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UPPER ATMOSPHERIC EXCITATION PROCESSES

1 i INTRODUCTION

The atmosphere from the sea level to higher altitudes (~ 1000 km)
is an arena where large number of physical and chemical reactions occur
almost on a continuous basis. These reactions are due to the natural
response of the atmosphere as it absorbs energy from the sun under
quiet or disturbed conditions. Disturbed atmospheric conditions arise
from sun flares, electron and proton precipitations, and man made explo-
sive devices, The absorption of energy by the constituents of the at-
mosphere results, generally, in a large number of excited states; these
excited states are either radiative with short lifetimes or metastable.
They are neutral and ionic and are atomic and molecular in nature.
They all play an important role in the atmosphere in the ultimate de-
gradation of the energy absorbed. The excited metastable species play
significant roles in the physics and the chemistry of the atmosphere.

This report deals with the excitation and deexcitation of the at-
mospheric species by discussing their internal degrees of freedom and
the mechanisms responsible for their excitations. The report also pro-
vides the appropriate and current rate coefficients for the excitations
considered. It, therefore, puts certain emphasis on excitated states
and their reactions in the quiescent and disturbed atmosphere. The

role of the excited state reactions in laboratory as well as in the at-
Note: Manuscript submitted November 27, 1978,
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mosphere were considered previously to be of minor consequence relative
td(ground state reactions. However, it is now recognized that both in
the laboratory and the atmosphere small numbers of excited metastable
species can have large effects on total reaction rates and consequently
affect the steady state conditions as well as the relaxation of highly

disturbed conditions.

The role of specific excited states in the quiescent and disturbed
atmosphere, and in the laboratory work, has been considered, in part,
in many journal articles and booksl'ls. Excited state species and their
energy transfer to other species have attracted further attention with

16

the advent of lasers Recent studies have depicted the role of ex-

cited states in specific parts of the atmosphere, e.g., the stratos-

17 18

phere”’, and the quiescent ionosphere” . More general considerations

to the role of excited states in the atmosphere, as a whole, under qui-
escent and disturbed conditions have also appearedlg’zo.
2. EXCITATION MECHANISMS

The excitation of the radiative or metastable states can proceed
through several well known physical processes. These processes are
presented below with specific, but not exhaustive, examples.
2.1 PHOTOABSORPTION

We use this term broadly to include the photodissociation, disso-

ciative ionization, photoionization as wéll as absorption resulting in

electronic and vibrational excitation:
*
w+0 = 0+0 1)

* +
hy +(¥ “ 0 +0 +& (2)

ahe




v+ = N (XAB) +e (3)
w+0CP) - (39 (4)
hv + NO = No* (5)

The notations used here, which will be utilized hereafter, are as
follows: The excited species are designated by a star whenever the
state is not specifically identified. For the vibrational excitation,
the symbol # is used. Furthermore, whenever the state of a species is
not given, its ground state is implied.
2.2 (HARGED PARTICLE IMPACT

This includes the electron and the proton impact excitations and
are very similar in nature to the photoabsorption processes discussed

in section 1.1, that is:

e+Q = 0+0 (6)

e+Q ~ 0 +0"+2 )
e+N - rg(x,A,B)+2e (8)
e + N#S) = N(#P) + e 9
e+ N ~)€+e (10)

2.3 CHARGE EXCHANGE AND ION-MOLECULE REARRANGEMENT PROCESS
Charge exchange processes which result in the production of excited
states, of interest to this chapter, are generally exothermic in nature.

For our purposes we give examples of resonant and non-resonant assyme-




tric reactions, e.g.,

0'CD) +§, ~ N (AW + 0 (an
NN = N+ N (12)

In Reaction (12), the ercess energy may end up in other degrees of
freedom of the reaction products, such as kinetic, vibrational or elec-
tronic mode.

The ion molecule rearrangement prﬁcessesare also exothermic, and
the excess energy of the reaction can be partitioned into other degrees
of freedom of the reaction products. An example of ion-molecule re-

arrangement reaction is:
0" +N - No*+N (13)

2.4 NEUTRAL PARTICLE AND NEUTRAL PARTICLE REARRANGEMENT COLLISIONS
Excitation under this general category arises from collisions be-

tween atoms, atoms and molecules where the translational energy is con-

verted into vibrational or electronic modes of the collision products,

e.g.:
$
0O+N = N +0 (14)

or when the internal energy of an excited neutral is transferred to the

other partner by exciting its electronic and or vibrational modes, e.g.:

Aa




\ Lo 3
0¢D) + N N +0CP) (15)
o('p) + g = oC3p) + 0, (b'Z, w2) (16)

The neutral particle rearrangement collisions lead into excitations of
the reaction products in the same manner as above, however, the reac-

tion products are different due to atom-atom interchange, e.g.:
2 ¥
N(D)'ro2 - NO +0 a7
2.5 DISSOCIATIVE RECOMBINATION
The dissociative recombination of molecular ions, especially the
atmospheric ions, produce excited state species, e.g.:
+ 4,
N +e ~ N(C's) + NC3D) (18)

and No* + e = N(?D) + 0(°P) (19)

2.6 DEEXCITATION PROCESSES

The deexcitation of an excited state follows, in principle, the

inverse process of the excitation and its rate coefficient is obtained

from the excitation rate coefficient through the principle of detailed

balance.

3. LIFETIMES, BMISSIONS AND ENERGY STORED IN THE EXCITED STATES
The dominant neutral species of the quiescent atmosphere are: ri, ’

et il a e O — SRS e

e o
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02 » and 0 . There are a large ..umber of minor species, however.
Those most relevant to the purposes of this chapter are: CO2 . 03, H20,
OH, NO and NO2 . During the quiescent and the disturbed atmosphere,
ionic species will be present and their densities clearly depend on the
altitude and the strength of the disturbance. Additionally, a large
number of excited states appear under disturbed and undisturbed condi-
tions, they store part of the incident energy which in turn is emitted
in various spectral wavelengths, transferred into kinetic and or vibra-
tional degrees of freedom.

The atmospheric species and their excited states, especially the
metastable states, are given in Table 1. This table gives the excita-
tion energies, lifetimes and the references relevant to the atomic data
for each species. For lifetimes it is necessary to distinguish between
the effective lifetime, Te , which allows for collisional deexcitations
and the collision free radiative lifetimes, T, . These lifetimes are

related through the reactive ccllision frequency,

- % +Z, ky.ni. (20)

|-

where kj is the rate coefficient (m® sec ) by which the excited
species inelastically scatter from another species of density n;
(cm“a ). Much of what is known about radiative lifetimes of the longer
lived species is summarized in Table 1.

