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ABSTRACT

Some features of atmospheric atomic oxygen chemistry that have received little atten-
tion, that need to be re-evaluated in the light of recent data, that have been studied
in the author’s laboratory, or that encompass some combination of these three are

discussed.

Newly-calculated values for the concentrations of excited atomic oxygen below
100 km are so low that it is unlikely that its reactions contribute appreciably to the
concentration of any atmospheric component in that region with the possible excep-
tion of excited molecular oxygen. Reactions of ground state atomic oxygen may
constitute a sink for methane and a source of sulfate in this atmospheric region. Many
chemionization reactions probably occur in the atmosphere, and three possible types

are considered in detail.

Introduction

Atomic oxygen is one of the most chemically
reactive species in the atmosphere and is present
throughout most of the atmosphere, especially
above the tropopause. Thus it plays a major
role in atmospheric chemistry. The purpose of
this paper is to discuss some features of atmo-
spheric atomic oxygen chemistry that have
received little attention, that need to be re-
evaluated in the light of recent data, that have
recently been studied in the author’s laboratory,
or that encompass some combination of these
three.

Excited atomic oxygen

Equilibrium concentrations of ground state
(*P) atomic oxygen have been calculated for a
large altitude range by many investigators, and
concentration measurements have beeh made
in a limited region. Electronically excited atomic
oxygen is also present, namely O('S), which is
responsible for the 5577 A (green) line in the
airglow and O(*D) which is responsible for the
6300 A (red) line. The concentrations of the

1 Supported in part by Grant No. AP00343-01,
Division of Air Pollution, Bureau of State Services,
U.S. Public Health Service.

latter are sufficiently high in the ionosphere
that the intensity of the 6300 A line in the
day airglow has been measured.

Very recent studies of the 6300 A line in the
day airglow suggest that O{!D) is produced in
the ionosphere by the action of electrons pos-
sessing high kinetic energy (DALGARNO & WAL-
KER, 1964). Impaction of ground state atomic
oxygen, O(*P), with such electrons may excite
them to the 'D state. O(*D) is produced from
ozone below 100 km by the strong absorption
of solar radiation in the 2200-3140 A region
leading to photodissociation with a quantum
yield of about unity (LEIGHTON, 1961; VOLMAN,
1963). It is probably also produced, but with a
lower quantum yield, by absorption in the 3140—
3500 A region. The O('D) in the ozone region
of the atmosphere is destroyed primarily by
the following processes:

0('D) +0, +M—~0, + M (1)
O(*D) +M—>O(*P) +M (2)
O('D)-~>O(*P) +hy (3)

It is readily demonstrated that 1 and 3 are
insignificant compared with 2. There is con-
siderable uncertainty concerning the relative
effectiveness of molecular nitrogen and oxygen
for collisional deactivation of O(*D), especially
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Fie. 1. Calculated atomic oxygen concentrations.

A, B, C, and D represent O('D), assuming colli-

sional deactivation coefficients of 10-°, 10-19, 10-1, and 10~12 ¢cm? sec—! respectively. E and F represent
total daylight O, using data from the Handbook of Geophysics (MILLER, 1960) and recent calcula-

tions by Lonpon (1965) for 0° latitude, respectively.

in the lower atmosphere, (DEMORE & RAPER,
1964). However, we can define an effective
deactivation coefficient, k,, for the ozone region
based on molecular oxygen concentrations. Then
the concentrations of O('D) can be calculated
from the equation

[O(*D)] =/[O4]k,~1[0,]*

where f is the rate of light absorption by ozone
in photons/molecule sec. Values of f and of
[O(*D)] for various altitudes below 100 km were
previously reported by CApLE (1964). The value
of k,, 1012 cm? sec—1, was taken from the work
of SeaTroN (1958) who considered it to be a
minimum effective value for the aurora and
airglow.

