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Abstract: As operations in Cislunar space continue to expand, the sustainability of operations in orbital envi-

ronments beyond GEO has become a critical concern. The Cislunar region is known to have a higher non-linear

chaotic component in the dynamics compared to the low-Earth environment. This research is focused on pro-

ducing simulations to model debris trajectories and dispersion from spacecraft mishaps across various identified

key Cislunar orbits. By varying initial conditions, simulations of explosions at different locations of the orbits

are carried out and the debris propagation is analyzed. This research emphasizes the creation of a robust debris

propagation scheme and the development of a comprehensive database to address the computational costs

associated with debris propagation. The resulting codes and databases documenting the historical evolution

of debris are published as open-source resources, aiming to aid in solving the Cislunar space debris and traffic

problem and in forecasting future needs and policies.

Keywords: spacecraft fragmentation; Cislunar region; Debris; CR3BP; space situational awareness

1. Introduction

Over the next twenty years, the Cislunar region is set to host over 50 missions with various
payloads, highlighting its growing importance across scientific, commercial, and military sectors,
key for expansion and investment [1–4]. The Cislunar region includes the spatial volume between
the Earth and the Moon, separated by almost 400,000 km. This region is heavily influenced by the
gravitational forces of both celestial bodies, resulting in highly nonlinear and more chaotic behavior
compared to orbits close to Earth, which makes predicting the evolution of debris clouds through the
system challenging. Debris poses a significant risk to missions, as even a single collision may result
in catastrophic failure. Enhancing the understanding of these impacts will improve safety measures,
considering the inherent risks and dangers of this environment.

The concern over debris has been a focus of previous studies. Previous works focus on the
near-Earth environment, assuring the safety of missions around the Earth. Some studies use the
two-body problem (2BP) [5] in which debris behavior differs from the dynamical model of interest,
the circular restricted three-body problem (CR3BP). Other researchers have studied fragmentation
events near the Sun-Earth Lagrange Points [6], using the CR3BP equations for the Sun-Earth system.
Their findings indicate that approximately half of the fragments moved closer to Earth, while the
other half moved away from it. Other studies focus on Cislunar debris due to meteoroids [7,8] and
Kordylewski clouds [9,10]. Although these issues are also important and a point to consider when
planning a mission, it does not cover all the dangers in the region. Other investigations study the
evolution of space debris resulting from catastrophic mishaps close to the Earth-Moon Lagrange
Points. Additionally, these studies analyze the survivability of spacecraft in periodic orbits, applying
perturbations such as the solar gravity [9,11–17]. Although the results from these studies are more
precise, the higher computational cost limits the number of debris fragments that are considered.
Fragmentation events in the vicinity of L2 Earth-Moon Lagrange Points are studied for different
periodic orbits, such as near-rectilinear halo orbit, distant retrograde orbits (DRO) and Lyapunov
orbits [1]. Black et al. used a modified NASA Standard Breakup Model to simulate spacecraft
fragmentation in L1 and L2 Lyapunov orbits [18,19]. They studied fragment behavior based on energy
levels and orbit locations near the L2 Lagrange point.
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As mentioned, different studies analyze the effects of explosions in such region, but the literature
frequently overlooks the high computational cost of simulating fragmentation events. Due to limita-
tions on debris generation, it is often difficult to obtain patterns of evolution and relationships between
explosions in different orbits and regions. This research bridges that gap by creating a comprehensive
historical database of mishaps in key regions of interest in the Cislunar realm. By conducting detailed
simulations of explosions in different Cislunar orbits, this study aims to thoroughly assess their im-
pacts, with a particular focus on libration point orbits and the vicinity of the Moon. The research
also examines the potential effects on other orbiting satellites to evaluate the safety and viability
of future missions, considering both existing and predicted debris. Key contributions of this work
include developing an efficient computation process for modeling explosions, creating comprehensive
databases to improve computational efficiency, and analyzing debris to identify danger zones and
enhance safety measures. Additionally, the research examines explosions in various families to study
debris evolution and develops a Graphical User Interface (GUI) to facilitate understanding and analysis
of debris-related issues.

