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ABSTRACT

Orbital fragmentation events are the largest source of
space debris objects bigger than 10 cm in the near-Earth
environment, resulting in the need for regular,
cost-intensive collision avoidance maneuvers. The most
significant increase in long-term collision risk in the
recent years stems from the breakups of the CZ-6A upper
stages 2022-151B and 2024-140U on sun-synchronous
orbits, resulting in over 650 cataloged fragments each.
This paper presents an investigation into these
fragmentations, compares them with each other and
illustrates the effects they have on the space environment.
The performed simulations utilize TLE data,
fragmentation models and propagators to determine the
exact time and location of the fragmentation events, the
resulting additional velocity vector distributions of the
cataloged fragments as well as the predicted remaining
fragments’ orbital lifetimes. Furthermore, the increase in
spatial density resulting from both events and the
collision risk for objects in their proximity are computed.
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1 INTRODUCTION

Since the beginning of spaceflight, on average about 10
non-deliberate fragmentation events of human-made
objects in Earth orbit have occurred every year [1]. The
severity and relevance of these events, however, vary as
all types of catastrophic and non-catastrophic breakups
are accounted for. Although the number of released
fragments per breakup changes significantly for that
reason, it can be calculated that for the events for which
fragments could be cataloged, on average approximately
48 fragments per event are recorded on
Spacetrack [2], [3]. This high average number of historic
fragmentations per year and fragments per event has led
to a continuously increasing number of cataloged
fragments remaining in orbit, despite the decay of many
fragments over time due to the atmospheric drag.
Moreover, only fragments larger than about 10 cm can be
reliably tracked and cataloged but orders of magnitude

more smaller untrackable fragments are generated that
also pose a critical collision risk [3]. Due to the high
kinetic energy involved in orbital collisions with relative
velocities of up to 15 km/s, an impacting fragment with a
size of 1 cm to 10 cm can be mission ending for active
spacecraft or even lead to a partial or complete
fragmentation of all types of larger space objects.

Therefore, it is important to model and analyze
fragmentation events as well as their relevant
characteristics to understand and estimate the temporal
and spatial evolution of the risk they pose to the space
environment. The modeling and analysis of
fragmentation events began in the 1970s with the NASA
(National Aeronautics and Space Administration) Orbital
Debris Office Program and has since resulted in various
models and analysis tools, such as the NASA SBM
(Standard Breakup Model), Battelle model, FASTT
(Fragmentation Algorithms for Strategic and Theater
Targets) model, IMPACT model, FREMAT
(FRagmentation Event Model and Assessment Tool),
CST (Collision Simulation Tool), PUZZLE tool and
CARDC-SBM (China Aerodynamics Research and
Development Center-Spacecraft Breakup Model) [4-11].

The analyses conducted in this paper are based on data
processing performed with the MASTER tool-chain,
which uses an adapted version of the NASA SBM, as
well as an in-house developed tool named ORFANT
(ORbit Fragmentation ANalysis Tool) [12], [13].

This paper focuses on the fragmentation of the CZ-6A
(Chang Zheng 6A) upper stages with the COSPAR IDs
(Committee on Space Research International
Designators) 2022-151B and 2024-140U, which are of
particular interest as they generated over 650 cataloged
fragments each and occurred in an orbital region with a
high spatial density as well as a long orbital lifetime for
fragments. Therefore, this paper aims to investigate
important characteristics of these events and to assess
their long-term impact on the space environment. After a
short summary of the current insights into the events, the
simulation results for the fragmentation location and
epoch, additional velocity vectors, fragments’ orbital
lifetime, spatial density and collision risk are illustrated.
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2 CURRENT INSIGHTS

On 12 November 2022, the CZ-6A upper stage
2022-151B with a dry mass of 5800 kg suffered a major
breakup in a sun-synchronous orbit with a perigee height
of 813 km, an apogee height of 847 km and an inclination
of 98.8° [14]. At the time of writing, 793 fragments from
this event have been cataloged on Spacetrack [3]. Initial
analyses of the event, highlighting e.g. the Gabbard
diagram, estimated fragmentation epoch and spreading
velocities of the fragments, have been conducted in
[14-16] using TLE (Two Line Elements) data, the
IMPACT model and the PUZZLE software. It is assumed
that the breakup was caused by an unintentional
explosion [14].