DAvLcARNO & WALKER (1964) have concluded
that k, cannot be much less than 10-1¢ ¢m?
sec~!, If so, the concentration of O('D) in the
ozone region must be almost two orders of
magnitude smaller than the previous calcula-
tions indicated. Figure 1 shows the calculated
values for [O(1D)] for the sun at the zenith for
a number of values of k,;. The peak concentra-
tion of O(1D) occurs at about 50 km rather than
at the ozone peak because of both the rapid
increase in f and decrease in O, with increasing
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altitude. Curves B and D correspond to Dal-
garno’s and Seaton’s maximum values for k,,
respectively.

These considerations permit a logical choice
between two sources which have been proposed
for atmospheric nitrous oxide. Ground state
atomic oxygen (°P) reacts very slowly if at all
with molecular nitrogen, presumably because
the reaction violates spin conservation rules
and has an aectivation energy of about 13,000
cal mole-!. However, O(1D) does react fairly
rapidly with nitrogen, and this reaction has
been proposed by HARTECK & REEVES (1961) as
a major source of atmospheric nitrous oxide.
Another possible source that has often been
suggested is bacterial action in the soil.

Using data of GroTH & ScHIERHOLZ (1957)
for the reaction of O(1D) with molecular nitro-
gen, estimates by Goopy & WarLsHAw (1953)
of the total rate of photochemical destruction
of nitrous oxide, and concentrations of O(*D)
calculated on the basis of k, =10-12 cm?® sec—!,
CADLE (1964) showed that the reaction

N, +O(*D)>N,O +hv (4)

might account for much of the nitrous oxide
in the atmosphere. However, if &, is as large
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as now seems likely, reaction 4 cannot be an
important source of atmospheric nitrous oxide.
BaTtes & WiTHERSPOON (1952) discussed several
other reactions that might produce nitrous
oxide, and in addition to those discussed above,
suggested the reactions

0, +N,~>N,0 +0, (5)
and 03 +N,—»N,0 + 0, (6)

However, both of these reactions violate spin
conservation rules and must be very slow
unless O3 is a triplet. The concentration of 0;
must be very low since the photochemical yield
of atomic oxygen by the photolysis of ozone,
which may produce O3 as an intermediate
product, is about unity. Thus O3 must decom-
pose before it can undergo collisional deactiva-
tion. These considerations leave us with bac-
terial action in the soil as the most probable
source of atmospheric nitrous oxide.

Similarly, it now seems highly unlikely that
any reaction of O(1D) affects the concentration
of any component of the atmosphere, at least
below 100 km, to an appreciable extent with
the possible exception of excited molecular
oxygen {2 ) (ScHIFF & MEGILL, 1964).

Reaction of ground-state atomic oxygen
with methane

An investigation has recently been under-
taken in the senior author’s laboratory of the
reaction of O(*P) with methane (CADLE &
ALLEN, 1965). This reaction is of interest since
methane is a minor constituent of the natural
atmosphere, the average concentration being
about 1.4 parts per million by volume in the
troposphere. Little is known concerning its
distribution with height. It is introduced into
the atmosphere by bacterial action at the earth’s
surface and by the liberation of natural gas.
It is destroyed by reaction with atomic oxygen,
OH, and H; by photolysis in the ionosphere;
and possibly by other means such as electrical
discharges.

Atmospheric methane has recently received
considerable attention since the specific tritium
content of atmospheric methane has been found
to be several orders of magnitude greater than
that of rainfall and somewhat less than that of
atmospheric hydrogen and stratospheric water
vapor. JUNGE (1963) states that a natural source
of tritiated methane is excluded, and that it is

unlikely that tritiated methane is produced in
thermonuclear tests. Possibly it is produced
industrially. Junge has used values for the
tritium reservoir in the northern and southern
hemispheres to estimate the exchange time
between the hemispheres (3.5 years).

