.g. that of N(ZD) with 02

forms NO. These neutral metastable species and N0 are subsequently ionized

-3-
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under the influence of the continuing radiation, producing N*, N+(1D),
N+(18), 0+, 0+(2D), 0+(2P) and No*. The population densities of these
metastable ions are affected by collisions with the free electrons as well.
Thus, the constituents of the disturbed E and F regions are: electrons and
neutral and ionized species which are in their ground and excited metastable
states and are atomic or molecular in nature. These species, which are in

the NRL Master Code, are given in Table I with their excitation energies,

lifetimes and the radiation they emit.




TABLE 1

: Species Excitation Energy  Life-Time Emission Ref.
P (eV) (sec)
]
} N, Kz : - ’ :
BAKE . 6.1 1.3, Z=0 W band 5,6,7
B
N5 (Z) : . - 3
P 0,(x*) ¥ 5 5 :
0,(a') 1.00 3.9X10° 1.27 5,7,8
0,(b'E) 1.60 12.0 Visible 5,7,9
05 (xm) : . § :
s o
Oz(a m) 4.0 Long Visible 5,10
NO (X%m) 0.23,V=1  ~ msec 5.4 .
0.46,V=2 178
N (xlz) 0.29,V=1  ~ msec 4.28 u
0.58 V=2 2.14 p
N('s) . - : .
2 5 i
N(’D) 3.3 2x10 5,200 A 11
NeP) 3.57 13.0 10,400 A 11
N* (%P - - . .
N (!p) 1.89 250.0 6,548 & 11
6,584 A
N (ls) 4.05 0.92 5,755 & 11
ocp) . - - :
olp) 1.96 150 6,300 & 11
6,363 A
ols) 4.18 0.74 5,577 & 11
0*(*s) . . . .
0o* o) 3.32 10 3,728 & 1

0‘(ZP) 5.01 5.84 7,320 A 11




However, in addition to the metastable states presented in Table I,
several shortlived (u sec) excited states also arise. These states (given
in Table II) arise due to the fact that N2 and 02 have several distinct
ionization continuua with different ionization thresholds. They subse- '
quently decay to the ground state of the ion with characteristic emissions
of their own. These and other optically allowed states, however, arise by

electron impact collisions with the ion ground states as well.

TABLE II

Species Excitation Energy Life-Time Emission Ref.

(eV) (sec)

Ny (A%m) 1,12 13.9 psec, v =1 IR band 5,7,12

7.3 usec, vV = 8
* ol .
N, (BZ) 5.17 59 nsec, V =0 UV band, 557,13
visible
05 (A%m) 4.8 psec Visible 5,7,14
band

The analysis of the species and their time histories during the
deposition phase, assuming one knows the magnitude of the incident ionizing
flux at each spectral line, requires reliable photo-absorption, and photo-
ionization cross sections of the elements of the region. These are required
for each photon energy. Of more importance, however, is the partial photo-
ionization cross sections for each state. This provides information on the
initial energy distribution of the photo-electrons and the density distribu-
tion of the metastable states. A detailed analysis of the deposition phase
will be the subject of a forthcoming report.

During this phase, the disturbed atmosphere is characterized by three

temperatures, which control the distribution of the species. These tempera-

-6-




tures are: the electron temperature, Te’ the heavy particle (atoms,

molecules and their ions) temperature, T

2’ and the NZ vibrational tempera-

ture T, . These temperatures continue to develop after the deposition
phase and control the course of the deionization and emission. However,
it should be pointed out that during this phase the electrons are heated
by the photoelectrons and that this heating term is terminated with the
end of the incident radiation. Apart from this heating source, the pro-
cesses which control the electron temperature, are the same as those
during the deionization phase.

B Deionization Phase

The termination of the incident radiation will start a new phase in
the disturbed atmosphere, whereupon the ionized region will start to relax
to its ambient condition. The initial conditions for this deionization
phase are determined by the duration of the radiation, its intensity and
the elementary processes (physical and chemical reactions) which take place.
The constituents of the disturbed E and F regions at the start of the
deionization phase are given in Table I. The species of this table and three
characteristic temperatures evolve in time describing the relaxation of the

disturbed atmosphere.




III THE DEIONIZATION OF THE DISTURBED E AND F REGIONS

The disturbed ionosphere tends to relax once the ionizing force is
terminated. The relaxation towards the ambient condition is accomplished
by a large number of reactions, some are direct and others are indirect.
These reactions differ from each other in magnitude and their dependence
on a particular temperature. Some depend on the electron temperature,
while others depend on vibrational or kinetic temperatures. However, a
general picture of the deionization processes can be drawn in which several
distinct and well understood reactions play the dominant role.

The constituents of the disturbed E and F regions are illustrated in
Table I. These species, apart from the free electrons, can be divided
into three groups which are: molecular ions, atomic ions, and neutrals.

The species in each group, however, can be in ground, excited or both states
and they all play a role in the deionization.

The processes which remove the electrons are the dissociative

recombinations
+ *
N2 +e » N +N (1)
+ *
02 +e *» 0+0 (2)
*
NO* +e » N +0 (3)

and the radiative recombinations

N +e + N+hv (€))
0" +e » 0+hv (5)
These two processes depend on the electron temperature, and have very

different recombination rate coefficients. At room temperature, the

15

: BT . . "y il <3
dissociative recombination = rate coefficients are ~ 10 °~ cm “/sec

12

compared to ~ 10 cms/sec for the radiative recombination16. Clearly




the dissociative recombination is an efficient way to remove the electrons
whenever the molecular ion densities are large enough. The twu dissociative
recombinations (1) and (2) proceed immediately because of the abundance of
the nitrogen and oxygen molecules. However, the removal of the electrons
by the dissociative recombination of N0* has to await the formation of this
ion whose neutral parents are not abundant in the ambient ionosphere. This
ion (N0+) is formed, however, through the following reaction

0"+ N, + NO*+ N (6)
where it depends on the vibrational17 temperature of N2 as well as the ion
kinetic temperaturels. Other indirect paths for the formation of NO' are
the charge exchange processes

N +No » No* o+ N 7

0"+ N0 » N0+ 0 (8)
These two processes depend on NO whose density, generally, builds up in

the disturbed atmosphere through the following reactions:

NCPD) + 0, *+ N0 +0 9)
0+N, » NO+N (10)
N+0, + NO+0 (11)

