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Introduction

Saturn’s moon Enceladus harbors a global subsurface ocean, active south-polar cryovolcanic
plumes and life-essential elements, making it a prime target for astrobiological research!'l. As
part of the Enceladus Explorer (EnEx) Initiative of the German Space Agency at DLR, the EnEx-
RaTNQOS project (Radar Transponder based Navigation and Orbit Determination by Satellite) aims
to enable geodetic mapping of Enceladus through precision orbit determination via a surface
radar transponder network. The design of highly-inclined, stable science orbits is challenging due
to the strong gravitational perturbations exerted by Saturn. This work analyzes two types of orbits
in a full-fidelity ephemeris model.: first, building on [2] and our previous work [3], periodic orbits
are re-identified under an updated model to find long-term stable periodic orbits. Secondly,
building on previous works [4, 5], halo orbits are translated into a full-fidelity ephemeris model
and used as starting points for a grid-search targeting orbits with low altitude south polar flybys.
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Table 1: Model differences between previous works [2, 3, 4] and this study. The spherical harmonic (SH)
gravity data from [8] was extended to degree 85 by collaborators at the DLR, under the assumption of
Airy isostasy!19],
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Figure 1: Sketch of the grid-search method for N=1. a) Propagation for one repeat period

Trep = N X J (4 2a3)/ug . b) Interpolation of state vectors within time window B.
c) Determination of the cosine difference between initial and end-state.

Based on [2], a grid-search method identifies candidate periodic orbits. Each combination of
initial semi-major axis a, inclination /i and eccentricity e is propagated for N revolutions and
assigned a metric m = min(|y| + |v|), representing the minimum angular difference between
initial and final position and velocity vectors. Candidate orbits with m < 0.02 are propagated for
a time period of 20 - T;..,, in an additional grid-search pass to verify long-term stability. K., K,
K'; with N=5, 9, 14, respectively, are the three orbits with best long-term stability.
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Figure 2: Multi-step correction from CR3BP to full ephemeris model, followed by an elliptical grid-search
around the corrected state.

Halo orbits around the Saturn-Enceladus L; and L, Lagrange points are described by [4,5] using
the Circular Restricted Three Body Problem (CR3BP) model. Initial states in the CR3BP model are
translated into a full-fidelity model and adjusted through a multi-step process during which model
fidelity is progressively increased, with a multi-shooting differential corrector applied at each step.
A grid-search over the parameters a, e, I, and argument of periapsis w is centered around this
corrected state. Each orbit is propagated for 5 days and a combined score s (equations below) is
computed. The highest-scoring orbit per family is selected as a science orbit candidate.
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N: time steps; thr: threshold; ;: sub-spacecraft latitude, @4, = -60°; h;: altitude, h,,;,,: south polar
minimum altitude, h;p,- = 50 km; a;, e;: semi-major axis and eccentricity at step i
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Figure 3: Slice through the
grid-search space. v
Left: Repeat metric m at N=14 g 140
and fixed e=0.08.

Right: Composite score s at
fixed e=0.77 and w=270.39
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Periodic Orbits

Parameter unit K'; K, K';
N\ - ) 9 14
ao km 450.0 486.0 473.0
€o = 0.07 0.08 0.08
Lo deg 54.5 55.0 55.0
Trep days 1.27 2.55 3.82
meani deg 95.68 56.33 56.26

body fixed frame. Fixed values ffom [11]: Arg. of periapsis = 268.14 trajectory in body fixed frame over

Table 2: Initial values for orbits{’l, K',, K'; inthe ephemeris model  Figure 4: Example orbit K'5. Orbit
deg; long. of ascending node =235:39 deg; true anomaly =91.85 deg. a period of 200 days.
-

.
Halo Orbits
Parameter unit NRHO L4 NRHO L, L4 period 3
Ay km 1274.94421 737.61252 1193.97708
€ - 0.77 0.75 0.76
Lo deg 86.05 117.84 89.64
Wy deg 270.39 268.82 266.44
Q deg 85.36 264.82 90.61
Vo deg 359.60 179.96 3.57
min alt. km ' 2.94 0.6744 1.39
passes < 100 km - 6 21 9
bound period days 4.54 11.14 5.75

Table 3: Candidate orbits with the h‘ighest composite score s per analyzed halo family group: The L; and
L, near rectilinear halo orbits (NRHO) and the L, period 3 orbit. During the grid-search, parameters (,
and v, remained fixed to the value ©f the initial CR3BP to Ephemeris translation.
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Summary and Conclusion

Periodic Orbits

 Compared with [2], the extended gravity model [8] shifts solutions to slightly lower mean
inclination.

* The addition of Enceladus’ rotational model deteriorates the long-term stability of our previous
solutions [3]. The updated K';, K'5, K'; show similar characteristics: K', and K'; remain the
most stable while K'; shows a pronounced drift over time.

Halo Orbits

* Incontrastto their CR3BP counterparts, the halo orbits in the full ephemeris model remain
bound for shorter time periods of 4-12 days.

* The NRHO L, orbit remains bound for the longest period during which it performs 21 low
passes over the south polar terrain.

* NRHO L; and L period 3 are shorter-lived with fewer south-polar passes.

* All halo orbits perform low passes over the latitudes between —-70° and —90°, covering the

geologically active “tiger stripe” region of the south polar terrain.
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