Matsukawa et . Journal of Electric Propulsion
Journal of Electric Propulsion (2023) 2:23

https://doi.org/10.1007/544205-023-00057-8

.. ) ) )]
Emission measurements and in-situ et

observation of ionic liquid electrospray
thrusters with longitudinally grooved emitters

Koki Matsukawa', Yuiko Nakashima', Momoko Naemura' and Yoshinori Takao®"

*Correspondence:

takao@ynu.ac.jp Abstract

TDepartment of Mechanical An externally wetted emitter array with longitudinally grooved structures for ionic lig-
Engineering, Materials Science, uid electrospray thrusters was fabricated to improve ionic liquid transport to the emit-

3“3 Ohceansntg.mee‘rlljng., " ter tips. Two grooved emitter shapes with different groove depths were successfully
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Japan current increases compared with that of our previous emitter without grooves. This

tendency is strengthened with deeper grooves. Moreover, the slope of the current-
voltage curve for the grooved emitters does not decrease even when high voltages
are applied, indicating that the grooved structure improves the ionic liquid transport
to the emitter tips. This improvement is attributed to the low hydraulic impedance

of the emitter structure. However, deeper grooving also increases the percentage

of current intercepted by the extractor electrode, and electrochemical reactions

are not avoided at an alternation frequency of 1 Hz. Although the first current-volt-
age measurement tended to have unstable characteristics, the ToF results indicated
that the emission in the center line was in the pure-ion regime, composed mostly

of monomer and dimer ions, under all the measured conditions. High-speed micro-
scope observations showed that too much ionic liquid deposited on the extractor
causes ion emission from the extractor to the emitter, known as backspray, and implies
that no large droplets are emitted for either grooved emitter structure, which is consist-
ent with the ToF results.
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Introduction

In recent years, various advanced space missions that require precise control of
the spacecraft attitude and position have been proposed [1-4]. For example, space gravi-
tational wave observatories are currently under development to detect low-frequency
gravitational waves that are difficult to observe on Earth because of noise and size
limitations. In the mission, three spacecraft will perform formation flights and detect
picometer-level changes in the arm lengths between them, where each spacecraft must
operate “drag-free” against any disturbances. Thrusters with precise thrust control to
maintain the relative positions of the satellite formation are required for such missions
[5, 6]. Additionally, the number of launched microspacecraft has greatly increased, and
the need for a propulsion system that can be mounted on such micro/nanosatellites is
growing. Missions for formation flights, constellations, and deep space exploration have
been proposed and conducted using microspacecraft or CubeSats [7-9].

For such advanced missions and microspacecraft, ionic liquid electrospray thrust-
ers (ILESTs) have attracted attention as miniature electric propulsion systems that can
precisely control thrust because they require neither gas propellants nor neutralizers
(electron sources) [10—17]. Figure 1 illustrates a schematic of the electrospray thruster.
Electrospray thrusters are composed of an emitter chip with many emitters on its sur-
face and an opposing extractor electrode. The ionic liquid, which is the propellant of the
thruster, is transported to the emitter tips by applying high voltages of several kilovolts
between the emitters and extractor electrodes. A strong electric field is generated at the
emitter tips because the radius of curvature of the emitter tips is only a few micrometers.
This strong electric field transforms the ionic liquid into a conical structure called a Tay-
lor cone [18, 19], and ions are extracted from the ionic liquid when the liquid interface
achieves a mechanical balance between the forces of electrical traction and surface ten-
sion [20-22]. The extracted ions are then accelerated by the electric potential difference
between the emitters and extractor electrode to generate a small amount of thrust per
emitter.

Ionic liquids are molten salts consisting only of cations and anions and have almost
zero vapor pressure due to the Coulomb force between cations and anions [23].
Thus, ionic liquids can exist as a liquid phase even in vacuum and eliminate the need
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Fig. 1 Schematic of the externally wetted electrospray thruster
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for high-pressure gas feed systems, including gas valves with the mechanical vibra-
tion required for conventional electric propulsion systems. Because ILESTs can emit
cations and anions by applying positive and negative voltages, neutralizers can also be
eliminated from the propulsion system, where electrons do not produce thrust while
anions do. Moreover, the thrust can be precisely controlled by adjusting the number
of emitters and applied voltage because only a small amount of thrust (on the order of
10 nN in the pure-ion mode) per emitter is provided [24, 25]. These features further
contribute to miniaturizing propulsion systems and enabling the precise control of
satellites.

Electrospray thrusters typically have three types of emitter structure: internally fed
capillary, porous, and externally wetted. The Laser Interferometer Space Antenna (LISA)
Pathfinder mission employed internally fed capillary emitters, where the flow rate of
the ionic liquid was actively controlled and charged droplets were emitted [26]. It is diffi-
cult for capillary emitters to emit ions in a purely ionic regime without charged droplets
because of the low fluidic impedance of the capillary [15, 27]. Porous emitters are cur-
rently the most popular structures, and many studies have been conducted [13, 16, 17,
24, 28-31]. The ionic liquid is passively supplied by the capillary force of the tiny pores.
Ion emission can be operated in the purely ionic regime, where the emission occurs
without any large cluster ions or charged droplets, but porous emitters inherently have
non-uniformities on the emitter surface because of the random pore sizes. Externally
wetted emitters can be fabricated using a technique to fabricate silicon-based micro-
electromechanical system (MEMS) devices, and this fabrication process can uniformly
control the emitter structures. This emitter type can also produce ion emissions in the
purely ionic regime [11, 32]; thus, the thrust can be controlled more precisely because of
the significantly low mass of ions compared with that of droplets.

In our previous studies, we fabricated two types of silicon-based emitter arrays using
microfabrication techniques: one to improve the thrust density with a massive capillary
emitter array [33—35], and the other to realize precise thrust control with an externally
wetted emitter array [36]. In this study, we focused on the latter case. In our previ-
ous study, we successfully fabricated uniform needle emitter arrays and conducted ion
emission experiments [36]. lon-emission experiments showed that the ion currents per
emitter were almost identical at the same applied voltage, even for emitter chips with
different numbers of emitters, indicating that the number of emitters can be used to
control the ion current. However, insufficient ionic liquid transport to the emitter tips
was implied, because the slopes of the current—voltage curves decreased at high volt-
ages on both the positive and negative sides. For precise thrust control, it is necessary to
extract a stable ion current from the emitter array.

