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A high-speed solenoid-type pulsed valve is applied to a water-fuelled magnetron
sputtering thruster, which can lead a compact and neutralizer-free electric propulsion
device by generating a thrust due to the ejection of the sputtered target material, in
order to minimize the size of the gas feeding system. The pulsed valve is opened for
approximately 5 msec and the gaseous water is introduced into the source via a gas line
connected to the source. A dc high voltage is firstly applied between the cathode and the
anode; then the discharge is sustained for the period in which a gas pressure enough for
the discharge is maintained and a change in the discharge mode is observed during the
discharge pulse. To investigate the impact of the mode change on the thrust generation,
a temporally resolved measurement of the force is equivalently performed by installing a
pulsed voltage power supply and by changing the pulse width of the discharge voltage. The
results show the temporal reduction of the thrust-to-power ratio during a pulsed discharge
due to the nonlinear correlation between ion energy and sputtering yield. It is suggested
that the use of a pulsed valve would be useful for downsizing of the electric propulsion
system, while an optimization to properly control the gas flow rate is needed for further
development.
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Nomenclature

z axial position
k calibration coefficient relating the amplitude of the target swing to impulse bit
Ibit impulse bit induced by sputtered atoms
Ibitcold impulse bit induced by cold gas supplying
t time
F(t) force induced by sputtered atoms
Y sputtering yield
ms mass of sputtered atom
vs exhaust velocity of sputtered atom
A cross-section of particle flow
ṁs mass flow rate of sputtered atoms

† Email address for correspondence: kazunori.takahashi.e8@tohoku.ac.jp

https://doi.org/10.1017/S0022377824000485 Published online by Cambridge University Press

https://orcid.org/0000-0001-5690-1893
mailto:kazunori.takahashi.e8@tohoku.ac.jp
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0022377824000485&domain=pdf
https://doi.org/10.1017/S0022377824000485


2 S. Shimizu and K. Takahashi

Id discharge current
Ii ion current
Ie electron current
P electric power to sustain a discharge
F/P thrust-to-power ratio
e elementary charge

Greek Symbols

δV the first swing of the target oscillation
Γs particle flux
γ secondary electron emission coefficient
ε ion energy impinging the target

1. Introduction

A magnetron sputtering source has been widely used for thin film deposition in the field
of semiconductor manufacturing (Bräuer et al. 2010; Anders 2014; Greczynski et al. 2014).
Typically, the magnetron sputtering source has a radial magnetic field near the cathode
surface, and axial electric fields are formed by applying a discharge voltage between the
cathode and the anode. The electrons in the plasma are efficiently confined due to the
E × B drift motion (E and B are the electric and magnetic fields, respectively), resulting
in an efficient high-density plasma production. The unmagnetized ions in the plasma
are accelerated by the sheath voltage at the cathode surface and impinge on the target
cathode. The target material is sputtered and ejected via momentum transfer processes in
the target materials (Rizzo et al. 2000). This type of source has a good efficiency and
a low cost with a simple structure and electrical circuits, while the plasma production
and sputtering cannot be individually controlled (Gudmundsson 2020). Other types of
sputtering reactors such as electron cyclotron resonance or helicon-type sputtering that can
control the ion energy and target bias separably have also been developed (Kanno et al.
1996; Chabert et al. 2000; Muñoz-García et al. 2014; Takahashi et al. 2020). In those types
of sources, an external magnetic field and a radiofrequency generator are required; the cost
is more expensive and the system becomes complicated compared with the magnetron
source.

The choices of working gas species and target materials are the important issues for
proper operation of the sputtering reactor (Gudmundsson 2020). Argon is often used to
sustain the magnetron discharge (Zhang et al. 2004; Marikkannan et al. 2015). The direct
current magnetron sputtering (DCMS) is applicable to the deposition of only electrically
conductive materials, e.g. metals such as copper, molybdenum, aluminium and so on
(Gudmundsson 2020). Radiofrequency power generators in the range of MHz are often
used for the discharge power source to sputter insulator targets (Anderson, Mayer &
Wehner 1962; Davidse & Maissel 1966; Bartzsch et al. 2003; Nihei, Sasakawa & Okimura
2008). When using a pulsed voltage generator, a highly ionized plasma can be often
formed, which is called high-power impulse magnetron sputtering (HiPIMS) (Sarakinos,
Alami & Konstantinidis 2010; Antonin et al. 2014; Ghailane et al. 2020). It has been well
known that the sputtering yield is also an important parameter, which is defined as the
number of sputtered atoms by a single ion impinging on the target cathode, in addition to
the discharge power. The sputtering yield depends on the ion species, the target species
and the ion energy corresponding to the sheath voltage at the cathode surface (Doerner,
Whyte & Goebel 2003; Gudmundsson 2020).

