
JULY-AUGUST, 1965SOVIET PHYSICS USPEKHI VOLUME 8, NUMBER 1

525.7 + 539.196.6
RESEARCH ON ION-MOLECULE REACTIONS AND DISSOCIATIVE RECOMBINATION IN THE

UPPER ATMOSPHERE AND IN THE LABORATORY

A. D. DANILOV and G. S. IVANOV-KHOLODNYI

Usp. Fiz. Nauk 85, 259-296 (February, 1965)

1. INTRODUCTION

l\. S research methods using rockets and artificial
satellites have been developed and perfected, these
studies have made an even greater contribution to the
study of the earth's ionosphere. In particular, well-
known new advances have been made in the elucidation
of the structure of the ionosphere. They have estab-
lished important features of its structure that had been
missed in earlier studies made by earthbound means
(see, e.g., reviews'-1"5-'). At the same time, as experi-
mental data have accumulated, the problem has be-
come more and more pressing that we must interpret
the data from the standpoint of elucidating the proces-
ses that determine the nature and behavior of the iono-
sphere.

Recently-performed studies of the upper atmos-
phere (especially during the IGY and after) using
rockets and satellites have made it possible to obtain
new data on the physical and chemical properties of
the atmosphere at high altitudes. Especially valuable
data have been obtained with the mass spectrometer
on the ionic and neutral components of the atmosphere
at different altitudes and times of day, and also with
various detectors of short-wavelength radiation on the
intensity and spectrum of the solar radiation. Analy-
sis of the new data on the composition of the upper
atmosphere and the intensity of ionizing agencies has
led to new concepts on the rates and the nature of the
physicochemical processes that occur at altitudes
above 100 km. New concepts have arisen on the nature
of the ionosphere. For example, the special role has
been elucidated of ion-molecule reactions between
atomic ions and neutral molecules, which regulate the
equilibrium values of the concentrations of molecular
and atomic ions in the upper atmosphere; it has been
found that reactions of dissociative recombination of
molecular ions play the dominant role in the neutral-

ization processes in the ionosphere.
In order to facilitate a grasp of the material below,

we present in Table I a summary of the fundamental
data on the ionosphere, which is formed and distribu-
ted in the upper atmosphere roughly above 50 km. The
highest concentration of ions and electrons in the iono-
sphere is reached at the maximum of the F region at a
height of ~ 300 km. However, the ionized portion of
the atmosphere extends considerably higher, up to the
boundary with the interplanetary medium (~ 10—15
Earth radii). The major regions of the ionosphere
are distributed below 300 km. As we see, the tem-
perature in the ionosphere in various regions varies
from -200 to 1000—2000°K, while the concentration of
neutral particles varies from 1015 to ~ 109 per cm3.
However, for each region of the ionosphere, these
parameters have quite definite values subject to small
variations. Above 120 km, the composition of the
atmosphere begins to change because of gravitational-
diffusional separation, but it is still not clear how
greatly the ratio of oxygen atoms to nitrogen mole-
cules at an altitude of 300 km differs from that found
in the 120 km region. Several values are given for the
electron concentration ne, since ne undergoes apprec-
iable variations depending on the phase of the sunspot
cycle (maximum or minimum) and the time of day. In
addition, n e depends in a known manner on the latitude
of the site and the season, and is altered during iono-
spheric perturbations. For brevity, we have shown
only the seasonal variations in the F (or F2) region.
We should note in this regard that in a number of
cases the data of Table I (e.g., the altitudes and es-
pecially the night values of ne) are only approximate
(and sometimes even provisional) and differ somewhat
with different authors. In addition, the altitude of the
F2 region undergoes certain variations, usually in-
creasing at night.

Even the first measurements of the ionic composi-

Table I

ionosphere

D
E
F\

Summer
Fl

Winter

Altitude,
km

70
no
180

300

T, °K

220
270
800—1800

800—1800

Particle concentration, cm

n

2-1015
2-1012

1.5-1010

(0.8 — 1.5)-109

day
maximum

ne

150
2-105

4-105
0.8-108
2.5-10*

minimum
ne

105
3-105
3-105
6-105

-3
night

~ 10
— 4-103
~ 103

(2 —5)-105

~ 1.5-105
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tion of the atmosphere at altitudes of 100—700 km,
which were made by V. G. Istomin^7"9^ and indepen-
dently by Johnson and his associates, ^ showed that
the upper atmosphere contains a considerable quantity
of the molecular ions NO+ and O2, which cannot be
formed through direct ionization events. This fact has
sharply raised the question of the ion-molecule proces-
ses that take place in the upper atmosphere and can
lead to the formation of the stated molecular ions from
atomic ions, and also of the dissociative-recombination
processes that bring about rapid neutralization in the
ionosphere through the disappearance of molecular
ions.^10'11- Ion-molecule reactions and dissociative-
recombination processes are of great importance in
understanding many processes in the upper atmos-
phere. However, at present there is no unified view-
point on the role and efficiency of these processes in
the ionosphere. The latter situation is due to the lack
of pertinent laboratory studies and of reliable experi-
mental data. Hence various authors assume values of
the rate constants of these reactions in accord with
their approach to the problem of the nature of the
ionosphere in general. In solving this problem there
are two tendencies, involving the question of whether
one assumes low or high values for the energy flux
necessary to maintain the ionization of the upper
atmosphere. Owing to the considerable development
of rocket and satellite studies, important experimen-
tal data have been obtained, and the different points of
view have recently converged, although differences of
opinion still remain in a number of cases.

We have tried in this article to collect together all
the existing laboratory data on the processes under
discussion, and the fundamental studies to determine
their role in the upper layers of the atmosphere. Here
we shall try to emphasize the fundamental difficulties
and contradictions that have arisen in solving these
problems, and to reflect the different points of view in
the discussion.

2. IONOSPHERIC STUDIES

First we shall discuss the results of the ionospheric
studies on the fundamental reactions involving ions.

A. Dissociative Recombination

a) Definition and theoretical calculations. As has
been pointed out, in the major portion of the iono-
sphere neutralization does not take place through the
ordinary so-called radiative recombination of ions
with electrons, but through the very fast process of
dissociative recombination of the molecular ions XY+:

XY+ + , _* (XY)*unstable -> X* + Y + Z?
kin,

(1)

where a molecule in the unstable excited state
(XY)^nstable is formed as an intermediate stage.
From this state, the molecule quickly dissociates into
its two constituent atoms, which may happen to be in

the excited state X*. The energy liberated in neutral-
izing the molecular ion is also partially transformed
into radiation energy and kinetic energy E^m of the
atoms. The rate r^ of reaction (1), as for any binary
collision process, is

where [XY+] and ne are the concentrations of ions and
electrons and a* is the rate constant for dissociative
r ecombination.

In order to calculate quantitatively the rate con-
stant of the dissociative-recombination process, we
must know precisely the potential curves of the mole-
cule and its ion, especially near the intersection
points of the curves for the molecular ion and the
potential curves of the excited state of the molecules,
and also the lifetime of the excited state. As yet, such
information is not available either theoretically nor
experimentally. However, Bates^12^ has started from
some reasonable assumptions and estimated that a*
can be ~ 10~7 cm3 sec"1, which is five orders of mag-
nitude higher than the rate constant for radiative r e -
combination. Bauer and Wu^13^ and Stabler-14- have
tried to calculate the value of a* for the ion Hj,, and
Gibbons and Squire (see^15^) obtained
a* = 7 x lCf8 cm3 sec"1 for NO1" at the relatively high
electron energy of ~ 1 eV. Stabler^18^ has recently
obtained analogous values for the atmospheric ions
Nj and O2 at the temperature 300°K. However, the
conclusions that one can draw from these theoretical
calculations are basically qualitative. At present we
can hope to obtain the necessary values of Q* only by
experiment. As will be shown below, ionospheric
studies can play a great role here.

Although in 1937 Massey 1 ^ raised serious objec-
tions against the dissociative-recombination reaction,
later Bates and Massey^18'19^ pointed out the possi-
bility of occurrence of such reactions in the ionosphere.
However, at that time a definite preference was given
to reactions with negative ions. After some successful
laboratory experiments on dissociative recombination
had given high values of the reaction rate
a* = 10~G—10~8 cm3 sec"1, Bates ^ made some
theoretical calculations and showed that
a* ~ 10~7 cm3 sec"1. However, after finding that the
reaction rate for dissociative recombination is very
high, Bates expressed a doubt that this reaction could
be occurring in the ionosphere, since according to the
data existing then, the effective recombination coeffi-
cient even in the E-region is of the order of
10~8 cm3 sec"1, or considerably less than a*.

b) Application of the dissociative-recombination
process in ionospheric studies. The relatively high
effective recombination coefficient
a' »s 10"8—10"10 cm3 sec"1 found in the ionosphere led
ionospheric researchers into an impasse at the time,
since the reaction of radiative recombination known at
that time has a rate several orders of magnitude
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smaller (~ 10 12 cm3 sec 1). It seemed that the way out
of the difficulty lay in the application of the relatively
fast reactions with negative ions. However, the occur-
rence of these reactions requires a high enough
atmospheric density. Gerjouy and Biondi^20^ proposed
in 1953 that one should replace the negative-ion hypo-
thesis with a "dissociative-recombination" hypothesis
in explaining the fast recombination processes in the
E region of the ionosphere. Here they pointed out that
the results of ionospheric measurements of a' are not
reliable enough, and that according to certain data,
e.g., those of Piddington, ^21^ an even higher value has
been measured during eclipses: a' ~ 10~7 cm3 sec"1.
Yonezawa^22'23^ in 1954—1955 expressed analogous
ideas of applying the dissociative-recombination reac-
tion to explain the processes in the F region of the
ionosphere. Later on, the hypothesis of Bates and
Massey using the dissociative-recombination reaction
to explain neutralization in the ionosphere became
widely accepted, while the explanation in terms of
negative ions was kept only for the D region, which is
situated in the sufficiently dense layers of the atmos-
phere.

Ratcliffe'-24^ and other authors have discussed the
difference in the roles of radiative and dissociative
recombination and of ion-exchange reactions in the
neutralization of charged particles in the different
levels of the ionosphere. Thus, the period before the
rocket investigations of the ionosphere marked the
solution of one of the fundamental questions of iono-
spheric physics: the problem of the relation and inter-
action of the molecular and atomic ions. Mass-spectro-
meter measurements in rockets showed that in the
ionosphere the concentration ratio of molecular to
atomic ions varies greatly from the value of 102 at
altitudes of 130—140 km to a value of 10~3 at altitudes
of 500-600 km.

c) The effective recombination coefficient and the
fundamental reactions involving ions in the ionosphere.
It has been established from the data of earth-based
ionosphere studies that the rate of time variation of
the electron concentration in the E region throughout
the day and during various disturbances is high; it is
proportional to the square of the electron concentra-
tion ne (the proportionality coefficient is the effective
recombination coefficient a.'). However, in the F
region the rate is considerably smaller in absolute
magnitude, and is proportional to n e . These two facts
prove to be interrelated. As Ratcliffe^24^ has shown,
in the ionosphere the molecular ions XY+ are neutral-
ized by the dissociative-recombination reaction (1),
which proceeds at a rate a*ne[XY+], where [XY*] is
the concentration of the XY+ ions, while the atomic
ions A+ are neutralized by the ion-molecule reaction

A+ + XY.
XY+ + A,
XA+ + Y,

(3)

tant neutralization rate r = a ' n | is determined by the
effective coefficient of recombination, which is equal
to

[XY+]
1 +[XY+]

a*
(4)

Consequently, in the lower portion of the ionosphere,
where [XY+]/[A+] » 1, a' = a*, and r
the upper portion of the ionosphere, where

n | , while in

[XY+
a =a '

. [XY+
[A+j

a* and rccne

which proceeds at a rate y[XY] [A+]. Thus, the resul-

The linear law r <x n e has now been confirmed in a
number of studies on the time variations in the upper
portion of the ionosphere during solar eclipses and at
sunrise and sunset. The fact that the linear law of
disappearance of electrons in the F region of the iono-
sphere has been established experimentally confirms
the correctness of the choice of the cycle of reactions
(1) and (3) as the fundamental reactions for the iono-
sphere.

The strongest argument in favor of these reactions
is that they explain the altitude-dependence of the con-
centrations of atomic and molecular ions measured
with mass spectrometers in rockets. A. D.
Danilov^25"28- has used the data on the variation with
altitude of the relative amounts of different ions, and
has confiremd the hypothesis of Bates and Massey^18^
that the transformation and annihilation of ions in the
ionosphere occurs in such a way that the atomic ions
are transformed by ion-molecule reactions into mole-
cular ions, while neutralization takes place by dis-
sociative recombination of the molecular ions. The
hypothesis of the dissociative-recombination reaction
is an essential element in the explanation of the varia-
tion in the relative concentrations of molecular and
atomic ions as functions of the altitude and time of day.
While references'^25"28^ adopted too high values for
a* (= 10~6 cm3 sec"1) and for the rates of these reac-
tions, and also erroneously used certain minor reac-
tions, the fundamental conclusions of these studies r e -
main valid, since the altitude distribution of the rela-
tive concentrations of the major ions depends only on
the ratio of the reaction rates, rather than on their
absolute values. One can advance other arguments in
favor of reactions (1) and (3).

It was shown in^29^ that a certain combination of an
entire set of experimental values: ([XY+]/[A+])(ne/[XY]),
remains approximately constant at altitudes of
160—400 km. According to Eq. (4), this combination
should actually be a constant, since it is equal to the
ratio y/a* of reaction constants.

