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Abstract
The trends in mass utilization with increasing discharge voltage and current are investigated for
a magnetically shielded Hall thruster operating on xenon and krypton. A 9 kW class shielded
thruster is operated with discharge voltages from 300 to 600 V and discharge currents from 15
to 30 A on xenon and krypton. Experimental measurements of discharge current, thrust, anode
efficiency, and ion velocity as a function of axial position are used to calibrate a multi-fluid 2D
Hall thruster code at all operating conditions. The results of these calibrated simulations are
employed to interrogate the plasma properties inside the thruster channel. A simplified 0D
model for mass utilization evaluated on spatial averages of the simulated plasma parameters is
employed to interpret the response of this efficiency mode with power for each propellant. It is
found that with both higher voltage and current, mass utilization increases for both gases and
their relative gap in this efficiency decreases. This can be attributed to the higher plasma
densities and ionization rate coefficients at high voltage, and solely to higher plasma densities at
high current. The driving factors for the increase in mass utilization are examined in the context
of its nonlinear response to internal plasma properties. The behavior of mass utilization is also
discussed in context of the gap in overall efficiency between the propellants. Finally, the
implications of these results for improving the performance of high power Hall thrusters
operating on krypton are examined.

Keywords: electric propulsion, Hall thruster, plasma propulsion, plasma physics,
alternative propellants

1. Introduction

Hall thrusters are a type of electric propulsion (EP) device with
high thrust density (∼10 N m−2), moderate specific impulse
(∼2000 s), and decades of in-space flight heritage. These
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devices have been widely employed for near-Earth applic-
ations such as orbit-raising and station-keeping, and more
recently, have also been baselined for deep space missions
[1–3]. The advent of magnetic shielding, a technique that
greatly extends the lifetimes of these devices [4, 5], has
helped to expand their potential operating envelope and mis-
sion architectures.

As the use of Hall thrusters continues to increase, the selec-
tion of operating gas becomes a more pressing concern. The
standard propellant of choice for these devices is xenon due to
its high mass, low ionization energy, and chemical inertness.
However, xenon is comparatively expensive, and there are rel-
atively few providers internationally [6]. For this reason, there
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has been substantial work in exploring alternative propellants
for Hall thrusters such as krypton. Indeed, there are some EP
companies that have extensively used this propellant on their
thrusters [7], largely due to its lower price. However, there
are two major limitations with krypton as a propellant choice:
its poor storage density (0.53 mg cm−3 compared to xenon’s
1.6 mg cm−3 [8]) and its historically lower performance [9–
17]. The reduced storage density translates to larger tank
requirements, while the poor performance of these devices
may translate to more propellant and/or power required for a
given mission.

Several studies have attempted to close the efficiency gap
between xenon and krypton, most of which have been conduc-
ted on more conventional unshielded thrusters. The primary
motivation behind these works has been the hypothesis that
the performance gap is driven by krypton’s lower mass utiliz-
ation. Mass utilization is defined as a thruster’s ability to con-
vert incoming neutrals into ions that may then be accelerated to
generate thrust. It has been suggested that Hall thrusters oper-
ating on krypton have lower mass utilization due to the smal-
ler ionization cross-section of this gas. In an effort to improve
krypton’s mass utilization, previous works have changed Hall
thruster geometry [15, 17] and operating conditions [11–18].
In particular, increasing the discharge voltage [14, 15, 18]
and the discharge current [13, 14, 16] appears to help bridge
the efficiency gap between these propellants on unshielded
thrusters.

With that said, there are differences in the implementation
of unshielded and shielded thrusters that may lead to differ-
ent responses to changes in operating condition. There are
notable variations in the internal plasma properties of these
devices, such as how shielded Hall thrusters have higher elec-
tron temperatures and a downstream shift of the region in
which ions are accelerated [5, 19, 20]. These differences may
in turn impact our ability to close the efficiency gap with
the same approaches applied to unshielded thrusters. In ref-
erence [9], for example, we showed that increasing the dis-
charge voltage in a magnetically shielded thruster did not
close the performance gap. This is in contrast to the beha-
vior exhibited by unshielded thrusters in previous studies,
where the efficiency gap does decrease at high voltage [14,
15, 18]. We proposed in this previous work that this discrep-
ancy may be due to the differences in electron temperature
between the magnetic field topologies, but were unable to dir-
ectly validate this theory absent internal measurements of the
thruster.

More recently, we have investigated increasing the dis-
charge current on shielded Hall thrusters [21, 22] and saw the
performance gap close at sufficiently high currents. This beha-
vior is in line with observations on unshielded thrusters [13,
14, 16]. In keeping with these other studies, we attributed the
improvement of performance in this work to the presence of
more charge carriers at high currents, facilitating more ion-
ization and therefore better mass utilization. With that said,
as in the case of our voltage study, we lacked direct plasma
measurements needed to confirm this hypothesis. Ultimately,

while we have physical arguments for the behavior of the per-
formance gap between propellants on shielded thrusters, there
is key missing data for validating these arguments. There is
an apparent need to directly investigate the plasma properties
within the thruster as a function of operating condition and
propellant.

The goal of this work is to generate these types of internal
measurements and relate them to our understanding of the
thruster performance trends. To this end, we adopt an approach
usingmulti-fluid simulations that are calibrated against limited
experimental data to infer internal plasma properties [23]. Our
decision to use this method stems from the fact that internal
probes are perturbative and may obscure physical trends [24].

This paper is organized as follows. In section 2, we over-
view the operation of a Hall thruster and outline a 0D model
for how the mass utilization responds to changes in internal
plasma properties. Next, in section 3, we describe the exper-
imental setup, including the thruster and facility, the numer-
ical code employed, and the diagnostics used to obtain thruster
measurements. Then, in section 4, we present the results of our
experimental measurements and calibrated simulations. We
also evaluate our 0Dmodel for mass utilization and compare it
to experimental trends. In section 5, we discuss our findings by
using the simulation outputs to interrogate the physical origins
of the difference in performance between krypton and xenon.
Finally, in section 6, we conclude by summarizing our work.

2. Theory

In this section, we describe the physics of Hall thruster opera-
tion and a 0D law for mass utilization that scales with internal
plasma properties. Figure 1 shows an illustration of typical
Hall thruster operation. These annular crossed-field plasma
devices apply a voltage, Vd, between the conductive anode
and hollow cathode, generating a discharge current, Id, within
the channel, and an electric field, E⃗, that points axially down-
stream. The cathode emits electrons which follow the electric
field through the discharge channel toward the anode, while a
neutral propellant is injected at the anode. A radial magnetic
field, B⃗, confines the electrons in an azimuthal drift, which
ionizes the injected neutrals. The resulting ions then follow
the electric field downstream and produce thrust, the force by
which the thruster is able to move. The cathode also injects
sufficient electrons to preserve neutrality downstream.

A key metric for evaluating thruster performance is the
anode efficiency, the ratio of thruster jet power to total elec-
trical input power:

ηa =
T2

2ṁaPd
, (1)

where ṁa is the neutral flow into the channel through the anode
and Pd = VdId is the discharge power. This term can in turn be
expressed as the product of a series of efficiencymodes repres-
enting different loss mechanisms within the thruster [25–28].
As introduced in section 1, the main driver for the efficiency
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Figure 1. Operation of a typical Hall thruster.

gap between xenon and krypton that has been hypothesized to
date is the mass utilization, defined as

ηm =
ṁb

ṁa
, (2)

where ṁb is the ion beam mass flow rate and ṁa is the neutral
flow rate into the channel. We note that this is the mass utiliz-
ation of the anode, not the total device, as it does not account
for cathode flow. Physically, this efficiency mode captures the
ability of the thruster to ionize incoming neutrals. Given the
purported role of mass utilization in driving the efficiency gap
between xenon and krypton, we focus on this efficiency mode
with the understanding that η ∝ ηm.