We fabricated externally wetted emitters with a longitudinally grooved structures to
improve the transport of the ionic liquids to the emitter tips. Moreover, we evaluated
the current—voltage characteristics and measured the mass spectra using ToF spectrom-
etry. To investigate the effects of grooving, we prepared two types of emitter structures:
shallow and deep grooves. Longitudinally grooving the emitter significantly improves
the emission current for both emitter types, where the emission in the center line was
indicated to be in the pure-ion regime with the ToF measurements. However, the cur-
rent—voltage characteristics tended to be unstable during the first measurement, where
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abrupt current increases sometimes occurred at the emitter and extractor electrodes.
We also observed the electrospray emissions using a high-speed microscope to investi-
gate this phenomenon. Although less than a few micrometers cannot be observed due to
the resolution limitation of the present optical microscope, unstable emission involves
large droplets and off-axis or intermittent cone-jet pulsation, which were observed with
a microscope for capillary emitters [37-39]. Microscopic imaging was also employed to
observe emission sites in a porous emitter [40] and to estimate the mass flow rate in an
externally wetted emitter [41].

The remainder of this paper is organized as follows. Section “Fabrication of the emitter
chip” describes the fabrication process and presents the fabricated emitter arrays with
and without an ionic liquid supply system. Section “Experimental setups” introduces the
experimental setup for the current—voltage characteristics, ToF measurement system,
and high-speed microscopic observations. Section “Results and discussion” presents
the experimental results and discussions, including the dependence of each emitter on
the hydraulic impedance, explaining the emission current improvement, and the effect
of the electrochemical reaction. Finally, Section “Conclusions” presents the conclusion
in the study.

Fabrication of the emitter chip

Fabrication process of the emitters

We fabricated an emitter chip with an array of grooved needle emitters using a tech-
nique used to fabricate MEMS devices. Figure 2 shows the emitter fabrication process;
the process flow is identical to that described in our previous study [36]. First, the sili-
con wafer was coated with a positive-type photoresist (AZ P4620). This photoresist was
exposed via laser direct writing (Fig. 2a) and developed to produce a photoresist pat-
tern that became an etching mask (Fig. 2b). Figure 3 shows a schematic diagram of the
etching mask. A star-shaped etching mask was used to fabricate grooves on the emitter
side surface. These dimensions will be described later. Second, the cone-shaped emit-
ter tips were fabricated by isotropic etching using SF, based on a patterned star-shaped

Laser direct writing

(a) * * * (b) Photoresist (Etching mask) (c)
—— — — — —
Si Si Si
(d) (e) ®)
— —
Si Si Si

Fig. 2 Fabrication process for emitter arrays. a Silicon wafer coated with a positive-type photoresist (AZ
P4620) is exposed by a laser direct writing, and b the photoresist was developed, where the patterned
photoresist became an etching mask. ¢ Isotropic etching using SF; and d anisotropic etching using the
Bosch process were conducted. e The photoresist was removed from the emitter tips. f The emitter tips were
sharpened by isotropic etching again
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Outer diameter
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Fig. 3 Schematic of the etching mask

780x 35.7 jrrn WD:23. 1mm 10KY

18 mm
Fig.4 a Photograph image of a fabricated emitter chip with 81 emitters. SEM images of b the
shallow-grooved emitter and ¢ the deep-grooved emitter

photoresist (Fig. 2c). Then, ionic liquid reservoir was formed via anisotropic etching
using the Bosch process [42, 43], as shown in Fig. 2d. After removing the photoresist
(Fig. 2e), the emitter tips were sharpened via isotropic etching again (Fig. 2f).

Figure 4a shows the emitter chip fabricated using the aforementioned fabrication pro-
cess. The emitter chip is 18 mm square and encompasses an array of 81 (9 x 9) emitters

with a pitch of 500 pm, fabricated within a 13 x 13 mm?

ionic liquid reservoir area in
the center of the chip. We fabricated two types of emitters with different groove depths
by varying the mask size and isotropic etching time. Figure 4b shows the emitter with
shallow grooves using the etching mask with an outer diameter of 200 pm and an inner
diameter of 100 um. The first isotropic etching (Fig. 2c) was performed for 500 s, and the
second isotropic etching (Fig. 2f) was performed for 440 s. Figure 4c shows the emit-
ter with deep grooves using the etching mask with an outer diameter of 100 pm and an
inner diameter of 50 um. The first isotropic etching (Fig. 2c) was conducted for 275 s,
and the second isotropic etching time (Fig. 2f) was 50 s. We successfully fabricated two
types of emitters with almost the same diameters but different groove depths by adjust-
ing them. Notably, the second isotropic etching was intended to sharpen the emitter tips.
Consequently, the emitter height slightly decreased from the top surface of the silicon
wafer (up to approximately 40 pm from the time and rate of the isotropic etching). In our
previous study, the second isotropic etching time was 662 s; thus, the gap between the
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Fig. 5 Fabrication process of the ionic liquid supply holes from the back side. a Photoresist (7790G-27CP)
was coated to protect front-side emitters. b A coated photoresist (AZ P4620) on the back side was exposed
by a laser direct writing and ¢ developed. d Anisotropic etching using the Bosch process was conducted to
fabricate through holes. e The dummy wafer and resists were removed from the silicon wafer

280x 35.7 fepn WD:ZZ.5mm 10KV,

Fig. 6 SEM image of the deep-grooved emitter with four through holes at the emitter base

emitter tip and the extractor decreased in the order of non-grooved, shallow-grooved,
and deep-grooved emitters, even though the gap between the top surface of the emitter
chip and the bottom surface of the extractor was fixed.

Fabrication process of ionic liquid supply holes

Figure 5 shows the fabrication process of the ionic liquid supply system, which is neces-
sary for continuous ionic liquid replenishment. After the emitter fabrication on the front
side, the wafer was coated with a photoresist (7790G-27CP) to protect the emitters, as
shown in Fig. 5a. The back side of the wafer was coated with a positive-type photore-
sist (AZ P4620). After patterning the back-side photoresist layer similarly to the front
side, we fabricated through-holes at the emitter base using the Bosch process, as shown
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in Fig. 5b-d. An aluminum-deposited dummy wafer protects the surface emitters from
etching. After removing the dummy wafer, the photoresist on both the front and back
sides was eliminated, as shown in Fig. 5e. Figure 6 shows an SEM image of the fabricated
deep-grooved emitter with four through-holes at the emitter base to supply ionic liquid
from the back side of the emitter chip. The diameter of through-holes at the base of the
emitter was 30 pm. The fabrication process of the front-side emitters was the same as
that of the emitter, as shown in Fig. 4c.

Experimental setups

Current measurements without an ionic liquid supply system

Figure 7 shows the experimental setup used to measure the ion emission current. In this
setup, we tested emitter chips without an ionic liquid supply system fabricated using
only the front-side process described in Section “Fabrication process of the emitters’”.
We prepared the emitter chips with an array of 81 emitters and dropped 0.01 pl 1-ethyl-
3-methylimidazolium dicyanamide (EMI-DCA) as the propellant onto the emitter chips.
Notably, 0.01 pl is the minimum amount measured with a micropipette employed.
Before supplying with ionic liquid, the fabricated chip was exposed to atmospheric pres-
sure helium plasma discharge, improving the wettability of the ionic liquid on the Si
surface [44]. Here, EMI-DCA tends to emit ions in the purely ionic regime and is a pro-
pellant candidate for electrospray thrusters [45, 46].

