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Abstract: Nuclear thermal propulsion (NTP), and more so the solid core type of it, is considered a quite
notable example of advancement in space propulsion technology. NTP systems as opposed to normal chemical
rockets use nuclear fission to heat hydrogen or other propellants, thus achieving much better efficiency and
specific impulse than chemical rockets do, making NTP systems suitable for long duration space missions. This
paper presents a detailed investigation of solid core NTP systems, including their engineering such as nuclear
reactor core, propellant flow and nozzle for the propellant exhaust. It addresses the significant engineering
problems of the design of the NTP system such as materials of high temperature capable of operating within the
reactor, radiation shielding, hydrogen storage, along with some of the methods that can be used to solve each
problem. It also includes the disadvantages of NTP systems and counterarguments, such as the time of transit and
the capacity of the payload, especially in case of missions for deposition of large masses on Mars, in the deep
spaces and in the outer space. Lastly, the paper explores the existing efforts and objectives of further research,
focusing on the developments of materials, hybrid propulsion systems and the ability to work with other countries
in order raise the pace of the NTP propulsion progress and eventually use it in the future space exploration.
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1. Introduction

pace exploration has been a vital frontier for scientific discovery and technological innovation. Traditional

propulsion systems based on chemical reactions, while effective for launching payloads into low Earth orbit
(LEO) and beyond, face limitations in terms of efficiency and payload capacity when aiming for deep space
missions. Nuclear thermal propulsion (NTP) is a technology that seeks to bridge this gap by offering significantly
higher specific impulse (Isp) and performance compared to conventional chemical rockets. NTP systems are based
on the principle of using nuclear fission to heat a propellant, which is then expelled at high velocity to generate
thrust. This paper focuses on the solid core design of NTP systems, a key variation in NTP technology, and its
feasibility for long-duration space missions such as Mars exploration.

*Student Scholar, Gokuldham High School and Junior College, Mumbai, India. Corresponding Author: sahilumrani9@gmail.com.
** Received: 16-October-2024 || Revised: 26-November-2024 || Accepted: 28-November-2024 || Published Online: 30-November-2024.

[E@2 Copyright © AASPL. Published by Acceleron Aerospace Journal (AAJ) with permission. This work is licensed under
a Creative Commons Attribution 4.0 International License (CC BY 4.0). For more info, visit www.acceleron.org.in.


https://acceleron.org.in/index.php/aaj
https://crossmark.crossref.org/dialog/?doi=10.61359/11.2106-2468&domain=pdf
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0003-9411-4681

AAJ.11.2106-2468

2. Nuclear Thermal Propulsion
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Figure-1: Key Components and Subsystems of a Nuclear Thermal Propulsion (NTP) Rocket Engine [Source: NASA]

This image illustrates the key components of a rocket engine, highlighting several critical subsystems essential
to its operation. The Engine Controller acts as the brain of the system, managing various functions such as fuel

flow, ignition, and overall performance throughout the engine’s operation. By precisely regulating these
elements, the engine controller ensures optimal performance and safety during flight. The Turbomachinery
consists of pumps and turbines that play a crucial role in moving the fuel and oxidizer through the engine. In most
rocket designs, turbopumps pressurize the propellant before it enters the combustion chamber, ensuring efficient
combustion and energy release. A notable feature in this engine is the Reactor Subsystem, suggesting the
possibility of a Nuclear Thermal Propulsion (NTP) system. In such a design, the reactor heats the propellant—
typically a gas like hydrogen—causing it to expand and be expelled through the nozzle to generate thrust. This
method of propulsion is highly efficient for long-duration space travel, providing a significantly higher specific
impulse compared to chemical engines [1-2].

The Thrust Chamber Assembly includes the combustion chamber and the nozzle. In nuclear or chemical
propulsion systems, this is where the propellant undergoes combustion or heating. The expanding gases are
directed through the nozzle, producing the thrust needed to propel the rocket. Finally, the Nozzle Extension is an
important feature designed to enhance engine efficiency. By extending the nozzle’s length, the exhaust gases can
expand further, improving performance, particularly in the vacuum of space or at high altitudes. This extension
allows for more complete expansion of gases, increasing the engine's specific impulse and overall efficiency.

Together, these components form a complex system aimed at achieving optimal propulsion performance,
whether the engine is part of a chemical or nuclear thermal propulsion system.

NTP systems rely on the energy released from nuclear fission to heat a propellant, typically hydrogen, which

is then expelled through a nozzle to generate thrust. The major advantage of NTP over chemical propulsion
lies in its higher specific impulse (Isp), which directly correlates with greater fuel efficiency and the ability to
carry heavier payloads over longer distances. There are three primary designs for NTP systems: solid core, liquid
core, and gas core. The solid core design, the most mature of the three, has been extensively studied and tested
since the 1950s, with the Nuclear Engine for Rocket Vehicle Application (NERVA) program being a key historical
project [2-3]

3. Materials for Reactor in Solid Core NTP

Refractory Materials for High-Temperature Resistance

The choice of material for the solid core is crucial, as it must withstand the high temperatures and intense
radiation produced by nuclear fission. The core is typically made of refractory materials such as tungsten, graphite,
or ceramics. These materials can endure high thermal stress without melting or breaking down. Additionally, they
need to have a low absorption cross-section for neutrons to ensure that the fission reaction remains sustained and
efficient.
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Uranium-235 (U-235): A Proven Fuel

Uranium-235 is a naturally occurring isotope of uranium that possesses favorable characteristics for use in
nuclear reactors. It is capable of undergoing fission when it absorbs a neutron, releasing a significant amount of
energy in the process. The energy released during fission is harnessed to heat the propellant in solid core NTP
systems. One of the key advantages of U-235 is its relatively high thermal neutron cross-section, which enhances
its ability to absorb neutrons and sustain a chain reaction. This property allows for a more efficient fission process,
enabling the reactor to produce higher energy outputs with a smaller amount of fuel. Additionally, U-235 can be
enriched to increase its proportion in the fuel mixture, further enhancing reactor performance.