The structure of this paper is organized as follows. The methodology used is explained in Section 2,
including the dynamical and fragmentation models used. Section 3 presents the fragmentation
events, the locations where these occur, the time of study chosen to analyze the debris evolution, and
the definition of the process regarding the computation of the mishaps. Section 4 summarizes the
simulations, describing the steps required to generate the database related to three different orbits,
with their explosions and resulting debris. Results from explosions in L1 and L2 Lyapunov orbits are
analyzed and compared in Section 5. Additionally, a simulation of 200 explosions occurring in a DRO
is conducted to study patterns influenced by the stability of the orbit. Finally, Section 6 concludes the
study by discussing the improvements achieved and summarizing the future work.

2. Methodology

This section outlines key concepts related to the methodology used in this research, including the
dynamics and fragmentation models.

2.1. Dynamical Model – The Circular Restricted Three-Body Problem

The circular restricted three-body problem (CR3BP) is a simplified dynamical model useful to
describe the motion of a spacecraft under the influence of two primaries [20]. More specifically, in the
Cislunar region, the Earth and Moon are the larger and smaller primaries, respectively. The spacecraft
is the third body of the problem and its mass is negligible compared to the primaries. In this way, a
rotating frame is defined, where the x̂-axis is directed from the Earth-Moon barycenter to the Moon,
and the ẑ-axis points from the barycenter towards the direction of the angular momentum vector of
the system.

A dimensionless system of differential equations is implemented in the CR3BP. In order to
nondimensionalize the problem, some characteristic values are defined [21]. The values used are
included in Table 1. The mass ratio of the system is defined as µ = mM/(mE + mM), which helps
to normalize the problem [20]. Earth and Moon’s positions are defined as rE = [−µ, 0, 0]T and
rM = [1 − µ, 0, 0]T , respectively. Finally, note that the characteristic time guarantees the mean motion
of the primaries to be equal to unity (ω∗ = 1). The equations of motion (EOM) that govern the
evolution of the third body, depending on the derivatives with respect to dimensionless time are

Table 1. Characteristic parameters that define the Earth-Moon CR3BP.

Parameter Definition Value
Distance Earth-Moon distance l∗ = 384, 400 km

Mass Sum of Earth and Moon masses m∗ = 6.0477 · 1024 kg
Time Time for the Moon to travel one radian around Earth t∗ = 4.3425 days

Mass ratio Proportion of the Moon mass µ = 1.2155 · 10−2
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ẍ − 2ẏ =
∂U∗

∂x
; ÿ + 2ẋ =

∂U∗

∂y
; z̈ =

∂U∗

∂z
(1)

The EOM depend on the pseudo-potential function of the system, U∗, given by

U∗ =
1 − µ

rE−s/c
+

µ

rM−s/c
+

1
2
(x2 + y2) (2)

where rE−s/c and rM−s/c represent the distances from the Earth and the Moon to the spacecraft,
respectively. The state vector in the CR3BP, s̄, is defined to include three components of position and
velocity.

There are other variables of interest for the CR3BP model, such as the Lagrange points, also
known as libration points. Their locations represent the regions of space where the spacecraft has
zero velocity and acceleration [22], remaining stationary with respect to the Earth and the Moon. The
solutions are included in Table 2. A diagram for the Earth-Moon CR3BP model is shown in Figure 1,
showing the three bodies and the Lagrange points in the barycentric rotating frame.

Table 2. Solutions of the Lagrange points for the Earth-Moon system.

Lagrange Point Coordinates (nondim) Coordinates (km)
L1 [0.837, 0, 0] [3.217 · 105, 0, 0]
L2 [1.156, 0, 0] [4.444 · 105, 0, 0]
L3 [−1.005, 0, 0] [−3.863 · 105, 0, 0]
L4 [0.5, 0.866, 0] [1.922 · 105, 3.329 · 105, 0]
L5 [0.5,−0.866, 0] [1.922 · 105,−3.329 · 105, 0]

Figure 1. CR3BP model in the Earth-Moon barycentric rotating frame.

