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Abstract: A comprehensive radio-frequency gridded-ion thruster model is presented in
order to investigate the main thruster performance parameters. The model is composed of
various sub-models to account for different physics phenomena present during the thruster
operation. A 2D axis-symmetric ion gun sub-model is used to determine the ion optics
effective transparency and beam divergence. A 3D molecular gas sub-model calculates the
neutral gas pressure and density in the discharge. An electron transport sub-model solves a
two-term approximation Boltzmann equation to obtain rate coefficients and the effective
collision frequency. A volume-averaged 0D plasma sub-model is employed to calculate the
plasma density, temperature, potential and stochastic collision frequency. To improve on the
uniform plasma assumption, a radial variation in plasma density/conductivity is introduced.
The coupling between the coil and plasma is represented using a 2D axis-symmetric
electromagnetic sub-model that solves Maxwell’s equations in the plasma represented by a
complex conductivity and surrounding thruster components. A 3D thermal sub-model
calculates the temperature distribution inside the thruster. To account for the impedance
matching and power losses within the cable and radio-frequency generator, a radio-
frequency circuit sub-model is introduced with the thruster effect on the circuit expressed
through a complex impedance obtained from the EM sub-model. It was shown that the
model predicts the main RIT 3.5 thruster performance parameters within 10% error when
compared to the experimental test data.
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= area, m?
magnetic field, T
electric displacement field, C/m?
ion diffusion coefficient, m?/s
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electric field, V/m
= grid open area fraction
= incident molecular flux, 1/(m?s)
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= local and center plasma density ratio
current, A

emitted molecular flux, 1/(m?s)
field coupling coefficient

= rate coefficient for collision species k, m3/s
thermal conductivity, W /(mK)
inductance, H

ion mass, kg

= complex mutual inductance, H
asperities average slope, rad

gas flow rate, sccm

density, 1/m3

= pressure, mTorr

power, W

resistance, Ohm

plasma temperature, eV

effective ion optics transparency
neutral gas temperature, K
discharge chamber wall temperature, K
ionization potential, eV

= grid voltage, V

= Bohm velocity, m/s

potential, V

velocity, m/s

energy, J

work function, eV

= complex impedance, Ohm

= ionization fraction

particle current, particles/s

ion confinement factor

Berr effective skin depth, m

£ = mean electron energy, eV
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Ne = Clausing factor

A = ion mean free path, m

u = electron mobility, m?/(Vs)

v = collision frequency, Hz

Dv = space charge density, C/m?>

Oasp = asperities average height, m

Oy = complex plasma conductivity, S/m

O = collision cross section for species k, m?

Om = effective total momentum transfer collision cross-section, m?
) = plasma potential, V

Xo1 = first zero of the Bessel function of the first kind
w = radial frequency, Hz

J = stochastic heating parameter

A = Bessel function of the first kind

c = speed of light, 299 792 458 m/s

e = elementary charge, 1.619 x 1071° C

Jo = conversion factor from A to sccm for Xenon, 13.938 sccm/A
m = electron mass, 9.10938291 x 1073 kg

£ = permittivity of free space, 8.85418782 x 10712 F/m

scrn = positively biased ion optics grid

acel = negatively biased ion optics grid

decel = ground potential ion optics grid
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I. Introduction

he radio frequency (RF) ion thrusters (RIT) consist of a coil wrapped around an insulating gas chamber

connected to a set of negatively biased high voltage ion extraction grids'™*. A typical RF ion thruster including
the main physical processes and the radio-frequency generator (RFG) is shown in Fig. 1. An essential component of
the thruster is the coil that is used to generate a sufficient electric field in order to ionize the gas inside the chamber,
creating a high-density plasma. The coil is powered by an RFG that converts a DC voltage input signal to an AC
output voltage signal V; at a frequency in the range of 1 to 20 MHz. Between the RFG and coil, there is a coaxial
cable and an impedance matching network. The aim when designing a thruster is to transfer as much power as
possible from the RFG to the plasma. An ideal thruster, therefore, would transfer all input power to the plasma.
However, a substantial amount of the power goes into the coil itself, the cable, the RFG and the surrounding thruster
components. All these contribute to the losses and heating of the thruster. As can be seen, the RF thruster operation
encompasses many different areas of physics, requiring a holistic modeling approach in order to accurately predict
the behavior and performance of the thruster.

Figure 1. Main physical processes and components present in RF thrusters.
Picture adapted from Benjamin Lotz’s Ph.D. Thesis”.

So far developed RF inductive discharge models mainly used the volume-averaged (0D) plasma, as well as
Maxwellian electron assumptions in order to determine the plasma properties. The coupling between the coil and
plasma, and the power transferred from the coil to the plasma was estimated using what is known as the transformer
method®"'. Furthermore, analytical Maxwell’s equations were solved using an idealized coil and chamber
geometries excluding skin, proximity and end-coil effects. In most case, the models also neglected the plasma power
absorption dependency on the ion density and plasma conductivity spatial variation. Furthermore, only the plasma,
chamber and coil were modelled; influence of the surrounding thruster components, for instance, the screen grid and
case on the thruster performance was not taken into account. The few thermal models that were presented did not
include the plasma effect on the thruster temperature, and the thruster temperature effect on the plasma properties
and electromagnetic power losses'>. Often the RF circuit effects were excluded from the thruster modelling analysis
altogether.

