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ABSTRACT

A microplasma thruster of the electrothermal type has been developed with X-band (f =11 GHz) microwaves and Ar as a propellant.
The emphasis was placed on an understanding of distinguished features of the microplasma generation and thrust performance by
X-band microwaves, compared with those by S-band (f =4 GHz) ones. The thruster consisted of a microplasma source 2 mm in the
inner diameter and 3-12mm long with a rod antenna on the axis, followed by a converging-diverging micronozzle. Azimuthally
symmetric surface wave-excited plasmas were established by microwaves at powers of <6 W, with the source pressure in the range
2-50 kPa at flow rates of 10-70 sccm. The plasma generation, nozzle flow, and thrust performance were numerically analyzed using
a two-dimensional fluid model, coupled with an electromagnetic model for microwaves interacting with plasmas in the source
region. Simulations indicated that higher frequency f=11GHz with the source chamber length L;~1/4 of the driving wavelength
A is preferred for the microplasma thruster in terms of efficient plasma generation, gas heating, and thus thrust performance as
well as system compactness; moreover, in f=11GHz discharges with longer L~ 31/4, standing-wave striation-like plasma struc-
tures occur in the axial direction. Experiments were made for f=11 and 4 GHz microwaves with the respective L~ 1/4, where the
plasma electron density and gas temperature in the microplasma source were measured by optical emission spectroscopy with a
small amount of H, and N added. The electron density and gas temperature were in the range of (4-12) x 10" m~2 and 800-1000 K
for f=11GHz, being ~10%-50% higher than those for f =4 GHz. The thrust performance was also measured by a target-type micro-
thrust stand, giving a thrust, specific impulse, and thrust efficiency in the range 0.2-1.8 mN, 65-90s, and 2%-14% for f=11GHz,
which were ~10%-15% higher than those for f=4 GHz. These experimental results were consistent with those of simulations,
depending on microwave frequency, power, chamber size, and gas flow rate.

Published under license by AIP Publishing. https: / /doi.org/10.1063 /1.5054790

I. INTRODUCTION relying on passive attitude control by using, e.g., gravity gradi-
Small spacecrafts or microspacecrafts have recently ent stabilization and magnetic torquers. If microspacecrafts
attracted much attention in space technology, because of had microthrusters on board, they could be controlled and/

their low costs and short development periods.” However,  or operated more effectively for missions designed to achieve
most microspacecrafts do not have any propulsion systems, (maneuver to optimum orbits, station keeping, de-orbit at the
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end of mission, constellation with maneuvering, etc.). Owing
to the limited power generation and propellant storage on
microspacecrafts, high specific impulse, high thrust efficiency,
and low power consumption are required for microthrusters,
in addition to the small size and a light weight.

A variety of micropropulsion systems or microthrusters
have been proposed and developed, including micro electric
propulsion systems or micro plasma/ion thrusters;’™ they
can be electrostatic, electromagnetic, and electrothermal as
with conventional-scale electric thrusters,'? each with its own
advantages and disadvantages depending on the application
and mission. The electrostatic thrusters rely on the ion accel-
eration by electrostatic fields to achieve the thrust: micro ion
thrusters (employing various dc, rf, and microwave plasma/
ion sources),”™ Hall thrusters (in which the electrostatic
fields are produced largely by the actions of plasma electrons
interacting with magnetic fields),”*' field emission electron
propulsion thrusters,”*** colloid thrusters,”**” and electrode-
less thrusters making use of magnetic nozzles;""*° these
thrusters require not only grids/electrodes but also a sepa-
rate system of neutralizers, except that the last ones in which
the ambipolar electric fields formed lead to equal currents of
ions and electrons leaving the thruster. The electromagnetic
thrusters rely on the plasma acceleration via interaction of
the current and magnetic fields: micro pulsed plasma thrust-
ers.””** The electrothermal thrusters rely on the plasma/gas
heating via plasma discharge followed by supersonic plasma/
gas expansion through de Laval nozzles: micro arcjet thrust-
ers,”*** hollow cathode thrusters,” and plasma thrusters using
dc microdischarges,”™”" ac/rf microcavity discharges,***’
capacitively coupled rf discharges in a dielectric tube,*’™*’
microwave discharges.***’

We have developed a mm-scale microplasma thruster of
the electrothermal type with azimuthally symmetric surface

and

I Dielectric I Plasma

Metal

Insulator

Coaxial cable—»

FIG. 1. Schematic of the mm-scale microplasma thruster with azimuthally sym-
metric SWPs (not to scale), consisting of a microplasma source with a rod
antenna on the axis followed by a converging-diverging micronozzle. The dielec-
tric source chamber is dsj, =2.04 mm in the inner diameter and Ls=3-12 mm
long, the dielectric antenna envelope is dyou=1.2mm in the outer diameter
and Ly=Ls—1.0mm long, and the nozzle is 1 mm long in total with a throat
0y, = 0.2 mm in diameter. The rz origin in the numerical analysis is placed at the
left end of the plasma source region; the end of the coaxial cable is at z=-0.6
mm (=-Lg), and the antenna length is taken to be La, = (Ly—0.5mm)+Ly=
Ls—0.9mm.
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wave-excited plasmas (SWPs),”" ™ consisting of a microplasma
source followed by a converging-diverging micronozzle as
schematically shown in Fig. 1. The microplasma source is made
of a dielectric chamber covered with a grounded metal shroud,
having a metal rod antenna on the axis covered with a dielec-
tric envelope, which is powered by microwaves of <I0W to
produce high temperature (nonthermal or nonequilibrium)
plasmas at around atmospheric pressures; and the micronozzle
converts the thermal energy of plasmas into the directional
kinetic energy of supersonic plasma flows to obtain the thrust.
The major feature of SWP is that discharges can be established
over a wide pressure range (~1073-10°Pa) by electromagnetic
surface waves excited at plasma-dielectric interfaces without
electrodes and magnetic fields;’""®* in SWPs, the microwaves
penetrate into the plasma along the interfaces even in the
overdense mode to heat plasma electrons in a thin (a few mm
thick or less) skin-depth layer. The present configuration of
SWP source equipped with a rod antenna on the axis was
originally developed for plasma materials processing,® "
being applied to etching of large-diameter substrates (using
additionally multipole magnetic fields),"® to coating of inner
and /or outer surfaces of small-diameter metal tubes,””””" and
further to the microplasma thruster;”°~"® in practice, it has an
advantage in efficient plasma generation even in a limited,
small space through surface waves excited at annular plasma-
dielectric interfaces around the rod antenna on the axis.

Previously, we made a comprehensive numerical and
experimental investigation of the microplasma generation,
micronozzle flow, and thrust performance with 4-GHz micro-
waves at powers of <6 W;**™>’ then, a thrust F; <14 mN, spe-
cific impulse I, <80s, and thrust efficiency 7, <12% were
obtained with working or propellant gas of Ar,”® while F; <
0.51mN, Ig, <2705, and 7 <12% were with light He propellant
(much higher Iy, <450 s was obtained with H,).”” We further
showed a ~10% increase in the thrust performance with Ar (at
maximum), through applying axial magnetic fields at the
microplasma source and micronozzle regions (created by a
ring permanent magnet axially magnetized).”®

This paper presents a numerical and experimental study
of the microplasma thruster powered by higher frequency
X-band (f =11 GHz) microwaves with Ar as a propellant. The
emphasis is placed on a better understanding of the distin-
guished features of microplasma generation by X-band micro-
waves, compared with those by S-band (f =4 GHz) ones, and
the following micronozzle flow and thrust performance.
X-band microwaves have been employed to generate high-
density, high-temperature plasmas under electron cyclotron
resonance conditions at low pressures (~107°-10~*Pa) for
use of highly charged ion and short wavelength radiation
sources;>~’* and a few studies have been concerned with
plasma discharges at higher and atmospheric pressures
(~1-50kPa) where the plasma is highly collisional.”
Microwave frequency effects on plasma discharges have
recently attracted much attention to generate higher density
nonthermal microplasmas at atmospheric pressures, “™*° from
the viewpoint of a fundamental interest in plasma physics/
chemistry as well as their applications such as materials
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processing, chemical synthesis, and plasma medicine. However,
these studies of microplasmas driven by X-band and much
higher frequency microwaves have focused on microstrip-based
implementations with interelectrode gaps,”**” where electrons
and ions are assumed to be confined in the gap by oscillating
electric fields, which results in particle losses to the walls to
become negligible, and thus leads to an increase in plasma
density.” Little research has been conducted on surface wave-
excited microplasmas as well as SWPs of conventional scale
driven by X-band microwaves.

Section 1I describes the numerical model and results
for the microplasma generation and micronozzle flow, pre-
dicting the thrust performance obtained. The numerical
investigations are concerned primarily with the plasma
generation in response to a change of the length of the
plasma source chamber, to find the optimum configuration
for the microplasma generation and thus for the thrust per-
formance. Section III gives the experimental setup and
results, where the plasma density and gas temperature
were measured in the plasma source region by optical
emission spectroscopy, along with the thrust performance
(thrust, specific impulse, thrust efficiency) achieved. A com-
parison between numerical and experimental results is
made for both f=11 and 4 GHz microwaves, and a difference
in microplasma generation, micronozzle flow, and thrust
performance is discussed between these two microwaves of
different frequencies. Finally, Sec. IV summarizes the con-
clusions of this paper.

It is noted that the configuration of the microplasma
source has been slightly redesigned in this study, primarily to
resolve electrical issues in experiments for f=11GHz micro-
waves, as will be mentioned later in Sec. Il A; in practice, the
diameter of the present microplasma source is a little large as
compared with the previous configuration,”®”’ with the
micronozzle dimensions remaining unchanged.

