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The standard interpretation of intercepted current in electrospray thrusters is direct
impingement of the plume on any downstream electrodes as the plume leaves the thruster.
In this paper we propose and analyze partial beam stalling as an alternative source
of intercepted current in ionic-liquid electrospray thrusters. We show in simulation
that low-energy ions created by the dissociation of heavy ion clusters are reflected by a
potential barrier downstream of the thruster created due to the lack of explicit plume
neutralization. These reflected ions impact the downstream surface of the extractor
grid and are recorded as intercepted current, but may not contribute to key life-limiting
mechanisms such as emitter-extractor propellant bridging. Simulation predictions
of the intercepted current under this mechanism are consistent with trends in prior
laboratory testing, which suggests that partial beam stalling may explain the vast
majority of measured intercepted current for ionic-liquid electrospray thrusters.

I. Introduction

Intercepted current for electrospray thrusters refers to current measured on the extractor grid or any other
electrode (e.g., an accelerator grid) downstream of the emitter. Understanding intercepted current is crucial for
the design and operation of electrospray thrusters. Intercepted current is a form of transmission efficiency loss
in electrospray thrusters as it represents charged particles that have been accelerated, but do not successfully
leave the thruster to produce thrust. Along with reducing thrust, imbalances in intercepted current between
a pair of bipolar electrospray thrusters can create challenges for spacecraft charging mitigation in paired
neutralization architectures [[1,[2]. Finally, accumulation of propellant on the thruster extractor grid due to
interception can also influence the long-term performance of the thruster as well as limit its lifetime; in-space
operation of liquid-metal electrospray thrusters has demonstrated that accumulation of conductive propellant
changes the electrical configuration of the thruster [3]], and propellant accumulation is hypothesized to be one
of the primary lifetime limitations for electrospray thrusters as it can eventually lead to electrical shorting of
the thruster, rendering it inoperable [4], |5]].

Figure|l|shows a diagram of the standard interpretation of intercepted current; the beam generated by an
individual electrospray emitter directly impinges on the downstream extractor grid as it leaves the thruster.
This direct source of intercepted current is a straightforward explanation, and likely the cause of some
intercepted current, particularly in multi-grid architectures such as those considered in Ref. [6]. Evidence for
this source of intercepted current can be seen visually in Refs. [3]] and [7]], where accumulation of propellant
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Fig.1 Standard interpretation of measured intercepted current. The beam generated by an individual
electrospray emitter impinges on the downstream extractor grid as it leaves the thruster.

on the extractor grid leads to shrinkage of the extractor aperture and the creation of propellant bridges between
the extractor grid and emitter tip. Due to this inherent connection between intercepted current and propellant
accumulation on the extractor grid, estimates of the intercepted current have been used as a way of monitoring
propellant accumulation on the extractor grid, and reductions in intercepted current have been used as a proxy
for improvements in overall thruster lifetime in lieu of performing extensive lifetime testing [5]].

While it is clear that intercepted current due to direct impingement in the form suggested by Figure
likely occurs at the individual emitter level, it is worth considering if there may be alternative sources of
intercepted current in electrospray thrusters. A primary driver of this consideration is that it is challenging
to reconcile the direct impingement explanation of intercepted current with full-thruster measurements of
intercepted current for passively-fed, single-grid electrospray thrusters formed by high-density planar arrays
(e.g., those first developed in Refs. [8]] and [9]). Characterization of an individual emitter for these arrays
shows half-angle beam widths, in terms of current, of only ~5-10° with variations in the beam central axis
(i.e., off-axis emission) of ~10° [10]. The design of passively-fed electrospray thrusters typically places the
emitter tips flush with the base of a thin (<100 um) extractor grid with wide aperture diameters of ~300-500
pum [[7, [11] providing a nearly-hemispherical field of view for the emitter, yet tests of planar arrays still
measure approximately 5% of the beam current as intercepted [[7].

It is almost certain that direct interception in the form suggested by Figure/[T]is occurring in full electrospray
thruster arrays, particularly for a single erratic emitter, but it seems improbable that it can explain all of the
intercepted current observed during full thruster testing unless a significant portion of the emitters on the
array are behaving erratically. Our goal in this work is to understand if there are other sources of intercepted
current beyond direct interception that can explain the intercepted current measured on full thruster arrays.
If there are, then direct interception would not be responsible for all of the measured intercepted current,
and it may not be possible to use intercepted current measured across an entire electrospray array as a proxy
for thruster lifetime. Alternative sources of intercepted current may break the assumed correlation between
intercepted current and propellant accumulation between the emitter tip and extractor grid, in particular by
causing intercepted current to occur away from the emitter apertures.

