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Abstract

The chemistry for atomic and molecular nitrogen ions is discussed
and detailed calculations for these ions are found to agree with rocket
observations obtained between 140 and 240~km. Dissociative ionization
of Ng appears to be the major source of N+ in this region but is adequate

only if either the N+ + 0™ rate coefficient is about 2 x 10 "~cm™sec-2,

or the cross section for dissociative ionization of hy ultraviolet

radiation is larger than the value measured by Weissler et al. [19593*
Charge exchange between 0+(2D) and Ng may be an important source of N/

in the F region. The column content of NO above 125 km is estimated to

be about 7 x 1012c:m_3 which is in reasonable agreement with observation.

The atomic nitrogen concentration was estimated to be about 2.5 x 107cm_3

at 140 km and 8 x 10 cm at 240 km for daytime sunspot miniinum conditions.



NITROGEN IONS IN THE UPPER ATMOSPHERE

R. B. Norton
1. Introduction

Hollmes et al. [1965] have recently published the first experimental
height profiles of N4 and N4. Prior to their publication, the concentra-
tion of these ions in the earth®"s upper atmosphere were only approximately
known. Russian satellite experiments [Mirtov, 1961] indicated that the
N+ concentration was about 1% of the total ion concentration at 200 km
and increased to 5 or 6% at 400 km. Airglow observations [Slipher, 1933]
taken more than 3 decades ago, indicated that NO was present in the
upper atmosphere and early rocket experiments indicated that its concentra-
tion in the FI region was of the order of 103cm_3

Since N* is a ma™or constituent of the atmosphere even at 200 km, it
is not surprising that its ion should occur in the upper atmosphere.
Indeed, the surprise might be that N* is a minor ion and that N+ has a

comparable concentration even though N is a minor constituent. The chem-

istry for these two ions is discussed in the following sections and detailed

calculations for 130 to 240 km are compared with the observations of Holmes
et al. [1965].

The neutral atmospheric model, presented in figure 1 and used in the
calculations, is based mainly on the observations of Hedin et al. [1964]
which were taken under approximately the same conditions as the ion data.
However, the neutral atomic nitrogen and nitric oxide concentrations were
calculated and are described in the following section. The solar ionizing
flux was taken from Hinteregger et al. [1965]. The 1ionizing cross sections

were taken from the tabulations of Norton et al. [1963], except for the
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atomic nitrogen cross sections which were obtained from Dalgarno and
Parkinson [1960], Weissler et al. [1959], and Rapp et al. [1965]. The
photoionization rates are shown in figure 2. The rate coefficients to be

used are listed in table 1.

2. Atomic Nitrogen lons

Bauer [1966], in a discussion of the N+ ion, was primarily concerned

with the concentration at much greater altitudes than we are considering
here; however, he does argue that these ions in the Fl region are produced
by direct photoionization of N. Earlier, Nicole”and Swider [1963] in a
comprehensive review of the ionospheric chemistry suggested that the N+
was formed by dissociative ionization of N,,. We will demonstrate that
this latter process is indeed the most significant. However, since there
are no experimental data for atomic nitrogen, we must First estimate its
concentration

In the following sections the number density is indicated by brackets,

thus [N] is the atomic nitrogen concentration. Neutral-neutral rate

coefficients are designated by y_where the i and j denote the reactants
and where 0, 1, 2, 3) and 4 repr;;ent 0, 0?, NO, NO, and N, respectively.
lon-neutral rate coefficients are denoted by kiémd1er13 the i1 refers to
the ion and j to the neutral. This is the same notation used earlier

[Norton et al., 1963]. The dissociate recombination rate coefficients are

denoted by a, and ionization rates are denoted q;-
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Table 1

Reaction Rate Coefficient (cnrsec- ) Reference
-12
N + NO - N2+ 0 y43 1.5x10 T2 *
“,Q 1 . 3000
N + 02 = NO + 0 ~a1 2x10 T2 e T *
N+ + 02 — NO+ + O KAl < 5x10“10 Ferguson et al
[1965]
N+ + 02 — 02 + N k>4l ~ 5x10*“10 i
N2 + 0 — NO+ + N K20 2.5x10“10 t
O+ + N2 - NO+ + N KO2 3x1o“12 -
02 + N2 - NO+ + NO K12 < 1015 M
NO+ + e 4« N+ O 3 5x10“7 (300/T)1*3 c

J  This value was obtained by comparing theoretical calculations of NO+

with the observations of Holmes et al. [1965]. It agrees quite well

with similar determinations by Ferguscn et al. [1965] and Donahue [1966].

* These values were taken from a review by Nicolet [1965a].



The principal sources for N are

NO+ + e -* N + O )
N+ + 0 - NO+ + N ()
O+ + Ng- NO+ + N . (©))

Photodissociation of neither Ng nor NO contribute significantly at these

altitudes, nor does dissociative recombination of N* contribute very much.

