Time-of-Flight Characterization of Electrospray Thrusters
Using Porous Emitters with High Emission Currents
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An electrospray thruster designed for nanosatellites is introduced in this paper. The
thruster has a compact size featuring a passive propellant transport method through the use
of porous materials. Porous electrospray emitters with 1, 25 and 100 emission tips were fabri-
cated using conventional machining techniques. The geometrical features of the emission tips
were analysed based on the measurement using a high-precision laser profilometer. Thruster
prototypes fitted with different emitters were tested in a bipolar operation mode. The emission
currents and voltage characteristics were studied, which demonstrated a wide range of opera-
tional voltage with relatively high emission currents. The maximum overall emission currents
were +3.22 mA and -4.72 mA achieved at +3500 V, and the maximum emission current per
emission tip was +93.2 yA and -100.8 A at +3067 and -3118 V, respectively. Time-of-flight
systems were utilised to characterise the mass and velocity distribution of the charged particles
in the thruster plume. The results suggested that the electrospray emission were highly ionic
with mostly monomer and dimer ions present. The thruster performance was conservatively
estimated, with the thrust ranging from approximately 1 uN to 204 uN, and the specific impulse

ranging from 3000 s to approximately 6000 s.

Nomenclature
deE = distance between the emitter and the extractor, mm
fi = the fraction of ToF collected current representing light species
I(t) = electric current received on the time-of-flight collector varying over time, A(s)
Isp = specific impulse, s
L = flight distance between time-of-flight gate and collector, m
m = mass of the charged particle, kg
m = mass flow rate, kg/s
Piy = input power, W
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Pjet = jet power, W

q = electric charge of the particle, C

rx, 7y = the principle curvature radii in perpendicular axes of a point on the cone surface, um
T = thrust, N

Vae = acceleration voltage, V

n = efficiency

0y, 0y = two perpendicular angles of the particle flying vector relative to the overall thrust vector, degrees
w = specific charge ratio of heavier species to light species

Subscripts

ang = angular

i = ionization

nk = non-kinetic

poly = polydispersive

t = time of flight

th = theoretical

tr = transmission

I. Introduction

With the development of miniaturized electronics, nanosatellites have demonstrated their capabilities to complete
satellite missions at a fraction of the cost of a conventional satellite. In the past decade, CubeSats have developed from
an educational tool to more sophisticated commercial and scientific applications, such as formation flying missions [1]],
low-earth-orbit constellations [2]] and deep space explorations [3]]. Although not prevalent currently, being equipped
with an onboard propulsion system CubeSats can further improve their mission competence. For example, in low earth
orbit, a micro-propulsion system can compensate for atmospheric drag on a CubeSat and extend its orbiting lifetime.
For a remote sensing or imaging nanosatellite, the pointing accuracy can be improved by using thrusters for precise
attitude control. Missions requiring high-velocity changes, such as orbit changing, can be enabled using a propulsion
system with high specific impulse. However, the development of micro-propulsion technologies is challenging due
to the size and power supply constraints on a nanosatellite. Among all the micro-propulsion systems currently being
developed [4} 3], including cold-gas, monopropellant and electric micro-propulsion systems, electrospray propulsion [6]
and field emission electric propulsion [7] are particularly promising due to their high specific impulse and high power
efficiency at low power. In general, electrospray thrusters are capable of achieving high specific impulse over 1000 s

while maintaining a relatively high efficiency around 40% at power lower than 20 W [8]]. The efficiency of electrospray



thrusters is usually higher than most other electric propulsion systems, whose power efficiency noticeably decreases
when their powers are scaled down to tens of Watts, including miniature Hall effect thrusters [9] and gridded ion thrusters
[LO]. The high specific impulse and efficiency of electrospray thruster make them one of the few high-performance
electric propulsion systems suitable for nanosatellites [11].

In an electrospray thruster, an electric field is applied to the liquid propellant, and the equilibrium condition between
the liquid surface tension and the surface electrical stress results in the formation of a conically shaped liquid meniscus,
termed a Taylor cone, from whose tip usually a jet is formed and breaks into droplets, generating thrust. If the liquid
propellant has a high electrical conductivity and surface tension along with a low flow rate, the surface electrical stress
on the Taylor cone tip will be strong enough to break the ionic bond between cations and anions of the molecules on
the liquid surface. This results in the extraction and acceleration of solely ions with no droplets present, yielding a
higher specific impulse, typically over 1000 s [12}[13]]. Some room temperature ionic liquids with such properties have
proven suitable as electrospray propellants that can achieve purely ionic emission [14]. Although electrospray thrusters
in purely ionic emission regime can offer a high specific impulse, the thrust generated from one Taylor cone is generally
found to be around 0.1 uN [[15H17]], which although could be suitable for precise attitude control, the thrust value is
generally too low for a wide range of practical applications.

