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A method to model the radio-frequency gas-discharge microthruster performance using particle-in-cell,
Monte Carlo collisions, and direct simulation Monte Carlo methods is presented. The radio-frequency gas-discharge
microthruster is an electrothermal device that exploits a capacitively coupled discharge to heat a propellant. The
plasma is characterized as a highly uniform, low-current density discharge propagating through a low-pressure gas.
To computationally assess the thruster’s propulsive capabilities, a numerical model composed of particle-in-cell/
Monte Carlo collisions and direct simulation Monte Carlo algorithms is used. A gas heat transfer model is included to
enhance the particle-in-cell/Monte Carlo collision simulations and to reflect the effects of neutral gas heating by the
plasma. The effects of inner electrode radius (0.5-10 mm), applied voltage (10-500 V), applied frequency (200-
1000 MHz), and pressure (0.1-10 torr) on thruster performance are investigated. Particle-in-cell/Monte Carlo
collision simulations are used to determine the overall trends in plasma characteristics within this parameter space.
These simulations show that increases in discharge pressure, radio frequency, applied potential, and inner radius
transmit more power into the fluid. However, the efficiency of power transmission into the fluid increases with a
decrease in either inner electrode radius or radio frequency and increases with applied voltage and pressure. Heat
transfer within the plasma discharge was shown to greatly affect the discharge characteristics and thruster
performance. Increasing the neutral temperature reduces the neutral density, thus reducing the power-transmission
efficiency. Thrust calculations using the direct simulation Monte Carlo method demonstrate that the coaxial radio-
frequency gas-discharge microthruster achieves a specific impulse in excess of 30% greater than a cold-gas

expansion.
Nomenclature P = pressure, torr
Ag = electrode surface area, m—2 Py = absorbed power, W .
A* = sonic area. m2 P, = power transmitted into the fluid, W
C, = specific heat at constant pressure, Jkg=' K™ Pg’( = power loss to walls, W .
d. = electrode separation distance, m P = power loss to charge-exchange collisions, W
Ef’dp = electric field. Vm~! P = power loss to elastic collisions, W
e — electron char’ge C PZ = power loss to excitation collisions, W
F — thrust. mN ’ P® = power loss to ionization collision, W
f = number density distribution function Py = stagnation pressure, Pa
stats 1 R = gas constant, J K~ kg™!

g = gravitational constant, ms R _ £ i >
I, = specific impulse, s of = oré 1c€ radius, mm
Ji = fundamental current density through a sheath, Am—2 r = radws, 1(111_m
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Ly = discharge chamber length, m dohm = Onhmic heating per unit area, W .m .
m = neutral particle mass, kg Sqoch = Stochastic heating per unit area, W m
n = mass flux, mgs™ T = temperature, K . .
m = electron mass, kg T4 = temperature at discharge exit, K
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o = fluid density, kg m~3
wy = angular applied radio frequency, s™!
w, = plasma frequency, s '

I. Introduction

N THE last decade, government agencies, military, and industry

have recognized the need to deploy small satellites and spacecraft.
Six main attributes of small spacecraft dictate design: modularity,
maneuverability, maintainability, lifetime, autonomous operation,
and launch/hardware cost [1]. As the spacecraft size is reduced, the
propulsion wet mass becomes a more significant portion of the
overall system mass. Chemical and electric propulsion alike have to
address these issues yet still deliver comparable propulsive
capability within their mission constraints. In particular, electric
propulsion systems also have to take into account power limitations.
The integration of electric microthrusters relies on reducing both
power and voltage requirements while ensuring reliable long-term
performance.

Since the 1990s, electric propulsion (EP) has become a vital part of
spacecraft propulsion for a wide spectrum of space missions and
applications. These systems can provide significant performance
benefits compared with conventional chemical systems [2,3].
Commercial satellite manufacturers have embraced EP due to the
significant economic advantages as well. To date, electrothermal,
electrostatic and electromagnetic systems propel close to 200
spacecraft in various mission scenarios spanning from low Earth
orbit to interplanetary trajectories [4]. However, these systems
employ electric thrusters, which function best at power levels greater
than 1 kW.

In general, microsatellites can draw power from two sources: solar
arrays or batteries. The main power bus of a typical microspacecraft
operates well below 100 V and may deliver power levels up to only
100 W. Many state-of-the-art micropropulsion systems use
electrostatic acceleration mechanisms to generate thrust: namely,
ion [5], Hall [6], field emission electric propulsion (FEEP) [7], and
colloid thrusters [8]. Other successful EP-based micropropulsion
systems encompass micropulsed plasma thrusters [9], vacuum arc
thrusters [10], and microwave electrothermal thrusters [11]. All of
these systems require high operating voltages (hundreds to
thousands of volts), all of which exceed available voltages on
microspacecraft. Power processing units must provide voltage
conversions between the main bus and the microthruster, thus adding
to the cost and weight of the spacecraft. Extremely high potential
differences can also be present, thus increasing the risk of
undesirable discharges that can damage sensitive instrumentation or
compromise satellite subsystems. Further, these high voltages
preclude a direct-drive scheme, which could reduce the amount of
power processing to an absolute minimum. A survey of current
electric micropropulsion options is given in Table 1 in which
representative chemical micropropulsion systems (cold gas, mono-,
and bipropellant [13—15]) are also included for comparison.

Electric micropropulsion systems can afford significantly higher
specific impulse over chemical propulsion systems, yielding a
substantial reduction in the propulsion system wet mass, but it is
important that the thruster’s power subsystem does not outweigh this
benefit. The power supply for an electric thruster is the largest

contributor to the propulsion subsystem with regard to mass and
volume [16]. On average, thruster power supplies are two to three
times more massive than the thruster itself.