II. NUMERICAL ANALYSIS
A. Model

The numerical model consisted of an electromagnetic
module (EM) for microwave propagation in interacting with
plasma and a fluid module (FM) for plasma flows, which has
been detailed in our previous papers.”®”’ Briefly, the EM was
applied to the microplasma source region to analyze the
microwave power absorption in the plasma, while the FM to
the entire region through the microplasma source to micro-
nozzle (or through subsonic to supersonic) to analyze the
plasma and nozzle flow characteristics. Gas-phase reactions
were taken into account in both regions along with plasma-
wall interactions, and the analysis of the nozzle flow finally
gave the thrust performance achieved. The numerical analysis
was made in the azimuthally symmetric coordinate system
(two-dimensional r—z system, d/06 = 0) assuming;: (i) a plasma
consisting of electrons and heavy particles (ions and neutrals)
with two different temperatures [T, # Ty (=T;=T,), assuming
Maxwellian distributions]; (ii) charge neutrality (plasma elec-
trons and ions have the same density, n. =n;); (iii) gas-phase
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atomic processes of electron-impact excitation/deexcitation
and ionization/recombination, including metastables as well
as ground-state atoms (neutral density mn,=ng+mn. with
ground-state ny and metastable n+ ones); (iv) ambipolar diffu-
sion of charged particles (ions and electrons) toward walls; (v)
neglecting sheath structures at plasma-wall interfaces; (vi)
laminar gas/plasma flow with the same convective velocity v
for electrons and heavy particles; and (vii) energy transfer
from microwaves to plasma electrons through classical Ohmic
heating and then to heavy particles through elastic (momen-
tum transfer) and inelastic (excitation, ionization) collisions
between them.

The EM module consisted of Maxwell's equations for
electromagnetic fields of microwaves and equations for
plasma electrons (neglecting the Lorentz force and pressure
gradient). Assuming the azimuthal symmetry, only the trans-
verse magnetic (TM) waves were taken to exist in the plasma
source chamber with the electric E = (E,, 0, E,) and magnetic
B =(0, By, 0) fields of microwaves.*"** The transverse electro-
magnetic (TEM) waves were injected into the system at the
excitation plane (1.2 mm upstream of the end of the coaxial
cable), and the total power injected thereat was monitored
as Pin = (1/uo) [, (E x B) - dA, where y is the magnetic perme-
ability of vacuum and A is the cross section concerned. The
boundary conditions for the EM equations were the same
as in Refs. 56 and 57, including Mur’s first-order absorbing
boundary condition®* applied to the field component E, at
the left end of the coaxial cable (0.8 mm further upstream of
the excitation plane), so that the electromagnetic waves
propagating backward from the chamber to the excitation
plane leave the simulation area without any artificial reflec-
tion. In addition, the total absorbed power in the plasma was
calculated  as  Paps = [y Qups dV = [ [(1/tp) J i Edt] av,
where j is the plasma or electron current density induced by
microwaves, t, the period of the electromagnetic waves, and
Qabs the time-averaged power density absorbed. The spa-
tially averaged power density absorbed per unit volume was
given by Quus = Paps/V with the plasma volume V.

The FM module consisted of two-temperature Navier-
Stokes equations and the equation of state for a two-phase
medium consisting of electrons and heavy particles (ions and
neutrals): overall mass continuity, overall momentum conser-
vation, conservation of electrons,®* conservation of metasta-
bles, energy conservation of electrons, energy conservation of
heavy particles, and equation of state. The transport coeffi-
cients such as viscosity, ambipolar diffusion coefficient, diffusiv-
ity, and thermal conductivity for electrons and heavy particles
(Ar* ions, Ar* metastables, and Ar ground-state atoms) were the
same as in Ref. 56, along with the rate coefficients for elastic
and inelastic collision processes between electrons and heavy
particles and with the corresponding energy exchange and radi-
ative energy loss rates. The boundary conditions for the FM
equations were also the same as in Refs. 56 and 57, where the
heavy particle temperature Ty, at the interfaces was assumed to
be isothermal with a wall temperature T,, = 500K in the plasma
source region, and to rely on the radiative wall condition in the
nozzle region.
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The numerical procedures have also been described in our
previous papers.”®”’ The EM equations for the microplasma
source were solved by using the finite difference time-domain
(FDTD) approximation,®” where the spatial grids were taken to
be rectangular with Ar = Az =0.01mm; note that the numerical
scheme concerned was the same as that used before %%
including the FDTD unit cell, computational grids, electromag-
netic fields thereon, and the corresponding difference equa-
tions. The FM equations for the entire region through the
microplasma source to micronozzle were all discretized in a
finite difference manner, and the discrete equations were
solved by using an implicit lower-upper symmetric Gauss-
Seidel scheme (LU-SGS).*° The spatial grids of the FM in the
plasma source region were taken to be the same as those of
the EM, while the FM grids in the nozzle region were curvilin-
ear with the grid spacing being finer near the throat in the
axial z-direction and being regular in the radial r-direction. A
self-consistent solution was obtained by applying the different
timescale integration to the EM and FM modules, where the
procedures were repeated until the plasma and flow properties
converged in the entire region of the plasma source and the
nozzle, to finally give the thrust performance (thrust, specific
impulse, thrust efficiency).

The microplasma source (as in Fig. 1) consisted of a
dielectric chamber (length Ls, inner diameter ds;, = 2.04 mm,
outer diameter ds . = 6.0 mm) covered with a metal shroud
grounded, having a metal rod antenna (length L,,, diameter
dan = 0.48 mm) on the axis covered with a dielectric envelope
(length L4, inner diameter dg, = dan = 0.48 mm, outer diame-
ter dqoue = 1.2 mm). Here, the lengths of the antenna envelope
and the antenna were taken to be Ly=Ls—1.0mm and L.,
=(Lg-0.5mm) + Ly = Ls - 0.9 mm, respectively, with a distance
Ly = 0.6 mm between the end of the coaxial cable and the left
end of the annular plasma region; the antenna was connected
to the center conductor of the coaxial cable, and its shield or
outer conductor was connected to ground. The micronozzle
at the end of the microplasma source had an inlet, throat, and
exit diameter of d;, =0.6 mm, d, =0.2mm, and dey = 0.8 mm,
respectively, with a diverging angle of 6=26.6° and a total
length of 1mm. In addition, the dielectric plasma source
chamber and antenna envelope were assumed to be made of
quartz (relative permittivity &, =¢4=3.8), and the dielectric/
insulator of the coaxial cable was of polytetrafluoroethylene
(PTFE, &, = ¢; = 2.1); all metallic parts were treated as perfectly
conducting materials, where the electric field components
tangential to metal surfaces were set to be zero.

B. Numerical results

Simulations were made by varying the length of the micro-
plasma source chamber in the range L;=3-12mm (typically
Ls=4.5 and 10.5cm for f=11 and 4 GHz, respectively), to find
the optimum configurations for the microplasma generation
and thus for the thrust performance. The input power of f=11
and 4 GHz microwaves was taken to be P;, =6 W, and the mass
flow rate of the Ar propellant was m = 1.5mg/s (a flow rate of
50 sccm), unless otherwise stated.

ARTICLE scitation.org/journalljap

1. Microplasma generation by f=11 GHz microwaves

Figures 2(a)-2(h) show the spatial distribution of the elec-
tron density n., electron temperature T,, heavy particle tem-
perature Ty, absorbed power density Q.ns, pressure p, axial
flow velocity u, Ar gas or ground-state density ng, and Ar*
metastable-state density n« in the microplasma source,
respectively, simulated for f=11GHz with a plasma chamber
length Ls=4.5mm (case I). Here, the pressure is given by p =
Pe + Ph = NeRpTe + NyRpTh = NeRp(Te + T) + Nkp Ty # NgkpTy,  with
the Boltzmann constant kg, and the mass density is given by
p =M+ myny xmyn, with the mass my, (=m;=m,) and
density ny, (=n;+n,=ng) of heavy particles. The absorbed
power calculated in the plasma is Pyps~5.1W in total (Paps/
Py, ~ 85%), corresponding to the average power density
Qubs = Pabs/V ~ 5.0 x 108W/m?3. Note that the microwave
power not absorbed in the plasma is taken to be reflected at
the source ends (r>d;,/2=0.3mm), and/or to be passing
through the source-nozzle boundaries (r < di,/2) to leave the
simulation area. The plasma electron density and temperature
exhibit their maxima (n, ~12x10** m=3, T, ~ 1.5 x10* K) at one
axial position, near the end of the antenna envelope, which is
consistent with the distribution of Q,,s as mentioned below.
On the other hand, the heavy particle temperature exhibits its
maximum (T, ~950K) in a space between the end of the
antenna envelope and the end wall of the plasma source
chamber, where the micronozzle is located to achieve the
aerodynamic acceleration of high temperature plasmas/gases
through supersonic expansion into vacuum. In addition, the
pressure is almost uniform in the plasma source (p =~ 35 kPa),
and the flow velocity is increased in the axial direction toward
the end of the source region (up to u~33m/s).

