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An indirect characterization of an externally wetted electrospray thruster is presented. It
consists of a laboratory thruster featuring 101 tips micro-fabricated emitter in fully compact
stack with passive feeding and the incorporation of a Kapton heater in contact with the propellant
tank for temperature control. Three probes are designed to carry out this characterization with
EMIM-Im as propellant: a Faraday probe for beam divergence measurements, a retarding
potential analyzer and a time-of-flight spectrometer. These set of instruments are used to
determine the partial efficiencies and estimate thrust and specific impulse. The effects of
the operating voltage and propellant temperature on the partial efficiencies and propulsive
performance are reported. The importance of maintaining emitter flow rate below its critical
value to obtain ionic regime is also discussed.

I. Nomenclature

𝐼𝑒 = emitted current
𝑉𝑒 = emitter voltage
[\ = angular efficiency
[𝐸 = energy efficiency
[𝑝 = polydispersity efficiency
[𝑡𝑟 = transmission efficiency
[𝑖 = ionization efficiency
[𝑡ℎ = thrust efficiency
𝑄∗ = critical flow rate
𝑇𝑇𝑜𝐹 = time-of-flight thrust
𝐼𝑠𝑝 = specific impulse
¤𝑚 = mass flow
𝑁𝑒 = number of emitter tips
𝑡 = time-of-flight
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II. Introduction
Last year has been a particularly outstanding year for the space industry: a record total of 14.5B$ was invested

in space companies and 1851 spacecraft were launched, highest number of annual launch attempts since Sputnik 1
[1]. Furthermore, the small-satellite market has grown 400% with respect to 2020 [2]. The number of small satellite
platforms launched has increased exponentially during the last decade, thanks to the miniaturization of multiple
technologies, which has situated them at the forefront of key activities such as Earth observation, communications, asset
tracking, IoT, and others. With the rapid development of this market, the micro propulsion system has become the focus
of attention, due to the need for enhanced mission flexibility and longer mission lifetimes [3].
Electrosprays thrusters have gradually attracted the researchers attention thanks to their small size, high specific

impulse and low power consumption [4, 5], becoming more suitable for micro and nano satellites compared to ion
thrusters or hall thrusters, which offer high specific impulse and greater thrust than electrosprays at the expense of larger
size and greater power consumption [6]. The first successful in-space demonstration of electrospray propulsion was
achieved in 2015. The thruster was developed by Busek and NASA Jet Propulsion Laboratory and flew on board the on
board of the European Space Agency Laser Interferometer Space Antenna Pathfinder mission [7].
Electrospray propulsion systems are based on the extraction and acceleration of ions or droplets from a conductive

liquid, generally known as Room Temperature Ionic Liquid (RTIL) [8]. The propellant is accumulated at a fine emitter
“tip”, either by injecting it through a needle or through a combination of surface tension and capillary forces (e.g., in a
porous emitter structure). The emitter is located closely to an accelerator grid and an electric potential difference is
established between the two. At sufficiently high values of the electric field, ions may be extracted from the emitter tip
by the field-emission or Taylor cone phenomenon; the electric field accelerates said ions (which typically cluster in
droplets) to a high speed jet, producing thrust [9].
Ionic liquids are room temperature molten salts composed of chemically stable mixtures of positive and negative

molecular ions. One of the key advantages of ionic liquids is their negligible vapour pressure which allows for
non-pressurized propellant storage. Additionally, the emission of both positive and negative ions allows for net neutral
emission without the need of a neutralizer [10]. Among others, these reasons make RTILs ideal for electrospray
propulsion. For electrospray performance the driving properties are electrical conductivity, 𝐾 , and surface tension 𝛾
as the emitted current for a given a applied voltage is proportional to: 𝐼𝑒 ∝ 𝛾2𝐾, and to a lesser extent viscosity or
chemical stability.
Although well known for some of the liquids commonly used in electrosprays, these properties can vary depending on

