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Abstract

Space propulsion research is rapidly advancing, focusing on efficiency, speed, and sustainability for diverse missions. Innovations
span high-power electric and plasma systems like Hall thrusters and VASIMR, along with advanced concepts such as Nuclear Thermal
Propulsion for Mars transit. Theoretical approaches, including photonic and antimatter propulsion, are explored for interstellar travel.
Developments also include green propellants for reduced environmental impact, hybrid rockets for versatility, and miniaturized
electric thrusters for small satellites. This collective effort aims to expand humanity’s reach and capabilities in space exploration,
offering solutions from deep-space journeys to precise orbital maneuvers for various spacecraft.
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Introduction

High-power Hall thrusters are critical for future deep-space mis-
sions. They show strong performance with xenon, yet krypton of-
fers potential for comparable thrust-to-power ratios. While kryp-
ton’s efficiency might be slightly lower, its higher exhaust velocity
suggests advantages for missions requiring greater specific impulse.
This means krypton could be a viable alternative to xenon, espe-
cially when considering propellant cost or specific mission profiles

[].

The VASIMR engine represents a significant advance in high-
power electric propulsion. This ongoing research outlines its de-

velopment and scaling, emphasizing its potential for rapid transit to
Mars and other deep-space destinations. This plasma-based propul-
sion system promises high specific impulse and variable thrust,
which could truly revolutionize mission planning and reduce travel
times [2].

Advanced Nuclear Thermal Propulsion (NTP) concepts provide
substantial benefits for crewed Mars missions. They offer higher
thrust-to-weight ratios and specific impulse compared to chemical
rockets. This work explores various NTP designs, highlighting their
ability to drastically cut transit times to Mars. The core idea here
is improving mission safety and efficiency by leveraging nuclear
energy for thrust [3].

Photonic propulsion, which utilizes light sails or directed energy
beams, offers a potential pathway to interstellar travel by removing
the need for onboard propellant. This review covers the theoretical
foundations and practical challenges of different photonic propul-
sion concepts. What this means is achieving very high velocities
with continuous acceleration, directly addressing the vast distances
involved in interstellar missions [4].
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Antimatter propulsion, while largely theoretical, promises un-
paralleled energy density and exhaust velocities, making it an ul-
timate goal for extremely fast interstellar travel. This paper criti-
cally reviews recent advances in antimatter production and storage,
alongside the immense engineering challenges that remain. Here’s
what’s important: it is incredibly efficient but demands overcoming
fundamental hurdles in physics and technology for practical appli-
cation [5].

High-power electric propulsion systems are fundamental to the
next generation of space exploration, enabling efficient deep-space
missions and orbital maneuvers. This article reviews current trends
and future developments in technologies such as Hall thrusters
and ion engines, which prioritize specific impulse over raw thrust.
These systems extend mission lifetimes and payload capabilities by
using propellant very efficiently [6].

Green propellants represent a critical area of research for sus-
tainable space exploration, aiming to replace hydrazine-based fuels
with less toxic alternatives. This review evaluates various green
propellant technologies, assessing their performance, safety, and
environmental impact. The focus here is on reducing hazards dur-
ing manufacturing, handling, and launch, without compromising
propulsion efficiency [7].

High-power plasma propulsion systems are at the forefront of
enabling rapid and efficient deep-space missions, offering substan-
tial improvements in specific impulse. This article explores re-
cent breakthroughs in technologies like advanced Hall thrusters
and magnetoplasmadynamic thrusters, highlighting their potential
to significantly reduce mission transit times. The fundamental goal
here is pushing the boundaries of what is possible for human and
robotic exploration beyond Earth’s orbit [8].

Hybrid rocket propulsion systems, combining solid fuel with
liquid or gaseous oxidizer, are gaining traction due to their safety,
throttling capabilities, and environmental benefits over traditional
solid or liquid systems.
in these systems for both satellite launch and deep space applica-
tions. The key takeaway is they offer a versatile and relatively safer
propulsion option with tuneable performance for various mission
requirements [9].

This research highlights advancements

The increasing demand for small satellites necessitates the de-
velopment of miniaturized electric propulsion systems. This review
covers the latest innovations in micro-thrusters, including micro-
Hall thrusters and Field Emission Electric Propulsion (FEEP),
which enable precise attitude control and orbital maneuvers for
CubeSats and other small platforms. These compact systems are

crucial for extending the operational lifespan and mission capabili-
ties of small spacecraft [10].

