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Abstract—The paper examines the results of optical observations obtained during Radar Progress experiments
to study the effects (the occurrence of extensive, faintly luminous regions and a decrease in plasma concen-
tration) arising from a release of fuel-combustion products from spacecraft engines into the upper atmosphere
of the Earth. Analysis of the results of controlled experiments on the injection of “plasma-quenching” com-
positions into the ionosphere at orbital altitudes indicates that the observed increase in [OI] 630.0-nm inten-
sity in the Radar Progress experiments as a consequence of chemical modification of the ionosphere. The
contribution of various components of the injected substance (H2, OH, Н2О, CO, and СО2) to the increase
in the intensity of atomic oxygen [OI] luminescence at a wavelength of 630.0 nm and to a change in the con-
centration of the charged component of the upper atmosphere is considered. It is shown that the change in
the luminescence intensity and the concentration of the charged component are due to different chemical
reactions. The largest contribution to the increase in luminescence intensity is made by the injection of
hydrogen and carbon dioxide into the atmosphere, while the decrease in the concentration of plasma particles
is mainly caused by the injection of water vapor. It has been found that the characteristic spatiotemporal scales
of luminous regions occurring in the upper atmosphere allow them to be recorded by modern spectrophoto-
metric equipment from the Earth’s surface without additional information about the time of ignition of the
spacecraft engines.
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1. INTRODUCTION

The optical luminescence of atomic oxygen in the
Earth’s atmosphere in the red part of the visible spec-
trum at a wavelength of 630.0 nm with the forbidden
transition 1D–3P (hereinafter referred to as “[OI]
630.0 nm”) occurs under natural conditions at alti-
tudes of 200–300 km, i.e., in the lower thermosphere
and F region of the ionosphere. Due to the high cor-
relation of the behavior of the [OI] 630.0-nm intensity
and the electron concentration (hereinafter, Ne), this
emission is often considered a sensitive indicator of
changes in the upper atmosphere under the influence of
heliogeophysical perturbations or other large-scale geo-
physical phenomena of various natures: seismic events,
wave processes in the atmosphere, etc. Some examples
include studies of pulsations in auroras (Eather, 1969),
optical f lares (Mikhalev and (Beletskii, 2000), midlat-
itude auroras (Mikhalev et al., 2004), and traveling
ionospheric disturbances in the F region of the iono-
sphere (Adachi et al., 2011). It was found that, in addi-

tion to natural processes, the [OI] 630.0-nm intensity
can also be significantly affected by anthropogenic
processes in the ionosphere and thermosphere, in par-
ticular, active experiments on heating the ionosphere
(Shindin et al., 2017) and the injection of “plasma-
quenching” compositions via geophysical rockets
(Adushkin et al., 2000), as well as spacecraft (SC)
launches and their engine burns during orbital maneu-
vering (Mendillo et al., 1975; Karlov et al., 1980).
Most optical effects related to SC launches and
flights are most clearly observed in the troposphere,
stratosphere, and mesosphere when large (tens to
hundreds kilograms or more) quantities of fuel-com-
bustion products are injected into the atmosphere as
a result of burns of liquid propellant engines (herein-
after, “combustion products”). In this case, the
observed brightness of the optical glow associated
with these events is relatively high (Platov et al.,
2003). Optical effects during SC engine burns were
also observed at thermospheric altitudes with rela-
tively small amounts of combustion products
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EFFECTS OF A SHORT-TERM INCREASE IN THE INTENSITY 113
injected into the atmosphere (8–9 kg) (Beletskii
et al., 2016; Mikhalev et al., 2016). The interpretation
of the observed optical effects in these studies was
difficult, since there was both the possibility of mod-
ification of the ionosphere (Mendillo et al., 1975)
accompanied by a decrease in Ne and a simultaneous
increase in the [OI] 630.0-nm intensity, as well as the
possibility of sunlight scattering on the dispersed
component of the combustion products.