Reactions 9-11 depend on the kinetic temperature of the neutral atom and

the higher the temperature the faster is the rate for the formation of NO.
The processes 6-8 are reactions that convert an atomic ion into a

molecular ion which in turn dissociatively recombines with the free electron

at a fast rate. This conversion, therefore, is very important because it

speeds up the removal of the electron. There are several other processes

similar to reactions 7 and 8 which convert an atomic ion into a molecular

ion. These are:




0* (%) + N, + Ny +0 (12)

2
+ +
0 +0, » 0,+0 (13)
+ +
N +0, » 0, +N (14)

These reactions 1-14 present important processes which lead towards
the deionization of the disturbed atmosphere. However, there are clearly
many intermediate reactions which occur that affect the deionization as
well. We give an example of such a reaction,

N +0 + 0 +N (15)
which erhances the formation of NO* via reaction (6). The importance of
(15) is obvious, whenever the density of 02 is very low. However, the
above reaction, (15), does not have a measured or a reliable theoretical
estimate for its rate coefficient at temperatures of interest.

These processes and many others included in the NRL Master Code3
depend, as we indicated earlier, on the electron temperature, the N2
vibrational temperature and the heavy particle temperature which have to

be calculated. Their calculations involve the inclusion of a large number

of elementary processes which are discussed in the next sections.




IV DISTURBED E AND F REGIONS REACTIONS

In Section III, we presented several reactions which play an important
role in the deionization. However, in reality, a large number of reactions
occur in the course of the deionization. These reactions control the time
behavior of the individual species, their emissions, the three temperatures,
Te’ TV and Ta as well as the deionization itself, directly or indirectly.
Therefore, it is essential that these processes be delineated and their
respective rate coefficients known with a good degree of reliability. In

this section we present these reactions and their rate coefficients.

A Dissociative and Radiative Recombinations

e i e *
The dissociative recombination rate coefficients of Nz, 0> and NO*

2
have been measured. These rates depend on the electron temperature15 as

19,20

well as the molecular ion vibrational temperature However, the

measurements are invariably carried out as a function of the electron
temperature with very little or no variation of the vibrational temperature.
For the recombination of N; and 0;, the electron temperature was varied21
from 300 to 5000°k. Expressions fit to this data for the rate coefficients
? recombination agree

2
very well with the previous measurements of Biondi and his colleaguesZI.

are given in Table III. Recent measurementszzof 0

However, the recombination of N0+, currently, have two very different

temperature dependent rates. The rate coefficient measured by Huang et al23

-0.37

has a temperature dependence of Te compared to the measurement of

22 -0.83

Walls & Dunn variation. This should be compared with a

24

with a T
e

temperature dependence of Te-l'2 compiled by Biondi“" from several

measurementszs'zz which was utilized previously in the NRL Master Codes.

22,23

s 5 N . s s
The two current rate coefficients for N0 recombination are given in

22,23

Table III where a fit was obtained from the experimental data A

-11-




comparison of these three rate coefficients for No* is shown graphically in
Fig. 1. From this figure, it is seen that the rate coefficient of Huang,
et al23 is large compared to that of Walls and Dunnzz, even though the last
measurement is undoubtly for No* being in its ground vibrational state (V=0) ;
The total rate coefficient with its dependence on both the electron and the
vibrational temperature should followlg
D~ Te-% (l_e-deTv)

which makes the two rateszz’23

somewhat of a puzzle at this juncture and
clearly requires further measurements.
TABLE III

Dissociative Recombinations

Symbol Reaction Rate Coefficient Reference

+ !
h Ny+e-N+N 5, T B 21 !
= - |

D, No* s e-N+0 (@) 9.8%10°1) 0 23

R R 22

ot gt -8 -0.7
D, 0y +e~0 +0 1.5x10°) %7, T20.1ev 5

2L B0 @) ) an ey

In addition to the magnitude and temperature dependence of these
dissociative recombinations, the branching ratios of the products of these
reactions are required. In the disturbed atmosphere, the importance of the
branching ratios are very obvious. They influence emission, the electron
and heavy particle temperatures and ultimately the deionization itself. A
sensitivity study28 of the effects of these branching ratios on the deionization
of the disturbed F region were carried out previously to indicate their
importance. Figure 2 shows the electron density for several sets of
assumptions of the dissociative recombinatimproducts where at least a factor

of three in the electron density can be seen at late times. Recent calculations

- 12-
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Fig. 1 — The dissociative recombination rate coefficients of NO* as a
function of the electron temperature. (See text for details.)
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Fig. 2 — Deionization calculation showing the effects of
recombination products on the electron density.
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by Michels29

show that the products of the N0O' dissociative recombination
are ~ 100% N(ZD) and 100% O(Sp). More recently, however, Kley, et also,
have indicated that the actual yield of N(ZD) is ~ 76%. The dissociative
recombination31 of N;, on the other hand, yields N(ZD) and N(4S) with equal
probability. However, the dissociative recombination32 of 0; yields 100%
0(’p), 90% 0('D) and 103 o(ls).

The radiative recombination (Eq. 4 and 5) can be approximated by

16

hydrogenic relations  with the following expression for the N and 0

recombination rate coefficients

-14 14
a=3.9X10 ﬁz 0.43 + % log (16)
4 ol
B Electron Impact Excitations and Deexcitations

During the deposition and the deionization phases of the disturbed
atmosphere, the electrons undergo a large number of inelastic and super-
elastic collisions. These collisions not only determine the electron

temperature, but also controi the distributions of a large number of species,

thereby affecting the course of the deionization process. Therefore, these
collision processes have to be identified and their respective rate
coefficients obtained. Among these are;excitations and the deexcitations
of the metastable species, the excitations of the optically allowed transitions
of the electronic states of the species, the vibrational excitations and
deexcitations of N2 and 02, electron ion collisions and ionization collisions.
In this section, the excitations of the species by low energy electrons
(E < 5 eV) will be discussed and their rate coefficients will be given.
The excitation rate coefficients are obtained from the relevant cross
sectionsaveraged with the electron velocity over a Maxwellian electron
velocity distribution. In certain cases some of the rates are obtained

from their respective collision strengths. For each excitation process,

18-




the deexcitation rate coefficient can be obtained through the principle of

the detailed balance.

Bl Inelastic Electron Collisions in NZ and N;

The nitrogen molecule constitutes a large energy sink to which the free

electrons lose their energies. Among these sinks are the excitations of the
ground state vibrational levels, the excitations of the electronic states
and the ionization of the molecule . For low energy electrons the

vibrational excitations become very important33

in comparison with the rest
of the processes.