S. P. Yatsenko[3o:i has discussed the effect that the
difference in mechanisms of disappearance of mole-
cular and atomic ions according to (1) and (3) has on
the type of altitude-dependence exhibited by the con-
centrations of these ions (a monotonic increase for the
atomic ions, and the existence of a maximum for the
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molecular ions). The difference in the altitude-depen-
dence of the ions expected from theory is actually ob-
served in the data of the mass-spectrometer measure-
ments in rockets. This confirms the correctness of the
choice of reactions (1) and (3).

It is generally accepted now^31-1 that above
90—100 km dissociative recombination is the funda-
mental reaction for neutralization of ions in the iono-
sphere. However, there is a great divergence of
opinion on the value of a*. On the one hand, on the
basis of the results of laboratory experiments exist-
ing at that time, B. A. Bagaryatskii^32^ and later
A. D. Danilov^25^ adopted a* = 10"e cm3 sec"1 for all
the molecular ions in the ionosphere. On the other
hand, through comparison with Yonezawa's^22'23^
earlier ionospheric data, V. I. Krasovskii,'-33J
Mitra,^34^ and others have adopted the considerably
lower value a* = 10"8 cm3 sec"1. However, Bates and
NicoletL3SJ found that one has to use different con-
stants for different ions: O^JQ = 3 X 10~9 cm3 sec"1,
and «Q+ = 3 x 1O~8 cm3 sec"1. They assumed the high

value ajq+ = 5 x 10"7 cm3 sec"1 for the N^ ion, just as
Hertzberg did.^36'37^

d) Measurements of a ' in the E and Fl regions of
the ionosphere. Since the fundamental conclusions on
the mechanism and rates of the elementary processes
in the ionosphere are verified by comparison with the
values of a ' , it is important to discuss in further de-
tail the results of the experimental studies (including
rocket studies) of a ' in the ionosphere and the deter-
mination of the values of a* from the ionospheric data.

There are several methods of determining the ef-
fective recombination coefficient a' in the ionosphere,
based on measurement of the variations in n e during
solar eclipses, at sunrise and sunset, throughout the
day, and during various ionospheric disturbances.
These methods give differing results, which often con-
tradict one another. The most usual method is to de-
termine a' from the diurnal variations in n e . For ex-
ample, these data are reviewed in the book of Ya. L.
Al'pert^381 (p. 131). This method gives values of
a' ~ 10"9—10"8 cm3 sec"1 for the E region, and
(0.3—10) x 1O~10 cm3 sec"1 for the F region. Bukin
and Fligel'^39^ have recently obtained an analogous
value a' = (0.3—1.2) x 10"8 cm3 sec"1 for the E region
based on an interpretation of the effect of the winter
anomaly. On the basis of such measurements, it was
considered for a long time that a ' ~ 10~8 cm3 sec"1 in
the E region, and a ' *s 10 10 in the daytime or
« 3 x 1O~10 cm3 sec"1 at night in the F region. Studies
using rockets and satellites have established the exis-
tence of diurnal and seasonal variations in the tem-
perature and density of the upper atmosphere. These
cannot help but distort the results of determining a'
by the method indicated above, especially in the F
region. ^40^ The nature of the effective recombination
coefficient a' and the methods of measuring it differ

in the lower (E and Fl regions) and the upper
(F region) portions of the ionosphere. Hence we shall
take them up separately.

The most reliable method of determining a' for the
E and Fl regions of the ionosphere, which is prac-
tically independent of variations in the density of the
upper atmosphere, is to measure it during solar
eclipses. Ratcliffe'41^ has made an extensive review
of the measurements of a ' using this method. The
values obtained for a' in the E and Fl regions of the
ionosphere were (0.5—2) x 10"8 cm3 sec"1 and
(0.2—1.4) x 10"8 cm3 sec"1, respectively. The value
of a' in the Fl region is about one-half as great as in
the E region. These results, it seemed, corroborated
well the conclusions based on diurnal measurements.
However, in obtaining these data, they neglected the
effect of the non-uniform distribution of short-wave-
length radiation over the sun's disk, as well as the
emission of approximately 10—20% of the radiation
from outside the sun's limb. These important features
of the radiation had been noted a long time ago, and
recently have been thoroughly proved in several rocket
experiments. Taking this fact into account, a number
of authors have determined that in the E region of the

c"1ionosphere, a' = (0.4—1) x 10"7 cm3 sec
Recently the same sort of values were obtained by
observations of the solar eclipse of February 15, 1962
by I. N. Odintsova and M. B. Ogir ' [ 5 0 ]

(a ' = 10"G—10"7 cm3 sec"1), by Nestorov and Taubenk-
h a i m ^ 5 1 ^ (a ' > 1 x 10"7 cm3 sec"1), and by
Serafimov[56] (a' = (0.63—2.32) x 10"7 cm3 sec"1).
Here the nature of the distribution of the short-wave-
length ionizing radiation over the sun's disk and out-
side it was checked by measuring the decimeter radio
emission of the sun during the eclipse. During the
same eclipse, Jasinski r57- obtained the considerably
lower value a' = 1.5 x 10"8 cm3 sec"1. This was due to
the fact that he did not use simultaneous measurements
of the radio emission to estimate the source brilliance
of the ionizing radiation on the sun's disk and espec-
ially, outside it.

As of now, it has been confirmed at a series of
ionospheric conferences^58"61^ that according to the
eclipse data we must take a'. > (4—10) x 10~8 cm3 sec
i.e., 0.5—1 orders of magnitude larger than had been
previously thought. Similar values have been obtained
recently in measurements during sudden ionospheric
disturbances (Whitten and Poppoff,^62^
a' = 5 x io"8 cm3 sec"1). One can obtain the same sort
of values, a' ~ 3 x 10~8 cm3 sec"1, from data on the
energy of the short-wavelength radiation of the sun
(Watanabe and Hintereggerre3^). In making the latter
estimate by the formula a' = q /n | for the E region of
the ionosphere, they used too large a value of ne and
too low a value of the rate of ion formation
q = 2 x 103 cm"3 sec"1 with the sun at the zenith. Here
other authors give values for q ~ 5 x 103 cm 3 sec"1 ,^40^
4.2 x 103 cm"3 sec"1,^84^ and recently Hinteregger et

-l
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Table II

^ \ . Ion

Author^\^

Bates and
Nicolet[35]

Norton et al.[64]

Danilov[74]
Holms et al.[75]

a + , cm'sec"1

5 -10-'
4-10-' —

_

a ,, cm sec"
of

3-10-8

2.10- f

d - 2 ) . 1 0 - / f
3.3-10-8
4.210-8
8.8-10-8

a cm sec"NO+'

3-10-9
6.7-10—8 _

(2-4). 10-8 j / ^ 9
1.2-10-8
2.0-10-8
6.3-10-8

Alti-
tude,
km

-250
100—
200

100—
200
130
140
150

T, °K

1500
300—
1000

300-
1000
420
523
623

al_[65] obtained q « 7 x 103 cm 3 sec"1. By comparing
the q values with the rocket data on ne and the ionic
composition, it was found in^40^ that
a' ss io"7 cm3 sec"1, and a* = a0T"1 /2 = (1—1.7)
x 10"7 cm3 sec"1. In^64^, they obtained in an analogous
way a' = 1.1 x io"7 cm3 sec"1, together with the a*
values for various ions given in Table II. During the
solar eclipse of July 20, 1963, a series of six rockets
was fired to an altitude of 200 km, and a least estimate
was obtained of the value of the effective recombina-
tion coefficient in the E region: a' > 1 x

Recently Smith^67^ has published an estimate
a' = 2 x 10"8 cm3 sec"1 under nighttime conditions in
the E region of the ionosphere based on rocket meas-
urements of the electron concentration ne after sunset
in the evening and towards dawn. The decrease in ne

throughout the night corresponds to an effective r e -
combination coefficient a' = 2 x 10~8 cm3 sec"1, and
indicates the absence of a nocturnal source of ioniza-
tion. A defect in this study is that the two measure-
ments were made on different nights. In essence, this
method differs in no way from the terrestrial method
of determining a' from the nature of the decline in ne

after sunset. According to the most recent data, the
latter method gives a' = 7 x io"8 cm3 sec"1.^68^
Titheridge'-69-' has applied this method to the ne(h)
profiles constructed from the data of ionosphere sta-
tions. He found that after sunset the effective recom-
bination coefficient does not vary during the night, and
on the average is 2 x 10~8 cm3 sec"1 at altitudes from
100 to 200 km. In addition, Titheridge found that the
rate of decline of n e after sunset in a period of mini-
mum solar activity is two times as large as in a
maximum period. The estimates given for a' at night
do not agree with the conclusions of Mitra^70'71^ that
a' gradually declines during the night from 10"8 to
10~9 cm3 sec"1. However, Mitra used a greatly lower
daytime value a' = 10~8 cm3 sec"1.

Thus, in the E region of the ionosphere at a tem-
perature of ~300°K at night, a' = 2 x 10"8 cm3 sec"1

(provided that a nocturnal ionization source does not
exist). In the daytime, a' = (4—10) x 10'8 cm3 sec"1

(the higher value is more probable), while in the Fl
region at a temperature of ~1000°K, a' is approxi-

mately half as large. However, the latter estimate
for the higher temperature is only tentative, since it
is based on not very reliable estimates of a' for the
Fl region. In order to estimate a' at higher tempera-
tures, it is better to use the data for the F2 region
(see below).

e) Conclusions concerning a* from the data on a'.
The use of rockets in certain ionospheric studies
makes it possible to obtain a* values for individual
ions. However, before presenting the results of these
episodic measurements of a*, we shall discuss the
possibility of determining a* from the numerous and
more reliable data on a ' .

Mass-spectrometric measurements in rockets ^6"9^
have established that there are basically two ions in
the daytime in the E region: -75% NO+ and -25% O\.
Then, using the data on a' given above and taking into
account the fact that a' = Za*(n^/ne), we find that
a ^ o + < (5—13) x 10"8 cm3 sec"1, and QQ+ - (1-5—4)
x io"7 at the temperature of the E region. Additional
information is needed to arrive at more definite con-
clusions on a*.

Bates and McDowell ^72^ have shown that the value
of the effective recombination coefficient determined
during a solar eclipse can approximate either the
value of the recombination coefficient of the slowly-
recombining ion, or that of the quickly-recombining
ion in the ionosphere, depending on the method of de-
termination. Using the conclusions of this study,
McElhinny-47^ has found from the data on the eclipse
of December 25, 1954 that in the E region of the iono-
sphere, Qj = 5 x 10"9 cm3 sec"1 for the slowly-recom-
bining ion, while a2

= 10"7 cm3 sec"1 for the quickly-
recombining ion, provided that n^/nj = 4. However,
if nj/nj = 1 (which is less typical of the E region of the
ionosphere), then a , = 1 x 10"9 cm3 sec"1 and
a 2 = 10"7 cm3 sec"1. We may assume that a , pertains
to the NO+ ion, and a2 to the O+

2 ion. These estimates
of the aq coefficients lead to a value of the effective
recombination coefficient a' = (2.5—5) x 10"8 cm3 sec"1.
This is close to the value a' = 4 x io"8 cm3 sec"1 ob-
tained from the data on the same eclipse by taking into
account the effect of the radiation of the sun's corona
outside the limits of the sun's disk.'-47-'
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Bowhill^73^ has expanded on-72^, and shown that
the different methods of determining the effective r e -
combination coefficient used in ionospheric studies
(not only during solar eclipses, but also during twilight
and by determining a' from the diurnal variation in
ne) give different results. This is because the iono-
spheric plasma consists of a mixture of ions having
differing rates of recombination. In ionospheric
studies, the effective recombination coefficient a' is
defined as the coefficient in the formula

r = a w,", (5)

which relates the number of recombinations r to the
square of the electron concentration n e . In aeronomy,
in studying the photochemical processes in the iono-
sphere, the recombination per cubic centimeter is
defined as the sum of the recombinations of all the
ions having concentrations n :̂

that is, the effective recombination coefficient a '
here is the weighted average of the recombination co-
efficients of all the ions. If the a* values are all equal,
we obtain Eq. (2), since for atomic ions Qj « a*.
Bowhill ^73^ showed that only in certain measurements
of the variations of nj in the ionosphere does one ob-
tain the effective recombination coefficient defined by
Eq. (6), while in other cases one measures the quanti-
ties (a')2 o r (l/a ' )> which are the weighted averages
of a? and l/o^, respectively. Here the weights can in-
volve not only the relative concentrations of the ions,
as in Eq. (6), but also the relative fractions of the
formation of the ions in the overall rate of ion forma-
tion q. If the intensity of the ionizing agency and the
electron concentration vary, then we must also ob-
serve the well-known variations in the effective r e -
combination coefficient as a function of the time, since
the concentration of each ion is determined by its own
independent equation of equilibrium

- = qi~ainine (7)

When this characteristic is correctly taken into ac-
count, we can find also the effective recombination
coefficient and the recombination coefficient for each
ion separately. After sunset or during an eclipse, the
ions having high a* values disappear more rapidly,
leading to a decrease in a ' .

In general, we cannot draw unambiguous conclusions
onti j from analyzing the measured values of a ' if we
do not know (e.g., from mass-spectrometer measure-
ments) the number of ions in the mixture and their
relative amounts. Certain approximate conclusions
derived under the simplifying assumption that the
mixture consists of two kinds of ions can be useful.
Using the decrease in the value of a ' in the E region
observed after sunset, Bowhill^73- found that the r e -

combination coefficient for the rapidly-recombining
ion is at least 6.4 times as great as for the slowly-
recombining ion. However, by comparing the results
of measurements of the effective recombination coeffi-
cient during an eclipse with the diurnal variations in
ne , he found that the recombination coefficients differ
by a factor of ten, in agreement with the conclusions
of McElhinny^47^ from eclipse data.