A key goal of this work is to motivate physically how mass
utilization depends on internal plasma properties, and in turn,
how this may help explain the disparity between xenon and
krypton performance on shielded thrusters. To this end, we
rewrite the mass utilization efficiency as

ηm = 1− ṁn (L)
ṁn (0)

≈ 1− nn (L)
nn (0)

, (3)

where ṁn is the neutral flow and nn is the neutral density. Here,
the values in parentheses denote axial locations z, where z= 0
is the anode and z=L represents the location where ionization
has effectively ended. We have invoked in this derivation the
definition of mass flow rate ṁn = mnnnvnAch, where mn is the
mass of the neutral (approximately equivalent to the mass of
the ion mi), vn is the axially-averaged neutral velocity, and Ach

is the channel area. We note here that the approximate equival-
ence in this expression is because we have assumed both the
neutral velocity and channel area to be constant despite both of
them experiencing slight variations from z= 0 to z=L. This
change is more drastic in the neutral velocity, which can vary
by ∼50% through the channel [29]; for simplicity in our ana-
lysis, we treat this value as constant and find it to have minimal
impact on our results.

To formulate an expression for the neutral density at the end
of the region of interest, we consider the quasi-1D continuity
equation for neutrals in the thruster channel at steady-state:

vn
∂nn
∂z

=−kiznenn, (4)

where kiz is the rate coefficient for ionization averaged over a
Maxwellian electron energy distribution [30–32] and ne is the
electron or plasma density. All quantities in this expression
except neutral density are averaged over the channel area. We
next make the strong assumption that the plasma properties are
approximately constant axially in the channel such that we can
write

nn (L) = nn (0)exp

[
−⟨kiz⟩⟨ne⟩

⟨vn⟩
αL

]
, (5)

where ⟨x⟩ denotes a value averaged over the axial range from
z= 0 to z=L. Here we have introduced a scaling factor α< 1
to account for the fact that the ionization region length is
shorter than the channel length.

Physically, equation (5) suggests that the neutral density
should decay exponentially with distance from the anode. This
stems from the fact that the neutral population is depleted
by ionization. While the assumptions made in deriving this
expression are admittedly strong, the exponential decay of
neutral density has been previously observed in Hall thrusters
simulations [33, 34]. This lends credibility to our simplifica-
tions. Moreover, the simplified scaling of neutral density and
its dependence on spatially-averaged properties lends itself to
an intuitive physical interpretation.

To this end, we can substitute equation (5) into equation (3)
to yield

ηm = 1− exp

[
−αL
λiz

]
, (6)

where we have defined an ionization mean free path (assuming
only singly-charged ions are produced) as

λiz =
⟨vn⟩

⟨kiz⟩⟨ne⟩
. (7)

Equations (6) and (7) provide a framework for understanding
the differences between the scaling of xenon’s and krypton’s
mass utilization as well as the various potential techniques for
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Figure 2. Ionization rate coefficient as a function of electron
temperature for xenon and krypton [30–32].

improvement. For example, we can use this equation to ana-
lyze the ratio of mean free paths of xenon and krypton. First,
we note that the neutral velocity scales as vn ∝ 1/

√
mi assum-

ing that the neutral temperature is the same between gases and
approximating the neutral and ion masses as equal. Second,
assuming that the current remains constant between propel-
lants, conventional scaling laws would suggest that the plasma
density in the near-field scales with mass, ne ∝

√
mi [22]. The

ratio between ionization mean free paths then becomes

λiz(Xe)

λiz(Kr)
=

⟨kiz(Kr)⟩
⟨kiz(Xe)⟩

mi(Kr)

mi(Xe)
. (8)

The mass of xenon is 131.3 amu in comparison to krypton’s
83.8 amu. In addition, as seen in figure 2, the ionization rate
coefficient for xenon at a given electron temperature is higher
than it is for krypton. This ionization rate coefficient, obtained
by integrating the ionization cross section over a Maxwellian
electron energy distribution function [30–32], has a nonlin-
ear dependence on electron temperature. Given these ratios
and the simplifying assumptions we have made, equation (8)
shows that the ionization mean free path of krypton is longer
than that of xenon. This translates to lower mass utilization
and lower performance for krypton.

It is apparent from equation (8) that at a given operating
condition, the mass utilization of krypton will always be worse
than that of xenon due to its lower mass. However, because the
mass utilization exponentially approaches unity with increas-
ing channel length or decreasing ionziation mean free path
(equation (6)), adopting strategies to improve this parameter
for both gases will eventually close the gap. In principle, this
can be accomplished by varying the geometry or operating
condition of the thruster. For example, lengthening the chan-
nel has been shown to improve ionization in thrusters oper-
ating on krypton [15, 17]. On the operational side, increas-
ing the discharge voltage has been shown to raise the electron
temperature [28], which consequently increases the ionization

rate coefficient. Alternatively, increasing the discharge current
increases the plasma density, reducing the ionization mean
free path (equation (7)). As discussed in section 1, these three
techniques are all effective in closing the performance gap on
unshielded thrusters.

However, to fully elucidate the physics driving the
responses to operational changes in shielded thrusters, we need
direct measurements of plasma parameters such as the plasma
density, electron temperature/ionization rate coefficient, and
neutral velocity. This need is underscored by equation (6),
which we subsequently use as a framework for assessing the
mass utilization of the thruster. We describe in the follow-
ing section how we obtain the necessary measurements to
evaluate it.

3. Methodology

In order to infer the internal properties of the channel, we use
a high-fidelity simulation code calibrated against non-invasive
experimental measurements. The premise is that if this model
can bemade tomatch keymetrics of the thruster that are exper-
imentally accessible, we can use it as a virtual diagnostic to
determine other plasma properties of interest (equation (6))
that are difficult to measure with traditional probes without
perturbing the plasma [23, 24, 35].

3.1. Thruster and facility

For this study, we employed the H9, a 9 kW class magnetic-
ally shielded Hall thruster designed in a collaboration among
the University of Michigan (UM), Jet Propulsion Laboratory,
and Air Force Research Laboratory [19, 36]. This thruster
employs a boron nitride channel, a center-mounted LaB6 cath-
ode, graphite pole covers, and a stainless steel anode. The
H9 has been experimentally characterized on both xenon and
krypton as the subject of many performance and plasma prop-
erty measurements [9, 10, 19, 36–38]. The nominal operat-
ing envelope of the H9 on xenon is approximately discharge
powers of 4.5–12 kW, specific impulses of 1800–3000 s,
thrusts of 290–700 mN, and total efficiencies of 55%–70%.
The typical operating envelope on krypton is discharge powers
of 4.5–9 kW, specific impulses of 1900–2700 s, thrusts of
260–350 mN, and total efficiencies of 45%–55%. We oper-
ated the thruster in the Alec D. Gallimore Large Vacuum Test
Facility at UM, a 6 m diameter by 9 m long chamber [39].
Pressure measurements were taken with a Stabil ion gauge
located 1 m away from the thruster in the exit plane fol-
lowing best practices [40]. We ran this thruster at the con-
ditions shown in table 1 with a constant cathode flow frac-
tion of 7% and the cathode electrically tied to thruster body
[41]. The magnetic field in this table is scaled to the nom-
inal field strength at the baseline condition of 300 V, 15 A
for xenon.

