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Abstract

Lunar Gateway operations in the near-rectilinear halo orbit (NRHO) will take place within a dynamical
environment where fragment clouds may evolve in non-intuitive ways due to strongly nonlinear dynamics.
Beyond estimating conjunction counts, an operationally relevant question is whether debris encounters
are likely to be catastrophic (high relative energy) or non-catastrophic (low-energy impacts). This work
propagates fragmentation debris forward in the quasi-Hill restricted four-body problem (QHR4BP) to
assess risk across multiple source scenarios, including both explosive breakup events and low-energy
collisions caused by failed spacecraft rendezvous.

Gateway’s trajectory is represented by the quasi-periodic solution corresponding to an NRHO in
the QHR4BP. Debris generation scenarios include two primary classes. The first is a fragmentation
case representing an energetic failure in the NRHO operational environment, and the second is a non-
catastrophic rendezvous-failure case in which a visiting vehicle experiences a low-speed contact or collision
with Gateway. These classifications are based on those used in the NASA Standard Breakup Model (SBM).
In a rendezvous-failure scenario, debris is expected to experience only small energy changes relative to
NRHO, allowing fragments to remain near Gateway for extended periods. This can lead to a long-lasting
risk environment, even when individual debris impacts are not severe.

Debris ensembles are generated with NASA’s SBM, and fragments are propagated forward under
QHR4BP dynamics with event detection for close approaches to Gateway’s quasi-periodic trajectory,
lunar impact, and exits from a defined ”Gateway vicinity” volume. Risk metrics emphasize both encounter
severity and persistence. Severity is assessed through closest-approach distance, relative speed at closest
approach, and relative energy (using the mass of the generated fragments) for the purpose of classifying
outcomes. Persistence is described by how long debris remains in Gateway’s operational neighborhood
and how frequently it re-enters that neighborhood over time.

The analysis is repeated for several realistic spacecraft types and masses so that collision and de-
bris assumptions reflect real vehicles rather than idealized cases. The primary outputs include (1) a
classification of encounter populations of catastrophic and non-catastrophic regimes, (2) identification of
NRHO phase/epoch conditions that amplify encounter frequency or severity, and (3) quantification of
persistent hazard arising from low-energy, rendezvous-failure debris that lingers near the NRHO environ-
ment. These results support STM considerations by highlighting conditions under which seemingly minor
events can produce long-lived operational risk. The intent is to provide a defensible, intermediate-fidelity
methodology for Gateway vulnerability assessment without requiring full ephemeris-level force modeling.
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