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A (10kXx10k)-pixels image of our Earth

This 2002 Blue Marble image features land surfaces, clouds, topography,
and city lights at a maximal resolution of 1 km per pixcel.
Composed from 4 months data from NASAY Terra satellite by R.Simmon, R.Stockl.



SUNDIVER MISSION CONCEPT
Imaging of an exo-Earth with just 1-pixel...

PL

The tyranny of the diffraction limit: To make a 1-pixel image of an exo-Earth
at 30 parsec (~1OO Iy) one needs a telescope with a diameter of ~90 km..
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Largest telescopes to date...

SPL
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JPL SUNDIVER MISSION CONCEPT
Gravitational lensing is well-known
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The Solar Gravitational Lens (KISS study, 2015)

SPL
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SUNDIVER MISSION CONCEPT

SPL Do not point at the Sun!!
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SUNDIVER MISSION CONCEPT

SPL

Sun radius (angular)
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JPL Relevant SNRs

SNR spectral density

SNR spectral density
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Exoplanetary spectra

SPL
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High-resolution Imaging with the SGL

Phys. Rev. D 102, 024038 (2020)

SPL

128 x 128

N =

1024 x 1024

N =

At =0.85yrs

Simulated convolution of an Earth-like exoplanet image with the SGL
PSF and sub-sequent deconvolution.
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Addressing SGL’s primary challenge - distance

SPL

Reaching SGL’s focal region in decades, not centuries,
we need to move fast! Speeds > 20 AU/yr are needed.

The Interstellar Medium
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« Solar sailing allows for solar system exit velocities of ~20-30 AU/yr
« Potential targets may be outside the ecliptic plane
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SPL

Propulsion Options Considered:

Chemical: < 15 AUl/year —
— Requires large 4V close to the Sun, and larger SV
Solar Thermal: 22 AU/year
— Needs 2-3R, flyby requiring a heat shield of >1,000 kg;

— JPL/MSFC point design was 500 kg spacecraft with
8,000 kg (dry) propulsion stage;

Achieving High Solar System Exit Velocity

Nuclear Electric: 20 AU/year All'have features
hat have high risk
— 2-stage 30kW SEP/20 kW reaches 20 AUlyr, but Eogtcoitle ar? q dg ’
maximum 40-year trip time; y anc
Electric Sail: 12-23 AU/ not meet desired
ectric Sall: - year approach (e.g.’
— 20 tethers, each 10 km length = 23 AU/yr (P. Januhen) share-rides, etc.)
— 500 kg to ~12 AU/yr (L. Johnson) -
23 . T . Ty oy e " e -- Escape leg
\-;._\\_\~\\ e e ‘Z/Q/; pe T - 15/ \\"~\\\ Sun-dive leg:
KBO o, 16 - /\"//‘ ol N
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\\ Flybys of %‘10 /,-/“'lr/‘—:_ f::ltl;h \‘\‘ Perihclion
e M= = o Venus, - /,_—’—"’Aﬂ _ / T AV
RN . e e i - @
\\ *» ’IQE‘th 2 r—e_;‘:__—i-'_: \\“———lv"/ d
3 )~ P Launch O/—"’i—’;——f—,——_ﬁ“ﬁ Flybys of Venus, % DSMs_ ,/
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Arora, N, et. al., “Trajectories for a Near Alkalai, L., et. al., “A Vision for Planetary and Exoplanets Science: Arora, N., et. al., “Trajectories
Term Mission to the Interstellar Medium” Exploration of the Interstellar Medium — The Space Between Stars”, 2017 for a Near Term Mission to the

Interstellar Medium”
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Sail Dynamics and Design Parameters

SPL
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Vane technology allows for precision

sallcraft navigation & attitude control
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Key Enabling Technologies

SPL

* Interplanetary Smallsats (<50 kg):

— Small mass: 1) is required to gain fast hyperbolic speeds (>5-20 AU/yr)
at modest cost, 2) it allows for low energy launch velocity (rideshare).

— MarCO and NEA Scout are first examples.
 Solar Sail - high velocity with zero propellant: g

— Now flown: IKAROS (JAXA), LightSail
(Planetary Society), many in development;

« Small Nuclear Power:

— with electric micro-thrusters for maneuvers
in the SGL focal region.