We note that there are two sets of flow rates and pressures
shown in table 1. The first column denotes settings during per-
formance measurements from our previous work [9, 10, 38],

4



Plasma Sources Sci. Technol. 33 (2024) 065008 L L Su et al

Table 1. Operating conditions and base pressures for the H9. The volumetric flow rates are calculated with STP conditions assuming a
temperature of 25 ◦C.

Species
Voltage
(V)

Current
(A)

Power
(kW)

B-field ratio
(%)

Thrust test mass
flow (mg s−1, sccm)

Thrust test
pressure (µtorr)

Ion vel. test
mass flow
(mg s−1, sccm)

Ion vel.
test pressure

(µtorr)

Xe 300 15 4.5 100 14.8, 165 4.8 14.7, 164 5.4
Xe 400 15 6 100 15.4, 172 5.8 15.5, 172 5.8
Xe 600 15 9 100 16.3, 181 6.2 16.3, 181 6.4
Xe 300 20 6 100 18.5, 206 5.8 18.5, 206 6.6
Xe 300 30 9 100 — — 25.3, 281 8.8

Kr 300 15 4.5 100 11.8, 207 4.6 11.2, 195 5.4
Kr 400 15 6 112.5 11.5, 201 4.5 11.2, 196 5.6
Kr 600 15 9 112.5 12.5, 218 4.9 12.4, 217 6.4
Kr 300 20 6 87.5 15.3, 268 5.8 14.5, 253 6.8
Kr 300 30 9 87.5 — — 20.9, 366 7.8

while the second column denotes settings during a campaign
tomeasure ion velocities (section 3.3.2).We attribute the slight
differences in these values to minor changes in test setup,
including differences in the active number of cryopumps used
(14–16 during performancemeasurements, 17 during ion velo-
city measurements) and how long the thruster had been operat-
ing before measurements were taken. With that said, the flow
rates are within 6% and the pressures are within 30% of each
other, which is within normal experimental variation.

3.2. Hall thruster model

We used Hall2De, a 2D axisymmetric multi-fluid/particle-in-
cell (PIC) Hall thruster code developed at the Jet Propulsion
Laboratory [23, 35, 42], as our virtual diagnostic to infer
internal plasma properties.

3.2.1. Model physics. We briefly describe the code here
with additional information in [23]. The code has different
solvers for each species. Hall2De treats the electrons as a
fluid, employing a generalized Ohm’s law formulation for the
momentum balance and an equation for the time evolution
of the internal electron energy. These electron equations of
motion are solved on amesh aligned with the appliedmagnetic
field. This magnetic-field-aligned mesh (MFAM) helps reduce
numerical diffusion resulting from the anisotropy of electron
dynamics in a magnetized plasma.

Hall2De has the capability to model the ions either kinet-
ically using the PIC method or as a series of fluids. In this
present work, we used the fluid version of the code, which
solves fluid mass, momentum, and energy equations for sev-
eral ion species, differentiated by the charge state and origin.
We include three ion charge states (singly-, doubly-, and triply-
charged) for each of two ion fluids, yielding a total of six ion
populations. The first ion fluid tracks ions born in the main
thruster beam, while the second is comprised of ions emit-
ted from the cathode or born in the cathode plume. As ions
in a Hall thruster are unmagnetized by design, their equations
of motion are solved on a more standard rectilinear/Cartesian

grid. For the neutrals, the code uses a collisionless line-of-sight
view-factor algorithm on the same mesh as the ions.

3.2.2. Anomalous electron transport. As with all fluid- or
hybrid-based approaches to thruster modeling [43], Hall2De
underpredicts the cross-field electron current when consid-
ering only classical collisional effects on electron dynam-
ics. This is accounted for by introducing an effective or
‘anomalous’ electron collision frequency into the general-
ized Ohm’s law: νe = νe,class + νe,anom, where νe is the total
electron collision frequency, νe,class is the electron collision
frequency due to classical electron collisions, and νe,anom is
the anomalous collision frequency. By adjusting this colli-
sion frequency, it is possible to increase the effective elec-
tron transport across the magnetic field and therefore bring
the electron current more in line with what is measured exper-
imentally. In this work, we employ a static model in which
the anomalous collision frequency is prescribed as a piecewise
function of axial distance from the anode along channel
centerline:

log
νe,anom
ωce

=


c1 z⩽ z1
ci+(ci+1 − ci)

z−zi
zi+1−zi

zi < z⩽ zi+1

c4 z> z4

(9)

In the above, i is an index that ranges from 1 to 4, z is axial
distance from the anode, (zi,ci) are adjustable free parameters,
and ωce is the electron cyclotron frequency. In figure 3, we
show a notional example of such a collision frequency profile
defined by equation (9).We assume that the inverse anomalous
Hall parameter, νe,anom/ωce =Ω−1

e , varies only with the axial
location z and is constant in the radial direction. In practice,
the user can adjust the eight free parameters in this model to
match the experimentally measured quantities of interest such
as current and thrust. Similar piecewise anomalous transport
profiles have been previously used to simulate a number of
Hall thrusters in Hall2De [35, 44].

Because the form for the anomalous collision frequency
is not known a priori, Hall2De and other Hall thruster codes
are not fully predictive. However, once a collision frequency
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Figure 3. Notional anomalous collision frequency profile according
to equation (9).

profile is prescribed, the physics in the model as represented
by the governing equations for the electrons, ions, and neutrals
are closed. Our overarching assumption is that if the collision
frequency can be calibrated by matching measurable quant-
ities of interest, the other plasma properties produced by the
code will also represent those of the actual thruster. In this
sense, the model can be used as a virtual diagnostic for plasma
parameters within the thruster and is thus an invaluable tool for
accessing difficult-to-measure quantities. We note here that a
weakness of this approach is the relatively poorly-calibrated
electron temperature in the simulations, which is determined
by the electron energy equation. Previous simulation efforts
have revealed the difficulty of calibrating both electron tem-
perature and ion velocity simultaneously [35, 42]. Given the
availability of the ion velocity profiles, we use this as our
calibration metric.

3.2.3. Metrics for calibrating anomalous collision frequency.
As discussed in the preceding section, it is necessary to have
experimental measurements to match to simulation outputs.
For this effort, we use the discharge current, thrust, anode effi-
ciency, and ion velocity profile. The current and thrust are
direct outputs of the code. However, matching experimental
thrust values to simulation requires tuning of parameters (such
as anomalous transport in the cathode plume) that were bey-
ond the scope of this investigation. In order to focus on the key
factors that explain the difference between xenon and krypton
performance, these parameters were not exhaustively studied,
and instead a constant empirical thrust correction factor of 1.09
was used to adjust the thrust for all simulations.

