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Abstract

Hall thrusters, the most common type of electric propulsion system, typically use xenon as the propellant,
given its inertness, its ability to be stored at a high density under pressure, and good thrust to power ratio
coupled with a high specific impulse compared to chemical propulsion. However, the number of satellites
utilizing electric propulsion units and particularly Hall thrusters is dramatically increasing, resulting in a
strain on the availability of xenon propellant in the context of a volatile noble gas market. This phenomenon
is seen with the dawn of large satellite constellations and the accelerated launch rate of satellite units, the
majority of which now use a Hall thruster as their primary propulsion system. Alternatives to xenon are
available in the form of other noble gases, molecular propellants and condensable elements. Such propellants
offer certain advantages in terms of specific mission scenarios, or for certain propulsion system sizes. This
paper represents a review of alternatives to the conventional xenon propellant for Hall thrusters, providing a
comparative study of the most feasible alternatives. Various considerations of using alternative propellants
are outlined, and a comprehensive database of experimentally measured Hall thruster performance is com-
piled to pair the measured performance using various propellants to the results of a theoretical propellant
performance estimation.
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1. Introduction

Of the many different electric propulsion systems
developed for satellites, currently the Hall thruster
is the most popular. It combines a high specific
impulse, typically 1000 to 3000 seconds depend-
ing on the input power [1], with a high thrust
to input power ratio. Relative to gridded ion
thrusters, which typically possess a higher specific
impulse, Hall thrusters intrinsically have approxi-
mately twice as greater thrust output at a given
power. Xenon is typically used as the propellant of
choice within Hall thrusters. It is an inert, heavy
element that possesses a high ionization cross sec-
tion and the lowest first ionization potential of the
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stable noble gases, along with the highest storage
density when stored under pressure. Hall thrusters
possess a significant flight heritage dating back al-
most fifty years, and span several orders of mag-
nitude in terms of size, from 40-50 W up to 50
kW and above. Coupled with advances in mag-
netic shielding, which significantly increase the Hall
thruster lifetime, these advantages have led to Hall
thrusters recently becoming the high performance
electric propulsion system of choice across a wide
variety of different spacecraft missions [2].

Hall thrusters are now employed in scenarios
ranging from orbit raising propulsion systems for
microsatellites [3], to primary propulsion system for
geostationary satellites [4], and even for interplan-
etary missions [5]. In terms of their use on mi-
crosatellites, various small satellite constellations
are being deployed using Hall thrusters. This in-
cludes the SpaceX Starlink constellation (approx-
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imately 12,000 satellites, with 3200 deployed and
operational as of December 2022) [6], OneWeb (648
satellites, with 462 deployed as of February 2022)
[7], the Amazon Kuiper constellation (3,236 satel-
lites, first launch in late 2022) [8], and many others
(Astranis, AST SpaceMobile, Omnispace, Telesat).
The majority of these satellites require changes to
the semi major axis after launch vehicle deploy-
ment, with most requiring a significant attitude
increase. Furthermore, strict de-orbiting require-
ments are enforced leading to additional propel-
lant mass. Assuming a total xenon load of ap-
proximately 4.5 kg per satellite unit for station
keeping and de-orbiting requirements, the subse-
quent xenon consumption per fleet becomes sig-
nificant. Geostationary satellites with all electric
propulsion systems are further increasingly adopt-
ing Hall thruster technology (Airbus Defence and
Space and SSL). An average all electric geostation-
ary satellite that utilizes Hall thruster propulsion
units weights on average 1-3.5 tonnes carrying on
board a total xenon propellant load of approxi-
mately 0.2-0.4 tonnes [9] [10]. Other applications
include the Lunar Gateway where it is envisaged
that four 12.5 kW Hall thrusters will be used, with
a total xenon throughput of approximately 5 tonnes
[11]. Further, low thrust interplanetary missions,
which have previously used gridded ion thrusters
almost exclusively, are also adopting Hall thrusters.
For example, the Psyche mission to a metallic aster-
oid will use an SPT-140 Hall thruster with a total
throughput of xenon of 1.03 tonnes [12]. Constella-
tions have increased the total number of satellites
deployed in orbit from a few hundreds to over a
thousand per year [13] [14] demonstrating an ex-
ponential growth. Assuming a similar growth pat-
tern, total satellites deployed would increase from
389 in 2019, 1202 in 2020, 1778 in 2021 to over
4000 by 2026. If all of the satellite units in the
Starlink, OneWeb, and Amazom Kuiper constella-
tions used xenon propellant (assuming 40% of the
total number of satellites launched over the next 5
years), together with the larger geostationary satel-
lites and unique spacecraft missions which use over
1.5 t of propellant (assuming 1% of the total over
5 years) then as a minimum the total xenon expen-
diture would exceed 260 tonnes of xenon.
The world production of xenon per year grew

from 30-40 tonnes in 1998 [15] to 53 tonnes in 2015
[16]. Xenon is extracted as a byproduct of the
cryogenic oxygen and nitrogen extraction through
air separation [17] with a limited total output de-

pendent on the available xenon concentration in air
[18]. As a result of extensive use of xenon in other
major industries such as an anaesthetic agent [18]
or part of automotive lighting systems, xenon avail-
ability and price are in constant fluctuation [16].
Recent global events such as the COVID-19 pan-
demic and the Russia-Ukraine war have further sig-
nificantly disrupted the supply chain and availabil-
ity of rare elements such as xenon [19] driving a
major increase in price. Consequently, in the global
context there is a high risk of shortage for xenon.
In this context procurement of large quantities of
xenon (>3 tonnes) is likely to be unfeasible and at
risk of drastically affecting the already volatile cost
unless spread out carefully over several years.

Xenon usage for spacecraft electric propulsion ap-
plications accounted to approximately 10 % of the
xenon demand in 2015 [16] while current market
studies suggest a 30 % share of the total xenon de-
mand dedicated to electric propulsion satellite us-
age [20]. Given this limitation of tens of tonnes
of xenon available per year and a ceiling limitation
on total xenon production [18], an increase in future
users of xenon propelled electric propulsion enabled
spacecraft will put significant strain on the supply.
Combined with users from a wide range of indus-
tries, and also other spacecraft missions, a search
for a sustainable alternative to xenon as a propel-
lant becomes justified in the context of the rapidly
expanding electric propulsion sector.

Various other propellants have been investigated
for Hall thrusters, which can be categorised in three
groups: gaseous propellants, condensable propel-
lants, and molecular propellants. Gaseous pro-
pellants include monoatomic noble gases such as
xenon, krypton, argon, and neon. Condensable pro-
pellants, defined in short as propellants which are
either solid or liquid at or near room temperature,
include metals such as bismuth, zinc and magne-
sium [21] [22] [23] [24], but also other options such
as iodine [25]. Thirdly there has been growing re-
search interest in using molecular propellants such
as tertiary amines [26] but also other gases such as
carbon dioxide, oxygen and nitrogen, in particular
within the scope of air breathing electric propulsion
[27]. Across this wide selection of different alter-
native propellants each has particular advantages
and disadvantages, depending on their elemental
properties, ionisation abilities, and measured per-
formance.

This paper evaluates the use of alternative pro-
pellants within Hall thrusters, providing a review of
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current alternatives investigated, through a com-
prehensive database of experimentally measured
performance values. Further considerations such as
ionisation, storage density, and condensable propel-
lants heating requirements, are analysed. Through
a comparison to a predictive performance law for
different propellants at different powers, possible
alternative propellant replacements for xenon are
identified for low power Hall thrusters (broadly re-
lating to mega constellation requirements), medium
power Hall thrusters (broadly relating to geosta-
tionary satellites), and high power Hall thrusters
(for future applications such as interplanetary mis-
sions).

2. Gaseous Propellants

2.1. Krypton

Krypton is currently the most widely used alter-
native to xenon in Hall thrusters both in in-space
hardware, demonstrated by the use of krypton in
the Starlink constellation, as well as in ground test-
ing. Krypton offers several similar traits to xenon;
it is chemically inert, gaseous at ambient condi-
tions, and benefits from simple handling proce-
dures. The major benefit of krypton is that it is
available at a significantly lower cost than xenon,

Figure 1: Thrust vs anode power for Hall thruster operating
on xenon and krypton.

approximately five times less expensive, and it can
be tested with existing electric propulsion hardware
including power processing units and hollow cath-
odes. Krypton has been used extensively in Hall

Figure 2: Specific impulse vs anode power for Hall thruster
operating on xenon and krypton.

Figure 3: Efficiency vs anode power for Hall thruster oper-
ating on xenon and krypton.
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thrusters across a wide variety of input powers,
from sub kW to medium power Hall thrusters, to
10’s kW Hall thrusters [28] [29] [30] [31] [32] [33]
[34] [1].
There are however various disadvantages asso-

ciated with krypton, in particular under typical
tank pressures its storage density is approximately
a third that of xenon. Krypton is 64% lighter than
xenon, and so the theoretical thrust-to-power ra-
tio will be lower for krypton fed thrusters at 79.8%
of the equivalent power xenon ratio. However, the
lower mass krypton can produce 25% higher Isp
than xenon, although the effect may only be ap-
parent at high discharge powers where the thruster
is operating efficiently [1]. It has been observed
that krypton has a significant reduction in effi-
ciency, explained for the most part by a reduced
mass utilization and beam current utilization effi-
ciency [28] [1] [35]. This has been further corrobo-
rated in more recent studies focusing on lower power
Hall thrusters [30],[33]. These effects can be under-
stood through the slower ionization process result-
ing from the combination of a small cross sectional
area, faster thermal velocity, and higher first poten-
tial for ionization. Various studies have investigated
mitigating methods against the lower performance,
through the variation of the magnetic field profile
[32], or the injection of the krypton in a rotating
rather than axial manner [31]. These promising re-
sults suggest there may be methods of increasing
the thruster efficiency.
Krypton has been extensively tested in Hall

thrusters across all power levels, with particular in-
terest in thrusters operating at higher powers where
xenon use is very costly. A database of available
performance data was compiled for Hall thrusters
utilizing krypton and xenon and their relative per-
formance as propellants is shown in Figures 1 2
3. It must be noted throughout the study that a
Hall thruster designed and optimized for a partic-
ular propellant will perform differently when oper-
ated with a different propellant [36]. More than
50 unique Hall thrusters at multiple operating con-
ditions are featured in the dataset to highlight the
general propellant behavior and performance trend.
Propellant centric design and refinement of the Hall
thruster may increase the performance beyond the
trends observed in the dataset [1].
Due to the small atomic mass, krypton fed Hall

thrusters produce less thrust at the same power
level. However, as the discharge power exceeds
kW levels, krypton is shown to produce a higher

specific impulse than xenon at similar power lev-
els. In high power thrusters above 10 kW (NASA-
173Mv1, NASA-173Mv2, NASA-457M, X-3), kryp-
ton specific impulse is much higher than xenon.
However, this does not equivalently translate into a
high anode efficiency as krypton fed Hall thruster
data show poor performance at over 20 % lower
efficiency in sub kW class thrusters and a 5-10 %
lower efficiency above 10 kW in direct comparison
to xenon at the same power level. Above 1 kW, in
other thrusters, this trend is not observed as xenon
predominantly achieves the highest thrust, specific
impulse and efficiency.

Krypton remains a useful propellant alternative
for Hall thruster systems due to the low cost, ease of
use, and low risk associated with it making it well
suited for system testing and development. How-
ever, as a viable alternative for xenon for in-space
applications with Hall thrusters considerablet work
remains to be done. High-Isp missions may benefit
from the 25% higher Isp offered by krypton, but it
remains severely limited by the impact on mission
lifetime as well as the low storage density possible.

2.2. Argon, Neon and Helium

Since the initial development of Hall type
thrusters various light propellants have been inves-
tigated. Early research focused on the use of light
noble gases such as helium [37], argon [38],[39] with
xenon use investigated later [40]. Argon usage as
a propellant was proposed due to its low cost and
inert qualities. Usage of argon in Hall thrusters has
been readily demonstrated yet performance data in
direct comparison to xenon is scarce [41]. Although
stable operation was achieved, performance of ar-
gon as a propellant is poor compared to xenon and
krypton. Data for the THT-VI thruster [41] op-
erating on pure argon is shown in Figure 4. Peak
anode efficiency is found to lie below 10 % offer-
ing moderate thrust and specific impulse perfor-
mance. A major disadvantage of argon is also the
low density even under pressurised conditions (ap-
proximately 16% of the total density of xenon at the
same pressure) which makes it undesirable for in-
space operation. In addition the low atomic mass,
density and worse ionization requirements lead to a
high flow rate associated for sustained thruster op-
eration. This limits significantly its use in ground
testing depending on the pumping facilities used.

Other light monoatomic inert propellants such as
neon or helium will likely suffer from similar issues
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Figure 4: Thrust, specific impulse and efficiency vs power for Hall thrusters operating on argon.

in terms of ionization characteristics and volumetric
requirements and ultimately reduced efficiency [41].

2.3. Gas Mixtures

An important property of of gases is their ability
to they mix with each other. This opens up the
possibility of propellant mixtures being used in Hall
thrusters to offset the high cost of pure xenon or
reduce the efficiency deficit of krypton and other
lighter propellants.
Various studies have investigated the use of mix-

tures of xenon and krypton for Hall thrusters.
Promising initial results were demonstrated show-
ing a high anode efficiency at a high power when
using a krypton/xenon mixture [42]. Plume mea-
surements demonstrated an increase of the beam
divergence with higher krypton percentage (>50%)
in the propellant mixture [43]. Similarly, the thrust
efficiency decreases when the krypton fraction is in-
creased [43] [44]. Yet it was shown that a small re-
duction in xenon percentage (75% xenon/25% kryp-
ton) does not drastically impact performance [43].
Other studies have investigated argon/xenon

mixtures [41] [45]. In this case it was demon-
strated that the relatively low argon efficiency can
be increased through a higher xenon percentage
(>40%) and through channel geometry modifica-
tions that improve argon ionization [45]. It was

also shown that a low argon percentage does not
significantly impact performance enforcing similar
results to krypton mixing.

