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The Playing Field
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« Exploring outer
planetary systems is a
priority of the planetary
Decadal Survey

Destinations

Giant Gas Planets
Small Icy Worlds
Intriguing Moons

Science

Interior Secrets
Building blocks
Extreme Habitats

:> Preference for

planetary tour mission
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WC Outer Planet Challenges
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=) need of new ideas to reduce cost and delta-v of planetary tour missions
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« Multiple moons with significant
gravity wells
— Locked with planet
— Multi-body dynamics

« Strong magnetic field

Planet Earth Jupiter | Saturn Uranus
Magnetic 1 1.8 x 104 580 50
Moment

« Co-rotating plasmasphere
— Jupiter: mostly from lo
— Saturn: mostly from Enceladus
— Uranus: mostly from its atmosphere
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MA/'-' The Basic Idea

« A spacecraft carrying a conductive tether is subjected to :
— the gravity forces of the main planet and its moons
— the electromagnetic (Lorentz) force

1. InterMoon Superhighway
v’ Taking advantage of multi-body dynamics
v Low-Energy intermoon transfers
v' Existence of weakly captured orbits

2. Electromagnetic propulsion
v Electrodynamic tether (conductive wire)

v’ Takes advantage of magnetic field and
plasmasphere

v Propellantless propulsion and power
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MEAT MAGNETOUR

Concept :

* Quasi-ballistic moon tour of an outer
planet

* Synergic use of electrodynamic tethers
and gravitational manifolds and
resonances

Focus on Jupiter system in this talk

Benefits :
* Propellantless » Captured orbits at
maneuveurs multiple moons
* On-board power « Flagship science
generation on low budget
Increased science + Agreement with -
payload Decadal Survey ’ & NN B vuit-body Gravty Forces

|:> Electromagnetic Force

The combination of magnetic and muiti- | EUEYCI N IS KO 19
bOdy gravity fields can open up A Free-lunch Tour Concept for Planetary System Exploration
innovative, quasi-ballistic trajectories in

planetary systems by freely navigating MAGNETOUR mission architecture concept
between moons rather than ‘fighting’ the ] ] ]
dynamics New paradigm in exploration of planetary systems
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N}?"—' Project Objectives

1. Develop modeling tools to evaluate the coupled behaviors of
magnetic and gravitational dynamics

2. Build a prototype point design

a. optimization tool to compute quasi-propellantless moon tours within a
planetary system

b. Focus on Jupiter first
3. Evaluate required tether parameters
4. Discuss scientific use of weakly captured orbits

5. Perform design trades for the mass, science, complexity and cost
implications of MAGNETOUR. Compare with traditional concepts.

6. Is it a viable concept ? Identify technological gaps
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The Key Technology...
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WC Electrodynamic tethers

« Electrodynamic tethers are bare conducting wires terminated at one
end by an hollow cathode (electron emitter).

« Thrust can be generated through Lorentz-force interactions with a
planetary magnetic field.
« Additional thrust can be produced by the hollow cathode itself

« Power can be naturally extracted from the tether

. Electron emitter Electron collector

Nons, e
Hollow
cathode F=.1xB
Lorentz

force Vrel k _
D
/[ O Hollow cathode
e

Magnetic field MAGNETOUR uses the electromagnetic

Lorentz force as a revolutionary means for
propulsion and power during the planetary
tour.

Credit: Enyuan Co.

Aluminum tape

Electrodynamic
tether

4
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W’-’ Lorentz Force and Power

« Lorentz force and power produced by electrodynamic tether at Jupiter
— {Tether + spacecraft} system treated as point mass (simplified model)
— Magnetic field assumed to be perfect dipole

Lorentz force vs Jovian radius Power vs Jovian radius
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M’"—' Hollow Cathode Thruster

 Hollow Cathodes are often
used as electron emitters with
electrodynamic tethers

 Research at JPL shows that
standard Hollow Cathodes can
also be used as standalone
thrusters

* Potential use:
— Attitude control
— Tether stabilization
— Complimentary propulsion

Thrust (mN)

Hollow cathode thrust and Isp vs power

1 1 | 1 | 1 50
0 100 200 300 400 500 600 700
Discharge Power (w)

Isp (s)

A standard hollow cathode can provide up
to 10 mN of thrust: it can be used as a
standalone mini-thruster!