Also shown in Figs. 2(i) and 2(j) are typical snapshots of
the distribution of the radial E, and axial E, electric fields of f
=11 GHz microwaves for L = 4.5 mm, respectively, taken at the
time when the electric fields reach peak values in a micro-
wave period. The corresponding extended views of the elec-
tric fields in the dielectric as well as in the plasma are shown
in Figs. 3(a) and 3(b). These exhibit characteristic of
SWPs:*""%* the strength of E, is more than ten times smaller
than that of E, in the plasma, while the former is about ten
times larger than the latter in the dielectric; moreover, the
peak positions of the absorbed power density Qups in the
plasma [Fig. 2(d)] correspond to those of E, (not E,), implying
that the axial E, is the major component of microwave electric
fields that contributes to Q,ps and thus to P,,s, where the Qups
and the field strength |E;| are larger closer to plasma-
dielectric interfaces. In effect, the Q,ps and |E;| exhibit their
peaks [Qaps ~ (10-12) x 108 W/m?, |E,| ~ (22—25) x 102V/m] at
two local positions: (r, z)=(0.6 mm, ~0.5mm) at the inner
plasma-dielectric interfaces, and (r, z) = (1.02 mm, ~4.5 mm) at
the outer ones. The high absorption efficiency P,ps/Pin =~ 85%
is ascribed to the localized absorption of microwaves or inho-
mogeneous heating of electrons in the interaction of electro-
magnetic waves with spatially nonuniform plasmas.

Figures 4(a)-4(h) show the distribution of plasma proper-
ties in the microplasma source simulated for f=11GHz with
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FIG. 2. Distribution of plasma properties in the microplasma source of Ls=4.5mm, simulated with f=11 GHz microwaves of P,,=6.0W and an Ar mass flow rate of
m=1.5mg/s: (a) n, (b) T, (c) Th, (d) Qas, (€) p, (f) u, (9) ng (0 ~ mpung), and (h) n.. Here, the antenna has d,, =0.48 mm and L,,=3.6 mm (from z=—0.6 to 3.0
mm), the dielectric envelope covering the antenna has dgj, = 0.48 mm (= dan), dyout=1.2mm, and Ly=3.5mm (from z=0 to 3.5mm), and the dielectric chamber of the
microplasma source has dgj, =2.04 mm, ds ot = 6.0 mm, and Ls=4.5mm (from z=0 to 4.5 mm). The microwave power absorbed in the plasma was calculated as Paps ~
5.1 W. Also shown are snapshots of the distribution of microwave electric fields (i) £, and (j) E; in the microplasma source, taken at the time when the electric fields reach

peak values in a microwave period.

longer Ls=10.5mm (case II). The absorbed power in the
plasma is Pypsx3.5W (Paps/Pin ~58%), corresponding to
the average power density Qups = Paps/V = 1.6 x 108 W/m?3. The
plasma electron density and temperature exhibit their
maxima [n,~(0.62-0.65)x10*°m™3, T,~15x10*K] at two
axial positions, near the end of the antenna envelope and at
~6 mm upstream therefrom, where the heavy particle tem-
perature also appears to exhibit its local maxima (T, ~ 550 K);

these distributions are also consistent with that of the
absorbed power density Qs as mentioned below. The tem-
perature Tj exhibits its maximum (T, ~700K) in a space at
the end of the plasma source chamber. Compared with Figs.
2(a)-2(h) for Ly=4.5mm, the longer Ls;=10.5mm leads to a
significant (~30%-70%) decrease in electron density n,,
heavy particle temperature Ty, absorbed power density Qaps
(thus, P.ps and Qg), and metastable density n«; on the other
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FIG. 3. Extended views of a snapshot of the distribution of microwave electric fields (a) E; and (b) E; in the microplasma source (f = 11 GHz, Ls=4.5 mm), corresponding
to the preceding Figs. 2(i) and 2(j). Also shown are those of (c) E; and (d) E, (f=11 GHz, Ls=10.5mm), corresponding to the following Figs. 4(i) and 4(j). Here, the
figure includes the region of the coaxial cable for microwave injection and the region of the dielectric plasma chamber and antenna envelope. Note that the left end of the
plasma source chamber is at z =0, the end of the coaxial cable is at z=—0.6 mm, the excitation plane for microwave injection in the numerical analysis is at z=—1.8 mm,
and the boundary for Mur’s first-order absorbing condition is at z = —2.6 mm (out of the figure).

hand, the electron temperature T, pressure p, flow velocity
u, and gas or ground-state density n; remain relatively
unchanged.

Also shown in Figs. 4(i) and 4(j) are typical snapshots of
the distribution of the radial E, and axial E, electric fields of
f=11GHz microwaves for Ls=10.5mm, respectively, and the
corresponding extended views of the electric fields in the
dielectric as well as in the plasma are shown in Figs. 3(c) and
3(d). These also exhibit characteristics of SWPs:*"~%* the peak
positions of the absorbed power density Qa.ns in the plasma
[Fig. 4(d)] correspond to those of E,, where the Qups and the
field strength |E,| are larger closer to plasma-dielectric inter-
faces. In effect, the Qs and |E;| exhibit their peaks
[Qabs ~ (3.0-3.5) x 108 W/m?, |E,| ~ (15—22) x 102 V/m] at four
local positions: (r, z) = (0.6 mm, ~0.7 and ~6.7 mm) at the inner
plasma-dielectric interfaces, and (r, z)=(102mm, ~3.5 and
~10.5 mm) at the outer ones. These microwave fields and thus
absorption structures are considered to cause the plasma
structures having two local maxima of n,, T, and Tp, whose
positions are separated by Az ~ 6 mm; similar structures have
been observed in experiments of planar®’ and linear®* "’
SWPs (f=2.45GHz) of conventional scale, where the latter
showed periodic local peaks of the electron density® and
the optical emission intensity®””" along the axis. Compared
with Figs. 2(i), 2(j), 3(a), and 3(b) for Ly=4.5mm, the longer

Ls=10.5 mm gives a conspicuous sign reversal for both E, and
E, across the annular plasma region at around the middle of
the antenna envelope or the plasma source chamber (though
their peak strengths remain almost the same); this reflects a
node of standing electromagnetic waves or surface waves that
occurs thereat, which in turn results in decreased Q.,s and
thus in decreased P, and Q, for Lg =10.5 mm.

It should be noted that in extended views of Figs. 3(c)
and 3(d) for Ly=10.5 mm, the node of standing waves is seen
to extend in the dielectric; e.g., the node E, =0 in Fig. 3(d) is
at z~6.5mm in the plasma chamber dielectric (dsin/2 =1.02
mm <7t <dsou/2=3.0mm) and at z~3mm in the dielectric
of the antenna envelope (dgqin/2=0.24mm <t <dgoy/2=0.6
mm), being connected with that located at z~3-6.5mm
across the annular plasma region (dgqou/2=0.6mm<r<d;
in/2=1.02mm). Correspondingly, the antinodes having |E,|
peaks can be seen on both sides of the node E, = 0: they are
at z~ 3.5 and 10.5 mm in the plasma chamber dielectric and at
the outer plasma-dielectric interfaces (1.02 <r < 3.0 mm), and
at z=~ 0.7 and 6.7mm in the antenna envelope dielectric and
at the inner plasma-dielectric interfaces (0.24 <r <0.6 mm),
giving the half-wavelength Aq/2~6-7mm and thus the
wavelength g, ~ 12-14 mm of the waves.

It should be further noted that in Figs. 2(i), 2(j), 3(a), and
3(b) for Ly=4.5mm, the sign reversal for E, and E, in the
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FIG. 4. Distribution of plasma properties in the microplasma source of Ls=10.5 mm, simulated with the operating conditions that are the same as in Fig. 2 (f =11 GHz,

Pn=6.0W, i = 1.5mg/s): (a) ne, (0) Te, (¢) T, (d) Qubs: (€) P (f) ,

(9) ng (o = myng), and (h) n,. Also shown are snapshots of the distribution of microwave electric

fields (i) E, and (j) E in the microplasma source. Here, the figure propertles are the same as in F|g 2, except for the following axial lengths: L, =9.6 mm (from z=—0.6
t0 9.0 mm), Ly=9.5mm (from z=0 to 9.5mm), and L;=10.5mm (from z=0 to 10.5 mm). The microwave power absorbed in the plasma was calculated as Pgys ~ 3.5 W.

plasma is relatively inconspicuous, which is seen to occur in a
space between the end of the antenna envelope and the end
wall of the plasma source chamber; e.g., the node E,=0 of
standing waves in Figs. 2(j) and 3(b) does not occur in the
plasma chamber dielectric (1.02 <r <3.0 mm), while it occurs
at z~2.5mm in the dielectric of the antenna envelope
(0.24 <r <0.6 mm), being connected with that in the plasma
region via that along the inner plasma-dielectric interfaces
(r=0.6 mm). The antinodes having |E,| peaks can be seen
at zx~4.5mm in the plasma chamber dielectric and at the

outer plasma-dielectric interfaces (1.02<r<3.0mm), and at
z~0.5mm in the antenna envelope dielectric and at the inner
plasma-dielectric interfaces (0.24 <r < 0.6 mm). These suggest
the quarter-wavelength Ag,/4 ~3-3.5mm (between z~1 and
45mm at the outer r=1.02mm and between z~0.5 and
3.5mm at the inner r=0.6mm), and thus the wavelength
Asw ~ 12-14 mm of the waves.

The wavelength of electromagnetic waves of frequency
f=w/2r propagating in the unbounded dielectric is given by
A=Ao/n=20/\/ea (TEM traveling waves), where 1o=c/f is
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the wavelength in vacuum, c is the speed of light in vacuum,
and n is the refractive index of the dielectric. In practice,
f=11GHz and &,=¢&4=3.8 (quartz) give 2=13.97mm (31/
4=1047mm, 1/2=6.98mm, 1/4=3.49mm), which corre-
sponds to the Ay, estimated as above from the results of
numerical simulations for Lg=4.5 and 10.5 mm. Thus, we con-
sider that the driving microwave wavelength 1 is a measure of
the wavelength s, of standing surface waves excited under
the present conditions, and that the plasma chamber lengths
Ly=4.5 and 10.5mm correspond approximately to 1/4 and
3/4 of the driving wavelength 1 of f=11GHz microwaves.
Note that our previous analysis®’ of the dispersion relation
for the electromagnetic waves propagating along an infinitely
long plasma column inside a circular dielectric tube (2 and
3.2mm in the inner and outer diameter, &, = g4 = 3.8) covered
with a metal grounded gives the wavelength of azimuthally
symmetric surface waves excited (TM traveling waves):
Asw =7.02-8.72 mm for f=11GHz assuming uniformly distribu-
ted plasmas of n,=(0.6-12)x10**m™ in the tube. The dis-
crepancy of the wavelength A, between the numerical
simulations and dispersion relation analysis may be attributed
to the present plasma source configuration of a complex
geometry (and partly to a difference between standing and
traveling surface waves).

