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consistently delivers the highest anode efficiency (n4) performance (74 =48.74%,
400 W), followed by krypton (4 =33.01%, 450 W), argon (na =22.72%, 450 W), COq
(na=11.68%, 450 W), and N2 (n4 =7.35%, 400 W). Molecular propellants exhibit
significantly lower efficiencies and narrower regions of operational stability, and thus
require higher volumetric mass flow rates and magnetic field strengths for stable
operation. These observations highlight the engineering challenges of maintaining
discharge stability with molecular gases, particularly at lower voltages where mass
utilization efficiency sharply declines. Mass and current utilization efficiencies
improve with power for all propellants—particularly for molecular ones—though
beam efficiency remains relatively constant. We employ a previously developed
mass utilization efficiency model to accurately predict experimental results for all
propellants within the margin of error, with argon exhibiting the largest deviation.
Increasing magnetic field strength initially enhances anode efficiency (requiring ~
1-48x stronger fields for molecular gases versus Xe/Kr), but eventually reduces ion
beam current, especially in lighter molecular gases, potentially because of increased
ion trajectory divergence due to smaller ion cyclotron radii relative to heavier
xenon. These findings underscore the challenges and potential of using molecular
propellants in low-power HETs. While inert gases remain superior in performance,
molecular propellants can sustain operation under optimized conditions. Further
thruster design and operational refinements are needed to improve the viability of
molecular propellants for future space missions.
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Introduction
The Hall effect thruster (HET) is a space propulsion technology that has become quite
common in the past decade [1] thanks to its high specific impulse (I,) [2], high reli-
ability [3], and a high thrust-to-power ratio relative to other types of electric propulsion
technologies [4]. HETs have notably been used on NASA’s Psyche mission [5], SpaceX’s
Starlink v2 mini satellite constellation [6], and numerous LEO and GEO communica-
tions satellites [2]. HETs have traditionally operated at powers > 1 kW, but in recent
years the demand for lower power HETs (< 1 kW) has increased significantly, specifi-
cally thanks to the growing demand to construct Low-Earth Orbit (LEO) “Megaconstel-
lations” proposed by several companies in the United States, Europe, and China [6].

Micro-satellites (10-100kg) are power-limited and have historically used chemical
propulsion to execute maneuvers in orbit [7]. Low-power (< 500 W) HETs have the
opportunity to enhance the capabilities of these satellites thanks to their high I, relative
to their chemical cousins, which reduces required propellant mass, allowing the payload
to be heavier [7]. Despite the benefits that HETs yield, when operated in the < 500 W
range, HETs suffer from low efficiency (n4) and shorter operating lifetimes compared
to their higher-power counterparts [7]. The lower efficiency in low-power HETs is due
to insufficient ionization and low mass utilization efficiency since the surface-to-volume
ratio increases as the thruster is downsized [8]. In order to decrease total power con-
sumption, one either needs to decrease the discharge voltage or discharge current; how-
ever, since ion exhaust velocity (and thus specific impulse) is proportional to the square
root of discharge voltage (I5, < v/Vy), it is traditionally preferred to instead reduce the
discharge current to maintain a reasonable I, on higher-power HETs, one of the major
benefits of using electric propulsion (EP) in the first place [8]. However, in a low-power
HET, decreasing I; to maintain I, will also decrease 74; therefore, a balancing act is
necessary when tuning low-power HET input parameters in order to maintain satisfac-
tory performance metrics. As seen in Eq. (1) from Ahedo et al., decreasing I; and P; will
reduce overall efficiency, where €,,4;; is the wall power loss fraction and P, is the wall
power loss [9].
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To lower the discharge current, one needs to decrease the mass flow rate, which in turn
decreases the gas density within the chamber cavity, resulting in an increase in the ion-
ization mean free path [8]. This means the propellant is more difficult to ionize and the
mass utilization efficiency is lower, thus degrading the overall thruster efficiency [8].
Smaller thruster geometries can help maintain reasonable gas densities for lower mass
flow rates, but HET downscaling inherently leads to a higher surface-to-volume ratio
and greater plasma-wall losses, decreasing thruster efficiency and lifetime, increasing
the channel wall erosion rate, and inducing high thermal loads that reduce the magnetic
confinement of the electrons circulating in the Hall current [8].

Furthermore, as the discharge channel is shortened to maintain scaling similarity, the
residence time of neutral atoms within the ionization zone is reduced [9]. This reduc-
tion, coupled with shifts in the ionization mean free path, further lowers the probability
of a neutral-electron collision, ultimately degrading the mass utilization efficiency (7,,)
[10]. It is important to note, however, that while m decreases in low-power regimes, the
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discharge channel volume is simultaneously reduced. The resulting impact on the ion-
ization mean free path is therefore highly sensitive to the chosen scaling strategy and its
effect on the local neutral number density. At these smaller scales, achieving an effective
B field topology also becomes a significant technical challenge; magnetic material satu-
ration and the lack of space for complex shielding often lead to non-optimal field gradi-
ents that fail to properly focus the plasma, further exacerbating wall losses and reducing
overall efficiency [9].

