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A particle-based model with a Monte Carlo collision model has been developed to study the plasma inside the

discharge chamber of an ion engine. This model tracks five major particle types inside the discharge chamber in

detail: xenon neutrals, singly charged xenon ions, doubly charged xenon ions, secondary electrons, and primary

electrons. Both electric andmagnetic field effects are included in the calculation of the charged particle’smotion. The

electric fields inside the discharge chamber are computed using a new approach. Also, detailed particle collision

mechanisms are enabled. Validation of this computationalmodel has beenmade onNASA’s three-ring SolarElectric

Propulsion Technology Application Readiness Program discharge chamber, at the 2.29 kW input power, 1.76 A

beam current, and 1100 V beam voltage operating condition. Comparisons of numerical simulation results with

experimental measurements are found to have good agreement. The computed ion beam current differs from

experiments by 1% and the computed discharge current differs from experiments by 22%. The plasma ion

production cost compares within 7% and the beam ion production cost compares within 16% of the experimental

values. The overall computed thruster efficiency is found todiffer fromexperiments by 11%. In addition, steady-state

results are given for particle number density distributions, kinetic energy, particle energy loss mechanisms, and

current density collected at the chamber walls.

Nomenclature

B = magnetic field vector, tesla
E = electric field vector, Vm�1

jej = absolute electron charge, 1:6 � 10�19 C
FB = beam flatness parameter
Ft = thrust reduction factor
IA = anode ion current, A
IB = beam ion current, A
I�B = beam ions current due to singly charged ions, A
I��B = beam ions current due to doubly charged ions, A
I�B = variant of beam ion current (I�B � 0:5 � I��B ), A
IC = cathode ion current, A
ID = discharge current, A
IE = cathode emission current, A
IP = total ion production current inside the discharge

chamber, A
ISG = screen grid ion current, A
Isp = specific impulse, s
jB� = beam current density based on I�B, A=m

2

jB�� = beam current density based on IB, A=m
2

kB = Boltzmann constant, 1:38065 � 10�23

me = mass of an electron, 9:11 � 10�31 kg
mi = mass of an ith-type particle, kg
mXe = mass of a xenon atom, kg
_mcathode = neutral flow rate through discharge chamber

hollow cathode, kg s�1 or sccm

_mmain = neutral flow rate through main plenum, kg s�1

or sccm
Ncell = number of computational cells
Ncp = number of computer particles
Ne;cell = average number of computer electron particles

per cell
Niter;charge = number of iterations for charge particles

convergence
Niter;Xe = number of iterations for Xe convergence
Nphys = total number of physical particles
Nr = number of radial grid points
Nz = number of axial grid points
n = target particle density, m�3

ne = number density of electrons, m�3

ni = number density of ions, m�3

_npe = primary electron emission rate through hollow
cathode, m�3 s�1

_nXe;cathode = neutral xenon volumetric flow rate through hollow
cathode, m�3 s�1

_nXe;main = neutral xenon volumetric flow rate through main
plenum, m�3 s�1

P = probability
PIN = input power, W or kW
qi = charge of an ith-type particle, C
T = calculated thrust, N or mN
Tactual = actual thrust generated, N or mN
Tavg = average energy of plasma particles, eV
Tcathode = cathode wall temperature, eVor K
Te = electron temperature, eVor K
Tmain = discharge chamber wall temperature at main

plenum, eVor K
Tpe;init = primary electron initial energy at the hollow

cathode, eV
T0 = neutral xenon initial energy, eV
t = time, s
ts = wall sheath thickness, m
VACC = accelerator grid voltage, V
VB = beam voltage, V
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Vbulk = bulk plasma potential, V
VD = discharge voltage, V
VC = hollow cathode voltage, V
Vctip = cathode tip volume, m3

Vmain = main plenum neutral source volume, m3

vt = thermal speed of electron, ms�1

vi = particle velocity vector, ms�1

jvinc;ej = magnitude of incident electron velocity, ms�1

vpe = primary electron velocity vector, ms�1

vXe;cathode = neutral xenon velocity vector through hollow
cathode, ms�1

vXe;main = neutral xenon velocity vector through main
plenum, ms�1

Wmacro = computer or macroparticle weight
Xe = neutral xenon
Xe� = singly charged xenon ion
Xe�� = doubly charged xenon ion
xi = particle position vector, m
Z = ion charge state

Greek Symbols

� = correction factor due to the double ion content in
the beam current

�ee��r = three-body recombination coefficient for doubly
charged ions, m6 s�1

�ee�r = three-body recombination coefficient for singly
charged ions, m6 s�1

�te = time step size for electron, s
�tion = time step size for ion, s
�tXe = time step size for neutral xenon, s
�prop = discharge chamber propellant utilization

efficiency, %
�t = overall thruster efficiency, %
�B = beam ion production cost, eV=ion or W=A
�ionz = ionization potential, eV
�p = plasma ion production cost, eV=ion orW=A
"0 = permittivity of free space constant, 8:854 �

10�12 Fm�1

"a = artificial plasma permittivity, Fm�1

�i = ion-induced secondary electron emission
coefficient

�D = Debye length, m
!pe = plasma frequency, rad s�1

� = electric potential, V
�dy = dynamic electric potential, V
�st = static electric potential, V
�wf = work function of metal surface, eV
’ion = screen grid transparency to ions
’0 = screen grid transparency to neutrals
� = charge density, Cm�3

��t� = collision cross section, m2

�ee��;r = three-body recombination cross section, m2

~� = two-dimensional characteristic grid spacing, m
	 = scale factor

I. Introduction

C OMPUTATIONAL modeling of an ion engine discharge
plasma can provide many significant insights into the

developments of the next-generation ion engines. The life limiting
mechanisms of an ion engine such as the erosion of the hollow
cathode and the grid optics can be better understood if we know the
plasma near these locations. The computational model being
discussed in this paper simulates the entire discharge chamber
plasma and provides insight into the physical characteristics of the
discharge plasma. Ion engine discharge chamber computational
models that have been developed in the past either ignoremany of the
particle types in the discharge chamber or model one or two of the
particle types using a particle-tracking technique and model the rest
of the particles using a diffusion approach, i.e., based on fluid

assumptions [1–5]. The advantage of the diffusion based plasma
simulations is that they reach convergence much quicker than the
particle-based plasma simulations [6,7]. The disadvantages of
diffusion based models are that they make many approximations to
consider the electron and ion distributions in the discharge chamber,
particle energy values, collision rates and simplified quasi-neutrality
assumptions. Our present model employs a particle-tracking
approach for all of the major particles inside the discharge chamber.
By employing a particle-based approach, the discharge chamber
computationalmodelminimizes the number of assumptionsmade on
the distribution functions for electrons, ions and the collision rates
inside the discharge chamber.

A full scale computational model such as a particle-in-cell (PIC)
technique [8,9] is an ideal choice for modeling the physics of the
plasma in an ion engine discharge chamber, except for the fact that a
PIC simulation is an extremely time intensive calculation [6,7]. Our
earlier PIC computational models consider most of the physics
occurring inside the discharge chamber in a detailed manner by
individually tracking three major charged particles (primary
electrons, secondary electrons, and ions) in the presence of electric
and magnetic fields. These models solved for the entire dynamic
electric fields caused by the charge particle distributions. The neutral
particles were assumed to be uniformly distributed throughout the
discharge chamber. Some early results for a small 10-cm diameter,
three-ring discharge chamber using this PIC technique that attempted
to determine the entire dynamic electric field were presented. The
total particle results indicated that the PIC simulation needed to be
run much longer than is reasonably feasible to reach a steady state
condition. As stated by Taccogna et al. [10], steady state solutions for
the typical electric thruster using a PIC technique can be expected
after a few hundred microseconds. Using 16 processors in a parallel
PIC simulation took 20 days of computational run time to reach a
time level of 5 
s [7]. This long computational time to reach 5 
s
indicates that years are required to reach a steady state condition.
Hence a full PIC simulation that attempts tomodel the entire dynamic
electric field effect in a detailed manner is impractical at the present
time. This is even truewhen using the benefits of parallel processing.
Previously, in our first attempt at a PIC approach to modeling a
discharge chamber [11], we proposed no updating of the electric
fields inside the discharge chamber based on charged particle
distributions. The electric fields were considered by supplying an
input electric field which uses experimental plasma potential
measurements made inside the discharge chamber. This assumed the
electric field was considered to include the effects of the charged
particle distribution inside the discharge chamber. However, this
model was found to give large charge imbalance inside the discharge
chamber. This could not be avoided as no charge separation effects
were included in the tracking of charged particles inside the
discharge chamber.

