W) Check for updates

International Journal of Advanced Research and Interdisciplinary Scientific Endeavours, Vol. 3(6), 2025
DOI: 10.61359/11.2206-2563

Ion Propulsion in Deep Space: Enabling Multi-Target
Exploration with NASA’s Dawn Mission

Jobanpreet Singh*
Email Correspondence*: jobansohil234@gmail.com

* Department of Aerospace Engineering, School of Mechanical Engineering, Lovely Professional University,
Jalandhar, Punjab, India.

Abstract:

NASA’'s DAWN mission was a great mission which have been done in deep space mission. By using ion
propulsion in mission to explore the asteroid belt between mars and Jupiter planet. Originally this mission
was made for 11 years, it showed how xenon powered engines can support more duration in space mission.
In this study, we explore how the DAWN mission can be redesigned to complete its goals within five years
of life span. We look into improvement the propulsion system and overall mission design using technologies.
Our key idea is replacing solar power with kilo power nuclear reactors, which can provide a steady and
reliable energy source to generate ion population thrust. we also consider boosting the performance by
increasing their accelerating voltages . Additionally, we explore the use of Bismuth as a fuel instead of use
xenon to increase its efficiency in thrust, weight and power as well as cost too . This paper discuss about
how these changes can make the improvements in the efficiency, and overall success in less life span. we
also look at better trajectory planning methods to reduce time travel without losing scientific values . as
future concept, we have also suggested the next generation fuel as antimatter assist ion driven system
which gives more efficiency than all other fuels and even faster in space mission.
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1. Introduction

Ion propulsion have changed the era of propulsion system in the field of deepen space missions . unlike
traditional methods such as chemical propulsion rockets that produce short , powerful bursts of thrust ,
ion thruster provides gentle but steady push . this allows spacecraft to travel long distance efficacy over
time . NASA DAWN mission was one of the first big test of ion propulsion, visiting vesta and cares — two
larger objects of asteroid belt. The original mission was designed for 11 years of life span of journey and
used xenon fueled ion engines powered by larger solar panels. While the mission was a success, recent
advancements in propulsion technology open pathways to much faster missions. In this case study we
image how the Dawn mission could be redesigned to finish the mission just in 5 years. by studying three
important research papers on ion propulsion, we find out key improving parameters such as relaxing solar
panels with nuclear power source, increasing thrust efficiency, using smatter flight paths [1].
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2. Inferences from Research Papers

From the research papers submitted, a number of major conclusions were derived about the ion propulsion
systems utilized in the Dawn and Deep Space One (DS1) missions. The Deep Space One (DS1) mission,
the first to demonstrate NASA's ion propulsion system (NSTAR), utilized Xenon as the propellant[2]. This
system offered high efficiency with a specific impulse (Isp) of 1950-3100 seconds and a thrust range of
20-92 mN. The mission emphasized the long-duration operation of the ion engine, clocking a total 3500
hours of performance with consistent results. Although the thrust of the system was less than the
conventional chemical propulsion, its consistent low-thrust operation over time was well-suited for traveling
in deep space. Additionally, the power consumption of the system varied between 0.48 and 1.94 kW,
enabling it to suit different mission requirements. The application of Xenon was justified based on its atomic
mass being high, which leads to increased efficiency in ionization. The Dawn mission utilizing the NSTAR
ion propulsion system also utilized Xenon as the propellant. The mission was for a 10-year life and called
for carrying 450 kg of Xenon, much higher compared to the 81.5 kg carried by DS1 Dawn's ion engine
propulsion system was engineered to have redundant thrusters for redundancy and enhanced mission
dependability[3].

The system had a maximum AV of 11 km/s, which was important in executing the intricate orbital
maneuvers required by the mission goals of exploring Ceres and Vesta. Additionally, Dawn operated with
two PPUs (Power Processor Units) and two DCIUs (Digital Control Interface Units) to provide fault tolerance
and system robustness for long-duration operation. The Xenon feed system could store and manage the
propellant, ensuring continuous operation over the mission's long timeline. In short, both missions utilized
Xenon due to its documented performance in ion propulsion systems. The Dawn mission not only proved
the reliability of ion propulsion for deep-space exploration but also incorporated additional system
redundancy and more propellant storage capacity to accommodate its longer mission life. The adaptations
for the Dawn mission, such as the additional Xenon load and dual-thruster configuration, highlight the
increasing sophistication of ion propulsion systems for longer, more complex missions[2-4].

