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NASA’s Roadmapping Activities &
Potential Candidate Design Reference Missions (DRM)

Power source classification

Types of radiation (a brief introduction)

Past, Present and Future of RPS technology

RPS requirements through mission concept examples

Summary
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 NASA’s Advanced Program and Integration Office
(APIO) established two teams for roadmapping activities,

: will explore options and establish pathways
for achievement of NASA’s strategic objectives

: will recommend approaches for providing
certain technical capabilities, judged to be critical to NASA’s
future programs

* Additional mputs to the planning process:
by the National Academies / NRC (2003)
— Mars Exploration Program Assessment Group
— Outer Planets Assessment Group
— Solar System Exploration Subcommittee

for NASA’s Space Exploration
Roadmap are expected (2005)
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The NASA cover

1. Robotic and human lunar expeditions.

2. Sustained, long-term robotic and human exploration of Mars.

3. Robotic exploration across the solar system.

4. Advanced telescope searches for Earth-like planets and habitable

S

o o

10.

11.
12.

environments.
Development of an exploration transportation system.

Completion of the International Space Station and focusing its use on
supporting space exploration goals.

Exploration of the Universe.
Exploration of the dynamic Earth system.
Exploration of the Sun-Earth system.

Advanced aeronautical technologies for next-generation aviation
systems.

Using NASA missions to inspire, motivate, and educate.

Utilization of nuclear systems for the advancement of space science
and exploration.
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The NASA

A S A Ao

e e e

High-Energy Power and Propulsion
In-Space Transportation

Advanced Telescopes and Observatories
Communication and Navigation

Robotic Access to Planetary Surfaces
Human Planetary Landing Systems
Human Health and Support Systems
Human Exploration Systems and Mobility
Autonomous Systems and Robotics
Transformational Spaceport/Range

. Scientific Instruments/Sensors
. In Situ Resource Utilization
. Advanced Modeling, Simulation, Analysis

Systems Engineering Cost/Risk Analysis
Nanotechnology

COVCr
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Potential SSE candidate Design Reference Missions could be
grouped 1nto four target categories (ref. Decadal Survey):

: Comets / Asteroids / Trojans / Centaurs / Kuiper
Belt Objects

: Moon / Mars / Mercury / Venus
: Jupiter / Saturn; Ice Giants: Uranus / Neptune
: Europa / Titan / Triton

Mission categories by cost cap:
Class — competitive — less than $370M
Class — competitive — less than $700M
— ( Mission Class — program directed — less then $1.5B)
Class — program directed — greater than $1.5B

The future NASA roadmap should be driven by
objectives and should fit into NASA’s
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Planned, Candidate & In-flight Missions
Class
by Decade and Category 2000-2005 2006-2010 2016-2020 2026-2030

Primitive Bodies -———————

Stardust (1999-2006)
Deep Impact (2005)
Dawn (2006-2015)

Comet Surface Sample Return
Asteroid Rover Sample Return
Trojan/Centaur Recon Flyby

Comet Cryogenic Sample Return
Rosetta (ESA)

BepiColombo (ESA/JAXA) (to Mercury)

Earliest Flight Opportunities

LEGEND
Class: NF - New Frontiers, D - Discovery, | - Intermediate, F - Flagship

I Fy By
Orbiter
In-Situ Exploration

-Sample Return
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Planned, Candidate & In-flight Missions
by Decade and Category 2000-2005 2006-2010 2011-2015 2016-2020 2021-2025 2026-2030 2031-2035

Inner Planets
Messenger (2004-2012)

|
Lunar Reconnaissance Orbiter (LRO) |_| |

South Pole Aitken Basin SR (Moonrise)
Venus In Situ Explorer (VISE) |:|
Geophysical Network - Venus
Geophysical Network - Mercury
Venus Surface Explorer

Venus Sample Return

Mercury Sample Return

Venus Express (ESA)

Planet C (JAXA) (to Venus)
SMART-1 (ESA) (Lunar)

Lunar-A (JAXA) (orbiter/penetrator)
SELENE (JAXA-Lunar)

Chang'e Programme (China-Lunar)

Earliest Flight Opportunities

LEGEND
Class: NF - New Frontiers, D - Discovery, | - Intermediate, F - Flagship

I Fy By
Orbiter
In-Situ Exploration

-Sample Return
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Planned, Candidate & In-flight Missions
by Decade and Category 2000-2005 2006-2010 2011-2015 2016-2020 2021-2025 2026-2030 2031-2035
Giant Planets/Outer Planets
Galileo (with probe) (1989-2003)
Cassini-Huygens (Saturn/Titan)('97-'08+6))
Pluto-Kuiper Belt Explorer (New Horizons)
Jupiter Orbiter (JUNO)
Jupiter Flyby with Probes
Neptune Flyby
Uranus Flyby
Neptune Flyby with Probes
Uranus Flyby with Probes
Saturn Flyby with Probes
Neptune Triton Orbital Tour
Neptune Orbiter with Probes
Neptune Orbiter/Triton Explorer
Uranus Orbiter with Probes
Saturn Ring Observer

4
5

4
5

Z Z Z
M mm

Earliest Flight Opportunities

LEGEND
Class: NF - New Frontiers, D - Discovery, | - Intermediate, F - Flagship

I Fy By
Orbiter
In-Situ Exploration

-Sample Return
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Planned, Candidate & In-flight Missions
Class
by Decade and Category 2000-2005 2006-2010 2016-2020 2026-2030