In this paper, we consider the possibility of
enhancement of the [OI] 630.0-nm intensity as a
result of combustion products chemically affecting the
components of the upper atmosphere in the Radar
Progress experiments. It is believed that the main
reactions leading to a decrease in Ne (dissociative
recombination reactions) and an increase in [OI]
630.0-nm intensity upon modification of the iono-
sphere are primarily associated with the injection of
Н2О, Н2, and СО2, which are converted into H2O+

and   ions in charge exchange reactions. These
ions quickly recombine with free electrons in the ion-
osphere, and the dissociative recombination rates in
reactions involving these ions (“substitution reac-
tions”) are orders of magnitude (up to 1000 times)
higher than the dissociative recombination rates in
reactions on  and NO+ ions in natural conditions.

Intensive exploration of the near-Earth space,
accompanied by an increase in the number of SCs
and their maneuvering, has led to the need to deter-
mine variations in the [OI] 630.0-nm characteristics
due to anthropogenic activity in order to separate
them from the natural variations in this emission.
The primary sign of such artificial variations is the
localization of the increase in the [OI] 630.0-nm
intensity over the background in time and space. In
this paper we study the relationship between the
increase in [OI] 630.0-nm intensity, variations in the
electron concentration, and the amount of combus-
tion products (H2, OH, Н2О, CO, and СО2) released
during SC f lights in working orbits in the upper
atmosphere of the Earth. An additional analysis of
the results of optical observations obtained in the
Radar Progress experiments (Beletskii et al., 2016;
Mikhalev et al., 2016) was performed. The character-
istic spatiotemporal scales and the minimum thresh-
old value of the [OI] 630.0-nm intensity accessible
for observation by ground-based means under the
inf luence of combustion products were also esti-
mated. The study uses the results of several active
experiments on the observation of controlled releases
of chemicals at altitudes corresponding to the SC
working orbits (Mendillo, 1980; Biondi and Sipler,
1984; Semeter et al., 1996; Beletskii et al., 2016;
Mikhalev et al., 2016).
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2. RESULTS OF OBSERVATIONS 
OF INCREASING 630.0-NM EMISSION 

OF ATOMIC OXYGEN AND DECREASING 
ELECTRON CONCENTRATION 

IN VARIOUS EXPERIMENTS

Table 1 gives the results of a series of experiments
conducted to study variations in the luminescence of
the upper atmosphere and ionospheric plasma con-
centration under the influence of typical SC fuel com-
bustion products. The researchers monitored the
behavior of the amount of injected substance, the [OI]
630-nm intensity, and the electron concentration.
Unfortunately, none of the publications on SC
launches and f lights and active experiments provide
the characteristics of the recorded optical effects, the
amount and composition of the injected substance,
and the magnitude of the variations in Ne at the same
time. More complete information on the effects of
modification of the ionosphere under the action of the
SC engine products can be found in (Mendillo, 1988;
Bernhardt et al., 2012).

In the RED AIR 1 and RED AIR 2 experiments
(Semeter et al., 1996), equal amounts of CO2 were
injected above and below the maximum height of the
night-time F2 layer at altitudes with the same Ne value
(during sunset, under moonless conditions). In this
case, CO2 interacts with the plasma that has the same
electron concentration but different neutral composi-
tion and density. Luminous [OI] 630-nm clouds were
detected in these experiments as a result of CO2 injec-
tion; their brightness levels are regulated by the
quenching processes, and the size of the clouds is
determined by the diffusion of the injected substance.
In the RED AIR 1 experiment conducted on April 3,
1989, CO2 was injected with a single rocket at different
points along the rocket’s flight path. In the RED AIR 2
experiment (December 5, 1991), two rockets with
independent CO2 injection were used, which made it
possible to eliminate the cross overlapping of the dis-
turbance regions and to double the mass of the
injected substance. Despite the distinct optical effects
during CO2 injection, the accompanying decreases in
Ne were smaller than the variations detected by the
incoherent scattering radar involved in the RED AIR
1 experiment (less than 6%). Semeter et al. (1996) used
this as the basis to argue that, although CO2 is not an
optimal choice for creating ionospheric holes, the
photochemical excitation rates of [OI] 630 nm in dis-
sociative recombination of carbon dioxide ions make
this process a highly efficient source of luminescence.
At the same time, according to the illustration pre-
sented in that paper, the RED AIR 2 experiment
showed a decrease in Ne at local altitudes of injection
from ~30% (248 km) to ~50% (346 km) and the
absence of significant changes in Ne in the maximum
F2 layer.
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Table 1. Information on the experiments to study the dynamics of chemical reactions of SC fuel combustion products

