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An efficiency model is developed for Hall effect thrusters (HETSs) operating on molecular propellants to inform which
energy sinks lead to the largest degradations in HET efficiency. Similar to existing atomic efficiency models, the
molecular model decomposes thrust efficiency into energy, propellant, and beam efficiencies and allows for the direct
comparison of efficiencies between molecular and atomic propellants and between ionic species produced from a
molecular propellant. The model was applied to experimental data on a 5 kW HET operating on nitrogen, argon, and
xenon with a mass flow rate range of 5.0-5.4 mg/s and a discharge voltage range of 230-300 V. The measured thrust,
specific impulse, and anode thrust efficiency ranges on each propellant are 72.8-86.8 mN, 1485-1770 s, and 32.9-39.6 %
(xenon); 90.2-111.9 mN, 1838-2280 s, and 25.2-29.0% (argon); and 61.4-90.0 mN, 1251-1724 s, and 12.8-16.9%
(nitrogen), respectively. The low nitrogen efficiency is primarily attributed to poor mass utilization of atomic nitrogen
(~27%) and decreased energy efficiency due to molecular-specific energy sinks, such as dissociation and excitation of
molecular energy modes. Despite thrust efficiencies less than 17% at current power levels, nitrogen exhibits promise
operating above 5 kW due to the high voltage utilization seen with the N* species (~89%).

Nomenclature n; = plasma density, m~3
A =  entrainment area, m2 P = chamber background pressure, Pa
B = E x B applied magnetic field, G Py = discharge power, W )
C, = average thermal velocity of the nth species, m/s 0 = average charge state of ionic particles
d = E X B plate separation distance, m T = thrust, mN
E = electric field strength, V/m Teorr = corrected thrust, mN
E/N = reduced electric field, Td T, = electron temperature, eV
e = elementary charge, 1.602 x 10~1°C Ty = neutral temperature, K
F = Faraday constant, 96,485 C/mol V. = atomic averaged acceleration voltage, V
f. = normalized electron energy distribution function, Van = average acceleration voltage of the nth species, V
ev-! Vy = discharge voltage, V
Logial = axial component of beam current, A Vp = plasma potential, V
1, = beam current, A v = average particle velocity, m/s
I corr = corrected beam current, A 2 = averaged particle squared velocity, m?/s?
I, = beam current of the nth species, A T, = average ion velocity, m/s
Iy = discharge current, A V; = average ionic velocity of nth species, m/s
L4 con = corre?cteq discharge current, A »2 = averaged ion squared velocity, m?/s?
Ly = P e01.ﬁc impulse, s . 52,4,,1 = average neutral velocity of nth species, m/s
K, = ;?2:;?0;31‘/&26 constant of the kth reaction mecha- ? f normalized neutral p article speed .
23 o ) j = charge state of the jth charge species
k - Boltzmann cf(])nstant, 138 x 107 m” -kg/s* - K AVywen = ExB plate voltage at nth species peak
Ma = anode mass flow rate, mg/s oni/ot = kth mechanism reaction rate, m™> - s~
e = entrained background neutral mass flow rate, mg/s . = cnergy of impacted electron, ¢V
) = 1 e - )
Z:n ; ;gﬁi?if:sfs]?l“(;\;a;;en;%/ nsth species, mg/s €k = reaction energy of the kth reaction mechanism, eV
M, = molar mass of nth species, g/mol Ca i a;ea entrainment fafctor
m, = mass of nth particle, kg Cen = thrust entrainment factor
m, = mass flow rate of nth species, mg/s Mo = globgl current mﬂ,l?atl(,m .
N, = nth species neutral number density, m™3 Mp.n = species currfmt utilization of nth species
ne = energy efficiency
Nsp = species parameter efficiency
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Q; , current fraction of nth species

Q; current fraction of the jth charge species
(), = current-averaged quantity

O = mass-averaged quantity

Oy = momentum-averaged quantity

I. Introduction

OLECULAR propellants have garnered interest for use in

Hall effect thrusters (HETSs). These propellants allow for
HET-operated spacecraft to expand their potential mission profiles
beyond that of more traditional atomic propellants, such as xenon
and krypton [1]. Some prominent use cases of molecular propellants
include multimode propulsion, using molecular propellants such as
water and monopropellants, which could allow a satellite to operate
in a high-thrust or high-efficiency mode while minimizing cost,
weight, and complexity of the propulsion system [2-53]. Another
use case is in-situ propulsion, using propellants such as air mixtures,
which could allow satellites to operate in the currently restrictive
very low Earth orbit (VLEO) by capturing atmospheric air in-situ
and using this air as a propellant to compensate for the high VLEO
drag force [6-10]. An additional use case is utilizing condensable
and storable propellants, such as water, iodine, and aromatic hydro-
carbons, which offer greater storage densities than traditional atomic
propellants and potentially enable a greater total spacecraft impulse
given the same propellant storage volume as gaseous atomic pro-
pellants [11-13]. While molecular propellants have great potential,
recent experiments and studies show that common molecular pro-
pellants, such as nitrogen [14,15], air mixtures [16-18], and water
[19,20], all exhibit highly degraded performance and efficiency
compared to the more traditional atomic propellants.

Munro-O’Brien and Ryan tested a HET at low powers, 30-810 W,
with common HET propellants and found that nitrogen exhibited the
lowest anode efficiency at 5.4% compared to 9.6% for argon, 15.2%
for krypton, and 26.3% for xenon [14]. Tejeda and Knoll tested
xenon, water vapor, oxygen, and air in a HET at a moderate power
level, 1520-1600 W, and measured anode efficiencies of 51.2%,
12.5%, 15.8%, and 15.1%, respectively. The results from this study
once again demonstrate that HETs operated on molecular propellants
significantly underperformed HETSs operated on atomic propellants
[19]. The low efficiencies in the molecular propellant tests were
primarily attributed to poor mass utilization of the molecular propel-
lants compared to the atomic propellants [14,19].

To influence more optimized thruster design in general and to better
understand where certain thruster inefficiencies originate, Hofer
[21,22] presented a phenomenological efficiency model, which Brown
[23,24] expanded into an analytical efficiency model for atomic
propellants in a HET. This model decomposes thrust efficiency into
a series of efficiency terms that are independently empirically mea-
sured from diagnostics in the HET plume and, when multiplied
together, result in the overall measured thrust efficiency. This analysis
framework quantifies the effect of various energy sinks present within
a HET, highlights the largest potential areas of improvement for
thruster efficiency optimization, and offers a standard method to
compare efficiencies between thrusters and atomic propellants.