Solutions around the libration points are categorized by families of periodic orbits. In the Cislunar
region, the highly nonlinear dynamics cause some periodic orbits to deviate from two-body problem
(2BP) characteristics due to perturbations from the Moon [23]. The orbit families in the CR3BP are
defined by their period, stability, and Jacobi constant. The Jacobi constant is a scalar integral for the
system

JC = 2U∗ − (ẋ2 + ẏ2 + ż2) (3)
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that gives information about the energy of the spacecraft. This study focuses on Lyapunov orbits,
presenting results for those around L1 and L2 (Figure 2). These planar periodic orbits originate near
each Lagrange point and, in this study, are within the Moon’s sphere of influence (SoI), covering
the Cislunar region and presenting close Lunar passages, which are crucial for analyzing spacecraft
explosions in these orbits. The analysis is extended to 3D DROs for a stable spatial orbit (Figure 3), but
not that it may be extended to any other family.

(a) L1 Lyapunov family (b) L2 Lyapunov family
Figure 2. Lyapunov orbits family family.

Figure 3. Direct retrograde orbit family.

The classical radius of the SoI in the 2BP is calculated using an equation that relates the masses of
the two bodies and their distance from each other [21]. For the Moon, this is defined as:

RSoI = rE−M

(
mM
mE

)2/5
(4)

where rE−M is the distance between the Earth and the Moon. However, in the context of the CR3BP, the
radius of the Moon’s SoI is relatively small. This research focuses on periodic orbits near the L1 and L2

libration points, which fall outside the classical Moon’s SoI. To address this, a new radius is determined
based on the gravitational influence of the bodies, defined as dSoI = gMoon/gEarth, where dSoI depends
on a predefined gravitational ratio [21]. The Earth’s classical SoI radius is large enough for this study;
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only the Moon’s SoI is redesigned, although the process may be applied to other SoIs, allowing for
case-by-case customization. Applied to the Earth-Moon CR3BP, the gravitational influence along the
x̂-axis is shown in Figure 4. Comparing the new value with the classical, the following is found:

RMoon−SoI2BP = 0.1720 ≈ 66, 100 km (5)

RMoon−SoICR3BP = 0.3902 ≈ 150, 000 km (6)

where the new SoI covers the orbits of interest in this research.

Figure 4. Gravitational influence due to the Earth and the Moon along the x̂-axis.

2.2. Fragmentation Model – The NASA Standard Break-Up Model

A fragmentation model defines a breakup event through statistical distributions for a given
parameter. The main parameters to compute these events are the area-to-mass ratio, size, and velocity
of each fragment after an explosion or collision [24]. There are various fragmentation models to
generate fragmentation events based on these parameters. In this research, the NASA Standard Break-
Up Model (NASA SBM) is applied. Originally created in the 1970s and continuously improved over
the years, with EVOLVE 4.0 being the most recent version [24], this method classifies fragmentation as
either catastrophic or non-catastrophic [25], with catastrophic break-ups exceeding a specific energy
level of 40 J/g. Explosions are thus considered catastrophic events, while some collisions may be
non-catastrophic.

2.2.1. Mass Distribution

To proceed with the creation of the explosion, it is required to select a particle characteristic length
of study, Lc that represents the size of the fragments generated. Note that this parameter is different
from the characteristic distance, l∗, defined for the CR3BP system. The amount of particles is roughly
based on the particle characteristic length, although the characteristics of each particle, i.e., the mass
and ejection velocity, are random along statistical distributions [24].