The vast majority of HETs run on xenon because it is inert, possesses a high ion mass
to ionization energy, and achieves a high density under pressure [11]. Xenon is a trace
gas extracted from the Earth’s atmosphere, and due to the increasing use of xenon in
other industries such as anesthesia, automotive lighting systems, and semiconductor
manufacturing, and its already high (and often volatile) cost of procurement, there is an
economic incentive in exploring alternative propellants for HETs [11]. Global events like
the COVID-19 pandemic and the Russia-Ukraine War are disrupting supply chains, and
thus there is a high risk for a xenon shortage [11]. Additionally, a large amount of propel-
lant is consumed in pre-orbit ground testing, further driving up the development costs
for HETSs running on expensive propellants [12]. Therefore, there is much interest in the
use of alternative propellants in lieu of xenon for HETs. Molecular propellants such as
N3 and CO4 have low boiling points and thus are typically stored as gases, so they do not
require input sublimation heat like condensable propellants such as bismuth, iodine, and
zinc [11]. Additionally, these molecular propellants are very abundant throughout the
solar system [13], allowing for easier in-situ fuel acquisition and processing on celestial
objects other than Earth.

Most of the investigations into HETs running on molecular propellants have been
within the scope of Air-Breathing Electric Propulsion (ABEP), focusing on air, including
Xe/Nj and Xe/air mixtures to investigate molecular species fractions and their contri-
butions to performance metrics [14]; hence, limited studies operating on pure Ng, Oq
, or COq exist. Cifali et al. tested a > 1 kW HET on pure N3 and showed poor efficiency
peaking in the range of 22-28% anode efficiency [13]. They found that Nj ionization
efficiency was lower than that of Xe, that it increased with discharge voltage, and was
strongly non-linear [13]. Thrust mathematically is expected to vary with the square root
of discharge voltage (T o< /Vy), but the observed variation for N» was steeper. Cifali et
al. suspected that atomic ions were more numerous at higher voltages, which could also
be confirmed by the observed higher discharge current with a slightly lower mass flow
rate. Additionally, this study exclusively ignited the thruster with xenon and then transi-
tioned to pure N2 or the N2/O2 mixture. The same study also noticed substantial mate-
rial degradation of the anode and discharge channel when operating the thruster with a
N3/O2 mixture.

A Busek study led by Hohman operated a 1.5-kW HET on a 95.7% CO3 2.7% N3 1.6%
Ar mixture meant to simulate the Martian atmosphere [15]. With a mass flow rate of
90 sccm and discharge voltage of just over 250V, they were able to obtain a thrust-to-
power ratio of 26.5 mN/kW [15]. The team achieved a thrust of ~52 mN with a mass
flow rate of 80 sccm and a discharge voltage of 350V [15]. However, as mentioned, this
study operated a HET at significantly higher powers and mass flow rates than the tests
we conducted, so the results may not translate well. Finally, the study recorded no evi-
dence of oxidation or soot buildup in the thruster after 10 hours of continuous testing, as
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Table 1 Measured performance parameters for a variety of propellant types as reported by Munro-

O'Brien [19]

Xe Kr Ar N2
T (mN) 12.6 6.9 6.6 5.7
na (%) 263 152 926 54
Isp (9) 2160 1730 1390 1000

Table 2 Measured performance parameters for CO2 as reported by Tsuchikawa [12]

Xe (€0
T/ P (mN/KW) 388 19.9
14 (%) 237 7.1
Isp (5) 1245 727

CO; depositing carbon soot on or oxidizing the channel walls was an initial concern of
theirs [15].

A recent study conducted by Shirasu et al. examining the use of water vapor (H,O)
in a low-power HET (233-358 W) yielded an I, of 550-860 s and anode efficiency of
5-8% [16]. The study further concluded that the mass utilization efficiency was the most
degraded internal efficiency compared to standard xenon operation, as further indicated
by a large beam divergence and an increase in low-energy ions [16]. The paper proposes
that there are additional power loss mechanisms due to reactions unique to polyatomic,
i.e. molecular propellants, as indicated by an evaluation of the ionization cost [16]. The
research team further found that increasing the discharge voltage from 200 to 240V
increased the mass utilization efficiency without degrading power utilization, and they
suggest that operating at higher voltages could be more suitable for HoO HETs [16].
Studies conducted by Tejeda et al. have investigated water electrolysis HETS in the first
and second generation WET-HET and AQUAHET architectures. These thrusters ran Hy
through the cathode and O through the anode, however these thrusters were operated
in the 1-3.2kW regime, far greater than what is to be investigated in the paper [17, 18].

A separate recent study conducted by Munro-O’Brien et al. looked at using other gas-
eous propellants for low-power HETs (300-400 W), comparing Xe to Kr, Ar, Ne, and Nj
, finding the following peak values in Table 1 [19].

This study found that Ny operated similarly to Ar, and they were able to eventually
ignite the thruster with pure Ny [19]; however, only three N2 data points were collected
in this study due to component failure, and further investigation into low-power HET
N> operation is in order. A recent publication from Tsuchikawa et al. tested CO2 on a
low-power HET and compared it to Xe, finding the following peak values in Table 2 [12].

Thus far, no thorough effort has been made to test the operation of low-power HETs
with multiple molecular propellants, which this paper aims to accomplish. The expected
performance of a low-power HET operating on molecular propellants is expected to be
very low due to the drawbacks that both low-power HETs and molecular propellants suf-
fer from individually. In this study, we investigate the performance of a low-power HET
(< 500 W) called Simplified CAMILA (Co-Axial Magneto-Isolated Anode) operating on
Xe, Kr, Ar, Ng, and COs. This is to assess the capability of operating a low-power HET
on molecular propellants and explore the performance characteristics of the thruster by
comparing molecular propellants with the conventional and well-studied atomic gases.
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Experimental setup

Test article

Simplified CAMILA is a low-power HET designed with coaxial anodes that extend into
the discharge channel. The purpose of this configuration is to create an electric field that
would keep ions away from the walls and minimize ion wall losses, which are one of the
main culprits for reduced efficiency in low-power HETs [9]. Historically, there were two
types of the CAMILA thruster: full and simplified. The former includes additional mag-
netic coils to produce a longitudinal component of the magnetic field inside the channel
to shield the discharge channel walls. The Simplified CAMILA, which we exclusively use
in this experiment, includes a magnetic field configuration similar to conventional HETs
[20]. Henceforth, the thruster will just be referred to as CAMILA. Figure 1 shows a sche-
matic of the CAMILA Hall thruster. The ionization of propellant is produced mainly in
the discharge channel that is formed by two coaxial metallic cylinders, which are held
at the anode potential, and an end face of the gas distributor, which is under a float-
ing potential. The propellant enters the cavity through the gas distributor. It is ionized
by electrons, which are introduced by the cathode and move towards the anode while
impeded by the magnetic field.