The second and third known fragmentation of a CZ-6A
upper stage occurred for the upper stages 2024-058B and
2024-126D on 02 April 2024 and 05 May 2024
respectively, according to DISCOS (Database and
Information System Characterising Objects in Space) [2].
However, at the time of writing, no fragments were
cataloged on Spacetrack for these fragmentations, and
since the analyses performed in this paper are based on
TLE data, these events are not further investigated [3].

On 06 August 2024, the last and most recent CZ-6A
fragmentation occurred for the upper stage 2024-140U in
a sun-synchronous orbit with a perigee height of 797 km,
an apogee height of 857 km and an inclination of
89° [17]. So far, 664 fragments have been cataloged for
this event on Spacetrack and there is no known scientific
publication about this fragmentation aside from the above
cited one [3].

3 ORBIT FRAGMENTATION ANALYSIS
TOOL (ORFANT)

The in-house developed tool ORFANT is used to conduct
different analyses for this study. This chapter provides a
brief introduction to the tool. ORFANT can be used to
determine the breakup epoch, the location within the
parent’s orbit where the fragmentation occurred and the
fragments’ additional velocity vectors based on TLE data
of the parent and the fragments. The processing within
the tool can be divided into the following six main tasks:

1. Automated TLE data download

2. ldentification of fragments from the event

3. Backpropagation to initially estimated epoch
4. Determination of breakup epoch

5. Determination of breakup location within orbit
6. Determination of additional velocity vectors

First, the TLE data of the parent and all debris objects
from the launch that correspond to the parent object’s
COSPAR ID core are downloaded from Spacetrack.
Automated and manual filters are then applied to identify

all debris objects from the launch that belong to the event.
This is particularly relevant for fragmentation events of
objects from a launch for which multiple breakups
occurred. Next, all objects that belong to the event are
backpropagated to different points in time close to an
initial epoch estimate based on DISCOS. Afterwards,
different distance metrics, which are further discussed in
Chapter 4 and 5, can be used to estimate the exact
breakup epoch. Furthermore, the location of the
fragmentation within the orbit of the parent object can be
determined for the estimated epoch. Finally, the
additional velocity vectors of all cataloged fragments that
belong to the event can be computed for the estimated
fragmentation epoch and location. This is of high
relevance as the additional velocity vector distribution
does not only provide information about the severity and
possible causes of the fragmentation but can also be used
to improve fragmentation modeling as well as synthetic
population generation processes.

4 BREAKUP LOCATION WITHIN ORBIT

The fragmentation location within the parent’s orbit is
determined by dividing the parent orbit at the estimated
fragmentation epoch into a defined number of argument
of latitude (argument of perigee + true anomaly) values.
For each of these points, the distance between the parent
orbit and all backpropagated fragment orbits is
calculated. As the imparted energy on each fragment of a
breakup can be viewed as a single impulsive maneuver,
their orbits are all expected to cross the origin of the
fragmentation, the so-called pinch point, at the true
breakup epoch. Therefore, the parent orbit’s AoL
(Argument of Latitude) value at which the average
distance between the parent orbit and all fragment orbits
is minimal is considered to be the most likely point of
fragmentation within the parent orbit.