Bl.1 The Vibrational Excitations

The cross sections for the ground state vibrational levels up to v=8

dads and several theoretical calculations exist36’37’38.

have been measured
One of these calculationsss, reproduces the experimental results very

satisfactorilysg. Using the measured cross section534, the excitation rate
coefficients for eight ground state vibrational levels have been obtained40.

These rate coefficients are shown in Fig. 3 and are tabulated in Table IV.

Bl.2 The Electronic Excitations of N,

The nitrogen molecule possesses a series of triplet electronic states,
A%S, Bsﬂg, Csnu, etc. which are excited from the ground state of the
molecule. Their excitations result in cooling the electrons and in the
emission of well known bands. These bands are; the Vegard-Kaplan band
(A%S = XJS) which is in the uv and the blue region of the Spectrum, the
first positive band (Bsﬂ = A%S) which is in the visible and short wave
infrared, and the second positive band (C3n - Bsn) which is in the visible
and the ultraviolet. These triplet states are short lived except for A%S
which is metastable with a life-time41 of 1 sec. Therefore, cascade from

higher triplet states will further populate A%S state. The significance

.16-
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of this state is that it contributes to the formation of O(IS) via

3

N (AE) + 0Cp) = N, (') + 0('s) (a7

42 1.7, .

with a rate coefficient “ of 3 X 10 ~“ cm sec-l. Furthermore, the A%S

state is quenched by atomic oxygen and nitrogen43. This quenching (with

1

a rate coefficient of ~ 5 X 10-1 cm-s) will add to the thermal energy of

the heavy particles.

The electron impact excitation cross sections for the triplet states

44,45

have been calculated Measured cross sections exist for A%E (Ref.

46 and 47), B3n (Ref. 46 and 49), Cn (Ref. 46,49,50,51) and DS (Ref. 52
and 53). However, the shapes and the peak values of these cross sections,
whether experimental or theortical, are not in good agreement with each

4

other5 . A case in point is made in Table V showing the peak cross values

for A%S state.

TABLE V
Peak Cross Section Values of A%E
Magnitude (10" 1’an?) Ref.
525 47
3.00 46
12.00 45
15.00 44

The rate coefficients for the excitation of the triplet states,
given in Table VI, are obtained using the calculated44 cross sections,
whose peaks were adjusted to the mean experimental values. For example,
Cartwright'é4 calculated value for A%E state was divided by four to conform

with the mean experimental value (see Table V).




TABLE VI

Electron Impact Excitation Rate Coefficients for N2 Triplet States

TR BS ¢ > BT
0.2 1.3(-23) 2.8(-25) 4.7(-33) 5.0(-38) 2.0(-35)
0.3 1.3(-18) 6.8(-20) 8.0(-25) 1.0(-28) 1.3(~26)
0.5 1.5(-14) 1.5(=15) 3.2(-18) 2.9(-21) 11(-22)
% 8.3(-13) 1.2(-13) 2.3(-15) 4.5(-18) 1.0(-16)
1.0 1.8(-11) 3.4(-12) 2.8(-13) 1.1(-15) 1.7(-14)
1.2 5.9(-11) 1.3(=11) 1.9(-12) 9.7(-15) 5-3(-13)
1.5  2.0(-10) 4.9(-11) 1.2(-11)  8.1(-14)  9.0(-13)
2.0 4.3(-10) 1.9(-10) 7.8(<11) 6.7(-13) 6.2(-12)
3.0 2.1(-9) 7.8(-10) 4.8(-10) 5.4(-12) 4.0(-11)
5.0 4.8(-9) 2.4(-9) 1.9(-9) 2.6(-10) 1.5(-10)

In addition to the triplet states discussed earlier, the nitrogen
molecule has a large number of singlet states e.g.-alng o IL‘:;, a”lzg,

wlAg, b IZ'U ’bl‘ﬂ, etc. The excitation of aln resulting in the Lyman-Birge-

Hopfield band (al'ng-' XIE) emission, which is in the ultraviolet, has

received some theortical45 and considerable experimental attention46’47’55-58.

The most recent measurement58 agrees very well with those of Borst“from
threshold up to incident electron energy of 40 eV, and is slightly lower
~ 30% from measured values of Brinkmann and Trijmar46. This last cross ]
section was utilized to obtain the excitation ratecoefficient for al'n

given in Table VII. As for the rest of the singlet states, calcula'cionsd5

|
exist only for a”lz, dT and b11r. However, measured cross sections exist46 ‘

for some optically allowed transitions and singlet states grouped together.

These cross secticms46 are utilized to give the rate coefficients for the

|

optically allowed transitions and are given in Table VII. |
J
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TABLE VII
Rate coefficients for Electron Impact Excitations of aln, two optically
allowed transitions with threshold energies of 12-13eV in NZ’ also

ionization of N, and excitation of N;(B).

® alls)  opt. N, (Ioniz) N (B)
Group 2 § 4
0.1 3.3 X 10721
0.2 7.0(-31) 1.9(-43) 1.6(-14)
0.3 1.6(-23) 6.1(-32) 2.4(-12) i
0.5 1.3(-17) 3.2(-20) 1.1(-22) 1.2(-10)
: 8.0(-21) 1
' 0.7 5.0(-15) 4.4(-17) 1.0(-18) 7.2(-10) #
1.1(-17)
’ 1.0 2.5(-13) 1.0(-14) 1.2(-15) 2.0(-9)
2.5(-15)
1.2 2.4(-12) 3.9(-13) 1.8(-14) 3.2(-9)
1.0(-13)
15 1.4(-11) 8.4(-13) 2.9(-13) 5.2(-9)
2.1(-13)
2.0 9.9(-11) 8.0(-12) 4.8(-12) 8.3(-9)
2.0(-12)
3.0 4.6(-10) 8.4(-11) 9.0(-11) 1.2(- 8) :
2.1(-11)
5.0 1.9(-9)  7.2(-10) 1.1(-9) 1.3(-8)
1.8(-10)

Bl.3 The Ionization and Dissociation of N

2
The rate coefficient for the ionization is obtained40 using the measured

cross section of Tate and Smith59 and is given in Table VII.

As for the dissociation of NZ’ there exists no direct measurement .

