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KEYWORDS Abstract In order to meet the demand of CubeSats for low power and high-performance micro-
Asymmetric performance; propulsion system, a porous ionic liquid electrospray thruster prototype is developed in this study.
Direct thrust test: 10 x 10 conical emitter arrays are fabricated on an area of 3.24 cm? by computer numerical control
Tonic liquid electrospray machining technology. The propellant is 1-ethyl-3-methylimidazolium tetrafluoroborate. The over-
thruster; all dimension of the assembled prototype is 3 cm x 3 cm x 1 cm, with a total weight of about 15 g
Time of flight mass spec- (with propellant). The performance of this prototype is tested under vacuum. The results show that
trometry; it can work in the voltage range of £2.0 kV to +3.0 kV, and the maximum emission current and
Torsional thrust stand input power are about 355 pA and 1.12 W. Time of Flight (TOF) mass spectrometry results show

that cationic monomers and dimers dominate the beam in positive mode, while a higher proportion
of higher-order solvated ion clusters in negative mode. The maximum specific impulse is 2992 s in
positive mode and 849 s in negative mode. The thrust is measured in two methods: one is calculated
by TOF results and the other is directly measured by high-precision torsional thrust stand. The
thrust (7) obtained by these two methods conforms to a certain scaling law with respect to the emis-
sion current (I.,) and the applied voltage (V,pp), following the scale of T~ ]eme,’iDSp, and the thrust
range is from 2.1 pN to 42.6 uN. Many thruster performance parameters are significantly different
in positive and negative modes. We speculate that due to the higher solvation energy of the anion,
more solvated ion clusters are formed rather than pure ions under the same electric field. It may help
to improve thruster performance if porous materials with smaller pore sizes are used as reservoirs.
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Although there are still many problems, most of the performance parameters of ILET-3 are good,
which can theoretically meet the requirements of CubeSats for micro-propulsion system.

© 2022 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

CubeSats is one of the hot spots in the field of space research.'
Because of its advantages of small size, light weight, low cost,
flexible launch mode, short development cycle and high func-
tional density, CubeSats plays an important role in scientific
research, national defense and commercial fields, and has
broad application prospects.” ¢ As CubeSats needs to perform
more demanding space tasks, such as long-term orbital posi-
tion maintenance, specific orbit transfer, and end-of-life deor-
bit, the need for propulsion systems is becoming more and
more urgent.” '' However, due to the limitations of size and
power, most of CubeSats do not carry propulsion devices, so
it is of great significance to develop the micro-propulsion tech-
nology suitable for CubeSats'”.

Ionic Liquid Electrospray Thruster (ILET) is a kind of
thruster based on electrospray principle, in which a liquid pro-
pellant at the tip of the emitter generates charged particles that
are accelerated by an electric field.'? ILETs generally produce
a thrust of the magnitude of micronewtons.'*'> The thruster
has the advantages of small size, low power, high specific
impulse, high efficiency and continuously adjustable thrust,
which makes it one of the best candidate thrusters for Cube-
Sats. In recent years, ILET has become a hot research
topic'¢ 2.

Thrust is one of the important performance parameters of
thruster, which can be obtained directly by torsional thrust
stand and mass balance, and can be obtained indirectly by
Time of Flight (TOF) mass spectrometry. Every measurement
method has their own features. Thrust estimation from TOF is
a common method used by most researchers.”’ >° The thrust
obtained by this method is often greater than the actual thrust
because the effects of angular dispersion, transmission and
energy efficiency are ignored.”® However, with the help of
the TOF mass spectrometry, the composition of charged par-
ticles in beam can be obtained. High-precision mass balance
is a method to directly measure the thrust of thruster.'*?”-*
The characteristic of this method is that the thrust and mass
flow of propellant can be obtained at the same time. Huang
et al.'"* directly measured the thrust and mass flow rate of
the thruster with a mass balance, and then obtained other per-
formance parameters of the thruster. Although this method is
easy to implement, a measurement method with a faster
response to the thrust is still desirable.

Utilizing the torsional thrust stand, high-precision measure-
ment results can be obtained with fast response.”” This method
can measure the thrust at the level of uN or even sub-pN. Tor-
sional thrust stand requires professional and systematic design,
so only a few institutions can carry out relevant tests.’**! Kre-
jci et al.’! used a series of methods to characterize the perfor-
mance of a passively fed electrospray microthruster prepared
by laser ablation, including two independent thrust tests (mag-
netically levitated balance and torsional thrust stand). Directly
measured thrust using the torsional thrust stand is compared

to the calculated thrust using TOF data, which is modified
according to the angular and energy efficiency. The results
showed that the thrust obtained by the two methods was close
to each other in a certain range. Recently, Natisin et al.?®*
used a single-axis torsional thrust stand to measure the thrust
of a porous-media electrospray thruster manufactured by the
Computerized Numerical Control (CNC) machine. At the
maximum input power ~1.3 W, the maximum thrust measured
in the positive mode and the negative mode is 41 puN and
37 uN, respectively. Passively ionic liquid electrospray thruster
has been studied in detail by many researchers. However, for
the thruster prototype processed by CNC machine, the thrust
performance calculated by TOF and the thrust measured
directly by torsional thrust stand have not been compared
comprehensively.

On the other side, the phenomenon of asymmetry current
has been found in many studies, and the degree is more or
less*” **. One characteristic of ionic liquid electrospray thruster
is that it can emit cations or anions, which is expected to real-
ize the self-neutralization of beam by periodically changing the
polarity of applied voltage.”®*> This asymmetry of thruster
performance in positive and negative modes may complicate
the modulation mode of beam self-neutralization. Therefore,
it is necessary to study this asymmetry.

