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Images of Progress cargo spacecraft (PCS) and areas around them were captured by the AZT-33IK optical
telescope (Sayan Observatory of ISTP SB RAS) during sessions of the active Radar—Progress space experiment. We
took images of exhaust and fuel jets when propulsion systems worked and after they were cut off, during fuel system
purging. In different sessions of the experiment, PCS had different orientations relative to the telescope, thus
enabling us to find some parameters of the observed phenomena. These parameters allow us to determine instants of
engine ignitions, to estimate velocities of the jets, and, if necessary, to control geometry of the space experiment.

The paper reports common features of optical signals from jets measured in these experiments.
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INTRODUCTION

The active space experiment Radar-Progress was aimed first at studying processes in ionospheric plasma
caused by controlled ignitions of propulsion systems on board Progress cargo spacecraft (PCS) [Khakhinov et al.,
2012, 2013]. In this experiment, ionospheric conditions were largely examined using the Irkutsk Incoherent Scatter
Radar (IISR) of the Institute of Solar-Terrestrial Physics of Siberian Branch of the Russian Academy of Sciences
(ISTP SB RAS) [Lebedev et al., 2008; Potekhin et al., 2009].

At the same time, engine ignitions can cause other effects that cannot be measured by radars. Therefore, we tried to
capture the optical image of PCS during the experiment. The spacecraft moves in a low Earth orbit at 300400 km. At this
distance, we can obtain a sufficiently detailed image of the spacecraft or at least of the area around the spacecraft, which is

associated with the exhaust jet from its engines.

Orbit and technical state of a spacecraft are often analyzed using telescopic observations [Korobtsev et al.,
2011]. In such measurements, solar emission reflected from the spacecraft is usually registered as being generated

by a point source, i.e., we analyze variations in the brightness of the spacecraft.

Special adaptive optical systems provide detailed images of low-orbit spacecraft [Galkin et al., 2008], whereas
speckle-interferometry methods together with a sufficiently large instrument allow us to capture images of

geostationary orbit spacecraft as well [Aleshin et al., 2011].
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In this work, we did not set the goal to take an image of the PCS because it is unattainable with the existing
observational facilities. We planned to register the instant of engine ignition, capture images of engine jets, which filled
a volume far exceeding sizes of the spacecraft itself, measure parameters of the engine jets, and study their dynamics

and interaction with the environment.

These objectives were only partially achieved. The optical signal from the engine jet appeared to be rather
weak — at the sensitivity limit of the detection system. A serious limitation was also the dependence on weather
conditions. The space experiment sessions lasted less than several minutes, and, although the sessions were planned
under assumption of the best visibility from the radar and other observational stations, weather conditions could be
far from being ideal then. In some cases, optical images were not captured during the experiment for technical

reasons.

Nevertheless, in some successful observation sessions we took optical images of engine jets when the PCS’s
engine worked. Equipment and methods used for the optical observations of PCS during the Radar-Progress space
experiment sessions are described in [Klunko et al., 2016]. Generalized characteristics and parameters of optical

signals from jets measured during these experiment sessions are given in this paper.

TYPES OF OPTICAL SIGNALS

The first optical measurements made during the space experiment have revealed two very different types of

optical signals.

In all the space experiment sessions, time was measured from the start of the PCS’s onboard approach correction
engine (ACE). Engine running time varied in different sessions and was approximately 7-8 s. Figure 1 presents a
sequence of images captured in the wide-field optoelectronic system (parameters of this system are given in [Klunko et al.,
2016]) during the ACE start in the observation session on September 01, 2010. Under each of the images is the difference
T—Ty (in seconds) between the instant of exposure beginning and the instant of ACE start. The image of PCS is saturated
and looks like a bright spot near the center of the frame. Thin slant lines in the images are tracks of stars. Figure 1 shows
that beginning at the instant of ACE start, a very weak optical signal was detected as a low-contrast luminous area above
the PCS image. The signal faded rapidly, and the time of registration of this region did not exceed =1-1.5 s, whereas the
engine running time during that observation session was 7.5 s. The start time of the optical signal detection
corresponds to the instant of ACE start. The frame exposure beginning in Figure 1 with the first detection of
the signal corresponds to T-Ty= —0.3 s; however, we should take into account that the exposure time is 0.5 s and

therefore it is impossible to perform more accurate time synchronization.