The NASA SBM is a statistical model based on empirical data from different fragmentation events
and the observation of the resultant debris [16]. The detection systems considered in this model are
generally effective for fragments with a minimum length of 10 cm [24]. Therefore, parameters are
better defined for particles of this size, leading this study to focus on spacecraft explosions with a
characteristic fragment length of 11 cm. The following equations define the model for the fragmentation
cases to be studied. First, the number of fragments generated for a specific Lc after an explosion is
calculated:

N(Lc) = 6L−1.6
c (7)
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The area-to-mass (A/M) distribution is calculated from the initial characteristic length. The variables
of the distribution are λc = log10(Lc) and χ = log10(A/M). Johnson et al. [24] define the variables
included in Eq. (8) as a function of λc:

Ds/c
A/M(λc, χ) = αs/c(λc)N(µs/c

1 (λc), σs/c
1 (λc), χ) + (1 − αs/c(λc))N(µs/c

2 (λc), σs/c
2 (λc), χ) (8)

where the statistical parameters included are defined as a function of λc [24]:

αs/c =


0 λc ≤ −1.95

0.3 + 0.4(λc + 1.2) −1.95 < λc < 0.55

1 0.55 ≤ λc

(9)

σs/c
1 =


0.1 λc ≤ −1.3

0.1 + 0.2(λc + 1.3) −1.3 < λc < −0.3

0.3 −0.3 ≤ λc

(10)

σs/c
2 =


0.5 λc ≤ −0.5

0.5 − (λc + 0.5) −0.5 < λc < −0.3

0.3 −0.3 ≤ λc

(11)

µs/c
1 =


−0.6 λc ≤ −1.1

−0.6 − 0.318(λc + 1.1) −1.1 < λc < 0

−0.95 0 ≤ λc

(12)

µs/c
2 =


−1.2 λc ≤ −0.7

−1.2 − 1.333(λc + 0.7) −0.7 < λc < −0.1

−2 −0.1 ≤ λc

(13)

The values of the parameters computed for Lc = 11 cm (λc = −0.9586) are

αs/c = 0.3966; µs/c
1 = −0.645; σs/c

1 = 0.1683; µs/c
2 = −1.2; σs/c

2 = 0.5 (14)

The cross-sectional area Ax is then computed and the mass conversion of each fragment is obtained:

Ax = 0.556945L2.0047077
c ; M =

Ax

A/M
(15)

where M represents the mass of each fragment.

2.2.2. Change in Velocity Distribution

The ejection velocity of the collision fragments is determined by a specific distribution function.
The distribution of the velocity change for each fragment is given by:

Dexp
∆V (χ, ν) = N(µexp(χ), σexp(χ), ν) (16)

In this equation, Dexp
∆V (χ, ν) represents the distribution function of the velocity change, where N

denotes a normal distribution. The statistical parameters µexp(χ) and σexp(χ) are the mean and
standard deviation of the velocity change, respectively:

µexp = 0.2χ + 1.85 (17)

σexp = 0.4 (18)
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and ν is defined as
ν = log10(∆V) (19)

where ∆V is the unknown parameter of the equation, which is obtained by solving Eq. (16) for it.
These parameters are defined according to the work of Johnson et al. for explosions [24].

2.2.3. Mass Correction

The implementation of the NASA Break-Up Model generates a random number of fragments.
However, the resultant mass is typically smaller than the initial mass of the spacecraft. A correction is
applied by adding a maximum of 20 fragments with larger characteristic lengths in the range of Lc0 = 1
m to Lc1 = 5 m. These particles simulate spacecraft components that are not completely destroyed
during the explosion [16], such as pressure tanks or nozzle bells. The λ parameter that depends on the
particle characteristic length is obtained by the following distribution:

λ = − 1
β

log10(10−βλ0 − Pλ(10−βλ0 − 10−βλ1)) (20)

where Pλ is a random variable uniformly distributed between 0 and 1, β is a constant equal to 1.6,
and Lc0 and Lc1 are the lower and upper boundaries of the characteristic length of the fragments,
respectively, that the defines the values of λ0 and λ1:

λ = log10(Lc) λ0 = log10(Lc0) λ1 = log10(Lc1) (21)

The λ obtained when applying the distribution indicated in Eq. (20) is used to identify the characteristic
length of the bigger fragments. By calculating the new Lc in Eqs. (7), (8), and (16), the velocity
and mass of the fragments are determined. This process is iteratively repeated until the total mass of
all fragments equals the mass of the entire spacecraft, with a maximum allowance of 20 additional
fragments. For example, in the case of Lc = 11 cm, Eq. (7) gives a solution of 206 fragments. Following
this correction, the total number of fragments is between 207 and 226. Figure 5 represents the statistical
distributions applied for this specific characteristic length. Finally, when analyzing the velocity
distribution in terms of direction, Figure 6 shows spikes that distort the distribution, accurately
resembling a real explosion.