Hall2De is also capable of predicting ion velocity as a
function of axial distance from the anode. This is a property
that we are able to measure experimentally with non-invasive

Figure 4. Hall2De simulation domain overlaid atop H9 operating
on krypton at 300 V, 15 A.

techniques as described in section 3.3.2. This set of spatially-
resolved data has become one of the standard references for
calibrating the electron collision frequency as it varies axially
[35]. To quantify the agreement between the simulation and
the experimentally-measured ion velocities, we define the
integrated velocity residual (IVR) [44]:

IVR=

√√√√´ zNz0 (ui,exp (z)− ui,sim (z))
2 dz´ zN

z0
u2i,exp (z)dz

, (10)

where z0 is the location of the first experimental measurement
and zN is the last. We note here that we neglect uncertainty in
the experimental data when calculating IVR.

When we calibrate the collision frequencies in the code, we
manually adjust the coefficients in equation (9) and system-
atically compare the code outputs to these four metrics. The
requirements we adopt for a ‘calibrated’ simulation are

(i) Discharge current, Id, within 1%,
(ii) Thrust, T, within uncertainty of experimental data,
(iii) Anode efficiency, ηa, within uncertainty of experimental

data,
(iv) IVR below 0.12.

3.2.4. Simulation domain. In figure 4, we show the simu-
lation domain for Hall2De superimposed on an image of the
H9 thruster, including the boundaries and coordinate system.
The total simulation domain for the thruster extended approx-
imately eight channel lengths downstream of the anode and
eight channel lengths radially outward from the center of the
thruster.
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Table 2. Numerical parameters employed in this work.

Parameter Value

Number of cells (MFAM) 1949
Number of cells (rectilinear grid) 1684
Maximum charge state 3+
Number of fluids 2
Cathode flow fraction 7%
Cathode ionization fraction 5%
Cathode electron temperature 3 eV
Wall temperature 500 ◦C
Timestep 20–50 ns
Max simulated time 3 ms

We summarize in table 2 simulation parameters for
Hall2De used in this investigation. We used a field-aligned
mesh with 1949 cells and a rectilinear grid with 1684 cells.
This grid resolution was selected to balance numerical accur-
acy with speed, owing to the need to run large numbers of sim-
ulations sequentially in order to calibrate the anomalous colli-
sion frequency profiles. As with experimental testing, the cath-
ode flow fraction was set to 7%. The ionization fraction and
electron temperature at the cathode orifice were set to 5% and
3 eV, respectively. These values are in line with experimental
measurements of the cathode employed in the H9 [45]. We
assumed the neutrals were emittedwith an average speed given
by a half-Maxwellian distribution in one direction at 400 K,
vn =

√
2kBT/πmi, resulting in a velocity of 129.1 m s−1 for

xenon and 161.6 m s−1 for krypton. The channel wall tem-
peratures were set to 773 K (500 ◦C). While the channel tem-
perature likely has some dependence on the operating power,
we have kept it constant in our analysis and found that thrust
and ion velocity were relatively insensitive to changes in inlet
velocity. We also note here that we used the Sagdeev model
for anomalous transport in the cathode plume [46], which is
another tunable parameter that may be a fruitful subject of
future investigation.

We ran each simulation for 3 ms of simulated time with a
timestep between 20 and 50 ns. This total runtime was suf-
ficient for the ion velocity, discharge current, and thrust to
converge in a time-averaged sense. We then evaluated time-
averaged properties using the last millisecond of simulation
time. Three milliseconds of simulation time corresponded to
between 5 and 20 hours of wall time per simulation using 8
CPU cores. While Hall2De is designed to run on ordinary
desktop computers, we conducted the majority of the simu-
lations using the Great Lakes supercomputing cluster at the
University of Michigan. This enabled us to run many simula-
tions in parallel, reducing the amount of user time required to
calibrate each condition.

3.3. Generating data for model calibration

In this section, we describe the experimental methods we used
to obtain performance measurements and ion velocity profiles
to calibrate to in Hall2De.

Figure 5. Notional diagram of LIF setup. Note that in this diagram,
light moves from right to left.

3.3.1. Performance. The thrust and efficiency data we used
for calibration originates from our previous study [9, 10].
In this work, we used a null-type inverted pendulum thrust
stand to measure the thrust of the H9. We were then able to
infer anode efficiency from these measurements. We note here
that we used the flow rates and pressures (table 1) from this
previous campaign as inputs to Hall2De. This decision was
made based on the assumption that minor changes in flow rate
and pressure would impact performance predictions more than
they would the ion velocity profile.

3.3.2. Ion velocity profiles. We used laser-induced fluores-
cence (LIF), a non-invasive diagnostic, to measure the ion
velocities along centerline in the H9. We used an excitation
wavelength to target the transition of a metastable state and
measure the intensity of the resultant fluorescence. By varying
the injection wavelength, we were able to produce a Doppler-
broadened lineshape of this transition resulting in a distribu-
tion of ion velocities [47–51]. The relationship between velo-
city and wavelength is v= c(1−λ/λ0), where v is velocity, c
is the speed of light, λ is the injection wavelength, and λ0 is
the central wavelength of the transition.

We used the 728.98 nm in air transition for Kr II that
fluoresces at 473.90 nm [52]. For the Xe II setup, we used
the 834.72 nm in air transition that fluoresces at 541.91 nm
[52]. These transitions have been previously employed for
Hall thruster testing [48–51, 53, 54]. Figure 5 shows the setup,
including optical path, of our LIF injection scheme for both
gases. The system started with a laser head that differed based
on injection wavelength. For the krypton transition, we used
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a TOPTICA TApro tunable diode laser and tapered amplifier
system with a center wavelength of 729.18 nm, maximum out-
put power of 500 mW, and a mode hop free tuning range of 56
GHz. For the xenon transition, we used a Newport TLB-6700
diode laser and a TA-7600-LN tapered amplifier. A wavemeter
precisely measured the wavelength of a probe beam from each
laser, while a photodiode (internal for the TOPTICA laser
and external for the Newport laser) monitored output power.
The main beam from the laser then passed through a mechan-
ical chopper operating at 2 kHz before being injected into the
chamber through a multi-mode 50 µm diameter fiber with a
numerical aperture of 0.22.

Within the chamber, there were two optics aligned to a point
within the plasma discharge. One was the injection lens, which
had a 50 mm diameter and a focal length of 10 cm, mounted
approximately 10 thruster diameters downstream. This lens
focused the beam down to a 1 mm3 spot size. We aligned the
beam to channel centerline and injected it axially. The collec-
tion lens, which had a 75 mm diameter and a focal length of
20 cm, was oriented at an angle outside of the main plume of
the thruster and aligned to the same spot as the injection lens.

Once fluoresced light from the transition was collected by
the collection optic, it was sent through a multi-mode 1 mm
diameter fiber with a numerical aperture of 0.39 to a bandpass
filter to reduce noise. This light was then converted to current
using a photomultiplier tube (PMT) and then to voltage using
a transimpedance amplifier (TIA). Finally, we used a lock-in
amplifier (LIA) tied to the frequency of the chopper to distin-
guish the fluorescence from the background light. We used an
integration time of 300 ms on the LIAs. We power-corrected
the measured signal by dividing it by the power input from the
laser; this isolated the intensity of our fluorescence measure-
ments from the intensity of the injection signal.

During operation, the thruster was mounted on a motion
stage capable of translating axially such that the optical dia-
gnostics could be kept stationary. For each condition, we per-
formed axial LIF along channel centerline from approxim-
ately 0.13 thruster channel lengths Lch upstream to 0.53 chan-
nel lengths downstream of the exit plane. This experimental
domain is shown in figure 6.