Currently, research is focused on mixing molec-
ular propellants such as carbon dioxide and argon
or nitrogen, oxygen and argon in order to recreate
atmospheric conditions particularly in the interest
of adopting air-breathing propulsion [41] [46] [47].
Thruster performance was demonstrated on these
mixtures reaching an operational anode efficiency
of 27% [47] with further work underway. Due to
the complex nature of mixed propellant behavior
and the scarcity of performance data, this study
does not analyse them further.

3. Condensable Propellants

The second category of propellants that can be
defined are condensable propellants. Elements in
this category produce a high enough vapor pres-
sure when heated at low ambient pressure to drive
a gaseous flow through either a feed system or di-
rectly in the discharge chamber, providing a pro-
pellant in gaseous form which can then be ionized.
Without heat input, the propellant reverts to the
initial phase through condensation. Condensable
propellants considered are mostly solid elements
such as iodine [25] [49] [50], bismuth [22] [51] [52],
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Xe Kr I Mg Zn Bi Cd Hg Cs
Mass (u) 131.3 83.8 126.9 24.3 65.4 209 112.4 200.6 132.9
Ionization Properties

First ionization energy (eV) 12.1 14 10.5 7.6 9.4 7.3 8.9 10.4 3.9

Peak cross section (Å
2
) 4.8 3.7 6 8 5 8 - 8.3 9.4

Storage and Handling
Density STP (g/cm3) 1.6* 0.5* 4.9 1.7 7.1 9.8 8.7 13.5 1.9

Melting point (◦C) -112 -157 113.7 650 420 271 321 -39 28
Vapor pressure at melting point (Pa) - - 2.34e+4 384.01 21.49 7.5e-3 15.34 - -

Toxicity/difficulty to handle - - Med. Med. Low Low High High High

Table 1: Physical properties of several previously investigated propellants for Hall thrusters. *Data at 14 MPa, 50◦C, from
NIST database. [48][21].

zinc and magnesium [21] [23] [53], but also met-
als found in a liquid state near ambient conditions,
such as caesium and mercury [54][55][56]. Table 1
summarizes the physical characteristics of condens-
able propellants that have been investigated, with
xenon and krypton included for comparison.
A short introduction to propellant heating and

transport follows for the purpose of defining the in-
dividual limitations of condensable propellants. An
investigation into the usage considerations and per-
formance in Hall thrusters for each element is then
presented.

3.1. Heating Power Penalty
Unlike gaseous propellants condensable propel-

lants require additional thermal energy to phase
change. This can be considered the power penalty
associated with condensable propellants usage,
which should be estimated for a fair comparison
with gaseous alternatives. We present a simplified
investigation into the achievable vapor pressure pV
of an element at a specific heater power input.
A variety of equations may be used to relate va-

por pressure to the temperature of the propellant
as a result of sublimation/evaporation including the
Clausius-Clapeyron equation, Antoine equation, or
other empirical estimations dependent on the ele-
ment of interest [57][58]. Propellant vapor pressure
equations are described as a function of propellant
temperature constructed with element specific co-
efficients derived from experimental data. The An-
toine equation is presented as an example of such
an equation [57].

log pV = A− B

C + T
(1)

where A, B, and C are substance and phase spe-
cific coefficients. In this study, the Antoine equa-
tion is used to represent iodine data [59]. However,

not all the propellants presented fit the template
of Equation 1. Consequently, the vapor pressure
curves of bismuth, zinc, magnesium and cadmium
are described by other empirical relations [52] [60].

Vapor pressures curves for a selection of con-
densable propellants are illustrated in Figure 5.
The resulting vapor pressure for different elements
varies by several orders of magnitude at one tar-
get temperature. Bismuth, magnesium, zinc and
cadmium show a slow to moderate vapor pressure
increase with temperature while iodine exhibits a
high vapor pressure increase at low temperature in-
crements. Data in Figure 5 show that cadmium and
zinc present a similar temperature - pressure be-
haviour with a relatively low peak vapor pressure
(15 Pa and 21 Pa, respectively) at their melting
points (321.1◦C and 419.5◦C, respectively). Mag-
nesium can achieve a much higher vapor pressure
whilst still in solid form (390 Pa), before reaching
its melting point (650◦C).

Iodine presents the highest vapor pressure (> 23
kPa) out of all the condensable propellant options
at a very low temperature input (up to 120◦C).

Bismuth can achieve a significant vapor pressure
(20 Pa) only above 800◦C past its melting point
(271.4◦C).

It is important to also note the lower end of the
vapor pressure - temperature curve. This shows
that cadmium, zinc, magnesium and bismuth will
not significantly sublimate (vapor pressures lower
than 10−5 Pa close to 100◦C) unless heated above
an element specific temperature threshold (for Cd
≈ 210◦C; Zn ≈ 280◦C; Mg ≈ 370◦C; I2 ≈ 0◦C;
Bi ≈ 610◦C) which suggests that condensation on
unheated surfaces will not act as a secondary subli-
mation site for cadmium, zinc, magnesium and bis-
muth. Iodine on the other hand can produce more
than 30 Pa at 25◦C which implies a higher likeli-
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Figure 5: Vapor pressure versus temperature for a selection of Hall thruster solid propellants. Propellant phase: solid - solid
line; liquid - dashed line; Vapor pressure equations and coefficients sourced from: Mg [60]; Zn [60]; Cd [60]; Bi [52]; I [59].

Figure 6: Vapor pressure curves for solid propellants versus estimated heater power. Propellant phase: solid - solid line; liquid
- dashed line; Vapor pressure equations and coefficients sourced from: Mg [60]; Zn [60]; Cd [60]; Bi [52]; I [59].

hood of secondary propellant sublimation upon sur-
face condensation, increasing the risk of contamina-
tion propagation.

In essence, a certain surface temperature leads to
a consequent sublimation rate hence a vapor pres-
sure (Equation 1). To maintain the surface at a

required temperature a certain amount of energy is
required to balance the heat losses. Assuming ra-
diative heat loss from the surface of the propellant
as the dominant loss mechanism, independent of
propellant tank design, and discarding conductive
losses and phase change losses which would vary de-
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pending on the system architecture, vapor pressure
can be tied to heater power required to maintain
the surface temperature balance through the appli-
cation of the Stefan–Boltzmann law;

P = ϵσA(T 4
s − T 4

amb) (2)

The advantage of this simplified approach is that
it is propellant centric and as a result removes the
influence of the storage and delivery architecture
allowing a peer to peer comparison of propellants.
Using a fixed average emissivity value of ϵ = 0.15
(corresponding approximately to a machined metal-
lic surface) and an arbitrary sample surface area of
A = 0.025 m2 (equivalent to a square surface with
a side length of 15.8 cm, representing a relatively
small propellant tank suitable for a thruster in the
100 W - 1 kW power class), vapor pressure ver-
sus input power curves can be drawn for selected
elements as shown in Figure 6. The most power
efficient condensable propellant is iodine requiring
approximately 5 W to produce a very high vapor
pressure > 104 Pa at this scale. Cadmium and zinc
require a higher input power; more than 26 W and
50 W respectively to achieve an exploitable vapor
pressure of approximately 20 Pa. Given its high
melting point, magnesium can operate at a much
wider power interval from 85 W to 150 W, produc-
ing a higher vapor pressure than zinc and cadmium.
Finally, bismuth requires upwards of 300 W to sus-
tain a vapor pressure of more than 20 Pa at this
scale.
Experimental results are presented to acknowl-

edge the capabilities and limitations of this analysis.
Low powers Hall thrusters (50 W-200 W) operating
on iodine required between 5 W to 10 W to subli-
mate the propellant and sustain operational vapor
pressure within the tank [61] [62] [63]. Zinc, ex-
perimental data suggest that between 30 W to 50
W were needed for the propellant tank to sustain
the flow rates required by a 100 W thruster [64]
[65] through sublimation. Hall thrusters operated
on magnesium (1-2 kW) required 100-600 W for
the heater while higher power thrusters (2-3 kW)
required 500-1.2 kW heating power [66]. Bismuth
evaporation data is scarce, with some reports sug-
gesting a few kilowatts of power required for pro-
pellant vaporization and transport (for a >100 kW
thruster) [67] while others state an estimate of>150
W (for a 25 kW thruster)[52].
While low power Hall thrusters show some agree-

ment with the predicted heating power require-
ments derived in Figure 6, higher power thrusters

are more sensitive to system level losses. Propellant
can phase change in the heating process resulting
in a considerably higher emissivity [68], that leads
to higher radiative losses. Input heater power is
heavily influenced by the mass of the propellant,
exposed propellant area and propellant storage and
delivery system architecture since the propellant
storage in turn suffers heat loss through radiation
and conduction increasing losses in larger thrusters.

In many cases sublimation/evaporation of a con-
densable propellant occurs externally in a propel-
lant tank and as a result the gaseous propellant
must also flow to the discharge chamber through a
feed system, incurring additional losses that impact
the input heater power. The flow transport char-
acteristics of condensable propellants are discussed
in the following section.

3.2. Propellant Transport

The Hertz-Knudsen equation can be used to pre-
dict the mass flow rate resulting from sublima-
tion/evaporation from a free surface. Assuming
that the distribution of gas particle velocities is
Maxwellian and that particles do not interact with
each other, the flux of gas particles from a surface
is given by [69];

Ṅ

Aopen
=

pV√
2πMk0T

(3)

where Ṅ is the flow rate of particles, Aopen the
area of the evaporating surface, and M the mass
of the particles. Accounting for ambient pressure
and converting from particle flux to mass flow rate,
the mass flow rate of sublimated/evaporated pro-
pellant from a free surface is:

ṁs =
(pV − pamb)Aopen

√
M√

2πk0T
(4)

For a constant ambient pressure and surface
area, the sublimation/evaporation mass flow rate
depends on propellant temperature as shown in
Figure 7. A similar trend to the vapor pressure
curves is expected and observed. Using Equation 4
high propellant sublimation/evaporation rates are
achievable with every condensable propellants.

In the particular case of an exposed anode built
from the propellant material this mass flow rate
becomes the direct propellant injection rate, a de-
sign successfully investigated by Michigan Tech.
[23]. However, the derived evaporation/sublimation
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Figure 7: Sublimation/evaporation curves for solid propellants versus temperature. Propellant phase: solid - solid line; liquid
- dashed line; Vapor pressure equations and coefficients sourced from: Mg [60]; Zn [60]; Cd [60]; Bi [52]; I [59].

mass flow rate is a misleading factor when consider-
ing other propellant feed systems that do not sub-
limate/evaporate directly in the discharge channel.
Many propellant delivery systems using condens-
able propellants include relatively small pipework
between the propellant tank, where the propellant
sublimation/evaporation generally occurs, and the
thruster channel [21][70][50] [63]. This can lead to
constriction of gas flow, and a reduction in the ac-
tual mass flow rate achieved. Using the Darcy-
Weisbach equation a simple propellant transport
mass flow rate estimation through a conventional
circular feed can be expressed with the following
form:

∆p

L
= fD · ρv

2
m

2D
(5)

Where ∆p represents the pressure difference be-
tween the saturated propellant vapor and the am-
bient conditions, L and D the length and diameter
of the feed, vm the mean flow velocity and fD the
friction factor which can be regarded as a function
of the Re number. Introducing the transport pro-
pellant flow rate as a function of mean velocity, the
equation can be rearranged to give:

ṁt = π

√
ρ∆pD5

8LfD
(6)

Within this equation the most important param-
eters are the pressure differential, the feed system
dimensions and the friction factor.

In the particular case of iodine, the pressure dif-
ferential is very high (> 104 Pa) at a low power in-
put (5W) in vacuum conditions (Figures 5 and 6).
Therefore, iodine functions in a similar manner to a
pressurised propellant, with no flow rate limitation
due to pipe frictional losses. This helps to make io-
dine widely suitable across different thruster sizes
(with varying associated flow rates).

Other condensable propellants (Mg, Zn, Cd, Bi)
require a higher power input to produce an ex-
ploitable pressure differentials (Figure 6). In an
effort to minimise power it is desirable to operate
at the lowest possible propellant vapor pressure for
transport. Yet at this point, the feed dimensions
and friction factor may become flow restrictive.

The cross-sectional area of the feed system is
the most important factor at facilitating propellant
transport, and hence at reducing required heater
power. The diameter of the feed system can be
maximised and the length of the feed reduced to
improve the gas phase flow transport rate accord-
ing to Equation 6. However, this method is limited
by the size of the thruster and its components such
as anode and discharge channel, specifically its di-
ameter and height. This further implies a thruster
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size limitation with certain propellants. For exam-
ple, in a small 100 W Hall thruster with a 5 mm
discharge channel height, the annular anode width
calculated from the outer-inner diameter difference
can’t exceed 5 mm. As the main propellant dis-
tribution point, the anode connects to the propel-
lant feed. Consequentially, the anode feed diame-
ter can’t exceed the 5 mm height of the thruster
discharge channel in a conventional design impos-
ing a limit on the D term in Equation 6. Multiple
propellant feeds can be connected to the anode to
partially overcome this phenomenon, however the
number of propellant feeds connected to the anode
distributor is still bound by the limited small di-
mensions of the thruster. With a thruster size limit
on the diameter, other parameters become impor-
tant in propellant transport.

The friction factor fD has a strong dependency
on the Reynolds number, with values > 5 (when
Re < 10) to < 0.005 (Re > 108) [71] [72] [73]. In
a laminar, low speed circular pipe flow, the friction
factor may be estimated based on a simple Reynolds
dependency [72]:

fD =
64

Re
(7)

In other flow regimes, the friction factor relates dif-
ferently to the Reynolds number yet still holds its
strong dependency [71][72][73]. Subsequently, the
Reynolds number is defined as the ratio of inertial
forces to viscous forces:

Re =
ρuD

µ
(8)

With a lower Reynolds number, viscosity is more
prevalent consequently increasing the friction fac-
tor by a few orders of magnitude. In the limit case
of continuum laminar flow at low Re (Re < 10,
fD > 5) a viscosity estimation for the propellant
becomes important. This is because in a fixed feed
diameter case, the viscosity - friction factor depen-
dency may inhibit transport at a minimum pres-
sure differential (which is the most desirable opera-
tion point for power efficiency) resulting in a higher
power draw to increase the pressure differential to
overcome the effect.