Therefore, a prototype of porous ionic liquid electrospray
thruster is developed in this study. The porous glass emitter
is processed by low-cost and fast iterative CNC machine
method, the extractor is manufactured by mask chemical etch-
ing, and other parts of the thruster are processed by conven-
tional mechanical methods. The ion species composition and
angular distributions of the thruster beam are characterized
by using a self-built TOF experimental device and a linear
motion platform. In addition, the thrust of the prototype is
directly measured by a torsional thrust stand developed by
the Institute of Mechanics, Chinese Academy of Sciences.
Finally, the performance of the thruster is discussed, focusing
on the comparison of two thrust measurement results and the
asymmetry of thruster performance under positive and nega-
tive polarity.

2. Manufacturing process of thruster prototype

In this study, a prototype of porous ionic liquid electrospray
thruster (named as ILET-3) is designed. The overall structure
is shown in Fig. | and its external size is
30 mm x 30 mm x 10 mm. The thruster prototype consists
of extractor electrode, upper enclosure, emitter, propellant
reservoir layer, lower enclosure and distal electrode, as shown
in the order from left to right in Fig. 1(a). The thruster proto-
type after assembly is shown in Fig. 1(b).

The emitter is made of porous borosilicate glass material
(G5, pore size is about 2-4 pm) manufactured by CNC
machining method, and total 100 conical emitter tip arrays
(10 x 10) are on an area of 3.24 cm®. The bottom radius
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(a) Exploded view

(b) Assembled prototype
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(c) Global image of emitter

Fig. 1

and height of each conical emitter are 0.5 mm and 1.5 mm
respectively, so the half angle of the cone is about 18.4°. The
emitter tip structure is observed with an optical microscope,
as shown in Fig. 1, and the radius of the cone tip is about
20 pm. The distance between cones is 1.8 mm. The overall
shape of the emitter and the optical image of each tip are
shown in Figs. 1(c)-1(e). The propellant reservoir layer is also
made of porous borosilicate glass material (G2, pore size is
about 30-50 pum) by CNC method. The size is
20 mm x 20 mm x 3 mm. It is connected to the power supply
through a distal electrode under the reservoir layer. The
research results of Courtney and Shea®® showed that the differ-
ence of pore size between the reservoir and the emitter layer
produced a Laplace pressure, so that the propellant can be
continuously supplied from the reservoir to the emitter layer.

The extractor electrode is made of stainless steel by mask
chemical etching method. The aperture of the extractor is
1.5 mm in diameter and the spacing is 1.8 mm. The thickness
of the extractor electrode is 0.1 mm. The upper and lower
enclosures are made of Polyether Ether Ketone (PEEK) mate-
rial and manufactured by conventional machining method.
Attention should be paid to the groove depth of the upper
enclosure to control the distance between the tip of the emitter
and the extractor required for the design. In ILET-3, this dis-
tance is 0.1 mm. The thruster prototype is assembled with
metal or alumina ceramic screw mounting. All parts of the
thruster prototype are assembled with ceramic screws, and
the gap between the upper and lower enclosures is sealed by
rubber rings.

In this study, 1-ethyl-3-methylimidazolium tetrafluorobo-
rate (EMI-BF,) is used as propellant. It needs to be degassed
in a vacuum chamber with a pressure of 1072 Pa for more than

(d) Local image of
a single emitter tip

(e) Enlarged view of
red area in (d)

Thruster prototype of ILET-3.

12 h before loading it into the reservoir and emitter. The load-
ing volume of propellant is about 1 mL. The total mass of the
thruster prototype after propellant EMI-BF, loading is about
15 g. After loading the propellant, the thruster is assembled as
quickly as possible and transferred to the vacuum chamber,
and then the test is started.

3. Experimental apparatus and methods

In order to simulate the operation of ILET-3 in the space envi-
ronment, the performance of the thruster prototype was tested
in the vacuum chamber, including the following four parts: (A)
general ignition test, current measurement and beam images at
different voltages; (B) time of flight mass spectrometry; (C)
beam angular distributions; (D) direct thrust test. The first
three tests were carried out in the vacuum chamber in Jet
Propulsion Laboratory, Beijing Institute of Technology. The
vacuum system consists of one cylindrical vacuum chamber
(0.5 m in diameter and 0.8 m in length), two rotary vane
mechanical vacuum pumps, one molecular pump, cooling
water tank and control box. The pressure in the vacuum cham-
ber during the tests was about 5 x 107> Pa. The direct thrust
test was carried out in the vacuum chamber of the Key Labo-
ratory of Microgravity, Institute of Mechanics, Chinese Acad-
emy of Sciences. The pressure during the test was 1 x 107> Pa.

3.1. General ignition test, current measurement and beam images

A positive DC high-voltage power and a negative DC high-
voltage power (DW-N303/DW-P303) were connected to a
pulse generator (PVX-4110, DEI), which can quickly generate
high-voltage waveforms up to 10 kV. The frequency and duty



Direct thrust test and asymmetric performance

123

cycle of the output voltage waveform of the pulse generator
were controlled by a function generator, and the amplitude
of the output voltage is controlled by two DC high-voltage
power supplies. The output high voltage was connected to
the emitter through a 1 MQ sampling resistor. The extractor
electrode was grounded after connecting a 100 kQ sampling
resistor. The above method can not only protect the circuit,
but also obtain the current by measuring the voltage drop on
the sampling resistance.