Figure 7 shows an example of an ion velocity distribution
function (IVDF) measured at z= 1.53Lch for krypton opera-
tion at 300 V and 15 A. The velocity resolution for this condi-
tion is approximately 200 m s−1. There are two velocity pop-
ulations that can be seen in this distribution, which has been
shown to be typical of Hall thrusters [51, 55]. This has been
attributed to the oscillatory nature of Hall thrusters and the
time-averaged nature of our LIF measurements. In order to
infer an average ion velocity from these profiles, we first per-
formed a two-peak Gaussian fit at each location and then took
the first moment. We estimated uncertainty in these averages
through the bootstrapping method [56]. With this technique,
we randomly sampled the raw IVDF trace and performed the
same Gaussian fit to obtain a distribution of mean fitted velo-
cities. We took the uncertainty to be a 95% confidence interval
of the resulting distribution. The moments resulted in spatial
profiles of average ion velocity along channel centerline.

Figure 6. LIF interrogation domain (shown as a transparent
rectangle) overlaid atop H9 operating on krypton at 300 V, 15 A.
Channel centerline is represented by the dashed pink line.

Figure 7. Measured (points) and two-peak Gaussian fit (line) ion
velocity distribution function at 0.53Lch downstream of the exit
plane for H9 operating on krypton at 300 V, 15 A.

In this work, we neglect to account for broadening of the
IVDF due to hyperfine and Zeeman splitting. We discount the
former effect because it has been shown from previous LIF
work performed on singly-charged xenon that it contributes
less than 1% uncertainty to the velocity moment at the exit
plane and downstream of the thruster channel [51, 57, 58].
We neglect the latter effect because it is symmetric, indicat-
ing that it should not impact our measurements of average ion
velocity [51, 59].

8



Plasma Sources Sci. Technol. 33 (2024) 065008 L L Su et al

Table 3. Experimentally measured thrust and anode efficiency for
all conditions [9, 10].

Species Condition Thrust (mN) ηa (%)

Xe 300 V, 15 A 292.9 ± 3.5 64.2 ± 1.6
Xe 400 V, 15 A 350.8 ± 3.4 66.5 ± 1.5
Xe 600 V, 15 A 447.2 ± 3.0 68.3 ± 1.3
Xe 300 V, 20 A 377.6 ± 3.8 64.2 ± 1.3
Xe 300 V, 30 A 547.0a —

Kr 300 V, 15 A 235.8 ± 2.5 52.2 ± 1.1
Kr 400 V, 15 A 269.1 ± 2.5 52.6 ± 1.1
Kr 600 V, 15 A 350.3 ± 2.5 54.7 ± 0.9
Kr 300 V, 20 A 317.3 ± 2.0 54.8 ± 0.8
Kr 300 V, 30 A 480.3a —
a The 300 V, 30 A condition thrusts were linearly extrapolated from 15 to
20 A.

Figure 8. Experimentally measured anode efficiencies with
increasing voltage and current held constant at 15 A (gray), and
increasing current and voltage held constant at 300 V (black) for H9
operating on xenon and krypton.

4. Results

4.1. Experimental results

Here we summarize the global performance metrics for our
thruster and present the ion velocity profiles obtained through
LIF. The performance measurements have been previously
published in references [9, 10] and are summarized in table 3.
In figure 8, we show anode efficiency trends with increasing
power. We note here that we did not have experimental thrust
and anode efficiency measurements of the 30 A conditions.
Instead, we estimated the values for those conditions by lin-
early extrapolating thrust from 15 to 20 A.

The thrust and efficiency results in table 3 and figure 8 show
both metrics increasing monotonically with increasing power
(both voltage and current). As we noted in our previous work
[9], the efficiency gap between xenon and krypton remains
approximately constant between the 300, 15 A and 600 V,
15 A conditions. This is in contrast to trends with increasing

Figure 9. Profiles of mean ion velocity along thruster channel
centerline with xenon operation for (a) increasing discharge voltage
with a constant discharge current of 15 A, and (b) increasing
discharge current with a constant discharge voltage of 300 V.

voltage observed on unshielded thrusters where the efficiency
gap closes [14, 15, 18]. On the other hand, we note that the gap
decreases as current increases from 15 to 20 A with voltage
held constant at 300V. This is more in line with previousmeas-
urements on unshielded thrusters [13, 14, 16].

In figure 9, we show the ion velocity profiles for xenon
operation at different voltages and currents. At higher
voltages, the ions reach a faster final velocity due to the
greater acceleration voltage. We also note that with increas-
ing voltage, the profile moves upstream, consistent with pre-
vious measurements [48, 50, 60]. With increasing current,
the final velocity remains approximately constant, and the
acceleration region shifts downstream. This downstream shift
in acceleration region is consistent with previous measure-
ments on both unshielded [48] and shielded [50, 60, 61]
thrusters.

In figure 10, we present the velocity profiles for krypton
as a function of voltage and current. We first note that krypton
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Figure 10. Profiles of mean ion velocity along thruster channel
centerline with krypton operation for (a) increasing discharge
voltage with a constant discharge current of 15 A, and (b) increasing
discharge current with a constant discharge voltage of 300 V.

reaches a higher final velocity than xenon at the same operating
condition. This stems from the fact that krypton is a lighter gas
and therefore achieves a faster final velocity for a given accel-
eration voltage. In terms of trends with voltage, the velocity
profiles exhibit similar behavior to xenon in that they generally
move upstream and steepen. With increasing current, there is a
similar downstream shift in the acceleration region for krypton
operation as exhibited by the thruster operating on xenon from
15 to 30 A.

4.2. Simulation results

We present in this section the results from our calibrated
simulations, highlighting the metrics that illustrate accept-
able agreement with experimental data and using average val-
ues of internal plasma properties to observe trends in mass
utilization.

Table 4. Simulated values of thrust, anode efficiency, and integrated
velocity residual for all conditions.

Species Condition Thrust (mN) ηa (%) IVR

Xe 300 V, 15 A 291.7 63.9 0.07
Xe 400 V, 15 A 349.3 66.0 0.11
Xe 600 V, 15 A 450.7 69.2 0.08
Xe 300 V, 20 A 377.4 64.2 0.09
Xe 300 V, 30 A 543.2 64.7 0.08

Kr 300 V, 15 A 236.8 52.8 0.07
Kr 400 V, 15 A 270.7 53.1 0.05
Kr 600 V, 15 A 352.9 55.3 0.41a

Kr 600 V, 15 A 382.8b 65.0b 0.10
Kr 300 V, 20 A 318.6 55.3 0.05
Kr 300 V, 30 A 477.6 60.6 0.07
a This condition did not meet the IVR requirement.
b This condition did not meet the thrust and efficiency requirements.