We further estimate the viscosity of condensable
propellants gas phase to assess which elements are
more prone to propellant transport issues at lower
thruster scales and input heater power. In the ab-
sence of other experimental data, viscosity can be

estimated using the following Equation [74]:

µ =
16.64T

√
M

σ2
√

ϵ/k
(9)

Where T represents the gas temperature, M repre-
sents the molecular mass, σ the collision diameter
of the element and ϵ/k is the Lennard-Jones depth
of potential-energy minimum [75].

The resulting viscosity estimation is shown in
Figure 8 for the most likely operational temper-
ature range of each propellant. Heavier elements
such as bismuth, cadmium and zinc are more vis-
cous at operational temperatures, therefore more
resistive to transport at a low pressure differential
required to minimise power. Experimental obser-
vations with zinc show that propellant transport is
difficult at low vapor pressure due to viscous effects
[64] [65]. Elements such as magnesium and iodine
present a lower viscosity and higher vapor pressure
facilitating transport at most temperatures.

The viscosity of the condensable propellants
studied is higher by an order or magnitude or less
compared to other gasses such as xenon or krypton
at normal conditions of temperature and pressure.
Consequently, the resulting friction factor can vary
by two orders of magnitude in the case of condens-
able propellants with a cascading effect on propel-
lant transport flow rates.

Therefore, the resistive effect of viscosity is lim-
ited but not negligible in estimating a propellant
power requirement. Propellant transport is fur-
ther complicated by the local or global flow regime

Figure 8: Viscosity versus temperature for gas phase ele-
ments in their respective operational temperature range.
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changes within the geometry of the feed system. A
Knudsen number analysis coupled with a feed ar-
chitecture specific flow model is critical in optimiz-
ing the power expenditure in condensable propel-
lant usage.

3.3. Propellant Storage and Delivery

Although condensable propellants are mostly
solid at normal temperature and pressure as high-
lighted by Figure 6, the propellant phase may
change during the heating process, if higher pres-
sure differentials are required (with the exception
of iodine). This affects the design of the storage
and delivery system. Propellants such as iodine
and magnesium can be used in solid form with the
production of gas phase propellant through subli-
mation while zinc, cadmium and bismuth are most
likely to become liquid at operational temperatures
producing the gas phase propellant through evapo-
ration. Sloshing, uneven heating and filter perme-
ation may become important concerns with opera-
tion on a liquid phase propellant.

A variety of propellant storage and delivery so-
lutions have been developed for condensable pro-
pellants [21] [22] [50] [23] [65]. Among them, two
broad design categories can be identified based on
the location where the gas phase propellant is gen-
erated.

The first category can be defined as localised
evaporation/sublimation at the anode. In this case,
a heated anode is made out of the propellant itself
with the propellant/anode undergoing direct sub-
limation in the discharge chamber during thruster
operation [23] [53] (Figure 9). The major advantage
of the system is minimal heater power usage as the
propellant is heated by the discharge, reducing sig-
nificantly the power requirements for gas phase gen-
eration. The main limitation lies in the reduced vol-
ume of propellant that can be held within the dis-
charge channel of the thruster. Alternatively, liq-
uid phase propellant can be fed to a porous heated
anode which evaporates the propellant in the dis-
charge chamber [52] [22] (Figure 10).

This method is more suitable for propellants
where the required sublimation/evaporation rate is
above the melting point of the propellant. Bis-
muth is the best example for this design approach
as the propellant bulk ,held within the delivery sys-
tem, can be heated at 280◦C just above the melting
point, and fed in liquid state to the anode, which
evaporates the bismuth at 1000 − 1200◦C. This is

more energy efficient than heating the bulk propel-
lant and the feed system together at 1000−1200◦C.
The main disadvantage of the system is the need
for a propellant delivery system that can operate
at high temperature, either using pressurised gas
[22] or electromagnetic pumps [52].

Figure 9: Solid anode propellant delivery system.

Figure 10: Porous anode propellant delivery system.

Figure 11: Gas distributor anode propellant delivery system.
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The second category can be defined by external
(tank) evaporation/sublimation and propellant gas
phase transport to the anode [50] [63] [21] (Fig-
ure 11). External tanks have been commonly used
with smaller amounts of propellant and also with
lower operating temperature propellants [50]. This
system is used mostly with iodine where gas phase
generation is very cheap from an energy point of
view (5-10 W needed for > 104 Pa), resulting in a
need for an additional flow control system for the
high pressure vapour [76] [70] [77]. For flow con-
trol, thermal throttles [70], a controlled geometric
restriction [76], or a heated standard flow controller
has been used. The external tank design is suitable
for use both with sublimating propellants [65], or
liquid-propellant containing tanks that feed propel-
lant vapor [21]. The disadvantage of the system is
the additional energy expenditure on feed line heat-
ing which must be maintained above the melting
point of the propellant to prevent deposition.

As a result the propellant storage and delivery
system is dependent on the selected mission pro-
file, spacecraft specifications and thruster class as
well as the type of condensable propellant used. A
review of the performance achievements and par-
ticularities of condensable propellants is presented
next.

3.4. Liquid Metal Propellants - Caesium and Mer-
cury

The first propellants used in electric propulsion
were of a condensable nature. In the early 1960’s
Pinsley et al. [54] investigated the use of caesium as
a propellant within Hall thrusters, a propellant of
interest in gridded ion thrusters at the time. This
study investigated Hall thrusters using both elec-
tron impact and contact ionization of caesium [38].
The caesium Hall thruster produced a maximum
thrust of 78.3 mN at an Isp of 1600 s and a peak an-
ode efficiency of 40%. Caesium was further used in
single and two stage anode layer thrusters resulting
in an Isp of 1500 s and 3000 s respectively [78]. Al-
ternatively, contact thrusters were designed to oper-
ate with caesium exploiting ease of ionization upon
contact with a charged tungsten electrode. [79]

Gridded ion thrusters were the main platform for
mercury development in the 1960s and 70s [80] [81]
which culminated with an in orbit demonstration
on the SERT I and SERT II missions. Although it
demonstrated successful operation, conductive mer-
cury deposition between the accelerator grid plates

caused a thruster failure in the SERT II space-
craft [82]. Between the 1960s and 70s research was
undertaken in Germany with Hall thrusters tested
on mercury propellants [38]. Several mercury Hall
thrusters were developed: HIT 4 (1970) with in-
put power up to 2.5 kW with efficiency in the 30%
range; HIT 2 (1972) input power up to 500 W and
efficiency in the 32% range; HIT 3 (1973) with in-
put powers ranging from 100 W to 500 W, with a
peak efficiency of 45%.

Work/research on mercury and cesium ion
thrusters discontinued in the mid to late 1970s.
Mercury presents high toxicity [83]. Caesium is
highly reactive and pyrophoric [84] making it a
hazardous substance to store, transport and use
in ground testing facilities. Mercury, caesium and
their respective ions pose significant threat to the
materials that make up the spacecraft due to their
corrosive nature [85][86]. In thruster usage, the
corrosive effects limit the lifetime and pose signifi-
cant threats to contact components. In comparison
xenon was found to be inert, easy to use, and un-
affecting of spacecraft components. Consequently,
xenon replaced mercury and caesium as the default
propellant in electric thrusters, starting with the
Meteor 6 satellite in 1971 [2].

3.5. Solid Metal Propellants - Bismuth, Magnesium
and Zinc

In the search for viable alternative propellants to
xenon several metals have been suggested and in-
vestigated for use with Hall thrusters, in particular
bismuth, magnesium, and zinc [21][23][87]. Other
metals have been investigated, such as cadmium
[88], but details are limited.

The wide range of physical properties exhibited
by metal propellants is listed in Table 1. The vari-
ety in molecular mass and ionization characteristics
suggests the most suited metal propellant may de-
pend on the thruster power range, thruster size and
mission scenario. Most metals possess a higher or
equal density at ambient conditions to pressurised
xenon, enabling a more optimal volume distribution
within the spacecraft whilst eliminating the need
for a pressurised tank. However, the propellant
tank and feed system require heating to produce
the gaseous phase ready for ionization and acceler-
ation which represents their main drawback. The
advantage of metallic propellant use is the finan-
cial savings associated with cheaper propellants, a
more compact propulsion system that isn’t at the
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cost of a lower total impulse, and the availability of
propellant for in-situ harvesting and usage.
As the largest non-radioactive element bismuth

could potentially offer superior performance to
xenon based thrusters. Its high mass results in a
theoretically higher thrust-to-power ratio than is
possible with xenon, which is beneficial for decreas-
ing maneuver times and increasing payload mass
[51][22]. From Table 1 it can be seen that bismuth
offers very high storage density, six times that of
xenon. The ionization properties of bismuth are
also appealing, as it has both a low first ioniza-
tion energy and a high peak ionization cross sec-
tion. Bismuth provides significant economic ad-
vantages over xenon, with bismuth being approx-
imately twenty times less expensive.
There are also significant disadvantages associ-

ated with bismuth as a propellant which make its
use more appealing in large, high power thrusters.
An inherent low vapor pressure incurs considerable
power expenditure towards heating the propellant
in order to produce a functional gaseous mass flow
rate suitable for a Hall thruster. Temperatures of
more than 760◦C are required to obtain a vapor
pressure above 10 Pa which also phase changes the
solid bismuth into a liquid due to its low melting
point of 271.4◦C (Figure 6). The required parasitic
power to heat the propellant and prevent condensa-
tion can be estimated using the analysis presented
in this paper to exceed 150 - 200 W.
Consequentially, bismuth may be particularly

suitable for high power Hall thrusters (above 5-10
kW), where the propellant heating will be a pro-
portionally smaller power requirement. Developed
in the 1970’s in the USSR the TsNIIMASH D-160
Thruster with Anode Layer (TAL) Hall Thruster
evaporated bismuth from a reservoir using ohmic
heating of a thin walled molybdenum propellant
tube. It operated between 20 kW and 140 kW at
an anode efficiency of 70%, and produced an Isp of
4000-8000 seconds [67]. The VHITAL-160 thruster
developed primarily in the United States in collabo-
ration with the TsNIIMASH company was designed
to improve upon the original bismuth thruster, and
to bring the feed system closer to a flight ready
model [52]. The bismuth was heated to liquid form
to flow through the delivery system, and near the
anode a heated porous carbon plug acted to vapor-
ise the propellant. For both the D-160 and the VHI-
TAL thrusters reports state that between 150 W to
1 kW of additional power was required for the va-
porization of the bismuth propellant and to prevent

condensation in the feed system [52] [67]. Given the
high temperature requirements of bismuth and the
inherent low vapor pressure that incurs high heater
power penalties, the feed system architecture is lim-
ited to a porous anode propellant delivery system
with either a self contained bismuth reservoir or a
liquid bismuth feed system. In both cases the ther-
mal system power expenditure is high.

The contamination of the spacecraft by bismuth
propellant is a significant concern. A study of po-
tential impact of thin film deposition of bismuth
on spacecraft surfaces identified that a bismuth
thruster may have significant impact on the opti-
cal, thermal, and electrical properties of surround-
ing materials [89]. Several potential methods of
mitigating these issues have been investigated, with
the use of a simple shield seeming to be particularly
effective [22] [89] [90]. However, thermal control of
spacecraft surfaces is not a viable solution to pre-
vent bismuth vapor condensation, given the high
temperature that would be required to achieve a
positive vapor pressure.

At the opposite end of the atomic mass spec-
trum, magnesium has been investigated as an al-
ternative propellant for Hall thrusters [23], [91] [92]
[24]. The physical characteristics of magnesium
are described in Table 1. Magnesium is a light
metal (5.7 times lower density than bismuth and
8.6 times smaller atomic mass) with a high melt-
ing point whilst capable of producing vapor pres-
sures of hundreds of Pascals, and with a signifi-
cantly lower cost than xenon. Magnesium possesses
a high ionization cross-section and a low first ion-
ization energy level, making it efficient to ionize,
although it’s low mass implies a high propellant
velocity through the thruster channel which may
decrease the ionization collision frequency. Theo-
retically high specific impulse is achievable, mak-
ing magnesium an efficient propellant for the mid
to high power thrusters. Magnesium is stored at
a similar density to pressurised xenon, and requires
temperatures of up to 600◦C to produce a relatively
high vapor pressure > 100 Pa (Figure 5). At these
temperatures, the propellant is still solid with vapor
created through sublimation, simplifying the pro-
pellant tank design and power requirements (50-60
W needed - Figure 6). A much higher vapor pres-
sure is achievable through evaporation after mag-
nesium phase changes to a liquid at a considerably
higher power input (> 104 Pa at 100-150 W - Figure
6). This behaviour makes magnesium suitable for
both medium power thrusters (1 kW and above) as
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well as high power thrusters (5-10 kW and above).
Magnesium has low toxicity and it is not consid-

ered to be hazardous to health. Magnesium how-
ever has a high reactivity. The high purity sub-
stance may spontaneously ignite on contact with
air or moisture in powdered form producing toxic
fumes. It can react violently with strong oxidants
and other substances becoming a fire and explosion
hazard if stored improperly. Natural MgO layer
formation reduces the risk of reactivity in ground
operations with solid magnesium being more stable
than powder form. In spite of the inherent risk, us-
age in controlled conditions has not proven to be
problematic in aerospace applications [93].
Some unique advantages of magnesium that have

been considered in literature include the availability
of magnesium in both Martian and lunar regolith
[21]. This would potentially allow for the refueling
of magnesium fed thrusters for further exploration
or for a return journey with in-situ propellant pro-
cessing. Secondly, due to its high reactivity, mag-
nesium is also suitable for use as a fuel in chemical
rockets, with a predicted specific impulse of above
200 s and 270 s when combined with CO2 and H20
respectively [94] [95]. This could offer the possibil-
ity of a dual mode propulsion system.
Zinc is another high density metal that has been

investigated as an alternative propellant for Hall
thrusters, often in conjunction with magnesium [21]
[23] [24]. A zinc atom is 2.7 times heavier than a
magnesium atom, yet still half the mass of a xenon
atom, and as such may be suited to missions re-
quiring large changes in velocity, or those that are
severely mass constrained. Zinc is stored as a solid
at four times the density of xenon and magnesium,
approaching the density of bismuth. The melting
point of zinc at 419.5◦C is lower than that of mag-
nesium at 650◦C. However, the achievable vapor
pressure below the melting point is low at up to 21
Pa (Figure 5). Coupled with the high viscosity of
zinc, usage in solid form through direct sublimation
is challenging [64] [65]. Past its melting point > 103

Pa are achievable at 50 W input power (Figure 6).
This makes zinc a suitable propellant for medium
power thrusters (1 kW and above).
Zinc is also more straight forward to ionize than

xenon, as despite having a similar cross section of
ionization the first ionization energy is much lower.
Zinc is also considered to be non-toxic with rela-
tively low reactivity as a solid. It becomes more re-
active in a powder form with water, sulfur, strong
acids and bases, chlorinated solvents, amines and

cadmium. In powder form, it can ignite in air, how-
ever it is generally stable in cool dry places [96].
Financially, zinc is one of the lowest cost metals at
over 100 times less expensive than xenon [97].

