NB: 210 Po used in initial (1950's) US RTG developments (and also in USSR RHUs for lunar rovers) 242 Cm used in US SNAP 11 RTG developed from 1962 to 1967 for lunar surface applications (never deployed)

Nuclide Half-life Specific power

RTG power degrades with time, in a predictable manner, due to:

-Fuel decay (~0.8%/year decrease) -Loss of conversion efficiency as a result of decreasing heat input which decreases T H and ΔT (~0.5%/year decrease) -Sublimation of thermoelectric material, dopant precipitation (SiGe), electrical contact resistance changes and, for sealed RTGs such as the MMRTG, change in the thermal conductivity of the cover gas due to He buildup (~0.3%/year -GPHS RTG-to 2.5%/y -MMRTG-) The suitability criteria include:

1. Have an appropriate lifetime: have a long enough half-life (at least 15 to 100 years) 2. Have relatively low neutron, beta and gamma radiation emissions, so as to not require excessively massive shielding or adversely affect spacecraft instruments (= radioisotopes that decay by alpha-particles >99% of the time) 3. Have a high specific power and high power density, so a small amount/volume of it can generate a substantial amount of heat 4. Exist in an suitable form:

 exist in a insoluble form and/or otherwise not readily absorbed in the body in an unlikely launch accident or accidental atmospheric re-entry;  exist in a form that present no or minimal chemical toxicity when taken in the body  Exist in a form that is stable at high temperature, so its characteristics remain essentially unchanged over many years 5. Can be produced in sufficient quantity at an affordable cost

In fine, only 3 radionuclides suitable: Pu238, Am241 and Cm244, among which the most suitable, by far, is Pu238 

Drawbacks

-~5 times lower specific power than Pu238 (RTG mass!) -Lack of stability of Americium oxide (AmO 2 loses oxygen at high temperatures and in vacuum, which causes significant dimensional changes and can lead to pellet decomposition and to fuel clad corrosion; Am 2 O 3 prone to oxidation at lower temperature / conversion to AmO 2 leading the pellet to disintegrate into powder). Need of ''dopants'' to stabilize the product -Higher gamma dose than Pu238 (36% probability of 59.7 keV gammas, 12 ~10 -4 % gamma rays in the 120-720 keV range), see back-up slide -Higher solubility (10 -6 to 10 -4 (M) TOT (M) compared to 10 -9 ) The point at which 238Pu can become a health hazard is when it is deposited into the body in tiny particle form and become lodged there

If an individual were to inhale plutonium dioxide particles of a sufficiently small size to be deposited and retained in proximity to lung tissue, the alpha radiation could lead to forms of cancer. However, the ceramic form of plutonium used in RTGs since the 80's is made to inhibit the fuel from shattering into fine particles that could readily be inhaled.

This ceramic form of plutonium dioxide also has low solubility in water, so it has little potential to migrate in groundwater or be taken up by plants. Plutonium dioxide is also highly insoluble in the human digestive system. The gravity-assist flybys of the different planets are designed to increase the spacecraft's velocity relative to the sun so it can reach Saturn. During these planetary flybys, there is an exchange of energy between the planet and the spacecraft which accelerates the latter and changes its velocity direction relative to the Sun 1.4 10 -1 1.5 10 0 1.1 10 -1 1.0 10 0 5.5 10 -6 Early Launch 6.7 10 -4 2.1 10 -1 1.6 10 0 8.2 10 -2 1.5 10 0 5.5 10 -5

Late Launch

2.1 10 -3 1.1 10 +1 5.7 10 -2 4.4 10 -2 5.5 10 -1 4.6 10 -7 VVEJGA 8.0 10 -7 5.1 10 +3 1.5 10 +1 1.2 10 +2 4.5 10 +2 9.8 10 -5

Overall Mission 2.8 10 -3 9.7 10 0 4.5 10 -1 8.9 10 -2 9.2 10 -1 2.5 10 -4

f. Mission risks calculated as the total probability times health effects 169.6 1.7 10 -6 208.0 7.9 10 -6 322.6 1.5 10 -6 332.3 1.5 10 -6 335.4 5.0 10 