Three types of currents were measured in this study. The
first was the current in the emitter circuit (named as total cur-
rent, I,), it was obtained by measuring the voltage across the 1
MQ sampling resistor with a multimeter (OWON B35+), and
the data are transmitted to the computer by Bluetooth. The
second was the current in the extractor circuit (named as inter-
cepted current, I.), and it was obtained by using a passive
voltage probe (Tektronix TPP0250) to measure the voltage
across the 100 kQ sampling resistor, and recorded by the oscil-
loscope (Tektronix MDO3014). The third was the emission
current, I.,. Based on the following Eq. (1) of the above three
currents, /., can be calculated:

Iy = Iex + I (1)

Before the current measurement, general ignition test was
carried out according to the following steps to determine the
working voltage range of the prototype. When the prototype
was installed in the vacuum chamber and the pressure met
the requirements of the experiment, we turned on the power
supply and raised the voltage of the emitter in the way of alter-
nating positive and negative polarity with each step of 100 V.
When the intercepted current was greater than 0.5 pA, the
emitter was considered to start working and the voltage at this
time was taken as the onset voltage. The voltage was raised
until the electrode was abnormally discharged, which was
determined as the maximum working voltage of the thruster
prototype. Then we reduced the voltage with the same param-
eters. This process was repeated 10 times, the emission state of
the thruster prototype was stable, and then the current and

1—Vacuum chamber; 2—Oscilloscope; 3—Camera; 4—Prototype;
5-—@Glass porthole; 6-—Multimeter; 7 Function generator ;

8 Pulse generator; 9 Positive high voltage power;

10—Negative high voltage power

Fig. 2 Schematic diagram of experimental setup for measuring
current and capturing beam.

voltage were measured and recorded. The above three currents
were measured at 100 V intervals in the working voltage range,
and this measurement was repeated three times.

During the ignition process of the thruster prototype, the
beam images under different voltages were taken and recorded
by the camera. In this process, the side or downstream of the
thruster was facing the center of the glass porthole on the vac-
uum chamber. The digital camera (Nikon D5600) was installed
outside the porthole of the vacuum chamber. After adjusting
the focus of the lens and setting the camera parameters, the
beam images can be captured. The schematic diagram of the
experimental setup for measuring current and capturing beam
is shown in Fig. 2.

3.2. Measurement method of beam angular distributions

A small self-built Faraday cup was installed on a linear motion
platform to measure the beam angular distribution of the
thruster prototype (Fig. 3(a)). The area of the current collector
in the Faraday cup is 0.33 cm?, and there is a —40 V grid in
front of the collector to suppress secondary electron. The cur-
rent was obtained by measuring the voltage across the 100 kQ
sampling resistance as the intercepted current measurement
method in Section 3.1. The onset voltage of the stepping motor
is used as the trigger signal to record the collector current on
the oscilloscope. Firstly, the current at different times is
obtained on the oscilloscope. Since the Faraday cup moves
at a constant speed of 4 cm/s, the current at different positions
can be obtained. The distance between the Faraday cup and
the emitter is 7.5 cm. The length of the linear motion platform
is 20 cm and the thruster is aligned with its center. According
to the above geometric relationship, the current at different
angles, that is, the angular distribution of the current, can be
calculated. Assuming that the spatial current distribution of
all single emitters is the same, taking the emitter on the outer-
most side of the thruster as an example, the maximum angle
that can be measured by the system is arctan [(10-0.9)/7.5] =
50.5° (Fig. 3(b)). It should be noted that the current in the mid-
dle area is formed by the superposition of the current of mul-
tiple single point emitters, so the current angular distribution
of each single point emitter cannot be obtained, and the cur-
rent angular distribution finally obtained is that of the whole
thruster. Each test was repeated 6 times to reduce the error.

3.3. Measurement method of TOF

TOF is an important method to characterize the performance
of ILET and the composition of charged particles in beam. Its
basic principle is that after the beam is interrupted, the accel-
erated charged particles fly a certain distance in the non-
electric field area and reach the collector electrode. Due to
the different speeds of charged particles with different specific
charge accelerated by the same electrostatic field, the time to
reach the collector electrode is also different, and the current
signal will gradually decrease to zero, as shown in Fig. 4. There
are two ways to interrupt the beam. One is to set a group of
electrostatic gate electrodes downstream of the thruster. When
a fast-pulsed high voltage is applied to the electrostatic gate,
the plume is interrupted. This method is used by most
researchers,”’*” but the use of multilayer electrostatic gate
electrodes will reduce the transparency of the beam and the
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(a) Experimental setup of beam angular distribution
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(b) Schematic diagram of angular distribution calculation

Fig. 3  Experimental setup and schematic diagram of beam angular distribution.
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(b) Schematic diagram of TOF
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Fig. 4 Experimental setup and schematic diagram related to TOF test.

detected current signal. Another method is to turn off the high
voltage on the emitter directly and the emission is considered
to stop instantaneously.”®” The latter method is used in this
study.