The distance between the top surface of the emitter chip and the bottom surface of
the extractor electrode, or the gap distance, was set at d=0.4 mm, and the extractor
electrode had an aperture of ¢=0.4 mm in diameter. Similar to our previous study, an
extractor electrode was fabricated by etching a silicon wafer, and the emitter chip and
extractor electrode were aligned using an assembled device [36]. A stainless-steel plate
was used as the collector electrode and was placed downstream of the emitter array to
measure the ion current. These electrodes were set in a vacuum chamber exhausted by a
dry pump and a turbomolecular pump at a pressure of less than 2.0 x 107 Pa.

Collector 1MQ proseee :

Extractor T
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Vacuum chamber
Fig. 7 Schematic of the experimental setup for ion current measurements without an ionic liquid supply
system, where d and ¢ are the distance between the emitter and extractor electrode and the hole diameter
of the extractor, respectively
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The emitter chip could be biased from 0 to 43000 V using a source meter (Keithley,
2657A) through a 1 MQ resistor. The extractor and collector electrodes were connected
to another source meter (Keithley, 2612B) through 100 kQ and 1 MQ resistors, respec-
tively. These resistors are used for source meter protection. A bipolar pulse voltage of
1 Hz was applied to the emitter, and the output voltages to the extractor and collec-
tor electrodes were set to 0 V (equivalent to the ground and chamber potentials). The
voltage step was set to be£100 V in the range between 0 and+1500 V and+10 V in
the range between & 1500 and 3000 V. The current value was obtained by averaging 30
measurement points per voltage value, and the measurement interval was set to 10 ms.

In this system, the ionic liquid occasionally exhibited an overabundance; thus, the
first current—voltage measurement tended to show unstable characteristics (e.g., a large
extractor current was observed). Secondary species emissions (SSEs) produced by the
impact of high-energy ions on the chamber walls and collector surfaces can lead to unre-
liable measurements during ground testing [47]. However, we employed a source meter
that can precisely measure the tiny DC currents of emitters at high voltages, and focused
on the emitter and extractor currents in this study. Although the collector currents were
treated as references, we confirmed that the sum of the emitter and extractor currents
was approximately equal to the collector currents.

Current measurements with an ionic liquid supply system

Figure 8 shows the experimental setup for the emitter chips with an ionic liquid sup-
ply system fabricated using the process described in Sections “Fabrication process of the
emitters” and “Fabrication process of ionic liquid supply holes” This experimental setup
was almost the same as that described in Section “Current measurements without an
ionic liquid supply system”; however, the ionic liquid was supplied from the back side
of the emitter chip by installing a tank with a sponge absorbing sufficient ionic liquid

Collector 1MQ 0 ;

o 1 t
&> [ ]
1

2

d T lonic Liquid
Emitter (EMI-DCA)

Vacuum c-:H;-amber
Fig. 8 Schematic of the experimental setup for ion current measurements supplying ionic liquid from the
back side of the emitter chip, where d and ¢ are the distance between the emitter and extractor electrode
and the hole diameter of the extractor, respectively
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(EMI-DCA) on the back side of the emitter chip and fixing it with a bolt. The sponge
used in this experiment was a commercially available dishwashing sponge made of pol-
yurethane foam that was cut to fit the tank size. A voltage was applied to the ionic liquid
through this bolt. The diameter of through-holes (30 um) was much smaller than the
pore diameter of the sponge, allowing ionic liquid to be supplied to the emitter by capil-
lary force. However, the flow rate of the ionic liquid was not actively controlled.

Time-of-flight mass spectrometer

Figure 9 shows the setup for ToF mass spectrometry using a high-speed current ampli-
fier, similar to the setup employed previously in electrospray experiments [16, 30, 48,
49]. The system was placed downstream of the thruster and consisted primarily of a gate
electrode to deflect the ion beams and a downstream collector. A cylindrical grounded
shield made of stainless steel with a diameter of 10 mm and length of 441 mm was
installed upstream of the collector. The ToF gate consisted of an upstream aluminum
plate with an aperture of 5 mm in diameter, two copper electrodes as a deflector, and
a downstream aluminum plate with an aperture of 1 mm in diameter. The distance
between the two aluminum plates was 28 mm. Only one copper electrode was biased to
a high voltage, whereas the others were grounded (equivalent to the chamber potential).
The high-voltage pulse was supplied using a custom-made pulse generator (ART, MPG-
1502) connected to a DC high-voltage source (Matsusada Precision, HJ/PM-3R5) and a
function generator (GW Instek, AFG-3032). A square wave consisting of 0 and 1000 V
for a duration of 500 ps was applied to the copper gate electrode at 100 Hz with both rise
and fall times less than 80 ns.

ToF experiments were conducted at a distance L=>527 mm between the gate elec-
trode and the collector. The thruster was located 35 mm upstream from the ToF gate.
The ToF collector current was converted to voltage using a high-speed current amplifier
(FEMTO, DHPCA-100) with a gain of 10° V/A and a bandwidth of 1 MHz. The amplified
voltage was recorded and averaged over 300 cycles by using an oscilloscope (Tektronix,

Vacuum Chamber
Thruster

\ Il L=527 mm Collector
E : ’ >—|Amplifier
Shield L

Function Generator

Keithley
2657A

Keithley
2612B

Fig. 9 Schematic of the experimental setup for the ToF mass spectrometry using a high-speed current
amplifier, where L =527 mm is the distance between the deflector gate and the collector
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MSO46 4-BW-200) to improve the signal-to-noise ratio. The mass of the ions was cal-
culated by measuring the time traveled from the gate electrode to the collector, where
singly charged ions were assumed.

To investigate the difference in beam compositions between the shallow- and deep-
grooved emitters, we used the same emitter chips without the ionic liquid supply sys-
tem as in Section “Current measurements without an ionic liquid supply system” and
dropped 0.01ul EMI-DCA as the propellant onto the 81-emitter chip. We also employed
the same extractor electrode as in Section “Current measurements without an ionic lig-
uid supply system’, where the aperture was ¢=0.4 mm in diameter, and the gap dis-
tance was set at d=0.4 mm. The ToF measurements were conducted at pressures below
4% 107" Pa in a smaller chamber than that was used for the current—voltage measure-
ments. The emitter chip was biased using a source meter (Keithley, 2657A) through a
1 MQ resistor, and the extractor electrode was connected to another source meter
(Keithley, 2612B) through 100 kQ. Notably, the present ToF system can measure the sig-
nal only at the center line of the beams.