Lifetime issues must also be carefully considered. Microthrusters
must endure extreme operating conditions and environments,
making extended lifetime tests an integral part of technology
development [17,18]. Furthermore, erosion of accelerator electrodes
commonly used in colloid and FEEP-type propulsion systems are
significantly lifetime-limited by the processes they use to generate
thrust. Other lifetime issues are backsputtered particles, secondary
electron impingement on emitter tips, diminished insulator proper-
ties due to propellant condensation between electrodes, and electron
impingement from neutralizers, which can cause overheating [19].

An alternative micropropulsion concept is the radio-frequency
gas-discharge (RFGD) microthruster. This type of thruster is
classified as an electrothermal system and has the potential to
overcome these severe microsatellite constraints. A capacitively
coupled applied-frequency discharge (RFCCD) between coaxial
electrodes provides propellant heating and thermodynamic
expansion of the gas generates thrust.

Applied-frequency discharges have been studied extensively for a
variety of applications over the past decades and, consequently, there
is a vast body of literature available regarding the theory, modeling,
and plasma characteristics of such discharges [20,21]. Preliminary
proof-of-concept experiments [22] on the application of applied-
frequency discharge for propulsion explored electrode wear by
comparing dc and applied-frequency operation at comparable levels
of power, mass flow rate, and electrode separation. The applied-
frequency mode showed favorable results with respect to surface
condition and discharge stability. The propulsive capabilities of this
concept rely on macroscopic parameters such as geometry (electrode
separation), discharge pressure, applied frequency, and applied
voltage. These parameters are strong determining factors for plasma
formation and the plasma characteristics, which ultimately affect
fluid heating, electrode erosion, and thus microthruster performance.

This type of thruster exhibits other beneficial attributes in addition
to electrode erosion reduction. Micro- and nanosatellites are limited
in mass, size, and available power, but are still required to perform
missions similar to those of larger satellites. An RFGD microthruster
can meet these requirements by providing the required performance
with a system that is comparatively lighter than most traditional
electric propulsion systems. This is achieved through the miniaturi-
zation of the power-conditioning systems, along with the reduction
of thruster size. With power requirements much less than most
mainstream electric propulsion systems (10—-100 W compared with
1-10 kW), the power-conditioning units for RFGD microthrusters
can be made much lighter. Small size/mass and extended operational
lifetime make RFGD an attractive candidate to fulfill the niche of
low-power, lightweight, cost-effective propulsion.

The main goals of this investigation are to develop an efficient
computational approach to model applied-frequency discharges and
apply it to simulations of a gas-discharge microthruster for various
parameters: namely, electrode geometry, pressure, applied voltage,
and applied frequency. This paper summarizes results of
computational modeling, which applies particle-in-cell (PIC) and
direct simulation Monte Carlo (DSMC) simulations to achieve these
goals.

Table 1 A survey of current micropropulsion options

Technology Electrostatic Electromagnetic Electrothermal Chemical

Hall/ion FEEP/colloid Micropulsed plasma thrusters Microwave electrothermal Cold gas Liquid

and vacuum arc thrusters thrusters and microresistojet

Thrust 1-20 mN 1 pu—1.5 mN 0.03-2 mN <5mN 0.5-50 mN 1 uN-200 mN
I, 1000-3700 s 450-9000 s 200-3000 s 50-250's 40-80 s 100-315 s
Power 50-300 W 1-100 W <10W 5-300 W —_—  —
Voltage 100-1000 V 1-10kV kv 1-10 v¢ — —
Thruster size <5cm¢ < 800 cm?® o 1-25 cm? 0.1-10 cm?® 0.1-10 cm?®
Thruster mass <1kg 0.1-1kg 0.06-0.5 kg 0.1-1 kg 0.01-0.5 kg 0.01-0.5 kg

“DC voltage for microresistojets [12].
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II. Background Theory
A. Principles of Microthruster Operation

Radio-frequency gas discharges can be divided into two main
categories: inductively coupled and capacitively coupled discharges.
Inductively coupled discharges involve electromagnetic induction
and create an electric field with closed field lines. In capacitively
coupled discharges, a voltage is applied across electrodes, similar to a
capacitor, for which the field lines intersect the electrodes.

AnRFCCD s atype of discharge created by oscillating the applied
potential across two electrodes at radio frequencies. The structure of
an RFCCD, as well as its governing principles, is functionally similar
to that of a dc glow discharge, albeit being symmetric in nature. A dc
glow discharge is composed of four major regions (the positive
column, cathode fall, anode fall, and negative glow/Faraday dark
space), is macroscopically time-independent, and primarily uses
conduction currents [20].

Conversely, the RFCCD is time-variant, operates using both
displacement and conduction currents, and consists of two major
regions. The discharge is composed of a central quasi-neutral region,
which is analogous to the positive column of a dc glow discharge and
sheath regions that exist between the quasi-neutral region and each
electrode. The sizes of each region depend on the operating pressure,
applied voltage, and relative size of each electrode [23]. A schematic
of atypical coaxial RFCCD is given in Fig. 1. The creation of sheaths
represents a change in electron/ion number density due to electron/
ion diffusion into the electrode itself and for which the structure
oscillates with the applied field.