Specifically, the thruster prototype and the stainless-steel col-
lector were placed horizontally and center-aligned, and fixed on
the optical platform. The distance (L) between the emitter and
the TOF collector was 0.43 m. The pulse signal generator is used
to generate a 10 Hz square wave with a duty cycle of 50 %, and
the voltage output is controlled by the bipolar pulse generator.
The emitter voltage was detected by a high voltage differential
probe (Tektronix THDP0100) and recorded by an oscilloscope
(Tektronix MDO3014). The fast rising or falling edge of the
applied emission voltage (V,pp) Was set as the trigger signal,
which is regarded as the TOF initial time 7y, and the time when
the current signal (ItoF) is reduced to 0 pA is ttop. The current
signal of the collector is transmitted to the oscilloscope for dis-
play and record through the current amplifier (FEMTO
DHPC-100). The oscilloscope was set to 64 times averaging to
reduce random error. In order to reduce the electromagnetic
interference caused by fast pulse high voltage, BNC coaxial
cable was used and a metal shield was placed on the path of
the beam. The experimental setup and schematic diagram of
TOF test are shown in Figs. 4(a) and 4(b).

3.4. Directly measurement method of thrust

The torsional thrust stand system used in this research is
designed and developed in the Key Laboratory of Micrograv-

ity, Institute of Mechanics, Chinese Academy of Sciences. The
high-precision capacitive displacement sensor is used as the
torsion angular displacement sensing device in this system. A
high-precision electronic balance is used to calibrate the stan-
dard force generated by the electrostatic comb, then the torque
pendulum is calibrated by the electrostatic comb, and the rela-
tionship between the thrust and angular displacement is
obtained finally. The thrust resolution of the system is
0.025 uN, the thrust measurement range is 0.025-400 puN,
the measurement error is 0.98 %, and the power spectral den-
sity of background noise is better than 0.1 pN/Hz'?
(10 mHz — 1 Hz).* A metal liquid box is placed directly above
the pivot so as to bridge the electric wire, which aids in elimi-
nating the torque interference induced by the wire during the
actual thrust test. This system can realize steady and dynamic
micro thrust test and cover the thrust range of ILET. The sche-
matic diagram of the total torsional thrust stand system is
shown in Fig. 5(a)”.

In the direct thrust test experiment, ILET-3 was fixed on a
certain moment arm of the torsional thrust stand, as shown in
Fig. 5(b). The thrust axis was aligned with the center of the
moment arm, and then the counterweight was added and lev-
elled. The line layout was optimized and the coaxial high-
voltage cable was used to reduce the electrostatic force. It
was found that the electrostatic force was less than 0.1 uN
when the voltage is 3000 V. The stand with ILET-3 prototype
was placed into the vacuum chamber. When the pressure
reached below 1 x 1073 Pa, the thrust stand was calibrated
first, and then the thrust can be measured. The thrust was
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finally recorded in the computer, and the current and voltage
of the thruster were measured according to the same method
in Section 3.1.

4. Results

4.1. Emission characteristics

The emission characteristics test is the general experiment to
characterize the performance of the thruster. After the assem-
bly of the thruster, the emission characteristics are tested at
different voltages. Because ILET can work at both positive
and negative voltages, the thruster ignition test is carried out
in alternating positive and negative voltages. The general emis-
sion characteristics of the thruster are studied by capturing the
beam images and measuring the current of the thruster under
different voltages. The side view and front view of beam
images of ILET-3 operating in the vacuum chamber are shown
in Fig. 6. It can be seen that the beam of ILET-3 prototype is
obvious under both positive and negative voltages, and the
brightness of the beam increases with the increase of voltage.
The side view of the beam images under positive and negative
voltages are similar, but the front view of the beam images are
different. The color of the beam is blue under positive voltage
and purple under negative voltage, and the beam is more uni-
form under negative voltage. It is speculated that the perfor-
mance of the prototype under positive and negative voltages
may be different, which is discussed in detail in Section 5.

The above results show that ILET-3 can work under both
positive and negative voltages, and the emission current
increases with the increase of voltage. Too high voltage will
cause abnormal discharge and damage the thruster. For exam-
ple, when the voltage is higher than 3 kV, there will be abnor-
mal discharge between the emitter and the extractor electrode
(not shown in the image). Therefore, it is determined that the
working voltage range of the ILET-3 prototype is
+2 - £3kV.

The general ignition test is operated in positive and negative
alternating mode. The typical applied voltage and current
curves are shown in Fig. 7(a). After the increase and decrease
voltage operations are repeated for 10 times, alternating posi-

(b) ILET-3 and torsional thrust stand in vacuum chamber

Schematic diagram and experimental setup related to direct thrust test.
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3
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(b) Side view, negative voltage
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(¢) Front view, positive voltage
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(d) Front view, negative voltage

Fig. 6 Beam images under positive and negative voltages
(ISO2000, exposure time is 5 s).

tive and negative voltages increasing from +£2 kV to £3 kV
(increase the amplitude by 100 V each time) are applied to
the emitter, and the current—voltage characteristic curve of
ILET-3 is measured. Take the average value of the three mea-
surement results, and the current-voltage curve with error bar
is shown in Fig. 7(b). The input power obtained by multiplying
the applied voltage by the total current is also shown in Fig. 7
(b).

It can be seen that the onset voltage of the prototype ILET-
3 is about +£2 kV. According to the existing research
results,™*" the onset voltage (V,,) of porous electrospray
thruster can be estimated by

myR. [R. 4d
Von =4/ 1 [—In [ — 2
480 }"p n (Re ( )
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pore radius of the porous emitter, and d is the distance between
the emitter tip and the extractor. By substituting the parame-
ters of ILET-3 into Eq. (2), the onset voltage can be calculated
to be about 2035 V, which is consistent with the onset voltage
measured by experiments.