While the existing atomic efficiency model fits well with exper-
imental data and offers insight into areas of improvement for HET
performance optimization, it is limited in that it is only valid for
atomic propellants. The base assumptions of the atomic efficiency
model, that all ionic species have the same mass and acceleration
voltage, begin to break down when applied to molecular propellants.
Furthermore, molecular propellants can dissociate and become rota-
tionally and vibrationally excited [25], which are major energy sinks
for molecular propellants that the atomic efficiency model does not
consider. To develop more efficient molecular propellant HETS,
these additional molecular energy sinks need to be better understood
and quantified, which can be achieved through a modification of the
atomic efficiency model to account for a changing ionic species
mass and acceleration voltage.

This paper presents an updated analytical efficiency model that
applies to molecular propellants to quantify the effect of the molecular
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energy sinks and influence more optimized molecular propellant HET
design. This molecular model is then applied to experimental data on
a 5 kW HET to validate the molecular model and to quantify and
better understand the sources of degraded thrust efficiency present in
molecular propellants.

II. Efficiency and Energy Model of a Hall Thruster

The following subsections introduce the efficiency models for
atomic and molecular propellants. The first subsection summarizes
the atomic efficiency model developed by Hofer [21] and Brown
[23]. To better visualize the energy pathways and pertinent energy
sinks in an atomic propellant HET, an atomic energy flow model is
introduced. The second subsection expands this energy flow model
to hold for a diatomic propellant that captures the new energy
pathways and energy sinks seen with molecular propellants. Finally,
the last subsection derives the molecular efficiency model based on
the new energy pathways and assumptions present with molecular
propellants seen from the diatomic energy flow model.

A. Atomic Propellant Efficiency and Energy Flow Model

The existing atomic efficiency model analytically decomposes
anode thrust efficiency (57), as defined in Eq. (la), into energy
(ng), propellant (®p), and beam efficiencies (¥,) as outlined by
Brown [23].

2 (2 5)2
V) { (1/2)ri (v >m} {(<v>m } {feos02 ) =noy,

rhan Pd F)m
(1a)
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This equation begins with the standard definition of 7, using thrust
(T), mass flow rate to the anode (r12,), and discharge power (P,).
Using the component-weighted formulation of thrust (7 =
7, (0),,(cos 8),,,), this expression can be further expanded into a
function of the averaged particle velocity (v) components and plume
angular location (6). In Eq. (la), (),, represents a mass-averaged
quantity and (), signifies a momentum-averaged quantity. Analyti-
cal expressions for ng, ®p, and ¥, are derived through grouping the
components of 77 as done in Eq. (1a).

ng represents how effectively a thruster converts input power into
jet power and can be expanded into a product of current utilization
(n7,) and voltage utilization (5y) as outlined in Eq. (2), with the
assumption that all charge species are subject to the same acceler-
ation voltage (V,). At unity energy efficiency, current utilization
and voltage utilization are also both unity. Unity current utilization
is achieved when all cathode electrons neutralize the beam and no
electrons make it to the anode, causing beam current (/) to equal
discharge current (I;). Unity voltage utilization is achieved when
V, is equivalent to the input discharge voltage (V ), causing ions to
be subject to the full acceleration potential.

_(l/z)ma<¥>rn_ Va Ib _ 2
i el 117 R

@, represents how effectively a thruster utilizes the propellant
mass. At peak efficiency, a thruster ionizes the entire propellant
mass to a single charge state, and deviations from this ideal state will
result in a loss of propellant efficiency. ®p can be expanded into a
charge utilization (®,), mass utilization (®,,), and neutral-gain
utilization (®y_g) as seen in Eq. (3), with the assumption that all
charge species have the same mass. In this equation, Q; is the
current fraction of the jth charge species, Z; is the charge state of
the jth charge species, n1; is the mass flow rate of the plume ions, y,
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is the average neutral speed normalized by average ion speed,
and Q is the average ion charge state. This formulation of ®p is
derived by separating the velocity components into a polydisperse
ionization term, which becomes D, and the remainder of the
weighted velocity components, which become a product of ®,,
and @y _;. A detailed derivation of the ®,,®y_; term can be found
in Appendix B of Brown et al. [23].
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¥, captures the drop in overall efficiency due to the off-axis
component of jet momentum, where at maximum efficiency the
velocity vector of all accelerated ions will be aligned with the axial
thrust vector. ¥, can generally be approximated using the measured
axial beam current (/,,,) and beam divergence angle (6,), as
shown in Eq. (4a), assuming that the charge species current fraction
is constant across all plume angles.

L \2
¥, = (cos @), ~ (}L“‘l) = cos? 6, (4a)
b
2 Iaxial 2 2
Y, = (cos Oz, ~ - ) =cos 0, (4b)
b

A HET would operate at unity thrust efficiency if it converts all
input power into plume jet power. However, in reality, this is never
possible since thrusters contain energy sinks that prevent perfect
energy conversion. Furthermore, input power is not converted
directly into jet power but rather converts via a multistep process
including transfer to electrons via cathode emission, subsequent
transfer to heavy particles via electron—neutral collisions, and finally
transfer to jet power via ion acceleration. With conservation of
energy principles, input power can be tracked through a HET using
an energy flow model as a graphical tool to more easily visualize
where some of the energy sinks originate in each of these processes.

The analytical efficiency model serves to quantify the strength of
various energy sinks and thus informs on the prominent energy sinks
to include in the energy flow model. For example, 7 captures energy

sinks within electron processes, such as electronic excitation colli-
sions and Joule heating, along with ion processes, such as incomplete
ion acceleration. ®p captures energy sinks in processes involving
heavy particles, such as thermal heating, ion/wall recombination, and
polydisperse ionization. Finally, ¥, captures off-axis jet power due to
off-axis ion acceleration and charge exchange (CEX) collisions. A
representative energy flow diagram for an atomic propellant in a HET
is shown in Fig. 1, where the corresponding efficiency term that
relates to each energy sink is indicated. In this diagram, green
represents the maximum efficiency path, orange represents an ineffi-
cient energy path that will still produce some thrust, and red repre-
sents an energy sink that will not produce thrust. This energy flow
diagram presents a simplified interpretation of the endpoints where
input power can emanate. For more intensive studies into specific
energy sinks, the energy flow diagram can be modified to increase the
fidelity of the intermediate processes related to the energy sink of
interest. Additional studies are shown to directly measure some of
these energy sinks [26-28].

As mentioned previously, the energy flow diagram is organized
by the path through which input energy moves through a HET. The
discharge power first transfers to electrons as they accelerate toward
the discharge channel, where this power is either lost to the thruster
body via electron—thruster collisions or transferred to neutral par-
ticles via electron—neutral collisions. After an electron collision, the
neutral particles either ionize with sufficient energy and accelerate
or excite one of their energy modes [29]. If all input energy travels
along the green pathway in the energy flow diagram, the thruster
would operate at maximum thrust efficiency, any energy that travels
down an orange path will still produce some thrust but at the cost of
reduced efficiency, and energy that travels down a red path causes a
large reduction in thrust efficiency with no thrust produced.

