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Abstract : Daytime positive ion densities calculated using recently measured laboratory ion-neutral reaction rate
constants are compared with the NRL rocket results between 120 and 220 km. The calculated O` and N2`
densities are found to be in good agreement with the ionospheric observations. The main loss process inN2`
this region is the reaction

N2`] O ] NO`] N

This reaction is also the major source of NO` at 140 km. The charge-transfer reaction

O2`] NO ] NO`] O2
appears to be a signiÐcant source of NO` at 120 km and indeed may be the major source. The reaction

O2`] N ] NO`] O

will be signiÐcant at 120 km if the ratio of atomic to molecular nitrogen is as large as 10~4. The fast loss inO2`
reaction with NO at 120 km at night requires a local ionization source greater than 1 ion/cc sec toO2`
maintain the observed concentration. 1965 American Geophysical Union.O2` (

INTRODUCTION

A rapid increase in understanding of ionospheric chemi-
cal positive-ion processes has occurred in the past few
years, largely owing to direct atmospheric observations
of positive ion densities [Holmes et al. 1965], solar UV
Ñuxes [Hinteregger et al. 1965], neutral densities
[Hinteregger et al. 1965 ; and Nier et al. 1964], and
rocket dayglow observations [Zipf, 1965]. In addition,
laboratory measurements on a number of important
ionospheric reactions have recently become available. It
is the purpose of this paper to discuss the application of
some recent laboratory measurements to ionospheric
physics.

A similar analysis has recently been presented by
Donahue [1965]. Donahue concludes his paper by
pointing out the importance of the following reactions
which produce NO` (numbered by order of appearance
in Table 1) :

5. N2`] O ] NO`] N

9. O2`] N2] NO`] NO

10. O2`] NO ] NO`] O2
Laboratory information has now been obtained on all
these reactions, as well as on

11. O2`] N ] NO`] O

since the analysis by Donahue [1965] was written. In
addition, ambiguities in laboratory results for the reac-
tions

2. O` ] O2] O2`] O

4. N2` ] O2] O2`] N2
have now been resolved.

The detailed analysis of Nicolet [1965] was similarly
handicapped by lack of relevant reaction rate data.
Nicolet did not use reaction 5 for NO` production, for
example, and this is an important NO` production
mechanism for the daytime NO` ion density around
120È140 km, exceeding the production by

1. O`] N2] NO`] N

LABORATORY REACTION RATE DATA

Table 1 summarizes thermal energy laboratory reaction
rate data relevant to the ionospheric positive-ion dis-
tribution. Not all thermal laboratory measurements
that have been reported in the literature are included in
Table 1, but the selection has not been arbitrary. The
di†erent experimental results given in Table 1 are dis-
cussed in the references thereto. Most of the reactions
have not been measured except in this laboratory. A
summary of laboratory reaction rate knowledge to 1963
has been given by Paulson [1964].
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Table 1. Ion-neutral laboratory reaction rate constants. The
O‘ and N‘ reactants are ground state in the mea-
surements made in this laboratory. The is groundN

2
‘

electronic state and largely ground vibrational state
(> 50% ). The believed to be ground electronicO

2
‘is

state, but the vibrational distribution has not been
determined

Rate constant (300 K)