Under both positive and negative voltage modes, the total
current, intercepted current and emission current increase with
the increase of applied voltage, and the input power also
increases. However, the currents of the two modes under the
same voltage value are different, which shows an asymmetric
current-voltage curve. The maximum total current and emis-
sion current in positive mode are about 375 pA and 355 pA,
respectively, while those in negative mode are 300 pA and
250 pA, respectively. The intercepted current is also different
between the two modes. The maximum intercepted current in
positive mode is 16 pA. In negative mode, it is up to 55 pA.
Due to the difference of total current, the input power is also
different. The input power range of positive mode is 0.01—
1.12 W and that of negative mode is 0.01-0.91 W. Asymmetric
current-voltage curves have also been found in other studies,”
2841 which will be discussed in Section 5.2.

4.2. Beam angular distributions

Fig. 8 shows the beam angular distributions of ILET-3, where
Figs. 8(a) and 8(b) are the angular distributions of the emission
current detected by the Faraday cup at different voltages, and
Figs. 8(c) and 8(d) are the normalized curves by their respec-
tive maximum current. The results show that, under the same
voltage value, the emission current detected in positive mode is
higher than that in negative mode, which is consistent with the
results of current measurement in Section 4.1. Except
+2.2 kV, the beam angular distributions in both modes are
symmetrical, and the center is near 0°. The reason may be that
not all emitters are ignited when the applied voltage is
+2.2 kV, as shown in Figs. 6(c) and 6(d).

The effective divergence half angle (0¢) is defined as the
angle of a virtual point emitter produces the same thrust.”’
It can be calculated according to

where f(0) is the current angular distribution function normal-
ized by the total emission current (i.c. the total area of the bean
current angular distribution).

Since the beam angular distribution under each applied
voltage is similar, 0. is finally calculated by using the current
data when the applied voltage is £3 kV. It can be calculated
that O is 18.2° and 18.6° at 3 kV and -3 kV, respectively,
so we take the average value of 18.4° as the effective divergence
half angle of ILET-3. This value is similar to or smaller than
that reported by other researchers,”** indicating higher
angular efficiency of ILET-3 prototype. The effective diver-
gence half angle is related to the aperture of the extractor
and the distance between the extractor and the emitter. A small
aperture and a large distance are conducive to reducing the
effective divergence half angle, but will increase the intercepted
current, which may be one of the reasons for the large inter-
cepted current of ILET-3.

4.3. TOF

A typical TOF signal is shown in Fig. 9, which is collected by
the TOF test system described in Section 3.3 when the thruster
is operating at +2.6 kV. The sharp fluctuation of the original
current data at time O ps is due to the electromagnetic interfer-
ence caused by the pulse voltage falling to zero in hundreds of
nanoseconds. It can be controlled less than 3 ps through the
shielding treatment of the experimental system. It is calculated
that the fastest ion in beam reaches the collector after 5 ps
according to the flight distance and theoretical speed. There-
fore, this fluctuation has no effect on the diagnosis of TOF
current. A smooth curve can be obtained after the original cur-
rent data are processed by Fast Fourier Transform (FFT) filter
(window point is 2500). After the applied voltage is turned off,
the detected current decreases to zero in about 11 ps. When the
current decreases to 0 pA, overshoot occurs and then returns
to zero at 30 ps. This phenomenon also appeared in the exper-
iments of other researchers,”*** probably due to the influence
of secondary electrons. The TOF test system needs to be fur-
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Fig. 9 A typical TOF signal and processing method.

ther improved, but we believe that this phenomenon has little
effect on the analysis of thruster performance using TOF
curve.

In the thruster with ionic liquid EMI-BF, as propellant, it is
generally considered that there are pure ions and solvated ion

clusters in the beam. In the positive mode, it is mainly (EMI-
BF,),EMI" (n = 0,1,2,...), and in the negative mode, it is
mainly (EMI-BF,) ,BF;y (n = 0,1,2,...). The atomic masses
of these ions are shown in Table 1.

In the experiment, ten sets of data of positive and negative
modes from +2.2 kV to £3.0 kV are tested, as shown in
Fig. 10(a). In order to compare the ion species composition
of the beam under different voltages, the time axis can be con-
verted into the mass axis according to Eq. (4) and Eq. (5), and
the TOF current under different voltages can be normalized, as
shown in Fig. 10(b). The auxiliary lines are the theoretical
mass of the labeled ion or ion cluster.

%mv2 = qVapp 4)
L

== 5

=1 5)

where v is the velocity of the ions in the beam, m is the mass of
ions, ¢ is the charge of ions (here it is regarded as elementary
charge), Vapp is the voltage applied on the emitter, and ¢ is the
flight time of ions.

It can be seen from Fig. 10(a) that the TOF current curve is
not an ideal step decline, but with a certain slope, which may
be due to the influence of the beam angle and the decomposi-



128

Y. GUO et al.

Table 1 Possible ion species and their atomic mass in beam.

Ton

(EMI-BF,),EMI "

Atomic mass (Da)

111.2
309.1
507.1

86.8
284.8
482.8

(EMI-BF,) ,BF;

N — O D= O3

tion of droplets or ion clusters in the beam during acceleration.
There are abnormal distortions in the TOF curves obtained
from the experiment, just like the results of other
researchers,'>2>27314 Gamero-Castafio® believed that the
abnormal distortions were caused by capacitive coupling
between the emitter and the collector electrodes.

Fig. 10(b) shows that the ion species composition in the
beam of ILET-3 is significantly different in positive and nega-
tive modes. In the positive mode, there are only two ion species
in the beam, which are pure ion EMI " and solvated ion cluster
(EMI-BF,) EMI". But in the negative mode, the ion species
composition in the beam is very complex. The mass of the lar-
gest solvated ion cluster is more than 10000 Da, and the pro-
portion of pure ion species also increases with the increase of
applied voltage. For example, the proportion of pure ion
BFy increases from 10 % at —2.2 kV to 35 % at —3.0 kV.
The approximate ion species composition of the beam in pos-
itive and negative modes is summarized in Table 2.