Experiment Mass, kg Altitude, km Composition Δ [OI], R ΔNe, % T, min Reference

RED AIR 1 9.1
9.1

253
379

CO2 30
100

≤ 6
≤ 6

7–10 Semeter et al., 1996

RED AIR 2 18.4
18.4

248
346

CO2 525
340

30
50

~10 Semeter et al., 1996

BIME Project 42 323 (Н2О and СО2) 400 – ~5 Biondi and Sipler, 1984
Atlas-Centaur 20000 >200 (Н2О and Н2) 8300 80 ~10–20 Mendillo, Report …, 1980
Titan IV B-30 283

140
32

0–91
73–273

273–494

N2H4/N2H2(CH3)2
and N2O4

3300 50 ~12 Mendillo et al., 2008

Radar-Progress, 
Progress M-17M

9 412 Н2O, CO2, Н2, СО 50 – ~2–3 Mikhalev et al., 2016

Radar-Progress, 
Progress M-23M

8 352 Н2O, CO2, Н2, СО 50 – ~2–3 Beletskii et al., 2016
In the BIME project (Biondi and Sipler, 1984),
7.4 × 1026 H2O molecules and 2.7 × 1026 CO2 mole-
cules (19.7 kg) were injected at an altitude of 323 km.
A luminous [OI] 630-nm cloud with an intensity of
~400 R in the central part and a diameter of ~250 km
formed ~2 min after the injection of the substance. No
data on the Ne behavior are provided in this experi-
ment.

During the launch of the Atlas-Centaur spacecraft,
~7 × 1029 H2O and H2 molecules were released at an
altitude above 200 km. The decrease in Ne near the tra-
jectory reached ~80%. The size of the disturbance
region was 2000–3000 km along the track and 600–
1000 km across. The [OI] 630-nm intensity at the
maximum of the disturbance region amounted to
8300 R. The maximum intensity was observed after
several minutes, and 10–20 min later the intensity
dropped to the background value (Mendillo, 1980).

Figure 1 shows the dependences of the [OI] 630-nm
intensity (hereinafter, we discuss the magnitude of the
intensity variations over the background) on the
amount of injected substance for various experiments.
The results of the experiments indicate that the stud-
ied phenomenon shows a tendency of increasing
intensity with an increasing amount of injected sub-
stance. It can be seen that the intensity increase occurs
much faster when only CO2 is taken into account. The
data from the results of the Radar Progress experi-
ments shown in Fig. 1 for comparison with other
experiments allow some preliminary conclusions to be
drawn. If we compare those taking only the injection
of CO2 molecules into account with the results of the
RED AIR 1–2 and BIME experiments, it does not
provide the observed increase in the [OI] 630-nm
intensity in the Radar Progress experiment (Fig. 1a).
However, comparison of the total injected masses
(regardless of their composition) in all of the experi-
ments allows the observed increase in intensity to be
GEOMA
interpreted as a modification of the ionosphere in this
experiment. In other words, the release of combustion
products lead to an increase in the number of posi-
tively charged molecular ions, which reduces the con-
centration of electrons and increase the concentration
of excited oxygen atoms during dissociative recombi-
nation. Based on the results of experiments on the
injection of “plasma-quenching” compositions, we
can estimate the expected decrease in the electron
concentration in the Radar Progress experiments with
respect to the magnitude of the increase in the [OI]
630-nm intensity. The expression relating the intensity
variation to the variation in the electron concentration
based on the experimental data from Table 1 is

(1)

and the regression graph is shown in Fig. 2.

The resulting expression gives the value of ≤1% for
ΔNe at ΔI630 = 80 R (the detected value is 40–60 R).
Thus, if the nature of the increase in the [OI] 630-nm
intensity observed in the Radar Progress experiments
coincides with the nature of this phenomenon in other
similar experiments, the detection of variations in the
electron concentration under the influence of the
operation of SC maneuvering engines must be difficult,
and the observation of the variations in [OI] 630 nm will
be most suitable for remote monitoring of this process.
However, the results presented by Shpynev et al.
(2017) show that the decrease in Ne in these experi-
ments reaches 20–30% of the background value. This
indicates that a decrease in the electron concentration
and an increase in the luminescence intensity most
likely occur due to different chemical reactions.