A new approach has been developed in this work that allows the
electric field effects on the charged particles along with solving the
dynamic electric field based on the charge particle distributions. This
approach helps avoid accumulation of negatively charged particles
inside the discharge chamber as observed in our previous simulations
[11]. An artificially increased plasma permittivity value is considered
in this newdynamic electricfield solver. This allows the possibility of
performing self-consistent particle-in-cell Monte Carlo Collision
(PIC-MCC) simulations on the ion engine discharge chamber. A
similar approach was used by Szabo [12] in his hall thruster PIC-
MCC simulations. Our approach differs from Szabo’s computational
model in the following respects:

1) Szabo does not include any input electric field information
obtained from experiments.

2)His computational domain is relatively small comparedwith our
ion engine discharge chamber computational domain.

3) He adopted an artificial mass ratio for heavy particles while our
model tracks heavy particles with their actual mass values. Further
details of our dynamic electric field solver are given in Sec. II.

Our present model individually tracks four charge particle types
inside the discharge chamber: primary electrons, secondary
electrons, singly charged positive xenon ions (Xe�), and doubly
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charged positive xenon ions (Xe��). The model also tracks the
neutral xenon atoms (Xe). Sec. II presents the mathematical model
used for solving the static and dynamic fields inside the discharge
chamber along with the particle tracking. Sec. III presents the
numerical techniques and the simulation sequence followed in the
computational model. In Sec. IV, steady state results for the three-
ring NASA Solar Electric Propulsion Technology Application
Readiness Program (NSTAR) discharge chamber at the TH-15
operating condition are given.Comparisons of steady state numerical
results are made with experimental measurements. The particle
distribution results, particle energy loss mechanisms, and current
density collected at the walls are also presented.

II. Mathematical Model

A schematic of the computational domain considered in this work
is given in Fig. 1. This computational domain includes the discharge
chamber cavity, the cathode exit, the cathode-keeper walls, the
chamber walls, the screen grid, and the magnetic circuit. The static
magnetic field inside the discharge chamber is created by permanent
magnets. These magnets are located on the outside surface of the
discharge chamberwalls and are not shown in Fig. 1. In thiswork, the
following discharge chamber regions are not included: the inside of
the cathode, the region between the keeper and the cathode, and the
region downstream of the grid optics. The boundaries of the com-
putational domain are drawn along the inside walls of these devices.
This domain is chosen to focus the computational modeling effort on
the plasma inside the ion engine discharge chamber. In the future this
modeling work can be extended to include other regions so that a
comprehensive tool will be available for modeling the entire ion
engine.

Different features of the mathematical model such as 1) static
magnetic and static electric fields, 2) dynamic electric fields,
3) particle tracking, 4) particle collisions, and 5) particle boundary
conditions are presented below.

A. Static Fields

In an ion engine discharge chamber the electricfields are generated
by the static electric potentials applied to the chamber boundaries and
from the charge particle distributions. Using superposition principles
[13], the electric potentials generated by each of these components
can be modeled independently. Finally the electric potential results
from each of these components can be added together to determine
the total electric field. Thus the electric potential, �, is given by

�� �st � �dy (1)

In this work the static electric potentials inside the discharge
chamber are modeled as shown in Fig. 2. This figure essentially
shows three regions. The dark region next to the cathode comes from

experimental measurements. The white region is the bulk of the
discharge chamber volume and is labeled the bulk plasma. This
region is essentially at the plasma potential. The third region is a
small strip next to thewalls that is called the sheath. The sheath region
is where the electrical potential quickly changes from the bulk
plasma potential to thewall potential. The electric potential shown in
Fig. 2 is treated as the static portion of the total electric field
determined by this model.

It should be recognized that the fields shown in Fig. 2 are an
approximation of the fields that would actually exist in a discharge
chamber with a plasma. That means they include the effects of the
wall potentials and the effects of charged particles. Technically the
static fields are only supposed to include the effects of the wall
potentials. For our model it is beneficial to include particle effects
into the static field. It is reasonable to call the field in Fig. 2 a static
field because it does not change throughout the computation. This
assumption provides a reasonable approximation of electric field
effects on gross particle motions. To alleviate one of the major
problems caused by this assumption, charge imbalance, dynamic
electric fields are still calculated.

In addition to the electric potentials throughout the volume of the
discharge chamber, all anode-biased discharge chamber walls are
maintained at the discharge voltage potential. This includes the
upstreamwall of the discharge chamberwhere the cathode is located,
the slanted wall, the side wall, and the flange to which the grids are
attached. The screen grid is maintained at 0 V relative to discharge
cathode common. The cathode-keeper assembly is modeled as an
enclosed box in which the cathode surface is maintained at the
cathode-keeper potential (�5 V) relative to discharge cathode
common. The cathode source tip area, the region where the primary
electrons are produced, is maintained at an electric potential as
measured in experiments [14].

The magnetic field produced by the current flow in the discharge
chamber is small compared with that produced by the permanent
magnets located on the discharge chamber walls. Neglecting the
small fields produced by the moving charges allows the magnetic
field to be determined independently of the particle simulation. For
the two-dimensional, axisymmetric discharge chamber, the static
magnetic field produced by the permanent magnets is obtained by
solving the magnetostatic part of Maxwell’s equations.

B. Dynamic Electric Fields

Poisson’s equation is used to deal with the electrical potential �dy
and can be written as

r 	 �"0r�dy� � �� (2)

where
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�� jej�ni � ne� (3)

To solve Eq. (2) in a reasonable amount of computational time an
approximation needs to be implemented. The approximation that is
implemented in the solution of Eq. (2) is that the value of "0 is
artificially increased to a larger value. This was done in a PIC
simulation done for Hall thrusters by Szabo [12]. If this is not done a
fine grid spacing and a small time step have to be used. These
numerical parameters have to be made so small as to render compu-
tational times on the order of years. When "0 is made significantly
large the effect of the dynamic electric potentials on the total
potentials in the discharge chamber is relatively small. This is fine
because the staticfield assumptionmade above includes the effects of
charged particles. Thus the electric potential does not need to be
altered extensively. The primary reason for solving the dynamic
electric field equation is to allow charge neutrality to be obtained. If
the dynamic electric fields are not computed, a large mismatch in the
number of ions and the number of electrons in the discharge chamber
arises [11]. This is physically unrealistic and this technique avoids
this problem. Using the artificial plasma permittivity, "a � 	"0, in
Eq. (2) gives

r 	 �"ar�dy� � r 	 �	"0r�dy� � �� (4)

Here 	 is the scale factor use to get the artificial permittivity value.
There are three criteria for our choice of artificial permittivity for
simulations:

1) It needs to predict the microscopic electric fields such that a
charge balance is maintained over the bulk of the discharge chamber.

2) The permittivity cannot be so small as to greatly alter the input
electric potentials.

3) The permittivity must be large enough to allow for a
computational cell size that makes the computations doable in three
months as opposed to three years.

There are a range of permittivity values that will work as long as
we keep the cell size smaller than theDebye length. The smallest grid
spacing needs to resolve the smallest plasma Debye length in the
discharge chamber. More details of how 	 and "a values are obtained
for NSTAR discharge chamber simulation are presented in Sec. III.

Boundary conditions are also required to obtain a solution to
Eq. (4). Since the potentials applied to the wall boundaries of the
discharge chamber when it is in operation are taken care of by the
static electric field model, the dynamic electric field model has these
potentials set to a value of zero.

Lastly using the principle of superposition, the electric potentials
are obtained by adding dynamic electric potential values to the static
electric potential values as shown in Eq. (1). Once the total electric
potential is determined the electric field, E, is obtained from

E ��r� (5)

C. Particle Tracking

The Newton–Lorentz equation of motion is used to track the
plasma particles in the electric and magnetic fields. This equation of
motion is

mi

dvi
dt
� qi
E� vi � B� (6)

where

dxi
dt
� vi (7)

The electric field, E, and magnetic field, B, values at the particle
locations are obtained by bilinear interpolation based on the field
values at the surrounding grid nodes. The particle velocity and
position are updated every time step from the time the particle is
produced until it gets absorbed at one of the boundaries.