B. Diatomic Propellant Energy Flow Model

In modifying the efficiency model to apply to molecular propel-
lants, it is important to recognize any additional energy sinks or
pathways that arise through the molecular ionization process to
ensure the updated model accurately captures these processes. This
can be seen through an expansion of the energy flow diagram to
include molecular specific energy paths such as dissociation and
excitation of the rotational and vibrational energy modes. The
updated molecular energy flow diagram is shown in Fig. 2, where
the corresponding efficiency terms will be introduced in the next
section. In this figure, green represents the maximum efficiency
path, orange represents an inefficient energy path that will still
produce some thrust, and red represents an energy sink that will
not produce thrust. For conciseness and simplicity, this energy flow
diagram is shown for a diatomic molecule that can only ionize to
a+ 1 charge state but could be further expanded for other non-
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Fig. 1 Energy flow diagram of an atomic propellant in a HET.
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Fig. 2 Energy flow diagram of a diatomic propellant in a HET.

diatomic molecules and additional charge states. Note that Fig. 2
neglects higher-order ionization, which is generally a decent
approximation for most molecular propellants, especially nitrogen
and oxygen, due to their relatively high second ionization energies
and extremely low second ionization cross sections [30].

Two immediate conclusions from the diatomic energy flow dia-
gram are that the dissociation process greatly expands the number of
potential energy pathways possible with molecular propellants and
that there are two pathways that are designated as potentially
efficient pathways. The presence of the dissociation mechanism
splits the diatomic energy flow diagram into an atomic and diatomic
pathway, which are visually similar in the diagram but, as will be
seen later in this paper, possess energy sinks of different strengths.
The input power will disperse among the available pathways as a
function of the dominant electron-impact reaction mechanisms,
physical properties of the diatomic propellant, and plasma proper-
ties within the discharge channel of the HET. The production of
atomic and molecular ions employs distinct reaction mechanisms
that have varying reaction rates. Furthermore, for diatomic propel-
lants with relatively high bond energies, such as nitrogen, the
production of atomic ions is generally a two-step dissociation and
ionization process [31,32] compared to the one-step direct ioniza-
tion process to create molecular ions [29]. These effects can gen-
erate a time delay in producing atomic ions that may force the
atomic and molecular ions to experience different ionization and
acceleration regions. This complex process allows each pathway to
possess unique energy sinks, and for this reason, it is not immedi-
ately certain whether it is more efficient to produce atomic or
molecular ions at a given thruster operating condition.

To compare the efficiencies between producing atomic and
molecular ions from molecular propellants, the molecular efficiency
model shall include both species and global efficiency terms. The
“species” efficiency terms are composed of energy sinks specific to
each individual species and are used to describe the relative efficien-
cies between producing different species from a molecular propellant
(e.g., Is it more efficient to produce NJ or N* with nitrogen propel-
lant?). As seen in the molecular energy flow model, there are multiple
potentially efficient energy pathways for a molecular propellant, and

the species efficiency terms will allow for a direct quantitative
comparison of the efficiency between different ionic species pro-
duced, such as Nf and NT in a nitrogen propellant. “Global”
efficiency terms, on the other hand, will be defined as functions of
species efficiency terms and allow for the direct comparison of
efficiency terms between different molecular propellants and between
atomic and molecular propellants. Atomic propellants have one dis-
tinct efficient energy pathway, and some molecular propellants can
have more than the two seen in a diatomic propellant (e.g., CO, can
form COJ, OF, O*, etc.). Global efficiency terms from the molecular
efficiency model are analogous to the efficiency terms from the
existing atomic efficiency model and enable direct efficiency com-
parisons between propellants with different ionization pathways, such
as nitrogen, carbon dioxide, and argon.

C. Molecular Propellant Efficiency Model

The intent of the molecular efficiency model is to provide a
framework in which to analyze the efficiency breakdown of a
HET operating on a molecular propellant. The analytical decom-
position of anode thrust efficiency into various efficiency terms will
highlight the dominant energy sinks that cause degradations in the
resultant efficiency. Furthermore, given a change in measured effi-
ciency between thruster setpoints, molecular propellants, or HETs,
this model will show the underlying mechanisms for why there is a
change in efficiency. Additionally, this model informs on the rec-
ommended diagnostics to use when analyzing molecular propellant
operation in a HET.

The derivation of the following molecular propellant efficiency
model has the following three new base assumptions compared to the
atomic model: 1) each ionic species can be subject to a different
acceleration voltage, 2) each species can have a different mass, and 3)
all ionic species have a 4+ 1 charge. Assumptions (1) and (2) differ
from the atomic model due to the ability of the molecule to dissociate
and vary its mass and potentially have a noticeably different
ionization/acceleration region for each ionic species. Assumption
(3), as mentioned in the previous section, holds for most molecular
propellants due to the low probability of producing multiply-charged
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ions from molecular propellants. This modified molecular efficiency
model holds for all molecular propellants, not just diatomic mole-
cules, assuming that they approximately meet the above assumptions.
The derivation of the molecular efficiency model is similar to the
atomic model in that #7 is once again decomposed into energy,
propellant, and beam efficiency, as shown in Eq. (1b), which has
been reproduced here from Sec. IL.A. for clarity.

Each of these efficiencies has a similar interpretation as they
do in the atomic model; however, they have different functional
forms. Note that 7, the global energy efficiency, can be reduced
to the summation of the product of species voltage utilization
(v = (Van/Vy) and species current utilization (1, =
(p./14)), as seen in Eq. (3). V,, is the acceleration voltage
applied to the nth species and [, , is the beam current of the nth
species.

_ /g (0 _ [ /2@ | [ (2 {’"_}
E P, Va (U_zz>m Iy

Vailoi Va2 lva

= L= 5
Vd [d + Vd [d + ;”V,nnh.n ( )

In the ®p derivation for molecular propellants, @, is assumed
unity due to the assumption that all ionic species have a + 1
charge state. However, since the constant mass assumption is
relaxed, a new efficiency term is introduced, denoted as species
utilization (®;). This term is similar to the interpretation of ®, in
that it accounts for the inefficiency seen with polydisperse ioniza-
tion. @, is unity when all ions are of the same mass species and
will fall below unity with the production of ionic species of
differing mass states. ®p can then be decomposed into @, ®,,,
and ®y_; as seen in Eq. (6). Some additional new terms that
emerge are species mass utilization (®,,, = (m;,/m,)) and spe-
cies fraction (£, = (1, /m,)). Note that mn; , is the mass flow rate
of the nth ionic species, and m,, is the total mass flow rate of the
nth species, including contributions from both neutral and ionic
mass flow rates. The resultant terms for ®,, ®,,, and ®y_; are
presented in Eqs. (7-9), respectively.
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In the above equations, M,, is the molar mass of the nth species,
Q;, is the current fraction of the nth species, v, is the average
neutral velocity of the nth species, and v, ,, is the average ion velocity
of the nth species. The expression for beam efficiency has the same
form and interpretation as in the atomic model as seen in Eq. (4b), and
it has been reproduced from Sec. IL.A for clarity.