Uranium-233 (U-233): A Potential Alternative

Uranium-233 is another isotope that is increasingly being explored for use in solid core NTP systems. It is
produced through the neutron bombardment of Thorium-232, making it part of the thorium fuel cycle.

U-233 has several appealing features that make it a strong candidate for nuclear propulsion applications. Like
U-235, U-233 can undergo fission to release large amounts of energy. It has a favorable neutron economy, which
allows it to sustain efficient fission reactions. Moreover, the thorium fuel cycle, which incorporates U-233, offers
potential benefits in terms of safety and waste management.

Thorium is more abundant than uranium, and the use of U-233 may result in lower production of long-lived
radioactive waste compared to traditional uranium fuels.
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Figure-2 Uranium-235 Nuclear Fission [Source: NASA]

4. Performance Advantages of Solid Core NTP Systems

The performance of a propulsion system is crucial to its effectiveness in space exploration, and one of the
performances of a propulsion system is crucial to its effectiveness in space exploration, and one of the primary
metrics used to evaluate this performance is specific impulse (Isp). Specific impulse represents the efficiency with
which a propulsion system utilizes its propellant, defined as the thrust produced per unit weight flow of the
propellant over time. In this context, solid core nuclear thermal propulsion (NTP) systems exhibit significantly
enhanced performance compared to traditional chemical rockets.

Specific Impulse (Isp): Enhanced Propulsion Efficiency

In chemical rocket propulsion systems, the specific impulse typically ranges from 300 to 450 seconds,
reflecting the efficiency limitations imposed by chemical reactions. These systems generate thrust by rapidly
expelling combustion gases resulting from the reaction of fuel and oxidizer. However, the energy released per
unit mass of propellant is comparatively low. In stark contrast, solid core NTP systems can achieve specific
impulses reaching up to 900 seconds or even higher. This remarkable increase in Isp is primarily due to the nature
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of nuclear fission, which releases a substantially greater amount of energy per unit mass of fuel than chemical
reactions. For example, the fission of one kilogram of uranium can yield energy equivalent to several tons of
chemical propellant. This immense energy density allows solid core NTP systems to produce significantly more
thrust with a smaller amount of propellant.

Efficiency and Payload Capacity: Optimizing Mission Design

The high specific impulse achieved by solid core NTP systems translates into a multitude of operational
advantages for spacecraft. The efficiency of the system means that less propellant is required to generate the same
amount of thrust compared to chemical rockets. Consequently, this allows spacecraft to carry larger payloads,
whether for crew, scientific instruments, or other essential supplies, enhancing the mission's overall effectiveness.
Additionally, the reduced propellant requirement means that spacecraft can travel farther with the same mass of
fuel. This capability is particularly advantageous for long-duration missions, such as those targeting Mars or other
destinations in the outer solar system, where fuel efficiency becomes critical for mission success. By utilizing
solid core NTP systems, missions can be designed with longer travel times, optimizing the use of available
resources and allowing for more ambitious exploration goals.

4.1 Thrust-to-Weight Ratio (TWR) in Solid Core NTP Systems

The thrust-to-weight ratio (TWR) is a critical performance metric that measures the thrust produced by a
propulsion system relative to the weight of the spacecraft. A higher TWR indicates a more powerful propulsion
system capable of lifting heavier payloads and overcoming gravitational forces more effectively. In the context of
chemical rockets, TWR values often exceed 1.0, allowing them to lift off from Earth and reach the velocities
necessary for entering orbit.

NTP Systems vs. Chemical Rockets: TWR Comparison

In contrast, solid core NTP systems typically have a lower thrust-to-weight ratio, which can limit their
effectiveness for launch scenarios. The lower thrust output is a result of the design and operational characteristics
of NTP systems, which prioritize fuel efficiency and specific impulse over raw thrust. While chemical rockets can
generate immense thrust during the initial stages of a launch to overcome Earth's gravitational pull and
atmospheric drag, NTP systems are more suited for in-space propulsion.

In-Space Propulsion: Advantages of Low TWR

Once in space, the challenges of atmospheric drag and gravity are significantly diminished. In this
environment, the need for high thrust is reduced, allowing NTP systems to excel in providing efficient propulsion
for long-duration missions. For example, when planning missions to Mars or beyond, NTP systems offer
substantial benefits in terms of fuel efficiency and travel time. The high specific impulse of NTP allows spacecraft
to maintain adequate acceleration over extended periods, making it possible to reach distant destinations with
fewer resources.

Efficiency in Long-Duration Missions

The lower TWR of solid core NTP systems is particularly advantageous during the cruise phase of space
missions. Instead of relying on high-thrust bursts, these systems provide steady, efficient propulsion that can
continuously accelerate a spacecraft over months or years. This capability is crucial for interplanetary travel, as it
allows for more efficient fuel usage, optimized trajectories, and reduced mission costs. By focusing on fuel
efficiency and maintaining adequate acceleration over long periods, solid core NTP systems are ideal for missions
where fuel conservation and sustained propulsion are key, especially for missions that do not require rapid
launches, but demand extended operational times.