3. Mission Design and Objectives

The main goal of NASA's DAWN mission was to explore and study two largest objects in asteroid belt. it
was groundbreaking mission , as it was the first time NASA used ion propulsion as propulsion system to be
used in science mission in history . Dawn’s ion propulsion system (IPS) was based on same technology
used before in space mission Deep space one (DS1), but it was modified for a longer mission and larger
fuel capacity. The Dawn spacecraft carried 450 kg of xenon as fuel and was designed to last max 11 years.
It's main purpose was to reach both Vesta and Ceres , to enter their orbits and study there map surfaces[5]

Such important key specific objectives of mission were to study the atmospheres of Vesta and Ceres to
learn more regarding there composition and any geological activates happening there . Moreover, to search
signs of life ( biosignatures) , some clues which can support life there . The satellite captured high resolution
images of both surfaces to understand their history and structure. The ion propulsion system was designed
to run continually for longer time periods. unlike chemical rockets that provides stronger short powerful
thrust , ion propulsion produces a gentle but steady push , making them perfect for longer mission which
take time to reach further objects in space, and it is perfect for fuel saving . this system produce high
specific impulse means this fuel is more efficient over time . to save fuel and keep journey perfect , Dawn
mission used smart trajectory parameters including gravitational assist such planets like Jupiter and Saturn
planet along with continuous ion thrust . This helps to complete journey of 11 years.
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Fig 1- NASA's Dawn mission [Courtesy: NASA]

Spacecraft propulsion systems are most crucial part of interplanetary missions because all it depends upon
what type of propulsion system we are using for deep space missions, allowing space craft to make courses
corrections, perform orbital intersections and travel along long distances across space. Over past years
engineers and scientists have made difference kind of propulsion systems to make specific needs according
to difference mission profiles . Whether it's launching and satellite in orbit of sending spacecraft to far
reaches of our solar system, the right propulsion system can make mission successful. Deep space mission
like NASA's DAWN has is highlighted the importance of selecting efficient and best propulsion system where
condition was to fuel must last long until years [6-7].

The best and most fast propulsion is chemical propulsion which works by burning fuel with oxidizer in
combustion chamber. The chemical reaction releases large amounts of energy which generates huge thrust.
Chemical propulsion is used to launch quick maneuvers because their efficiency is good enough for fast
reaction and ability to give higher thrust at a time . However, it's efficiency is relatively less as it consumes
lots of fuel rapidly. This issue make chemical propulsion system less suitable for deep space missions where
long duration time is needed to complete tasks . In most cases chemical propulsion is best for escaping
gravity but not for cruising deep space.[8]

In contrast , electrical propulsion basically use electric energy to generate thrust , it produce higher exhaust
velocity than chemical rockets . These systems don't depend on combustion but rather push ions using
electric and magnetic fields . There are numerous kinds of electric propulsion systems such as ion thrusters,
hall effect thrusters, electro thermal thrusters, ion thrusters use electrical field to accelerate charged
particles, while hall effect thrusters use magnetic field for same purpose. Electro thermal thrusters, on the
other hand, use electricity to heat the propellant before releasing it to generate thrust. Electric propulsion
system are best fuel efficient, it's ideal for deep space missions where fuel conservation is on top priority.
However, they produce low thrust , so they can't be used for escaping gravity or fast maneuvers . Instead,
they provide steady push that builds up speed over time.

One of best examples of electric propulsion is ion propulsion, which was successfully used in NASA's DAWN
mission. This technology produce thrust by accelerate ions at extremely high speed using electric field . It
reduces less but continuous thrust. The system is highly efficient for deep space mission for longer time
period of tasks while the continuous thrust is generating velocity also increase with time . It has been
proven in missions like NASA' s deep space 1 and Dawn mission.