4.2.1. Demonstrating model calibration. In the interest of
brevity, we show the calibrated anomalous collision frequency
profiles and simulated ion velocity profiles for all conditions in
the appendix.We summarize key global metrics (section 3.2.3)
from these simulations in table 4, where we compare the
simulation thrust, anode efficiency, and ion velocity residual
(equation (10)) for each condition. In comparing to table 3,
all conditions satisfy our criteria outlined in section 3.2.3 with
two exceptions. First, we again note that there was no thrust
data experimentally measured at 30 A. For these two simula-
tion cases, we neglected condition (iii) and modified condition
(ii) from section 3.2.3 such that we matched the extrapolated
thrust of the 30 A condition to within 1%, approximately equal
to the standard experimental error. Second, we were not able
to satisfy all calibration requirements for krypton at 600 V, 15
A. We could reliably produce a profile that satisfied the thrust
and efficiency requirement but had a high IVR (IVR>0.4) and
another profile that matched the velocity profile (IVR = 0.1)
but had a thrust 30 mN too high. We show both values for per-
formance metrics in table 4 and both ion velocity profiles in
section 3.3.2. We suspect our inability to satisfy the criteria
may be due to the simplified form of the anomalous collision
frequency profile that we have adopted, which makes it diffi-
cult for the simulated ion velocity profile to capture the steep-
ness of the experimentally measured profile. Additionally, the
intense (>100%) oscillations at this operating condition [9]
may lead to the time-averaged IVDF containing multiple ion
populations. To account for our lack of convergence to an exact
match, we consider both profiles in the following analysis.

4.2.2. Averaged 1D profiles of plasma properties. We show
in figure 11 examples of radially-averaged 1D simulated pro-
files of key plasma properties in the axial direction. To obtain
these profiles, we averaged each parameter radially across the
channel at each axial location, yielding a 1D profile from this
2D data in the z-r plane. The parameters we evaluated were
plasma density ne, electron temperature Te, ionization rate
coefficient kiz, and neutral velocity vn. While we only show
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profiles for the 300 V, 15 A conditions, the trends are broadly
representative for all cases.

We can see from figure 11(a) that the electron temperature
steadily increases through the region before peaking slightly
downstream of the exit plane and subsequently decreasing.We
can attribute the increase in temperature as the electrons transit
upstream from 1.5 to 1.1Lch to Ohmic heating. We expect the
temperature to peak at the location of strongest magnetic field
where the electrons are most strongly impeded [62]. The sub-
sequent decrease in temperature from the exit plane to the
anode can be attributed to ionization and wall losses. The elec-
tron temperature peaks at about 40 eV for both propellants,
a scaling of approximately Te ∝ 0.13Vd. This is a departure
from the assumption of Te ∝ 0.2Vd we made in our previ-
ous work on shielded thrusters [9] and is closer to the scaling
of Te ∝ 0.1Vd exhibited by unshielded thrusters [28, 63–66].
Physically, this relationship arises from the fact that the dis-
charge voltage is the source for electron heating. We also note
that the electron temperature of krypton is slightly higher than
that of xenon throughout the range, in keeping with trends pre-
viously seen on unshielded thrusters [11, 67]. This may be
attributed to the need for hotter temperatures while running
on krypton to maintain ion production in the thruster, which
in turn may be the result of krypton’s lower ionization rate
coefficient at a given temperature (figure 2).

The profiles of ionization rate coefficient, shown in
figure 11(b), trend in the samemanner as electron temperature.
However, the ionization rate coefficient of xenon is higher than
krypton throughout the channel. This is because the slightly
higher electron temperatures of krypton are not enough to
make up for the difference in ionization rate coefficient as seen
in figure 2. This behavior is in line with our previous attribu-
tion of krypton’s lower mass utilization to its lower ionization
rate coefficient at a given temperature [9].

Figure 11(c) shows that the plasma density for both propel-
lants increases immediately downstream of the anode before
decaying throughout the rest of the channel. This behavior can
be understood by again considering the movement of electrons
towards the upstream anode. The density increases from the
exit plane (at Lch) to 0.1Lch due to ionization and subsequently
decreases from 0.1Lch to the anode due to the existence of
pre-sheath effects directly downstream of the anode. We also
note that the peak plasma density of xenon is approximately a
factor of two higher than that of krypton. This is likely due to
krypton’s higher mobility—because of its lower mass, krypton
reaches higher velocities at a given discharge voltage than
xenon (cf figures 9(b) and 10(b)). Since the krypton population
is moving faster while a constant current is being maintained,
particles spend less time in a given region, leading to a lower
particle density.

Finally, we see in figure 11(d) that the neutral velocity
gradually increases through the channel before plateauing near
the exit plane at Lch. This behavior has been attributed to the
expansion of the gas as it exits from the anode, selective ioniz-
ation that preferentially depletes slower neutrals, and recom-
bination of ions at the channel walls [29]. This accelerating

Figure 11. Radially-averaged axial profiles of (a) electron
temperature, (b) ionization rate coefficient, (c) plasma density, and
(d) neutral velocity for operation at 300 V, 15 A on xenon and
krypton.
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behavior has been observed in experimental measurements of
neutral xenon velocity within the channel of a Hall thruster
[29, 58, 68], and the magnitudes are consistent with what has
been measured on the same or similar thrusters [58, 68]. We
also see that krypton’s neutral velocity is higher than xenon’s,
again owing to its lower mass.

4.2.3. Spatially averaged plasma properties. While the
radially-averaged 1D profiles of plasma properties are
useful for understanding changes through the channel,
volumetrically-averaged (0D) values allow us to use the frame-
work outlined in section 2 to understand how the mass utiliza-
tion scales. To this end, we define an average value of a given
property x over the axial direction z as

⟨x⟩=
´ L
0 x(z)dz

L
, (11)

where z= 0 is the location of the anode and z=L is the length
of integration. We computed the integral using trapezoidal
numerical integration. For this work we used L= 1.5Lch as
we found this to be the location at which for all conditions
the neutral density has decayed to near-zero, implying that the
bulk of the ionization is complete. For the krypton 600 V, 15
A condition (see section 4.2.1), we evaluated equation (11)
for both cases and averaged them, evaluating uncertainty as
the difference between cases. Armed with this framework for
analyzing the outputs of our simulation, we present here our
0D results as a function of increasing discharge voltage and
current for each propellant.

In figure 12(a), we see that the spatially averaged elec-
tron temperature steadily increases with discharge voltage.
The electron temperature of krypton is 2–3 eV higher than
that of xenon at all voltages. The scaling of electron temper-
ature with voltage is expected from a consideration of energy
balance [28]. As shown in figure 12(b), the electron temperat-
ure remains nearly constant with increasing current. With the
exception of a slightly-higher electron temperature of 18 eV
for krypton at 15 A, all other average electron temperatures
for both propellants are ∼15 eV.

In figure 13 we plot the trends in averaged ionization
rate coefficient for increasing voltage and current. While the
trends with power closely mirror those of electron temper-
ature (figure 12), the ionization rate of xenon is higher than
krypton’s at all conditions due to its lower ionization energy.
For both gases, however, the ionization rate increases with
voltage and has very little variation with current.

Fromfigure 14, we can see that the plasma density increases
with both voltage and current, although the increase with
voltage is less dramatic than with current. The higher plasma
density with current is intuitive—as more neutrals flow into
the channel, more charge carriers are made available, and the
plasma density increases. The dependence on voltage, how-
ever, is not expected based on conventional scaling laws.
For a constant current and the higher velocities at increased
voltages, wemight anticipate that the plasma density decreases
due to continuity. This behavior is not reflected here. We com-
ment further on this in section 5.2. We also note that at all

Figure 12. Average electron temperature in channel of xenon and
krypton operation for (a) increasing discharge voltage with a
constant discharge current of 15 A, and (b) increasing discharge
current with a constant discharge voltage of 300 V.

conditions, xenon’s plasma density is∼50%–90% higher than
krypton’s.

