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I. Introduction

Molecular propellants are emerging as an enticing option for electric propulsion (EP), as exploration to
distant planets and asteroids would become more feasible if in-situ resource utilization (ISRU) were avail-
able for propellant replenishment. EP devices with high efficiency and specific impulse have historically
been operated on noble gas propellants. Other propellants have been used (mercury, iodine, Teflon),1 but
these propellants are not abundant in the solar system, limiting ISRU feasibility. Interest in water as a
propellant has emerged due to its relative abundance and safety of use. Water propellant pulsed plasma
thrusters,2 arcjets,3 and miniature microwave discharge ion thrusters4 have been demonstrated in the labo-
ratory. Electrodeless thruster concepts have been proposed to overcome electrode poisoning problems that
arise with water propellant, however, the role of plasma chemistry within these devices remains uncertain.
Analytically, Petro and Sedwick developed a model for water vapor propellant in a helicon thruster.5 This
work considered the propellant to consist of singly ionized molecules (here H2O+), neglecting the effects
of dissociation reactions, multiple reactions occurring as species translate the length of the thruster, and
propellant dwell time in their analysis. Staab et al.6 applied the model of Petro and Sedwick to a water pro-
pellant electron cyclotron resonance (ECR) thruster and found lower performance with water compared to
argon for their design parameters. Experimentally, Charles et al7 evaluated helicon thruster performance on
a variety of molecular propellants. They found double layer formation was similar for the propellants tested
(N2, CH4, NH3, and N2O) compared with argon, but ignored plasma chemistry in their analysis. Outside
of EP, experimental results for water plasmas have tracked generation of hydrogen,8 production of syngas,9

and plasma-assisted combustion.10 These reactions occur at higher pressures (approximately atmospheric)
and may not accurately reflect the chemistry of interest for EP thrusters.

The goal of this paper is to determine the effects of plasma chemistry on EP thrusters. Determining
the relationship between thruster geometry, input power, and plasma composition is critical to designing
efficient thrusters that can operate on molecular propellants, and this paper provides a more realistic model of
expected performance. Our model expands on previous analytic work, by considering dissociation reactions
and transit timescales. We evaluate the plasma exhaust composition (densities of neutral and ionized species)
as a function of thruster length, initial gas pressure, and electron temperature. These relationships are
found using particle and energy balance equations to develop a 1D analytic model, and we determine scaling
relationships to develop thrusters that efficiently operate at different power levels and specific impulses.

II. Description of the Model

We investigate the evolution of a water vapor plasma along the length of a plasma source with cylindrical
symmetry, as shown in Fig. 1. The source has radius rt and length L, with a primarily axial applied
magnetic field B. At one end of the plasma source, water vapor is injected at a constant mass flow rate
ṁ. The other end of the source is open, with a magnetic nozzle formed from the magnetic field which
additionally accelerates ions leaving the source. This configuration is applicable to a variety of schemes,
including helicon thrusters, radio-frequency sources, and ECR thrusters.

Figure 1: The set-up for the control volume model.
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We take a control volume approach to analyze the flow through the thruster, as described in Sec. A. As
the molecular water vapor propellant translates the length of the thruster, electron impact reactions create
excited, ionized, and dissociated species. This chemistry is modeled in Sec. B. The composition of this
plasma ultimately affects thruster performance, as shown in Sec. C.

A. Control Volume Model

We develop a control volume model to determine species concentrations in the plasma plume. We assume
the solution is steady state, and we ignore any explicit time dependence. Furthermore, we consider only
axial variations in z; cross field diffusion and wall losses are ignored. This allows us to focus on the dominant
chemistry occurring along the length of the thruster. These simplifications provide the best case scenario of
thruster performance.

1. Species Continuity

The initial mass flow is introduced as a boundary condition, and total mass is conserved as species react.
However, the mass flow rates of individual species evolves through production and consumption reactions.
Considering the jth species, mass conservation is

mj

[
∂nj
∂t

+∇ · (njuj)

]
= Sj − Cj (1)

where mj is the particle mass of species j, n is the number density, u is the velocity vector, Sj represents
production of j, and Cj represents consumption of j. While they represent opposite physical processes,
production and consumption have a similar form: reactions occur proportional to the density of each reactant
species and the reaction rate, κ = κ(Te), where Te is the electron temperature. For a specific reaction, this
is

Sk→j = κk→jmjnenk (2)