  Source: T. Caillat, Thermoelectrics: from Space to Terrestrial Applications -Successes, Challenges and Prospects, Collège de France, Paris, March 2013 At given T H , dependence of specific power on T C is a competition between: SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) RTGs: Long-Lasting Electrical Power -With No Maintenance 28 Source: Ralph L. McNutt, Jr., Physics and Chemistry of Space-Certified Radioisotope Power Systems: What You Need to Know, March 2014
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  SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) How to produce Pu-238? 33 A 1 000 MWe PWR produces about 25 tonnes of spent fuel containing about ~10-12 kg of Neptunium This Neptunium is ~pure 237 Np ( 238 Np and 239 Np decay within days) fact neutron reactors, Np237 is predominantly (up to 90%) produced not by β decay of 237 U but by (n,2n) reaction on 238 U: % 238 + & → 'p 237 + 2n (reaction threshold ~6 MeV) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Pu-238 Production by In-Reactor Irradiation of Np-237 Targets 34 Np-238 has a very large thermal neutron fission XS  roughly 85% of the Np-238 created is fissioned Pu-238 capture XS ~3 times that of Np-237  Np-237 irradiation to be limited to short term exposure so as to minimize production of higher Pu isotopes (and of Pu -236, a gamma emitter*, ≤ 1ppm)  irradiated Np-237 to be recycled Np-237 fission XS exceeds capture XS above 0.5 MeV * The daughter products of 236 Pu are sources of high-energy gamma rays. The daughter 208 Tl has a 2.6 MeV gamma ray that is difficult to shield. The 2.6 MeV gamma intensity reaches a maximum in 18 y, at which point it contributes to 70% of gamma radiation exposure in a GPHS. See back-up slide Source: Charles R. Daily & Joel L. McDuffee, Design Studies for the Optimization of 238Pu Production in NpO 2 Targets Irradiated at the High Flux Isotope Reactor, Nuclear Technology, 206:8, 1182-Targets are NpO 2 -Al annular CERMET) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) plutonium dioxide powder with >80% Pu-238 isotopic content Each production cycle converts 10-15% Np-237 to Pu-238, rest recycled Source: Steven D. Howe et al, Economical Production of Pu-238: Feasibility Study, NASA NIAC Phase I, Center for Space Nuclear Research Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) US Past Production of Pu238 37 Pu 238 produced in facilities in support of the US nuclear Weapon Program on the Savanah River Site: • H-Canyon: recovery of Np237 (and U5) from spent fuel of SRS production reactors and processing of irradiated NpO 2 -Al CERMET targets • K-Reactor for irradiation of NpO 2 -Al targets • PuFF facility (started in 1978) to produce Ir-encapsulated PuO2 • HB-line (operational in 1985) to convert Pu238 solutions to oxide First delivery of Pu238 in kg quantities: 1960, K-Reactor shut-down in 1988, Last HB-line Pu238 campaign completed in 1995 (Cassini RTGs) ~300 kg Pu-238 produced And then, what? -procurement of 35kg from Russian source -early 10's: eventually, NASA/DOE agreement to engage actions towards goal of 1.5 kg/y production H-Canyon HB-Line Pu Fuel Form Facility Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) US slowly resuming production of Pu238 38 The problem in 2008: US Potential 238 Pu demand and net balance, 2008 through 2028 -2012: goal to produce 1.5 kg/yr 238 Pu by 2021 (2025) -2015: first 50 g produced at ORNL in 2015 -2019: Automated target fabrication production ready for production of 400g batchs Source: A. Caponiti, Space a Defense Power Systems Program Information Briefing, February 20, 2015 Source: Radioisotope Power Systems: An Imperative for Maintaining U.S. Leadership in Space Exploration, The National Academies Press, 2009 1 kg Pu-238 ~ 34 We (if 6% efficiency) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) CEA Capabilities 39 Important R&D at CEA over the last two decades to seprate minor actinides (Np, Am, Cm) -Np, a particular case. Easily extractable from spent fuel by an adapted PUREX industial process. Feasibility demonstrated in 2005 -Extraction possible of Am alone from the PUREX waste stream CEA's RJH could produce Pu238 from 2026 on -Europeen provider Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Lecture Outline 40 5 decades of space exploration missions … … enabled by radioisotope space power systems; Why? RTGs: How do they work? Thermoelectric Convertor -Principle, efficiency, TE materials, performance drivers, achieved performances Radioisotope Heat Source -Why Pu238? How to produce it? Past and present status -Radiation hazards of Pu238, accidents involving RTGs, US heat source design & safety demonstration, risks RTG performance and Technology evolutions -US technology, Non-US technology Advanced Radioisotope Power Systems -ARTG, ASRG, BIPS, RTPVG RTGs vs. Solar Power for Deep Space Missions Takeaways Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Radiation Hazards of Pu-238 41 238Pu gives off short-range alpha particles (He nuclei) that usually travel no more than about 8 cm in airWhile the fuel is contained within its iridium capsule, the alpha radiation does not represent a hazard, and the external dose resulting from the low levels of gamma and neutron radiations associated with the plutonium dioxide RTG fuel generally do ne represent a significant health hazard This external alpha radiation can be stopped by clothing, an outer layer of unbroken skin, or even a sheet of paper