In order to increase the electrospray thrust while keeping high specific impulse, several computer-numerical-
controlled (CNC) machined porous glass emitters are investigated in this paper. These CNC machined emitters have
relatively large tip sizes, where more emission sites are expected to occur. The emitter manufacturing quality was
measured using a high-precision laser profiling system and the geometrical data was analysed. The emitters were tested
in a vacuum chamber and their current-voltage curves were collected. The compositions and velocity distributions of
the plume particles were characterized using time-of-flight (ToF) systems. The testing results were used to calculate the
specific impulse and thrust of the measured particles. The propulsive performance of the thruster can be estimated

based on the ToF results.

I1. Porous emitter electrospray thruster design and manufacturing
The electrospray thrusters introduced in this paper are termed porous-emitter electrospray thruster, PET-100-MK1
thruster. The PET-100-MK1 thruster configuration is illustrated in Figure [I] The thruster consists of an extractor
electrode, a porous emitter, a porous propellant reservoir, an optional porous nickel distal electrode and a perforated
aluminium electrode. Apart from the extractor mounted outside the thruster enclosure, all the other thruster components
were stacked inside the thruster enclosures, which were additively manufactured via 3D printing of high-detail resin

material.



Electrospray
Extractor
Thruster enclosure -

Emitter %

(optional)
Distal electrode

Propellant -

Reservoir %
Electrode -

. e
Lo

Bipolar DC =

Fig.1 Tllustration of the working principle of the developed porous emitter electrospray thruster.

A. Electrospray thruster design

A manufactured PET-100-MK1 thruster is illustrated in Figure 2(a)] Including the emission tips, the overall size of
the emitter substrates was 30 X 30 x 7 mm. The extractor grid of the PET-100-MK1 thruster was water-jet cut from
a 0.25 mm thick stainless steel sheet with 100 apertures of 1.5 mm diameter. The propellant reservoir was a round
porous glass substrate with a size of 30 x 3 mm. The distal electrode was a 2 mm thick porous nickel substrate,
placed between the emitter and the reservoir. Compared to most other ionic liquids, EMI-BF, has a relatively high
conductivity of approximately 1.36 S/m at room temperature, but this is still significantly lower than that of Nickel,
which is 1.43 x 107 S/m. As a result, the propellant experiences potential drops at the porous borosilicate emitter and
propellant reservoir parts, while the ionic liquid at the distal electrode part has a nearly consistent electric potential.
During electrospray emission, the counter-ions from the emission would accumulate at the surrounding solid surface
and flow toward the upstream via diffusion and the electrostatic force. When the counter-ions reach the porous nickel
distal electrode where the electrostatic field is weak enough to be neglected, the transport of species would be slow
down via solely dominated by the diffusion. The large internal surface area in the porous nickel distal electrode helps to
mitigate the detrimental electrochemical reactions that normally occur at emitter tips [18]. Notably, the effectiveness
of such electrochemistry mitigation will be compromised at higher emission current, where the generation rate of the
counter-ions becomes too high for the diffusion rate to match.

The ionic liquid propellant studied and tested in PET thrusters was 1-Ethyl-3-methylimidazolium tetrafluroborate

(EMI-BFy), which has relatively high surface tension of 4.52 x 10> mN/m and high electrical conductivity of 1.36 S/m.



(a) The PET-100-MK1 thruster. (b) Exploded view of the PET-100-MK1 thruster.

Fig. 2 Design of a PET-100-MK1 thruster.

It has been widely used as an electrospray propellant and demonstrated good performance in terms of speci ¢ impulse
[11]. In addition, EMI-BF; has negligible vapor pressure, making it possible to adapt the design of a non-pressurized
propellant storage reservoir.

The propellant transport design is based on a passive method utilizing capillary A€jiomte propellant reservoir
was made from a PO grade porous material. The nominal value of the maximum pore size in a PO porous glass
ranges from 160 to 250m, which was larger than the nominal pore size of the emitters. Depending on the thruster
con guration, the reservoir was either in contact with the emitter or with the distal electrode. The Laplace pressure
between the liquid interfaces on the emitter side and on the reservoir side would spontaneously be balanced; therefore,
during electrospray process, as the emitted particles would create an additional Laplace pressure di erence, new
propellant would be passively transported from the reservoir to the emitter tips.

With the passive propellant transport method and the non-pressurized propellant reservoir, the PET-100-MK1
thruster prototype had a compact design that can easily t in a nanosatellite. Due to its modular shape, multiple
PET-100-MK1 thrusters can be paralleled for higher multiplexed thrust output for microsatellite applications. In addition,

the size of the propellant reservoir can be changed depending on the velocity change requirements of di erent missions.