Δ = Δ +630ln( ) 0.057 4.33,eI N
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EFFECTS OF A SHORT-TERM INCREASE IN THE INTENSITY 115

Fig. 1. (a) Comparison of the total injected mass and CO2 with an increase in the 630-nm emission. The black circles and the
solid line (interpolation) show the total mass for four experiments: RED AIR 1, RED AIR 2, the BIME project, and the launch
of the Atlas-Centaur spacecraft. The light circles and the dashed line (interpolation) show the mass of CO2 in the RED AIR 1,
RED AIR 2, and BIME project experiments. The dark square is the total mass, and the light square is only the mass of CO2 in
the Radar Progress experiments. (b) Comparison of the total injected mass with an increase in the 630-nm emission. The dark
circles and the solid line (interpolation) show the total mass for four experiments: RED AIR 1, RED AIR 2, BIME project, Atlas-
Centaur, and Titan IV B-30). The light circle shows the Radar Progress experiments.
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3. ESTIMATE OF THE COMPARATIVE 
EFFECTIVE 630.0-NM EMISSION OF ATOMIC 
OXYGEN BASED ON REACTIONS INVOLVING 

H2, OH, H2O, CO, AND CO2 MOLECULES

The population of the spectral level of atomic oxy-
gen O(1D) under natural conditions mainly occurs as
a result of dissociative recombination of molecular
oxygen  and nitrogen oxide NO+ ions:

(2)

(3)

+
2О

( )+ −+ → + 1
2О O ,O Dе

+ −+ → + 1NO N O( D)е
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Fig. 2. Relationship between the observed increase in the
630-nm emission and the decrease in electron concentra-
tion (in %) in the experiments listed in Table 1.
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followed by the spontaneous emission of a quantum of
light with a wavelength of 630 nm:

(4)

 and NO+ ions are formed in the charge exchange
reactions:

(5)

(6)

the rate coefficients of these reactions are

respectively (Mendillo et al., 1993), where Te is the
electron temperature and Ti is the ion temperature.
The [OI] 630-nm intensity at night at midlatitudes
under unperturbed conditions is 30–100 R.

The natural background for [OI] 630-nm emission
during chemical releases in the upper atmosphere is
complemented by the emission at this wavelength due
to other chemical reactions. The literature cites several
reactions that lead to an additional population of the
atomic oxygen O(1D) level and an increase in the [OI]
630.0-nm intensity upon the injection of H2, OH,
H2O, CO, and CO2 molecules, which are part of
rocket fuel combustion products or are formed in the
atmosphere as the fuel burns.

→ + ν1 3О D О P (630 nm)( ) ( ) h

+
2О

+ ++ → +2 2О О О O,
+ ++ → +2О N NO N,

( )= × 0.7–7
2 1.95 10 300 ,еK Т

( )= × 0.85–7
3 4.2 10 300 ,еК Т

= × –1 2
5 3.2 10 exp 3.7 300 – 1.9 300 ,[ ( ) ( ) ]i iK T T

( )= × –13 2
6 2.8 10 exp 3.1 300 – 0.6(300[ ) ]i iK T T
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3.1. Reactions Involving Water and Hydroxyl Molecules 
(H2O and OH)

According to current views, water molecules at alti-
tudes corresponding to the SC working orbits may
participate in the charge exchange reactions, in partic-
ular, with a positive oxygen ion (Dressler et al,. 1991;
Mendillo et al., 1993):

(7)

(8)

which is followed by the emission of a 630.0-nm pho-
ton in accordance with (4).

The rate coefficient of reaction (7) is K7 = 3.2 × 10–9

(Mendillo et al., 1993). Analysis of the kinetic energy
of ions in reaction (8) suggests that it can be a minor
additional source of [OI] 630 nm. The intensity

increases due to the direct excitation of O(1D) in the
charge exchange reaction. However, this reaction has
a collision energy threshold of 0.97 eV (Dressler et al.,
1991). The probability of this branch is significantly
lower than that of (7), and the branching coefficient of
reactions (7) and (8) is not known exactly. Zinn et al.
(1980) estimate reaction (8) at 5% of reaction (7). In