Description

Various electric propulsion systems are foundational for modern
space exploration, emphasizing efficiency crucial for deep-space
missions. High-power Hall thrusters, for example, demonstrate
strong performance, with studies comparing xenon and krypton
as propellants. Krypton, despite slightly lower efficiency, offers
higher exhaust velocity, making it a viable alternative for specific
mission profiles or cost considerations [1]. The VASIMR engine,
a plasma-based propulsion system, is under continuous develop-
ment for rapid transit to Mars and other deep-space destinations.
This technology promises high specific impulse and variable thrust,
significantly improving mission planning and reducing travel times
[2]. More broadly, high-power electric propulsion systems, encom-
passing technologies like Hall thrusters and ion engines, are piv-
otal for the next generation of space exploration. These systems
prioritize specific impulse over raw thrust, extending mission life-
times and payload capabilities by using propellant very efficiently
[6]. Recent breakthroughs in high-power plasma propulsion sys-
tems, such as advanced Hall thrusters and magnetoplasmadynamic
thrusters, further aim to enable rapid and efficient deep-space mis-
sions by enhancing specific impulse and notably reducing transit
times. The fundamental goal here is pushing the boundaries of hu-
man and robotic exploration beyond Earth’s orbit [8].

Beyond current electric propulsion, more advanced and theo-
retical concepts are also under intense investigation for future ca-
pabilities. Advanced Nuclear Thermal Propulsion (NTP) concepts
provide significant advantages for crewed Mars missions, boasting
higher thrust-to-weight ratios and specific impulse over chemical
rockets. This work explores various NTP designs aimed at dras-
tically cutting transit times to Mars, improving mission safety and
efficiency by leveraging nuclear energy [3]. For aspirations of in-
terstellar travel, photonic propulsion, utilizing light sails or directed
energy beams, offers a unique pathway by removing the need for
onboard propellant. This approach focuses on achieving very high
velocities with continuous acceleration, which is crucial for over-
coming vast interstellar distances [4]. An even more ambitious con-
cept is antimatter propulsion, which, while still highly theoretical,
promises unparalleled energy density and exhaust velocities. It is
regarded as an ultimate goal for fast interstellar travel, despite the
immense engineering and fundamental physics challenges that re-
main in its production and storage for practical application [5].
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Innovation in propellants constitutes another critical area of re-
search. A key focus is on green propellants, which are being devel-
oped to replace toxic hydrazine-based fuels, promoting sustainable
space exploration. Reviews evaluate various green propellant tech-
nologies, considering their performance, safety, and environmen-
tal impact. The primary aim is to reduce hazards during manufac-
turing, handling, and launch, all without compromising propulsion
efficiency [7]. As observed with Hall thrusters, even the choice
between traditional propellants like xenon and alternatives such as
krypton can significantly impact specific mission profiles, weigh-
ing factors like efficiency against specific impulse and overall cost

[1].

For diverse and specific mission requirements, specialized and
hybrid propulsion systems are emerging. Hybrid rocket propulsion
systems, combining solid fuel with liquid or gaseous oxidizer, are
gaining significant attention due to their improved safety, throttling
capabilities, and environmental benefits compared to traditional
solid or liquid systems. These advancements make them versatile
and safer propulsion options with tuneable performance for both
satellite launch and deep space applications [9]. Concurrently, the
increasing demand for small satellites, including CubeSats, drives
the essential development of miniaturized electric propulsion sys-
tems. Innovations in micro-thrusters, such as micro-Hall thrusters
and Field Emission Electric Propulsion (FEEP), are enabling pre-
cise attitude control and orbital maneuvers. These compact systems
are crucial for extending the operational lifespan and enhancing the
mission capabilities of small spacecraft significantly [10].

Collectively, these diverse and ongoing propulsion research ar-
eas underscore a clear drive toward more efficient, faster, safer, and
sustainable space travel. From enabling deeper human exploration
to maintaining orbital infrastructure, the continuous development
across electric, nuclear, photonic, and chemical propulsion tech-
nologies is actively shaping the future of humanity’s reach into the
COSMOsS.

Conclusion

Recent advancements in space propulsion technologies are diver-
sifying the options for future missions. Electric propulsion sys-
tems, including high-power Hall thrusters using propellants like
xenon and krypton, and the advanced VASIMR engine, are enhanc-
ing efficiency and reducing transit times for deep-space exploration.
These systems prioritize high specific impulse, extending mission
capabilities. Beyond electric concepts, Nuclear Thermal Propul-
sion (NTP) is being explored for faster crewed Mars transit, offer-

ing high thrust-to-weight ratios. More theoretical ideas like pho-
tonic propulsion using light sails for interstellar travel, and antimat-
ter propulsion for unparalleled energy density, represent long-term
goals. Propellant innovation is also a key focus, with research into
green propellants to replace toxic fuels, improving safety and envi-
ronmental impact. Additionally, hybrid rocket propulsion systems
are gaining traction due to their safety, throttling capabilities, and
environmental benefits for both satellite launches and deep-space
applications. The growing small satellite sector is driving the de-
velopment of miniaturized electric propulsion, such as micro-Hall
thrusters and Field Emission Electric Propulsion (FEEP), crucial for
orbital maneuvers and extended operational lifespans. Overall, the
field is pushing for more efficient, rapid, and sustainable solutions
across all scales of space exploration.
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