Andersson and Anders have proposed the application of the magnetron source to electric
propulsion (EP) for spacecraft (Andersson & Anders 2008; Anders & Andersson 2013).
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One of the authors has demonstrated the thrust generation by an argon-fuelled DCMS.
Since the neutral atoms sputtered from the cathode are responsible for the momentum
ejection from the system, the DCMS seems to be applicable to a compact EP device
having a single dc (direct current) power supply and no neutralizer. The subsequent
experiment has shown that the thrust characteristic significantly depends on the discharge
modes, where the thrusts imparted by the DCMS and the HiPIMS have been compared
with Takahashi & Miura (2021a). It has been shown that the HiPIMS mode lowers
the thrust-to-power ratio, which can be interpreted as a result of ionizations of the
sputtered target atoms due to its high-density operation, where the ionized atoms are
trapped by the electric field and do not contribute to the thrust generation. To operate
these magnetron sources with argon, a high-pressure gas tank has to be mounted on
satellites, which prevents the EP devices from being compact. Therefore, the authors
have previously operated the DCMS with a water propellant that can be stored with
no high-pressure gas storage tank, where the gaseous water flow rate is controlled by
using a commercial mass flow controller having a size of approximately 81 mm in width,
28.6 mm in depth and 130 mm in height (Shimizu & Takahashi 2023). The results have
demonstrated a thrust of 0.4 mN, specific impulse of 350 sec and thrust-to-power ratio of
4 mN kW−1, which are comparable to the previously studied performance for the gridded
ion thruster operated with H2O (Ataka et al. 2021). However, the above-mentioned mass
flow controller cannot be mounted in a unit of small CubeSat satellites due to their size
restriction of 10 × 10 × 10 cm. To further downsize the EP device utilizing the magnetron
plasma production and the sputtering, the development of a compact gas feeding system
is still a challenging issue in this type of EP device.

In the present study, a high-speed solenoid pulsed valve is utilized instead of the mass
flow controller to downsize the gas feeding system, where the valve is mounted between
the liquid water tank and the chamber. When the pressure at the water tank is reduced
to the vaporized pressure of the water, gaseous water can exist between the liquid water
and the valve. A small amount of gaseous water can be introduced into the magnetron
source by pulsing the valve. The size of the pulsed valve is approximately 19 mm in
width, 19 mm in depth and 55 mm in height, being much smaller than the mass flow
controller, contributing to downsizing the EP device. The thrust-to-power ratio is assessed
by measuring the impulse bit exerted on a target plate here. Since the thrust-to-power
ratio is observed to be reduced for the pulsed valve operation, the temporally resolved
measurement of the force imparted to the target plate is performed by alternating the dc
voltage power supply to the pulsed one.

2. Experimental set-up

Figure 1 shows the schematic diagram of experimental set-up. Experiments are
performed with the previously used magnetron sputtering source attached to the
260-mm-diameter and 732-mm-long cylindrical vacuum chamber evacuated by a
turbomolecular pump to a base pressure less than 1 mPa, which is measured by an
ionization gauge attached to the chamber sidewall. The annular inner and outer permanent
magnets are installed behind the 45 mm-diameter cathode target made of copper, and
provide a radial magnetic field of approximately 500 Gauss near the cathode surface
(Shimizu & Takahashi 2023). The cathode is mounted on a ceramic insulator and a
stainless-steel anode, which is further attached to the chamber via another ceramic
insulator, as drawn in figure 1. This structure allows us to apply a high voltage of less
than 1 kV by a voltage power supply electrically floating from the grounded chamber
wall. Gaseous water is introduced from the eight small concentric holes made on the
cathode. A high-speed solenoid pulsed valve having a response time of approximately
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FIGURE 1. Schematic diagram of experimental set-up.