The reaction of atomic oxygen with methane
was investigated using a high velocity flow
system. Atomic oxygen was produced in many
experiments by subjecting molecular nitrogen
to a microwave discharge and titrating the
atomic nitrogen produced with nitric oxide:

N +NO—N, +0O (7)

The endpoint of the gas titration was indicated
by the disappearance of the N3 and NO* after-
glows. The well-known ‘‘air afterglow’ which
results from the slow reaction

NO +0( +M)>NO3( +M) (8)

was produced by adding a slight excess of
nitric oxide. The intensity of this glow is pro-
portional to the atomic oxygen concentration
and was measured along the reaction tube to
determine the rate of atomic oxygen disappear-
ance as & result of reaction with the methane.
The reaction of atomic oxygen with methane
could also be catalytically quenched at various
distances along the reaction tube and the amount
of methane remaining after reaction determined
by mass spectroscopy or gas chromatography.
Means were provided for by-passing the dis-
charge with molecular oxygen so that the effect
of ground-state molecular oxygen on the reac-
tion could be investigated.

Atomic oxygen was produced in other experi-
ments by subjecting molecular oxygen to a
microwave discharge and absolute determina-
tions of the atomic oxygen produced were made
by titration with nitrogen dioxide.

Atomic oxygen reacted much more rapidly
in the presence of a large amount of molecular
oxygen than when little or none was present.
Rate constants based on the initial rates of
atomic oxygen reaction in oxygen and nitrogen
as the carrier gas were

k =3.8( + 1.8) x 10-1exp[ — 6600( + 1500)/RT]

cm? gec—!

and

k=1.2(+£0.6) x 10-11exp[ — 7300( + 1500)/RT]

cm? gec—!
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6017 SUOWILOD SATES.D B |aea1jdde oy Aq PauRACD 12 SBPILE VO 8N J0'SaN! 10} ARIGI SUIUO /BIAN UO (SUOIIPUOO-PUE-SLLLBYLIOY" Ao 1 ARIq1puI U0/ SANL) SUONIPUG PLE SULS | 341 395 [920Z/70/80] U ARIGI] SUIIUO /31 99UB|BOXS 3180 PUE L1IEDH 10} 3IMIISU| UOTEN ‘SOIN AQ X'€220001-996T 06VE-EGTE [ TTTT OT/I0p/L0™Ao] 1M AR 1PU|UO//'Schil O} PAPEOIUMOQ ‘€2 ‘996T ‘0BYEESTZ



ATMOSPHERIC CHEMICAL REACTIONS OF ATOMIC OXYGEN 179

respectively, where R is the gas constant (2.0
cal deg~! mole-1) and T the absolute tempera-
ture. Much more atomic oxygen was removed
in the overall reaction than was required for
the complete conversion of methane to carbon
dioxide and water.

Rate constants calculated from the amounts
of methane reacted were much less accurate
than those based on oxygen atom disappearance
because of the very small percentage of methane
which reacted. However, from the standpoint
of atmospheric behavior it is important to know
whether the methane in the atmosphere reacts
more rapidly with atomic oxygen than it other-
wise would because of the presence of molecular
oxygen. Therefore, the experiments described
above were repeated using n-butane in place of
the methane since n-butane reacts much more
rapidly with atomic oxygen than does methane
and rate constants for the hydrocarbon dis-
appearance could be determined more accu-
rately (ALLEN & Capirg, 1965). The effect of
molecular oxygen on the rate constants for
the initial rate of disappearance of atomic
oxygen (k,), the initial rate of disappearance of
n-butane (k,), and on the overall disappearance
of n-butane (k) is shown in Table 1. The con-
stants kg, k,, and k, were nearly the same in
the absence of molecular oxygen when there
was an excess of the hydrocarbon. This suggests
that under these circumstances the calculated
rate constant was that for the primary reaction
of O with butane, possibly to form OH and

TaBLE 1. Variation of calculated rate constants
with 4nitial concentrations of atomic oxygen,
molecular oxygen and hydrocarbon, at 300°K.