Previous research targeted testing of zinc and
magnesium in conjunction and as such the tech-
nologies tested are presented together. As with all
solid metal propellants, significant challenges are
faced in the design of the propellant feed system.
Feed systems for zinc and magnesium have adopted
a similar design to bismuth with a heated exter-
nal tank that melts the propellant to maximise the
available vapor pressure [21]. Other feed systems
have used a zinc/magnesium wire feed in which lo-
calized heating of the wire end is used to produce
the gaseous propellant [21]. Both of these systems
allow for greater control over the mass flow to the
Hall thruster channel, yet may involve a higher sys-
tem complexity and heating requirements.

Similar to bismuth, direct evaporation of mag-
nesium and zinc from a porous hollow anode has
been investigated, as well as the direct usage of a
machined zinc and magnesium anode [23] [53]. The
direct evaporation of a solid zinc anode was tested
successfully. Thermal control was maintained using
inert ‘shim’ electrodes placed within the channel,
which served to intercept a fraction of the discharge
current preventing run-away heating of the anode.
This method provides a good measure of control
over the anode heating and propellant generation
[98].

An overview of the available performance data is
shown in comparison to xenon and krypton data
in Figures 12 13 14. Overall, zinc magnesium and
bismuth propellant performance data is scarce with
few data points present. Thrust to power ratios of
49 mN/kW have been achieved in a Busek BHT-
1500 Hall thruster at a discharge potential of 250
V with zinc while the specific impulse at 250 V, 1
kW was reported at >2100 s [21]. A modified Aero-
jet BPT 2000 operating on magnesium achieved 34
mN of thrust at 200 V and 39 mN at 300 V with
1.7 mg/s of propellant. The specific impulse was
reported at 2000 s for 200 V and upwards of 2700
s for 300 V. The anode efficiency was found to be
23% using magnesium which is substantially lower
than the 40% anode efficiency of the thruster op-
erating on xenon at approximately equivalent mo-
lar flow rates [24]. However, both thrusters used
were designed specifically for xenon operation. Bis-
muth operation was also demonstrated by Busek
on a modified BHT-1500 thruster. The measured
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Figure 12: Thrust vs anode power for Hall thruster operating
on metallic propellants.

Figure 13: Specific impulse vs anode power for Hall thruster
operating on metallic propellants.

thrust peaked at 73.4 mN at 1 kW discharge power.
Maximum anode efficiency reached 64% at 880 W
discharge power and 1888 s specific impulse [22]. At
the same power level, bismuth outperforms xenon

Figure 14: Efficiency vs anode power for Hall thruster oper-
ating on metallic propellants.

in terms of thrust and efficiency yet incurs signifi-
cant power expenditure for propellant vaporization.

3.6. Iodine

The use of iodine as a propellant for both ion
and Hall type thrusters was proposed in 2000 by
Dressler et al. [99] and in 2001 by Tverdokhlebov
and Semenkin [49]. Since then it has been the focus
of considerable research and testing [25] [100] [63]
[101] [102] with proven in-orbit demonstration on
gridded ion thrusters [50]. This achievement follows
substantial work in developing gridded ion thrusters
and cusp field thrusters for iodine use [103] [104]
[105] [106].

Iodine can also be categorised as a molecular pro-
pellant since it can be found in a two atom configu-
ration. For the purpose of clarity it is evaluated in
the condensable category. It has a similar atomic
mass and first ionization energy to xenon, and con-
sequently is cursorily capable of offering similar per-
formance. Iodine is also a more abundant resource,
therefore having a fraction of the cost of xenon.

The physical and ionization properties of iodine
are summarized in Table 1. At normal tempera-
ture and pressure iodine is a high density solid (3
times the pressurised density of xenon) which can
sublimate substantially. With a decrease in pres-
sure and increase in temperature, iodine can achieve
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high vapor pressure up to 23 kPa at the melting
point (113.7◦C - Figure 5). Therefore only mod-
erate heating of 5 - 10 W is required to raise the
temperature of the propellant to sustain sufficient
flow rates. The uniquely high vapor pressure result-
ing from a low thermal input allows iodine to also
be used in other thruster types such as cold gas
thrusters [76]. The solid storage of iodine presents
advantages over xenon as no pressure vessels are
required, reducing system complexity and allowing
for the storage tank shape to vary such that it can
integrate more easily inside the spacecraft volume.
The ionization potential for molecular and atomic
iodine (9.4 eV respectively 10.5 eV) is significantly
lower than that of xenon (12.1 eV and). In ad-
dition iodine’s dissociation energy is only 1.54 eV,
and consequently the process of combined dissoci-
ation and first ionization of a single iodine atom
will occur from an energy input of 11.99 eV, which
closely matches the ionization energy of xenon [99].
At higher energies the process of dissociation and
first ionization of both iodine atoms occurs at an
energy of 22.5 eV, which is lower than the energy
required to produce two xenon ions [99].
Plume diagnostics of a 200 W iodine fed Hall

thruster have indicated that dissociation is dom-
inant, with I+ species accounting for > 95% of
the exhaust plume by mole fraction [25]. However,
given that the energetic effects of dissociation are
minimal, iodine thrusters have been shown to offer
close to identical performance to those using xenon
[100]. Examination of the exhaust plume of iodine
thrusters has also shown that a more collimated
beam can be produced with iodine, particularly at
higher powers, contributing to its good performance
[102].
Iodine is a member of the halogen group of el-

ements, and as a result it is reactive. This im-
pacts both the inner surfaces in contact with iodine
propellant as well as potentially the surface of the
spacecraft. Research shows that refractory metal
behaviour is favorable in a saturated iodine vapor
although localised pitting in long exposure times is
present [62]. Other metallic substances and poly-
mers have shown accelerated corrosion with more
detrimental behaviour in lighter transition metals
[62]. The long term impact of iodine on testing and
spacecraft surfaces was identified at an early stage
of development as one of the primary barriers to
the adoption of iodine [99] [67]. In order to test
safely iodine-based systems specialized equipment
is required, such as refrigerated exhaust collection

panels [101] [107]. Plume shields have also been
tested to determine if a simple barrier can be used in
test facilities to prevent the degradation of surfaces
[102]. These experiments have shown that surface
coatings, such as nickel plating, provide the great-
est protection to test surfaces, while simple plume
shields were ineffective. Vacuum chamber effects
and reflection may amplify reaction rates between
the propellant and spacecraft surfaces as seen with
metallic propellant reflective deposition [66].

A secondary system wide concern is propellant
surface deposition. Thermal control of spacecraft
surfaces has been suggested as a method of prevent-
ing deposition [67] [102]. This method was demon-
strated on the SERT-II mission, which collected
mercury deposition rates via the surface contam-
ination experiment [86]. The majority of surfaces
showed no signs of mercury condensate [86]. Exam-
ination of the deposition rate versus the evaporation
rate of iodine was performed by Szabo et al. [102],
and showed that for a 1 kW thruster there was no
accumulation of iodine above -75◦C.
Propellant feed systems are also an area of ac-

tive research for iodine-fed Hall thrusters. Several
difficulties are faced by these systems, such as ther-
mal management and heating of feed pipework, ma-
terial compatibility and corrosion prevention, and
flow control. Iodine is a brittle material that does
not adhere well to heating surfaces with superficial
mechanical processing of the element. Instead, it
must be melted and cast on or within the heat-
ing system to achieve efficient packing and heat
conduction. Iodine only requires modest heating
(up to an approximate working temperature of 80-
100◦C - approximately 5 W of power is required)
in order to substantially sublimate and produce a
high vapor pressure of more than 2 kPa. Due to
the condensable nature of the propellant, the wet-
ted area within the propellant feed and transport
system must also be maintained above the melt-
ing temperature to prevent clogging and deposition
[63]. The parasitic power requirements for the pro-
pellant and feed heating system are low in the order
of up to 5-10 W, one of the lowest in all condens-
able propellants. The high vapor pressure of iodine
resembles that of a pressurised gaseous propellant
requiring the flow to be restricted to the desired
rate. Flow control has been demonstrated with a
standard flow controller [108] as well as with a tem-
perature controlled area constriction [50].

A comparison between xenon, krypton and iodine
is shown in Figures 15 16 17. Iodine performance
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Figure 15: Thrust vs anode power for Hall thruster operating
on iodine.

Figure 16: Specific impulse vs anode power for Hall thruster
operating on iodine.

is excellent in Hall thrusters in particular below
1 kW. Experimental data on the Busek BHT-200
demonstrates high efficiency with iodine as a pro-
pellant peaking at 53 % anode efficiency at 367 W

Figure 17: Efficiency vs anode power for Hall thruster oper-
ating on iodine.

discharge power [25]. A specific impulse of 2010 s
was also demonstrated at 500 W discharge. Iodine
was also used in high power thrusters, specifically
the BHT-8000 demonstrating operation up to 9.5
kW. The highest anode efficiency recorded was 65
% at 2.5 kW discharge power [102].

3.7. Ionization Characteristics

The ionization energy is used to estimate the dif-
ficulty involved in ionizing the propellants identi-
fied as potential alternatives to xenon. Assuming
ionization through electron impact, the relationship
between cross-sectional area and electron tempera-
ture is drawn in Figure 18.

Any energy that is used to ionize the propellant
is not available to be used to generate thrust, there-
fore elements with lower ionization energies are ca-
pable of more efficient operation. The lowest ion-
ization energy is exhibited by bismuth, magnesium,
cadmium and zinc followed by iodine and xenon.
The largest ionization cross-sections are found in
bismuth, magnesium, iodine and zinc followed by
xenon and krypton.

Amongst the propellants bismuth and iodine dis-
tinguish as having a higher ionization efficiency
than xenon and the other propellants. Zinc and
magnesium however require a lower ionization en-
ergy than xenon. In a Hall thruster that is de-

17



Figure 18: Electron impact ionization cross-sectional area
versus electron temperature for a selection of Hall thruster
alternative propellants. Data from: Xe, Kr [109]; Zn, Mg, I,
Cd [110]; Bi [111].

signed to maximize the propellant residence time
within the discharge chamber, the detrimental ef-
fect of the cross-sectional area on the probability
of impact ionization of zinc and magnesium is re-
duced. Overall, ionization characteristics of con-
densable propellants are more favorable than those
of krypton, the closest competitor to xenon.

4. Molecular Propellants

A third class of potential xenon propellant al-
ternatives in Hall thrusters are molecular propel-
lants. Molecular propellants can offer a theoreti-
cally wide performance band through their highly
variable atomic composition and their respective
added mass. The mass of a molecule can be orders
of magnitude greater than the heaviest element,
potentially of interest to applications that require
very high thrust-to-power ratios. Equally, molec-
ular propellants can have a mass similar to xenon
replicating theoretically the performance of the gas.
The number of potential molecular propellants that
could be investigated is very wide, with tailoring
of the molecule possible to achieve the ideal per-
formance for a particular mission. Amongst the
currently investigated propellants we find adaman-
tane, triethylamine (TEA), tripropylamine (TPA),
fullerene, water, oxygen, carbon dioxide, and nitro-
gen.

4.1. Vapor Pressure, Fragmentation and Toxicity

Similar to condensable propellants, some molecu-
lar propellants require heating to sublimate or evap-
orate their gas phase for ionization. As a result,
an additional power penalty is expected. TEA,
TPA and water are liquid at normal temperature
and pressure while fullerene and adamantane are
solid. TEA, TPA and water are volatile and can
achieve a high vapor pressure without significant
heat addition [112] [113] [114] and consequentially
a high operational vapor pressure of more than 104

Pa. Adamantane is found in solid state at normal
conditions and produces vapor through sublimation
with little heating [115]. Adamantane, TEA, TPA
and water behave similarly to iodine by producing
a high vapor pressure at low temperature inputs.
Therefore, their gas phase flow rate must be re-
stricted to ensure flow control. Fullerene is a solid
and behaves similarly to bismuth due to the much
heavier mass. Substantial sublimation occurs past
600◦C and does not drastically increase with tem-
perature peaking roughly at 133 Pa close to 720◦C.
Notably, fullerene sublimation is highly dependent
on purity and thus experimental data show consis-
tent variation in recorded output [116] [117]. Sim-
ilar to condensable propellants, additional power
is required to maintain the feed system hot enough
to prevent condensation along the propellant trans-
port path for adamantane and fullerene as well as
for TEA, TPA and water. Vapor pressure curves
for the presented molecular propellants are shown
in Figure 19.