In Figure 1, this calculated distance in dependence of the
CZ-6A upper stage 2022-151B orbit’s argument of
latitude values is plotted for all fragments individually in
blue and averaged over all fragments in yellow for an
estimated fragmentation epoch of 12 Nov 2022
05:19 UTC (Universal Time Coordinated). The
minimum of the yellow curve marks the most likely point
within the parent orbit at which the fragmentation may
have occurred. At this minimum, with an average
distance of 1.8 km between the orbit of the parent and all
fragment orbits, the parent argument of latitude is 74.5°.
It is worth noting that many fragments also have a second
local minimum close to a parent argument of latitude of
255° which is approximately 180° shifted from the global
minimum. These are the fragments that were mainly
accelerated orthogonal to the parent’s orbital plane and
thus cross it again 180° after the point of fragmentation
within their new orbit. The low average distance of
1.8 km at the global minimum combined with the
converging behavior of the minima of the distance plots
for the individual fragments increase the confidence in



the determined fragmentation location. Moreover, the
resulting average distance could become even lower if
more sophisticated propagators than the currently
implemented SGP4 (Simplified General Perturbations 4)
method are used for the backpropagation of the
fragments [18]. This is because some fragments are
cataloged only months or even years after the
fragmentation event and thus have to be backpropagated
for longer periods of time, increasing potential
propagation errors. Therefore, only 714 out of the 793
cataloged fragments from 2022-151B are considered for
the analyses in this paper. Nevertheless, the accuracy of
the used TLE data themselves cannot be influenced,
which limits the hypothetically achievable accuracy for
their processing.
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Figure 1. Distance between the orbit of the CZ-6A upper
stage 2022-151B and all fragment orbits in dependence
of the parent orbit AoL for all fragments individually in
blue and all fragments averaged in yellow for an
estimated breakup epoch of 12 Nov 2022 05:19 UTC.

Additionally, the influence of potential epoch errors has
to be considered with regard to the confidence in the
determined fragmentation location. Therefore, in
Figure 2, the determined CZ-6A upper stage 2022-151B
fragmentation argument of latitude as well as the
corresponding minimal average distance between the
parent orbit and all fragment orbits at this location are
plotted for epochs up to one week around the estimated
fragmentation epoch from Figure 1. This illustrates that
an epoch error of + one day has only a minor influence
of about +1.5° regarding the determined fragmentation
location within the parent orbit in this case. Additionally,
the temporal evolution of the minimal average distance
between the parent orbit and all fragment orbits shows a
clear ‘v’-shape with the minimum at the estimated
fragmentation epoch 12 Nov 2022 05:19 UTC. This
increases the confidence in the estimated fragmentation
epoch as well as the determined fragmentation location
within the parent’s orbital plane.
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Figure 2. Determined CZ-6A upper stage 2022-151B
fragmentation location in red as well as the
corresponding minimal average distance in blue between
the parent orbit and all fragment orbits for epochs up to
one week around the estimated fragmentation epoch
12 Nov 2022 05:19 UTC.

In Figure 3 and 4, the same characteristics as in Figure 1
and 2, are visualized for the CZ-6A upper stage
2024-140U fragmentation with an estimated breakup
epoch of 06 Aug 2024 16:52 UTC. Regarding the
distance between the parent orbit and all fragment orbits,
again a clear convergence to a global minimum is evident
for the estimated fragmentation epoch, as illustrated in
Figure 3. In this case, the most likely fragmentation point
within the parent orbit is at an argument of latitude of
229.5°. For reference, the entire set of Keplerian
elements from the orbits of both CZ-6A upper stage
events at their determined fragmentation location is given
in Table 1.

Table 1. Keplerian elements from the orbits of the CZ-6A
upper stages 2022-151B and 2024-140U at their
determined fragmentation locations.

Event 2022-151B 2024-140U
Semi-major axis 7208.15 km 7204.67 km
Eccentricity 0.002327 0.004017

Inclination 98.81° 89.02°
Right ascension of

. 321.15° 350.21°

the ascending node
Argument of perigee 346.98° 206.16°
True anomaly 87.52° 23.34°

The average distance between the 2024-140U parent
orbit and all fragment orbits is about 1.9 km at the
above-mentioned breakup location. This average
distance is similar to the one from 2022-151B, which is
again very low compared to the occurring average
distances of more than 150 km at other angular positions
within the parent orbit. Furthermore, by comparing
Figure 1 and 3, it can be observed that for 2024-140U,
fewer fragments have a second local minimum shifted by
180° regarding the parent argument of latitude, which
means fewer fragments achieved an additional velocity
vector that points orthogonal to the parent’s orbital plane.
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Figure 3. Distance between the orbit of the CZ-6A upper
stage 2024-140U and all fragment orbits in dependence
of the parent orbit AoL for all fragments individually in
blue and all fragments averaged in yellow for an
estimated breakup epoch of 06 Aug 2024 16:52 UTC.