In this work, the electrons inside the discharge chamber are broken
into two groups: primary and secondary electrons. Primary electrons
are the high energy electrons that are emitted from the hollow
cathode,while the low energy secondary electrons are produced from
the ionizing collisions of electrons with Xe and Xe� inside the
discharge chamber. Primary electrons that have slowed below a
certain velocity after inelastic collisions with neutrals and ions are
also included with the secondary electrons. This grouping helps to
understand the behaviors of high energy and low energy electrons
inside the discharge chamber. In thisworkwe shift a primary electron
into a secondary electron type when the primary electron has
undergone an inelastic collision with a heavy particle and its energy
goes below 4 eV. This modification is done to keep only high energy
electrons in the primary electron group. There may be a few
secondary electrons that obtain energies like primary electrons;
however we do not move these secondary electrons into the primary
electron group. The number of high energy secondary electrons is
small.

In our early particle-based discharge chamber models [7], we
assumed that the neutrals were distributed uniformly throughout the
discharge chamber. Using this assumption in our simulations
indicated that the neutrals were continually being depleted inside the
discharge chamber. The problem is that this assumption only allows
steady state solutions if the number of neutrals ionized is small
relative to the number of neutrals present. This is not the case along
the centerline of an ion engine. To maintain proper conservation
of neutrals and to understand the neutral distribution inside the
discharge chamber, we now track neutrals inside the discharge
chamber. The neutrals are modeled using the same particle-tracking
approach as the charged particles. Similarly we have enabled the
tracking ofXe��, as there is an interest in knowing the percentage of
double ions present and their spatial distribution inside the discharge
chamber. The double ion results are important since they will allow
researchers to predict the lifetime issues of discharge chamber
components.

Because of the high mass ratio of the heavy particles compared
with the electrons (�2:4 � 105), the neutrals and the ions always
move at a much slower speeds compared with the electrons. To
handle this discrepancy in speeds a subcycling procedure is adopted
for the heavy particles to minimize the computational run time. If the
subcycling is set to 500, the heavy particles are advanced once for
every 500 time steps that the electrons are advanced.

After advancing the particles, the particle number density dis-
tributions for the entire discharge chamber are computed for each
particle type. This density calculation is used in the particle collision
routines to handle the collisions of electrons, ions, and neutrals.

D. Particle Collisions

Table 1 shows the different types of particle collisions considered
in this work. Monte-Carlo collision (MCC) techniques are used to
handle the particle-particle interactions. Table 1 also contains the
references for the collision cross-section data for each collision type
that has been used in this work. It should be noted that elastic
collisions between charged particles are handled by the dynamic
electric field solution and are not included in Table 1.

In an electron-neutral ionization collision event, the incident
electron loses the ionization threshold energy (12.1 eV) and gets

Table 1 Particle collisions considered in this PIC-MCC model

e–Xe e–Xe� e–Xe�� Xe�–Xe Xe��–Xe

Elastic [15] Excitation [16,17] Excitation [16,17] Elastic [18] CEX [18]
Excitation [15] Ionization [19] Three-body recombination [20] CEX [18] ——

Ionization [21] Three-body recombination [20] —— —— ——
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scattered. In the event of an elastic collision with a neutral, the
electron does not lose its energy, but only gets scattered. In an
excitation collision event, the electron loses the excitation threshold
energy of 8.35 eVand gets scattered. In this model the excited states
of neutrals are not maintained. It is assumed that this excitation
energy is immediately radiated to thewalls of the discharge chamber.

Inelastic electron-ion collisions such as excitation, ionization, and
three-body recombination processes are included in the present
model. From a literature survey, it was found that the electron-impact
excitation cross-section data for both Xe� and Xe�� is sparse to
nonexistant. For this reason the following approximations are made.
A swarm analysis by Strinic et al. [16] provides cross-section data on
electron-impact excitation collisions for the higher excitation levels
ofXe�. For the plasma in the discharge chamber the most excitation
collisions occur from the ground level of the ion. Since no excitation
cross-section data for ground level excitation ofXe� could be found,
we have approximated the ground level excitation cross section to be
the same as the upper level excitation results of the swarm analysis of
Strinic et al. [16]. The threshold energy for the Xe� excitation
collision is estimated using information available from the National
Institute of Standards and Technology (NIST) Atomic Spectra
Database [17,22]. There are many possible excitation transitions for
Xe� from the ground state, we only look at one transition. This
ground to excited level transition uses an average energy level value
for the upper state of the transition of 14.8 eV. The same procedure is
followed for determining the excitation energy for the electron-
impact excitation collisions of Xe��. Using the NIST Atomic
Spectra Database [17,22], we approximate the excitation energy for
an electron to excite Xe�� to be 19.1 eV. Also, since we could not
find information for the excitation cross section of Xe��, we have
used the Xe� excitation cross-section data for Xe�� excitation
collisions. Our physical parametric studies [23] indicated that the
percentage of electron-impact Xe ion excitation processes happening
inside the discharge chamber are relatively small. Hence these
simplified cross-section assumptions did not affect the discharge
plasma results significantly. In future work, we will improve this
cross section data based on real experiments, if they become
available.

In an electron-impact ionization collision of Xe�, the incident
electron loses the ionization threshold energy of 21.2 eV to produce
a Xe�� particle and a secondary electron. The electron-impact
ionization collisions of Xe�� are neglected in the model since the
ionization threshold energy for these collisions are much larger than
the applied discharge voltage.

Also included in this model are three-body electron-ion
recombination processes. These inelastic collision processes [24]
happen more frequently in high density plasmas with electron
temperatures in the range of 1–2 eV, but they also occur in the ion
engine discharge chamber plasma. The following recombination
reactions are used in this model:

e� e� Xe� ���! Xe� e (8)

e� e� Xe�� ���! Xe� � e (9)

The three-body electron-ion recombination rate coefficient forXe��

is given by

�ee��r � 9 � 10�39T�9=2e m6=s (10)

where Te is the incident electron temperature in eV. From the
literature search no recombination data could be found for xenon
ions. In [20], the above recombination rate coefficient is used for the
recombination of doubly charged aluminum ions. The same equation
is used for the recombination rate forXe�� ions. To obtain theXe��

recombination cross section, �ee��;r, value the above equation needs
to be divided by the electron number density and by the incident
electron speed. It is given by

�ee��;r �
�ee��r

nejvinc;ej
(11)

Since the recombination process has a strong dependence on the ion
charge state, Z, the three-body electron-ion recombination rate
coefficient for the Xe� is estimated to be

�ee�r � �
ee��
r

Z3
(12)

Both elastic and charge-exchange-type collisions are considered
for the ion-neutral interactions. In an elastic collision, the ionwill not
lose its energy but will only get scattered. In a charge-exchange
collision, the colliding ion becomes a neutral and the neutral becomes
an ion.

E. Particle Boundary Conditions

The high energy primary electrons are emitted from the hollow
cathodewhich is generally placed near the back wall of the discharge
chamber on the centerline. Inside the hollow cathode tube, electrons
are emitted by heating a lowwork function emittingmaterial to a high
temperature. The physical phenomena occurring inside the hollow
cathode is very complex [25] and not included in this work. For this
reason, electrons being emitted from the hollow cathode are taken as
a boundary condition. This study uses a small electron source located
at the exit from the hollow cathode to get primary electrons into the
discharge chamber. The rate of electrons, _npe, produced is based on
the emission current from the cathode, IE, and the volume of the
cathode tip,Vctip ,chosen for plasma generation. The rate of plasma

production is

_n pe �
IE
jejVctip

(13)

Here the emission current, IE, is calculated based on the current
balance equation for the discharge chamber. It is given by

IE � ID � �ISG � IC� (14)

The speed at which the primary electrons are leaving the cathode tip
is based on the electron temperature measured at the cathode tip
location. The speed of themono-energetic primary electrons, jvpej, is

v pe �

�������������
2jejTe
me

s
(15)

where Te is the electron temperature in eV. The flow path of primary
electrons that leave the cathode source is taken as a stream directed
towards the screen grid with a 15 � half angle divergence [26]. In the
actual hollow cathode arrangement the cathode orifice is a chamfered
hole through which the electrons leave into the bulk discharge
chamber plasma.