Cj→l = κj→lmlnenj (3)

where e represents the electrons, k represents reactant species producing species j, and l represents product
species from reactions consuming species j. We assume the plasma has azimuthal symmetry and is radially
uniform. This implies that ṁj(z) = mjnj(z)uj(z)A, where uj(z) = uj,z(z). Further, by applying steady
state assumptions, we can write Eq. (1) as

mj
d(njuj)

dz
=
∑
k 6=j

Sk→j −
∑
l 6=j

Cj→l (4)

Assuming Te is known, Eq. (4) gives us a set of N equations solving for N heavy species number
densities, N heavy species velocities, and one electron number density (2N+1 unknowns). We use momentum
conservation (described in the next section) and charge conservation to close the model. Charge conservation,
considering the charge state (Zj) of ion species j, requires

ne =
∑
j∈ions

Zjnj (5)

2. Species Velocity

In order to describe species velocities, we need to understand the inherent physics of plasma sources operating
with magnetic nozzles. Magnetic nozzles, similar to de Laval nozzles for fluid exhaust, convert the plasma
thermal energy into directed kinetic energy. Recent analytic models of the flow before11 and after12,13 the
throat of the magnetic nozzle have shown the acceleration processes relevant to this model. Inside the
plasma source, plasma pressure provides the acceleration.11 In the magnetic nozzle, diamagnetic electron
currents generate a magnetic field that opposes the magnetic nozzle to provide thrust, and an ambipolar
electric field accelerates the plasma.12 Further downstream, the plasma detaches from the magnetic field as
unmagnetized ions separate inertially from magnetic field lines.13 Once the plasma reaches the throat of the

3
The 36th International Electric Propulsion Conference, University of Vienna, Austria

September 15-20, 2019



magnetic nozzle, it is assumed collisionless, and the effects of the magnetic nozzle on the ions and electrons
are treated. Neutral species exhausting through a magnetic nozzle are not affected.

Inside the thruster, we assume that the thruster is quasineutral with no applied electric fields and that
uj and B are purely axial in the thruster. Further, we assume perfect magnetic shielding of the lateral walls,
due to a sufficiently high axial magnetic field, and large local magnetic shielding of the rear wall, consistent
with assumptions made by Ahedo and Navarro-Cavallé.11 These latter assumptions eliminate wall losses
and the possibility of recombination at the wall, but Ahedo and Navarro-Cavallé showed these effects do not
dramatically affect plasma density.11 Ahedo and Navarro-Cavallé also calculated the ion velocity inside the
thruster; while plasma velocity is not constant in the thruster, ions quickly accelerate to the sonic velocity. In
our analysis, we use momentum conservation with an assumed potential drop along the thruster to determine
ion velocity.

The potential drop between propellant injection and the throat of the magnetic nozzle is assumed to
follow

Vp = −γekBTe
2

( z
L

)α
(6)

where Vp(z) is potential inside the thruster, with Vp(0) = 0, γe is the polytropic index for the electrons, kB
is the Boltzmann constant, and α represents the steepness of the acceleration region. This profile ensures
the ions exhaust at their sonic speed.

Solving for velocity requires conservation of momentum. Assuming steady state solutions (no explicit t
dependence) and azimuthal and radial symmetry (only z dependence), this becomes

d(mjnju
2
j )

dz
= ZjqnjEz + Fj,CX +

∑
k 6=j

Sk→juk −
∑
j 6=l

Cj→luj (7)

where Ez = −dVp/dz is the electric field in the z direction and Fj,CX is the momentum transfer due to
resonant charge exchange for species j, defined as

Fj,CX = mjnjnj,CXσj,CX(uj,CX − uj)|uj,CX − uj | (8)

where σj,CX is the charge exchange collisional cross section for species j.
The first term on the right hand side of Eq. (7) is the acceleration of ions due to the presence of an

electric field. The second term on the right hand side represents momentum conservation during charge
exchange collisions. In this model, we account for all resonant charge exchange reactions; non-resonant
charge exchange are ignored. The third and fourth terms on the right hand side of Eq. (7) account for the
momentum conservation for during reactions.

For the initial velocity, we assume the water propellant is injected at room temperature (298 K) sound
speed, uH2O = 369.9 m/s. All species are initially assumed to have this velocity. The full system of equations
[Eqs. (4) - (7)] are sufficient to solve for species concentrations for a given Te. However, Te is typically not
known a priori; instead, by self-consistently solving for Te based on the power, we can determine plasma
composition. This is explored in the next section.