5. Engineering Challenges and Solutions in Solid Core NTP Systems

While solid core nuclear thermal propulsion (NTP) systems present exciting possibilities for space exploration,
several critical engineering challenges must be addressed to fully realize their potential. These challenges range
from materials and radiation shielding to propellant storage and safety concerns. Below is a detailed exploration
of these challenges and possible solutions:
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5.1 Reactor Design: Ensuring Durability Under Extreme Conditions

One of the foremost engineering hurdles in solid core NTP systems is designing a nuclear reactor core that can
maintain its integrity under extreme operating conditions. The reactor must endure temperatures upwards of 3000
K for optimal propulsion efficiency, which places immense demands on the materials used in its construction.

High-Temperature Materials for Reactor Cores: Graphite-based materials have shown promise in thisregard
due to their high melting point and capacity for withstanding extreme temperatures. However, their interaction
with hydrogen, which serves as the propellant, presents significant challenges. At high temperatures, graphite
can react with hydrogen, leading to material degradation and reduced reactor performance.

Advanced Ceramic Composites: A Potential Solution: One potential solution is the use of advanced
ceramic composites, which offer improved thermal resistance and are less reactive with hydrogen. These
materials can withstand higher temperatures without compromising their structural integrity, making them ideal
candidates for reactor cores. Further research into new formulations and manufacturing techniques for ceramic
composites is ongoing.

Protective Coatings and Surface Treatments: Another approach to addressing material degradation is the
application of specialized coatings and surface treatments. These coatings can create a barrier between the core
materials and hydrogen, minimizing the risk of chemical reactions and enhancing the lifespan of the reactor. As
research in material science progresses, these treatments could play a key role in improving the durability and
efficiency of NTP systems.

5.2 Radiation Shielding

Nuclear reactors generate intense radiation, which poses a significant risk to both the spacecraft’s instruments
and its crew. Ensuring adequate radiation shielding is a major engineering challenge, especially when weight
constraints must be considered to maintain overall system efficiency.

Shielding Materials

Materials such as boron carbide, tungsten, and lithium hydride are currently under consideration for radiation
shielding due to their ability to absorb neutrons and gamma rays effectively. These materials offer a combination
of high density (for stopping power) and neutron absorption capabilities, making them suitable candidates for
protecting the spacecraft’s sensitive components.

Minimizing Weight

The key challenge is minimizing the weight of the shielding material without compromising safety. Heavy
shielding can drastically reduce the efficiency of the propulsion system by increasing the mass that must be
transported. To address this, engineers are exploring advanced composites and layered materials that provide the
necessary protection at a reduced mass.

Innovative Shielding Designs

Innovative design solutions, such as placing the reactor at the end of a long boom or truss structure, can also
help reduce the need for heavy shielding near the crew compartment. By distancing the crew from the reactor, the
overall radiation exposure can be reduced, allowing for lighter, localized shielding. This approach offers a more
efficient configuration while ensuring crew safety.

5.3 Hydrogen Propellant Storage

Hydrogen is the preferred propellant for NTP systems due to its low molecular weight, which enables a higher
exhaust velocity and improves specific impulse. However, storing hydrogen in space presents a unique set of
challenges, particularly because it must be kept in liquid form at cryogenic temperatures (below 20 K).

Cryogenic Storage Solutions

Maintaining hydrogen at cryogenic conditions requires sophisticated insulation and cooling technologies to
prevent hydrogen from boiling off over the course of long-duration space missions. Advanced cryogenic storage
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tanks are being developed with multi-layer insulation systems that reduce heat transfer, helping to maintain the
necessary low temperatures. Additionally, active cooling systems using electric or radiative methods may help
regulate the temperature within the tanks and minimize propellant losses.

Boil-Off Mitigation

One of the primary challenges in storing liquid hydrogen is preventing boil-off, which occurs when heat causes
the hydrogen to evaporate and escape the storage tank. Innovations in vapor-compression refrigeration and multi-
layer vacuum insulation are being explored to reduce boil-off and improve long-term storage efficiency. These
systems will be crucial for long missions, such as those to Mars, where propellant conservation is critical to
mission success [2-6].

6. Historical Development and Testing

The concept of nuclear thermal propulsion (NTP) has a rich history that spans more than seven decades.
From early theoretical studies to extensive experimental programs, several notable efforts have contributed to
the development and testing of NTP technology. Below is a look into the key milestones in the evolution of
NTP systems [4-8].

SHIELD

PRESSURE

VESSEL NERVA REACTOR
REFLECTOR BASED ON NRX Al
RADIAL GRAPHITE FELT LATERAL SUPPORT
SUPPORT TOP LOADED CORE
REACTOR-

M-MS-G 563-62 REV A MAY 20,1963

Figure-3 NERVA Reactor Based on NRX Al [Source: NASA]
6.1 The NERVA Program

The Nuclear Engine for Rocket Vehicle Application (NERVA) program, which ran from 1959 to 1973,
remains one of the most significant historical undertakings in the development of NTP systems. NERVA was a
joint effort between the U.S. Atomic Energy Commission and NASA, with the primary objective of demonstrating
the feasibility of using nuclear reactors to heat hydrogen propellant for space travel.

Technical Achievements

The NERVA program made remarkable strides in overcoming the technical challenges associated with nuclear
thermal propulsion. One of its key accomplishments was the successful demonstration of a nuclear reactor that
could generate high levels of heat, which was then transferred to a hydrogen propellant to produce thrust. The
program’s ground tests achieved a specific impulse (Isp) of approximately 850 seconds, which was significantly
higher than the Isp of chemical rockets.
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Advances in Reactor Materials

The NERVA program also made significant progress in developing reactor materials that could withstand the
extreme temperatures (up to 3000 K) generated during the propulsion process. Engineers explored various
materials, including graphite and refractory metals, to ensure that the reactor core could maintain structural
integrity under harsh conditions.