21-
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However, a novel method60 which involves surface adsorption indicates that
the dissociation cross section for 10-300eV electrons is almost as large as
the ionization cross section. The cross sections for dissociation, pre-
dissociation and higher Rydberg states of N,» whether excited by electron
impact or light absorption, present considerable interest in terms of energy
sink and the product of the dissociation. Some measurements exist61 for the
products of nitrogen dissociation, mainly in long-lived high Rydberg states
with varying kinetic energy. These measurements are for electron impact
energies of 25eV and higher and would have important implications for

electron excited auroras. It is hoped that more quantitative measurements

for dissociation of N2 will be available in the near future.

Bl.4 Excitations in N;

The nitrogen molecular ion has two low lying electronic states,

BZE and A;n, which are coupled radiatively to the ground state of the ion.

Two well-known band emissions arise as the result of the excitations of
these states. These are: the Meinel band, Azn = X;E, with emission in

the red and the infrared region of the spectrum, and the tirst negative
band, BZE = X;Z, with emission in the blue and the ultraviolet. Because of
the radiative nature and the low threshold energy for their excitations
(see Table II), the B and the A states constitute an important energv sink
for the low energy electrons in the disturbed atmosphere. One of the
strongest bands of the first negative band system is the (0,0) band with its ;

head at 3914A°. There are several measurement562'64 for the excitation of

this state. However, there is a large disagreement among the first two

R0 and the more recent one64. The peak cross sections, as |

62 3

measurements

and Dashchenko, et al6
64

measured by Lee and Carlton , are 44 and 22 times

as large as that measured by Crandall, et al A rate coefficient

s b I8 ,




measurement by McLean, et a165, indicated that Lee and Carlton measurement
may be large by a factor of 80. It is reasonable, therefore, to assume
that the measurement of Crandall, et al64 provides the best reliable cross
section. The rate coefficient for the excitation of the 3914A band is
given in Table VII obtained from Reference 64. Excitation cross section
for the A state, from the ground state of the ion has not been measured.
However, an estimate for the excitation rate can be obtained using Seaton's
cross section for optically allowed transitions and a threshold Gaunt
factor of 0.2. The excitation rate coefficient, averaging Seaton's cross

section with an electron velocity distribution, is

_5 =
1.6 X107 7f;g

Koy = =—n Bxp (AE;;/T,) (18)
e
Where AEij is the excitation energy that separates states i and j, fij’ the

oscillator strength for the transition (i — j) and g is the average Gaunt
factor. In this expression, bothAEij and Te are in units of eV.

B2 Electron Inelastic Collisions in N

Two low lying metastahle states, N(ZD), N(ZP), the optically allowed
transitions and ionization are the most important energy sinks for the free
electrons in nitrogen atom. The metastable N(ZD) holds special significance
in the disturbed atmosphere for its rapid reaction with 0, to form nitric
oxide, which in turn emits infrared radiation. The cross sections for the
excitation of N(ZD) and N(ZP) from the ground state of nitrogen atom and
the excitation of N(ZP) from N(ZD) have been calculated by Seaton67, Smith,

et a168, Henry, et 3169 70.

and Ormonde, et al The rate coefficients for the
excitations of N(ZD) and N(ZP) reported earlier40 was obtained using
cross sections calculated by Henry, et 3169. However, a more recent

calculation by Berrington, et 3171 includes the polarization of the target

~ddo=

S — ———




atom during collision, includes allowance for short range correlation and

higher lying configurations. These effects were generally not included in

the previous calculations69. Therefore, the most recently calculated cross

sections71 are utilized72 to obtain the excitation rate coefficients of

N(*s) = N(*D), N(*S) = N(%p) and N(%D) ~ N(%p) and are given in Table VIIL.
TABLE VIII

Electron Impact Rate Coefficients for the Excitation of Low Lying Metastable,

Resonance, 4p,states and the ionization in N.

T_(eV) 45 . 4 fa 4 B 4 Toniz.

0.1 8.0(-20) 2.6(-25) 2.10(-14)

0.2 1.54(-14) 2.03(-17) 1.16(-11)

0.3 1.25(-12) 1.11(-14) 9.78(-11)  1.0(-22)

0.5 4.2(-11) 1.47(-12) 6.0(-10)  5.0(-17) 7.2(-23)
0.7 1.8(-10) 1.630-31) <, 1.06(-9) 1.5¢-14)  1.6(-18)
1.0 6.38(-10) 8.91(-11) 2.05(-9)  1.2(-12) 1.6(-15)
12 1.08(-9) 1.73(-10) 256097  7.0(-12) 2.2¢-1%)
1.5 1.52(-9) 3.38(-10) 3.24(-9)  4.0(-11) 3.2(-13)
2.0 2.27(-9) 6.54(-10) 4.1(-9)  2.3(-10) 4.9(-12)
3.0 3.31(-9) 1.23(-9) 5.18(-9)  1.5(-9)  7.9(-11)
5.0 4.50(-9) 1.99(-9) 6.2(-9)  7.0(-9)  8.5(-10)

Among the optically allowed transitions, the excitation of the resonance
line should constitute an important energy loss for the free electrons. The
absolute cross section for the excitation of the upper level of the resonance
line, N(4p) has been measured73. Utilizing this cross section, the
corresponding excitation rate coefficient as obtained previously40 is lowered

by a factor of three in conformity with the revised cross section for oxygen
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resonance line (see Section B4 for detail) is given in Table VIII. As for

the ionization rate coefficient given in Table VIII, it was obtained40

using the measured cross section of Smith, et a174.

= . = + +
B3 Excitations in N and 0

The low lying metastable states of N i.e. N (lD) and N* (IS) and
those of 0' i.e. 0 (ZD) and 0" (Zp) are the most important species to
consider in the disturbed atmosphere. Their distribution as affected by
collisions with electrons, depend on the relevant electron ion collision
cross sections. For these species, however, only near threshold collision
strengths are calculated. These collision strengths, which are constant

over a range of values of interest to the disturbed atmosphere, can be

utilized to obtain the relevant deexcitation or excitation rate coeffcients.

In Table IX the deexcitation rate coefficients for the low lying metastable
states of N' and 0" are presented. The corresponding excitation rate can
be obtained using the principle of detailed balance. The collision
strengths utilized in Table IX are calculated by Henry, et a169 for both

0" and N'. These calculations69 agree very well with the calculations for
75

and the calculations for N' by Saraph, et 3176.