Besides the ion species composition of the beam, the thrust,
mass flow rate, specific impulse and polydisperse efficiency of

0 Voltage
ES m—22kVrersr 22KV
—tD 4KV -24kV
— 1) .6 KV eesee -26kV
e +) 8 kV s o0 es 228 kV
+3.0kVeeree=3.0kV

TOF current (LA)
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Time (us)
(a) TOF current vs time

the thruster can be calculated according to Egs. (6)-(9), and
the results are listed in Table 3.

I ITOF 2V,
Trop = —= P r(n)dt 6
or =g [ ) ©)

where Tror is the calculated thrust by TOF data, ItoF is the
initial current of TOF curve and () is the TOF current curve.

. Iem /tTOF 4Vapp
1 = —=I(1)tdt 7
TOF Tror J, 12 (1) (7)
where rittor is the mass flow rate calculated by the TOF data.
Tror
Iy =— (8)
mror&

where I, is the specific impulse and g is the gravitational accel-
eration of the earth.

- Tior/ (2ritror)
ploy Vapplem

©)

where 1,10y is the polydisperse efficiency of thruster.

It should be noted that the above thrust (T'ror) and mass
flow rate (rirop) are the total thrust and total mass flow of
the thruster calculated according to the ratio of Itor and
I.m, by assuming that the beam of the thruster is uniform
and the composition and energy of ion species in the beam
are independent of the spatial distribution. The polydispersive
efficiency is the loss due to accelerating ions of varying specific
charge through the acceleration region, not the total efficiency
of the thruster. It can be seen that in both positive and negative
modes, with the increase of applied voltage, the mass flow,
thrust and specific impulse increase, while the polydispersive

n=0 | EMIBE) EMI  yo100e
e = — 0D KV rree_2 2 KV
- N m—+24KVeeee24kV
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Fig. 10 Variation of TOF current with time and mass under different voltages.

Table 2 Approximate ion species composition of beam in positive and negative modes.

Vapp (kKV) (EMI-BF,),EMI " composition (%) (EMI-BF,),BF; composition (%)

n=20 n=1 n=20 n=1 n>2
2.2 30 70 10 10 80
2.4 45 55 20 20 60
2.6 60 40 35 15 50
2.8 20 80 40 20 40
3.0 20 80 35 25 40
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Table 3 Performance of ILET-3 calculated by TOF data.

Vapp(kV) Tem(pA) Itor(pnA) ritor (Mg/s) Tror(UN) Lp(s) "ploy
+2.2 21.76 0.134 0.12 2.58 2118 0.559
+2.4 64.56 0.290 0.28 7.04 2536 0.565
+2.6 134.93 0.410 0.53 14.15 2733 0.540
+2.8 232.58 0.584 0.88 24.77 2872 0.535
+3.0 357.79 0.781 1.21 35.48 2992 0.485
-2.2 —13.87 —0.124 0.72 4.38 620 0.436
2.4 —44.12 —0.237 1.66 12.00 739 0.410
-2.6 —95.31 —0.365 3.41 23.89 715 0.338
—2.8 —161.62 —0.519 4.11 34.21 849 0.315
-3.0 —248.29 —0.669 5.75 46.47 825 0.252

efficiency decreases slightly. It shows that in the porous elec-
trospray thruster, the flow rate of the propellant is not a con-
stant, but positively correlated with the voltage. Therefore, this
type of thruster can adjust the thrust performance by changing
the applied voltage. The thrust performance parameters of
positive and negative modes are quite different. The mass flow
rate in positive mode is from 0.12 pg/s to 1.21 pg/s, and that in
negative mode is from 0.72 pg/s to 5.75 pg/s. The mass flow
rate in negative mode is several times that in positive mode.
The thrust in positive mode is from 2.58 puN to 35.48 uN,
and that in negative mode is from 4.38 uN to 46.47 uN. The
thrust in negative mode is larger under the same voltage ampli-
tude. The specific impulse in positive mode is more than 2000 s,
up to 2992 s, while that in negative mode is only 620 s to 849 s.
In terms of polydispersive efficiency, the maximum is 56.5 % in
positive mode and 43.6 % in negative mode.

4.4. Thrust

The thrust of ILET-3 is measured by the torsional thrust stand
system described in Section 3.4. The thrust and the total cur-
rent under the positive and negative voltages of the continuous
step are shown in Fig. 11. The applied voltage increases by
100 V every 9 s, from +1.8 kV to +£3.0 kV. It can be seen that
with the increase of applied voltage, the total current and
thrust increase, also showing a step shape. The thrust can
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£ 2
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(a) In positive mode

Fig. 11

respond quickly within 1 s after voltage change in both modes.
In the negative mode, the thrust is very stable at each applied
voltage within the whole voltage range, while in the positive
mode, the thrust is stable at low voltage, and pulse fluctuation
occurs at high voltage (> + 2.5 kV). It is speculated that this is
related to more discharges between the emitter and the extrac-
tor,*® as shown in Fig. 6(c).

The single thrust value of each voltage is obtained by aver-
aging the thrust within the corresponding time range, and the
average value of the three measurement results is taken as the
final thrust. Finally, the thrust in positive mode is 2.3-31.8 uN,
and in negative mode it is 2.1-42.6 uN, as shown in Fig. 12.
Like the thrust calculated by TOF, under the same voltage
amplitude, the thrust directly measured in positive mode is less
than that in negative mode, which is related to the difference of
ion species composition in the beam of these two modes.