Emission observation with a high-speed microscope

To investigate the characteristics of the ion emissions, we conducted in-situ observations
of the electrospray thruster using a high-speed microscope (Keyence, VW-9000) with a
long-distance and 500-power magnifying lens (Keyence, VH-Z50). Figure 10a shows the
experimental setup for the observation, where the emitter and extractor electrodes were
placed in a small vacuum chamber with a diameter of 40 mm and length of 50 mm. The
high-speed microscope was placed outside the vacuum chamber, 85 mm from the emit-
ter tip. A continuous light source was placed outside the chamber on the opposite side
of the microscope. Shadow images of the emitter tip were recorded at a frame rate of
1000 fps and a shutter speed of 1/4000—-1/3000 s. If the thruster is operated in the purely
ionic regime, ion emission cannot be observed using a high-speed microscope, which
is far below the diffraction limit for optical microscopy. Nonetheless, the microscope
can observe such phenomena if charged particles are emitted as large droplets (>a few

(a)

 Extractor
Emitter
1S
€
Extractor | 0 Vacuum
I Y nl
Tight / High-speed Air
source Emitter * lonic liquid microscope
50 mm High-speed

microscope

Fig. 10 a Experimental setup for high-speed microscope observation of ion emission, and b the top view of
the 169-emitter array and extractor electrode. Only a single emitter is faced with the extractor, where the ion
emission occurs
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micrometers in diameter) or if a relatively large volume of ionic liquid is deformed into a
Taylor-cone shape.

We cleaved one side of the emitter chip without through-holes to observe the charged
particle emission and replaced the extractor electrode with a metal plate without holes.
We placed the metal plate such that only the observed emitter faced the extractor elec-
trode, where the ion beam extraction occurred only at the targeted emitter, as shown in
Fig. 10b, because the ion emission could be seen only from the emitters in the front row
with a high-speed microscope. The easiest way to observe ion emissions is to place the
extractor on top of the far-left or far-right emitter in the front row.

In this study, we also used a non-grooved single emitter employed in a previous
study as a reference, in addition to 169 shallow-grooved and 169 deep-grooved emit-
ters, to investigate the ion emission phenomena for different emitter structures. We
dropped 0.01 and 0.02 pl EMI-DCA as the propellant onto the single and 169-emitter
chips, respectively. Some ionic liquid dropped on the single emitter chip was wiped out
because the amount of 0.01 pl ionic liquid was considerably large. For the 169-emit-
ter chips, the amount of ionic liquid doubled because of the increase in the number
of emitters from 81. Thus, the amount of ionic liquid for each emitter was approximately
equal between the 81- and 169-emitter chips, and almost identical ion emissions were
expected in the high-speed microscope observations. The distance between the emitter
chip and the extractor electrode was set to d=0.4 mm. These electrodes were set in a
vacuum chamber exhausted by a rotary pump and a turbomolecular pump at a pressure
of less than 1.0 x 103 Pa. The emitter chip was biased from 0 to+2700 V with a+50-V
step at a 1-Hz alternation frequency using a source meter (Keithley, 2657 A) through a
1 MQ resistor, and the extractor plate was connected to another source meter (Keithley,
2612B) through a 100 kQ resistor. The collector electrode was not used because the
extractor had no holes; thus, all the extracted currents were collected through the
extractor electrode. The output voltage to the extractor electrode was set as the ground
potential, which was equivalent to the chamber potential. The high-speed microscope
images were recorded for the voltage range between+1700 and+2700 V due to the
storage limitation at a frame rate of 1000 fps.

Results and discussion

Current-voltage characteristics without an ionic liquid supply system

Figure 11 shows the results of the ion emission experiment of the emitter chip with an
array of 81 shallow-grooved emitters (Fig. 4b) and 81 deep-grooved emitters (Fig. 4c)
for the first and second voltage applications. The horizontal axis is the voltage applied
to the emitter chip, considering the voltage drop across the protective resistor (1 MQ).
Figure 12 presents a typical example of the raw data for Fig. 11b, indicating the data
acquisition in the steady-state behavior of ion emission. The transient phenomena due to
polarity alternation, observed with an oscilloscope at a high sampling rate [50], were not
clearly measured by the source meter because of the low sampling rate.

Figure 11a shows slightly unstable current—voltage characteristics in the first meas-
urement, including a large extractor current on the positive side, compared with the
second measurement (Fig. 11b). As shown in Fig. 11b, on the positive side, the onset
voltages of ion emission were 1860 V, and the maximum emitter currents reached 219
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Fig. 11 Emitter, extractor, and collector currents as functions of the applied voltage, where the voltage was
determined considering the potential drop through the 1 MQ resistor. The bottom right insets of each figure
represent zoomed views of the non-zero current section parts. a The first and b second measurements for
the shallow-grooved emitter array, and ¢ the first and d second measurements for the deep-grooved emitter
array without the ionic liquid supply system

HA at 2481 V. On the negative side, the onset voltages of ion emission were — 1860 V and
the minimum emitter currents reached — 165 pA at — 2534 V. Compared with the previ-
ous experimental result with an emitter chip without grooves, where the onset voltages
were £2040 V and the maximum and minimum emitter currents reached 23 and — 20
HA [36], the absolute extraction onset voltage decreased by approximately 200 V, and the
absolute maximum emitter current increased by approximately ten times. The decrease
in the onset voltage was partly attributed to the decrease in the distance between the
extractor and emitter tip, as described in Section “Fabrication process of the emitters”.
Additionally, whereas the slopes of the current—voltage curves for non-grooved emit-
ters decreased at approximately £ 2400 V [36], the slope of the current—voltage curve
for shallow-grooved emitters did not decrease even when high voltages were applied,
as shown in Fig. 11a and b. These results indicate that the grooved structure improved
ionic liquid transport to the emitter tips.