Bowhill's study ^73^ also showed that one does not
get a weighted average of a ' by applying the method
widespread in ionospheric studies in which one deter-
mines the effective recombination coefficient from the
lag of the maximum in the diurnal trend in ne in the
E region after noon. Rather, it gives a quantity ac-
tually approximating the recombination coefficient of
the slowly-recombining ion. Thus, the value
~ 10"8 cm3 sec"1 obtained in these measurements must
be ascribed to the NO+ ion, if we neglect the effect of
the diurnal variations in the density of the upper
atmosphere (which is generally not valid ^29 '40^).

By using values of a' measured by various methods
for the day and night ionosphere in the E region,
Bowhill found that a ^ = 6 x 10"9 cm3 sec"1, and
a%.+ = 6 x l(T8 cm3 sec"1. These values should be con-
sidered to be lower estimates, since low values of a1

were used as source data. Bates and Nicolet^35^ have
obtained by an analogous method even lower estimates
for the E region: QtjQ+ = 3 x 1CT9 cm3 sec"1 and

a** = 3 x 10"8 cm3 sec"1. This is because they used a
°2

low value for daytime conditions: a' = 1(T8 cm3 sec"1.
Using a more reasonable value a' ~ 10 7 cm3 sec"1, we
obtain estimates of » N O + a n c ' a O t a n order of magni-
tude higher.

Bowhill obtained approximate data on a* by assum-
ing that there are only two kinds of ions having differ-
ent recombination coefficients in the ionosphere, since
he did not consider the concrete processes and chemi-
cal reactions in which the various ions are formed and
transformed. This problem has been discussed more
fully by Bates and Nicolet^35^ and recently by Norton
et a l . , [ 6 4 ] A. D. Danilov^7^ and also Holms et a l . ™
From these studies, in which the entire set of possible
reactions in the upper atmosphere is analyzed, con-
clusions were drawn not only on the value of a ' , but
also on the concentrations of the major ions at differ-
ent altitudes. Hence we can compare the theoretically-
calculated values, both of a' and of the ion concentra-
tions, with the experimental results of the mass-
spectrometer measurements in rockets. The con-
clusions on the a* constants given in Table II have
been obtained through such comparisons.

Although all the authors have used mass-spectro-
meter data on the ionic composition, each of them has
started with his own system of ionospheric data, and
adopted a different temperature-dependence of the
constant a*. This has led to a rather wide divergence
in the results of the computations. This divergence
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typifies the still-existing uncertainty in many of the
data on the ionosphere.

We have given in Table II the data of Holms et
al.,^75^ which they obtained by comparing the theoreti-
cal decrease in the concentrations of the ions O^ and
NO+ after sunset with the results of the mass-spectro-
meter measurements made by these authors ^75^ on the
ionic composition of the atmosphere at altitudes of
100—200 before and after sunset. Here they observed
a slower decline in the electron concentration* below
150 km than above. Since the temperature of the
atmosphere increases with altitude, this fact implies
that the value of a* for the predominant ions Oj and
NO+ must increase with the temperature, provided
that there are no supplementary sources of ionization
at night. Holms et a l . ^ considered the obtained
trend in a* as a function of T to be real, and discussed
the possibility of theoretical explication of this phe-
nomenon. However, the values of O^QH. and QQ+ ob-
tained in'-75^ are too low for the E region, and do not
agree with other ionospheric determinations of this
constant. On the other hand, many strong arguments
have now been found in favor of the existence at night
of a supplementary ionization source in the ionosphere.
In view of this, in our opinion, one should treat the r e -
sults of Holms et al.^75^ from the standpoint of indicat-
ing the existence of such a source, rather than indicat-
ing an unusual temperature-dependence of a*.

f) Measurement of a* in the lower portion of the
ionosphere. Whitten and Poppoff^62>76>77^ have obtained
a direct estimate a* = 5 x 10"7 cm3 sec'1 from data on
the value of a' in the D region of the ionosphere. This
estimate pertains to a temperature ~ 200°K, but it is
not clear to which ion, O*2 or NO+, since we do not know
which of these ions predominates in the D region of the
ionosphere. In any case, perhaps, the constant a*
must be smaller than the cited value for either of
these ions, since apparently their rates of formation
in the D region are close to one another.

By analyzing data on the decay of the absorption of
cosmic radio noise following a nuclear explosion,
LeLevier^78^ has also estimated the coefficient of
dissociative recombination of the molecular ions at
an altitude ~ 70 km: a* - (3—7) x 10~7 cm3 sec"1, with
a most probable value of 4 x 10~T cm3 sec'1 . As with
Whitten and Poppoff, this coefficient pertains either to
NO+ or to O2 at a temperature near 200°K. Recently
Narcisi and Bailey^79^ have determined with a mass
spectrometer that the NO+ ion predominates from 64
to 83 km, while the O2 ion appears only above 75 km.
Thus, apparently, the data of Whitten and Poppoff and
of LeLevier should be ascribed to the NO+ ion. One
can derive a value a^o* ~ 3 x 10~7 cm3 sec"1 from the
data of direct rocket experiments in the upper atmos-
phere in which nitric oxide vapors were released
from the rockets at an altitude of 95 km, [ 8 0 '8 1 ] on the
basis of direct measurements on the rate of decrease
of n e in the cloud.

Wallace and Nidey^83^ have recently estimated
^ = ? x 10"7 cm3 sec"1 by analyzing data on the emis-

sion of the N̂  band at 3914 A in the Fl region of the
ionosphere and using Hinteregger's d a t a ^ on the
short-wavelength radiation of the sun. While the au-
thors ascribe this value to 300°K, however, we should
perhaps assume a higher temperature, ~1000°K,
characteristic of the F l region during a period of
minimum solar activity. This is all the more likely
since in this experiment the rotational temperature
of the 3914 A band was estimated to be 1200 ± 200°K.
We can also obtain an estimate of a ^ + based on the
data of Odencrantz et al.^84^ on the exponential decay
of a flash of N2

+ emission at 3914 A produced in the
upper atmosphere by a high-altitude nuclear explosion.
Since the decay constant of the primary flash of emis-
sion proved to be very small (~ 5 sec), this gives a
very high value of Q ~ l / r n e ~ 10~s—10"5 cm3 sec"1.
After discussing the laboratory data on Q?N+I w e s n a U
try to give an explanation of this fact.

g) Measurement of a ' in the F2 region of the iono-
sphere and conclusions on a*. Previously it was as-
sumed for the F region that a' = (0.8—1) x
10"10 cm3 sec"1 in the daytime and 3 x 10"10 at night,
although Bates ^85^ has acknowledged a wide spread in
values: a' = 4 x 10"11—1 x 10~9 cm3 sec"1. Then the
papers of Schmerling, Ratcliffe, and Thomas ^8S>87^
appeared, showing that in the F region the time varia-
tions in the electron concentration ne are proportional
to the first power of ne , rather than the square, with
a proportionality coefficient /3. For the nighttime
ionosphere near a minimum of solar activity, they
determined a value

sec,-1

This value has subsequently been used in many studies
on the ionosphere, and has even found its way into
textbooks. However, recently several new detailed
studies have appeared on the value of (3 under various
conditions. The paper of Van Zandt, Norton, and
Stonehocker^88^ is well known; here, during the solar
eclipse of October 12, 1958, i.e., at a period of maxi-
mum solar activity, they determined the value

a a iA-i
= 6.8.10 «

300 —/; sec-1

which proves to be almost an order of magnitude
higher for the F2 region than the value of Schmerling
and Ratcliffe for the nighttime ionosphere and 2—5
times as great as the value of /3 determined from
other eclipse data. Possibly the effect of the solar
cycle has been manifested here. However, Rishbeth
and Setty^89^ have made a detailed analysis of the re -
sults of measuring ne in the F region during sunrise;
independently of the solar-activity period, they found
that (S « 3 x 10~4 sec"1 in the summer, and « 1 . 8 x
10"4 sec"1 in the winter. In this study, they used only
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the morning values of /3. Besides, a more detailed
study of the diurnal variations in the electron-concen-
tration profiles made by V. M. Polyakov^90- showed
that in the morning a little while after sunrise, the
value of /3 (which he denoted as K) sharply diminishes,
especially in the winter period. In addition, he found
that in the F region the midday value of /3 in summer
is 2—3 times as great as in winter. In the summer it
attains the same values that Van Zandt et al.^88^ had
measured. However, in^90^ he did not take into ac-
count the effect of the diurnal variations in the density
of the upper atmosphere, which can distort the results
considerably. Nisbet and Quinn (see^91^) have recently
carried out an analogous study, but only analyzing the
nighttime ionosphere data. In this study, they estab-
lished that at an altitude of ~ 300 km, the nighttime
values of the coefficient /3 vary during the solar cycle
by a factor of about 30, attaining a value at the maxi-
mum period of (3 ~ 6 x 10~4 sec"1, like that obtained
under daytime conditions by Van Zandt et al.^88^
Under conditions that are relatively quiet in the mag-
netic sense (with index Kp < 4.5), the value of /3 in
summer is 1.5—2 times as high as in winter.
has found sharper seasonal variations in the value of /3
(from 2 x 10~4 sec"1 in the summer to (4—5) x 10"5sec^1

in the winter) under magnetically disturbed conditions
in a period of maximum solar activity. Here he also
found that on the average the value of the effective r e -
combination coefficient a' in the F region is 7.4 x
10"11 cm3 sec"1, increasing at night to 1.5 x
1O~10 cm3 sec"1. In a period shortly before a solar-
activity maximum (November 20, 1960), Orsini and
Mazzilli^93^ also obtained a high value /3 = (3.6—5.3)
x io~4 sec"1 from an analysis of a disturbance in the
F region of the ionosphere due to a powerful solar
flare.

Thus it is important to note that considerable varia-
tions in the recombination coefficients (3 and a are
observed in the F region of the ionosphere, depending
on the solar activity, the season of the year, and the
time of day. Evidently, these variations are due to the
well-known temperature fluctuations of the upper
atmosphere, which lead to a variation in the density
and composition at the level of the F layer and deter-
mine the variations in the rate of recombination. One
must take these variations into account in a detailed
analysis of the conditions of formation of the F layer
of the ionosphere.

Theoretical considerations imply that /3 = a 'n e ,
whereas a' = Z a*[XY+]/ne . Hence the quantity j3
turns out to be equal to

1 = la* [XY+]. (8)

In a period of maximum solar activity in the F2 region,
n e is (1—2) x 106 cm"3, /3 = 4 x 10"4 sec"1, and accord-
ing to the mass-spectrometric measurements on the
third artificial s a t e l l i t e m , [NO+]/ne ~ 3 x 10"2 and
[O^/ng ~ 1.5 x 10"2. Using these data and Eq. (8), we

can estimate the rate constant for dissociative recom-
bination for the ions O*z or NO+: «NO+ - 1 0 8 c m 3 s e c 1

or Q O
+ S 2 X 10"8 cm3 sec"1. Since T ~ 2000°K in the

F2 region, the obtained estimate of a* pertains to this
temperature. The estimate of a* is more reliable than
that obtained above from unreliable data for the Fl
region, where the temperature is only a little lower.

Another possibility of estimating the recombination
rate in the ionosphere, and hence estimating also the
value of a*, involves an investigation of the rate of
ionization and the energy balance in the ionosphere.
In order to do this, one can use data on the intensity
of the short-wavelength radiation of the sun that brings
about the ionization and heating of the upper atmos-
phere of the earth, or data on the heat flow from the
upper layers of the atmosphere to the lower ones.
However, we must bear in mind the fact that the use
of these estimates is complicated by the lack of any
clear notions on what portion of the radiation is spent
in ionization, and what in heating. A study of the rocket
data on the spectrum and intensity of the short-wave-
length radiation of the sun and the temperature distri-
bution in the upper atmosphere'-29-' shows that the in-
tensity of the energy sources in the upper atmosphere
at a period of maximum solar activity amounts to
< 0.3—1 erg/cm2sec according to some estimates, but
> 10 erg/cm2sec according to others.

Recently a tendency has been manifest to bring
these extreme viewpoints together. On the one hand,
the theoretical estimates of the intensity of the solar
radiation have been lowered to ~ 6 erg/cm2sec
(at maximum solar activity) by a series of refine-
ments (G. M. Nikol'skii ^ ) . On the other hand, the
most recent rocket measurements of Hinteregger et
al [82,95] for a p e r i o d of declining solar activity give
a higher value than previously for the intensity:
2.7 erg/cm2sec. The authors of̂ 9e^ have discussed
the various estimates of the intensity of the ionization
sources in the upper atmosphere. The most reliable
estimates are based on data on the solar radiation and
the temperature gradients with respect to altitude in
the upper atmosphere. They give a value
3—10 erg/cm2sec for a period of maximum solar
activity, taking into account the existing uncertainties.
This implies that for the most abundant ion NO+, the
value of QNO + i s & 3 x 10~8 c m 3 secT1-96^1 at altitudes
of 200—250 km, i.e., at the temperature ~ 1500°K
characteristic of this region of the ionosphere in the
daytime during a period of maximum solar activity.
This value agrees with the value ~ 10~8 cm3 sec"1 ob-
tained above for a somewhat higher temperature from
the data on the effective recombination coefficients
in the F region of the ionosphere. The coefficients a*
must be greater for the ions Oj and N2

+ than for NO+.
We note that for a period of minimum solar activity,
when the temperature of the atmosphere is lower, the
estimate of O;^Q+ can differ, since in the E and D
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regions this quantity is of the order of (4—10) x
10~8 and (3—5) x 10"7 cm3 sec"1, respectively. This
indicates a strong temperature-dependence of aj>jO+i

As has been shown above, we must assume a dis-
sociative-recombination mechanism to explain the
processes of intensive neutralization in the bulk of the
ionosphere. This process must lead to a rapid disap-
pearance of the molecular ions. At the same time,
according to the experimental data, molecular ions
exist in appreciable concentrations up to altitudes of
400—500 km and higher. This has posed the problem
anew of explaining a mechanism of formation of these
ions in the ionosphere capable of balancing their high
rate of disappearance through dissociative-recombina-
tion reactions.