Neutrals are supplied to the discharge chamber through multiple
orifices in the main plenum in the thruster, but due to symmetry are
modeled as a single orifice in the model. Neutrals are also supplied
through the hollow cathode. Both neutral sources are modeled as
volumetric sources where the rate is based on the respective flow
rates. The source rate of neutrals, _nXe;cathode, through the hollow
cathode is determined using

_n Xe;cathode �
_mcathode

mXeVctip
(16)

Similarly the main neutral source rate, _nXe;main, is determined using

_n Xe;main �
_mmain

mXeVmain

(17)

where Vmain is the main feed computational source volume.
The neutral’s speed at the source is determined using the wall

temperature measured at the emission locations. The neutral speed at
the cathode source, jvXe;cathodej, is determined using
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v Xe;cathode �

����������������������
2jejTcathode
mXe

s
(18)

where Tcathode is the wall temperature observed at the cathode orifice
plate in eV. Similarly the neutral speed at the main feed location,
jvXe;mainj, is determined using

v Xe;main �

������������������
2jejTmain

mXe

s
(19)

where Tmain is the wall temperature observed at the main feed
locations given in eV. The flow path of neutrals exiting the hollow
cathode are modeled in a similar fashion to the emission of primary
electrons from the cathode. The neutral flow path from the main
source is based on its location inside the discharge chamber.

All anode-biased discharge chamber walls absorb both electrons
and ions that hit them. Whenever an ion hits a discharge chamber
wall, it recombineswith an electron at thewall and becomes a neutral.
This neutral is reflected back into the discharge chamber. An
additional event that may occur when an ion hits an anode-biased
wall is secondary emission. When an ion hits an anode-biased wall
there is a chance that an electron will be released from the wall
surface to behave as a free electron in the computational domain.
Whether this happens is determined by the secondary electron
emission coefficient. The empirical formula for the secondary
electron emission coefficient, �i, is obtained using [27]

�i � 0:016��ionz � �wf� (20)

where �ionz is the ionization potential given in eVand �wf is the work
function necessary to extract an electron from ametal surface. The �i
relation given above is independent of incident ion energies up to
1 keV [27], but it depends on the work function of the metal surface
and the ionization potential. Whether a secondary electron is
produced when an ion hits the wall is based on the �i value. This �i

value is compared with a random number to determine whether
secondary electron emission occurs.

Cathode biased walls absorb the ions that hit them and reflect the
electrons that hit them. The cathode biased screen grid is set to have a
transparency value for both ions and neutrals. The neutrals get
reflected back into the discharge chamber if they hit any chamber or
cathode wall. The reflection of neutrals from the walls is taken as
being diffuse. This diffuse reflection randomizes the neutral’s flow
path in the discharge chamber. At the symmetry boundary condition
(i.e., along the centerline of the discharge chamber) all particles are
reflected in a specular manner.

III. Solution of Mathematical Model

Figure 3 shows a flow chart of the computing sequence used by the
PIC-MCC simulation used in this work. In this flow chart the PIC-
MCC simulation is divided into two pieces: a static piece and a
dynamic piece. The dynamic piece of this algorithm deals with
calculations that depend on the position of the particles in the
discharge chamber. The static piece of the algorithm dealswith input,
boundary conditions, the computational mesh, the static magnetic
field, and the static electric field. All computations done in the static
portion of the algorithm are independent of the particle locations
determined in the dynamic portion of the algorithm.

Two computational tools, MAXWELL-2D [28] and OOPIC
[29,30], are used for solving the mathematical model presented in
this work. MAXWELL-2D, a computer program developed by the
ANSOFTCorporation, is used to model the magnetic field inside the
discharge chamber. The discharge chamber wall locations, the wall
material, magnet locations, and properties of the magnets are
provided as input to MAXWELL-2D. MAXWELL-2D solves the
magnetostatic field equations using a finite-element technique.
The results from MAXWELL-2D are input to the OOPIC code that
tracks the particles throughout the discharge chamber. OOPIC was
developed by the Plasma Theory and Simulations Group at the
University of California at Berkeley and Tech-X Corporation.
OOPIC was not designed for modeling the performance of an ion
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Fig. 3 A flow chart of PIC-MCC model showing the computing sequence of an ion engine discharge chamber plasma simulation.
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engine; but it was designed to perform high energy and low density
plasma simulations. As part of this work, parts of the code were
modified to make them more suitable for ion engine discharge
chamber modeling. Also new features were added in OOPIC to
handle tracking of neutrals, doubly charged xenon ions, and the
coulomb interactions between electrons and ions inside the discharge
chamber. Since dynamic neutrals are considered in the OOPIC code,
the MCC routines were extensively modified to account for proper
calculations of electron-neutral and electron-ion collisions [11].
More details of the modifications can be found in the dissertation
work of Mahalingam [23].

Standard PIC-MCC steps [31] are adopted in this work to
perform the dynamic piece of the discharge chamber simulation
using OOPIC. A two-dimensional finite difference scheme is used
for solving the fields and for tracking the plasma particles inside the
discharge chamber. The computational mesh can be either a uni-
form or a nonuniform grid. In this research, both are used. The
nonuniform grid is used to perform all calculations in the PIC-MCC
simulation. The uniform grid is used for the post processing
application of smoothing the results. Figure 4 shows a com-
putational mesh used in this work on the NSTAR discharge
chamber. Using the nonuniform grid in the PIC-MCC calculations
allows for higher spatial resolution in regions where the fields have
large gradients, while saving computer time by using lower
resolution in regions where the fields are more uniform. Particles are
tracked as macroparticles inside the discharge chamber and each
super particle is set to represent billions of real particles. A second
order leap frog scheme along with a Boris technique [8] is used for
tracking the plasma particles which considers both electric and
magnetic field effects. A null collision MCC technique [32] is used
for handling the particle-particle interactions inside the discharge
chamber. The dynamic electric potentials are solved using a parallel
DADI Poisson solver [7]. Parallel processing is enabled in the
dynamic piece of the simulation to speed up the computations.
More details of the numerical procedures used in this work are
given in the dissertation of Mahalingam [23] and in the AIAA paper
by Mahalingam and Menart [11].

The numerical parameters such as grid spacing and time step are
selected in this PIC-MCC simulation based on the stability
conditions posed by the Debye length and plasma frequency. The
explicit particle advancing scheme [8] is limited by the following
constraint on the time step size:

!pe�te 
 2 (21)

where !pe is given by

!pe �

������������
nejej2
"0me

s
(22)

The constraint for grid spacing is given as [8]

�D
~�
� 0:3 (23)

where �D is the Debye length

�D �
���������������
"0kBTe
nejej2

s
(24)

and ~� is the two-dimensional characteristic grid spacing given by

~��
� �����������������������

1

�z2
� 1

�r2

r ��1
(25)

The constraint on grid spacing is required to control plasma heating
[8]. Numerical heating causes a nonphysical energy growth in the
electrons. Both the plasma frequency and the Debye length are
proportional to the particle (electron) number density values and
electron temperature values. If a high plasma density is encountered,
the simulation needs to deal with a high plasma frequency and a small
Debye length. This demands smaller time steps to reduce the plasma
oscillations, and amuch finermesh to resolve the Debye length. Both
of these factors result in an exponential growth in computational
times.