Reaction cm3 sÉ1 Reference

1. O½ ½N
2
] NO½ ½N 3(À1) Ã10É12 a

4.7(À0.5) Ã10É12 b

2. O½ ½O
2
% O

2
½ ½O 4(À1) Ã10É11 c

1.64(À0.05) Ã10É11 d

3. O½ ½NO] NO½ ½N 2.4(À1) Ã10É11 e

4. N
2
½ ½O

2
] O

2
½ ½N

2
1.0(À0.5) Ã10É10 f*

Á2 Ã10É10 g

5. N
2
½ ½O] NO½ ½N 2.5(À1) Ã10É10 h

6. N
2
½ ½O] O½ ½N

2
Ä10É11 h

7. N
2
½ ½NO] NO½ ½N

2
5 Ã10É10 e

8. N
2
½ ½O

2
] NO½ ½NO Ä2 Ã10É13 i

9. O
2
½ ½N

2
] NO½ ½NO Ä10É15 j

Ä2 Ã10É13 i

10. O
2
½ ½NO] NO½ ½O

2
8 Ã10É10 e

11. O
2
½ ½N] NO½ ½O 1.8(À0.5) Ã10É10 e

12. N½ ½O
2
] NO½ ½O Á5 Ã10É10 g

O5 Ã10É10 a, f

13. N½ ½O
2
] O

2
½ ½N 0.5–1 Ã10É9 f

14. N½ ½NO] NO½ ½N 8(À1) Ã10É10 e

* This value is a correction to an erroneous value reported in refer-
ence a.
a F. C. Fehsenfeld, A. L. Schmeltekopf and E. E. Ferguson, Planet-
ary Space Sci., 13, 219 (1965).
b G. F. O. Langstroth and J. B. Hasted, Discussions Faraday Soc.,
33, 298 (1962).
c F. C. Fehsenfeld, P. D. Goldan, A. L. Schmeltekopf and E. E. Fer-
guson, Planetary Space Sci ., 13, 579 (1965).
d J. Sayers and D. Smith, Discussions Faraday Soc., 37, 1567
(1964).
e P. D. Goldan, F. C. Fehsenfeld, A. L. Schmeltekopf and E. E.
Ferguson, J.Chem.Phys., submitted.
f F. C. Fehsenfeld, A. L. Schmeltekopf and E. E. Ferguson, Planet-
ary Space Sci ., 13 (1965) in press.
g W. L. Fite, J. A. Rutherford, W. R. Snow and V. A. J. VanLint,
Discussions Faraday Soc., 33, 518, 1963.
h E. E. Ferguson, F. C. Fehsenfeld, P. D. Goldan, A. L. Schmelte-
kopf and H. I. Schiff, Planetary Space Sci ., 13, (1965).
i A. Galli, A. Giardini-Guidoni and G. G. Volpi, J . Chem. Phys., 39,
518 (1963).
jUnpublished result, this laboratory.

IONOSPHERIC O‘ LOSS

Considering the O` loss reactions 1 and 2, it is our
opinion that the rates at 300 K are very well known
for geophysical purposes, and not uncertain by factors
as large as 2 or 3. The situation is now certainly better
than was estimated by Nicolet [1965], who took k1\

cm3 s~1. Temperature dependence arek2\ 10~12B1
largely unknown for all the reactions listed in Table 1 ; a
program to acquire such information is being under-
taken in this laboratory.

The loss rate for O` in the daytime equilibrium iono-
sphere seems to be in very satisfactory agreement with
the rate which is predicted using the laboratory rate
constants. For example, the rate constants adopted by
Norton et al. [1963] are andk1\ 1 ] 10~12 k2\ 5
] 10~11 cm3 s~1 for the daytime equilibrium E and F2regions. Hinteregger et al. [1965] have deduced that in
the daytime region (D250 km and D750 K)F2 k1cm3 s~1, somewhat less than the] 0.12k2D 3 ] 10~12
laboratory 300 K combination of k1] 0.12k2\ 8(^2)
] 10~12 cm3 s~1.

Following the analysis of Donahue [1965], in which
he compares ion densities predicted from di†erent rate
constant combinations with NRL rocket results
[Holmes et al. 1965], the O` density is computed in the
following manner. Donahue adopts the neutral atmo-
sphere composition measured by Nier et al. [1964] and
ionization rates computed by Zipf [1965], which
include secondary ionization produced by photoelec-
trons. The same procedure is followed here, and these
data are shown in Table 2. For the day time steady
state, in the absence of signiÐcant di†usive Ñow, the O`
concentration is determined by [Donahue, 1965]

Q(O`)] k6[N2`][O]\ Mk1[N2]] k2[O2]N[O`]

where Q is the photoionization source, and the kÏs are
the rate constants for the like numbered reactions in
Table 1. At 120 to 220 km altitude, k6[N2`][O]O

so that photo production of O` dominates0.05Q1,charge-transfer production from and we hereafterN2`,
neglect the latter. Using the Ðrst listed rate constant
from Table 1 at 120 km, where the ionospheric tem-
perature is close to the laboratory temperature, we Ðnd