To compare the relative efficiencies between the production of
different ionic species in a molecular propellant, a new efficiency
term is defined and denoted as species parameter efficiency (1sp), as
shown in Eq. (10). While 7gp is not derived analytically from 57
similar to the other efficiency terms, it is useful in that it contains the
largest contributing species efficiency terms, and it can be used as a
quantitative metric to determine the most efficient ionization path-
way for a molecular propellant. For example, with a nitrogen

propellant, ngp will indicate if it is more efficient to produce N*
or N species, which likely experience different ionization and
acceleration regions and possess energy sinks of varying strengths.
Note that 7, ,, is not included in this formulation because many of
the processes that contribute to decreased 7, such as electron—-wall
collisions and anomalous electron mobility, cannot be attributed to a
specific species and the 7, , term emerges mainly as a product of the
averaging process. Note that, as more diagnostics are included that
can measure species specific energy sinks in greater fidelity, addi-
tional components can be added to the formulation of 7gp to account
for these contributions.

Nsp = nV,iz(Dm.n (10)

In the derived molecular efficiency model, 1g, ®p, and 5 are
global efficiency terms, which can be directly compared between
different propellants, including atomic and molecular, to grant addi-
tional insight into how propellant selection affects the relative
strength of various HET energy sinks. Note that 7y ,, ®,,,, and
nsp, on the other hand, are species efficiency terms, which can be
directly compared between the species produced from a molecular
propellant. The species efficiency terms provide information on how
the strength of certain HET energy sinks is distributed among all the
species produced and which ionization pathway is the most
efficient.

III. Experimental Design and Setup

The following subsections overview the test design and diagnostics
used to collect the data. This includes the thruster operational set-
points chosen, characteristics of the chamber and thruster used, and
test configuration of each of the diagnostics. This section concludes
with a discussion of probe corrections to account for background
pressure and an approximation for the species fraction term.

A. Test Overview

The authors performed an experimental test to illustrate the
molecular efficiency model and how this model details energy sinks
within a HET. For a representative molecular propellant, the authors
chose nitrogen due to its prevalence in air-breathing electric pro-
pulsion and inert nature, and for comparative atomic propellants, the
authors chose argon and xenon. Argon is the atomic propellant most
similar to nitrogen in terms of mass, ionization energy, and ioniza-
tion cross section [33], and it will provide the most direct compari-
son of nitrogen’s distinct molecular contributions on efficiency.
Xenon is historically the most commonly used atomic propellant,
and for this reason will also provide a good comparison for nitrogen.
The nitrogen efficiency is analyzed using the molecular efficiency
model presented in Sec. II.C., while argon and xenon were analyzed
with the atomic efficiency model outlined in the work of Brown [23]
and presented in Sec. ILA. Table 1 presents an outline of the mass,
first ionization energy, and dissociation energy of all species present
in this experiment [34,35].

For each setpoint, mass flow rate and discharge voltage are
matched between the propellants. V; is matched to approximately
maintain a similar electron temperature (7',) in the discharge chan-
nel [29]. Since 71, is a prominent term in thrust, specific impulse,
and efficiency, keeping m, constant will instead allow for the
analysis of how the physical properties of the propellants, including
the specific molecular contributions of nitrogen, influence changes
in the major performance metrics. The range of mass flow rates and

Table 1  Species properties

Species Mass, amu _First ionization energy, eV Dissociation energy, eV

Xe 131.29 12.13 —_—
Ar 39.95 15.76 —_—
N, 28.02 15.58 9.76

N 14.01 14.53 S
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discharge voltages tested are based on the exhibited stable region of
the thruster operating on nitrogen, as nitrogen has the narrowest
stability region. For discharge voltages above 275 V and below
225V, the HET becomes unstable and cannot sustain a discharge
on nitrogen. For each propellant, the magnetic field is adjusted to
minimize discharge current and discharge current peak-to-peak oscil-
lations and then kept constant for the remainder of the setpoints. The
chosen setpoints (N3, Ar3, and Xe3) to optimize the magnetic field
are selected since they share the most common operational conditions
with the rest of the setpoints. The setpoint operating conditions for
nitrogen, argon, and xenon are outlined in Tables 24, respectively.
For all setpoints, the cathode operates with xenon as the cathode gas,
which is maintained at 4.5 sccm. This cathode setpoint was selected
in preliminary testing, as it is the lowest flow rate that maintains stable
HET operation across all propellants and setpoints to minimize
potential xenon ingestion into the thruster. In the following tables,
the peak radial magnetic field is measured in the center of the
discharge channel at the thruster exit plane.

B. Vacuum Test Facility and Thruster

All measurements for the investigation are performed in Vacuum
Test Facility 1 (VTF-1) at the High-Power Electric Propulsion Lab
(HPEPL) at Georgia Tech. VTF-1 measures 7 m in length by 4 m in
diameter and reaches high vacuum using a set of six 48 diffusion
pumps. With the diffusion pumps, VTF-1 achieves a base pressure
of 1x107® Torr, operational pressures between 1.1 x 107> and
4.5 x 107 Torr corrected for the respective gas, and a maximum
calculated effective pumping speed of 292,000 I/s of N,. Pressure
measurements were taken using an SRS IGC100 ion gauge con-
troller and Kurt J. Lesker G100F ion gauge located coincident to the
exit plane of the thruster, and the calculation for effective pumping
speed is based on the best practice pressure guidelines [36].
Tables 2—4 present the operational pressure for each setpoint, and
Fig. 3 illustrates the layout of the chamber along with probe
positioning for this test.

The thruster used for all setpoints in this test campaign is the P5
5-kW HET. Gulczinski [37] presents the engineering drawings of
the PS5, which is described in detail and is configured as outlined in
the work of Haas [38]. The P5 uses an EPL HCPEE 500 externally
mounted cathode for all setpoints, positioned at the 12 o’clock
position with the orifice located 2.2 cm downstream of the thruster
exit plane and 14.7 cm above the thruster centerline. A Regatron
TC.P.10.1000.480.S.HMI TopCon Quadro power supply supplied
the discharge power, and TDK-Lambda power supplies powered the
magnets (type GEN 40-38), cathode heater (type GEN 20-76), and
keeper (type GEN 150-10). The P5 operates with a discharge filter
installed, with a resistance value of 1.4 Q in series and capacitance
of 79.7 uF in parallel to the discharge circuit.