Another type of optical signals registered during the Radar-Progress space experiment sessions corresponds to
the post-cutoff period. After being cut off, the engines work in the purge mode and unburned fuel particles are
ejected from the engine. This process generates a much more intense optical signal — there appears a fairly bright jet

extended along the ACE axis (Figure 2). Its shape changes rapidly, and brightness gradually decreases.

Due to the higher brightness of fuel jet, the period of registration of the optical signal from the jet was longer

than that received when ACE worked, and in some observation sessions it was 10-20 s.
33



Parameters of optical signals registered with the AZT-33IK telescope...
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Figure 1. Optical signal registered when ACE worked (September 01, 2010). Exposure time is 0.5 s

9.9 s 10.6 s 11.2 s 118 s 12.5 s

Figure 2. Optical signal registered during purging process (September 01, 2010). Exposure time is 0.5 s

GEOMETRY OF THE EXPERIMENT

The PCS trajectory relative to the celestial coordinate system is always known from experimental conditions.
This allows us to track the spacecraft with the optical telescope at the trajectory section of interest. The mutual
arrangement of the optical observation station and the IISR is also known from geographic coordinates of the
observatories. All these data enable us to relate the features and details of optical images observable during the
experiment to the direction of the apparent velocity of PCS and to directions to other observation stations.

Depending on experimental conditions, the mutual orientation of these directions may differ.

Figure 3 (left panel) presents an image of PCS and fuel jet captured during the space experiment on September
02, 2010. Sides of the images taken with the optical telescope are oriented along axes of the celestial coordinate
system. The horizontal axis of the images coincides with the direction of change of right ascension o (o increases
leftward in the image); and the vertical axis, with the direction of changes of the declination angle § that increases

upward in the image.
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Figure 3. Geometry of the space experiment on September 02, 2010 (on the left) and April 25, 2011 (on the right) as inferred
from optical observations. The vector V depicts the projection of the PCS velocity. The dashed line shows the direction to the IISR;

the wide arrow indicates the direction of fuel jet

Given the distance to the PCS and scale of images, we can calculate the linear size (the axes in the figure are
given in kilometers). The direction and projection of the PCS velocity on the image plane are indicated in the figure

by a vector denoted by V. The length of the vector corresponds to the distance travelled by the PCS in 0.1 s.

At the instant of time pictured in the figure, the PCS velocity was 6.7 km/s. The wide arrow in the figure marks
the apparent direction of the fuel jet, and the dashed line shows the direction to the IISR. In the plane of the image,
the angle between the direction of the exhaust and the direction to the IISR was 21°; and between the direction of

exhaust and velocity direction, 83°.

In the space experiment sessions of April 22-26, 2011, the engine worked for breaking. In this case, the jet
direction coincided with the direction of the PCS velocity (Figure 3, on the right). Thus, by registering the
direction of fuel jet in the image and knowing the PCS orbit relative to the observation stations, we can control

geometry of the experiment as a whole.

FEATURES OF THE OPTICAL SIGNAL FROM ACE START

Observations of the PCS with the AZT-33IK optical telescope during the space experiment sessions have
revealed optical phenomena caused by ACE running. They look like low-contrast bursts (cloud) appearing at the

moment of ACE start and disappearing in 1-2 s. Typical examples of registration of ACE starts are given in Figure 4.