[0}  [CiHiuk ko kn kn

x107™  x107™  x10' x10 X105 %O

1.08 2.96 5.256 4.26 4.08 0.0
2.16 4.05 8.95 0.0
3.74 1.84 20.5 0.0
2.60 0.82 30.4 0.0
4.42 1.27 35.8 0.0
9.88 0.67 41.1 0.0
11.1 1.31 38.0 0.0
11.1 1.40 39.6 5.0
9.00 0.52 70.8 20.0
10.6 0.29 89.6 33.3
6.15 0.40 110 '5.70 5.38 50.0

3 3 ~1
a, molecules or atoms psr em™ b, cm” sec .
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butyl radicals. When there was an excess of
atomic oxygen, or when appreciable molecular
oxygen was present, k, increased in value and
could not have represented the primary reac-
tion. The presence of molecular oxygen may
have had a small effect on k, and k;:, but much
less than on k,. Therefore, if the reaction involv-
ing methane is similar to that involving n-bu-
tane, the second of the two rate constants given
above for the methane reaction is probably
more nearly representative than the first of
methane behavior in the atmosphere. In fact,
the value which should be applied is probably
between the two, but closer to the second than
the first.

In order to investigate the significance of
these rate constants to atmospheric methane
concentrations, calculations were made of the
methane concentrations at various altitudes
assuming & constant mole fraction for methane
of 1.4 x10-* and using the U.S. Standard
Atmosphere (1962). Rates of methane reaction
were then calculated using these methane con-
centrations, the atomic oxygen concentrations
taken from the Handbook of Geophysics (MiL-
LER, 1960) shown in Figure 1, and the two rate
equations. The results are shown in Figure 2.
They indicate that if residence times of air in
the stratosphere and mesosphere are a year or
more ( >107 sec), the atmosphere must be con-
siderably depleted of methane at least above
40 km, even if the rates of reaction are closer
to those indicated by curve B than curve C.
The results in Figure 2 can be converted to
values for 7(CH,), defined! as [CH,]/d[CH,]/d¢,
by dividing the values of curve A by those of
B or C for any given altitude. Similar results
would have been obtained if the values for
atomic oxygen concentrations in the atmosphere
used for making the calculations had been
those of LoxpoN (1965) shown in Figure 1.
However, in that case calculated rates of me-
thane oxidation would be lower below 60 km
and higher between 60 and 90 km than those
shown in Figure 2.

It is important to note that although the
reaction of atomic oxygen with methane deple-
tes the atmosphere of the latter, it has little
effect on the atomic oxygen concentration. This

1 ¢(CH,) is thus the time required for all of the

- methane existing at any moment to react if the re-

action is first order in methane and d[CH,]/dt does
not change with time.
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Fig. 2. Calculated atmospheric methane concentrations, assuming a constant mixing ratio, 4, and cor-
responding rates of reaction with atomic oxygen, B and C. B is based on measurements of the rate
constant in nitrogen and C on measurements of the rate constant in oxygen.

can be demonstrated using the calculated values
of Dtrscu (1961) for the number of quanta
(A <2420 A) absorbed per oxygen molecule per
gsecond at various altitudes. This absorption
leads to a production rate of atomic oxygen
greatly in excess of the rate of atomic oxygen
removal indicated by curve B or C of Figure 2.

Reaction of ground state atomic oxygen
with sulfur dioxide

Ground state atomic oxygen also reacts with
sulfur dioxide to form sulfur trioxide which in
the atmosphere almost immediately hydrolyzes
to form sulfuric acid droplets:

SO, + O(*P) + M—>S0, +M (9)
S0, +H,0—~H,S0, (10)

Because reaction 9 can occur both in smog and
in the natural atmosphere, and may be partially
responsible for sulfates found in both, it has
been investigated in our laboratory.

The method was much the same as that used
for studying the atomic oxygen-methane reac-

tion. Accurate rates were obtained from the
decrease in concentrations of both atomic oxy-
gen and sulfur dioxide. The reaction was found
to be third order and to have a zero or nearly
zero activation energy. Thus the rate constant
is essentially independent of temperature, a
common feature of third-order reactions. The
rate constant calculated from the initial de-
crease in oxygen atom concentration for reac-
tion 9 was essentially the same as that calculated
from the overall drop in sulfur dioxide concen-
tration. The arithmetic mean value from a
number of runs was 1.3 x10-32 em® sec~!. The
rate constant was the same, within experimental
error, whether the carrier gas was oxygen or
nitrogen.