3. Power Conservation

Power is a design point for thrusters, and accounting for power consumption ensures a self-consistent electron
temperature solution. We calculate input power (Pin) from the energy to produce an atom, ion, or molecule
from the parent species (frozen flow power, Pff ), the energy required to accelerate these species through a
magnetic nozzle (kinetic power, Pv), and other power loss terms (Plosses):

Pin = Pff + Pv + Plosses (9)

The power required to ionize or dissociate is a frozen flow loss, as this power cannot be recovered from
the flow as it exhausts. In this model, we do not make any estimates on power losses due to inefficiencies
in coupling, line resistance, or wall losses. Therefore, Plosses = 0. This assumption, along with the frozen
flow calculation, minimizes the power required and provides an upper limit on the thrust efficiency, as will
be shown in Sec. II.C.
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Frozen flow power for a species j accounts for the energy loss of every reaction consuming j in the thruster
volume, V . Since reaction rates describe number density production per second, we must integrate frozen
flow losses, which yields

Pff,j =

∫
V

∑
k 6=j

κj→kεj→knenjdV (10)

where εj→k is the energy loss for the reaction j → k. To include the effects of atomic excitation and radiative
energy losses, we use an effective energy loss. For neutral species, we assume the effective energy loss for
an ionization reaction is twice the ionization energy, the asymptotic limit of collisional energy loss due to
ionization, excitation, and elastic scattering.14 This assumption is more accurate for high (Te > εmin eV)
temperatures. Dissociation reactions were not subject to this effective energy loss. Integrating frozen flow
power accounts for axial variation in ne and nj . We assume constant area, azimuthal symmetry, and radially
uniform plasma and sum over all species j to get the overall frozen flow loss:

Pff =
∑
j

[ ∫ L

0

∑
k 6=j

κj→kεj→knenjπr
2
t dz

]
(11)

where πr2t = A is the cross sectional area of the thruster.
In order to determine the kinetic power Pv, we evaluate the conversion from electron thermal energy to

ion kinetic energy in the magnetic nozzle. This conversion factor, gu, is the additional velocity increase of
ions through the magnetic nozzle,15

gu =
uj,ex√
γekBTe

mj

(12)

where uj,ex is the exhaust velocity of species j. For neutral species, the magnetic nozzle provides no additional
acceleration, and we take gu = 1. Following Little and Choueiri,15 we close the model by assuming electrons
cool polytropically in the exhaust plume and all the electron thermal energy is converted into ion kinetic
energy. Then gu takes the following form

gu =

√
γe + 1

γe − 1
. (13)

Experimentally, γe is found to be 1.15 - 1.37,16,17 and the value 1.2 is used here. Incorporating this
conversion factor into the kinetic power yields

Pv =
1

2
πr2t

 ∑
j∈ions

g2umjnju
3
j +

∑
j /∈ions

mjnju
3
j

 (14)

Together, Eqs. (4) - (9), (11), and (14) describe a control volume model which can estimate the perfor-
mance of complex propellant thrusters given thruster geometry, mass flow rate, and input power. While this
framework is general, we focus on water propellant in the following sections.

B. Plasma Chemistry Model

Collisions in a water vapor plasma create excited and ionized states and neutral fragments of the molecular
species, as shown in Table 1. As these species translate the thruster, the axial composition of the plasma
changes. To determine these products, we must first determine reaction rates, κ, from experimentally
determined chemical reaction cross sections, σ.18–23 We consider electron collisions and resonant charge
exchange reactions because other heavy particle reactions have negligible cross sections at the pressures
and temperatures relevant to EP.21,24 For a Maxwellian electron energy distribution, the reaction rate for
electron collisions may be modeled as25

κ =< σ(εe)v(εe) >=

√
8q

πmeT 3
e

∫ ∞
εmin

εeσ(εe) exp

(
−εe
Te

)
dεe. (15)
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Table 1: The product species with dominant reaction rates are tracked for each reactant species. In some
cases, the cross section correlates to any of several reactions that may yield the product species (e.g. pro-
ducing H from H2O). This total cross section is used, and the smallest εmin of any reaction producing the
product is used as the energy cost per atom/molecule. H+ and O+ are both assumed to exhaust before any
recombination reactions occur.

