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Why is Nuclear Propulsion Attractive for Human 
Missions to Mars?

Short Stay Opposition Mission with Earth Departure  Dates 2028-2045

• Nuclear Thermal Propulsion (NTP) [and Nuclear Electric Propulsion (NEP)] allows 
for shorter total mission time and shorter trip time (Less exposure to galactic 
cosmic radiation and zero-g)

• Nuclear allows mission robustness and potential abort scenarios
• Fewer rocket launches can save operational time, money, and reduce risk
• Current efforts in NTP are initial steps towards advanced space nuclear power 

and propulsion, which could eventually enable exploration and development 
across the solar system
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Fission-based NTP is Different from Previous NASA “Nuclear”
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• Long history of use on Apollo and space science missions 

- 44 Radioisotope Thermal Electric (RTGs) and 
hundreds of Radioisotope Heater Unit (RHUs) 
launched by U.S. during past 5 decades

• Heat produced from natural alpha (α) particle decay of 
Plutonium (Pu-238)

• Used for both thermal management and electricity production

• Used terrestrially for over 70 years
- Fissioning 1 kg of uranium yields as much energy as 

burning 2,700,000 kg of coal (>20 GW-hr)
• One US space power reactor (SNAP-10A) flown (1965)

- Former U.S.S.R. flew 33 space power reactors
• Heat produced from neutron-induced splitting of a nucleus (e.g. 

U-235)
- At steady-state, 1 of the 2 to 3 neutrons released in the 

reaction causes a subsequent fission in a “chain reaction” 
process

• Heat converted to electricity or used to directly heat a propellant

Launched ‘hot’ Launched ‘cold’
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• Directly reduce cost through savings related to safeguards and security

• Indirectly (and more significantly) reduced cost through enabling use of an 
optimal development approach and team

• Consistent with ongoing programs to convert operational Highly Enriched 
Uranium (HEU) systems to LEU

• Consistent with US policy. “The United States is committed to eliminating the 
use of HEU in all civilian applications, including in the production of medical 
radioisotopes, because of its direct significance for potential use in nuclear 
weapons, acts of nuclear terrorism, or other malevolent purposes.” (2012 
White House “Fact Sheet”)

- Space Policy Directive 6 (12/2020) also mandates use of LEU in most 
cases

Initial LEU Conceptual Designs Very Promising

Can NTP Systems Using Low-Enriched 
Uranium (LEU) be Developed?

Image Courtesy of BWXT

High Assay Low-Enriched Uranium (HALEU)
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How Does Nuclear Thermal Propulsion (NTP) Work?

• Propellant heated directly by a nuclear reactor and thermally expanded/accelerated 
through a nozzle (Low molecular weight propellant – typically Hydrogen)

• Thrust directly related to thermal power of reactor:  100,000 N (22.5 klbf) ≈ 450 MWth
at 900 sec Isp

• Specific Impulse directly related to exhaust temperature: 830 - 1000 sec (2300 -
3100K)

• Specific Impulse improvement over chemical rockets due to lower molecular weight of 
propellant (exhaust stream of O2/H2 engine runs much hotter than NTP)

NERVA Nuclear Thermal Rocket 
Prototype

1960s Nuclear Engine for Rocket Vehicle Application (NERVA) program image
Image credit: NASA

Major Elements of a Nuclear Thermal Rocket
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Recent High-Level Non-Advocate Assessments

Recent non-advocate assessments came to the same conclusion that significant technology 
investment is needed to overcome low technology readiness for critical subsystems 
• National Academies of Science, Engineering, and Medicine “Space Nuclear Propulsion for Human 

Mars Exploration” (2021) 
– Majority of the technologies needed for NTP systems require aggressive, concurrent development to 

support an informed capability down selection and effectively NASA’s future mission needs

• NASA Engineering Safety Center (NESC) conducted a mission-agnostic assessment of critical 
technology maturity and gaps (2020)
– The majority of critical technologies for NTP systems are relatively immature