We do not show plots for the channel-averaged neutral velo-
city at all conditions because we found that this value varied by
less than ∼4% across all conditions (voltage and current) for
a given propellant. This is to be expected given our prescribed
constant inlet temperature at the anode. The channel-averaged
neutral velocity was approximately 238 m s−1 for xenon and
287 m s−1 for krypton across all conditions.

4.2.4. Mass efficiency. We present in figure 15 the the-
oretical, simulated, and experimental values of mass util-
ization. The theoretical values are calculated by evaluating
equation (6) with the 0D plasma properties presented in the
previous section. In all cases, we used a value of α= 0.25
and ionization region of L= 1.5Lch to achieve the best agree-
ment with experimental measurements of mass utilization. We
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Figure 13. Average ionization rate coefficient in channel of xenon
and krypton operation for (a) increasing discharge voltage with a
constant discharge current of 15 A, and (b) increasing discharge
current with a constant discharge voltage of 300 V.

can compute the simulated mass utilization efficiencies from
Hall2De directly by integrating the ion mass flow rate along
the outflow boundaries and dividing by the input mass flow
rate. However, the complex nonlinear physics governing Hall
thrusters make extracting physical intuition from these simu-
lated values different. Our simplified physical model, while
not as high fidelity as the Hall2De simulation, captures the
majority of the important physics governing mass utilization
and is therefore a useful tool for assessing the relative perform-
ance of xenon and krypton. The experimental values shown at
the lower-power conditions are from reference [9]. While the
values and trends exhibited by the efficiencies are not in exact
agreement, they all support the overall behavior of the effi-
ciency gap closing with both increasing voltage and current.

Figure 15 qualitatively shows that mass efficiency as cal-
culated with our model (equation (6)) increases with both
voltage and current. This is consistent with the theory we

Figure 14. Average plasma density in channel of xenon and krypton
operation for (a) increasing discharge voltage with a constant
discharge current of 15 A, and (b) increasing discharge current with
a constant discharge voltage of 300 V.

outlined in section 2 and with previous work on Hall thrusters.
Using this theoretical framework allows us to identify which
plasma parameters are driving the increases in mass utiliza-
tion. With voltage, the increases in both electron temperat-
ure (figure 12(a)) and plasma density (figure 14(a)) serve to
decrease the ionization mean free path. With current, only the
higher plasma density (figure 14(b)) drives a shorter ioniza-
tion mean free path. At all conditions, we see that the mass
utilization of xenon is higher than that of krypton. This result
is consistent with our previous experimental measurements of
mass utilization and numerous other Hall thruster studies. As
we discuss in the following section 5, the key driver of this
efficiency gap is xenon’s higher average plasma density and
ionization rate coefficient in all cases. We note that following
the scaling of the theoretical model, the efficiency gap closes
at higher powers for both voltage and current, i.e. krypton’s
mass utilization improves more than xenon’s. This finding is in
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Figure 15. Mass efficiencies of xenon and krypton operation as
calculated from theory with simulated plasma parameters via
equation (6) (black solid line), as output from Hall2De simulation
(gray dashed line), and as experimentally measured (colored dotted
line). Values are shown for for (a) increasing discharge voltage with
a constant discharge current of 15 A, and (b) increasing discharge
current with a constant discharge voltage of 300 V.

contrast to the experimentally-observed anode efficiency gap
between xenon and krypton, which was shown to not close at
high voltages (figure 8). This discrepancy is likely attributed to
the fact that there are more contributors to the anode efficiency
than just mass utilization, a point we return to in section 5.2.

Ultimately, the efficiency gap closes at high powers
because of the exponential dependence of mass utilization
(equation (6)). Xenon, which has a higher plasma density
at lower powers than krypton, exhibits a mass utilization
closer to the asymptotic 100% even at its lowest-power con-
dition. Therefore, as the ionization mean free path decreases,
xenon’s mass utilization shows a smaller increase compared to
krypton.

5. Discussion

In this section, we elaborate on the differences in mass utiliz-
ation between xenon and krypton as well as trends in plasma
parameters with increasing power. We discuss these trends in
context of how they relate to the behavior of the efficiency gap
between these propellants at high voltages and high currents.

5.1. Overall efficiency comparison

A key finding from our analysis is that, as expected, the mass
utilization is higher for xenon than it is for krypton at all condi-
tions. This is broadly consistent with multiple previous studies
[9, 11–17]. In these previous works, the cause for the differ-
ence in efficiency was largely attributed to the role of ioniz-
ation rate [9, 13, 17, 18, 69, 70]. Assuming that xenon and
krypton have the same electron temperature at a given con-
dition, xenon would have a higher ionization rate coefficient
(figure 2). While we did find this to be the case (figure 11(b)),
we also found that xenon has a significantly higher plasma
density than krypton (figure 11(c)). The implication of this
result is that xenon’s higher mass utilization cannot be solely
attributed to its higher ionization rate; instead, xenon’s higher
plasma density, lower neutral velocity, and higher ionization
rate must all be taken into consideration.

5.2. Efficiency trends with increasing voltage

Figure 15(a) shows that the mass utilization increases with
voltage for both propellants. This can be attributed to both
higher plasma densities (figure 14(a)) and ionization rate coef-
ficients (figure 13(a)). The influence of ionization rate is not
surprising given the known scaling between voltage and elec-
tron temperature [28, 63–66]. The trend in average density
with voltage also likely can be attributed to increasing ion-
ization rate with temperature and voltage. Indeed, as we show
in figure 16(a), although plasma density in the region down-
stream of the exit plane decreases at high voltage (a con-
sequence of ion current continuity in the channel), the density
from the anode to∼0.2Lch upstream of the exit plane increases
with voltage. This result is likely linked to higher ionization
rates (figure 16(c)) due to slight increases in temperature with
voltage in this region (figure 16(b)). The higher densities in
this upstream region ultimately dominate when averaging over
our axial range of interest. Thus, in practice, the increase in
ionization rate drives the trends in voltages—both directly
through the average value and indirectly through inducing high
charge production in the upstream ionization region.

These arguments ultimately lead us to reconsider our pre-
viously reported conclusions about the disparity in perform-
ance trends with voltage of magnetically shielded and unshiel-
ded thrusters on krypton and xenon. In our previous work [9],
we had assumed that krypton and xenon would both have the
same average temperature for a given discharge voltage. We
also argued that the electron temperatures in shielded thrusters
are higher than in unshielded. Due to the nonlinear nature of
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Figure 16. Axial profiles of (a) plasma density, (b) electron
temperature, and (c) ionization rate coefficient along channel
centerline for operation at 300 V, 15 A (gray) and 600 V, 15 A
(black) on xenon.

the ionization rate coefficients for each gas, we showed in
this previous work that the stronger dependence of temperat-
ure on voltage with shielded thrusters could explain why the
gap in mass utilization seen when operating with xenon versus
krypton does not closewith voltage in the sameway that it does
for unshielded thrusters.

Our current work suggests that our key assumption—the
scaling factor of electron temperature on shielded thrusters—
is invalid. This thus invites the question as to why the effi-
ciency gap does not close. Indeed, our mass utilization results
would actually suggest that the efficiency gap should close
in the same way as been observed on unshielded thrusters
[14, 15, 18]. Ultimately, this behavior stems from the fact that
mass utilization has an exponential dependence on ionization
rate coefficient and plasma density. The significantly higher
plasma density and ionization rate coefficient of xenon means
that even at the lowest-power conditions, its mass utilization
is near the asymptote of 100%. Krypton, on the other hand,
starts at lower mass utilization and therefore benefits from
the nonlinear scaling of this parameter, exhibiting more rapid
improvement when contrasted with xenon. We expand upon
this behavior in section 5.3.