Regarding the influence of a varying epoch for the
calculation of the fragmentation location within the
parent’s orbit, Figure 4 displays that the event
2024-140U seems to be slightly more sensitive to earlier
epochs. One day earlier would lead to a 2.25° higher
parent argument of latitude, while one day later would
result in a value about 0.75° lower. Nevertheless, again
the average distance between the parent orbit and all
fragment orbits at the determined breakup location in
dependence of the considered fragmentation epoch shows
a clear ‘v’-shape with a minimum at the estimated
fragmentation  epoch 06 Aug 2024  16:52 UTC,
increasing the confidence in the determined breakup
location and estimated epoch.

e 18 T 252
=16 249 S
v 14 - 246 2
o ©
512— S 243 ¢
£ 10 - - 240 E
@ 8- - 237 &
S 6 —2343’
(]
& gi—Mindist Sl I ;i;‘g
£ ----AoL TR 5
EO T T T~ T+ 1T T T 1T 1T T T T T 2250'
O = AN NN OMNODDO HANMS
N N O O O O OO0 OO0 O ™ o o o
SS3YYPYPYIPYIDPDYPDDY
TTIIII I I I LIISILIIZ

Date in 2024
Figure 4. Determined CZ-6A upper stage 2024-140U
fragmentation location in red as well as the
corresponding minimal average distance in blue between
the parent orbit and all fragment orbits for epochs up to
one week around the estimated fragmentation epoch
06 Aug 2024 16:52 UTC.

5 FRAGMENTATION EPOCH

While the methods used for Figure 2 and 4 can estimate
the fragmentation epoch, this section highlights an
alternative approach that provides a better converging
metric for determining the breakup time. Specifically, it
examines the temporal evolution of the average of the

distances between the positions of all possible fragment
pairs. All fragments are backpropagated to a set of
defined epochs with short time steps (e.g. 1 min) in
between. Subsequently, the geometric distance between
their actual positions in the Earth-centered inertial frame
for all combinations of fragment pairs is calculated and
averaged over all pairs. Figure 5 depicts the temporal
evolution of this metric for the fragments of the CZ-6A
upper stage 2022-151B fragmentation. It shows a clear
and strongly converging global minimum of 4751 km at
12 Nov 2022 05:19 UTC. Although this average distance
is large compared to the values from Figure 2, the
minimum is more pronounced. This arises from the fact
that the average pairwise distance between all fragments
is very sensitive to the epoch. The initial fragment cloud
quickly spreads out regarding the relative angular
position of the fragments within their orbit due to varying
orbital periods resulting from differences in the
additional velocity vectors’ magnitudes and directions.
For epochs far enough away from the fragmentation time,
this effect leads to the metric approaching an almost
constant average value resulting from the geometry and
size of the fragment orbits. Moreover, the large average
pairwise distance between all fragments at the global
minimum from Figure 5 also results from propagation as
well as TLE data inaccuracies.
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Figure 5. Temporal evolution of the average of the
distances between the positions of all possible fragment
pairs from the CZ-6A upper stage 2022-151B event.

By considering only fragments that were cataloged a few
weeks to months after the event for these calculations, a
lower mean pairwise fragment distance can be achieved,
as can be seen in Table 2. However, this overview also
illustrates that the calculated fragmentation epoch is very
stable with regard to the backpropagation time of the
CZ-6A 2022-151B fragments as the epoch only varies by
about + 10 min. Furthermore, the determined
fragmentation epochs fit well to the estimated breakup
epoch of 12 Nov 2022 05:24-05:29 UTC, given in [14].
As it is desirable to consider as many fragments as
possible for the calculations of the additional velocity
vector distributions in Chapter 6, the case with a
maximum cataloging debut date of 200 days after the
event 2022-151B is chosen for the estimation of the
fragmentation epoch as well as the breakup location.