the temperature [11]. For instance, the conductivity of RTILs tends to increase with increasing temperature and results
in higher emission currents as reported by [10]. In addition, it is reported that some ionic liquids freeze at temperatures
above 0◦C, for example EMI-BF4 has a freezing point of approximately 12.0 - 12.5 ◦C although it tends to supercool
[12]. Ionic liquids properties tend to change steadily, though sometimes they can experience significant changes in the
properties over the range of temperature of interest. A spacecraft in LEO orbit could experience temperatures from
-20◦C up to 60◦C [13]. These continuous changes in temperature can have an effect on the propellant properties and
influence the electrospray to change operation mode or even stop being functional, making it crucial to understand the
effects of temperature on electrospray operation [11].
In this work, it is studied experimentally the effect of the propellant temperature on an electrospray thruster. The

emitter used for this study is a laboratory prototype used for parametric testing. It is composed of three main subsystems:
the thruster head (emitter-extractor), the power processing unit and the propellant management unit, which contains the
ionic liquid and feeds passively the thruster head. In the prototype presented here, the operating voltage is between
1.25-1.4 kV, with an onset voltage around 700 V. In order to understand how the operating temperature affects the
performance, the efficiency of the thruster head at different applied voltages is analyzed by means of three diagnostics: a
Faraday probe with angular resolution, a retarding potential analyzer and a time-of-flight mass spectrometer. These
diagnostics allow to estimate indirectly the specific impulse, thrust, and partial efficiencies. An experimental set-up
with the thruster mounted on a rotational stage has been developed in order to perform measurements with the three
diagnostics sequentially without breaking vacuum.
This paper is organized as follows: section III explains the main working principle of the thruster and its

characteristics, and details about the diagnostics probes and the experimental set-up, section IV shows the main results
at different propellant temperatures, section V presents an analysis of the post-processed data estimating the impact of
the temperature on the performance parameters (thrust, specific impulse) and the partial efficiencies. Finally, section VI
summarizes the main outputs of this work and highlights the future developments.
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III. Experimental setup

A. Thruster

The thruster head of the electrospray consists of an extractor grid and an externally wetted emitter array; both are
micro-fabricated in silicon. The emitter features and array of 101 micro cones with a nano-texturization in order to drive
the fluid to the tip and control the hydraulic impedance. The emitter contains numerous feeding holes, such that the
ionic liquid can passively flow from the propellant management unit, which is situated below the emitter, to the emitter
tips. A porous textile is added between the emitter and the reservoir to ensure a continuous liquid connection between
both. The reservoir consists of a 3D printed porous titanium deposit. A Kapton heater with a PT100 temperature
sensor is placed below the deposit. With this mechanism a control loop is established to maintain the heater at the
desired temperature warming up the deposit and consequently the propellant. A schematic of the thruster head is shown
in Fig. 1a, as well as a real image in Fig. 1b. The ionic liquid used in this work is 1-Ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide, also known as EMIM-Im in the literature. A summary of the liquid properties is
shown in Table 1.

(a) Thruster head schematic. (b) Thruster during assembly

Fig. 1 Thruster head schematic and assembly image (heater not included).

As it will be shown throughout this work, flow regulation is essential to reach the ionic regime in electrospray
propulsion. It is necessary to restrict the propellant volumetric flow rate 𝑄 below a characteristic value 𝑄∗ [14].

𝑄∗ =
^𝜖0𝛾

𝜌𝐾
(1)

Here, 𝜖0 = 8.85 · 10−12 F ·m−1 is the permittivity of free space, ^ the dielectric constant, 𝛾 the surface tension, 𝜌 the
mass density and 𝐾 the conductivity. The value of 𝑄∗ for EMIM-Im is 3.4 · 10−12 L · s−1.

Property Value Unit
^ 11.5
𝛾 39 mN ·m−1

` 32 mPa · s−1
𝑘 0.86 S ·m−1

𝜌 1.52 g · cm−3

Table 1 Properties of EMIM-Im [15].
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Polarity Particle Mass [u]

positive
EMIM+ 112
[EMIM-Im]EMIM+ 504
[EMIM-Im]2EMIM+ 896

negative
Im- 280
[EMIM-Im]Im- 672
[EMIM-Im]2Im- 1064

Table 2 Mass of oligomers of EMIM-Im.

As mentioned before, electrospray emission can consist of either droplets or ions (or both). The ions emitted can
be single molecules as well as ions with a higher degree of solvation 𝑛, mainly 𝑛 = 1 (monomers) or 𝑛 = 2 (dimers),
trimers and higher degrees of solvation are possible but rare. For EMIM-Im the molecules and masses are shown in
Table 2. Particles with a mass of over 3000 u are considered droplets.