(a) Mass distribution of the fragments (b) Change in velocity distribution
Figure 5. NASA standard break-up model mass and velocity distributions for Lc = 11 cm.
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Figure 6. Explosion velocity distribution for NASA SBM.

2.2.4. Computation process

Figure 7 illustrates the computation process for the NASA SBM. Two inputs are required to start
the simulation: the particle characteristic length, Lc, and the total mass of the satellite, msat. The
characteristic length is used to determine the number of fragments, N(Lc), as well as the cross-sectional
area, Ax. The number of fragments is normally distributed to obtain the area-to-mass ratio, A/M.
First, A/M is related to obtain the mass of each fragment: M. A random number of larger particles,
N([1m,5m]), is used to ensure mass conservation, obtaining the original msat. Subsequently, the total
number of fragments, Ntot, is calculated. Lastly, the selected Lc and A/M are used in a normal
distribution to determine the scalar value of the ejection velocity for each particle, |∆V|. The direction
of the velocities is determined using a uniform distribution, resulting in the ejection velocity vectors,
∆V. The outputs of the break-up model are both ∆V and Ntot.

Figure 7. Flowchart of NASA SBM.
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3. Fragmentation Event

The computation of the explosions requires initial conditions. The fragmentation event is config-
ured in a system bounded inside the SoI of the Earth. This section presents the locations where the
explosions are generated and the time of evaluation to study the dispersion of the fragments.

3.1. Setting Up Explosion Characteristics and Propagation Modes

The explosion requires some characteristics to be correctly set up, both for pre- and post-
fragmentation. The location of the break-up events and the evolution time of the study must be
defined in advance.

• Position of the break-up event: Eight positions are defined as equally spaced in time throughout
each orbit. The spacecraft is first located at the periapsis of the orbit, and the remaining locations
are calculated by adding 1/8 of the orbital period. This division not only segments the orbits into
similar sections but also facilitates locating the spacecraft at specific positions, such as perilune
or other significant regions. Figure 8 illustrates the configuration of explosions for the study of
L1 and L2 Lyapunov orbit families contained within the SoI of the Moon.

• Time of propagation: Simulations are propagated over a period of 2 years, with results plotted
for both a short-term and long-term analysis. The short-term mode includes the first 50 days,
encompassing the fragmentation events occurring approximately in the first 20 days of the
propagation, and the subsequent debris evolution. The long-term mode extends to 2 years to
analyze how debris continues to evolve over an extended period. This is set as the maximum
time due to error propagation in the dynamical model for larger timescales.

The results of these simulations are presented below.

(a) L1 Lyapunov orbit family (b) L2 Lyapunov orbit family
Figure 8. Break-up locations in L1 and L2 Lyapunov orbit families.

3.2. Process to Compute a Fragmentation Event

To assess the impact of explosions, a few steps are necessary to compute fragmentation events.
Such a process is presented in the flowcharts in Figures 9 and 10. The first step to proceed with the
study is to generate an explosion. Some initial conditions related to the spacecraft and the orbits are
required. Such initial conditions include the mass of the spacecraft msat and the state vector necessary
to propagate the orbit using the CR3BP (s̄). The fragmentation event is also configured, defining three
variables: the fragments’ characteristic length to compute the break-up model, Lc, the time of evolution
of the study, tevolution, and the locations of the explosions, determined by equally dividing the period
of the specific orbits, T/div, where div corresponds to the number of divisions (in this case, div = 8).
The initial conditions of the orbits are defined by their state vector and period percentage, [s̄, t]. The
outputs of the break-up model, Ntot and ∆V, are used to propagate s̄ during a specific time of evolution
tevolution. Each fragment is propagated using ODE45, obtaining an array of state vectors, s̄exp, containing
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the evolution of each particle for each time step, texp. Note that sexp is a cell-array. The set of state
vectors and time steps of each particle, [s̄exp, texp], builds the explosion database.