2. Comparison with f=4 GHz microwaves

The wavelength of electromagnetic waves of f=4 GHz
propagating in the unbounded dielectric (g, = g4 = 3.8) is eval-
uated to be 1=3844 mm (31/4=28.83mm, 1/2=19.22 mm,
A/4=9.61mm). Thus, based on discussions in Sec. II B 1, we
may consider that for f=4 GHz microwaves under the present
conditions, the plasma chamber length L;=10.5mm corre-
sponds approximately to 1/4 of the driving wavelength 2, or
the wavelength A, of standing surface waves excited, while
Ls=4.5mm is much shorter than 1 /4 ~ A4, /4.

Figures 5(a)-5(j), together with Figs. 6(a) and 6(b), show
the distribution of plasma and microwave properties in the
microplasma source simulated for f=4 GHz with L;=10.5 mm
(case III, Ly ~ 1 /4). The simulations exhibit qualitatively similar
contours of plasma and microwave properties to those in
Figs. 2(a)-2(j), 3(a), and 3(b) for f=11GHz with L;=4.5mm
(case I, Ly~2/4). However, the f=4GHz with L;=10.5cm
gives a significant (~20%-70%) decrease in magnitude of the
plasma and microwave absorption properties (ne, Th, Qabs, 1),
compared with those for f=11GHz with L;=4.5mm, except
the T, p, u, and n, that remain relatively unchanged. The
absorbed power calculated in the plasma is Pyps~4.5W
(Pabs/Pin = 75%), corresponding to the average power density
Qubs = Pabs/V = 2.0 x 103 W/m?. The plasma electron density
and temperature exhibit their maxima (n,~ 0.90 x10%°m=,
T, ~1.6 x10*K) at one axial position, near the end and middle
of the antenna envelope, respectively. The heavy particle
temperature exhibits its maximum (T, ~750K) in a space at
the end of the plasma source chamber. The distribution
of the radial E, and axial E, electric fields of f=4GHz
microwaves also reflects characteristics of SWPs,””~%* where
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the absorbed power density Q.ns and the field strength
|[E;| in the plasma are larger closer to plasma-dielectric
interfaces. In effect, the Qups and |E;| exhibit their peaks
[Qabs ~(3.0-3.5) x 108 W/m?®, |E,| ~ (12—15) x 102V/m] at two
local positions: (r, z) =(0.6 mm, ~2mm) at the inner plasma-
dielectric interfaces, and (r, z)=(1.02mm, ~10.5mm) at the
outer ones. The analysis of the node (E,=0) and antinode
(|E;| peak) of standing waves in Figs. 5(j) and 6(b) suggests
the quarter-wavelength Ag,/4~7.5-9.5mm (between z=x1
and 10.5mm at the outer r=1.02mm and between z~2 and
9.5mm at the inner r=0.6mm), and thus the wavelength
Asw = 30-38 mm (~A4).

In addition, simulations for f=4 GHz with L;=4.5mm
(case 1V, Ly < 1/4), not presented here, exhibited contours
of plasma and microwave properties that are qualitatively
similar to some extent to those in Figs. 5, 6(a), and 6(b) for
f=4GHz with Ly=10.5mm (case III), and thus to those in
Figs. 2, 3(a), and 3(b) for f=11 GHz with Ly=4.5mm (case I):
the plasma electron density n, and temperature T, exhibit
their maxima at one axial position in the plasma source
chamber, and the heavy particle temperature T}, exhibits its
maximum at the end of it; the absorbed power density Qaps
and the field strength |E;| in the plasma exhibit their peaks
at two local positions at the inner and outer plasma-
dielectric interfaces, and no conspicuous sign reversal
or node occurs for E, and E, across the annular plasma
region. However, the |E;| peaks were significantly low for
the f=4GHz with Ly=4.5cm, which gave a (~10%-40%)
decrease in magnitude of the plasma and microwave
absorption properties (ne, Th, Qabs, M), compared with
those for f=4 GHz with L;=10.5mm, except the relatively
unchanged T, p, u, and ny. The absorbed power was Pyps %
1.5W (Pabs/Pin = 25%), corresponding to the average power
density Qups = Paps/V ~ 1.5 x 108 W/m?,

Representative values of plasma and microwave proper-
ties of interest are compared in Table I, indicating that
f=11GHz microwaves with Ly=4.5mm (case I, Ly~ 1/4) give
the highest absorbed power density Q.ns and its spatial
average Q. along with the highest plasma electron density
ne, heavy particle temperature Ty, and metastable density nx;
it is followed by f =4 GHz with Ly =10.5 mm (case III, Ly~ 1/4),
f=11GHz with Ly=10.5mm (case II, Ly~31/4), and then
f=4GHz with Ly =4.5mm (case IV, Ls < 1/4), where the latter
two (cases II and IV) give approximately the same degree
of plasma and microwave absorption properties (n., Tp,
Qabs/Qabs, M+). Note that in these situations, the electron
temperature T,, pressure p, flow velocity u, and gas or
ground-state density ng remain relatively unchanged for
different microwave frequencies f and chamber lengths L.
Hence, we conclude that for a given input power P;, and
propellant flow rate m, higher f microwaves with Ly~1/4 of
the driving wavelength 1 (x4s,) are preferred for the micro-
plasma thruster, in terms of efficient microwave absorption
(higher Qups/Qups), plasma generation (higher n,), gas heating
(higher Ty), and thus thrust performance (higher F, I, 7, as
described later in Sec. II B 4), as well as system compactness
(shorter Ly).
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FIG. 5. Distribution of plasma properties in the microplasma source of Lgs=10.5 mm, simulated with f =4 GHz microwaves of P,,=6.0\W and an Ar mass flow rate
of m=1.5mg/s: (a) ne, (b) Te, (c) Th, (d) Quvs, (€) P, (f) U, (9) Ng (0 = myng), and (h) n,. Also shown are snapshots of the distribution of microwave electric fields
(i) Erand (j) E; in the microplasma source. The figure properties are the same as in the preceding Fig. 4. The microwave power absorbed in the plasma was calculated

as Paps 4.5 W.

3. Effects of frequency and chamber dimensions on
plasma generation

Electromagnetic surface waves are assumed to propagate
along plasma-dielectric interfaces in overdense plasmas with
Ne>MNer [OF wpe >0 (1+€4)*].777%" Here, ner=n (1+&4) denotes
the critical density for surface waves (known as the surface-
wave resonance density), n, = egm.n?/e? the cutoff density for
electromagnetic waves of frequency f=w/2r, g4 the relative
permittivity of the dielectric, and wpe = (ne€?/mee0)”/? the
plasma electron frequency; moreover, e is the magnitude of

electron charge, m, the mass of electron, and ¢y the electric
permittivity of vacuum. Thus, higher plasma densities n. are
expected for higher frequencies f, along with concomitantly
higher absorbed powers Qus/Qubs, When surface waves are
excited and propagate along the interfaces; the increased n,,
in turn, leads to higher gas or heavy particle temperatures T},
through increased energy transfer via elastic collisions
between electrons and heavy particles, which is followed by
higher thrust performance. These are consistent with the
present simulations in Secs. II B 1 and II B 2, where the cutoff
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FIG. 6. Extended views of a snapshot of the distribution of microwave electric fields (a) E, and (b) E; in the microplasma source (f=4 GHz, L= 10.5 mm), corresponding
to the preceding Figs. 5(i) and 5(]). The figure properties are the same as in Figs. 3(c) and 3(d).

and critical densities are n.=15 and 0.20 x10®¥ m™ and n¢, =
7.2 and 0.95 x 10" m~3, respectively, for =11 and 4 GHz micro-
waves with £4=3.8, implying that n.>n. >n, with typically
N, ~ (0.62-1.2) x 102 m=3 (Table ).

Moreover, the present simulations indicated that for a
given frequency f, the plasma source chamber length Ly~ 1 /4

where 1 is the driving wavelength, A, is that of surface waves
excited, and L;=4.5 and 10.5mm correspond approximately
to 2/4 for f=11 and 4 GHz, respectively. This is attributed to
the lowest resonance mode of standing surface waves. In
practice, experimental®’ and theoretical”"”* studies of SWPs
of planar type indicated that increasing the plasma density

(*Asw/4) is preferred to achieve higher Qups/Qabs, Me, and T, (e.g., by increasing the power, by changing the gas pressure,

TABLE I. Comparison of the microplasma generation, micronozzle flow, and thrust performance obtained from numerical simulations for f =11 and 4 GHz microwaves of
P, =6 W input power with plasma chamber lengths of Ls=4.5 and 10.5 mm and an Ar mass flow rate m = 1.5mg/s.

f=11GHz f=4GHz
Category Property Ls=4.5mm (case I) Ls=10.5mm (case Il Ls=4.5mm (case IV) Ls=10.5mm (case lll)
Plasma generation Pabs (W) 51 35 15 45
Poaps/Piy (%) 85 58 25 75
V(10 md) 10 22 10 22
Quaps (108 W/m3)? 5.0 16 15 2.0
ne (102 m=3)° 1.2 0.62-0.65 0.68 0.90
To (10*K)° 15 15 16 16
Th (K 950 700 700 750
Qaps (108 W/m3)° 10-12 3.0-35 20 30-35
p (kPa)° 35 31 3 31
u (mis)°® 33 33 33 33
g ng (10%#m=3)° 45 42 42 42
n, (102 m=3)° 6.5 5.0 40 55
|E,| (10? Vim)® 22 22 15 1.0
E,| (102 V/m)e 22-25 15-22 47 12-15
Nozzle flow T (K 250 200 200 200
Ma 32 32 32 32
p (kPa)’ 0.7 05 05 05
u (m/s) 800 700 700 750
Thrust performance F¢ (mN) 1.2 1.0 1.0 11
Isp (8) 85 7 7 77
(%) 83 58 58 6.9
Fio (mN) 077 0.77 0.77 0.77

aQabs = Pabs/v-

PMaximum value(s) in the plasma source.