Not much is known concerning sulfur dioxide
concentrations in the atmosphere except near
the earth’s surface. Judging from results quoted
by Juxce (1963), a typical concentration over
continents, except close to sources of air pollu-
tants, is 10 ug/m? and over oceans is 1 ug/m?3.
However, the variations are large. The majority
of the sulfur in the lower atmosphere is gaseous
and most of this is sulfur dioxide.

Values of 7(SO,) for reaction 9 calculated

Tellus XVIII (1966), 2
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TaBLE 2. Value of ©(SO,) for the reaction of sulfur
dioxide with ground-state atomic oxygen.

Altitude T(S0,)
(km) (seconds)
10 8.7x 108
15 1.2 x 108
20 2.1 x1¢%
30 2.0 x 10¢
50 9.0 x 104

from curve E of Figure 1, values of [M] for
various heights taken from the U.S. Standard
Atmosphere (1962), and the rate constant, are
given in Table 2. The results demonstrate that
although the concentrations of atomic oxygen
in the lower stratosphere are not at all well
known, it is likely that any sulfur dioxide reach-
ing the stratosphere will be rapidly oxidized to
sulfuric acid by reactions 9 and 10. Thus these
reactions may contribute to the particulate
sulfate that is found in the stratosphere (JUNGE,
1963). The maximum concentration of such
particles at about 25 km may result from the
combined effects of increasing concentration of
atomic oxygen and decreasing concentration of
sulfur dioxide with increasing altitude, but of
course other explanations are possible.

The concentration of sulfur dioxide of 1 ug/m?
at STP corresponds to a mole fraction of about
10-°. Note that even if the mole fraction of
sulfur dioxide entering the air is this high,
reaction 9 will not greatly affect the concentra-
tion of atomic oxygen since this reaction is
considerably slower than the primary rate of
atomic oxygen production from molecular
oxygen.

Chemionization

Chemionization can be defined as the produc-
tion of primary ions as an integral part of a
chemical reaction. The ionization energy is
usually partially supplied by the making or
breaking of chemical bonds. Since ionization
potentials generally exceed the energy released
by chemical reactions involving stable species,
chemionization generally results from reactions
involving excited and often metastable species
such as electronically-excited atoms and mole-
cules, and vibrationally-excited molecules.

Tellus XVIII (1966}, 2
12 — 662895

The atmosphere, particularly the upper atmo-
sphere, contains a vast assortment of such ex-
cited species, and chemionization has often
been suggested as an important process in the
atmosphere (FRANKLIN, 1963; Porrorr &
WHITTEN, 1963).

Laboratory studies of chemionization have
been made during the last few years using a
number of techniques such as mass spectroscopy
(FRANKLIN, 1963; KNEWSTUBB & SUGDEN, 1959;
BascoMBE et al., 1961), shock tubes (WrAY e al.,
1962; Haxnp & KisTiakowsky, 1962), flames
(CavrcoTE, 1960, 1962; MUKHERJEE et al., 1962),
pairs of electrodes inserted in flow systems
(GATZ et al., 1963; Broxnpi, 1952) and microwave
techniques (JONES, 1956; GARDNER, 1955).

Although this field of investigation is very
young, sufficient experimental results have been
obtained so that the possibility of chemioniza-
tion contributing appreciably to the ion content
of the atmosphere or that the reactions producing
the ionization materially influence the composi-
tion of the atmosphere can be examined.

The laboratory results demonstrate that che-
mionization is a very common phenomenon
whenever the thermodynamic requirements are
satisfied. They also indicate that such reactions
are apt to have unusually large rate constants.
The activation energies are probably quite low
or zero except for reactions which are slightly
endothermic. Thus the pre-exponential factor
in the usual expression for the rate law is often
unusually high. In terms of collision theory this
suggests that the effective atomic or molecular
diameters are orders of magnitude larger than
those usually assigned to such species, probably
because the molecules taking part in the reac-
tions are highly polarized and coulombic forces
are effective at distances which are large rela-
tive to molecular diameters. Many of these
reactions are essentially the reverse of disso-
ciative recombination reactions, which are
known to have very large rate constants. Thus
from equilibrium considerations the rate con-
stants for chemionization reactions have to be
large for them to be readily observed experi-
mentally.