Other molecular propellants such as oxygen and
carbon dioxide are found in gaseous form and can be
utilized in a conventional xenon propellant storage
and delivery system.

Ionizing a molecular propellant without dissoci-
ation is a major difficulty and represents the main
challenge in high performance operation. The en-
ergy required for the first ionization of a molecule
is typically higher than the bond energies between
the molecule constituents. Molecular dissociation
(fragmentation) will therefore occur, reducing the
thrust produced as energy is lost in vibrational and
rotational modes [118]. The exact make up of the
fragmented molecules produced may also be diffi-
cult to know a priori.

Typical bond dissociation energies are in the
range of 3–5 eV for symmetric dissociation and
10–13 eV for asymmetric dissociation. In compari-
son, typical first ionization energies range from 7–17
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Figure 19: Vapor pressure versus temperature for a selec-
tion of tested Hall thruster molecular propellants. Propel-
lant phase: solid - solid line; liquid - dashed line; Equations
from [112] [113] [114] [115] [116].

eV for molecular compounds. It should also be
highlighted that the peak cross section of ioniza-
tion for most substances occurs at 70 eV. The vast
majority of ions created by electron impact are vi-
brationally excited well above their dissociation en-
ergies, resulting in significant fragmentation.
In terms of toxicity, water is considered to

have the lowest risk. Oxygen and carbon diox-
ide can act as toxicants only in high concentra-
tions. Other molecular propellants such as adaman-
tane (C10H16) and fullerene (C60) are considered
to also have low toxicity. However, degradation of
the molecules may cause increased carcinogenic risk
upon ingestion [119]. Triethylamine (TEA) and
tripropylamine (TPA) are considered to be toxic,
and may be corrosive and inflammable under cer-
tain conditions making them hazardous substances.

4.2. Adamantane (C10H16)

Several studies have investigated molecular pro-
pellants for use within various different electric
propulsion systems. Diamondoids are a group of
materials with some properties that make them fa-
vorable for use as a propellant. The lightest of the
group, adamantane (C10H16), has a mass of 136.24
u, which is similar to that of xenon. It also has
a lower first ionization potential at 9.23 eV [120],
has low production costs, and can be brought into
gas phase with only moderate heating. In solid
form the density of adamantane is 1.08 g/cm3 which

is higher than that of unpressurised xenon. Frag-
ments of adamantane are expected when electrons
above 10.6 eV are present in the plasma [118]. Anal-
ysis of the exhaust plume of a gridded ion thruster
operating with pure adamantane showed significant
fragmentation to be occurring [121]. Hall thruster
ignition and operation with adamantane was also
demonstrated [122] with both thruster and cathode
fueled by sublimated adamantane. Post experiment
inspection of the cathode system showed significant
carbon deposition within the system.

4.3. Tripropylamine (TPA) (C9H21N) and Tri-
ethylamine (TEA) (C6H15N)

Recent studies have investigated tertiary amines
as a propellant in cylindrical Hall thrusters [26].
Triethylamine (TEA) C6H15N with a mass of 101.2
u and tripropylamine (TPA) C9H21N with a mass
of 143.3 u have been identified as possible propel-
lants. Both propellants have a lower first ioniza-
tion energy of 7.53 (TEA) and 7.40 (TPA) com-
pared to xenon at 12.127 eV. A low power cylindri-
cal Hall thruster was operated with TEA and TPA
successfully [26]. Good performance was achieved,
with efficiencies approximately 20% less than the
xenon operation benchmark on the same thruster.
There was firm spectroscopic evidence of molecu-
lar fragmentation occurring within the thruster and
plume, with this being identified as the main cause
of lower performance in comparison to xenon oper-
ation. Significant carbon deposits were also iden-
tified within the discharge channel of the thruster
[26].

4.4. Fullerene (C60)

Buckminsterfullerene (fullerene C60) has also
been investigated for use as a propellant for ion
propulsion systems [123] [124] [125]. C60 possesses
a very high mass of 720.66 u, over five times that
of xenon, as well as a low first energy of ionization
(7.61 eV) [126] and an extremely large ionization
cross section (25 Å2) [127]. In order to phase tran-
sition the C60 to a gas, high temperatures are re-
quired due to a natural low vapor pressure [116].
Reports suggest significant thermal fragmentation
of C60 molecules at temperatures exceeding 800◦C
and total fragmentation at temperatures of 1000◦C
[125]. Operational temperatures for C60 vaporiza-
tion are above 600-700◦C, close to the thermal frag-
mentation threshold. As a result it is difficult to
produce C60 in gaseous form without the thermal
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energy input dissociating the molecule. Molecular
fragmentation during ionization is also expected to
still greatly affect the performance. Finally, the
price of high purity C60 is high comparable to that
of xenon making C60 only attractive in specific
high thrust scenarios due to the large mass of the
molecule. Hall thruster operation on fullerene was
demonstrated with relatively low efficiencies [128].
The observed performance degraded over time in
correlation with increasing heavy carbon deposition
on the thruster surface and discharge chamber. As
fragmentation of C60 is likely to occur above the 750
- 800◦C temperature threshold, anode/propellant
distributor temperatures may contribute to degra-
dation through fragmentation of the propellant be-
fore ionization occurs. Secondly, processes of elec-
tron - ion recombination, recycling of ions into neu-
tral particles at solid surfaces, charge exchange be-
tween ions and neutrals, and electron attachment
to carbon species may further contribute to carbon
buildup on the thruster and channel surfaces [128].

4.5. Water (H2O)

The current research effort focuses on the use
of water (H2O) as a propellant in Hall thrusters
[129] [130] [131]. The advantages of water are the
low cost and low toxicity coupled with wide avail-
ability in the Solar System, unlocking the poten-
tial of in-situ propellant acquisition and utilization
[132]. Water is a light propellant with an atomic
mass of 18.02 u, implying a theoretically high spe-
cific impulse achievable in Hall thruster operation
[130]. The first ionization energy of water is 12.65
eV which is close to xenon (12.1 eV) [133] [134].
The total ionization cross sectional area of a water
molecule (2.32 Å2 [133]) however is smaller than
that of xenon (5 Å2) leading to increased ioniza-
tion difficulty. Water can be stored in liquid state
at higher densities than krypton or argon yet at
lower densities than other propellants such as io-
dine or zinc amongst others. Another advantage
of water is the ability to electrolyse the propel-
lant for hydrogen and oxygen extraction enabling
usage of chemical propulsion systems or a multi-
mode electrical-chemical propulsion system [130]
[135]. Cathode integration is further simplified
since extracted hydrogen may be used as the cath-
ode propellant [136]. Studies on water usage in hall
thrusters have shown a relatively low efficiency in
the order of 4 - 13%[131] [129] which can be at-
tributed to dissociation as well as plasma instabil-
ity. Thruster design parameters have been shown

to contribute significantly to the theoretical perfor-
mance of water as a propellant [137].

4.6. Oxygen (O2), Carbon Dioxide (CO2) and Ni-
trogen (N2)

There has been various investigations into the use
of other molecular gases within Hall thrusters, in
particular within the scope of air breathing electric
propulsion [138][47]. The propellants proposed are
oxygen (O2), carbon dioxide (CO2) and nitrogen
(N2) as they can be found in various percentages
within planetary atmospheres in the solar system.
They have wide availability and low price and can
be regarded as non-toxic. The propellants can be
used independently or in a mixture replicating the
planetary atmosphere conditions at a certain alti-
tude or within a different planetary atmosphere.

Carbon dioxide is the heaviest of the three
molecules at 44.01 u, oxygen the second at 32 u
and nitrogen the lightest at 28.02 u [139]. Given
the lower mass of the molecules compared to xenon,
the molecules have faster thermal velocities, and so
a shorter residence time within the discharge chan-
nel. The first ionization energies of the three molec-
ular propellants are 13.78 eV for CO2, 12.07 eV for
O2, and 15.58 eV for N2 [140] [139], all higher than
the first ionization energy of xenon (12.1 eV) with
the exception of O2. Coupled with a smaller total
ionization cross sectional area than xenon at 2.5 Å2

N2, 2.8 Å2 O2 and 3.5 Å2 CO2 [140] [141], difficulty
in ionization is expected with a reduced probability
of electron impact. Thruster channel lengths be-
come important design parameters to increase the
ionization rate for these propellants [141]. Stud-
ies on Hall thrusters operating on pure N2, O2 and
CO2 are limited [130] [141] [142] showing poorer
efficiency peaking in the range of 22-28% anode ef-
ficiency compared to operation on gas mixtures.

Recent studies demonstrate the ignition of the
thruster on nitrogen-oxygen mixtures, with thrust
achieved at the mN level [143][46]. Work has also
been completed investigating Hall thrusters using
CO2 mixtures for operation in the Martian atmo-
sphere [144][47]. Hall thrusters operating on mix-
tures of Xe with N2 and air have also been demon-
strated [145]. The current research focus is on the
development of air breathing concepts for very low
altitude orbits, of approximately 200 km. Efficien-
cies as high as 27% have been achieved on atmo-
spheric air compositions representing altitude of
150 km in Hall thrusters at 2-2.5 kW [47]. Sim-
ilarly, Hall thrusters operating on martian atmo-
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sphere composition of predominantly CO2 achieved
an overall efficiency in the range of 20-25% with
thrust to power ratios of 30 mN/kW [47].

4.7. Performance Overview

As with most alternative propellants discussed in
this study a limited data set is available for molec-
ular propellants in standard configuration Hall
thrusters. Data on Hall thruster performance on
molecular propellants is shown in Figures 20, 21,
and 22 showcasing thrust, specific impulse and ef-
ficiency for a wide selection of thrusters as well as
xenon and krypton.
In the low power range below 200 W, TEA and

TPA show good performance with higher thrust,
efficiency and specific impulse compared to avail-
able krypton data. TEA and TPA are very closely
matched in terms of thrust, specific impulse and
efficiency with TPA showing slightly better perfor-
mance peaking at approximately 18.5 % anode ef-
ficiency (TPA). The maximum thrust was approx-
imately 4.3 mN (TPA) and peak specific impulse
1460 s (TPA) [26]. With controlled usage to miti-
gate toxicity risks, TPA and TEA are highlighted as
being promising propellant alternatives to xenon.
Up to 1 kW, nitrogen has the highest perfor-

mance with a maximum anode efficiency of 23% in

Figure 20: Thrust vs anode power for Hall thruster operating
on molecular propellants.

the available dataset [141]. At this point the thrust
generated is 22.76 mN with a specific impulse of
1114.16 s.

In the upper power bracket above 1 kW, the per-

Figure 21: Specific impulse vs anode power for Hall thruster
operating on molecular propellants.

Figure 22: Efficiency vs anode power for Hall thruster oper-
ating on molecular propellants.
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formance of molecular propellants is reduced with
krypton performing significantly better. Yet no-
tably, oxygen and carbon dioxide can achieve a high
specific impulse in the range of 1700-2300 s at 1.5-2
kW [129] [47] albeit at an efficiency penalty, peaking
at 26% for carbon dioxide. Fullerene is also a good
candidate for high thrust scenarios achieving a max-
imum thrust of 33.6 mN [128] yet displaying signifi-
cant losses due to fragmentation and other recombi-
nation mechanisms. With the added power require-
ments for the propellant phase change, fullerene
performs poorly in the overall assessment compared
to other molecular alternatives. Finally water as a
propellant succeeds in achieving a high specific im-
pulse yet thrust and overall efficiency are low. How-
ever, these drawbacks are offset by the possibility of
in-situ propellant utilization along with the ability
to operate chemical thrusters from hydrogen and
oxygen extracted through electrolysis.

The study of alternative molecular propellants is
still ongoing with significant progress being made in
the development of a cheaper and readily available
replacement propellant to xenon.

5. Hollow Cathode Considerations

A hollow cathode is a critical component within
Hall thruster systems, serving to sustain the ioniza-
tion process, and neutralise the plume. The cath-
ode is only briefly discussed in this study in the
context of alternative propellant operation.

A typical hollow cathodes consists of a low work
function emissive material that releases electrons
through thermionic emission. To avoid space charge
limitations a gas is fed into the hollow cathode, with
typically the same propellant used for the cathode
as for the thruster itself. Therefore, the issue of
compatibility between the propellant and the emis-
sive material is a large concern for the selection of
alternative propellants.

Barium oxide (BaO) impregnated tungsten is
perhaps the most commonly used cathode emis-
sive material with EP systems. Low energy elec-
trons are produced by heating a barium-on-oxide
mono-layer that forms on the surface of the tung-
sten matrix. As the barium and barium oxide is
continuously evaporated from the emitter surface,
BaO cathodes rely on two processes to replenish
the surface layer: a chemical reaction with the
tungsten matrix to produce the barium, and dif-
fusion through the matrix that brings the barium

to the surface [146]. This reliance on chemical pro-
cesses makes BaO cathodes susceptible to poison-
ing as electronegative gases such as oxygen can be
chemically adsorbed into the emitter, altering the
processes and increasing the material work func-
tion. Operation of BaO hollow cathodes has been
demonstrated noble gases, and also operation us-
ing iodine although not including long term testing
[146].

Lanthanum hexaboride (LaB6) is another popu-
lar emitter material that possesses significant flight
heritage [24]. LaB6 cathodes are less sensitive to
poisoning than those that use BaO, as there is
no reliance on chemical processes since the entire
bulk is emissive. LaB6 cathodes have been demon-
strated successfully with a range of propellants,
including the noble gases but also more reactive
elements such as hydrogen, oxygen, and bismuth
[147][148][149]. LaB6 has also been used as the
emissive material within a hollow cathode operat-
ing on lithium [150], designed for use with a very
high Isp gridded ion thruster [151].