Type of collision Reaction εmin (eV) Reference

Dissociation H2O + e− → OH +H + e− 5.1 18

Dissociation H2O + e− → O + e− 9.2 18

Ionization H2O + e− → H2O
+ + 2e− 12.6 18

Dissociation and Ionization H2O + e− → OH+ +H + 2e− 18.1 18

Ionization H2O + e− → H+ + 2e− 17.0 18

Ionization H2O + e− → O+ + 2e− 19.0 18

Ionization OH + e− → OH+ + 2e− 13.0 19

Dissociation and Ionization OH + e− → O+ +H + 2e− 16.0 19

Dissociation and Ionization OH + e− → H+ +O + 2e− 16.0 19

Ionization H + e− → H+ + 2e− 14.6 20

Ionization O + e− → O+ + 2e− 13.62 21

Dissociative Recombination H2O
+ + e− → OH +H 7.5 22

Dissociative Recombination H2O
+ + e− → O + 2H 3.1 22

Dissociative Recombination OH+ + e− → O +H 4.7 23

where εe is the electron energy, v is the electron velocity, q is the electron charge, me is the electron mass,
Te is the electron temperature, and εmin is the threshold energy of reaction. εmin is on the order of a few
eV per reaction, as shown in Table 1. These reaction rates drive the change in number density of species in
the plasma as shown by Eq. (4).

To determine the most prevalent species in the plasma, we evaluated all collisions of the initial species
(water): elastic, excitation, vibration, rotation, ionization, and decomposition. Above a few eV, the energy
loss due to elastic collisions is negligible compared to that from ionization and dissociation collisions and
the likelihood of excitational, rotational, and vibrational collisions is small compared to the ionization and
dissociation collisions, in agreement with the work of Petro and Sedwick.5 Therefore, these reactions are
ignored in the species continuity equations, Eqs. (4) - (5). Likewise, initially, all positive and negative
ion species of H2O mentioned by Itikawa18 are considered; however, negative ions above approximately
4 eV and the positive ions O2+ and H+

2 have negligibly small cross sections compared to the other positive
ions and decomposition species. As such, the tracked species are pared down to the eight most prevalent:
H2O, OH, H, O, H2O+, OH+, H+, and O+. As these species translate the combustion chamber, they may
experience subsequent reactions, including dissociative recombination, as shown in Table 1. The products
from these reactions are tracked and allowed to react until they exhaust from the thruster. The inclusion
of dissociation reactions and transit time scales in the thruster is a departure from the work of Petro and
Sedwick, which ultimately shows a peak in performance corresponding to specific thruster geometries yielding
higher concentrations of molecular ions.

C. Thruster Performance

We assess thruster performance using standard metrics, specific impulse and thrust efficiency. Specific
impulse is representative of the thrust produced relative to mass flow rate, and thrust efficiency is a measure
of the amount of kinetic power produced from input power. These two parameters describe the feasibility of
using water vapor as a propellant in EP thrusters.

Specific impulse (Isp) is a ratio of the thrust produced by exhausted particles compared to the mass
flow rate and includes contributions from both the ionized and neutral particles. The neutrals exhaust
thermally, while the ions gain additional acceleration from the magnetic nozzle, as described in Sec. II.A.
For a multi-species exhaust, the specific impulse may be written as
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Isp =
πr2t
ṁg0

 ∑
j /∈ions

mjnju
2
j,exπr

2
t +

∑
j∈ions

gumjnju
2
j,ex

 (16)

where g0 is the sea-level acceleration of gravity. Specific impulse defines the class of missions where a proposed
thruster would be useful, as defined by the rocket equation. For common Earth-orbit EP applications, the
desired Isp is usually around 1,500 - 2,000 s.26 For interplanetary travel, desired Isp is higher, around 3,000 -
4,000 s.1 Current thruster designs can meet those mission requirements with xenon propellant: typical Hall
thrusters operate near 1,500 s and gridded ion engines near 3,000 s.27

The thrust efficiency (ηt) for an electric propulsion thruster is defined as

ηt =
ṁ(g0Isp)

2

2Pin
(17)

The overall efficiency is a measure of the kinetic power relative to the input power. As described in Sec.
II.A.3, power losses (Pff and Plosses) are minimized in this model, so calculated Pin is a minimum on the
actual power required. In our analysis, the ηt we calculate is an upper bound on the expected efficiency on
an actual thruster.

Electric thrusters require high thrust efficiencies to effectively utilize on-board power. State of the art
Hall thrusters or gridded ion engines typically operate around 60 - 70%. Helicon and ECR thrusters are
predicted to operate at similar efficiencies;11,28 however, their measured thrust efficiency to date has been
limited to less than 20%.27,29 The power and propellant losses responsible for these inefficiencies also prove
detrimental to the measured Isp, which rarely exceeds 1,000 s. Understanding and closing the gap between
the theoretical and measured performance of electrodeless designs is presently the focus of intense research.29

Improving ηt should improve performance of these electrodeless designs, but experimental results have
been limited. This is especially true for non-traditional propellants such as water. In these cases, plasma
chemistry becomes important, and these changes in regimes have driven the work described in this paper.