Based on the aforementioned issues, a model that combines all aspect of RF thruster operation rather than
concentrating on a specific area of physics has been developed. Each different type of physics is represented by a
different sub-model designed in either COMSOL'?, PSpice'* or Matlab'®. First, the model determines the extracted
ion current based on the upstream plasma properties which translate from the input mass flow rate and RFG voltage.
In determining the plasma properties, the shape of the electron energy distribution function and the neutral gas
molecular flow through the ion optics grids are accounted. The thruster-plasma system is represented by solving
Maxwell’s equations with the complex plasma conductivity set as a function of radius. From this analysis, the power
transferred to the plasma and the power lost in the thruster are calculated. The power losses are used to determine
the thruster temperature distribution. Finally, the RF circuit is constructed to determine the matching parameters and
the power losses within the circuit and RFG, allowing the estimation of the total power needed to sustain the given
discharge. The model is benchmarked against the experimental results of RIT 3.5 miniature RF thruster designed by
Dr. Davar Feili for the Next Generation Gravity Mission (NGGM)'®.
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II. Description of the model
The schematics description of the model is shown in

Fig. 2. The models consists of different sub-models: 2D 20— axisymmetric
ion optics, 3D neutral gas, Boltzmann electron transport, and 3D thruster
0D plasma, 2D electromagnetic (EM), 3D thermal and RF Thruster & grid geometries

dimensions

circuit. The ion optics, neutral gas, Boltzmann electron
transport, EM and thermal models are created in COMSOL.
Whereas, the 0D plasma and RF circuit models are
constructed in Matlab and PSpice, respectively. All the sub-
models are coupled together through Matlab to easily
control the input variables and output parameters. The mass

flow rate m;,, RFG voltage V;;,, and the voltages on the ~lon optics

. + _ . . - Neutral gas
grids U™, U™ are given as the input parameters. The system - Boltzmann
is solved for two unknowns: electron temperature T, and - Plasma conductivity

- lon diffusion

ion density n;. At the beginning of each iteration, the
guesses for these unknowns are passed together with the & potential
input parameters to the different sub-models. The output - Power balance
parameters from each sub-model are then used as inputs for
the consecutive sub-models and so on. The first main
output parameter is the plasma conductivity a,, that is used
in the EM sub-model to represent the thruster-plasma
system. From the EM sub-model the coil current I, thruster
resistance R;y, and thruster inductance L;, are determined
based on the plasma input parameters. The coil current
together with the plasma power losses Py, ¢ are then used in
the thermal model to find the temperature distribution.
Finally, the effective plasma-thruster system parameters
Ry and Ly, are used in the RF circuit sub-model to
determine the impedance matching frequency and circuit losses. The system is solved as a global minimization
problem in Matlab. The iterations are stopped when the total difference between the input electron temperature and
RFG voltage becomes minimum.

- Electron temperature

NO

Figure 2. Solution method and main parameters of the
model.

A. Ion optics sub — model

A 2D axis-symmetric ion optics sub-model has been developed using COMSOL based on the models from Ref.
17-19 in order to determine the beam properties. The model uses Maxwell’s equations to calculate potentials from
the electric field:

A-D = p,y,
E = —AV, ()

where p,, is the space charge due to ion n; and electron n, densities:

py = e(n; — ne). 2
The ion trajectories are obtained by solving an equation of motion based on the electric field distribution:

dvi

L-E = —eAV. (3)

M

The plasma is represented using an upstream surface with the potential ¢, given by:
o=, +U", 4

where ¢, is the floating plasma potential, generally about 20-30 V, and U™ is the screen grid potential. Ions are
launched from this surface with the Bohm velocity ug in order to mimic the pre-sheath behavior:
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eT,
Up = 1\/;0, (5)
L

where T, is the upstream electron temperature. The electrons in the plasma sheath are modelled using a 1D
Boltzmann relationship which states that the Maxwellian electron density n, can solely be determined from the local
potential ¢ and upstream plasma parameters:

n, = n,g exp (¢’ - ¢°), ©6)

where n, is the upstream plasma density.

In order to quantify the extracted beam current, the effective transparency of the ion optics system T,pf is
calculated as the ratio of the extracted ion beam current [, to the total ion current flowing towards the grids /;:

i
Terr ="/}, (7

A 995

The solution is obtained by first calculating the electric
potentials due to the grids and plasma potential ¢,. lons
are then injected with a Bohm current density based on
the upstream plasma conditions and tracked through the
system assuming that the potentials are not influenced by
the space charge left behind by the ions and electrons.
Once the ions have reached the end of the simulation
domain, the fields are updated to account for the change in
the space charge. The process is repeated until a steady
state is reached, that is, the fields and ion trajectories stop
changing with time. The upstream ion density n; is i
increased in small increments n;, up to the desired ion ‘||\||"|h
density for a better convergence. An example of ion beam |\|.‘..\!'.|\'.i
trajectories and potentials, as predicted by the model for a
set of RIT 3.5 grids, is shown in Fig. 3.
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Figure 3. Potential distribution and ion trajectories
for the RIT 3.5 ion optics gridsand Ut = 1 kV.