Figure 9. Procedure for the generation of the explosion.

Figure 10. Procedure for analysis of impact on the Cislunar region.

A procedure is established to analyze the impact on the Cislunar region (Figure 10). Using
the explosion database and selecting a specific time of evolution, the state vectors defined as s̄exp

included in s̄ debris are classified based on whether the particles impact the Moon or Earth, escape
the Earth-Moon system through Earth’s SoI, or continue orbiting the region. The debris is classified
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computing ODE events, where all necessary parameters, such as the JC, mass, and ejection velocity
of each fragment, are extracted for upcoming studies. These may be stored in a debris database if
needed for future work. The effect on the Cislunar region is then assessed by examining the location of
the debris, s̄exp, and studying their proximity to the Lagrange points, their evolution with respect to
the Moon’s SoI, and identifying patterns in their propagation. More studies are conducted on other
orbits, analyzing the hazard zones and the probability of kill for other orbiting satellites. This involves
examining both the likelihood of a fragment impacting a satellite and the probability of a satellite
being destroyed by such an impact [11]. Understanding these effects helps to determine the safety of
potential missions in the vicinity and may aid in the creation of policies for Cislunar traffic.

4. Simulation – Generation of Databases

In this research, the local databases detailed in Section 3.2 are created through the development of
Graphical User Interfaces (GUIs) in MATLAB. There are three key databases integral to this process:
the orbit database, the explosion database, and the debris database.

4.1. Orbit Database

A pre-computed list of initial conditions (IC) includes some periodic orbit families. A new
database is then created, called orbit database, which includes only the trajectories and IC that are
relevant to the study. The orbit database starts through the selection of the orbits to be studied (Fig. 11).
The program then generates a folder and saves a new file containing the specific IC that include the
state vectors where the fragmentation events will occur in the selected orbits.

1. Steps 1 and 2: The user selects the initial conditions to propagate each orbit in a chosen family.
This includes:

• First, the family or families of orbits to be studied.
• Secondly, a range for the Jacobi constant to identify specific orbits for the study.

2. Step 3: A list of the specific orbits selected is shown sorted in decreasing JC. The user then
decides which orbits are included in the study.

3. Step 4: The program generates a folder and saves a .mat file containing the state vectors where
the fragmentation events occur.

The orbit database is included in the .mat file called ICD_Family_numberofexplosions.mat, where ICD
means “initial conditions data”. Note that as the case of study computed in this research is set up for 8
explosions per orbit, depending on the number of orbits selected, a multiple of 8 is the total number
of explosions. Figure 11 shows an example of 7 orbits, i.e., 56 explosions. If more than one family is
selected for the study, this is also specified. For example, when selecting L1 and L2 Lyapunov orbits
and DROs, _L1L2DRO_ is the name specified in the _Family_ of the .mat file.

Figure 11. GUI for the computation of the orbit database.

4.2. Explosion Database

To create the explosion database (Figure 12), the user selects the desired orbit database file and
specifies the propagation time. Since explosion computations take from 20 minutes to several hours,
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a progress bar is provided to estimate the completion time. Once the explosion data is generated
and stored in separate files, it is recompiled based on user preferences, allowing for various analyses.
For instance, explosions from different orbital families may be studied simultaneously, or specific
parameters such as explosions at perilune. After compiling the explosion data, plots are generated,
and results are obtained.

1. Step 1: The user selects the specific initial conditions obtained from the orbit database.
2. Step 2: The user specifies the propagation time. Suggested values are 50 days and 2 years for

short- and long-term studies, but any time of interest in months may be entered.
3. Step 3: Explosions are calculated for each initial condition:

• The increment of velocity and mass of each fragment is calculated using the NASA SBM.
• Each particle is then propagated by applying the CR3BP.

4. Step 4: A separate file is created for each initial condition, storing the data of the initial conditions
and fragments.

Figure 12. GUI during the computation of the explosion database.