Large Moons

lo Observer

Ganymede Observer

Europa Geophysical Observer
Jupiter Icy Moons Orbiter (JIMO)
Europa (Astrobiology) Lander
Titan Explorer (no Orbiter)

Titan Explorer (with Titan Orbiter)

Earliest Flight Opportunities

LEGEND
Class: NF - New Frontiers, D - Discovery, | - Intermediate, F - Flagship

I Fy BY
Orbiter
In-Situ Exploration

-Sample Return
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2009 2011 2013 2016 2018 | 2020

F %%1 ‘ ,@{Qﬁ? ’IH

@ﬁcﬁ
Mars Telesat Orbiter

MTO 2 'I‘-alasat

el S LA .-
(Competed) (Competed)

Yars Samals Rt

Daap DAl Landar

Addressmg MEPAG Goals I (hfe) 11 (chmate) & I11 (geology)
“Follow the water” turns into “Follow the Carbon”
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Power Source

T
— —

Static conversion — Alcaline — Nickel-Cadmium
Dynamic conversion Other — Lithium Thionyl
Chloride
Brayton cycle — Silver-Zinc
Stirling cycle — Nickel-Hydrogen
Rankine cycle — Lithium-lon

\: Brayton

* Solar System Exploration includes

missions

» From months (Earth) to years (any planetary
destination)

* Long missions beyond Mars could be

missions into atmospheres
 short life measured in hours
* E.g., to Venus, Jupiter, Titan
*  Would require batteries

T

Silicon Static conversion
GaAs

Multi-junction Thermo-electric
GalnP/GaAs Thermionic

Dynamic conversion

Brayton cycle
Stirling cycle
Rankine cycle

missions
* hours: Venus, Titan;
» days: Mars Pathfinder;

» weeks/months: Mars Exploration
Rovers;

» year(s): could be
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An consists of a nucleus (with and ) orbited by
Almost all of the mass is included in the atom’s nucleus
The volume of an atom is determined by the electrons’ paths

of an atom have the but
(same atomic number — same number of protons — thus similar chemical
behavior, but different atomic mass)

1s a process where radioactive materials — composed of unstable
atoms — emit excess energy in the form of radiation until becoming stable.

During the of a radioisotope half of the radioactive sample decays. The
half-life is different for each isotope.
Th-232 atom has a half life of 14 billion years

Nucleus @ Proton
@ Neutron
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10 20
Years (in billions)

" Electrons

@ Represents 0.10 million atoms

[lustration reference: http://wps.prenhall.com/wps/media/objects/476/488316/index.html
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For example, the Pu?3® isotope has a half life of ~87.74 years;
during this time the generated heat output reduces by 50%

Curium-242 (Cm?*?)
Polonium-210 (Po?!?)
Curium-244 (Cm?*)

Promethium-147 (Pm'47)

Strontium-90 (Sr%)

Note: Space applications only used Pu?38

Pu-238 — U-234 — Th-2 *-H — Ra-226
2775 2 4E+005 ¥Is

5 yrs

Pu-"H —_— Pb-210 = Bi1-210

Radioisotope decay process of Pu?3®

Po-218 —— Pb-214 — Bi-214 —

5.05 min

2226 ¥is

162.8 days
138.4 days
18.1 year

2.6 year
28.78 year

JTE+004 yrs

26 .80 min

5.01 day

1 AE+003 WIS

94

19.90 min

—_— Pp-210
13838

days

Reference:

Free Ware, October 25, 2000

C. Hacker, “Radiation Decay Version 3.5,
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Non-lonizing Radiation (low energy)
radio frequency, microwave, infrared, visible, (lower
frequency ultraviolet)

lonizing Radiation (high energy — damages DNA):
e.g., (higher frequency UV), X-ray, gamma ray;
Emitted by stars in the form of cosmic rays and by
radioactive materials

Call Phone
{2WHz-300GHz)

by low
wency
(ELF)
frequency
(VLF}
ultraviglet
radiation

VETY low

o
E
gs
==
E

RN MR -
10 107 10% 10F 105 10°9 1047 100 10RSI0RSIRINREEY I

KHz MHE GHZ FREGUENCY

non-lonizing radiation ionizing radiation
Ref: http://www.meteor.co.il/Images/radiation%20spectrum:gif 2001 FowSntiorks
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« particle

An «a particle

» A particle of two protons & two electrons (i.e., ) 1S
ejected from a usually heavy radioactive atom (e.g., Plutonium)

 (this results in the forming of a new parent atom with two less
electrons and two less protons)

* Heavy, energetic and slow moving a—particle
« Can be blocked with a piece of paper or the skin
* No shielding material 1s required

« Radioisotope Power Systems predominantly radiate o—particles
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. . Electron (B particle) is
Of a radloactlve atom emitted from nucleus ‘
an are emitted \\ |

Neutron turned  ® 0o
Neutron into a proton

Since the electron i1s from the nucleus, it 1s
called B-particle to distinguish from the
electrons orbiting the nucleus of the atom

When the B-particle is ejected, one of the
neutrons in the nucleus is transformed into
d proton 1C nucleus N nucleus

The new daughter atom has one less neutron
and one more proton than the parent

B decay occurs in heavy isotopes

B-particles have a single negative charge, they are smaller, lighter, faster
and more penetrating than a-particles

Traveling and depositing energy over a greater distance, thus less harmful
then a-particles

No particular shielding 1s required to guard against them
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Following a radioactive decay reaction
the nucleus of the atom 1is still in an excited
state with excess energy to emit