The electron and ion motions within the gas discharge are
governed by the applied electric potential and momentum transfer
due to collisions with neutral gas molecules [20]. Coulomb collisions
between ions and electrons can be neglected for an applied-
frequency discharge thruster of this design due to weak ionization
(typically, n;/n < 1073). The oscillations of ions and electrons in a
gas discharge are due to a combined effect of two processes: namely,
the drift of charges in an electric field and momentum transfer due to
collisions. The frequency of such oscillations depends on the
effective collision frequency of momentum transfer between charged
particles and gas neutrals v,, and the applied frequency w;. The ratio
between the two frequencies is a nondimensional number that
characterizes the collisional regime. In a limiting case, when
w¢/v,, < 1, the plasma can be described as a collisional continuum
governed by the electrohydrodynamic equations. Conversely, for
/v, > 1, the ions and electrons undergo free oscillations in a
collisionless manner that can be described by ballistic-type models.
In the transitional regime between the continuum and collisionless
plasmas, a kinetic description based on the distribution function of
charges is required. For argon, the effective frequency of momentum
transfer due to plasma collisions is estimated as [24]

T,
U = vmoP(%f) (M

with pressure in torr and v,,=5.3 x 10° Hz/torr for argon.
Figure 2 shows the collisional regimes of argon discharge as a
function of gas pressure and applied frequency. For pressures larger
than 10 torr, the plasma lends itself to a continuum description for

Outer Electrode |

Quasi-Neutral
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P Electrode Sheaths .

| Inner Electrode |
Fig. 1 Schematic of a typical coaxial RFCCD.

frequencies up to 1 GHz. On the other hand, for pressures below
10 torr, the discharge is in a noncontinuum regime for the whole
applied-frequency range. Therefore, to accurately predict argon
discharge characteristics at low and moderate pressures, this study
applies a kinetic approach based on the particle-in-cell method with
Monte Carlo collisions (PIC/MCC).

In an RFCCD, the applied-frequency potentials and currents are
applied directly to the electrodes, creating high-voltage capacitive
sheaths between the electrodes and the bulk plasma. These sheaths
lead to a stochastic/collisionless heating of the plasma at the plasma
boundaries and can become a large component of the total plasma
heating at lower pressures. At higher pressures and applied
frequencies, the sheaths recede in width and collisional power
transmission dominates [20]. Thus, two major types of fluid heating
are present in an RFCCD under the conditions considered in this
investigation.

The primary method of fluid heating is ohmic heating. Ohmic
heating is predominately caused by collisional momentum transfer
between the plasma and neutral molecules and can be expressed per
unit area as [20]

b 1 m, vmd

SohmIETvgap‘]lz (2)

Stochastic heating is the second major heating mechanism present
inan RFCCD. Stochastic heating arises from a velocity change due to
the time-varying fields present along the sheath boundaries. When
the mean free path of an electron exceeds the width of the sheath, the
electron is reflected by the space charge potential present at the
sheath boundary. This is akin to throwing a tennis ball at a large wall,
except in this case, the wall oscillates at the applied frequency. Thus,
energy is imparted to the electrons by the moving sheath boundary
and the fluid is effectively heated. A relation for the stochastic
heating per unit area in a single sheath is given as [20]

- 1m,v,
Sstoch = 5 e2n J% (3)

0

Substituting the fundamental current density
J} o nyeeqi T * v, @)

into Egs. (2) and (3), one can obtain the relations for ohmic and
stochastic heating in a more useful form:
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Fig. 2 Collisional regimes for argon as a function of applied frequency
and pressure at 300 K.
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_ m 1/2
Sstoch X (7() EwaT V] (6)

Ohmic heating can also become a large heating component within
high-voltage collisional sheaths. This component can be expressed
for each sheath using [20]

m _
S ohimsh o<2€ Oy gy Te PV (7

Combining Eqgs. (1) and (5-7), the total absorbed power within the
discharge can be written as
w PV,

nT, TV?

ngte

n, Pd
P, X {[—ﬁ vIZ 4 Vl]a) TV 4+ }ASurf 8)
n, Tng

Assuming that stochastic heating is small compared with ohmic
heating over the range of conditions in this investigation and the ratio
of electrode radii is fixed to yield a 50-€2 impedance in vacuo, Eq. (8)
can be written in terms of the input parameters (pressure,
temperature, inner radius, applied voltage, and applied frequency) as

w vy 2} ProLy, ©)

nST;/z Tng

P s {Ew}V}/ZTJ/er
n(]

Equation (9) shows that the power absorbed by the fluid is directly
proportional to the discharge pressure, inner radius, applied
potential, and the applied frequency, but is inversely proportional to
neutral temperature. The only unknown quantities in Eq. (9) are a
discharge shape factor n,/n,, the number density at the beginning of
the sheath n, and the electron temperature 7,. These quantities have
more complex relations with the input parameters, but can be
determined once the discharge is known.

B. Previous and Related Work

Although this thruster technology is relatively new, applied-
frequency technology has been previously used as a propulsion
mechanism, albeit in different ways [25-31]. Although past research
has not been extensively performed using an RFCCD for propulsive
applications, it has been used extensively for several decades in the
field of etching and sputtering [20,21]. Etching/sputtering research is
primarily devoted to a low-pressure discharge in argon to effectively
sputter or etch a target material, but is not used for heating a fluid.
Although the process is effectively the same, the objectives of a
sputtering/etching discharge are the opposite of those required for
thruster operation. Work has also been done regarding the use of
different gases within the discharge [32-37], which illustrates
possible benefits of using various propellants.

The most technically similar work was performed in 1999 [22,38].
This experimental work focused primarily on investigating electrode
erosion and the effect of characteristic operating parameters such as
mass flow, applied frequency, applied power, and electrode
separation distance. It was performed with a large proof-of-concept
thruster having an inner electrode diameter of approximately 5 cm.
This work demonstrated a reduction in electrode erosion when
compared with operation in a dc mode, as well as an appreciable rise
in temperature within the thruster.