B. Neutral gas sub — model

First, a 2D axis-symmetric free molecular flow sub-model is constructed in COMSOL that is used to determine
the gas molecule transmission probability through the ion optics. This probability is commonly referred to as the
Clausing factor n,*°. In COMSOL it is calculated as the ratio of the incident molecular flux G integrated over the
surface of the screen aperture divided by the emitted molecular flux J integrated over the decel grid aperture surface:

_fG-ar
e = /f]-dr' (8)

An example of the neutral gas distribution in the RIT 3.5 ion optics is shown in Fig. 4. Next, the Clausing factor
is passed to a 3D free molecular flow COMSOL sub-model. The sub-model takes into account the actual discharge
chamber, inlet aperture and screen grid dimensions.
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vo.o7
Figure 4. Neutral gas density distribution normalized to
the upstream value inside the RIT 3.5 ion optics.

In order to calculate the neutral gas pressure p, and density n, inside the chamber, the amount of neutral gas that
leaks through the grids m,,,; and is not part of the ion beam is estimated. This is used as the neutral gas input mass
flow rate for the sub-model. It is calculated by simply subtracting the equivalent mass flow rate required to obtain a
specific ion beam current [, from the input mass flow rate m;, as given by the following equation:

Moyr = My — Iy * o, ©)
where g is the conversion factor from A to sccm equal to 13.938 sccm/A.

A boundary condition is applied on the screen grid apertures that reflects a fraction of incident molecules G back
to the discharge chamber. The fraction is expressed through the Clausing factor as:

J =1 -nG. (10)

The model also includes the effects of discharge chamber temperature T, on the neutral gas pressure and density.
Figure 5 shows an example of the neutral gas density distribution in the chamber normalized to the maximum value.

Al
0.98
0.96
0.94
0.52
0.5

v o0.88

Figure 5. Neutral gas density distribution normalized to the maximum value in the RIT 3.5 discharge chamber.
Darker regions represent the areas where the gas enters the chamber (top left and right corners of the discharge).
Brighter regions indicate lower density areas (left side of the chamber), especially obvious near the grid apertures.
In general the neutral density is quite uniform, only around 10% in variation.
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C. Electron transport sub — model

It was shown in Ref. 21 that it is very important to account for oscillating fields and the shape of the electron
energy distribution function (EEDF) while calculating high-frequency (HF) plasma properties. Therefore, a two-
term approximation Boltzmann equation for oscillating fields™ is solved using COMSOL as a function of the
reduced electric field (E,/ny) and angular frequency (w/n,) based on the collision cross-section data taken from
Ref. 23:

0 ((Ep\* Gme OF <

2(2) s 52 ) = G+ R, (1)
30e\\ny/ 2(6% +q?) O¢

where C, and R are collision and growth renormalization terms, respectively, &, is the effective total momentum

transfer collision cross-section, € is the average electron energy, y =/ 2e/m and q = w/(no y\/E) Fy is a

normalized EEDF given as:

f VeF,de = 1. (12)
0
The electron mobility  is calculated as™:

U=—-——| ———de. (13)

Then the effective electron neutral collision frequency v, is obtained as:

e/m

b= (14)
Vepr T Wers

where it is assumed that the effective angular frequency w.sf is approximately equal to the applied angular

frequency w. It is an accurate assumption considering the pressure range that RIT 3.5 operates'. The rate coefficient

k for each collision process k is found as:

ky = y-f eo Fyde. (15)
0

Using the previously calculated rate coefficients, the reaction rate for the collision process between two species
with densities N; and N, is:

Additionally, the neutral gas temperature T, which is assumed equal to the chamber wall temperature T,, and
ionization fraction 8 are given as inputs to the sub-model:

p=—r (a7

Ny +ng

Figures 6 and 7 show examples of EEDFs plotted up to the maximum electron energy of 100 eV based on
different ionization fractions 8 and reduced angular frequencies (w/n,) typical to RIT class ion thrusters for a
mean electron energy of 6 eV/. Note that the more the curve approaches the shape of a straight line, the more it
resembles the Maxwellian distribution. It has been shown that as the ionization degree f increases, the electron-
electron collision tend to drive the distribution towards Maxwellian®>. The RIT type thrusters operate in quite a high-
density regime with a high ionization fraction. Therefore, the EEDF encountered should be close to the Maxwellian
at low energies. However, as can be observed in Fig. 6 the tail of the distribution is considerably different from the
Maxwellian (straight line).
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Figure 6. EEDF for different ionization degrees for the mean electron energy of 6 eV.
Three different ionization degrees are: f = 0.5, B = 0.1 and f = 0.05.

