The fnterPlanetary Superhighwoy

Outline

* The InterPlanetary Superhighway (IPS)
* A New Paradigm for the Solar System
* Low Energy Orbits for Space Missions

The InterPlanetary Superbighwas

Current Libration Missions

Trajectory Is a Key Space Technology

The InterPlanerary Superhighwery

® Trajectory Is Not a “DEAD” Subject
- Golden Age of Trajectory Technology Just Around Corner

* Trajectory Is a Mission-Enabling, Intellectual Technology
- Not All Technology Is Hardware!

* Space H/W Technology and Trajectory MUST Develop
Side by Side
~ Like “Rail Road Tracks” for the Train
-~ Example: fon Engines Have Been Around a LLong Time, Their Use
Have Been Limited by the Lack of ‘Low Thrust’ Trajectory Design
Tools

MLy

The lnterPlaneiary Superfighwas

How It All Began: ISEE3/ICE

ISEE 3 MANEUVERS FROM LAUNCH
TO MALO OREST
TO COMET EXPLORATION

b [he tnserPlanetary Superhighay. 8

Lagrange Points in Earth’s Neighborhood

* Every 3 Body System Has 5 Fixed Points Called Lagrange Points
- Earth-Moon-8/C: Lt L1, ... LL;
~ Sun-Earth-S/C:  EL,, EL,, ...

® They Generate the interPlanetary Superhighway

ELy _Moon’s Orbit

Te Sun
»

1.6 Million KM = tt—— 1.5 Million KM ~———n]




The InierPlanerary Superhighway

Orbital Zoology Near the Lagrange Points

B: Bun Region

S Jupiter Region
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X: Exterior Region

(Cuatslde Jupiier's Qrbit}

* Four Families of Orbits, Conley [1968], McGehee [1969], Ref. Paper
¢ Periodic Orbit (Planar Lyapunov)

* Spiral Asymiptotic Orbit (Stable Manifold Pictured)

® Transit Orbits (MUST PASS THRU LYAPUNQVY ORBIT)

* Non-Transit Orbits (May Transit After Severat Revolutions)
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Lhe InierPlanetary Superhighway M

Generated by Siable & Unstabie M

anitoids of
Unstable Libration Drbits

x(roaciny fume)

* Unstable Periodic Orbits
— Generate the Tubes
— Portals to the Tubes
* The Tubes Govern Transport
— Transport Must Occur Thru Tubes
- Systematically Map QOut Orbit Space
¢ 3reen Tube = Stabie Manifold:
Orbits Approach the L, Periodic
Orbit, No AV Needed

* Red Tube = Unstable Manifoid:
Orbits Leave the L, Periodic Orbit
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The lnrecPlaneiary Supesfighivay

) Genesis Mission Design Collaboration

€ Martin Lo

JPL

¢ Genesis Mission Design Manager

¢ Kathieen Howeli

Purdue University

¢ Department of Aeronautics and Astronautics

% Brian Barden
€ Roby Wilson

JPL, Purdue University
JPL, Purdue University
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The lnierPlaneiary Superfighway

) Why Dynamical Systems Theory?

® Traditional Approach
- Requires First Hand Numerical Knowledge of Phase Space
- Each Trajectory Must Be Computed Manually (VERY SLOW}
- Cannot Perform Extensive Parametric Study or Montecarlo Simulation
- Optimization Difficult, Nearly Impossible
* Dynamical Systems Theory Provides
-~ S/W Automatic Generation of Trajectories
- S/W Automatically Maps Out Phase Space Structures
-~ Near Optimum Trajectory
- Automatable Parametric Studies & Montecario Simulations

o it

Genesis Unstable Manifoid
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N he loterPlanerary Superhighway
L. Tool Reduced Genesis End-io-End Orbit Design
from 8-12 Weeks fo 1 Day

Trade Parsmeters

1. Tool Funding Level Options
“Total Cost (Milions of Dolars) 0 [XFEN) M M
Genesis Criticsl | Mult-Mimion
Critieal
Tool Cast
[ M 23M 34M