There are currently various other materials under
consideration for use as the insert of an alternative
propellant hollow cathode, in particular for use with
iodine [152][153]. One novel insert material is cal-
cium aluminate electride, C12A7. As well as having
a very low work function, it has been reported to be
iodine compatible, although with operation for only
20 hours[154]. Propellant compatibility with cath-
ode materials is not only limited to the emissive in-
sert. Highly reactive propellants such as iodine are
known to negatively interact with steel and tung-
sten, both of which are commonly used materials
in cathode design [155].

To summarise, hollow cathodes with a high de-
gree of compatibility is an ongoing area of research,
and although initial results look promising with re-
gard to operation with harder to handle alternative
propellants, further research is required.

6. Propellant Density

The density of an element is also of significant im-
portance to its selection as a propellant. A higher
density allows for a greater quantity of propellant
to be stored in a smaller volume. Xenon is the most
dense of the noble gases at 1600 kg/m3 when stored
above 80 bar followed by krypton and argon as
shown in Figure 23. Unlike xenon, krypton requires
a much higher storage pressure to increase the den-
sity making it less volume efficient. The high pres-
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Figure 23: Density vs pressure for different gaseous propel-
lant options at a temperature of 300 K. Data from the NIST
database.

Figure 24: Density vs temperature for different condensable
propellant options: solid - solid line; liquid - dashed line;
Data from [156][157][158][159].

sure vessels required to maintain higher densities
can place limitations on the available space for
other spacecraft systems.

Condensable propellants are naturally much
more dense than gaseous elements, as shown in Fig-
ure 24. Their solid state densities range from as low
as 1738 kg/m3 in the case of magnesium (slightly
higher than the density of pressurised xenon), to as
high as 9747 kg/m3 in the case of bismuth. How-
ever, the density of the propellant registers a signif-
icant drop past the melting point highlighting an

Figure 25: Density vs temperature for different molecular
propellant options: solid - solid line; liquid - dashed line;
Data from Merck.

important design consideration. Notably a liquid
phase change of bismuth has the opposite effect of
increasing its density by a small margin exceeding
10, 000 kg/m3.
Molecular propellants densities range from 726

kg/m3 TEA and 756 kg/m3 TPA in liquid state to
1080 kg/m3 adamantane and 1650 kg/m3 fullerene
in solid state with water at approximately 1000
kg/m3. A comparison of liquid/solid molecular pro-
pellants is shown in Figure 25. These values are
lower than pressurised gaseous alternatives indicat-
ing a larger volume penalty for propellant storage.

7. Financial Cost

To provide a complete overview of propellant op-
tions, a cost comparison of selected propellants is
presented. The USD price per kilogram or liter is
shown in Table 2.

The purity of the element is a major factor that
influences the overall cost. Where possible, the
highest purity of above 99.99 % was used in the cost
table. However, in real world applications lower pu-
rities may be sufficient, as a result the propellant
will be at a much lower cost. Given the fluctuating
nature of the market where prices may increase or
decrease in response to external factors, the values
presented in Table 2 are intended as a guideline in
propellant cost ranking.

Condensable propellants such as zinc, cadmium,
magnesium and bismuth are the cheapest in the
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Purity 99.99% Market 2017 2018 2019 2020 2021 2022
USD/l
Xe∗∗ European Market - - - - 910.97 1,050.00
Kr∗∗ European Market - - - - 177.86 204.00
Ar∗∗ European Market - - - - 218.91 243.00
O∗∗

2 European Market - - - - 169.88 195.00
N∗∗

2 European Market - - - - 169.88 195.00
CO∗∗

2 European Market - - - - 182.42 195.00

USD/kg
Zn∗ North American 3.07 3.11 2.74 2.44 3.20 -

London Metal Exchange 2.89 2.93 2.55 2.26 3.00 -
Cd∗ North American 1.75 2.89 2.67 2.29 2.49 -

Mg∗ U.S. Spot Western 4.74 4.78 5.40 5.49 8.60 -
European Free Market 2.27 2.55 2.43 2.15 5.50 -

Bi∗ North American 10.89 10.16 7.01 6.00 8.05 -

I∗2 North American 19.55 22.46 26.38 31.57 32.00 -

Cs∗+ North American - - - 65200.00 69900.00 -
London Metal Exchange

Hg∗ European Union 30.20 31.91 - - - -
Global 36.93 78.59 73.98 - - -

USD/kg
TEA∗∗∗ - - - - 150.47 398.07
TPA∗∗∗ - - - - 66.00 113.70

Adamantane∗∗∗ - - - - 540.00 721.36
Fullerene∗∗∗ - - - - 493.30 1,000.00

Table 2: Price evolution for selected elements. +Price derived from flask data; * according to U.S. Geological Survey 2022
[97] ** according to Merck ; *** Various independent suppliers;

current market, with iodine a more expensive alter-
native yet much cheaper than xenon.
Molecular propellants are more expensive than

their condensable counterparts with a drastic in-
crease above 99.9 % purity for larger quantities.
Finally rare gasses are the most expensive at high

purity with xenon at the top. In spite of this, xenon
still remains the standard propellant in EP albeit
at a non-negligible percentage of the total cost of
the spacecraft.

8. Mission Scenario Study

To conclude the theoretical review of propel-
lants, an analysis of propellant performance in Hall
thrusters is proposed based on a set of potential
mission parameters. The scenarios presented range
from low power, small spacecraft station keeping
needs to high power interplanetary travel. The
viability of a subset of propellants is explored in
the specified power bracket and their drawbacks
highlighted. For brevity, argon, nitrogen, oxygen,
carbon dioxide and water are not included in this
calculation due to the relatively low experimental
performance exhibited. For consistency, the power
brackets are defined as follows: low power - ≤1 kW;
medium power - 1 kW - 2.5kW; high power - ≥2.5
kW.

The input parameters for the calculations pre-
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sented are simplified to thruster power, thruster
discharge voltage, spacecraft dry mass and required
total delta v (∆v). Ideal thrust and specific im-
pulse calculations are performed based on propel-
lant mass (M in kg) and thruster power (P = IbVb)
according to the following equations [36]:

Isp =
1

g0

√
2eVb

M
(10)

T =

√
2M

e
Ib
√
Vb (11)

Where e represents the elementary charge and g0
gravitational acceleration. Efficiency terms are not
included in this calculation since they depend on
propellant performance within a specific thruster
and can range significantly depending on thruster
design. The propellant mass is then extracted from
the ∆v equation using the previously calculated
ideal thruster performance and the input spacecraft
dry mass:

∆v = (g0Isp)log

(
md +mp

md

)
(12)

Finally, the propellant flow rate ṁp is extracted
from the specific impulse - thrust equation:

Isp =
T

ṁpg0
(13)

To produce a fair comparison, a minimum power
calculation is conducted for condensable and molec-
ular propellants according to the theoretical back-
ground presented in Section 2.2. In this case, an
external tank design coupled with a gas distribu-
tor anode is assumed (Figure 11). Consequently,

propellant transport is also included in the calcu-
lation for a better power estimation. Equations, 1,
2, 6 and 9 are combined and solved numerically.
To generate an exposed area, the propellant bulk is
assumed to be a cube with a volume given by the
required propellant mass and the specific propellant
density. Finally, the diameter of the feed is assumed
to not exceed the height of the Hall thruster dis-
charge channel since the most common method of
propellant distribution is through the thruster an-
ode. This assumption relates the propellant trans-
port requirements to the size of the thruster. As a
result, an estimation of the thruster size is required
to finalize the calculation. This is achieved through
a set of scaling laws that are used in the prelimi-
nary design of Hall thrusters [160]. For comparison
xenon and krypton are included in the propellant
estimation and are assumed to be pressurised at 200
bar respectively.

8.0.1. Station Keeping Scenario

The first theoretical scenario simulates the sta-
tion keeping requirements of a small md = 50 kg
spacecraft that requires a total of ∆v = 1 km/s
for a mission duration of 5 years. In this case, the
size of the spacecraft limits the amount of avail-
able power for the propulsion system to 100 W. As-
suming a discharge voltage of 100 V, the propellant
performance is shown in Table 3.

In terms of performance at low power, xenon, io-
dine, TPA, TEA and adamantane (C10H16) show
almost identical ideal specific impulse and thrust,
and similar propellant flow rate requirements. The
most drastic difference is the overall propellant vol-
ume. Iodine is the most advantageous due to its
outstanding volumetric savings. Molecular propel-

Power Rating (W) 100
Voltage (V) 100

Delta V (m/s) 1000
Dry Mass (kg) 50

Xe Kr I Mg Zn Bi Cd TPA TEA C10H16 C60

Burn Time (h) 877.60 1089.32 892.02 1991.89 1228.46 703.27 945.49 841.69 994.57 862.19 396.42
Propellant Mass (kg) 4.30 3.41 4.22 1.81 3.00 5.48 3.97 4.50 3.76 4.38 10.66
Propellant Volume (l) 2.06 3.76 0.86 1.04 0.42 0.56 0.46 5.98 5.17 4.06 6.46

Flow Rate (mg/s) 1.36 0.87 1.32 0.25 0.68 2.17 1.17 1.48 1.05 1.41 7.47
Ideal Isp (s) 1236.24 1547.41 1257.43 2873.26 1751.86 979.87 1336.04 1183.44 1408.17 1213.59 527.66

Ideal Thrust (mN) 16.50 13.18 16.22 7.10 11.64 20.81 15.26 17.23 14.48 16.80 38.65
Total Impulse (kNs) 52.12 51.68 52.08 50.90 51.48 52.69 51.96 52.22 51.85 52.16 55.16

Tank Power (W) - - <5 37.97 12.30 206.91 7.26 <5 <5 <5 220.42
Propellant Cost (USD) 9884.58 3188.26 135.16 15.53 9.59 44.14 9.87 296.96 563.25 236.67 5258.24

Table 3: Scenario 1 - Station keeping of a small spacecraft propellant performance comparison (100 W Hall thruster). Cost
estimated on 2021 market data.
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Power Rating (W) 300
Voltage (V) 200

Delta V (m/s) 1000
Dry Mass (kg) 50

Xe Kr I Mg Zn Bi Cd TPA TEA C10H16 C60

Burn Time (h) 408.68 508.53 415.48 934.09 574.15 326.44 440.70 391.74 463.85 401.41 181.52
Propellant Mass (kg) 3.00 2.38 2.95 1.27 2.10 3.82 2.77 3.14 2.63 3.06 7.32
Propellant Volume (l) 1.44 2.63 0.60 0.73 0.29 0.39 0.32 4.17 3.62 2.83 4.44

Flow Rate (mg/s) 2.04 1.30 1.97 0.38 1.02 3.25 1.75 2.23 1.57 2.12 11.20
Ideal Isp (s) 1748.30 2188.37 1778.28 4063.40 2477.51 1385.75 1889.44 1673.63 1991.45 1716.27 746.23

Ideal Thrust (mN) 35.00 27.96 34.41 15.06 24.70 44.15 32.38 36.56 30.72 35.65 81.99
Total Impulse (kNs) 51.49 51.18 51.46 50.63 51.04 51.89 51.37 51.55 51.30 51.52 53.58

Tank Power (W) - - <5 26.95 8.72 161.18 5.12 <5 <5 <5 155.10
Propellant Cost (USD) 6904.55 2232.59 94.43 10.93 6.72 30.74 6.90 207.31 394.04 165.28 3611.57

Table 4: Scenario 1 - Station keeping of a small spacecraft propellant performance comparison (300 W Hall thruster). Cost
estimated on 2021 market data.

lants are less efficient due to lower density than
pressurised xenon. Given that all of the highlighted
alternative propellants produce high vapor pressure
with minimal power input (< 5 W), for this use case
and power scenario, iodine is a strong alternative to
xenon.

Other propellants such as bismuth and C60 are
less desirable in the low power bracket since the to-
tal estimation of heater power exceeds drastically
the thruster power. However, Hall thrusters oper-
ating on bismuth showed high anode efficiency to-
wards to upper limit of the thruster power window
closer to 1 kW showcasing the viability of this pro-

pellant when heating power costs can be included in
the power budget of the mission. Magnesium and
zinc highlight a potential compromise. Due to their
high theoretical specific impulse, they require much
less propellant for the same mission scenario than
xenon or iodine albeit with the need for a longer
burn time to achieve the same ∆v. The heater
power requirement is however more demanding at
this scale. The heater power represents 38% of the
total available power in the case of magnesium and
12% in the case of zinc. As a result zinc and mag-
nesium are less desirable compared to iodine in this
scenario.

Figure 26: Thrust, specific impulse and efficiency vs power for Hall thrusters operating on different propellants in the low
power bracket up to 1 kW.
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If the available power is increased for the same
spacecraft mass, a larger thruster may be used.
Propellant performance data is shown in Table 4
for a 300 W thruster operated at 200 V in the same
mission conditions (spacecraft mass md = 50 kg
and a total ∆v = 1 km/s). The coupled effect
of higher thruster performance, lower total propel-
lant mass, and less restrictive feed geometry as a
result of larger thruster dimensions reduces signifi-
cantly the required heater power for condesable pro-
pellants. In a 300 W thruster, magnesium heater
power expenditure may be reduced up to 9% of
the total thruster power available while zinc may
draw approximately 3% of the total thruster power
available. As a result zinc and magnesium become
more competitive in terms of propellant mass, vol-
ume and cost compared to xenon. Iodine is still
a power efficient, high performance, alternative to
xenon while cadmium offers higher thrust and vol-
ume savings at a similar power input to iodine (5
W) at the cost of reduced specific impulse. Bismuth
requires a higher propellant mass as well as a high
fraction of the available power (53%) making its
use unfeasible at this scale. Finally, TPA,TEA and
adamantane (C10H16) can provide a similar perfor-
mance to xenon yet they require a significantly large
volume that might be detrimental at this scale.

An overview of experimental Hall thruster per-
formance data within the low power range is shown
in Figure 26. The available experimental data set
on alternative propellant usage agrees with the con-
clusions of the theoretical study. Iodine is a strong
match to xenon performance while bismuth and
zinc show good performance closer to the kW levels
of power.