°At the end of the plasma source on the axis (or, at the inlet of the nozzle on the axis).

IMaximum value(s) at inner and outer plasma-dielectric interfaces in the plasma source.

®Maximum instantaneous value(s) at inner and outer plasma-dielectric interfaces in the plasma source.
At the exit of the nozzle on the axis.
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or by doing both), the microwave field pattern of standing
surface waves changes to lower and lower modes, which may
also apply to linear SWPs because the latter”"”? are not
limited to any particular geometry; note that there are few
known studies concerned with resonant standing wave
modes for linear SWPs, to the best of our knowledge, since
most studies of them have been concerned with long plasma
columns where traveling surface waves are launched along
plasma-dielectric  interfaces.”” %>#790:93796 " Thyg,  higher
plasma densities n. are also expected for the geometry of
Ls~ /4 (~Asw/4) that would give the lowest mode of reso-
nance, along with concomitantly increased Qups/Qqhs, When
standing surface waves are excited and sustained along the
interfaces; then, the increase in n, leads to higher temperatures
Tn through increased energy transfer via electron-neutral
elastic collisions, and to higher thrust performance.

Additionally, the preferred length Ly~1/4 may partly
reflect the condition of the so-called resonant monopole or
cylindrical dipole antenna for microwaves’’ (the present
antenna length is taken to be L,,=L;—0.9mm=3.6 and
9.6 mm for Ls=4.5 and 10.5 mm, respectively, as in Sec. II A);
this is an issue remaining unresolved at the present stage,
which will require further numerical studies of the system
without plasma, along with those to investigate effects of dif-
ferent L,, for a given L.

It is further noted that in SWPs, the microwaves are
assumed to penetrate into the plasma along plasma-dielectric
interfaces even in the overdense mode to heat plasma elec-
trons in a thin skin-depth layer.”” ®* The skin depth is esti-
mated to be 5.~ (1.4-1.8) and (2.5-2.9) mm (increasing with
decreasing n., and with increasing T, and ng) for f=11 and
4 GHz, respectively, under the present plasma conditions
[typically n,~(0.62-12)x10*°m~>, T,~(1.5-1.6)x10*K, and
ng~(4.2-4.5)x10** m™ as in Table []. Here, &, = (2vm/w)"/? is
the collisional skin depth (for vy, > @),"* 6=c/ape the colli-
sionless skin depth, and v,, the electron-neutral (Ar) momen-
tum transfer collision frequency; the parameters concerned
here are wpe ~(4.4-6.2) x 10" rad /s (increasing with increasing
M), §=c/wpe ~ 0.48-0.68 mm (increasing with decreasing n,),
Vin ~ (2.5-2.7) x 10" s (increasing with increasing T, and ng),”
and ©0=2zf=25 and 6.9x10" rad/s for f=4 and 11GHz,
respectively. Thus, the skin depth is comparable to or a
little larger than the characteristic radial (or lateral) dimen-
sion of the annular plasma region presently concerned,
6 >Re = (dsin — dgour)/2 = 0.42 mm, in which the surface waves
can be assumed to be established and propagate along the
inner and outer interfaces and the microwaves are then
absorbed to heat plasma electrons. If the lateral dimension of
the plasma source was reduced to R; < &, the region of
microwave absorption would be reduced, and thus the plasma
generation, gas heating, and thrust performance would be
deteriorated. On the other hand, if it was increased to R; > &,
the size and weight of the system would be increased, though
the region of microwave absorption along the interfaces would
remain relatively unchanged and correspondingly the plasma
generation, gas heating, and thrust performance would not be
deteriorated.
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4. Micronozzle flow and thrust performance

Figures 7(a)-7(h) show the distribution of the electron
density n,, electron temperature T, heavy particle temperature
Ty, Mach number Ma = |v|/a, pressure p, axial flow velocity u,
Ar gas or ground-state density ng, and Ar* metastable-state
density n+ in the micronozzle, respectively, obtained in simula-
tions of Fig. 2 for f=11GHz with Ly=4.5mm (case I). Here,
a = /yRTy, is the sonic speed in Ar, y=5/3 denotes the spe-
cific heat ratio for monoatomic gases, and R=kg/m,, the gas
constant. The temperature T, Mach number Ma, pressure p,
flow velocity u, and gas n, and metastable n« densities exhibit
a characteristic of the subsonic-supersonic or aerodynamic
acceleration of the flow in the converging-diverging nozzle:
Ma and u increase with increasing axial distance, with Ma=1
being at around the throat, while Ty, p, ng, and n« decrease
downstream along the nozzle axis (T, ~# 250K, Ma= 3.2, p~ 0.7
kPa, and u~ 800 m/s at the nozzle exit on the axis). However,
the contour of Ty, Ma, and u indicates that the boundary layers
associated with viscosity are relatively thick in the micronozzle,
especially in the divergent or supersonic portion of the
nozzle.”""*°%>" In practice, the Mach number Ma and flow
velocity u are lower and the temperature Ty, is higher closer
to the nozzle walls in the diverging portion; and the flow
therein is supersonic (Ma>1) around the nozzle axis, while
subsonic (Ma<1) near the walls over roughly half of the
nozzle cross section. Thus, the nozzle flow tends to be under-
expanded, or the supersonic expansion of the flow is sup-
pressed in the diverging portion, giving the nozzle outlet
velocity lower than its maximum theoretical value that should
be reached with an infinite expansion (exhausting into vacuum,
as mentioned later in Sec. 111 C):"*'%° u, = \/2yRTo/(y — 1)
~ 990 m/s, assuming the stagnation temperature T, = T}, ~ 950 K
at the nozzle inlet [Fig. 2(c)]. Note that the decrease of the
temperature Tj, along the nozzle axis is not so significant as
compared to the change of the other flow properties (n., Ma,
P, u, ng, nx) except for T,, owing to heating due to viscous dis-
sipation in thick boundary layers; moreover, the electron tem-
perature T, exhibits no significant decrease along the axis,
owing to the energy gained by plasma electrons through
inelastic processes of electron-impact deexcitation and
electron-ion recombination during expansion.

The thrust performance is calculated from the flow prop-
erties at the nozzle exit,'"°

Tex
F = ZnJ (ou? + p)rdr, (W)
0
F
Iyp = g’ ()
2
T AP+ @

where F; is the thrust, Iy, the specific impulse, and 7, the
thrust efficiency. In these equations, rx denotes the exit
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FIG. 7. Distribution of plasma flow properties in the micronozzle, obtained in numerical simulations of Fig. 2 (f=11 GHz, P,,=6.0 W, Ls=4.5¢cm, m = 1.5mg/s): (a) ne,
(b) Te, (c) Th, (d) Ma, (e) p, (f) u, (9) g (0 = Mpng), and (h) n... The nozzle has an inlet, throat, and exit diameter of dj, = 0.6 mm, dy, =0.2 mm, and de, = 0.8 mm, respec-

tively, with a diverging angle of 6=26.6° and a total length of 1 mm.

radius of the nozzle, p the mass density, u the exhaust
flow velocity in the axial direction, p the pressure, m =
2r o™ purdr the mass flow rate, g the gravitational constant,
and Fyo the thrust in cold gas operation without plasma dis-
charge. Note that I, and n scale with F; for a given input
power Py, and propellant flow rate m, and that F; consists of
the momentum and pressure thrust. The pressure thrust is
often neglected owing to its less contribution to the total
thrust; however, reducing the size of the nozzle results in
underexpanded gas/plasma flows inside the nozzle owing to
highly viscous flows therein, as mentioned above, and so the
pressure thrust should be taken into account in the present
microplasma thruster.””°*°%°"  The thrust performance
calculated from nozzle flow properties of Fig. 7 is F;~ 1.2 mN,
Iy~ 85s, and 7, ~ 8.3%.