Increase Funding 10 Gewesis Mission
Design Workforce [ ANMEWY) 0 0
Gemensin Operational Tool st JFL
(% w1 JPL) S0% 5% 100% 1004
‘Gemenia Misséon Design Update

Timwe 312 Weeks 1-2 Week 1Day 1 Day
Gemesis Nomiual Mission Design Work
(% Plansed Work 25% 100 100%
Gewesls Comtingeney Anabysis Work | Cument Genesis Mission Design Dudget Pian Inchudes Only Contingency Analysis for

Launch Eor(<3a)

Genesls Contingency Analysis
Capability Some <3¢
Genesis Mission Design Risk

Muimission Swpport
Advanced Mbsion Sepport

High Complexity:
Low Complexily:  Tool ensbles u
Very Limited:

. process i time.consuring and ervor-prone.
weork, at higher level, reduces fime, error, and complexity,

Provides infrastructure and toals adaplable for future missions with additional funding
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Lhe dnterPlanetary Superlughvay

L Too! Supported Genesis Launch Deiay

* Genesis Launch Delayed from 2/01 to 8/01
* |.Tool Enabled Designers to Replan Genesis Mission in 1 Week
* Without LTool, Genesis Would Require Costly Additional Delay

* LTool and Dynamical Systems Contributed Significantly to Genesis’
Successful Launch on 8/8/2001.

|

ISEEACE Orbit

Hoto ot

Genesis Unstable Manifold




LThe tnterPlanetary Superhighway MR ST
JPL LToo! Team

-~

Martin Lo Section 312
¢ Task Manager
& pr. Larry fomans Section 335
1 Cognizant S/W Engineer (Marthematica Developer)
* Dr. George Hockney Section 367
¢ S/W Architecture & Sys Engineer
4 Dr. Brian Barden Section 312

¢ Trajectory Dasign & Algorithms

Min-Kun Chung
€ Astrodynamics Tools

-

Section 312

James Evans Section 368

4 Infrastructure S/W, Visualization Tools
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The InterPlanetary Superhighway 3

Tunneling Through Phase Space Via {PS

. Stable
(] Manifold Cule}

Ttitersiction Region

yieorating frames
Ftrotaing frames

By~ 0609

it

Xy Unistable
o] Manifold Cut.
o oW ox [T TN RN oR 001 FwE 56 6oes 66
x otating frame) (rorating frame)

¢ Cross Section of Tube Intersection Partitions Gigbal Behavior
- Yeltow Region Tunnels Through from X Through J 1§ § Regions
- Green Circle: J to § Region, Red Circle: X to J Regior
- Genesis-Type Trajectory Between L, and L, Halo Orbits\(Heteroclinic)
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The lnrerPlanceiary Superfighway SRRSO

Construction of Capture Orbits

Tohe of Pzt
Do

rowting Ttwne)

prr—— shrtuing Fruem)

* Manifold intersections Computed Via Poincare Sections
* Reduce Dimension by 1, Tube Becomes Circle

AL~ 2

The InterPlanctary Superhighway

Construction of Rapid Transition

Ropid Transtion

¢ Manifold Intersections Computed Via Poincare Sections
¢ Reduce Dimension by 1, Tube Becomes Circle
 Intersections Provide Transit Orbits from L, to L

MWL - 22

The tnterPlanetary Superhighyway

Construction of Heteroclinic Orbits

xtrotating frame xtrotaing frame)

* Manifold Intersections Computed Via Poincare Sections
¢ Reduce Dimension by 1, Tube Becomes Circle

~ Green Circle Leaves J to S Region

~ Red Circle Enters J from X Region
@ |ntersections Provide Transit Orbits from L, to L,




The tnterPlonetary. Superhighway 3
Heterociinic-Homociinic Chain
in Jupiter’s interPlanetary Superhighway

¢ 2:3 to 3:2 Resonance Transport, No Energy Transfer Needed
* Source of Chaotic Motion in the Solar System

Homoclinic

¥ {AU, Sun-Jupiter rotating frame)
N o

¥ (ALl Sun-Jupiler rotating frame)