This energy is then emitted in a
called y-ray

It has and and 1s a
high energy short wavelength radiation

High atomic number, high density materials are best for shielding against
v -radiation

In space, Aluminum could be used effectively, since it is relatively light

(X-rays are similar to y-rays, but with lower energies. They are produced
when electrons change orbits within an atom or electrons from an external
source are deflected around the nucleus, thus emitted from processes outside
the nucleus)
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Neutron collides with the
nucleus of Uranium-235

Nucleus splits, resulting in
fission products such as two
smaller nuclides and three free
neutrons

Neutron (n)

Each split (or fission) releases
a large amount of energy

Under favorable conditions the
three new free neutrons could split other atoms

A maintained generates a
continuously (that is, until no atoms left to split)
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When a high energy
neutron collides with a
proton, it transfers its
energy to it

The charged proton causes
1onizing radiation, which 1s
damaging to DNA

(less than 0.1MeV) could be shielded with low mass
number materials such as water (due to the high cross sectional interaction
with hydrogen)

At (over 10MeV) cross sectional interaction with hydrogen
is not effective to slow down the neutrons. Efficient shielding could be
achieved with inelastic materials, such as iron to initially reduce the high
energy neutrons through collisions, then water could be used to further
reduce the neutron’s energy and diffuse the thermal energy
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Pu-238

Source ___ Electrical

Pu-238

Thermal _’ \Co

Source
T{J n]rf) - -..____________ - 4

Waste
- Heat
Radiators

Low Temp

The fuel used in
RPSs i1s a with a half
life of ~87.7 years

It produces heat through natural
alpha (an a-
particle 1s virtually a He nucleus)

A small portion of the is
converted using
various conversion technologies

(M~ 2% to 25%)

1S through
radiators for thermal
control of spacecraft subsystems
or components
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Voyager 2

U.S. Radioisotope Missions . e

Used safely in >25 missions since 1961

« 7 Planetary (Pioneer, Voyager, Galileo, Ulysses, Cassini)
+ 10 Earth orbit (Transit, Nimbus, LES)

* 6 lunar surface (Apollo ALSEP) Uranus
Ulysses « 2 Mars surface (Viking 1 & 2) L
{E”) * 3 RHUs on Mars Pathfinder

* 11 RHUs on each MER rover
* RHUs on the Huygens and
Galileo probes

Saturn

Apollo 11 (1969)

Apolic/ALSEP (8) (1969-1972) Cassini

(1997)

Jupiter

Transit 4A
(1961)

(1972)

-~

Transit 4B
(1961)

“LES &
(1976)  Mars Pathfinder (1996)

Transit 3 '

SBN-1 : Transit

(1963) @St \imbus il Triad-01-1X
SBNZ (1969)  (1972)
(1963)

Distances & Planets Are Not to Scale

Woyager 1
(1977)

Pioneer 11
(1873)

Pioneer 10
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MHW - RTG

Pioneer 11; Viking 1 & 2
missions (In-space vacuum
& Mars atmosphere)
SNAP-19 (~40 We)
(operated for ~7 years)

HEAT SOUECE
L &7 F]

MaASTROCUARTE
MULTIFON

SHAP 19 HIGH FERFORMAMCE GENEEATOR [HFG

Voyager mission (in-space — vacuum), MHW-RTG
(~150 We) (still providing power after 27 years)

ALUMINUM OUTER
COOLING TUBES SHELL ASSEMBLY
GAS MANAGEMENT
ASSEMBLY GENERAL PURPOSE
A HEAT SQURCE

L
y-
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Apollo 12/14/15/16/17 missions (Moon — vacuum) SNAP-27
for ALSEP (Apollo Surface Experiments Package) (~70W)
(still operated after 10 years on the Moon)

MULTI-FOIL SiGe UNICOUPLE MIDSPAN HEAT
INSULATION SOURCE SUPPORT

SUOISSI

General Purpose Heat Source-RTG

Galileo, Cassini; Ulysses; Pluto-KBO missions
(in-space — vacuum), GPHS-RTG used on (~285We)

by Tibor Balint, JPL, March 4, 2005
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General Purpose Heat Source — Radioisotope
Thermoelectric Generator (GPHS-RTQG)

Aluminum Outer Pressure Relief
Shell Assembly Device
|

| f
Multi-Foil SiGe Unicouple General Purpose
Insulation Heat Source

E';I'_E"j Floating
ad Eerri brane

Fuel
Pellet

Aetrozhell

GPHS module stack

e 18 GPHS modules

e Dimensions
— Length 113 cm
— Diameter 43 cm

» Mass 56 kg

« Pu?*®~8KG

 Power ~240We

» Voltage 28V +/-0.2 VDC
*  Mission life ~14 years

*  Missions:
Galileo (2 units)
Cassini (3 units)

Note: Voyager used MHW-RTG (150We)
(still operating after more than 27 years)
Viking used Snap-19 (40.3We) on Mars
(operated for over 7 years)
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General Purpose Heat
Source (GPHS) Module
[250 Wt BOL]; ~1.4kg

RADIOISOTOPE HEATER UNIT
* HEAT OUTPUT — 1 WATT
* FUEL LOADING — 33.6 CI
* WEIGHT — 1.4 0Z
*SIZE — 1IN x 1.3 IN

AFROSHELL
g END CAP
~ , (FWPF)

Insulation CBCF INSULATOR

Aeroshel N\ T2 P | \ / MUTEREG)
Graphite Impact Shell NS L ~ N\, /INSULATOR TUBE
/

