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ABSTRACT

The constant increase of space debris and inactive
satellites is the root cause of catastrophic events, such as
collisions between a debris and active satellites. One of
the events that might generate a large number of debris is
the in-orbit explosion. Within this complex framework, it
is of paramount importance to use a monitoring and
surveillance system to understand the number and the
distribution of fragments, in an area around the Earth
extremely populated by man-made objects. This entails a
growing international interest in Space Surveillance and
Tracking (SST), where optical observation stands out as
an interesting method to obtain information about orbital
objects. In this paper, the Sapienza Space Systems and
Space Surveillance Laboratory (S5Lab) presents the
results of an observing/observational/observation
campaign focused on the energetic characterization of the
explosion and the monitoring of the fragments generated
by a low orbit explosion of the third stage of the Russian
rocket FREGAT-SB (ID 37756).
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1 INTRODUCTION

The exponential increase of inactive satellites raises the
probability of catastrophic events such as collisions and
explosions, which determine the generation of new space
debris in orbit. Over the years, this has led to an important
increase in the number of uncontrolled objects in space,
in a chain reaction which would render spaceflight too
hazardous to conduct, as first postulated by Donald
Kessler in 1978 [1]. Nowadays there are more space
debris in orbit than operational satellites and this poses a
problem for the near-Earth environment on a global scale.
Since the first serious satellite fragmentation occurred in
June 1961 (which instantaneously increased the total
Earth satellite population by more than 400%), the issue
of space debris within the finite region of space around
the Earth has been the subject of growing interest in and
concerns over Space Surveillance and Tracking (SST)

2.

In the complex framework of fragmentation, it is
important to understand the distribution and the number
of space debris for the future of spaceflights itself. This
involves the fundamental aspects of observing and
monitoring the evolution of the fragments from the first
fragmentation moment and understanding their
distribution from the principal body, to which they
belonged. Another important aspect is to characterize
energetically these fragments to understand the severity
of the event. In this contest, optical observations are an
interesting method to obtain information about orbital
objects and hold great promise to provide a cost-effective
means to monitor orbital debris [3].

Sapienza Space Systems and Space Surveillance
Laboratory (S5lab) research team has several years of
experience in optical observations, and systems
manufacturing [4-17] and for the first time it had to deal
with the in-orbit explosion issue. A strategy of
observation and an analysis method have been developed
to understand these important aspects. The monitoring
method requires a strategy, in particular after the initial
fragmentation days, when the distance from the original
body is too large and it is not possible to detect the
fragments by only tracking the principal body. A strategy
is possible under the isotropic explosion hypothesis and
from the orbital information released by North American
Aerospace Defense Command (NORAD), in Two Line
Elements (TLE) format. Once the images are obtained, a
preliminary and necessary analysis involves an
astrometric resolution and the determination of the
objects’ coordinates. The second step is to check that the
measures are not listed by NORAD, meaning that the
previously identified coordinates are not associated to an
object catalogued by the American agency. In the end, it
is possible to carry out several analyses on the unknown
objects, classified as possible fragments.

This paper illustrates the approach to the fragmentation
problem and its resolution. Once the initial simplified
hypothesis is shown (Section 2), the observation strategy
is introduced (Section 3). The astrometry phase (Section
4), useful to retrieve the celestial coordinates of the
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fragments, is fundamental in order to check the results of
the analysis of the observation strategy (Section 5) and to
improve the impulse association in terms of velocity
variation (Section 6). Moreover, a procedure to estimate
the fragments’ magnitude is shown (Section 7). The
whole process was applied to the observational campaign
of the fragmentation event that regarded the third stage of
the Russian rocket FREGAT-SB, exploded on May 8,
2020 (Section 8). The observational campaign took place
through the observatory system Sapienza Coupled
University Debris Observatory (SCUDOQ) in Collepardo
(FR, Italy), which is part of the S5Lab telescope network
[8], using a Charge-Coupled Device (CCD) sensor.