Grotrian energy diagrams of the atmospheric species of interest

are given in Figures 1 and 2. In energy transfer, resonance or near
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resonance reactions can play a significant role depending upon the de-
tails of potential energy surface associated with the interaction con-
sidered!?»21-24,

In Table 1, the excited state species are predominantly electronic
in nature. However, the ground state vibrational excitations of major
and minor atmospheric species play an equally important role in the
emission and the degradation of the energy absorbed. The relevant data

for the vibrational modes, energy spacings, emitted radiation and their

transition rates are presented in Table 2.




4.  EXCITATIONS AND DEEXCITATIONS IN N,

4.1 EXCITATIONS AND DEEXCITATIONS OF N, GROUND STATE VIBRATIONAL LEVELS
An appreciable amount of the energy deposited in the atmosphere

comes to rest in the vibrational excitation of nitrogen. This excita-

tion arises through several physical and chemical processes which are:

the radiative transitions from higher-lying excited statesGl, e.g.:

N I = NIV ¢, (21)
chemical reaction6’7, e.g.:

NO(Rm) + N(*s) - rg(x‘z;, v> 0+ 0(°P) (22)

energy transfer10’82-87, e.g

0(D) + & (X5, v=0) = 0CP) + N, (X'ZL,v>0)  (23)

88,89

and by electron impact e.g.:

e+ N (X'Z}, v=0) = e+ N (X'T.,V) (24)

This last process is very efficient, with a large cross sectiongo, and

88,89 $1-93 .

has attracted considerable experimental and theoretical

93

vestigations. One of these calculations®  reproduces the experimental

results very satisfactorily94. The ground state vibrational excitation
88-92

arises through a temporary negative ion , N (31), which in tum




decays into eight individual vibrational states (v=1—8). These individ-
ual cross sections, excited by electron impacts, have been resolved ex-
perimentallyss, as a function of the energy of the incident electron.
The deexcitation of the vibrational levels by electrons have also been
observedgs. To obtain the excitation rate coefficients, these cross
sections88 have been integrated with the electron velocity over an elec-

96

tron Maxwellian velocity distribution These rates, shown in Figure

3 are also given in Table 3. Similar rates have been obtained by

97

others Thus, to calculate the energy deposited by electrons in the

vibrational mode of N,, one must consider the threshold energies for
each individual level and not the threshold energy for the temporary
negative ion as done by some workersgs’gg.

A number of chemical reactions have been reported in which vibra-
tional excited products have been identifiedls’loo'mz, however, Re-

6,7,86

action (22) is the only one thus far studied in detail which gives

N: as a product. One fourth of the exothermic energy of Reaction (22) is
converted into vibrational energy%.

As for the vibrational excitation through the energy transfer from
0('D), it was speculated earlieri? that a significant amount of 0('D)
energy will be transferred to N, , espécially since the excitation ener-
gy of 0(’D) coincides with the excitation of N (x, v=7). This near
resonance concept has been utilized in the calculation of the vi-
brational temperature in the ambient atmospheress. However, because of
the significance of this energy transfer, Reaction (23) has been stud-

ied by several mrkersaz’83’86'87. The most recent experimental analy-

51587 indicate that only 30% of the internal energy of 0( ') is trans-

9

- TS -



ferred to N, as vibrational energy.

The vibrational excitation of N, through the radiative cascade (Re-
action 21) clearly depends on the excitation of the N, (A32) state and
the population densities of its vibrational levels. Transitions from

these vibrational levels to the N, ground state vibrational levels will

2
contribute to the total vibrational energy of N2 .

The deexcitation of the vibrational energy, in principle, should
follow the reverse of the excitation processes discussed earlier. Thus,
the deexcitation by electron impact through the superelastic collisions
can be calculated from the corresponding excitation rates, given in
Table 3, via the principle of detailed balance. Vibrationally excited
molecules, however, transfer their energies to the vibrational levels
of other molecules through energy transfer (vibration-vibration, VV) or
to the kinetic energy of molecules or atoms (vibration-translation,VT).
These VV and VT quenching processes are thought to be well understood1

kos=1pe. According to Calleari®°

» the N, (v=1~0) transition, at room
temperature, requires 10% collisions. However, the number of collisions
required for V-T transfer is considerably less when the relaxation pro-

ceeds via the atom exchangelm-lm.

The probability of vibrational en-
ergy transfer increases with increasing temperature and decreasing vi-
brational spacings. Usually the deexcitation of higher vibrational
levels is a step by step, ladder-descending process. F'r most condi-
tions Av = + 1 but for higher levels and/or high kinetic temperatures,
transitions with Av> 1 can also occuriil 112,

The VT data for many molecules have been summarized by Millikan

and Whitens. Data for vibrational-transitional energy transfer are

10




usually presented as a relaxation time-pressure product, pr, where T is

the e-folding time of the vibrational energy, €, according to

&.1 [eeq ; e] (25)

at constant translational temperature and in the absence of sources.

The rate constant can easily be obtained from the pr product, such that
k= (pM)~* (26)

where M is the density of the deactivating agent at pressure, P. Fur-
thermore, the rate constant for the deexcitation of the first vibration-

al level km is
-hv /KT -1
k, M= [T(l-e / )]‘ @en*

where hy is the vibrational energy spacing. For higher vibrational
level deexcitations, on the other hand, one may utilize the following

relation:
k(v=n) = n K(v=1) = nkm : (28)

The quenching of the vibrationally excited N2 ‘'by oxygen atom
have been measured over a wide range of kinetic temperaturell? 116 jn.
dicating that oxygen is an effective quencher. Furthermore, the meas-
*k in Equation (27) is the usual Boltzmann constant.

11
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ured deexcitation rate at low kinetic temperatures exceeds considerably
the calculated rate117.

The vibrational-vibrational energy transfer to other atmospheric
molecules, are either non-resonant or near resonant processes. As a de-
excitation mechanism for the vibrational energy of N2 the process ex-
cites vibrational modes of other molecules. This transferred energy
results in infrared radiation whenever the molecule that acquires the
energy has a permanent dipole moment. The Nz vibrational energy trans-

fer to CO2 is well known from the advent of the C02 laserns.

For the
quiescent and disturbed atmosphere, the VT and W energy transfer rate
processes from N2 to other atmospheric ''species' are presented in Table
4.

The deexcitation of the vibrational energy through the energy

transfer to electronic excitations of atoms is also possible. Hunten122

.has argued that the excitation of the Sodium D-line in auroras below

100 Km is likely to be the result of energy transfer from vibrationally
excited nitrogen. This reaction has been observed in the 1aboratory123
and the cross section has been measured124 as 107*°cf , although it is
doubtful that vibrationally excited nitrogen exists below the turbo-
pause83’125'127.