The experiments were conducted using a barium oxide (BaO) type electron emitter
hollow cathode-neutralizer procured from Plasma Control LLC, Colorado, USA. Fig-
ure 2a shows a CAMILA CAD cross-section. Figure 2b shows a picture of the actual
thruster with dimensional callouts. Table 3 displays key CAMILA dimensions and xenon
performance metrics. A dedicated ignition block (I/B) supplies the high voltage pulse
necessary to ignite the cathode, as well as the keeper holding voltage required to sustain
emitter-keeper plasma after cathode discharge is set. The thruster discharge voltage is
supplied by the main power supply that connects between the anode and cathode. Two
power supplies feed current to the magnetic solenoids: one to the outer coils and the
other to the central coil. This arrangement enables small magnetic field topology adjust-
ments during tests in the event that unexpected thruster behavior is encountered.

o
$
5
< Outer
Magnet

Magnetic Screen Gas Distributor

Channel Propellant
Walls
Magnetic Inner
Circuit Magnet

Magnetic Screen

Fig. 1 Schematic of the CAMILA low-power HET [21]
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(a) CAD illustration cross-section. (b) Picture of CAMILA.
Thruster dimensions are marked on the
picture.

Fig. 2 CAMILA HT images

Table 3 CAMILA performance parameters with xenon propellant [20]

Channel Mean Diameter 49mm
Channel Width 12mm
Power Range 150-300 W
Thrust Range 10-20 mN
Specific Impulse 1400-1900 s
Anode Efficiency 40-55%
Cathode mass flow rate (Xe) 1.50 sccm
Facilities

Performance tests were conducted at the Asher Space Research Institute (ASRI) elec-
tric propulsion laboratory at the Technion. The test facility includes a 1.22m § x 2.7
m stainless steel vacuum chamber with an inner volume of approximately 3.2m?. The
chamber is equipped with a RUTAWAU 501/D65B/A fore vacuum pump with a pump-
ing speed of 230L/s of air. Three Sumitomo CP-22 cryopumps are located opposite the
thruster. The combined measured pumping speed achieved is approximately 9,000L/s
on xenon. The residual pressure of the vacuum chamber is lower than 9 x 10~8 Torr.
During thruster operation at a total flow rate of 1.2mg/s of xenon, chamber pressure
was lower than 2 x 1075 Torr-Xe. It should be noted that this chamber pressure value
is expected to affect thruster performance due to residual vacuum chamber gas ingested
by the thruster. Suitable calculation of the effect on thruster performance can be found
in the Appendix.

Figure 3 shows a diagram of the ASRI vacuum chamber. The pressure is measured
using an Ionivac sensor (model ITR90 from Leybold) located behind the thruster. The
manufacturer calibrates the Ionivac pressure gauge and has a declared precision of 15%.
A commercial flow controller, capable of measuring flow rate from 0 to 1.96 mg/s, model
M100b from MKS, controls gas flow to the thruster’s gas distributor. Similarly, a flow
controller controls the flow rate to the cathode, from 0 to 0.98 mg/s, and was set to either
0.15mg/s or 0.20mg/s (exclusively xenon) during all tests. The mass flow controllers are
calibrated by the manufacturer, with a declared precision of 1% of full scale.
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Fig. 3 Schematic of the Asher Space Research Institute (ASRI) electric propulsion laboratory experimental facility.
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Fig. 4 Diagram and picture of the angular faraday probe [21]

Diagnostics

The thrust stand used is a feedback-controlled inverted pendulum type, manufactured
for ASRI by PLATAR LTD, Moscow, Russia. It is capable of thrust measurements from
1 to 200 mN. Measurement accuracies, as declared and verified by the manufacturer,
are +3.5% between 5 and 10 mN and £3% between 10 and 20 mN. During tests, the
thrust stand measurement was recorded; after the thruster was shut off, the number that
the thrust stand read was recorded and subtracted from the measurement taken during
operation. In this fashion, the thrust stand was “zeroed”

A 15° angular Faraday probe “pizza slice” was aligned with the thruster’s central axis,
as shown in Fig. 4, in order to measure the ion current of the exhaust plume. It is manu-
factured from stainless steel. The large radius of the receiver and small angle of the arc
allow both the measurement of ions from exhaust plumes with large divergence angles,
and prevent noticeable influence of the ion receiver on the thruster parameters. While
taking measurements, the potential of the probe was biased by —30 V with respect to
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Table 4 Leading gas properties for the propellants used in this study

Gas Mass (amu) 1st lonization Dissociation Relative Cost (SUSD/ Litera-
Energy (eV) Energy (eV) kg) ture

Xe 131.29 121 - 1200 [20]

Kr 83.798 14.0 - 500 [19]

Ar 39.948 15.8 - 5 [19]

COaq 44.009 13.7 545 0.10 [12,15]