B. Ion-molecule Reactions

Since the discovery of the ionosphere in 1925, the
problem of explaining its nature and elucidating the
processes occurring in it has always been one of the
most difficult problems. Especial difficulties arose,
involving the fact that until extensive rocket studies
had been conducted, we knew neither the composition
of the ionosphere, nor the intensity and spectrum of the
short-wavelength ionizing radiation of the sun, nor
even the exact distribution of the electron concentra-
tion and the atmospheric density as functions of the
altitude. Without these, one had to make numerous
assumptions and guesses based on all possible indirect
data obtained from earthbound observations involving
radio-sounding of the ionosphere, propagation of radio
waves, night-sky emission, etc.

It was previously thought that the formation of the
different layers of the ionosphere, E, P i , and F2, in-
volved the ionization of primarily different atmospheric
particles having differing ionization potentials. Thus,
for example, it was thought that oxygen molecules
were responsible for ion formation in the E layer
(ionization potential Wo2 = 12.2 eV), oxygen atoms in
the Fl layer (Wo = 13.5 eV), and nitrogen molecules
in the F2 layer (WN2 = 15.5 eV). Other models of this
sort were also produced. However, the difference in
ionization potentials of the different molecules is so
small that, given the actual energy distribution in the
solar spectrum as determined with rockets, their rates
of ionization per particle must be practically identical.
In line with the discovery using rockets of a large
amount of NO+ ions in the upper atmosphere, the
suggestion began to appear of the presence of a large
amount of neutral NO molecules in the atmosphere.
However, such suggestions have not been confirmed.
Suggestions have also been made that at different alti-
tudes different types of stepwise-ionization processes
take place, involving preliminary excitation. This
hypothesis also does not agree with the data on the
concentrations of these particles in the atmosphere
and the solar-spectrum data. In view of this, ion-

molecule reactions have acquired even greater im-
portance in explaining the intensive formation of
molecular ions in the ionosphere. We shall first dis-
cuss what ion-molecule reactions in general are
possible in the upper atmosphere of the earth.

At present there is no strictly established name
for processes of the type

A+ + A2-^A+ + A4, (9)

where Aj—A4 are certain particles (atoms or mole-
cules). The terms "charge transfer," "charge ex-
change," "ion-exchange reactions," or "reactions
between ions and neutral part icles" are used. The
recently-proposed term "ion-exchange processes"
is not exactly felicitous. Hence, following V. L.
Tal'roze,^97^ who has discussed this problem in de-
tail, we propose to call processes like (9) ion-mole-
cule reactions, subdividing them (when necessary)
into charge-transfer processes (i.e., transfer of an
electron without change in the composition of the par-
ticipating particles)

and processes of transfer of a heavy charged particle

X+ + YZ^XY++Z, (11)

which involve the formation of an intermediate com-
plex. The latter processes can lead either to results
analogous to those of the charge-transfer processes
or to the formation of new neutral particles and ions.
Evidently, for processes such as

X+ + X2^.XJ + X (12)

the two types of processes (10) and (11) are indis-
tinguishable.

In 1949, Bates^85^ pointed out for the first time the
possible role of ion-molecule processes in the upper
atmosphere. In discussing the possible pathways for
disappearance of N2

+ ions in the ionosphere, he pro-
posed two ion-molecule processes:

and

(13)

(14)

Later,1-98-' he advanced the hypothesis that processes
of "pure" charge transfer like (10) are slow proces-
ses, with rare exceptions, since they involve the exci-
tation of electronic levels. On the other hand, ion-
molecule processes that involve transfer of a heavy
particle (11) are purely chemical processes, and can
have high rate coefficients. As fundamental processes
of this type that could play an essential role in the
upper atmosphere, Bates^98-' cited the reactions

+-f N 2 ->NO+ -N,

O+-|-O2->O+

(15)

(16)
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Yonezawa^22^ advanced some interesting ideas in
1955. In discussing the problem of recombination of
electrons in the F2 layer of the ionosphere, he pro-
posed that this recombination takes place through
dissociative recombination of N2

+ and O2 ions, with
rate constants of the order of 10~8 cm3 sec"1. In addi-
tion he proposed that O2 ions can be formed through
reaction (16). However, this author^22^ could not ob-
tain a satisfactory solution of the problem, evidently
because he did not take into account the very impor-
tant processes

and (15) involving NO+ ions, whose existence in the
ionosphere was not yet known in 1955.

In a search for pathways of formation of molecular
ions in the E and F regions of the ionosphere, V. I.
Krasovskii ^33^ has examined all possible ion-mole-
cule reactions in the oxygen-nitrogen system. Upon
rejecting the endothermic processes, he obtained the
following system of possible reactions: (14) —(16) and

O+

O+
T O + ,

N+4-O2—>NO -4-O+,

N

(18)

(19)

(20)

(21)

(22)

In that author's opinion, processes (20) —(22) and
(14) are not very effective in comparison with proces-
ses (15) and (16), since the amount of N+ and N2

+ ions
in the upper atmosphere must be less than the amount
of oxygen ions. On the other hand, the effectiveness of
processes (18) and (19) must also be low, since at the
altitudes at which O2 ions can exist there is little
atomic nitrogen. Thus, according to V. I. Krasov-
ski!,^33- the major ion-molecule processes in the
upper atmosphere are again processes (15) and (16),
with rate constants of the order of 1O~10 cm3 sec"1.

One can determine which of the ion-molecule re-
actions are the most important in the upper atmos-
phere only by studying the application of these reac-
tions to concrete problems involving the determination
of the relation between the concentrations of the
different ions and their altitude distributions. It was
determined by mass-spectrometer measurements in
rockets and in the third Soviet satellite^7"9 1 that below
200—250 km there are more molecular than atomic
ions. The major molecular ion at all altitudes is the
NO+ ion, the concentration of NO+ attaining a maximum
at an altitude of the order of 200 km. The major
atomic ion is the O+ ion, which attains a maximum
concentration at an altitude ~ 300 km in the F region,
where the major maximum in the electron concentra-
tion occurs.

A study by Hertzberg^36^ that appeared in 1958
emphasized the importance of ion-molecule proces-
ses in the upper atmosphere, and pointed out that
these processes apparently have cross-sections ex-
ceeding the gas-kinetic values. The same study pre-
sented a system of ion-molecule reactions involving
the O+ and O2 ions, comprising processes (15), (16),
(18), (19), and the reaction

>NC)+4-N0. (23)

Here, in the opinion of that author, the values of the
rate constants of reactions (15), (16), and (19) are ap-
proximately of the same order of magnitude:
1̂5 ~ y 16 ~ T19 ~ 10~9 c m 3 sec"1- Considering that this

system is closed with respect to O2 ions, Hertzberg
assumed that the rates of formation and disappear-
ance of these ions are equal. Thus he calculated the
concentration ratio [O 2 ]/[O + ], and compared his
theory with experiment. It turned out that the theory
agreed with the experimental data of Johnson and his
a s s o c i a t e s ^ only if one assumed an anomalously high
ratio of concentrations of atomic to molecular nitrogen
in the atmosphere ([N]/[N2] ten times that given by
Miller ^ " ^ ) . The current experimental data on the
composition of the atmosphere up to altitudes of 200

k m[i00,ioi] s n o w t n a t t n e r a t i o [N]/[N2] is much less

than Hertzberg had to assume to make the theoretical
and experimental [O2]/[O+] ratios agree. This involves
the fact that Hertzberg ^36^ make an incorrect choice
of the fundamental processes regulating the concen-
tration of O2 ions, by not taking into account the very
fast process of disappearance of these ions by the
dissociative-recombination reaction

O++ e _»O'-fO. (24)

In 1959 Bates t102^1 confirmed the viewpoint that he
had previously expressed№,981 o n (-ne r o j e o f j o n _
molecule p r o c e s s e s in the upper a t m o s p h e r e , and
stated that the NO+ ions found exper imental ly at a l t i -
tudes of 100—400 km must be a product of react ion
(15).

In 1959, Yonezawa et a l .^ 1 0 3 ^ d i scussed the forma-
tion of the lower port ion of the F layer as ar i s ing
from the joint action of the following m e c h a n i s m s :
photoionization of oxygen atoms, ion-molecule p r o c e s -
s e s (15) and (16), and the d i sappearance of the g e n e r -
ated NO+ and O 2 ions through the d i s s o c i a t i v e - r e c o m -
bination react ions (17) and (24). The authors of^103^
obtained a g r e e m e n t between the calculated d i s t r ibu-
tions of the ions O+, NO+, and O 2 and those observed
by Johnson et a l . r a at a l t i tudes of 130—200 km by
taking values of the dissociat ive-recombinat ion co-
efficients of the Oj and NO* ions: a * ~ 1.1 x
10~8 c m 3 sec" 1 , and r a t e constants of react ions (15)
and (16): 5.2 x 10"1 0 and 2.9 x 10"1 1 c m 3 sec" 1 ,
respect ive ly . However, as pointed out in^-103-', such
a high value of the a s s u m e d react ion constants r e -
qui res a considerably g r e a t e r flux of ionizing r a d i a -
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tion than had been previously been assumed in order
to maintain the observed electron concentration in the
atmosphere.

In discussing possible mechanisms of formation
and disappearance of NO+ ions in the upper atmos-
phere, A. D. Danilov1^ showed that the fundamental
processes regulating the concentration of NO+ ions
are the ion-molecule reaction (15) and the dissociative
recombination (17). "Under conditions of equal rates
of these processes, he obtained^26^ the ratio

quantity /z is given by

(27)

[NO+] (25)

Calculations based on the experimental data on the
density and electron concentration in the upper atmos-
phere have shown that the values of the [NO+]/[O+]
ratio calculated by Eq. (25) agree with the experimen-
tal data of V. G. I s t omin^ and of Johnson et a l . ^
throughout the studied altitude range 100—400 km for
a value of 7i5A*NO+ e ( iu a l to 10~4. Calculations made
by G. S. Ivanov-Kholodnyi-n^, based on data some-
what differing from those of ̂ 2S^ on the density and
electron concentration in the upper atmosphere, gave
a value y /a* = 6 x 10"5. The difference in the calcula-
ted values involves the existing uncertainty in the
original data on the parameters of the upper atmos-
phere. The value thus obtained, Yn/a^Q+ = (5—10)
x 10"5, is an important experimental quantity for the
ionosphere, permitting us to relate firmly the con-
stants of the fundamental processes for theoretical
studies (see below).

In^26^ the value of the dissociative-recombination
coefficient a* was taken to be 10~6 cm3 sec"1 on the
basis of the laboratory data that had been published
at that time.[104>105] This led to the conclusion that
the constant y15 for the ion-molecule reaction (15) is
of the order of 1O~10 cm3 sec"1, as Bates ^98^ and V. L.
Krasovskii ^33^ had also assumed. However, this value
for the dissociative-recombination coefficient now
seems too high, and inadmissible for the ionosphere.
As was shown above, the value of a ^ o * must amount
to about (1—3) x 10"8 cm3 sec"1 in the major part of
the ionosphere in the F l and F2 regions. In this case,
in order to satisfy the relation y^/ct^io* *=> 10~4, the
rate constant of the ion-molecule reaction (15) must
be considerably lower, and amount to several units
times 10~12 cm3 sec"1.

Bates and Nicolet^35^ have reexamined Bates'
previously-expressed opinion^98^ on the high rate of
ion-molecule processes in the ionosphere. Upon dis-
cussing the possible pathways of disappearance of O+

ions in the upper atmosphere through ion-molecule
reactions, the authors found that

-ut), (26)

where y28 and y29 are the constants of the reactions

where n0(O
+) is the concentration of O+ ions at the

moment of sunset, nj(O+) is the concentration of these
same ions at a time interval t after sunset, and the

(29)

respectively. If we assume values of the order of
10"9 cm3 sec"1 for the coefficients yj in Eq. (27), as
Hertzberg^36^ has done, then the value of ^ for an
altitude of 200 km comes out to be about 3 sec"1.
According to Eq. (26), this should lead to a very rapid
complete disappearance of O+ ions immediately after
sunset. However, according to the experimental data,^6

such a pattern is not observed. Using these experi-
mental data and assuming that O+ ion formation does
not occur after sunset, Bates and Nicolet^35^ have ob-
tained an expression for the relation between the
constants y15 and y16:

Yi6 + 0,lYi5= 1.3-10"13 cm3sec"1, (30)

which implies that process (15) must be three orders
of magnitude slower than had been previously as -
sumed. ^98^ However, as was pointed out above, the
authors of ̂ 35^ assumed in the calculations a low value
of the effective recombination coefficient in the F
region. Since all the other ion-molecule reactions of
the same type as (15) and (16) that had been measured
up to then in the laboratory have very high rate con-
stants (see^10^), Bates and Nicolet^35^ consider that
the reason why the effectiveness of reactions (15) and
(16) can be so low is a high activation energy of these
reactions or a high steric factor.

S. P. Yatsenko^106^ has made an analysis of the
contaminant ions detected by the mass spectrometer
in the third Soviet satellite. By studying the time
oscillations of the ion current of contaminants, the
author concluded that the observed H2O

+ ions resulted
from ion-molecule processes between neutral con-
taminant molecules and the ions of the atmosphere.
Although no quantitative estimates of the rates were
made in-106^, we should expect that fast processes
were occurring, since the time of existence of con-
taminant particles on the surface of the satellite is
exceedingly small.