The emphasis on the N2 vibrational temperature stems from the
fact that the degree of vibrational excitation significantly affects

certain reactions, the most impoftant of which is
N: (X'Z,v) + 0" (") = No* + N(“S) (29)

5 12
2
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128,129

This reaction depends upon the vibrational temperature as well as

130

the ion kinetic temperature and plays an important role in the deio-

nization process of the quiescent and the disturbed ionosphere, It was

128

suggested earlier by Schmeltekoff, et al™~", that Reaction (29) would

enhance the loss of electrons in the ionosphere, due to the enhanced
formation of NO'. Several workers have shown that this is the case in

the quiescent ionosphere, the auroral arcs (see for example Refs. 84,

85,125,126,131 and 132) and atmospheres disturbed by nuclear burstslss.

Finally the processes, discussed above, that control the vibra-

tional excitation as a function of altitude are shown in Figure 4.

125,126

These rates are obtained using atmospheric densities given in

Ref. 134.
4.2 EXCITATION AND DEEXCITATION OF THE (A 2;) STATE
The nitrogen molecule possesses a number of triplet states, e.g.,

A32, B’u, g m, etc. which can be excited from the ground state of the

135-144

molecule by electron impacts The AT state at 6,2 eV is the

lowest of the electronic states and is metastable with a lifetime of 1

secsl. Its emission consists of the well known Vegard-Kaplan band

system. In addition to its excitation by electron impact from the
ground state of the molecule, it can be populated by cascade from high-
er-lying triplet states, especially from Brm and 1 states. The elec-

tron impact excitation cross sections of these triplet states have been

calculated145’146., Measured cross sections exist for AL state139’140,

139-142 129,142-144

Bn state s ‘and C7 state . However, the shapes and

the peak values of these cross sections, whether experimental or theo-

147

retical, are not in good agreement with each other A case in point

13




is the peak cross section of the AT state with values of 5.25 (Ref. 140),
3.00 (Ref. 139), 12.00 (Ref. 146) and 15 (Ref. 145) in wnits of 107*°

af . However, using the average of the experimental cross sections as

a limit, the rate coefficient for the electron impact excitation of the

RZT state is given in Figure 5. This rate is obt:ained148

using the
calculated cross section145 averaged with the electron velocity over a
Maxwellian electron velocity distribution.

The significance of the RZT state is apparent in the highly dis-
turbed atmosphere and in the auroral displays. Apart from the electron
impact excitation and cascade from higher N2 triplet states, the follow-

ing near resonant charge exchange transfer reaction should be consider-

ed in the excitation of the AT state

N;(X) +N0 = N (A) + No* (30)

149-151

This reaction has a measured rate coefficient of 3.3X10°% ar

sec”?.

The deexcitation of the AZ state proceeeds through the superelas-

tic collisions with electrons, and by quenching collisions with atmos-

pheric species. Quenching by the ground state nitrogen is sma111525153

154

However, it has been observed that nitrogen atoms effectively quench

the A-state through atom interchange:

N+N@® = NX +N (31)

0

In the atmosphere, on the other hand, Hunton and McElroyl have found

% 14
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that oxygen atoms could provide the necessary quenching. Most recently

155

Vallance Jones and Gattinger have obtained the A-state quenching by

oxygen atom in the aurora with a rate coefficient of 7.5 X 107** af for
v=0 level. Part of the A-state quenching by oxygen results in the exci-

tation of the 0('S) state, according to:

N@+0 ~ N+ o('s) (32)

156

with a rate coefficient > of 3 X 102 o’ sec™. Metallic species

like, Na, Fe, Hg, Ba, etc. are also effective quenchers for the A-state

11,157,158

through Penning ionization Finally a summary of available

quenching date for RZ state by atmospheric species is given in Table S.
4.3 HIGHER-LYING STATES IN NITROGEN
Among the many other metastable states of nitrogen, only one

more state, the a'll state will be discussed. This state with a life-

146

time of 0.1 msec, has attracted some theoretical and considerable

139,140,163-166

experimental attention concerning its excitation cross

_ section by electron impact. The most recent electron impact excitation

166

cross section for a'll state agrees very well with an earlier measure-

ment140 from threshold up to incident electron energy of 40 eV. The
excitation threshold for a'll state is 8.5 eV which coincides with a me-

167

tastable state observed by Cermak to lead to associative ionization

of the type

* +
N +NO - NNO +e (33)
2 2

15
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However, the product I\L N0* has not been identified as yet in the D-re-
gion mass spectral studies.
4.4 EXCITATIONS AND DEEXCITATIONS OF N; STATES
4.4.1 EXCITATIONS AND DEEXCITATIONS OF FL STATE

The 3914 A band, which corresponds to the (0,0) transition of the
first negative bands system (FZ~XZL), is one of the strongest emissions
in the aurora, twilight glow, day glow and in the highly disturbed at-
mosphere. The primary sources of excitation of N;(k"z) state in the

ionosphere are the ionization of N2 by solar radiation168,

N + (187 eV) ~ N(PD) + e R -
by energetic electrons

N te - N;(E"E) + 2e (35)

169

and resonance scattering of solar radiation at 3915 A off ambient

&,
N ions:
2

+ h +
N+ x - N (FZ) (36)

To these one must add the electron impact excitation from the ground

state of the ibn, especially by low energy electronsl70:

Nz*+eaN;'(B?s)+e (37)

16
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In auroras, only Reaction (35) is likely to be an important source of
excitation. Indeed the efficiency of converting the electron energy in-
to (0,0) transition in air via Reaction (35) is constant and has a value
£ of 5.2 X 10'3, independent of electron energy above 100 eV, and
plays an important role in determining the auroral strength. In highly
disturbed atmosphere, on the other hand, Reactions (34) and (37) are im-
portant excitation sources in addition to Reaction (35). The electron
impact ionization cross section legding to g:(B, v=0) as one of the few
ionization continua of qa (Reaction 35) has been measured by many in-

w.estigat:ors”z_175

173

and is well established. Using the measured cross-

section” ~, averaged with the electron velocity over an electron Max-

wellian velocity distribution, the electron impact excitation rate co-

48

efficient for (0,0) band is obtained1 , and is given in Figure 6. The

excitation cross section for the (0,0) band emission from the ground

state of the ion has < 1sc been measured170’176’177. However, there is

170,176 and the

170

a large disagreement -~ .ag the first two measurements

most recent one177. The peak cross sections by Lee and Carlton ' ~, and

Dashchenko, et a1176, are 44 and 22 times as large as that measured by

177

Crandall, et al A rate coefficient measurement for the excitation

178

of (0,0) transition indicated that the Lee and Carlton cross section

1 may be large by a factor of 40. This makes the recently measured
cross section perhaps the most reliable. The corresponding electron

impact excitation rate coefficients is presented in Figure 6 obtained
from the deexcitation rates of Crandall, et a1177.