N2 28014 15.58 9.76 0.20 [13,19]

He 40026 246 - 50 [24]

Table 5 Range of test parameters
Propellant Voltage Range Anode Mass Flow Power BField Strength Cathode Mass Flow Rate

Rate
\' sccm mg/s w G sccm (Xe)
Xe 75-418 120-220 1.180-2.163 77-450 117.5-211.5 1.50-2.00
Kr 100-407 15.0-294 0935-1.832 170-451
Ar 160-266 28.0-36.0 0.832-1.069 277-450 90.0-118.1
COaq 150-250 33.0-480 1.079-1570 72-450 248.3-292.1
N2 180-250 55.0-754 1.144-1568 212-452

the cathode. At such a bias, the current in the circuit of the sector ceased to depend on
the potential of biasing. The value of the full ion current is simply the value measured by
the pizza slice multiplied by 24 (since 15° x 24 = 360°). Previous work by Sommerville
has demonstrated that the position of an external cathode has very little effect on the
azimuthal symmetry of the plume, introducing errors of < 5% [22]. Separately, we esti-
mate that lighter molecular propellants do not affect the ion flux plume symmetry, since
the electric field is not expected to deviate in the axial direction due to the change in
the mass of the gas or the ionization fraction. Any non-ionized particles are expected to
leave the thruster in a symmetrical manner since they are not affected by either the E or
B field; therefore, there is no introduction of asymmetries here.

Secondary electron emission, due to ion and electron bombardment of the probe sur-
face, can also lead to errors in measurement. However, these effects are relatively small
(Iess than 10%) under thruster conditions [23]. Thus, the recorded ion current is cor-
rected by a factor of 10% estimating the influence of the receiver’s ion-electron emission
on the ion current measurement. This 10% is also used as the error for this diagnostic in
subsequent error analysis.

Experimental methods

Table 4 highlights key relevant properties of the gases examined in this study. We can
see that xenon is the energetically easiest to ionize and helium the most difficult. Despite
CO2 and N3 having lower ionization energies than argon, they have an even lower dis-
sociation energies, which creates a power sink as energy spent dissociating and not
ionizing molecular propellants is wasted energy. Only ionization events will generate
meaningful amounts of thrust [2].

Table 5 shows the range of input parameters over which we operated. Throughout
testing we collected data for all gases operating at both constant power (400 W and
450 W), constant voltage (250 V) and varying magnetic fields, and constant voltage and
power (250V and 350 W, 400 W, 450 W). Constant power is useful because the power
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processing units (PPUs) of spacecraft are designed to deliver a fixed amount of power to
components such as the thruster.

Results and discussion

The thruster was successfully operated on Xe, Kr, Ar, N3, and COz at points listed above
in Table 5. A helium-neon mix was attempted, but the thruster was unable to be ignited
under any conditions; therefore, the He-Ne mixture was left out of this paper, less this
brief section. Images of the thruster successfully operating on the five gases can be seen
in Fig. 5. Peak anode efficiencies and associated performance metrics achieved for each
propellant are presented in Table 6.

Operational envelope

The operational envelope defines the regime—expressed as a combination of discharge
voltage and mass flow rate—within which the thruster can maintain steady-state opera-
tion. The operational envelope is plotted by probing the minimum combinations of dis-
charge voltage and mass flow rate. During testing, the thruster experienced numerous
spontaneous, unplanned shutdowns, particularly when operating with light gases. Each
operating point was established by selecting a specific combination of discharge voltage,
mass flow rate, and magnetic field strength, while monitoring the ability of the thruster
to sustain plasma discharge, henceforth called stability. We observed that lighter propel-
lant gases made /4, and consequently Py, highly sensitive to operational changes, par-
ticularly changes in V5. This instability often caused the thruster to shut down, requiring
us to restart it with a more stable set of parameters.

To probe the operational boundary for each propellant, we initiated thruster igni-
tion at known stable points and then gradually decreased either the discharge voltage,
by 0.5-5.0V, or the mass flow rate, by 0.1-2.0 sccm, at time intervals of one minute or
longer. To characterize the regions of operational stability, defined as the ability to sus-
tain discharge for more than five minutes, we sought the operational envelope for each
propellant. For each case, the thruster was operated for approximately 30 minutes before
recording data points to reach steady-state thermal equilibrium. This period of time was
previously shown to be sufficient to assure steady state temperatures of the thruster by
tracking the electrical resistance of the inner magnetic coil until the resistance is within
~90% of the steady state value. The thruster was then ignited and brought to a specific
operating point, a combination of discharge voltage and mass flow rate, at a constant
magnetic field (see Table 5). The thruster was then observed for at least five minutes. If
a spontaneous shutdown occurred, the mass flow rate was increased, the thruster reig-
nited, and the process was repeated, making this mapping process very arduous and
time-intensive. The objective was to determine the minimum discharge voltage for each
propellant and the minimum mass flow rate for various discharge voltages.

Figure 6 shows the resulting minimum V;; and 7 operating points for all five pro-
pellants, representing the lowest combination of discharge voltage and mass flow rate
that ensures continuous operation for at least five minutes. Xenon exhibits the widest
operational envelope. At discharge voltages above approximately 200V, the HET can
operate at mass flow rates as low as approximately 7 sccm while maintaining continu-
ous operation. All propellants show a downward trend at lower voltages, indicating that
higher mass flow rates are required to sustain operation in this regime. This behavior is
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(a) Xenon (Xe) (b) Krypton (Kr)

(c) Argon (Ar) (d) Carbon Dioxide (CO2)

(e) Nitrogen (Nag)

Fig. 5 Thruster operating on five gases: xenon, krypton, argon, CO2, and N2

attributed to the need to maintain a minimum collision frequency to ensure sufficient
ionization. A reduction in discharge voltage leads to lower electron temperatures and
reduced electron drift velocities, both of which decrease collision frequency and ion-
ization cross-section [2, 25]. To compensate, plasma density must increase, which is
achieved by increasing the mass flow rate.