Another method of propulsion system is nuclear propulsion. This system uses nuclear reactor to heat gas
usually hydrogen and then expels the heated gas through a nozzle to produce thrust . NTP offer higher
efficiency thrust as compare to chemical propulsion. It is best for future crewed mission for Mars
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exploration. Somehow, NTP system present challenges, especially when protecting spacecraft equipment
and crew members from high radiation rays [9].

Another propulsion system is solar sail propulsion which is completely different approach. instead of using
any kind of fuel it uses presence sunlight to generate thrust . a large reflective sail is unfurled in space and
photons from the sun push against the sail , creating a slow but continuous thrust , since this system
required no external fuel its sustainable and well suited for long duration missions , it have one drawback
while the spacecraft move further from sun it become less efficient to generate thrust so usually nearby
sun it can perform better performances for missions[10] .

To achieve the best scientists are developing hybrid propulsion systems that combines different
technologies. for example , for escaping gravity by using chemical propulsion and for deep space journey
electrical propulsion has been used . This allows flexibility of mission and ensures that each phase of the
mission supported by efficient propulsion method available. Table 2 demonstrates a comprehensive
comparison of the characteristics and limitations of each system for illustrating the disadvantages and
advantages.

Table 2 - Comparison of Propulsion Systems

Propulsion System | Specific Impulse Thrust Efficiency .
Typical Use
(Isp) [s] (mN) (%) P
Launch & Orbit
Chemical propulsion | 250-450 High Low Insertion
Electric Propulsion 1000-5000 Low High Deep Space, Satellites
ion Propulsion 1000-10,000 Very Low | Very High ;gggeD”rat'c’”' Deep
Nuclear_ Thermal 800-900 High Medium Mars, Long-t_erm
Propulsion Crewed Missions
. . Variable (depends on . )
Solar Sail Propulsion distance) Very Low Very High Long-term, No Fuel

4. Justification of Selected Propulsion System

Among all propulsion systems which are available today, ion propulsion is the best one stand out all of
them which is future promising for long term missions in deep space. Unlike traditional chemical propulsion,
which gives strong thrust and power, ion propulsion is designed for slow and steady push for longer time.
The continuous thrust allows spacecraft to build up high speeds over longer missions, using very less fuel
in the process over time. For deep space missions that last several years, this is a major advantage. where
chemical rockets might burn quickly. ion propulsion can operate for several years with small amount of fuel
present on spacecraft [11].

Parts of ion propulsion system

Ionization chamber

This is heart of ion propulsion system where ion propulsion begins. In this chamber a neutral gas such as
xenon or krypton is used these gases are chemically inert and easily ionized. To turn gas into ions the

system bombards the gas with high energy of electrons or excites it using radiofrequency waves. this
process knocks electrons off the gas atoms, creating positively charged ions that are accelerated Fig.3 [12].
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Accelerator grids

Once ions are generated, they further move to accelerator section of the engine. Here , two or more finely
spaced high voltage grids are used to create a strong electric field. This field pulls the positive ions through
the grids at extremely high speeds often tens of kilometers per second. As these ions shoot out of the
engine nozzle, they generate a small but continuous thrust in opposite direction, slower propelling the
space craft forward [13].

Neutralizer

As engine expels positive ions, the spacecraft would start accumulating negative charge in response, which
can disrupt both the propulsion system and onboard electronics. To prevent this, a component called
neutralizer is placed near the exhaust engine it emits a stream of electrons into outgoing ion beam,
neutralizing the charge imbalance. This keeps the spacecraft system electrically stable and smooth, long
term operation of the thruster[14].

Power processing unit (PPU)

The power processing unit acts like the control center of the ion engine or electrical system . it takes power
generated from spacecraft’s solar panels or onboard power supply and converts it into the precise voltages
and currents required by different parts of thruster. This includes powering the ionization chamber,
accelerator grid, and the neutralizer.