In this paper we propose and analyze an alternative source of intercepted current specifically for ionic-liquid
electrospray thrusters formed by high-density planar arrays. The essential idea is that the plume of ionic-liquid
electrospray thrusters is typically not neutralized, particularly during laboratory testing. The un-neutralized
plume creates a potential barrier downstream of the thruster, which can stall low-energy ions created by
heavy ion cluster dissociation (e.g., low-energy monomers created by the dissociation of a heptamer). These
low-energy ions are reflected back to the thruster, impinge on the downstream face of the extractor grid, and
are recorded as intercepted current. Our hypothesis is that this partial beam stalling is responsible for some
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Fig.2 Proposed interpretation of measured intercepted current based on the beam stalling hypothesis.
The un-neutralized plume of an ionic-liquid electrospray thruster creates a potential barrier immediately
downstream of the thruster. Low-energy ions created by ion cluster dissociation are reflected by the
potential barrier, returning to the extractor grid, and are measured as intercepted current.

of the intercepted current measured in laboratory testing of ionic-liquid electrospray thrusters. Simulation
predictions of the intercepted current under this mechanism are consistent with experimental measurements,
supporting our hypothesis and indicating that partial beam stalling may be responsible for the majority of the
intercepted current measured in laboratory testing of ionic-liquid electrospray thrusters.

I1. Beam Stalling Hypothesis

The central hypothesis of this work is that some of the intercepted current measured during testing
of ionic-liquid electrospray thrusters is caused by partial beam stalling. Figure [2] shows a diagram of this
proposed mechanism, which is caused by the combination of two effects: the lack of plume neutralization and
the creation of low-energy ions from ion cluster dissociation. The idea is that the lack of plume neutralization
creates a potential barrier downstream of the thruster that stalls the low-energy dissociation products, and
reflects them back to the downstream surface of the extractor grid. Since the entire surface of the extractor
grid is typically conductive, these reflected ions are measured as intercepted current, despite not being directly
intercepted as suggested in the standard interpretation of intercepted current shown in Figure[I] This section
serves to provide initial theoretical justification for why we would expect to see beam stalling during testing
of ionic-liquid electrospray thrusters ahead of the simulation study described in Sections [[I] and V]

Ionic-liquid electrospray thrusters are typically tested in a monopolar configuration without any explicit
form of plume neutralization (e.g., a neutralizing cathode). During the operation of a full thruster array, the
plumes of the individual emitters on the array combine and create a buildup of space charge immediately
downstream of the thruster exhaust plane. This space charge in turn creates a potential barrier downstream of
the thruster that serves to decelerate emitted ions [12]. Evidence for this space charge buildup can be seen in
prior simulation studies of electrospray thruster arrays, which predicted the creation of potential barriers on
the order of ~200 V, 10-20% of the typical acceleration potential of an ionic-liquid electrospray thruster,
approximately 1-2 thruster diameters downstream of the thruster exhaust plane [13]].

A potential barrier with magnitude of ~10-20% of the thruster acceleration potential would not cause
beam stalling if all of the emitted ions have specific energies (i.e., energy per unit charge) equal to the thruster
acceleration potential. In order for ions to be reflected by the potential barrier, which is required for beam
stalling to occur, there needs to be a population of emitted ions that have specific energy <10-20% of the
thruster acceleration potential. For ionic-liquid electrospray thrusters these low-energy ions can be created by
the dissociation of ion clusters. Tonic liquids are composed of molecular cations, C*, and anions, A~, and the



charged particles emitted by an ionic-liquid electrospray thruster, assuming singly-charged particles, take the
form of (C*A™),,C* for a thruster operating in the positive polarity and (C*A™),,A™ for a thruster operating
in the negative polarity, where 7 is the cluster’s degree of solvation.