A large number of chemionization reactions
were analyzed to determine their possible influ-
ence on the atmosphere. Conventional rate laws
for second and third order reactions were used,
assuming that the rate constants are 10-°~10-10
cm?® sec~! and 10-?7-10-3° cm® sec—!, respec-
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tively, and that chemionization reactions have
zero activation energies.

Only three reactions or types of reactions
among all of those analyzed seem to have much
likelihood of appreciably influencing the nature
of the atmosphere. They are highly speculative,
none of them having been studied to an appre-
ciable extent in the laboratory.

The reaction N(2P) + O(3P)—>NO* +e

The reaction

N +0 +2.8ev—>NO+ +e (11)

apparently is responsible for much of the ioni-
zation in shocked air (LiNn & Lrare, 1963).
This reaction may occur in the ionosphere in
the form

N(*P) + O(°P) >NO+ +e¢ (12)

It is exothermic by about 0.5 ev and obeys the
Wigner spin-conservation rule.

N(?P) is probably produced by dissociative
recombination of N3 and electrons, perhaps as
MiTra (1952) suggests by

Ni +e—>N(2P) +N(2D) (13)

It may be produced in auroras and the upper
atmosphere as suggested by Bates (1960) by

z+N,—»x +N(*P) +N

where « is an energetic electron, hydrogen atom,
or proton. A very crude estimate can be made
of the concentrations of N(?P) assuming that
it is produced entirely by 13. Consider the
gituation at 140 km. BarTH (1961) has shown
that the production of N at this altitude largely
results from dissociative recombination of N7;
the production rate is probably about 102 cm—2
sec—1. A similar result is obtained by combining
the results of Jounsox et al. (1958), which
suggest that as much as three per cent of the
positive ions at 140 km may be N1, with the
recombination coefficient of KASNER et al. (1961)
for reaction 13 (6 x 10-7 ¢m? sec—?). If the reac-
tion is 13, half of the N is at first in the 2P
state. The reactions which remove N(*P) in
addition to 12 are

N(*P) +N +M >N, + M (14)
N(*P) +O0 +M—>NO +M (15)
N(2P) +NO >N, + O (16)

N(¢P) + 0,—~NO +0O (17)
N(*P) +M—>N(*S) + M (18)
N(2P) >N (D) + v (19)

Assuming steady-state conditions,

d[N(*P)]/dt =0
=102 — (k1,[N(*P)][N][M]
+loy[N(*P)][O][M]
+ky[NCP)[NO]
+k{N(P)][O,]
+hi [ NCPY[M] + A[N{*P)]
+ k1o [N(*P)][0])

The brackets refer to concentrations, the k’s
are rate constants, 4 is the transition probability
for 19, and M is the concentration of all species.
Order-of-magnitude values of these quantities
are used. The values for ky,—%,, are those used
by BarTtH (1961), k), is assumed to be 10-12
cm? sec™?, A is assumed to be 0.1 (actually it
is 0.2), N and NO are the values estimated by
Barth, and the remaining concentrations are
taken from the Handbook of Geophysics
(MILLER, 1960). The equation then reduces to

NEP)— 10"
{ e x 10401

If kyp is 10-°, [N(*P)] =10 cm-3; if k,, is 10-10,
[N{(2P)] =102 ecm=3, Unless k,, is much smaller
than suggested, or k3 much larger, 12 dominates
the removal of N(2P) and about half of the
electrons removed by 13 are liberated, at a rate
of 102 sec—%, by 12. The value of k5 might be
as large as 10-1° cm?® sec~?, in which case the
second term in the denominator of the equation
becomes 10 instead of 0.1. This would not affect,
the above conclusion if k,, is as large as 10-°,
Since the peak rate of production of electrons,
g, in the E-region has been represented by
the equation (RaTcLIFF & WEEKES, 1960)

g, =180 (1 +aR) cm—3 sec?!

