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ABSTRACT

Spacecraft breakup events were simulated in the vicinity of the Lunar Gateway’s Near Rectilinear Halo Orbit to 
evaluate the risk of debris collision with the station. The Monte Carlo simulations model the breakup of an object 
shortly after deployment from the Gateway, and using the propagated trajectories of over a million particles across 
5,000 random breakup events, the likelihood of collision with the Gateway is statistically evaluated. Approaches 
within 10 km were observed for only 2.4% of the breakup events, suggesting a low risk of collision, but approaches 
at larger distances that might still generate a debris avoidance maneuver were relatively likely. Changes in velocity at 
deployment of above 4 m/s appeared to lower the risk of collision. The risk was highest at about 1.57 days after the 
breakup but dropped rapidly as the vast majority of objects departed the Near Rectilinear Halo Orbit within weeks. 
After one year, about 20% of the fragments had impacted the Moon, 61% had escaped the Earth-Moon system, and 
19% remained elsewhere in cislunar space. Few objects would intersect useful near-Earth orbits and there were very 
few Earth impacts. The results of this study provide quantifiable insight into the risk of debris collision with the 
Gateway that can be used to develop operational plans to mitigate this risk.

1. INTRODUCTION

Interest in cislunar space has swelled in recent years, and nations such as the United States, Russia, and China have 
developed plans for ambitious cislunar space missions. These include plans for crewed cislunar space stations, lunar 
landings, and lunar bases. Additional cislunar spacecraft are likely to be required to support the growing number of 
missions, especially to extend Space Situational Awareness (SSA), communication, and navigation capabilities capa-
bilities beyond Geostationary Earth Orbit (GEO) [1]. The United States has been vocal about the need to expand space 
operations into cislunar space, and the White House National Cislunar Science and Technology Strategy, released in 
November 2022, calls for extending SSA capabilities into cislunar space, expanding international cooperation, sup-
porting cislunar research and development, and developing cislunar communications and navigation infrastructure 
[2].

As more spacecraft have begun to operate in cislunar space, some have raised concerns over potential problems with 
artificial debris in useful cislunar orbits. The White House Cislunar Strategy specifically mentions the need to avoid 
debris in cislunar space, stating that the United States government will “aim to understand the long-term effects of 
growing human activities on the Cislunar environment, and to preserve a safe and sustainable environment in Cislunar 
space - such as limiting space debris in Lunar orbit.” The Cislunar Strategy calls for developing debris mitigation 
strategies, standards for End of Life (EOL) disposal, a cislunar object catalog, and cislunar SSA capabilities to track 
debris [2]. Pollock and Vedda [3] also expressed concerns that certain useful cislunar orbits, such as Near Rectilinear 
Halo Orbits (NRHOs), may someday become congested, and called for the early establishment of cislunar debris 
guidelines to avoid later costly remediation.

NRHOs have potentially significant utility for future lunar exploration. The crewed Lunar Gateway space station will 
operate in a NRHO, with construction planned to start in the late 2020s [1]. The utility of NRHOs for future lunar 
exploration, and especially their planned use to support crewed spacecraft, makes it important to study the propagation
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of debris in these orbits. Several existing studies have investigated debris-generating breakup events in cislunar orbits
[4, 5, 6, 7, 8], finding slight risks to other cislunar spacecraft and to orbital environments closer to Earth such as Low
Earth Orbit (LEO) and GEO. Only Guardabasso et. al [8] considered debris in NRHOs, but this study did not utilize
Monte Carlo breakup simulation to quantify the risk to the Gateway. Monte Carlo simulations are useful for analysis
of space debris because they allow a characterization of the risk despite many uncertain variables, such as the breakup
time, the breakup location, and the breakup properties [9, 10].

This paper describes Monte Carlo simulations of breakup events near the Gateway’s NRHO and discusses the resulting
risks from the debris to the Gateway. The simulations focus on a deployment scenario in which an object, such as a
resupply module or satellite, suffers a breakup event following deployment from the station. The simulation results
are generally applicable to any breakup event in the vicinity of the Gateway’s NRHO, and include an analysis of the
debris trajectories, the collision risks to the Gateway, and the final states of debris after the simulation completes. These
results enable an analysis of the consequences of breakup events in the vicinity of the Gateway’s NRHO, allowing the
development of guidelines for safe space operations in this region.