Most of the particles emitted by an ionic-liquid ion source, electrospray thrusters included, take the form
of monomers, n = 0, and small ion clusters in the form of dimers, n = 1, and trimers, n = 2 [14]. However,
there is experimental evidence of heavier ion clusters from tetramers to heptamers, n = 3—6, which compose a
small (~2%) portion of the beam composition by current [[15]. All ion clusters (i.e., not monomers) are known
to be metastable and spontaneously dissociate during acceleration inside the thruster or almost immediately
after leaving the thruster, producing neutral particles and a charged particle with a lower degree of solvation
[L6L17]. The charged dissociation product carries the same speed and charge as the initial ion cluster but
with a lower mass, causing a reduction in kinetic energy of the charged particle that is equal to the mass ratio
of the initial ion cluster and the charged dissociation product. The charged dissociation product will continue
to dissociate until the initial ion cluster has completely dissociated and the only remaining charged particle is
a low-energy monomer traveling at the speed of the initial ion cluster.

For an ionic liquid with cations and anions of similar mass, the ratio of the kinetic energy of the low-energy
monomer at the end of the dissociation chain relative to that of the initial ion cluster is
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where subscripts m and i correspond to the resulting low-energy monomer and initial ion cluster respectively,
and it is assumed that there is minimal change in the background potential during the dissociations. If the
initial ion cluster is a heptamer, n = 6, which is known to exist in the emitted beams of ionic liquid ion sources
[15], then the resulting kinetic energy ratio is 0.077. Assuming the potential energy of the charged particle is
negligible at dissociation, then the specific energy of a monomer created due to complete dissociation of a
heptamer is only ~7.7% of the thruster acceleration potential. This low-energy monomer would certainly
be reflected by the 10-20% potential barrier predicted from prior simulations [[13]], and could return to the
thruster extractor grid assuming minimal motion radially away from the thruster’s central axis.

This initial analysis provides theoretical justification for our beam stalling hypothesis. We have
experimental evidence of sufficiently heavy metastable ion clusters that will dissociate down to low-energy
ions with specific energies only a small fraction (~5-10%) of the thruster acceleration potential [15]], and
simulation evidence of a downstream potential barrier approximately 10-20% of a typical thruster acceleration
potential [13]]. These two aspects combined could create the conditions necessary for partial beam stalling
in the plumes of ionic-liquid electrospray thrusters, and in turn provide an alternative source of intercepted
current. Our goal throughout the rest of this paper is to demonstrate this mechanism by simulating the plume
of an ionic-liquid electrospray thruster, and comparing the simulation predictions of the intercepted current to
prior experimental data in order to provide further support for our hypothesis.

ey

I11. Approach

In order to properly test our beam stalling hypothesis, we simulated the exhaust plume of four different
electrospray thrusters in configurations representative of prior experimental studies, tracked any intercepted
current due to beam stalling for different emission currents, and then compared the simulation predictions to
the experimental measurements. All simulations were conducted using the particle-in-cell method [18,[19]
using an axisymmetric simulation domain, diagrammed in Figure [3] The axisymmetric domain reduces
the spatial dimensions, and therefore computational complexity, of the simulation while still capturing the
essential processes in the plume evolution (e.g., the formation of a downstream potential barrier).

The simulation domain used in this study is representative of laboratory testing of a monopolar electrospray
thruster in a cylindrical vacuum chamber. The axial and radial extents of the simulation domain correspond
to the length, L, = 50 cm, and radius, L, = 20 cm of the vacuum chamber. A closed simulation domain was
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Fig.3 Diagram of the axisymmetric simulation domain consisting of a cylindrical vacuum chamber
of length L, and radius L,, a cylindrical thruster mount of radius ry; and width w, and a cylindrical
thruster of radius rr, all aligned by their central axes. The front of the mount and thruster extractor
grid are aligned and a distance d from the back of the chamber. The chamber walls, mount, and thruster
extractor grid are grounded, and the mount and thruster extractor grid are electrically connected.

selected in order emulate testing in a closed vacuum chamber and to avoid issues with artificial potential
inflation that can occur with open simulation boundaries, which has been a concern in prior electrospray
simulations [13, 20]. The walls of the vacuum chamber are assumed to be grounded.

An axisymmetric thruster of radius r is housed in a thruster mount of radius r3; and width w = 2 cm,
and the front of the thruster extractor grid positioned a distance d = 5 cm from the back of the vacuum
chamber. Both the thruster and mount radii vary with simulation test case. The downstream surface of the
thruster mount is electrically connected to the thruster extractor grid such that any charged particles which
impact the downstream surface of the thruster mount or the thruster extractor grid are recorded as intercepted
current. This modeling choice emulates the fact that for many electrospray thrusters the size of the extractor
grid is much larger than the size of the emitter array (e.g., see Ref. [11]]). Similar to the vacuum chamber
walls, the surfaces of the thruster mount and the thruster extractor grid are assumed to be grounded.