where R is the sunspot number and a is 7-9.5 x
10-3, 12 may be an important process in main-
taining the daytime electron concentration in
the E-region. NorToN et al. (1962) have pro-
posed a value for g, about an order of magnitude
greater than that indicated by the Rateliff and
Weekes equation. Even so, reaction 12 may
affect as much as ten per cent of the electron
concentration in the E-region.

Tellus XVIII (1966), 2
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At night the concentrations of N and thus
of N(?P) decrease rapidly, so 12 is not important
in maintaining the electron concentration of
the E-region at night.

Reaction 12 is less important in maintaining
the electron concentration in the F-region than
in the E-region, sinee the rate of chemionization
must be almost constant to at least 200 km
and the rate of electron production in the
F-region is several times that in the E-region.

If we extrapolate Barth’s estimates of the
rate of N production by dissociative recombina-
tion to 85 km, we find that the rate of N(*P)
production can be no more than about one
em—2 sec~1. Then [N(?P)] =0.01 cm—3, assuming
kys 18 10-1% and [O]=10'2 em~3. Thus at this
level reaction 12 may deplete the atmosphere
of N(?P), but does not contribute to the electron
concentration to an appreciable extent. Also,
as in the E and F regions, 12 cannot help
maintain the electron concentration at night.

If, as suggested by Barth, Mitra, and others,
reaction 13 is largely responsible for the pro-
duction of atomic nitrogen in the E-region,
reaction 12, by removing N(*P) as fast as it is
formed, will halve the effective production rate
of atomic nitrogen. Thus reaction 12, if indeed
it oceurs, must be taken into account in any
calculation of atomic nitrogen concentrations
based on reaction 13.

CHAMBERLAIN (1961) has suggested that the
absolute intensity of NIj,, arising from N(*D) —
N(2P), is 100 kR for IBC III auroras. Assuming
a transition probability of 0.04 and an auroral
thickness of 3 x10% cm, [N(*P)] is about 10¢
em-3, Then, if k,, is 10-1° em? sec—! and [O(*P})]
is assumed to be that in the normal atmosphere,
about 101! cm~?, d[e]/d¢t from reaction 12 is
about 107 em~3 sec~1. Chamberlain has estimated
the ionization rate at 120 km in such an aurora
to be about 2 x 10¢ jon-pairs cm—* sec~!. Both
of these estimates are very crude, but they
suggest that chemionization may contribute
appreciably to the electron concentration in
auroras.

The reaction Na+ O +0—->Na* +0,+e

Porrorr & WHITTEN (1963) have suggested
that the reaction

Na+O0+0->Nat+0, +e (20)
may help maintain the electron concentration
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in the D-region at night. It is not at all certain,
of course, that 20 occurs at all. The gas-phase
reaction of sodium with atomic oxygen may be

Na+0 +0—-NaO +0 (21)

It is of interest to estimate the influence 20
might have on the night time electron concen-
tration at 85 km by making the following
assumptions:

(a) Electron-positive ion recombination is
mainly responsible for the night time
decrease in [e].

(b) The production of Na* by 20 has little
effect on the total positive ion concentra-
tion.

(¢) The effective recombination coefficient is
10-7 cm? sec—1.

(d) [O-] remains equal to [e] throughout the
night.

(¢) [Na] remains constant at 10¢ cm-3?
throughout the night.

(/) [O] remains constant at 10*? cm-3
throughout the night.