O+ by Czyzak, et al




4
TABLE IX
Deexcitation Rate Coefficients for the Low Lying Metastable States of
0% and N.
Transition Deexcitation Rate Coefficient
25 s 1.26 X 108
v 9
%p - % 6.33 X 10™°
E /Te
Pty 2.36 X 10°°
/T,
1y . 3% 4.77 X 1078
«”re
Yo 3.16 X 10°°
/T,
5= p 3.28 X 10°°
/T,

B4 Electron Inelastic Collisions in 0

The excitations of the low lying metastable states, 0(1D), O(IS), the
optically allowed transitions and the ionization of the atom constitute important
processes that result in the cooling of the free electrons. Measured cross

sections for the low lying metastable states are not available, however,

several calculations exist68'69’77’78. The most recent and more accurate

Cross sections77 for 3p = 1D and 1D - 1S are in good agreement with those of

69 n?0

Henry, et al ™~ which were utilized to obtai the relevant excitation cross

sections given in Table X. However, the near threshold behavior for the

excitation of 3p = 1D are different between these two calculation569’77.

72

The latest cross section calculations77 were utilized to obtain “ the
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excitation rate coefficient for 3P - 1D, given in Table X, which is lower
by 20% from the previous rate40.
The absolute cross section for the excitation of the resonance state

3S in oxygen was measured along with the resonance state of nitrogen by

73. However, the cross section for the excitation of 3S

Stone and Zipf
state in oxygen was revised as reported in References 79 and 80. This
revision, due to some calibration errors, should also be valid for the
excitation of the nitrogen resonance state as reported in Section B2.

The excitation rate coefficient, given in Table X, reflects this revision
from the rate reported previously40 using the unrevised measured cross

S 2 L : R . s .
section ~. The ionization rate coefficient for oxygen atom is given in

Table X where it was obtained40 using the measured cross section.
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TABLE X
Rate Coefficients for the Excitations of the Low Lying Metastable, Resonance

states and the Ionization in 0.

23 A o 3

Té(eV) P~ "D P S D~"8 S Ioniz.
0.1 1.92 (-18) 1.78 (-28)  2.25 (-19)
0.2 5.28 (-14) 1.96 (-19) 1.76 (-14)
0.3 1.76 (-12) 2.10 (-16) 8.07 (-13) 15 (-22)
0.5 3.28 (-11) 6.04 (-14) 1.52 (-11) 4.2 (-17) 1.55 {-20)
0.7 1:21 (-19) 7.25 (-13) 5.4 (-11) 1.0 (-14) 3.8 (-17)
1.0 3.43 (-10) 4.93 (-12) 1.38 (-10) 6.5 (-13) 1.4 (-14) J
1.2 5.20 (-10) 1.06 (-11) 1.97 (-10) 303 (-12) 1.4 1-13) J
1.8 7/98 (-10) " 2.32C1) 296 ¢10) L7 ¢-1ID 1.5 {-12)
2.0 1.2 (- 9 5.15 {-11) 3.98 (-10) 9.8 £{-11) §.62 (=11} 3
3.0 1.84 (- 99 1.16 (-10) 5.30 (-10) 5.0 (-10) 1.9 (-10) ?
5.0 2.5 (-9 2.21 (-10) 7.16 (-10) 1.6 (- 9) 1.6 (- 9)

B5 Electron Inelastic Collisions in 02

In contrast with N2 where a large number of measurements and calculations
exist for several of its electronic states, the oxygen molecule fairs poorly
in this aspect. The cross sections for the excitations of a%& and b12 have
been measured83 and a calculation84 exists for the excitation of a%A. The
agreement between the measured and calculated cross sections is very poor
near threshold: This should be expected since the calculation is a Born-type
approximation where it is valid for high incident electron energy. Indeed

the agreement between experimental83 and the calculated84 cross section for
83

’

a%& is very good at higher energies. Using the measured cross sections
the respective excitation rate coefficients are given in Table XI. Two

important clectronic states, one forbidden A%E and the other allowed B%E,

-28-
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whose excitations lead to the dissociation of the molecule, have no measured

or calculated values. However, using the generalized oscillator strengths

84,85

obtained from electron energy loss spectrums in 0,, analytic expressions for

84,85

2?

F j A%E, BL states exist along with other electronic states Using the

parameters given in Reference 85, we have obtained the cross sections for

A%S and B%B states in 02. Using the threshold values of these cross sections,

we have obtained the electron impact excitation rate coefficients of the states

A%E and B%E. These rates are given in Table XI for low energy incident electrons.
In addition to the rates discussed above, we give in Table XI the electron

impact ionization rate coefficient for 02. This rate is obtained40 using the ?

. .5
measured cross section 9

TABLE XI
Electronic Excitation and Ionization Rate Coefficients in 02

T, a(la) bls Al B Toniz.

0.1 1 20g-35) 1o 72 B0E @418

0.2 §i1 (<13) ' - 1.6 (-14)

0.3 N7 (D) US2 BASY  BEAEIS) . 292N 0T (<28)

0.5 2.3 (-11) &1 (A2 o LB 1) RS T 12 (4200

0.7 3.2 (1) 3.8 CHY 0 2AC1) - 5.3 £15)7 3.8 (-17)

1.0 1.3 (100 3.2 F11) 198300 . 2.6 (130 1.1 (045 |

1.2 1.9 (<10) 4.6 (1) 4.7 ¢10) 1.2 (-12) 1.2 (-13)

1.5 3.0 (-<10) 6.7 (-(11) 1.2(-9) 5.8 (-12) 1.25 (-12)

2.0 4.4 (-10) 1.1 (-10) 3.4 (-9) 50 (1) 1.3 (-11)

3.0 6.5 (-10) 1.5 (-10) 1.0 (-8 ) 1.8 (-10) 1.6 (-10)

5.0 8.5 (-10) 2.0 (-10) 3.5 (-8 ) 9.0 (-10) 1.13 (-9 )
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C Charge Exchange, Ion-Molecule Rearrangement, Neutral Particle Reactions

: and Quenching Reactions

The deionization processes in the disturbed atmosphere are controlled by
a large number of reactions that include charge exchange, ion-molecule

rearrangement, neutral particle reactions and neutral quenching reactions.

These reactions in general, play an important but indirect role in the
deionization. They affect the vibrational temperature of molecules and their
ions, the translational temperatures of the heavy particles and emission from
molecules and their ions.

