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Abstract

An ionic liquid (IL) electrospray thruster was developed for application in micro-nano satellites
or gravitational wave detectors. The thruster employed a porous ceramic emitter with seven
emitter strips located on its emission surface. Without any liquid-supply device, IL was delivered
through porous media to emitter strips via capillary effect. Multiple emission sites then formed at
the tip of each strip. A charged beam of up to 350 A (with a current density of 540 pA cm™?)
was stably produced in the negative mode. However, in the positive mode, a corona was
observed which could prevent the thruster from emitting larger current. A time-of-flight mass
spectrometer with significantly improved signal-to-noise ratio was built, which was used to
obtain the mass distribution of the beam of the thruster. A retarding potential analysis was also
performed. The test results showed that the thruster worked in the pure-ion regime, and delivered
a maximum thrust of 67.1 uN with specific impulses of 3952 s and 3117 s in the positive and

negative modes, respectively.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The Electrospray thruster [1] can be used for space missions
such as micro-nano satellite orbit maintenance or maneuvering,
formation flight, and gravitational-wave detection. This thruster
produces thrust by emitting ions and droplets from a charged
surface (i.e. the phenomenon of electrospray [2]). When a
liquid is placed in a strong electric field, its surface deforms
because of electrostatic force. If the field strength exceeds a
threshold (i.e. the onset voltage of a Taylor cone), the liquid
surface will be stretched as a cone, which is called
a Taylor cone [3]. Although the Taylor cone appears stable, it
is not static. At its tip, either a droplet beam is generated as a
result of the charge relaxation [4] (i.e. the pure droplet emis-
sion) or an ion plume is generated via the field evaporation [5]
(i.e. the pure ion emission), or both the phenomena occur [6]
(i.e. the ion-droplet mixed emission) to maintain a dynamic
equilibrium of the whole process. As the thrust produced by a
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single Taylor cone is very small (generally about 0.1 uN), a
Taylor cone array is usually used to improve the thrust of the
electrospray thruster. To reduce the onset voltage [7], the
Taylor cone array is generally produced on an emitter, which is
typically an electrode with several tiny bulges on its surface.

Compared with plasma propulsion, there is no need to
generate plasma via a gas discharge. Thus, the electrospray
thruster avoids the decreased efficiency caused by the
decreased thruster size. Also, the small size and low power
characteristics enable the thruster to fully meet the require-
ments of micro-nano satellites. Additionally, the propellant
used by an electrospray thruster (e.g. ionic liquids (ILs)) has a
moderate surface tension. This leads to a lower operating
voltage compared to the field emission electric propulsion
[8, 9]. Also, ILs are liquid at room temperature, and hence,
they do not require heating. Compared with colloidal thrusters
[10], an increase in ionic components in the thruster’s beam
greatly increases its specific impulse.
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There are three main types of IL electrospray thrusters:
internally fed, externally wetted, and porous. Internally fed
thrusters use capillary array as emitter and typically require a
large liquid feed system to deliver the propellant to the
capillary port. It is difficult to raise the flow resistance of the
capillary to a sufficiently large value, which is necessary for
improving the emission uniformity of the emitter array [11].
Although Krpoun [12] and Lenguito [11] filled the capillaries
with little beads and Dandavino [13] adopted deep reactive
ion etching to lengthen the emitters, the number of ignited
emitter capillaries was only around one hundred, and the
emission current reached only tens of pA. Recently, Inoue
[14] used an interesting method that successfully reduced the
aperture of the capillaries to the sub-um scale. This resulted in
an emitter array density as high as 4 million cm 2 and an
emission current density as high as about 1 mA cm 2. How-
ever, the structure seems to be vulnerable to leakage of ILs.

In an externally wetted thruster, propellant is brought to
emission by wetting the surface of the emitter. As the supply
path is limited in a 2D surface, it is very unstable. Methods
such as deposition of black silicon [15] or carbon nanotubes
[16] on the surface are necessary for improving the wettability
of the surface. Using this second approach, the emission
current reached an attractive 1.35mA on a 1 cm” emission
surface with 1900 emitter tips. However, the problem of
supply was not fully addressed. During the reported test, IL
was dripped onto the surface of the emitter. This approach can
only sustain short-time emission.