SUPPORT(PG)

MIDDLE(PG)

Fuel Capsule INSULATOR TUBE

INMER (PG)

Mass = 3.542 |bs

CLAD (Pt—30Rh)

A
=~
0 p)
@
]
=]
=B
i @
=
]
-
®
7/}
S
-~
-
=]
=
<]
=]
=]
@
=B
=
4
=
o
=)
ﬂ
=]
PN
ot @
=)
=]

LT
7 FUEL PELLET
{Pu0 5

Radioisotope Heater Unit (RHU) iy $imaRipey
[1 Wt BOL], ~40grams AEROSHELL

(FWEF)
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8 GPHS modules
Thermoelectric conversion (PbTe/TAGS)
— Efficiency ~6.3%
Dimensions (half that of GPHS-RTGQG),
— Length ~64 cm
— Diameter ~64 cm
Mass: ~42.7 kg (CBE) (w/ not to exceed 45 kg)
Pu?3® ~4KG

Power: ~123 W (electric) (BOL)
~2000 W (thermal) (BOL)

Specific power: ~2.9 We/kg
Voltage 28V +/-0.2 VDC
Mission life ~14 years
In-space & surface operation

Availability:
— Under development
— Down-selected for the 2009 MSL mission

Potential mission impact:
— Low g-load tolerance
—  Thermal design / heat rejection system

TAGS: Tellurides of Antimony, Germanium, Silver
MMRTG: Multi-Mission Radioisotope Thermoelectric Generator

Helium Vent (viton o-ring) —.

Qurtgassing Plug . H Bellows

GPHS Canister
Getter

Heat Collector I | Heat Rejection

Fins (8)

GPHS Modulss (8) i g Thermoelectric
} = i Elements

Thermal Insulation — ’ ' _ Module Bar
= - | Assambly (16)

Power Output

MMRTG Configuration

A Spacecrafi Load

Fe Cold Cap

PbSnTe—

AP~ — Ni Hot Shoe
Fe Cup

PbTe/TAGS Unicouple
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21 Couple Thermoelectric Module Thermoelectric Close—Packed Array
(Exploded View) (Exploded View)

— ,Cold Sink
. / Bar (Be Al)

 .___— Mica Sheet (Hot).
\Thermocouples ~

fin-K Separator "
y N

Insulation Bloc

Piston

Springsx-q_::l a== / ~ £ 21-Couple
: - Module

Thermocouples \ S/
™ Mica Sheet (Cold) ~

Cold Sink Bar (Be Al) '
i (Be Al) 18%18 ELEMENTS
DIMENSIONS Ih M

« Thermoelectric (TE): 1s a static conversion technology utilizing the
Seebeck effect

— Low efficiency (~2% with RHUs & ~6% with GPHS)
(to be used in MMRTGs, high TRL)
(under development, prototype only)
1s working on segmented thermocouples with a
— Variety of TEs:

— Long missions should account for TE degradation (~0.8%/year)
(Note: there is a ~0.8%/year degradation due to the radioisotope decay
resulting in a )
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Heusing ACS

2 GPHS modules Radiator Fins -\ ™ aaincs
2 Stirling converters (n~20.7-23.3%) Siring Comvertor 21

Dimensions: 29 cm (W) x 38 cm (H) x 104 cm (L) Attachment Pate - : A7P
Mass: 34 kg (CBE); Pu?*® ~1kg wheNeaEg L [ A
Power: ~116W (electric) (BOL); Heat Source " Ny ' o | 2]

Support Assembly (2]

~500W (thermal) from 2 x GPHS (BOL)
Specific Power: ~3.4 We/kg .
Voltage: 28V +/-0.2 VDC \ R ; o G s
Design life requirement: 14 years S Ao ' o
In-space & surface operation

Gss Management Valve
-. ‘-'Il-.ﬂ.ﬂiue Cocling System [ACS)
) . * <3° i L Controller Assembly
Avallablllty N .‘ - ':)-i Interface Eleetrical Connector (2)
—  Development initiated as a backup to MMRTG : >
Bulk Thermal Insulation
—  Broad application potentials e.g. lunar exploration

— 4 units will be available by 2009-2010,
our intention is to use them on upcoming missions

End Clasurs

Potential mission impact:
—  Vibration
—  Electromagnetic interference

—  Unknown reliability and lifetime for Stirling
converters

JAl uoneaopdx pouugwu ) J10J sajepipue)) SIA

— Low g-load tolerance

—  Thermal design / heat rejection system
(to a lesser extent than that of an MMRTG)
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Piston Flexures - support
and spring Piston /Alternator

Linear Alternator assembly

Displacer Flexures -
support and spring the

Magnets, Stator & Coils
- remain stationary and
produce electric power

Stroke Sensor Not
Shown

B Moving
Components|

Close Clearance Seals -
isolates gas working spaces

displacer

st

oI IH

Displacer - reciprocates,
shuttling working fluid
between expansion and
compression spaces

Heat in from
GPHS module

Linear Alternator Mover,
reciprocates with piston to
produce power

Power Piston -
reciprocates and drives
the alternator

Dynamic conversion
= e.g., Stirling shown here; has high power conversion efficiency (~20-25%)
=)

