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Abstract—This paper presents the results of optical observations in the active space experiment “Radar-Prog-
ress” on April 17, 2013, after switching on the approach-correction engine of the Progress M-17M cargo
spacecraft at thermospheric heights (412 km), are presented in this paper. During engine operation, a region
of enhanced emission intensity has been recorded. It was presumably related to the scatter of twilight solar
emission at the engine exhausts in the cargo spacecraft orbit and, probably to the occurrence of an additional
emission in the atomic oxygen line [OI] 630 nm. The maximum observed dimensions of the emission region
were ~350 and ~250 km along the orbit and across it, respectively. The velocity of the expansion of the emis-
sion region at the first moments after the initiation of engine operation was ~7 and ~3.5 km/s along the orbit
and across it, respectively. The maximum intensity of the disturbed region is estimated to be a value equivalent
to ~40—60 R within the spectral band of 2 nm. No optical manifestation, which would exceed the natural vari-
ations in brightness of the night airglow and which would be related to possible large-scale modification of
the ionosphere, was detected in the natural emission lines [O] 557.7 and 630.0 nm in a zone remote from the

place of injection of engine exhausts.
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1. INTRODUCTION

The optical effects of spacecraft flights and the oper-
ation of their approach correction engine (ACE) are
split, depending on mechanisms, heights, and spatial
scales of their manifestation, into several types [1, 6].
The mechanisms of ACE influence on the atmosphere
and ionosphere of the Earth accompanied by optical
effects are related to the ejections into the atmosphere
of combustion products containing gas and dispersed
components and the subsequent scattering of the sun-
light from them [1]. The mechanisms are also related to
the modification of the atmosphere and the ionosphere
by the exhaust products of EI [4, 13], and to the hydro-
dynamic disturbances of the acoustic—gravity wave type
[4, 5, 15]. The majority of optical effects were observed
at the height of the tropo-stratosphere, where their
brightness is relatively high [6].

The results of optical observations in the Radar
Progress active space experiment on April 17, 2013 after
switching on ACE of the Progress M-17M cargo ship
(CS) at thermospheric heights (412 km) are presented.

2. RADAR-PROGRESS ACTIVE
SPACE EXPERIMENT

The space experiment entitled “Investigation of
ground-based observations of reflection characteris-

tics of plasma irregularities in the ionosphere gener-
ated by the onboard engines of the Progress” (code
“Radar-Progress”) has been underway since 2007.
From 2007 to 2010, its code was SE “Plasma-Prog-
ress” [17, 18, 8—11]. The participating organizations
are: TcNIImash, ISTP SB RAS, and RSC Energia.
The SE “Radar-Progress” is being carried out in
stages of autonomic flights of a SC of the Progress series
after performing its main mission of bringing cargo to
the International Space Station (1SS). The SE session is
conducted during SC flight in the survey zone of the
Irkutsk Incoherent Scatter Radar (IISR) [12]. ACEs of
SC are switched on. Ground-based unique scientific
installations and the equipment of the common use cen-
ter (CUC) Angara of ISTP SB RAS (http://ckp-angara.
iszf.irk.ru/html/history.html) are used.

The solar, geophysical, and meteorological condi-
tions are determined during or immediately after the
SE session: solar activity, geomagnetic field state,
background parameters of the ionosphere, conditions
of illumination (solar zenith angle), and cloudiness.

The governing conditions of each SE session are
planned in advance; namely the direction of the
exhaust jets and the type and duration of the ACE
operation. The latter determine the mass of the burned
fuel or the amount of combustion products injected
into the ionosphere. For example, the ACE used in the
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later sessions of SE “Radar-Progress” burns 1 kg of liq-
uid fuel per second. The maximum duration of the ACE
switching-on was 11 s. Given such duration, the exhaust
products of burning 11 kg of fuel are injected into the
ionosphere along the arc of the CS orbit, with a length
of more than 80 km. Such weak influences on the ion-
ospheric plasma are comparable by their power with
natural disturbances, and the planned conditions of
each session are a specific feature of the conducted SE.