A porous electrospray thruster does not require any liquid
feeding device. The IL can be adsorbed from the reservoir via
the capillary effect to the tip of the emitter. Also, according to
the consumption amount caused by the electrospray, the
amount of feed will be automatically adjusted under the
action of an electric field. Recently, this kind of thruster has
been extensively studied. The most well-known scalable ion
electrospray propulsion system (S-iEPS) integrated 480 por-
ous glass emitter tips on a 1 cm” emission surface, and the
whole thruster had a volume scale of 1 cm® [17, 18]. It could
achieve a specific impulse of ~1000s with an approximate
thrust density of 12 xNcm 2. Liu combined wire electrical
discharge machining with electrochemical etching to solve
the problem of blockage of pores close to the surface when
porous metals are used to prepare emitters [19]. Ma produced
a current of 100 ©A with only one emitter tip (5 mm tall) [20].

Previous studies employed a form of emitter array to
improve thrust density [13, 14, 16]. This form of emitter
generally needed complex and expensive manufacturing
techniques to increase the array density. Also, locations of
emission sites were strictly limited to emitter tips. If the
emitter array was not well designed (or manufactured), the
number of ignited emitter tips would be reduced dramatically.
Courtney [21] adopted a more convenient emitter form. Nine
strips were processed via traditional CNC machining on the
surface of a porous glass. Multiple emission sites formed at
the tip of each emitter strip if local condition parameters, such
as field strength and amount of liquid, were suitable.
According to tests, this thruster had the same level of per-
formance as S-iEPS.

Figure 1. Structure of the electrospray thruster.

In this study, an IL electrospray thruster with a porous
ceramic emitter was developed. The form of emitter strips
was adapted. To overcome the incompatibility between
machining and hard materials, such as borosilicate glass or
ceramic, a sintering process was used to prepare the porous
ceramic emitter. Section 2 gives a description of the thruster.
In the design, several problems were considered, such as
insulation failure caused by a leakage of IL, decay of the IL
supplied by a porous reservoir, and electric field non-
uniformity between the ends and the middle of the emitter
strips. To investigate the thruster’s performance, emission
current measurement, retarding potential analysis (RPA), and
time-of-flight (TOF) diagnosis were performed. Section 3
describes all the test methods. Section 4 gives test results and
a discussion.

2. Description of the thruster

As shown in figure 1, the thruster investigated in this study
mainly consisted of an emitter, extractor, and reservoir. The
emitter was made of a porous ceramic material with a pore
size between 1 and 10 pum. There were seven emitter strips
protruding from the emission surface, with dimensions of
8mm x 8 mm. The emitter strips, which had a triangular
cross-section, were 300 ym in height with an apex radius of
approximately 20 pm. The whole porous emitter was 2.5 cm
high so that its bottom could extend into the reservoir, which
was filled with ILs. The extractor was about 500 pum away
from the emitter and had a thickness of 1 mm and 7 slots. The
slots were 600 pym wide. The extractor and emitter were
aligned using a microscope. All the components were
installed on a polyaryletheretherketone (PEEK) frame. The
size of this thruster was 30 mm X 30 mm x 27 mm. Figure 2
shows photographs of the thruster.

In previous studies [20, 21], a porous borosilicate disc
was attached to the bottom of the emitter and it was used as
the reservoir. As the IL in the porous reservoir was consumed
by electrospray, the charged beam emitted by the thruster
continued to decrease [22]. To avoid degradation of thruster
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Figure 2. The electrospray thruster: (a) the thruster, (b) the porous emitter embedded in a distal electrode, and (c), (d) photomicrographs of the

emitter strips.

performance over time, a tank was used in this study, as
shown in figure 1. The bottom of the porous emitter was
immersed in the IL stored in the tank so that the emitter was
always in a saturated state, i.e. the volume of IL adsorbed by
the emitter was basically constant until the IL in the tank
ran out.

Obviously, ends of an emitter strip have a larger curva-
ture than the middle, which means that there is a stronger
electric field. Therefore, after a voltage is applied between the
emitter and the extractor, Taylor cones will first form at ends
of the emitter strip. As the voltage increases, these Taylor
cones will become unstable first, which would cause the
emitted current to stop increasing with voltage. Thus, in this
study, enlarged holes were opened in ends of the extractor-
slots to reduce the local electric field intensity. The same
structure was also adopted in [23].