At this point in time, given the speed of computers, it is not
practical to perform a discharge chamber sized PIC-MCC simulation
of a plasma that has densities over ne � 1019 m�3 with electron
energies below Te � 50 eV. Using these ne and Te values in
Eqs. (23) and (24), the computational grid spacing value is found to
be on the order of few microns and the computational domain
required for resolving the NSTAR discharge chamber is a few
hundred million cells (considering 103 grid points in each
directions). This is a large number of computational cells and is not
practical for a detailed PIC-MCC discharge chamber simulation.
Thus we set the plasma Debye length to be in the millimeter range
instead of micron range (by a factor of 1000) by adjusting the
permittivity. To do this the permittivity value needs to be inflated

by a factor of 106 (�D � "1=20 ). In this work we keep the artificial
permittivity at 1:08 � 10�5 F=m (	� 1:22 � 106) which allows the
grid size to be increased by a factor of 1100. This scaling allows us to
consider a grid spacing value on the order of few tenths of a
millimeter instead of few microns and consider a computational
domain with 104 cells instead of 108. This is the difference between
obtaining a solution in three months as opposed to three years. The
only place where the increased "0 affects the simulation is in the
Poisson solver for the dynamic fields.

In addition, the grid spacing, ~�, and time step value, �t, are still
restricted by the particle Courant condition:

vt�t

~�
� 0:5 (26)

This stability condition ensures that the plasma electrons do not cross
more than one cell during a time step. The△t value is also restricted
by the MCC accuracy condition. It is given by [33]

P� �n��vt�vt△t�2 � 1 (27)Fig. 4 Computational meshes considered in the PIC-MCC simulation.
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whereP is the probability, n is the target particle number density, and
��vt� is the total collision cross section. This MCC accuracy
condition eliminates missing collisions per time step and the time
step size is selected such that few collisions per time step are missed.

The particle grouping is also a factor inmaintaining the stability of
the PIC-MCC simulations. Numerical noise caused by particle

grouping [34] is proportional to
�������������
1=Ncp

p
. Thus a proper selection of

particle weighting has to be made to keep the numerical noise under
control. To reduce the statistical noise, more macroparticles should
be used, i.e., each macroparticle should represent fewer physical
particles. Since more macroparticles means longer computational
times, a balance between these two conflicting criteria is made.

IV. NSTAR TH-15 Results

The NSTAR discharge chamber is shown in Fig. 5. Both axial and
radial dimensions of the NSTAR discharge chamber are shown in
nondimensional units. The discharge chamber length was used for
nondimensionalizing the axial and radial directions. The discharge
chamber wall material is modeled as aluminum (as in the functional
model thruster of a NSTAR discharge chamber [35]) and the
permanent magnets on the discharge chamber walls are made of
samarium cobalt. The discharge chamber cathode assembly includes
both the hollow cathode and the cathode-keeper enclosure. A small
primary electron source is placed at the exit of the hollow cathode
orifice. The same source is used to model the neutral xenon flow
through the cathode. Both primary electron and neutral emission
sources have a 30 � full-angle flow streamdirected towards the screen
grid. This angular distribution of emission seems reasonable given
the chamfered edges of the cathode orifice plate as used in the
NSTAR discharge chamber. The main neutral xenon injection site is
located in the corner along the sidewall and front flange. The neutral
propellant from this source also has a 30 � angular distribution. The
molybdenum screen and accelerator grid plates used on the NSTAR
discharge chamber are circular disks that have been concaved
slightly to reduce thermal buckling problems. In this work only the
screen grid is modeled, and it is taken as being flat for simplicity’s
sake. All three magnets, the cathode source, the main neutral xenon
emission location, the discharge chamber walls, and the screen grid
are labeled in Fig. 5.

The NSTAR discharge chamber was operated over 16 point
throttling levels (TH-0 to TH-15) which vary power levels, neutral
flow rates, and thrust conditions. The TH-0 level indicates the low
power condition and the TH-15 level indicates the high power
condition. In thiswork theNSTARTH-15 throttle level is taken as the
operating condition for all PIC-MCC simulations. In our earlier work
[11], the TH-12 throttle level was used. Table 2 lists the TH-15
operating conditions and performance parameters.

The computational mesh used for the PIC-MCC simulations is
given in Fig. 4a.

A. Static Fields

Figure 6a shows the static electric potential mapping used for the
TH-15 operating condition. This electric potential mapping uses the
experimental measurements of Herman and Gallimore [35]. Herman
made these measurements for locations near the cathode keeper to

0.56 nondimensional units upstream of the back wall and radially
traversing from thruster centerline to the slant wall. His mea-
surements indicate that the bulk of the discharge chamber plasma
potential is at 28 V (for radial locations greater than 0.12 non-
dimensional units). This is what is used in this work and it is
considered for the region axially between 0.2 to 0.5 nondimensional
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Fig. 5 A schematic of the NSTAR 30-cm diameter discharge chamber.

Table 2 NSTAR TH-15 Operating Conditions

and Input Parameters

Description TH-15

PIN 2.29 kW
T 92.4 mN
Isp 3120 s
�t 0.618 s
VD 25.14 V
ID 13.13 A
_mmain 23.43 sccm
_mcathode 3.70 sccm
IE 12.7 A
IB 1.76 A
VB 1100 V
VAcc �180 V
�prop 90%
’ion 0.84
’0 0.13
Vbulk 28 V
VC 2 V
Tpe;init 2 eV
T0 0.0365 eV
ts 3.2 mm

Fig. 6 Static fields used for NSTAR TH-15 operating condition.
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units from the back wall and radially from the thruster centerline to
0.1 nondimensional units. The electric potential values for the region
axially between 0.5 to 0.55 nondimensional units and radially
between 0.1 to 0.12 nondimensional units are interpolated to have a
smooth transition of electric potential values from the region which
uses the experimental data to the bulk plasma. All discharge chamber
walls are coveredwith a sheath that has a thickness of 3.2mm [23], in
which the 28 V bulk plasma potential drops to the 25.14 V wall
potential. Since the bulk plasma potential is maintained at 28 Vand
the cathode source is maintained at 2 V, there is a 26 V rise from the
cathode to the bulk plasma. The initial primary electron kinetic
energy [36] from the cathode tip is set to 2 eVand the neutral particle
kinetic energy is set to 0.0365 eV. The sum of the 2 eV primary
electron’s initial kinetic energy and the 26 eV potential energy
provides an energy input for the primary electrons of 28 eV, the bulk
plasma potential value. The cathode keeper is maintained at 6 V
positive to the cathode and the screen grid is maintained at 0 V.

Figure 6b shows the static magnetic field inside the NSTAR
discharge chamber. In the axial direction the magnetic flux density
values are low for a region from 0.25 nondimensional units
downstream of the cathode keeper to the screen grid. In the radial
direction the magnetic flux density values are low from the thruster
centerline to a radius of 0.45 nondimensional units. This can be
looked at as a field free region. In Fig. 6b the magnetic vector
potential contour lines (magnetic field lines) are superimposed on the
flux density contour plot. The magnetic vector potential lines run
between the cusp regions of the magnets. The slanted wall of the
discharge chamber is covered by the 100 G-cm magnetic vector
potential line running between magnet-1 and magnet-2. This 100 G-
cm line leans towards the slantedwall at an axial position between 0.3
to 0.42 nondimensional units and a radial position between 0.25 to
0.5 nondimensional units. This wall region ismentioned because this
is a weak spot in the confining magnetic field and it is believed that
this effects the NSTAR performance.

B. Results Convergence

A convergence study is conducted with the developed PIC-MCC
simulation for all numerical parameters in the simulation. The
convergence is checked in terms of the current results and the particle
number density distribution results. The converged numerical
parameters are

Wmacro� 1:25� 1011physical particles; Ne;cell� 35

�te� 5� 10�10 s; �tion� 5� 10�8 s; �tXe� 1� 10�7 s
Nz� 100; Nr� 82; Ncell� 8200

Niter;ch arge� 10–20� 106; Niter;Xe��100� 106

Details of the numerical parameter convergence study are given in
the dissertation work of Mahalingam [23].

Figure 7a shows the total number of Xe, Xe�, Xe��, primary
electrons, and secondary electrons in the discharge chamber as a
function of the number of iterations used by the PIC-MCC
simulation. A previous PIC-MCC solution is used as an initial guess
of the particle distributions for this case. From Fig. 7a it can be seen
that the simulation has achieved a steady state condition in which the
solution converged within 5%. All the charge particles plotted in
Fig. 7a show this. The total number of iterations for which the
particles are tracked is about 100 million. Figure 7b shows the beam
current and discharge current results for the discharge chamber as a
function of the number of iterations. Both current results indicate that
the simulation has reached steady state. The initial condition in this
simulation is taken from a previous PIC-MCC simulation’s solution
which is observed to be closer to the end results. That is the reason
why the charge particles and currents are relativelyflat in Figs. 7a and
7b. Figure 8 shows the effect of starting the computation at different
locations. The convergence plots in Figs. 7a and 7b used a starting
point like that shown for starting point (SP) 2 curves in Fig. 8.
Figure 8 clearly shows that the convergence of the results is
independent of the starting point.