B. Diagnostics probes

Three diagnostics have been developed to measure electrospray performance. A Faraday probe (FP), an electrostatic
retarding potential analyzer (RPA) and a time-of-flight mass spectrometer (ToF). The thruster is mounted on a vertical
aluminum profile placed on top of a vacuum rated rotation stage. Rotating the stage allows testing the thruster with
each diagnostic separately, while the thruster is continuously firing at the same operating conditions without breaking
vacuum; it also allows for obtaining angle resolved current density measurements with the FP. Fig. 2 shows the location
of the thruster with respect to the Faraday probe, the RPA and the ToF gate.

Fig. 2 Diagnostics setup. Faraday probe to the left of the image, RPA to the right, TOF at the top and thruster
mounting structure in the center of the image

1. Faraday probe

The rotary stage provides a 4.091 `rad resolution and allows for performing angle resolved current density
measurements. The main goal of this diagnostic is to measure the ion beam divergence and the thruster divergence
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Fig. 3 Faraday probe schematics. Components: H1 aluminum holder, H2 POM housing, H3 stainless steal
aperture disk, S1 POM spacer, R1 threaded rod, PP pogo pin and FC Faraday cup.

efficiency. The probe consists of a 28 mm diameter metal cup enclosed by a polyoxymethylene (POM) cylinder and a
grounded metal disk with a 5 mm aperture (Fig. 3). The distance from the extraction grid to the cup entrance is 80 mm.

Fig. 4 RPA schematics. Components: H1 aluminium front plate, H2 aluminium housing, H3 aluminium back
plate, S1 polylactic acid (PLA) front spacer, S2 polytetrafluoroethylene (PTF) main spacer, S3 PTFE secondary
spacer, S4 PTFE back spacer, G1 stainless steel cup grid, G2 stainless steel secondary grid, R1 aluminium biased
cup and C1 collector

2. Retarding Potential Analyzer

The RPA is used to measure the ion beam energy distribution from which the energy efficiency can be inferred. The
RPA topology is based on the design from [16] and consists of a biased cup followed by a biased grid to repel secondary
electrons. This design allows for a reliable measurement of the charged particle energy irrespective of the angle of
incidence (Fig. 4). The distance from the thruster extraction grid to the RPA entrance is 80 mm.

3. Time-of-Flight spectrometry

The ToF is used to characterize the composition of the thruster ion beam. In electrospray propulsion, it is one of the
most important diagnostics as it allows for identifying the different emitted particles and their contribution to the total
emitted current. From this, the specific charge (𝑞/𝑚) as well as an indirect estimation of the thrust and specific impulse
can be obtained.
Time of flight mass spectrometers provide the mass distribution of the ion beam by measuring a time wave of the

ion beam current modulated by an electrostatic gate. The ions travel through a section of known length 𝐿𝑇𝑜𝐹 , called
flight region. The time taken by each particle is then,
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𝑡𝑖 =
𝐿𝑇𝑜𝐹

𝑣𝑖
(2)

The ToF spectrometer built in this work consists of a deflection gate driven by a high-voltage pulse generator
and a collector plate placed at the end of the flight region. The collected current is then measured with a high-speed
transimpedance amplifier (TIA). A schematic of the ToF is shown in Fig. 5
The ToF gate acts as an electrostatic shutter, and it is placed close to the thruster exit plane. When the electrostatic

gate (ESG) is polarized, it deflects all upstream particles; only the particles already downstream will be collected. Since
particles have different velocities (due to different specific charges) they will reach the collector at different times, those
with the highest velocities arriving first. By calculating integrals of the time wave the thrust and specific impulse can be
estimated.

Fig. 5 Schematic of TOF ESG [17].