Application of ILs in a compact electrospray thruster
usually causes great insulation problems. When the thruster is
working, the liquid is at a high potential of thousands of volts.
Any accidental contact with low-potential parts may cause an
electric leakage or even a short circuit. The risk is very high
because of the fluidity of the liquid. In the design of this
thruster, the distance between the emission surface and the
extractor was much smaller than the distance between the
other high-voltage (HV) parts and the extractor to prevent an
accidental discharge. Additionally, a groove was left between
the PEEK frame and the distal electrode in contact with the
IL, which prevented the IL from climbing onto the frame. At
the same time, the extractor was suspended and supported

above the emitter by four corner gaskets, and it reduced the
contact area between the extractor and the frame.

For the same reason, the tank was sealed using a seal
ring. However, the residual pressure in the tank squeezed the
IL out of the porous emitter, which resulted in a short circuit
between the emitter and the extractor. Thus, a hole (referred
to as an air-release-hole) was then opened on the side of the
reservoir to balance the internal and the external pressure.
However, as discussed in section 4.1, when the voltage
between the emitter and the extractor was large, a positive
corona formed around the hole, preventing the thruster from
working steadily.

3. Experimental apparatus and methods

All experiments were performed in a vacuum chamber with
size of @0.5m x 1 m. Using a mechanical pump (10Ls™",
VP-2020, VALUE, Wenling, China) and molecular pump
(600L s_l, JTFB-600, Beijing, China), the minimum pressure
that this chamber can achieve was about 1 x 107> Pa. All the
experiments were performed under this pressure unless other-
wise mentioned. 1-Ethyl-3-methylimidazolium-tetrafluoroborate
(EMI-BF,, Aiwei, Suzhou, China) was used as the propellant.
After the propellant was loaded, the thruster was placed in the
vacuum chamber for a period of time to release the gas adsorbed
by the IL and the porous medium. To avoid the effects of
gravity, the thruster was placed horizontally with the emission
surface facing up.
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3.1. |-V characteristics

A two-channel (one positive and one negative) DC HV
electric source (HB-S502-10AC, Hengbo, Ningbo, China)
with a maximum output voltage of 10000V was used to
provide the thruster voltage. During the experiment, the
extractor and the ground terminal of the source were groun-
ded, and the emitter was connected to the positive or negative
terminals of the source. The built-in ammeter of the HV
source was used to directly read the emitter current (/,,,), and
an ammeter connected in series was used to measure the
extractor current (I.,).

3.2. RPA measurements

The energy distribution of the beam was measured using an
RPA system, as shown in figure 3. The thruster beam passed
through three semitransparent grids and was then received by a
Faraday cup. The beam current was finally measured by an
ammeter connected to the Faraday cup. The first grid was
grounded. A potential of —20 V was applied to the last grid to
suppress secondary electron backflow. The middle grid was the
RPA grid. During the experiment, the potential of the RPA grid
was gradually increased/decreased from O V. If an ion had a
kinetic energy equal to the retarding potential (in eV), then that
ion was stopped and was not collected by the Faraday cup.
Thus, the collected current was measured as a function of the
retarding potential to yield the energy distribution of the beam.

3.3. TOF measurements

TOF measurements can usually be used to determine the
beam composition and the performance of the electrospray
thruster. After charged particles are accelerated by the electric
field between the emitter and extractor, charged particles with
different charge-to-mass ratios travel at different speeds:

2q; Ve
v= |22 (1)
m;

and take different times to move a distance (i.e. the flight
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Figure 4. TOF mass spectrometry system.

where m; and g; respectively denote the mass and charge of a
charged particle, V,, denotes the voltage between the emitter
and the extractor, and L denotes the flight distance. This is the
basis for TOF mass spectrometry, through which charge-to-
mass ratios of charged particles can be determined from their
flight times. When the thruster works steadily, charged par-
ticles reach the detection device. Then, a steady signal is
acquired by a signal acquisition device connected to the
detection device. At this time, if the beam is intercepted at a
position in front of the detection device, only the beam behind
the position can reach the detection device. After a while, the
fastest particle reach the detection device and disappear from
the signal. A slower particle then reach the detection device
and disappear. When all the particles arrive at the detection
device, the beam signal returns to zero. Hence, an I(f) curve
(where I denotes current, and ¢ denotes time) is acquired, and
the mass distribution of the beam can be obtained according
to formula (2).