3. CONDITIONS OF THE EXPERIMENT,
EQUIPMENT, AND OBSERVATIONAL
METHOD

The conditions of the SE session conducted on
April 17, 2013 were the following. Solar and geophysi-
cal conditions: very quiet state of the geomagnetic
field, the solar activity index F10.7 = 107.1, the elec-
tron concentration maximum (5.87 X 10° cm™3) was
located at a height of 301 km. Weather conditions were
suitable for photometer measurements. The calculated
conditions were: CS orbit height was 412 km, the dura-
tion of ACE operation was 9 s (13.24:38—13.24:47 UT),
which corresponds to burning 9 kg of fuel, and the
direction of the exhausted jets was against the radio
beam of IISR. The optical equipment was located at
120 km from IISR.

The assumed molar percentage of the exhaust gases
was:

H,0 = 2.932 x 10!, N, = 2.676 x 107!, CO =
1.932 x 107!, H, = 1.877 X 107!, CO, = 4.946 x 1072,
H=28.524 x10~3, NO = 3.392 x 104, OH = 2.853 X
107°,0,=2.744 x 107>, 0 = 1.391 X 1073, N = 5.376 X
10-8. Gas velocity, density, and temperature were
2.8 km/s, 2.7x1073 kg m~3, and ~590 K, respectively.

The following optical equipment was used in the
experiment. The SATI-1M spectrometer (http://atmos.
iszf.irk.ru/ru/data/spectr), the wide-angle color CCD
camera (http://atmos.iszf.irk.ru/ru/data/color), the
two-channel photometer with a possibility of exact posi-
tioning into the given point of the celestial sphere, and
the wide-angle optical system KEO Sentinel to observe
the atomic oxygen line [OI] 630 nm. The equipment was
located at the Geophysical Observatory (GPO) of
ISTP SB RAS (52° N, 103° E).

The SATI-1M spectrograph is mounted on the
base of the ISP-51 spectrograph (developed by
LOMO) and color CCD matrix SONY ICX285AQ
(VIDEOSKAN-285 camera developed by NPO VID-
EOSKAN, http://videoscan.ru/). In order for the
matrix dimensions to agree with the dimensions of the
spectra in the focal plane, a Gelios-40 objective (F =
85 mm, 1 : 1.5) is installed as a camera objective. To
illuminate the input slit of the spectrometer, a Jupiter-
3 objective (F= 50 mm, 1 : 1.5) is used. The working
spectral range of the spectrograph is 400—700 nm, and
the time of spectra exposition is 260 s. The optical axis
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of the SATI-1M spectrograph was oriented northward
with a zenith angle of ~67°.

The FILIN-1C camera is collected on the basis of
a cooled color CCD matrix KODAK KAI-11002
(camera VIDEOSKAN-11002 developed by the VID-
EOSKAN NPO, http://videoscan.ru/). The Mir-20
objective (focal distance of 20 mm, relative aperture
1:3.5) is used as an input objective. The camera put
into a case with thermal stabilization is installed at the
turning turret, and oriented to the northern part of
the sky, at the region of Earth’s pole. The angular
field of view of the FILIN-1C camera is ~90°. The
exposure time is ~300 s. The matrix resolution is
4004 x 2671 pixels.

The wide-angle optical system KEO Sentinel to
observe the atomic oxygen line [OI] 630 nm is produced
by KEO Scientific Ltd. (http://keoscientific.com/
space-science-imagers.php#SENTINEL). The field of
view of the optical system is 145°. The half-width of the
interference filter (630 nm) is ~1 nm. The optical sys-
tem is directed to the zenith. The exposure time is 30 s.
The binning is 4. Frames are made continuously, one
after another. The technical pause between the frames is
~1s.

The two-channel photometer is installed in the
astronomical dome and directed into the given point
of the sky with the help of the equatorial installation
HEQ5 PRO. The photometer is used to register the
intensity of the atomic oxygen emissions 557.7 nm
(channel sensitivity is 3 %< 107% erg cm~2 s !) and
630.0 nm (channel sensitivity is 1 X 10~¢ergcm—2s7").
The field of view of the photometer is ~4°. The time
resolution is 10 ms.