Matsukawa et al. Journal of Electric Propulsion (2023) 2:23 Page 13 of 28

40 ' '
— e 12340
- ]
30f
— {2320
2 o0k am—— i 3
3 — {2300 S
= Lk A emitter current | %’
s 1 O applied voltage T >
3 — 4-2300 B
© _20} ] 5
<
e ~— a— {-2320
-30f i
{-2340
—40F
97 98 99 100

Time (s)

Fig. 12 A typical example of the raw data for Fig. 11b: time variation of emitter current and applied voltage

280x 35.7 um ¥D:18.2mm  2kY

Fig. 13 SEM image of the deep-grooved emitter with a drop of an ionic liquid

Figure 11c shows that the positive emitter current increased to 265 pA at 2175 V and
then began to decrease, and the negative emitter current reached — 235 pA at—2184 V
and then began to fall. Note that Fig. 11c shows the results of the first voltage application.
The absolute maximum emitter current of the deep-grooved emitters was more than 12
times larger than that of the shallow-grooved emitters at almost the same voltages (2175
V on the positive side and —2184 V on the negative side). These results indicate that
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deepening the grooves further improves the transport capability of the ionic liquid to the
emitter tips. Figure 13 shows an SEM image of the fabricated deep-grooved emitter with
a drop of an ionic liquid, where the bright part of the SEM image is an ionic liquid. The
SEM image also indicates that the deep grooves smoothly transported an ionic liquid to
the emitter tips. However, we found that deepening the grooves accelerated ionic lig-
uid consumption and caused depletion of the dropped ionic liquid on the emitter chip.
Figure 11d shows the results of the second voltage application. Compared with the first
application (Fig. 11c), the current values were significantly reduced, implying depletion
of the ionic liquid. An ionic liquid supply system is necessary to prevent the depletion of
the ionic liquid in the emitter chip with an array of deep-grooved emitters. Thus, we fab-
ricated emitter chips with an array of deep-grooved emitters using an ionic liquid supply
system, as described in Sections “Fabrication process of ionic liquid supply holes” and
“Current measurements with an ionic liquid supply system’, and measured the emission
current.

Current-voltage characteristics with an ionic liquid supply system

Figure 14 shows the result of the ion emission experiment of the 81 deep-grooved emit-
ter array with an ionic liquid supply system for different gap distances, where the hole
aperture of the extractor electrode was ¢=0.4 mm for all cases. The horizontal axis is
the voltage applied to the emitter chip, considering the voltage drop across the protec-
tive resistor (1 MQ).

Figure 14a and b shows the current—voltage characteristics at a gap distance of d=0.4
mm for the first and second voltage applications, respectively. As shown in Fig. 14b,
on the positive side, the onset voltages of ion emission were 1540 V, and the maximum
emitter current reached 717 pA at 2283 V. On the negative side, the onset voltages of ion
emission were —1500 V and the minimum emitter current reached —716 pA at—2284
V. These values were almost the same as those at the first voltage application and stable
current—voltage characteristics were observed for both voltage applications. Ionic-liquid
depletion, as shown in Fig. 11c, was no longer observed when the ionic liquid was sup-
plied from the back side of the emitter chip, and the slope of the current—voltage curves
did not decrease, even when high voltages were applied. Compared with the results of
the shallow-grooved emitters, the onset voltages of ion emission decreased on the posi-
tive side by approximately 320 V and increased on the negative side by approximately
360 V. The decrease was also partly attributed to the decrease in the distance between
the extractor and emitter tip, as described in Section “Fabrication process of the emit-
ters” Moreover, the absolute maximum emitter current of the deep-grooved emitters
was more than three times that of the shallow-grooved emitters.

However, this result shows that deepening the grooves also increases the percentage
of current interrupted by the extractor electrode about ten times. The percentage of cur-
rent intercepted by the extractor electrode was 34% on the positive side at the voltage of
the maximum emitter current, and 32% on the negative side at the voltage of the mini-
mum emitter current. An ion beam spreading semi-angle 8 can be estimated from the
following equation:
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where I is the current, g, is the permittivity of vacuum, m is the particle mass, g is the
particle electric charge, and ¢y is the beam potential [51]. A limit angle not intercepted
by the extractor electrode is 26.57° from the position relationship between the emit-
ter tip and the extractor electrode, d=0.4 mm and ¢=0.4 mm, assuming that all ions
were emitted from the emitter tip. The maximum voltage, which did not exceed the limit
angle, was 1822 V (the current was 67.7 pA) from the ion emission experiment with
the deep-grooved emitter. Here, the angle 6 was calculated to be 26.12° using Eq. (1).
Therefore, no extractor currents were observed. However, the percentage of the current
intercepted by the extractor electrode at 1822 V was 10%, as shown in Fig. 14b. This
estimation suggests that the ions were also emitted from emission points other than
the emitter tips. Thus, the results of an increase in the current intercepted by the extrac-
tor electrode with the deep-grooved emitters are probably due to the electric field con-
centrated on both emitter tips and protuberances on the emitter sides (i.e., ions could be
emitted from these points).

We decreased the gap distance and performed current measurements to reduce the
extractor current. Figure. 14c and d show the current—voltage characteristics at d=0.3
mm for the first and second voltage applications, respectively. As shown in Fig. 14c,
the current—voltage characteristics are slightly unstable, and an electrical short circuit
appears only on the positive side before the onset voltage. The reason for this behav-
ior remains unclear in this experiment, but a stable ion emission was obtained after the
onset voltage. As shown in Fig. 14d, for d = 0.3 mm, the onset voltages of ion emission
were 1280 V, and the maximum emitter currents reached 932 pA at 2068 V on the posi-
tive side, whereas the onset voltages of ion emission were — 1290 V, and the minimum
emitter currents reached — 936 pA at —2065 V on the negative side. Although the maxi-
mum current for the second voltage application slightly decreased compared with the
first, stable current—voltage characteristics were obtained over the entire voltage range,
and ionic liquid depletion was not observed, as shown in Fig. 11c.

Figure 14e and f show the current—voltage characteristics at 4=0.2 mm for the first
and second voltage applications, respectively, where stable current—voltage character-
istics were obtained for both applications, although the emitter current for the second
voltage application decreased at high voltages compared with the first voltage applica-
tion. As shown in Fig. 14f, for d = 0.2 mm, the onset voltage of ion emission was 990
V, and the maximum emitter currents reached 1002 pA at 1996 V on the positive side,
whereas the onset voltage of ion emission was —990 V, and the minimum emitter cur-
rents reached at—990 pA at—2007 V on the negative side. The maximum current per
emitter exceeded 10 pA, and this very high current per emitter significantly consumed
the ionic liquid in the tank, implying a slight depletion of the ionic liquid and a more suf-
ficient supply system would be required.

The absolute onset voltage of ion emission decreases as the gap distance decreases and
the maximum current increases because of the stronger electric field between the emit-
ter and the extractor electrode. Compared with Fig. 11, more stable ion emission char-
acteristics were obtained with the ionic liquid supply system for the externally wetted
emitters. However, the percentage of current intercepted by the extractor electrode did
not improve even when reducing the gap distances to d=0.2 mm, indicating the need
to optimize the deep-grooved emitter shape. The protuberances on the emitter sides



Matsukawa et al. Journal of Electric Propulsion (2023) 2:23 Page 17 of 28

should be removed or placed close to the emitter bottom such that the electric field con-
centrates only on the emitter tips to prevent an increase in the percentage of current
intercepted by the extractor electrode for deep-grooved emitters. The emitter should be
fabricated in a conical shape [52, 53], which is left for future work.

