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GEOPHYSICS

A. D. DANILOV, V. K. SEMENOV

SECOND EXPERIMENT ON THE INVES-
TIGATION OF THE CONSTANTS OF ION–
MOLECULE REACTIONS DIRECTLY IN THE
IONOSPHERE
(Presented by Academician E. K. Fedorov on 14 VIII 1967)

Ion–molecule reactions play a major role in the ionization–recombination cycle
of processes in the Earth’s ionosphere. In [1] it was shown that laboratory
measurements give a considerable scatter (by an order of magnitude and more)
in the values obtained for the constants 𝛾 of the principal ion–molecule reactions:

O+ + N2 → NO+ + N, (1)

O+ + O2 → O+
2 + O. (2)

As a result, it is unclear what values 𝛾1 and 𝛾2 should be used for ionospheric
studies.

In [2] a method was briefly described for studying the constants of the two prin-
cipal ionospheric ion–molecule reactions (1) and (2) by releasing fixed portions
of gas in the immediate vicinity of the analyzer of a radio-frequency mass spec-
trometer during rocket flight; the results of the first experiment of this kind,
carried out with the BB instrument (air release) in 1962 at an altitude of about
400 km, were also presented. For the ratio of the constants of reactions (1) and
(2), the estimate obtained was

𝛾2/𝛾1 ≳ 10. (3)

In March 1967, at noon in the middle latitudes of the European part of the
USSR, a geophysical rocket was launched carrying an MX6407M radio-frequency
mass spectrometer for studying the ionic composition of the atmosphere and a
BB-2 instrument. The instrument consisted of a glass cylinder with air, of
volume about 500 cm3, and an opening-and-ejection device. The geometry of
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Fig. 1. Diagram of the placement of the BB cylinder and the mass
spectrometer during the experiment. 1 —upper plate of the instrument

compartment; 2 —glass cylinder with air; 3 —analyzer of the MX6407M mass
spectrometer

Figure 1: Fig. 1. Diagram of the placement of the BB cylinder and the mass
spectrometer during the experiment. 1 —upper plate of the instrument compart-
ment; 2 —glass cylinder with air; 3 —analyzer of the MX6407M mass spectrom-
eter

the experiment is shown schematically in Fig. 1. The cylinder was fitted with a
“nose”with a capillary, which was opened at a specified moment at the prescribed
altitude. Gas flowed out through the capillary for 7 sec, after which the cylinder
was ejected from the instrument by means of a special device in order to preserve
the vacuum purity of the subsequent mass-spectrometric measurements. Before
the nose was opened, the air in the cylinder was at atmospheric pressure; the
diameter of the capillary was 0.7 mm.

The release of air in the experiment described was carried out near the top of the
rocket trajectory, at an altitude of about 170 km. A sharp change was recorded
in the character of the ion spectrum registered by the mass spectrometer, con-
firming operation of the BB instrument. The start of the air release (opening of
the nose) and its end (ejection of the cylinder) were monitored through a special
telemetry channel.

As the analysis of the spectra obtained showed, in the first seconds after the be-
ginning of the air release the gas cloud was so dense that it practically completely
shielded the mass spectrometer from the surrounding atmosphere; therefore, in
the first spectrum there are no peaks either of atmospheric ions or of ions caused
by neutral particles of the released—

gas. For the analysis, the second spectrum was taken, where shielding by the
cloud particles was already significantly weaker and rather well pronounced ion
peaks are observed. The magnitude of the shielding was estimated from the
peak of the ion O+. Since the released gas contained no particles of atomic
oxygen, it was assumed that the mass-16 peak in spectrum No. 2 was due
to the concentration of atmospheric O+ ions, reduced by the shielding effect.
Comparison of the intensity 𝐼 (2)(𝑂+) recorded in spectrum No. 2 with the value
𝐼atm(𝑂+) recorded by the mass spectrometer several seconds before the start of
operation of the BB instrument showed that the shielding coefficient 𝐾 was 1.76.
Accordingly, the intensities of the peaks of NO+ and O+

2 ions recorded in the
spectrum before release were reduced by a factor of 1.76. The quantities thus
obtained, 𝐼 (2)

atm(𝑁𝑂+) and 𝐼 (2)
atm(𝑂2), were interpreted as the contribution to the

intensity of the mass 30 and 32 peaks in spectrum No. 2 due to atmospheric
ions NO+ and O+

2 , taking account of the shielding effect.

Fig. 1. Diagram of the placement of the BB cylinder and the mass spectrometer

sovietrxiv.org/items/ru-196801.59783 Machine Translation

https://sovietrxiv.org/items/ru-196801.59783


during the experiment. 1 —upper plate of the instrument compartment; 2 —glass
cylinder with air; 3 —analyzer of the MX6407M mass spectrometer.