Current Sails

IKAROS ~ Jaw Vi, Lod¥" / : LIGHTSAIL 2
AIM: 1.3 Tt g W/ AIM: 1.3 WM 2.
SIDE :ENGTH: 5.6M SIDE LENGTH: 3.1M
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SUNDIVER MISSION CONCEPT

Task 3: Technology Demonstration Mission

 Towards a Low-cost Technology Demonstration Mission (TDM):

Develop a TDM capable of achieving a high solar system transit velocity
(5-7 AUlyr), while maintaining sail control, precision navigation;

Develop a TDM development plan including cost estimate;
Conduct a PDR for the TDM and validate it readiness;
Develop public-private mission proposals, and implementation plan.

« Public-Private Partnership (PPP) for a post-Phase Ill Transition:

Science advocacy to broaden the SGLF mission support;

Engage philanthropic organizations, private industry, and academic
partners including Breakthrough, Xplore, L’'Garde, Blue Origin, Cornell
Tech, Caltech, MIT, UCLA, and others;

Work with NASA leadership and the ongoing NAS Decadal surveys to
include SGLF mission in their science strategy;

Engage NASA STMD and other key players for potential TDM flight(s).
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SPL Challenges of Planar Sails

ARTICULATED
VANES

* Planar sail fabrication and operational challenges:
— Significant infrastructure requirements
« Large clean rooms for manufacture
— Complex packaging and deployment
» Deployable booms and mechanisms
« Parasitic mass of support structure
« Sail material is not under tension
— Limited Control
* |nefficient attitude control with salil
Dynamic stability of Center of Pressure vs Center of Mass
Constrained & conflicting pointing requirements
Power vs Comm vs Trajectory vs Payload
Attitude and trajectory are coupled
« Sunvane: A new design for advanced sailcraft

— Internal review of Sunjammer program identified the corner control
vanes as enabling technology to advance sailcraft performance & utility




SPL

SunVane (L'Garde, 2010)

SUNDIVER MISSION CONCEPT

Design
heritage for
higher TRL

Innovative sailcraft design allows:

Simplified deployment;
Articulated vanes enable control;
Significant power generation;

Scalable to 400+ A/m ratio with current
technology;

Leverages truss advances (<10 g/m);

Vanes with multifunctional capabilities:
COMM and power generation.

Innovative Approach to Sailcraft Architecture

Advanced
solar sailcraft
design for the
SGLF mission

(Xplore, 2020)

Venus

RESULTING EXIT VELOCITY
IS DEPENDENT UPON:
+ AREA TO MASS RATIO

DEPLOY SAIL AND BEGIN * PERIHELION DISTANCE
INGRESS FROM EARTH

Mercury

New design enables fast transit through
the solar system at ~20-30 AU/yr



SUNDIVER MISSION CONCEPT

SPL

Technology Demonstration Mission (PDR: July 2022)

« TDM Objectives:
— A/m ratio: > 50 m?/kg;
— Achieve 6-8 AU/yr exit velocity;
— Survive perihelion of 0.2 AU,
— Low Cost & Manufacturable;
— Capabilities-based, no development;
— Rideshare compatible.
« TDM design features:
— A/m: 22.3 m?/kg (3x NEA Scout);

— Six 20-m? vanes:
(775 g per vane, 5-um Kapton);

— Carbon fiber truss (120g).

* Avionics & GNC leverages MARCO
— 500 g for UHF SDR, 3 wheels, 2 star-trackers, battery;
— 100 g for shape memory motors.

- Total mass: 5.37 kg Our effort increases the current
— 86% of mass is in vanes. A/m ratios by at least a factor of 2
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SPL

Common SGLF/TDM Phases & Systems Engineering

. 4) EGRESS

AUTONOMY
NAVIGATION

/ POWER
1) LAUNCH, SAIL DEPLOYMENT AND ACHIEVE COMMUNICATION

EARTH ESCAPE TO BEGIN INGRESS TO THE SUN

«  MECHANISMS

« CHECKOUT

» LAUNCH OPTIONS
DIRECT (C320)
MEO/GEO/TLI RIDESHARE

L ORIENTATION & RATES
MAXIMUM THERMAL LOAD

—

2) INGRESS TO PERIHELION
=, COMMUNICATIONS
= “INCREASED POWER
= NAVIGATION
= INCREASED THERMAL LOAD
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SPL TDM Objectives and Tasks

 TDM Objective: Q1 2020
— Achieve a heliocentric velocity of 5 AU/year

— The objective velocity is achieved as a function of
the vehicle’s A/m ratio and perihelion distance