Table 2. Overview of calculated CZ-6A 2022-151B
fragmentation epochs with a one-minute resolution and
mean pairwise fragment distances with different maximal
cataloging debut dates of considered fragments.

Max. Number of Determined Mean pairwise
debut | considered fragmentation fragment
days fragments | epoch (UTC, AM) distance
12 96 12 Nov 22, 05:37 296 km
30 338 12 Nov 22, 05:28 356 km
55 460 12 Nov 22, 05:23 1047 km
70 503 12 Nov 22, 05:19 1565 km
100 541 12 Nov 22, 05:21 2364 km
200 714 12 Nov 22, 05:19 4751 km

In Figure 6, the temporal evolution of the mean pairwise
fragment distance is visualized for the fragments of the
CZ-6A upper stage 2024-140U event. Here, a strong
convergence to a global minimum can also be identified,
which emerges at 06 Aug 2024 16:52 UTC with a mean
pairwise fragment distance of 2754 km.
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Figure 6. Temporal evolution of the average of the
distances between the positions of all possible fragment
pairs from the CZ-6A upper stage 2024-140U event.

Comparable to the first CZ-6A upper stage
fragmentation, the mean pairwise fragment distance at
the global minimum can be reduced by only considering
fragments that were cataloged more recently after the
2024-140U event. This is shown in Table 3. Again, the
determined fragmentation epoch does not vary
significantly, only by 17 min, when the necessary
backpropagation time is changed due to different
considered maximum cataloging debut dates for the
fragments. Additionally, the calculated fragmentation
epoch values for 2024-140U fit well to the estimated
epoch of 06 Aug 2024 17:15 UTC from [17].

Table 3. Overview of calculated CZ-6A 2024-140U
fragmentation epochs with a one-minute resolution and
mean pairwise fragment distances with different maximal
cataloging debut dates of considered fragments.

Max. Number of Determined Mean pairwise
debut | considered fragmentation fragment
days fragments epoch (UTC) distance

20 92 06 Aug 24, 17:26 389 km
40 263 06 Aug 24, 17:17 916 km
50 365 06 Aug 24, 17:14 1324 km
70 519 06 Aug 24, 16:42 2224 km
100 563 06 Aug 24, 16:52 2754 km

6 ADDITIONAL VELOCITY VECTORS

The last step of ORFANT is to calculate the additional
velocity vectors of all fragments based on the determined
fragmentation epoch and location within the parent orbit.
The orbits of all fragments are backpropagated to the
estimated fragmentation epoch and then compared with
the orbit of the parent directly before the breakup. From
changes of the orbital elements of the fragments
compared to the pre-fragmentation parent orbit, the
gained additional velocity vectors can be calculated if it
is assumed that all orbits cross exactly at the determined
fragmentation location. Figure 7 illustrates the spatial
distribution of the directions of the additional velocity
vectors from the fragments of the CZ-6A upper stage
2022-151B event in the parent body centric local horizon
reference frame with azimuth A and elevation El. The
drawn vector R points in the radial direction extended
from Earth’s center (El = 90°), S transversal to R in the
direction of movement (A =0° El=0° and W
orthogonal to both (4 =90°, El = 0°), completing the
right-handed frame. Two spots of increased density of the
fragments’ additional vectors can be observed in this
reference frame, showing two clear directionalities for
their distribution. A significant proportion of the
fragments was accelerated into the direction of
approximately A = —120° and El = 40°, while most
other fragments were accelerated in the direction of about
A =-10 and El = —50°. Therefore, the first of the two
above-mentioned main fragment clouds has a large
additional velocity vector component in the minus
W -direction and thus orthogonal to the orbital plane. For
these fragments, mainly the orbital plane rotated, creating
a second pinch point on the opposite side of the
fragmentation location within the parent orbit. This
explains the second local minima of the graphs from the
fragments in Figure 1 mentioned in Chapter 4.
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Figure 7. Spatial distribution of the directions of the
determined additional velocity vectors of the cataloged
fragments from the CZ-6A upper stage 2022-151B event
in the parent body centric local horizon reference frame.