Figure 1. SCUDO observatory, Collepardo (FR, Italy)

2 ISOTROPIC EXPLOSION

One of the main causes of the space debris increase is
certainly the breakup of a satellite. This kind of events is
supposed to have generated hundreds of thousands of
fragments larger than 1 cm [18]. Most of the times, the
occurred fragmentation is due to residual fuel in tanks or
in fuel pipes remained on board once the satellite is
released in orbit around the Earth. As its first direct
consequence, the explosion of an object entails the
generation of a certain number of fragments smaller than
the original body. Each of these fragments undergo an
impulse in terms of velocity variation, that is totally
random in direction and magnitude, making the study of
the problem difficult to generalize and model. However,
a hypothesis of first approximation useful to simplify the
problem is the theory of the isotropic explosion. Such
fragments are supposed to receive a certain impulse AV
in all directions; it is also assumed that these impulses are
all equal in magnitude: some tangential and in agreement
with the velocity of the original body, others tangential
but in the opposite direction, others radial, others more
out of plane.

Under the isotropic explosion hypothesis, three phases
can be identified following an explosion: the generation
of a pulsating ellipse, the formation of the torus, and the
disintegration of the latter. In the first phase, fragments
that are affected by a purely tangential impulse are
considered: if it is synchronized with the velocity of the

initial body, the effect is to raise the fragment’s orbit,
therefore increasing its semi-major axis and decreasing
its speed, while an opposite impulse causes the opposite
effect. It is possible to establish a relationship between
the variation of both the semi-major axis (Aa) and the
eccentricity (Ae), and the variation of speed (Av) radial
and tangential:

Aa = % [esin(v) AV, + (1 + e cos (V)AV,)] 1)
Ae = % {[1 + ecos(v) sin(v)]AV, +

+[2 cos(v) + e(1 + cos? (v))]AV,} 2

where r is the position, a is the semimajor axis, e the
eccentricity, v the true anomaly, AV, and 4V; are the
radial and tangential impulse respectively, and h is the
angular momentum.

Using the orbital period T, it is possible to calculate the
angular velocity variation (A®) undergone by the
fragment as a result of the tangential impulse to which
the closing time of the ellipse will be tightly correlated.
The second phase leads to the generation of a toroidal
structure: before the perturbations give evident effects on
the orbit motion, there is a time interval in which all the
particles will have to pass through the point of the
explosion. It is therefore an irregular torus because it
collapses in a point called pinch-point. In the third phase
the disintegration of the torus takes place due to the
perturbations. The main effects come from: J2
perturbation, the lunar-solar one, and the atmospheric
drag (the latter must be considered only within the LEO
orbital regime).

Of course, the isotropic model of explosions is a first
approximation of what reality is; in fact, each fragment
will receive a different impulse from the others with a
completely random direction. In general, the variations in
the orbital plane of the various fragments are, at least
initially, less relevant from the point of view of cloud
tracking than the variations in the plane.

3 OBSERVATION STRATEGY

An efficient observation strategy is fundamental in order
to detect as many fragments as possible. Different
strategies have been proposed over the years, both for
asteroids and satellites fragmentation, based on several
criteria [19-22].

As previously mentioned, the various impulses generated
by the explosion take on different intensities and
directions and it is therefore reasonable to think that some
of these impulses remain on the orbital plane. Therefore,
the S5Lab research team followed a first analysis focused
on an observation that covered the whole orbital plane to
get a first idea of the behavior of the fragments and their
number. To do this, a mean anomaly variation (AM) is
imposed on the original body TLE obtaining a set of



simulated TLEs which differ from the original one
because of mean anomaly. The observation strategy is
carried on by using a sidereal tracking, thus the stars
appear as dots in the images, whereas the object appears
as a tracklet, see Fig. 3B.