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  SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Failed to achieve orbit, burned-up on re-entry north of Madagascar, 17 kCi* of SNAP-9A Pu metal burned up in the upper atmosphere over southern hemisphere 1968, NIMBUS B-1 -Launch vehicle deliberately destroyed, PuO 2 heat sources from two SNAP-19 recovered intact on 300 m deep seafloor of Santa Barbara Channel 1970, APOLLO 13 -SNAP 27 PuO 2 heat source survived atmospheric re-entry, now rests 6-9000 m deep on pacific seabed (See next slide) 1996, MARS 96 -Following failure of spacecraft to leave earth orbit, 2 ''Angel'' 100 g PuO 2 RTG heat sources survived re-entry. Precise location unclear NIMBUS B-1 heat source on Santa Barbara Channel seabed * 238Pu: ~30 Ci/Wth; ~500 Ci/We (at 6% efficiency) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) APOLLO 13 Accident, Mission Abort and Return to Earth with the LEM (1970) 43 LEM sent on trajectory for RTG to plunge into Pacific Ocean's Tonga Trench SNAP 27 (3.9 kg PuO 2 , 45 kCi) graphite cask survived intact atmospheric reentry as designed and rests 6-9000 m deep on seabed. Cask expected to confine PuO 2 for 10 decay periods (850 y) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Robust to high temperatures (2240°C melting point, low vaporization rate) -Fractures into largely non-respirable chuncks upon impact -Highly insoluble in water Iridium alloy Fuel cladding -Provides protection against impact and high temperatures (see next slide) Graphite components -FWPF Graphite Impact Shell (GIS) provides impact & re-entry ablation protection for fueled clad -FWPF Graphite Aeroshell provides primary re-entry ablation and impact protection -CBFC sleeve provides additional heat protection (re-entry, launch area fires) Generator housing design -Designed to release individual aeroshell modules in cases of inadvertent re-entry (minimizes terminal velocity) 0.74 cm 3 He/g 238 Pu.y DOE Space and Defense Power System Program Ten-Year Strategic Plan, SDPS-001-0, June 2013 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) High melting point (2425°C) -Good high-temperature strength -Good oxidation resistance (the most corrosionresistant metal even as temperatures as high as 2000°C) -Compatibility with PuO2 at T > 1500°C and graphite -High impact ductility at high temperatures Temperature (°C) Elongation to fracture (%) At 1000 s -1 strain rate Sources: Bo Song et al., High-Temperature Mechanical Properties of a DOP-26 Iridium Alloy under Impact Loading, SAND2015-1238C, NETS-2015 C. G. McKamey et al., Grain Growth Behavior, Tensile Impact Ductility, and Weldability of Cerium-Doped Iridium Alloys, ORNL/TM-2002/114 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Another Space Application of Radioisotope Power: Radioisotope Heater Units (RHUs) 46 Light-Weight RHU (US DOE) 1 Wth (2.7 g Pu238), 40 g, φ25xH33mm Another use of radioisotope heat -Alternative to Joule effect heating to keep spacecraft components and systems warm so that the equipment can survive long enough in the cold space / planet night environment to complete its mission -Avoid using scarce spacecraft electrical power to operate the spacecraft systems and instruments. -Additionally, reduces potential electromagnetic interference with instruments or electronics that might be generated by electrical heating systems > 300 RHUs used safely in > 10 NASA missions since 1969 -Apollo 11 EASEP Lunar Radioisotope Heater: contained two 15 Wth RHUs -Pioneer 10 & 11: 12 RHUs each -Voyager 1 & 2: 9 RHUs each -Galileo: 120 RHUs (103 on orbiter, 17 on atmospheric probe) -Mars Pathfinder Sojourner Rover: 3 RHUs -Cassini: 117 RHUs (82 on Orbiter, 35 on Huygens Titan probe -Mars Spirit & Opportunity Rovers: 8 RHUs each ~50 years of accumulated DOE RTG Safety Verification Tests 47 D. Bechtel et al., US Approach to Risk Assessment and Its Role in Implementing an Effective Safety Program for Space Nuclear Power Sources Application, Committee on the Peaceful Uses of Outer Space, Scientific and Technical Subcommittee 48 th session, February 2011 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) Sources incl. T. G. George, F. W. Shonfeld, GPHS Development: Safety Test Program -Postimpact Evaluation, Design Iteration Test 4, LA-10217-SR Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) ~50 years of accumulated DOE RTG Safety Tests 49 Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020)