this case, the population of the excited 1D level (and,
as a consequence, an increase in the [OI] 630-nm
intensity) may depend on the relative velocity of water
molecules and oxygen ions. For a H2O molecule inci-

dent on a conditionally immobile O+ ion, the collision
energy threshold of 0.97 eV corresponds to the velocity
of ~3.2 km/s. The rate of expansion of the luminous
region in the first seconds after injection in the
experiment was 6–7 km/s along the orbit of Progress
M-17M and Progress M-23M and 3–3.5 km/s across
the orbit. However, the glow persisted for several min-
utes, and the estimate of the average expansion rates of
the luminous regions to maximum size (~250 km)
gives values of ~1 km/s (for the experiment with Prog-
ress M-23M) and ~1.4 km/s (Progress M-17M). Thus,
we can say either that there is no significant contribu-
tion of reaction (8) to the [OI] 630-nm intensity in the
Radar Progress experiments or that it is negligible and
realized only in the first seconds after the SC engine
ignition. Interestingly, in the BIME experiment
(Biondi and Sipler, 1984), a luminous [OI] 630-nm

region formed after the release of 2.7 × 1026 CO2 mole-

cules and 7.4 × 1026 H2O molecules in the ionosphere

at an altitude of 323 km. The increase in the lumines-
cence intensity reached 400 R 2 min after the release,
and the region with increased luminescence intensity
reached 250 km in diameter 3 min later. In this case,
the values of the average expansion rate of the lumi-
nous region (~1.4 km/s) and its characteristic size
were close to those obtained in the Radar Progress
experiments. In this regard, the comparison of the
RED AIR 2 and BIME experiments can serve as an
additional argument in favor of the insignificant con-
tribution of reaction (8) to the integrated [OI] 630-nm

+ ++ → +2 2H O O H O O,

+ ++ → + 1

2 2H O O H O O( D),
GEOMA
intensity in the experiments under consideration
(Table 1). In these experiments, the response of [OI]
630 nm to the injection of comparable masses of CO2

(18.4 and 19.8 kg) was also comparable, even though
H2O (22.2 kg) was additionally injected in the BIME

experiment.

An H2O
+ ion is further involved in the recombina-

tion reaction

(9)

The rate coefficient of reaction (9) is K9 = 6.5 × 10–7

(300/Te)
0.5 (Mendillo et al., 1993). Apparently, it is

this reaction that causes a significant decrease in Ne in

the region of its occurrence (Table 1, Atlas Centaur
experiment). It should be noted that the decrease in
the electron density concentration in the Radar Prog-
ress experiments reaches 20–30% of the background
level (Shpynev et al., 2017), and the lifetime of the per-
turbed region is tens of minutes, while the lifetime of
luminous formations is no more than ten minutes
(Beletskii et al., 2016; Mikhalev et al., 2016). This dif-
ference between the lifetime of the perturbation in the
plasma concentration and the perturbation in the
background [OI] 630-nm luminescence also indicates
that a decrease in the electron concentration and an
increase in the [OI] 630-nm luminescence intensity in
the Radar Progress experiments are caused by differ-
ent chemical reactions.

The emission of the rotational levels of an excited
hydroxyl molecule in the (9-3) band that forms as a
result of this reaction can, in principle, contribute to
the observed increase in optical emission. The P2(3) line

of this band lies close to the 630.0-nm line (629.8 nm),
and the use of interference light filters with a ~2-nm
band in the studies allows the possibility of the mixing
of emission from two sources and hydroxyl emission,
which is “disguised” as oxygen emission. However,
the maximum intensity of hydroxyl luminescence is
realized in the bands in the near-IR range; therefore,
the main contribution of reaction (9) in [OI] 630 nm is
small, and the main response to the operation of SC
engines in this case should be expected in the infrared
emission of the atmosphere.

Considering the above, it can be said that the con-
tributions of reactions (8) and (9) to the integrated
[OI] 630-nm intensity are apparently insignificant,
but reaction (9) is the primary source of the decrease
in the electron concentration. Indirect data indicating
the possibility of the endothermic charge exchange
reaction of water molecules with positively charged
atomic oxygen ions, as well as the hypothetical possi-
bility of leakage of the hydroxyl luminescence through
the band-pass filter of the recording device, leave open
the question of the quantitative contribution of reac-
tions (8) and (9) to the integrated [OI] 630-nm inten-
sity and require additional research.