5 ms is inserted in series between the source and the liquid water tank, as drawn in
figure 1. The liquid water is vaporized when the pressure between the pulsed valve and the
water tank is less than the water vaporization pressure (∼3 kPa at the room temperature);
the gaseous water can be introduced into the source by opening the pulsed valve. The
mass flow introduced into the chamber is very roughly changed by the pulse width of the
solenoid valve and two different pulse widths of 5 and 10 ms are tested here. It is noted that
the temperatures of the source structure, the gas feeding pipes, the pulsed valve and the
water tank are maintained at 40 ◦C to prevent the water from being iced and to minimize
the change in the vaporization pressure. Prior to opening the pulsed valve, a dc voltage is
applied between the anode and cathode through the resistor of 1 k�, where the dc power
supply is electrically isolated from the surroundings by an isolation transformer, which
ensures that net current flowing into the grounded chamber is zero. When turning on the
pulsed valve, a transient formation of a donut-shape plasma can be visually seen from the
glass view ports at the chamber wall.

Impulse bit or thrust imparted by the sputtering resulting from the plasma production
is assessed using a pendulum target balance Very briefly, a target pendulum structure
mounted on a pivot is installed downstream of the magnetron source at z = 10 cm and
its displacement induced by an axial force is measured by a lightning electric diode (LED)
displacement sensor located further downstream of the target. Before pumping down the
chamber, a calibration coefficient relating the amplitude of the first swing to the impulse
bit is obtained, and the detailed procedure can be found in Takahashi, Komuro & Ando
(2015). The calibration result plotted by open squares in figure 2 can be well fitted by a
linear line and gives the calibration coefficient of k = Ibit/δV ∼ 1.8. In the experiments,
the impulse bits exerted by the gaseous water, the plasma and the sputtered atoms are
included in the measurement. Therefore, the impulse bit Ibit cold induced only by the gaseous
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FIGURE 2. Measured swing amplitude of the LED sensor (open squares) as a function of the
known impulse bit, together with a fitted linear line (a black solid line) giving the calibration
coefficient of k = 1.8 (mN · s) V−1.

water is measured in advance with no discharge voltage. The impulse bit exerted by the
plasma production is obtained by subtracting Ibit cold from the measurement.

As described later in the § 3 (Experimental results), a change in the discharge mode
is detected during the discharge pulse when introducing the gaseous water by using the
pulsed valve. In order to discuss the temporal variation of the force, the impulse bit induced
by the controlled pulsed discharge voltage is measured for various pulse width of the
discharge voltage. The impulse bit Ibit12 by the force F(t) between the times of t1 and t2 is
generally given by

Ibit12 =
∫ t2

t1

F(t) dt =
∫ t2

t0

F(t) dt −
∫ t1

t0

F(t) dt, (2.1)

where t0 is defined as the time triggering the discharge. The first and second terms of
((2.1)) can be experimentally obtained by changing the pulse width of the discharge, which
can be performed by the pulsed voltage power supply (Takahashi & Miura 2021a). In the
present experiment, the voltage applied to the cathode through a 1 k� resistor is turned
on at 10 msec after turning on the pulsed valve at t = 0 and the impulse bit is measured
as a function of the turning-off time (t1 and t2); then, the force between t1 and t2 can be
calculated as

F(t) = Ibit12

t2t1
. (2.2)

3. Experimental results and discussion
3.1. Discharge characteristics and impulse bit assessment

Here, the discharge characteristics and the impulse bit are assessed in the operation with
the pulsed gaseous water injection and the dc voltage power supply. Figure 3 shows the
typical temporal evolutions of the voltage between the anode and the cathode (a red solid
line) and the discharge current (a blue solid line), where the discharge voltage and the
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FIGURE 3. Typical temporal evolutions of the voltage between the anode and the cathode (a red
solid line) and the discharge current (a blue solid line), where the output voltage of the dc power
supply voltage is set at 700 V. It is noted that the pulsed valve is turned on for t = 0–5 ms, as
shown by a red rectangle.