Heat out
through
radiator

Displacer Rod -
drives the displacer

AC Power out
to controller

Hot End Heat
Exchanger - heats
the working gas

Regenerator - improves
engine cycle efficiency

Cold End Heat Exchanger -
rejects heat from the working gas

*Closed cycle

*Reversible thermodynamic processes
[sothermal compression and expansion
*Constant volume displacement
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Power: 12.5 We (BOL)
Moo - I70
Masz: ~5 to 6 kg Cooling Channel i Fins —
a iPHS
i Load Beanng Separator 9 :
Min-K Insulated Ae.rOShe” Heat Accunmlator Block (Min-E 1400 module
(External Insulation)

Cooling Fne — _a Hlimril.llf‘,_

Helmm Vent Channel
(lonses a pugtail valve)

Load Bearing Separaton
(Nm-k 1400}

Screws (6x)

LT 7

R

Power Out

Enhanced Ny ‘
GPHS '.:\‘ \::.\ i E \ Mica sheet (hot) Thermal Insnlator

\ N X (Min=k 1800)
Honsing / AN . Close-Packed Amays
Lid . Thermal Insulator ) Approx. Dinensions
(Min-K 1800) Y Mica sheet (cold) Height: 320 mm
Width: 230 mm
Depth: 140 mm

WIS | JPL Study (2004)
2 : ¥ [MER-A; -B; -C]

Heat .;imk Bar

Min-K 1400 Close Packed Array
Separator 4 Modules 300 Couples Thermoelectrig
/ \ Module

Min-K 1400
Separator
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_ y | JPL Study (2004)
Dimension in inches e ﬁ [Mars Net Lander]

Balint, JPL, March 4, 2
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DoE/OSC Study (2003) [7 concepts; ~40mWe each] DoE/OSC Study (2003) [~40mWe]

. Seaql

Insulg

Housing

T/E Module

RHUs in redesigned
Aeroshells

7RHU ~
Capsule HS 1\
|-—~— 109.99 ———————>¢

Y
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4 Hi-Z
—BITe
Modules
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7 Capsule Heat Source
164.2 grams (0.362 Ib)
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by Tibor Balint, JPL, March 4, 2005

Insulation

Cover Milliwatt RPS 20 mWe in vacuum,;

\ }! Vi Exploded view of the JPL/Swales:

Tension
2 Wires

Radiation
Shields

NASA ARC Milliwatt RPS concept;
40 mWe; with higher g-load tolerance;
m=0.121kg; spec.pwr: 0.33We/kg

D=6.4cm/L=8.1cm; m=0.3kg;
specific power: 0.067We/kg

Tension

BIAPOS concept [2 RHUs7T0mWe]
Built and tested in Russia; 2 RHUs;
D=8.5cm/L=13cm; 0.37kg; specific
power: 0.189We/kg (also 1 RHU)

TEC

-~ 1232 mm ——— >

Hi-Z Milliwatt RPS; 40 mWe;
0.325kg; spec.pwr.: 0.123 We/kg
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Status of Small-RPS Development ARPL

Small-RPSs are under consideration by
the US DoE and by NASA

*  Notice of Intent (NOI) to develop them
was issued in September 2004

*  Request for Proposals (RFP) from the
DoE is expected in early 2005

SUOISSIJA] uonerojdxj pauugwu ) 10J sajepipue) SAA

*  Could be made available as early as the
2011 Mars Scout launch opportunity

by Tibor Balint, JPL, March 4, 2005
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Anatomy of a Small-RPS Concept

AJPL

(animation)

Note: This small-RPS concept was inspired by the works of R. Wiley (DoE) and R. Carpenter (OSC)

JA uonjeao[dxy pauugwu ) J10J sajepipue)) S

SUOISSI

(8]
M~



by Tibor Balint, JPL, March 4, 2005

Power Source
Type and Power 2004 v 2010 v 2015 2020

GPHS RTG
~285 We

MMRTG I I Potential use on MSL in 2009
~128 We BOL ! : :
|
SRG ' ' 4 units available by ~'2009 2010
~112 We BOL I

Small-RPS 77?7 Development potennally by 2011 Mars Scout
~10’s of We

Mini-RPS ??? Development poten‘ilally by 2011 Mars Scout
~10’s of mWe

JIMO class fission I Unde1 development for JIMO
~100 kWe and above I

RPS available for SSE

>
Small RPS potentially available >
JIMO class fission based power generation >

SUOISSIJA IIO['.]B.IO[dXQI pauuewiu ) J10J sajepipue) SdU

Note: the last GPHS-RTG will be used on the upcoming planned (2006) New Horizons Pluto-Kuiper Belt mission
JIMO is deferred from 2015; a tech demo mission with a fission reactor might be possible ~2013-2014
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Distance from the Sun (solar availability)

Mission duration at low 1nsolation locations

In space (vacuum) vs. surface (atmospheres) operations
Power level requirements (mission class)

Power system sizing (pcak power vs. total energy)
Thermal environment through all mission phases
Radiation environment

EMI environment

Vibration environment (€.g., Stirling — dynamic systems)
Landing method (g-load tolerance)

Cost considerations (unit cost + approval cost = $$%)
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Mercury (9145 W/m?)