Figure 6 also shows that lighter gases require higher mass flow rates—which corre-
spond to a greater number of injected particles per unit time—to sustain stable thruster
operation. This is due to the need for a larger number of particles to undergo ionization
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Table 6 Peak efficiencies achieved
Propellant Voltage Anode Mass Flow Power Thrust SpecificImpulse  Anode Efficiency

Rate
Va ma Py T Isp nA
Vv sccm mg/s W mN s %
Xe 375.00 12.00 1.180  400.13 2145 1853.63 48.74
Kr 346.00 19.00 1184 44980 1875 1614.41 33.01
Ar 262.00 31.00 0921 44854 1370 1516.82 22.72
CO2 200.00 45.10 1475 45000 1245 860.55 11.68
N2 250.00 55.00 1.144 40000 820 730.67 7.35
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Fig. 6 Operational envelope. Minima points that allow stable thruster operation (>300 s) without thruster spontane-
ous shutdown

in order to maintain sufficient plasma density. Light gases tend to have lower ionization
cross-sections, which can be compensated for by increasing the number of neutral parti-
cles introduced into the discharge channel, thereby supporting a higher electron density
[26, 27].

Furthermore, the slope of the minimum operating condition curve is steeper for
lighter propellants. This provides a quantitative indication of the increased sensitivity of
thruster stability to changes in discharge voltage when using light gases. For these pro-
pellants, a reduction in discharge voltage results in a more significant drop in ionization
cross-sections compared to heavier gases. This is due to the higher electron temperature
thresholds required for ionization, as well as additional energy losses to dissociation and
excitation of vibrational and rotational modes [28-31]. From an engineering perspec-
tive, this sensitivity implies that thruster operation with light propellants is constrained
to a narrower voltage range, or alternatively, requires a propulsion feed system capable
of accommodating a wide range of mass flow rates.

In addition to identifying operational limitations, we examined the sensitivity of dis-
charge power to variations in operating parameters. Different combinations of discharge
voltage and mass flow rate can yield the same discharge power, though with differing

performance characteristics. To explore this relationship across various propellants, we
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superimposed the operating points of constant power on top of the operational envelope
from Fig. 6. These constant power points are shown in Fig. 7. It is evident that as the
propellant becomes lighter, the discharge power becomes more sensitive to changes in
discharge voltage, as these propellants require a higher volumetric flow rate to sustain
operation. This trend aligns with the previously discussed limitations associated with
light gases.

Additionally, we included non-unique, interpolated equi-power lines that span across
different propellants. While an infinite number of such lines could be drawn, those
shown in Fig. 7 serve to contextualize the transition regions between propellants when
discharge power is held constant. These lines help illustrate how the operational regime
shifts as a function of propellant type under equivalent power conditions.

The first main takeaway from Fig. 7 is that as we go to lower atomic masses, we must
go to lower discharge voltages and higher mass flow rates. The converging nature of the
equi-power curves provides the clearest evidence of increased sensitivity with decreas-
ing propellant atomic mass. As the propellant becomes lighter, the operational space
narrows and becomes more sensitive to variations in discharge voltage, highlighting the
challenges of maintaining stable operation with low-mass gases.

For each individual gas, the equi-power lines are expected to have a 1 relation due to

the relationship explained in Eq. (2):
Py =Valg o< Vg™ 2, 2)
m

where Py is discharge power, V is discharge voltage, I is discharge current, 74 is anode
mass flow rate, and m is propellant neutral mass. This trend is indeed observed within
each propellant data set. This formulation implies that for a given power level, the prod-
uct of voltage and volumetric flow rate should remain constant across different gases,
assuming similar ionization behavior. Therefore, in theory, all propellants should lie on

the same equi-power curves—effectively “stacked” on top of one another—regardless of
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Fig. 7 Operational envelope with non-unique equi-power lines. the bullet color represents the gas type, while the
bullet outline color (for relevant points) represents the power level
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their atomic mass. However, the experimental data reveal a deviation from this idealized
scaling. As we transition to lighter propellants, the equi-power lines shift upward, indi-
cating that a higher volumetric flow rate is required to maintain the same power. This
behavior is expected due to the lower ionization cross-sections of lighter gases, which
necessitates injecting more particles to achieve sufficient plasma density and sustain dis-
charge. The increased particle injection compensates for the reduced ionization cross-
section and higher energy losses to dissociation and excitation modes, particularly in
molecular gases [10].

The unexpected observation here is that in some cases, the discharge voltage must
decrease rather than increase to maintain constant power. This contradicts the theoreti-
cal scaling and suggests the presence of parasitic effects. One plausible explanation is
the onset of high discharge currents—possibly due to elevated collision frequencies—
when operating with lighter gases. As more particles are injected to compensate for poor
ionization, the electron-neutral collision rate increases, potentially leading to enhanced
electron mobility and axial current leakage [32]. To avoid exceeding the power supply
limits, we reduced the discharge voltage, thereby maintaining the desired power level
despite the increased current draw. This phenomenon highlights a complex interplay
between discharge voltage, mass flow rate, and plasma behavior that is not fully cap-
tured by simple scaling laws. It suggests that lighter gases introduce additional loss
mechanisms and nonlinearities in the discharge process, which merit further investiga-
tion. Future work should focus on characterizing these parasitic currents and exploring
whether tailored magnetic field topologies could mitigate their impact and restore the
expected scaling behavior. We had to increase the magnetic field strength by 48% for
molecular propellants versus xenon because that was the only way to ensure operation.