The solar zenith angle during the operation of ACE
was ~—100°, that is, the observations were made during
nautical twilight. The orbit of the Progress M-17M CS
in the given session did not fall into the field of view of
the SATI-1M spectrometer and wide-angle color
CCD camera. These devices are used for conducting
patrol observations of the natural (background) night
airglow and for monitoring solar and geophysical dis-
turbances requiring the fixed orientation of these
devices.

4. OBSERVATIONAL RESULTS AND
DISCUSSION

As the ACE was operating, the height of the lower
boundary of the atmosphere in the zenith still illumi-
nated by the Sun was ~140 km. Thus, CS and its sur-
roundings were illuminated by direct solar radiation.
This fact was favorable for the realization of the mech-
anism of light scatter from gas and dispersed compo-
nents of the exhaust jets of ACE. On the other hand,
such conditions have already made it possible to reveal
airglow in order to estimate the optical effects that
could be observed in atmospheric modification [14],
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13:23:29

13:26:35

13:37:25 UT

Fig. 1. Initial images obtained by the CCD camera in 630-nm emission.

in particular, in the emission lines of atomic oxygen
557.7 and 630 nm.

Figure 1 shows the particular initial images
obtained by the CCD camera in the 630-nm emission
range at various observational moments (13.23:29,
13.26:35, and 13.37:25 UT, respectively). The first two
frames correspond to the time prior and after the oper-
ation of ACE, whereas the last frame corresponds to
the time of flight of the International Space Station.
The bright spot in the lower left-hand side of the pho-
tos is an image of the Moon broadened due to the
blooming effect.

The images were processed using the following
method. Before the measurements, the background
was recorded with the closed lens cap. In further pro-
cessing, an averaged background frame (averaged over
5 frames) was used. Background values were sub-
tracted from all the frames under consideration at the
first stage of the processing. Then a reference frame,
registered before the switching-on of ACE, was chosen
out of the set of photos. The reference frame was sub-
tracted from the following analyzed frames for smooth
compensation of the background airglow. As a result,
changes in the emission brightness caused by rapid
processes (switching-on of ACE, trails of spacecraft
and meteors, changes in the atmospheric transpar-
ency, etc.) remained on the image. To smooth noise,
current median filtration over the frame field was
used. This processing method is described in more
detail in [3].

Figure 2 shows the data of observations by the all-
sky camera in the 630-nm line in the period of opera-
tion of ACE, obtained using the method described
above. The time of the beginning of exposition of the
corresponding frames is indicated.

Beginning with the frame with the exposition at
13.24:31 UT, including the time of ACE operation,
southeast of the image center (zenith), an emission
region of enhanced intensity is detected; at subsequent
moments of time it expands along and across the CS
flight trajectory. The total time of the observation of
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the enhanced intensity region was ~5 min. According
to the preliminary estimates, at the CS orbit height of
~400 km, the velocity of the emission region expan-
sion during the first 60 s after ACE switching-on was
~7 and ~3.5 km/s along the CS orbit and across it,
respectively. The observed maximum dimensions of
the region were registered ~120—150 s later and were
~350 and ~250 km along the orbit and across it,
respectively.

Figure 3 shows the time dependence of the emis-
sion intensity in the center of the disturbed region rel-
ative to the surrounding background, obtained using
processed images of the CCD camera in the 630 nm
emission. Relative to the surrounding background, the
increase in the brightness of the disturbed part of the
image in the maximum was ~20%. Bearing in mind
that the natural intensity of the atmospheric emission
in the zenith at the beginning of night usually has a
value of 200—300 R (this agrees with the data of mea-
surements of the 630 nm emission intensity by the
SATI-1M spectrograph in the northern part of the
sky, presented in Fig. 4), one can estimate the equiva-
lent maximum intensity of the disturbance by a value
of ~40—60 R in the spectral passband of the interfer-
ence filter of 2 nm.

During the operation of ACE, the illumination level
was too high for the two-channel photometer. The pho-
tometer entered the operational regime ~10 min after
the flight of the Progress M-17M CS.