Solar Panel Power 1, version:

Venus Silicon ~14.8%
1 GaAs ~18.5%

Multi-junction ~22%

BUT: The inherent limitation of
solar power generation, is that

with increasing distance:

- Mission time increases;

- Solar flux decreases;

- Solar panels become ineffective;

- Internal power sources are needed

N
£
S
x
=
(1
LS
o
(]
/2]
)
(&
(]
=
(]

Saturn Uranus Neptune
.T | ’ I I ’

10 15 20 25 30

Distance from Sun (AU)
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I I | I I
Multi-junction solar panel (110 We BOL) g 5 :
Multi-junction solar panel (110 We EOL) ~ Saturn
(GaAs solar panel (110 We BOL) : L
GaAs solar panel (110 We EOL) : : : :
MMRTG (110 We BOL)
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Distance from the Sun (AU)

Beyond ~4AU RPS power generation is more mass efficient than solar power generation...
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o
8

Solar Irradiance (W/sgm)
o]
8

g o0 LU L SRNREE 0,
““Eolar power generation is limited
during Northern Summers

Solar power generation enabled,
but limited by mission time;
-RPS can provide added benefits

100%
(1367 W/sqm)

~43% Mars Surface Operations
(~590 W/sqm) == >

@
=

~22%
(~300 W/sqm)

~13%
(~180 W/sgm)

~6.5%
(~90W/sgm)

[ ]

Earth Orbit ~ Mars Orbit Clear Cloudy Cloudy

(Local Storm) (Global Storm)

When to use RPS?

- Long duty cycle (measured in years)

- High latitude operations (for long
duty cycle missions)

- No insolation (polar winter)

- Thermal death (utilize excess heat)

- Small-RPS when trying to save Pu?38
& less power is enough, or dynamic
cycle based RPS for more power

Northern Northern

Summer

4000, .-

whsoy S

S
2000, N g
V- P R o
S e SR
SR SRS
SRS

Latitude 0_20\-\-\_\"
(degrees) - _ i
K 200

“150
Aerocentric Longitude

of the Sun, Ls (degrees

JA uoneaojdxy pauuewu ) J10J sajepipue) SIA

SUOISSI




Pressurizer
tanks (4)

Skycrane

MMRTG —

(D=2700km ; 22% smaller than the Moon)
(-235°C or 38°K)
(mostly nitrogen gas with a small
MMRTG: B Mongpale Autema amount of methane, thin haze expands up to 5-

Thrusters (3) ———M8 —

——-

Seismometer 10km) results in a low atmospheric pressure
Blsstnics . GC/MS (~0.015 millibar, that is 0.000015 times sea level
1dul ) | PanCam & Earth
WO~ o Raman/LIBS pressurc on a )

Ens0ES It circles Neptune in a retrograde direction

An RPS enabled mission; could utilize excess heat

Power system sizing should account for degradation

JA uoneaojdxy pauuewu ) J10J sajepipue) SIA

The ~18 years trip time would require changes to the
R il ibe MMRTG lifetime requirements

Metearolopyserisors: S oomies Skycrane type landing could keep g-loads under 40g

Battery

SUOISSI
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* 1 Small-RPS could enable the mission

* High g-load tolerance is needed during
landing!

* Thermal environment should be
addressed through all mission phases
(Earth storage; Launch; Cruise;
Entry/Descent/Landing; Mars surface
operations)

- Monitor weather & environment
- Address MEPAG Goals 2 to 3

- Instruments could include: seismometer;
mini-MS; Pan Cam; meteorology station

- Use up to 10 landers

- Hybrid power system: small-RPS & battery
- High power requirement by telecom

- Long life (up to several years)

- Independent from solar flux

- Capable to operate at any location

Backshell

ATMIS ——

(for atmoshpheric science)

Note: the RPS, electronics,
battery, and radiation sensor
are placed under the radiator)

RPS radiator Seismometer

Aeroshell

(b) Deployed c¢gnfiguration

d on 5% to 10%

sion efficiency)
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TID Radiation; 1 GPHS-RPSs; Jyrs+360days-cruise; from RPS+natural; [kRad] Radiation from 1 GPHS module [Rad/day]

{mim)

-
Lo
E
2
o
Q.
11
&
i
[s]

-100 a 100
Distance along the X axis

Total Ionizing Dose (TID)
Radiation from small-RPSs
after 4 years 1s less >20kRad

In comparison, state-of-the-art

electronics could tolerate up
to ~300-500kRad
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by Tibor Balint, JPL, March 4, 2005

During cruise phase more heat is
transferred to the pumped fluid,
than it is radially conducted
throughout the radiator

Landed Stage

SUOISSIJA IIO['.]B.IO[dXH pauuewiu ) J10J sajepipue) SdU
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- Astrobiology driven goals to address MEPAG Goals 1-3 Aeroshell . —

- Instruments could include: Microscopic imager; Raman
spectrometer; APXS; Mini-TES; Pan Cam, RAT;
TEGA,;

GC/MS etc.

- Could operate up to 2-3 years on Mars

- MER solar power generation: ~600 Wh/sol EOL;
Small-RPS enabled concepts with
2 GPHS modules: ~620 Wh/sol BOL;
4 GPHS modules: ~1240 Wh/sol BOL.

- Electric power: 2 x 12.5We at BOL (based on
5% conversion efficiency, this could increase to
as high as ~10% by the next decade)

- Each of the two GPHS modules produces
~250 Wt thermal power at BOL

- Waste heat could be utilized to heat components,
motors, actuators, etc.

- High power requirements by mobility, telecom

* Hybrid power system should be sized for
peak power usage and energy usage
2 x Small-RPS
concepts ~25-50We
(based on conv.eft.)