B. Porous emitters tested

The porous emitter in the PET-100-MK1 electrospray thruster has one or an array of protruding structures, termed
emission tips, on whose tip the emission occurs. Compared to the other two major emitter types, capillary @6jitters [
and externally-fed emitter21], porous emitters have been demonstrated capable of housing multiple emission sites
on the apex surface of one emittd®], as illustrated in Figurg]1. As a result, porous emitters have the potential of
generating a higher thrust in a highly ionic emission regime, for example, a thrust 6NL&@s achieved using 9 prism

emitters[[22].



(a) A single tip emitter with 20 degrees side) A P4 grade emitter with 25 two-millimetréc) A P5 grade emitter with 100 two-
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Fig. 3 The iterations of CNC machined emitters for PET-100.

Other studies have investigated using conductive porous materials as the emitter material, such as pord2@ nickel [
and porous tungste24]. In comparison, multiple studies showed that emitters made of dielectric materials are less
a ected by the electrochemical reactions that usually occur during electrosi8layiii order to extend the thruster
lifetime, the emitters studied in this paper were made from porous borosilicate glass.

To produce electrospray emitter tip arrays, various manufacturing methods have been utilized. For example, reactive
ion etching has been used to fabricate capillary emitters and externally-fed endie2§][ and electrochemical etching
has been used to fabricate porous metal emitg8is [nvestigated methods to manufacture porous glass emitters include
CNC machining 27], the use of a mold to sinter particulate material§][and laser ablation1[6]. CNC machining has
been used to produce arrays of well formed prism-shaped porous glass eriitenghjch demonstrated a relative high
thrust per unit length from the prism edges. Compared to other manufacturing techniques utilized for porous glass
emitters, CNC machining is a relatively low-cost and fast process, and consequently, it was used to manufacture emitters
for the PET-100-MK1 thruster design. All the emitters discussed in this paper were CNC machined fror.2 i
thick borosilicate porous glass disc with a diameter of 120 mm sourced from VWR International LLC. The porous glass
disks which the emitters were manufactured from were P4 and P5 grades, the nominal values of whose maximum pore
sizes are from 10 to 16m and from 1.0 to 1.6 m, respectively.

To demonstrate the emission performance of a single porous glass emitter tip, several P4 grade single-tip emitters
were studied rst. These emission tips had the same height of 5 mm but with di erent side surface angles of 10, 20 and
30 degrees. In an attempt to increase the overall thrust output, electrospray sources were multiplexed into an array.
Therefore, several iterations of emitters with an array of emission tips were then manufactured and tested, including 25
tip emitters and 100 tip emitters, as shown in Figure 3. The pitch distance of tfeesnission tip array was 4 mm, and
2 mm for the 10 10 array. In order to machine the tip arrays on the substrate, a one-millimetre diameter ball nose end
mill was swept layer-by-layer along two perpendicular horizontal axes. After the machining, the emitters were cleaned
with deionised water using an ultrasonic cleaner and then rinsed using acetone to remove the machining coolant and

other impurities contained inside the porous materials. The manufacturing results are shown in Figure 3.



(a) Side view of the four typical emission tips, aAd- 2 (b) Emission tip height of 25 emission tips.
values indicate the row and column numbers of the emission
tip in the array.

Fig. 4 Scanning results of a 25-tip emitter.

[ll. Emitter scanning results
In order to verify the quality of the machined emitters, the emitters were scanned using an XYRIS 2000 WL (3300P)
3-axis confocal laser pro ling system, with a minimum positional resolution of 100 nm. A P4 grade 25-tip emitter and a

P5 grade 100-tip emitters were scanned, and their scanned data was processed to rebuild the emitter geometry.

A. Scanning of a P4 grade 25-tip emitter

The 25-tip emitter was scanned with a measurement step of.8The scanned data was then processed using
MATLAB, and the side views of the 25 tips are shown in Figure 4(a). Based on the scanning data, the emission tip
height and radius distribution of the 25-tip emitter is summarized in Figure 4. The mean height of the emission tips is
approximately 1.997 mm with a standard deviation of 4m% Depending on the geometry of the emitter tip, these 25
emitters can be categorized into four types, which have di erent potential in uences on its experimental performance.
Most of the manufactured emitter tips have reasonably good symmetricity along its central axis, among which some tips
are relatively sharp, and some are relatively blunt. Given that all the other con gurations are the same, sharp tips and
blunt tips would have di erent electric eld strength, hence di erent onset voltages. A small proportion of manufactured
tips have asymmetric geometries, with the tip leaning over one side. Although these inclined tips can be relatively sharp,
the electric eld near the tip would also be asymmetric, potentially resulting in a slanted plume pro le. There are also a
few outlier emitter tips that are broken during the CNC machining process. These fractured tips could result in a much

higher onset voltage, and their near- at surface would cause more variations of the plume pro le.