  Cassini: 3 GPHR-RTG (285 We each) + 117 RHUs (1 Wth each) ~410 kCi Venus-Venus-Earth-Jupiter Gravity Assist trajectory (VVEJGA) Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020) US Safety Review and Launch Approval Process for Space Nuclear Systems / Missions 52 INSRP: Interagency Nuclear Safety Review Panel (NASA, DOE, DOD, EPA, NRC) FSAR: Final Safety Analysis Report SER: Safety Evaluation Review NEPA: NASA-led National Environmental Policy Act PSAR: Preliminary Safety Analysis Report Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020)
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Sources: Basic elements of static RTGs, Rockwell international T90d-29-121 Radioisotope Power Systems: An Imperative for Maintaining U.S. Leadership in Space Exploration, The National Academies Press, 2009 D. Freis et al., Research in Support of European Radioisotope Power System Development at the European Commission's Joint Research Centre in Karlsruhe, atw Vol. 65 (2020), Issue 4 90 Sr widely used in terrestrial (and marine) RTGs by the USSR and US First developments of 241 Am RTG initiated by ESA in 2009 All

47 Space RTGs launched over the last 5 decades were fueled by Pu238 Radio- isotope Class of Emitter

  

			Half-Life (yr)	Spont-Fiss Half-Life (yr)	BOL/EOL Power Ratio (11 yr)	Compound Form	Melting Temperature (°C)	Density (g/cm 3 )	Specific Power (W/g)	Curies/W	Pb shield * required (cm)
	238 Pu	α	87.7 5 x 10 10	1.09	PuO 2 £	2150	10.0	0.40	30	0.3
	241 Am	α	432.8 2 x 10 14	1.02	AmO 2 €	2110 €	10.5 €	0.097 €	30	1.8
	244 Cm	α	18.1 1.4 x 10 7	1.52	Cm 2 O 3	1950	10.8	2.42	29	5.1 $
	137 Cs	β	30.0	-	1.29	CsCl	645	3.2	0.12	207	11.7
	90 Sr	β	28.0	-	1.31	SrTiO 3	2040	4.6	0.22	148	15.2
	60 Co	γ	5.2	-	4.28	Metal	1495	8.8	1.74	65	24.1

* Approximate lead shield thickness required for 1 kWth heat source for 20 mrem/h at 1 m $ Gamma dose rate is ~200 tiles greater than 238 Pu (and fast neutron dose rate is ~500 times greater than 238 Pu) £ US " 238 Pu product'' typically contains ~80% of 238 Pu (remaining 20% are other isotopes of Pu) € Dopants need to be added to stabilize AmO 2 in its cubic form at high temperature, that will impact these values Eric PROUST Lecture Series on SPACE NUCLEAR POWER & PROPULSION SYSTEMS -1-Space Radioisotope Power Systems (last updated in January 2020)