(high power requirements by mobility, telecom)
* Thermal environment should be addressed
through all mission phases

SUOISSIJA HO!)BJO[dXE[ pauurvuwiu ) J0jJ sajepipue) Sd¥
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by Tibor Balint, JPL, March 4, 2005

An 1s in place by NASA / DoE

Two systems are under development which could be used on SSE missions
>=110 We BOL
— SRG>=110 We BOL
— Offered as early as (MSL down-selected an MMRTG)
development is under consideration
small-RPS in the 10’s of watts
small-RPS in the 10’s to 100’s of milliwatts
— Potential small-RPSs could be made available as early as the
(out in September 2004) (is planned for the early part of 2005)

Next generation RPSs are planned, providing

— Higher conversion efficiency; lower mass; higher specific power; TE, TPV,
dynamic conversion technologies

Radioisotope Power Systems (RPS) could enable potential future Solar System
Exploration missions

mission & power generation
—  Works in orbit ( ) & in
from flux

— Within ~4AU with high insolation, it allows to access locations on planetary
surfaces where solar flux is not available: e.g., polar regions,

— Beyond ~4AU for long missions nuclear power generation may represent the only
viable option

could be utilized for thermal management

SUOISSIJA IIO['.]B.IO[dX[E[ pauuewiu ) J10J sajepipue) SdU
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1000

Teledyne
15 We (E) ]

(h=6%)

L

Power & mass in orbit scales reasonably well,

e.g., MGS: 980 We (R) up to ~24 kWh/sol (E); and
Mars Odyssey: 750 We (R) up to ~18.5 kWh/sol (E)

140 We (E)
SRG (P)

110We ~~__

2nd Gen. SRG

95 We (P/E) MER-B&C studies w/

4 GPHS modules
50 We (h=5%) (E)
Viking
SNAP-19
40.3 We (R)

¢

Teledyne
30 We (E)
(h=12%)

Note: the data is labeled as

(R) - real; (P) - proposed;
(E) - estimated or calculated

Gelileo, Cassini (in space)
1xGPHS-RTG (R)

(h) - conversion efficiency

MMRTG (P/E)
#+ (2nd Gen; h=12%)

2x 2nd Gen. SRG
190 We (P/E) Voyager (in space)

MHW-RTG
/ 150 We (R)
<o

MSL, Deep Drill, MMRTG

110 We (P) (h=5.5%)
S

A

Solar

On Surface

Scaled MER to 220 We (E) for comparison
MER (peak power) (top 140 We BOL, bottom 100 We EOL)

MER-A study w/ 2 GPHS modules: 25 We (h=5%) (E)

Estimated RPS Trade Space
with i namic conversion

2xSRG (P/E)

220We O 2xMMRTG

220 We (P/E)

#® MER-solar (16.9kg) EOL

A2 MMRTGs (80kg)

X Teledyne - 1 GPHS module (4kg)
XMMRTG (40kg)

& GPHS-RTG (75kg)

O Solar in orbit; 140W (16kg)

O Solar in orbit; 220W(18.5kg)

M Scaled MER (26.5kg) EOL

© MER-solar (16.9kg) BOL

O Scaled MER (26.5kg) BOL

< Mars Pathfinder (0.34kg)

ASRG (34kg) EOL

X 2nd Gen. SRG (13.5kg) EOL

02 SRGs (68kg)

X2 x 2nd Gen. SRGs (27kg)

#2nd Gen. MMRTG (39kg)

X 2nd Gen. Teledyne (4kg)

© MHW-RTG (38.5kg)

© SNAP-19 (13.4kg) BOL
OMER-A /w RPS study (12kg) BOL
AMER-B & C /w RPS studies (24kg) BOL

0 Pathfinder

Mars

20
140 We (R)

30 40 50

Mass (kg)

70 80

90
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<©2 x GPHS-RTG ($85.7M)

MTO (BOL) ¢ GPHS-RTG ($42.85M) E*l;}te: thel,- c(lgt)a is Iabete?j as

1.3 kWe (P) s - real; - proposed;
ANHWRTG: (§10:15H) (E) - estimated or calculated
X SNAP-19 ($28M)

02 x MMRTG ($40M) For comparison, the RPS
MTO (EOL) @ MMRTG ($20M) energy was normalized for 1 sol

1.1 kWe (P
) B SRG ($15M) For in orbit continuous insolation
TR 02 x SRG ($30M) is assumed, over a sol (24.6597 hr)

In_Orbit © MER BOL lander - solar ($3.27M)
AMER EOL lander - solar ($3.27M)
MSR (BOL) OMTO BOL - solar ($6.3M)
810 We (P) AMTO EOL - solar ($6.3M) Cassini-Huygens
XMSR lander - solar ($10.2M) i i 3xGPHS-RTG
X MSR Earth return - solar ($3.4M) 855 We (R)
© 3 x GPHS-RTG ($125M)

Solar Galileo
On Surface 2xGPHS-RTG
570 We (R)
Pluto-Kuiper Belt
GPHS-RTG,

973 We (P) oxSRG 285We (RIE)

Voyager
MHW-RTG 220 We (P)

150 We (R) O O 2xMMRTG: 220We (P/E)
A

=}
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MSL, Deep Drill, MMRTG: 110 We (P)
SRG: 110 We (P) X Viking, SNAP-19: 40.3 We (R/E) (includes orbiter & lander)

0
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Mission Power Mass Power Energy Cost

(or Concept) Source k We Wh/sol  $M FY03

o
(=]

Radioisotope Power Systeins

Cassini-Huygens 3 x GPHS-RTG :r3x56i 855 21084 125

Galileo 9 x GPHS-RTG  12x56! 14056  85.7 Past RPS:
Pluto/Kuiper Belt I x GPHS-RTG 28F 7028 42.85 MHW-RTG
Voyager 1 & 2 MHW-RTG 38 5 3699 19.15