2. METHODOLOGY

This section begins with a discussion of the cislunar dynamics relevant to the present study. The next subsection
describes the Gateway reference trajectory, which was obtained from a published NASA ephemeris file. Next, the
spacecraft breakup model is described. The final three subsections outline the high-fidelity orbit propagation, the
simulation design, and the method for analyzing the collision risk, respectively.

2.1 Cislunar Dynamics

Cislunar dynamics are often approximated using the Earth-Moon Circular Restricted Three-Body Problem (CR3BP),
which assumes that the mass of the spacecraft is negligible with respect to the Earth and the Moon, that the Earth
and Moon move in coplanar circular orbits about their center of mass (or barycenter), and that the Earth and Moon
move with constant angular velocities [11]. Although the CR3BP was not used for any orbit propagation in this study,
the CR3BP still provides useful insight into cislunar dynamics, and trajectories that are stable according to the Earth-
Moon CR3BP are often used in cislunar mission design. The CR3BP includes five stable Lagrange points at which
gravitational forces balance, referred to as L1, L2, L3, L4, and L5. The location of these Lagrange points is shown in
the Earth-Moon barycentric rotating reference frame in Fig. 1. The units in this plot are non-dimensionalized such
that one Distance Unit (DU) equals the assumed distance between the Earth and the Moon, 384,400 km. The L1 and
L2 Lagrange points are especially useful because they are near the Moon and spacecraft can efficiently transfer from
them to both the Earth and Moon [12].

Orbits about the Lagrange points are often called halo orbits. NRHOs are a particularly useful class of L1 and L2
halo orbits. These orbits are stable, are easily accessible from Earth, allow access to both the lunar surface and
interplanetary destinations, and can provide communications coverage to one of the lunar poles for most of the orbit.
An example NRHO is plotted in the Earth-Moon rotating frame centered at the Moon in Fig. 2. An L2 South NRHO
that completes an average of nine revolutions for every two lunar months was chosen as the operational orbit for the
Lunar Gateway. This orbit has desirable characteristics such as good visibility of the lunar far side, favorable stability,
a lower fuel cost for returns to Earth, and the ability to provide communication coverage to regions of interest at the
lunar south pole. The Gateway orbit has also been carefully designed to minimize eclipses by the Earth [13].

The CR3BP includes a constant of the motion known as Jacobi’s Constant, which provides insight into accessible and
inaccessible regions of cislunar space. This constant is expressed as:

C = 2U − v2 (1)

where v is the object speed and the pseudopotential U is given by:

U =
1−µ

ρE
+

µ

ρM
+

1
2
(
x2 + y2) (2)

where ρE is the distance from the object to the Earth, ρM is the distance from the object to the Moon, x and y are
the coordinates in the Earth-Moon barycentric rotating reference frame, and µ is a constant equal to 0.01215. All
quantities are in non-dimensional units such that one DU is 384,400 km and one Time Unit (TU) is 4.3425 days. In
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Fig. 1: Equilibrium Points in the Earth-Moon CR3BP

Fig. 2: Example NRHO
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the CR3BP, the Jacobi Constant cannot be changed unless energy is added, such as through an engine burn. Locations
in cislunar space where v = 0 for a given Jacobi Constant form boundaries known as Zero-Velocity Curves (ZVC) that
cannot be crossed without the addition of energy. Although Jacobi’s Constant is no longer constant in ephemeris-based
trajectory models where the assumptions of the CR3BP are violated (as used in this study), the ZVC are still useful
for describing the motion of cislunar debris objects.

2.2 Gateway Reference Trajectory

Breakup events were simulated in orbits near the Gateway’s operational NRHO. The Gateway’s operational orbit was
obtained from the NASA’s reference trajectory, discussed in Ref. [13]. The Gateway reference trajectory is provided
as an ephemeris file that spans 15 years, from 2 January 2020 to 11 February 2035. The trajectory is continuous in
position, but velocity adjustments occur to maintain the orbit. NASA’s General Mission Analysis Tool (GMAT) was
used to read the ephemeris file and obtain the Gateway’s state at desired dates and times from the reference trajectory.

2.3 Breakup Model

The NASA Standard Breakup Model [14] was used to determine the properties of spacecraft breakup events. The
NASA Standard Breakup Model is a statistical model that randomly generates fragment ejection velocities, masses,
and sizes. An implementation of the breakup model identical to that used in Ref. [15] was used for this study, and the
implementation is reviewed here.