5. Discussion

5.1. Comparison of two thrust measurement results

In this study, the thrust of ILET-3 prototype can be obtained
in two methods, one is calculated by TOF results (indirect
method), and the other is measured by high-precision torsional
thrust stand (direct method). The two tests are carried out at
different time and places using the same thruster prototype,
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Voltage, current and thrust in direct thrust test in positive mode and negative mode.
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and the emission current may be slightly different for the same
applied voltage. Therefore, the relationship among thrust,
applied voltage and emission current in each experiment is
established according to T ~ I, Vgifp , and the results of two
thrust measurement methods are shown in Fig. 13. It should
be noted that the thrust is calculated by TOF listed in Table 3
without considering the beam angular distribution, so we need
to further multiply by a correction factor cosf to obtain the
thrust of the indirect method. According to the effective diver-
gence half angle in Section 4.2, the correction factor of ILET-3
in this study is cos18.4° ~ 0.95. The data in Fig. 12 is used as
the thrust of the direct method.

Fig. 13 shows that the thrust of the two methods is consis-
tent in most cases, but shows different trends in the two volt-
age polarities. In positive mode, the relationship between
thrust and IcngiDSp is approximately linear with a slope of
1648 uN/(A-V°?). However, it is nonlinear in negative mode,
and the slopes of —2.0 kV to —2.6 kV and —-2.7 kV to
—3.0 kV are 4346 uN/(A-V®®) and 2330 pN/(A-V®®) respec-
tively, obtained by piecewise fitting. Combined with the results
of TOF in Section 4.3, it is considered that this difference is
caused by the different ion species composition of the beam
in the positive and negative modes. According to the conserva-
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Fig. 13 Results of two thrust measurement methods (k is the
slope and R is the correlation coefficient).

tion of momentum and energy, the thrust conforms to the fol-
lowing relationship:

2Vapp(m/q) (10)

where ( m/q ) is the average mass-to-charge ratio of all ions in
the beam.

It is assumed that there are only pure ions, and m/q is a con-
stant, so the thrust is linear with I, Vﬁigp. But in fact, there are
many kinds of ion species in the beam. As shown in Table 2, in
the positive mode, there are only two kinds of ion species, and
the change of component proportion has little effect on the
average mass-to-charge ratio, so the relationship between
thrust and I, Vﬂrfp is approximately linear. In negative mode,
the ion species composition of the beam is complex, and the
average mass-to-charge ratio is greatly affected by the change
of component proportion, so it is nonlinear. In addition, in
positive mode, the beam is dominated by monomer and dimer,
and average mass-to-charge ratio is small, so the slope of the
fitting line is small. In negative mode, the proportion of poly-
mer is large and the average mass-to-charge ratio is large, so
the slope of the fitting line is large. However, with the increase
of applied voltage, the proportion of light mass ions increases,
so the slope tends to decrease.

Courtney et al.”’ compared the thrust calculated by TOF
with the thrust measured by mass balance, but did not distin-
guish the positive and negative voltage polarity. The calculated
total thrust was obtained according to a duty cycle coefficient
under the two modes. They found that the thrust obtained by
the two methods was close in most cases, but when 1-ethyl-3-
methylimidazolium-bis(trifluoromethylsulfonyl) imide (EMI-
Im) was used as propellant, the thrust of one thruster proto-
type (SRC-Im-1) was less consistent, which was attributed to
inadequate thrust balancing. In fact, according to the results
in Ref. 27, for two thrusters (SRC-Im-1 and SRC-Im-2) using
EMI-Im as propellant, the thrust in positive mode is also less
than that in negative mode (factor x ~ 0.7), which is similar to
our results. For the thruster (SRC-BF,) using EMI-BF, as
propellant, the thrust of positive and negative modes is close
to each other and consistent with the thrust measured directly.
From their TOF results,”’ it can be seen that there is a long tail
in the TOF curves of SRC-Im-1 and SRC-Im-2 in negative
mode, indicating the existence of heavy ion clusters, while
there are fewer ion species in positive mode. There are fewer
ion species in both positive and negative modes for SRC-
BF,. In addition, the thrust results of the two propellants are
compared, and the fitting slopes of SRC-Im-1 and SRC-Im-2
are estimated to be about 3000 pN/(A-V®®), while it is about
1700 uN/(A-V°?) for SRC-BF,.”” These data are close to the
two typical slopes in this study.

Krejci et al.>' compared the thrust calculated by TOF under
positive and negative polarity with the thrust measured by tor-
sional thrust stand. The results also show that the thrust
obtained by these two methods is consistent, and the thrust
trend of positive and negative modes is also consistent. For
EMI-BF, prototype, the TOF results show that there is a long
tail in both positive and negative modes, and the proportion of
ion species changes slightly, so the thrust of these two modes is
close. However, due to the existence of heavy ion clusters,
according to the applied voltage and emission current values
in Ref.31, we estimate that the fitting slope is 2300 uN/
(A-V®). Tt is close to one of the slopes 2330 uN/(A-V®) in this

T=In
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study. Therefore, it can be concluded that the composition of
ion species in the beam is an important factor to the thrust per-
formance of the thruster, which depends on the type of propel-
lant and the configuration of the thruster.