Table 2

Densities, particles/cm3

O N
2

O
2

NO

Altitude

km n
e

T, deg K

120 105 4Ã1010 3Ã1011 4 Ã1010 Á107 280

140 1.3 Ã105 1.1Ã1010 4Ã1010 4.4 Ã109 420

160 2 Ã105 4.5Ã109 1Ã1010 9.5 Ã108 600

220 4 Ã105 5Ã108 3.3Ã108 1.7 Ã107 1000

Ionization rates, ion pairs/cm3 s

Q(O) Q(N
2
) Q(O

2
)

120 5Ã102 2.5Ã103 1.1 Ã103

140 1.1Ã103 2.5Ã103 8.5 Ã102

160 9Ã102 1.8Ã103 3.7 Ã102

220 3Ã102 2.5Ã102 25
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Table 3

O½ loss, sÉ1, contribution due to O½ concentration, cmÉ3

N
2
(k

1
¼3 Ã10É12) O

2
(k

2
¼4 Ã10É11) Calculated Observed* T, deg K

Altitude,

km

120 0.90 1.600 2.0 Ã102 1.5 Ã102 280

140 0.12 0.180 3.7 Ã103 4 Ã103 420

160 0.03 0.038 1.3 Ã104 3.3 Ã104 600

220 9.9 Ã10É4 6.5 Ã10É4 1.8 Ã105 4 Ã105 1000

* Rocket-borne ion spectrometer ÍHolmes et al. 1965Ë.

[O`]\ 2.0] 102 cm~3, comparing well with the value
[O`]\ 1.5] 102, which is the NRL result
(extrapolated downward D10 km by Donahue [1965].
Table 3 gives results for several altitudes. The agree-
ment between calculated and observed values is remark-
ably good. At 120 and 140 km, where the ionospheric
temperature is not greatly di†erent from the laboratory
temperature, the agreement within D30% must indeed
be partly fortuitous. At the higher temperatures, the cal-
culated values are too low, but agreement is still within
a factor of 3. This might be used as an argument in
favor of allowing the rate constants to decrease approx-
imately as T ~1 ; however, we do not feel that disagree-
ment of this magnitude is necessarily signiÐcant with
respect to rate constants, in view of the uncertainties
in all the data involved. In the case of reaction 2, an
approximate T ~1 dependence is suggested by the labor-
atory results of Court and Batey as reported by Sayers
and Smith [1964] in the 210 to 452 K temperature
range. A T ~1 dependence of the rate constants of reac-
tions 1 and 2 also brings the laboratory results into
almost precise agreement with those of Hinteregger et
al. [1965]. However, unpublished results obtained from
monoenergetic ion beam experiments (R. F. Stebbings,
private communication, 1965 ; C. F. Giese, private com-
munication, 1965) down to energies of only a few elec-
tron volts show that the rate constant for reaction 1
deÐnitely increases from 1 to 10 eV. There is a similar
indication that the rate constant for reaction 2 also
increases in this range (Stebbings, private communica-
tion, 1965). It seems most likely that this trend con-
tinues down into the thermal range, and that an
increase in temperature will increase the rates of (1) and
(2) in the thermal range. This matter will remain uncer-
tain until further laboratory investigations of the tem-

perature dependence in the thermal range are carried
out.

The laboratory rate constants are considered to be in
good agreement with ionospheric data, considering the
uncertainties involved in the comparison. An extreme
temperature dependence for the rate constants does not
seem permissible from purely ionospheric consider-
ations, and in particular neither of the rates is likely to
increase drastically with increasing temperature. This
seems to preclude invoking solely an activation energy
as the explanation for the relative inefficiency of either
reaction 1 or 2. Reaction 1, for example, only occurs
once in about every 300 or so collisions. To explain this
as due largely to an activation energy would imply an
exponential increase of rate constant with temperature,
which is unacceptable in the ionosphere. The same
argument applies to reaction 2.

