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Need For Breakthrough Science

Outer planets & moons Our star Interstellar medium & beyond

Heliosphere

Search for life Understanding our Sun Going to far reaches
* Need to scale exploration * Need inner corona » Only two probes have reached
- Travel takes many years (>7 observations the interstellar medium
years to Saturn) « 4D mapping of the e Planet X?
- Missions require decades long corona . Oort cloud

costly (~$1B) development _
« Solar gravity lens



State Of The Art: Outer Space

* Voyager 1 (1977) is the
fastest spacecraft ever built.

« Travelling at a record 17km/s
it took 35 years to reach
interstellar medium at 120 AU
(the first spacecraft to reach
this milestone).

* Most distant spacecraft as of
today (155 AU after 45 years LS e B D
of travel) iy - s R - Image credit; NASA'




Limitations Of Propulsion

 Need to carry fuel
and “throw” it
away to propel

 Limited by the rocket
equation




Image créa}ithe Planetary Society
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Solar sail missions flown and planned

NanoSail-D (2010) IKAROS (2010) LightSail-1 (2015) NEA Scout (2021)
NASA JAXA The Planetary Society NASA

Interplanetary

Earth orbit Interplanetary Earth Orbit ter
Deployment Test mission Deployment Test mission
3U CubeSat 315 kg, SmallSat 3U CubeSat 6U Ct;beSat
10 m2 196 m> 32 m2 86m

2
A/m = 2.2m?/kg 1.3m?/kg 7m?/kg 8 m?/kg






How fast can we go?
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Where is the limit?
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— A/m=600 m?/kg

— 500 m?/kg
400 m¥kg == 300 m’kg
4 6 8 10 12 14 16 18 20

Perihelion, Ri,:r

Parameters needed for 60 AU/yr

Parameter

(excluding sail systems)

Range

Spacecraft bus mass 10-20 kg

Sail area 10,000 m? -
25,000 m?

Perihelion pass 3-5Ry

Sail material density <1g/m?

Sail material reflectivity >0.7




Trajectory & mission profile
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@ 0.4 Mercury
0.2+
— A/m=100 m?/kg 0 \ . . ( .
— 500 m¥/kg 0 50 100 150 200 250 300
Venus Time since departure (days)
Earth
C3=0 «  5R perihelion e 7 days between entering and leaving
Start with MEO and “spiral out” . 100% reflectivity Mercury orbit

e 150 days to reach perihelion
A.R. Davoyan et al., Optica 8, 722 (2021) 11



Getting Close To The Sun

SDO/AA 304  2013-05-11 22:45:08 UT * .

Outstanding mission

' challenges

eHarsh environment
*Need for new materials

Large lightweight
architectures

«Spacecraft controls &
navigation

Power and
communications



Grand challenge

Radiation, plasma, particles sl Parker solar probe
ey | (9 Ro)

Heavy heat shield

PROBA2/SWAP 17.4nm 2014-07-25 14:08:14



“Credit: NASA
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Limitati

ons of current materials
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Sunlight

Al (50 - 100 nm)

Organic film (few um)

Heat rejection

*10% - Al absorbance
*0.04 — Al emissivity 15



Extreme sail materials

Max temperature (K)

4000

3500

TaC
-INbC
- graphene
LT
Ti :
TiC
Hf
TaN
ZrN
SiC
® Ti
102 ta20s
3 3.5

Closest approach (solar radii)

Refractory metals: Titanium
nitride, tungsten
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Two types of sail materials

TiN sails SiN metamaterial sails

Low index

600nm

WA STp—

= i e Easy to make

Bragg reflectors Photonic crystals

Lower T
 Harder to make

>70% reflection, <0.7 g/m?, survive at <5Ry




TiN sails

Sail temperature (K)

i hnmg Mg

METRIC
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Estimated density: <1.5 g/m?2
Tested at ~500C (no degradation found)
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High T
Easy to make

High melting point (3200 degree C) —
can survive around 2.5 solar radii

Density: 5.4 g/cm3
Absorbs 40% of sunlight
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Ultrathin films

Reflectance

27 661 695 728 761 794 8

Wavelength (nm)

~100 nm thick free standing AlI/CNT films

Estimated density: <1.5 g/m? Coated with CNTs on the backside

Tested at ~500C (no degradation found)



Toward TiN sail materials

>

LEO environmental testing via MISSE mission
(launched Aug 29t, 2021)
Thanks to Miria Finckenor (NASA MSFC)



Sail craft architecture

* ~10kg spacecraft bus,

* ~0.7g/m? sail material areal density,
* 50-70g/m boom density

* 150m by 150m sail

All aspects of the mission are
feasible and doable

(A/m = 554 m¥/kg) & v>50 AU/yr

Bus Sail support/booms Sail material Total

Mass (kg) 10 14.8 15.75 40.55

Fraction (%) 25% 36% 39% 100%
Interaction with solar plasma Payload protection Control authority Power & mass budget

)

80
70
260

/ P <50 W (RTG)
Active massi translation O pt i Ca I CO m m S

—RCDs, flaps @10R,, T
Total bus mass ~10 kg

G' —RCDs, flaps @ 5R,,
—AMT @10R,,

- ke)
550
we
; payload =30
;/-\K/ T~300 K @ 20 —AMT @ 5R,, Ablative control
— Ablator @3000K |, : .
sail \ 10 — Ablator @2500K L'_‘
H 00 50 100 150 200 250 300 350 400
T>1500 K Thermal shield e

Solar wildhs j
300km/si

Sputtere




Roadmap

Sail material Corona-Net Fast Transit Interstellar probe
maturation

50-60 AU/yr

Inner corona Trans Neptunian Objects & Oort cloud

Materials for
3-5Rs [~

20-30 AU/yr
Kuiper belt & heliosphere

Materials for

5—10 Ry

KU"“

The Kuiper Belt

5-10 AU/yr Solar poles;
outer planets/moons magnetosphere

Materials for

10-15Ry Sail craft architecture

maturation

| | |
>
A/m>50 m?/kg A/m>100 m?/kg A/m>500 m?/kg




Vision: Sun as a Launch Pad

Goals:
* Jlow cost (*S10M)

* shortlead time

* missions to arbitrary destinations (e.g., high inclination)
» fast (50-60 AU/year)

Kuiper belt

Oort cloud

23
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