Effects of hydraulicimpedance

Electrospray phenomena are highly dependent on the hydraulic impedance [20, 21]. This
study aims to increase the emission current by reducing the hydraulic impedance using
a longitudinal groove on the emitter. It is challenging to precisely obtain the hydrau-
lic impedance of externally wetted emitters because the impedance is significantly
dependent on the wettability of the emitter surface and the film thickness of the ionic
liquid. Mair [54] investigated the effects of hydraulic impedance on the current—volt-
age characteristics of externally wetted emitters for liquid metal ion sources, where the
impedance was incorporated into the model for current—voltage curves based purely on
space-charge considerations. The current—voltage model cannot be used for ionic liquid
electrospray sources because the current is not controlled by the space charge [55]; thus,
we only used the impedance depending on the structure to discuss the current—voltage
characteristics for three emitters: non-grooved [36], shallow-grooved, and deep-grooved
emitters.

When the length and radius of the needles are the same, the ratio of the hydrau-
lic impedance of needles with smooth surfaces (non-grooved) to that of needles with
grooved surfaces is obtained from the following equation (see Eqgs. (84) and (14d) of Ref.
[54]):

3w /13

als) @
Where § is the film thickness of the ionic liquid surrounding the needle and r is the
radius of the longitudinal grooves, which are assumed to be semi-cylindrical in shape
and separated by a distance of 2r. The accurate film thickness § could not be meas-
ured, but it should be less than 1 pm to have a stable ion emission based on the SEM
and high-speed microscope images. The radii of the longitudinal shallow- and deep-
grooves are estimated to be approximately 3 and 18 um, respectively, based on the SEM
images (Fig. 4). Even though § is set to 1 pm, the ratio of the hydraulic of non-grooved
emitters to that of shallow-grooved emitters is calculated to beapproximately4, and
the ratio of the hydraulic of non-grooved emitters to that of deep-grooved emitters
isapproximately 860. These values significantly increase if the film thickness is less than
1 pm. Although these hydraulic impedances are rough estimates, the grooved structure
decreased the hydraulic impedance, and the deep-grooved structure further decreased
the impedance. The decrease in hydraulic impedance could explain the increase in cur-
rent due to the grooving structure.

Discussion about electrochemical reactions

Electrochemical reactions caused by the extraction of a single polarity from ionic liquid
electrospray thrusters are suppressed by periodically alternating the voltage polarity at
a certain frequency, which can be estimated from the magnitude of the electrochemical
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window of the ionic liquid [56]. In other words, the potential difference across the
double layer formed between the emitter conductive material and the liquid must be
maintained below the electrochemical window limit. Electrochemical reactions may
damage emitters. Thus, it is crucial to consider the time, £y, taken to lead the potential
to the positive side or negative side of the electrochemical window limit, Vi, as given
by the following equation [56]:

Vwi A
I 6

tw™ = ego 3)
where ¢ is the dielectric constant of the ionic liquid, and A and § are the effective area
and thickness of the double-layer interface, respectively.

The time, £y, can be roughly estimated from Eq. (3) using the obtained current—volt-
age characteristics, where for EMI-DCA, the electrochemical window has a value of
Vi~ ~ 1.2V [57], and the dielectric constant ¢ is 11.0 [58]. The thickness of the effective
double layer is estimated as & &~ 4.80 x 107'® m (approximate size of [DCA]~) because
the double layer is formed by [DCA]™ anions placed very close to the conductor surface
in the positive mode [59]. The effective double layer interface area for each emitter is
estimated as A ~ 3.9 x 10~ m? for the non-grooved emitter, A &~ 4.1 x 107> m? for the
shallow-grooved emitter, and A ~ 4.3 x 107> m? for the deep-grooved emitter. The area
is the sum of the approximate surface area of each emitter and the 6 x 6 mm? ionic liq-
uid reservoir area where the ionic liquid was spread. By calculating the time, £y, ~, from
these values using the current values at about 2200 V for each emitter, we get £y, ~ ~ 2.2's
for the non-grooved emitter with /=4.31 pA [36], ty,~ =~ 0.31 s for the shallow-grooved
emitter with /=32.6 uA (Fig. 11b) and ¢~ ~ 0.018 s for the deep-grooved emitter with
I=570 pA (Fig. 14b). These estimation results indicate that the voltage application at
an alternation frequency of 1 Hz in our experiment with grooved emitters was not suffi-
cient to suppress electrochemical reactions. Slight and distinctive brownish depositions
were confirmed for the shallow- and deep-grooved emitter arrays, respectively, after
the current measurements. In this study, ion-emission experiments with grooved emit-
ters were conducted under the same conditions as those used in our previous study for
comparison [36]. Experiments at higher alternation frequencies and the addition of an
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insulating layer to the Si emitters to suppress electrochemical reactions are left for future
studies.

Time-of-flight measurements

ToF measurements were conducted for the emitter chips with 81 shallow-grooved emit-
ters (Fig. 4b) and 81 deep-grooved emitters (Fig. 4c). The voltage applied to the emit-
ter was different from that in the current—voltage measurements. The emitter voltage
started at 1500 V and was increased by 10 V for 1 s to the measured voltage, which was
fixed for a few 10 s at a constant polarity to obtain the averaged ToF signals. After the
raw data were obtained, the data were filtered using a Butterworth filter [30]. Finally, the
current is normalized to the average of the total current obtained before the gate voltage
is applied.

Figure 15a shows the typical ToF spectra for the 81 shallow-grooved emitter chip at
the source meter voltage of £2500 V for the first and second measurements. ToF sig-
nals are displayed as functions of the calculated species mass. Vertical dashed lines
represent locations of monomer (1#=0), dimer (n=1), and trimer (n=2) masses: [EMI-
DCA],EMI" for cations and [EMI-DCA],DCA~ for anions. In the figure, the differ-
ence between the first and second measurements is almost negligible. Although it was
difficult to obtain the precise composition ratios for the ion beam because of the low
signal-to-noise ratio, high ionic emissions were confirmed for both the first and second
measurements. Currents of trimers, higher multimers, and droplets were not observed
for cations, whereas those of dimers or higher multimers were not detected for anions.
This tendency is probably due to the relatively high electrical conductivity and surface
tension of EMI-DCA.

Figure 15b shows the typical ToF spectra for the 81 deep-grooved emitter chip at the
source meter voltage of 2500 V for the first measurement. We could not obtain a good
signal-to-noise ratio for the second and subsequent iterations. The current of the deep-
grooved emitters without the ionic liquid supply system significantly decreased because
of the ionic liquid depletion, as shown in Fig. 11d. In the ToF measurements, a longer
voltage application was required to obtain a high signal-to-noise ratio. The emitter cur-
rent was too low for the second ToF measurement. Similar to the ToF results of the
shallow-grooved emitter, the currents of trimers, higher multimers, and droplets were
not observed for cations, and those of dimers or higher multimers were not detected for
anions.