+ + → +–

2H O ОН Н.е
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EFFECTS OF A SHORT-TERM INCREASE IN THE INTENSITY 117
3.2. Reactions Involving Hydrogen and Carbon Dioxide 
Molecules (H2 and СО2)

Molecular hydrogen and carbon dioxide injected
into the upper atmosphere by an SC engine contribute
to an increase in [OI] 630 nm by means of process (4).
The necessary atomic oxygen in the excited state forms
in the sequences of reactions with carbon dioxide:

(10)

(the rate coefficient is K10 = 9.4 × 10–10), and the
molecular oxygen ion further participates in dissocia-
tive recombination (2).

Molecular hydrogen participates in the ion-
exchange process with the formation of a positively
charged hydroxyl ion, which decomposes by dissocia-
tive recombination into atomic hydrogen and oxygen:

(11)

(12)

the rate coefficients of these reactions are K11 = 1.7 ×
10–9 and K12 = 7.5 × 10–8(300/Те)

0.5, respectively
(Mendillo et al., 1993).

3.3. Reactions Involving Carbon Monoxide 
and Hydroxyl Molecules (CO and OH)

According to the information in the literature, ion-
exchange interaction between atomic oxygen ion and
carbon monoxide

(13)

does not occur. Anicich (1993) estimated the maxi-
mum rate coefficient for this reaction at K13 < 10–13.
The process of dissociative recombination of a carbon
monoxide ion is exothermic:

(14)

(Rosen et al., 1998); the rate coefficient K14 = 2.75 ×
10–7 (300/Те)

0.55; the probability of this branch is ~10%.
The sequence of reactions (13) → (14), if realized,
leads to an increase in the [OI] 630-nm intensity.

The primary mechanism of CO loss for altitudes
above 100 km is the recombination reaction via triple
collision (Lee et al., 2018):

(15)

In this case, the average lifetime of carbon monox-
ide at these altitudes is tens of days, which indicates an
incomparably slow rate of progress of (15) in compar-
ison with the rate of other reactions.

There is a faster mechanism of chemical loss of CO
in the presence of hydroxyl generated in (9) and con-
tained in the combustion products of SC engines
(Ryan et al., 2018):

(16)

+ ++ → →2 2СО O О СО

+ ++ → +2Н O ОН Н,

+ + → +– 1
ОН е О( D) Н,

+ ++ → +CO O CO O

+ + → +– 1
СО О( D) Се

+ + → +2CO O M CO M.

+ → +2CO OH CO H,
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the rate coefficient of the reaction is K16 = 1.5 × 10–13

(Nair et al., 1994). The molar composition of the sub-
stance used in the Radar Progress–Progress M-17M
experiment (Mikhalev et al., 2016) makes it possible to
estimate the mass and number of molecules for OH
injected into the atmosphere. These values are 2.6 ×
10–4 kg or 9.1 × 1021 molecules, respectively. In addi-
tion, hydroxyl is formed in reaction (9) from 2.6 kg or
8.8 × 1025 water molecules. The contribution of these
sources and the estimation of the volume V of the
observed luminous region as a cylinder with a diameter of
300 km and a height of 50 km (V = 3.5 × 1021 cm3) esti-
mate the hydroxyl concentration in this volume as
~2.5 × 104 cm–3 at a comparable concentration of CO:
1.07 × 104 cm–3 (Table 2). Therefore, a certain
amount of carbon dioxide generated as a result of the
sequence (7) → (9) → (16) should, in principle, con-
tribute to an increase in the integrated [OI] 630-nm
intensity via (10) → (2). Comparison of the absolute
values of the concentration of atomic oxygen (109–
1010), hydroxyl, and carbon dioxide indicates that this
process is very weak due to a decrease in hydroxyl by
the reaction

(17)

We have already mentioned the indirect indication
of the absence of an increase in the [OI] 630-nm
intensity under the influence of injected water only.
Since water was the main source of OH in accordance
with (7) → (9) during the engine burns in the Radar
Progress experiments, the processes similar to the
described sequence of charge exchange with an atomic
oxygen ion and further dissociative recombination of
the product

(18)

and further (12) or

(19)

followed by (2), which hypothetically contribute to the
increase in intensity, are significantly suppressed for
hydroxyl.