Similar contours of nozzle flow properties, not presented
here, were obtained in simulations of Fig. 4 for f=11GHz with
Ly=10.5mm (case II), simulations of Fig. 5 for f=4GHz
with Ls =10. 5 mm (case III), and simulations for f =4 GHz with
Ly=4.5mm (case IV). However, compared with Fig. 7 for

f=11GHz with Ly=4.5 mm (case I), the aerodynamic accelera-
tion of the flow (or the increase of the axial flow velocity u) in
the nozzle and thus the thrust performance was reduced in
the order of case I, III, II, and IV, owing primarily to the
temperature Tj, at around the end of the plasma source (or
at the nozzle inlet) that is lowered in this order. In effect
the heavy particle temperature, Mach number, pressure, and
flow velocity at the nozzle exit on the axis were T, ~ 200K,
Ma=~32, p~05kPa, and u~700m/s for f=11GHz and
Ls=10.5mm (case II) and T, ~ 200 K, Ma ~ 3.2, p ~ 0.5 kPa, and
u=750m/s for f=4 GHz with L;=10.5 mm (case III), respec-
tively. Correspondingly, the thrust performance was calcu-
lated to be F;~1.0mN, I, ~71s, and 7.~ 5.8% for the case II
and Fi~11mN, I;=77s, and n,~6.9% for the case IIL
Representative values of the nozzle flow properties of interest
are also compared in Table I, along with those of the thrust
performance, indicating that f =11 GHz with L = 4.5 mm (case I)
gives the highest flow velocity u at the nozzle exit and thrust
performance (Fy, Isp, 1), which are ~10% higher than those for
the following f =4 GHz with L =10.5 mm (case III).
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Figure 8 shows the plasma electron density n., gas or
heavy particle temperature T, average absorbed power
density Qu,, and specific impulse Iy, as a function of plasma
chamber length in the range Ls = 3-12 mm, simulated for f =11
and 4 GHz microwaves with an input power P;, =6 W and an
Ar mass flow rate . = 0.9 mg/s (a flow rate of 30 sccm). Here,
n, and T, are their maximum values in the microplasma
source, and Qg is the spatial average of Qups therein; the
maximum T, concerned here occurs in a space at the end of
the plasma source chamber (or just upstream of the nozzle
inlet, as mentioned in Secs. II B 1 and II B 2 with respect to
Figs. 2, 4, and 5). The simulations indicate that the thrust per-
formance (Iyp) tends to peak at Lgy=4 and 8 cm [~1/4 and 1/2,
respectively, with Ax~14mm (~4s,)] for f=11GHz and to
slightly peak at Ly=10cm [~4/4 with A= 38 mm (xAs.)] for
f=4GHz, and that the peak for f=11GHz tends to be higher
at Ly =4 mm than at Ls =8 mm. Moreover, the n,, Ty, and Qg
exhibit L, dependences similar to that of I,, which would be
no wonder, since the microwave energy is assumed to be
absorbed to heat plasma electrons, and then to be transferred
to heavy particles through elastic and inelastic collisions
between electrons and heavy particles (as mentioned earlier
in Sec. 1I A). Hence, we can totally conclude that for a given
Pi, and m, higher f microwaves with Ly~1/4 of the driving
wavelength 1 (=4g,), which correspond to the lowest reso-
nance mode of standing surface waves, are preferred for
higher thrust performance and system compactness, resulting
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FIG. 8. Plasma electron density n,, gas or heavy particle temperature Tj,
average absorbed power density Qans, and specific impulse ks, as a function of
the plasma chamber length in the range Ls=3-12 mm, simulated for f=(a) 11
and (b) 4GHz microwaves of P,=6W with an Ar mass flow rate of
m = 0.9mg/s. Here, the dimensions of the microplasma source and micronoz-
zle are the same as in Figs. 2-7, with the antenna envelope and antenna
lengths being Ly=Ls— 1.0 mm and L, = Ls—0.9 mm.
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from more efficient microwave absorption (higher Qubs/Qubs),
plasma generation (higher n,), and gas heating (higher Ty). In
practice, the temperature T}, should be a direct or the most
sensitive measure of the thrust performance, because it is
expected to be increased with increasing the source or stag-
nation temperature Ty = T}, for a given P;, and m (as described
later in Sec. 11 C).

lll. EXPERIMENT
A. Experimental setup

Figure 9 shows a schematic of the microplasma thruster
in experiments of this study, which was designed to generate
microplasmas with both X-band and S-band microwaves; in
practice, plasma discharges with f=11GHz microwaves could
not be established in preliminary experiments using the pre-
vious model for f=4GHz """’ where f=11GHz discharges
occurred at around the root or feedpoint of the antenna, not
in the entire region of the plasma source chamber. Thus, in
this study, the dielectric envelope of the antenna was rede-
signed and fabricated with smooth steps at around its feed-
point; moreover, the micronozzle at the end of the plasma
source was fabricated integrally with the dielectric source
chamber to resolve mechanical issues. As compared with the
previous configuration,”®”’ the present design has about a
factor of two larger diameter of the microplasma source and
larger volume of the plasma discharge region (its surface
area-to-volume ratio remains relatively unchanged), while the
dimensions of the micronozzle remain the same as those of
the previous one.

The microplasma source and micronozzle in Fig. 9 are
similar in size to those of the numerical model as in Figs. 2-8.
The plasma source chamber made of quartz (g4=3.8) has
a length L, being dsj, =2.0mm in the inner diameter and
ds out = 6.0 mm in the outer diameter. The 0.5-mm-diam center
conductor of a semirigid coaxial cable (RG-405/U), protruding

Dielectric Chamber with Micronozzle
(ds,in =2.0 mm, ds ot = 6.0 mm)

Stainless-steel

Semi-rigid
Coaxial Cable

Propellant Gas

) Forf=11 GHz
MiCrowave sy (Ls= 4.5 mm)
Dielectric £
Envelope <
——— ik
Forf=4 GHz A

(Ls=10.5 mm)

Ls

FIG. 9. Schematic of the microplasma thruster in experiments. The microplasma
source and micronozzle are similar in size to those of the numerical model as in
Figs. 2-8; the plasma chamber length in experiments is taken to be Ls=4.5mm
for f=11 microwaves [corresponding to Figs. 2, 3(a), and 3(b)], while it is to be
Ls=10.5mm for f=4 GHz ones (corresponding to Figs. 5 and 6).
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a length of ~L,, beyond the insulator (PTFE, ¢; = 2.1) and outer
conductor (2.2-mm-diam metallic shield), is covered with a
quartz envelope, which is inserted in the source chamber as a
microwave rod antenna. The antenna envelope of quartz has a
length Ly, being dgn = 0.5 mm (=d,y) in the inner diameter and
dgout =1.2mm in the outer diameter, and an annular spacing is
retained between the plasma chamber and antenna envelope
[Re = (dsn — dgour)/2=04mm] for feeding propellant gases.
The lengths of the plasma source in experiments are taken to
be Ly=45mm, L4=3.5mm, and L,,=3.6mm for f=11GHz
microwaves [corresponding to Figs. 2, 3(a), and 3(b) in Sec. [I B 1
(case I, Ly ~ 1/4)], while they are to be Ls =10.5mm, Ly = 9.5 mm,
and L,y = 9.6 mm for f=4 GHz [corresponding to Figs. 5 and 6
in Sec. II B 2 (case III, Ly ~ 1 /4)]. Note that in figures of Sec. II B,
a part (L=3 or 9mm) of the antenna length L., is seen in
Figs. 2, 4, and 5, while the length L,, is seen totally in extended
views of Figs. 3 and 6. In addition, the micronozzle of converg-
ing-diverging type is 1mm long, having an inlet, throat, and
exit diameter of d;,=0.6 mm, dg,=0.2mm, and dey=0.8 mm,
respectively. The plasma source chamber integrated with the
antenna and micronozzle are inserted into a stainless-steel
housing to cover the microplasma source with a metal
grounded. The microplasma thruster thus configured was set
in a vacuum chamber, which was pumped down to <1x107* Pa
by a dry and turbomolecular pump prior to experiments.

Microwave signals of f=11 and 4 GHz from a signal genera-
tor (Agilent E8257C, 250 kHz-20 GHz) were amplified through
the respective four-stage semiconductor amplifiers to powers
of nominally P;, <6 W and then fed into the microplasma source
through a flexible low-loss microwave coaxial cable. Here, a
miniature triple-stub tuner (Maury Microwave 1819C, 2.0-18.0
GHz) was used to suppress the reflection of microwaves. The
microwave input power P;, was measured at the entrance of the
microplasma source (or at the end of the microwave cable),
using a power meter (HP 437B/8481A, 10 MHz-18 GHz) with a
30-dB attenuator. In addition, the spectrum of microwaves was
measured with and without plasma discharge, using a spectrum
analyzer (Agilent E4408B, 9 kHz-26.5 GHz) with a small single-
turn magnetic loop coil antenna placed downstream of the end
of the source chamber; then, the spectrum exhibited a funda-
mental peak at f=11 and 4 GHz with the respective harmonics,
whose intensities were lowered with increasing harmonic order
and increased with the plasma discharge turned on (possibly
similar to the results of recent Ref. 101).

The propellant or working gas Ar was supplied through a
mass flow controller; in some cases, a small amount (<1%) of
N, and H, was added for plasma diagnostics. The stagnation
pressure po (=p = ngkTy) in the microplasma source was mea-
sured by a pressure gauge set upstream of the source
chamber. The gas flow rate (or mass flow rate m) and the
source pressure po measured with and without plasma dis-
charge were approximately related by”’*'*"

y [ 2\
R I 2
m = puA = poA RT, (7 . 1) ) 4)
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where the quasi-one-dimensional isentropic flow of perfect
gases in a converging-diverging nozzle,”*'*°

2)/ ’ 1/2
u= mRTo{ 1—(p/po) "7}, (5)

is assumed along with the so-called choked flow condition
(Ma =1) at the throat,”*'°° A is the nozzle cross section, A* is
that at the throat, and Ty (=Ty) is the source or stagnation
temperature. In practice, the temperature T, was taken to be
the gas temperature spectroscopically measured in plasma
discharge operation and to be the room temperature in cold
gas operation, indicating that the pressure was approximately
proportional to the Ar flow rate in the range 10-70 sccm
(m = 0.3-2.1mg/s);” e.g., po~5.5-40kPa in the former with
f=11GHz microwaves of Pj, =6 W, and po~2.5-22kPa in the
latter with Py, = 0 W. The background pressure in the vacuum
chamber was p,~0.1-0.2kPa under thruster operation
(Po/Pv>25).