. b ks +
One of the important deexcitation processes of'hL(B,v=o) state

17




is its quenching by N2 . The quenching cross section by Nz has been

175’179’180, and the corresponding rate coefficient for thermal

measured
temperatures is ~ 4.4 X 10 ° anf /sec. In a highly ionized medium, how-
ever, the superelastic collisions of the B-state with electrons will
constitute an additional source for its deexcitation. Wallace and McEl-
roy181 have discussed the relative importance of the preceeding reac-
tions on the 3914 A emission in the quiescent ionosphere. They show
that above 100 to 150 km, resonance scattering is the major source of
3914 A radiation. At higher densities, however, resonance charge ex-

change such as
+ b : o
N, (FI) + 0, ) N (X'z) + 0, 'Z) (38)

may be significant. Reactions of this type would produce additional
0;(b-'a) first negative band emission and 02+(a“11) metastable ions. Be-
cause of the near resonance nature of the reaction, it may proceed at a
faster rate in comparison with the charge exchange with N; in its ground

state. More recently, Sharp182

has analyzed the twilight air glow from
rocket measurements and pointed out, not unexpectedly, that 90% of the
3914 & emission is due to solar photon scattering off N;(X), while so-
lar photoionization leading to FL state produces less than 10% of the
emission. v
4.4.2 EXCITATION AND DEEXCITATION OF # STATE

The excitation of the &7 state of N; , which results in the well
known Meinel band emission (A*X), in the aurora, ambient and disturbed

ionosphere, proceeds through the same mechanisms as those for N;(B)
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state. However, an additional excitation source via the near resonance

charge exchange:

0'CD) + N, = N'(A, v=1) + 0 (39)

has been advanced by Onholtlss. Hunten184 has observed that (1,0) and
(1,2) bands of the Meinel system often have anomalously high intensities
in the aurora, which could be attributed to the preferential excitation
of the first vibrational level according to Reaction (39). Reaction (39)
is one of the important deionization processes that transfers an atomic
ion into a molecular one. The dissociative recombinations of the atmos-
pheric molecular ions with electrons proceed much faster than the atomic
ion radiative recombination. The cross section for Reaction (39) has

185

been measured and is quite large, since it is a near resonant pro-

cess, leading to a reaction rate coefficient ~ 107 cnf /sec.
Observations of the normal auroras indicate that the Meinel band

system is one of the strongest emissionsls6 which have been also detec-

7

ted in day glow18 . The electron impact ionization cross section lead-

ing to R1 state has been measured188. Using currently available data

on excitation cross sections, transitions and quenching rates, Cart-

189, have calculated the auroral emission of the Meinel

wright, et al

band relative to that ef the first-negative bands system. Comparison

of these calculations with the measured data is in reasonable accord.
The excitation of the Meinel band, by electron impacts from the

ground state of the ion, have not been measured. This process becomes
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important in highly disturbed atmosphere as a cooling process for the
electrons.

The deexcitation processes of the Meinel band system should pro-
ceed through superelastic collisions with low energy electrons and via
quenching by N2 and 02 . The quenching rate of the A-state vibrational
levels by N2 and 02 have been measured by several workerslsg’lgo’lgl.
However, the agreement between their results is not good. Average
values'® for quenching of v=1 level by N and 0 are 4.5 X 107% e /sec
respectively.

The charge transfer
+ = + 4
N @A) +0 R GE) (40)

may be another loss mechanisms of the Ru state since the reaction is a

near resonance one.

Other excited states of N; have been observed, especially the me-
49,192

tastable states 'T and *A. These states have been found to form
N: through the reaction:

N(or*A)+N = N +N (41)

2 2 3

Finally, it should be remarked that the electron impact excita-
tion of molecular nitrogen and oxygen do not populate the vibrational
levels according to the Franck-Condon factors. Studies near ionization

; 4193,194

threshol show that vibrational levels are produced indirectly

20
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via autoionizing states. The importance of autoionization can be seen
in the case of N; (X) where the Franck-Condon .actors for transitions

from P% (X, v=0) to N;(X,v) decrease by nearly an order of magnitude for
each successive vibrational level of the ion, while for electrons with

energy not far above the ionization-potential, Fineman, et al195

, have
demonstrated that the populations of the v=o and v=1 levels are nearly
equal.
5. EXCITATIONS AND DEEXCITATIONS IN N

The nitrogen atom has two low-lying metastable states of interest
These are N (2D) and N(°P) and are excited through several mechanisms.

The N(®D) state which is the upper level for the 5200 A day glow is ex-

cited by the dissociative recombinations

N(X) +e = N(*S) + NC3D) (42)
and

No*(X) +e = N(3D) + 0O (43)

The branching ratios of thése reactions have recently been calculated.

e show that the products of the No* dissociative

Michels' calculations
recombination are ~ 100% N(®D) and 100% N("S). N(®D) and N(?P) are ex-
cited by electron impacts from the ground state of the nitrogen atom,

N'S, that is

e+ N("s) =~ N(®, %) + e (44)




The cross sections for these excitations have been calculatedlgg_zas.

However, the most recent calculation203

is the most accurate, since it
considers many relevant factors such as polarizatién of the target, high-
er lying configurations, etc., which were neglected by previous calcula-
tions. Using these cross sectionszos, the excitation rate coefficients

204 for a

for the low lying levels of nitrogen atom has been obtained
Maxwellian electron velocity distribution. These rate coefficients are
presented in Figure 7 as a function of the electron temperature and are
tabulated in Table 6 with the corresponding deexcitation rate coeffi-
cients.

Several charge exchange and ion-atom interchange reactions, in
ambient and highly disturbed ionosphere, also produce N(®D) and N(3P)..

205 where

Below is a few examples taken from a larger set of reactions
only exothermic processes were considered in addition to the condition

of the conservation of the total spin:

N () + o) ~ No"(‘Z) + N[®p,%] (45)
N30 + 0¢D) = N(z) + N[0, 2] (46)
N'CP) + 0,(8) ~ o3 + NCD) (47

From Atmospheric Explorer data analysis, Reaction (35) is fbund206 to
be the main process for producing N(®D) in the normal ionosphere, and

that the reaction product is 100% N(°D). Finally, the electron impact
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dissociation and dissociative ionization of r\L also produce N(ZD), e.g.,
i 2
e+N2"N+N(D)+2e (48)
e+N - N(3D) + N (49)

however, even though novel experiments have been conducted in dissocia-

207 and metastable detectionszo8

tion , exact branching ratios to deline-
ate the productions of N(®D) from Reactions (48) and (49) are not
currently dvailable.