There are two ways to intercept the beam: (1) periodi-
cally gating the beam while maintaining emitting particles
[24] or (2) periodically setting the voltage difference between
the extractor and the emitter to zero. In method (1), a triple
grid (i.e. an electrostatic gate) is used, which can significantly
reduce the intensity of the beam signal. Coupled with the
effect of beam divergence, the effective signal obtained is
often less than 10% of the emitted current. Also, multiple
grids can introduce a considerable amount of oscillation
noise. Thus, method (2) was adopted.

The experimental system is shown in figure 4. To
improve the switching speed, the power of the thruster was
provided by an HV pulse generator (PVX-4140, DEI Scien-
tific, Fort Collins, CO, USA) that had a rise/fall time less than
25 ns. The control signal of the pulse generator was provided
by a signal generator (VC2000, VICTOR, Shenzhen, China)
that generated a square wave of 0.5 Hz. The flight distance
was 37 cm, and the beam detection device was a Faraday cup.
As the signal detected could be as small as a few hundred nA,
an amplifier (DHPCA-100, FEMTO, Berlin, Germany) was
used with its magnification set to 10°V A™! (with a band-
width of 1.8 MHz). An oscilloscope (UTD2102CEX, UNI-T,
Dongguan, China) with a bandwidth of 100 MHz was used to
record the I(f) signal.
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Figure 5. Ignition photos of the thruster. (a) Under 1 x 1073 Pa, (b) under 0.1 Pa.

The success of TOF mass spectrometry depends on
whether noises in the signal can be reduced. To this end, the
following measures were taken: (1) the signal detection
device was doubly shielded, (2) a coaxial line (without
electrical contact with the vacuum chamber) was used to
transmit the /(f) signal, and (3) a low-pass filter (i.e. a resistor)
was applied in series between the amplifier and the
thruster [6].

4. Results and discussion

Before presenting test results, a display of the working state
of the thruster is given. Figure 5(a) is an ignition
photograph of the thruster under about 1 x 107> Pa, and its
top view is shown in the upper right inset. Almost all the
strips were lit, and the brightness was relatively uniform. In
figure 5(b), the pressure of the vacuum chamber was inten-
tionally increased to about 0.1 Pa by turning off the molecular
pump of the vacuum chamber, in order to increase the col-
lision frequency of the charged particles. Thus, the light
generated by metastable ions provided the spatial distribution
information of the beam. The beam divergence angle was less
than 50°.

It is generally thought that electrospray does not glow
like a gas discharge because it is just a process of a liquid jet
breaking up. However, this is only the case for the pure
droplet regime. For a process that involves ionization,
glowing is natural. When an electrospray is in the pure ion
regime or mixed regime, ion evaporation in the surface of a
conducting liquid is also an ionization process. Hence, even

in a vacuum, a faint light on the surface of the emitter is
often seen.

4.1. |-V characteristics

Figure 6 shows the I-V characteristics of the thruster. The onset
voltage was about 2 kV. With an increase in the voltage, I, first
increased exponentially, and then increased linearly. In the
negative emission mode, ., was as high as 350 pA at a voltage
of 3600 V, and the emitted current was relatively stable. With a
further increase in the voltage, the emission current reached
700 pA, but became very unstable. The beam current of positive
polarity was slightly higher than that of negative polarity in the
same voltage. However, in the positive mode, emission
instability appeared when the emitted current exceeded 100 pA,
which was far less than the current in the negative mode. To
investigate the extraction efficiency of the extractor, I, was also
measured. As shown in the figure, almost one third of the beam
current was intercepted by the extractor.

In this experiment, the pressure of the vacuum chamber
was about 107 Pa, which was much lower than the pressure
needed for gas discharge. Nevertheless, a corona was
observed outside the housing of the thruster when it was in
the positive mode. As displayed in figure 7, a fingerprint
outside the thruster glowed faintly. The pressure around the
thruster was probably higher than the value displayed on by
the vacuum gauge. The fingerprint was likely due to a small
amount of IL accidentally attached to the housing of the
thruster during installation. These liquids then joined with the
liquid in the reservoir, which was at a high potential, through
the air-release-hole. Therefore, the liquids outside the housing
became an electrode of a corona discharge. As the voltage of
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Figure 6. I-V characteristics of the thruster.

Figure 7. Positive corona outside the thruster.

the thruster increased, the intensity of the corona increased.
Hence, electric leakage also increased, which directly caused
instability of the electrospray. It is known that it is more
difficult to form a negative corona than a positive corona [25].
Hence, the thruster was much less affected under a negative
voltage than under a positive voltage.