The main loss processes are

N+ 02 -NO + 0 %)

N+NO-N2+0 (5)

Direct recombination of atomic nitrogen in either a two-or three-body

reaction is negligible at these heights, as are both the two- and the three-
body reactions with atomic oxygen. The ion-neutral reaction with 02 can

be neglected to the first order.

In order to estimate the contribution of reaction (5) to the loss of
N, we need to know the concentration of NO. Barth [1966] has determined,
from rocket observations of the gamma band dayglow of NO, that the NO

column content above 125 km was about 9 Xx 1012cm_2 and that its

concentration at 125 km was about 3*6 X 1060m %. However, there are no

measurements of NO at greater heights and we must calculate the NO concen-

tration. The main source for NO is reaction (4). The reaction suggested

by Nieolet [1965b]

°2 + N2 - NO+ + NO (6)



does not contribute significantly at these altitudes for k 2 less than

15 3 1

about 10 ~“cm”sec” The main loss for NO is reaction (5); photodissocia-

tion and ionization of NO, and charge exchange with 0+, 02, N+, and N are
small in comparison. Thus the NO concentration is independent of N as
originally suggested by Barth [1961].

The concentrations of N and NO calculated from reactions (1)-(5)
and rate coefficients from table 1 are shown in figure 1. The 1ion densities
used in these calculations were obtained from Holmes et al. [1965]. The
column content of NO above 125 km is about 7 X 1012cm_2 which agrees reason-
ably well with Barth"s measurement.

Two distributions are given for atomic nitrogen: one corresponding
to the photochemical calculation and the other including a molecular
diffusion correction. If the photochemical and diffusion time constants
are compared, it is found that they are equal at about 150 km. Thus it
was assumed that photochemistry determined the atomic nitrogen profile below

this height and diffusion above this height. Diffusion does not significantly

influence the nitric oxide distribution below about 230 km.

The possible sources for N+ are

N + hv -* N+ + e (7)
N +e - N+ + 2e (8)
NO+ hv -* N+ + N + e 9)
NO + e -* N+ + N + 2e (10)
N2 + N — N+ + N2 (11)
He++ Ng- N+ + N + He : (12)



The electrons on the left-hand side of (8) and (10) are photoelectrons.

IT the cross sections of Dalgarno and Parkinson [1960] and the diffusion
modified model for N are used, then the direct ionization of atomic nitrogen
(Reaction (7)) produces N at a rate which varies from 2 cm “sec at

160 km to less than 1 cm'%sc—:c'1 at 240 km. According to Weissler et al.

[1959]? "the cross section for dissociative ionization of Ng by photons

(Reaction (9)) "to form R+ is less than 1$ of the cross section to form N,

thus this process contributes N+ at a rate of about 15 cm “sec at 160 km

and about 1 cm Jsecl at 240 Ian.

However, Rapp et al. [1965] have reported that the cross section for
dissociative ionization by electron impact (Reaction (8)) can be a large
fraction of the total cross section, about 20-25% of the ionizing impacts
lead to N+. Photoelectrons produce about 20$% of the total ionization
between 160-240 km under the assumption that the photoelectrons are produced
and ionize "locally.”" Therefore about 43$ of the ionized by photo-

electrons results in N+ and thus is about 6 cm “sec ~ at 240 km and nearly

95 cm "“'sec at 160 km.

The coefficient for charge exchange (k”) between N* and N (Reaction
(1)) has not been measured,but is expected to be less than about 10712
cmssec_l. This value of the coefficient leads to a production rate that
is entirely negligible unless either K™ is much larger than 10_12cm8:3ec_1

or [N] much larger than estimated. Another process leading to N+ formation

involves the dissociative charge transfer between He+ and Ng (Reaction (12)).

A production rate of N+ of less than 1 cm “sec ” is estimated with the He
concentration obtained from CIRA [1965] and a rate coefficient of AL Ocm®

sec'"\ It therefore seems that dissociative i1onization is the major source



of N+ ions below 240 km, although direct ionization and dissociative charge
exchange with He+ contribute near 24-0 km. However, at great heights charge

exchange between Het+ and probably dominates [Bauer, 1966].