Then
dfe]
0.5 ky[Na)[01* — 10 [e]*

This equation was solved for various values of
t and k,, assuming, as suggested by Whitten
and Poppoff, that [e] at sunset is 1300 cm-3.
The results are shown in Table 3. They indicate
that if 20 occurs, it will contribute to the night
D-region if k,, is as large as seems likely for
chemionization reactions. On the other hand,
it cannot be as large as 10-27 cm® sec~! since
then 20 would either deplete the atmosphere of
atomic sodium or prevent any decrease in [e]
at night, or both. It is of interest to note that
if %;, had a value close to 10-2? cm® sec-t,
reaction 20 would produce electrons at a suffi-
cient rate to account for the daylight D-region.
However, the difficulty just mentioned, if
nothing else, probably removes 20 from serious
consideration as an important mechanism for
daylight D-region formation.

Reactions between excited species and
neuntral molecules
Near the earth’s surface, in addition to the

local effects of lightning and point discharge,
ionization is produced by cosmie radiation and
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184 R. D. CADLE AND J. W. POWERS

TABLE 3. Electron concentrations at two times after sunset for various
values of kyy.

[e] (em *forkn =107 =10 =107" =107 =9

Time after

sunset (hrs)
0 1300 1300 1300 1300 1300
1 7010 1010 900 890 880
4 7070 763 490 460 450

radioactive emanations. This radiation produces
excited species as well as ions and at comparable
concentrations (LAIDLER, 1955; Lixp, 1961).
The reaction

Ni +N, >N} +e (22)

has been observed using mass spectroscopy by
FraNkLIN (1963). Other such reactions involv-
ing excited species which may occur include

0* + 0,07 +e (23)
O* + N, >N,O+ +e (24)
N*+0,>NO++0 +e (25)

These reactions are possible in the lower atmo-

sphere because the very high energy of cosmic
radiation can excite various species to much
higher energy levels than can most solar radia-
tion.

Very highly excited species are also found
elsewhere in the atmosphere, as in auroras.
However, reactions such as 22-25 are probably
only important near the earth’s surface since
such highly excited species can undergo allowed
transitions and the chemionization reactions
can only compete with such transitions at rela-
tively high pressures. It is possible that such
reactions produce ion concentrations near the
earth’s surface of the same order of magnitude
as those produced directly by cosmic radiation.
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HEKOTOPBLIE CBONCTBA XUMUYECKNX PEAKIIMII ATOMAPHOI'O KUCJOPOIA B
ATMOCOEPE

PaccmaTpuBawTcd Takne XUMHYECKHe CBOICTBA
aTMoC(EpHOTO ATOMApHOro KHUCJIOpPOA4, HA KO-
TOpHle 100 00pamanoch Majlo BHUMAHUA, JIUbO
KOTOpEE HEOOXOANMO IepecMOTpeTh B CBeTe
HOBHIX [aHHBIX, ju00 u3yuaBlIMeca B Jabopa-
TOPHH ABTOpa, Anb0, HAKOHEI, BONPOCH, CBsA-
3aHHBle ¢ KOMOMHAOMeld mepeyncieHHBIX TPH-
ypH. CorjacHo HOBBHIM pacyeTaM, KOHIEHTpa-
InuA Bo30YHAeHHOTO KUCIOPOAA HA BHICOTE HIKE
100 kM Tak HH3KA, YTO MAj0 BEPOATHO, YTOOH
€r0 peakIWy aBaJIl 3aMeTHHII BKiajy B u3Me-

HeHMe KOHUEHTpAlMu [APYTUX KOMIOHEHTOB
arMocdeps B 9TOi 00IACTH, 32 MCKIWYEHUEM,
ObITH MOKeT, BO30YKIEHHOI'0 MOJIEKYJIADHOTO
Kncaopoga. Peaknum aTtoMapHOro KHCAOPOAA
B HeBO3OYKACHHOM COCTOAHUM MOIYT ABIATHCA
B 9TOH 0061aCTM MCTOYHMKOM YBEJUYEeHUA CYib-
daroB W yMmeHbIIeHHMA MeraHa. B armocdepe,
BEPOATHO, UMeeT MECTO MHOrO PeaKIuil XUMH-
qeCKOil MOHU3AUNY, HO TOJBKO TPU BOBMOMKHBIX
TUIIA PACCMATPUBAIOTCA 3[eCh NOAPOOHO.
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