We model the thruster as a uniform emitting disk with emission directed in the +Z direction, and do not
model individual emitters nor account for any spatial non-uniformity of emission [21]. The acceleration
potential and emission current density vary between simulation test cases. Particles are emitted from the
thruster with a specific energy deficit of 5 V relative to the thruster acceleration potential and spread of 10V,
consistent with experimental data [16], and the angular distribution of emission current density relative to the
+Z direction corresponds to a cosine distribution

Jj(@) =1+cos(n6/6p); 6 € [0,60] ()

where 6y = 15° is the maximum divergence angle of the emitted plume. This emission profile closely matches
experimental current density profiles (e.g., that of Ref. [[14]]) while being simple to implement. All emitted
particle species are assumed to be emitted from the thruster with the same angular distribution profile, and we
do not model possible dependences of the angular distribution profile with emitted species [10].

Table [I]shows the plume species composition used for all simulation test cases. The plume predominantly
consists of monomers, dimers, and trimers (n = 0-2) with 10% of the species composition, by current, evenly
distributed between heavy ion clusters of tetramers up to heptamers (n = 3—6). The intent of this species



Table 1 Plume species composition and mean species lifetime used for all simulation testing.

Degree of solvation,n | 0 1 2 3 4 5 6
Current fraction 04 03 02 0.025 0.025 0.025 0.025
Mean lifetime [us] N/A 1.5 0.15 0.01 001 0.01 0.01

composition is to represent a plausible species composition for the plume of an ionic-liquid electrospray
thruster. The beam stalling hypothesis implies that time-of-flight mass spectrometry measurements for
ionic-liquid electrospray thrusters would not be able to measure the presence of heavy ion clusters in the plume,
since they would not reach the time-of-flight detector, which implies that the plume species composition from
prior thruster testing is unknown. For this composition, the plume is dominated by monomers and light ion
clusters while containing the heavy ion clusters necessary to observe potential beam stalling.

After emission from the thruster, the spontaneous dissociation of all ion clusters (n > 1) was modeled as
a constant rate process defined by a mean lifetime [17]]. Reliable experimental data for the lifetime of ion
clusters is only available for dimers, but there is experimental evidence that suggests that the dissociation rate
of heavier ion clusters, trimers and above, increases with degree of solvation [16} [17]. Table m also shows the
mean lifetime for all metastable ion clusters used in this work. The mean lifetime of dimers was selected to
closely match the measured mean lifetime of EMI-BF, dimers [[17] while the mean lifetime of heavier ion
clusters was arbitrarily selected in order to enforce fast dissociation. All dissociation events were modeled as
single-step dissociations such that the degree of solvation only decreases by one during each dissociation.

In addition to ion cluster dissociation in the exhaust plume, we also modeled internal dissociation of ion
clusters during acceleration inside the thruster [22]. The species composition in Table (1] sets the species
composition of the plume immediately after emission (i.e., at the emitter tip). In this work we assumed that
50% of those ion clusters for each species dissociate inside the thruster before leaving the extractor grid. This
internal dissociation was modeled as a single-step dissociation with dissociation rate that is constant with
respect to the local potential. The result of this dissociation rate is that the specific energy of the emitted
ions, and therefore ion exhaust speeds, is a continuum between the discrete values for each species under
the assumption of no internal dissociation, which is experimentally visible as sloped transitions between the
discrete steps of both time-of-flight and retarding-potential-analysis data [17} 22].

For the particle-in-cell setup, the domain was discretized into a uniform mesh with 301 mesh points
along each axis. At each simulation step, 300 macroparticles were injected into the simulation domain,
uniformly distributed across the thruster and with a velocity distribution given by the specific energy and
angular distributions defined above. The macroparticles were randomly assigned a species according to the
species composition in Table[I] and the macroparticle weight was selected such that the overall emission
current was equal to a user-defined value. Any internal dissociation of the ion cluster was considered prior
to particle injection into the simulation domain. The simulation time step was adaptively selected in order
to ensure that no particle travels more than half the grid spacing along each axis at each step, meeting the
requirements of the Courant-Friedrichs-Lewy condition. Finally, particles that impact the walls of the vacuum
chamber, surface of the thruster mount, or extractor grid were assumed to be neutralized with no secondary
species emission, effectively removing them from the simulation as only charged particles were tracked.