4. SPATIOTEMPORAL SCALES OF A SHORT-
TERM INCREASE IN THE 630.0-NM 

EMISSION INTENSITY OF ATOMIC OXYGEN

The published data on the dynamics of [OI] 630 nm
(Mendillo, 1980; Biondi and Sipler, 1984; Semeter et al.,
1996; Mendillo et al., 2008; Mikhalev et al., 2016;
Beletskii et al., 2016) show a rather rapid (1–2 min)
increase in intensity after the injection of the substance
and a relatively slow (5–20 min) decrease. Table 1 shows
the characteristic time for the [OI] 630-nm intensity to
decrease to half its maximum value (T1/2) after the

injection of the substance and to reach the maximum
luminescence. It is believed that the size of the region
of increased luminescence is determined by the diffu-
sion of the injected substance (Semeter et al., 1996).

+ → +2OH  O O H.

+ ++ → +OH O OH O

+ ++ → +2OH O O H
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Table 2. Composition of the injected substance in the Radar Progress experiments

Substance Percentage, % Mass, kg АЕМ
Number of molecules, 

units

Concentration

in the luminous region, 

m–3

H2O 2.93 × 10–1 2.6388 18 8.83 × 1025 2.52 × 104

N2 2.68 × 10–1 2.4084 28 5.18 × 1025 1.48 × 104

CO 1.93 × 10–1 1.7388 28 3.74 × 1025 1.07 × 104

H2 1.88 × 10–1 1.6893 2 5.09 × 1026 1.45 × 105

CO2 4.95 × 10–2 0.44514 44 6.09 × 1024 1.74 × 103

H 8.52 × 10–3 0.076716 1 4.62 × 1025 1.32 × 104

NO 3.39 × 10–4 0.0030528 30 6.13 × 1022 1.75 × 101

OH 2.85 × 10–5 0.00025677 17 9.10 × 1021 2.60 × 100

O2 2.74 × 10–5 0.00024696 32 4.65 × 1021 1.33 × 100

O 1.39 × 10–5 0.00012519 16 4.71 × 1021 1.35 × 100

N 5.38 × 10–8 0.00000048 14 2.08 × 1019 5.95 × 10–3

Table 3. Comparison of the contribution of various processes to the variation in the atomic oxygen luminescence intensity
at a wavelength of 630.0 nm and the plasma concentration

Parameter
O2

(natural conditions)
H2O СО2 Н2 CO OH

[OI]

630.0 nm
K4K2 ~ 6 × 10–19

k = 1

K8 –?

k –? (slightly)

K10K2 ~ 

~ 1.8 × 10–16

k ~ 300

K8K9 ~ 

~ 1.3 × 10–16

k ~ 220

K13K14 ~ 10–20

k ~ 0.1

K16K10K2 ~ 10–29

k ~ 10–10

K18 –?

k –? (insignificantly)

K19 –?

k –? (insignificantly)

Ne K4K2 ~ 6 × 10–19

k = 1

K7K9 ~2.1 × 10–15

k ~ 3500

K10K2 ~ 

~ 1.8 × 10–16

k ~ 300

K8K9 ~ 

~ 1.3 × 10–16

k ~ 220

K13K14 ~ 10–20

k ~ 0.1

K18 –?

k –? (insignificantly)

K19 –?

k –? (insignificantly)
The minimum size of the region of increased [OI]
630-nm luminescence in the analyzed studies was
250–270 km, which corresponds to sufficiently large
visible angular sizes of 35°–40° (for luminescence alti-
tudes of 300–400 km). The estimated (Mikhalev et al.,
2016; Beletskii et al., 2016) variation in the [OI] 630-nm
intensity at 40–60 R (with a transverse size of 250–
350 km upon the injection of 9 kg of SC engine prod-
uct) is comparable to the natural level of this emission
at night at midlatitudes under quiet geomagnetic con-
ditions. The detection of variations in [OI] 630 nm
within 10–20% of its natural level under good weather
conditions is the norm, and modern specialized opti-
cal systems are capable of detecting variations in the
630-nm line emission as small as units of Rayleighs.
Therefore, we can expect the possibility of detecting
the SC engine burn in the atmospheric glow, even with
lower masses of the injected substance than those con-
sidered in this paper. In this case, the expected lumi-
nescence intensities, the size of the luminous region,
GEOMA
and the characteristic times of [OI] 630-nm lumines-
cence can be much smaller and equal to units of
Rayleighs, tens of kilometers, and tens of seconds,
respectively.

