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NASA’s Advanced Program and Integration Office 
(APIO) established two teams for roadmapping activities, 
- Strategic Roadmaps:  will explore options and establish pathways 

- Capabil i ty  Roadmaps: will recormnend approaches for providing 
for achievement of NASA’s strategic objectives 

cenain technical capabilities, judged to be critical to NASA’s 
future programs 

* Additional inputs to the planning process: 
- Decadal Survey by the National Academies I NRC (2003) 
- MEPAG -Mars Exploration Program Assessment Group 
- OPAG - Outer Planets Assessment Group 
- SSES -Solar System Exploration Subcommittee 

Preliminary results for NASA’s Space Exploration 
Roadmap are expected by late summer (2005) 

1. High-Energy Power and Propulsion 
2. In-Space Transpoltation 
3. Advanced Telescopes and Observatories 
4. Communication and Navigation 
5. Robotic Access io Planetary Surfaces 
6. Human Planeray Landing System 
7. H u m  Health and Suppon Systems 
8. Humao Exploration Systems and Mobility 
9. Autonomous Systems and Robotics 
10. Transformational SpacepowRange 
11. Scientific InsbumntslSensors 
12. In SituResource Utilization 
13. Advanced Modeling, Simulation, Analysis 
14. Systems Engineering Cost/Risk Analysis 
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i 15. Nanotechnology 
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- NASA’s Roadmapping Activities & 

- Power source classification 
Potential Candidate Design Reference Missions (DRM) 
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* Types of radiation (a brief mtroduction) z 
Past, Present and Future of RPS technology 
RPS requirements through mission concept examples I 
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- summary 

1. Robotic and human lunar expeditions. 
2. Sustained, long-term robotic and human exploration of Mars. 
3. Robotic exploration a m s s  the solar system 
4. Advanced telescope searches for Earrh-like planets aud habitable 

environments. 
5. Development of an exploration trausponation system 
6. Completion of the International Space Station and focusing its use on 

supporting space exploration goals. 
7. Exploration of the Universe. 
8. Exploration of the dynamic Eanh system 
9. Exploration of the Sun-Eanh system 
10. Advanced aeronautical technologies for next-generation aviation 

systems. 
11. Using NASA missions to inspire, motivate, and educate. 
12. Utilization of nuclear systems for the advancemnt of space science 
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and exploration. 

Potential SSE candidate Design Reference Missions could be 
grouped into four target categories (ref. Decadal Survey): 5 

a - Primitive Bodies: Comets /Asteroids ITrojans I Centaurs I Kuiper 

- Inner Planets: Moon I Mars I Mercury I Venus 
- Gas Giants: Jupiter I Satutu; Ice Giants: Uranus I Neptune 
- Large Moons: Europal Titan I Triton 
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* Mission categories by cost cap: 
- Discoveq Class - competitive - less than $370M 
- New Frontiers Class -competitive - less than $700M 
- (Large Mission Class - program direcbd - less then $1.5B) 
- Flagship Class -program directed - greater than $1SB 

* The future NASA roadmap should be driven by science 
objectives and should fit into NASA’s spending profile 
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Non-Ionizing Radiation (low energy) 
radio frequency, microwave, infrared, visible, (Lower 
frequency ultraviolet) 

Ionizing Radiation (high energy - damages DNA): 
e+, (higher frequency UV), X-ray, ganma ray; 
Emitted by stars in the form of cosmic rays and by 
radioactive inaterials 

* 

From the nucleus of a radioactive atom 
an electron & an antmentnno are ermtted 
Smce the electron is from the nucleus, it IS 
called p-particle to distmguish from the 
electrons orbitmg the nucleus of the atom 

* When the p-pamcle is ejected, one of the 
neutrons m the nucleus is transfoimd mto 
a proton 
The new daughter atom has one less neutmn 
and one m r e  proton than the parent 
p decay OCCUIS IU heavy isotopes 
P-partcles have a smgle negative charge, they are smaller, hghter, faster 
and m r e  peuetramg than a-particles 
Travehg and depsitmg energy over a greater &stance, thus less harmful 
then u-partnles 
No particular slueldmg i s  requued to guard a g m t  them 
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Radioisotopes Half life 
* Curium-242 (Cmu2) 162.8 days . Polonium-210 (P02'0) 138.4days - Curium-244 (C&) 18.1 year 

Plutonim-238 @P%) 87.7 year 
* Promethium-147 (Pm'") 2.6 year 
* Strontium90 (SP) 28.78 year 
Nok: Space applicntions only used €Ws 

Radioisotope decay proses  of P!Pe 
pa.?<$ - v - w  - msio - ,.,:,,, i:lri"* ,=T'y, 

I s- mi-222 - Po-21s - W-214 - 
.A, .I , ,',.,.. .r el... 

- A particle of two protons &two electrons (i.e., Heliumnucleus) is 
ejected from a usually heavy radioactive atom (e.€., Plutonium) 
(this results in the forming of a new parent atom with two less 
elecaons 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 is required 
* Radioisotope Power Systems predominantly radiate a-particles 

tdl m an excited 

- llus energy IS then ermtted m a pulse of 
electromagnetic radiaflon called yray 

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

In space, Aluminum could be used effectively, since it is relatively light 1 (X-rays are similar to y-rays, but with lower energies. 'Iliey are produced 11 
when electrons change orbits within an atom or electrons h m  an external 

i source are deflected around the nucleus, thus emitted frompmcesses outside 
8 thenucleus) 
E : I,k,m&b" rrrmmnrr bop."YpI p r m h . u r o ~ ~ - i ~ ~ ~ j ~ ~ ~ , ~ ~ ~ ~ , , ~ ~ * = ~  bml 1 8  
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Neutron collides with the 
nucleus of Uranium-235 

