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This paper presents an application of the recently developed USC Multi-scale Electrospray
Model v1 to investigate the impact of extractor grid offset on ionic electrospray thruster
performance using 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4). This investi-
gation leveraged emitter tip and extractor grid geometries for conventionally machined ionic
electrospray thrusters. The authors found that grid offsets less that 78% did not drastically
impact the overall amount of grid impingement. Grid offset had a noticeable impact on overall
beam energy spectrum with offsets of 19% leading to noticeable efficiency gains by the emitted
particles. These results imply that a smaller extractor grid diameter may lead to increased
performance. In addition, offsets in extractor grid geometry should be noted when trying to
characterize the performance of electrospray thrusters with large arrays of emitters.

I. Nomenclature

= particle mass

q = particle charge

€ = vacuum permittivity

o = Accelerating voltage

R, = Poreradius

d = Tip to extractor distance

1 = Emitted current

Ny = Particle emission rate

r = particle position vector

v = particle velocity vector

F = Force vector

Fpp = Force vector due to Particle-Particle interaction
Face = Force vector due to background acceleration
Epp = Electric field vector due to background acceleration
E..c = Electric field vector due to background field

I1. Introduction

Electrospray thrusters are electrostatic propulsion devices that generate thrust by extracting and accelerating ions
directly from a conductive liquid ion source. The physics of ion emission from a conductive liquid was first described
by Taylor [[1]], with his eponymous Taylor cone. Emission from a Taylor cone can produce charged particles ranging
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Fig.1 Examples of well-aligned and misaligned extractor grids with a 25 emitter array.

from large droplets to individual ions, or any combination therein. Ionic electrospray thrusters refer to a subset of
electrospray that are specifically designed to emit primarily in the pure ion regime, first developed by Courtney and
Coffman. [2H4]. Tonic electrospray propulsion offers a high power efficiency and specific impulse making it attractive
for development within industry, government, and academia [5-9].

The mechanical construction of electrospray thrusters is relatively simple compared to other legacy electric
propulsion devices, achieving emission solely from an applied electric field. The primary components include an
emission site, windowed extractor electrode, and a propellant delivery mechanism.To achieve ionic emission, ionic
electrospray thrusters often leverage a porous substrate to deliver propellant to the emission site passively, via capillary
Laplace pressure. The pores serve a dual-purpose by also providing an anchor point for Taylor cones to form.The
porous substrate is fashioned into distinct conical or columnar emitter tips through a variety of means, including laser
ablation[4]], acid etching[[10]] , or conventional micro-machining [5]]. Multiple emitter tips are often grouped together
into an array of 10’s to 100’s to provide meaningful thrust.

A major lifetime-limiting component of electrospray thrusters is the windowed extractor grid. Large amounts of
direct impingement from the ion beam can result in erosion and contamination of the the grid [11]. Contamination
of ionic electrospray grids due to intercepted current has been observed experimentally [12, [13]. As a result, the
characterization of electrospray emission and acceleration physics is critical to further improve system reliability.
Grid erosion mechanisms and its adverse affects have been studied extensively for gridded ion thrusters [14-18].
Electrospray thrusters share some of these same historical concerns, but are primarily limited by grid contamination
causing electrostatic discharge and electrical short circuits.

Although electrospray thruster component manufacturing has grown in maturity, most designs still rely upon emitter
tips and extractor grids being manufactured separately. The alignment between the emitter tips and extractor grid is
critical to stable electrospray emission and low grid interception. In addition, as individual thrusters grow to contain
arrays of several hundreds or even thousands of emitter tips, small variations in grid alignment can result in large offsets
for a significant portion of the thruster’s emitting area. Figure[T]displays examples between well-aligned and misaligned
grids for a conventionally machined electrospray thruster with an array of 25 emitter tips. Note that the peaks of the
emitter tips can be distinguished as bright spots within the extractor grid windows.

Multiple models have been put forward to better understand the emitted beam of ionic electrospray thrusters
[19-24]). These past efforts have leveraged a variety of methods to represent the beam dynamics, but largely rely upon
kinetic particle-in-cell simulation that struggle to resolve all of the beam physics within the acceleration region while
maintaining um resolution. Recent multi-scale modeling efforts have demonstrated unique utility in representing
electrospray thruster physical interactions across 9 orders of magnitude [23]]. This multi-scale model is the first capable
of describing ionic electrospray beam emission in three dimensions from emission, to acceleration, and through to the
downstream region. This model is fashioned after physical dimensions and characteristics of the USC Testbed Thruster
(UTT) [25]] and is comparable in design to that of AFRL’s AFET-II [3].

This paper leverages recent 3D multi-scale modeling techniques to better understand the impact of extractor grid
offset on the overall properties of the generated beam and resulting hazards related to grid impingement. Specifically,
this paper assesses grid offsets for their hazard to grid impingement. In addition, the resulting beam species are sampled
to better understand how grid offset can affect the overall beam parameters such as energy density and angular spread
and the resulting impact on thruster performance.
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Fig. 2 IFE surfaces of emitter tip and extractor grid for calculating background field properties.