Table 3 shows the conditional values of the effi-
ciencies of the above processes for the excitation
(additional enhancement) of [OI] 630 nm and a
decrease in Ne as compared with natural conditions.

The conditional efficiency was determined via multi-
plication of the corresponding reaction rate coeffi-
cients. Index k shows the effectiveness of the corre-
sponding reactions as compared to natural conditions,
for which k is taken as 1.

Naturally, the expected effects of an increase in
[OI] 630 nm and a decrease in Ne depend on the

amount and composition of the injected substance, the
altitude of injection, and other geophysical factors. It
should also be noted that the defining reactions for these
two effects may be different. For example, Table 3 shows
GNETISM AND AERONOMY  Vol. 60  No. 1  2020
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that the effect of a decrease in the plasma concentra-
tion among the molecules under consideration is
caused by reactions involving H2O water molecules,

while reactions involving CO2 and H2 molecules are

determinant for an increase in [OI] 630 nm. In this
case, the contribution of CO to the increase in inten-
sity via interaction with OH injected and generated by
water is not significant.

Table 2 provides information on the chemical com-
position of the substance used in the Radar Progress
experiments. With comparable efficiencies of the
reactions that increase the [OI] 630.0-nm intensity by
CO2 and H2 molecules, the number of injected H2

molecules significantly (by at least several times)
exceeds the total number of H2O, CO2, CO, and OH

molecules. This suggests that reactions (11) and (12)
involving H2 molecules are decisive in the [OI] 630-

nm intensification in Radar Progress experiments. As
for other processes, although they contribute to the
increase in intensity, their effect is insignificant as
compared to the action of hydrogen.

5. CONCLUSIONS

The studies determined the relationship between
an increase in the [OI] 630-nm intensity, a decrease in
the electron concentration, and the released mass of
Н2О, Н2, CO, and СО2 during the injection of fuel

combustion products upon the ignition of SC engines
at altitudes of their working orbits. Additional analysis
of the optical results in the Radar Progress experiments
was carried out with a small amount of injected substance
(Beletskii et al., 2016; Mikhalev et al., 2016). The mini-
mum threshold value of the [OI] 630-nm intensity
accessible for observation by ground-based means and
the expected characteristic spatiotemporal scales of
luminescence during the injection of the products of
the SC engines at thermospheric altitudes was esti-
mated. In particular, the following preliminary results
were obtained.

(1) Analysis of the results of experiments on the
injection of “plasma-quenching” compositions into
the ionosphere at the altitudes of the working orbits of
SCs allows the assumption that the observed increase
in the [OI] 630.0-nm intensity in Radar Progress
experiments is the result of chemical reactions in the
upper atmosphere, which lead to an increase in the

concentration of atomic oxygen in the O(1D) state.

(2) Evaluation of the comparative efficiency of an
increase in the [OI] 630.0-nm intensity for reactions
involving H2, H2O, CO, and CO2 molecules showed

that the increase in the [OI] 630.0-nm intensity
observed in the Radar Progress experiments was
mainly caused by reactions (11) and (12) involving H2

molecules. The most efficient decrease in the electron
concentration in these experiments occurs in reactions (7)
and (9) involving H2O molecules.
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(3) During the operation of correcting SC engines
in near-Earth orbits or injection of “plasma-quenching”
compositions at lower thermospheric altitudes with a
total mass of injected substance ≤10 kg, the [OI]
630.0-nm intensity may increase to 10–50 R above the
background value. The characteristic sizes of lumi-
nous regions reach tens and hundreds kilometers, and
the lifetimes of these formations are tens and hundreds
seconds. These parameters indicate the accessibility of
these events for detection by ground-based observa-
tional means.

It will be useful to take these results into account in
studies of fast optical phenomena in the Earth’s atmo-
sphere (see, e.g., Mikhalev and Beletskii, 2000; Yair
et al., 2005; Yang et al., 2014).
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