C1 Charge Exchange Reactions

The charge exchange between an atomic ion and a molecule, for example,

converts the atomic ion into a molecular ion which has a much faster rate in
recombining dissociatively with the free electrons. Some of these charge
exchange processes are near resonance and thus proceed at a much faster rate
in comparison with the nonresonant process. In addition to the conversion of
the atomic ion into a molecular ion, occasionally the near resonance charge
exchange86 process results in emission from the excited states of the

molecular ions. Two examples of such reactions are

0" (°D) + N, = Ny(a%m) + 0 (19)

0" (D) + 0, ~ 0jam) + 0 (20)
where emission may result in the infrared and the visible. A host of charge
exchange reactions that occur in the disturbed E and F regions with their

rate coefficients are given in Table XII along with the reference to the source

of the rate coefficient.




pr—

TABLE XII

Charge Exchange Reactions

j Symbol __ Reaction Rate Coefficient Ref.
[ + + -12 -0.23
¢ N5 +0=N,*0 (@) 4.22x10 1 (1) TE0.13 eV 87
' (b) 1.62x10" 11 (Ta)o‘“,Ta>0.13 eV
|
; G 12 .. .-0.8
£ N;#0,N,+0, () 220077 )% xg0.3 88
®) 4. 220 (7412003
+ -11
e, N5+ NN, +N <10 89
g, NS NO=N, (A)+NO" 3.3x10"10 89,90
+.2 + =
Cs 0" (“D)*N;N; (A)+0 (3-9) x 1010 91
c, N +0-0"+N <1012 89
: + + S |
-é Cg N"+0,407+N (a) 2.8x10 10 T,50.39 88,89
(b) 4.8x10 10 (73)0'57,ra>o.39
Cg N"+No~N+No* 8x10™10 89
s L2’ 4 o1 -0.4
Gya 0%+0%0,+0 (@) 4.6x10" 1% (1) %1 <0.155 18,88
®) 1.0x10"10 (1)t 27 >0.155
S -10
Ciza 0" CDy+ ;0340 3x10 92
* + -10 o
S 05+N0=0,*N0 4.4x10" 10 at 300K 93
+.4 + -9
Cloa  05(@'m+N0=0,+N0 1.1x10 93
+ + -13
CE, 0*+No=NO*+0 (a) 7.5x10"13 L0281 20.1 94,95
) 3.2x10°11 (1)1-387 501
a a
3.3 + .
0 ("D)+NO+NO +0 40 times larger then CE1 96
h s -10 >
CE, 03 (a'm)+N, N3 +0, a.1x10 10 at 300K 03

*_ 4 +
0,(a’m)+0;~0, (x)+0,

3.1x10" 1® constant up to 1.4 ev
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C2 Ion-Molecule Rearrangement Reactions

The ion-atom interchange in the ion-molecule rearrangement reactions
results in the conversion of an atomic ion into a new molecular ion, or an
atomic ion and a new molecule. Reactions that result in a new molecular ion
generally enhances the deionization process. In many of these reactions,
the vibrational state of the resulting molecular ion is not known. However,
the reactions are exothermic with sufficient energy to excite a large
number of vibrational states and thus contribute to infrared emission. In
Table XIII are given relevant ion-atom interchange reactions with their rate
coefficients and the source of the rate coefficient.

TABLE XIII

Ion-Atom Interchange Reactions

E Symbol Reaction Rate Coefficient Ref.
t C NS +0-NO " +N @) 2.8x10M (.30 %4, 221012 (13" Br <013 87
| 6 2 a a 253
; ) 1.1x10"(r )% f1.62x10M (1), 0 M1 >0.13
| Clp  05#NNO"40 1.2x10 97
| C N*+0.~N0*+0  (a) 2.8x101"1 <0.39 88
11 2 ¥ 2 s
~0,+N (b) 4.8x161°(Ta)0'57Ta>o.39

Ky OTNsNOTN (@) 3.1xa0M(r) 710 T <0. 065

() 1.2x10'(r )%, 0.672T 20.065 18,88 1

-11 1.2
(c) 8.5x107" (T,)™"%,T,>0.67, T, = T,

C3 Neutral Particle Reactions and Neutral Quenching

When energy is deposited in the atmosphere, several metastable neutral

species are formed. Some of these species emit radiation in the visible or

the infrared whose magnitude and duration are of special significance for
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systems, as well as the relaxation of the disturbed atmosphere. The time
histories of these species are controlled by charge particle reactions
(electrons and ions) and collisions with neutral particles. Among the
neutral particle reactions of significance are the quenching reactions
which affect the metastable species, and the atom-atom interchange that
affects the formation and destruction of NO. In Table XIV are given some
relevant neutral particle collisions with their respective rate coefficients
and the source of these coefficients.

D Associative Ionization

In air at temperatures of 0.1 eV and higher, ionization proceeds through
associative ionization. One of the associative ionizations of interest to
the E and F regions is

N+0-N0" +e (21)
This reaction has been observed in shock heated plasma527. Associative
ionizations leading to N; and 0; through the reactions of two nitrogen and
two oxygen atoms, respectively, also proceed in shock heated plasmas, however,
they require higher particle energies cor higher temperatures. Reaction (21)
on the other hand, requires an activation energy of 2.8 eV. For applications
to the disturbed E and F regions, however, the following reaction

NCD) + 0 - No* + e (22)
is of more interest, especially since its activation energy is ~ 0.43 eV.
Lin and Teare27 have obtained the equilibrium constant for reaction (23)
and give the following expression

A 2
K = (1.62T, *1.61 T,

3 i 2.8
+2.2T.°) X 10 ,nxp(-T) (23)
with an accuracy of + 20% in the temperature range of 0.025 - 2.6 eV. One
can obtain the equilibrium constant for reaction (22), K§4, using the

expression given in Equation (23),; that is




£ Rciie
K3y = K, N(ZD) (24)
where
2
N(%D) = %%TQ%N Exp(-2.37/T,) (25)

Here, g( D) and P(T ) are the statistical weight of D state and the partition
function of the nitrogen atom. Using relations {24) and (25), one obtains

K5, = K, - —%gg} Exp(2.37/T,) (26)
Thus, an approximate expression for the equilibrium constant for reaction
(22), K34, is

K3, = K, - [0.4 Exp( 37y + 1] (27)
where only the first two terms of the partition function, P(Ta), are
utilized: Thus, the rate ccefficient for the forward reaction (22) can be
obtained using relation (27) and the rate coefficient for the reverse
reaction i.e., the dissociative recombination, DZ’ as given in Table III.
We select the following expression for D2