To characterize the microplasma generated, optical emis-
sions from the plasma were observed in the side-view direction
through a 1-mm-diameter small hole of the stainless-steel
housing at around the end of the antenna envelope (or just
upstream of the nozzle inlet).”® Two spectrographs/spectrom-
eters were employed in these experiments: a 10-cm focal
length one (Ocean Optics HR2000CG-UV-NIR) equipped with
a grating of 300lines/mm, having a linear charge-coupled
device (CCD; 1x2048 pixels, 0.2 x28.6 rnrnz) detector; and a
50-cm focal length one (Acton SpectraPro 2500i) equipped
with a grating of 2400 lines/mm, having a CCD detector
(Princeton PI-MAXIK; 1024 x 1024 pixels, 13.3 x13.3 mmz) and a
photomultiplier (Hamamatsu R2949). A set of quartz lenses
were used to collect the emissions from the plasma and focus
them onto the entrance slit of the spectrometer. The spectral
resolution, determined using a low-pressure Ar discharge
lamp, was 1.0 and 0.025 nm for the 10- and 50-cm spectrome-
ter, respectively, with an entrance slit width of 5um. In addi-
tion, a Langmuir probe was located in the plasma jet plume
downstream of the nozzle exit to measure the plasma electron
density therein,”* where the probe was cylindrical with a tung-
sten rod 0.05 mm in diameter and 0.5 mm long.

B. Plasma characteristics

Figure 10 shows a typical optical emission spectrum in
the wavelength range 200-900nm of the microplasma,
observed in plasma discharge operation with f=11 and 4 GHz
microwaves of P;,=6W and an Ar flow rate of 10sccm
(m = 0.3mg/s). The inset is the spectrum magnified in the
visible 400-460 nm. The spectrum consists of intense and
weak Ar I (Ar neutral) lines in the near-ir and visible region,
respectively,’” where no Ar II (Ar" ion) lines were identified in
the present experiments. In addition, the spectrum contains
atomic lines and molecular bands originating probably from
traces of water vapor (adsorbed on walls of the microplasma
source chamber and the antenna envelope) and from
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(a)f=11 GHz of the electron density determined from the Stark broadening
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FIG. 12. (a) Plasma electron density n, and (b) gas/rotational temperature
Ty~ Tiot in the microplasma source, measured as a function of the Ar flow rate
in the range 10-70 sccm with f=4 GHz microwaves of different P, =3-6 W.
Also shown are the curves of Ty =Ty, n,, and electron temperature T, numeri-
cally simulated.

the experiments are in agreement with simulations, where
the measured n, and T, = Ty values tend to be slightly higher
than those of the n, and Ty =T, simulated. In addition, the
electron temperature T, simulated is higher for higher f and
P;, of microwaves and for a lower flow rate (or, lower po),
being consistent with the behavior of the optical emission
spectra as mentioned with respect to Fig. 10.

It is noted that the effects of adding molecular H, and
N, gases to monoatomic rare gas Ar plasmas have so far been
studied both experimentally and numerically/theoretically
(see the Appendix).'””~""" In the present experiments, we did
not measure the T, as well as electron energy distribution
function (EEDF), and so we cannot say quantitatively the
effects of adding a small amount (<1%) of H, and N to Ar on
the plasma properties. However, the present optical emis-
sion spectroscopy indicated that the addition of <1% H, and
N; to Ar plasmas gave rise to no significant change of the Ar
I line intensities in the visible and near-ir region (and thus
no significant change of the intensity ratio of the visible Ar I
lines to the near-ir ones); this implies that no significant
change in the EEDF and/or T, occurred with the H, and N,
addition, since the upper-level excitation energies for
visible Ar I lines are >1eV higher than those of near-ir ones
(as mentioned above). Moreover, n, and Ty= T, experi-
mentally measured with adding small amounts of H, and N,
were found to correspond to the numerical n, and Ty = Ty, of
pure Ar plasmas (as seen in Figs. 11 and 12), giving confi-
dence that any changes to the plasma properties (such as n,
and Ty) are minimal.

The slight difference between the measured n, and Ty~
Tror and the numerical n, and Ty=Ty, (Figs. 11 and 12) is
assumed to be due not to additives /impurities, but to a set of
atomic processes, rate coefficients, energy transfer rates, and
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radiative energy loss rate used in simulations (Sec. II A). In
effect, the additives /impurities cannot explain the difference
concerned, because molecular additives/impurities such as
H, and N, would not lead to an increase in both n, and T,
(Appendix).

C. Thrust performance

The setup for thrust measurement has also been detailed
previously,”*”"”" consisting of a pendulum-type stand for
cold-gas operation and a target-type stand for both cold-gas
and plasma-discharge operations. The accuracy of the present
thrust measurement was estimated to be about +10%, relying
primarily on mechanical issues of the measurement system
such as the effects of friction of the knife edge on the rota-
tional axis and those of the reflected jet plume particles on the
target.

Figures 13 and 14 show the thrust performance (F, Isp, 7:)
measured as a function of the Ar flow rate for f=11 and 4 GHz
microwaves of different P, =0-6 W under plasma discharge
conditions of the preceding Figs. 11 and 12, respectively.
Here, the specific impulse Ig, and thrust efficiency n, were
derived from the measured thrust F; using Egs. (2) and (3),
and Py, = 0 W corresponds to the cold-gas operation without
plasma discharge. In both f=11 and 4 GHz discharges, the
thrust F; and the specific impulse Iy, are increased with the
discharge on and with increasing Pi,; on the other hand, F; is
increased with the increasing flow rate, while Iy, is relatively
insensitive to it. The thrust, specific impulse, and thrust
efficiency are in the range F;~ 0.2-1.8 mN, I, ~65-90s, and
e~ 2%-14% in f=11GHz discharges of Fig. 13, which are
~10%-15% higher than those (F;~0.2-1.6mN, Iy,~60-80s,
ne ~ 2%-12%) in f =4 GHz ones of I'ig. 14. The thrust efficiency
ne is higher for higher f and flow rate, while it tends to be
higher at lower Py,; in practice, n, derived using Eq. (3) (which
is often employed for the plasma thruster of electrothermal
type) inherently implies that when the input power is reduced
for a given flow rate (Pi, »OW for a given m), the thrust
approaches to that in cold gas operation (F;— Fy), and
correspondingly the trust efficiency tends to be increased
(7: —100%); in other words, the thrust efficiency can be
traded for higher thrust and specific impulse when increasing
the input power at a given propellant flow rate.

Also shown in Figs. 13 and 14 are the curves of F, Iy, and
ne calculated based on numerical simulations of the nozzle
flow as in Fig. 7, where the gas or the heavy particle tempera-
ture Ty =Ty, in the microplasma source was assumed to be the
room temperature in cold gas operation. A comparison indi-
cates that the experiments are in agreement with simulations,
where the measured F;, Iy, and 7, values tend to be slightly
higher than those obtained from numerical simulations. The
slight difference in thrust performance between experiments
and simulations is ascribed primarily to that in gas tempera-
ture T, in the plasma source, which in turn is assumed to be
due to atomic processes and rate constants used in simula-
tions (as mentioned in Sec. III B with respect to Figs. 11 and 12).
In effect, the thrust consisting of the momentum and pressure
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FIG. 13. Thrust performance [(a) F;, (b) Jsp, (c) 7] measured as a function of the Ar flow rate with f=11 GHz microwaves of different P, = 0-6 W under plasma discharge
conditions of Fig. 11, where P, =0 W corresponds to the cold-gas operation. Also shown are the curves of F;, I, and 77; numerically simulated.

thrust [as Eq. (1)] is given by becomes Uex ~ Uo = 1/2YRTo/(y — 1), and Eq. (6) becomes

Fi &~ e = my/2yRTo/(y — 1); under these conditions, the
thrust performance is assumed to be increased with increas-
ing source or stagnation temperature Ty (=T,) for a given
input power P;, and propellant flow rate m [F;oc+/To,
Lip = Fy/(1g) o< v/To, n = F2/(21itPyy + F) o< To].

Thus, the superiority of higher frequency f=11GHz
microwaves with the length Ly =4.5 cm [~1/4 (745w /4)] of the
plasma source chamber was demonstrated experimentally for

Ft = Thuex + (pex - pb)AeX (6)

in one dimension,”” where ue, and pe, denote the exhaust

flow velocity and pressure at the nozzle exit, respectively,
pp the background or ambient pressure outside the exit, and
Ao the cross-sectional area of the nozzle exit; then, for
simplicity, further assuming the isentropic nozzle flow of

perfect gases and its infinite [pex < po in Eq. (5)] and ideal/

the microplasma thruster, in terms of efficient microplasma

generation (higher n,), gas heating (higher T,), and thrust

optimum (pec~py) expansion conditions,””'’? Eq. (5)
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FIG. 14. Thrust performance [(a) F, (b) ks, (c) 7] measured as a function of the Ar flow rate with =4 GHz microwaves of different Pj, = 0-6 W under plasma discharge
conditions of Fig. 12. Also shown are the curves of F, I, and 7 numerically simulated.
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TABLE II. Comparison of representative operating parameters/conditions and thrust performance for several microplasma thrusters of electrothermal type (with power inputs

on the order of 1-10 W) that have been reported in the literature.”**°

Microplasma thruster of electrothermal type

Category Property SWp? Arc jet HCT® MPT® mcp® PR SSRR'
Plasma source f(GHz) 1 4 de dc dc 0.020 0.01378 242
Py (W) 6 6 36 13 0.65 0.084 32 1.1
Propellant Gas Ar Ar N, Ar Ar Ar Xe Xe
i (mgls) 2.1 2.1 1.0 1.0 0.15 0.44 5.16 40
po (kPa) 40 38 80 - ~10 ~40 1.0 65
Plasma condition ne (102 m=3) 1.2 0.85 - - ~1 ~0.8 ~0.01 -
T, (K) 970 740 ~1500 - ~1000 ~500 ~1000 -
Thrust performance F¢ (mN) 1.8 1.6 14 ~1.9 0.1 0.278 14 215
Isp () 88 81 138 167 74 65 28 55
e (%)° 12 9.7 24 14 50" 59" 059" 37"
Fio (mN) 1.05 1.05 ~0.4 ~0.7 0.067 0.24" 0.87 1.75"
Ref. (E/N) Present study (E) 34 (E) 35 (E) 37 (N) 39 (N) 4546 (E) 49 (E)

Surface wave-excited plasma.