Figure 7 shows that the EEDF for a DC case is substantially different from the AC cases 1 and 2, especially at
higher electron energies. It reinforces our reasoning that the effective collision frequency v,ff must be solved using
the high-frequency (HF) electron mobility . It comes from the fact that the heating mechanism in DC and HF fields
is different. Namely, in DC fields the collisions impede the heating process, while in HF fields they enhance it*.
That is why we see a higher number of more energetic electrons for HF case than DC case in the tail of the
distribution.

—— 1: w_ng=1,0000E-12
107 —— 2: w_ng=1.0000E-11
—— 3:w_ng=0

EEDF (eV'™?)

[ 10 20 30 a0 s0 60 70 80 90 100
Electron energy (eV)

Figure 7. EEDF for different reduced angular frequencies for the mean electron energy of 6 eV.
Three different reduced angular frequencies are: w/ny = 1072, w/ng = 10~ and w/ny = 0 (DC).

D. Plasma sub — model
1. Ion diffusion

It has been observed that in order to accurately account for the plasma electromagnetic heating, the ion density
distribution is extremely important. From RIT 10 ion density measurements and from the literature it was discovered
that the ion density varies as a function of the radial distance from the discharge vessel center”. We introduce this
variation in density through the h parameter:

()

h= n(0)

(18)

where n(0) is the ion density at the center of the discharge and n(r) is the ion density at a location r from the
center.
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We often speak of an h,. parameter which is the ion density ratio at r = R location. Lieberman and Lichtenberg
derived the following expression for estimating the ion density profile as a function of the radial distance r for low
pressure discharges®:

(nlo)z + (%)2 =1. (19)

It is simply an equation of a circle with the ion density equal to n, at the center and zero at the radial edge
boundary. However, it was discovered that the ion density profile varies depending on the pressure, size of the
system, magnetic field, etc. Therefore, a more general solution was derived to estimate the h, parameter®:

0.8

h, =
[4 + /% + (O.8Ru3/()(o171 (X01)Da))2]

172 (20)

and introducing h; value to account for the ion density variation in the axial [ direction:

0.86

1= 72
[3+ o4+ (086tus/eD))’| @D

where D, is the ion diffusion coefficient and 4; is the ion mean free path.

However, it was found that the circular ion density profile defined in Eq. (19) is still approximately correct.
Therefore, it was still used, but modified to account for the h, factor at the wall and the plasma sheath thickness s as
given below:

2

h=\/1—(\/1——h$Ris). (22)

Figure 8 compares the ion density variation as measured in RIT 10 thruster’* and the model prediction up to the
plasma sheath assuming h, = 0.39, which is a reasonable value for such a discharge considering that RIT 10
operates at around 1 mTorr of pressure.
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Figure 8. lon density variation with radial distance as measured in RIT 10 and predicted by the model®.
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Figure 9 shows the plasma density variation for RIT 3.5 thruster setting the sheath size s equal to 2 mm and h,
to 0.5. Downstream of the sheath edge it is assumed that the ion density follows a parabolic distribution and drops
sharply to zero at the wall.
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Figure 9. lon density variation and the location of the sheath edge for RIT 3.5 thruster.

The h, and h; parameters greatly depend on the pressure through the ion mean free path A;. As can be seen in
Fig. 10, in the range of RIT 3.5 working pressures from 0.1 to 1 mTorr both coefficients are about constant.
However, if the pressure is increased above 1 mTorr, they start to drop sharply.

hr & hl

10" 10" 10'

p.mTorr
Figure 10. h,. and h; parameter variation with neutral gas pressure for RIT 3.5 thruster.

Some authors'' have speculated that the magnetic field results in an ion confinement and, thus, lower losses to
the boundaries. It was decided to investigate this phenomenon through the ion diffusion since the pre-sheath ion
density values h, and h; directly depend on the ion diffusion coefficient D,, which in turn depends on the magnetic
field. The reduction of h, and h; parameters would directly lead to lower boundary losses and, therefore, better
plasma confinement. In a special case of an ambipolar diffusion across a uniform magnetic field, D, coefficient is®:

kT,

D, =
a MVi

(1+65)7" (23)

The §z parameter can be considered as a confinement factor since it strongly depends on the magnetic field through:

WeiWee
o = ,
B ViV, 24)
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where v; and v, are ion and electron collision frequencies with neutrals, whereas w.; and w,, are ion and electron
cyclotron frequencies, respectively:

_eB 25
w0 =g (25)

It should be noted that this analysis is for a steady magnetic field. There are two possible approximations in order
to deal with an AC field. One is to consider the RMS value of the AC magnetic field. The other one is to use the
effective magnetic field B.¢; value given by some authors as™> %

By

Bopp = ————
ot V21 + w?/v?

Since the w /v ratio for RIT 3.5 operational conditions is approximately equal to one, it was decided to simply
use the RMS value of the magnetic field. As Fig. 11 indicates, for RIT 3.5 thruster, the magnetic field starts to
become significant only from about 400 Gauss for 1 mTorr case, and from about 100 Gauss for 0.1 mTorr case.
However, the maximum magnetic field expected in the RIT 3.5 plasma is only about 20 Gauss, and the magnetic
field distribution is not uniform, decreasing sharply away from the coil, as can be observed in Fig. 12.