5.2. Asymmetry of thruster performance under positive and
negative polarity

In this study, EMI-BF, is used as propellant. The results show
that the performance of the thruster, such as emission current,
mass flow rate, thrust, specific impulse and polydispersive effi-
ciency, shows asymmetry between positive and negative modes
in one test of the same thruster.

Courtney™ observed that the collector current in positive
mode is higher than that in negative mode. They attributed
it to the secondary electron emission of the collector. This
seems reasonable to explain the asymmetry of the collector
current, but it is not feasible to explain the asymmetry of the
thruster performance. Nakagawa et al.*’ also found that the
current of cation is more than that of anion in their experi-
ment. They speculated that anion beams contain more dimers
(EMI-BF4)BF; or droplets than cations, but there is no TOF
measurement result to prove it.

In this study, we believe that the direct reason for the asym-
metry of thruster performance is the difference of ion species in
the beam, and the further fundamental reason may be the dif-
ferent solvation energies of cations and anions. Due to the lack
of more effective experimental methods, this reason may need
to be further confirmed. Lozano”' has shown that ionic liquids,
as propellants of electrospray thruster, have high electrical
conductivity and suitable surface tension. The electric field
reaches a maximum near the tip of Taylor cone. lon emission
then occurs if this field is large enough to overcome the poten-
tial barrier given by the ion solvation energy. Many research-
ers have proved that ionic liquids can achieve pure ion
emission.”"*® Guerrero et al.*’ indicated that the activation
energy of ionic liquids may be as low as about 1.14 eV. How-
ever, we have not found different solvation energy parameters
of cations and anions. The slight variations suffice to either
activate or suppress the evaporation of ions*".

Based on the above assumptions, we speculate that due to
the higher solvation energy of the anion BF; of EMI-BF,,
more solvated ion clusters are formed rather than pure ions
under the same electric field. This can be proved by TOF
results (Fig. 10). On the other hand, the configuration of por-
ous structure of emitter layer and reservoir layer makes the
internal resistance of thruster not high enough. Courtney
and Shea’® found that when the porous material with larger
pore size was used as the reservoir, heavy ion clusters were
observed in negative mode, while almost pure ions in positive
mode under the same configuration. When the reservoir with
lower pore size was used, a near pure ion emission was
achieved. This experimental phenomenon may further confirm
our previous assumption.

Further, in negative mode, higher proportion of heavy ions
cluster in the beam leads to lower average specific charge ( ¢/
m ). According to I~(g/m)®>, Iy ~ v~(g/m)*> and T~{q/
m)~ %3, compared with the positive mode, the current and
specific impulse in negative mode are smaller and the thrust
is greater. Combined with Egs. (6)—(9), we can further come
to the conclusion that the lower the average specific charge,

the greater the mass flow and the lower the polydispersive effi-
ciency. Based on the research results of Courtney and Shea,* if
the porous material with smaller pore size is used as the reser-
voir, it may help to improve the asymmetry of thruster perfor-
mance when the thruster is operated in an alternative polarity
mode, but it may need to be at the cost of increasing the
applied voltage.

6. Conclusions and outlook

In order to meet the requirements of CubeSats for micro-
propulsion system, a prototype of porous ionic liquid electro-
spray thruster (ILET-3) is designed in this study. The perfor-
mance of ILET-3 is tested in the vacuum chamber, including
the following four parts: (A) general ignition test, current mea-
surement and beam images at different voltages; (B) time of
flight mass spectrometry; (C) beam angular distributions; (D)
direct thrust test. The main conclusions are drawn as follows:

(1) The size of ILET-3is 3 cm x 3 cm x 1 cm, with a total
weight of about 15 g (with propellant). It can work in the volt-
age range of £2.0 kV to £3.0 kV, and the maximum emission
current and input power are about 355 pA and 1.12 W in pos-
itive mode, respectively, while 250 pA and 0.91 W in negative
mode, respectively. The effective divergence half angle of
ILET-3 is 18.4°, which will cause about 5 % thrust loss.

(2) TOF results show that cationic monomers and dimers
dominate the beam in positive mode, while there is a higher
proportion of higher-order solvated ion clusters in negative
mode. The maximum specific impulse and polydispersive effi-
ciency in positive mode are 2992 s and 56.5 %, respectively,
while 849 s and 43.6 % in negative mode, respectively.

(3) The thrust of ILET-3 is directly tested by torsional
thrust stand. The results show that the thrust can respond
quickly to the change of applied voltage in both positive and
negative modes. The thrust in positive mode is 2.3-31.8 uN,
and in negative mode is 2.1-42.6 uN. The thrust measured
directly is in good agreement with the thrust calculated by
TOF corrected by cosfes, but the thrust trend of positive
and negative modes are inconsistent.

(4) The performance of ILET-3, such as emission current,
mass flow rate, thrust, specific impulse and polydispersive effi-
ciency, shows asymmetry between positive and negative
modes. We believe that the direct reason for the asymmetry
of thruster performance is the difference of ion species in the
beam, and the further fundamental reason may be the different
solvation energies of cations and anions. Due to the lack of
more effective experimental methods, this reason may need
to be further confirmed.

In general, most of the performance parameters of ILET-3
are good, which can theoretically meet the requirements of
CubeSats for micro-propulsion system. However, at the cur-
rent stage, there are still some problems, such as asymmetric
performance and large intercepted current. The asymmetric
performance of the thruster may complicate the modulation
mode of beam self-neutralization, and the large intercepted
current will reduce the total efficiency of the thruster. There-
fore, the performance of ILET-3 needs to be further improved
to meet the requirements of practical application. In addition,
the long-term stability of thrust and the service life of thruster
also need to be further studied.
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