The number of particles released from a spacecraft breakup event is governed by the power law equation:

N(Lc) = 6L−β
c (3)

where Lc is the minimum particle size considered in meters and β is a constant equal to 1.6. To place a practical limit
the number of objects that must be propagated with each run of the simulation, only fragments with a characteristic
length larger than 10 cm (Lc > 0.1) were considered in this study. Particles larger than 10 cm would be the most
threatening to other spacecraft, and 10 cm is also the trackable limit of objects in the LEO environment [14], allowing
comparisons with the trackable LEO debris environment. Equation (3) indicates that there will be approximately 238
particles of size 10 cm or larger.

The sizes of debris objects were generated using the following power law equation from Frey [16]:

λ =− 1
β

log10

[
10−βλ0 −Pλ (10−βλ0 −10−βλ1)

]
(4)

where Pλ is a random variable uniformly distributed between 0 and 1. λ , λ0, and λ1 are given by:

λ = log10(Lc) (5)

λ0 = log10(Lc0) (6)

λ1 = log10(Lc1) (7)

where Lc0 is the lower fragment characteristic length limit in meters (0.1) and Lc1 is the upper limit in meters. Krisko
[17] indicated that the power law may break down for fragment sizes above 1 m, so 1 m was used as the upper
characteristic length limit.

After determining particle characteristic lengths, the distribution functions provided by Johnson et al. [14] were used
to calculate the fragment area-to-mass ratios. Another distribution function provided by Johnson et al. [14] was used
to calculate the ejection speeds from the area-to-mass ratios. A direction can be assigned to the speed by assuming an
omnidirectional explosion and picking a random point on a sphere [18]:

∆Vx = ∆V
√

1−u2 cosθ (8)

∆Vy = ∆V
√

1−u2 sinθ (9)

∆Vz = ∆Vu (10)

where u is a random number uniformly sampled between -1 and 1, and θ is a random angle uniformly sampled between
0 and 2π .
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Mass conservation was also enforced with an assumed pre-explosion mass of 800 kg. The NASA Standard Breakup
Model does not guarantee mass conservation by default, typically generating too little mass relative to the original
pre-explosion mass. Krisko [17] recommended enforcing mass conservation by generating two to eight additional
fragments larger than 1 m. These objects would represent larger components not totally destroyed in the explosion
such as pressurant tanks, nozzle bells, etc. Up to eight additional fragments in the characteristic length range Lc0 = 1
and Lc1 = 5, in meters, were randomly generated until the total fragment mass summed to 800 kg to within a tolerance
of 5%. The assumed pre-explosion mass only affects the properties of these final two to eight particles.

This implementation of the NASA Standard Breakup Model generates between 239 and 246 particles for each breakup
event, and the average ejection velocity is typically near 70 m/s. The fragment ejection velocities were used to
determine the initial states of all objects, and the cross-sectional areas and masses of the particles were used for the
solar radiation pressure (SRP) calculation in the orbit propagator. The fragments were assumed to have a coefficient of
reflectivity of cR = 1.2 based on another study that used this value to model the influence of SRP on debris fragments
[19].

2.4 Orbit Propagation

Orbit propagation was required for determining the trajectories of the spacecraft that suffers the breakup event and
of the resulting debris, and all orbit propagation in this study was accomplished using NASA GMAT. GMAT is an
open-source space mission analysis tool developed by NASA that achieved its first flight-qualified release in 2013
[20]. GMAT was well-suited for this study due to its high-fidelity orbit propagation capabilities and its command-line
interface. This enabled accurate and efficient propagation of hundreds of thousands of debris objects.

Most prior studies that used ephemeris-based cislunar trajectory models considered the point-mass gravity of the
Earth and Sun, a non-spherical lunar gravity model with degree and order 8, and the force due to SRP [21, 22, 23,
24]. Development of the Gateway reference trajectory included the point-mass gravitational influence of the Jupiter
barycenter but did not consider SRP [13]. Therefore, the force model for this study incorporated the gravitational
forces of the Moon, Earth, Sun, and Jupiter and the force due to SRP. Central body switching was used depending on
the proximity to the Moon or Earth. Within the lunar Sphere of Influence (SOI), or less than about 66,150 km in radius
from the center of the Moon [25], the Moon was considered the central body, with a gravity field represented with an
8× 8 subset of the GRAIL GRGM 1200A lunar gravity model [26]. The other celestial bodies were represented as
point masses when the Moon was the central body. Elsewhere in cislunar space, Earth was considered the central body
and a 4× 4 subset of the JGM-2 gravity model was used to represent its non-spherical gravity field [27]. The other
celestial bodies, including the Moon, were represented as point masses when the Earth was the central body.