pulse width for opening the pulsed valve are set at 700 V and 5 ms, respectively. It is
noted that the pulsed valve is opened at t = 0, as shown by a red rectangle in figure 3.
Due to the voltage drop across the 1 k� resistor by the discharge current, the voltage
between the anode and the cathode is reduced simultaneously with the discharge, where
the discharge starts to occur at t = 10 ms, as can be seen in figure 3. It should be noted that
the delay depends on the length of the gas injection line between the valve and the plasma
source. The discharge is found to be sustained for approximately 160 ms in figure 3. For
t ∼ 10–100 msec, a relatively low-voltage and large-current mode is found to be sustained;
then, the discharge mode is changed into a high-voltage and small-current mode. This type
of mode change has been reported earlier (Morel et al. 2023); it seems to be caused by the
temporal changes in the gas flow rate from the cathode holes and the pressure near the
cathode surface. The energy consumed for the discharge can be calculated by temporally
integrating the product of the measured voltage and current, being typically in the range
of 30–100 J and depends on the voltage from the power supply and the pulse width of the
valve.

Figure 4 shows the impulse bit measured by the target technique as a function of the
discharge energy. The energy is changed by the dc voltage in the range of 650–830 V
and the two different pulse widths of 5 and 10 ms for opening the valve are also tested,
as plotted by the red filled circles and open squares, respectively. It should be emphasized
again that the impulse bit exerted by the cold gas is eliminated in figure 4. For comparison,
the measured thrusts as functions of the power for the continuous gas flow rates of 8 sccm
and 10 sccm are plotted by blue open circles and filled squares, respectively, which had
already reported in Shimizu & Takahashi (2023). The dashed lines in figure 4 show
the thrust-to-power ratio, which is equivalent to the impulse bit divided by the energy
for the pulsed operation mode. It is found that both the impulse bit and the thrust
are proportional to the input energy and power, respectively. The present measurements
plotted by the red symbols are in the range of 1–2 mN kW−1, being half of the previously
measured thrust-to-power ratio of 3–4 mN kW−1. The operation with the pulsed valve has
a significant advantage in terms of the size, as described already, while the reduction of the
thrust-to-power ratio has to be understood, which will be useful for further development.
Therefore, the temporally resolved measurement of the force is performed, as in the next
section.
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FIGURE 4. Measured impulse bit as a function of an input electric energy for the high-speed
pulsed valve operation with the pulse widthsof 5 ms (red open squares) and 10 ms (red filled
circles), together with dashed lines corresponding to the thrust-to-power ratios as labelled in
the figure. The thrusts measured for the continuous gas feedings of 8 sccm (open circles) and
10 sccm (filled squares) by using the mass flow controller are plotted for comparison (Shimizu
& Takahashi 2023).

3.2. Temporally resolved force measurement
The temporally resolved force measurement is conducted by using the pulsed voltage
power supply, as described in § 2. Here, the power supply is turned on at t = 10 ms for
all the conditions; while the turning-off time is changed to control the discharge duration
time from 20 to 210 ms. Figure 5 shows the temporal evolutions of the voltage between
the anode and the cathode (red solid lines) and the discharge current (blue solid lines)
for the representative turning-off times of (a) 70 ms, (b) 120 ms and (c) 170 ms, where
the pulsed voltage is turned on for the temporal region coloured red. It can be found that
the temporal evolution before turning off the pulsed voltage is fairly unchanged; this fact
validates the measurement of the temporal evolution of the force described in § 2. The
typical error in the time of the discharge trigger is ±5 ms and is small enough to estimate
the temporal evolution of the force. Figure 6 shows the measured impulse bit as a function
of the turning-off time, clearly showing the increase in the impulse bit with an increase
in the turning-off time, i.e. an increase in the pulse width. It can be seen that the slope
is clearly changed at a turning-off time above 100 ms, which is very close to the time of
the discharge mode change. Figure 7 shows the estimated temporal evolutions of (a) the
discharge power, (b) the force estimated from the data in figure 6 and (2.1) and (2.2) and (c)
the thrust-to-power ratio calculated from figures 7(a) and 7(b). It is noted that a moving
average is used to minimize the digital noise in the differential procedure in (2.2). The
discharge power slightly decays, as seen in figure 7(a), while the force more conspicuously
decays from ∼ 0.4 to ∼ 0.1 mN, as in figure 7(b). Therefore, the thrust-to-power ratio is
found to decay significantly, as plotted in figure 7(c). The reduction of the thrust-to-power
ratio for the high-voltage mode can be qualitatively interpreted by taking the sputtering
yield Y into account as follows.
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(a)