4.3. Debris Database

The debris database is used to classify and analyze the generated debris, focusing on their location,
evolution, and proximity to key points like the Lagrange points and or collisions (Figure 13). This
comprehensive database structure facilitates detailed analysis and enhances the understanding of
debris behavior in the Cislunar region.

1. Step 1: The user selects one or more explosion databases.
2. Step 2: From the chosen explosion databases, the user may select all or specific explosions.
3. Step 3: The selected data is compiled for result analysis.
4. Step 4: Basic plots for understanding the system are generated and saved in a folder specified

by the user. If the same folder is used in subsequent studies, comparison analyses will also be
available.

Figure 13. GUI to compute the debris database.

5. Results

With an efficient method for creating databases and exploring the problem of Cislunar debris
established, an example is now provided for explosions occurring in the L1 and L2 Lyapunov orbit
families, as well as 3D DRO orbits. The resulting debris databases are studied separately to analyze
individual results and then compared to identify characteristics of debris behavior.
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5.1. L1 Lyapunov Orbits

In this case, 40 explosions are computed for 5 orbits within the L1 Lyapunov family. The selected
orbits are represented in Figure 8, corresponding to orbits with Jacobi constants near 3. This criterion
is based on the size of the orbits and their close Lunar passages. Figures 14 and 15 represent the short-
and long-term debris propagation, respectively. The debris are color-coded based on the type: green
points represent debris that impact the Earth; red dots those that impact the Moon; black dots signify
debris that escape the system (defined by the Earth’s SoI at 924, 000 km); and blue dots represent
fragments that continue orbiting within the Cislunar region. Although explosions occur in Lunar
orbits, the great increase in velocity applied to each fragment results in two dominant behaviors: most
particles either escape Earth’s SoI or enter orbits around the Earth. This is evident after 30 days of
evolution in Figure 14. Debris cloud density in the Cislunar region decreases drastically over time
(Figure 15), suggesting that the latter behavior is more frequent in this case. Finally, many fragments
impact the Moon directly after the explosions, and most of the remaining debris eventually exit the
system (Figure 16). Only a negligible amount of debris impacts the Earth.

Figure 14. Debris simulation over 50 days for explosions in L1 Lyapunov orbits.
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Figure 15. Debris simulation over 2 years for explosions in L1 Lyapunov orbits.

Figure 16. Evolution of debris through the time of study for L1 Lyapunov explosions.

5.2. L2 Lyapunov Orbits

The same simulation is now carried out for explosions occurring in L2 Lyapunov orbits following
the criteria explained for the L1 Lyapunov orbits. The fragmentation event for this case is also presented
in Figure 8. The debris propagation is presented in Figures 17 and 18.
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Figure 17. Debris simulation over 50 days for explosions in L2 Lyapunov orbits.

Figure 18. Debris simulation over 2 years for explosions in L2 Lyapunov orbits.

At first sight, similar conclusions are seen compared to L1 Lyapunov results. Directly after the
fragmentation events occur, a large number of fragments escape the system (Figure 19). This is due to
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the initial orbits being in the vicinity of L2, which is closer to the boundary of the system. In order to
further analyze the results of both cases, other plots are obtained next to draw further comparisons.

Figure 19. Evolution of debris through the time of study for L2 Lyapunov explosions.

5.3. Comparison

A comparison of the debris evolution for fragmentation events in both L1 and L2 Lyapunov
orbits, analyzed over the short and long term, is presented in Figure 20 As mentioned above, the main
difference is that, in the case of L2 Lyapunov orbits, the number of fragments escaping from the system
is significantly higher than in the case of L1 Lyapunov orbits in the short term. In the long term, results
are similar for both cases. This suggests that the initial higher escape rate for L2 Lyapunov debris is
largely due to its proximity to the boundary of the Earth-Moon system.