III. Results and Discussion

With the framework outlined above, we investigate mass flow rates, geometries, and powers in order
to determine how thruster performance changes due to water vapor plasma chemistry. Similarity across
operating regimes defines scaling parameters important to maximizing performance and designing thrusters
that are viable in real-world missions.

A. Plasma Composition

Plasma composition is important in describing thruster performance; the charge state determines whether
particles will interact with magnetic or electric fields and therefore contribute more to thrust, the average
mass of the particles will dictate specific impulse, and the presence of neutrals reduces overall efficiency. We
use the model described above to study the effects of varying electron temperature and pressure on plasma
composition. At a given electron temperature, as pressure increases, the distance required for reactions,
as specified in Eq. (15), decreases, since the concentration of reactants is higher. In this case, distance
correlates to the amount of time components have to react; particles take longer time to translate longer
distances. The similarity is linear for a given voltage drop, so that we need only consider the product of
pressure and thruster length to determine the relative mass flow of species along the thruster, as shown in
Fig. 2. The first thing we notice, at all temperatures, is the decrease in water vapor and rise of OH. The
dissociation reaction leading to OH has the smallest reaction energy (as shown in Table 1) and the largest
reaction cross section from water across the range of relevant temperatures, ∼ 5−40 eV. As OH is produced,
it is also consumed by ionization reactions encouraging the growth of O+, H+, and OH+. OH concentration
reaches a peak before the complete elimination of H2O.

As the electron temperature increases, the likelihood of higher-energy, predominantly ionization, reactions
increases as well. We note a peak in the production of H2O+ ions corresponding to the elimination of neutral
water propellant. OH+ is produced from several reaction pathways in the plasma, which explains its sharp
concentration increase early on. The peak H2O+ and OH+ mass flow rates are approximately constant across
electron temperature, but the range of p0L where they are the dominant species increases with electron
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Figure 2: The normalized plasma composition as a function of pressure times length with α = 1 for (a)
Te = 5 eV, (b) Te = 10 eV, (c) Te = 15 eV, (d) Te = 20 eV. Increasing pressure appears to push the
reaction zones closer to the injector for a fixed length thruster. Increasing electron temperature increases
the region of high molecular ionization.

temperature. Both molecular ions can dissociatively recombine, preferentially at low temperatures, which
explains the longer lifetimes at higher temperatures; these dissociative recombination reactions produce
neutral OH, O, and H.

In Fig. 2, atomic neutral concentrations begin to increase around the H2O+ and OH+ peaks. O mass
flow rate becomes noticeable around the peak of H2O+ ion concentration. O concentration decreases as
the electron temperature increases for two reasons: first, the cross section for the production of O from
H2O+ and OH+ decrease with increasing temperature; and second, the reaction O → O+ increases with
electron temperature. Likewise, H production decreases as electron temperature increases for comparable
reasons. O+ mass flow rate reaches a steady state at lower p0L for lower Te, as shown in Fig. 2. Within the
range shown here, O+ increases most rapidly when the electron temperature is high enough to facilitate the
conversion of O to O+ but low enough that there is still a sizable population of O; this is also the case for
the H → H+ reaction.

B. Thruster Performance

Thruster performance is predominantly determined by the ionization fraction and mass of exhausted species.
Forming atomic ions increases the energy cost per exhausted ion, since these ions are usually formed from
several dissociation or ionization reactions. Additionally, because specific impulse depends on mass, exhaust-
ing atomic species generally increases specific impulse. While this may be desirable, the extreme lightness
of hydrogen generally increases this specific impulse to beyond that desirable for common EP applications
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H2O+

OH+

O+

O+ 
2H+

−  Te = 5 eV 
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−  Te = 20 eV 
−  Te = 25 eV

(a) (b)
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Figure 3: For α = 1: (a) The average ion cost (in eV) for exhaust at at any point defined by p0L in the
thruster. (b) The ionization fraction vs p0L. As electron temperature increases, the ionization fraction
increases rapidly at smaller p0L. (c) Average ion mass vs p0L with references to the three largest mass
species and the steady-state mass average. At higher p0L, the curves for different electron temperatures
collapse onto one another as they reach a steady-state value of 14.33 amu. (d) Frozen flow loss fraction
vs p0L for electron temperatures of interest. Higher electron temperatures correspond to lower frozen flow
losses. As p0L increases, frozen flow losses first increase corresponding to neutral products then decrease as
more ionized products are exhausted.