The authors selected the PS5 for this test due to its designed
robustness as a laboratory thruster, relatively long 32 mm discharge
channel length compared to most other midpower thrusters, which
effectively increases the residence time of the lightweight nitrogen
particles in the discharge channel, and myriad of comparative
historical performance data. Historically, the P5 has operated pri-
marily on xenon propellant at mass flow rates from 5.25 to 15 mg/s
and discharge voltages of 200-600 V with presented performances
of 65-400 mN of thrust, 1000-2700 s of specific impulse, and
anode thrust efficiencies of 34-56% [22,37-39]. To the author’s
knowledge at the time of publication, no other groups have operated
the P5 on argon or nitrogen propellants. Some historical data is
presented later, alongside the data from this experiment, in the
results sections of this paper. Note that the xenon setpoints in this
test have a mass flow rate of 5 mg/s, which is off-nominal from what
has been run historically but is chosen to match the mass flow rate of
the stable setpoints of nitrogen. The thruster body is electrically
floated for all setpoints.

MKS GES50A mass flow controllers (MFCs) meter the anode and
cathode, and their operational flow rates are calibrated with a
Mesalabs DryCal 800. The MFCs have an uncertainty of 1% of
the current setpoint, leading to a maximum test uncertainty
of £0.05 mg/s.

Table 2 HET operational setpoints on nitrogen

Anode flow rate [N,], Cathode flow rate [Xe], Peak radial
Setpoint mg/s (sccm) mg/s (sccm) Discharge voltage, V. Discharge power, kW  B-field, G Chamber pressure, (Torr, N,)
N1 5.0 (240) 0.44 (4.5) 231.9 3.08 130 1.47 x 1073
N2 5.0 (240) 0.44 (4.5) 255.1 3.69 130 1.14 x 1073
N3 5.0 (240) 0.44 (4.5) 278.6 4.30 130 1.19x 1073
N4 5.2 (250) 0.44 (4.5) 277.0 4.56 130 1.38x 1073
N5 5.4 (260) 0.44 (4.5) 275.7 4.81 130 2.14x 107

Table 3 HET operational setpoints on argon

Anode flow rate [Ar], Cathode flow rate [Xe], Peak radial
Setpoint mg/s (sccm) mg/s (sccm) Discharge voltage, V. Discharge power, kW  B-field, G Chamber pressure, (Torr, Ar)
Arl 5.0 (168.3) 0.44 (4.5) 229.1 3.34 130 2.41x107°
Ar2 5.0 (168.3) 0.44 (4.5) 253.7 3.75 130 2.55x 107
Ar3 5.0 (168.3) 0.44 (4.5) 278.9 4.13 130 1.22x 1073
Ar4 5.2 (175.3) 0.44 (4.5) 271.5 4.36 130 298 x 107
Ar5 5.4 (182.4) 0.44 (4.5) 276.1 4.58 130 4.15% 1073
Ar6 5.0 (168.3) 0.44 (4.5) 303.6 4.68 130 2.39%x 1073

Table 4 HET operational setpoints on xenon

Anode flow rate [Xe], Cathode flow rate [Xe], Peak radial
Setpoint mg/s (sccm) mg/s (sccm) Discharge voltage, V. Discharge power, kW  B-field, G Chamber pressure, (Torr, Xe)
Xel 5(50.9) 0.44 (4.5) 230.8 1.75 162.5 4.49 x 1073
Xe2 5(50.9) 0.44 (4.5) 250.3 2.15 162.5 3.94x 1073
Xe3 5(50.9) 0.44 (4.5) 274.3 2.03 162.5 3.28x 1073
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Fig. 3 Schematic of VTF-1.

C. Diagnostics

Thrust is measured using a null-type inverted pendulum thrust
stand fitted with a TE Connectivity HR 100 linear varying differential
transformer (LVDT). The thrust stand is configured and operated as
detailed in the recommended practices for thrust measurements [40].
An installed calibration string calibrates the thrust stand signal and is
set to a range of 0-194.7 mN for this test, which is based on the
predicted thrust response of all propellants. This thrust measurement
setup results in a maximum test uncertainty of 2.6 mN for nitrogen,
+4.3 mN for argon, and £4.9 mN for xenon.

An E X B probe, or Wien filter, measures the charge and mass
species current fractions along with the species’ specific acceler-
ation voltage for nitrogen. This probe is mounted on a two-axis
Parker Daedal 803-9922A linear motion table, configured as out-
lined in the works of Kim and Gallimore [41] and Gurciullo et al.
[42], and positioned 1 m downstream of the thruster exit plane on
the thruster centerline for all measurements. Q; , is calculated using
a bi-Gaussian fit of the current trace as recommended in literature
[42,43]. V, , for each species is calculated according to Eq. (11) as a
function of plate voltage at the nth species peak (AVye ), plate
separation distance (d), particle mass of the nth species (m,),
elementary charge of a+ 1 ion (e), and applied E X B magnetic
field (B) [42], corrected by local plasma potential (V). Note that
m; , is then calculated using Eq. (12), where F denotes Faraday’s
constant. These methods result in a maximum €, , uncertainty of
40.05 for nitrogen, +0.07 for argon, and +0.10 for xenon and
maximum V,,, uncertainty of £11.6 V.

m AVlalen 2
V,,=—|[—2%) _vy 11
2ezj( dB p an

Q.1
m=T”M (12)

A Langmuir probe, Faraday probe, and retarding potential analyzer
(RPA) are installed on a theta probe arm that sweeps from —90° to
+90° at 1 m downstream of the thruster exit plane as shown in Fig. 3.
The Langmuir probe is a cylindrical type, constructed with a 0.11-
mm-diameter tungsten filament with a length of 14.8 mm, where
voltage is supplied and current measured using a Keithley 2470
Sourcemeter. For this dataset, the Langmuir probe measures V,, with
the processes outlined in the work of Lobbia [44], resulting in a
maximum measurement uncertainty of £0.25 V for all propellants.

The Faraday probe is a JPL nude type with a 22-mm-diameter
tungsten-coated aluminum collector separated with a 1.15 mm gap
from an aluminum guard ring, as presented by Frieman et al. [45]
and Walker et al. [46]. This is swept from —90° to 90°, at an angular
spacing of 0.2°, in a 1-m-radius arc with a collector potential of
—50 V with respect to ground, where the voltage is supplied and
current measured using a Keithley 2470 Sourcemeter. Beam current
and beam divergence are postprocessed from the Faraday measure-
ments using standard procedures and equations [47]. I, maintains a
maximum measurement uncertainty of +0.34 A for nitrogen,
+0.48 A for argon, and +0.46 A for xenon, and the method to
quantify 8, uncertainty is discussed in Sec. IIL.LD. Due to asymme-
tries in the plume, beam current is calculated using measurements
from —90° to 0° and 0° to +90°, then averaged for the resultant total
beam current.

The RPA configuration consisted of a five-grid layout, with a
floating grid, two electron suppression grids biased at —50 V with
respect to ground, an ion repulsion grid that swept from O to
(V44 50) V, and copper collector grid as detailed by Xu [48]. A
Keithley 2470 Sourcemeter supplied the voltage to the ion repulsion
grids in increments of 1 V, a Xantrex XPD 60-9 power supply held the
—50 V potential on the electron repulsion grids, and a Keithley 6485
Picoammeter measured the current from the collector. The RPA
measures V,, corrected by V,, for xenon and argon, resulting in a
maximum uncertainty of £4.4 V for argon and £4.5 V for xenon.