It was shown in^27^ that reaction (16), which has
been suggested by many authors (see above), explains
well the observed O2 ion distribution only to altitudes
of 150—160 km. Here the dissociative-recombination
reaction (24) was adopted as the mechanism of disap-
pearance of molecular oxygen ions, with a rate con-
stant not varying with altitude. The assumption that
the value of a Q+ depends on the temperature (and thus
on the altitude) leads to the conclusion ^74^ that the
ion-molecule reaction can compensate for the dis-
appearance of OJ ions up to altitudes of the order of
190—200 km. However, the question of how these ions
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are formed at altitudes of 300—400 km, where there
is practically no molecular oxygen, remains open as
before. The reaction of association of an oxygen atom
and ion discussed in^27- as well as in the earlier
study of Yonezawa^22^ cannot be accepted as a possible
mechanism of O\ ion formation above 200 km, since it
would have to have too high a rate constant. ̂ 107^
Possibly the existence of O2 ions at great altitudes is
due to the diffusion of these ions from the lower layers
of the ionosphere. The ion-molecule reaction of forma-
tion of N2 ions proposed in^28^ is evidently endothermic,
and hence also cannot occur with sufficient effective-
ness. C10«

A study by Hertzberg^37^ gives a more complete
list of the ion-molecule processes occurring in the
upper atmosphere than his previous study had done.^36^
As Bates and Nicolet^35^ have pointed out, most of
the fundamental ion-molecule processes in the atmos-
phere lead to the rapid disappearance of O+ ions.
Hence, Hertzberg^37^ suggested that these ions must
be generated intensively through reaction (19). How-
ever, as the author himself pointed out, in order that
this process might balance out the high rate of dis-
appearance of O+ by reactions (15) and (16), too high
a content of atomic nitrogen is required at all the alti-
tudes at which O2 ions exist. Hertzberg-37^ points out
that one must consider also ion-molecule reactions
involving neutral NO molecules, in addition to those
involving atoms and molecules of oxygen and nitrogen.
Nicolet^108^ has also considered such reactions in the
overall balance of formation of the different ions.
However, we must note that there is practically no
nitric oxide in the atmosphere according to the ex-
perimental data^109^ (the fraction of NO amounts to
< 10~5 of the total particle concentration). Therefore,
such reactions can make no appreciable contribution
to the distribution of the different ions, and we can
neglect them.

In 1961 Bates and Nicolet^110j confirmed their view-
point^35^ that the ion-molecule processes cannot be
very effective in the upper atmosphere, since other-
wise all of the O+ ions would disappear quickly after
sunset. In their opinion, reaction (19) proposed by
Hertzberg^37^1 cannot account for a sufficient rate of
the reverse process. In addition, more than half of the
ion-molecule processes proposed by HertzbergL37J
lead to the formation of NO+ ions, and only the process

NO+4-N—>N2 + 6 \ (31)

(which according to Batesu111^ should not be very ef-
fective) destroys these ions. Therefore, in the opinion
of Bates and Nicolet^110^, in line with the high rate
constants of the ion-molecule reactions, only NO+ ions
should exist in the atmosphere at night, as contradic-
ted by exper iment .^ However, the concentration of
NO+ ions is regulated not only by ion-molecule proces-
ses, but also by the relatively fast dissociative-re-
combination reaction. Hence, one should observe

after sunset a certain increase in the relative concen-
tration of NO+ ions (the same argument holds for Op
as compared with O+ ions. Such a phenomenon is
actually observed according to the experimental data.
We must also bear in mind the fact that the diurnal
variations in the density and neutral composition of
the atmosphere may exert an essential influence on the
variation in the ionic composition of the atmosphere
from day to night. The problem of why the O+ ions do
not totally disappear at night is part of the more gen-
eral problem of why the entire ionosphere does not
vanish at night, in view of the high dissociative-recom-
bination coefficient measured experimentally, i.e., the
problem of the existence of a mechanism sustaining
nighttime ionization. For example, according to L. A.
Antonova and G. S. Ivanov-Kholodnyi,^112^ currents of
low-energy electrons are a possible source of night-
time ionization.

Harteck and Reeves ^113^ have discussed the possi-
ble ion-molecule processes in the ionosphere, and
distinguished between charge-transfer processes and
processes involving transfer of a heavy particle.
Here the authors drew some conclusions on the rela-
tive intensities of the cited processes based on the
experiments of Johnson et al.L6J on the ionic composi-
tion. The absence of N2 and N+ ions at altitudes of
100—200 km indicates evidently that the lifetime of
these ions for ion-molecule reactions is very short
(of the order of 100 sec). This indicates that the
cross-sections of these reactions are high, probably
exceeding the gas-kinetic values. The variation from
day to night in the concentration of O2 ions permitted
these authors ^113^ to estimate the rate constant of
process (23): y23 < 10~14 cm3 sec"1. The nighttime
existence of O+ ions, which were detected in the same
experiments of Johnson et a l . , ^ leads to the con-
clusion that the rate constants y16 and y15 for the
processes of destruction of these ions cannot exceed
10"12 and 10~13 cm3 sec"1, respectively. ^113]

A. D. Danilov^114^ has discussed the problem of
ionization of argon in the upper atmosphere. The ab-
sence of Ar+ ions at altitudes of 100—200 km evidently
indicates that at these altitudes the cited ions disap-
pear by way of the ion-molecule process

Ar+
Ar-,-i.N2,

\<\rN+-fN.
(32)

The estimate obtained in^114^ of the rate constant of
this reaction, y32 > 10"10 cm3 sec"1, involved too high
data on the intensity of ionization in the atmosphere,
and must be reduced by about an order of magnitude.
Thus, we can say at present that the ionospheric data
give an estimate: y32 > 10"11 cm3 sec"1.

On the basis of the most general considerations,
S. P. Yatsenko^30^ has constructed curves of the
altitude-variation of the concentrations of ions that
disappear through various processes. As the com-
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parison of these curves with the experimental trend in
the ion concentrations found by V. G. I s t o m i n ^
showed, the atomic ions O+ and N+ disappear through
ion-molecule reactions with neutral molecules, but the
molecular ions disappear through dissociative recom-
bination.

A review article by V. I. Krasovskii, ^115^ mainly
concerned with studies of reactions involving neutral
particles, gives a list of the possible ion-molecule
processes occurring in the upper, atmosphere, and
indicates their energies of reaction. Here he expres-
ses in the article the idea that the fundamental ion-
molecule reaction in the ionosphere (16) is reversible,
and can proceed in either direction:

O+ + N2^tNO+ + N. (33)

Norton et al.^64^ undertook an attempt to construct
the theoretical ion-concentration distribution over the
altitude range 100—200 km. The authors assumed that
photochemical equilibrium was obeyed throughout the
altitude range. The neutral composition of the atmos-
phere was taken under the assumption that the level of
separation of O and N2 occurs at an altitude of 110 km.
Such an assumption indicated an essentially atomic
atmosphere (at an altitude of 200 km, [O] ~4 [N2]), in
disagreement with the data of mass-spectrometer
measurements,^100'101^ but in agreement with
Hinteregger's data.^116^ An examination of all the
existing data on measurements of the neutral com-
position of the atmosphere shows,^11T^ however, that
the composition adopted in^64^ is incorrect, and that
molecular nitrogen predominates over atomic oxygen
up to altitudes of about 300 km. The theoretical and
experimental data on the ionic composition were made
to agree in^64-! by assuming an intensive destruction
of N2

+ ions through the reaction

with a rate constant of the order of 10"11 cm3 sec"1.
However, we must note that the authors carried out
the comparison with V. G. Istomin's experimental
data given in B. A. Mirtov's book^118^ without taking
into account the fact that these data were obtained at
differing zenith angles of the sun. Still, the variation
in the relative and absolute concentrations of the
various ions with the time of day must serve, along
with the altitude distribution, as an important criterion
of the correctness of reaction systems under discus-
sion (see below).

Nicolet and Swider^107^ have recently reviewed in
detail the various processes in the ionosphere and
their relative roles in the different regions of the
ionosphere. They selected from a large number of
possible processes the fundamental ones from the
standpoint of the formation or disappearance of the
major ions, and gave equations for the equilibrium
concentrations. Just like Norton et a l . , M they ad-
vanced the idea that the process of dissociative r e -

combination of N2
+ ions cannot be the main mechanism

for the disappearance of these ions, and that a faster
pathway for the disappearance of N2

+ ions must be the
ion-molecule reactions with atomic and molecular
oxygen.

A. D. Danilov^74^ has discussed in detail the prob-
lem of the fundamental processes regulating the ion
distribution in the 100—200 km region, based on the
experimental data on the variation in the ionic com-
position with the altitude and the zenith angle of the
sun. He derived equations for the equilibrium concen-
trations of the ions O+, O2, NO+, and N2

+. These equa-
tions practically coincide with the analogous equations
given in the cited study by Nicolet and Swider.^107^
The previously-discussed systems of photochemical
transformations in the ionosphere had not explained
the fact that the number of nitrogen ions amounts to
only a small fraction of the total ion density, in spite
of the abundance of nitrogen molecules, and hence he
discussed this problem in detail. He showed that evi-
dently the main process for disappearance of N2

+ ions
is their "transformation" by the charge-transfer
reaction (13) into O* ions. He also showed that one
can choose the system of fundamental processes regu-
lating the altitude distribution of the ions at each in-
stant of time independently of the adoption of any par-
ticular set of data on the intensity of the solar ionizing
radiation. The latter is related in a definite way to the
absolute values of the rate constants of all the reac-
tions. The system of processes comprises ionization
of O, O2, and N2, the ion-molecule reactions (13), (15),
and (16), and the dissociative recombination of the
NO+ and O2 ions. This system gives satisfactory
agreement between the theoretical and experimental
altitude distributions of the studied ion concentrations,
and explains well the observed variation in this dis-
tribution with the zenith angle of the sun (within the
limits of the studied values of Z Q from 90° to 50°).
Since we should consider the value ~ 3—10 erg/cm2sec
to be at present an apparently quite reliably estab-
lished value for the flux of ionizing radiation, we can
derive the fundamental rate constants of these proces-
ses in the atmosphere from a study of the stated sys-
tem of processes. The following values of the con-
stants were obtained in^74^:

Yis = (5 — 10) • 1(T13 cm3 sec"1,

Yi3 = (3 — 6)-10-ucm3 sec""1.

Here it is pointed out that a further refinement in the
fundamental parameters of the atmosphere: the neu-
tral and ionic composition, the electron concentration,
and the intensity of the sun's ultraviolet radiation, will
permit one to obtain more reliable values of the rate
constants of these processes based on these data and
on the theory of ionospheric processes. The latter is
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fully reasonable, since, as will be shown below, the
laboratory data still do not provide any reliable and
self-consistent information on the rate constants of
the fundamental ionospheric processes.

Whitten and Poppoff ^7 7^ have posed an analogous
problem: to determine the rate constants of certain
ion-molecule processes in the ionosphere by com-
paring calculated and experimental data on the ionic
composition. In distinction from^74^, the authors of̂
have assumed the rate constants of dissociative re-
combination of the molecular ions N2

+, O2, and NO+

and their temperature-dependences to be known from
an analysis of the laboratory data. Based on these
constants and data taken from Norton et al.^64^ on the
neutral composition of the atmosphere and the rates of
ionization of the major components, Whitten and
Poppoff obtained estimates of the rate constants of
the fundamental ion-molecule reactions that they had
selected: y16 = 2 x 10"11 cm 3 sec"1, y1 3 = -2 x
10"11 cm3sec~1, y1 5 = 2 x 1(T12 cm3 sec"1, and
y3 4 = 2 x 10~10 cm3 sec"1, where y3 4 is the rate con-
stant of the reaction

(34)

On studying the existing laboratory data, the a u t h o r s - " ^
consider that none of the obtained values but y 1 5 d i s -
a g r e e with the labora tory m e a s u r e m e n t s . As for the
obtained value of y 1 5, Whitten and Poppoff L77J think
that it turned out too low because of a low assumed
value of Q| fo f -

In the above-mentioned study of Nisbet and Quinn,™-'
they t r ied to e s t i m a t e the r a t e constant of the funda-
mental ion-molecule react ion in the region of the
maximum of the ionosphere by using the ionospheric
values of the coefficient j3 (see Sec. 2, A, g). Follow-
ing the exper imental data, they took /3 to be
6.5 x 10"5 sec" 1 at an alt i tude of 300 k m . Since the
following re lat ion holds in the F2 region, where

+ YID[N 2], (35)

one can es t imate the values of y by assuming the con-
centrat ions of the neutra l p a r t i c l e s . Considering that
the main p r o c e s s for d i sappearance of O+ at 300 km
is react ion (16) and that one can neglect the second
t e r m on the r ight-hand side of Eq. (35), Nisbet and
Quinn obtained y 1 6 = (4.5 ± 1.5) x 10~12 c m 3 sec" 1 .
Here they as sumed the value of [O2] according to the
H a r r i s - P r i e s t e r model. However, in fact this quantity
is an upper bound of y 1 6, s ince the t e r m y 1 5 [N2] can
be comparable to or even (more probably) g r e a t e r
than the t e r m y l s [O 2 ]. Analogously, if we take the
value of [N2] at 300 km to be 108, we can obtain an
upper e s t imate for the constant y 1 5 : y 1 5 < 6.5 x
10" 1 3 c m 3 sec" 1 . Since m o s t probably the contribution
of the t e r m y 1 6 [O2] in Eq. (35) is smal l , the obtained
es t imate may not differ great ly from the actual value
of y 1 5 in the F2 l a y e r of the ionosphere.