(∼ 1,000 - 2,500 s). In the analysis that follows, we consider performance with electron temperatures in the
range 5 - 25 eV.

To that end, we present Fig. 3, which plots several parameters of interest in evaluating thruster perfor-
mance, whose values can be correlated to the changes in composition. Fig. 3(a) shows the average cost per
ion as a function of p0L for several electron temperatures of interest. Initially, the value slowly increases as
the neutral molecules H2O and OH produce ions and atomic neutrals. The ion cost increases more sharply
as these remaining species undergo multiple reactions to produce O+ and H+, before reaching steady state
values. For the Te = 5 eV case, the dip in ionization cost is due to an initially slower rate of OH+ production,
followed by higher concentrations of neutral atomic species that increase the average ion cost. The steady-
state ion cost decreases as electron temperature increases; this is due to fewer neutrals being produced at
higher temperatures and a longer lifetime of molecular ions.

In Fig. 3(b), for all electron temperatures, the ionization fraction (or mass utilization efficiency) initially
increases as molecular ions are produced, peaks when those ionized species reach some critical concentration
such that they begin to dissociate, decreases as ions recombine and dissociate, and finally increases as atomic
ions are produced. The ionization fraction eventually trends toward unity as the atomic neutrals ionize. This
behavior is more pronounced at lower electron temperatures, where the dissociative recombination reaction
rates are higher. This characteristic nature, which is unique to molecular propellant EP, will be expanded
in further depth in Sec. III.C.

Fig. 3(c) shows the average ion mass as a function of p0L for different electron temperatures. For every
temperature, there are two steep drops corresponding to changes in the dominant ion species: for small
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−  25 eV
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Figure 4: For α = 1: (a) Specific impulse vs p0L for electron temperatures common in EP. (b) Thrust
efficiency vs p0L. Note the similarity between this plot and ionization fraction represented in Fig. 3(b).

p0L, OH+ concentration outpaces H2O+ concentration; for large p0L, the average ion mass approaches an
equilibrium value of 14.33 amu (H2O converted to 2 H+ and 1 O+) due to the complete ionization of the
propellant. For moderate p0L, ion mass slowly decreases as OH+ and H2O+ dissociate and atomic ions
begin to form. These characteristics are similar for all the electron temperatures plotted but with sharper
transitions at lower Te.

Fig. 3(d) shows the frozen flow loss fraction as a function of p0L for the electron temperatures of interest.
Higher electron temperatures correspond to lower peak frozen flow loss fraction, due in part to higher kinetic
power. Frozen flow loss fraction initially increases, as molecules begin to dissociate and then decreases as
molecules ionize and accelerate through the thruster. At large p0L, frozen flow losses increase again as atomic
neutrals and ions proliferate. Higher electron temperatures correspond to the largest range of p0L with low
frozen flow losses; this is related to the long lifetimes of molecular ions in the thruster at those conditions
and the larger ion velocities which increase kinetic power. At lower electron temperatures, the frozen flow
loss appears to have two local peaks before relaxing to a steady-state value: one corresponds to the initial
concentrations of molecular ions and one to the later concentrations of atomic neutrals.

With this understanding of the overall behavior of the bulk plasma, we consider specific thruster perfor-
mance characteristics, namely the specific impulse and thrust efficiency. In Fig. 4(a), the specific impulse
against p0L is plotted. We note a sharp increase at low p0L as ionization quickly increases, followed by a
slow increase, as atomic ions begin to dominate the plasma composition. At Te = 5 eV, Isp has two sections
of rapidly increasing slope; the first corresponds with the formation of molecular ions and the second with
the formation of atomic ions. At higher p0L reaches a steady state value correpsonding to atomic ions for
all temperatures.

Thrust efficiency is plotted in Fig. 4(b) and largely mirrors the ionization fraction shown in Fig. 3(b).
The thrust efficiency is lower than the ionization fraction because it also includes effects from the frozen flow
losses corresponding to the increased energy required for multiple reactions. For this reason, thrust efficiency
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decays after reaching an initial peak corresponding to high molecular ion formation. At higher p0L, the thrust
efficiency increases for the Te = 5 and 10 eV cases as more atomic ions are created, and, at higher electron
temperatures, the thrust efficiency levels out. This behavior is unique to molecular propellants.