(26)
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Figure 11. h,. parameter variation with the magnetic field for three different neutral gas pressures.
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Figure 12. Magnetic field in Gauss inside RIT 3.5 plasma for 2. 5 mN thrust operational condition.

N A OO ®©

11
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 410, 2015



2. Plasma conductivity

The plasma acts much like an ordinary conductor and can be represented using familiar properties generally used
to define conductors. The first of these is a plasma conductivity. Neglecting the displacement current, the plasma
conductivity can be represented as”:

n;e?

0, = . )
me(vtot + l(‘)eff)

P @7

where Vv;,; is the total collision frequency composed of different collision frequencies associated with various
heating mechanisms. First, we will consider an electron-ion collision heating mechanism which is given by:

_12 n; InA
Ve; = 2.91 %10 Tk (28)
e0
and In A is the Coulomb logarithm:
10_6ni
InA=23-05In—75—. (29)

e0

Some authors observed that at low pressures collisional heating is not the dominant process, but rather what is
called a stochastic heating dominates®**’. This happens because if an electron traverses a localized skin layer faster
than the RF period, then it gains energy from the field®®. In such a case, the spatial distribution of the electric field
and current is not the usual exponential decay within the skin depth®®. To deal with this some authors have defined
an anomalous skin depth 8, which estimates an effective skin penetration length®:

'UCZ 1/3
8osy = (—) , (30)

2
WWHe
where

Wpe = y/N0€?/Me. (1)

Lieberman and Lichtenberg have introduced an equivalent stochastic frequency to represent the stochastic heating
6
mechanism’:

= w5, Gvan) :
Vstoc = 45, \1(@) + a/4) (32)
where 7(a) is:
1 © et
J(a) = —[e“(l + a)j dé — — 1], (33)
T « '3
and
4?52
a=—32 (34)
TV

where § = mv?2/(2eT,). Finally, the total collision frequency v;,, can be determined as the sum of the effective
collision frequency vy, electron-ion collision frequency v,;, and stochastic collision frequency v,

Viot = Verr + Vei + Vstoc (35)
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3. Electron temperature and potential

The electron temperature is found using a particle balance of ions by setting the rate of ion loss equal to the rate
of ion production. For the ion loss, it is assumed that ions flow to the walls with the Bohm velocity and upon
reaching them recombine to produce a neutral atom, except those ions that are extracted to the beam. Ion production,
on the other hand, is expressed using Eq. (16) with ion and neutral gas densities, and ionization rate constant k;.
After some manipulation the final equation is:

nOki(Te)V = uB(hrAw + hlAs)- (36)

The plasma potential is obtained by assuming that the electron and ion fluxes to the boundaries are ambipolar or
equal. Therefore, the floating plasma potential is given by a well-known equation:

¢ = T,In/M;/(2mm) . 37)

4. Power losses

In order to account for the plasma’s effect on the thruster heating, the particle currents within the discharge
chamber are determined. Using the conservation of particles and energy, the total ion current in particles per second
flowing towards the discharge chamber wall is:

Lwi = henyoupAy,. (38)
Since the flow is assumed to be ambipolar, the electron current to the wall I}, is equal to the ion current [,,;.
The ion current to the screen grid is equal to the remaining current that is not extracted through the grids to form the
ion beam:
Iy=0- Teff)hlniOuBAs- (39)
Assuming ambipolar losses again, the electron current to the screen grid is:

Ise =Tp + T, (40)
where I, is the ion beam current in particles per second. There are two main mechanisms by which the chamber is
heated. First is due to the energy deposited to the walls gained by particles crossing electric fields in the plasma
sheath. The other one is due to the radiation from excited neutrals®. To account for the radiative heating, we assume

that each surface gets a fraction of the total radiative power depending on its relative size. First, the chamber heating
due to the ion and electron currents is:

5
PC =Fwi (¢+§Te+Ui>ﬁ (41)
where U; is the ionization potential. The chamber heating due to the excited neutrals is:
P =—P (42)

where P, is the total power lost to excitation of the neutral gas. The screen grid heating due to electrons is:
Pse = Te(ws + 2T¢), (43)

where wy is the screen grid work function. Whereas, the screen grid heating due to ions is:
1
Py =T (d) + ETE +U; — Ws)- (44)

Finally, the screen grid heating due to excited neutrals is:
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(1 - ﬁ)s)As P

P&S = /qvv X’

(45)

where f,s and f,, represent the screen and acel grid open area fractions, respectively. The heating of the acel grid
comes mainly from the excited neutral radiation:

an _ (1 - ]j:)la)fosAs Px: (46)

and charge exchange (CEX) ions:
Pepy = T,(U™ + Uy — wy), (47)
where I, is the CEX particle current, usually less than 2% of the beam current, and w, is the acel grid work

function. The power processed by the RFG power supply also includes the excited neutral radiation power that
escapes through the grid system:

A
Prout = %Px' (43)
w
and the power that escapes with the ions in the beam:
1
P, =T, ((1) + ETE + Ui). (49)