Debris cloud
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Figure 2. Mean anomaly variation observation strategy

4 ASTROMETRY PHASE: CELESTIAL
COORDINATES RECONSTRUCTION
AND UNKNOWN DETECTION

Once the images have been acquired, the tracklet is
identified in the field of view. Then the celestial
coordinates are retrieved resolving the star field using a
local version of Astrometry.net with the Tycho-2 star
catalogue [23-24]. The process is shown in Fig. 3:
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Figure 3. Tracklet detection: bounding box selection (A),
filter application (B), threshold (C), tracklet edge
detection (D)

Solver
Phase 1 — Objects recongnition and detection
Contrast and
l')]ll‘li ]?:“::: E> Gaussian filter I:> Object's
Image me ) and Threshold recognition
improvement
JE
Phase 2 — Astrometry
Object Coordinate's <:| WCS <::| Star field
Dec reconstruction procedure resolution
RA,

Figure 4. Flow chart of the astrometric analysis software

Knowing the coordinates of the tracklet center, right
ascension (Ra) and declination (Dec), allows to
understand whether or not the object in the image is
already catalogued by NORAD; each TLE in the list
published by the American agency is propagated up to
the date and time of the measurement, obtaining Ra and
Dec. If these celestial coordinates differ from those
obtained by the astrometric analysis software by a value
less than a certain tolerance, then the object in the image
is considered catalogued; otherwise, the object is not
present in the catalogue (unknown) and it is therefore
likely that the object is a fragment generated by the
explosion.

5 ANALYSIS OF THE OBSERVATION
STRATEGY RESULTS FOR ENERGETIC
CHARACTERIZATION

The subsequent analysis was carried out with the aim of
characterizing the explosion in terms of energy. The
obtained results do not consider the exact moment in
which the explosion occurred, since it is unknown, but
the time of release of the last TLE was chosen as such.
Furthermore, only semi-major axis and eccentricity were
changed, whereas other orbital parameters were deemed
constant. Assuming only a tangential impulse, the Eq. 1
and Eq. 2 are simplified since the terms related to the
radial impulse are null. To understand the magnitude of
the impulse, in terms of tangential AV, an iterative
procedure was used. It is summarized in Fig.5 which
report the flowchart of the process.
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Figure 5. Flowchart for impulse assignment



6 IMPROVEMENT OF THE AV
ASSOCIATION

To improve the energetic characterization of the AV
association, a specific analysis was conducted. This
analysis is based on comparing the angular distance
between the fragments and the original body at the
observation date, with the angular trend obtained for a
specific imposed impulse. The angular distance between
the fragments and the original body can be calculated
from the angle between two vectors in the same reference
frame. In this case the Earth Centred Inertial (ECI) frame
is used. The ECI position of the original body is
calculated from the propagation of TLE at the epoch
when the fragments have been detected. The position of
the fragment obtained from the astrometric procedure is
in a topocentric reference frame, thus centered in the
observation site. From RA and Dec it is possible to only
calculate the unit vector. To calculate the position vector
r of the fragments in ECI reference system as the sum of
the ECI position of station R and the topocentric vector p,
it is necessary to compute the magnitude of vector p.

To estimate the magnitude of p, the Carnot formula is
used:

r2 = R? + p? + 2pRL (3)

where L is the unit vector of p in topocentric frame,
whereas the value of r is unknown. In first
approximation, it is possible to normalize the value of the
magnitude radius r as the value of the semi major axis.
This approximation is acceptable for low eccentricity
orbits.

Figure 6. Vector position in the ECI reference frame
(black) and topocentric reference frame (blue): the
knowledge of the topocentric position p of the fragments
(green) and of the observatory position R in ECI (red),
allows to compute the ECI position r of the fragments
(light blue)

In the specific case of the fragments generated by
explosion this hypothesis is confirmed since the variation
of the shape and dimension after a contained tangential

impulse is quite limited. Under this hypothesis, it is
possible to calculate the range distance p between the
observation site and the fragments using Eq. 3. Once the
position vector r in the ECI frame is obtained, it is
possible to estimate the angular distance between the
original body and the fragments at the epoch of the
observation. A comparison between these angular
differences and the angular trend for a characteristic
impulse is performed in order to confirm the impulse
assignment. To estimate the angular trend, a
characteristic impulse to the original body is imposed.
The Eq. 1 shows the relation between the semi-major axis
variation and the tangential impulse, and vice versa.
Therefore, a tangential velocity variation also means a
semi-major axis variation, which implies a mean motion
variation. This parameter appears in the second line of
the TLE, so for each characteristic impulse a new TLE,
with modified mean motion, can be obtained. These
TLEs are propagated for the whole period of observation
campaign and the angular distance from the original body
is calculated. Once the angular trends for these particular
impulses are obtained, it is possible to assess if a
correspondence exists between these trends and the
angular distances from the original body, which were
found for the fragments.