« Current design goals:
— Minimum Perihelion Distance: 0.2 AU
— Minimum Area to Mass Ratio: 50 m?/kg
 TDM Objective Demonstration Goals
Navigate from GEO to perihelion
Quantify egress vector knowledge/ability to correct
Quantify pointing control, knowledge and stability
Direct characterization of perihelion environment
Autonomous ground
FFP cost and maintain schedule
« Design Goals to constrain mission trade space:
— Capabilities based, minimal development
— Low Cost (single millions per unit)

ook wbdE

Q 7 202 2 LIGHTCRAFT MCDEL AT XPLORE FACILITY

— Manufacturable & Rideshare compatible REDMOND WA
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JPL TDM Development Plan

SAIL EXIT VELOCITY AFTER 10 YEARS OF FLIGHT FROM PERIHELION
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TDM Vehicle Design Evolution

2016 SUNDRAKE

,A -

) | A l\9 /
4 \
2020 NIAC PHASE 3

2017-2019
20192 NIAC PHASE 2

2022 NIAC PHASE 3
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SPL Our path: TDM - Sundivers - SGL

MULTIFUNCTIONAL PANELS
PROVIDE COMMUNICATIONS,
POWER GENERATION AND PROPULSION

TDM objective: > 5AU/year

Implementation of the
LGarde Sunvane design

Six multifunctional vanes
Shape memory motors
Embedded photovoltaics

Thin film phased array LIGHTWEIGHT GO e s T
elements PROVIDES STRUCTURE FOR PAYLOADS

Carbon fiber truss FULL 3 AXIS STABILIZED
CONTROL
SYSTEM WITH STAR
TRACKERS, COARSE
SUN SENSORS, GYRO AND

ACCELEROMETERS

Avionics integrates TRL @

components

® Dual use SDR & flight
computer °
Triad of RCS wheels
Star tracker

® Battery

Full 3-axis stability and control

via wheels not vanes ARTICULATION A
PROVIDES PANELS 4858
WITH THE DEGREES OF i,
FREEDOM TO —
ACCOMPLISH ANY
MISSION
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Vane Mass Estimates

SPL

20 sgm 3 strut vane — maintains tension (15 PSlI)

2.5 micron Kapton
0.135 kg — includes shape memory motors

Alternate lighter materials

Nexolve improved thermal properties
and lighter materials from advanced projects

2 and 0.9 micron Mylar

Alternate lighter truss

Current truss is 0.4 kg/m
Options for 0.2 and 0.15 kg/m

3 STRUT VANE ENSURES TENSION
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SPL TDM Master Equipment List

bt ru {:t ure: Component | Description | Unit Mass (g)
Rotary

6.3 m carbon fiber truss o

Sail and structure P et
actuator],

Six 20 sgm vanes 60 degree

oo

2.5 micron Kapton Mosiet

driver for

3 strut format shiA
0.135 kg per vane per L'Garde s
Total mass: 4.07 kg pearn

Custom flexure for

Vanes: 6 x 0.135 kg = 0.81 kg s | Bewn | coplormen

fleswre

Truss: 2.52 kg (0.4 kg/m) actustor

coupler

Avionics: 0.74 kg pm——"

Sinclair reaction

Add 20% for margin wheel

2nd

Marglr‘IEd mass: 481 kg Sinclair ST-16RT2 | generation
Baseline A/m: 25 m?/kg (margin) TR AL

Gomspace AN100 UHF Radio

Unmargined: 30 m%/kg —

Lighter Sail Option: 33 m%/kg ::pa 2320 | compter
Lighter Truss Option: 42 m?/kg - B
Combined Option: 50 m%/kg
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JPL LightCraft 1:3 prototype (Sep 21, 2021)
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LightCraft 1:3 model at Xplore, Inc
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JPL Thermal analysis of the TDM vehicle

Surface Coating/ Color Emissivity (€) Absorptivity (a) “
Sail White (Barium Sulphate with NASA Ref Pub
Polyvinyl Alcohol) 1121 Component Surface Coating/ Color

sail Black 0.82 0.90 :Zzllif:li Sail White/Metalized
sail Metalized 0.05 0.22 :ZZE::IL Sail Structural Elements White
Sail Structural Elements Whitepfl;r/iil:\r;; iluclz:sz e 0.88 0.06 NAS?leeI P Truss Rods White
Truss Rods Whitepg;r,ii:;? chlz:f,ff i 0.88 0.06 NAS?;;I Pub Truss/Vane Interface Clear Anodized Aluminum
Truss/Vane Interface Clear Anodized Aluminum 0.76 0.27 NAS,;IRZelf Pub Reaction Wheels White
Reaction Wheels Whitepg;rlii‘;; Z:‘:Z:fo with 0.88 0.06 NAS’; 1Rzelf Pub Star Tracker White
Star Tracker Whitepgscim f\'l':s::)e with 0.88 0.06 NAS';:;I Pub Spacecraft Clear Anodized Aluminum
Spacecraft Clear Anodized Aluminum 0.76 0.27 NAS??;I Pub