D. Background Pressure Corrections of Probe Data

Background neutrals and charge exchange collisions can cause
T,1,.1,, and 6, to be artificially higher than in ideal vacuum
conditions [41,49,50]. Typically, these quantities are corrected for
elevated pressures by varying chamber pressure to find the approx-
imately linear relationship between these quantities and background
pressure. This relationship is then extrapolated to a perfect vacuum
condition [24,47]. Since VTF-1 has a relatively higher operational
pressure, this method is not feasible for this test. The data is instead
corrected by using a neutral ingestion model that is proposed
by Randolph [51] and modified by Reid [52] and Brown [24].
Brown compared the neutral ingestion model approach to the more
commonly used method of varying background pressure across
four thruster setpoints (V,; = 150 V,300 V and m, = 10 mg/s,
20 mg/s) and found the neutral ingestion model approach to be
accurate within £1% when compared to the method of varying
chamber pressure [24]. In this model, the entrained background
neutral mass flow rate (r1,,) into the discharge channel is approxi-
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mated using the kinetic particle flux equation across a hemisphere
centered at the thruster exit plane and reduced into Eq. (13).

m
. =A P [—"_ 13
men en 27tkT0 ( )

Aqy is the area of the hemisphere, calculated as 488 cm? for the P5;
P is the background chamber pressure in Pa; k is Boltzmann’s
constant; and T is the temperature of the background neutrals,
which is assumed to be 300 K. The entrained flow is then assumed
to be ionized and accelerated into the beam, which causes the
artificial increase in 1, I, and 7. The actual entrained mass flow
can vary from what is presented in Eq. (13), and entrained mass that
is ionized generally does not contribute as much to thrust as mass
that originates from the anode, so an area entrainment factor ({,)
and thrust entrainment factor (.,) are introduced as corrections to
match empirical data trends. The equations for corrected 1, I, and
T are shown in Eqgs. (14-16), respectively [24].

. e
Id,corr = 14— {amiey mi (14)
n
. e
Ih,corr =1, - CAmenmi (15)
n
m
Teorr = T(l = Cen ﬁ) (16)
a en

The correction factors are set to {4 = 1.0 as is done in the work of
Reid [52] and {., = 0.8, which is scaled by power and mass flow
trends seen in the work of Brown [24] for the conditions in this test.
Beam divergence is corrected for CEX collisions by recording the
beam current density measurements at £90° and subtracting these
values out across all plume angles. This correction method, as
described by Azziz [53], provides a lower limit for €, and assumes
that all current measured at +90° is CEX current and this current is
distributed evenly across all angles. An upper limit on 8, is deter-
mined by using the raw Faraday data with no CEX corrections. The
recorded value for 6, is the average of these two methods, and the
error bounds due to CEX corrections were set based on these upper
and lower limits. Error propagation for all diagnostics is performed
by using standard methods outlined in NIST Technical Note 1297
[54], with maximum calculated uncertainties for each measured
quantity summarized in Table 5.

E. Species Fraction Approximation

With the current set of plasma diagnostics used for this experi-
ment, &, is not directly measured since biased plasma probes cannot
detect the neutral particles that contribute to &,. The value for &y,
being the species fraction for atomic nitrogen, for this test is
approximated using Eq. (17). ry/m;y, from this equation is
assumed to be a function of the reaction rates of the nitrogen
dissociation mechanism (dny/d¢) and ionization mechanism
(dnyy+ /0t) at a given T, as seen in Eq. (18) [35].

' iy | [ iy | [ Qints My,
§N=@={.”’N}{ .‘N2}={.’"N}{ b N~} a7
my, mi,Nz m, mi,Nz my, F

iy - (Ony /ot Ymy _ (2Kd,N2NNzni)mN _ Kin,

m;nN, - (anN;r /at)mN; - (Ki.NzNNzni)mN; Kin,

(18)

In Eq. (18), Ny, is the neutral number density of molecular
nitrogen, 7; is the plasma density, K, x, is the reaction rate constant
of the primary nitrogen dissociation mechanism (e~ + N, —
2N +e7), and K\, is the reaction rate constant of the primary
molecular nitrogen ionization mechanism (e~ + N, — NJ + 2e7).
The reaction rate constant of the kth mechanism (K;), in turn, is
calculated using Eq. (19), as a function of the mass of an electron
(m,), energy of an impacted electron (¢, ), reaction energy of the kth
reaction mechanism (), cross section of the kth mechanism (o),
and normalized electron energy distribution function (f,) [56,57].

K, = \/mz [ evteoveas. de, (19)

In the above equations, f, is assumed Maxwellian at a given T ,.
ITonization cross sections for this analysis are obtained from Itikawa
[58], and dissociation cross sections are obtained from Cosby [59].
For nonmagnetically shielded HETSs operating on xenon, T, in the
discharge channel is estimated to be approximately 0.1V,
[29,60,61]. T, in low-temperature plasmas is seen to scale with
reduced electric field (E/N), where (E) is the strength of the local
electric field, and (XN) is the neutral density [62]. Since m, is
matched between each of the propellants, there will be a different
N due to the differences in their masses. Therefore, the corrected
electron temperature for nitrogen (7', x,) is approximated, as shown
in Eq. (20), where ¢, is the average thermal velocity of the nth

species, calculated as ¢, = /(8kT /zm,,).
(E/N)y, _ 0.1V,
(E/N)xe Nn,/Nxe

n/lN2

~ OlV,, ":la,Xe mNz Exe

Te‘Nz ~ Te,Xe -
mg N, Mxe ON,

=0.1V, (20)

mxe

This approximation for &y has limitations in that it assumes that
dissociation and ionization occur in the same region of the discharge
channel at a constant 7, the primary dissociation mechanism (e~ +
N, — 2N + ¢7) produces all dissociated species, and the primary
molecular ionization mechanism (e~ + N, — NJ + ¢~) produces
all molecular ions. For future experiments, £y can be more accu-
rately measured using optical emission spectroscopy (OES) or two-
photon absorption laser-induced fluorescence (TALIF) at the
thruster exit plane, where both techniques have been performed
before for flowing nitrogen plasmas [31,63-65].

IV. Results and Discussion

The following subsections present the test results from the set-
points and analysis methods mentioned in the previous section. The
first subsection focuses on overall performance trends measured in
this experiment, and the subsequent subsections analyze the results
from the atomic and molecular efficiency models applied to this
dataset and how discharge voltage affects the individual efficiency
parameters. Figure 4 shows operational pictures of the P5 firing on
each propellant.