III. Modeling Approach

The presented modeling approach combines both PIC and DSMC
methods to evaluate the performance of RFGD microthrusters. The
control parameters used in this investigation include pressure,
electrode size, applied frequency, and applied voltage. These control
parameters range from 100 to 1000 MHz for the applied frequency,
voltages between 10 and 500 V, and pressures varying between 0.1 to
10 torr. The geometry of the thruster corresponds to prototypes
studied experimentally at Purdue University. Figure 3 shows a
schematic of the thruster. The discharge annulus is formed by coaxial
electrodes, for which the radii obey the impedance law for coaxial
transmission lines in vacuum. The length of the discharge annulus is
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Fig. 3 Thruster schematic.

tpa = 5 mm. The radius of the inner electrode is varied between 1
and 5 mm, and the radius of the outer electrode adjusts according to
the impedance law, maintaining 50 € in vacuum. Downstream of
the discharge annulus is a contoured nozzle plate. This plate is
ten = 6.5 mm thick and features an orifice of radius R,y = 1 mm.

A. Particle-In-Cell/Monte Carlo Collision Modeling

The PIC/MCC method is currently the most powerful approach for
kinetic plasma modeling in the subcontinuum regime [39—41]. PIC/
MCC simulations are used in this model to determine plasma
characteristics within the coaxial discharge chamber. The charged
test particles in the PIC/MCC method move in the applied electric
field, and representative collisions between charged and neutral
particles are calculated using the Monte Carlo method. Our model
uses XPDCI1, a one-dimensional, bounded, cylindrical plasma
simulation code developed by the Plasma Theory and Simulation
Group at the University of California at Berkeley. The argon
collisional model employed in XPDC1 includes electron-neutral
ionization, lumped excitation, and elastic scattering collisions using
Lawler—Kortsghagen cross sections [42]. lon-neutral charge
exchange and elastic scattering collisions are also incorporated.
The computational parameters of the PIC model were chosen to meet
the following criteria for numerical accuracy:

1) The number of cells nc > 2d,,,/Apg.

2) The time step At < 0.2/w, and At < 1/w;.

3) The ratio of computational to physical particles is determined
such that nc2p results in ~50-100 computational particles per cell at
steady state.

The discharge is simulated until the plasma number densities
stabilize within 1% of the average number density taken over the
last 1000 applied-frequency cycles.

1. Constant-Temperature Model

The first temperature model employed in this investigation is a
constant-temperature model. In this model, the neutral gas
temperature within the PIC simulation remains constant throughout
the discharge and is not affected by the plasma. The neutral-gas-
temperature distribution is later calculated separately, after the PIC
simulation reaches a steady state, for use as an input condition in the
DSMC simulation. The neutral gas temperature is calculated based
on the period-averaged electric field and the ion current density by
solving 1-D heat conduction within the coaxial electrode gap [43]:

10 T L=
—;5[ 8Vi| (J-E) (10)

This model is subject to the boundary conditions of a fixed
temperature of 300 K at both the inner and outer electrodes, where T
is the gas temperature, k is the thermal conductivity, j is the ion

SData available online at http://ptsg.eecs.berkeley.edu/ [retrieved
12 December 2006].
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current density, and E is the electric field. The angle brackets on the
right-hand side denote period-averaged quantities.

2. Gas Heat Transfer Model

The original code XPDC1 was augmented to incorporate real-time
changes in the discharge as a result of plasma heating. Because the
main goal of these simulations is to study the performance and
behavior of a microthruster that uses an RFCCD to heat a working
fluid, neutral gas heating effects need to be taken into consideration.
XPDC1 was originally written to model different plasma discharges
at lower pressures where modeling via PIC simulations is efficient.
Within this realm, heat transfer to the neutral gas species can be
considered negligible and thus is not simulated. This investigation
borders on the periphery of this model and must range from a
collisionless regime to that of a continuum, in which changes in
neutral gas temperature become more prevalent. Thus, gas-
temperature variation must be incorporated to make the simulation
self-consistent within subcontinuum and continuum regimes.

The neutral gas temperature is calculated based on period-
averaged power transmission into the fluid by solving 1-D heat
conduction in the coaxial electrode gap with fixed-temperature
boundary conditions. This is traditionally solved using Joule heating
in diffusion-drift approximation [43]. In PIC simulations, it is
possible to use the actual power transmission that occurs with the
various types of plasma-neutral collisions:

19 ar
—[rka] = (P)) (11)

ror
where T is the gas temperature, k is the thermal conductivity, and the
angle brackets on the right-hand side denote a period-averaged
quantity. Four power-loss mechanisms exist in this regime, namely,
due to elastic ]P’ecl, charge exchange P¢, ionization ]P’ig, and excitation
collisions PZ. The power transmitted into the fluid consists of only
the first two power-loss mechanisms and can be written as

P, =Py + P (12)

Electrons can collide with neutrals via elastic, ionization, or
excitation collisions, whereas ions and neutrals collide elastically or
via charge exchange.

Elastic and charge-exchange collisions directly transfer energy
from the plasma to the neutrals. Conversely, ionization and
excitation collisions serve a different purpose. Ionization collisions
create ion-electron pairs that help sustain the plasma and offset
diffusion losses. The remaining energy not used to ionize the neutral
atom is transferred directly to the energy of the new ion/electron pair.
The power lost to excitation collisions is regarded as a similar loss
mechanism. It is not used to heat the working fluid, but is lost via the
excitation of electrons within the outer valence shells of the neutral
molecules, which is then reemitted via the glow. Although it is
understood that some of the photonic power reemitted from the
excited neutrals could be used to heat the fluid, it is believed to be
negligible in comparison with the sum of the other heating
mechanisms and is not modeled in this simulation.