Such architecture allows ion propulsion systems to produce specific impulses between 1000 and 10,000
seconds, an order of magnitude greater than conventional chemical engines. Although the thrust levels are
low (e.g., ~90 millinewtons per motor on the Dawn spacecraft), the long-term continuous operation for
years outweighs the lower thrust by providing massive cumulative velocity changes [16].
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Figure 3- Schematic Diagram of an Ion Thruster Showing The Ionization Chamber,
Accelerator Grids, Neutralizer, and Xenon Ion Exhaust Process [17].
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5. Improved Propulsion System Overview
5.1 Original Dawn Mission Propulsion System (11-Year Mission)

The initial Dawn mission was based on Xenon-ion propulsion, gaining high efficiency at the cost of taking
nearly 11 years to finish its targets. For refining the mission with a five-year time frame, we suggest an
alternate propulsion mechanism utilizing Bismuth as a propellant. Bismuth has a larger atomic mass and
superior momentum transfer, providing higher specific impulse of approximately 4000 seconds against
Xenon's 3100 seconds. In addition to this, we recommend two ion thrusters running in tandem, essentially
doubling the thrust in key mission periods. For this added energy requirement, a Kilopower nuclear reactor
would substitute solar panels and offer a constant power supply even outside the asteroid belt. Redundancy
is ensured by the presence of a third redundant thruster and self-controlling fault-tolerant systems. With
these enhancements new propellant selection, dual thruster operation, optimized flight path, and increased
power the new Dawn mission may be able to reach its scientific objectives within five years, with more
efficiency and dependability[18].

Table 4 -parameters of DWAN Mission NASA

Parameter Original Dawn Mission (NSTAR Thruster)
Propellant Xenon
Total Propellant Mass 450 kg
Specific Impulse ~3100 seconds
(Isp)
Thrust (per thruster) ~90 millinewtons (mN)
Number of Thrusters 3 (only 1 active at a time, others redundant)
Power for Thruster 2.5 kW (max)
Mass Flow Rate ~2.5 mg/s
Redundancy Features 2 PPUs, 2 DCIUs, shared thruster setup
Total AV Achieved >11 km/s
Mission Duration ~11 years

5.2 Improved Optimized Propulsion System (5-Year Mission)

To compress the Dawn mission schedule from 11 years to 5 years, some essential improvements to the
propulsion system are being suggested. To begin with, the spacecraft would shift from Xenon to Bismuth
as the main propellant. Due to its larger atomic mass, Bismuth delivers more momentum per ion and thus
more efficient thrust. Additionally, it gives a higher specific impulse, about 4000 seconds or better, than
Xenon's 3100 seconds. This change would also greatly improve fuel efficiency, so that the same AV can be
achieved using less total propellant mass. Also, Bismuth is cheaper, hence an economically superior option
for upcoming missions. Yet another major upgrade is the utilization of dual thruster operation. Rather than
firing one thruster at a time, two thrusters would fire together on key mission segments, such as initial
acceleration and orbit transfers, essentially doubling the thrust available. To meet the higher energy
requirement, the historic solar panels would be replaced by a mini Kilopower nuclear reactor that can supply
approximately 10 kW of sustained power. This guarantees thruster performance that is consistent even
outside Mars' orbit, where solar power is feeble. Combined, these improvements significantly enhance
thrust and efficiency, which makes a 5-year Dawn mission within realistic reaches[19].
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Table 5- optimized system parameters

Parameter Optimized System Proposal
Propellant Bismuth

Total Propellant Mass ~380-400 kg

Specific Impulse (Isp) ~4000 seconds

Thrust (per thruster) ~100-120 millinewtons

Thrust (dual active) ~200-240 millinewtons
Power Requirement 6-8 kW (Kilopower Reactor)
Mass Flow Rate ~2.0 mg/s

Mission Duration ~5 years

6. Proposed Modifications for a 5-Year Mission

In order to maximize the Dawn mission for completion in five years, a number of important changes are
suggested. First, the source of power would switch from conventional solar panels to a small Kilopower
nuclear reactor that will offer a consistent 10 kW of electrical power, guaranteeing seamless operation even
beyond Mars' orbit. With regard to propulsion system improvements, the mission would improve the ion
thruster design by raising the accelerating voltage, enabling ions to achieve higher speeds and hence
increasing specific impulse. Additionally, dual-thruster operation would be implemented, permitting two
thrusters to run concurrently for greater total thrust during critical mission phases like departure burns and
orbital insertions. For the propellant, although Krypton or optimized Xenon flow may still be an option from
their tested performance, moving to Bismuth is extremely advised. Bismuth provides better specific impulse,
more momentum transfer per ion, and lower overall costs than conventional noble gases, with only the
caveat that demands sophisticated thermal management systems. Lastly, trajectory optimization would
eliminate wasteful deep-space spirals and prefer quicker, more efficient burns along with wiser gravitational
flybys. These combined changes would significantly decrease the transit time, making a 5-year Dawn
mission technically feasible as well as more efficient [20].