Nonzero slopes between monomers and dimers appear in the cation results for both
shallow- and deep-grooved emitters, implying fragmentation of dimers during the accel-
eration between the emitter and the extractor grid. However, it is difficult to obtain pre-
cise fragmentation ratios because of low signal-to-noise ratios. The ToF results indicated
that the ion beams for both the shallow- and deep-grooved emitters were in the pure-ion
regime, even for the first measurement, where we were unable to observe a difference
between the first and second ion emission measurements (i.e., between the unstable and
stable emission characteristics). The ToF results were obtained only at the centerline of
the beams; thus, we investigated the difference in the ion beam emission between the
first and second or subsequent times using a high-speed microscope.
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Fig. 16 Photograph images of high-speed microscope observation for a single emitter: a the first
high-voltage application at 1700V, b the second high-voltage application at 2500V, and c-e 2600 V within 2
ms, f the third high-voltage application at 2500V, and g-i the fourth high-voltage application at 2700 V. i The
optical microscope photograph of the extractor plate after the extraction experiment

High-speed microscope observation

As a reference, a high-speed microscope was used to observe the extraction motion of
the non-grooved single emitter. Figure 16 shows snapshots of the high-speed micro-
scopic observations of the ionic liquid extracted from the emitter. In this case, the ionic
liquid almost entirely covered the emitter electrode because the amount of ionic liquid
was considerably large, as shown in Fig. 16a. The snapshots consist of four trial observa-
tions. As the voltage increased, the ionic liquid surrounding the emitter deformed into
a Taylor cone shape in a steady state, as shown in Fig. 16b. The ionic liquid moved with
the voltage alternation, and an unstable electrospray pulsation mode was occasionally
observed, as illustrated in Fig. 16c-e. Pulsation occurred within 2 ms, which was also
observed on a similar time scale in a capillary emitter [37]. Because all the emitted
charged particles were collected at the extractor electrode without extraction holes, the
ionic liquid was deposited on the extractor surface from the emitter surface. The ionic
liquid on the emitter chip decreased after the second observation, as shown in Fig. 16f.
The deposited ionic liquid on the extractor was also deformed into a Taylor cone shape
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Fig. 17 Photograph images of high-speed microscope observation for the shallow-grooved 169-emitter
array of the first high-voltage application at a — 2500, b 2550, ¢ — 2550, and d 2600 V, where the outline of
the emitter shape without ionic liquid is overlaid as a white line for each photograph. e The emitter current
as a function of the applied voltage, together with insets representing zoomed views of the non-zero current
section parts

owing to the electric field; thus, backspray phenomena were observed (Fig. 16g), which is
considered one of the failure modes of the electrospray thruster [60]. A similar but much
larger-scale dendritic growth of the ionic liquid was observed when the voltage was held
at 2700 V for a while (several seconds), as shown in Fig. 16h [61]. Finally, a discharge
occurred between the emitter and the deposited ionic liquid on the extractor, as shown
in Fig. 16i. After the experiment, a solidified ionic liquid was observed on the extractor
surface (Fig. 16j).

Following the trial observation of a single emitter, we observed the ion emissions of
the shallow- and deep-grooved emitters. Figure 17 shows snapshots of the high-speed
microscopy observations of one of the 169 shallow-grooved emitters at the first high-
voltage application, together with current—voltage characteristics. The error bars rep-
resent the standard deviations of the measured current values. The larger error was
attributed to ion emissions only from a single emitter out of the 169 emitters, not from
all 81 emitters, as shown in Fig. 11, where ion emissions from many emitters decreased
the deviation. The slight current slope at low voltages was due to the capacitive coupling
induced by the voltage swing. We could not use the same cables as those used for the
current measurements because of the limited space in the experimental setup. When the
absolute voltage was 2500 V or less, ion emission was undetected, and the high-speed
microscopy images showed no changes, as shown in Fig. 17a. When the voltage reached
2550V, a slight increase in the volume of the ionic liquid was observed at the side edge
of the emitter (Fig. 17b); however, ion emission was still undetectable. When the voltage
was switched to — 2550V, a tiny Taylor-cone shape was observed at the tip (Fig. 17¢), and
the abrupt negative ion emission was confirmed in Fig. 17e, where the absolute emis-
sion current reached the maximum. At an absolute voltage of 2600 V or higher, the high-
speed microscope images did not change and were almost identical to those in Fig. 17d.
The absolute current increased as the applied voltage increased.
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Fig. 18 a Photograph image of high-speed microscope observation for the shallow-grooved 169-emitter
array of the fourth high-voltage application at 2600 V, where the outline of the emitter shape without ionic
liquid is overlaid as a white line. b The emitter current as a function of the applied voltage, together with
insets representing zoomed views of the non-zero current section parts

The current—voltage characteristics still exhibited an abrupt increase at the emission
onset voltage for the second and third high-voltage applications. Because the ionic liquid
was only extracted from the single emitter facing the extractor electrode, the ionic liquid
deposited on the emitter array was probably pulled to that emitter, and a larger amount
of ionic liquid was fed to it than in regular operation, as shown in Fig. 11b. Figure 18
shows a snapshot of the high-speed microscopic observation of one of the 169 shallow-
grooved emitters at the fourth high-voltage application, together with the current—volt-
age characteristics. The images were displayed at a voltage of 2600 V. The high-speed
microscope images showed no changes during the ion emission, and we had relatively
stable current—voltage characteristics, where no abrupt increase in the emission current
was observed. We did not observe a clear Taylor-cone shape during ion emission. The
image in Fig. 18a is nearly identical to that in Fig. 17a. The emission site should be at
the emitter tip; however, this is probably below the resolution of the present high-speed
microscope.