Recently Sagalyn and Smiddy^119^ have estimated
the value of the rate constant of reaction (15):
y1 5 = (1.6—3.2) x 10"12 cm3 sec"1, on the basis of their
own measurements of the ionic composition of the
ionosphere above 230 km and an N2 concentration
taken from the Harris-Priester model^120^ of the
atmosphere. However, we must note that the Harris-
Priester model gives low values of the N2 concentra-
tion at high altitudes. Evidently, if we take higher
values of [N2], this will give a lower obtained value
o f Yi5-

Thus, on examining the theoretical studies on the
significance of ion-molecule processes and dissocia-
tive recombination in the ionosphere, we see that,
while the determining role of these processes in the
formation and behavior of the ionosphere is generally
accepted at present, the problem of the values of the
rate constants is a topic of active debate. In order to
try to solve this problem, we might naturally refer to
the laboratory studies of the reactions of interest to
us.

3. LABORATORY STUDIES

A. Dissociative Recombination

The first laboratory studies of plasma afterglow,
which w e r e p e r f o r m e d by Biondi and Brown№1,122]
and by Holt et al .^ 1 2 3 ^ using a new microwave method,
showed that the r a t e s a* of the recombinat ion p r o c e s -
s e s in the a t m o s p h e r i c gases N2 and O 2 proved to be
unusually la rge, of the o r d e r of 10"e c m 3 sec" 1 and even
l a r g e r . The combination of the microwave method
with the method of studying the t ime-dependence of the
intensity and spect rum of the afterglow made it p o s s i -
ble to e l iminate the interfering effect of diffusion, and
to conduct an ent i re s e r i e s of m e a s u r e m e n t s of the
r a t e of recombination of t h e r m a l e lec t rons with pos i-
tive ions in g a s e s . The f irst exper iments were begun
as ear ly as 1946; especial ly many exper iments have
been per formed in 1950—1952 and recent ly . The r e -
sul ts of all the existing laboratory m e a s u r e m e n t s of
recombinat ion coefficients a r e s u m m a r i z e d below.
Biondi and Hols te in^ 1 2 4 ' 1 2 5 ^ were the f i rs t to show,
using the example of the i n e r t gases helium and neon,
that the large value of a is due to the fact that in a
p lasma at low enough p r e s s u r e s , what takes place is
not the ordinary recombination of ions with e lec t rons ,
but r a t h e r , dissociat ive recombination of molecular
ions to form excited a t o m s . Hence, the recombination
p r o c e s s e s a r e accompanied by the emiss ion of the
spect ra l l ines of the a t o m s . It s e e m s that the p r o c e s s
of dissociat ive recombinat ion can be observed most
simply in the afterglow of the iner t gases , and hence,
these g a s e s have been studied in g r e a t e r detai l .

Bates'- 1 2 6^ has made a theoret ica l analys i s of the
high r a t e of recombination of e lec t rons in hel ium. He
showed that the observed high r a t e a = 1.7 x
10"8 c m 3 s e c " 1 [ m ] cannot be explained by e i ther
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radiative recombination (a = 4 x 10 12 cm3 sec 1), or
by triple recombination, or by electron capture by
impurities. He acknowledged the only possible way to
explain it to be the dissociative-recombination reac-
tion of the molecular ions Het,, which can be formed in
a dense enough plasma through triple collisions. The
first theoretical estimates of the magnitude of the rate
of such reactions were made by Bates;f-12^ they showed
that a* « 10"7 cm3sec"1 at T = 250°K. Thus the results
of the laboratory experiments were explained. How-
ever, subsequent experiments gave results differing
from the first data;^121"125^ they showed a strong de-
pendence of a* on the experimental conditions and
even aroused some mistrust in the laboratory data.
Bates and Nicolet^35^ expressed the opinion that
possibly in the ionosphere dissociative-recombination
reactions do occur, but their rates are very low:
a* « 10"8 cm3 sec"1. In this regard, it is of special
interest to examine the existing data obtained in
laboratory experiments.

We should note that the performance of laboratory
experiments to determine a* involves a number of
difficulties. For example, in studying a hydrogen
plasma Varnerin ^127^ found that at low pressure
(1—2 mm Hg) atf = 3.5 x 10"7 cm3sec"1. This value
is almost one-half an order of magnitude smaller than
the value determined originally by Biondi and
Brown^122^ and later by Richardson and Holt.^128^1

For larger pressures they also obtained lower values
of a*. Varnerin explains this discrepancy in the data
by the fact that the authors oftl22'12W used insuffi-
ciently purified hydrogen. Persson and Brown^129^
have made a study in specially-purified hydrogen at
pressures from 7.5 to 37.6 mm Hg, taking into account
the effect of ion diffusion. They discovered here no
effect of dissociative recombination, finding that a*
is less than 3 x 10"8 cm3 sec"1. The disappearance of
the ions took place through recombination on the walls
of the chamber, to which the ions migrated under the
action of ambipolar diffusion. Hence Varnerin^127^
ascribed the large values of a* previously obtained
by other authors to the effect of contaminants and
impurities in the hydrogen, although apparently the
basic difference amounted to differing estimates of the
role of diffusion in interpreting the experimental data.
A divergence in the data has also been observed for
other gases; a marked increase in a* has been noted
upon addition of even very small amounts of water
vapor, which shows the high value a* « 3 x

10 6 cm3 sec"1. Another important characteristic
that Varnerin found ^127^ consisted in the fact that the
recombination coefficient increased with increasing
hydrogen pressure. Since the dissociative-recom-
bination coefficient cannot depend on the pressure p,
he ascribed the effect of increase in a*, which obeyed
the law a* = aa+ Ap2 (A is a constant), to the influ-
ence of negative ions, which are efficiently formed at
high enough gas pressures .

A pressure-dependence has also been observed in
other gases. Such a dependence has been observed for
the N2

+ ion in the experiments of Bryan et al., ^iM~i
and of Bialecke and Dougal,^131^ as well as in a recent
study by Mentzoni.^132^ This indicates the complexity
of the processes that take place in a plasma during the
afterglow.

Loeb'^133-' has given a detailed summary of all the
measurements of a* coefficients performed up to 1955.
Taking into account the fact that the recombination
coefficients turned out to be too large in comparison
with the previously experimentally-determined radia-
tive-recombination coefficients of the atomic ions,
~ 10"12 cm3 sec"1, he expressed doubt in the correct-
ness of the interpretation of the obtained results as
being effects of dissociative recombination. Loeb
pointed out that up to that time no one had definitely
detected the supposed molecular ions. He emphasized
that in a number of experiments at low pressures, in-
sufficient account had been taken of the role of diffu-
sion of ions to the walls of the chamber. At high p res -
sures, they had neglected the role of the process of
attachment of electrons to atoms and molecules, as
indicated by the pressure-dependence of a*. He also
pointed out difficulties of a theoretical nature in ex-
plaining the phenomenon of dissociative recombination.
Loeb undertook an attempt to explain all of the experi-
ments that had been performed on the basis of phe-
nomena not involving dissociative recombination. The
point of the studies of Loeb^133^ and Persson and
Brown ^129^ actually consists in the fact that they indi-
cate that one can interpret the experimental data with-
out using the concept of dissociative recombination,
but rather, using the hypothesis of ambipolar diffusion.
This is likewise the gist of a study by Bromer,^134^
who also studied the afterglow. However, in interpret-
ing the phenomenon of decay of the emission from the
plasma in the molecular bands, he gave greater weight
to diffusion than to the phenomenon of dissociative re -
combination of molecular nitrogen ions. He estimated
the value of a fa to be < 1O"10 cm3 sec"1. The data on
ambipolar-diffusion coefficients are at present even
more uncertain than those on the rate constants for
dissociative recombination. Hence, the greater the
diffusion rates that one assumes in interpreting the
laboratory data, the smaller the values of a* that one
gets. This dilemma has recently been studied by Gray
and Kerr, ^135ll3G^ who showed how an insufficient ac-
count of one of the phenomena (recombination or diffu-
sion) leads to an overestimate of the other. A study by
Kenty^137^ is an example of a concrete analysis along
this line. Here he showed how the relation between the
rates of the above-cited processes determines the
nature of the distribution of the concentration of ions
and electrons in the positive column of a discharge.
The quantitative study of this phenomenon can serve
as a good method of determining rate constants of r e -
combination and diffusion.
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Especially intensive study has begun recently on
the rates of the diffusion and dissociative-recombina-
tion processes (see the most recent reviews by
Dalgarno,t13« Bates and Dalgarno, ^13Eri Biondi, C140"14^
Mentzoni, ^132^ and Whitten and Poppoff E77^). Several
attempts have been undertaken to study the problem of
whether volume recombination of electrons and ions
actually took place in the cited laboratory experi-
ments, rather than attachment of electrons to neutral
molecules or diffusion of ions to the walls of the cham-
ber, and whether the proposed molecular ions take
part in the dissociation.

Biondi ^125^ tested the hypothesis that molecular
ions participate in dissociation, but not atomic ions.
He set up two different experiments: in pure argon,
and in helium or neon having an admixture of —0.1%
argon. In the first case, he observed the fast recom-
bination characteristic of molecular ions, with
a* = 8.8 x 10"7 cm3sec"1. This was apparently due to
the process Ar2 + e —• Ar* + Ar. However, in the
second case, in contrast with the conditions in the
pure gas, there was no rapid recombination, and the
resorption of the electrons occurred three orders of
magnitude more slowly through diffusion. In the
second case, the argon atoms quickly removed the
charge from the molecular ions He2 or Ne2 through
charge-transfer processes, owing to the high gas
density, and slowly recombined; here Ar2 ions were
not formed because of the low Ar concentration. Thus
he demonstrated that fast recombination processes
are actually due to molecular ions.

Biondi ̂ 143^ considers that one of the fundamental
arguments in favor of the occurrence of the dissocia-
tive-recombination reaction to form excited atoms is
the presence of intense atomic emission lines in the
afterglow spectrum, e.g., of neon and argon. The in-
tensity of these lines is several orders of magnitude
greater than could arise from ordinary radiative r e -
combination.

Another method of testing the fundamental hypo-
thesis has also been applied. If the excitation of atoms
in a plasma involves the dissociative-recombination
reaction (1), then the atoms formed must have a cer-
tain velocity of motion, owing to the transformation of
part of the dissociation energy into kinetic energy,
and the observed emission lines should be broadened
(Biondi[144^). Rogers and Biondi^145"147] have studied
the 5876 A He line with a Fabry-Perot interferometer,
and it actually proved to be broadened. The equivalent
kinetic energy of the atom was determined to be 0.8 eV,
in agreement with the hypothesized value. Thus, they
confirmed the effect predicted on the basis of the dis-
sociative-recombination theory. As Biondi has em-
phasized, L14°] negative ions were not detected in the
cited experiment. It was reported in^143^ that a
broadening of the 5852 A line was recently found in
the afterglow in neon. The line broadening corre-
sponds to a kinetic energy of dissociation of ~ 1 eV,

as was expected theoretically.
The opinion ^133^ has been expected that the mole-

cular ions assumed in the experiments of Biondi et al.
were not actually detected (see also Olsen and
Huxford^14W). However, the bands of the molecular
ions have actually been established in the afterglow
spectrum, 1̂04,134] as discussed above. In addition,
Phelps and Brown ^149^ have detected the ions He+ and
He2 directly with the mass spectrometer in a study of
the afterglow in helium, and Kasner et al.L150^ have
detected N2

+ ions, and Kerr and Leffel^151^ have found
that He2 ions are formed more efficiently at pressures
> 3 mm Hg.

We shall discuss the fundamental results of the
laboratory studies of the dissociative-recombination
coefficient for the atmospheric ions N2

+, O2, and NO+.
All of the published results are compiled in the sum-
mary Table III. This table also gives the most relia-
ble estimates of a* based on ionospheric data.

The N;T ion. The early experiments up to 1958 were
performed at relatively high pressures, resulting in
a pressure-dependence arising from the effect of
negative-ion formation and other effects.

The influence of the negative-ion effect must be
greatly diminished at low pressures. However, one
cannot advance very far in this direction experimen-
tally, since the effect of diffusion increases sharply
with decreasing pressure in inverse proportion to the
pressure. This complicates and even renders im-
possible the measurement of a*. Faire et al.~168^
have avoided this difficulty by using an ingenious
method: they diluted the N2, so to speak, by adding a
large amount of inert helium. Thus they were able to
make measurements of aw* a t partial pressures of N2

down to 0.01 mm HgJ105^ In the final discussion of
the results of their study, Faire et al.-153^ pointed out
that one still has to take into account a certain diffu-
sion effect, which had previously resulted in a certain
increase in a. They found that the value of a decrea-
ses with decreasing pressure, but at N2 pressures
below 4 mm Hg it remains approximately constant at
the relatively low value of 3.9 x 10"7 cm3 sec"1 at
T = 400°K.

Mentzoni et al.^132'157^ have recently conducted an
extensive study on <*JJ+ at various temperatures
(300—735°K) and pressures (0.5—6.0 mm Hg). They
drew the important conclusion that Q * « T~3/'2 at tem-
peratures < 600°K, in agreement with the theoretical
calculations. However, with further temperature in-
crease, the constant a* begins to decline very sharply.
At a temperature 735°K, they obtained a* values even
smaller than Sayers and King found at temperatures
1600—3200°K. The most unpleasant feature in these
data, as in those of Faire et al., is that they found the
value of Q * to be pressure-dependent, which should
not be the case.