The neutral gas temperature is calculated using Gaussian
elimination with partial pivoting every 1000 time steps. A
distribution of the time-averaged power transmitted into the fluid is
used to solve for the temperature distribution throughout the
discharge. The thermal conductivity of argon is calculated using a
power-law temperature model and the temperature distribution at the

previous time step:
3 T\
k= Ecpﬂref (Tf) (13)
with

Moot = 2.117 x 1075 Nm~2 s
T =2732K =081

C, =524 Jkg' K

The temperature boundary conditions for this investigation were set
to 300 K, which is typical for the initial stage of thruster operation.
The wall thermal boundary conditions are dependent more on the
specific thruster design and operating conditions and were set to
300 K for this investigation.

B. Direct Simulation Monte Carlo Modeling

The DSMC method is applied to model the neutral gas expansion
in the microthruster nozzle. A kinetic approach to modeling neutral
gas flow in the thruster is needed due to significant effects of
rarefaction in the operating pressure range (mtorr—torr). The value of
the Knudsen number based on the orifice diameter of 2 mm is about
0.04 at P =1 torr and T = 300 K. The axisymmetric DSMC code
SMILE (statistical modeling in a low-density environment) [44] is
applied with a variable-hard-sphere model, a molecular diameter of
4.17 x 1071° m, and a viscosity-temperature exponent o, = 0.31 for
argon.

The applied-frequency thruster performance parameters such as
thrust, mass flow rate, and specific impulse are calculated based on
the DSMC solution at the orifice exit plane and compared with those
for cold-gas expansion for the same geometry and similar operating
conditions. For nonequilibrium flow, thrust is defined as [45]

F:/p{/b/oo [oouzfdudvdw}dA (14)
A a —00 JO

where u, v, and w represent the velocity components. The thrust can
then be calculated in terms of sampled parameters in the DSMC

simulation using
_ T,
F= /(puz + P—) dA (15)
A T

where T, represents the axial temperature component. Also, the ideal
microthruster performance can be calculated assuming isentropic
expansion through a smooth sonic nozzle into vacuum as follows:

) y—N\aim [p
—(1+72 Y par 1
I ( +73 ) R o (16)
[2RT,(y + 1)
gly = | —2 T (17)
y
F=1I,g (18)

Approximately 5 million computational particles and about 1 million
collision cells with a time step of 30 ns were used in the DSMC
simulation that took about 24 h on eight processors of a
SunFire 4600.

IV. Results and Discussion

The primary goal of this investigation is to discover overall RFGD
microthruster performance trends by comparing how the four design
variables (chamber pressure, inner radius, applied frequency, and
applied voltage) affect thrust, specific impulse, power transmission,
and power-transmission efficiency. For this investigation, the ratio of
the inner and outer electrodes is fixed such that the thruster
impedance (in vacuo) is approximately 50 2.

Performance analysis is performed in three major sections. It
begins with an initial study over a range of design variables and
investigates their effect on the characteristics of the gas discharge.
This analysis provides general trends for the dependence of the
various types of power loss and power-transmission efficiency over a
range of input conditions. This section primarily focuses on the
effects of applied frequency, discharge pressure, inner radius, and
applied voltage. In the second section, additional analysis is
performed regarding the effect of heat transfer and the neutral gas
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temperature. From these results, a microthruster design case is
chosen and used for further DSMC analysis in the last section to
determine overall thruster performance. In the last two sections, both
the constant-temperature model and the gas heat transfer model are
employed to illustrate the importance of gas heat transfer within the
discharge and how plasma heating can affect thruster performance.
There are two general types of power losses considered in this
investigation: that lost to collisions and that lost to electrode impact.
Collisional power loss is further divided into four types (power lost to
elastic, charge exchange, ionization, and excitation collisions), each
influencing performance in a different way. Ionization and particle
diffusion dominate the net particle-generation rates, whereas
recombination and convective losses have been found to be
negligible in discharges operating under these conditions [46].

The RFGD microthruster performance is characterized chiefly by
its ability to efficiently convert energy of the applied electric field
into the propellant enthalpy and then to kinetic energy in the nozzle
expansion. This ability can be characterized through a ratio of power
transmission into the fluid over the total absorbed power:

- Py
=P,y PE + PR+ P,

19)

This parameter 7pc is an indicator of how well a given thruster
design can heat the working fluid for a given amount of total power
delivered to the thruster. This can also provide a metric for evaluating
electrode erosion. Although particle collisions with the electrodes
cannot be totally eliminated in general, conditions can be sought that
effectively minimize the power loss to the electrodes.

This analysis also considers limitations in applied power. The PIC/
MCC code incorporates either a voltage-limited or current-limited
source, but does not include any type of power limitation. This poses
a problem because the applied power will be physically limited by
the type of power supply that is ultimately used. For the scope of this
analysis, cases that have a total power absorption of approximately
50-75 W are considered desirable for a thruster of this type and
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mission. Other cases that provide a power consumption outside this
range are presented to express overall trends, but are not used for
thruster design.

A. Gas-Discharge Analysis

The first step to understanding RFGD microthruster performance
is to investigate the influence of the various input parameters
(namely, discharge pressure, applied potential, applied frequency,
and electrode geometry) on the discharge characteristics. The first
section investigates the effects of pressure and frequency on both the
power transmitted into the fluid and the power-transmission
efficiency for two different inner radii and two applied voltages. The
second section achieves a similar aim by investigating microthruster
performance by varying both the inner radius and applied voltage at a
fixed pressure and frequency.