Compared with the current—voltage characteristics shown in Fig. 11a and b, the abso-
lute onset voltages were large by more than 600 V for the high-speed microscope obser-
vation setup. The emission current is also slightly lower than the current per emitter
obtained in Fig. 11a and b. These discrepancies could be due to the difference in the
alignment system, where one corner of the extractor could not be held, as shown in
Fig. 10b, and the electrical contact with the extractor was attached to the farthest side
from the observation point. The contact connection was probably too tight; thus, the
gap distance between the extractor and emitter seemed larger than that used in Section
“Current—voltage characteristics without an ionic liquid supply system”.
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Fig. 19 Photograph images of high-speed microscope observation for the deep-grooved 169-emitter array
of the first high-voltage application at a 2000, b 2100, ¢ — 2100, d 2250, e — 2200, and f 2400 V, where the
outline of the emitter shape without ionic liquid is overlaid as a white line for each photograph. g The emitter
current as a function of the applied voltage, together with insets representing zoomed views of the non-zero
current section parts

Figure 19 shows snapshots of the high-speed microscopic observations of one of
the 169 deep-grooved emitters at the first high-voltage application, together with the
current—voltage characteristics. Figure 19g illustrates the unstable current—voltage
characteristics, in which some abrupt increases or decreases with large error bars in
the emission currents were measured. Small currents were detected even at a few 100
V, which must be below the onset voltage for a gap distance of d=0.4 mm. An electrical
short-circuit may have occurred in these voltage ranges. Sudden increases in absolute
currents were measured between+ 1000 and £ 1600 V. However, we could not observe
high-speed microscope images in these voltage ranges, as mentioned in Section “Emis-
sion observation with a high-speed microscope” We cannot see what occurred without
the images, but the surge current might have eliminated the pass of the electrical short
circuit because we obtained almost zero currents between £ 1700 and 2000 V. In these
voltage ranges, the high-speed microscopy images showed no changes (Fig. 19a), where
the ionic liquid was fed to the slope of the emitter tip, but no Taylor-cone shapes were
observed. When the voltage reached +=2100 V, a Taylor-cone shape was observed at the
emitter tip, but the direction was slightly tilted from the center line, as shown in Fig. 19b
and c. When the voltage reached 2250 or — 2200 V, where the absolute current became
the maximum for positive and negative sides, respectively, a clear Taylor-cone shape
was observed at the tip, but the direction was still slightly tilted from the center line,
as shown in Fig. 19d and e. This result can be attributed to the excess ionic liquid on
the emitter for the first voltage application, as described in Section “Current measure-
ments without an ionic liquid supply system” At an absolute voltage of 2300 V or above,
the high-speed microscope images did not change and were almost identical to those
shown in Fig. 19f (taken at 2400 V), where the emission current abruptly decreased, as
shown in Fig. 11c, indicating the depletion of the ionic liquid. Although the current—
voltage characteristics were unstable, as shown in Fig. 19g, no droplet extraction was
observed.
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Fig. 20 a Photograph image of high-speed microscope observation for the deep-grooved 169-emitter
array of the third high-voltage application at 2500 V, where the outline of the emitter shape without ionic
liquid is overlaid as a white. b The emitter current as a function of the applied voltage, together with insets
representing zoomed views of the non-zero current section parts

The second high-voltage application indicates unstable current—voltage characteristics
for the same reason as described for shallow-grooved emitters. Figure 20 shows a snap-
shot of the high-speed microscopic observation of one of the 169 deep-grooved emitters
at the third high-voltage application, together with the current—voltage characteristics.
The images were displayed at a voltage of 2500 V. High-speed microscopic observations
showed images almost identical to those in Fig. 20a during ion emission. Most of the
extra ionic liquid should be extracted at this stage. We observed stable current—voltage
characteristics, where no abrupt increase in emission currents was measured. However,
we did not observe a clear Taylor-cone shape during ion emission. The emission site is
probably below the resolution of the current high-speed microscope. Thus, we could not
determine whether the emission sites also appeared at the protuberances on the emitter
side.

Compared with the current—voltage characteristics shown in Fig. 11c and d, the
absolute onset voltages were slightly large by approximately 200 V for the high-speed
microscope observation setup. This discrepancy is also attributed to the same reason
as that described for shallow-grooved emitters, but the contact connection was slightly
loosened such that the gap distance was close to d=0.4 mm. The emission current was
slightly higher than the current per emitter, as shown in Fig. 11c and d, which can be
attributed to the difference in the amount of ionic liquid per emitter. However, high-
speed microscope observation also indicated that a larger amount of ionic liquid resulted
in unstable current—voltage characteristics, whereas stable operation was realized with
an appropriate supply of ionic liquid.

Notably, we observed only one side of the emitter due to the limitations of the present
observation setup. The Taylor cone at the side edge may have been observed at the front
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or back of the emitter, which the microscope could not observe. Although such emis-
sion sites might have resulted in a large extractor current for the deep-grooved emitters,
high-speed microscope observations indicated that no large droplets (>a few microm-
eters in diameter) were emitted for either grooved emitter structure, at least in the beam
center line, which is consistent with the ToF results. The angle dependence of the ToF
measurement will be investigated in future studies.

Conclusions

In this study, we fabricated externally wetted needle-shaped emitters with a longitu-
dinally grooved structures for use in ionic liquid electrospray thrusters to improve the
transport of ionic liquids to emitter tips. Two types of grooved shapes with different
groove depths (i.e., shallow- and deep-grooved emitters) were successfully fabricated
using a star-shaped etching mask and by changing the mask diameter and etching time.
Additionally, through-holes were fabricated at the base of the deep-grooved emitters to
supply the ionic liquid from the back side of the emitter chips.

The first current—voltage measurement without an ionic liquid supply system showed
unstable characteristics because of oversupply of the ionic liquid. This instability was
reduced in the second and subsequent trials using the ionic liquid supply system with
through-holes. Ion emission experiments showed that the absolute emission current
increased with grooved needle emitters compared with non-grooved needle emitters in
our previous study. This tendency became stronger with deeper grooves, which is attrib-
uted to the low hydraulic impedance of the emitter structure. Moreover, the slope of cur-
rent—voltage curve did not change even at high voltages with grooved emitters. These
results indicate that grooving improves ionic liquid transport to emitter tips. However,
deeper grooving also increased the percentage of current intercepted by the extractor
electrode, probably because the electric field was concentrated on both the emitter tips
and the protuberances on the emitter sides. Electrochemical reactions were not avoided
at an alternation frequency of 1 Hz due to high emission currents, implying the need
for higher-frequency operation and the addition of an insulating layer to the Si emit-
ters. The ToF spectrometry was also conducted, and the results indicated that the emis-
sion at the centerline was in the pure-ion regime, including mostly monomer and dimer
ions, under all measured conditions. High-speed microscopy observations showed that
too much ionic liquid deposited on the extractor caused backspray and implied no large
droplet emission in the centerline of the beams for both grooved emitters, which is con-
sistent with the ToF results.

In future work, we plan to fabricate deep-grooved emitters that are closer to a coni-
cal shape by moving the protuberances on the emitter sides to the bottom of the
emitter using grayscale lithography. Additionally, future work will include voltage appli-
cations with higher alternation frequencies and the investigation of angle dependencies
in ToF measurements. A ToF system using a longer flight length and an electron multi-
plier instead of a high-speed current amplifier will also be developed to investigate ion
beam compositions and fragmentation.
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