(a) Zoomed-in four typical emission tips. (b) Emitter height distribution of 100 emission tips.

Fig. 5 Height distribution of the P5 grade 100 emitter tips array.

B. Scanning of a P5 grade 100-tip emitter

For the 100-tip emitter, the overall scanning of the emitter tip array was completed with a measurement step of 20
*m, followed by detailed scanning of single emitter tips with a ner resolutionntfor P5 grade emitters and 8n
for P4 grade emitters. The scanning result of a typical adjacent four tips in the P5 grade 100 tip emitter array is shown
in Figure 5(a). The height data of all emitter tips is shown in Figure 5(b). Most emitter tips are sharp with a relatively
good uniformity, but a few emitters have clipped tips, which have larger equivalent tip curvature radii than other sharp
tips. The mean height of the P5 grade emitter array tips is 1.816 mm with a standard deviatiomof&dd the mean
tip radii is 42.3" m and a standard deviation of 18.51. Excluding the outlier of the clipped tip with a height of 1.652
mm, the mean tip height is 1.818 mm with a standard deviation of 4®.8nd the mean tip radii is 41.5m with a
standard deviation of 17.4m. Compared to P5 grade emitter tips, the P4 grade material has larger pores and thus
weaker structural integrity, resulting in blunter emitter tips. The overall scanning shows that the P4 grade emitter tip
array has a mean height of 1.996 mm with a standard deviation ofi@@&nd the mean value of apex radii is 102r&
with a standard deviation of 37.8n. The height and apex radii standard deviations values are relatively large, and
could result in adverse e ects on the electrospray emission performance.

Overall the confocal laser pro ling results showed that reasonably sharp emitter arrays can be manufactured
using CNC machining, although the average radii of these emitter tips are large compared to some porous emitters
manufactured using other methods. For example, emitters manufactured using laser ablation can achieve a mean tip
radii of approximately 15 m, and these emitter tips were paired with an extractor that has an aperture size of 0.3 mmin
diameter. The extractor was situated directly above the emitter tips, resulting in an onset voltage arounéi@.7mV [
comparison, the average tip radii of the CNC machined emitters in this paper are approximately 3 to 5 times as large,

and these emitters were paired with an extractor whose aperture diameter is 5 times large. As a result, the onset voltage



of this porous emitter electrospray thruster is expected to scale up to several thousand volts, a voltage achievable from a
developed power processing unit. Therefore this level of emitter tip sharpness was deemed satisfactory for the testing of

the electrospray thruster.

IV. Experimental system set up
The PET-1 thruster and PET-100-MK1 thruster were tested in the David Fearn Electric Propulsion Laboratory. The
vacuum chamber is 4 m long and 2 m in diameter, tted with one roughing pump, two turbo-pumps with a pumping rate
of 2100 L/s of nitrogen each, and two cryopanels that have a pumping rate oflD5L/s of xenon each. The chamber

pressure during thruster operation was around 9187 mbar.

A. Electrical setup and current measurement system

The testing set up is illustrated in Figure 6. The emitter voltage was supplied by two HCP 35-3500 high voltage
power supplies from FuG Electronik GmbH, which can output a high voltage from -3500 V to +3500 V with a maximum
current of 10 mA. The thruster was tested in bipolar mode where the polarity of the emitter was periodically altered,
mitigating detrimental electrochemical e ects on the emitter. A high voltage switching unit was used to mechanically
switch the output voltage between these two inputs, following the frequency of a square wave from a function generator.

In order to acquire the emitter and extractor current data, a resistor was connected outside the vacuum chamber in
series from the power supply to the emitter. Similarly another resistor was connected between the extractor and the
ground. In order to reduce the voltage losses from the measuring resistors, 186itors were selected for the current
measurement of PET-1 thrusters whose current went up to tens of microamperes, whileebiskors were selected
for PET-100 thrusters whose maximum current went up to a few milliamperes. The measuring metal Im resistors
were sourced from TE connectivity, with their resistance measured at room temperature being Withiariation
from the nominal values. During electrospray emission, the electric potentials before and after the measuring resistors
were proportionally reduced to low potentials (<5 V relative to the ground) using high-resistance (>JQtbintial
dividers. The low-voltage potential drops were then ampli ed using an AMP04 ampli er and recorded using a Teledyne
LeCroy WaveSurfer 3034Z oscilloscope.

Inside the vacuum chamber, the thruster was mounted on a rotational platform, which can be remotely controlled
to change the direction of the thruster, allowing measurements by di erent probes, including a full emission current
collector and a time-of- ight system. The full emission current collector is a 1360 mm aluminium plate tted with
two grids in its front: one outer grid that is grounded, and one negatively charged grid to suppress secondary electron

emission.
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