The large interception rate of the extractor can be
attributed to the large alignment-error between the extractor
and the emitter and to the large thickness of the extractor.

4.2. RPA measurements

Figure 8 shows the RPA curves in both the positive and
negative emission modes. The corresponding energy dis-
tribution of each mode is also given in the upper right corner
of each panel. The voltage differences (V) between the
emitter and the extractor were 2.9kV and 3.4kV in the
positive and negative modes, respectively. Two peaks were
present in the positive energy distribution: the first was at
~0.35V,, and the second was at ~V,. Also, there was little
distribution elsewhere. In the negative mode, the energy
distribution spread throughout the interval [0, V,]. Although

the distribution peak was still present at ~0.3V,, and ~V, it
was not as significant as in the positive mode.

If all the particles have a kinetic energy equal to the
emitter-extractor-potential (in eV), then the RPA curve will
have a sharp step only in V. Sloped transitions between
discrete collected current drops indicate a population of par-
ticles that have a distribution of kinetic energy. There are two
main reasons for this distribution: (1) ion extraction and (2)
solvated ion fragmentation. As little energy was used in the
desorption of ions from the liquid surface [26], only the
second case is discussed.

Electrospray of IL typically produces single ions and ion
clusters (i.e. solvated ions). Single ions (e.g. EMI" or BF; in
this study) are referred to as monomers. A dimer (e.g.
[EMI-BF,] EMI" or [EMI-BF,] BF; in this study) is a single
ion attached to a single cation—anion pair. A trimer (e.g.
[EMI-BF,], EMI" or [EMI-BF,], BF; in this study) is a
single ion attached to two neutral species, and so on. Table 1
gives the mass of several monovalent ions, which are most
likely to occur when EMI-BF, is used for the electrospray.

Ion clusters are metastable and can break up during flight;
this phenomenon is referred to as fragmentation [27]. Frag-
mentation features on the RPA curve depend on whether sol-
vated ions break up in the field-free space or in the acceleration
region. If a solvated ion breaks up in the field-free space, it is
no longer accelerated, and it has a kinetic energy of:

m;
Ky =

4; Vo, 3)

mpi

where Ky, is the kinetic energy of the broken ion, m; is the mass
of the broken ion, my; is the mass of the parent ion, g; is the
charge of the broken ion, and Vj, is the accelerating potential.
For a given accelerating potential, the kinetic energy is a
constant value that only depends on the masses of the parent
and broken ions. Fragmentation in the field-free space appears
as sharp steps in the current because the energy is the same for
all the broken ions of a given species that are created in the
field-free space.

After [EMI-BF,] EMI" was split into EMI" and
[EMI-BF,] in the field-free space (denoted as [EMI-BF,]
EMI™ — EMI"), the energy of EMI" was 0.36V,, according
to equation (3). This is consistent with the first step (at
~0.35V,)) of the RPA curve in figure 8(a). Similarly, the first
step (at ~0.30V;) of the RPA curve in figure 8(b) indicates
the event of [EMI-BF,] BF; — BF; in field-free space.

When fragmentation occurs in the acceleration region,
the broken ion continues to be accelerated, and its final kinetic

energy is:
m
Ky = qi[[—‘ — 1)VB + Vo],
npi

where Vp is the local value of the potential at which the parent
ion breaks up. Fragmentation in the acceleration region pro-
duces broken ions with a spread in kinetic energies, and
therefore, the RPA curves will have sloped features. By
measuring the heights of the steps and slopes, the current
fraction due to each type of fragmentation can be determined.

“
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Figure 8. RPA curves of the thruster beam: (a) positive mode and (b) negative mode.

Table 1. Mass of ions that may occur in an EMI-BF,
electrospray beam.

[EMI-BF,],, EMI*
n=20 n=2

[EMI-BF,], BF,
n=20 n=2

n=1 n=1

Mass (Da) 111.2  309.1 507.1 86.8 284.8 4828

If the event [EMI-BF,] EMI" — EMI" occurs in the
acceleration region, the energy of EMI" will be distributed in
the interval [0.36V,, Vy]. If the event [EMI-BF,] BF; — BF,
happens in the acceleration region, the energy of BF; will be
distributed in the interval [0.30V,, Vy]. The current fraction
for each particle is given in table 2.