For the CZ-6A upper stage 2024-140U fragmentation, the
spatial distribution of the additional velocity vectors’
directions from the cataloged fragments is visualized in
Figure 8. Here, only one region of significantly increased
density in the distribution can be observed, which is at an
azimuth of about 180° and an elevation of about 40°.
However, again the additional velocity vectors show a
directionality and not an even omnidirectional
distribution as it is assumed in current fragmentation
models. Therefore, most of the fragments were
decelerated in the direction of movement, leading to a
reduction in the semi-major axis of their orbits.
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Figure 8. Spatial distribution of the directions of the
determined additional velocity vectors of the cataloged
fragments from the CZ-6A upper stage 2024-140U event
in the parent body centric local horizon reference frame.

In addition to the directionalities of the fragments’
additional velocity vectors, their magnitudes are also
relevant as they influence by how much the orbital
elements are altered due to the fragmentation.
Furthermore, it can give indications on the severity of the
event. Therefore, in Figure 9, the determined magnitude
distribution of the fragments” additional velocity vectors
from both CZ-6A upper stage events is plotted. A
comparison between both events shows that the
additional velocity vector magnitudes for the 2024-140U

event are more spread out and reach higher Av values,
however, the mean value of 64.8 m/s is about 20 % lower
than for the 2022-151B event with 80.2 m/s. This
indicates that more energy was released in the first
CZ-6A upper stage breakup. Based on the differing
number of cataloged fragments, no conclusions can be
drawn with regard to differences in the total energy
released in each breakup as the 2024-140U event
occurred so recently that more fragments might be
cataloged in the near future.

.25
T £ 2022-1518B
5520 M 2024-140U
hagl IS |

“— 15

98 &

Q0 @© 10

T O +

€5 g

53 5

v O =

<

Additional velocity magnitude Av in m/s

Figure 9. Magnitude distribution of the determined
additional velocity vectors of the fragments from both
CZ-6A upper stage events.

7 FRAGMENTS’ ORBITAL LIFETIME

To assess the long-term negative consequences of the
CZ-6A upper stage fragmentations on the near-Earth
space environment, estimating the orbital lifetime of the
fragments is essential. However, for the reasons
mentioned in Chapter 1, this is not only the case for the
cataloged fragments but also for the fragments larger
than about 1 cm that will remain uncataloged due to the
limitations of the detection capabilities of the on-ground
sensor networks used for the cataloging process. To
consider all fragments larger than 1 cm that are expected
to have been generated by the events, the CZ-6A upper
stage fragmentations were modeled with an adapted
version of the NASA SBM used in the MASTER
framework, as explained in [12]. Thereby, an explosion
is assumed as the breakup cause for both events.
Figure 10 shows the simulation results of the temporal
evolution of the number of CZ-6A upper stage fragments
larger than 1 cm remaining in orbit. Both events are
normalized with respect to time by utilizing the number
of days after the fragmentation event as the reference. For
2022-151B, more fragments are initially generated
within the simulation, as the number of cataloged
fragments is used to scale the model. However, both
events only lose about 45% of their initial number of
fragments within the simulated three-year period despite
the high solar activity and resulting atmospheric, which
is currently present and considered in the simulation. The
reason for this long lifetime of the fragments is the high
perigee altitude of the parent orbits and the low density
of the Earth’s atmosphere at these altitudes.
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Figure 10. Temporal evolution of the number of
simulated CZ-6A upper stage fragments larger than 1 cm
remaining in orbit.