D, =9.8X 10°® (Te)'o'37 28)

as obtained from measurements of Huang, et al23

22

, which differs {rom the

measurements of Walls and Dunn The discrepancy between these two

104 in the dissociative

measurements may be due to the presence of resonances
recombination cross section. We assume that reaction (28) leads into N(ZD)
and 0 as calculations29 and measurements30 indicate. Thus,

= 9.8 X 10714(1) "% [0.4 Exp(-0.43/T,) + Exp(-2.8/T )] X
3
]

K34
2
[1.62 Ta +1.61 T, "+ 2.2 Ta 29)
This should be compared with the following expressions obtained by Baurer105

for the forward reaction in (2):
- 0.6 Y .
K34 = 7.6 X 10 (0 025) Exp ( 0.43/Ta) : T550.172 eV
and (30

Ky, = 3.1X 10} LJL__J l'lExp(-0.43/Ta) , 0.172S T, < 0.51 eV

34 0.025
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1

Baurer 05 has obtained these expressions using D2 as given by Equation

(28) ([with Te to the power of (-0.4)] and a calculated equilibrium constant.
A comparison of the two expressions (29) and (30) show that the agreement

between them is good where they differ from each other by only 20%.
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TABLE XIV

Neutral Particle and Quenching Reactions

-36-

Symbo1 Reaction Rate Coefficient Ref.
o -11
G N(°D)+0,~No+N .70 T 98, 100
g -10,_ -3.27
o 04N NO*N 1,30 (32 89
s NeNO=N, +0 8.2x10" pp (25238 035) 89
c N+0.~NO+0 1.3x10 11 Bxp (2227, 89
17 2 . g
c 0+NO=0.,+N 2.9x10 11-r Bxp (1298 89
18 2 _T
c N, (A)+0~0(1S)+N 3.0x10 12 99
20 2 2 -
c N(%D)+N~N+N 1.6x10"14 100
21 7N, .
c N(2D) +No~N+ 7x10” 1 00
s ¢n) NO x10 1
c N(2D)+0=N+0 1.8x10°12 101
22a 5
o 0+0+0~0(15)+0, 1.5x10"34 102
c 0(1D)+N.~0+N 5.5x10™11 103
24 70N, :
e -11
o 0('D)+0,70+0, ('z) 7.5x10 103
A 12, ,-0.07
Eae 0('s)+0,70%0, 4.3x10 Exp(—Ta—) 103
G 0(1s)+0-0+0 7.5x10" 12 103
i 0(15) +No~0+Nb 5.5x10" 10 103
¢ o -10 .
- (1p)+No=N0+0 2.1x10 10
-11
I N, (A)#NoN, oN 5x10 89
- 11
Cys N (A)+0,N,+0, 38610 89




E Additional Reactions in the Disturbed E and F Regions

In the disturbed E and F regions of the ionosphere, a large number of
excited states are formed. These states are neutral or ionic in nature (see
Table I). They clearly play an important role in the emission and the
deionization of the disturbed region. However, there are a number of
reactions that may occur between the excited species, and between them and
the neutral species whose reaction rates are not known but could be large in
comparison with similar reactions with reactants being in the ground state.
In this section, we present a list of such reactions which fall in the
category of the charge exchange and ion-molecule rearrangements. These
reactions are energetically possible with the total spin being conserved, and
are a partial list of a larger set discussed elsewherelOG. This list is
chosen here because of the near resonance nature of the reactions where the

energy defect is small. Furthermore, a careful examination of these

reactions will reveal their obvious impact on the emission and the deionization

where emission is alternated from one frequency to another and an atomic ion

is replaced by a molecular one. The reactions of interest are:

Reaction Excess Energy
Ny (Z) + o('p) - N, (Z) + 0" (%) 0.60
Ny () + 0,05) = N, (') + 0} (a%m) 0.32
N, (Z) + NCD) - N,('Z) + N*('D) 0.53
N;(ZZ) + NCP) = N, ('Z) + N'(1s) 0.57
Ny (Z) + 0C°p) = No*('Z) + NCD) 0.69
N () + oclp) - NCD) + 0t (Ys) 0.5
N dp) + o) = NCD) + 0*(%s) 0.43
N"Cp) + 0,(E) - o;’(zn) + N(°D) 0.10
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Reaction Excess Energy

N'Cp) + 0,('Z) ~ 05 (') + N(%s) 0.03
N (D) + 0,08 = 0;(°m) + NCP) 0.79 ]
N (‘D) + 0, = 03 (*m) + N(%s) 0.36
N'(s) + 0,C) = 05 (") + N(¥s) 0.38 .
N'('s) + 0,') = 03 a%m) + N(D) 0.95
N () + No(%m) -~ ot (%) + N(ds) 0.13 :
N sy + No%m) - Nt () + N(OP) 0.81 i
N () + 0, - N0 (%) + o('D) 0.69
N (Is) + 0,('a) = No*(tr) + o('p) 0.71
N (D) + 0,(2) - No(Pm) + 0" (%m) 0.89
N'(p) + 0,('8) = No(%m) + 0" (%D) 0.0 i
NPy + 0,('%) ~ No(Pm) + 0" (D) 0.6
N (D) + 0,('%) ~ No(Pm) + 0" (%p) 0.8
0" (%) + 0,’%) ~ 0C%) + 03 (A%m) 0.08 |
0" %m) + 0,(5) = 0%P) + 05('m) 0.88
0* (D) + 0,¢%%) - ocls) + 05 (%) 0.70
0" (°p) + 0,%) ~ o('p) + 03(*m) 0.61 1
0" (%p) + 0,('8) = o('p) + 0y (A%) 0.81
0" (%0 + 0,(%) ~ 0C°p) + 0;(*p) 0.34
05 (*my + No(%m) = 0,(%) + No* ('£) 0.0 ‘
0" (%) + N,('T) = No* (') + NCPP) 0.85
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Reaction Excess Energy
0 (%p) + No(%m) -~ Nt (%) + octp) 0.49
0*(%p) + No(%m) - N0t () + oclp) 0.11 7
0 (%P + No%m) -~ ot (dm) + o(%p) 0.3 |
0" (*s) + No(%m) = 05 (%) + N(*s) 0.15 1

It should be remarked that the excess energy (the energy defect) in most
of these reactions may end up in the vibrational excitations of the end products |
of the reactions whenever there are molecules or molecular ions, thus making the
reaction a resonance reaction which generally has a large rate coefficient.