These images were taken in the wide-field optoelectronic system [Klunko et al., 2016] with 0.5 s exposure. Due
to design features of the lens and camera of the system, the PCS (the bright saturated spot in the center of the frame)
gives a small halo in its vicinity. This can be seen in brightness isolines (white dashes). Isolines denote brightness
levels slightly exceeding the background brightness level — by 0.5 and 1.0 from the noise level measured in the
background portion of the image. Before ACE start, the shape of the brightness isolines resembles a circle, i.e., there
is a symmetrical halo around the PCS. During ACE start, there arises a region with enhanced brightness; this is

clearly seen in isolines. In 1-2 s, everything reverts back to the initial state (the last frames in the series).
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Figure 4. Sequence of images taken on September 01, 2010 (top row) and April 23, 2011 (bottom row). ACE was started at
13:20:01.58 and 13:34:55.5 UTC respectively

In some cases, under favorable experimental conditions, we managed to track some features associated with
ACE starts. In the sessions of September 1 and 2, 2010, the orientation of the PCS axis was around 90° toward the
telescope. Thus, we can measure real sizes and velocities of engine and fuel jets unaffected by projection. In
particular, in the image captured on September 01, 2010 at the instant of ACE start, we can distinguish two low-
contrast beams situated at an angle of 30° (Figure 5, on the left). This angle corresponds to the ACE nozzle angle,

and the mean direction of beams is close to the direction of the fuel jet that was observed later.

From the cross-section pictured on the right panel in Figure 5, we can estimate the characteristic size of the outer
boundary of the beam — it is about 100 m (from peak to peak). The second beam (the right one on the cross-section) is
worse pronounced, but it is possible to establish that the typical size of the beam boundary is also ~100 m. We can assume

that these beams trace the boundary of the expanded exhaust jet.
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Figure 5. On the left is the image captured at the instant of the ACE start on September 01, 2010: there are two low-contrast
beams at an angle of 30 ° corresponding to the ACE nozzle angle (dashed straight lines). On the right is the azimuthal cross-
section of beams (averaging within the range depicted by dashed arcs on the left); outer boundaries of the beams on this cross-

section are shown by hatching
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A different situation arises when we observe ACE start at a small angle to the direction of the exhaust. For
example, on July 27, 2014, the angle between the PCS axis and the direction to the observation station was around

30° at the instant of ACE start (Figure 6).

The images in Figure 6 were taken in the main optoelectronic system of the AZT-33IK telescope [Klunko
et al., 2016] with 0.05 s exposure. These images show that after the ACE start at 19:28:16.96, at 19:28:17.32
there appeared a diffuse expanding ring that quickly lost its brightness. We can see traces of the ring up to
19:28:17.70; hence the optical effect lasts approximately one second. Using two moments of time when we can
reliably identify the ring boundary, we measured the rate of its expansion (the rate of radius increase): V,=1.2 kmy/s. If,
during observation along the exhaust axis, we can see an expanding boundary of cone basis with an angle of
30° near the vertex (the ACE nozzle angle), then the velocity of the exhaust V can be recalculated from the

measured rate of expansion, using V=V,/tg15°. Thus we obtain the velocity of the exhaust V~4.5 km/s.

Figure 7 illustrates a cross-section of the expanding ring. From the cross-section we can determine the
typical width of the ring as well as the width of its front boundary (shaded area in the plot), which is ~50 m.
Notice that the image was captured with the 0.05 s exposure. At a rate of ring expansion of ~ 1 km/s over the
exposure period, the transverse profile of the ring expands by approximately 50 m, i.e., by a quantity of order of
the measured width of the ring boundary. Optical measurements can be expected to show the outer boundary of
the exhaust from ACE. It stands out in the images because of its increased brightness. The shape of the jet

roughly holds the shape of the nozzle, at least in the first seconds of engine running. This allows us (if necessary)

to estimate the exhaust gas velocity and to control the operating mode of ACE.