Viking SNAP-19 13. 994 28 Snap-19

MSL (early variant) 2 x MMRTG 3 5425 40 GPHS-RTG

MSL (pre-decisional) MMRIG 2713 20

; SRG-110 ; 2713 15

: 2 % SRG-110 38 5425 30 Near future RPS:

nd Generation, = 12%) MMRTG 5918 /A MMRTG (~2009)

nd Generation) SRG 9! 2343

mall-RPS, n = 11%) I x GPHS module 5 i 620 (Small_RPS, ~201 1‘7)
Teledyne, 5 = 6%) 1 x GPHS module 15 370
Teledyne, n = 12%) 1 x GPHS module 30 740
Thermal power only Solar anels:
Cassini-Huy gens 157 x RAHU 5.3 157TWt  3872Wt 57 GaAs/Ge

Solar powered missions .
MER (BOL) triple-junction 110 1000 GaAs & S1
MER (EOL) triple junction ~100  ~600 Triple junction
Mars Pathfinder GaAs/Ge 16.5 93

MGS GaAs & Si 980) 24166

Mars Odyssey GaAs 6 750 18500

MTO (BOL) triple junction 78 1300 32058

MTO (EOL) triple junction /8 1100 27126

MSR lander (BOL) triple junction i 973 6950

MSR ERV (BOL) triple junction 810 19974

(2

(Small-RPS, n = 5.5%) I x GPHS module : 310 NINE; (~2009/2010)
(5 '

(

(
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by Tibor Balint, JPL, March 4, 2005

Result

Accelerated testing 1s the to
be tested through ranges of time,
temperature, rate, energy etc.
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Therefore, equal “dose” may not result in the same outcome!
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by Tibor Balint, JPL, March 4, 2005

2 small-RPSs (1 GPHS each) « SRGI110 (2 GPHS modules)
Pu?38 fuel mass: 2 x 0.5kg «—+ Pu?38 fuel mass: 2 x 0.5 kg
Static conversion (assumed n ~5%)" * Dynamic conversion (1 ~25%)

Thermal power: 2 x 250Wt (BOL) <+ Thermal power: 2 x 250Wt (BOL)
Electric power: 2 x ~12.5We =~25We * Electric power: ~110 We (BOL)
System Mass: ~2 x ~7-8 kg=~16 kg <«—< System mass: ~34 kg

Dimensions: ~H13” x W9” x L6” each <—¢ Dimensions: ~HI15” x W11.5” x L37.5”

Other: g-load tolerance (TBD) «—e  QOther: g-load tolerance (TBD)
Low TRL: target 2011 Scout  TRL9 target: 2009
Development program: not yet started * Development program: ongoing

Note: ** efficiency up to ~13% would increase to power to ~32.5We for each small-RPS, resulting in ~65We

SUOISSIJA IIO['.]B.IO[dXH pauuewiu ) J10J sajepipue) SdU
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by Tibor Balint, JPL, March 4, 2005

Solar Sail Tether

Solar Electric
Propulsion

Radioisotope
Power System

Chemical
Propulsion

Fuel Cell

Batteries

Time dépendent Nuclear Electric
(missioniduration) Propulsion
[Transp:ortation]

Nuclear
Fission
Reactor

Power dependent
(power limited) (mass limited) Nuclear Thermal
[Propulsion [Propulsion Propulsion
& Power] & Power]

Antimatter

Present Future

i
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Power-plant Type Masg | Thermal | Power | Specific | Lifetime
[kg] power | level | power
[kWt] [kWe] | [We/kg]
SNAP 27 ‘ Radioisotope/TE - - | 0.073 | 3.7 10 years +
Iﬂ:)ollo- 14) | | | demonstrated
RTG ~Radioisotope/TE 55 42 (0285]) 51 [=>20
|_(Galileo/Ulysses) demonstr.
Radioizotope- Radioisotope/ AMTEC 21 - 0.105 =5 Development
AMTEC (1)
Radioisotope- Radioisotope/ AMTEC - - 1 185 | Study
AMTEC (2)
Dynainic isotope | Radioizotope/Brayton | 905 25 6 6.6 Study
SNAP 10A \> Fission/ TEC 435 46 05 [)1.9(e) | 43 days
SNAPSHC — demonstr.
SP-100 10 kWe D Fission/TEC - - 10 53 Study
spP-roobtatelme | Fission/TEC 4518 | 2,400 s 21.8 | Development;
7 vears (e)
SP-100 advanced | Fission/TEC 3,500 | 2,400 100 27.0 | Study; 7
years (e)
SP-100 dynamic | Fizsion/Brayton 9,506 383 100 10.5 Study
SP-100 dynamic | Fizsion/Brayton 14337 | 2,657 550 38 Study
SP=100dynamic | Fission/Stuling 20,004 | 2,500 23 41 Study
Topaz ((3031110::43) Fission/ TIC 1.200 150 5 ) 4.2 342 days
| _I818, -1867) _~ — demonstr.
Topaz 1T Fission/TIC 1,000 135 5.5 <55 | 1.5-3years
(e)

RTG: Radioisotope Thermoelectric Generator
SNAP: Space Nuclear Auxiliary Power
SP: Space Power

AMTEC: Alkali-Metal Thermo-to-Electric Cells
TEC: Thermo-Electric Converter

TIC: Thermo-Ionic Converter
(e): estumated
demonstr.: demonstrated