When we move to lighter propellants, we must overcome ionization issues by intro-
ducing more particles or increasing the energy transferred to particles. Increasing dis-
charge voltage V; will increase electron temperature 7, and therefore the ionization rate
coefficient K, while increasing the mass flow rate 74 will increase the neutral particle
number density ng. Equation (3) demonstrates the factors that contribute to ionization:

3ni
ot

= ’I”Le’I”LQKZ‘(Te), (3)

where 887;1' is the time rate of change of the ion number density, n. is the electron num-

ber density, ng is the neutral particle number density, and K;(T.) is the ionization rate

coeflicient as a function of electron temperature. Increasing either of these input param-

on;

eters (V; or 7.4) should theoretically improve our ionization (“g;); however, we are

forced into increasing 1 4 as increasing V; introduces instabilities that prevent stable
thruster operation.

The final takeaway from Fig. 7 is the “bunching” of equi-power lines observed with Ng
. Nitrogen is known to be particularly challenging and unstable during HET operation
[10], often requiring high mass flow rates to maintain ignition. This limits the ability to
reduce overall power consumption, making it less flexible compared to other propellants
and greatly limiting the operational region, even more so than heavier CO3. Argon and
COs exhibit similar operational envelope boundaries due to their comparable atomic/
molecular masses. However, CO; introduces additional energy dissipation mechanisms
versus Ar, including dissociation, as well as rotational and vibrational excitation, which
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influence its discharge behavior and further shift its operational envelope upwards (in
terms of mass flow rate) on Figs. 6 and 7.

Constant voltage and constant discharge power

In order to obtain a side-by-side comparison of all propellants at the same discharge volt-
age and power, we were forced to constrain discharge voltage to 200V as both molecular
propellants require higher mass flow rates (and thus higher powers) to operate at higher
discharge voltages. Note that Xe and Kr were operated with a cathode mass flow rate of
1.50 sccm while Ar, CO2 and Ny were operated with a 72 of 2.00 sccm. Once again, the
cathode was exclusively operated on xenon. The higher required ¢ for lighter propel-
lants and anode/cathode discharge plume interaction is an interesting question that war-
rants future investigation. Once again, performance in key metrics, including thrust, I,
,and 714, in decreasing order, are: Xe, Kr, Ar, CO3, and N». The exception to this is argon,
having a 1.8% greater I, than krypton at 450 W. Notably, CO, provides similar thrust to
Ar, but with lower I, and anode efficiency. Mass utilization efficiency 7,, is defined in
Eq. (4), beam or current utilization efficiency 7, is defined in Eq. (5), and overall anode
efficiency 74 is defined in Eq. (6):

m;

where 7h; is the ionized mass flow rate and 7h 4 is the anode (or total) mass flow rate,

= Td7 (5)

where [, is beam current and I is discharge current, and

22
m;v;
(6)

TR

where v; is the ion exhaust velocity and Py is the discharge power. Figure 8 shows these
three internal efficiencies as a function of propellant and power with error bars. Table 7
presents the numerical data.

Overall, anode efficiency is highest for xenon, followed by krypton, argon, COz2, and
N,. Mass utilization efficiency increases as the mass flow rate and thus power increases
across all propellants. We postulate that as the mass flow rate is increased, so is the cor-
responding number density, leading to a higher collision frequency and a higher ioniza-
tion fraction. This behavior is more prominent for gases with either a high ionization
potential, such as krypton, or a high number of electron energy sinks [10], such as
molecular propellants. Since these gases see a relatively low degree of ionization [10],
any improvement in collision frequency will result in an increase in the mass utilization
efficiency. Since ionization is very low in molecular propellants, the increase in mass uti-
lization efficiency will also lead to an increase in the overall efficiency. We estimate that
this increase in efficiency with mass flow rate can benefit the ionization up to a certain
point, after which the gas is fully ionized, and any increase in plasma density contributes
to reducing the Hall parameter and inducing a higher electron mobility [32]. To support
this postulation, it was previously found that increasing the mass flow rate and thus dis-
charge power past a certain point results in a decrease in 7,, and thus overall 774 [33, 34].
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The assumption was made that every ionization led to a charge of +1; therefore, the
Nm > 1 as seen with Xe is not physical but a result of double and triple ionization events.
However, the existence of these multiply-charged ions does reduce efficiency due to
kinetic energy scaling linearly with a given charge Z (K E o Zq) but thrust scaling with
square root of charge (T v, ox v/Zq). Additionally, charge-exchange collisions (CEX)
increase plume divergence, driving down overall efficiency [35]. Neutral particles travel-
ing through the discharge channel without being ionized form a low velocity exhaust
plume that collides with high velocity ions. We postulate that due to low ionization, in
addition to the potential greater total number of neutral particles due to molecular dis-
sociation, we may have an increased number of CEX interactions that further reduce 74.

As for the current utilization efficiency, we see that for all types of propellants, the
beam efficiency generally increases with mass flow rate and thus power. We can attribute
this to improved ionization by increasing the collision frequency with the addition of
mass flow rate, that in turn increases the ion beam current. However, unlike with mass
utilization efficiency, there is very little difference between the beam efficiency of the dif-
ferent gases. We postulate that this is due to the following. Beam efficiency is a function
of the ion beam current and the discharge current carried by the electrons. A poorly ion-
ized propellant will result in both low beam current and low discharge current. This can
result in a similar ratio regardless of the degree of ionization. Since the ionization length
is larger in molecular propellants due to the dissociation region (the average ion is born
further downstream than atomic propellants) and a longer ionization mean free path
[10], we can assume that a non-negligible fraction of the ion beam may result in a large
divergence angle that will reduce the axial momentum, thus reducing the thrust.