7. Trajectory Comparison: 11-Year Plan vs 5-Year Plan

In the initial Dawn mission, the spacecraft utilized a slow, spiral path out of Earth's orbit to Vesta and Ceres.
Constrained by the availability of solar power and the weight of the Xenon propellant, Dawn underwent
gradual acceleration, leading to long transfer phases and gradual orbital insertions. The mission relied
significantly on deep-space spirals to save fuel, eventually taking almost 11 years to travel and conduct
scientific observations. In the optimized 5-year mission plan, extensive upgrades are implemented to
drastically reduce the timeline. With increased thrust made possible through dual ion thrusters and
continuous power from a Kilopower nuclear reactor, coupled with a greater specific impulse of
approximately 4000 seconds from employing Bismuth propellant, the spacecraft can acquire greater
heliocentric velocity at a much quicker rate. Brighter direct burns, quicker breakaway from Earth's gravity
well, and tighter, more efficient spirals around gravitational assist points further decrease travel time. More
energy-efficient and shorter flybys substitute for long cruise phases, enabling the spacecraft to travel to
Vesta, transition to Ceres, and fulfill its mission objectives in only five years while still having enough
propellant and operating power for all scientific endeavors Fig.6.
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Dawn Mission Trajectory: Original vs Optimized
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Figure 6- Graphical Representation Of DWAN Mission Trajectory Original Vs Optimized

8. Graphical Representations and Diagrams With MATLAB

This chapter utilizes MATLAB for simulating and analyzing the time performance of Dawn mission propulsion
systems. The simulation is based on major parameters of thrust, consumption of propellant mass, and
cumulative delta-V (change of velocity) through the duration of the mission. First, we simulate the original
11-year Dawn mission based on its historical propulsion characteristics: constant low thrust (~90 mN),
Xenon propellant, and a specific impulse of approximately 3100 seconds. The simulation allows us to see
how the spacecraft slowly spiraled outward through the asteroid belt. Then, we create an optimized 5-year
mission simulation with improvements like dual-thruster operation, Bismuth propellant with increased
specific impulse (~4000 seconds), and higher thrust (~200 mN) backed by a Kilopower nuclear reactor.
These enhancements significantly decrease mission time by offering greater acceleration and more efficient
fuel consumption. By graphical comparisons between mass, thrust, and delta-V as a function of time, we
can easily see how these technological advances enable a 5-year Dawn mission to become feasible without
detracting from science objectives Fig.5.
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Efficiency Comparison of Propellants
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Fig 7- Graphical Representation of Efficiency of Fuel Types in Ion Propulsion

The bar chart shows a comparison of the four ion propulsion propellants: Xenon, Krypton, Iodine, and
Bismuth, in terms of specific impulse (Isp), efficiency, and exhaust velocity. Xenon, the classical option for
ion propulsion systems, offers moderate performance but is costly and heavy. Krypton, although with lower
thrust, demonstrates a higher specific impulse and higher efficiency than Xenon and hence is a desirable
substitute for long-duration missions. Iodine, while more economical and simpler to store, possesses slightly
poorer performance in efficiency relative to Xenon and Krypton. Bismuth is the most efficient of the four,
with the highest specific impulse (~4000 seconds) and the best efficiency (~75%) of all four. This places
Bismuth in a strong position for maximized, extended-duration missions where fuel efficiency is important,
particularly in reducing mission durations to five years Fig.7.