Thermal Management and Propellant Storage

Another major technical challenge addressed by NERVA was thermal management. The program developed
sophisticated cooling and insulation techniques to maintain safe operating temperatures while preventing excess
heat from degrading the reactor components. In addition, the program tackled the issue of hydrogen propellant
storage, a critical challenge due to hydrogen’s tendency to boil off at cryogenic temperatures. The team devised
methods for minimizing hydrogen losses, which would later inform future NTP designs.

Program Cancellation

Despite its technical successes, the NERVA program was ultimately canceled in 1973 due to a combination
of budget constraints and a shift in NASA’s focus toward the development of the Space Shuttle program. At the
time, the political and strategic priorities of the U.S. space program did not favor NTP, as immediate plans for
manned missions to Mars or beyond were shelved. However, the work done under NERVA laid a robust
foundation for future NTP research and continues to influence modern propulsion studies.

6.2 Recent Developments

In recent years, there has been a resurgence of interest in nuclear thermal propulsion, spurred by the growing
need for more efficient and powerful propulsion systems for long-duration space missions, particularly to Mars
and beyond. Space agencies, research institutions, and private aerospace companies are investing in the
advancement of NTP technology with the aim of improving performance, reliability, and safety [4-8].

NASA'’s Recent Initiatives

NASA has revived its interest in NTP with several initiatives aimed at developing next-generation propulsion
systems. Through programs such as the Nuclear Thermal Propulsion (NTP) Program and partnerships with private
contractors like BWXT and Aerojet Rocketdyne, NASA is exploring ways to enhance the solid core reactor design
used in NTP systems. The focus is on increasing the reactor’s thermal efficiency, improving the durability of core
materials, and addressing challenges like radiation shielding and propellant storage.

DARPA’s DRACO Project

In addition to NASA, other organizations such as the Defense Advanced Research Projects Agency (DARPA)
have shown interest in NTP. DARPA’s Demonstration Rocket for Agile Cislunar Operations (DRACO) project
aims to develop a nuclear thermal propulsion system that can enable rapid maneuverability for missions in and
beyond Earth’s orbit. DARPA’s work is particularly focused on ensuring the system is flexible and agile enough
to support both government and commercial space operations.

Private Sector Contributions

Private companies like Blue Origin and Lockheed Martin have also been exploring the potential of NTP for
future space missions. They aim to leverage NTP technology to make human exploration of deep space more
feasible by reducing transit times and increasing mission flexibility. This growing collaboration between
government agencies and the private sector reflects a broader recognition of NTP’s potential in shaping the future
of space exploration [4-8].

6.3 Theoretical Specific Impulse and Mass Ratios in Advanced Propulsion Systems

As researchers continue to refine NTP systems, theoretical studies indicate that future advancements in nuclear
propulsion could push the boundaries of specific impulse (Isp) and efficiency even further. Theoretical models
suggest that with advances in reactor core materials and propellant flow systems, the Isp of NTP systems could
potentially surpass 1000 seconds, significantly enhancing mission profiles for interplanetary exploration.
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Mass Ratios

One of the key advantages of NTP systems is their impact on mass ratios, which determine the amount of fuel
required relative to the spacecraft's overall mass. With higher Isp, NTP systems can significantly reduce the
amount of propellant needed, allowing for larger payloads or extended mission durations without adding
substantial mass. This efficiency makes NTP particularly attractive for long-duration missions where every
kilogram saved translates to increased scientific capability or longer operational timelines.

Advanced Propulsion Research

Looking to the future, hybrid propulsion systems that combine nuclear thermal propulsion with other
technologies, such as electric propulsion, are being explored as a way to optimize fuel efficiency while offering
greater mission flexibility. Such systems could provide high thrust for rapid orbital maneuvers and low-thrust,
highly efficient propulsion for deep-space travel [4-8].
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Figure-4 Comparative Overview of Different Propulsion Systems [Source: NASA]

The image provides a comparative overview of different propulsion systems, highlighting their theoretical
specific impulse and mass ratios required for Earth escape. Each propulsion system is driven by a unique energy
source, ranging from chemical reactions to advanced nuclear processes, with increasing efficiency and
performance as the technology evolves.

The first propulsion method shown is based on chemical reactions, where liquid hydrogen (LH2) is combined
with an oxidizer such as liquid oxygen or fluorine. This principle is used in traditional chemical rocket engines,
like those seen in the Space Shuttle. With a specific impulse of around 465 seconds, chemical propulsion is
relatively inefficient, requiring a mass ratio of about 15 for Earth escape. This means a significant amount of fuel
mass is needed to achieve the necessary velocity to break free from Earth’s gravity.

The second category of propulsion systems utilizes hydrogen heated by a nuclear fission reactor. A technology
referred to as Nuclear Thermal Propulsion (NTP). There are three variations shown for NTP: solid core, molten
core, and gaseous core reactors. In the solid core design, hydrogen is heated to around 2800 K by passing it
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through a solid nuclear reactor core. This increases the specific impulse to approximately 900 seconds,
significantly improving efficiency over chemical rockets and reducing the mass ratio for Earth escape to around
3.2. This design is currently the most feasible for near-term space missions and has been the focus of research by
NASA and other space agencies.

The molten core reactor offers even higher efficiency. In this system, the reactor core is heated to a molten
state, allowing it to reach temperatures of around 2600 K. This further increases the specific impulse to about
2600 seconds, with a corresponding reduction in the mass ratio to 1.5. This means that less fuel mass is needed to
achieve escape velocity, offering substantial improvements in performance compared to both chemical rockets
and solid-core NTP systems. However, the engineering challenges of maintaining a molten core in space are
significant, making this technology more challenging to develop [4-8].