The N+ ions are lost mainly in a branching reaction with O»

+ 02 - NO+ + O (13)

+ °2 -0g + N 14)

The photochemical time constant is only 3 or 4 minutes even at 240 km
so that diffusion should not be important at these heights and the steady

state approximation should be quite adequate.
The calculation of N+ in figure 3 for k* = 2 x 10-10 agrees Tfairly

well with the observations except that the calculated concentration decreases
with increasing altitude more rapidly than does the observed. The signif-
icance of this discrepancy is not clear since Holmes et al. [1965] found
it necessary to apply a height dependent correction to the total ion density
in order to obtain agreement with the electron density. However, if the
discrepancy is real, then k™ might decrease with increasing temperature or
the other production mechanisms may be more important than estimated.
According to Rapp et al. [1965], the N+ ions formed by dissociative
ionization have considerable kinetic energy, .25 ev or more, and it might

seem possible that the calculated profile could be altered, either through

a more rapid diffusion or through an energy dependent rate coefficient, because
of these hot ions. Spitzer [1962] has discussed the problem of a plasma
containing two ions at different effective temperatures, and he defines a

time constant for the ions to reach equilibrium. We have estimated that

Tg should be a few seconds, which is considerably smaller than the
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photochemical lifetimes except at the lowest heights.

The large difference in the dissociative ionization efficiencies
(less than 1% for photons and 20% for energetic electrons) suggest that
one of the measurements is in error. |IFf the efficiency for dissociative
ionization by energetic electrons is much smaller than the measured value
[Rapp et al., 1965], then the problem of an adequate source for N+ becomes
serious. On the other hand, if the efficiency for dissociative ionization
by photons is much larger than the measured value [Weissler et al., 1959]>
then the N+ production rate is larger than estimated above and a larger
value of the loss coefficient, k™, more in agreement with laboratory
measurements, should be used. McElroy [1966] recently suggested that the
measured value of Weissler et al. [1959] is in error and that the efficiency

for dissociative ionization by both UV radiation and photoelectrons is about

20%.
3. Molecular Nitrogen lons
According to Ffigure 2, there is more N'j produced in the 130-to 24o0-km
region than any other ion. Yet, according to mass spectrometer measure-

ments, this ion is relatively minor in abundance, never being more than

about 1% of the total ionization. Norton et a]. [1963] argued that the
reaction

Ng + 0 -» NO+ + N (15)

was necessary not only to reduce the N to observable concentrations but

also to provide a source capable of explaining the large concentrations

of NO+ observed. We have found that this reaction also provides a most

important source of N. Donahue [1966] again investigated the ion chemistry

11



in the light of some extremely important and timely laboratory measurements
of the rate coefficients by Ferguson et al. [1965]. Donahue concluded,

as had Ferguson et al. [1965], that the above reaction was indeed the

major loss of in the FI region. Donahue also concluded that the rate
coefficient must decrease with temperature in order to explain the height
variation of N*. There are no laboratory measurements of the temperature
dependence of this rate coefficient. We wish to suggest that there may be
an additional source of this ion and that, if this source proves to be

large enough, then a temperature dependent may not be necessary. This

reaction involves a charge transfer between OH <”» and Ng.

0+(2D) + N2 - +0 . (16)

The reaction has been studied in the laboratory by Kaneko et al. [1966].

The rate coefficient is not very well determined,but appears to be greater

-11_ 3 1

than 10 ~“cm”sec
According to the cross sections of Dalgarno et al. [1964], about 1/3

of the atomic oxygen ions produced by photoionization are left in the 3)
state. Some O+ is left in more energetic states and should also contribute
a small amount in reactions similar to (I6). At low altitudes, near the
FI peak of production, the fractional contribution of (16) cannot be large

since g > g*. However, at greater heights the inequality is reversed and

(16) will contribute significantly to the formation unless 0+(2D) is

deactivated by superelastic collisions with electrons. Seaton [1956] has

given the collision strengths for electron deactivation, which leads to

a rate coefficient, of approximately 2 x 10~8cm3sec 1 for electron

temperatures near 2000°K.
12
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The main loss process for N* in the FI region is reaction (15);

however, charge exchange with 02 is important in the E region and
dissociative recombination with electrons is important at the greater
altitudes. The photochemical time constant for N2 is less than a minute
even at 240 km so that diffusion can be neglected and the steady-state
approximation is valid. The computed concentrations are compared with
Holmes et al. [1965] in figure 4. The magnitude of all the calculations

agrees fTairly well but the best agreement is found for k2Q between 3 and

4 x 10"10cm”sec ;L. The shapes of the calculated and observed profiles do

not agree very well unless kA2(2D) > 10710¢cm3sec 1

4. Summary
In the preceding sections the chemistry for atomic and molecular
nitrogen ions in the FI region is discussed and detailed calculations are

compared with the rocket observations of Holmes et al. [1965]. is

found that dissociative ionization of N2 is probably the most important
process producing N+ in this region. In order to obtain agreement with

the observations, the loss coefficient, k™0, was taken to be about 2 x 10_1

1 - - - -
cm’sec™ , which is somewhat smaller than determined in the laboratory.
However, 1if the efficiency of dissociative ionization by ultraviolet

radiation were larger than measured by Weissler et al. [1959L&S

McElroy [1966] has suggested, then k40 should be increased. Good

agreement is found between calculated and observed N+ concentrations if

charge exchange between 037) and N2 is taken into account with

kQ2(2D) > 10 10cm”sec 1.