V The electron, N2 Vibrational and Heavy Particle Temperatures

From the preceeding sections, the dependence of the reaction rates on
several temperatures 1s obvious. Therefore, the description of the time histories
of the species and their emission requires the calculation of the relevant
temperature that enters in each reaction.

A The Electron Temperature

The electron gains energy primarily during the energy deposition phase
and loses its energy continuously through elastic and inelastic collisions with
the species of the disturbed region. The inelastic collisions include the
ionization and the excitations of the internal degrees of motion of the
individual species. Among these are the excitations of the electronic states
of the atoms, molecules and their ions, and the vibrational excitations of the
molecular species. However, part of the excitation energies expended in the
excitations of the metastable electronic states and the vibrational levels, is
returned to the electron gas through the superelastic collisions. Most of

these processes and their respective rate coefficients were presented in Section

Iv.

g : . x : ¢ et gl
The electrons share their energies with ions with an equipartition time
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of :
AeAi . * T, 3/2
i T . =5.87 N, Togh = T (31

i e
where Ni is the ion density and log i for E and F regions is of the order of
(20-30), Ae and Ai are the atomic weights of the electron (T%zga and of the

ion, respectively. Thus a term in the electron temperature equation using

(21) would be

E fZE == 205 % 10'8 Ni Te £ Ta (32)
dt A T 312

1 €

to describe the loss to ions.

B NZ Vibrational Temperature

One of the important processes that affects the removal of the electrons
in late times, when the disturbed region is not completely ionized, is

0++N£-'N0++N (33

In this reaction NO' is formed which in turn dissociatively recombines with
the free electrons at a rapid rate. The formation of N0 depends on the
kinetic temperature of 0" as well as the vibrational temperature. Therefore,
the calculation of the NZ vibrational temperature is required to provide the
appropriate rate coefficient for reaction (33). The vibrational of the
nitrogen molecule arises from several mechanisms. These are: the electron
impact excitation“’35
e+N2~N;+e, : (39

the electronic energy transfer 108,109

1 F 3
0('D) + N, = N, + 0(°P), (39

the atom-atom interchangello’111

N+N0-'N2T+O 36 )
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and charge exchange

+ F o+
Ny + 0= N, +0 (37)
N+ 0, ~NF+ 0 (38)
g ¥y Ty Uy
+ Foo+
) N, + N= N, + N (39
’ N;+N0~N2(A)+No* ( 20

These last reactions (37-40) are all exothermic and the excess energy may end
up either kinetic or vibrational energy or both. Reaction (40) contributes

to the vibrational energy of the nitrogen ground state via cascade from A to
X state as would other electronic excitationsof NZ’ However, no measurement
or calculations are avilable for these reactions. Finally, in reaction (36 )
if the atomic nitrogen was in 2D state, higher vibrational levels of N2 may be

excited.

Among the preceeding reactions leading to the vibrational excitation of

N,, the electron impact excitation is well understood and has reliably

measured cross section534.The electronic energy transfer from 0(1D) which is

in resonance with the seventh vibrational level, has been calculated106’107

108 ;ndicated that anly 5% of the

with different results. Fisher and Bauer
electronic energy is transferred into vibrational energy. However,
calculations by Black109 indicates that 30% of the electronic energy is
converted into vibrational energy. As for reaction (36), it has been found110
that approximately a quarter of its excess energy ends up in the vibrational
energy of NZ’ thus exciting up to v=3.

The reduction of the vibrational energy proceeds via the deexcitation
of the vibrational levels by electron collisions and the deactivation of the
molecule by oxygen atom which apparently depends on the kinetic temperature112’11{

When the dominant mechanism of the vibrational excitation is electron




impacts, the vibrational temperature can be calculated3 assuming that the
molecule is a harmonic oscillator and that the vibrational levels have a
Boltzman distribution. In this case, the vibrational energy rate per

molecule due to an electron density of Ne’ is

8 VvE. (T -T )
dEv _ L 1Y v ‘e 2 %
FNEZ. VX |2 Exp—TVT—e—— [1 Exp( El/Tv)] (41)
with
E, = By (42)
ExpiE17Tvi =1

where, as usual, Te and Tv stand for KTe and KTV; respectively, Xv is the
excitation rate coefficient for the vth vibrational level and are given in
Table IV. And E1 is the vibrational energy spacing which is ~ 0.3 eV for N2
molecule. The above relation (Eq. 41) is obtained using a rate equation
approach where one could incorporate other vibrational excitation and

deexcitation processes discussed in this section.

C Heavy Pariicle Temperature

The heavy particles include charged and neutrals. Their kinetic energy
arises from the dissociation of the molecules, the dissociative recombination
of the molecular ions, the charge exchange and the rearrangement collisions,
quenching of internal energies of the species and by the electron ion
collisions (See Eq. 32).

The amount of energy released to the heavy particle through the dissociative
recombinations is well understood, especially since the products of the
recombinations are reasonably well established. However, the amount of energy
released as kinetic in charge exchange and rearrangement collisions remains

unresolved, since the exothermic energy may be partitioned among other degrees

“§2e




of freedom, It could be assumed, however, that all excess energies of these

TG ———

f reactions end up as kinetic. In Table XV, a list of the exothermicity of the
reactions involved in the disturbed region is identified. However, if one
assuu.esm4 that a much larger set of reactions in the arena of charge
exchange and rearrangement collisions is possible, then a different set of
exothermic energies will arise106.

TABLE XV

Exothermic Energies of Reactions Heating the Heavy Particles

Reaction Identified by Their Coefficient Exothermic Energy
(eV)
D1 3.45
D2 0.39
D3 4.78
C1 1.96
C2 3.52
C3 1.04
C 4 0.0
C5 0.0
C 3.06
C7 0.92 |
Cg 2.48 ‘
Cg a7
C10 4.20
C11 6.67
Cyp 2.32
C1 3 1.56
Ciza 0.0
C 277

14




Reaction Identified by Their Coefficient Exothermic Energy
_(eV)
Cys ~3.25
Ci6 3.25
C17 1.4
Cs -1.4
Clo 2.79
Clga 6.79
Ky 1.10
C21 2.37
C22 2.37
C22a 2.37
Cou 1.96
C26 4.16
C,q 4.16
C28 4.16
ng 1.96
C30 6.0
Czq 6.0
CE, 4.3
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