Nucleus sphts, resulemg 111 
fission products such as two 
smaller nuchdes and three free 
neutrons 

Each spht (or fssion) releases 
a large m n n t  of euergy 

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

* The Plutomum-238 fuel used m 
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RPSs is a radioisotope with a half 
life of -81.7 years 

It produces heat through namal 
alpha (a) paaicle decay (an a- 
particle is vutually a He nucleus) 

A small portion of the heat is 
converted to electricity using 
various conversion techoloeies 

_- !I - When a hgh energy 
neumn colhdes with a 
proton, it transfers its 
energy to it 

* The c h g e d  proton causes 
ionmug radiation, whch is 1 
damagmg to DNA 5 

8 - Low energy neutrons (less than 0 1MeV) could be helded with low mass 
number matenals such as water (due to the hgh  cross sectional mteracuon 
with hydrogen) 

At hgher energies (over 1OMeV) cross sect~onal mteraction with hydrogen 
is not effective to slow down the neutrons Efficient sheldmg could be 
acheved with lnelastic matenals, such as m n  to uutiaUy reduce the hgh 
energy ueuuons through colhsions, then water could be used to funher 
reduce the neutron's energy and ddfuse the t h e m l  energy 
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7- 
E l n n r d  (q- 2% to 25%) 

* Waste heat is rejected thmugh 
radiators or u k d  for thermal 
control of spacecraft subsystems 
or wlnponents 
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General Purpose Heat Source - Radioisotope 
Thermoelectric Generator (GPHS-RTG) * '* 'PHs 

* Dimensims 
m-0- -*- 
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Seebeck effect 
- Low efficiency (-2% with RHUS & -6% with GPHS) e - Thermocouples (to be used in MMRTGs, high TRL) 
- Closed Packed Arrays (CPA) (under development, prototype only) 

z 
p z - IPL is workhg on segmented thermocouples With a demonstrated q-13% 

- Variety of TEs: SiGe; PbTe - TAGS; Segmented T E  Shddemdites; etc. 

- Long missions should account for TEdegradation (-0.8%/year) 
(Nore Ulae is a -0.8Wyear d e p d a t m  due to the radioisotope decay 
rpsulting in a total degradation of - 1.64blyear) 

:: 

Small-RPS: " P a p e r w a r e "  Concepts with 1 GPHS Module  
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Distance from the Sun (solar availability) 
Mission duration at low insolation locations - In space (vacuum) vs. surface (atmospheres) operations 

* Power level requirements (mission class) - Power system sizing (peak power vs. total energy) 
Thermal environment through all mission phases 

* Radiation environment - EM1 environment 
Vibration environment (e.g., Stirling - dynamic systems) 
Landing method (g-load tolerance) - Cost considerations (unit cost + approval cost = $$$) 

6 



Total Iommg Dose (TD) 
Radiation from small-FPSs 
after 4 years is less >20kRad 

In campanson, state-of-them 
electromcs could tolerate up 
to-300-500kRad 

Thus, radiation from small-RPSs 
3 
j 1s not an issue 
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Two systems are under development which could be used an SSE missions 
- MMRTG>=lIOWeBOL 
- SRG>=IIOWeBOL 
- Offaed as early BS 2W9 WSL down-selected an MMRTGj 

Smal-RPS development is under consideration 
- GPHS based small-RPS in the IO'S of walls 

- Pateniial rmall-RPS~ wuld k made available as early BS the 201 1 Scout mission 
- NO1 (mi in Seplembcr 20%) & RPF (a planned for the early part of ZWsj 

- Higher eonversion efficiency. lower m s s ;  higher s ~ i f i c  poww, l'& T V ,  
dpamic cmver~ion te&ologies 

* 

- RHU based small-RPS in the IO'S 10 100's of milllwaiu 

* Next generation RPSs are planned, providing 

- Radioisotope Power Systems (WS) a d d  enable patentid fuhlre Solar System 
Exploration missions 
- Long mission duration & wntinvous power generation 
- Wwks in orbit (vacuum) & in atmosphem 
- Independent from solar flu 
- Within -4AU with high insolation. it allows Lo access lacations on planetary 

surface3 where solar flux is not available. e.&, polar ~~ggionr, 
- Beyond -4AU for long missions nuclear pwer generation may represent !he only 

viable option 

3mo. . . . . . . . . . . . , , . . . . . . .. . . . 
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Small-RPS with 1 GPHS module S txhg  Radioisotope Generator 
* 2 small-RPSs (1 GPHS each) - SRGllO (2 GPHS modules) 

* Statlc conver~ion (assumed -5%)" -* Dynarmc conversion (q -25%) 
* Thermal power 2 x 25OWt (BOL) -* Thermal power 2 x 25OWt (BOL) 
* Electncpower 2~-125We=-25We -* Electncpower -110 We(B0L) - 
* - other g-load tolerance (TBD) -. other g-load tolerance (TBD) 
* LawTFX target2011 Scout 4- TRL9 target 2W9 
* Development program not yet s t a i d  L. D e ~ e l ~ p ~ ~ n t  program ongoing 

IW8 fuel m s s  2 x 0 5kg -- Puz3s fuel mass 2 x 0 5 kg 

System Mass - 2 x -7-8 kg = -16 kg -. 
Dimensions -H13 ' x W!? x L6" each -. System m s s  -34 kg 

Dlmenslons -H15 ' x W11S x L37 5 

40°C for 1 week a ! 
Accelerated testing is only meaningful if the mechanisms to f' 

be tested remain consistent through ranges of time, $ i temperature, rate, energy etc. 9. 
i! 5 

1 Therefore. eaual "dose" may not result in the same outcome! 
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