12
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Wc Propulsion and Power
comparisons

« EDTs competitive in both propulsion and power worlds
« Disclaimers:

— Strong variations with radial distance: short peak thrust and power
— Limited thrust directions
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ML_ One Preliminary
Configuration

MAGNETOUR -Early Configuration Study

Magnetour Spacecraft during flight

Solar Arrays
Deployable

Antenna
3m Diameter

=

Spinning Mass to
compensate the
roll movement
Radiation Vault
Primary Structure
for the spacecraft
Cable Roll Rotative
Instruments

Cable Dispenser

e
S

—

L P

2m

Thruster
Cluster 3 axes

Light Configuration
— 300-600 kg bus

— 10-100 kg instruments
' — 100-200 kg tether
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m’: One Preliminary
Configuration
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Jovian Mission Design
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MEAT Mission Architecture

* Phases of MAGNETOUR:

——

1. Capture 2. Lovyerlng 3. Rglsmg 4. Lc_Joser captured orbits
apojove perijove and inter-moon transfers
Tether on at Tether on at Ballistic Quasi-ballistic Tour
perijove (drag) perijove (drag) Flybys Tether on for station-keeping

« Different strategies possible:
— Target Callisto > Ganymede - Europa : hard to raise perijove to Callisto
— Target lo > Europa > Ganymede - Callisto
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MEAT

Capture

nd lowering apojove
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* V= 5.64 km/s (Hohmann form Earth)
» Callisto apojove targeted after successive Jovian perijove passes.
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Perijove Radius (Rj)

Y (Radii of Jupiter)
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Capture using L=25km, Rp=1.5*R;j

TOF = 124 days, 3 perijove passes
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via Flybys

Long ballistic tour (multiple moon flybys) raising perijove
— Use of tether very limited (tiny thrust at apojove)
Radiation dose is an issue

1: 8B_JOI Launch, v =4B.487 km/s, 05-12-2025 [12:23:48]
2: Ganymede Flyby, v,=5.732 kmfs, 05-13.2025 [17:18:37]
3: lo Flyby, v, =16.295 kmfs, 05-15-2026 [13:02:44]

4: Ganymede Flyby, v =6.982 km/s, 05-21-2025 [06:16:04]
5: Ganymede Flyby, v =6.982 km/s, 05-28-2025 [09:59:45]
6: lo Flyby, v, =13.904 km/s, 06-02-2025 [06:46:40]

7: Europa Flyby, v =11.487 km/s, 06-22-2025 [15:41:27]
8: Ganymede Flyby, v,=7.037 km/s, 08-25-2025 [00:57:19]

.. |8: Europa Fiyby, v,=10.745 kmis, 07-02-2025 [05:34:33]

"|10: Ganymede Flyby, w =7 228 kmfs, 07-10-2025 [10:35:07]
11: Eutopa Flyby, v, =5.951 km/s, 07-28-2025 [05:14:03]
12: Ganymede Flyby, ¥ =7.202 km/s, 08-08-2025 [01:26:22]
13: Europa Flyby, v =9.142 km/s, 08-22-2025 [03:33:47]
14: Ganymede Flyby, v _=7.500 km/g, 09-05-2025 [16:19:35]
15: Europa Flyby, v,=8.050 km/s, 09-16-2025 [01:21:02]
16: Ganymede Flyby, w,=7.150 kmis, 09-17-2025 [14:17:41]
17: Europa Flyby, v,=5.85% km/s, 05-27-2025 [00:38:15]
18: Ganymede Flyby, ¥ =7.100 km/s, 10-09-2025 [02:04:05]
19: Callisto Flyby, v =3.477 km/s, 10-11-2025 [07:44:24]
20: Ganymede Flyby, w_=5868 km/s, 10-30-2025 [09:49.25]
21: Callisto Flyby, v,=4.080 km/s, 11-13-2025 [13:31:13]
22: Ganymede Flyby, v =3.914 km/s, 11-27-2025 [16:02:16]
23: Callisto Flyby, v, =3.558 km/s, 12-21-2025 [16:34:04]
24: Ganymeds Flyby, v =3.550 kms, 12:24-2025 [02:45.15]
25: Callisto Flyby, v =4653 kr/s, 01-17-2026 [13:21:04]
26: Ganymede Flyby, v _=3.459 km/s, 02-05-2026 [02:20:53]
27: Callisto Flyby, v =2.546 km/s, 02-268-2026 [03:43.12]
28: Ganymede Flyby, v, =3.643 km/s, 03-12-2026 [19:43:35]
29: Callisto Flyby, v,=1.932 km/s, 03-31-2026 [D1:55:28]
30: Ganymede Arrival, ¥ =1.639 km/s, 04-04-2006 [13:01:19]
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Other strategies will be
investigated to reduce