All debris objects were propagated for one year following the breakup event, unless a stopping condition was encoun-
tered. Propagation was terminated early if the altitude above the Moon reached 0 km, neglecting lunar terrain, or if
the altitude above the Earth reached 120 km, the approximate start of the Earth’s atmosphere. Propagation was also
terminated beyond a sphere of a radius of 913,000 km from the center of the Earth [25], which was considered to have
represented escape from the Earth-Moon system.

Positions and velocities of all objects were reported once every 300 seconds in four different coordinate frames. The
first was the Moon Inertial frame, the “Body Inertial” frame for the Moon available in GMAT [28]. Trajectories in the
Moon Inertial frame were used for determining the closest approaches between debris and the Gateway. Trajectories
were also reported in two variations of the Earth-Moon rotating frame: one centered at the Moon, and another centered
at the Earth-Moon barycenter. The Earth-Moon rotating frame centered at the Moon was used for visualizing lunar-
centric trajectories, while the Earth-Moon barycentric rotating frame was used for visualizing motion in the broader
cislunar region. Finally, trajectories in the Earth-centered International Cartesian Reference Frame (ICRF) enabled the
calculation of Earth-centered orbital elements.

2.5 Debris Simulation Setup

The motion of debris following a breakup event in cislunar space depends on many uncertain variables, including the
date and time of the breakup event, the location of the breakup event, the pre-breakup orbit, and the properties of the
breakup event. Furthermore, cislunar dynamics are highly complex and nonlinear, especially in a realistic, ephemeris-
based trajectory model. This complexity means that trajectories can change dramatically with small changes in initial
conditions, making analytical predictions difficult. Monte Carlo simulations are well-suited to handle complex prob-
lems of this nature [29]. Therefore, this study used Monte Carlo debris simulations to model random breakup events
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Table 1: Cislunar Debris Simulation Setup

Parameter Value
Deployment Date and Time Random between 1 Jan 2025 00:00:00 and 1 Jan 2030 00:00:00

Velocity Perturbation Random magnitude between 0.5-15 m/s and random direction
Time Between Deployment and Breakup Random between 0-14 days

Breakup Properties Randomly generated by NASA Standard Breakup Model
Debris Propagation Length Fixed at 365 days
Number of Simulation Runs 5,000

near the Gateway’s NRHO. The results across thousands of breakup events were aggregated to gain insight into the
overall risk to the Gateway.

This study aims to simulate cislunar breakup events in the vicinity of the Gateway’s NRHO. This type of event could
be triggered by the breakup of a spacecraft shortly after deployment from the Gateway. The Gateway will serve as
a staging point for future lunar exploration through the Artemis Program when it becomes operational in the late
2020s, with many spacecraft arriving and departing. These spacecraft could include small satellites released from the
station and resupply modules [22]. Therefore, the mechanism of the breakup event in this study was an explosion of a
spacecraft following deployment from the Gateway. The pre-breakup orbits were all in the vicinity of the Gateway’s
NRHO, meaning that the results of this study should be generally applicable to any breakup event in an orbit near the
Gateway’s NRHO, not just those following a deployment.

To model a breakup event in a deployment scenario, the following Monte Carlo simulation design was used:

1. Select a random date and time along the Gateway reference trajectory as the starting point for the simulation.
This date and time was between 1 Jan 2025 00:00:00 UTC and 1 Jan 2030 00:00:00 UTC.

2. Perform a random velocity perturbation (or ∆V ) in a random direction, representing deployment from the Gate-
way. The magnitude of the velocity perturbation was between 0.5 and 15 m/s, matching the bounds used in the
NRHO deployment study by Davis et al. [22]. The random direction was assigned by selecting a random point
on a sphere using the same method as in Equations (8)-(10).

3. Select a random duration between 0 and 14 days. The deployed object was assumed to either have departed the
vicinity of the NRHO for its next destination by 14 days or be far enough from the NRHO to no longer pose any
risk. A test simulation consisting of 500 breakup events with durations as long as two months supported that
breakup events beyond 14 days would pose little collision risk to the Gateway. For breakup events beyond 14
days, no fragments passed within 50 km of the Gateway. Therefore, the 14 day upper limit on the duration was
chosen to focus on breakup events that would be most likely to threaten the Gateway.