®Hollow cathode thruster.

°Microplasma thruster (consisting of a dc microdischarge).
9Microcavity discharge.

®Pocket rocket (consisting of a capacitively coupled rf discharge).
fSpIitIine split-ring resonator.

9Calculated using Eq. (3).

PCalculated/estimated from the data in the literature.

'(E/N) indicates an experimental/numerical study.

performance (higher Fy, Iy, 7¢), as expected from the numeri-
cal analysis in Sec. II. A comparison of representative operat-
ing parameters/conditions and thrust performance is given
in Table 1II, for several microplasma thrusters of electrother-
mal type (with power inputs on the order of 1-10 W) that have
so far been reported in the literature.”**

IV. CONCLUSIONS

We have developed numerically and experimentally the
microwave-driven microplasma thruster of electrothermal
type with X-band (f =11 GHz) microwaves and Ar as a propel-
lant. The emphasis was placed on a better understanding
of the distinguished features of microplasma generation
by X-band microwaves, compared with those by S-band
(f =4.0 GHz) microwaves, and the following micronozzle flow
and thrust performance. The thruster consisted of a micro-
plasma source followed by a converging-diverging micronoz-
zle; the former was made of a dielectric chamber 2 mm in the
inner diameter and Ls=3-12mm long covered with a metal
shroud grounded, having a metal rod antenna on the axis
covered with a dielectric envelope 1.2 mm in the outer diame-
ter; and the latter was 1 mm long with a throat 0.2 mm in diam-
eter. Azimuthally symmetric SWPs were established in the
annular space between dielectrics of the plasma chamber and
antenna envelope by microwaves at input powers of P;, <6 W,
with the source pressure being in the range 2-50kPa at mass
flow rates of h = 0.3—2.1mg/s (flow rates of 10-70 sccm).

The microplasma generation, micronozzle flow, and thrust
performance were numerically analyzed by using a two-
dimensional fluid model, coupled with an electromagnetic
model for microwaves interacting with plasmas in the source
region. Simulations were made for f =11 and 4 GHz microwaves
with different lengths L of the plasma source chamber, indi-
cating that higher frequency f=11GHz with L;=4.5 mm (x1/4)
is preferred for the microplasma thruster, in terms of efficient
microwave absorption (higher Qups/Qqns), plasma generation
(higher n.), gas heating (higher Ty), and thus thrust perfor-
mance (higher F;, Ig, n:), as well as system compactness
(shorter Lg). Here, 2 = Ao /+/gq is the wavelength of the driving
microwaves propagating in the dielectric (2 =13.97 and 38.44 mm
for f=11 and 4 GHz, respectively, with £4=3.8), and 1, is the
wavelength in free space.

Moreover, f =11 GHz microwaves with longer Ls=10.5 mm
(~31/4) exhibited the formation of standing-wave striation-
like (or periodic) plasma structures in the axial direction: the
plasma electron density n. and the temperature T,, along
with the heavy particle temperature Ty, exhibited their two
local maxima at axial positions separated by Az ~6 mm; this
corresponded to two local peaks of the microwave field
strength |E,| and absorbed power density Qaps at axial posi-
tions separated also by Az~ 6-7mm at both the outer and
inner plasma-dielectric interfaces (four local peaks of |E;| and
Qubs in total). Similar structures have been observed in exper-
iments of linear SWPs (f=2.45GHz) of conventional scale,
which showed local periodic peaks of the electron density®®
and the optical emission intensity®””’ along the axis. These
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two local maxima/peaks separated by Az~ 6-7mm indicate
the antinodes of standing electromagnetic waves or surface
waves that occur on both sides of the node, giving the
half-wavelength A, /2~6-7mm and thus the wavelength
Asw~12-14 mm of the waves; thus, it follows that the wave-
length Ag, of standing surface waves excited under the
present conditions is in agreement with the driving micro-
wave wavelength 1. Hence, we can totally consider that for a
given P;, and m, higher f microwaves with Lyx1/4 (%Asw/4),
which correspond to the quarter-wavelength resonance (or
the lowest resonance mode of standing surface waves), are
preferred for higher thrust performance and system com-
pactness, resulting from more efficient microwave absorption,
plasma generation, and gas heating; in practice, the surface-
wave resonance density n.=n.l+eg) is expected to be
increased with increasing f=w/27, when surface waves are
excited and propagate along plasma-dielectric interfaces in
overdense plasmas (n, >n.);""~"* and the gas or heavy particle
temperature Ty =Ty, should be a direct or the most sensitive
measure for the thrust performance.

Experiments were made with f =11 and 4 GHz microwaves
with the respective Ly=4.5 and 10.5mm (~1/4), where the
plasma electron density and gas temperature were measured
in the microplasma source at around the end of the dielectric
antenna envelope or just upstream of the nozzle inlet, by
optical emission spectroscopy with a small amount of H, and
N, added. The electron density and gas temperature mea-
sured for f =11 GHz were in the range n, ~ (4-12) x10" m™ and
Ty~ Trot # 800-1000 K, which were ~10%-50% higher than
those for f=4GHz. The thrust performance was also mea-
sured by using a target-type microthrust stand, giving a
thrust in the range F;~0.2-1.8 mN, a specific impulse in the
range Is,~65-90s, and a thrust efficiency in the range
ne~2-14% for f=11GHz, which were ~10%-15% higher than
those for f=4 GHz. These experimental results were consis-
tent with those expected from numerical simulations,
depending on microwave frequency, power, chamber size,
and gas flow rate. Hence, both numerically and experimen-
tally, we can conclude the superiority of higher f microwaves
with Ly~ 1/4 (~Asw/4) for the microplasma thruster, in terms
of efficient plasma generation, gas heating, and thus thrust
performance, as well as system compactness.
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APPENDIX: EFFECTS OF H, AND N, ADDITION TO AR
PLASMAS

The effects of adding molecular H, (Refs. 107-111) and N,
(Refs. 112-119) gases to monoatomic rare gas Ar plasmas have
so far been studied both experimentally and numerically /the-
oretically at low pressures (~0.1-10 Pa). Briefly, compared with

ARTICLE scitation.org/journalljap

rare gas atoms, such molecules are characterized by various
low energy rotational, vibrational, and electronic energy
states that are excited by plasma electrons; then, the excited
states of molecules are quenched by collisions with back-
ground gas atoms/molecules, thus providing a pathway for
transfer of the electron energy to gases through a series of
inelastic collision processes.”” When N, is added to Ar, a
cooling effect occurs on the plasma electrons, and the elec-
tron temperature T, tends to be reduced."’™"” The EEDFs in
pure Ar plasmas are nearly Maxwellian below the inelastic colli-
sion thresholds with a slight depletion of electrons for energies
E.>11.6 eV [the first excitation threshold for Ar or the excita-
tion energy for Ar<(3p°4s *P,)];""" with increasing the fraction of
Ny, a reduction in the EEDF occurs in the range E.~1-5¢€V,
owing to some resonant electron-molecule vibrational excita-
tion processes.”""*”""% In these situations, the electron density
n, tends to decrease"”" and the gas temperature T, tends to
increase'” with the N, fraction. Moreover, the addition of N,
may alter the plasma properties through a resonant electronic
energy transfer between Ar metastable atoms and N, mole-
cules [Ar*(3p°4s>Py2) + No(X'E,") — Ar(3p® 'So) + No(C°I1,,)], !
which can lead to an overestimation of the gas temperature
derived from the vibronic spectrum of the N, 2nd positive band
assuming Ty~ Tror.

On the other hand, when H, is added to Ar, a little differ-
ent behavior occurs owing to a relatively large difference in
magnitude of the ionization cross section by electron impact
between Ar and H; [e.g., the total ionization cross section at
E.=50eV is or/(rmad) ~ 2.88 for Ar, 2.20 for N, and 1.07 Hy,'*
where ay denotes the Bohr radius], and to a relatively large
difference in mass of ion and neutral atoms/molecules
between Ar and H, (e.g., the mass in amu or g/mol is
M ~39.94 for Ar, 28.01 for Ny, and 2.015 for Hy). In these situa-
tions, with increasing the fraction of H,, the electron density
n, tends to decrease,'”’"" the electron temperature T, tends
to increase, ™" while the gas temperature Ty does not vary
significantly."” The EEDFs exhibit two distinct regions sepa-
rated by a kink at electron energy which increases with the
H, fraction from E. ~ 12 €V in pure Ar plasmas to E.~ 22 eV in
pure H, plasmas; °*""” the EEDFs with two distinct regions of
two different slopes can be approximated by a bi-Maxwellian
distribution with two distinct electron temperatures, where
the slope of the low-energy part decreases with increasing
the H, fraction, corresponding to the increase of T..
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