7 MAGNITUDE ESTIMATION

In order to complete the study, a routine for the
magnitude estimation is performed. Initially, the star
field resolution is necessary, since it provides a
correspondence file that allows to obtain, for each star
identified in the Field of View (FoV) the following
parameters:

- Ra, Dec star position

- star magnitude from Tycho-2 catalogue
- star intensity

- star background.

The magnitude of each star in the FoV is computed in
relation to each of the other stars:

I
mag; = magjcat — 2.5 10g10¥ (4)

where mag; is the magnitude of the i-th star computed
with respect to the j-th star selected in Fov. / is the
intensity associated to the i-th star and it remains
constant, whereas magjc: and /;vary according to the j-
th star used as reference. Then, a mean value of the i-th
star magnitude is computed, associated to an error with
respect to the value of the catalogue. Evaluating the
results, it is possible to show that to improve the
magnitude estimation it is necessary to perform a correct
estimation of the stars intensities. To this aim, the so-
called Aperture Photometry (AP) procedure [25] is
applied. The AP allows to compute the total integrated
source signal (S), the background (B) and the objects/star
intensity (1) using the Eq. 5:



I=5—ny,B (5)

where ngix is the number of pixels within the first circle.
The procedure is applied to each star present in FoV. It is
possible to notice that the intensity computation strongly
depends by the size of the radius which contains the star,
see Fig. 7.

Figure 7. (A) Photometry circles around a star. The blue
one contains the star and so the total integrated source
signal. The red ones form a circular crown from which is
extracted the background. (B) Photometry circles with
optimum radius determined

It is demonstrated that exists an optimum value of this
radius [25] that maximize the signal to noise ratio (SNR).
To find it, an iterative procedure is applied, as in [26].
Once the optimum radius is computed, the next step is to
calculate the object magnitude using Eq. 4. It is possible
to improve the magnitude calculation using a part of the
stars present in FoV which minimize the standard
deviation of the error. Therefore, the object magnitude
can be computed exploiting Eq. 5 using the object
intensity. Applying this procedure to an object and
considering a best combination formed by m stars, each
star intensity is compared with the object intensity,
producing m values of object magnitude. From these m
magnitude measures it is computed a mean value. The
object intensity is determined in the same way illustrated
for the stars, and so through the AP procedure.

8 RESULTS OF REAL CASE TEST:
FREGAT-SB

These strategies and analysis methods were validated on
the real case of the fragmentation event of the Russian
third stage FREGAT-SB (NORAD ID 37756) which
occurred on May 8™, 2020 between the 04:00:00 UTC
and 06:00:00 UTC. The 3D model of the FREGAT is
shown in Fig. 9 and the total number of observations in
Fig. 10.

The observations were carried out in the period from May
21 and May 26™, 2020 from SCUDO observatory.

Figure 8. 3D Model of the FREGAT-SB #37756.
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Figure 9. Number of images acquired in the days
immediately following the breakup event.

The observation strategy was performed using a mean
anomaly variation of 10 degrees, leading to the
generation of 36 TLEs. Once the measures have been
obtained, the unknown objects found following the
procedure in section 3 are reported in Fig. 10. The
obtained data made it possible to associate a variation in
apogee and perigee altitude with the various fragments
related to the orbital period as shown in the Gabbard
graph (Fig.11).