The fact that our theoretical results show the mass utiliza-
tion gap narrowing suggests we need to reconsider the effect of
other efficiency losses beyond mass utilization. For example,
as we have noted in our previous work [9], the second largest
driver of the performance gap between xenon and krypton is
the divergence efficiency. In light of the fact that changing
from an unshielded to a shielded topology pushes the accel-
eration region downstream and increases divergence [62], it
is possible that the acceleration region and therefore plume
divergence may respond differently at higher voltages and
for each propellant. While a discussion of these effects are
outside the scope of the analysis presented in this paper, we
remark that our work—informed by experimentally-validated
simulation—has at least eliminated one candidate explanation
for the different observed behaviors in shielded versus unshiel-
ded thrusters.

5.3. Efficiency trends with increasing current

Figure 17 illustrates qualitatively why the mass utilization
curve improves more rapidly with current for krypton than
xenon. In this case, we have plotted the expected mass effi-
ciency as a function of plasma density. We have again used a
factor ofα= 0.25 and ionization length of L= 1.5Lch. We also
assumed rate coefficients and neutral velocities for each pro-
pellant by averaging over all three current conditions. These
values are 4.5×10−14 m3 s−1 and 238 m s−1 respectively for
xenon, and 2.8×10−14 m3 s−1 and 287m s−1 for krypton. This
is justified given the relatively small variation in this para-
meter for both gases with voltage (figure 13(b)). As can be
seen from figure 17, the mass utilization increases nonlinearly
and eventually asymptotes with increasing plasma density for
both cases, reflecting a state in which complete ionization of
the input neutrals occurs.
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Figure 17. Notional mass efficiency scaling for xenon (blue dotted)
and krypton (purple dashed), with 15 A and 30 A conditions shown
with circular markers for xenon (filled) and krypton (open).

Figure 15(b) shows that the mass utilization increases for
both propellants with discharge current at fixed voltage, but
the relative increase for krypton (∼30% from 15 to 30 A)
exceeds that of xenon (<10% from 15 to 30 A). The improve-
ment in utilization for both gases with current largely can be
explained by the plasma density. Indeed, while the ionization
rate coefficient remains nearly constant for a given propel-
lant, the average plasma density for both xenon and krypton
increases by a factor between 2.2 and 2.5 from 15 to 30 A
(figure 14(b)).

In practice, at a given current, the xenon case has a higher
plasma density than krypton. This fact, combined with the
lower neutral velocity and higher ionization rate coefficient of
xenon, serves to place the mass utilization for xenon closer
to the asymptote in mass utilization at the 15 A condition.
The subsequent increase in plasma density with xenon from
increasing current thus has only an incremental improve-
ment in overall mass efficiency. On the other hand, the lower
density of krypton at 15 A combined with this propellant’s
higher speed and lower ionization rate both serve to place
the initial mass utilization at a lower value. The mass util-
ization thus improves markedly with increasing current and
density.

In light of this description, we would anticipate that the per-
formance gap decreases with increasing current. This beha-
vior is reflected by our experimental observations in our pre-
vious work [22] where we observed that the overall efficiency
gap between propellants did close with current. With that said,
we cannot definitively claim that this trend in mass utiliza-
tion is the only factor that influences trends in overall effi-
ciency. Indeed, per our discussion in the previous section,

other efficiency modes may change on shielded thrusters and
influence behavior with increasing current.

6. Conclusion

In this work, we have investigated the mass utilization effi-
ciency of a magnetically shielded Hall thruster as a function of
discharge voltage and current for both xenon and krypton pro-
pellants. We leveraged experimental measurements and calib-
rated simulations to infer trends in mass utilization as well as
the plasma properties inside the thruster channel driving these
trends.

We found that the mass utilization improves with both
voltage and current for both gases. We interpreted the driv-
ing factors for these trends in the context of a 0D equation
for mass utilization evaluated with volumetrically-averaged
plasma properties from the channel given by our calibrated
simulations. This analysis led to the conclusion that the
improvement in mass utilization with voltage can be attributed
to increases in both the ionization rate and plasma density in
the channel, both ofwhich are the result of higher electron tem-
peraturewith discharge voltage. The observed increase inmass
utilization with current density stems primarily frommarkedly
higher plasma densities.

Our results also showed that the relative gap between mass
utilization for krypton and xenon should close with both
voltage and current. This can be attributed to the fact that
the mass utilization is a nonlinear function of plasma density
and neutral velocity that asymptotically approaches unity. At
a given operating condition, xenon has a higher initial density
than krypton and thus is closer to 100% mass utilization. The
return in mass efficiency improvement with increasing power
for xenon is therefore not as marked as the trend exhibited by
krypton.

We have remarked that although the mass utilization gap
between gases closes with current and voltage, we have
found experimentally that the disparity in overall thruster effi-
ciency does not decrease with voltage for a shielded thruster
[9]. This is a departure from previously measured trends
in the overall efficiency gap with voltage for unshielded
thrusters. While we have previously attributed this dispar-
ity to a different response of mass utilization between shiel-
ded and unshielded thrusters, our results suggest that this is
not the case. Instead, other efficiency modes may be driv-
ing this trend, such as changes in how divergence angle
responds to voltage in shielded versus unshielded thrusters.
In contrast, the overall efficiency gap between propellants
does close with current as measured experimentally, which
in light of our results, is predominantly driven by mass
utilization.

In summary, the findings in this work represent a compre-
hensive investigation into the physical processes underlying

16



Plasma Sources Sci. Technol. 33 (2024) 065008 L L Su et al

the response of mass utilization of magnetically shielded
thrusters operating on xenon and krypton to changing power
levels. Given the growing interest in alternative propellants
like krypton, these key experimental results and subsequent
insights may be important considerations for informing the
optimization of the next-generation of long-life high-power
thrusters.
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Appendix. Calibrated Simulations

In this section, we show the anomalous transport profiles along
channel centerline found by calibrating all conditions, as well
as the simulation-generated velocity profiles.

In figure 18, we show the calibrated anomalous transport
profiles along channel centerline for xenon with increasing
voltage and increasing current.

In figure 19, we show the calibrated anomalous transport
profiles for krypton with increasing voltage and increasing
current.

In figure 20, we show all ten cases of velocity profiles from
simulation compared to experimental data.

Figure 18. Calibrated anomalous electron collision frequency
profiles along thruster channel centerline with xenon operation for
(a) increasing discharge current with a constant discharge voltage of
300 V, and (b) increasing discharge voltage with a constant
discharge current of 15 A.
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Figure 19. Calibrated anomalous electron collision frequency profiles along thruster channel centerline with krypton operation for (a)
increasing discharge voltage with a constant discharge current of 15 A, and (b) increasing discharge current with a constant discharge
voltage of 300 V.
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Figure 20. Experimental (black) and simulation (gray) ion velocity profiles along thruster channel centerline for each condition. Note that
the 600 V, 15 A conditions have a different scale for ion velocity due to the high voltage. For the krypton 600 V, 15 A condition, the dashed
line is the condition at which the thrust/efficiency matched and the dotted line is the condition at which the IVR matched.
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