Truss Rods — Sail Structural | Truss/Vane Star RCS
P Elements Interface Trackers Wheels

0.25 AU
from Sun
Thermal treatments reduced the thermal load on the vehicle’s components in all orbit

regimes. The remaining thermal limit violations can be mitigated by adding thermal tape
and MLI for the star tracker and reaction wheels. (Complete by PDR in September 2022).
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JPL Thermal analysis: LEO to 0.25 AU

 Untreated:

Sail Structural | Truss/Vane Star

co IS I S S N

 Treated:

Sail Structural | Truss/Vane Star RCS
m
o s> a3 224 142 330 281

from Sun
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SPL

New Paradigm - Fast, Low-cost, Interplanetary Sailcrafig

Low energy launch from High Earth Orbit — spiral into low perihelion flyby of Sun

HELIOSPHERE INTERSTELLAR MEDIUM

KUIPER BELT
— :
* . “DORT CLOVD

TERMINATION SHOCK
HELIOPAUSE

BOWSHOCK

\

TDM ISOs, Ura, Nep, SGL
Enceladus KBOs focal region

Smallsat — 56  7-9 9-14 20-30 AU/yr

solar sall

spacecraft « Larger deployable sails & smaller mass spacecraft
* Higher temperature and thinner sails
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« Heliophysics

Solar polar regions (out ecliptic plane)
Shape & structure of the Heliosphere
Pristine ISM

Interstellar Turbulence

* Planetary

Asteroids (MBA, NEA), ISO, comets

Planetary satellites: i) Titan’s atmosphere,
i) plumes of Europa/Enceladus, etc.

Kuiper Belt and Oort Cloud
Probing Planet 9

« Astrophysics

Extragalactic Background Light (EBL)
Zodiacal Background,

Interplanetary Dust

Parallax science

Gravitational inverse square law

Big Science in Small Packages

« Spacecraft bus:

— Multipurpose (PV-power,
RF-comm)

— In-flight aggregation

« Mission types:
— Fast flybys
— Impactors
— Swarms
— (no orbiters)

e Instruments:
— Small wight
— Low power
— Small size
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Solar Polar Imager

e Exci

ting scientific objectives:
image the global extent and dynamic effects
of coronal mass ejections

discover the sources, longitudinal structure,
rotational curvature and time variability of
coronal features

link particle and field observations to images
of the Sun, corona, and heliosphere at all
latitudes

determine magnetic structures and
convection patterns in polar regions

follow the evolution of solar structures over
a full solar rotation
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Dusty background in the solar system

SPL

Kuiper belt

Main Asteroid belt

Kuiper Belt '
30-50AU Jupiter Neptune

Dust Components in our Solar System

Neptune’s orbit Oort Cloud

Neptune Kuiper Belt

Phist gap Asteroid Belt
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The outer solar system: dwarf planets . ..

SPL

* The outer solar system contains many fascinating dwarf planets . . .

Kuiper Belt
Weywot FiaraiNanae T vy Bhomia
: ® &b
AR ; P‘i | O (i _.
Quaocar Sedna Haumea Makemake Pluto Eris

(90482) (28978)  (20000) 2002
Orcus Ixion Varuna AW197

Asteroid Belt
‘ N )

Scale

(1) Ceres (2) Pallas (4) Vesta 1000 km
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Types of missions to interstellar objects

SPL

Types of missions to InterStellar Objects.
Target Mission Type Exploration Type Notes

ISOs Entering the Solar System Loiter Mi § Sample Retum Requires Pre ioning of Spacecrafit
[SOs Leaving the Solar System Chase Missions Flyby High AV, Long Duration
Captured 150s Preplanned Missions Orbiaters, Landers Similar to other asteroid/comet missions.

\ Path of 112017 U1
\(‘Oumuamua)

Typical palh\‘ \\\
of a comet

Uranus’ orbit

Neptune’s orbit




SUNDIVER MISSION CONCEPT

JPL Surveying the Sky at 10AU
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