Te = 30 eV

Te = 4 eV

(a) ηT [H2O]

Te = 30 eV

Te = 4 eV

(b) ηT [Ar]

(c) Isp (ks) [H2O] (d) Isp (ks) [Ar]
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Figure 5: For α = 1: (a) Map of thrust efficiency overlaid on scaled power vs p0L = ṁunL/A for water
vapor. (P/ṁ)∗ corresponds to the highest initial thrust efficiency (as shown in Fig. 3). (b) Map of thrust
efficiency overlaid on scaled power vs p0L = ṁunL/A for argon. Note the scale is not the same as Fig. 5(a).
(c) Map of Isp overlaid on scaled power vs p0L = ṁunL/A for water vapor. (d) Map of Isp overlaid on scaled
power vs p0L = ṁunL/A for argon. Note the scale is not the same as Fig. 5(c).

As expected, increased thrust efficiency is correlated with increased Isp. However, this correlation stops
when the thrust efficiency reaches its first peak; thereafter, the thrust efficiency decreases as specific impulse
increases for electron temperatures greater than 15 eV. For lower electron temperatures, a constant Isp drops
thrust efficiency, but a two-fold increase in specific impulse does moderately improve efficiency at Te = 5 eV.
This is characteristically different from performance on noble gases in state of the art EP devices,30,31 which
monotonically increase toward a limiting thrust efficiency and Isp, and shown respectively in Fig. 5(b)
and 5(d). As electron temperature increases, this thrust efficiency peak broadens, due to the lower rates
of dissociative recombination at higher temperatures. At these temperatures, a small change in operating
conditions (p0L) does not significantly alter performance.

It is clear from these results that frozen flow losses have a significant impact on characteristic performance
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Figure 6: (a) The first peak thruster efficiency (η∗) vs electron temperature for different voltage drop profiles
[Eq. (6)]. Sharpening the acceleration region (i.e. increasing α) does not appear to have much effect on peak
efficiency. (b) Power per unit mass flow rate at η∗ [(P/ṁ)∗] vs ṁunL/A. Setting (P/ṁ)∗ = a/(ṁunL/A),
we find contours of constant power density (P/A), represented by a1 and a2.

of molecular propellant EP devices. We can easily scale thruster designs based on common design parameters
using the performance maps shown in Fig. 5. Fig. 5 presents power per unit mass flow rate information
overlaid with curves of constant Isp and thrust efficiency (shown as functions of p0L in Fig. 4) and shows the
differences between operation with water vapor and argon. There are a few changes compared to Fig. 4. We
convert p0L to ṁunL/A, in order to provide design constraints in more commonly used terms – mass flow
rate is specified, velocity is the room temperature thermal velocity of the neutral propellant, and the length
and area constraints describe the geometry of the thruster. The blue and red lines plot the P/ṁ required to
obtain an electron temperature of 4 and 30 eV respectively. The gray lines are contours of constant thruster
efficiency [(a) and (b)] or specific impulse [(c) and (d)]. On Fig. 5(a) and 5(c), the (P/ṁ)∗ corresponding
to the first peak of thruster efficiency shown in Fig. 3(b) is highlighted with a dashed line. The curves for
argon were determined using the same framework described for water, but argon, as a noble gas, has only
one product in this range of temperatures: the singly charged ion. We included radiative losses in the energy
cost for ionization of argon by assuming the energy loss is equal to twice the minimum energy of reaction.
Again, the thruster efficiency should be considered an upper limit.

Comparing thruster efficiency [Fig. 5(a) vs 5(b)], we see that argon has higher efficiency at lower tem-
peratures and lower power per unit mass flow rate compared to water vapor. Additionally, above ∼ 60%,
the argon thrust efficiency is approximately constant as a function of p0L = ṁunL/A for the range shown
here. Water vapor, on the other hand, requires more power per unit mass flow rate to achieve similar thrust
efficiencies or temperatures. As ṁunL/A increases, molecules are more likely to dissociate or ionize, since
species concentration or dwell time is higher. Molecular ions, at higher ṁunL/A, are also likely to dissociate
into mostly neutrals, unless they are sufficiently hot to leave the thruster before those reactions occur. This
likelihood of dissociation is crucial in determining the power required for high efficiency. Comparing the
specific impulse curves shown in Fig. 5(c) and 5(d), we note that similar temperatures yield higher specific
impulses for water vapor than for argon, due to the mass difference of the propellants.

C. Scaling Laws for H2O Thruster Optimization

With these results, we look for scaling laws that depend on the fewest number of variables. The first peak in
thruster efficiency (η∗) occurs at (P/ṁ)∗, which can be determined uniquely from electron temperature. We
also want to be able to account for the amount of uncertainty in describing the voltage drop from injection
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to magnetic nozzle. To that end, we investigate the relationship between η∗, (P/ṁ)∗, and α, as defined in
Eq. (6). These relationships are shown in Fig. 6.