The deexcitations of N(®D) and N(®P) proceed by superelastic
collisions with low energy electrons. However, a major loss mechanism
for N(?D), in daytime, aurora and highly disturbed atmosphere, is in its

reaction with 02 to form NO

N(°D) + N NO + 0 (50)

209,210 and

The coefficient for Reaction (50) has been measured
is~ 6 X 1072 o sec™. N(?D) is also lost through the following

reaction

N(%D) + N20 - N2 + NoO (51)

which has a room temperature reaction rate coeff:lcientzog’211 of

1.6 X 1072 af sec™ . A recent measurement by Davenport, et "

gives the quenching rate coefficient of N(°D) by atomic oxygen as
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1.8 X 107*2 o sec™. This rate is larger by a factor of 3 compared
to a value estimated in the real atmosphere by Rush, et a1213. A
summary of the quenching rate coefficients of N(®D) by atmospheric
species of interest is given in Table 7.
6.  EXCITATIONS IN N

The atomic nitrogen ion has two low lying metastable states
which are important in highly ionized atmosphere. These are N+(‘D) and
N+(‘S) and are excited through the photoionization of the atomic metas-
table states N(2D) and N(°P). The photoionization cross sections for
these processes have been calculated by Henry214.

The metastable states N'(*D) and N’ (*S) are also excited by elec-
tron impacts with the ground state of the ion, N+(3P), where the rele-
vant near threshold collision strengths have been calculated by Henry,

201 15

, and Saraph, et al2 These collision strengths are in good

204

et al
agreement and are utilized to obtain the corresponding deexcitation
rate coefficients for a Maxwellian electron velocity distribution and
are given in Table 8. The corresponding excitation rate coefficients
can bé obtained through the principle of the detailed balance.

In addition to the above processes, N’ (*D) and N (*S) are excited

by the electron impact dissociative ionization of Ea and several plaus-

able205 charge exchange processes such as
N'(E) +NCD) = N (T) +N'('D) (52)

and

Nz*(a):) +NCP) = N (D) + N (*S) (53)
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The deexcitation and loss processes of N' (*D) and N' (*S) are by

superelastic collisions with electrons and by charge exchanges and ion-

atom :interchanges205 such as
N (D) + 0,5 - 0;(“1r) + N(*S) (54)
* 2 *+3 2
N (°S) + NO(*7m) = NO (°Z) + N(°P) (55)

However, no quantitative measurements are available for reactions (52
through 55).

7. EXCITATIONS AND DEEXCITATIONS IN 02

7.1 GROUND STATE VIBRATIONAL EXCITATIONS. OF 02

Excitations of the vibrational levels of 02 in the atmosphere

10,108,216

have been reviewed The following reaction

¥
- ‘A
0+ 03 02 (a’a) + 02 (56)

217

has been found to be efficient and excites 02 into higher vibration-

al levels. Electron impacts with the ground state of the molecule leads

218’219. These cross sections are

also into, vibrational excitations
generally much narrower and smaller in magnitude in comparison with the
vibrational excitations of N2 . The electron impact excitation rate co-

efficient, obtained220

using measured cross section is shown in Figure
8 for an electron Maxwellian \felocity distribution. High energy ions
(= 10 eV) are i:'ound221 to excite vibrational levels of 02 via
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00+0 = 0 +0 (57)

The significance of the vibrationally excited 0‘2 is in the role

it plays in enhancing the rate of processes such as
g e 4 g v (58)

where it is found that the cross section for reaction (58) depends

194,222,223 . 0. As the equilibrium tem-

strongly on the temperature
perature of 02 is increased from 300 to 2100 °K , both the energy of the
maximum cross section and the threshold are shifted downwards. O'Malley
iy interpreted these results as being due to the vibrational excita-
tion of 02 . Chen, however, has shown that rotational excitations must
also be importantzzs.

The vibrationally excited 02 is quenched by atmospheric species
and a sumary of quenching coefficients is given in Table 9. Using

154 , the deactiva-

these data and atmospheric densities and temperatures
tion rate (sec") for 0: (v=1) is given in Figure 9 as a function of al-
titude.
Tve ELECTRONIC EXCITATION IN 02
7.2.1 EXCITATION OF 0, (a'a)

Perhaps the most abundant metastable state in the upper atmos-
phere is the (a'Ag) state of oxygen molecule. This state is the upper
level where (0,0) transition band to the ground state of the molecule

gives rise to the infrared atmospheric emission at 1.274. Its abundance
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229,330 3

at 50 km during the day is ~ 10 cm™ and it is attributed to
the photodissociation of the ozone by the solar radiation in the Hartley

continuunzzg »231 .

0, + hw(Hartley continum) - 0 + 0, (a'a) (59)

The quantum yields for the photolysis (Reaction 59) are given as a func-

232

tion of wavelength® ~, in Table 10.

Other excitation mechanisms for 0, (a'A) are:

3 s -
o’p) + 0 ] (a'a) (60)

233

with a rate coefficient of 4.5 X 107*° af sec, and by electron im-

pacts
e+ 0 ) - 0, (a'a) + e (61)

The cross section for the last reaction has been measured234 and calcu-

36

lated235 using Born Approximation. Swider2 has suggested the exother-

mic reaction
02+ +NO -~ No*+ 0 (8 (62)

to be of relevance in auroras.

The altitude profile of a'A using rocket measurements of the
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230,237

1.27u radiation is well understood in terms of its production

238

mechanism during daytime. However, the nighttime measurements call

for additional reactions such as

0+0+M - Oz(a'A)+M (63)

0 + Ho2 - 02 (a’a) + oH (64)

239 as an additional source for the

The last mechanism has been suggested
night glow.

The singlet metastable state, a'A, is quite stable and its be-
havior has been documented249. Furthermore, it is quenched by atmos-
pheric species, 02 - N2 » 0, 03 and in a highly disturbed atmosphere by
low energy electrons. Data on the quenching of a'A have shown excellent
agreement241. The most reliable values (excluding the data in Ref. 242)
are given in Table 11. It is obvious from these data that molecular
oxygen is the dominant quenching partner in the normal atmosphere, a
fact confirmed by Evans' interpretation of 02 (a’A) emission in the at-
mospherezso.

Other loss mechanisms for a’A has been suggested, such as

» s N
02 + 02 (a’a) 202 +e (65)

248

operating in polar-cap absorption events a.ﬁd in the disturbed atmos-

28
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phere Subsequent investigations have verified the rapidity of the

reaction®°??2%] which has a rate coefficient ~ 2 X 10°° ci? sec”?, and

have indicated that
- . 5
0 +0 (4 o +e (66)

is rapid as well, with a rate coefficient of 3 X 10°° af sec™?.

- The deexcitation detachment reacitons are significant for dis-
turbed atmosphere in which an anomalously high, 1.27u, emission are
found, presumably due to 02 (‘A)252’254.