4. Propagate the deployed object forward by the random duration. For the SRP calculation, the deployed object
was assumed to have a mass of 800 kg, a cross-sectional area of 1 m2, and a coefficient of reflectivity of cR = 1.8.
However, these properties have little impact on the propagation due to the small influence of the force due to
SRP over a short time period.

5. Simulate a breakup event using the NASA Standard Breakup Model.

6. Propagate the trajectories of all debris particles for one year and determine the closest approach with the Gateway
reference trajectory.

7. Repeat this procedure 5,000 times to complete 5,000 runs, i.e., simulate 5,000 breakup events. Plot histograms
of the closest approaches to evaluate the risk to the Gateway.

Table 1 summarizes the proposed simulation setup. Fig. 3 marks the breakup locations resulting from this simulation
design with red dots. The trajectories of the objects just prior to the breakup event are also shown as lines extending
from the breakup location. Breakup events were much more likely to occur at apolune because they were considered
uniformly likely in time, and objects in the NRHO spend much more time near apolune.
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Fig. 3: NRHO Debris Simulation Breakup Locations

Simulating 5,000 breakup events according to this simulation design required the propagation of a total of 1,222,522
debris fragments for one year. This involved substantial computational effort, necessitating the use of High Perfor-
mance Computing (HPC) resources. Debris fragments were propagated in parallel on HPC resources using Dask, a
Python library for parallel computing [30]. This allowed the simulation to complete quickly despite the large number
of particles.

2.6 Collision Risk

The observed absolute closest approaches to the Gateway during each of the 5,000 randomly simulated breakup events
were aggregated and used to quantify the risk to the Gateway. The frequency of very close approaches to the Gateway
can provide insight into the level of collision risk. Existing NASA guidelines for the International Space Station (ISS)
classify close approaches within a box 4 km deep, 50 km wide, and 50 km long centered on the spacecraft as potentially
requiring a debris avoidance maneuver [31]. However, cislunar space object tracking is currently very limited, and
approaches within much larger distances could also generate concern.

This study uses a Monte Carlo approach to evaluate the risk to the Gateway. Monte Carlo simulations require a
sufficient number of runs to provide statistically significant results. Therefore, a bootstrap technique similar to that
used by Lidtke et al. [32] was used to estimate the uncertainty in the likelihood of close approaches within specified
distances of the Gateway. The absolute closest approaches from each of the 5,000 runs were randomly resampled with
replacement to generate a new sample of 5,000 runs. The frequency of closest approaches are different in this new
sample. This resampling process was repeated 2,000 times to generate 2,000 new samples, and these 2,000 samples
can be used to analyze the variation in the observed close approaches and generate 95% confidence intervals. If the
number of Monte Carlo runs is sufficient, then there will be little difference between each of the closest approach
samples, indicating low uncertainty in the results.

3. RESULTS

The main results of this study include the trajectories of the debris fragments, the collision risk to the Gateway, and the
final orbits of the fragments after one year. The following three subsections discuss each of these respective results.
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(a) After Five Hours (b) After Three Days (c) After 17 Days (d) After One Month

Fig. 4: Debris Propagation for Single Run, With Gateway Denoted by Blue Asterisk

3.1 Debris Propagation

Fig. 4 plots the positions of debris fragments at specified amounts of time following the breakup event for a single
run of the simulation (i.e., a single breakup event). In the example run shown in Fig. 4, the breakup event occurred
near the Gateway, and the Gateway is marked with a blue asterisk. While the debris initially followed the Gateway
along the NRHO, the fragments spread out within a few days, and fewer fragments remained in the NRHO with each
consecutive orbit. After about two weeks, very few fragments were still traveling along the original NRHO, although
many were still in the vicinity of the NRHO. After a month, most particles had escaped the vicinity of the NRHO to
other regions of cislunar space.

This trend of particles escaping from the NRHO within weeks was typical across all debris simulation runs. Fig. 5a
depicts the debris objects near the NRHO after one month for a combined sample of 500 runs. The particles escaping
from the NRHO formed a tube extending from the NRHO. Although most objects had escaped from the NRHO, the
density of objects near the NRHO was still higher than other regions of cislunar space. This was no longer true by
one year: the few remaining particles near the Moon were randomly scattered through the region, with no increase in
density near the NRHO. Departures from the NRHO within weeks were also observed in a study of NRHO deployment
by Davis et al. [22] and in the study of breakup events in NRHOs by Guardabasso et al. [8]. These results also support
the existence of “self-cleaning” properties in NRHOs noted by Guardabasso et al. [8].