Figure 6. ACE start on July 27, 2014. There is a divergent ring that loses brightness. At 19:28:17.58, it is impossible to reliably

determine the boundary of the ring
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Figure 7. Image (on the left) and cross-section (on the right) of the expanding ring at 19:28:17.45 on July 27, 2014. To
reduce noise, we carried out averaging over the sector marked with dashed lines on the left. The region of the front boundary

of the ring on the cross-section is shown by hatching on the right
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As inferred from the analysis, ACE starts produce a very weak effect on optical images. This is associated
both with the weak reflection from the exhaust jet and with the rapidity of this process. The best results during
optical observations are obtained from measurements made in the main high-sensitivity optoelectronic system of
the AZT-33IK telescope, with short exposures and high frame frequency. Nevertheless, even in this case, we can

register an optical signal only in the first 1-2 s after the ACE start.

FEATURES OF THE OPTICAL SIGNAL FROM FUEL JET

During optical observations, the purging process when ACE is cut off proves to be much brighter. In this case,
there appears a fairly bright jet extended along the ACE axis. In the jet, we can distinguish two parts (Figure 8). The
former, adjacent to the PCS, looks like a narrow cone with ~ 30° opening angle. The latter part, adjacent to the

former one, is wide, diffuse. It also has the form of a cone but with ~120° opening angle.

Both the parts gradually grow in size, with their brightness decreasing. The narrow part, brighter one, remains
visible for 10-20 s. Axes of the narrow and diffuse parts can have different directions. It is especially evident in
observations at a small angle to the direction of the exhaust (Figure 8, on the right). Yet the diffuse part of the jet
can have an apparent angle wider than 120°, probably due to projection. Between the two parts there is a lower

brightness region.

We can most easily examine the dynamics of the jet during the space experiment sessions in which the exhaust
is directed at an angle close to 90° toward the telescope. Among these are the sessions on September 1 and 2, 2010
with similar observing conditions. The vertex of the narrow part of the fuel jet is separated from the PCS by a small
distance, which increases during the purging process. In the images, the position of the jet vertex can be found from
the position of the brightness minimum between the jet and PCS (white cross on the left panel in Figure 9).

Measurements show that the jet vertex moves away from the PCS center at a mean velocity of ~0.2 km/s.

$11.09 UTC

=1.0 =05
X (k)

Figure 8. Typical fuel jet: during sidewise observation on September 01, 2010 (on the left ); during observation at a 30°

angle to the direction of the exhaust on July 31, 2014 (on the right)
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Figure 9. Narrow component of fuel jet: the image at a moment of the space experiment session on September 01, 2010 (on

the left); two azimuthal cross-sections of the jet at different distances shown by dashed and dash-dot arcs on the left

As was mentioned above, the narrow part of the fuel jet has an angle of 30°. Note that this angle remains constant if it

is built not from the center of the PCS image but from the jet vertex, i.e., from the minimum brightness (Figure 9).

Of particular emphasis is the difference between the brightness profile across the fuel jet and the profile
obtained from scanning across the exhaust jet during ACE running (compare the right panel in Figure 5 with that in
Figure 9). When the engine works, there are brighter regions at the boundary of the 30° angle. In the case of fuel jet,
the brightness peaks in the middle of the jet and gradually decreases toward boundaries of the 30° angle.

The total velocity of the exhaust can be determined from the position of the front and back boundaries of the
diffuse part. The back boundary is well determined from the position of the minimum brightness between the narrow

and diffuse parts of the jet.

The diffuse-part boundaries thus determined are marked with an arrow on the left panel in Figure 10. The
position of the front and back boundaries of the diffuse part as a function of time is plotted on the right panel. The
velocity of the front boundary of the jet is 1.0 km/s (Figure 10, on the right, squares). The velocity of the back
boundary of the diffuse part is about 0.67 km/s (Figure 10, on the right, circles).
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Figurel0. Sizes and position of the diffuse part along the jet on September 02, 2010: longitudinal boundaries of the diffuse
part (on the left, arrow); distance to the PCS from the front (squares) and back (circles) boundaries of fuel jet as a function of

time (on the right)
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The transverse size of the diffuse part, if it is measured in the widest part of the jet, as is shown in Figure 11 on

the left, also increases, and the rate of its increase is approximately 1.6 km/s (Figure 11, on the right).
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Figure 11. Sizes and position of the diffuse part across the jet on September 02, 2010: transverse boundaries of the diffuse

part (on the left, arrow); transverse size of the diffuse part as a function of time (on the right)