Considering Fig. 6(a), we note that α does not appear to have much effect on the value of the η∗,
especially above Te ∼ 10 eV. Further, we note that Te ∼ 10 eV corresponds to a threshold thruster efficiency
of 50%. Considering our optimistic model, thrusters to operating much below 10 eV would significantly
underperform compared to state of the art EP systems.

When designing a thruster or experiment, Fig. 6(b) provides a map of required power for peak efficiency.
With respect to electron temperature, we note that the (P/ṁ)∗ to achieve an electron temperature is
approximately constant; this makes sense, as (P/ṁ)∗ is an energy per mass of propellant to achieve an optimal
plasma composition, which we showed earlier was a unique function of electron temperature. As α increases,
the acceleration region for ions is narrower, and thruster length for a given pressure shortens. We relate
these scalings by considering relationships between (P/ṁ)∗ and ṁunL/A of the form P/ṁ = a/(ṁunL/A).
This equation describes contours of constant power density given an initial species and thruster length:
P/A = a/(unL). From Fig. 6(b), we see that increasing α corresponds to decreasing power density required
for optimum thrust efficiency. Additionally, for a given voltage drop profile, power density is constant for
optimal performance for Te between 10 and 30 eV. Considering the uncertainty in the voltage drop profile,
experiments designed to span different power densities (∼ 25 - 100 W/cm2) will have the flexibility to operate
at the empirical optimum.

IV. Conclusion

This work presents a 1D global model of molecular plasma composition in a cylindrically symmetric
thruster to examine the effects of dissociation on thruster performance. We established a control volume
model and evolved chemical kinetics equations axially to determine species concentrations along the length
of the thruster. These concentrations determine thruster performance, as higher-velocity, less dissociated
ions increase efficiency and specific impulse.

Water vapor plasma composition is a function of thruster length times pressure (p0L) and electron
temperature. Near propellant injection (small p0L), the plasma consists primarily of molecular ions and
neutral fragments; this region corresponds to the highest average ion mass and the lowest ion cost. As
these molecules dissociate, atomic neutrals begin to populate the plasma, increasing ion cost and decreasing
ionization fraction for lower electron temperatures. For large p0L, these neutrals ionize, and the atomic ions
accelerate through the magnetic nozzle. Increasing electron temperature from 5 to 20 eV extends the region
dominated by molecular ions and reduces the concentration of neutral molecules and atoms.

Unlike an atomic plasma, a water vapor plasma with a given electron temperature has a peak in ionization
percentage corresponding to higher-mass ions that subsequently recombine and dissociate into atomic species.
This peak corresponds to a (P/ṁ)∗ that represents a critical value suggesting a distinct operating regime
for water vapor with high thrust efficiency and specific impulse comparable to state of the art EP devices
such as Hall thrusters and gridded ion engines.27 This novel behavior is not captured in earlier models5 that
do not consider dissociation or transit times. Current experiments on electrodeless thrusters operate well
below the optimal values calculated here: an ECR thruster working with argon32 at ṁunL/A ∼ 2, 400 mg/s2

and P/ṁ ∼ 0.25 kW/mg/s may drop from a maximum thrust efficiency of ∼ 65% on argon to ∼ 30% if
operated with water vapor at the same conditions; the AQUAJET thruster6 working with water vapor at
ṁunL/A ∼ 4, 700 mg/s2 and P/ṁ ∼ 0.5 kW/mg/s is near 2,000 s Isp and 50% maximum thrust efficiency;
and a helicon thruster that has been tested with molecular propellants7 at ṁunL/A ∼ 40, 000 mg/s2 and
P/ṁ ∼ 0.03 kW/mg/s is below the calculated values shown in Fig. 5.

These differences highlight the importance of being able to describe the principle design laws. Our model
suggests that operation on water can achieve reasonable performance within engineering constraints; mass
flow rate, thruster geometry, and power can be tailored to design a plasma source that preferentially creates
singly ionized, heavy molecules from water (H2O+ and OH+). These design constraints are integral to
successful operation of these thrusters. Our work demonstrates that thruster performance with molecular
propellants is not monotonic in the absence of wall and coupling losses, contrary to what has been shown
for atomic propellants.

While this paper has focused on operation with a water vapor propellant, this methodology can be applied
to other molecules to determine optimal operating conditions with a variety of molecular propellants that
might be of interest for ISRU, such as carbon dioxide and methane.
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