3.2 Collision Risk Analysis

The fragment trajectories relative to the Gateway can provide insight into the nature of conjunctions with the station.
Fig. 6 plots the fragment trajectories in the Gateway Local-Vertical-Local-Horizontal (LVLH) frame during the first
month for the same run shown in Fig. 4. In this LVLH frame, the x-axis points along the vector extending from the
Moon to the Gateway, the z-axis points along the Gateway’s orbit normal direction relative to the Moon, and the y-axis
completes the right-handed coordinate system. The Gateway is fixed at the origin of the coordinate system. The LVLH
trajectories demonstrate that objects do not linger in the vicinity of the Gateway, and any transits are relatively brief.
This suggests a short-lived risk and a low risk of collision.

The absolute closest approaches to the Gateway during each of the 5,000 runs are plotted in a histogram in Fig. 7. The
bin width in the histogram is 100 km. The closest approaches are skewed towards lower values, but there is a large
variation in the results, with closest approaches beyond 500 km still relatively common. Fig. 8a depicts the fraction
of runs that saw closest approaches within specified distances, and Fig. 8b focuses only on the 0-10 km distances.
These results represent the observed probability of an approach within the specified distances during the first year
after a breakup event. 95% confidence intervals are also shown on the bar charts, which were generated using the
bootstrap resampling process described in Section 2.6. The confidence intervals are small relative to the height of the
bars, except for the lower distances shown in Fig. 8b due to the small sample sizes at these values.
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(a) After One Month (b) After One Year

Fig. 5: Debris Near Original NRHO, 500 Run Sample

Fig. 6: Debris Trajectories in Gateway LVLH Frame in First Month Month for Single Run
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Fig. 7: Histogram of Closest Approaches to Gateway
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Fig. 8: Fraction of Closest Approaches Within Specified Distances
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Fig. 9: Histogram of Times of Closest Approaches to Gateway

The closest approach to the Gateway across the 5,000 runs was 0.785 km, and this was the only observed approach
within 1 km. The lack of conjunctions within 1 km makes it difficult to infer the exact probability of collision with the
Gateway, but the chances appear to be low, likely well below 1 in 5,000. Approaches within 5 km occurred in 0.9% of
runs, and approaches within 10 km occurred in 2.4% of runs. The median close approach was 231.7 km. 77.4% of the
runs resulted in conjunctions within 500 km.

While the collision risk to the Gateway was low, the approaches were often close enough to potentially generate
significant concern, especially considering tracking limitations in cislunar space. For example, 13.6% of the runs saw
close approaches within 50 km, a threshold that could trigger a debris avoidance maneuver according to guidelines for
the ISS [31]. While similar guidelines for the Gateway are not yet available, the Gateway might be much more likely
to execute a debris avoidance maneuver in this scenario to compensate for much more limited space object tracking
capabilities in cislunar space. Debris avoidance maneuvers in NRHOs were previously studied by Davis et al. [21].
These authors found that small maneuvers with hours or days of advance notice could mitigate the risk, although the
fuel cost tends to increase as the lead time decreases.

The absolute closest approaches tended to occur within the first few days after the breakup event, as shown in the Time
of Closest Approach (TCA) histogram in Fig. 9. The bin width in the histogram is five days. The closest approach
occurred within six hours for 23.0% of the runs, within one day for 46.7% of the runs, within one week for 74.2% of
the runs, and within two weeks for 89.2% of the runs. The median TCA was 1.57 days. This is consistent with the
results of Guardabasso et al. [8], who found that most objects no longer remained in a “valuable region” surrounding
the NRHO a few days after the breakup event. The closest approaches occur shortly after the breakup because objects
tend to depart the NRHO quickly. This means that the collision risk diminishes rapidly, but short lead times could
make it difficult to develop an efficient debris avoidance maneuver.