A. Opverall Performance Trends

The overall performance metrics of thrust, specific impulse (/,),
and thrust efficiency, as calculated from thrust measurements, are
presented for all setpoints and propellants in Figs. 5-7, respectively.
Historical data from the PS5 thruster on xenon are superimposed on

Table 5 Maximum diagnostic uncertainty using standard error propagation

Propellant T Qi V, 1, [ Van (EXB) V. (RPA)
Nitrogen +2.6 mN +0.05 +0.25V +0.34 A +3.3° +11.6 V —_—
Argon +4.3 mN +0.07 +0.25 V +0.48 A +3.2° —_— +44V
Xenon +4.9 mN +0.10 +0.25V +0.46 A +4.4° —_— +45V
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a) b) )

Fig. 4 PS5 operating on xenon (a), argon (b), and nitrogen (c) propellant.
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Fig. 6 P5 HET specific impulse as a function of discharge power on xenon, argon, and nitrogen. All historical data was run on xenon.

these plots to verify the xenon points still match historical trends,
even though they are taken at an off-nominal low mass flow rate.
The historical data also scales with power to allow comparisons at
similar power levels with present argon and nitrogen data. In these
figures, VTF-1 data has an 1, range of 5.0-5.4 mg/s and V,; range
of 229-304 V, and the historical data has n1, and V, ranges of
5.3-14.6 mg/s and 300-500 V (Hofer) [22], 5.7-10.3 mg/s and
200-300 V (Gulczinski) [37], and 5.3-10.5 mg/s and 300-500 V
(Walker) [39], respectively. It is important to note that no resolvable
xenon traces were detected with the E X B for the argon and nitro-

gen setpoints, and any contributions to performance from ingested
xenon cathode gas are assumed to be negligible.

As seen in the figures, the xenon points measured in VTF-1 match
relatively closely to the trends found in the P5 historical data despite
operating with a mass flow rate of 5 mg/s compared to the mass flow
rate range of 5.25—15 mg/s seen in the historical data. As expected,
nitrogen has a consistently lower thrust, /y,, and #; than the argon
and xenon propellants at a given discharge power, similar to the
trends from existing literature [14,15]. Despite their similar mass
and ionization cross sections, nitrogen is seen to have a much lower
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Fig. 7 PS5 HET thrust efficiency as a function of discharge power on xenon, argon, and nitrogen. All historical data was run on xenon.

nr (=30-50%) across all setpoints compared to argon. Xenon has a
much lower discharge power than nitrogen and argon (x~1-3 kW)
because mass flow rate was matched across the setpoints. Since the
particle mass of xenon is 4.7X greater than nitrogen and 3.3 greater
than argon, this resulted in many fewer xenon particles compared to
nitrogen and argon, which lowered the respective discharge current
and overall power.

B. Global Efficiency Analysis

To decompose the thrust efficiency into the various efficiency
terms, the first step is to see how well the new molecular efficiency
model fits the experimental data compared to the atomic model. To
do this, the 57 value calculated from the model (component calcu-
lated #7) is compared to that calculated via direct thrust measure-
ments (thrust calculated #y) for all propellants, and the result is
plotted in Fig. 8. In this figure, 72, = 5 mg/s for all setpoints. The
error bars in this figure are calculated using standard error propa-
gation procedures from the base uncertainties summarized in
Table 5. As seen in the figure, 57 calculated via both methods match
reasonably well, within the error bars, across all discharge voltages
and propellants. The nitrogen 77 calculated via the molecular effi-
ciency model fits the thrust calculated 77, and the atomic efficiency
model fits the argon and xenon data, which serves as validation for
the molecular efficiency model.

For both model types across all points and propellants except for
the lowest V; for xenon, the model slightly underpredicts 77, with a
maximum underprediction of 3.3%. This is similar to what Brown
found from the atomic model, and attributed this underprediction to
an overprediction of beam divergence [23]. A higher chamber
pressure increases CEX collisions, artificially increases the beam
divergence angle [47,66], and decreases the model calculated ¥,
and 7p.

After model validation, 7 is decomposed into its components 7,
®p, and ¥, and each efficiency component is individually plotted

as a function of V; as seen in Fig. 9. In this figure, m, = 5 mg/s for
all setpoints. The error bars in this figure are calculated using
standard error propagation procedures from the base uncertainties
summarized in Table 5. Plotting the global efficiency terms allows
for direct comparison between molecular and atomic efficiency
terms. This plot, in conjunction with the energy flow diagrams
presented in Sec. II, is used to see which energy sinks and efficiency
terms have the largest impact on 71 across propellants.

First, from the ¥, term in Fig. 9, it is seen that ¥, is slightly
higher for xenon but similar between argon and nitrogen; 6,, the
main contributor to ¥, varies with CEX collision rate and position
of the ionization and acceleration regions within the thruster [47].
Since the ¥, terms are similar between each of the propellants, there
are either likely no major deviations between these components or
the variations cancel each other out (e.g., higher CEX rate for xenon,
but the ionization and acceleration regions are closer to the anode).

Next, from the 55 term in Fig. 9, since 7 is based on direct
energy analysis, it is best to compare nitrogen and argon when
distinguishing the unique characteristics between atomic and
molecular propellants since they operated at approximately the same
discharge power. Argon, compared to nitrogen, has a higher g
across all discharge voltages and is also seen to diverge from nitro-
gen as V; increases. One of the major components of 7 is #;, and
the molecular energy flow diagram illustrates that some of the
energy sinks that correlate to 7, are rotational and vibrational
excitation and dissociation, which are unique contributions for
molecular propellants. These additional energy sinks likely contrib-
ute to the overall decrease in # for nitrogen compared to argon, and
the plot suggests that these effects are amplified at higher V;, which
suggests that higher V, influences increased dissociation and
molecular excitation.

Finally, ®» from Fig. 9 exhibits the largest deviation between the
atomic and molecular propellants and is the primary contributor for
the low 77 seen in nitrogen. The decrease in ®@p for nitrogen is due to
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Fig. 8 Thrust efficiency calculated with direct thrust measurements and as a component of efficiency terms from plume diagnostics using the atomic

(xenon and argon) and molecular (nitrogen) efficiency models.
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Fig. 9 Global efficiencies from atomic (xenon and argon) and molecu-
lar (nitrogen) efficiency models as a function of discharge voltage.

amuch lower @,, (43%) compared to xenon (88%) and argon (78%),
along with the larger effect @¢ has on nitrogen (95%) compared to the
effect @, has on xenon and argon (both 99%). Some of the lower @,,,
for nitrogen is due to an x~40% smaller ionization cross section than
argon, but it is also due to the effect of dissociation. This finding is
discussed in further detail in the next section.

C. Nitrogen Species Efficiency

For increased fidelity into the nitrogen energy sinks, the species
efficiencies for N and N, are calculated according to the molecular
efficiency model and plotted in Fig. 10. In this figure, i, = 5 mg/s
for all setpoints; #gp is calculated using Eq. (10); 7,y is calculated
using Eq. (11) and the definition of #, y in Sec. ILC; and ®,, ,, is
calculated using Eq. (12), the definition of ®,, , in Sec. IL.C, and the
¢, approximation outlined in Sec. IIL.LE. The error bars in this figure
are calculated using standard error propagation procedures from the
base uncertainties summarized in Table 5.