Am241 thought to be the most accessible and economically viable isotope in Europe -No need for irradiation: available in aging separated Pu oxide

  stockpiles from reprocessed power reactor spent fuel: isotopically pure Am241 from beta decay of Pu241 (17.4 y), 140 t of separated Pu in storage in the UK (which does not recycle it, unlike France)

	De-canning, dissolution,
	chemical separation,
	re-precipitation & canning
	of products

What about Am241? 32 While 238Pu was the most attractive from a performance perspective, D. Freis et al., Research in Support of European Radioisotope Power System Development at the EC's JRC in Karlsruhe, atw Vol. 65 (2020), Issue 4

Energy (keV) Isotope Energy (MeV) comments Intensity Photons/g.s 238 Pu

  

			0.044		1.84 10 8
			0.100		3.47 10 7
			0.153		4.74 10 6
			0.201		2.01 10 4
			0.743		2.60 10 4
			0.766		1.13 10 5
			0.786		1.66 10 4
		241 Am	0.060	after 1 year	6.96 10 6
		( 241 Pu daughter)	0.060	after 25 years	1.01 10 8
		212 Pb	0.239	after 1 year	1.21 10 4
		( 236 Pu daughter)	0.239	after 18 years	2.90 10 5
		208 Tl			
		( 236 Pu daughter)	0.583	after 1 year	8.69 10 3
			0.583	after 18 years	2.08 10 5
		-6	0.860	after 1 year	1.21 10 3
	368.6 376.7	2.1 10 -6 1.4 10 -6	0.860 2.614 2.614	after 18 years after 1 year after 18 years	2.90 10 4 1.01 10 4 2.42 10 5
	662.4	3.7 10 -6			
	722.0	2.0 10 -6			

US 238 PuO 2 product*

  

* 83.5% 238 Pu, 0.37% 241 Pu, 1 ppm 236 Pu Source: Gary H. Rinehart, Fabrication of radioisotope heat sources for space missions, LA-UR 00-4157 (

2000

)

Sources: LNE-LNHB/CEA

Table des radionucléides, Pu-238 Tables, K. Chechev, 08/06/2009 -13/01/2010 Am-241 tables, K. Chechev, N. K. Kuzmenko, 10/10/2000 -7/7/2010 NB: for both 238 Pu and 241 Am, gamma radiation is also emitted during spontaneous fission and from fission products generated by spontaneous fission. Their probability of occurrence is decades smaller

Source: Nuclear Risk Assessment for the Mars 2020 Mission Environmental Impact Statement, SANDIA REPORT SAND2013-10589, January 2014

The health hazard from 238 Pu is presented by the alpha radiation that it emits: 238 Pu gives off short-range alpha particles (He nuclei) that usually travel no more than about 8 cm in air. This external alpha radiation can be stopped by clothing, an outer layer of unbroken skin, or even a sheet of paper.

While the fuel is contained within its iridium capsule, the alpha radiation does not represent a hazard, and the external dose resulting from the low levels of gamma and neutron radiations associated with the plutonium dioxide RTG fuel generally do ne represent a significant health hazard

The point at which 238 Pu can become a health hazard is when it is deposited into the body in tiny particle form and become lodged there

If an individual were to inhale plutonium dioxide particles of a sufficiently small size to be deposited and retained in proximity to lung tissue, the alpha radiation could lead to forms of cancer. However, the ceramic form of plutonium used in RTGs since the 80's is made to inhibit the fuel from shattering into fine particles that could readily be inhaled.

This ceramic form of plutonium dioxide also has low solubility in water, so it has little potential to migrate in groundwater or be taken up by plants (thus, The WHO determined that the ratio of 238 Pu taken in by inhalation versus ingestion was 1000 to 3). Plutonium dioxide is also highly insoluble in the human digestive system so that ingestion of 238 Pu is not particularly hazardous: almost all leaves the body in the feces. The risk may be grossly overstated using this approach, but it is how it is done (precise direct estimation of small risks requires impracticably large samples)