The simulation results can also provide insight into deployment methods that reduce the collision risk to the Gateway.
The relationships between a variety of deployment variables and the closest approach measurements are plotted in Fig.
10. The time from deployment to the breakup event and the deployment ∆V , shown in Figs. 10a and 10b, respectively,
had the strongest influence on the closest approach measurements. The closest approaches generally increased as
the deployment duration increased due to the tendency of objects to depart the NRHO over time. Similarly, higher
deployment ∆V s caused objects to depart from the original NRHO to a greater degree prior to the explosion, leading to
a higher absolute closest approach. The relationship was especially strong for deployment ∆V s from 0-4 m/s. Below
4 m/s, the median closest approach was 80.1 km, and above 4 m/s, the median closest approach was 302.6 km. This
suggests that requiring deployment ∆V s to be above 4 m/s could be a strategy to reduce the risk to the Gateway in the
event of a breakup.

Fig. 10c depicts the relationship between the miss distances and the deployment ∆V direction measured as an angle
relative to the velocity vector. The approaches were slightly closer when the ∆V was applied in a direction perpendicu-
lar to the velocity vector, likely because these maneuvers would change the orbit the least, causing the object to remain
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Fig. 10: Correlations Between Deployment Parameters and Closest Approaches

in the NRHO for a longer time. Deployment ∆V s in the same direction as the velocity vector or opposite the velocity
vector resulted in slightly more distant conjunctions because these maneuvers cause faster departure from the NRHO.
There also appears to be a slight relationship between the lunar true anomaly and the closest approaches, as shown
in Fig. 10d, with deployments closer to apolune tending to lead to closer approaches. This would be consistent with
Davis et al. [22], who found that the fastest departure from the NRHO occurs for maneuvers in the velocity direction
at perilune. However, the sample size is small close to perilune. This is due to the simulation design, which considered
deployments to be equally likely in time, and the spacecraft spends much more time at apolune. Future simulations
could model different deployment strategies, such as deployment only at perilune, to determine if they reduce the risk
to the Gateway.

3.3 Debris Final States

Fig. 11 plots the cumulative fraction of particles that had exited the simulation over time across all 5,000 runs.
Particles were considered to have left the simulation if they impacted the Moon, impacted the Earth, or escaped the
Earth-Moon system. Many lunar impacts occurred at the beginning of the simulation due to objects placed on lunar
impact trajectories by the explosion. The rate at which objects impacted the Moon varied on a cycle approximately
matching the period of the Gateway’s orbit, or 6.562 days on average [13]. Lunar impacts became far less likely after
about 25 days as objects escaped the NRHO. Many fragments began to escape from the Earth-Moon system after about
22 days, and the fraction that had escaped continued to increase through the end of the simulation. Of the original
1,222,522 particles across all runs, 246,018 particles impacted the Moon (20.1%), 80 particles impacted the Earth
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Fig. 11: Fraction of Particles Exiting Simulation Over Time

(0.00654%), and 741,244 particles escaped the Earth-Moon system (60.6%). These results are very similar to those
obtained by Guardabasso et al. [8], but lunar impacts in the aggregate results of this study occurred more gradually
due to the larger number of fragments propagated and the random nature of the breakup events.

Lunar impacts were more likely in a region in the northern hemisphere of the Moon centered at approximately 42◦N,
72◦E. Fig. 12 provides a heat map of the locations of lunar surface impacts, with the Gateway reference trajectory’s
lunar ground track from the years 2025 to 2030 overlaid in black. The impact accumulation is below the Gateway’s
ground track just prior to perilune. The impacts appear slightly skewed to the left of the ground track, perhaps due
to the rotation of the Moon and the time difference between the original ground track and the time at which objects
intersect the Moon. Guardabasso et al. [8] appear to have observed an accumulation of lunar impacts at the same
location, showing that the impact accumulation is still present even when a larger range of epochs, initial states, and
breakup properties are considered. This location does not overlap with potential lunar base sites near the lunar south
pole [33], likely indicating low risk to future lunar surface infrastructure from a breakup event near the Gateway’s
NRHO.

Across all 5,000 runs, a total of 235,210 particles, or 19.2%, remained orbiting in cislunar space. A heat map of the
final states of these objects after one year is provided in Fig. 13. The ZVC associated with a Jacobi Constant of
3.05, the approximate Jacobi Constant of the original NRHO, is marked on the plot. There is an excellent correlation
between the final states of the particles and the ZVC. An inner ring is clearly visible just inside the ZVC, and a fainter
outer ring is present just outside the ZVC. Density was the highest near the opening of the ZVC from the L1 Lagrange
point to the Moon. Fewer particles ended inside the ZVC, but some could still do so due to the addition of energy
from the deployment and the breakup event. Very few particles ended near Earth, forming a hole around the Earth in
Fig. 13. Few particles had perigees close to the Earth, and those that did likely traversed near-Earth space quickly,
spending the majority of the time at apogee.