14



The column content of NO above 125 km was estimated to be
7 X 1012cm_2, which compares favorably with the measured value of
9 x 10120m'2 [Barth, 1966], The nitric oxide concentration was estimated
to be about 2 x 10 cm"3 at 140 km and 6 x 10 cm"3 at 240 km, and the atomic
nitrogen concentration was estimated to be about 2.5 x 10°cm”3 at 140 km
and 8 X 1060m’A at 240 km. Atomic nitrogen concentrations of this

magnitude make the reaction, 0+ + N -* NO+ + O, an important loss of 0*

and an important source of NO+. This is especially true when the electron

concentration is low, e.g., at night. The importance of NO in the corres-
ponding reaction with 0" has been discussed by Ferguson et al. [1965] and

Barth [1966].

140 555



References

Barth, C. A. (1961), Nitrogen and oxygen atomic reactions in the chemo-
sphere, in Chemical Reactions in the Lower and Upper Atmosphere,
303, (interscience, New York).

Barth, C. A. (1966), Nitric oxide in the upper atmosphere, Ann. de Geophys.,
22, 198

Bauer, S. J. (1966), Chemical processes involving helium ions and the
behavior of atomic nitrogen ions iIn the upper atmosphere, J.

Geophys. Res., 71, 1508.

CIRA 1965, COSPAR Committee on Space Research, (North-Holland Publishing
Co., Amsterdam).

Dalgarno, A., R. J. W. Henry, and A. L. Stewart (1964), The photoionization
of atomic oxygen, Planet. Space Sci., 12, 235.

Dalgarno, A., and D. Parkinson (i960), Photoionization of atomic oxygen
and atomic nitrogen, J. Atmospheric Terrest. Phys., 18, 335-

Donahue, T. M. (1966), lonospheric reaction rates in the light of recent
measurements in the ionosphere and laboratory, Planet. Space Sci.,
14, 33.

Ferguson, E. E., F. C. Fehsenfeld, P. D. Goldan, and A. L. Schmeltekopf,
(1965), Positive ion-neutral reactions in the ionosphere, J. Geophys..
Res., 17, 4323.

Hedin, A. E., C. P. Avery, and C. D. Tschetter (1964), An analysis of
spin modulation effects on data obtained with a rocket-borne mass
spectrometer, J. Geophys. Res., 69, 4637.

Hinteregger, H. E., L. A. Hall, and G. S. Schmidtke (1965), Solar XUV

radiation and neutral particle distribution in July 1973 thermosphere,

Space Res. V, 1175.
16



Holmes, J. C., C. Y. Johnson, and. J. M. Young (1965), lonospheric chemistry
Space Res., V, 756.

Kaneko, Y., L. R. Megill, and J. B. Hasted (1966), A study of inelastic
collisions by drifting ions, J. Chem. Phys. (in press).

McElroy, M. B. (1966), Atomic nitrogen ions in the upper atmosphere,
Contribution Kitt Peak Observatory, 201.

Mirtov, B. A. (1961), Rockets, sputniks, and the exploration of the upper
atmosphere, Priroda, 10, 23 (Translated E. R. Hope, DRBT 366R).

Nicolet, M. and W. Swider (1963), lonospheric conditions, Planet. Space
Sci., 11, 1459-

Nicolet, M. (1965a), Nitrogen oxides in the chemosphere, J. Geophys. Res.,
70, 679.

Nicolet, M. (1965b), lonospheric processes and nitric oxide, J. Geophys.
Res., 70, 691.

Norton, R. B., T. E. VanZandt, and J. S. Denison (1963), A model of the
atmosphere and ionosphere in the E and FI regions, Proc. Conf. on
lonosphere, Institute of Physics and the Physical Society, London,

26.

Rapp, D., P. Englander-Golden, and D. D. Briglia (1965), private communica-
tion.

Seaton, M. J. (1956), The calculation of cross-sections for excitation of
forbidden atomic lines by electron impact, The Airglow and Aurorae,
ed. Armstrong and Dalgarno, 289, (Pergamon Press, London and New York)

Slipher, V. M. (1933)5 Spectrographic studies of the planets, Mo. No. Roy.

Ast. Soc., 937 657.

17



Spitzer, L., Jr. (1962), Physics of Fully lonized Gases, 2nd ed., (John
Wiley & Sons, New York and London).
Weissler, G. L., J. A. R. Samson, M. Ogawa, and G. R. Cook (1959),

Photoionization analysis by mass spectrometry, J. Opt. Soc. Amer.,

Jt2, 338.

18 CPO 833-551



	Structure Bookmarks
	QC807.5.U67no.24
	Table of Contents
	1. Introduction
	2. Atomic Nitrogen Ions
	3. Molecular Nitrogen Ions
	4. Summary