Intuitively, one would think that producing N3 ionic species
would be much more efficient than producing N* species from
nitrogen, since N avoids the energy cost of dissociation, is a larger
particle with a higher ionization cross section, and can ionize via a
one-step direct ionization process as opposed to the two-step dis-
sociation and ionization process seen with N*. For the voltage range
from 230 to 275 V, Fig. 10 agrees with this intuition, as it shows that
nsp, Which is a measure of relative species efficiency, for NJ is
higher than for N*. However, the gap between the 7gp values rapidly
converges from a 21% difference to a 1.5% difference as V,
increases where n7sp for NJ scales negatively with V,, while 5sp
for N scales positively with V.

First, from the 57y, term, it is seen that #y y, perhaps surprisingly,
is much higher (clearly outside the error bars) than 7y y, across all
V4. This indicates that NT and N have different acceleration
voltages and experience distinct ionization and acceleration regions,
where the difference could occur either spatially or temporally.
Gurciullo et al. measured acceleration voltages of ionic species of
an air/xenon mixed propellant and also found that N* experienced a
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Fig. 10 Species efficiencies for nitrogen from the molecular efficiency
model as a function of discharge voltage.

greater V,,,, than NJ [42]; however, the difference measured in that
paper is not as apparent as is seen in Fig. 10. That may be due to the
fact that the nitrogen propellant in this test is pure nitrogen as
opposed to the air/xenon mixture used in Gurciullo et al., or the
thruster is potentially running in a different operating mode than in
Gurciullo et al. A better understanding of the ionization and accel-
eration process for nitrogen in a HET environment is needed since
the difference in 57y y and 77y x, has a major impact on overall 77 and
is different than what intuition suggests.

Next, from the @, , term, it is seen that ®,, y, is much higher than
®@,, y across all V ;. @, \, is approximately where the predicted value
would lie just due to differences in ionization cross section and mass
using scaling laws between argon and nitrogen. @,, 5, on the other
hand, is much lower and decreases the global ®,, for nitrogen.
Ionization of atomic nitrogen is generally a two-step dissociation
and ionization process [31,32], and atomic N is a relatively light
particle with a high thermal velocity that will have a short residence
time in the ionization region. Furthermore, the calculated dissociation
reaction rate of nitrogen is similar to or greater than the molecular
ionization reaction rate of nitrogen across a range of T, using Eq. (19).
This indicates that dissociation is a dominant mechanism throughout
the discharge channel and there is a large supply of neutral N particles
from the dissociation reaction. The high rate of dissociation, coupled
with the relatively low probability of achieving both a dissociation and
atomic ionization reaction before leaving a region of the discharge
channel with sufficiently high electron energy, makes it difficult for N
to achieve ample ionization. This causes many N particles to leave the
discharge channel as neutrals instead of ionizing into N, thus drop-
ping ®@,, for nitrogen. However, the trends seen in Fig. 10 suggest that
increasing V,; greatly mitigates this effect. As V; increases, ®,, y and,
as a result, ngp y greatly increase, which leads to the conclusion that
the N ionization rate is greatly enhanced at higher V. If this trend
continues, N could surpass N, in terms of #gp at higher V,, which
would indicate it could be more efficient to produce N* than N3 at
high V,. These theories can be validated or rejected in the future by
taking OES or TALIF measurements at the thruster exit plane to
measure relative concentrations of neutral N particles.

The modified molecular efficiency model allows the ability to
track and quantify the strength of the pertinent energy sinks present
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for molecular propellants to influence optimized molecular propel-
lant HET design. In general, to increase nitrogen 77 based on the
presented data, an optimized molecular HET should focus on either
increasing the voltage utilization for the NJ species and limiting
overall dissociation, or enhancing the dissociation rate and targeting
increasing the mass utilization of the Nt species, potentially by
operating at a higher V ;. The best option to pursue is likely based on
the primary power level in which the thruster will operate and the
dominant processes at that power level.

V. Conclusions

This paper introduces an efficiency model that holds for molecu-
lar propellants and can be used to diagnose major energy sinks in
molecular propellant HETs to inform more optimized molecular
thruster design. The molecular efficiency model decomposes anode
thrust efficiency into energy, propellant, and beam efficiency similar
to existing atomic models and then further splits the efficiencies into
global and species efficiencies. The global efficiencies are used to
compare efficiencies between thrusters or types of propellants using
a standard baseline, while species efficiencies are used to compare
the efficiencies between various ionic species produced from a
molecular propellant. This paper then maps the efficiencies to
various energy sinks in an energy flow model to better understand
the physical processes that cause degraded efficiency values for
molecular propellants.

The authors apply the atomic and molecular efficiency models to
experimental data from a 5 kW HET run on nitrogen, argon, and
xenon. This data validates the molecular efficiency model and
garners several key findings that describe the ionization process of
nitrogen in a HET and grants insight into some of the prevalent
molecular specific energy sinks that lead to the degraded nitrogen
efficiency. First, this study finds that dissociation is a dominant
nitrogen reaction mechanism, and this mechanism cannot be
neglected in models and analyses specific to molecular propellant
operation in a HET. Second, nitrogen is shown to experience a
decreased energy efficiency compared to argon at similar discharge
powers and voltages, likely due to the presence of molecular-
specific energy sinks such as rotational and vibrational excitation
and dissociation. Third, nitrogen exhibits a poor mass utilization of
dissociated atomic nitrogen particles, which greatly decreases the
relative propellant efficiency and mass utilization of nitrogen com-
pared to argon and xenon propellants. Fourth, another major, per-
haps unexpected, finding is that the N voltage utilization is much
higher than the N voltage utilization, which indicates that NJ and
N on average experience spatially or temporally distinct ionization
and acceleration regions in a HET. Finally, with a discharge voltage
from 230 to 275 V and a mass flow rate of 5.0 mg/s in the P5 HET,
N is seen to be the more efficient species to produce over Nt.
However, at the high V,; range, N becomes almost as efficient to
produce as N7 and could potentially overtake N efficiency if V4
were further increased. In this test the molecular efficiency model
was applied to nitrogen, but it similarly can be applied to other
molecular propellants and mixtures of propellants.

Following are some considerations and author recommendations
when using this molecular efficiency model and analysis. The
authors first recommend, if possible, to use OES or TALIF at the
thruster exit plane to directly measure neutral dissociated particle
concentrations and more accurately calculate the species fraction.
Additionally, since energy is transferred between electrons and
heavy molecules probabilistically via electron—neutral collisions,
the authors also recommend producing a high-fidelity kinetic model
of probable reaction mechanisms for the associated molecular pro-
pellant. This will grant insight into probable energy sinks and
kinetic processes to base the molecular efficiency analysis.
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