To further investigate the physical processes behind the behavior of the mass utiliza-
tion efficiency, we adopt Hurley’s model [36]. Equation (7) presents an expression for the

mass utilization efficiency that projects 7,, as a function of plasma parameters [36]:

(ne)(kiz(T:)) E)

Un

Nm =1 —exp <— (7)
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where n. is the electron number density, k;,(T¢) is the total ionization rate coefficient
averaged over a Maxwellian e~ population with T}, v, is the thermal velocity, L is the
characteristic length of the thruster, and () denotes average quantities. Hurley then esti-
mates the mean free path for ionization (\) as a function of HET operational parameters
in Eq. (8), cited in Hurley’s paper as Equation 9, and finally arrives at Eq. (9), cited in
Hurley’s paper as Equation 10, which is what we will use to apply this model to molecu-
lar propellants:

Tk (Va — Voo)ag
>\i = * T 8
my; LaccB(1 - nb)<kzz(Te)>.7D ( )
=1—ex 2 9
Nm = r\x ) )

where 7 is the subscript for any given propellant, T}, is neutral gas temperature, m is
propellant atomic/molecular mass, k; is the Boltzmann constant, V; is discharge volt-
age, Vo is the cathode coupling voltage, « is the inverse of the Hall parameter, g is the
elementary charge, L, is the acceleration region length, B is the magnitude of the
magnetic field, k;,(T¢) is the total ionization rate coefficient averaged over a Maxwellian
e~ population with T, and jp is the discharge current density (discharge current over
discharge channel area at the exit plane). V¢ was estimated at a constant 20V, T}, at 400
K, Lace as 10mm [37], and L as 20 mm. | B| was calculated using Finite Element Method
Magnetics (FEMM) software at the exit plane in the center of the discharge channel.
Hurley states that a should lie between 0.01 and 0.001 [36]. The calibration of o was
done for Kr with 7, as 25eV, where we approximate T as 0.1V} [38], to exactly equal the
actual measured 7, value for Kr at 400 W discharge power; o was calibrated to Kr and
not Xe because of the aforementioned empirical value for Xe of 7, > 1. The calibrated «
is consistent with the range of values Hurley cites in his paper of o €(0.001,0.01). Figure
9 shows mass utilization efficiency as a function of propellant with « constant across all
propellants. It should be noted that though we held « constant for the purposes of this
model, we expect the Hall parameter to decrease for molecular propellants. This is due

140
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to axial leakage currents caused by increased electron-neutral collisions that come with
the high mass flow rates required for stable molecular propellant operation.

CO3 and Ny are plotted assuming a 7. value of 15€V since molecular propellants have
been shown to have lower electron temperatures [10]. Brabston posits the following rela-
tionship for nitrogen 7% in Eq. (10) [10]:

mn,

Te N, = 0.1V — (10)
Xe

where T, y, is Ny electron temperature, V; is discharge voltage, my;, is N2 neutral mass,
and mx. is xenon neutral mass. This would yield a T, n, of 11.5¢V, falling in the error
margin of our assumption of 15eV. The error bars for Hurley’s model are plotted using
T.=(20eV, 30eV) for the three inert propellants, and T, =(10eV, 20eV) for the two
molecular propellants. For all gases operating in this power regime, assuming a higher
T, yields a higher 7,,.

Equations (8) and (9) are extremely sensitive due to the exponential terms, causing a
lot of noise from even small deviations from true values. Thus, this analysis serves as a
qualitative measure of how Hurley’s model holds up for molecular propellants, rather
than a quantitative analysis looking to appraise the exact deviation from the model (Fig.
9).

Fixed voltage varying magnetic field

Xenon had the highest mass and current utilization efficiencies (7,, and 7,) as well as the
highest overall anode efficiency (n4), followed by krypton, as was expected. We largely
omitted argon from this experiment due to its unmapped efficiency peak. The two
molecular propellants had the worst overall efficiencies, with CO2 performing better
than Ny. CO; and Ar have relatively similar 7,, and 7, values, yet Ar has a significantly
higher 74, indicating that Ar has a better voltage utilization efficiency, 7y, multiplied by
the beam divergence efficiency, 7, than CO». Specific impulse, I,,, behaved as expected,
with Xe having the highest I, followed by Kr, Ar, CO2, and Ny. These results can be
seen in Fig. 10.

The cathode-to-ground voltage (Vo) changed less for the various magnetic field con-
figurations of the molecular propellants, approximately 1V for CO2 and Ny, than it did
for the inert propellants, approximately 2.5V for Xe, Kr, and Ar. The current ratios were
held constant for each propellant, so the magnetic topology was fixed, as seen in Fig. 11;
only its magnitude was adjusted.