The deflection gate operates by applying an electric field perpendicular to the ion beam, created by means of two
biased plates. The collection angle of a 90𝑚𝑚 diameter detector and a flight region of 𝐿 = 920mm is 2.8◦. When the
deflection angle of the ESG exceeds the collection angle, none of the upstream particles will reach the collector and the
gate is effectively ‘closed’. The deflection angle of the ESG is[18]:

\𝐺 = arctan
(
𝑡𝐺

4𝑑𝐺
𝑉𝐺

𝑉𝑒

)
(3)

where 𝑡𝐺 is the thickness of the gate electrodes, 𝑑𝐺 is the distance between the electrodes, 𝑉𝐺 is the voltage between
the gate electrodes and 𝑉𝑒 the applied emitter voltage. For a 𝑡𝐺 = 3𝑚𝑚 thick electrodes, a 𝑑𝐺 = 6𝑚𝑚 electrode gap,
𝑉𝐺 = 2𝑘𝑉 (differential) electrode voltage and a worst case of 𝑉𝑒 = 2𝑘𝑉 emitter voltage the deflection angle is slightly
over 7◦ and even larger for lower emitter voltages.
Although thicker electrodes and a reduced electrode distance result in a higher deflection angle (or a lower required

gate voltage) it also results in a large electrode capacitance which is detrimental to high speed operation and puts more
stringent requirements on the high voltage pulse generator. The capacitance is given by:

𝐶𝐺 =
𝜖0𝑡𝐺𝑤𝐺

𝑑𝐺
(4)

where 𝑤𝐺 is the width of the electrodes. The estimated capacitance for the values states above and 𝑤𝐺 = 50 mm is
about 220 fF.
The collector consists of a 90 mm diameter aluminium disk connected to a single sided BNC feedthrough. A fast

TIA is connected directly to the feedthrough, minimizing the input capacitance and corresponding current noise. The
TIA used in this work is a DHCPA-100, a variable gain high bandwidth amplifier. The TIA was operated with a gain of
1E5 in low-noise mode, resulting in a bandwidth of 1.8 MHz. This corresponds to a minimum rise time of 194 ns.
The HV pulse generator driving the ESG was developed in-house and its architecture is based on a design from [19].

The circuit consists of two half bridges that switch the output between a high voltage output (+/-) and ground. It can
bias the gate electrodes to ± 1 kV respectively (resulting in a 2 kV differential voltage) with a 180 ns rise time.

C. Vacuum facility

The tests were performed at the electric propulsion laboratory of the Electric Propulsion and Plasmas Team (EP2) at
Universidad Carlos III de Madrid, in Leganés, Madrid, Spain. The vacuum facility, consist of a 500 mm sided cube,
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with an extension tube of 800 mm long and 98 mm diameter in the center of one of the cube faces. The electrospray
thruster is mounted on a rotational stage and fires sideways at a distance of 15 mm respect to to the time-of-flight tube
entrance. An Edwards 400 nEXT turbo-molecular pump maintains a chamber pressure of 10−6 mbar.

IV. Experimental results
In this section the measurements from the different diagnostic instruments are presented. The thruster was

operated using a high voltage amplifier (HA51U-3B2). It drives the thruster with a square wave with a 𝑇+ = 250 ms
half-period in the positive polarity and a variable duration 𝑇− in the negative polarity to ensure current compensation
(i.e.

∫ 𝑇+
0 𝐼+𝑑𝑡 =

∫ 𝑇−
𝑇+

𝐼−𝑑𝑡). The measurements were performed at four different temperatures: 30, 40, 50 and 60 ◦C. At
each temperature point, 20 minutes were waited to ensure stabilization of the liquid temperature before operating. This
time was previously corroborated with emission tests, by checking when the emission current had stabilized for a given
temperature.
For each temperature, three diagnostics (Faraday probe, RPA and time-of-flight) were performed at 4 different

voltages: 1250, 1300, 1350 and 1400 V. All the data is zero-corrected, smoothed, and normalized for analysis.

A. I-V characteristics

Fig. 6 shows the I-V curves at each temperature. The applied potential was a triangular wave ranging from -1400
V to 1400 V with 20 s period, repeated 3 times. The data was interpolated at fixed points to remove hysteresis since
start-up emission is does not resemble steady state behavior. An I-V test was conducted before any of the diagnostics for
the given temperature.
Results show a clear tendency of increasing emitted current with increasing temperature, as expected from the fact

that ionic liquid conductivity increases with temperature. At 1400 V and 30 ◦C, positive emission yielded 160 `A and
negative emission -134 `A, while at 60 ◦C emitted current was 223 `A and -178 `A, respectively. That results in a
37% current increase for positive mode and 33% for negative mode when doubling from 30 ◦C to 60 ◦C the operating
temperature. The asymmetry of the emitted current comes from the difference in mobility of negative and positive
particles due to the differences in their masses. The onset voltage also suffers a slight change when operating in different
temperature conditions. For both polarities at 30 ◦C it remains around 650 V, but at 60 ◦C it decreases to 600 V.