The difference between the actually recorded intensity of these peaks in spectrum
No. 2, 𝐼 (2)(𝑁𝑂+) and 𝐼 (2)(𝑂+

2 ), and the quantities 𝐼 (2)
atm(𝑁𝑂+) and 𝐼 (2)

atm(𝑂+
2 ) was

interpreted as the result of ion–molecular reactions between the molecules N2
and O2 of the released air and atmospheric oxygen ions:

𝐼 (2)
BB(𝑁𝑂+) = 𝐼 (2)(𝑁𝑂+) − 𝐼 (2)

atm(𝑁𝑂+); (4)

𝐼 (2)
BB(𝑂+

2 ) = 𝐼 (2)(𝑂+
2 ) − 𝐼 (2)

atm(𝑂+
2 ). (5)

Since the lifetime of particles in the retarding field of the mass-spectrometer
analyzer is small, as in work (2) it was assumed that the intensities of the NO+

and O+
2 ion peaks caused by operation of the BB instrument are proportional

to the rate of formation of these ions as a result of ion–molecular reactions.
Taking into account only the two principal reactions (1) and (2), this leads to
the following expression for the ratio of their constants 𝛾1 and 𝛾2:

𝛾2/𝛾1 = 𝐼BB(𝑂+
2 )[𝑁2]air[𝑂+]atm/𝐼BB(𝑁𝑂+)[𝑂2]air[𝑂+]atm, (6)

where [𝑁2]air/[𝑂2]air is the ratio of the concentrations of nitrogen and oxygen
molecules in the released air, equal to 3.7, and [𝑂+]atm is the concentration
of atomic oxygen ions in the surrounding atmosphere. The value of the ratio
of the peaks 𝐼𝑁2

BB(𝑂+
2 )/𝐼𝑁2

BB(𝑁𝑂+) in this experiment, after accounting for the
contribution of atmospheric ions and the influence of the shielding effect, was
found to be 2.7, which gives the ratio of the constants 𝛾2/𝛾1 in (6) equal to 10.

At present, however, laboratory data on the constants of ion–molecular reactions
lead to the conclusion that, in addition to processes (1) and (2), the following
reactions may also take part in the formation of NO+ and O+

2 ions from neutral
N2 and O2 molecules:

𝑁+
2 + 𝑂2 → 𝑁𝑂+ + 𝑁𝑂; (7)

𝑂+
2 + 𝑁2 → 𝑁𝑂+ + 𝑁𝑂; (8)

𝑁+ + 𝑂2 → 𝑁𝑂+ + 𝑂; (9)

𝑁+
2 + 𝑂2 → 𝑂+

2 + 𝑁2; (10)
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𝑁+ + 𝑂2 → 𝑂+
2 + 𝑁. (11)

Reactions (7) and (8) are of low efficiency (𝛾7 and 𝛾8 ≪ 10−13 cm3 ⋅ sec−1 (3))
and cannot compete with reaction (1). Estimates based on the relative concen-
trations of the ions [N+

2 ]/[O+] and [N+]/[O+], recorded in the spectrum before
the release, show that reaction (10), for a value 𝛾10 ≈ 10−10 cm3 ⋅ sec−1 (4),
also makes no substantial contribution to the formation of NO+ ions under the
experimental conditions, whereas the contribution of reactions (9) (to the for-
mation of NO+) and (11) (to the formation of O+

2 ) is significant and must be
taken into account. Such an allowance, with values of the constants 𝛾9 ≈ 𝛾11 ≈
5⋅10−10 cm3 ⋅ sec−1, taken in accordance with laboratory measurements (4), was
made and led to a refinement of the obtained ratio of constants: 𝛾2/𝛾1 = 1.3⋅10.
Allowance for possible measurement errors makes it possible to consider that the
experimental results give the following interval of values for the desired ratio of
constants:

𝛾2/𝛾1 = (1.0 − 1.5) ⋅ 10. (12)

The value obtained refers to an altitude of about 170 km, which under daytime
quiet conditions is characterized, according to (5), by a temperature ≈ 1000∘K.
The value found for 𝛾2/𝛾1 agrees with the results of the first experiment with
the BB instrument (2), where it was obtained that 𝛾2/𝛾1 ≳ 10. Analysis of
ionospheric estimates, which pertain mainly to greater heights in the ionosphere
(the 𝐹2 region), showed (1) that there the ratio of the constants of reactions
(1) and (2) is approximately 10, with an accuracy to within a factor of 1.5–
2. Comparison of the results of the laboratory experiments of Fehsenfeld et
al. (6,7), which are at present regarded as the most reliable, leads to the ratio
𝛾2/𝛾1 = 1.3⋅10 at a temperature of the order of 300∘K. In comparing these values
of 𝛾2/𝛾1 with one another, however, caution is necessary, since the question of
the temperature dependence of the constants of ion–molecular reactions has not
yet been resolved.

It should be noted that the present experiment, despite the good agreement of
the obtained ratio 𝛾2/𝛾1 with the data of Fehsenfeld et al., does not settle the
question of the applicability of laboratory values of the constants to ionospheric
studies. If a significant number of excited O2 and N2 molecules, participating in
the reactions under discussion, exist in the upper atmosphere, the actual rates
of these reactions may differ substantially from those obtained in the laboratory.
In the experiment described, the rate of interaction of O+ with unexcited gas
molecules is also studied, since the lifetime of these molecules after leaving the
cylinder is very short. However, the participation in the reactions under study
of real atmospheric ions, with the ion temperature corresponding to the given
altitude, brings the experimental conditions closer to the real conditions in the
ionosphere. This makes it possible, by carrying out several gas releases at differ-
ent heights (with different 𝑇𝑖), to obtain the dependence of the constants under
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study on the ion temperature. In addition, measurements at heights with differ-
ent ratios [N+]/[O+] will make it possible, without specifying laboratory values
for 𝛾9 and 𝛾11, to find all the constants of interest to us. Although the repro-
ducibility of laboratory experiments is incomparably higher than that of such
single experiments, it appears that the latter may be useful for understanding
the extent to which laboratory measurements of the quantities 𝛾 are applicable
to ionospheric studies, and also for filling some of the gaps that still exist in
laboratory data.
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