Another channel through which 02 (a'A) may be quenched is radia-

tive 02 dimer fomation240’255.

* o
20, (a'a) @ q = 2 (@z) + w (6340, 7030 A) (67)

The same reaction leads to the excitation of b'E state255’256.

20, (a'a) = 0, ('D) + 0, (¥F) (68)

257 gor Reaction (67) is 2 X 10V of

However, the rate coefficient
! which indicates that Reactions (66) and (67) may not be of impor-
tance in the normal atmosphere.
7.2.2 EXCITATION OF b'Z
The metastable state b'Z which is the upper level for the 0 at-

mospheric band emlssmn (b'E )@2) can be excited in the same manner
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as a'A. It is excited from the ground state of the molecule

e+ 0, ®z) - 0, (b'T) + e (69)

234

whose cross section has been measured It can be excited through the

photolysis of the ozone by solar radiation:

v+ = 0 (b'Z) + 0, (70)
by three body reaction

0+0+M - Oz(b'2)+M (71)
and by

a+g N Bed (') (72)

However, two additional mechanisms produce the b'T state, which are Re-

action (68) and through the energy transferzss’zsgz

o('D) + 0, ®®z) - oi’p) + 0, ®'T) (73)
The rate coefficient for Reaction (73) has been tnealsuredzs-’9 to be
9 X10°'" o sec™!, which may be important in-auroras?®%, Reaction

261

(73) has been identified by Seaton”"" to be resonant.with v=2 of ( b'Z

e




state. However, recent observationsm2 of the atmospheric band in auro-

ras indicate emission from higher vibrational levels v = 5. This sug-
gests processes of energy transfer from 0(*S) and N(?D) and also 0(*D)
with higher kinetic energies to populatem2 v 24,

The quenching of b'Z state proceeds via low energy electrons in
the highly disturbed and normal atmosphere. It is also quenched by N2
and 0 with (1.5 - 2.5) X 10°"° cn® sec™ (Refs. 263,264) and 1.5 X 107*°
af sec™! (Refs. 14, 263), respectively.

7.2.3 EXCITATIONS OF 02 (8ZT) STATE

The AL state of oxygen molecule, is metastable and is the upper
level of the forbidden Herzberg bands transitions. In the normal atmos-
phere and in laboratory afterglow measurements, it is believed that the

dominant excitation of this state is due to the three-body proce55265’266

0+0+M - 02(A32)+M (74)

The rate coefficient for Reaction (74) has been measuredze’7 with
M= N2 and has a value of ~ 1037 cm®/sec, for low‘pressure (N2 < 10'®
af /sec). In a highly disturbed atmosphere, the electron impacts with
02 should excite the #ZT state, however, no realistic cross section for
this proceés exists. The quenching of AT state by atmospheric species
is not well known. .
8. EXCITATION AND DEEXCITATION IN ATOMIC OXYGEN

The atomic oxygen has two low-lying metastable states. These
are 0(*S) and 0(*D) and are the upper levels for the well known and

documented emissions at 5577 and 6300 A, respectively. In addition,
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the resonance line at 1304 A has been of considerable interest as an

ultraviolet emission in the atmosphere. A detailed excitation mechanism

of these states is given below:
8.1 EXCITATIONS AND DEEXCITATIONS OF 0('D)

The 'D state of oxygen emits the forbidden red lines (6300 and
6364 k) which are prominent in the aurora, dayglow, nightglow, twilight
and highly disturbed atmosphere. In the dayglow the major source of

0(*D) is the photodissociation in the Schumann-Runge cominuum268:

0+ ( 7.1eV) - o3P+ o(*D) (75)
Below 80 km the photolysis of the ozone (see Table 10) contributes
heavily to the production of 0('D). In higher altitudes 0('D) is pro-
duced by the dissociative recombination

o; +e = 0(D) +0 (76)
and by electron collision with the ground state of oxygen;

e+ 0(P) - o(’D) + e (77
Processes (76 and 77) are important contributers to 'D in auroras and

highly disturbed atmosphere as well as during the normal atmosphere.

The dissociative recombination (Reaction 76) have a measured and reli-

able rate coefficient over a wide range of the electron tanperature269.
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Its room temperature value is 2.2 X 107 o sec™. The branching ratio

for the products of Reaction (76) has been measured in aft:erglowszm’271
and these results are given in Table 12,

The electron impact excitation cross sections for the ground
state configuration which includes !D and !S have been calculated!?®"

201’272. The last calculation is the most recent and accurate and its

204 the relevant excitation cross

cross sections are utilized to obtain
sections. These rates are shown as a function of the electron tempera-
ture in Figure 10 and are tabulated in Table 13.

The 'D state also arises under electron impacts with 02 through
the dissociation and the dissociative ionization of the molecule. How-
ever, no quantitative data in this area is available. Data from flow-

267

ing afterglow experiments suggest that the deactivation of 0(*S) by

0(3P) could give rise to 0(*D),
0*s) + (3P) = 20(*D) or 0(*D) + 0(3P) (78)

whose importance in the nightglow has been discussed by Hunten and Mc-
Elroy1 0. However$ this reaction and its most current rate coefficients
will be discussed in the next section in conjunction with the deactiva-
tions of 0(*S).

The 01(‘ D) is quenched by collisions with various atmospheric
atoms and molecules. In highly ionized atmosphere, superelastic colli-
sions with low energy electrons deexcite 0(*D) effectively. Much of the

10

older quenching data are discussed by Hunten and McElroy  , who conclude

that molecular nitrogen is the most efficient, with a rate coefficient
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k=8 X 107!! af sec™®, This value is supported by the work of Carle-

273, and by that of McGarth and McGarveyZ74, who found that

14

ton; et al
the rate for nitrogen as a quencher exceeds that for oxygen. Zipf
has reviewed this subject and concurs in the view that nitrogen is the

major atmospheric quenchant. However, in a recent reviewns, the

quencing rate coefficients of 0(*D) by N and 0, are given as 5.5 X 107!
af sec™? and 7.5 X 107! af sec™, respectively.

In addition to the normal collisional quenching, 0(*D) undergoes
chemical quenching in its reactions with minor atmospheric species, es-
pecially in th3 stratosphere. The importance of these reactions have

been demonstrated by Hunt276 in the D-region and by Hampson277

in the
stratosphere. Hampson, for example, showed that in the stratosphere
the free radicals OH and .'HO2 are present only because of the reaction of

0(*D) with the water vapor
o(*D) + HOo - 20H (79)

This reaction has a rate coefficient’’® of 6 X 10 ° af sec™ or 3.5 X
107  af sec™d. Hunt276 showed that the ozone concentration, in agree-
ment with measured values, could be derived only if several 0(*D) re-
actions involving hydrogen and water were taken into consideration.