Fig. 6 I-V curves of tested emitter at different temperatures.
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B. Beam divergence

For the beam divergence, the rotary stage moved with a 1◦ step from -90◦ to 90◦. At each angle, two firing cycles
were performed. The average of the positive and negative collected current were used to build the angular distribution.
For simplicity, angular distributions will be shown at two operating voltages only. Fig. 7a and Fig. 7b show the current
density profile as a function of the angular position, for positive and negative emission at 1.25 kV. Fig. 8a and Fig. 8b
were obtained at 1.4 kV
A 99% beam half-angle at 1.25 kV is approximately 50◦ for the left side and 48◦ for the right can be discerned for

both polarities. Temperature does not have an appreciable impact on the beam divergence at 1.25 kV. The small changes
will be better appreciated in the study of the angular efficiency. On the other hand, at 1.4 kV, results show a slightly
widening of the divergence with temperature, increasing the 99% beam half-angle to 50 ◦ at 60 ◦C on the right side of
the plume. This effect appear to be countered by a decrease in current neat the central thrust angle. Voltage has an small
impact on the divergence, as comparing the 1.25 kV and 1.4 kV distributions the latter slightly widens up, probably due
to more emission sites appearing near the cone tip.

(a) Beam divergence for positive mode (b) Beam divergence for negative mode

Fig. 7 Beam divergence at different temperature at 1.25 kV operating voltage.

(a) Beam divergence for positive mode (b) Beam divergence for negative mode

Fig. 8 Beam divergence at different temperature at 1.4 kV operating voltage.
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(a) RPA curve @ 1.25 kV (b) RPA curve @ 1.4 kV

Fig. 9 RPA results for positive and negative emission for different temperatures.

C. Energy analysis

The RPA results are shown in Fig. 9a and Fig. 9b. Another amplifier of the same model as used for driving the
thruster, was used to sweep the stopping potential from 0 to 1.1 times the operating voltage of the thruster. The curves
shown are an average of several measurements under the same conditions. The curves are plotted from 0.2 times the
applied voltage due to the significant spread induced by planar RPA topologies [18].
The results show high consistency in the energy distribution for the different temperatures, maintaining the energy

drop nearly identical for all the cases studied. Dimer to monomer fragmentation in the field-free region is moderate
compared to dimer fragmentation in the acceleration region, which stays dominant. At 1.4 kV, the fragmentation in the
field-free region increases by around 5%.

D. Mass spectrometry analysis

Fig. 11 and Fig. 10 show TOFmass spectra at two different operating voltages for both polarities and with temperature
variation. The curves are the result from averaging 20 different measurements to eliminate part of the noise. To obtain
these curves the time variable was transformed into mass using:

𝑚 = 2𝑒𝑉𝑒
(

𝑡

𝐿𝑇𝑜𝐹

)2
(5)

Which is exact for oligomers but not for droplets as droplets do not have a single charge 𝑒 but rather some specific
charge 𝑞/𝑚. However for locating the oligomers in the plot the 𝑚 variable is more convenient. For visualization, dashed
lines are added marking the masses for monomers and dimers (values given in Table 2).
The results clearly show a mixed regime at lower voltages tending to predominantly ionic emission when the voltage

is increased. However, a big amount of droplets is still present at 1.4 kV, and the overall performance will be penalized
by this. The studies with temperature show that droplet emission rises with temperature. The change in the properties of
the ionic liquid produces an excess of mass flow. which is observed in the higher emitter currents. This is observed for
both polarities, being more pronounced in the negative, which shows a higher amount of droplets.
In the positive mode at 1.25 kV applied voltage the amount of droplets is increased from 10% at 30 ◦C to 18% at 60

◦C, while in the negative mode increases from 27% to 36%. At 1.4 kV operating voltage, this effect is less pronounced,
increasing the droplet percentage by 1% (from 2% to 3%) in the positive mode and from 10% to 14% in the negative
mode. Two important insights are gained from this analysis: increasing of voltage reduces the amount of droplets, while
increasing the temperature has the opposite effect. During the performance analysis in Section V, the effect of the
emission regime and its relation with the voltage and temperature will be analyzed more in depth.
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Fig. 10 TOF curves at 1.25 kV and different temperatures.