Overall the most promising propellant alternative
to xenon in the low power thruster range (50 W -

1 kW) is iodine. It offers considerable volume and
cost savings while offering almost identical if not su-
perior performance to xenon. The high achievable
vapor pressure at a very low power input makes it
suitable when available power is low. Finally, due to
the inherent similarity to xenon, the Hall thruster
design does not need to change to make efficient use
of iodine as a propellant.

8.0.2. SMART-1 Mission Scenario

The second theoretical scenario simulates the
SMART-1 mission profile where a SNECMA PPS-
1350G Hall effect thruster was used [161] [162]. The
thruster was operated between 462 W – 1190 W
[162]. An average discharge power of 1100 W is
used for the propellant calculation. The discharge
voltage for the operational thruster varies between
220 V and 350 V. The calculation assumes a set
300 V. The SMART-1 spacecraft has a md = 370
kg mass and required a total of ∆v = 3.7 km/s.
The theoretical propellant performance is shown in
Table 5.

Total propellant mass calculations show that
71.29 kg of xenon would be needed for the dura-
tion of the mission. Flight data show that 81.72 kg
of xenon were consumed in reality [162]. The result
is a 13% difference in the estimation considering
ideal thruster performance at a fixed power. Given
the complexity of the thrust profile for the real mis-
sion and the subsequent variation in discharge volt-
age, power and propellant flow rate, the theoretical
approximation is limited to showcase ideal perfor-
mance at a set condition. With this limitations in
mind, the data shown in Table 5 can still provide
an insight into the behaviour of alternative propel-
lants in a medium power thruster in the context of
a more complex mission scenario.

Power Rating (W) 1100
Voltage (V) 300

Delta V (m/s) 3700
Dry Mass (kg) 370

Xe Kr I Mg Zn Bi Cd TPA TEA C10H16 C60

Burn Time (h) 3969.06 4878.59 4030.95 8764.02 5477.00 3221.80 4260.55 3814.95 4471.36 3902.94 1917.97
Propellant Mass (kg) 71.29 55.93 69.98 29.14 48.99 92.11 65.52 74.78 61.90 72.75 189.10
Propellant Volume (l) 34.08 61.76 14.20 16.75 6.86 9.39 7.57 99.30 85.26 67.36 114.60

Flow Rate (mg/s) 4.99 3.18 4.82 0.92 2.48 7.94 4.27 5.44 3.85 5.18 27.39
Ideal Isp (s) 2141.23 2680.20 2177.94 4976.63 3034.32 1697.19 2314.08 2049.77 2439.01 2101.99 913.94

Ideal Thrust (mN) 104.77 83.70 103.00 45.08 73.93 132.18 96.94 109.44 91.98 106.73 245.46
Total Impulse (kNs) 1497.02 1470.04 1494.73 1422.23 1457.75 1533.10 1486.92 1503.09 1480.56 1499.56 1694.83

Tank Power (W) - - ≈5 192.09 62.96 1338.13 37.17 ≈5 ≈5 ≈5 1206.52
Propellant Cost (USD) 163915.69 52355.84 2239.47 250.62 156.77 741.50 163.15 4935.16 9284.98 3928.28 93281.57

Table 5: Scenario 2 - SMART-1 mission for a single 1.1 kW Hall thruster. Cost estimated on 2021 market data.
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Figure 27: Thrust, specific impulse and efficiency vs power for Hall thrusters operating on different propellants in the medium
power bracket from 1 kW to 2.5 kW.

In this scenario, iodine can still provide a sim-
ilar performance to xenon at a third of the price
and half the propellant volume. Comparative ex-
perimental performance data shown in Figure 27
highlights a slight drop in iodine efficiency, thrust
and specific impulse. This may be due to a thruster
size limitation. In the medium power thruster class,
iodine still represents a good alternative propellant
to xenon due to low cost, high density and mod-
est heating requirements making it preferable over
krypton.

Due to the large amount of propellant which the
estimation assumes to be heated as a singular mass,
power expenditure for bismuth exceeds the avail-
able thruster power. Consequently, heating up the
whole mass of propellant would not be efficient.
A solution to this issue could be bismuth propel-
lant tank and management systems segmentation
when scaling up towards higher power thrusters. A
segmented design would involve multiple propellant
tanks containing lower amounts of propellant (simi-
lar to Table 4 data) which can be managed with 150
W to 200 W of power. Upon depletion, a second
tank can be heated and used to exhaustion and so
on. This approach would make bismuth usage fea-
sible in medium sized thrusters whist also provid-
ing a set of redundancies covering potential heater
failure. A comparison between the theoretical per-

formance of bismuth (Table 5) and experimental
data points shown in Figure 27 indicates very good
agreement. In fact bismuth provides more thrust
than xenon with a small specific impulse penalty at
an overall high anode efficiency. Coupled with the
excellent density of bismuth, the required propel-
lant volume is reduced by approximately 3.6 times.
The disadvantages of bismuth include higher pro-
pellant mass requirements for a similar ∆v and the
expensive heating power requirements. Nonethe-
less, bismuth may be successfully used in a mid
power scenario predicting very good compatibility
to high power thrusters.

Perhaps the most impressive propellant in the
mid power scenarios is zinc. The bulk heating
power cost of zinc is low at 63 W. A segmented
design similar to the bismuth proposition can also
be used to further lower the required vaporization
power. The total zinc mass required is significantly
reduced at approximately 68% of the total xenon
mass required. Volume savings are further bene-
ficial at 20% of the total xenon volume. Experi-
mental performance data of zinc shown in Figure
27 suggests that zinc may match the highest effi-
ciency krypton thrusters and the lower efficiency
xenon thrusters at approximately 45% anode effi-
ciency in this power range in a xenon optimised
thruster. Given the cost, mass and volume savings
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at a low heater power penalty, zinc is a strong al-
ternative propellant for xenon in this bracket.
Magnesium presents similar benefits to zinc.

Only 40% of the total xenon mass of propellant is
required for the same mission while the volume sav-
ings are also high at 50% of the equivalent xenon
volume. However, the propellant heater power cost
is higher than zinc with the same possibility of pro-
pellant tank segmentation. Few experimental per-
formance data points exist for magnesium however
the available data set indicates a lower performance
compared to zinc.
TPA, TEA and adamantane show similar theo-

retical performance to xenon. Their major draw-
back is the low density that leads to significantly
larger propellant tanks. In this power bracket,
the data available focuses on oxygen, carbon diox-
ide, water, and fullerene among other propellants.
Given the scarcity of data, molecular propellants
show good preliminary potential in the thrust and
specific impulse with a relatively low anode effi-
ciency which might be offset by in-situ propellant
utilization.
Overall, the most efficient and promising propel-

lant alternatives in the mid power thruster category
are iodine, zinc, and bismuth with superior perfor-
mance to krypton and even xenon at a fraction of
the cost.

8.0.3. Psyche Mission Scenario

A final theoretical scenario simulates the Psyche
mission profile where 4 SPT-140 Hall thrusters are
used [163]. Since this larger scale mission utilizes
a cluster of thrusters rather than a single unit, the
propellant performance analysis addresses the to-
tal impulse requirements of a single thruster unit.
Including safety margins and the requirement for a
thruster redundancy in the cluster, a single thruster

unit must sustain a total impulse of 5.5 MN-sec
[163]. This translates into a total per thruster
∆v = 2.592 km/s. The Psyche spacecraft mass is
md = 1648 kg and the total propellant mass is 1030
kg. The SPT-140 can operate over a wide range of
discharge power up to 5 kW [164] [163] yet on the
Psyche mission, the thrusters will operate between
1.7 kW and 4.5 kW [165]. The discharge voltage for
the operational thruster is 300 V. The experimental
evaluation of the SPT-140 was undertaken between
200 V and 400 V [164]. For this analysis, an av-
erage discharge power of 2.5 kW is assumed at an
average voltage of 250 V. The resulting propellant
performance is illustrated in Table 6.

Propellant mass estimations with xenon show a
16% difference to the actual propellant mass when
4 identical thrusters are considered. Technical data
show that the SPT-140 operates at a peak 1900 s
specific impulse at 5 kW and 400 V discharge [164]
which is very different from the 1950 s estimation
at 2.5 kW and 250 V. Therefore, the differences ob-
served is a consequence of ideal thrust and specific
impulse estimations. Yet an alternative propellant
overview of ideal propellant performance in high
power thrusters can be drawn.

At this scale, maintaining the propellant at a high
temperature to generate the gas phase and sustain
the required propellant flow rate involves significant
amounts of power most notably with bismuth and
C60. Therefore propellant tank segmentation is cru-
cial in keeping the power requirements low. As mul-
tiple tanks reduce the volumetric benefit of propel-
lants such as bismuth and worsen the penalty of low
density propellants such as C60, a system level op-
timization study can be undertaken to find the mis-
sion adequate number of tanks by balancing tank
heater power consumption and total volume. Bis-
muth and C60 can provide high thrust unmatched

Power Rating (W) 2500
Voltage (V) 250

Delta V (m/s) 2592
Dry Mass (kg) 1648

Xe Kr I Mg Zn Bi Cd TPA TEA C10H16 C60

Burn Time (h) 4862.85 6002.84 4940.45 10867.43 6752.44 3925.14 5228.31 4669.57 5492.54 4779.92 2281.15
Propellant Mass (kg) 239.17 188.44 234.87 98.95 165.38 307.28 220.17 250.62 208.21 243.95 615.84
Propellant Volume (l) 114.35 208.09 47.64 56.87 23.16 31.33 25.45 332.83 286.79 225.88 373.23

Flow Rate (mg/s) 13.66 8.72 13.21 2.53 6.80 21.75 11.70 14.91 10.53 14.18 74.99
Ideal Isp (s) 1950.75 2441.77 1984.20 4533.93 2764.39 1546.22 2108.23 1867.43 2222.05 1915.01 832.64

Ideal Thrust (mN) 261.36 208.81 256.96 112.45 184.44 329.74 241.84 273.03 229.45 266.24 612.34
Total Impulse (kNs) 4575.50 4512.33 4570.16 4399.48 4483.43 4659.44 4551.90 4589.67 4537.01 4581.42 5028.58

Tank Power (W) - - ≈5 401.94 131.34 2981.18 77.08 ≈5 ≈5 ≈5 2467.41
Propellant Cost (USD) 549911.29 176399.31 7515.77 850.95 529.22 2473.64 548.22 16540.86 31230.89 13173.50 303792.15

Table 6: Scenario 3 - Psyche mission scenarios for 1 of the 4 thrusters operating at 250 V - 2.5 kW (4.5 kW Hall thruster).
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Figure 28: Thrust, specific impulse and efficiency vs power for Hall thrusters operating on different propellants in the high
power bracket above 2.5 kW.

by other alternative propellants at this scale and
are most suitable in high power thrusters due to
the subsequent higher power budget. However, C60

suffers heavily from fragmentation as shown in pre-
vious experimental studies [128]. This makes bis-
muth the only viable choice at this high power level
between the two propellants. Based on previous
high power bismuth studies and mid range power
experiments, bismuth is expected to be a very good
propellant in this power bracket.

Zinc, iodine and magnesium are good alternatives
to xenon in terms of price, volume and performance.
Tank heater power peaks at 5% of the total avail-
able power to maintain the bulk of propellant at op-
erational temperature in the case of zinc with much
lower values for iodine. In this case reduced volume
and propellant mass become more advantageous in
spite of the increased power usage as approximately
300 kg of propellant can be saved with thrusters
operating on zinc rather than xenon. However, the
most promising propellant at this scale is magne-
sium. At the expense of higher heater power input
requirements at 400 W per thruster (which can be
reduced to 200 W or lower if the propellant is split
in two or more tanks), the total propellant mass
used is less than half the xenon equivalent mass.
More than 400 kg of propellant could be saved in
a 4 thruster configuration due to the potential pro-

pellant efficiency of magnesium.
Experimental data in the high power range is lim-

ited as shown in Figure 28 with data only available
for iodine. In this case, iodine efficiency is high yet
it does not outperform xenon suggesting potential
limitations with iodine dissociation. Given the cost,
outstanding performance and minimal heating re-
quirements in this power class coupled with signif-
icant volume savings, iodine can be considered the
primary alternative to xenon with a proven perfor-
mance.

In summary, there is a consistent lack of data on
alternative propellants in the high power range. In
spite of this, the theoretical study suggests that io-
dine, bismuth zinc and magnesium would be good
propellant alternatives to xenon. The advantages
in terms of propellant mass, volume and propellant
cost are significant over xenon in a mission scenario
where heater power expenditure is minimal com-
pared to the thruster power.

9. Conclusion

In this study, propellant alternatives to xenon
have been identified and explored through their
physical properties, thruster compatibility and po-
tential performance in a Hall thruster. An ex-
perimental Hall thruster performance database was
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used to support the findings of the theoretical study.
The most power efficient alternative propellant

identified in the low power range (≤1 kW) was io-
dine which can be utilized with a minimal heater
power expenditure providing similar if not superior
performance to xenon at a lower cost and higher
density. TPA and TEA also benefit from modest
heating requirements and offer promising prelimi-
nary performance.
In the mid power range (1 kW-2.5 kW), io-

dine, zinc, and bismuth were identified as the most
promising alternatives. Bismuth was shown experi-
mentally and theoretically to have an excellent per-
formance in terms of thrust and anode efficiency
compared to xenon. However the high heater power
requirement makes it less desirable in this power
bracket. Iodine was still classified as a good al-
ternative to xenon in the medium power bracket.
Zinc was identified as the most theoretically promis-
ing propellant alternative to xenon through the
high density, lower propellant mass requirement,
low cost and low heater power requirements cou-
pled with the demonstrated efficient experimental
performance.
The high power range (≥2.5 kW) was proposed as

the perfect power level for bismuth usage. Zinc and
magnesium were also shown to be capable of provid-
ing significant benefits to xenon usage in this power
level. The high density, lower propellant mass re-
quirement, low cost and low heater power require-
ments of zinc and magnesium make them desirable
propellants in this power bracket along with bis-
muth. Finally, iodine was shown to maintain good
performance both theoretically and experimentally
making it a good alternative to xenon in the high
power range.
Molecular propellants were shown to present ben-

efits in terms of theoretically achievable perfor-
mance both as high thrust alternatives (C60) as well
as molecular weight similarity to xenon (TPA, TEA
and adamantane). Experimentally, oxygen, carbon
dioxide and water demonstrate through preliminary
data potential for in-situ utilization at the expense
of lower anode efficiency.
Atomic gasses such as argon and krypton were

compared directly to xenon and shown to exhibit
a lower theoretical and experimental performance
which was surpassed by other alternatives.
The associated reactivity of elements such as io-

dine, TEA, and TPA may pose significant engineer-
ing challenges at a system level integration with the
spacecraft. The associated high vapor pressure of

adamantane, TEA, TPA, and iodine at low tem-
perature may increase the surface contamination
rate by promotion of secondary sublimation spots
on spacecraft surfaces resulting from temperature
cycles.