A study by Kretschmer and Petersen^169^ has r e -
cently appeared, in which they reported on the results
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Table III

Reaction

Z
+
z
t

o
Q
t

_
4.
I

z
t
+
+
o
z

Author

Biondi et al.[122]
Sayers['52]
Sayers (according to[ J)
Bryan et al.[I04l
Bialecke et al.[131]
Faire et al.P0S]
Faire et al.[153]
Bromer[134]
Biondi, Kasner, RogersL'43'150'154'155]
KingP56]̂

Mentzoni, Montgomery, Row[132>1 ]

Ionospheric data

Biondi et al.P22]
SayersP52]
HoltHSayers (according to[138'' ]j
Biondi, Kasner, RogersP4 3 ' '5 •I54 '155]

Mentzoni[160]

Ionospheric data

Lamb et a l . P " ]
Low et a l . P " ]
Lin (according tol 1),
Gunton, Inn, ShawL"'164]
Doering, Mahan
Sugden ( s e e l " '
Syverson et al.
Stein et al. (seel

10b

Ionospheric data

Year

1949
1956
1956
1957
1958

1958
1959
1960

1961—
1964

1961

1962

1949
1956
1959
1960

1961—
1964
1964

1957
1959
1961
1961
1961

1961
1962
1963

Rate con-
stant a*.
cm3sec-'

I

1.4-10-r
1 .1 .10- '
1.4-10-"!

(3—23)-10-7
7 -10 - '
2-10-"
4 - 1 0 - '

3 . 9 - 1 0 - '
- lO-io

( 2 . 8 ± 0 , 5 ) X
x i o - '
5 - 1 0 - '

6 . 5 - 1 0 - '
1-10-8?
1-10- '
2-10-7

7-10-7

10-6—10-5?

3-10-7
4-10-8
3-10-7

(2 —3)-10-7
(1 ,7±1)Y

XlO-7
3.7-10-7

(1 .7 -10- ' )
1.4-10-7

^ ' XIO-?

:T.3-10-8
8.8-10-8
< 2 - 1 0 - 8

10-6—10- '
10" 6

10" 9

1 3-10-6
(0.4— 2)X

x i o - '
1 0 " '

1 .310-7
4-10-8

3—5.10-7
(5 -13 ) X

XlO-8
< 3-10-8

1-10-8
< 1 . 2 - 1 0 - 8

6.3-10-8

Temper-
ature,

| °K

300
3200
2500
(300)

200—300
92

300
400

300

1600
2000

725
525
300

( 300 (?)

\ (1000)

— 1000

300
(2000)

300
2500
300

300
569
894

- 2 7 0

200
420
623

-2000

300
(4000)
4000
450
300

2000
3000
3000

- 2 0 0
- 3 0 0

- 1 5 0 0
- 2 0 0 0

420
623

' [Transla tor ' s note: The above two values of a* were misread from a
graph inP s 6 ] . They should be 5 X 10'8 and 6.5 X 10"8, respectively.]

of studying dissociative recombination of the ions Ar+,
Oj, N^, etc., as measured in gas discharges with a
Langmuir probe. The measurements were made at
relatively high gas pressures from 0.1 to 20 mm Hg.
The rate constants for recombination in the atmos-
pheric gases, nitrogen and oxygen, also proved to de-
pend on the pressure; this indicates the complexity of
the processes occurring in the plasma and the effect
of various ion-molecule reactions in these experi-
ments. The value of OQ* extrapolated to zero pressure

proved to be 2 x 10"e cm3 sec'1, while a lower limit on

QJ^J w a s 1.7 x 10 7 p c m 3 s e c " 1 t o r r ' , w h e r e p i s t h e

p r e s s u r e i n m m H g ( t o r r ) , w h e r e a s a t l o w e r p r e s -

s u r e s t h e y o b t a i n e d t h e v e r y h i g h v a l u e « j a + = 5 x

10~ 6 c m 3 s e c ^ 1 .

A s t u d y c o n d u c t e d u n d e r B i o n d i ' s d i r e c t i o n - 1 4 1 ^

h a s c a s t m u c h l i g h t o n t h e p r o b l e m of t h e p r e s s u r e -

d e p e n d e n c e o f a*, a n d a l s o i n g e n e r a l o n t h e p r o b l e m

of t h e r e l a t i v e l y h i g h a* v a l u e s o b t a i n e d i n t h e f i r s t

e x p e r i m e n t s o n t h e a t m o s p h e r i c i o n s . M a s s - s p e c t r o -

m e t r i c m e a s u r e m e n t s s h o w e d t h a t a t h i g h e n o u g h

p r e s s u r e s t h e m o r e c o m p l e x i o n s N3
+ , N ^ , a n d Og a r e
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formed in addition to the diatomic ions N2
+ and O2.

The former show higher recombination rates than the
diatomic ions. Knewstubb and Tickner-170- and
Curran^171^ have also studied the formation of com-
plex ions in a plasma at a pressure of ~ 1 mm Hg
using the mass spectrometer. They discovered the
formation of even more complex ions, besides those
cited.

Some papers by Kasner, Rogers, and
Biondi[150<154'15^ and the reviews of Biondi["1-143]
have presented the detailed results of studying recom-
bination coefficients using mass spectrometers. The
diatomic molecular ions N2

+ and O2 appeared in the
pure form without admixtures of N3

+, N4
+, and O3 only

at pressures below 10"2 mm Hg. In nitrogen-helium
mixtures at pressures 0.1—7 mm Hg, the major ions
were N3

+ and N4
+, with a recombination coefficient

> 10~6 cm3 sec"1. In line with this, they observed con-
siderable variations in the recombination coefficient
of electrons and ions in nitrogen-helium mixtures
between the cited pressures. Thus, one can explain
naturally the high a* values in almost all the previous
experiments, as well as the pressure-dependence of
a*. At very low pressures, the main mechanism of
loss of ions from the plasma was ambipolar diffusion
to the chamber walls. Through these experiments they
determined more precisely the ambipolar-diffusion
coefficients. They found that it was better to choose
neon as an additive to avoid the effect of diffusion,
rather than helium, which had been used previously.
They obtained new values of the a* coefficients for
the ions N2

+ and O2. These values have been recom-
mended as the most reliable ones for atmospheric
studies.^6S^ However, we should note that in the litera-
ture people have repeatedly used the previously pub-
lished values, a£f+ = (5.9±1) x 1O~7 and QQ + = (3.8±1)
x 10~7, which are higher than those given in Table III.
These values have turned out to be too high on account
of calibration errors in making the measurements of
the electron concentration by the microwave
method, t «2,H3]

Whitten and Poppoff ^77^ have compiled the results
of various measurements of a^+ on a single graph
as a function of the temperature, and concluded that
a j t = 5 x 10~5 T"3/4, although the exponent of T could
lie between the limits of —1 and —0.5, owing to the
wide scatter of the data. Reference ^77- did not take
into account all the data given in Table III. The new
a* values obtained by Kasner et al., as well as by
Mentzoni et al., prove to be considerably lower, while
King's data are considerably higher than those of
other measurements, especially in the high-tempera-
ture range. These values do not agree with the
formula derived by Whitten and Poppoff. [Translator's
note: The authors of this review have misread
King's^156 ̂  values from a graph. When corrected,
these values are on the low side. See Table III for the

corrections.]
Strangely, the ionospheric estimates of a^+ given

on Table III prove to be greatly elevated in compari-
son with the laboratory measurements, even though
other ions exhibit the opposite pattern. Lytle and
Hunten^172^ have found a very high rate of disappear-
ance of N2

+ ions by studying the twilight emission of
the N2

+ band at 3914 A. This rate exceeded the rate of
dissociative recombination by an order of magnitude
or more. They also found the rate to be proportional
to the concentration of neutral particles in the
upper atmosphere. The mechanism [reaction (22)]
which they proposed for the rapid destruction of N^
does not show a sufficient rate. The analogous reac-
tions of N2

+ with O2 (34) and with N (14) are not effec-
tive enough, owing to the low concentrations of O2

and N; Hunten^173- also considered reaction (13), for
which a rate constant ~0.1% of the gas-kinetic value
would be required. In photochemical studies of the
ionic composition of the upper atmosphere, Norton et
al., [64 : l Whitten and Poppoff, ™ Nicolet and Swider,[107:]

and D a n i l o v ^ (see Sec. 2, B) have discussed the
analogous problem of the necessity of rapid removal
of Nj* ions by reactions (22) and (13), since dissocia-
tive recombination does not show a sufficient rate.
Thus, the ionospheric data on the rate of destruction
of the N2

+ ion cannot be compared with the laboratory
data on &N2

+> since in the lower part of the ionosphere
the N2

+ ion is destroyed more rapidly by reaction (22),
or more probably, by reaction (13).C74'77^

The divergence in the data in Table III is so great
that it is hard to draw any definite conclusions on the
temperature-dependence of <*N+- We. can only estimate
approximately the value of Q ^ + for a temperature of

~ 300°K. On the basis of a number of recent labora-
tory experiments, we should apparently adopt for
T = 300—400°K the rate constant of the reaction
N2

+ + e —» N' + N as being a^+ = (2.5—4) x
10~7 cm3sec"1. Chamberlain and Sagan^174^ had prev-
iously drawn an analogous conclusion from the data
ofC131^, as had Her tzbergW from the data ofd°5,i22,i23]_

The O2 ion. As we see from Table III, fewer data
have been obtained for the dissociative recombination
of O2 than for N2

+. However, we should note that the
data obtained by Biondi and Brown ̂ 122^ have also been
confirmed in Bryan's experiments, as was reported
jn[i04]_ Holt^158^ has also obtained an analogous value.
After C152!; the large review paper of Dalgarno138^
appeared, reporting on Sayer's new results in deter-
mining a o + (given in Table III). The studies of Kasner,
Rogers, and Biondi gave a value of Q-Q+ at T = 300°K

of (1.7 ± 1) x 10~7 cm3 sec"1. Mentzoni has recently
reported new data for three temperatures: 300°, 569°,
and 894"K.

Whitten and Poppoff-77^ have collected the labora-
tory determinations of aQ+ on a graph analogous to
that for N2

+ as a function of the temperature, and found
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that they agree well with the various ionospheric data.
Here they found QQ+ = 7 x 10~5 T"1, giving a value

OQ+ as 3 x 1(T7 at a temperature of 300°K, practically

differing very little from the value of 0;^+ at the same

temperature. The temperature-dependence of a* was
determined more definitely for the Ot; ion than for N2

+;
it even fits well all the new data on a%.+ not used in^77^,
as well as Sayers' tiata (of 1960). Thus, the labora-
tory experiments gives values and temperature-de-
pendences of a* that agree well among themselves
for the O2 ion, for which there exists the least amount
of all of ionospheric data.

The NO* ion. The main molecular ion at altitudes
s 500 km is the NO+ ion. Hence it is important to know
a* for reaction (17) in particular. Many experimental
data give about the same value for this reaction as for
the dissociative-recombination reaction of the other
molecular ions, i.e., 10~6—10"7 cm3sec"1. Very r e -
cently several experimental studies have ap-
peared^163"167^ in which just such values have been
obtained for <*NO+- However, one would like to see
these values made more precise. This is all the more
important, in that Doering and Mahan^166^ obtained a
value of 2 x 10"s cm3 sec"1 by determining « N O + from
probe measurements of the equilibrium value of n e

formed by photoionization with the short-wavelength
ultraviolet radiation of a krypton lamp at 1236 A. On
the other hand, by measuring the decay time of n e

after the irradiation had ceased, they obtained the value
4 x 10 7 cm3 sec"1. The reason for this great diver-
gence in the data has not been completely elucidated,
but the second method is considered more reliable.

A wide scatter in values of ajsro+ n a s been obtained
at high temperatures. Lin found that the constant for
process (17) a* = 10~9 cm3 sec"1 at T = 5000°K. This
is considerably lower than Low had previously esti-
mated for T = 4000°K, and Sugden (see^165^1), Syverson
et al.,^167^ and Stein et al. (see^77^) had obtained at a
somewhat lower temperature. Here the latter data are
too high, even in comparison with the ionospheric data.
If Lin's data are correct (see[135 '138 '107^), then when
combined with the laboratory data giving C ^ Q *
as (3—10) x 10'7 cm3 sec"1 at T = 300—450°K, they indi-
cate the existence of a very sharp variation having
aNO+ "" T 3> a s the ionospheric data also imply (see
Sec. 2, A). Then, in the F region of the ionosphere,
where the temperature varies over the range from
1800° to 800°K, the value of a^ o + should vary over the
range from 5 x 10"9 to 5 x io~8 cm3 sec"1. The value
of ajsjO+ should thereby undergo appreciable diurnal
variations. While these conclusions on the value of
QNO+ a r e no* *n s t r o n g contradiction with the iono-
spheric estimates given in Table III, however, no
signs of the existence of diurnal variations in # N O + m

the upper atmosphere have yet been obtained.
Whitten and Poppoff in^77^ adopted a certain gener-

alized formula Q^o+ = 1.5 x 10"3 T"3/2 cm3 sec'1 deg2/3,

which hardly differs from the formula OJJJJQ+ =
3 x 10~3 T"3/2 cm3 sec"1 deg2/3 obtained by Lin and
Teare^1 7^. The latter authors used, on the one hand,
the experimental data on the reaction

N + O-»NO+ (36)

which is the reverse reaction of the dissociative re -
combination of the NO+ ion, and on the other hand, the
equilibrium constant for these two reactions. Here
they used only the weakest temperature-dependence,
whereas the experimental data permit also a steeper
temperature-dependence. The proposed formulas
give a^Q+ values of 200°, 300°, and 2000°K of approxi-
mately (0.5—1) x 10"6 cm3sec"1, (3—6) x 10"7 cm3 sec"1,
and (1.5—3) x 10"8 cm3 sec"1. That is, the values differ
greatly both from the high-temperature laboratory
data and from the ionospheric determinations of <2]vjO+"
However, it is important to note that, just as in our
previous discussion, this formula reflects a consider-
ably stronger temperature-dependence of QJ^Q+ than
one might expect for the ions O2 and N2

+.
Thus, a comparison of the ionospheric and labora-

tory data on a* shows satisfactory agreement between
them only for the O2 ion. There are practically no
ionospheric data for the N2

+ ion, and for the NO+ ion
most of the laboratory data give values of a * too high
as compared with the more reliable ionospheric val-
ues. At present the laboratory studies give a larger
scatter in the data than is observed in the various
ionospheric studies, which confirms the lower relia-
bility of the laboratory data.