1.  Effects of Pressure and Frequency

This section explores how discharge pressure and applied
frequency affects microthruster performance for different inner radii
and applied voltages. Figures 4 and 5 illustrate the effects of pressure
and applied frequency on both the power transmitted into the fluid
and the power-transmission efficiency. Coulomb-collision and
diffusion-limited regions are also identified in Figs. 4 and 5. In the
coulomb-collision region, the assumption n,;/n < 1073 is violated
and thus provides poorly modeled results. This occurs in regions of
low pressure and high plasma number density. Also, within the
diffusion-limited region, the electron diffusion to the electrodes is
too large compared with electron—ion production and the plasma
discharge becomes unsustained. This occurs again at lower pressures
and lower voltages where ionization is poor and diffusion to the
electrodes is high.

These results show that the power transmitted into the fluid is
directly proportional to both the applied frequency and the discharge
pressure. An increase in pressure increases the plasma-neutral
collision frequency [Eq. (1)] and thus allows more power to be
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Fig. 4 Power transmitted into the fluid (in watts).
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Fig. 5 Power-transmission efficiency 7pc for the 5-mm, 500-V case.

transmitted into the fluid. Increasing the applied frequency increases
the sheath current density, thus increasing the amount of power
transmitted into the fluid via ohmic heating [Eq. (4)]. Both the
relationship for applied frequency and pressure are also reflected in
Eq. (9). Figure 5 shows that the power-transmission efficiency
improves as the plasma becomes more collisional and scales with an
increase in pressure or a decrease in frequency, as in Fig. 2.

Figure 4 also shows that with a general increase in either the inner
radius or the applied potential, the power transmitted into the fluid
increases. Figure 5 shows that increasing the voltage increases the
power-transmission efficiency, but conversely, an increase in inner
radius decreases the power-transmission efficiency. These effects are
further discussed in more detail in Sec. [V.A.2.

2. Effects of Inner Radius and Voltage

The second section of this analysis observes the effects on
microthruster performance regarding changes in inner radius and
applied potential. Changes in these two parameters dictate variations
in the reduced electric field and hence the structure of the discharge
itself. For this investigation, the outer electrode radius, and thus the
thruster geometry, is defined such that the thruster impedance (in
vacuo) is approximately 50 €2. Thus, varying the inner electrode
alone scales the interelectrode gap and consequently the discharge
volume.

Investigating the variation of the inner radius and applied potential
produces information regarding thruster scalability and the
applicability of using satellite bus voltages directly, without any
need for voltage conditioning. It is believed that there are effective
limits on both the inner radius (i.e. interelectrode gap distance) and
the applied potential corresponding to limits in the discharge physics.
The applied potential and inner radius must be in a configuration for
which a discharge cannot only be initiated, but also sustained. Thus, a
balance between the ionization and plasma diffusion must be
achieved to create and sustain the discharge. If the ionization rate is
too low or the diffusion rates are too high, a discharge cannot be
sustained. Also, the physical characteristics of the discharge will
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Fig. 6 Power transmitted into the fluid (in watts).

RO [cm]

Pressure [Torr]: 3 :: RF Frequency [MHz]: 200

1.02 100
80
0.78
£ 60 a
o 0.53 =,
© 40
0.29 20
0.1
100 250 0
Voltage [V]

Fig. 7 Power-transmission efficiency npc.

change, shifting the discharge from an « type to that of a y type or
even possibly that of a glow-arc transition.

The limits of these two parameters range from 0.5 mm to 1 cm for
the inner radius and 10 to 500 V for the applied potential. The ranges
of these variables were determined from both previous studies [47]
and the desire to investigate the lower operating limits for both the
applied potential and thruster size. The power transmitted into the
fluid and the power-transmission efficiency for this study are shown
in Figs. 6 and 7.

As aforementioned, one can see the power transmitted into the
fluid increase with an increase in both potential and inner radius.
Because the power transmitted into the fluid is mainly composed of
the power lost to charge-exchange collisions, any trends shownin IP,
can be explained via trends derived from IPZ. Increasing the applied
potential increases the potential drop through each sheath, thus
causing the ions to accelerate faster within each sheath, thus
increasing the power transmission for each ion-neutral collision. An
increase in inner radius increases the volume of the discharge that
translates into an increased number of collisions within the discharge
at a constant number density, which correspondingly increases the
total amount of power transmitted into the fluid. These relations can
be shown in Eq. (9).

In terms of the power-transmission efficiency, higher voltages and
lower inner radii are preferred. This is mainly related to how the
power lost to charge exchange and power lost to excitation collisions
change. As the voltage is increased, the voltage drops across the
sheaths become more pronounced, leading to an increase in charge-
exchange power loss. However, increasing the voltage has a lesser
effect in the quasi-neutral region, which remains near a constant
potential. Power lost to charge exchange (the primary component of
IP/) increases at a faster rate than that of the power lost to excitation
collisions (the primary inefficiency) and thus increases the power-
transmission efficiency with an increase in voltage. An increase in
inner radius has little effect on the quasi-neutral and sheath regions
within the discharge. Therefore, there is a less pronounced effect with
a change in inner radius, which is shown in Fig. 7.

This study also found lower limits to both the inner radius and
potential. Discharges simulated at 10 V exhibited very little
ionization and not enough to sustain the discharge. Also, discharges
simulated with an inner radius of 0.5 mm could not be sustained
regardless of potential. Mainly, the electron diffusion rates were too
high to fully sustain the discharge.