IONOSPHERIC LOSSN
2
‘

A signiÐcant check of ion-neutral reaction rates is also
possible for ion concentration. The steady-stateN2`equation in this case is [Donahue, 1965]

Q(N2` \ M(k5] k6)[O]] (k4 ] k8)[O2]
]a(N2`)n

e
[N2`]

Accepting the 300 K laboratory value for the dis-N2`sociative recombination coefficient [Kasner and Bionid,
1965], cm3 s~1, and neglecting itsa(N2`) \ 3 ] 10~7
temperature dependence and using the rate constants
from Table 1, we obtain the results in Table 4. Since

the processes corresponding to reac-k6> k5 , k8> k4 ,
tions 6 and 8 are neglected.

Table 4

N
2
½ loss, sÉ1, by reaction with N

2
½ concentration, cmÉ3

O O
2

electrons Calculated Observed*¹ Observedº T, deg K

Altitude

km

120 10.00 4.01 0.03 1.7 Ã102 50 65 280

140 2.80 0.4 0.04 7.5 Ã102 450 500 420

160 1.10 0.1 0.06 1.4 Ã103 1.1 Ã103 1.7 Ã103 600

220 0.12 0.002 0.12 1.0 Ã103 1.7 Ã103 2.2 Ã103 1000

* Rocket-borne ion spectrometer ÍHolmes et al . 1965Ë.
¹ Multiplied by 1.75 to make observed ion densities consistent with observed electron den-
sities, following Donahue Í1965Ë.
º Rocket dayglow ÍZipf, 1965Ë.

( 1965 American Geophysical Union JOURNAL OF MASS SPECTROMETRY VOL. 32, 1273È1278 (1997)



1276 E. E. FERGUSON, F. C. FEHSENFELD, P. D. GOLDAN AND A. L. SCHMELTEKOPF

The agreement is again remarkably good, better than
a factor of 2, except at 120 km. This point represents an
uncertain extrapolation of the data of almost 20N2`km, in a region where it is changing rapidly, and is
therefore not considered signiÐcant. The chemical loss
of dominates the dissociative recombination lossN2`below 220 km. The observed ion densities in the 140 to
160 km range are therefore a signiÐcant check on ion-
neutral reaction rates. The 220 km data could be Ðt by
adjusting for 1000 K to a signiÐcantly lowera(N2`)
value than the laboratory rate measured at 300 K at
140 and 160 km, the loss of by reaction with O isN2`more important than with This has not been widelyO2 .
recognized ; only Norton et al. [1963], among the earlier
ionospheric model builders, appear to have recognized
this from ionospheric considerations alone.

The rates appear to be in reasonable agreement
again. This, of course, is not a sensitive test for the N2`charge transfer with molecular oxygen, because of its
minor role in loss in this altitude range. NoN2`marked temperature e†ect on the ion-atomN2`] O
interchange reaction, at least over the limited 400 to 600
K temperature range, appears to be called for.

Support for a large rate constant for reaction of N2`with O is also given from rocket observations of the
3914 A resonant scattered dayglow. Zipf [1965],N2`for example, Ðnds that total loss is consistent withN2`loss cm3 s~1 and loss with atomicO2 k4\ 2 ] 10~10

oxygen cm3 s~1. Decreasingk5] k6\ 5 ] 10~11 k4somewhat will raise Zipf Ïs giving slightlyk5] k6B k5 ,
better agreement with the laboratory 300 K rate. The
Norton et al. model, when updated with recent iono-
spheric positive ion [Holmes et al. 1965] and neutral
data [Nier et al. 1964], leads to cm3k5B 7 ] 10~11
s~1 and brackets to lie between 3 and 30] 10~11k5cm3 s~1 [Fehsenfeld et al. 1965].

IONOSPHERIC and NO‘O
2
‘

CONCENTRATIONS

The steady-state concentration is not a sensitiveO2`test of ion-neutral reaction rates. The production is
largely due to photoionization below 140 km and is
largely due to reaction 2 above 160 km. The destruction
is almost entirely due to dissociative recombination.
However, at 120 km the charge transfer of withO2`NO contributes 40% of the loss if we acceptO2`BarthÏs NO concentration of about 1.6] 107 cm~3 at
this height. At lower heights, where the NO concentra-
tion goes up to about 6] 107 cm~3 and the electron
density is lower, this process will presumably dominate

loss. The possibility exists that reaction 11, the ion-O2`atom interchange of with N, may contribute toO2`loss. At 120 km, for example, an atomic nitrogenO2`concentration of 108 cm~3 (and ratio ofN/N23 ] 10~4) would compete about equally with disso-
ciative electron recombination. The concentrationO2`can be deduced with rates from Table 1 using a(O2`)
values consistent with laboratory data, about 2 ] 10~7
cm3 s~1 at 300 K. The altitude distribution of isO2`best reconciled with an that decreases witha(O2`)
increasing temperature.