The parameters that were varied between each simulation test case were the thruster and mount radii, in
order to model different thruster configurations, as well as the thruster acceleration potential and emission
current, in order to model different operating conditions. Unless otherwise specified, all other parameters
are fixed at their values listed above for all simulation test cases. Each simulation was first run for 30 us in
order to allow the plume to reach its steady-state configuration in the vacuum chamber. Then the intercepted
current on the extractor grid and downstream surface of the thruster mount was monitored for a further 10 us
(40 us total simulation time), averaged over that time span, and returned as the primary simulation output.
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Fig. 4 Qualitative comparison of the charge density downstream of an ionic-liquid electrospray
thruster for different maximum ion cluster degrees of solvation. Contour levels are shown on a
logarithmic scale with consistent color mapping between plots. Note that return current due to beam
stalling is only present when heavy ion clusters (e.g., heptamers, n = 6) are included in the simulation.

IV. Results

As a first simulation we result, we can test our initial justification for the beam stalling hypothesis, outlined
in Section I} Figure 4] shows a qualitative comparison of the steady-state charge density downstream of an
ionic-liquid electrospray thruster of radius 0.56 cm, which gives a total emission area of 1 cm?, operating at an
acceleration potential of 1 kV and emission current of 100 pA, with a thruster mount radius of 2.5 cm. Each
plot shows the how the downstream charge density profile changes for different maximum emitted degrees of
solvation. The top-left plot shows a plume with a maximum degree of solvation of n = 1, which is the typical
maximum degree of solvation considered in many electrospray simulations [20, 23]]. The plume is only
composed of monomers and dimers, in a 1-1 ratio, and is consistent with prior electrospray simulation results
[13}20]; within a few thruster radii the plume rapidly diverges from its angular distribution at emission out to
plume half angles of ~45°, consistent with experimental measurements of the current density distribution
downstream of an ionic-liquid electrospray thruster (e.g., Ref. [7]).

The top-right and bottom-left plots in Figure 4] show the impact of including trimers and tetramers
respectively in the simulation. The plume in the top-right plot contains ions with degrees of solvation of
n € {0, 1,2} in a 2-2-1 ratio and the plume in the bottom-left plot contains ions with degrees of solvation of
n € {0,1,2,3} in a 4-3-2-1 ratio. The key point is that as the maximum degree of solvation in the emitted
plume increases, the divergence of the plume increases as expected. As we add heavier and heavier ion clusters
to the simulation we produce monomer dissociation products with lower and lower energies, according to
Eq. [T} which are more easily deflected by the downstream potential barrier. However, in neither of these
cases would there be an intercepted current due to beam stalling. The low-energy dissociation products are
significantly deflected away from the plume centerline, but are not reflected back to the thruster.

Once the maximum degree of solvation in the simulation increases to heptamers, n = 6, we start to see
reflection of the low-energy dissociation products back to the thruster. The bottom-right plot of Figure 4]
shows a plume with the beam composition given in Table[T} Clearly visible is a population of ions that have
been reflected by the downstream potential barrier and have velocities in the negative axial direction (i.e.,
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Fig.5 Scatter plot of the axial positions and velocities of ions emitted from a representative ionic-liquid
electrospray thruster with the plume composition of Table[I} with the thruster emission plane located
at an axial position of 5 cm. The ions reflected by the downstream potential barrier are those with
negative axial velocities, and generate a return current if they collide with the thruster.

opposite the intended emission direction). These reflected ions are the very-low-energy monomers created by
complete dissociation of heavy ion clusters, primarily hexamers and heptamers. Many of these ions do not
impact the thruster mount due to their radial velocity. However, a small population of these ions does impact
the downstream face of the thruster mount and would be registered as intercepted current.

Figure [5] shows this effect in more detail through a scatter plot of the axial positions and velocities of
the simulation macroparticles. Particles are injected into the simulation domain at an axial position of 5
cm, corresponding to dimension d in Figure 3] with velocities directed in the positive axial direction. The
downstream potential barrier decelerates all of the ions as the plume propagates, but for monomers and the
dissociation products of lighter ion clusters the deceleration is not sufficient to cause beam stalling. Only for
the dissociation products of heavy ion clusters is the deceleration sufficient to cause beam stalling, visible by
the population of ions with negative axial velocities. Most of these ions do not impact the thruster mount,
visible from particles in Figure [5| with negative axial velocity but axial position less than d = 5 cm, but some
do, and will be registered as intercepted current.