Table 2 Comparison of estimated statistical errors for the different
power-loss mechanisms

Conditions %Pt %P %PT BP; %Py
1 mm 100 V 10 6 5 5 23
5 mm 100 V 18 10 7 9 47
1 mm 500V 18 10 9 10 48
5 mm 500 V 25 14 10 14 79
3 torr 200 MHz 28 6 6 6 60
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Table 3 Comparison of data with different temperature models

Constant-gas temperature model

Conditions: Too K ilym™ P W npc

3 torr 200MHz 3mm 59V 300.0 1.57e17 030 025
3 torr 200MHz 5mm 500V 300.0 1.76el8 32.5 0.69
10torr 1000MHz Imm 100V 3000 7.72¢18 4.57 0.30
1 torr 600MHz Imm 500V 3000 5.30el8 168 0.64
Gas Heat Transfer Model

Conditions: T K ,m™ P, W npc
3 torr 200MHz 3mm 59V 3124 13517 044 0.18
3 torr 200MHz 5mm 500V 6059 1.12¢18 30.2  0.68
10torr 1000MHz Imm 100V 4304 590e18 626 0.33
1 torr 600 MHz Imm 500V 5582 3.04e18 148 0.49

3. Estimated Statistical Errors of PIC/MCC Calculations

The estimated statistical errors for the various power-loss
mechanisms are shown in Table 2 and are calculated by taking the
ratio of the standard deviation of the data to its average. The values
presented in Table 2 represent an average of the statistical errors for
all the cases simulated at the specified conditions. The average
statistical error in both the electron and ion number densities for all
conditions is less than 1%.

The power lost to the walls presents the largest statistical error for
these cases, with the power lost to ionization collisions being the next
largest. These errors can introduce large uncertainties in the
calculation of the power-transmission efficiency, especially at lower
values. For regions in which the power-transmission efficiency is
relatively high for instance, the 5S-mm inner radius 500-V cases, the
magnitude of the power lost to ionization and the walls is relatively
small when compared with that of the power transmitted into the fluid
or the power lost to excitation. This is mainly because the power
transmitted into the fluid and the power lost to excitation collisions
represent the majority of the power absorption in the discharge. In
general, the power lost to the walls and to ionization collisions is
relatively smaller than the aforementioned. Thus, as power
transmission into the fluid increases, the overall effect of these
statistical errors on the power-transmission efficiency is reduced.

B. Effects of Gas Heat Transfer

To better understand how gas heat transfer affects the
characteristics of the plasma discharge and their performance
implications on an RFGD microthruster, four cases were analyzed
with both temperature models. Each case corresponds to a different
power level at a different set of input conditions, and the results from
this analysis are shown in Table 3.

The magnitude of the effect that neutral gas heat transfer has on the
discharge characteristics depends on the operating conditions of
thruster. Over this range of input conditions, the power transmitted
into the fluid varies greatly and changes the effect of neutral gas heat
transfer in the discharge. Even at a lower power, heat transfer to the
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=3 torr, 200 MHz, 3 mm 59V
—o—1 torr, 600 MHz, 1 mm 500V
—0—10 torr, 1000 MHz, 1 mm 100V

Fig. 8 Comparison of temperature profiles and the gas heat transfer
model.
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Fig. 9 Comparison of electron number density profiles.
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Fig. 10 Comparison of electron number density profiles.

neutrals is nonnegligible. As power is transmitted to the neutral gas,
the neutral temperature rises, reducing the gas density and thus the
neutral collision frequency. This reduces the plasma’s effectiveness
to transmit power into the fluid and thus reduces the gas temperature,
until the discharge becomes stable. Thermal conductivity effects are
also nonnegligible, especially for higher-power/higher-temperature
discharges. The temperature distributions for these cases are
compared in Fig. 8.

Gas heat transfer not only affects the bulk parameters of the
discharge but also affects the shape of the discharge as well. Electron
number densities are compared for two cases in Figs. 9 and 10. The
presence of higher neutral temperatures in the discharge reduces the
electron number densities of the plasma, as aforementioned, but also
affects their distribution shape. An increase in neutral temperature
effectively reduces the discharge pressure via a reduction in neutral
number density. This effect can be shown using the plasma-neutral
collision frequency estimated in Eq. (1).

Therefore, similar discharge characteristics should appear if the
pressure is raised with an increase in temperature that keeps the
plasma-neutral collisional frequency constant. This will not exactly
be a one-to-one relation, given that collision cross sections, power
transmitted into the fluid, and thermal conductivity are all functions
of temperature. Also, there will be effects derived from the shape of
the temperature distribution itself, because it is not constant across
the discharge. Electron number density profiles and bulk parameters
of the 5-mm/500-V case with gas heat transfer are compared with
those of a discharge at similar conditions, but with a discharge

Table 4 Comparison of reduced effective pressure on discharge

parameters

Model Ty K Aem™  PrW o e
3 torr, 200 MHz, 5 mm, 500 V

Constant gas temperature 300.0 1.76el8 325 0.69
Gas heat transfer 605.9 1.12el18 30.2 0.68
Constant gas temperature 600.0 1.19e18 13.0 0.66
1.5 torr, 200 MHz, 5 mm, 500 V

Constant gas temperature 300.0 1.18e18 12.4 0.65
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Fig. 11 DSMC calculated temperature contours (top) and X-velocity
contours and streamlines (bottom) with gas heat transfer.

pressure of 1.5 torr. This reduction in pressure corresponds to the
effective increase in average temperature shown by the addition of
gas heat transfer and is shown in Fig. 10 and Table 4.