The signiÐcance of the NO` concentration is some-
what similar to that for in that its loss is dueO2`almost entirely to dissociative recombination. The dis-
sociative recombination coefficient in this case is so
poorly known from laboratory measurements that a
great latitude for NO` production must be allowed.
The production is to a large extent a consequence of
ion-neutral reactions, and at least some tentative con-
clusions can be drawn. The steady-state NO` equation
is

a[NO`]n
e
[NO`]\k1[O`][N2]]k3[O`][NO]

]k5[N2`][O]]k7[N2`][NO]

]k8[N2`][O2]
]k9[O2`][N2]]k10[O2`][NO]

]k11[O2`][N]

]k12[N`][O2]]k14[N`][NO]

Reactions 8 and 9, involving the breaking of two bonds,
are too slow to be signiÐcant in the NO` production in
the range covered by the NRL positive ion data. The
N` concentration is too small for reaction 12 or 14 to
contribute signiÐcantly. Reaction 7 can be neglected,
since both and [NO] are small. Reactions 10[N2`]
and 11 have large rate constants, so that, even though
the atomic nitrogen and NO concentrations are small
(and unfortunately not well known, particularly in the
case of [N]), they cannot obviously be neglected. Reac-
tion 3 does not make a signiÐcant contribution. If only
reactions 1 and 5 are considered, the NO` equation (for
120 km) gives a(NO`)\ 2.6] 10~7 cm3 s~1, probably
within the range of uncertainty of this rate constant at
300 K, although a higher rate is often quoted
[Donahue, 1965], e.g. 4È20 ] 10~7 cm3 s~1. The con-
tributions of di†erent reactions to NO` production are
shown in Table 5. Note that the reaction 5 isN2` ] O
more important than the reaction 1 for NO`O`] N2production at this altitude. Reaction 10, the charge
transfer of with NO, may well make a signiÐcantO2`contribution. Using BarthÏs [1965] NO value of D107
cm~3 at 120 km, we have from this process d[NO`]/

Table 5

NO½ production, cmÉ3 sÉ1, by reaction

1. O½ ½N
2

5. N
2
½ ½O 10. O

2
½ ½NO 11. O

2
½ ½N a(NO½) T, deg K

Altitude

km

120 135 500 500 1.5 Ã10É5 ÍNË 4.4 Ã10É7 280

140 480 1240 3.3 Ã10É7 420

160 1000 1270 1.3 Ã10É7 600

220 400 210 9 Ã10É8 1000
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dt \ 500 cm~3 s~1, a production comparable with that
from the other two reactions ! This contribution would
raise the value of a(NO`) to 4.4 ] 10~7 cm3 s~1.
NicoletÏs [1965] estimate of the NO concentration at
120 km is somewhat lower than the one used here,
2È5 ] 106 cm~3.

The contribution of reaction 11 is difficult even to
estimate, because the atomic nitrogen concentration is
so poorly known. The contribution at 120 km will be

d[NO`]/dt \ 1.1] 10~5[N]

and will become signiÐcant if corre-[N]Z 3 ] 107,
sponding to The possibility of [N][N]/[N2]D 10~4.
being this large at 120 km does not appear to be deÐ-
nitely excluded. Bates [1952] estimated [N] to be of the
order of 2] 108 at around 120 km. An [N] concentra-
tion this large would produce a major part of NO` by
reaction 11. However, Nicolet [1965] argues that
[N] \ [NO], so that on this basis we can perhaps
exclude this reaction.

Above 140 km, both NO and N can be neglected as
NO` sources. The relative contributions to NO` pro-
duction by reactions 1 and 5 are shown in Table 5 for
the four representative altitudes discussed in this paper.
The value of a(NO`) which gives the NO` concentra-
tion at these altitudes and with these production rates is
also given. It seems clear that the dissociative recombi-
nation rate for NO` is very similar to that for andN2`at 300 K, several times 10~7 cm3 s~1, and it seemsO2`most likely that this rate decreases with an increase in
temperature.