These are Reactions (79) and
0(*D) + o~ @ H (80)

which has a rate coefficient280 of 3 X 10 %, Assuming a rate coeffi-

34
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cient of 107! af sec™® for Reaction (80) Hunt arrived at 0(*D) densi-
ties of 10° -10* between 40 and 100 km. This value is probably too large
because of his assumed value for Reaction (80), however, the general
conclusion that even small concentrations of 0('D) are extremely impor-
tant, persists even when turbulent transport is taken into account281’28%

In addition to Reactions (79) and (80), other chemical quenching reac-

tions involving 0(*D) in the stratosphere are

l b d
o('D) + CH CH + OH (81)
and
l e d
0CD) + NZO N2 + 02 (82)
- 2NO

28

with rate coefficients’e> of 3 X 10°° arf sec™® and 1 X 10°% o sec’!,

respectively. These reactions clearly demonstrate the importance of
0(*D) in the stratosphere, its importance have also been noted in the

284-286_ 287 of 0(*D) quenching reac-

tropospheric chemistry A summary
tions and their rate coefficients is presented in Table 14. However,
in a highly ionized atmosphere ‘the population density of 0(*D) will al-
so be affected by a host of charge exchange and ion-atom intercharge

reactions205

of which a few examples are:
N +0(D) ~ N ('Z) +0"(3D) (83)
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N'(3P)+ 0('D) = N(ZD)+ 0'(*S) (84)
N'(s) + 0 (&) = No'('m) + 0('D) (85)

8._2 EXCITATIONS AND DEEXCITATIONS OF 0(’ S)
In 1931 Chapman®®® suggested that 0(*S) may be formed in the

nightglow by the reaction
0CP)+ 0CP) + 0CP) ~ 0('S) + 0 (86)

where among the collision partners available to 02 , only energy trans-
fer to 0(3 P) could generate 0(*S). This implicitly assumed an initial
step in which the stabilized excited 02 had sufficient energy to excite
0(3 P) to 0(*S). Such a mechanism, quite belatedly, was proposed by
Barth and Hildenbrandt?sg, that is

0CP)+ 0(3P)+ M ~ o; M (87)
6' +0(3P) ~ 0+ 0('S) (88)
2 2

Donahue, et 31290’ have advocated the abandonment of the Barth two

step mechanism. However, more recently Slanger and Black291

using new
data on the production of 0(*S) combined with current altitude profiles
of 5577 A intensities and 0(®P) concentrations, make persuasive argu-

ments in favor of the two step mechanism. They indicate that the ex-
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cited molecular oxygen may be 02 (#Z). The reacticn rate coefficient
for the overall production of 0(*S), i.e., Reactions (87) and (88), have

291

been measured recently as a function of the kinetic temperature and

found to be 1.4 X 10°exp(- 1300/RT). This should be compared with
the three-body process, Reaction (86), which has a rate coefficientzgz
at 300 °K, of 4.8 X 1033 m® sec™®. Additional three-body reactions

forming 0(*S) are:
0®P)+ 0(3P)+ N(*S) = 0(*S) + No (89)
and

N(*S)+ N(*S)+ 0C°P) = N+ 0('S) (90)
They have?? the following rate coefficients: 2.56 X 102! an’® sec™
and 1.3 X 10°° am® sec™®, respectively.

The 0(*S) is also excited through the dissociative recombination
of QF, (see Reaction 76 and Table 12). Excitations of 0('S), in @ high-
ly ionized atmosphere, proceeds by electron impacts with the ground
state of oxygen and 0(*D)," in addition to the above processes (see

Figure 10 and Table 13 for the rate coefficients).
During the daytime, however, the photodissociation of 0a
0, +h (<1332 Ay = o0+0(9) (91)
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contribute5293 appreciably to the 5577 A emission below 150 km with the

major contribution to 0(*S) being the photo-dissociation of 02 in the

wavelength range 1205-1292 A. However, Hays and Sharp®?*

have suggested
that absorption near the ionization threshold A = 1027 A is mainly re-
sponsible for the photo-dissociation. In measuring the quantum yield
of 0(*S) through the photo-dissociation of 02 over a wavelength range

850-1300 A. Lawrence and McEwan295

have concluded that Reaction (91) is
more efficient around 1050 & and that the photo-dissociative excitation
around Lyman B (1025.7 &) provides the major fraction of 0(*S).

The 0(*S) is quenched by the atmospheric species and by superelas-
tic collisions with low energy electrons in a highly disturbed atmos-

296 have found the

phere. Early auroral measurements of the green lines
effective lifetime of 5577 A to be shorter than its natural lifetime.
This clearly attributed to the quenching of 0(*S) by several atmospheric
species where currently the corresponding rate coefficients have been
ﬁreasured by many workers and some as a function of the kinetic tempera-
ture. The quenching of 0(*S) by 0(®P) (see Reaction 78) had an early

267

measurement with a value“”’ of 1.38 X 10™*® af sec™. This old value

292 o 8., 7.5X102 af sec’?

is now superseded by a much larger value
at 300 °K and 5.0 X 107*! exp (- 610/RT) cm sec™ (see Ref. 291). The

quenching of 0(*S) by 0, .
0(*s) + R 3 0(3p) + 0, (92)

has the following rate coefficients: 4.0 X 10™'2 exp(- 1730/RT) ar
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sec’’ (Ref. 297) and 4.9 X 10™*2 exp(- 1700/RT) cnf sec™' (Ref. 298).

This last value is smaller by 20% at room temperature, compared to an

earlier measurement by Stuhl and Welgezgg.

298

The quenching rate coeffi-
cient®”” of 0(*S) by N is < 5X 107Y7 ci® sec™. A summary of the
quenching rate coefficients of 0(*S) by major and minor atmospheric

287 ;h Table 15.

species, is given
9. EXCITATIONS AND DEEXCITATIONS IN 0+

The atomic oxygen ion has two low-lying metastable states; 0'(2D)
and 0'(3P). They play important roles in the chemistry of the quies-
cent and the disturbed atmosphere. They are produced in the dayglow

through the direct photoionization of the oxygen atom
0+w = 0°(*s, 2D, 2P) + 2¢ (94)

Quantative branching ratios for Reaction (94) are not available,
however, estimates can be made using photoionization cross sections as a
guide. These excited states can also be produced:(’01 by electron impacts
on 02 . Stebbingsso1 indicate that for 100 eV electrons 0n-02 the frac-
tion of excited 0' is 25% of the ions produced.

In addition to these processes, 0' (2D) and 0'(2P) also arise

through the electron impacts with the ground state of the ion, 0" (*s),

e.g.,

e+0(*S) = 0°(3D,2P) + e (95)
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The relevant near threshold collision strengths for processes (95) have

201,302

been calculated Using these collision strengths, the deexcita-

204 for a Maxwellian electron

tion rate coefficients have been calculated
velocity distribution. These coefficeints are presented in Table 16.
The excitation rates can be obtained through the principle of detailed
balance.