For all propellants, both ion beam current and discharge current were observed to
decrease with increasing magnetic field strength, as seen in Fig. 12. This trend is attrib-
uted to enhanced electron confinement and reduced cross-field electron mobility [39].
Stronger confinement also reduces electron drift velocity and may promote the forma-
tion of multiply-charged ions, particularly for xenon and krypton [40]. In the case of
lighter propellants, the increased magnetic field can reduce the ion cyclotron radius to
values comparable to the characteristic length of the thruster. Assuming the ion veloc-
ity perpendicular to the magnetic field is v; = %, the cyclotron radii for singly ionized
COg and N are approximately 16.5cm and 8 cm, respectively, while the radius for singly
ionized atomic nitrogen is about 4 cm. These values approach the characteristic dimen-
sions of the HET used in this study, potentially leading to ion trajectory divergence.
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Fig. 10 Internal efficiencies as a function of B field strength

(a) Bratio = 2.29 [Xe, Kr] (b) Bratio = 1.13 [CO2, N3]
Fig. 11 B field configuration for four gases: Xe, Kr, CO2, and N2

As the ion beam current decreases at constant anode mass flow rate, mass utiliza-
tion efficiency correspondingly declines for all four gases. However, the reduction in
discharge current due to stronger electron confinement is more pronounced than the
reduction in ion beam current as seen in Fig. 12, resulting in an increase in beam current
efficiency with increasing magnetic field strength beyond the optimal point.

The combined effect of these trends is a characteristic rise-and-fall behavior in overall
efficiency for all propellants examined in this phase of the study. In summary, increas-
ing the magnetic field beyond the optimal point initially enhances efficiency by reducing
discharge current and power consumption, while maintaining sufficient—albeit slightly
reduced—thrust. However, further increases in magnetic field strength eventually led to
a significant drop in ion beam current, reversing the efficiency gains and resulting in a

decline in anode efficiency.
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Conclusion

This study provides an early performance comparison of a low-power HET operating
on multiple atomic and multiple molecular propellants under matched conditions. The
key finding is that while molecular propellants such as CO2 and N3 can sustain stable
operation in a low-power HET, they do so only within significantly narrower operational
envelopes and at the cost of reduced performance. Specifically, molecular gases required
approximately 1.48 times stronger magnetic fields and substantially higher mass flow
rates than inert gases to maintain ignition and discharge stability at equal power levels.
These requirements stem from lower ionization efficiencies and additional energy sinks
such as dissociation and vibrational excitation, which are unique to molecular species.

The operational envelope mapping revealed that lighter gases exhibit steeper stability
boundaries, indicating greater sensitivity to discharge voltage. Notably, nitrogen dem-
onstrated the narrowest operational envelope and the lowest anode efficiency, while
COs, though still under-performing atomic gases, showed relatively better stability and
efficiency. Equi-power mapping further revealed that lighter gases deviate from the
expected first-order scaling laws, requiring higher particle injection rates and, coun-
terintuitively, lower discharge voltages to maintain constant power—likely due to axial
leakage current and elevated electron-neutral collision rates.

Internal efficiencies analysis showed that anode, mass utilization, and current uti-
lization efficiencies generally improved with increasing power across all propellants.
Hurley’s model for mass utilization efficiency was found to qualitatively predict trends
across all gases, including molecular ones, when adjusted for lower electron tempera-
tures. Increasing the magnetic field initially improved performance via better electron
confinement, but eventually reduced ion beam current, notably in molecular gases. We
postulate this is due to greater ion trajectory divergence, indicating a B field optimiza-
tion problem when operating molecular propellants.

There are several critical future directions for this work. The first objective is to
develop molecular scaling laws that explicitly account for dissociation energy and for
vibrational and rotational power sinks, thereby eliminating the need for empirical power
mapping. This effort should be accompanied by a thorough investigation of these power
dissipation mechanisms and a detailed analysis of the resulting ionization fractions for
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different propellants. To enhance experimental robustness, future campaigns should
use additional diagnostics, namely retarding potential analyzers (RPA) for precise volt-
age efficiency measurements as well as probes to quantify neutral particle fluxes. Addi-
tionally, investigating bespoke magnetic topologies is necessary to better focus ion
beams and reduce coil heating. Furthermore, short endurance testing will help estimate
thruster channel and pole cover erosion during low-power operation with these alter-
native propellants. Finally, expanding this research to include other light monatomic,
molecular gases, and gas mixtures will help determine the broader applicability of these
findings to the next generation of alternative propellant thrusters.

Nomenclature

(6% inverse of the Hall parameter (-)
Ao discharge channel area at the exit plane (m?)
Bor |B‘ magnitude of the magnetic field (G)
ratio ratio of Iinner to Ioute'r ¢

¥ beam divergence efficiency (-)
Ewall wall power loss fraction (-)

b beam current (A)
1 discharge current (A)
Imner inner magnetic coil current

outer outer magnetic coil current

sp specific impulse (s)
JiD discharge current density = AIijh(A/mz)
kb Boltzmann constant (J/OK)

ki (Te) total ionization rate coefficient averaged over a Maxwellian € ~ population with T, (m3/s)
mean free path for ionization (m)

L characteristic length (discharge channel length) (m)
Lyce acceleration region length (m)
m propellant neutral mass (kg)
ma anode mass flow rate (sccm)
mc cathode mass flow rate (sccm)
Men entrained mass flow rate (sccm)
no neutral particle number density (™~ °)
Ne electron number density (1~ )
n; jon number density (1M~ )
NA anode efficiency (-)
M current utilization efficiency (-)
Nm, mass utilization efficiency (-)
nv voltage utilization efficiency (-)
Qj5 species fraction (-)
P pressure (Pa)
Py discharge power (W)
Poan wall power loss (W)
particle flux (87~ * m72)

q elementary charge (C

T thrust (N)

TC corrected thrust (N)

T, electron temperature (eV)

Ti ion temperature (eV)

T, neutral gas temperature (eV)
Veeo cathode coupling voltage (V)
Vea cathode-to-ground voltage (V)
Vd discharge voltage (V)

Vi jon velocity (m/s)

Un neutral thermal velocity (m/s)
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