(b)

(c)

FIGURE 5. Temporal evolutions of the voltage between the anode and the cathode (red solid
lines) and the discharge current (blue solid lines) for the representative turning-off times of (a)
70 ms, (b) 120 ms and (c) 170 ms, where the pulsed gas valve and the pulsed voltage are turned
on for the temporal region coloured by green and red, respectively.

The force exerted by the ejected sputtered atoms can be briefly described by (Takahashi
& Miura 2021b)

F = msvsΓsA = ṁsvs, (3.1)

where F, ms, vs, Γs, A and ṁs, are the thrust, the mass of the sputtered atom, the exhaust
velocity, the particle flux, the cross-section of the flow and the mass flow rate of sputtered
atoms. The discharge current Id is the sum of the ion current Ii and the secondary electron
current Ie = γ Ii as given by

Id = Ii + Ie = (1 + γ )Ii, (3.2)

where γ is the secondary electron emission coefficient. Since the mass flow rate of the
sputtered atoms is proportional to the sputtering yield Y and the ion current, i.e. ṁs ∝ YIi,
the thrust-to-power ratio F/P is written as

F/P = ṁsvs

VdId
∝ YIivs

VdId
= Yvs

(1 + γ )Vd
. (3.3)

It is well known that the sputtering yield depends on the impinging energy ε of
the ions, which is determined by the sheath voltage at the cathode surface and very
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FIGURE 6. The measured impulse bit as a function of the turning-off time of the pulsed
voltage.

(a) (b) (c)

FIGURE 7. The estimated temporal evolutions of (a) the discharge power, (b) the force and (c)
the thrust-to-power ratio, where the force is calculated according to (2.2).

close to the discharge voltage, i.e. ε ∼ eVd. Previous experiments and simulations have
shown that the sputtering yield Y does not linearly increase with an increase in the ion
energy ε, i.e. the ratio of Y/ε ∼ Y/eVd decreases in the energy range of ε > 600 eV; see
Mahne, Čekada & Panjan (2022), Schelfhout, Strijckmans & Depla (2020), Greene (2017),
Somogyvári et al. (2012) and Anders (2010). Therefore, the thrust-to-power ratio F/P
given by (3.1) is found to be reduced for the high-voltage and low-current mode. It is found
that the thrust-to-power ratio for the low-voltage and high-current region at t < 100 ms is
approximately 3 mN kW−1 and is very close to that obtained with the mass flow controller
operation (see the blue open circles and filled squares in figure 4), validating the temporally
resolved measurement of the force. The reduction of the thrust-to-power ratio for the
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high-voltage mode at t > 100 ms in figure 7(c) can be well explained by considering the
change in the sputtering yield, as described by (3.3). The high-voltage and low-current
discharge mode would result from the absence of gas; more stable controls of the gas flow
and the pressure near the target cathode are required to improve the thruster performance.

4. Conclusions

The gaseous water is introduced into the magnetron sputtering source by using a
high-speed solenoid pulsed valve toward a development of a compact EP device, where
the thrust is generated by ejecting neutral target atoms. The impulse bit exerted on the
pendulum target located downstream of the source is measured. The thrust-to-power
ratio for the pulsed valve operation is smaller than that for the operation with the
mass flow controller. The temporally resolved measurement of the force reveals that
the high-voltage and low-current mode discharge results in lowering the thrust-to-power
ratio due to the reduction of the ratio of the sputtering yield to the impinging energy of
the ions. Availability of the pulsed valve for a compact gaseous water injection system
is demonstrated here, while the optimized design of the gas feeding system for stable
operation of the low-voltage and high-current mode still remains a further challenging
issue.
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