&

- N
e Juipiter's Orbi

ry A‘z‘n’ . 4 g _55“555
¥ (AU, Sun-Jupiler rotating irame) piler rolating frame)
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The dnterPlapetary Superhighway BRainEse)

heorem to Temporary Capture by Design

* The Existence of Homoclinic and Heteroclinic Cycles Implies We
Can Choose An Infinite Sequence of Integers, Doubly indexed,
N( ), i =Sun, L1, Jupiter, L2, Xsun; j=1,23, ..
N(i ,j) = Number of Revolutions Around Body(l), Calted an ITINERARY
* THEOREM: There Exist an Orbit Which Realizes N(i ,j).
* Based on Conley-Moser's Theorem on Symbolic Dynamics
* Vojlal TEMPORARY CAPTURE BY DESIGN

Amury
nE
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b 1le dnterPlanciary Superhighway S

Foundation Dynamics Work

4

Wang Sang Koonn  Caltech

£ Martin Lo JPL, Principal Investigator

£ Jerrold Marsden Caltech
* Controt and Dynamical Systems Department

4 Shane Ross Caltech

M- 2

v (AU, Sun-Earth Rotating Frame)
¥ (AU, Sun-Earth Rotating Frame)

3 ‘ch)

T T A TR N I
x (AU, Sun-Earth Rotating Frame)

- s 1 D t,
x (AU, Sun-Tzasth Rotating Frame)

* Genesis Shadows Heteroclinic Cycle, Moon Plays Role (Bell et al.)
* SIRTF, SIM-Type Heliocentric Orbits Related to Homoctinic Orbits

M- 26

Lhe DnesPlanerary Superhipghvwoy W

| Orbit with itinerary (X,J;8,4,X}

IS0
o Orbiy

¥ (rotating frame)

T o
* (rotating frame)

(roluting frame)
* Using Symbolic Dynamics Technique to Realize Complex ltinerary
® Capture Around Jupiter Multiple Revolutions (Specitiable)

* Note (2:3) to (3:2) Resonance Transition

ML




Lhe fnterPlanetary. Supechichsay Soam

IPS a New Pardigm of the Solar System

¢ interPlanetary Superhighway Connects Entire Solar System
~ Instead of Planets In Isolated Separate Conic Orbitg

-~ Solar System Is An Organic and Integrated Whole Where Each Part is
Communicating with One Another

- Governs Transport and Morphology of Materials
* Shape Morphology of Rings and Belts
¢ Contributes to Theory of Motions of Comets, Asteroids, Dust
* Governs Planetary impacts from Asteroids and Comets

- Shoemakerlevy9 Follwed Jupiter IPS to Final Impacts

- Genesis Trajectory Is an impact Trajectory

-~ 1% of Near Earth Objects In Energy Regime of Genesis Trajectory,
Considered Most Danerous

® This Theory Contributes to Understanding of our Origins

Mt 3

The InterPlanetary. Superfiglvey B
L,, L, Manifoids and Comet Orbits

s L, L, Manifolds Have
(2:3) to (3:2) Resonance
Transitions

* Manifolds Match
Oterma’s Orbit Well

® Also Matches Gehrels3

e b errwing et OFDits

©HAL. Sun-upiec ot fame

pters o)

"CNU St upits roising sy

J— - - Temporary Capture

] - Near Halo Orbit

* L, L, Manifolds Are
DNA of This Dynamics

* Need to Study Invariant
Manifold Sturcture

[T

The lnierPlaneiary. Superhislvay,

Mapping the Orbit $pace
ing Poincare Sections |

M. - 38

The dnerPlaneiary Superhigheay. Ko

Examples from Nature: Comet Oterma

¢ Theme: Use Naturat
Dynamics to Optimize AV for
Space Missions:

-~ Genesis 6 m/s Det. AV

Second encounter

* Jupiter Family Comets

® (2:3) 10 (3:2) Free
Resonance Transition

* Temporary Capture
* i, L, as Gate Keeper

® What is Source of Chaotic
Dynamics?