The results in Fig. 7a indicate that all charge particles require about
5million iterations to reach a steady state condition. The high energy
primary electrons are the first to reach convergence. The heavier ion
particles and the secondary electrons take a long time to reach
convergence compared with the primary electrons. The ions and
secondary electrons are produced inside the discharge chamber from
the ionization collisions of high energy electrons. At every ionization
location both species are produced. The results of the secondary
electrons and ions are somewhat coupled because the bulk of the
secondary electrons in the discharge chamber come from ionization
events. The dynamic electric fields also couple the two particle types
together. The secondary electrons move faster because of their lower
mass and try to move away from the ions. However, the dynamic
electric field effect pulls the secondary electrons to the ion locations
to balance the charge difference.

The neutral particles shown in Fig. 7a takemany iterations to reach
convergence as compared with the number of iterations required for

Fig. 7 Iteration convergence of NSTAR discharge chamber operating

under TH-15 throttle level.

Fig. 8 Comparisons of beam and discharge current results vs number

of iterations for the two different SP cases.
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the charged particles to reach a converged state. A couple of reasons
for this are that the neutralsmove slower than the ions and ions tend to
be created at many different positions throughout the discharge
chamber. On the other hand, the bulk of the neutrals have to travel
from their source points (emission locations) to the location where a
steady state distribution is maintained in the bulk of the discharge
chamber. The small changes seen in the neutrals as a function of time
are difficult to eliminate. To get the neutral particles to full
convergence about 100 million iterations, i.e., 50 milliseconds, is
required. The wall-clock time taken for the simulation to perform
100 million iterations is nearly 2.5 months on ten CPUs.

C. Experimental Validation

In this section the numerical results are compared with
experimentally measured data. The experimental data for the
NSTAR TH-15 condition are obtained from a number of sources
[37–43].

Current comparisons are given in Table 3. The beam current and
the propellant utilization efficiency results are found to be in very
good agreement with the experimental data. The beam current
[38,44] and the propellant efficiency compare within 2%; but the
I��B =I�B ratio differs from the maximum experimental results [40] by
30%. Themaximum double-to-single ion ratio of 0.34 wasmeasured
by Polk et al. [40] on the high power throttle tests performed during
the NSTAR 8000 h ion engine endurance test. In other experimental
studies [41] the ratio of double-to-single ion current in the beam was
reported in the range 0.15 to 0.27. The double ion comparison
indicates that the present plasmamodel is slightly over predicting the
number of double ions in the beam current. The doubles-to-singles
ratio are actually measured at different locations in experiments (the
E � B probe is placed 6 m from thruster exit) and in the numerical
simulations (computed right at the screen grid exit). This is a major
difference between experimental and numerical results for the
doubles-to-singles ratio. The charge-exchange and recombination
collisions that occur in the plume region can affect the double ion
population measured at 6 m from the thruster exit. This work only
includes the discharge chamber region in the simulation. Hence it is
not possible to investigate the effects of charge-exchange and
recombination processes in the plume region. The calculated
discharge current differs from the measured value by 22%.

The discharge current value is based on the difference between the
rate of electrons collected at the anode-biased walls and the rate of
ions collected at the anode-biased walls. From the plasma model the
total ion current collected at the chamber walls is 0.78 A. The
experimentally estimated ion currents to the anode and screen grid on
an NSTAR-type ion thruster [43] is 2.5 A. An estimate of the anode-
biased wall ion current can be obtained by subtracting an average
experimentally determined screen grid ion current (0.40 A) from the
2.5 A anode and grid current. This gives an anode-biased wall ion
current of 2.1A. This is significantly higher than the 0.78A predicted
by this model. It is believed the reason for this difference is the
electrical potential distribution used. The electric potential field used
in this work does not produce any significant gradients except in
small regions close to thewallsmimicking sheaths and in the cathode
region. Important potential gradients controlling ion flow to thewalls
would be a presheath region. A presheath region would accelerate
ions out of the plasma into the anode-biased walls. When ions hit the
anode-biased walls the discharge current is reduced. A presheath
region would also hinder the flow of electrons to the anode-biased
walls. This also would lower the discharge current. Future work

should look into applying a presheath potential in regions close to
anode-biased walls.

The effectiveness of ions produced inside the discharge chamber is
measured in terms of plasma ion production cost, �p, and the beam
ion production cost, �B. The plasma ion production cost is given by

�p �
IDVD
IP

(28)

where IP is the total ion production rate inside the discharge chamber.
The total ion production current in the discharge chamber is based on
the total ion currents collected at the various chamber walls and the
ion currents to the beam. The ion production current as given by
Brophy and Wilbur [45] and Foster et al. [43] is

IP � IA � IB � IC � ISG (29)

This computed total ion production current is found to be 5.74A. The
beam ion production cost is computed using

�B �
VDID
IB

(30)

The computed plasma ion production cost and beam ion production
cost, as well as other global performance parameters, are compared
with experimental values [40,41,43] in Table 4. The plasma ion
production cost compares within 7% and the beam ion production
cost compares within 16% of the average experimental values.

The ideal thrust produced by the ion engine discharge chamber
depends on the beam current and beam supply voltage. It is given as

Tideal �
������������
2
mion

jej

r
IB

������
VB

p
(31)

The computed beam current is 1.78 A and from the NSTAR throttle
table (see Table 4) the beam supply voltage, VB, for the TH-15
throttle condition is found to be 1100V. This quantity is not predicted
by the plasma model because the region where this is applied is
outside the discharge chamber computational domain. Substituting
these values into Eq. (31) gives an ideal thrust value of 97.5 mN.
However, the actual thrust produced in the ion engine discharge
chamber is affected by the presence of double ions in the beam and
the beam divergence factor. It is given by

Tactual � �FtTideal (32)

Here the double ion correction factor, �, is based on the ratio of
double-to-single ion current in the beam current which is given by

��
�1� 1��

2
p I��

B

I�
B
�

�1� I��
B

I�
B
�

(33)

The computed � value is found to be 0.91. Substituting this � result,
the beam divergence factor of Ft � 0:98 obtained from experiments
[46], and the ideal thrust result into Eq. (32) gives a thrust value of
87mN. The experimentally calculated thrust result was 92.4 mN and
our thrust value differs by 5% from the experimental result. This
difference is mainly influenced by the higher double ion ratio
predicted in simulations.

The specific impulse of the ion engine discharge chamber is
computed based on the actual thrust value and the total propellant
mass flow rate value. It is given by

Table 3 Comparisons of numerical discharge chamber current results
with experimental measurements for the TH-15 operating condition

Discharge Parameters IB I��B =I�B �prop ISG ID

Units A —— % A A
Numerical results 1.78 0.44 91.4 0.33 16.0
Experimental data 1.76 0.15–0.34 90 0.37–0.43 13.1

Table 4 Comparisons of numerical results with experimental

measurements for the discharge chamber performance
parameters of TH-15 operating condition

Discharge parameters �p �B Tactual Isp �t

Units W=A W=A mN s %
Numerical results 70 226 87.0 2930 0.55
Experimental results 76 190–200 92.4 3120 0.618
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Isp �
Tactual
_mpg

(34)

The total propellantmassflow rate for the discharge chamber is based
on the sum of the neutral flow rate through the cathode, the main
plenum, and the neutralizer cathode. The total flow rate for the
NSTAR TH-15 throttle condition is found to be 3:02 � 10�6 kg=s.
Substituting the computed actual thrust of 87 mN and the total mass
flow rate of 3:02 � 10�6 kg=s into Eq. (34) gives a specific impulse
of 2930 s. Once the values of Tactual and Isp are known, the overall
thruster efficiency, �t is computed as

�t �
TactualIspg

2PIN

(35)

The input power value for the calculation of �t is taken from the
NSTAR throttle table (see Table 4). The overall thruster efficiency is
computed to be 55%which differs from experimental result by 11%.