= TANK1 = TANK2
TANK 3 TANK 7

=TANK8 = TANK9

= TANK 10 = TANK 13

/ = TANK16 = TANK 17
= TANK 18 = TANK 21
\ = TANK 22 TANK 23
TANK 24 TANK 27

TANK29 = TANK 30
= TANK31 = TANK 32

Y

Figure 10. Unknown detected.
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These graphs show the results obtained from the
measurements acquired in relation to the results obtained
by analyzing the TLEs released by NORAD in the
months following the explosion. These TLEs were
backwards propagated up to the date and time of the
measurements. It can be seen how the magnitude of the



impulse, either positive or negative, is responsible
respectively for a rise of the apogee or a lowering of the
perigee level. The green boxes in the Gabbard diagram
highlight the areas of the apogee and perigee values for
the present case and it can be observed that with the
values of impulse range set at the beginning, the perigee
altitude has remained almost constant.

T
1 1 . f

o Perigee | |

+ Apogee

? Orbital Period [min]
Figure 11 Gabbard diagram: fragments due to FREGAT
explosion (green box) and the fragments TLE released by
NORAD (blue and red point)

From the analysis of the acquired images, an attempt was
therefore made to characterize the explosion of the rocket
from an energy point of view, or in any case of a certain
number of fragments out of the total generated by the
explosion. To demonstrate this, a subsequent analysis
was conducted using the TLEs released by NORAD and
assigned to different fragments in the months following
the event. As for the comparison between the TLEs
generated by the previous method and the TLES released
by NORAD, 10 matches were found that differ by a few
meters per second in most cases. This would confirm the
identification of these fragments. The low values — in
the order of tens of meters per second — of maximum
impulse obtained in terms of AV can be linked to the
limitations of the telescope, and probably to the reduced
mass of the fragments. The analysis of the angular
distance with respect to the angular trends led to a
suitable result: mostly of the impulse assignment have
been confirmed by this analysis.

The magnitude estimation procedure starts from the stars’
optimal radius computation. With the optical system
used, and for the images obtained from the observation
campaign, the optimal radius led to a mean error in stars
magnitude computation of 0.123. The procedure
illustrated in section 7 was applied to each image for each
observation day and the magnitude estimation of the
fragments led to the results shown in Tab.1.

Table 1. Fragments mean magnitude estimation and
mean error.

Date M;\g/lﬁziatﬂde M[Eﬁlgsitd
[mag]
21 May 2020 11.5969 +1.2447
22 May 2020 11.7403 +1.3833
23 May 2020 10.5934 +1.9929
24 May 2020 9.1206 +1.1027
25 May 2020 11.0104 +0.9487
26 May 2020 11.9015 +1.5345

All the fragments detected have a mean value of the
magnitude equal to 10.99, while the high value of
standard deviation could depend on the material of the
observed fragment or by its attitude motion which is
unknown and affects the sunlight reflectivity toward the
observer. Moreover, the mean value of the magnitude is
in accord with the report presented by the European
Space Surveillance and Tracking (EUSST) [27] which
estimate the magnitude in a range of values between 10
and 12.

9 CONCLUSION

In this work, a strategy to analyze an in-orbit explosion
was presented. The observation campaign was carried
out during the month of May from the SCUDO
observatory, based in Collepardo (FR), Italy, and
managed by the S5Lab research team. The target was the
third stage of the Russian rocket FREGAT-SB (NORAD
ID 37756, Int. Deign. 2011-037B) exploded on May 8™
,2020 between the 04:00:00 UTC and 06:00:00 UTC.
Starting from optical images acquisition, through the
analyses reported in this paper, an initial energy
characterization to the event was given. The isotropic
explosion  hypothesis has proved a suitable
approximation of the real problem so much so that it was
seen how this analysis is confirmed by the data released
by NORAD. Moreover, the observation strategy turned
out to be profitable in terms of fragments detection. In
fact, about 30% of the total fragments (65 according to
18 Space Control Squadron (18 SPCS) [28]) have been
detected pursuing the strategy described in section 8. The
next impulses analysis allowed to associate many of
them, in the order of meters per second, to all fragments
detected. All measures and impulses association have
been checked following the procedure presented in
section 6, showing consistent results with the analysis
strategy. With regards to the magnitude analysis, the
procedure proposed led to good results, since the estimate
of the fragments magnitude is very close to the EUSST



one. The high value of the standard deviation could be
attributable to the unknown attitude motion behavior of
the object that affects the magnitude calculation.
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