1112



Jobanpreet.et.al.2025

Dawn Mission (11 Years) - Thrust vs Time
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Fig 8- Graphical representations of DWAN mission NASA

The above graphs compare the performance of the Dawn mission throughout its 11-year flight on ion
propulsion. The Thrust vs Time graph illustrates that the ion thrusters maintain a steady low thrust (~90
mN) throughout the mission, which is characteristic for ion propulsion systems as they are very efficient
and can provide continuous thrust. The Fuel Mass vs Time plot displays the slow reduction in fuel mass as
Xenon is used, with a fairly constant rate as a result of the ion thruster's effective fuel efficiency. Lastly,
the Delta-V vs Time plot shows the slow accumulation of the spacecraft's speed, indicating how ion
propulsion is able to produce large velocity changes over long periods of time with little use of fuel.
Combined, these plots illustrate the effectiveness of the ion propulsion system in implementing long-
duration, fuel-conserving interplanetary missions, yet mission duration is still extensive because of the low
thrust Fig.8.
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Thrust vs Time for Optimized 5-Year Mission
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Fig.9 Graphical Representation of Optimized Mission

The three plots above illustrate the simulation results for the optimized 5-year mission using Bismuth
propellant and dual-thruster operation. The Thrust vs Time plot shows that the dual-thruster system
generates consistent thrust (~220 mN) throughout the mission, with the spacecraft benefiting from
significantly higher acceleration due to the optimized propulsion setup. The Mass vs Time graph
demonstrates a slower reduction in spacecraft mass compared to the 11-year mission, as the higher
efficiency of the Bismuth propellant allows for a more fuel-efficient operation. The Delta-V vs Time graph
highlights the rapid buildup in the spacecraft’s velocity, with the spacecraft reaching much higher speeds
faster due to the increased thrust and higher specific impulse of the upgraded propulsion system. These
results confirm that the 5-year mission with Bismuth and dual-thruster operation is not only feasible but
also more efficient than the original 11-year design Fig.9.

9. Performance Comparison (Original vs. Modified Mission)

The comparison of performance between the Original Dawn Mission and the Modified 5-Year Mission
reflects dramatic gains in mission time, specific impulse, and power source. The original Dawn mission,
which took 11 years, employed Xenon as the propellant, providing a specific impulse of ~3100 seconds.
The mission provided a total delta-V of 11 km/s with solar power as the major energy source. Conversely,
the Modified 5-Year Mission has the same delta-V of 11 km/s, but with some major improvements: a specific
impulse of ~4000 seconds with Bismuth as the propellant and a Kilopower nuclear reactor for a continuous
power supply. The improvement in the propulsion system, such as the application of dual thrusters, makes
it possible to accomplish the mission within 5 years, providing a considerable reduction in mission time
without compromising fuel efficiency and performance Fig.10.
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Specific Impulse Comparison (Original vs Modified)
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Fig 10- graphical representation of ORIGINAL VS OPTIMISED comparison

Future Prospects: Antimatter, Fusion-Based Propulsion, and Advanced Plasma Thrusters

The future of ion propulsion is closely linked to the development of next-generation propulsion systems
such as antimatter-assisted ion propulsion, fusion-based propulsion systems, and advanced plasma
thrusters. These technologies promise to revolutionize deep space travel, drastically reducing mission times
while enhancing efficiency and fuel economy.

1. Antimatter-Assisted Ion Propulsion: Antimatter holds the potential for incredibly high energy
density, making it an ideal candidate for propulsion systems. In this system, antimatter particles
are stored and released to interact with matter, creating vast amounts of energy for thrust.
Theoretically, an antimatter-based ion propulsion system could achieve far higher specific impulses
(Isp) than current systems, enabling interstellar travel. However, challenges related to antimatter
production, containment, and safety are still far from being solved Fig.11.

2. Fusion-Based Propulsion: Fusion propulsion harnesses the energy produced by fusing atomic
nuclei, much like the processes that power the sun. With the promise of extremely high energy
release, fusion propulsion could significantly increase spacecraft velocity and reduce fuel mass,
potentially enabling missions to distant stars. While fusion reactors are still in the experimental
stage, advancements in plasma confinement and magnetic field research are moving this
technology closer to feasibility.
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3. Advanced Plasma Thrusters: Plasma-based propulsion systems, such as Hall Effect Thrusters
(HET) and magnetoplasmadynamic (MPD) thrusters, are already under active development.
These systems use magnetic fields to accelerate charged particles to generate thrust. Plasma
thrusters offer higher specific impulse than traditional chemical rockets and can operate
continuously, making them ideal for long-duration missions.
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