¥ (AU, Sun-centered inertial frame)

: Jupiter's orbit
s s 4 2 o0 2 4 &5 8
2 (AU, Sun-centered inertial frame)
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The buerPlanewry Superhighvey. Mariing
Comet Oterma Shadows
Jupiter's Heteroclinic-Homoclinic Cycles
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The tnicePlanetary. Superhighwoy: !

Poincare Section of Jupiter's [PS

Fgum oo, S

[T ET—
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Eccentricity

The InterPlanciary Superhighway, Mibm
Asteroid Belt Stucture induced by IPS

Arg Perihelin

* pPoincare Section from Single
Orbit Leaving Jupiter L1

- Each Dot Is a Rev Around the Sun

-~ Spirals Towards inner Solar
System

- Eccentricity Grows

* indistiguishable from Ordinary
Conic Orbits

* Controls Asteroid Beit Structures

* Controls Dust Transport and
Morphology

* intimate Connection with Low
Voghrus' Trajectory Design

Semi-Major Axis

M- 37
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The InterPlanciary Superhighwey. M8

IPS and Transport in the Solar System

perhighway

Legend
L, 7S Orbiis
L, IPS Orbits
Comets

» 0 e =

Asteroids

Haripe

Ohjest

W - v

The InerPlaneiars Superhighway

Around the Solar Sysiem in 80K Days

* FREE Spiral Orbit
Transfer of KBO to
Asteroid Beit Produced
by LTool Using IPS

— Origin of Jupiter Comets
— Replenish Asteroid Belt

-~ Escape from Solar System
® Less Than 1 Pluto Year
® Scales for Jupiter and

Saturn Satellite Systems

~Neptune (Tictitious mass)| ® Suggests New Low
Thrust Algorithm

- 41

The InterPlapetary Superhighway

IPS ExoZodi Dust Signatures for Planet Detection

* Earth’s Zodi Dust Ring Simulated With Lagrange Point Dynamics
~ Only Gravity, No PR Drag

* S: Sun Region, Earth: Pianet Region, X: Exterior Region
* May Provide Planetary Signatures for Exo-Planet Detection

ML 3

The interPlanetary Superhighweay

Discovery of InterPlanetary Superhighway

¢ Martin Lo JPL
“ Genesis Mission Design Manager

4 Shane Ross Caltech
¢ Control and Dynamical Systems

. 40
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The dnferPlaperary Superhighsay

¢ tUncanny Similarity of Transport Theory
t in 3 Body Problem
lonization « pygherg Atom In Gross Fields

Energy
* Chemical Transition State Theory

Energy
near L1

Energy
near L.2

Energy Suﬁ%

M- 42




The ImerPlanciorn: Superhighway. SR

Mars Meteorite

The InierPlanetary. Superhighwey Vissings
SL9 Impact Via Jovian IPS

M- 45

Lhe InterPlaneney Superhighway s Esy
1% Near Earth Objects Have IPS Energies

v - 47

The InerPlaneiary Superhighvay

Asteroid Transport Rate Near Mars”
4 Charles Jafte West Virgina University
4 Shane Ross Caltech
4 David Farelly Litah State University
* Martin Lo JPL
4 Jerroid Marsden Caltech
¢ Turgay Uzer Georgia Tech
€ *To appear in “Physical Review lLetters”

Fhe dnterPlaneiary Superhighwey.

River of Lite: Astrobiology
Element Formation in Stars ¢,

ﬁTorming Earth-dlkce Planets

Forming Jupiter-ike Plonets

The lnterPlancioary Superhighsa

IPS and Development of Life: Exobiology

s InterPlanetary Superhighway Brought Life Buitding Material from
Comets and Asterolds to Earth

s InetrPianetary Superhighway May Have Brought the Asteroid Killing
the Dinosaurs Via a Genesis-Like Orbit
- Presence of Abundant Iridium Impfies Slow impact Velocity
- Conjectured by Mike Mueller et al (Nemesis Star)
s interPlnaetary Superhighway Theory Can Provide Critical Transport
Rates for Astrobiology
- How Rates Determine Formation of Life on a Planet

- Can Rates Be Obtained from ExoZod! Signatures to Find Potential Life
Bearing ExoPlanets?