It seems that there are no obvious inconsistencies
between daytime ionospheric observations and the
recent laboratory measurements. The largely uncon-
sidered reaction clearly plays aN2`] O ] NO`] N
strong role both in loss and NO` production.N2`

NIGHTTIME IONOSPHERE

At nighttime the density of all positive ions and the
density of electrons decrease, owing to removal of the
dominant ionization source, photoionization. The NRL
data show a measured nighttime ion distribution. It has
been widely recognized that a difficulty exists in the per-
sistence of the nighttime ionosphere [Bates and Nicolet,
1960 ; and Fehsenfeld et al., 1965]. Rate constants as
large as those measured in the laboratory (and which
appear to be necessary to explain the equilibrium
daytime ionosphere) would e†ectively deplete the iono-
sphere rapidly after sunset in the absence of an ioniza-
tion source. For example, the O` concentration of 220
km from the NRL Ñight was around 103 cm~3 at 0106
local time, down from the daytime (0934) density by a
factor 360. This would correspond to a decay rate d

such that edtB 360 at t \ 2 ] 104 sec or d B 3 ] 10~4
sec~1. This would give k1[N2]] k2[O2]\ 3 ] 10~4
sec~1 at 220 km. However, the laboratory rates and
the daytime atmospheric model give 3] 10~12] 3.3
] 108] 4 ] 10~11 ] 1.7] 107\ 2 ] 10~3 sec~1. This
discrepancy cannot be explained as the result of a tem-
perature e†ect on the reaction rate constants, since the
nighttime ionospheric temperature is closer to the
laboratory temperature than is the daytime ionospheric
temperature.

The situation is even more difficult in the case of N2`and Donahue [1965] has considered this problemO2`.
in detail and concludes that a night time source of 6È8
ion pairs/cm3s in the 220 km region at night is required.
This value is small, being equivalent to about 3] 10~10
ergs/cm3, or about 10~3 ergs/cm2 s Ñux. If the source of
this ionization were electron impact, it is estimated that
approximately 5 ] 10~2 Rayleigh of 3914 A emis-N2`sion would be excited from the same sourceÈan
amount that is not excluded by night time airglow
observations. A recent statement [Gintzburg, 1965] that
the ionization of the ionosphere during the night is
caused by a stream of electrons (ED 1 keV) with energy
Ñux 1È10 ergs/cm2 s does not satisfy the observational
criteria of low (or zero) night time 3914 A emission.
This problem has been discussed in some detail by Dal-
garno [1964], who sets an upper limit of 0.3 ergs/cm2 s
and gives results which strongly suggest an even lower
upper limit.

In view of this uncertain nature of night time ioniza-
tion sources and other possible complications such as
di†usion and neutral atmosphere changes, we cannot
very usefully test the laboratory rates by consideration
of night time ion proÐles. The following general com-
ments can be made, however. The major night time ion
below 200 km as shown in the NRL rocket data is
NO`. This of course reÑects the role of chemical reac-
tion sources of NO` which do not turn o† abruptly at
sunset. In addition, a substantial concentrationO2`nearly constant with height at about 100 ions/cm3
between 130 and 190 km remains at night. In view of
the almost complete lack of chemical sources (theO2`O` and concentrations are negligible in the E andN2`regions at night), a local night time ionization sourceF1is required, as Donahue [1965] pointed out. The disso-
ciative recombination loss alone at 120 km is 0.15
ion/cc s with cc s~1, requiring aa(O2`) \ 2 ] 10~7
similar local ionization production rate. The fast
charge-transfer of with NO greatly aggravates thisO2`problem, since an NO concentration of 107 cc~1 at 120
km leads to an loss rate of 1.3 ions/cc s. This sug-O2`gests that a night time measurement down toO2`lower heights (e.g. 100 km) might lead to a deduction of
the NO distribution or, more precisely, a constraint on
the coupled NO distribution and the night time ioniza-
tion source.

If the atomic nitrogen concentration is as large as 103
times the electron density, reaction 11 will also compete
with electron loss of at night.O2`
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