The total power P, that is needed to generate the required density plasma at a specified mass flow rate is a sum
of all the aforementioned losses:

Py =P+ Pe + Pyp + Py + Peg + P + Peoue + Py (50)

E. RF circuit sub — model

The coil, plasma and the surrounding thruster components can be transformed through the Maxwell’s equations
to an equivalent circuit as shown in Fig 13. The transformation depends on the coupling coefficient k, component
resistance R and inductance L. Note that the plasma has an additional inductance L,, coming from the complex
nature of plasma conductivity. This complex part introduces a phase lag between the voltage and current’. The final
equivalent system has only two components: the thruster resistance R,y and inductance L,

Icoil
> Icoidy,

I3

Figure 13. Thruster impedance transformation network (left) and equivalent thruster representation (right).
The subscripts “s”, “p” and “c” stand for the screen, plasma and case, respectively.
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The complete schematics of an RF circuit is shown in Fig. 14. It is composed of an RFG, a coaxial cable and a
thruster. The coaxial cable connecting the RFG and the thruster is represented by a “lossy” transmission line
property in PSpice. There are also two impedance transformation capacitors C; and C,. These capacitors cancel the
predominantly inductive reactance of the circuit so that the RFG operates at a predefined frequency in a resonance
mode; the phase angle of the circuit is zero. For RIT 3.5, the resonance frequency is around 3 MHz. Furthermore,
the thruster resistance R;j, and inductance L;j, change during the operation. Therefore, the RFG works by adjusting
the applied frequency in a phase controlled loop to keep the circuit in resonance. Additionally, the RFG is supplied
with a DC voltage V;,, and outputs an HF rectangular voltage waveform V,,,;. Finally, the input voltage V;,, and input
current [;,, are used to determine the RFG input power.

c2 Rthr
Tin Icable Icoil
Vin Vout]
Vin +—7— RFG LOSSY
T C1
Lthr
-0 -0
-0 -0
THRUSTER

Figure 14. Simplified RF circuit with a thruster, coaxial cable and RFG.
The thruster is represented with Ryp,- and Ly, parameters.

F. EM sub — model

A 2D axis-symmetric electromagnetic model has been created in COMSOL in order to solve the Maxwell’s
equations in the plasma and thruster. The model treats the plasma as a simple solid with a complex conductivity
determined from Eq. (27) and given here as:

Op = 0p — 0y * J. 51

Representing the plasma conductivity in such a way introduces a phase lag between the electric field and current
in order to account for the finite electron inertia®. This is done to mimic the actual behavior of the plasma. However,
since the plasma conductivity directly depends on the ion density, it is very important to account for the spatial
variation of the plasma conductivity as well. It was discovered that the correct modelling of the plasma conductivity
is essential in determining the power transferred from the coil to the plasma. In the proposed model, the plasma
conductivity is represented using the following relationship:

op~hnyg. (52)

It states that the plasma conductivity is directly proportional to the ion density distribution through the h
parameter discussed earlier. For RIT 3.5 thruster, the plasma density and conductivity distribution is shown in Fig.
15. As can be seen, the ion density is highest near the central axis of the chamber and drops sharply to zero towards
the wall boundaries. There is also a density variation in the axial direction, but this is not so important since the EM
fields are screened by the plasma at the radial edge of the chamber.

15
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 410, 2015



Al
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Yo

Figure 15. Plasma density variation normalized to the centre value in RIT 3.5 thruster for h,. = 0. 4.

The complex thruster impedance is obtained directly from COMSOL as:
Z=R+jX. (53)

The real part R of the complex impedance represents the thruster’s resistance and is associated with the actual
power loss, whereas the complex part X represents the reactive component, or the phase lag as a result of inductive
and capacitive couplings. The inductance L and capacitance C are obtained from the magnetic W, and electric W,
energies, respectively:

L axw,
=
4% Wy, (54)
R

where V and I are the coil voltage drop and coil current, respectively. The power lost in the thruster components
and plasma is obtained using the following equation:

Pyps=Tm f f R(o, x Eg*) rdA, (55)
where Ej is the azimuthal electric field. The area-averaged potential voltage drop over plasma is given by:
~ [[Eg2mrdA
V. =

p Ap ’

(56)

where the tilde symbol represents the complex nature of the variable and 4,, is the cross-sectional surface area of the
plasma. The mutual inductance M between the plasma and the coil, and the plasma geometrical inductance Ly are
obtained by solving Maxwell’s equations in the thruster-plasma system:

M= (‘Zthr _j(’il:thricoil _~ Rthricoil)/jwi; , (57)
Ly = (V, — joMI,y;)/jol,.