The most advanced NTP concept is the gaseous core reactor, where the core of the reactor becomes gaseous,
allowing it to operate at much higher temperatures—around 5250 K. This leads to a dramatic increase in specific
impulse to about 6700 seconds, with a mass ratio close to 1.2. This means that nearly all the vehicle's mass can
be dedicated to payload rather than fuel, making gaseous core NTP one of the most efficient concepts for long-
duration space missions. However, this design is still largely theoretical, with significant technical hurdles to
overcome, especially in terms of reactor containment and control.

Beyond nuclear thermal propulsion, the chart introduces even more speculative propulsion technologies.
Direct fission systems promise to achieve a specific impulse of about 1.3 x 108 seconds, with a nearly negligible
mass ratio for Earth escape (~1.001). This technology would involve harnessing the energy from direct nuclear
fission reactions for propulsion, providing enormous efficiency gains over conventional methods. Thermonuclear
fusion, another futuristic concept, is shown to have a specific impulse of around 3.7 x 108 seconds, with a similarly
low mass ratio (~1.0003). Fusion propulsion would leverage the same process that powers stars, offering immense
energy yields from small amounts of fuel, but it is still in the early stages of development.

Finally, matter-antimatter annihilation represents the ultimate in propulsion technology. When matter and
antimatter collide, they annihilate each other, releasing energy according to Einstein’s famous equation E=mc?.
This process has the highest possible energy release per unit of mass, leading to a theoretical specific impulse of
about 3 x 107 seconds and a mass ratio for Earth escape of just 1.00003. While the energy potential is
extraordinary, antimatter production, storage, and handling present enormous technical challenges, keeping this
concept firmly in the realm of speculative science for the foreseeable future [4-8].

7. Potential Applications of Solid Core NTP Systems

Solid core nuclear thermal propulsion (NTP) systems present a range of significant advantages for advancing
space exploration, especially for missions that venture beyond low Earth orbit (LEO). Their unique propulsion
characteristics enable several promising applications, which are outlined in the following sections.

7.1 Mars Missions

Among the most compelling motivations for developing NTP systems is the potential to facilitate human
missions to Mars. Traditional chemical rockets, while effective for launching payloads from Earth, often fall short
in terms of efficiency for long-duration space travel. The high specific impulse (Isp) offered by NTP systems
allows for increased thrust and greater efficiency, making them particularly well-suited for interplanetary
journeys. With the ability to achieve higher speeds, these systems can significantly shorten transit times to Mars,
enhancing mission feasibility while minimizing the time astronauts spend in the radiation-rich environment of
space. This reduction in travel duration directly correlates with improved safety for crew members, as shorter
missions lead to lower exposure to cosmic radiation, a major concern for human health in space [4-8].
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Figure-5 DRA 5.0 Long-Stay Mars Mission Overview: Phase 11 NTR Option. [Source: NASA]
ResearchGate. Accessed from: https://www.researchgate.net.

The Design Reference Architecture (DRA) 5.0 Long-Stay Mars Mission utilizing Phase Il Nuclear Thermal
Rocket (NTR) technology is a sophisticated plan designed to transport cargo and astronauts to Mars, facilitating
a long-term exploration mission. The mission leverages multiple technologies and innovative space operations to
ensure efficiency, sustainability, and safety for the crew. The plan begins with the launch and assembly of critical
components, such as habitat landers, cargo landers, and NTR stages, in Low Earth Orbit (LEO). Using Earth Orbit
Rendezvous and Docking (EOR&D), these elements are assembled in space, allowing for the construction of
larger spacecraft required for deep-space missions. The Trans Mars Injection (TMI) stage, powered by NTR, is
then responsible for pushing the assembled vehicle towards Mars.

Upon reaching Mars, both the Cargo Lander and the Habitat Lander use aerocapture to enter Mars orbit. This
process involves utilizing the Martian atmosphere to slow the spacecraft down without using excessive amounts
of fuel. The cargo lander, which carries surface systems and In-Situ Resource Utilization (ISRU) equipment,
autonomously lands on the Martian surface, deploying vital systems. The ISRU systems begin producing ascent
propellant for the Mars Ascent Vehicle (MAV), enabling future return trips for the crew. The habitat lander,
however, remains in Mars orbit, awaiting the crew’s arrival for their descent to the surface.

The crew’s journey begins with the launch and assembly of their Mars Transit Vehicle (MTV) in LEO, using
a combination of heavy-lift launches and NTR propulsion stages. The MTV includes the TransHab inflatable
habitat for crew living quarters and the Orion Service Module for Earth re-entry. After assembly, the crew initiates
the Trans Mars Injection using NTR-powered stages, significantly reducing transit time compared to chemical
propulsion. The mission uses a "fast conjunction” transfer to Mars, taking between 130 and 210 days. Upon
reaching Mars, the crew jettisons excess drop tanks and propulsively captures into Mars orbit. They dock with the
waiting habitat lander and prepare for their descent to the surface.

Once on Mars, the crew begins a 500-day exploration mission. Living in the habitat module delivered earlier,
they carry out extensive scientific research and exploration activities. They rely on the ISRU system to produce
water, oxygen, and fuel, making the mission more sustainable and reducing the need to bring large amounts of
supplies from Earth. This long-stay mission provides ample time for a detailed study of Mars’ environment,
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geology, and potential for future human colonization. The mission’s length is carefully planned to align with
Mars’ orbital dynamics, allowing for an optimal return window after the 500-day stay.

After completing their surface operations, the crew boards the Mars Ascent Vehicle (MAV), which uses the
propellant produced by the ISRU plant, and launches back into Mars orbit. There, they rendezvous with the
orbiting MTV and TransHab. With the crew safely aboard, the Trans-Earth Injection (TEI) is initiated, and the
return journey to Earth begins, again using fast conjunction transfer orbits to minimize travel time. Upon nearing
Earth, the crew transfers to the Orion capsule for re-entry and landing, while the MTV is targeted for a flyby and
eventual disposal.