While these results so far indicate that an intercepted current due to partial beam stalling could be
created, it is unclear how important the effect is for the testing of electrospray thrusters. To understand the
importance of intercepted current from partial beam stalling, we can compare the simulation predictions to
prior experimental studies. Table [2] provides a list of prior experimental studies that tested full ionic-liquid
thrusters, and where the measured intercepted current at different thruster operating conditions, thruster
acceleration voltage and emission current, are easily extractable from the published data. For comparison we
ran our plume simulation at each operating condition with thruster and mount radii selected to match estimates
of the emission and extractor grid areas (e.g., a 1 cm? thruster corresponds to a thruster radius of 0.56 cm).

The thruster and mount radii listed in Table 2] are based on educated guesses (e.g., a visual estimate
from a picture of the thruster), and should not be construed as accurate information on the geometry of the
thruster from the study. In particular, the vast majority of ionic-liquid electrospray thrusters use rectangular
emitter arrays and mounts whereas our axisymmetric simulation requires conversion to equivalent circular



Table 2 Thruster and mount radii used in the simulation to match estimates of the emission and
extractor grid areas for each experimental study. These values are estimates generated for the purpose
of this study, and should not be construed as accurate geometric information.

Experimental study Thruster radius, ¥ [cm] Mount radius, 7y, [cm]
Natisin et al., 2021 [I11] 0.73 2.14
Ma et al., 2021 [24] 1.13 2.26
Corrado et al., 2024 [25]] 0.37 0.74
Whittaker et al., 2025 [26] 4.45 5.02

geometries. Due to this geometric discrepancy as well as our lack of information on the plume composition at
emission, we do not anticipate being able to accurately predict the exact intercepted current due to beam
stalling for each study. Instead, our goal is to compare trends in the predicted and measured intercepted
current across operating conditions. If the trends are similar (i.e., the simulation predictions and experimental
measurements differ by a constant scalar factor) then our assumption is that the differences in absolute value
of the intercepted current are caused by geometric discrepancies or the unknown plume composition.

Figure[6]shows the resulting comparison of simulation prediction and experimentally measured intercepted
current versus emission current for all four studies, each shown on a different plot, listed in Table @ The three
lines show the experimental data extracted from the corresponding publication, the raw prediction of our
simulation using the estimated geometric parameters and beam composition given in Tables [[|and 2] and a
scaled simulation result. The scaled simulation data was generated by multiplying the simulated intercepted
current by a constant scaling factor in order to account for potential geometric discrepancies and the unknown
plume composition. The scaling factor is unique to each study, and was calculated by minimizing the root
mean square error of the raw simulation data multiplied by the scaling factor relative to the experimental data.

The key result is that for three of the four studies, the scaled simulation data closely tracks the measured
experimental data. These three studies represent three different thrusters that were designed for different sizes,
utilized both internally- (i.e., porous) and externally-wetted emitters, characterized by three different research
groups in different experimental facilities, and operated at three different emission current ranges. Yet in all
three cases the experimentally-measured trend in intercepted current as a function of emission current can be
almost entirely explained by partial beam stalling as an alternative to direct interception.

For the study where the experimental and scaled simulation data do not align (Ma et al., 2021 [24])), it is
notable that the average emitter current, ~100 pA/emitter, is higher than the typical average emitter current of
the other studies, <1 pA/emitter. The emitters are of a similar design to those in the other studies, but are
operating at a highly-stressed operating point, potentially increasing the probability of erratically-behaving
emitters and direct intercepted current (i.e., that of Figure[T). Evidence for this is that the intercepted current
fraction is relatively high, ~37% compared to the 2—-5% of the other studies, and increases linearly with
emission current, which would be expected if the plumes of the emitters were directly impinging on the
extractor grid; if the emitted current doubles then twice as much current impinges on the extractor grid,
assuming minimal change in the plume shape. For the other three studies, where the experimental and scaled
simulation data do align, the relationship is distinctly nonlinear, and specifically superlinear.