Finally, we define the field coupling coefficient k; between the coil and plasma as:
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M

ky = —— 58
f , (58)
Y, meLthr
and the Q factor of the thruster as:
(‘)Lthr
Q=——- 59)
Rthr

G. Thermal sub — model
A 3D thermal thruster model has been designed in COMSOL by solving a steady state heat equation in order to
obtain the temperature distribution:

V(—=kVT) = Q;, (60)

where Q; represents the heat sources within the system and k is the thermal conductivity. The thermal model has
been designed in order to observe the temperature effect on the electromagnetic heating losses in the conductors.
Furthermore, a thermal model is needed to analyze and help solve any potential thermal issues with regards to the
impedance matching capacitor C; since it is recommended that its temperature does not increase above 150 °C.
Additionally, it has been decided to investigate the effect the temperature has on the gas pressure. Finally, the
temperature distribution on the grids is used to perform further studies with regards to grid thermal deformation and
stability.

There are two types of heat sources in the RF thruster, excluding the outside environment. The first heat source

Qgum 1s due to the EM heating, and is expressed only as a function of the coil current /. and reflected component
resistance R; calculated from the EM sub-model:

Qem = 0.5R;(T)I¢. (61)

Figure 16 shows how the reflected coil resistance R; varies with temperature.

0,095

W
noaf /,/
ﬂ/’
-
0.085
£
= -~
= -
~
008k / 4
0075k //
. . L L L . L
260 280 oo 3 340 3e0 as0 <400 420 440

TK

Figure 16. Reflected coil resistance R; variation with temperature for RIT 3.5 thruster.

The other heat sources come from the plasma losses as discussed in section D. 4. To complete the thermal model,
surface-to-surface and ambient radiation are included:

Qrad = E(G - UT4)' (62)
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where ¢ is the emissivity of the material which is set equal to the absorptivity a due the grey-body assumption. The
G parameter is the incoming heat flux composed of the ambient G,,;, and mutual flux between the components G,,:

G = G + Gomp- (63)

In order to save computational time, radiation groups are defined as well. This means that only components that
have considerably large view factors are included in a particular radiation group. Furthermore, as shown in Fig. 17,
the actual RIT 3.5 thruster grid geometry having 121 apertures has been replaced with the one having only 19
apertures, but the same open area fraction as the original.

Figure 17. Equivalent screen grid representation in the thermal modelling.
Left: the actual RIT 3.5 screen grid with 121 apertures. Right: an equivalent screen grid
with only 19 apertures, but with the same open area fraction.

Finally, Mikic’s elastic model is used to account for the contact resistance between the adjacent surfaces:
0.94
m V2,
he = 154k, 0 <—p) , (64)
asp maspEc

where m,, and o, are the effective RMS contact surface asperities slope and roughness, respectively, and k is
the average conductivity of the surfaces with thermal conductivities k; and k, in contact:
2kqk,
Tkt kg

(65)

The equivalent contact elastic modulus E, is calculated using the elastic modulus E; and E,, as well as Poisson’s
ratios v; and v, of the surfaces 1 and 2 in contact:

1 1-v? 1-—v2
= 1y z (66)
E._ E E,
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III. Results

The results from the model are compared to the preliminary measurements of RIT 3.5 thruster using Xenon. As
can be seen from Table 1, the errors in the model and experimental input currents [, are between 7% and
approximately 1.5%, while the errors for the input powers P;, are in the range of 6% to 0.5%. Since the errors are
generally below 10%, the model is deemed accurate enough to be trusted. Note that the input power P;,, refers to the
RFG input power, and not the total power which also included the beam power supply power. In Fig. 18, the thruster
input power is mapped for different mass flow rates as a function of the mass utilization efficiency given as n,, =
I, go/ M. It can be seen that the input power starts to increases exponentially as the mass utilization efficiency goes
above 0.65.

M, SCccM | Ny | iy Exp., A | Ij, Mod.,A | Iy, Evr.,% | PinExp.,W | Ppy,Mod., W | Py,Err.,%
0.20 0.17 1.34 1.41 -5.36% 7.95 7.50 5.69%
0.20 0.23 1.37 1.46 -6.86% 8.66 8.40 3.04%
0.20 0.34 1.45 1.53 -5.83% 10 10.5 4.76%
0.30 0.62 1.60 1.63 -1.69% 15.44 16.2 4.70%
0.47 0.75 2.00 2.10 -5.12% 28.06 29.20 -4.05%
0.50 0.75 1.92 1.95 -1.42% 26.67 26.00 2.52%
0.60 0.74 1.88 1.93 -2.93% 27.21 27.40 -0.70%
0.74 0.72 1.81 1.88 -4.07% 27.84 27.5 1.24%

Table 1. Comparison between the model and experimental results for RIT 3.5 thruster.
Exp., Mod. and Err. stand for experimental data, model result and the relative difference between experimental and model
results, respectively.

350
+ === min=0.73sccm
300 & min=0.5sccm /
Toeeeenenns min=0.4sccm Pad ’
25.0 © — —min=0.2sccm
3 L
g 200 +
3
]
(X *
s 15.0 +
g
= T -
10.0 + -
50 +
0.0 +—+—————+—+————+—+—+—+—F—+—+—+—+

0 0.2 0.4 0.6 0.8
Mass utilization efficiency

Figure 18. Input power as a function of the mass utilization efficiency for different input mass
flow rates.