Fig. 11 TOF curves at 1.4 kV and different temperatures.
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V. Performance Analysis
In this section a quantitative estimation of the variation of the performance with voltage and temperature is reported.

These values have been obtained using the measurements presented in Section IV.

A. Angular efficiency

To estimate the angular efficiency Eq. (6) is used [20], where 𝐼 (\) is the normalized angular current density
distribution. The equation takes into account the part of the beam that contributes to the thrust (axial component). It is
squared as it represents the axial velocity and the thrust is proportional to the square of the velocity [21].

[\ =
©«
∫ 𝜋
2
0 𝐼 (\) cos \ sin \𝑑\∫ 𝜋

2
0 𝐼 (\) sin \𝑑\

ª®¬
2

(6)

In Fig. 12a and Fig. 12b, the variation of angular efficiency with voltage at different temperature is presented for
both emission polarities. This efficiency does not change significantly in either polarity, with variations on the order of
2-3%. Nevertheless, two trends can be appreciated, one with voltage and another with temperature. When the propellant
temperature is increased, the angular divergence becomes greater and this variation tends to increase also at higher
voltages. For example, the difference between the angular divergence at 30 ◦C and 60 ◦C at 1.25 kV and 1.4 kV is 1%
and 3% for positive emission, respectively. While for negative emission, this difference increases from 0.2% to 3%.
Despite the effect that the propellant temperature and the operating voltage have in the angular efficiency, variations do
not go above 3%. Mean angular efficiencies are [+

\
= 0.779 and [−

\
= 0.783, for all voltages and temperatures analyzed.

(a) Positive emission (b) Negative emission

Fig. 12 Variation of divergence efficiency with voltage and temperature.

B. Energy efficiency

The ion energy distribution is obtained by taking the derivative of the collected RPA current respect to the retarding
potential. The energy efficiency can then be obtained using Eq. (7), where 𝜙 is the beam potential obtained from the
location of the peak in the energy distribution. Fragmented species are not taken into account, as they are considered
in the polydispersity efficiency. For both positive and negative emission, efficiency is practically the same for all
operational voltages and temperature. Therefore, it is concluded that the energy efficiency is not significantly affected by
the variation of propellant temperature. The average energy efficiencies are [+

𝐸
= 0.9815 and [−

𝐸
= 0.9872.

[𝐸 = 𝜙/𝑉𝑒 (7)
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C. Polydispersity efficiency

The polydispersity efficiency accounts for the effect of accelerating a distribution of particles with different specific
charges. An ideal plume would be composed of particles with a monodisperse specific charge for which the polydispersity
efficiency would be one. Polydispersity efficiency is lowest when a mixed regime exist with a considerable percentage
of droplets.
By integrating the time of flight curve both the thrust and mass flow rate can be obtained. The thrust obtained in this

way is an overestimation as it only includes the polydispersity efficiency. This is because the ToF setup is not sensitive
to the other efficiencies. Because of this, calculating the efficiency with the typical efficiency equation for electric
propulsion:

[ =
𝐹2

2 ¤𝑚𝐼𝑒𝑉𝑒
(8)

using the thrust and mass flow rate obtained by the ToF measurements yields the polydispersity efficiency. Hence:

[𝑝 =
𝐹2
𝑇𝑜𝐹

2 ¤𝑚𝐼𝑒𝑉𝑒
(9)

Thrust (𝐹𝑇𝑜𝐹) and mass flow rate ( ¤𝑚𝑇𝑜𝐹), are calculated according to Eq. (10) and Eq. (11) [20]. 𝐼𝑒 representing
the total emitted current.