4.3. TOF measurements

The original signal acquired by the TOF diagnostic system is
shown in figure 9. A total of 16 cases were diagnosed. Even
when the acquired signal was as weak as 100 nA and the
flight distance was limited to 37 cm by the vacuum chamber,
the diagnostic system could still distinguish the falling /rising
edge of the signal.

For convenience, the horizontal axis of the above
graph was converted to mass using equation (5):

2 x 103%g;VoNs ,
m; = Tti , &)

where N, is Avogadro’s number, and g;, the charge of
ion, equals to the elementary charge. Also, a simple low-
pass filter was used to reduce the small high-frequency
noise in the TOF curve. The final results are shown in
figure 10.

There are two obvious steps in both the positive and
negative modes, which correspond to the monomers (EMI™
or BF;) and dimers ([EMI-BF,] EMI' or [EMI-BF,] BF;),
respectively. In all the positive cases, n (i.e. the number of
cation—anion pairs) did not exceed 2. In the negative mode,
solvated ions with a slightly larger n appeared. Large (mass)

droplets were not present in the beam. Thus, the thruster
worked in the pure ion regime.

Proportions of various ions in the beam for each case
were counted. According to the results, the voltage has no
significant effect on composition. Hence, for brevity, average
values of all the cases are given in table 3.

Based on the TOF curve, the thruster performance (in
terms of thrust and specific impulse) can be determined using
equations (6) and (7) [28]:

2Voly, > | dI
T= t|— | dt 6
Ak ®
N _
L f t j—l dt
0 t
fp= —————, )
g f e ar dt
0 dr

where T denotes thrust, I, denotes specific impulse, V,, denotes
the emitter-extractor voltage, I, denotes the beam current, L
denotes the flight distance, I denotes the normalized current, ¢
denotes time, and g is the acceleration of gravity.

If the influence of voltage on the shape of the TOF curve
is not considered, two average values of the eight cases in
each mode can be computed to reduce the individual error in
the numerical integration process:

1S poe | dI
Lve = — f t|— | dr 8
ave 8; o o @)
L8 f t 3—i ‘ dr
0
Aave = gz ~ dI_ . (9)
=1 2| — | dr
bl
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Figure 9. Original signals acquired by the TOF mass spectrometry system: (a) positive mode, and (b) negative mode.
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Figure 10. Mass distribution of the thruster beam: (a) positive mode and (b) negative mode.

Table 2. Current fraction due to each type of fragmentation.

[EMI-BF,] EMI* — EMI*

[EMI-BF,4] BF; — BF,

Tons Field-free  Acceleration

Unbroken

Field-free  Acceleration  Unbroken

Fraction 0.4 0

0.6

0.5 0.2 0.3

Table 3. Average proportion of ions in the thruster beam.

[EMI-BF,], EMI*

[EMI-BF,],, BF,

n=0 n=1

n>1 n=0 n=1 n>1

Proportion (%)  52.2 35.5

12.3 43.6 254 30.9

The thrusts in each case and the specific impulses can
then be calculated according to the following equations:

2Voily;
T = 22 P e (10)
L
Isp = _Aavea (11)
8

where i denotes the order number of a case.
According to equations (8)—(10), the thruster has specific
impulses of 3952 and 3117 s in the positive and negative

modes, respectively. The maximum thrusts are 14.5 and
67.1 uN in the positive and negative modes, respectively.

5. Conclusion

An IL electrospray thruster with a porous ceramic emitter was
developed. The emitter had seven emitter strips located on the
emission surface, which had an area of 0.64 cm?. In the
design, several problems were considered, such as insulation
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failure caused by a leakage of IL, decay of flow rate of IL
over time in a porous media, and nonuniformity of electric
field between ends and the middle of the emitter strip. Both
the emitter current (I.,,) and extractor current (I.) were
measured. I, was as high as 350 pA at a voltage of
43600 V. A corona was observed in the positive mode, which
could prevent the thruster from emitting larger current. Fur-
thermore, a RPA was also performed. According to the
results, the energy distribution of the beam and the current
fraction were determined for each type of fragmentation. A
TOF mass spectrometry system that significantly improved
the signal-to-noise ratio was built. Using this system, the
components of the thruster beam were determined. The results
showed that the thruster worked in the pure ion regime. Also,
the thruster delivered a maximum thrust of 67.1 uN with
specific impulses of 3952 and 3117 s in the positive mode and
negative mode, respectively.
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