Ground testing and development of thrusters uti-
lizing corrosive, reactive, or toxic propellants may
be slower due to the imposed safety and control
standards. Through condensation and inherent
lower vapor pressure, elements such as C60, zinc,
bismuth, and magnesium can maintain low vacuum
pressure even at high flow rates and within confined
volumes. Utilizing these elements as propellants en-
ables ground testing of very high power thrusters
and thruster development in lower volume/ pump-
ing capacity vacuum chambers.

To this date, krypton remains the most common
alternative to xenon prevalent in the space industry,
with a significant cost associated. This cost is lower
than xenon, although much higher than the cost of
the propellants analysed in this paper.

It is clear though that there is a need to move
away from the very predominate use of xenon in
electric propulsion, and that there are alternatives
that have been experimentally demonstrated to suit
a variety of mission scenarios. There are better and
more sustainable options to xenon and still more
potential propellants to be explored.
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P. Proynov, A. Boré, T. Baret, A. Poyet, T. Lafleur,
S. Dudin, et al., In-orbit demonstration of an iodine
electric propulsion system, Nature 599 (7885) (2021)
411–415.

[51] D. Massey, A. Kieckhafer, Development of a vaporiz-
ing liquid bismuth anode for hall thrusters, in: 40th
AIAA/ASME/SAE/ASEE Joint Propulsion Confer-
ence and Exhibit, 2004.

[52] C. Marrese-Reading, A. Sengupta, Vhital program
to demonstrate the performance and lifetime of a
bismuth-fueled very high isp hall thruster, in: 41st
Joint Prop. Conf, Vol. AIAA-2005-4564, Tucson, Ari-
zona, 2005.

[53] M. Hopkins, J. Makela, Mass flow control in
a magnesium hall-effect thruster, in: 46th
AIAA/ASME/SAE/ASEE Joint Propulsion Con-
ference & Exhibit, 2010.

[54] E. Pinsley, C. Brown, Hall-current accelerator utilizing
surface contact ionization, Journal of Spacecraft and
Rockets 1 (1964) 525–531.

[55] C. Brown, E. Pinsley, Further experimental investiga-
tions of a cesium hall-current accelerator, AIAA J 3
(1965) 853–859.

[56] E. Pinsley, Characteristics of a surface contact hall
current accelerator, IEEE Transactions on Nuclear Sci-
ence 11 (1964) 58–65.

[57] G. W. Thomson, The antoine equation for vapor-
pressure data., Chemical reviews 38 (1) (1946) 1–39.

[58] D. Koutsoyiannis, Clausius–clapeyron equation and
saturation vapour pressure: simple theory reconciled
with practice, European Journal of physics 33 (2)
(2012) 295.

[59] National Institude of Standards and Technology, NIST
Chemistry webbook, ”iodine”.

[60] C. Alcock, V. Itkin, Vapour pressure equations for the
metallic elements: 298–2500k, Canadian Metallurgical
Quarterly 23 (1984) 309–313.

[61] M. Tsay, J. Frongillo, K. Hohman, Iodine-fueled mini
rf ion thruster for cubesat applications, in: 34th In-
ternational Electric Propulsion Conference (IEPC),
Kobe, Japan, 2015.

[62] J. M. Martinez, D. Rafalskyi, Development of iodine
propellant and flow control units suitable for multiple
propulsion systems, in: Space Propulsion Conference,
2020.

[63] K. Polzin, J. Seixal, et al. The iodine satellite
(isat) propellant feed system-design and demonstra-
tion, 35th International Electric Propulsion Confer-
ence (IEPC) l (IEPC-2017-11).

[64] V.-G. Tirila, A. Hallock, A. Demairé, C. N. Ryan,
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A. Knoll, Investigation into the wall interactions of a
hall effect thruster using water vapor as a propellant,

in: 37th International Electric Propulsion Conference
(IEPC), Boston, MA, 2022.

[130] A. Schwertheim, A. Knoll, Experimental investigation
of a water electrolysis hall effect thruster, Acta Astro-
nautica 193 (2022) 607–618.

[131] K. Shirasu, H. Kuwabara, Far-field plume diagnostics
of low-power water hall thruster, in: 37th Interna-
tional Electric Propulsion Conference (IEPC), Boston,
MA, 2022.

[132] A. Schwertheim, C. Muir, A. Knoll, Experimentally
demonstrating the feasibility of water as a multimode
electric-chemical propellant, in: 37th International
Electric Propulsion Conference (IEPC), Boston, MA,
2022.

[133] C. Champion, J. Hanssen, P.-A. Hervieux, Electron
impact ionization of water molecule, Chemical Physics
- CHEM PHYS 117.

[134] M. Bolorizadeh, M. E. Rudd, Angular and energy de-
pendence of cross sections for ejection of electrons from
water vapor. i. 50–2000-ev electron impact, Physical
Review A 33 (2) (1986) 882.

[135] C. MUIR, A. KNOLL, Catalytic combustion of hydro-
gen and oxygen, General Issue (2019) 2.

[136] A. Schwertheim, A. Knoll, The water electrolysis hall
effect thruster (wet-het): Paving the way to dual mode
chemical-electric water propulsion, in: 36th Interna-
tional Electric Propulsion Conference (IEPC), 2019,
p. 259.

[137] E. R. Azevedo, K. Jones-Tett, H. Larsen, S. Reeve,
E. Longhi, J. M. M. Tejeda, R. Moloney, A. Schw-
ertheim, A. Knoll, Sizing and preliminary design of
a 2-kw water propelled hall effect thruster, in: 37th
International Electric Propulsion Conference (IEPC),
Boston, MA, 2022.

[138] E. Ferrato, V. Giannetti, A. Piragino, M. Andrenucci,
T. Andreussi, C. A. Paissoni, Development roadmap of
sitael’s ram-ep system, in: 36th International Electric
Propulsion Conference (IEPC), Vol. IEPC-2019-886,
2019.

[139] F. Marchioni, M. A. Cappelli, Extended channel hall
thruster for air-breathing electric propulsion, Journal
of Applied Physics 130 (5) (2021) 053306.

[140] H. Straub, P. Renault, B. Lindsay, K. Smith, R. Steb-
bings, Absolute partial cross sections for electron-
impact ionization of h 2, n 2, and o 2 from threshold
to 1000 ev, Physical Review A 54 (3) (1996) 2146.

[141] D. Margreiter, H. Deutsch, M. Schmidt, T. Märk,
Electron impact ionization cross sections of molecules:
Part ii. theoretical determination of total (counting)
ionization cross sections of molecules: a new approach,
International journal of mass spectrometry and ion
processes 100 (1990) 157–176.

[142] G. Cifali, T. Misuri, P. Rossetti, M. Andrenucci,
D. Valentian, D. Feili, Preliminary characterization
test of het and rit with nitrogen and oxygen, in: 47th
AIAA/ASME/SAE/ASEE Joint Propulsion Confer-
ence & Exhibit, 2011, p. 6073.

[143] T. Andreussi, G. Cifali, Development and experimen-
tal validation of a hall effect thruster ram-ep concept,
in: 35th International Electric Propulsion Conference
(IEPC), 2017.

[144] K. Hohman, V. Hruby, et al. Atmosphereic breathing
electric thruster for planetary exploration, in: NIAC
Spring Symposium, 2012.

[145] A. Gurciullo, A. Fabris, Ion plume investigation of a

35



hall effect thruster operating with xe/n2 and xe/air
mixtures, Journal of Physics D: Applied Physics 52
(2019) 464003.

[146] Z. Taillefer, J. Blandino, Characterization of the near-
plume region of a laboratory BaO hollow cathode oper-
ating on xenon and iodine propellants, in: 35th Inter-
national Electric Propulsion Conference (IEPC), Vol.
IEPC-2017-465, 2017.

[147] D. Goebel, G. Becatto, High current lanthanum hex-
aboride hollow cathode for 20-200 kw hall thrusters,
in: 35th International Electric Propulsion Conference
(IEPC), 2017.

[148] J. Makela, D. Massey, Bismuth hollow cathode for hall
thrusters, J. Propul. Power 24 (2008) 142.

[149] S. Gabriel, A. Daykin-Iliopoulos, Hollow cathode oper-
ation with different gases, in: 35th International Elec-
tric Propulsion Conference (IEPC), 2017.

[150] D. Goebel, G. Becatto, Hollow cathode for a very high
isp interstellar precursor ion thruster, in: 36th Inter-
national Electric Propulsion Conference (IEPC), Vol.
IEPC-2019-369, Vienna, Austria, 2019.

[151] J. Brophy, J. Grandidier, Propulsion architecture for
deep-space missions with characteristic velocities of or-
der 100 km/s, in: 36th International Electric Propul-
sion Conference (IEPC), Vol. IEPC-2019-361, Vienna,
Austria, 2019.

[152] D. Lev, I. Mikellides, Recent progress in research and
development of hollow cathodes for electric propulsion,
Rev. Modern Plasma Phys 3, 6.

[153] S. Thompson, C. Farnell, Evaluation of iodine com-
patible cathode configurations, in: 36th International
Electric Propulsion Conference (IEPC), Vol. IEPC-
2019-768, 2019.

[154] L. Rand, J. Williams, A calcium aluminate electride
hollow cathode, IEEE Trans. Plasma Sci 43 (2014)
190–194.

[155] K. Polzin, S. Peeples, Propulsion system development
for the iodine satellite (iSAT), in: 34th International
Electric Propulsion Conference (IEPC), Kobe, Japan,
2015, pp. –2015 09,.

[156] T. Gancarz, W. Gasior, H. Henein, Physicochemical
properties of sb, sn, zn, and sb–sn system, Interna-
tional Journal of Thermophysics 34 (2) (2013) 250–
266.

[157] P. McGonigal, A. Kirshenbaum, A. Grosse, The liq-
uid temperature range, density, and critical constants
of magnesium1, The Journal of Physical Chemistry
66 (4) (1962) 737–740.

[158] M. J. Assael, I. J. Armyra, J. Brillo, S. V. Stankus,
J. Wu, W. A. Wakeham, Reference data for the den-
sity and viscosity of liquid cadmium, cobalt, gallium,
indium, mercury, silicon, thallium, and zinc, Journal
of Physical and Chemical Reference Data 41 (3) (2012)
033101.

[159] J. Cahill, A. Kirshenbaum, The density of liquid bis-
muth from its melting point to its normal boiling point
and an estimate of its critical constants, Journal of In-
organic and Nuclear Chemistry 25 (5) (1963) 501–506.

[160] K. Dannenmayer, S. Mazouffre, Elementary scaling
laws for the design of low and high power hall effect
thrusters, in: Progress in Propulsion Physics, EDP
Sciences, 2009, pp. 601–616.

[161] G. Racca, A. Marini, L. Stagnaro, J. Van Dooren,
L. Di Napoli, B. Foing, R. Lumb, J. Volp,
J. Brinkmann, R. Grünagel, et al., Smart-1 mission de-

scription and development status, Planetary and space
science 50 (14-15) (2002) 1323–1337.

[162] D. Estublier, G. Saccoccia, J. Gonzales Del Amo,
Electric propulsion on smart-1-a technology milestone,
ESA bulletin 129 (2007) 40–46.

[163] J. S. Snyder, V. H. Chaplin, D. M. Goebel, R. R. Hofer,
A. Lopez Ortega, I. G. Mikellides, T. Kerl, G. Len-
guito, F. Aghazadeh, I. Johnson, Electric propulsion
for the Psyche mission: Development activities and
status, in: AIAA Propulsion and Energy 2020 Forum,
2020, p. 3607.

[164] D. Manzella, Performance Evaluation of the SPT-140,
Vol. 206301, National Aeronautics and Space Admin-
istration, Lewis Research Center, 1997.

[165] J. S. Snyder, D. M. Goebel, V. Chaplin, A. Lopez Or-
tega, I. G. Mikellides, F. Aghazadeh, I. Johnson,
T. Kerl, G. Lenguito, Electric propulsion for the psy-
che mission, in: 36th International Electric Propulsion
Conference (IEPC), JPL Open Repository, 2019.

36


	Introduction
	Gaseous Propellants
	Krypton
	Argon, Neon and Helium
	Gas Mixtures

	Condensable Propellants
	Heating Power Penalty
	Propellant Transport
	Propellant Storage and Delivery
	Liquid Metal Propellants - Caesium and Mercury 
	Solid Metal Propellants - Bismuth, Magnesium and Zinc
	Iodine
	Ionization Characteristics

	Molecular Propellants
	Vapor Pressure, Fragmentation and Toxicity
	Adamantane (C10H16)
	Tripropylamine (TPA) (C9H21N) and Triethylamine (TEA) (C6H15N)
	Fullerene (C60)
	Water (H2O)
	Oxygen (O2), Carbon Dioxide (CO2) and Nitrogen (N2)
	Performance Overview

	Hollow Cathode Considerations
	Propellant Density
	Financial Cost
	Mission Scenario Study
	Station Keeping Scenario
	SMART-1 Mission Scenario
	Psyche Mission Scenario


	Conclusion