𝐹𝑇𝑜𝐹 =
2𝑉𝑒 𝐼𝑒
𝐿𝑇𝑜𝐹

∫ ∞

0
𝐼𝑇𝑜𝐹 (𝑡)𝑑𝑡 (10)

¤𝑚 =
4𝑉𝑒 𝐼𝑒
𝐿2
𝑇𝑜𝐹

∫ ∞

0
𝑡 𝐼𝑇𝑜𝐹 (𝑡)𝑑𝑡 (11)

The polydispersity efficiency for different operational voltages are shown in Fig. 13. Note that the values calculated
are the averaged mean from the positive and negative polarities. The averaged mean is calculated using the duty cycles.
As expected, the efficiency is highest at higher voltages and lower propellant temperature correlating to the reduced

droplets fraction seen in the time of flight curves. For the same operating voltage, polydispersity efficiency will decrease
with temperature; and for the same propellant temperature, polydispersity efficiency will increase with voltage. The
great penalty produced by the amount of droplets present in the plume is clearly observed. Even at higher voltages,
where droplet fraction was below 3%, a low polydispersity efficiency is estimated, as there are droplets with masses
above 10,000 u, which increase the mass flow enormously, thus producing a lower efficiency.

Fig. 13 Polydispersity efficiency vs voltage.
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D. Propulsive performance

Once all partial efficiencies are calculated, actual thrust and specific impulse can be calculated as follows:

𝐹 = 𝐹𝑇𝑜𝐹[𝑡𝑟
√
[\[𝐸 (12)

𝐼𝑠𝑝 =
𝐹

𝑔0 ¤𝑚𝑇𝑜𝐹

(13)

Here 𝑔0 = 9.8065𝑚2 · 𝑠−1 is the standard acceleration of gravity. The values shown correspond to the averaged
mean between the positive and negative emission using the duty cycle.
Fig. 14a and Fig. 14b present the variation of thrust and mass flow with voltage at different operating temperatures.

Thrust experiences an increase with voltage. Even though, increasing voltage reduces the mass flow (lower amount
of droplets), emitted current is higher at higher potentials which result in increasing thrust with voltage. In addition,
temperature is observed to have a considerable influence on the thrust. For the same applied voltage, increasing the
temperature increases the thrust considerably. At 1.25 kV, thrust is increased from 16 `N to 27`N at 30 ◦C, and from
19 `N to 31`N at 60 ◦C. Those changes corresponds to a 70% and 63% thrust increase, respectively. It is explained due
to the predominance of droplets when the temperature is increased, which results in a plume with slower but heavier
particles.

(a) Mean thrust vs voltage (b) Mean mass flow vs voltage

Fig. 14 Variation of mean thrust and massflow with voltage at different temperatures.

Fig. 15a shows the variation of specific impulse with voltage. Since 𝑔0𝐼𝑠𝑝 = 𝑣 ∼
√
𝑉𝑒, (𝑣 being the particle velocity)

for a monodisperse specific charge one would expect a square root behaviour of 𝐼𝑠𝑝 as a function of the emitter voltage.
However as was derived of the ToF results, the fraction of droplets and ions varies greatly and so do the resulting specific
charge and polydispersity efficiency resulting resulting in a very different trend. Due to the predominance of droplets at
lower voltages (as well as the lower voltage itself) the the specific impulse is about 250𝑠 at 1.25𝑘𝑉 . As the voltage is
increased, droplet fraction is reduced, and an increase in specific impulse is observed. Contrary to the thrust behavior,
increasing the propellant temperature has a negative effect on the specific impulse, due to the higher amount of droplets
as well as the higher molecular mass of the oligomers encountered at higher temperatures. Mitigation of these heavy
particles is critical for optimum performance of the thruster. It is also worth mentioning, the importance of a proper
post processing of the droplet tail. As stated in [22], due to the importance of high mass species, a large uncertainty
is introduced is noise is present or if fitting is sub-optimal. Also. as expected from the higher emitted currents with
temperature and voltage, the mean power increases with these two variables (Fig. 15b).

E. Pure ionic regime

From the analysis on the polydispersity efficiency it is clear that having a narrow spread in the specific charge of the
particles in the beam greatly benefits the overall efficiency. This can be achieved with either pure droplet or pure ion
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(a) Mean 𝐼𝑠𝑝 vs voltage (b) Mean power vs voltage

Fig. 15 Variation of mean specific impulse and power with voltage at different temperatures.

emission. However it is also become clear that predominant droplet emission results in a low specific impulse that runs
against to the main advantage of electric propulsion, which is fuel efficiency through high specific impulse. The way to
achieve highly efficient electrospray propulsion should than be to operate in the pure ionic regime.
As mentioned before to prevent droplet emission the volumetric flow rate per emitter should be below a characteristic

value𝑄∗. We can obtain this value from the mass flow rate and the number of emission sites per emitter array (𝑁𝑒 = 101).