These result provide further support for the beam stalling hypothesis; our simulations are able to predict
the trend in intercepted current as a function of emission current across a variety of thruster designs, as long
as the thruster appears to be operating in regime where the emitters would not be highly stressed (i.e., average
emission currents of <1 pA/emitter). In these cases, the intercepted current fraction remains low (<5%), and
the trend in the intercepted current with increasing emission current is superlinear. This result does rely on
the underlying assumption that the geometric discrepancies and unknown plume species composition can be
accounted for with a constant scaling factor on the raw simulation data.
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Fig. 6 Comparison of simulation predictions of the intercepted current for different ionic-liquid
electrospray thruster experimental studies with the measured experimental data. The scaled simulation
data was generated by multiplying the simulated intercepted current by a constant scaling factor,
unique to each study, chosen to minimize the root mean square error relative to the experimental data.
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V. Conclusion

This study demonstrates that intercepted current for ionic-liquid electrospray thrusters can be generated
by partial beam stalling, where low-energy ions created by the dissociation of heavy ionic-liquid clusters
are reflected by a downstream potential barrier back to the extractor grid. Our simulation results show that
low-energy monomers from the complete dissociation of hexamers and heptamers, the heaviest ion clusters
in our simulation, are stalled by the downstream potential barrier caused by the lack of any explicit plume
neutralization. In addition, we were able to use partial beam stalling in order to accurately predict, within an
constant scaling factor, the intercepted current for multiple prior experimental characterizations of ionic-liquid
electrospray thrusters across a range of thruster designs, sizes, and experimental facilities.

The first key consequence of these results is that there is an alternative source of intercepted current in
ionic-liquid electrospray thrusters beyond direct interception. For thrusters with well-aligned and not-overly-
stressed emitters, our results suggest that partial beam stalling is actually responsible for the vast majority of
measured intercepted current. This result breaks the commonly-assumed link between intercepted current and
life-limiting mechanisms for electrospray thrusters; the charged particles forming the intercepted current as a
result of partial beam stalling impinge on the downstream surface of the extractor grid, as opposed to internal
surfaces, and may impact the extractor grid far away from the emitter apertures. These particles would
not contribute towards the formation of an emitter-extractor propellant bridge, so differences in intercepted
current between designs may not be a reliable way of predicting changes in overall thruster lifetime.

A second consequence is that indirect experimental characterization techniques for ionic-liquid electrospray
thrusters, time-of-flight mass spectrometry and retarding-potential analysis, may not provide an accurate
assessment of a thruster’s performance characteristics. If the plume has partially stalled, then low-energy
monomers generated by the dissociation of heavy ion clusters will not reach the instrument detector. These
low-energy monomers carry the information associated with the presence of heavy ion clusters in the emitted
plume, so if they do not reach the detector then the presence of the heavy ion clusters will not be measured.
Our results may explain why the plumes of some ionic-liquid electrospray thrusters appear to be free of heavy
ions [27, 28] and also have significant implications for anomalous mass loss [[11]; the presence of heavy ion
clusters in the plume will be hidden from time-of-flight measurements by beam stalling, causing any estimates
of the thruster’s mass flow rate from time-of-flight data to be an underestimate of the true mass flow rate.

A final, and heavily related, consequence is that testing of single emitters may be crucial for understanding
the performance of ionic-liquid electrospray thrusters. Our simulations were based on assuming that
emission characteristics (e.g., plume angular distributions) at the extractor grid exit plane for full ionic-liquid
electrospray thrusters were similar to those of single-emitter ionic-liquid ion sources. Given that we were
able to to predict measurement characteristics using this assumption, single-emitter studies may provide
a reliable way of probing the plume characteristics at emission for full thrusters due to their much lower
charge densities, therefore lessening the impact of space-charge effects. Thorough characterization of single
emitters, such as with angularly-dependent time-of-flight studies [29]], may provide more insight into the
performance of ionic-liquid electrospray thrusters relative to directly testing the thruster itself. Connecting
these single-emitter studies to full-thruster performance would be additionally aided by research into the
effects of emitter multiplexing on the emission characteristics of individual emitters on a thruster array.

Further support for the results of this study could be obtained through additional, dedicated experiments
with ionic-liquid electrospray thrusters. A simple experiment to confirm the results of this work could use
collector plate that is concentric with the thruster and aligned with the extractor grid exit plane. Low-energy
ions reflected by the downstream potential barrier would impinge on the collector plate and provide direct
confirmation for the presence of partial beam stalling, if a current is measured. A series of concentric collector
plates at different radii from the thruster centerline would provide spatial information on the reflected ions.
When coupled with plume simulations, such as the one utilized in this work, the spatial information could be
used to infer emission properties such as the angular distribution and plume species composition.
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