Moreover, long-term simulations with future solar
activity cycle estimations from CelesTrak [19] were
conducted for 10 years after the events. These indicate
that over 40% of the fragments larger than 1 cm will
remain in orbit during this ten-year period for both
events. Therefore, the fragments from each CZ-6A upper
stage breakup are expected to have a long-lasting
negative effect on the LEO environment, which is further
quantified in the following two chapters. This hypothesis
is also supported by the current decay behavior of the
cataloged fragments from both events, which is
visualized in Figure1l. For the 2022-151B
fragmentation, only about 15% of the 793 cataloged
fragments have re-entered in Earth’s atmosphere about
2.35 years after the event, according to data from [3], and
the fragments from 2024-140U follow the same trend.
These data also indicate that the average cross-sectional
area-to-mass ratios of the cataloged CZ-6A upper stage
fragments appear to be smaller than expected from
fragmentation modeling, since the simulated fragments
decay more rapidly. However, further investigations
would have to be conducted to confirm that this effect
stems from the ballistic coefficient of the fragments and
not potential unknown issues of the propagator, including
its atmospheric model.
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8 SPATIAL DENSITY

The spatial density is defined as the number of objects
per volume in space, which is needed to calculate
expected collision flux values. Therefore, it can be used
to assess the impact of fragments from specific breakup
events on the space environment. Within the same
simulations conducted for the lifetime analyses of the
CZ-6A upper stage fragments, the spatial density in
dependence of the altitude was computed too. Figure 12
highlights the spatial density in dependence of the
altitude for the simulated CZ-6A upper stage 2022-151B
fragments at four different epochs and sets it into relation
with the background space debris environment based on
the condensed MASTER 2016 population for objects
larger than 1 cm. As can be seen in Figure 12 a), one
month after the event, the simulated 2022-151B
fragments result in a large spike for the spatial density,
which is more than half as large as the spatial density of
the background population at the altitude of the breakup.
One year after the event, this peak is reduced and
flattened, although it still remains at almost one third of
the spatial density of the background population. For
three and ten simulated years after the event, the spatial
density maximum of the fragments further decreases to
about 15% and 10% respectively of the background
population’s spatial density at an altitude of
approximately 800 km, highlighting the long-term
significance of this event. Thereby, the background
population is purposefully not propagated or updated to
future estimations of the population to ensure
comparability with the other CZ-6A upper stage
fragmentation.
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Figure 12. Spatial density of the simulated CZ-6A upper
stage 2022-151B fragments in comparison with the
condensed MASTER 2016 population in dependence of
the altitude for objects larger than 1 cm at different times
after the event.



In Figure 13, the same types of spatial density plots as in
Figure 12 are presented for the CZ-6A upper stage
fragmentation 2024-140U. The initial peaks one month
and one year after the 2024-140U event are slightly lower
than for 2022-151B, as fewer fragments were cataloged
and thus generated in the simulation. Furthermore, the
fragmentation of 2024-140U occurred more closely to the
peak of the current solar activity cycle, meaning that the
fragments are initially decelerated more strongly due to
the higher drag force. Three and ten years after the event,
the maximum values of the spatial density altitude
distribution of the fragments from 2024-140U correspond
to about 20% and 10% respectively of the background
space object population. This indicates that the second
CZ-6A upper stage fragmentation is also expected to
have a significant long-term effect on the space
environment at altitudes close to 800 km.
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Figure 13. Spatial density of the simulated CZ-6A upper
stage 2024-140U fragments in comparison with the
condensed MASTER 2016 population in dependence of
the altitude for objects larger than 1 cm at different times
after the event.

9 COLLISION RISK

To further assess the long-term impact of the CZ-6A
fragmentations on the space environment, the collision
flux was determined within the same simulations
conducted for Chapter 7 and 8. Satellites with different
mean orbit heights and inclinations were chosen as
example target objects, to calculate the expected
incoming collision flux on their orbits. The chosen target
satellites are highlighted with red circles in Figure 14,
which illustrates the inclination and mean height of the
orbits of all payloads within the Spacetrack SatCat
(Satellite Catalog) as of 27 February 2025 [3].
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Figure 14. Inclination over mean orbit height
(semi-major axis minus 6378 km) of all payloads from
the Spacetrack SatCat on 27 February 2025 and both
CZ-6A upper stage fragmentation orbits with red circles
around selected targets for collision flux analyses.