𝑄 =
¤𝑚

𝜌𝑁𝑒

(14)

Fig. 16 presents the volumetric flow rate per emitter for different emitter voltages at different temperatures. The
dashed line corresponds to the critical value for EMIM-Im, 𝑄∗

EMIM-Im=3.4 pLs
−1.

Clearly the volumetric flow rate per emitter exceeds the characteristic value over the full range of voltages and
temperatures, not being able to reach pure ionic regime at any operating point studied. At low voltages the volumetric
flow rate is up to 10 times the critical value at 30 ◦C and up to 30 times at 60 ◦C. The volumetric flow rate is inversely
proportional to the fluidic impedance of the emitters. By tuning the nano-texturization of the emitters to increase this
fluidic impedance, the mass flow rate can be reduced. This means the purely ionic regime can then be reached for
EMIM-Im at lower emitter voltages.

Fig. 16 Flow rate vs voltage. Dashed line shows critical flow rate for pure ionic regime for EMIM-Im.
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VI. Conclusion
In conclusion, a laboratory version of an electrospray thruster has been characterized at different operating voltages

and propellant temperatures. It was achieved by means of a Faraday probe with angular resolution, a retarding potential
analyzer and a time-of-flight mass spectrometer. In addition, a Kapton heater placed below the metallic deposit was
place for temperature control. The characterization was performed for both emission polarities, but for simplicity of
results, the mean values are generally presented, assessing the performance in terms of thrust, specific impulse and
propulsive efficiency. Four different voltages (1.25, 1.3, 1.35 and 1.4 kV) and four temperatures (30, 40, 50 and 60
degrees) were analyzed.
Angular current density measurements show that both temperature and voltage have a negative effect on the angular

efficiency. Although variations are in the order of 3% at most, generally increasing the voltage and temperature opens
up off-center emission sites that results in a slightly lower angular efficiency.
RPA results show that the energy efficiency remains close to unity and stays invariant to changes in voltage and

propellant temperature.
Time-of-flight data confirms the presence of droplets and shows a relative decrease in this population with increasing

voltage. Negative emission exhibits a greater amount of these particles reaching around 26% of the plume current
at 1.25 kV and 30 ◦. At higher voltages (1.4 kV), droplets are reduced but ionic regime is not achieved. Propellant
temperature has a dominant effect on the operational regime, since at higher temperatures, the presence of droplets is
accentuated. This effect is more pronounced at lower voltages, where the increase of droplets is higher.
The presence of droplets at higher temperatures is explained with the high flow rate per emitter. It was calculated

to be up to 10 to 30 times the critical flow rate for EMIM-Im, for the different operation points. A decrease of the
volumetric flow rate is imperative to achieve the pure ionic regime. This can be achieved by increasing the fluidic
impedance of the emitter. However, the impedance of the emitter should be tailored to the ionic liquid that is intended
to be used, as it will have a strong impact on the emission regime and therefore on the efficiency. As a consequence,
polydispersity efficiency is greatly penalized by the amount of present heavier particles. This efficiency tends to increase
with applied voltage for the same temperature, but decreases with liquid temperature for the same voltage,
Propulsive performance analysis show that thrust increases with temperature due to the higher amount of droplets.

On the contrary, the specific impulse becomes lower at higher temperatures. Also, increasing the operating voltage has a
positive effect on the thrust and specific impulse at the expense of more power. However, the operating power of the
tested thruster remains under 0.3 W in all the cases studied.
In future work, more testing will be done better understand the behavior of the thruster performance with temperature,

not only by means of experimental results, but also correlating with analytical studies, if possible by understanding how
the ionic liquid properties change with temperature. Future tests will be performed on emitters with a higher fluidic
impedance, so that the control operating point at room temperature is under the ionic regime for EMIM-Im. A observed
in [23], higher impedance emitter at higher voltages can reach about 80% polydispersity efficiency. In this way, it will
be appreciated if increasing the temperature will push the thruster towards the mixed regime.
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