The observational data presented in Figs. 1-3, the
geophysical conditions of the observations (twilight),
and the characteristic life-times and spatial dimen-
sions of the optical formation make it possible to refer
the observed optical effect preliminarily to one of the
main types of optical phenomena mentioned in some
papers (see, for example, [1, 6]), the mechanism of
which is related to scattering of the sunlight from
products of CS operation. It was noted in [7] that the
presence of dispersed particles is the most important
factor governing the intensity of such effects. The dis-
persed particles are formed as a result of the conden-
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13:27:06

13:24:31

13:27:37

13:28:08 UT

Fig. 2. Sequence of processed frames of the CCD camera images in 630 nm-emission. The time of ACE operation was 13.24:38—

13.24:47 UT.

sation of water vapor and carbon dioxide in the
exhaust jet of engines.

At the same time, one should not exclude the pos-
sibility of the interpretation of the observed effect by a
modification of the ionosphere in the increased inten-
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Fig. 3. Time dependence of brightness of disturbed region
relative to surrounding background.

sity region and by occurrence of an additional emis-
sion in the atomic oxygen line [OI] 630 nm [14]. The
increase in the emission brightness beginning from
13.25:02 UT as compared to the emission brightness
during the ACE operation could serve as a confirma-
tion of this statement. The expansion of the initial
emission region with a simultaneous increase in the
brightness may be caused by a change in the reflective
characteristics of the ACE exhaust products or by the
appearance of an additional emission source.

Supersonic velocities (~1—4 km/s) of the expan-
sion of optical formations in the upper atmosphere
during the ACE operation have also been mentioned
earlier [2, 16]. It is believed that diffusion is the mech-
anism of the propagation of ACE exhaust products at
heights of the upper atmosphere. In the region gov-
erned by the diffusion process, the ACE exhaust prod-
ucts, apart from the usual process of mixing with the
atmosphere, may lead also to changes in aecronomical
processes at injection heights and be accompanied by
a modification of the ionosphere, including changes
in airglow in the main emission lines and bands [1].

Figure 4 shows the data of observations of airglow
in the emission lines of atomic oxygen [OI] 557.7 nm
(the emission height is ~85—115 km) and [OI] 630.0 nm
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Fig. 4. Variations in [OI] 557.7- and 630.0-nm emission lines during night of April 17/18, 2013.

(~180—300 km) during the night of April 17/18, 2013.
These are dominating emissions registered in experi-
ments on ionospheric modification during the ACE
operation [14]. The region of registration of airglow was
located at distances of ~235 km (for the height of the
maximum emission of the 557.7 nm line) and ~600 km
(630.0 nm) northward of the zenith, respectively. The
vertical dashed line in Fig. 4 shows the moment of the
switching-on of ACE. The preliminary analysis of the
variations in the intensity of the 557.7 and 630 nm
emissions does not make it impossible to reveal distur-
bances substantially exceeding the natural variations
in these emissions after the switching-on of ACE. This
fact makes it possible to draw a preliminary conclusion
on the absence of the large-scale modification of the
ionosphere in the studied session of SE. Apparently,
this is related to the fact that either the region of diffu-
sion of the ACE exhaust products had limited dimen-
sions, or the possible effect of ionospheric modifica-
tion at large distances was negligible, in particular, due
to the relatively small mass of the injected exhaust
products.

CONCLUSIONS

The analysis of the data of optical observations
during the night of April 17/18, 2013, when Radar-
COSMIC RESEARCH  Vol. 54
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Progress Active SE was conducted, makes it possible
to draw the following preliminary conclusions:

1. During the operation of the ACE of the Progress
M-17M CS, a region of enhanced intensity of emis-
sions, presumably related to the scatter of the twilight
solar radiation at the products of the ACE operation in
the CS orbit and, probably, to the appearance of addi-
tional emission in the atomic oxygen [OI] 630 nm line,
was registered. The maximum observed dimensions of
the emission region were ~350 and ~250 km along the
orbit and across it, respectively. The velocity of the
expansion of the emission region at the first moments
after the beginning of ACE operation was ~7 and
~3.5 km/s along the orbit and across it, respectively.
The maximum intensity of the disturbed region is esti-
mated to be a value equivalent to ~40—60 R within the
spectral band of 2 nm.

2. No optical manifestation, which would exceed
the natural variations in the brightness of the night air-
glow and be related to possible large-scale modifica-
tion of the ionosphere, was detected in natural varia-
tions in the brightness of the nightglow and related to
possible large-scale modification of the ionosphere
was detected.
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