The Nuclear Thermal Propulsion (NTP) technology used in this mission offers significant advantages over
traditional chemical propulsion, including higher efficiency, faster travel times, and the ability to carry heavier
payloads. In-Situ Resource Utilization (ISRU) is another crucial component, allowing for the production of vital
resources like fuel and water on Mars, significantly reducing the amount of cargo that needs to be launched from
Earth. Together, these technologies form the foundation of this long-stay Mars mission, enabling extended human
exploration on the Red Planet.

This mission architecture represents a significant milestone in space exploration, combining advanced
propulsion technology with sustainable resource use on Mars. The successful execution of this mission could lay
the groundwork for future human settlements on Mars and, eventually, more distant locations in the solar system.
The DRA 5.0 mission not only aims to explore Mars but also to develop the technologies and systems necessary
for humanity to thrive on other planets.

7.2 Deep Space Exploration

In addition to Mars, the applications of solid core NTP systems extend to deep space exploration, enabling
missions to the outer planets and potentially beyond. The inherent efficiency of NTP systems makes them
particularly advantageous for long-duration missions that require substantial fuel reserves. Chemical rockets,
which rely on the rapid combustion of propellants, often struggle with the high fuel demands associated with
traveling vast distances in the solar system. In contrast, NTP systems can sustain longer missions with significantly
reduced fuel consumption, allowing for more ambitious exploration endeavors. These capabilities could facilitate
comprehensive missions to Jupiter's moons, Saturn, and even the icy worlds beyond Neptune, opening new
frontiers in our understanding of the solar system [9-12].

7.3 Cargo Transport

Beyond crewed missions, solid core NTP systems have substantial potential for transporting large cargo
payloads to critical destinations such as the Moon, Mars, or deeper space. The ability of NTP systems to carry
larger payloads while consuming less fuel translates to a reduced frequency of launches necessary to deliver
equipment, supplies, and scientific instruments. This capability not only streamlines mission logistics but also
significantly lowers the overall cost of space exploration. Fewer launches mean less infrastructure is required on
Earth and in space, which can lead to more efficient use of resources and funding. Consequently, NTP systems
can play a pivotal role in supporting the broader goals of human exploration and the sustainable development of
extraterrestrial environments.

7.4 Commercial Missions to the Moon

These designs reflect an evolution in NASA’s approach to lunar missions, particularly focusing on reusable
spacecraft that could be critical for long-term lunar exploration. NTR technology is favored due to its high
efficiency, offering double the specific impulse (a measure of efficiency in rocket engines) compared to traditional
chemical rockets. This means that NTR engines can provide significantly more thrust for less fuel, which is
especially useful for missions involving heavy payloads and deep-space destinations [9-12].

The first spacecraft shown in the image, the Reusable Lunar Transfer Vehicle (1990-1991), was part of
NASA'’s Space Exploration Initiative (SEI). This vehicle was designed to transport cargo and crew between lunar
orbit and the Moon’s surface using a single 75 KIbf NTR engine. It was an early attempt to explore how nuclear
propulsion could make lunar travel more sustainable and efficient by reusing spacecraft for multiple trips, thus
reducing mission costs and resource needs.
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Following this, the Expendable TLI Stage for the "First Lunar Outpost" mission (1992) was designed as part
of a fast-track study to quickly establish a human presence on the Moon. This design featured three 25 klbf NTR
engines that provided the thrust needed for Trans-Lunar Injection (TLI), sending crew and cargo from Earth to
lunar orbit. Unlike the reusable designs that came later, this stage was intended for single-use, focusing on rapid
deployment to meet early lunar exploration goals.

By 1997, the concept of a Reusable Lunar Commuter Shuttle emerged. This design used three LANTR (Lunar
Access Nuclear Thermal Rocket) engines, each providing 3 to 15 klbf of thrust. LANTR engines are a modified
version of NTR technology that can use a mix of hydrogen and oxygen, offering additional flexibility by
increasing thrust when needed. This shuttle was intended to regularly transport crews and cargo between lunar
orbit and the surface, emphasizing reusability to support sustained lunar operations.

In 2012, NASA conceptualized the Reusable Lunar Cargo Transport, which employed clustered NTR engines
in the 15-25 kibf thrust range. This vehicle was designed to carry large payloads between the Earth and the Moon,
capitalizing on the high efficiency of nuclear propulsion. The clustered engines provided adaptability in terms of
thrust, enabling the transport of varying payload sizes. This design reflects the growing focus on building a
reliable, reusable infrastructure for transporting essential materials to and from a future lunar base.

Also in 2012, NASA proposed a Reusable Crewed Lunar Landing Mission concept, similar to the cargo
transport design but optimized for human spaceflight. It used the same clustered 15-25 klbf NTR engines but was
intended to land crews on the Moon, providing a platform for human exploration and settlement. The development
of such a system would support long-term human habitation on the Moon by enabling repeated crewed missions
without the need to build entirely new spacecraft for each mission.

The underlying technology in all these designs, Nuclear Thermal Rocket (NTR) engines, has long been
considered a key enabler for deep-space missions. NTR engines work by using a nuclear reactor to heat hydrogen
propellant, which is then expelled to produce thrust. These engines offer significantly higher efficiency than
chemical rockets, making them ideal for missions to the Moon and beyond, where reducing fuel mass is crucial.
NTR’s high specific impulse would allow spacecraft to travel faster and carry heavier payloads, reducing mission
time and improving safety, particularly for crewed missions exposed to space radiation.