Figure 10 shows the difference in discharge structure with and
without gas heat transfer. This is the average neutral gas temperature
used in the PIC simulation, not an average of the neutral gas
temperature calculated using 1-D heat conduction calculated
separately. The presence of neutral gas heat transfer not only reduces
the electron number density as expected, but it also reduces the sizes
of both presheath peaks.

Two discharges at 1.5 torr/300 K and 3 torr/600 K with
constant-temperature profiles were also compared. These two cases
show similar discharge characteristics, with the exception of slightly
enhanced presheath peaks in the 3-torr case. This illustrates the fact
that plasma-neutral collision frequency influences the overall
number density of the plasma, but the discrepancies indicate that
other factors can influence the discharge shape to a lesser extent.

One can also observe the effects of the neutral temperature
distribution by comparing the 3-torr/600-K case with and without
neutral gas heat transfer. The similarity of the distributions exhibited
in these cases reinforces the hypothesis that the plasma-neutral
collision frequency is a primary mechanism for creating similar
discharges. Secondary mechanisms, such as the shape of the neutral
temperature distribution and thermal conductivity, also play a role in
the discharge characteristics. Operating at a higher pressure and a
lower temperature is beneficial for better power transmission into the
fluid, but does not necessarily mean better power generation by the
discharge in general.

C. Microthruster Performance

DSMC modeling was applied to obtain flowfields and thruster
performance of the RFGD microthruster at design conditions of
3 torr, 500 V, 5 mm, and 200 MHz. The DSMC computational
domain is shown in Fig. 11 and extends from the exit of the discharge
chamber/inner electrode wall on the left (x = 0) to the converging

nozzle (shown in gray) through which the flow expands into a
vacuum. The inflow boundary at x = O corresponds to a constant
pressure of 3 torr, zero velocity, and gas-temperature distributions
obtained via PIC/MCC simulations using both preceding temper-
ature models (Secs. III.A.1 and III.A.2). The main mechanism for
performance gain is through a plasma heating of the propellant by the
discharge, but microthruster performance is also affected by heat
transfer to the nozzle walls. The effect of heat loss was investigated
by considering two different thermal conditions at the nozzle wall
boundaries and using temperature distribution derived from the PIC
results using the constant-temperature model. The adiabatic nozzle
wall is modeled using a zero-energy accommodation coefficient in
the Maxwell gas—surface interaction model. Another case was
considered with a cooled nozzle wall and the nozzle wall was set to a
constant temperature of 300 K. The results of these analyses are
given in Table 5.

It can be seen that using an RFCCD can provide notable
improvement over using a cold-gas expansion. Heat transfer within
the discharge, as well as between the discharge and the thruster walls,
can also have a significant impact on the microthruster performance.
There are several ways to further increase the specific impulse of an
RFGD microthruster. First, a propellant that is easy to ionize (e.g.,
xenon) and that has a lower molecular weight (e.g., helium) would
allow an increase in the specific impulse by a factor of at least two.
Second, the discharge at higher pressures would decrease viscous
losses and would allow achieving a supersonic flow in the nozzle
expansion. For the current thruster configuration and discharge
pressure of 3 torr, the Reynolds number at the orifice plane is about
40. At such a low Reynolds number, viscous losses are extremely
large and the efficiency of converging—diverging nozzle is even
lower than that of an orifice expansion [48]. The experimental and
numerical results [48] for gas expansion through nozzles and orifices
at low Reynolds numbers indicate that to achieve a supersonic flow,
the pressure has to be increased by a factor of about 6. RFCCD at
such high pressures can be achieved for millimeter-scale coaxial
gaps, if the discharge chamber length increases. If these two
mechanisms for increasing the specific impulse of an RFGD micro-
thruster are applied, the specific impulse of such an electrothermal
micropropulsion system can approach that of macroscale chemical
thrusters.

V. Conclusions

An RFGD thruster was modeled using a combination of PIC and
DSMC simulations. It was demonstrated that there is a required
minimum applied potential and minimum inner radius for which a
discharge can be sustained. Power transmission into the fluid
increases with an increase in applied potential, inner radius, applied
frequency, or discharge pressure. Power-transmission efficiency
increases with an increase in applied potential, an increase in
discharge pressure, or a reduction in applied frequency or inner
radius. Both of these trends can be explained by changes in the
relative magnitudes of charge exchange and excitation power losses
or the discharge volume. A gas heat transfer model was successfully
implemented within PIC/MCC simulations and illustrates that heat
transfer to the neutral gas molecules plays an integral part in

Table 5 Applied-frequency thruster performance using the constant 300 K (CT3K) and gas heat transfer (GHT) temperature models at
3 torr, 5 mm, 500 V, and 200 MHz)

Case T4, K F, mN m, mg/s Iy, s I, improvement over cold gas
DSMC results with applied-frequency discharge model

300-K wall, CT3K 1990 1.29 2.25 58.2 31%

Adiabatic wall, CT3K 1990 1.12 1.27 89.5 102%

300-K wall, GHT 600 1.00 1.73 58.6 32%

Adiabatic wall, GHT 600 1.25 2.00 63.8 44%

Cold-gas expansion 300 1.33 3.05 443

Ideal nozzle results
300-K expansion 300 1.9 3.7 51.3
600-K expansion 600 1.8 2.5 72.5
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developing the plasma discharge. The plasma-neutral collision
frequency is the largest influencing factor in determining power
transfer into the fluid. This investigation shows that the RFGD
microthruster concept can potentially provide thrust in the
millinewton range while meeting stringent power/size limitations
and achieving improvements in specific impulse, comparable with
that of typical cold-gas thrusters.
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