There is a slight asymmetry in the transverse expansion of the jet. In the direction coinciding with the direction
of the PCS (nearly at right angle to the direction of the jet), the size of the diffuse part increases more slowly than in
the opposite direction. This produces a general shift of the jet to the direction transverse to the direction of the
exhaust. The rate of this shift is about 0.3 km/s. A similar rate measured on September 01, 2010 was 0.2. km/s. In
both the cases, the shift was directed oppositely to the PCS; therefore, this shift may be attributed to the jet—

environment interaction.

CONCLUSION

Measurements made with the AZT-33IK optical telescope during the Radar-Progress space experiment have
revealed that both during the PCS’s engine ignitions and during post-cutoff purging process we can detect an optical

signal from engine and fuel jets.

When the engine works, there is a weak optical signal; the gas expansion process occurs rapidly. Therefore, the
optical signal from the exhaust jet can be registered only in the first 1-2 s after engine ignitions. The main
peculiarity in the engine running is the increased brightness of the outer boundary of the exhaust jet. The shape of
the jet roughly holds the shape of the nozzle in the first seconds of engine running. This allows us to estimate the

exhaust gas velocity — 4-5 km/s.

The optical signal received during the purging process is formed due to reflection of sunlight from more dense
fuel particles ejected from the engine. The rate of the ejection is lower than that of the exhaust jet when the engine
works, and does not exceed ~1 km/s. Yet the jet consists of two parts — a narrow and a wide, more diffuse one. The
narrow part has the form of a cone with an opening angle of 30°, which corresponds to the nozzle angle that remains
constant with time. The wide part represents a cone with an opening angle of ~120°. Against the general expansion,
the jet slightly shifts (V=0.2—0.3 km/s) in the direction opposite to the direction of PCS, which may be associated

with the jet-environment interaction.
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The observed differences in the brightness distribution across the engine and fuel jets are likely to be due to the
different nature of the stream and particle composition in the jets. In both the cases, the observed glow is caused by
solar emission scattered by dispersion particles existing in the jet. In liquid rocket engines, dispersion particles are
formed due to condensation of water vapor [Wu, 1975; Platov, Kosch, 2003] under their fast expansion and cooling
after leaving the nozzle. Brightness distribution depends on the nature of supersonic exhaust jet and on the process
of ice particle formation. The results we obtained in this study show that the observed distribution of brightness of
exhaust jet during engine running is more intense at the jet boundary. A similar brightness distribution is discussed
in [Platov et al., 2011]; the authors registered the engine jet from the GLONASS spacecraft at a height of 20000 km
over Earth’s surface. An analogous effect was also noted in the engine jet from the Saturn-IVB spacecraft during the
Apollo-8 lunar mission [Kung et al., 1975]. Possible causes of the effects are thought to be formation of larger ice
particles at a jet boundary (this can lead to higher scattering intensity) and higher particle condensation at the jet
boundary due to the interaction with surrounding oxygen atoms [Kung et al., 1975]. These problems have not been

considered in detail and therefore warrant further study.

During observations of fuel jet, particles of unburned fuel, expelled from the rocket thrust chamber, work as
scattering particles. In this case, under uniform distribution of particle density over the jet cross-section, the number
of scattering particles in the line of sight decreases toward the side boundary of the jet; accordingly, the observed
brightness on its axis is maximum. Let us note that the process analogous to the purging process takes place when
solid fuel rocket engine is shut off [Platov et al., 2003]: a sudden pressure release in the thrust chamber causes an
almost instantaneous ejection of different fuel components and exhaust products into the atmosphere. High power

spacecraft can discharge hundreds of kilograms of substance, thus forming huge gas-dust clouds of size up to ~1500 km.
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