The progression of these spacecraft concepts shows NASA’s evolving vision for sustainable lunar exploration.
Early designs focused on expendable systems to quickly achieve lunar landings, but later concepts introduced
reusability as a core principle. Reusable spacecraft would not only lower the cost of each mission but also enable
more frequent trips to the Moon, supporting the establishment of lunar bases and a long-term human presence.
These systems could eventually serve as part of a broader infrastructure for exploration beyond the Moon,
including missions to Mars and other destinations in our solar system.

Each vehicle is built around the efficient NTP system, which utilizes nuclear reactions to heat hydrogen fuel,
providing high-efficiency propulsion. The designs prioritize the reuse of these vehicles to minimize costs and
enable multiple missions with a single spacecraft.

The top section of the image outlines a 2028 mission to Near-Earth Asteroids (NEAS), specifically ASV: 2000
SG344. This vehicle is designed for a four-person crew and will embark on a 6-hour Earth-Escape Orbit (EEO).
The spacecraft features a Common Nuclear Thermal Propulsion System (NTPS) equipped with three 16.675 klbf
Small Nuclear Rocket Engines (SNRES). It also includes a long saddle truss, an LH2 drop tank, and the Orion
Multi-Purpose Crew Vehicle (MPCV) for housing the astronauts. Solar arrays (Primary Photovoltaic Arrays,
PV As) provide additional power. The vehicle’s dimensions span 26.8 meters and can lift a maximum of 69.5 tons,
with the overall mission lasting about 54.5 minutes of burn time. This vehicle exemplifies NTP's ability to support
extended deep-space missions, ensuring crew safety and efficient propulsion for exploration beyond Earth’s orbit.

The middle section describes a lunar cargo delivery mission intended to transport a habitat lander to the Moon.
This vehicle is similar in design to the NEA mission but tailored for heavy cargo. It features an In-Line LH2 tank
for fuel and a Lunar Habitat Lander attached at the rear. Like the other designs, it employs SNREs for propulsion,
ensuring efficient transit from Low Earth Orbit (LEO) to Lunar Low Orbit (LLO). This configuration measures
26.8 meters in length, with additional power provided by small PVAs. The cargo mission can deliver a 61.1-ton
habitat lander and has a maximum launch mass of 70 tons. The mission burn time is approximately 49.2 minutes.
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This vehicle is designed to support lunar surface infrastructure, facilitating a sustained human presence on the
Moon by delivering crucial habitat modules.
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Figure-6 Reusable NTP vehicles for NEA, lunar cargo and crewed landing missions [Source: NASA]
(NTP spacecraft could be fitted for numerous mission profiles. Credit: NASA)

The bottom section focuses on a crewed lunar landing mission. This variant of the NTP vehicle is equipped
with a Lunar Descent Ascent Vehicle (LDAV) and the Orion MPCV, making it suitable for both crew transport
and lunar landing operations. Similar in design to the cargo version, it uses the same 16.675 klbf SNREs and is
configured for a four-person crew. The payload includes the crew vehicle and the LDAV, which weighs around
48.9 tons. The spacecraft’s Initial Mass in Low Earth Orbit (IMLEO) is 188.6 tons, with a total mission burn time
of approximately 55 minutes. This design highlights NTP's adaptability for human exploration, enabling
astronauts to not only travel to the Moon but also safely land and return.

Delivery of Habitat
- Lander to LLO (300 km)

¥
Habitat Lander Descent
to the Lunar Surface

Figure-7 Reusable NTP lunar cargo delivery mission phases [Source: NASA] (https://ntrs.nasa.gov/)

The Reusable Nuclear Thermal Propulsion (NTP) system is specifically designed for lunar cargo delivery,
highlighting the various mission phases involved in transporting habitat landers to the Moon. NTP technology
employs nuclear reactions to heat a propellant, such as hydrogen, which provides significantly more efficient and
powerful thrust compared to traditional chemical rockets. This enhanced efficiency allows for faster transit times
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and the capability to transport heavier payloads, making it ideal for long-term lunar exploration and resource
transport.

In the first phase, the NTP cargo transports depart from Low Earth Orbit (LEO) at an altitude of 407 km, carrying
habitat landers and other essential cargo. These reusable transports are capable of making multiple trips between
Earth and the Moon, which reduces costs and ensures a sustainable lunar exploration effort. Upon reaching the
Moon, the NTP system delivers the cargo to Low Lunar Orbit (LLO) at approximately 300 km altitude. From
there, the habitat lander separates from the transport and initiates its autonomous descent to the lunar surface.
Equipped with its own landing system, the habitat lander softly touches down on the Moon, delivering supplies
or astronaut living quarters.

Once on the surface, multiple habitat landers can dock together, forming a larger interconnected base. This
modular approach supports the scalability of lunar infrastructure, allowing for the expansion of living spaces and
resources to accommodate more astronauts or advanced research equipment over time. The use of reusable NTP
technology offers several advantages, including higher efficiency, faster transit times, and the ability to carry
larger payloads. Furthermore, this approach aligns with international lunar exploration initiatives and could serve
as a crucial steppingstone for future Mars missions. [9-12].

8. Future Directions and Research

The development of solid core Nuclear Thermal Propulsion (NTP) systems has made significant progress, but
there are still several critical areas that need further exploration to maximize their potential for future space
missions. Two particularly important research avenues are the development of advanced materials and the
integration of hybrid propulsion systems. These technologies could help enhance the efficiency, durability, and
versatility of NTP systems, facilitating the expansion of space exploration, including long-duration missions
beyond Earth’s orbit.