The quenching of 2D proceeds through superelastic collisions (see
Table 16) especially for a highly ionized atmosphere. However, an im-

portant loss mechanism for 0+(2 D) is its near resonance charge exchange

with N and 0 .
e. 2

0" (3D) + N - N;(A, v=1) + 0(3P) (39)

0" (D) + g = oz*(v=o,a“n ) + 0(3P) (96)

- o;(A?n v=0) + 0(3P) 97)

185,192

These processes have large rate coefficients ~3X10° af sec”.

Reaction (39), discussed earlier, may enhance infrared emissions in the

183,184

Meinel bands However, Reaction (97) may result in visible radi-

ation from the second negative bands of 0;. Near resonance Reactions
(39) and (97) have been suggested as new laser sourcessos.

The importance of Reactions (39), (96) and (97) for the atmos-
pheric deionization is very obvious, where atomic ions are converted in-

to molecular ions which have much faster rates in dissociatively recom-

bing with the free electrons.
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0" (2P) which emits radiation at 7319 A in its decay to 0'(2D),
is quenched by low energy electrons (see Table 16), however, its quench-
ing by atmospheric species is not well known. In the recent Atmospheric
Explorer C Satellite experiments, dayglow me'asuranents of the surface

04

emission at 7319 & have been analyzeds indicating that quenching by N2

may have a rate coefficient as large as 5 X 10 ¥ af sec™'.
10. EXCITATION BY PROTON IMPACT

This section is devoted to the effect of the proton precipitation
in the atmosphere. The precipitation of energetic protons disturbs the
atmosphere resulting in what is generally called the proton aurora.
Proton auroras are different from .electron auroras in their emissions
and their lesser vertical extent because of the energy range of the ions
in the atmosphere.

Atomic hydrogen lines, Ha 6564 A and H B 4861 fk, were first dis-

305

covered by Vegard in the auroral spectrum. These spectral lines were

attributed:"05

to hydrogen or proton showers. The displacement of H B to-
wards the blue was interpreted as protons with large velocities neutra-
lized in their collisions with atmospheric atoms or molecules. Reviews
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of proton precipitations and hydrogen line emissions indicate that

typical protons have energies of 1-100 KeV.
The hydrogen line emissions are excited by the following process-

es
H +M = Hn) +M (98)

where the charge exchange leaves the hydrogen atom in either the ground
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or excited states. The hydrogen atoms thus created have very high velo-

cities and travel in straight lines causing ionization and excitations:

* *
H+M - H +M +e (99)
*®
H+M - Hn ) +M (100)
H+M - Hn ) +M +e (101)

There are considerable experimental data for hydrogen line emis-
sions due to collisions of protons with N2 , as reviewed recently by Mc-

Neal and Bire1y307 3

The measured emission cross sections are basically
for excited states of n=2, 3 and 4 with representativé emissions of Ly-
man &, H - and H B

However, in addition to the hydrogen line emissions in the proton
aurora, the collisions of the protons and hydrogen atoms with atmospher-
ic atoms and molecules excite well known atomic and molecular emissions.

Among the most prominant excitations are the Meinel and the first nega-

tive bands of N; , that is;

H + N - H + N (fm (102)

+

H N - H + N (L) (103)

42

possgre




The cross sections for the excitation of the Meinel bands (Reaction 102)

by protons and hydrogen atoms on N2 have been measured by Birely and

308

Johnson™ ~, in the energy range of 0.5-25 KeV. These measurements indi-

cate that both H and H' make comparable contributions to the Meinel bands
emission. The cross sections for the first negative bands emission by
proton and hydrogen atom impacts on N2 (Reaction 103) also have been

309,310,311 for incident energies of 1-25 KeV. For energies a-

312,313
up

measured
bove 25 KeV, measured cross sections for Reaction (103) exist
to 100 KeV. However, for proton impacts alone, the 3914 A emission

314,315 |1y to 1000 KeV.

cross section, beyond 20 KeV, have been measured
Excitations of other electronic emissions in I% by proton impacts
have been studied in the laBoratory. Measurements exist for N2 (B’ﬂ-A?E)

first positive band 00 4309

and for N (Cn-Br) second positive ban
emissions.

As for excitations in 02 experimental data are limited in terms
of the energy range and electronic states. Some data exist for the ex-
citation of the Schumann-Runge continum 102317 and the (BZ~A'n) emis-
sion?’18 of 0;. Furthermore, the proton impact dissociation of 02

+

H +0 = H +0CP)+ 0('D) (104)

and

+

H+@ = H +0CP)+ 0(3P) (105)

316,317

have been measured over a limited energy range where part of the
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dissociation process results in the excitation of the 6300 A oxygen red
line. However, using certain scaling laws, Edgar, et al319 have obtained
proton excitation cross sections for 0 and 02 from electron impact exci-

tations. Their scaling approach gives good results in comparison with

some measured cross section'ssog.

11. METALLIC SPECIES
Alkali atoms, Na, K etc., are present in the atmosphere in small

quantities and are conceritrated, generally, in the E- and D-regions.

320

Emission from Na and K have been measured in the twilight from which

their altitude profiles can be inferred. Sodium ions have been measured

L by rocket born spectrometer and other metallic ions are found to be

322,323 in the D- and E-regions. Metallic ions like Mg+, Fe' are

234

present
maintained by ablating meteroroids However, other metallic atoms
and ions are introduced into the atmosphere as a resuit of nuclear de-
tonations.

The alkali atoms are excited during the daylight by the absorp-
tion and the resonance scattering of the solar radiation. During the
night time their emission results from chemical reactions. Howevér, a
detailed chemistry of the alkalis in their reaction with atmospheric
species is not well mdefstoodszs, as yet. Many of these metallic ions
may be in excited states, especially the energetic ions created as a re-
sult of nuclear detonations. For Na+, Fe+, A1" and a few other metallic

ions P‘ogel:"26 and Layton327 have shown that excitation has a marked
effect upon the cross sections measured at kilovolt energies. Thus, it

could be said that a large number of reaction rates involving metallic
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atoms and their ions with atmospheric species remain unknown. This in-
cludes reacitons when the species are in ground states as well as in ex-
cited states.
12. REACTION RATES FOR REACTIONS INVOLVING EXCITED STATES

This report ends with a summary of reaction rates and cross sec-
tions where excited states are involved. The summary given in Table 17
provides a considerablé portion of the information available in this
area with emphasis on atmospheric species. The temperature at which
measurements were made are given with the appropriate references and

the types of experiments used to obtain the data.
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