Furthermore, the corresponding parameters of the
breakup orbits of both CZ-6A upper stage events are
visualized in this figure with a red square and a blue
triangle. Although one of the chosen target satellites
stems from the Qianfan group at an inclination of
i = 89°, it shall be noted that these Qianfan satellites are
currently in their spiraling-up process until they reach the
constellation altitude of 1069 km (a = 7447 km).
However, the chosen satellite Qianfan 7 appears to be
malfunctional as it is the only one from its launch that
does not spiral up in altitude. The results of the collision
flux analyses for both simulated CZ-6A upper stage
fragments on the chosen targets are shown in Table 4.

Table 4. Overview of the yearly collision flux from the
simulated 2022-151B and 2024-140U fragments larger
than 1 cm averaged over 10 years after the events on
different target satellite orbits in absolute values and
relative to the condensed MASTER 2016 population flux.

Absolute | Absolute Relative | Relative

Target | fluxfrom | fluxfrom | o " | g0 from

satellite IZr?Zlf(;E;S fr?zl‘/‘(;‘;% 2022-151B |2024-150U

(2%?;:)6‘752) 2.38-10° | 3.49-10° 6.10% 8.90%

Although the flux varies across the different targets and
from event to event, which can be caused by local
phenomena of the relative geometry between the target
orbit and the fragmentation cloud, the yearly flux from
each event averaged over all targets amounts to about



10 % of the background flux over the 10 simulated years.
These results align well with the long-term spatial density
increase discussed in Chapter 8 and further indicate that
the CZ-6A upper stages are expected to have significant
negative long-term effects on the space environment.
A 10 % increase in the yearly collision flux averaged over
10 years after the events would also correspond roughly
to a 10% increase in the collision probability for this
period, and with the fragment clouds from both events to
an increase by about 20%. However, these probability
values are only derived based on the current number of
cataloged fragments and thus might rise in the future
when more fragments are detected and cataloged.

10 CONCLUSIONS AND OUTLOOK

In this paper, the fragmentations of the CZ-6A upper
stages with the COSPAR IDs 2022-151B and 2024-140U
were analyzed by simulating and determining different
characteristics of the events. The location of the
fragmentation within the orbit and the breakup epoch
could be determined with methods showing a good
robustness against uncertainties for both events.
According to the simulations, the fragmentations
occurred at a parent AoL of 74.5° and 229.5° on
12 Nov 2022 05:19 UTC and 06 Aug 2024 16:52 UTC,
respectively, for the events 2022-151B and 2024-140U.
Based on this information, the distribution of the
directionality as well as the magnitude of the additional
velocity vectors of the cataloged fragments were
determined. Differing from expectations of current
fragmentation models, the additional velocity vectors
show clear directionalities for both events that align well
with observed changes from the fragments’ orbits. The
average magnitude of the fragments’ additional velocity
vectors from 2022-151B amounts to 80.2 m/s, which is
24% larger compared to 2024-140U, indicating that
slightly more energy was released during the first CZ-6A
upper stage breakup.

Furthermore, the orbital lifetime analyses show that the
effects of the fragments on the space environment are
expected to be long-lasting over years or even decades.
Moreover, the cataloged fragments are decaying
significantly slower than expected from the performed
simulations, indicating an even longer lasting negative
effect of the fragments. Finally, the spatial density and
collision flux analyses show the extent of the temporal
and spatial evolution of the negative consequences of
both events on the space environment. The ten-year
collision risk for many satellites and other space objects
in the 800 km altitude orbit regime is expected to have
increased by about 20% due to the fragments released
from the CZ-6A upper stages. This will result in
numerous additionally required collision avoidance
maneuvers for active satellites and increases the risk for
collisions with all space objects in the mentioned orbit
regime that cannot be maneuvered. The shown analysis
methods can be used to investigate and characterize

future fragmentation events as well as revisit historic
events to potentially gain further insights into the space
debris environment and improve the underlying models
used for population generation processes and long-term
stability simulations.
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