radiation:
— Increase inclination

— Target lower perijove
closer to lo

Example of 11-month
ballistic tour resulting
in near Hohmann
between Callisto and
Ganymede




ME Raising pel'iiove 3

« Raising Perijove is also possible with a long tether that is thrusting at
successive apojoves: long flight times !

L =50km, Rp =2 Rj

Capture to Europa-lo Hohmann in < 1 year History of Lorentz Force
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« Goal: quasi-ballistic intermoon transfer and
(weakly) captured orbits at each moon

« Navigation of the InterMoon Superhighway
— Three-body resonant gravity-assists
— Jump from one resonant orbit to another
— Weak capture/escape through manifolds

: W \/ Loos t
;LOOSG capture Exterior Resonant I;gl;(N:'ll-'l Interior Resonant at G::E ;re:
at Moon A Periodic Orbits Periodic Orbits

« Extension of the well-known Interplanetary Superhighway
— Enabling technology for past missions: Genesis, GRAIL, ...

21 MAGNETOUR - NIAC Spring Workshop — March 2013



WC InterMoon Superhighway

« Unstable resonant orbits = waypoints in the chaotic space

« Poincaré Maps to help navigate chaotic three-body design space
1.05 — ——

| Significant
| Resonant
Orbits

025 I e B A A o A s A1 e

DU)

@ 0.85
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M’"E Lyapunov Orbits

» Classical low altitude science orbits require expensive insertion maneuvers

« The use of third-body loosely captured orbits (such as Lyapunov orbits) can
significantly reduce the fuel cost of inserting and orbiting planetary moons

PROPOSED CONVENTIONAL
LOOSELY CAPTURED: LOW ALTITUDE:
shallow in gravity well deep in gravity well,
low fuel requirementsto insert/depart high fuel requirementsto
Motion of Rotating Frame insert/depart
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M"f Quasi-Ballistic
Multi-Moon Tour

* Quasi-ballistic Jovian tour of Callisto-Ganymede-Europa

Inertial frame: Callisto orbit Tisserand Poincare graph:
T 6
, 5/Ganymede orhi=* // S0 ‘ . ‘
: o . Ganymede Tisserand levels
X Europa Tisserand levels —
1L 1.8 Callisto Tisserand levels
® (Ganymede transfer
Europa 16+ © Europa transfer
0.5F . ' ® Callisto transfer \
orbit ial " Patching Points
—_ E ar
8 o <,
> = o1.2r
-0.5¢
1 L
1F 0.8
1.57 O'%.s
) 2
DV =5m/s
Model: Patched Tether- Dark: Callisto dominated
Perturbed Planar Restricted  Blue: Ganymede dominated TOF = 1120 days
Three-Body Problem Green: Europa dominated
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M"C Quasi-Ballistic

Multi-Moon Tour

Europa <] Ganymede <] Callisto
Lyapunov L2 Lyapunov L2-L1 Lyapunov L1

Successive

. distant flybys \

Ganymede

L1 Lyapunov L2 Lyapunov
orbit orbit

Jupiter-Moon rotating frames
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WE Science Capabilities

« Ballistic heteroclinic connections can get closer approaches of the moons:
— Free trajectories to go back and forth between Lyapunov L1 and L2 orbits

closest approach altitude = 169.6 km heteroclinic connection with multiple flybys
(C =3.0028) (C =3.0031)
0.03 : - 0.03 : :
0.02} . 002t
0.01} 001}
y y I ) &
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N S erasler ¥
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X X

* Instruments (camera) at the tether tip: better observations during close flybys
« Station-keeping require AV ~1e-5 m/s, within tether capability
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M"'—' Mass Benefits