To study debris behavior throughout the simulation, danger zones are defined as spherical
volumes centered at points of interest. When a fragment enters a danger zone, it is considered to have
some probability of impacting an arbitrary object within that zone [11]. For this analysis, danger zones
are applied to the L1 and L2 Lagrange points, each with a radius of 10, 000 km. Figure 21 represents
the occurrence of debris in the defined danger zones over time. The amount of debris in each region
varies depending on the orbit family, but the Lyapunov orbits studied exhibit similar trends: over time,
the number of particles decreases as more escape the system. As expected, explosions in L1 Lyapunov
orbits result in major spikes in the L1 danger zone, while L2 Lyapunov explosions cause similar spikes
in the L2 danger zone.
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Figure 20. Comparison of debris evolution of explosions occurring in L1 and L2 Lyapunov orbits.

(a) Short-term comparison (b) Long-term comparison
Figure 21. Comparison of number of particles inside L1 and L2 danger zones.

5.4. 3D DRO Orbits

Lyapunov orbits are unstable and planar, leading to debris scattering away from the periodic
orbit soon after an explosion. In contrast, a three-dimensional DRO (DRO3), which is stable in
nature, is analyzed in this section. The DRO3 orbit bifurcates from the planar DRO family, extending
into 3D while maintaining stability. For this study, 200 explosions are analyzed, compiling and
examining the outputs of numerous satellites. The DRO3 orbit family is chosen due to its stability
and extensive coverage of the Cislunar region, which has been proposed useful for surveillance
applications. Animations and still images (Figure 22) demonstrate this stability, showing that particles
tend to remain close to the initial orbit path (depicted in blue) for a longer time compared to Lyapunov
orbits.

The plots in Figure 23 correspond to danger zones with radius 40,000 km about L1, L2, L4, and L5

respectively. Animations facilitate qualitative analysis, revealing that relatively few particles leave the
system, likely due to the orbit’s stability (illustrated by the developing ring in Figure 22). In turn, the
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primary impact is on future DRO3 missions. Figure 23 shows that very few particles approach the
Lagrange points over a 50-day period (note that the stills in Figure 22 provide a 2D view of a 3D orbit).

Figure 22. Debris propagation from a 3D DRO at different times.

Figure 23. Count of particles in proximity to Lagrange points over time.

6. Summary and Final Remarks

Debris behavior in Cislunar space is analyzed using the CR3BP dynamic model, and the resulting
data is stored in a database for future use to address the challenge of computational complexity and
time. The results of simulating catastrophic failures at various points in several orbit families, including
L1 and L2 Lyapunov and a DRO3, are analyzed and compared. The results are useful for quantitative
and qualitative analysis, especially in terms of impact on the Cislunar region over time.

This research represents a step ahead in the study of spacecraft fragmentation, a field of interest
for safety of future Cislunar missions. Although debris analysis has been done previously, there are
some gaps in the impact assessment, such as debris computation which leads to problems related
to memory and time computation. These issues have been identified and solved by the creation of
an open-source code that includes the GUI process and the databases of periodic orbits IC and the
explosions propagated in this study. Note that the open-source database includes initial conditions for
all relevant periodic orbits in the Cislunar realm. By following the entire process for generating new
databases, the computation may take around 20 minutes to 4 hours. It is possible to create different
debris databases with a time investment of 5 minutes once the explosions are saved. By applying
the new process, some results have been obtained and analyzed, leading to conclusions about the
fragmentation events and confirming the chaotic behavior of the system.
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The results obtained so far confirm the effectiveness of the new process in the propagation of
spacecraft fragments. The open-source tool, code, and database enhance computational efficiency and
provide deeper insights into debris behavior and its implications for space safety. Further work in
this research will help to understand and reduce the risks associated with fragmentation events in the
Cislunar region. This includes completing simulations involving other Cislunar orbit families, as well
as determining and implementing other methods of comparison and analysis.
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The following abbreviations are used in this manuscript:

CR3BP Circular Restricted Three-Body Problem
BCR4BP Bicircular Restricted Four-Body Problem
GUI Graphic User Interface
IC Initial Conditions
DRO Distant Retrograde Orbit
L1 First Lagrange Point
L2 Second Lagrange Point
SoI Sphere of Influence
NASA SBM NASA Standard Break-Up Model
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