Next a comparison between the beam profile results obtained from
the numerical simulation and from experiments is made. The
numerical beam current density results are presented in two forms
following the technique used byWirz [47]. In the first form, the beam
current density called jB�� is computed by summing the ion
current due to singly charged ions (Xe�) and doubly charged ions
(Xe��). In the second form, the beam ion current is called jB�, and
is computed by summing the value of the single ion current and half
the value of the double ion current. The first form looks at the beam
current as the number of unit charges leaving the grid. This is the
physically correct way to look at the beam current. The second form
looks at the beam current as the number of positively charged
particles leaving the grid. The second form is useful for studying the
relative contribution of double ion current to the total beam current.

Figure 9 shows the beam current density values obtained from the
numerical simulation and from measured data taken during an
NSTAR wear test [41]. The computed beam current density results
are obtained right at the screen grid location, while the experimental
data is obtained downstream of the accelerator grid [41]. The profile
which should be compared with the experimental results is jB��.
Note that the jB� profile compares better to the experimental results.
This exemplifies our observation that the numerical simulation is
producing too many double ions. The computed beam current
density profiles are highly peaked near the centerline compared with
the experimental results. The experimental values may have been
more peaked at the centerline if they were taken at the same location
at which the numerical results were taken. Measuring the beam
current density downstream of the accelerator grid may reduce the
peak. In addition, charge-exchange collision processes between ions
and neutrals may lower the number of ions reaching the downstream
location where the experimental data is measured. Another
difference between the calculated and experimental beam current
profiles was that the experimental results were obtained using a
screen grid that has a slight curvature. This curvature is not included
in the grid boundary condition used in the modeling work. The
oscillations seen in the calculated results are due to statistical
variations present in the PIC-MCC simulation. These are reducible
by using more computational particles.

In our numerical simulation, the FB value for the jB�� beam
current density profile is found to be 0.39 and the FB value for the
jB� beam current density profile is found to be 0.44. The
experimentally reported FB value is 0.46 [41].

D. Plasma Particle Results

Table 5 shows the steady state results for the total number of each
type of particle,Nphys, present inside the discharge chamber for each
species. These results indicate that the ionization fraction of the
plasma is 26%and the ratio of the total number of double ions (Xe��)
to single ions (Xe�) is 0.064. This is much lower than the double-to-
single ion current ratio, 0.44, obtained at the grid. The total number of
primary electrons is 23% of the total number of electrons. These total
particle results also indicate that the total number of negative charges
(sum of primary and secondary electrons) are nearly equal to the total
number of positive charges (sum ofXe� and twiceXe��). The ratio
of the negative charges to the positive charges is 1.01. This
corresponds to a net negative coulomb charge of �5:4 � 10�5 C or
3:4 � 1014 electrons. This is less than 1% of the total electron
particles in the discharge chamber. This is a strong indication that the
dynamic electric field solver with an inflated plasma permittivity is
performing the function it was intended to do, maintain an overall
plasma charge of zero.

Table 5 also shows the steady state volume averaged particle
number densities and kinetic energy results for each species. As
expected the primary electrons have the highest energy, the
secondary electrons the next highest, then Xe��, Xe�, and Xe.

Next, the steady state plasma particle number density results for
the TH-15 operating condition are given.Also the steady state kinetic
energy distribution results are given for the primary electrons. All
particle distribution plots have the magnetic vector potential lines (in
gauss-cm) superimposed on them so the reader can judge the effects
of the magnet field on the particles. Comparisons of the particle
number density results are made with the experimental results
obtained by Herman [48] and Sengupta et al. [49,50] on the NSTAR
thruster.

Figure 10a shows the steady state neutral gas number density
results. Themaximum neutral number density value is observed near
the cathode-keeper exit, (�1 � 1020 m�3), where the cathode neutral
particle source is located. This number density result is higher than
the neutral number density result observed at themain plenum source
for neutrals (�2:0 � 1019 m�3). One reason for this higher number
density is the small emissionvolume at the cathode as comparedwith
the main plenum emission. In an axisymmetric, cylindrical
coordinate system the volume at a given radial location is
proportional to r. The cathode emission is focused while the main
plenum emission is more diffuse. Another reason for getting a peak
number density value at the cathode exit is because of ion

Table 5 Total particle results at steady state for the NSTAR discharge chamber at TH-15 operating condition

Steady-state results Xe Xe� Xe�� Primary Secondary

Nphys 10:3 � 1016 3:06 � 1016 0:196 � 1016 0:76 � 1016 2:72 � 1016

�n, m�3 8:25 � 1018 2:46 � 1018 0:16 � 1018 0:61 � 1018 2:18 � 1018

Tavg, eV 0.0324 0.047 0.104 3.90 2.45

Normalized radial position
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Fig. 9 Beam profile for the NSTAR TH-15 operating condition.

Comparison between the numerical results and the experimental data

are also shown in this plot.
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recombination at the cathode wall surfaces. Ions made in the plasma
close to the cathode emission source have a propensity to travel back
towards the cathode, because of its lower electrical potential. This
increases the number of neutral particles present in this region. The
side wall region has a neutral number density of 1 � 1019 m�3,
because there are few high energy electrons in this region and also
due towall recombination of ions. The high sidewall neutral number
densities are also the result of the neutrals coming from the main
plenum source. The most interesting aspect of the neutral number
density distribution results is the depletion of neutrals along the
centerline of the discharge chamber. Most of the plasma along the
centerline ismore than 90% ionized. This neutral particle depletion is
reported in a relative neutral number density study done by Sengupta
et al. [50]. This depletion occurs because of the high energy primary
electrons coming from the cathode. Themagnetic field enhances this
problem by keeping electrons confined to the centerline region. If
these electrons could be forced off the centerline quicker, a better
performing ion engine would be the result.

Figure 10b shows the steady stateXe� number density results. At
the cathode source a maximum Xe� number density value of �5 �
1019 m�3 is observed. At the exit of the cathode keeper the number
density value is observed to be 1 � 1019 m�3 which is in agreement
with plasma number density results given by Herman [48]. The
experimental measurements byHerman show a sharp decrease in the
number density values in the conical section while our Xe� number
density results show no decrease in number density values in the
radial direction until after 0.16 nondimensional units. Our number
density results are in agreement with the electron number density
results given by Sengupta et al. [49] who had made a similar
measurement in the conical section of an NSTAR-type thruster. The
number density values decrease rapidly, by 2 orders of magnitude, in
the region between axial positions of 0.2–0.5 nondimensional units
and radially in the conical section after 0.16 nondimensional units.
TheminimumXe� number density value in the slantedwall region is
observed to be 1 � 1016 m�3. This result is in agreement with
experimental studies [43,48–50]. In the cylindrical section, the Xe�

Fig. 10 Particle distribution results at steady state for NSTAR TH-15 operating condition. The magnetic vector potential lines (in gauss-cm) are

superimposed on these plots to judge the effects of the magnet field on the particles.
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number density values are found to be in the range between 2:5 �
1018 m�3 and 5 � 1018 m�3. The Xe� number density values in the
cylindrical section decreases after 0.58 nondimensional radial units
and show an order of magnitude decrease in the number density
values near the side wall region. The minimum Xe� number density
value in the sidewall region is observed to be 2:5 � 1017 m�3. At the
screen grid, the ion number density values are observed to be smaller.
This is mainly because the ions are accelerated to a high speed by the
presence of large electric fields in the screen grid sheath. The white
regions inside the discharge chamber boundaries are regions where
no computational particles exist. This does not mean there are no real
particles present here; however, it does mean that the number of real
particles present is extremely small.

Figure 10c shows the steady state Xe�� number density results.
Xe�� has its highest number densities (�1:25 � 1019 m�3) between
the cathode keeper and 0.15 nondimensional units axially
downstream of the cathode keeper. These number densities may
increase the erosion of the cathode and cathode-keeper walls as
discussed in experimental studies [51,52]. TheXe�� number density
values decrease sharply in the radial direction. In the conical section
the Xe�� number densities decrease rapidly in the radial direction
which indicates fewer double ionization events compared with the
cylindrical section. In the cylindrical section axially between 0.5 to
0.9 nondimensional units and radially from the thruster centerline to
0.12 nondimensional units, the Xe�� number density values are
found to be in the range between 1 � 1018 and 2:5 � 1018 m�3 which
is about 0.3–0.8 times the Xe� number density values in these
locations. These high Xe�� number density values radially near the
thruster centerline and axially a few centimeters upstream of the
screen grid indicate that the beam current density along the thruster
centerline is peaked by theXe�� ions. The formation of such a large
Xe�� number density along the thruster centerline is due to high
energy primary electrons concentrated along the thruster centerline.