8.1 Advanced Materials

The performance of NTP systems is heavily dependent on the materials used in the construction of their reactor
cores, particularly because these systems must function in extreme conditions, such as high temperatures and
intense radiation. The research and development of advanced materials that can withstand these harsh
environments is crucial for the success of NTP systems.

e Thermal Resistance and Radiation Shielding: In an NTP system, the reactor core must endure
incredibly high temperatures, typically exceeding 2,500°C, which is far higher than the temperatures
encountered in conventional chemical propulsion systems. To survive under these conditions, materials
used in reactor construction must have excellent thermal resistance. For example, advanced ceramic
composites and refractory alloys are potential candidates due to their ability to resist extreme heat without
degrading. In addition to thermal resistance, these materials must offer effective radiation shielding to
protect both the reactor components and astronauts from harmful radiation produced during nuclear
reactions. This shielding capability will be vital for long-duration missions, where exposure to space
radiation is a major concern.

e Specialized Coatings: Another promising approach is the use of specialized coatings to further enhance
the durability and performance of NTP reactor components. Over time, materials can degrade due to
radiation exposure, high heat, and stress. Coatings made from advanced materials, such as carbon-based
or metal-ceramic composites, can help prevent this degradation by offering additional protection. These
coatings can be engineered to shield the material from radiation, reduce the effects of thermal cycling
(the expansion and contraction of materials due to temperature changes), and protect against corrosion.
This would improve the overall lifespan and reliability of NTP systems, ensuring that they can perform
effectively over the duration of long-term space missions.

8.2 Hybrid Propulsion Systems

A hybrid propulsion system that combines the strengths of Nuclear Thermal Propulsion (NTP) with other
propulsion technologies, such as electric propulsion, offers promising opportunities for enhancing space mission
performance. This approach would enable more efficient and flexible propulsion solutions, tailoring the
propulsion system to meet the specific needs of different mission phases.
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e High-Thrust Maneuvers: NTP systems are ideal for high-thrust operations due to their ability to
generate powerful thrust through nuclear reactions. For example, NTP can be used for launching
spacecraft from planetary surfaces, making rapid trajectory adjustments, or altering the spacecraft’s
course during deep-space missions. These high-thrust operations are necessary when a spacecraft needs
to overcome significant gravitational forces, such as escaping a planet’s atmosphere or initiating a deep-
space trajectory. NTP’s high specific impulse (efficiency) means it can deliver greater thrust for a given
amount of fuel, enabling faster travel to distant destinations and more precise orbital adjustments. For
instance, launching from a planetary surface or escaping a planet’s gravitational pull requires a significant
amount of thrust, and NTP’s capability to provide such thrust efficiently makes it a preferred technology
for such operations.

e Low-Thrust, Long-Duration Cruise: In contrast to the high-thrust phases of a mission, electric
propulsion systems excel at low-thrust, long-duration cruise phases. Electric propulsion systems, such as
ion or Hall-effect thrusters, provide continuous but low levels of thrust. These systems are highly efficient
in terms of fuel consumption, making them ideal for long-duration missions where fuel efficiency is
critical. By using electric propulsion, spacecraft can sustain low-thrust acceleration over extended
periods, allowing them to gradually change their trajectory while minimizing propellant use. This is
especially beneficial for deep-space missions, where carrying large amounts of fuel is impractical due to
payload constraints. Electric propulsion would be ideal for cruise phases that involve slow but steady
progress toward distant destinations, such as Mars or asteroids.

e Optimizing Mission Profiles: By combining NTP with electric propulsion, hybrid propulsion systems
can optimize the strengths of both technologies. NTP provides the high-thrust capabilities required for
launch, course corrections, or other maneuvers that require a significant amount of power, while electric
propulsion offers a fuel-efficient solution for long-duration cruise phases. This synergy between the two
propulsion types would enable space missions to be more adaptable and cost-effective. For example, a
hybrid propulsion system could use NTP to leave Earth’s orbit and initiate a trajectory toward a distant
planet, then switch to electric propulsion for the cruise phase to save on fuel. This combination would
allow for more flexible mission profiles, potentially reducing the overall mass of the spacecraft and
improving mission sustainability. Additionally, hybrid systems could allow for more frequent, reliable,
and long-duration missions, enabling the exploration of farther destinations in the solar system, such as
the outer planets or asteroids.

9. Conclusion

Solid core nuclear thermal propulsion (NTP) systems represent a transformative technology in space
exploration, offering a significant increase in efficiency compared to traditional chemical propulsion systems. The
high specific impulse (Isp) associated with NTP not only enhances propulsion efficiency but also opens new
opportunities for ambitious missions that were previously considered impractical due to fuel limitations. Despite
the substantial progress achieved, notable engineering challenges remain, including the development of advanced
materials, reactor design, and safety protocols. Ongoing research and development initiatives are steadily paving
the way toward the realization of NTP systems for future space missions. Collaborative efforts among government
agencies, academic institutions, and private enterprises are essential in addressing these challenges and advancing
the technology. The potential benefits of solid core NTP systems are immense. By significantly reducing transit
times, these systems can minimize astronauts' exposure to space radiation, thereby enhancing crew safety on long-
duration missions. Additionally, the increased payload capacity allows for the transport of essential supplies and
scientific instruments, making it feasible to establish a sustainable human presence on the Moon, Mars, and
beyond. As humanity prepares for the next significant steps in space exploration, solid core NTP systems are
poised to play a critical role in expanding our reach into the solar system. Their implementation could mark the
beginning of a new era in interplanetary travel, enabling deeper exploration and understanding of our celestial
neighbors. With continued investment and innovation in this field, the dream of human missions to Mars and
beyond may soon become a reality, furthering our quest for knowledge and discovery in the vast expanse of space.
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