ITI. Simulation Model and Approach

This section describes relevant details of the multi-scale model as previously presented [23], focusing particularly
on the particle-particle (PP) model. The MD and PP portion of this model is fashioned after a single micro-machined
porous emitter tip. The porous glass substrate is modelled as a cone 300um tall with a 75° slope. The tip of the cone is
rounded with a radius of curvature of 14um. The extractor grid is circular and assumed to be level with the vertex of
the cone, 49um above the emitter tip. The extractor window is 508um in diameter. This geometry is consistent with
previously published designs [3] and is displayed in Fig. 2] The average pore size of the substrate is 1m, consistent
with P5 glass. It is the pores near the tip that will be possible Taylor cone emission sites.

This paper leverages 2 components of the previously developed multi-scale model. Specifically, this analysis uses
the MD model for Taylor cone emission, and the particle-particle model for ion acceleration. The MD model determines
the plume composition (i.e. percentage of monomer, dimer, or trimer species), as well as a representative 3D velocity
distribution for an assumed extracting electric field. The PP model is then able to accurately resolve the forces on the
emitted particles due to the background electric field and particle-particle forces.

A. Molecular Dynamics Model

The MD model is constructed using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). The
MD model is meant to simulate the emission process that takes place at the tip of the Taylor cone. The model is
constructed with a column of EMI* and BF, molecules that is allowed to relax to form EMI-BF4. An external electric
field is applied to the top 20 Angstrom, achieving emission. The domain is held at a constant volume of 6000 x 400 x
400 nm. The total number of atoms is 144,000, with 6,000 EMI-BF4 molecules. Time step is set to 1fs to make sure the
interactions are fully resolved. Each simulation case takes 12 hrs on HPC for a total step of 10° steps. The emitted
particles are sampled to create representative particle velocity distribution functions for injection into the PP model.
Distribution functions were generated for both positive cation and negative anion emission across a variety of applied
electric fields ranging from the emission threshold +/- 1V/nm to +/- 2V/nm.

B. Particle-Particle Model

This effort expands upon a Particle-Particle Model developed by Zhao [26] to investigate droplet acceleration in
colloid electrospray thrusters. The total force on each particle in the domain is described as the sum of the external
background electric field and the summation of all particle-particle forces. Therefore, the system of equations for
particle motion is described in Eq.(T).
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Fig. 3 Background voltage and electric field strength in the acceleration region at a variety of offsets. Panel
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Previous studies have investigated the use of this PP model for systems with like and unlike charges [27, 28]. As this
model is only used for an emitter tip of single polarity, |r;;| will never reach 0 due to the constant presence of repulsive
forces.

The background electric field is provided by a 3D immersed finite element (IFE) model of a single emitter tip and
extractor window. This model solves for the electric field self-consistently assuming the given boundary conditions.
This model has been used previously on complex geometries to analyze the effect of erosion on ion grid optics [29] and
surface interactions on the lunar surface [30]. This model assumes a dielectric glass tip with a permittivity equal to
30€p. The -Z boundary is set to +/- 1500V with a Dirichlet boundary condition. All other external boundaries satisfy
the Neumann boundary condition. The extractor grid window is set to OV and is assumed a perfect conductor. The
plasma potential and electric field are discretized and stored in a uniform mesh of cell size Sym x Sum x Sum.

The background electric field for the PP model is solved at the particle location using a linear force weighting
scheme. The total force is then calculated by adding the aggregate particle-particle forces to the background force
for each particle within the domain. Figure [3|displays the background electric field strength and potential within the
acceleration region for a subset of offsets explored in this work. Note that as the tip is offset, the electric field at the apex
increases and exhibits more variation in direction off the axial direction.

This model is capable of including binary collisions between particles in the acceleration region [27,28]. Due to the
small cross section of individual ions, the mean free path is much larger than the acceleration region. Therefore, we
assume the particle-particle interactions to be collision-less. Table[I]displays other relevant input parameters used to
setup the PP model. Time step is set for 1ps and each simulation case typically consists of 64000 particles and takes 10
hrs on HPC for a total time step of 1600.



Table 1 Physical input parameters for PP model setup

Parameter Symbol Value Unit
Accelerating voltage @0 +/- 1500 v
Pore radius R, 1 “m
Tip to extractor distance d 49 um
Cation monomer mass mg 1+ 117 g/mol
Cation dimer mass MEMI(EMI-BFy)* 309.15 g/mol
Anion monomer mass mgr; 86.81 g/mol
Anion dimer mass MBF, (EMI-BF,)- 284.79 g/mol
Particle charge q +/- 1.6x1071° C
Current I 16 nA
Particle emission rate Ny 10'! s~

IV. Results and Discussion

This section presents the results from the various simulation cases considered for this effort. Figure [ displays
the monomer and dimer positions at downstream distances within the extractor grid. The gray surface represents the
extractor grid surface. The various panels in fig[]display the progression of beam effects at larger offsets.

We can see that grid offsets less than 200um or 78% show little adverse effect on grid impingement. Only the most
extreme offset of 98% leads to 100% grid interception.