– TRLs [technology readiness levels] in the literature are often overestimated

– The majority of critical technologies NTP systems are at a relatively high level of advancement degree 
of difficulty (AD2 > 4) for maturation, requiring a dual development approach
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Thermal and Materials Challenges

 To achieve 900 s Isp, propellant must be heated to at least 2700 K (2427 deg C)

 This leads to a required uranium fuel temperature of at least 2850 K 

 Well beyond the temperatures in terrestrial power reactors

 Nearing or above  the melting point for some uranium alloys

 Unlike in a chemical rocket, the propellant is not the hottest part of the system.

 Neutron moderator material in reactor has significantly lower temperature limits

 Can use propellant (to some extent) as a coolant for the moderator and reactor containment shell

 Various coating and encapsulation layers in the reactor fuel have different coefficients of thermal expansion and heat 
transfer coefficients, further complicating the issue of heat transfer from the nuclear fuel to the propellant

 Hot hydrogen is chemically very reactive/corrosive and difficult to keep separated from the reactor materials

 Multiple restarts with operation for 30 minutes to several hours over 2 years required for a human Mars opposition-class 
mission (plus flow during cool-down for decay heat removal) 

 Requirement for low boil-off losses – requires long-term CFM at the 20 K level

Development of nuclear fuel that can survive at temperature while exposed to hot hydrogen and effectively 
transfer heat to the hydrogen propellant has been the #1 challenge for NTP since its inception
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SNP Overall Strategy for NTP

Overall Nuclear Thermal Propulsion Strategy:
Pursue multiple parallel options to develop a subscale nuclear engine that demonstrates a viable 
NTP propulsion system and is scalable to the Mars mission engine needs. Evolve to Mars engine 
system as a part of a Mars NTP stage.

1. Develop a HALEU fuel form that can provide reactor propellant exit temperatures > 2700 K 
(corresponds to > 900s Isp)

2. Design a reactor with an eye toward capability to be scaled to a size to support Mars 
mission engine needs (Scaling is to be an engineering solution rather than further tech 
development)

3. Design and develop a subscale engine (Key attribute goals: 10-15 klbf thrust, 900 s Isp)

4. Determine demonstration option (either ground test or demonstration flight)

5. Identify testing and launch regulatory requirements and mitigate issues

6. Work with cryogenic fluid management (CFM) project to develop passive and active CFM 
systems to support NTP mission needs

NTP 25K Engine
Image Courtesy BWXT & 

Aerojet Rocketdyne

Goal is buy-down future mission risk through demonstration of an engine (through 
ground test or flight demonstration).
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SNP Fuel and Moderator Development Plan
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SNP Issues Addressed Through Technology Maturation

• High-temperature fuel options 

– Coated particle ceramic-ceramic (cercer) fuel (government Fuel and Moderator 
Development Program)

• SNP has various contracts for zirconium carbide (ZrC) coated particles

– Solid solution carbide fuel (government Fuel and Moderator Development Program)

– Reactor design team fuel options (General Atomics, USNC-Tech, BWXT)

• Need to

– Have adequate in-core testing time for each possible fuel option

– Collect data (in nuclear and non-nuclear environments) that proves out one fuel over 
another – allow downselect between the fuel options

NTP 25K Engine
Image Courtesy BWXT & 

Aerojet Rocketdyne
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Conclusions: Why Nuclear, Why Now?

• Space fission propulsion systems are game changing 
technologies for space exploration and cis-lunar mobility.

• First generation NTP systems provide significant benefits to 
sustained human Mars exploration and other missions.
- Imagine Earth-Mars transit times of 120 days
- Imagine 540 day total Mars mission times
- Imagine reduced crew health effects from cosmic radiation and 

exposure to microgravity
- Imagine robust architectures including abort capability.

• Advanced space fission power and propulsion systems will 
enable extremely ambitious space exploration and 
development.

• Need abundant test data to differentiate between options 
and allow the government to make informed decisions.
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