Some fragments ended the simulation in space near the Earth or Moon. At one year, about 0.6% of all fragments were
in space near the Moon within twice the Gateway’s apolune (about 142,000 km), while about 4.7% of the fragments
were within 7X GEO (about 295,148 km). The Gabbard diagrams in Figs. 14a and 14b plot the apsides and periods of
the objects that ended near the Moon and Earth, respectively. The risk to spacecraft near the Earth or Moon from these

Copyright © 2023 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com 



Fig. 12: Heat Map of Lunar Surface Impact Locations, With Gateway Ground Track Overlaid in Black

Fig. 13: Heat Map of Final States After One Year in Earth-Moon Barycentric Rotating Frame, With ZVC for Jacobi
Constant of 3.05
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(a) Particles Near Moon (<2X Gateway Apolune) (b) Particles Near Earth (<7X GEO)

Fig. 14: Gabbard Diagrams After One Year

fragments would be very low. While many objects achieved Earth-centric orbits, only about 0.06% of all fragments
had a perigee within GEO. The lack of close approaches to the Earth also led to very few Earth impacts. Of the
fragments with a perigee within GEO, the inclinations relative to the Earth’s equator were between approximately 0
and 70 degrees. The average inclination was 29 degrees, which is close to the Gateway reference trajectory’s average
inclination relative to the Earth.

4. CONCLUSION

This study presented the results of Monte Carlo simulations of spacecraft breakup events near the Lunar Gateway’s
NRHO, focusing on modeling a scenario in which an object suffers a breakup event shortly after deployment from the
station. In total, 5,000 breakup events consisting of 1,222,522 fragments with randomly generated initial conditions
were simulated and the debris propagated for one year. This provided a robust sample with which to calculate statistics
on the likelihood of collision between debris and the Gateway. Furthermore, the simulation results also provided
insight into the number of impacts with the Earth and Moon and the distribution of objects in cislunar space after one
year.

The simulations observed a low overall risk of collision with the Gateway, with conjunctions within 10 km observed
in only 2.4% of the runs and a median absolute closest approach of 232 km. However, a maneuver to avoid debris
would very likely be required, especially considering tracking limitations in cislunar space. Close approaches within
50 km, a level that would trigger discussions of a possible debris avoidance maneuver according to ISS guidelines
[31], occurred in 13.6% of the runs. Close approaches were typically observed quickly, with a median TCA of 1.57
days, potentially making a debris avoidance maneuver time-sensitive. The collision risk dropped dramatically within
days to a couple weeks as fragments quickly departed the NRHO. Based on these results, there would be minimal
long-term risk to the Gateway and no risk of debris accumulation in the NRHO.

Nearly all objects had escaped from the NRHO after one year and ended the simulation elsewhere in cislunar space.
After one year, about 20% of the fragments impacted the Moon and about 61% escaped the Earth-Moon system. Lunar
impacts were heavily skewed towards the northern hemisphere of the Moon, below the Gateway’s ground track just
prior to perilune. Very few Earth impacts were observed. The fragments remaining in cislunar space were mostly
distributed around the ZVC associated with the Jacobi Constant of the original NRHO. Only about 0.06% of the
fragments ended the simulation with a perigee within GEO, suggesting a low risk to spacecraft near Earth.
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Overall, this research provides a quantification of the risk from a breakup event near the Gateway’s NRHO, enabling
insight into the importance of avoiding such a scenario and operational strategies to reduce the risk. Although the
risk of collision with the Gateway is low, this type of event would likely generate significant concern in the absence
of robust cislunar object tracking capabilities, and development of strategies to reduce the risk may be required.
This study found that deployment ∆V s above 4 m/s would likely be an effective strategy to reduce the likelihood of
conjunctions, and deployment at perilune may also reduce the risk. Future studies could investigate the influence
of specific deployment methods on the close approaches to the Gateway to identify the safest deployment strategies.
Furthermore, the methods used in this study could be applied to simulate breakup events in other useful cislunar orbits,
such as Distant Retrograde Orbits (DROs), to evaluate the risk across a variety of environments.
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