« Conventional mission « MAGNETOUR
Ex: Europa Orbiter Mission Concept Tether mass assuming aluminum,
d=10cm, t=0.05 mm
AV~ Propellant 450 . ‘ . .
JOI 900 m/s ~ 500 kg 400 - Lower bound from
asol capture and power
Perijove raise | 40 m/s ~ 20 kg e
< 300+
Endgame 200 m/s | ~100 kg % 250
EOI 450 m/s | ~200 kg 5 200
SubTotal 1590 m/s | ~ 820 kg = 150]
| / Range of
In addition: ~ 200 kg for propulsion system T interest
Total = 1,000 kg necessary for propulsion % 20 40 60 80 100
Tether length (km)
Tether mass likely between 100 and
200 kg
* From Europa 2012 Study Report (Unlimited Release)

- At least 800 kg savings exeected
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WE Challenges

« Radiation
— On-going computation of radiation dose of low-energy tour

1OGI\|AZI\EJ’”I::1?egPrraC"IKI]=?ux Atsysten il Isngiude & I\.?L%Emlf!ez(;gfglux
(em’-s)" =110°W (em’-s)”
- 1E7 - 1E8
1E6 1E7
1E5 1E6
1E4 1E5
1E3 1E4
—_— 1E2 — 1E3

R,

» Tether stabilization (attitude dynamics)
 Tether temperature

» Effect of micrometeorites

« Sensitivity of performance to uncertainties

« Weaker magnetic field at Saturn and Uranus
« Magnetic tilt at Uranus
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Nﬁ('-' Technology Roadmap

« Subsystems
— Hollow Cathode (Thruster)
— Tether deployment
— Tether materials
— Remote sensing instruments (from weakly captured orbits)
— Power storage (batteries)

* Environment
— Radiation
— Temperature ranges
— Micrometeroids
— Plasma interactions
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M"'—’ Conclusion

* Yes, itis a viable concept (at Jupiter at least)
» Tether length between 20 and 50 km
» Promising quasi-ballistic, feasible tour solution at Jupiter

* On-going and future work of Phase 1:
— Tether Bowing and Temperature at Capture
— Minimization of radiation dose
— Analysis of capture at Saturn and Uranus

— Perform more design trades for the mass, science, complexity and cost
implications of MAGNETOUR

* New paradigm in exploration of planetary systems
— ‘Free-lunch’ tour: no propellant nor power supply (?)
— Electrodynamic tether as an alternative to nuclear reactor (JIMO).
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"EA/'-' Future Plans: Phase 2

« Collaboration anticipated with Marshall
Space Flight Center (Contact: Andrew
Heaton)

— Development of a high-fidelity
simulation tool for tether and orbit
dynamics at outer planets

— Analysis of tether and plasma
contactors in a Jovian-like environment
at the Space Environment Test Facility

— Support on Uranus tour design

« End-to-end high-fidelity trajectory
 Detailed studies for Saturn and Uranus

« Detailed spacecraft configuration and
subsystem integrations MSFC Magnetic Filtered Plasma Source
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Backup
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ME Electrodynamic tether
propulsion

e« Current

Current (A)
o
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Orbital radius (in Jovian radius)
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Raising Perijove
via Tether

Y (Radii of Jupiter)

Capture to Ganymede-Europa Hohmann in 5.2 years

Position Evolution from Capture to G-E Type Hohmann Orbit
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Eccentricity vs Time for Lowering to a G-E Type Hohmann Orbit
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m:: Low-Energy Missions

1978-1997 1990-199 2001-2004

ICE (International Genesis SMART-1
Cometary Explorer) * Weak Stability + Halo orbit * Lunar resonances

* Helio. Halo orbit Boundary « Invariant manifold - Weak capture
» Earth/Moon unstability

2013-2019 2020-2029 (canceled)
BepiColombo . EJSM (Europa

- Weak capture Jupiter System
Mission)
* three-body gravity-assists ?

* Weak capture/escape ?
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w Heteroclinic connections

» Variety of apses of heteroclinic connections (C = 3.0028 and C =
3.0031)
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ME Radiation dose

« Estimated radiation dose of the low-energy tour: 500 krad
« Estimated shielding necessary: 1000 mil Alu
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