B. Ion-molecule Processes

The laboratory experiments studying ion-molecule
processes pertain mainly to reactions involving hydro-
gen, inert gases, and hydrocarbons. At present there
exists a very large number of studies of this sort,
among which a series of experiments by Stevenson
and Schissler^176"178^ occupies a key spot. However,
we shall spend no time here on these laboratory
studies, since recent detailed reviews have been pub-
lished by V. L. Tal'roze^97^ and by Giese and
Maier.^179'180^ charge-transfer between ions and
complex molecules has been studied in detail by
G. K. Lavrovskaya et al.^181^ We shall mention only
one important result obtained in the experiments with
inert gases, E178-' namely, that the cross-section of
these reactions depends on the temperature as
CT ~ T"1/2. The latter fact implies that for the rela-
tively simple processes studied, the reaction constant
y, which is proportional to CTT1//2, is practically inde-
pendent of the temperature.^97^ However, this situa-
tion may not hold for the more complex actual proces-
ses occurring in the atmosphere.

We shall discuss the relatively small number of
experiments on the rate constants of the processes
occurring in the ionosphere.
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A study by Potter ^182^ appeared in 1955 on deter-
mining the constant of reaction (15) from data of
mass-spectrometer measurements. In mass-spec-
trometer studies, he observed an ion of mass num-
ber 30 in the spectrum of air. The appearance poten-
tial of this ion was close to that of the oxygen ion,
rather than that of the nitric oxide molecule. On the
basis of this, as well as of the study of Bates ^98^ that
had appeared shortly before, predicting a high rate
for ion-molecule processes like (11), the author a s -
cribed the appearance of the NO+ ions to reaction (15).
Making some assumptions on the geometry of the
chamber in which the O+ and N2

+ interacted, Potter ^182^
obtained the very high value of the rate constant of
reaction (15) of (1.0 ± 0.25) x 10"8 cm3 sec"1, based on
the time-variation of the ratio of ion currents of O+

and NO+.

Bates and Nicolet^35^ have expressed doubt in
whether Potter's results^182-^ are trustworthy. In
their opinion, it is doubtful that process (15) was
responsible in this case for the formation of NO+ ions.
Hence, in the opinion of the authors of £35^, the cited
experiment does not even give us grounds to suppose
that process (15) is in general a fast process.

An experiment by Dickinson and Sayers^183- is of
great interest in the study of the upper atmosphere.
Here they studied the rate of the ion-molecule proc-
ess (16) in terms of the disappearance of O+ ions
produced by a gas discharge. The first mention of this
experiment occurs in an article by Sayers,^152^ where
he states that the rate constant of process (16) is of
the order of 10 10 cm3 sec"1. In a later paper, ^183^ the
authors give a detailed description of the technique
and results. As has been pointed out, process (16)
can occur either through charge-transfer (10), or
through transfer of a heavy particle (11). In this case
the two pathways are indistinguishable. However, the
authors consider on theoretical grounds (Bates ^98^)
that their measurements pertain to the faster process
involving heavy-particle transfer. At pressures from
2 x 10"3 to 2.5 x 10"5 mm Hg, Dickinson and Sayers-183^
obtained a value of (2.5 ± 0.1) x 10"11 cm3 sec"1 for the
rate constant of reaction (16). Upon varying the tem-
perature from 200° to 300°K, the authors obtained no
systematic dependence of the constant y16 on T.

S. Ya. Pshezhetskii and M. T. Dmitriev^1841 have
found that the activation energy of reaction (34) is
large, amounting to 7 kcal/mole. This means that the
given reaction cannot occur with a high rate constant.
The latter has been confirmed by the experiments of
V. L. Tal'roze and E. L. Frankevich^185- studying the
formation of NO+ ions in the ion source of a mass
spectrometer using an oxygen-nitrogen mixture.

In an experiment V. L. Tal'roze and his assoc-
iates^1 8- studied the rate constant of the ionospheri-
cally very important process (15). They determined
the rate constant from the slope of the curve of the
variation of the NO+ ion current as the O+ ion current

was varied. Since the experiments gave no apprecia-
ble change in I30 as I16 increased, they took the maxi-
mum possible error in the slope of the I30/I16 curve
to get an upper estimate of the rate constant. In order
to take into account a possible "removal" of NO+ ions
from the ion source, they used the reaction

whose rate constant is rather well known. In the paper
that these authors presented at a discussion of the
Faraday Society/186^ they gave an estimate of the
constant y15 obtained in the above-mentioned way:
y15 < 6.75 x 10"12 cm3 sec""1. However, a misprint has
slipped into this value. As we can easily see directly
from the graph of the experimental data given in the
cited study, ^186^ the upper limit of the rate constant
is equal to 6.75 x 10"11 cm3 sec"1.

At the same session of the Faraday Society where
V. L. Tal'roze et al J18e- presented their paper, there
was also a brief report on two experimental studies
on ion-molecule processes of importance in the upper
atmosphere. Using the same method as in the cited
study by Dickinson and Sayers,^183^ Langstroth and
Hasted ^187^ obtained the following values of the rate
constants of the fundamental processes (15) and (16)
in the ionosphere: y16 = (1.8 ± 0.2) x 10"12 cm3 sec"1,
and y15 = (4.7 ± 0.5) x 10"12 cm3 sec"1. Fite and his
associates'^188^ reported that according to their meas-
urements, the rate constant of process (16), y16 is
within the range 10"10—10"11 cm3 sec"1, while the rate
constant y20 of reaction (20) is approximately
5 x 1O"10 cm3 sec"1.

A. D. Danilov and S. P. Yatsenko[189^ have des-
cribed the first tentative experiment to study the rate
constants of the fundamental ionospheric processes
directly in the upper atmosphere. They studied the
ion currents of NO+ and O2 in a mass spectrometer,
as formed through the interaction of atmospheric O+

ions with the N2 and O2 molecules of air released
from the rocket by means of a special attachment.
Thus they found that in the atmosphere the ratio of the
rate constants of processes (15) and (16) is

« U .
Vie

As was shown in^74^, we must assume such a ratio of
the constants y ^ / y ^ to getthe best agreement between
the theoretical and experimental data on the concen-
tration distribution of the major ions in the iono-
sphere.

Stebbings et al.^190^ have measured the cross-
sections for charge-transfer of the ions N+, N2

+, NO+,
and O2 with oxygen atoms and molecules, and of He*
ions with O2 and N2 molecules. The curves given in
these studies give a detailed picture of the behavior
of the charge-transfer cross-sections of the cited ions
over the energy range 10—6500 eV. However, the lack
of data on the cross-sections of the discussed proces-
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Table IV

Author

Potter[182]
Dickinson and Sayers[183]
Talrose et al.['86]
Langstroth and Hasted["7]
Fite et al.[188j
Volpi et al.[ ]
Sayers and Smithf194]
Paulson (according to [' ])

O*+N2-vN0+N

-10-8

<6,7- 10-n
4,7-10-12

10-10 __ lo-n
2,2-10-n
2,7-10-n
<5-10-"

2,5-10-11
1.8-10-12

1,6-10-11

N+
°4

+ o2
4-02
+ N2+ o2

Reaction

->-N0+ + N0
-> NO+ + O

Table V

Fite et al.['

2,1-10-13
5-10-10

2-10-10

Volpi

2,1-
1-

2,1

et al.|

10-13
10-10
10-13

1911

ses at thermal ion energies prevents us from directly
applying the results of this work in studying the rates
of ion formation in the upper atmosphere.

Using the same method as in the described study
of Tal'roze et al . , '1 8 6 ] Volpi and his associates'1 9 1 ]

have studied the formation of NO+ ions through ion-
molecule processes. In spite of the conclusions of'186^,
Volpi et al.'191^ found that the role of neutral NO mole-
cules in the formation of NO+ is small and can be
neglected. In studying processes (34) and (23), they
found a slight dependence of the current intensity I30

on the currents I28 and I32. This permitted them to
estimate the upper limits of the rate constants of these
reactions: y34 < 2.1 x 10"13 cm3 sec"1, and y23 < 2.1
x 10"13 cm3 sec"1. The small value of the constant for
(34) is in accord with the high activation energy of
this reaction obtained by Pshezhetskii and Dmitriev.-184^
The study of process (15) showed'191^ that the appear-
ance potential of the NO+ ion coincided with that of O+.
However, the authors found that the slope of the curve
giving the dependence of I30 on I16 depended consider-
ably on the energy of the electron beam. The authors
explain the latter by the effect of the formation of NO+

ions by reactions (20) and (38):

The authors' estimates based on the same experimen-
tal data gave values for the rate constants of these
reactions: y20 « l x 10"10 cm3 sec"1, and y38 « 3
x 10"11 cm3 sec"1. The value of y20 obtained agrees
with the data obtained by Fite and his associates.'188^
As the authors of'191^ themselves point out, there is a
certain uncertainty in interpretation involving the
possible role of electronically-excited O+ ions of high
kinetic energy. With these reservations, the authors
estimated the value of the rate constant of process
(15) from the variations in the ratio I30/I16: y15 ~2.2
x 10"11 cm3 sec"1. This value does not disagree with

the estimate of Tal'roze et al., '186- but it disagrees
with the data of Hasted.'187^ The authors do not dis-
cuss possible reasons for the discrepancy.

A recent review by Paulson'192^ describes in detail
and compares the three fundamental methods applied
in laboratory studies of ion-neutral particle reactions;
the primary ionization method, the afterglow method,
and the ion-beam method. This article gives a sum-
mary table of the results obtained by all three methods
for reactions involving hydrogen, deuterium, helium,
nitrogen, and oxygen. It is also reported in'192^ that
according to unpublished measurements of Paulson
and Mosher, the constant y15 is less than
5 x 10"11 cm3 sec"1 /or energies < 1 eV.

An article by Fite'193^ gives an extensive review of
studies on charge-transfer reactions, but the author
discusses only experiments performed at high particle
energies.

We can summarize all that we have said about
laboratory studies of ion-molecule processes of im-
portance in the ionosphere in the form of Tables IV
and V.

As we see from Tables IV and V, the greatest num-
ber of laboratory studies have been made on the funda-
mental ionospheric ion-molecule reaction (15). How-
ever, these studies do not yet permit one to obtain
(even within an accuracy of a factor of 2—3) any defi-
nite value for y15, since the results of the experiments
vary greatly among themselves. Judged by comparison
with the ionospheric data described above, the value
closest to actuality seems to be the smallest one:
y15 = 4.7 x 10"12 cm3 sec"1, obtained by Langstroth and
Hasted.'187^ However, we must bear in mind the fact
that this value diverges most of all from the results
of the other laboratory measurements of the rate con-
stant of reaction (15), which give y15 values of the
order of several times 1CT11 cm3 sec"1 (see Table IV).
The results of the laboratory measurements of y16

also differ greatly among themselves. Thus the data
from the laboratory experiments cannot serve as a
basis for corresponding calculations in the ionosphere.
In view of this, the attempt undertaken in'74-77^1 to ob-
tain more reliable information on the rate constants of
the ionospheric processes from data on the parameters
of the upper atmosphere becomes understandable.

4. CONCLUSION

The successful development of satellite and rocket
studies has brought a set of geophysical and astro-
physical problems involving the study of the earth's
upper atmosphere closer to terrestrial physics and
chemistry. One of the interesting problems posed by
the ionospheric studies is to elucidate the role and
the relative effectiveness of the various elementary
processes involving charged particles. In solving this
problem, the leading role has been ascertained of the
processes of dissociative recombination and ion-mole-
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cule reactions in the ionosphere, and a great need has
arisen for the development of laboratory studies of
these reactions.

It is now evident that we know from analyzing the
various ionospheric data what are the fundamental
processes involving charged particles occurring in
the upper atmosphere. A further refinement of the
parameters of the upper atmosphere and their varia-
tions is being conducted very actively now, and will
evidently permit us to elucidate in a very short time
the relative roles of the different reactions in the
formation and disappearance of ions and electrons,
and to give reliable estimates of the reaction con-
stants. Naturally, an essential check on the obtained
results here would be to compare the constants ob-
tained from the ionospheric data with laboratory meas-
urements of the same quantities. However, unfor-
tunately, the laboratory data on the fundamental proc-
esses (ion-molecule reactions and dissociative recom-
bination) continue even now to be sparse and contra-
dictory. For the fundamental ion-molecule reaction
in the ionosphere, the divergence of results of the
laboratory measurements of the rate constant is very
large, and does not permit us to choose any more or
less reliable mean value with an accuracy any better
than an order of magnitude. Although rather many
measurements exist on dissociative recombination,
the problem is uncertain, as before, concerning the
temperature-dependence of the rate constants. Evi-
dently, painstaking measurements are required over
a broad temperature range in order to solve this prob-
lem finally.

A successful solution of the cited problems in the
laboratory will make it possible to take an entire
series of important steps in studying the elementary
processes occurring in the upper layers of the earth's
atmosphere.
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