Mo 3




The InterPlanetary. Superhighooy OG0T
Dynamics of Hiten Lunar Capture Orbits

Maneuver (AV)
at Patch Point

Earth Targeting Portion
Using "Twisting”

Lunar Capture
Porttion _|
Sun =,
o
Moon's . \
Orbit Ly orbit

-

The InterPlanctary Superfiglvay

Construction of Capture Orbits

AV) Earth Targeting Portion
st Using "Twisting"

Moon

yiroutioR, fame)

* Manifold Intersections Computed Via Poincare Sections
* Reduce Dimension by 1, Tube Becomes Circie

MWL St

Lhe tnwerPlanetary Superbighway

Shoot the Moon: Lunar Capture

* Wang Sang Koori  Caltech

4 Martin Lo JPL, Principal Investigator

¢ Jerroid Marsden Caltech
¢ Control and Dynamical Systems Department
1 Shane Ross Caltech

M- 53

The InterPlanetary Superhighwery B

Designing a Lunar Capture Orbit

-MOON 1S
SES

£ CROSS SECTION OF THE SUN-EAATH AND £4
PARTITIONS THE ORBITAL DESIGN SPACE INTG CLAS

CONTAINS ALL
o IEARTHTO LUNAR
' CAPTUHRE ORBITS

v
¢
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Hiten-Like Low Energy Transfer & Ballistic Lunar Capture

Raflistic captora of a spacecraft by he Moan from 200 km Earth parking orbit
7 T
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Lhe lnierPlanciary Superlighway

TPF in Formation Flight Near L,

'f'PF Formation

MWL - 54




The tnterPlanciary Superhizhwoy NMenmasapi
TPF in SIRTF/SIM-Like Heliocentric Orbit

ML s

The nterPlanciary Superhiyhive:. Sin
Probiem:
Human Service to Libration Missions

* ISSUE: 3 Months Transfers to EL, Too Long for Humans
® Short Transfers Too Difficult

* infrastructure Too Expensive

STA-103 astronauts replaced gyros needed for
ariontation of the Hubble Space Telescope,

JSC

The InterPlanctary. Superhighey. SR

First Formation Flight Design Around L,

For the Terrestrial Planet Finder Mission (TPF)
€ Bin Kun Chung JPL
Gerard Gomez

o

Barcelona University
JPL, TPF Mission Design l.ead

.

Martin Lo
€ Josep Masdemont Polytechnic University of Catalunya
Ken Museth
€ Larry Romans JPL

ES

Caltech Computer Graphics Group
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Lhe InterPlanetary Superhighvay 3
NSotution:
Human Servicing at Lunar L, Gatewy

® Build Instruments & S/C Lunar L, Gateway for EL,

® Service S/C at Earth L, from Lunar L, Gateway Module

: LUNAR L, EARTH L,
GATEWAY HALO ORBIT

LUNAR L, § LUNARL,
RALO ORBIT HALO ORBIT

The dnterPlonetary Siperhighwe . Vacinioaipins
Lunar L, to Earth L, Transfer

¢ Build Instruments & S/C Lunar L, Station
* Transfer S/C from L, to Earth-L, LIO (Libration Oribit)
® Service S/C at Earth L, L1O from Lunar L, Gateway Hub

Transfer Trajectory
(38 days}

Lunar Lunar L, X y
/4 v
/ Mo€n's Orbit
Moon L1 orbit

Ea_rth sun Earth L2 orbit

Lunar Rotating Frame Earth Rotating Frame

W - 0




® Cross Section of Manifolds
e Plotted in {a, e} Elements

* L, Manifold of Europa
intersects L., Manifold of
Ganymede, eic.

* Provide Transport Between
Moons

* May Require AV

- Much Lower than Hohmann

Semimajor Axis (Juphet Rack)

M- 3

The dnerPlanetary. Superhighway

New Frontier; Petit Grand Tour?