Several studies have noted that the location of an emission site may vary and that multiple emission sites may be
present on a single emitter tip [6,|31]]. To account for this variability, results were rerun assuming emission is achieved
at a location on the side of the emitter tip. For this variation, we assume the MD VDF is modified to align the principle
emission direction with that of the local electric field. For all cases this results in an angle of approximately 47° to the
axial direction. Figure [5]displays the XZ position of beam particles within the acceleration region. Panel a) displays the
original emission site aligned with the axial direction and Panel b) displays the assumed off-axis emission site.

Figure [6] displays the same view of particles within the extractor grid downstream distances assuming off-axis
emission. We can see that emission from an off-center emission site increases the overall beam footprint. The
observations with regards to grid impingement remain unchanged. Grid offsets of less than 78% are unlikely to cause
adverse effects on grid impingement.

Beam energy spectrum collections has been critical for the characterization of thruster performance. When paired
with mass spectrometry, specific impulse measurements can be accurately determined. Figure[7]displays beam energy
spectrum of the ion beams as a function of grid offset. Panel a) displays the energy spectrum assuming no fragmentation
and emission from the emitter tip apex. Panel b) includes fragmentation to approximate more closely approximate
sensor measurements from retarding potential analyzers (RPA). Fragmentation is implemented using a constant rate of
2% 10*/ps [24]. Note that this energy profile only considers the energy along the beam direction, or X direction. Limiting
consideration to the X-axis is an attempt to more closely resemble data collected from linear RPA measurements.

From Fig. [/| we can see that increasing grid offset enables more effective energy transfer between the accelerating
field and the emitted particles. Comparing between Panel a) and Panel b), we can see that fragmentation reduces the
overall energy profile of the beam. The fact that the highest energy species are reduced in number due to fragmentation
implies that dimer species make up the highest energy species within the particle beam. This finding is counter to
the understanding that dimer species exit the acceleration with comparable energies to monomer species. Although
dimers are emitted with a slower velocity they likely see increased acceleration due to momentum transfer with the
faster monomer ions.

A. Discussion

From this investigation into electrospray acceleration region physics several relationships between grid offset can be
determined. Although grid offset decreases the angular space with which emitted ions are able to escape without being
collected, it also increases the electric field in the axial direction. This increase in electric field strength is the likely
cause for the behaviors seen in Fig. [dand Figle] As the extractor grid offset is increased, the strengthening electric field
accelerates the particles faster and thus creates a tighter beam cross-section. In addition, this increase in electric field
strength is able to compensate for emission sites off-center from the tip apex. As a result, our simulations do not see
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drastic increase in grid impingement under 78% offset.

From Fig. [7|we can see that grid offset has a more pronounced on the energy spectrum of the beam when compared
to its effects on grid impingement. Small offsets of 19% produce noticeable differences in the beam energy. Again, this
can be contributed to the increase in electric field strength within the acceleration region. We can see that at larger offsets
of 39% and 59% that the impact of grid offset on the beam energy increases, but at a reduced rate. This behavior implies
that reducing the grid optic diameter to a value on the order of 200 um would see improved thruster performance.

Lastly, applying a constant rate of fragmentation highlights the energy contributions of the different mass species
within the beam. For offset extractors we find that dimers make up the highest energy particles within the beam. This
behavior is disagrees with the common thought that monomer and dimer species are of comparable energy upon exit
from the acceleration region. This finding could be due to the fact that Fig. [/|only considers energy along the beam
direction, as dimers experience less cross-beam spread, thus conserving most of their energy in the beam direction.
In addition, we can see the loss of energy due to fragmentation is more pronounced in the larger offset cases. This
relationship implies that the increased electric field strength may exacerbate this behavior. Ultimately, grid offset is
important in characterizing the overall performance of an assembled thruster, especially one with an array of several
hundred emitters. Relatively small offsets in the extractor grid could cause noticeable effects in thruster specific impulse
performance.

V. Conclusion

This paper presents an application of the recently developed USC Multi-scale Electrospray Model v1 to investigate
the impact of manufacturing defects on extractor grid alignment. We found that grid offsets below 78% did not drastically
impact the amount of grid impingement even with assuming emission from the side of the emitter tip. This behavior is
largely attributed to the increase in electric field strength as the emitter tip is moved closer to the extractor grid.

A more pronounced effect of grid offset was found on the resulting energy spectrum of the beam. Grid offsets as low
as 19% showed marked improvement in the resulting field’s ability to accelerate the particles up to the beam potential.
This effect should be considered for organizations characterizing the performance of electrospray thrusters with large
arrays.

Although this model does not directly solve for where Taylor cones are likely to form given the acceleration
region field strength, it is capable at understanding the role of the physics of the acceleration region for overall beam
development. Including a physical model for the interaction between the propellant, porous substrate, and electric field
would help to improve the understanding of where, how, and how many Taylor cones on the emitter surface.

Future work looks to include a broader envelope of manufacturing defects. This envelope is to consider the impact of
chipped emitter tip geometry on the results presented in this paper. In addition, this paper found that a smaller extractor
window may provide increased performance. Future studies look to vary the extractor grid diameter and investigate if
similar offset percentages are amenable to grid impingement and overall thruster performance.
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