Figure 19 shows that as the input power increases, the ion density increases as well until it plateaus at the input
power of around 20 W, while the neutral density decreases at a constant rate. Figure 20 indicates that the power
transfer efficiency 7,, plateaus, together with ion density, at around 0.65 at 20 W of input power, whereas the mass
utilization efficiency 7, still keeps increasing up to 0.8 at 25 W of input power.
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Figure 19. Neutral gas and ion densities as a function of the input power at 0.5 sccm input
mass flow rate.
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Figure 20. Thruster mass utilization efficiency (etam) and power transfer efficiency (etaw)
as a function of the input power at 0.5 sccm input mass flow rate.

As can be seen in Fig. 21, the thrust increases with the input power in almost a linear fashion, and reaches about
2.7 mN at the input power of 32 W. Figure 22 shows that the thruster resistance Ry, plateaus, together with the ion
density, to about 0.6 Ohm at 20 W of input power. Whereas, the plasma resistance R,, keeps sharply decreasing up
to around 0.9 Ohm at 20 W of input power and then, again, starts to plateau. The plasma current I, increases up to
4.2 A at around 22 W of input power, before starting to level off.
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Figure 21. Thrust as a function of the input power at 0. 73 sccm input mass flow rate.
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Figure 22. Thruster resistance, plasma resistance and plasma current as a function of the mass
utilization efficiency at 0. 5 sccm mass input flow rate.

From Fig. 23 it can be inferred that the coupling factor for RIT 3.5 varies between 0.15 at the mass flow rate of
0.2 sccm to 0.4 at the mass flow rate of 0.73 sccm. It can also be observed that as the mass utilization efficiency
increases from 0.3 to 0.7, the coupling coefficient goes up by approximately 30%. In Fig. 24 the same parameters
are plotted for the Q factor of the thruster. Contrarily to the coupling factor, if we take the 0.2 sccm case, the Q
factor decreases by about 20% from the maximum of 70 to 55 with the increasing mass utilization efficiency until it
starts to plateau at around 0.65 mass utilization efficiency. In this case, the Q factor can be treated as an indication
of the coupling between the coil and the plasma: the larger the decrease in the thruster’s Q factor, the larger the
effect the plasma has on the coil.
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Figure 23. Coupling factor between the coil and plasma for different input mass flow rates.
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Figure 24. Thruster Q factor for different input mass flow rates.

Figure 25 highlights the heating mechanism inside the plasma of RIT 3.5 thruster. As can be seen, almost no
power is transferred to the plasma sheath close to the wall since in this region the ion density is very low and, thus,
the current density in negligible. The majority of plasma heating occurs in the vicinity of the plasma pre-sheath
where the plasma density ratio h is about equal to h,.. Furthermore, the power absorption drops sharply upstream of
the sheath edge since the current density starts decreasing. This is due to the plasma screening effect close to the coil
surface at the radial edge of the discharge chamber.
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Figure 25. Electromagnetic power deposition (left) and current density (right) normalized to the maximum value in RIT 3.5
thruster for 2. 5 mN thrust operational condition.

As a first step in the thermal validation process it was decided to compare the model results to the thermal
measurement data obtained without the plasma to exclude the possibility of a wrong plasma model and concentrate
solely on the accuracy of the thermal model itself. Figure 26 displays the relative comparison between the
temperatures measured in the experiment and those obtained in the model for the input power of 18 W. The largest
discrepancy is observed in the temperature measured on the C; capacitor, which is about 8 K or nearly 8% lower
from the measured value. Other temperatures have similar percentage deviations. Figure 27 shows the temperature
distribution surface plot for the same 18 W input power case. The maximum temperature reached is 123 °C on the
coil surface, while the C; capacitor temperature is 105 °C.
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Figure 26. Temperature measurements without plasma for an input power of 18 W.
The meaning of the temperature measurements is indicated below the data.
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Figure 27. Temperature distribution for 18 W input power in RIT 3.5 thruster on the outside surfaces.

IV. Conclusion

A comprehensive radio frequency gridded-ion thruster model was presented that includes main aspects of the
thruster operation. Different types of physics were represented with a different sub-model: 2D ion optics, 3D neutral
gas, Boltzmann electron transport, 0D plasma, RF circuit, 2D electromagnetic and 3D thermal. A particular
emphasis was placed on the accurate modeling of plasma conductivity. This included a correct representation of the
ion density distribution, evaluation of the effective HF collision frequency and inclusion of the stochastic heating
mechanism. Furthermore, thermal effects on the thruster component conductivity and neutral gas pressure were
included as well. The model was benchmarked against the experimental results of RIT 3.5 thruster. It was shown
that the model can predict the total input power and current with an error of less than 7%. Furthermore, the thermal
model results were compared to the experimental results obtained by running the thruster with 18 W of input power
without plasma. The thermal model was capable of predicting the temperature distribution within 10% error. The
future aims include introducing an even more detailed description of the ion density distribution in the discharge, as
well as performing a more thorough analysis of the magnetic field effects on the plasma confinement. The ultimate
goal is to employ the model in designing and optimizing an RF thruster, as well as to perform plasma measurements
to improve on the model assumptions.
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