* New Computation by My Student Shane Ross
® Serial Visits to Galilean Moons, Final Europa Capture
¢ Total AV ~ 20 m/s! 1500 Days Time of Flight

jovicentric inertial trame semimajor axis history jovicentric distance history

semimajor axis (HJ_'J
o © S
S 8 5
" :—‘r
jovicentric distance (R
e
8 8 & 38

=)

-1506 -1000 -500 ] -150¢ -1000 -500 0
days days

The nterPlaneiary Superighway 3
1

Lunar L, Gateway Human Servicing

Mission Concept Development and Design

< Martin Lo JPL, Principal Investigator
Initial Trajectory Design (2D, Coupled RTBP Model)
€ Shane Ross Caltech

Detailed Trajectory Design (3D, Full Ephemeris Model)
€ Min Kun Chung JPL

Animation

4 Cici Koenig
¢ Alan Barr

Caltech Graphics Group
Caltech Graphics Group
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TnterPlaneiary Superhighway

Petit Grand Tour of Jovian Moons

¢ Mission Concept
* Flexible tinerary, Visit Jovian Moons in Any Order
* User Low Energy Transfer, Capture, impact
* Near Circutar Orbits Reduce Jupiter Radiation

Superhighway
¥ 25 Day Transfer from Ganymede to Europa
* Requires DV of 1452 m/s!
¥ GCompare to Hohmann Yransfer of 2822 m/s!

* Tour Also Avallable for Saturn's Moons

torops

Planets Missions

< Supiter

€ proof of Concept Point Design Using the Interplanetary

4 Free Capture by Europa for 4 Orbits (More Possible)

¥ Applicable to Europa/Titan Orbiter, Lander, & Other Outer

The tnterPlanerary Superhiglsay

il Shoot the Moon: Lunar Capture

4 Wang Sang Koon  Caltech
¢ Martin Lo JPL, Principal investigator
4 Jerrold Marsden Caltech

4 Control and Dynamical Systems Department

¢ Shane Ross Caltech

MAL-




The InjerPlonctary Superhighee Vb Caeiniasa, i
New Approach to Low Thrust Orbits

* To Design Low Thrust Orbits, You Must Understand IPS
¢ Computed from Single Orbit {_eaving Europa L2
-~ Each Dot Is a Rev Around Jupiter

~ Spirals Towards Europa 2| k
- Eccentricity Grows g
* Full of Useful Unstable Orbits I
- Similar to L1/L.2 Halo's 5
~ More Tubes! %Y

* Indistiguishable from Conic Orbits

¢ New Low Thrust Trajectory Design Europ;a‘s PS

~ Use This Transition as First Guess

ML 67

The InierPlanetary Superhishyo.. Mionpo@inome i

Low Thrust to Lunar Gateway L, Halo Orbif

* Low Thrust Trajectory Courtesy of G. Whiffen, Computed by MYSTIC
* Halo Orbit Computed by LToo!

. MYSTIC (SDC): Optimal Transter la Earth-Moon L Halo Orbit
* (Y Plucls Gravhaiig, DE4CS Ghs)

0 - 88432014

: 3 7
g X fun) Vi@

M

LThe InterPlaneiary. Superhiohoy. VuRR B
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Low Thrust Orbit Naturally Uses IPS!

* Low Thrust Transfer to Mars Via Lunar L1 to L2 Transfer
* Courtesy of G. Whiffen Computed by MYSTIC

o Heration 484 Loss = 6134.6 Earth-Moon L2

¥ any
o

Eaeans cay 508
e 03 4283 )

M, =420 10 g,
TOK = 372 4 10 Mars
Lo} @ Wten ¥ S

EY 5 =
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Lhe LerPlaneiary Superhielo . Sinnine i
iPS Technology Road Map

Three Steps: Discover, Understand, Apply

* Map the InterPlanetary Superhighway
- First Step in Discovery and Exploration
- Like “Human GENOME?”, “Star Catalogs”, Rand McNally Maps

* Integrate Orbital Dynamics Theories
- {PS Orbits
- Continuous Thrust Orbits
~ Conics Orbits

* Develop New Mission Concepts

M- T0

D dnterPlaneiars Superhiohse . Sataniogm
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