Figure 10d shows the steady state secondary electron number
density results. High secondary electron number density values of
5 � 1018 m�3 are found for the axial positions between 0.3 to 0.8
nondimensional units and close to the thruster centerline in the radial
direction. The secondary electron distribution results in Fig. 10d
indicate that the secondary electrons are confined by the magnetic
field lines. In the conical section, the number density values drop
radially after 0.2 nondimensional units. The minimum secondary
electron number density value near the slanted wall is found to be in
the range of 5 � 1016 m�3. In the cylindrical section for the regions
axially between 0.5 to 0.9 nondimensional units and radially between
0.05 to 0.58 nondimensional units, the secondary electron number
density values are found to be in the range of 3 � 1018 m�3

�4 � 1018 m�3. The secondary electron number density values
decrease for regions radially after 0.58 nondimensional units because
of confinement by the strongmagnetic field lines. At the sidewall the
secondary electron number density values are found to be in the range
of 1 � 1017 m�3 �3 � 1017 m�3. These results qualitatively agree
with the experimental measurementsmade by Sengupta et al. [50]. In
the bulk of the discharge chamber the calculated secondary electron
number density results are higher than the experimental values.

Figure 10e shows the steady state primary electron number density
results. Maximum primary electron number densities are observed
near the cathode-keeper exit, �7:5 � 1018 m�3. The primary
electron distribution results in Fig. 10e indicate that the primary
electrons are mostly confined by the magnetic field lines. In the
conical section the primary electron number density values decrease
rapidly due to the confinement of electrons with the higher magnetic
field lines (above 50 gauss-cm) running between the cusps of
magnet-1 and magnet-2. One problem in the magnetic field is in the
middle of the slanted wall. The 100 G-cm magnetic vector potential
line leans into the wall. Primary electron number densities also bow
into the wall close to this point. As will be shown latter, this leads to
an increased flux of primary electrons to the slantedwall. This region
in the magnetic field is called a hole by Bennett et al. [53].

Figure 10f shows the steady state primary electron average kinetic
energy results. The maximum local average primary electron kinetic
energy values of 12.5–15 eVare found axially between the cathode-

keeper exit and 0.15 nondimensional units downstream of the
cathode keeper. The radial extent of these energies is from the
thruster centerline out to 0.05 nondimensional units. The high energy
primary electrons in this region are responsible for the higher Xe��

number densities (see Fig. 10c) and the depleted neutral particle
number densities in Fig. 10a. The kinetic energy values sharply drop
in the radial direction to 5 eVat 0.08 nondimensional units. The bulk
of the primary electron average kinetic energies are found to be
between 3.5–4 eV. Both conical and cylindrical sections exhibit
similar primary electron energy variations. Near the chamber walls
the average kinetic energy value is found to be on the order of 1–
2.5 eV.

Figure 11 shows the electron energy distribution function (EEDF)
for primary and secondary electrons at the steady state condition.
This distribution is for all the electrons in the discharge chamber. The
electrons are grouped into 0.2 eV energy bins from 0 eV to 30 eV.
After counting the number of particles in each 0.2 eV increment, the
relative fraction of the particles in each bin is computed by dividing
the total number of particles in that energy bin with the total number
of particles. Both EEDF results are found to be skewed towards the
low electron energy values. The peak of each EEDF is around 1.2 eV.
From these peak points the EEDFs drop gradually. The slope is found
to be steeper for the secondary electrons than the primaries. Themost
notable difference between the two plots is the high energy tail of the
primary electron EEDF. There is a small fraction of high energy
primaries present. Although the numbers of these high energy
primaries is small, their importance to sustaining the discharge is
high. Only 3.5% of the primary electrons are found to have an energy
value of 12.5 eVand above. The ionization threshold energy required
for the creation of Xe� from Xe is 12.1 eV. These 3.5% of primary
electrons are responsible for the creation of ions inside the discharge
chamber. Only 0.8% of the total primary electrons are found to
possess more than 21.2 eV of energy, which is the ionization
threshold energy for the creation ofXe�� fromXe�. About 8.3% of
the total primary electrons are found to have electron energies above
8.35 eV and above, which is the excitation threshold for Xe. In the
secondary electron group only 0.27% of the electrons are found to
have an energy value of 12.5 eV and above. About 1.4% of the
secondary electron particles are found to have energies of 8.35 eV
and above. As can be seen in Fig. 11 an insignificant number of
secondary electrons are found to possess electron energies greater
than 21.2 eV. The EEDF functions displayed in Fig. 11 point out that
a relatively few number of electrons are sustaining the plasma inside
the discharge chamber.

E. Particle Loss Mechanisms

It is interesting to know how different inelastic collision processes
affect the high energy primary electrons, and the slow moving
secondary electrons inside the discharge chamber. Table 6 lists the
relative percentages of each of the inelastic collision processes

Fig. 11 Electron energy distribution function results for both primary

and secondary electrons at steady state for the NSTAR discharge

chamber.
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included in this PIC-MCC simulation. The results are for both
primary and secondary electrons at the steady state condition.

These results show that the most common collisions are thosewith
neutral particles. This is understandable because the neutrals are the
most plentiful species in the discharge chamber. As will be shown in
the physical parameter study, excitation collisions are a significant
means by which electrons lose energy. It would seem that wall losses
are also a place where electrons loose a significant amount of energy.
The total percentage of electron recombination collisions with Xe�

and Xe�� is 6.23 %.
To gain a better understanding of the particle losses to the walls of

the discharge chamber, current density, j, profiles along each of the
walls is plotted. This is done for each charged particle species in
Fig. 12. These plots localize the wall areas where particles are being
lost. A discharge chamber wall surface can be looked as a
combination of the following two segments: 1) a magnetic cusp area
(if the wall has a magnet on it) and 2) a noncusp area composed of
wall locations between the cusps of twomagnet rings. If two adjacent
magnets are spaced too far apart then a hole can develop in the
magnet field on the surface of thewall. As discussed by Bennett et al.
[53], a wall hole is identified as the wall region where the strength of
the magnetic field lines becomes weak enough to allow a significant
number of electrons to reach the walls. Holes in the magnetic field
result in poor ion engine performance [53,54]. The magnetic field
strength andmagnetic vector potential results for the three magnetic-
ringNSTAR ion engine (see Fig. 6) indicate two such hole regions on
the discharge chamber wall surfaces. One hole region is found on the
slanted wall surface of the conical section (axially between 0.26–
0.32 nondimensional units) and the other hole region is found on the
side wall of the cylindrical section (axially between 0.68–0.76
nondimensional units). Themagnetic field strength values in the hole
regions are found to be much weaker than the no-hole regions (15–
20 G on the slant wall hole region and 25–30 G on the side wall hole
region).

In Fig. 12 the steady state species current densities on the four
walls of the discharge chamber (back, slanted, side, and flange) are
plotted on three graphs. The slanted wall in the conical section and
the side wall in the cylindrical section are combined together and
plotted versus the axial location. To minimize the statistical
fluctuations in the nonuniform grid results, the plotted wall current
densities are taken off the overlaid uniform grid. Current density
results are plotted for Xe�, Xe��, secondary electrons, and primary
electrons. The discharge chamber wall locations (both axial and
radial positions) are given in nondimensional units and the current
density results are given in A=m2. Figure 12a shows the species
current density collected at the radial locations of the back wall
surface. A maximum current density value is observed for the
secondary electrons at the magnetic cusp location (at r� 0:15
nondimensional units) on the back wall surface. Similarly the
primary electron current density value is found to be larger at the cusp
location. Both electron current density values are found to be
dropping sharply before and after the cusp region. The secondary
electron current density values at the noncusp regions are found to be
much smaller and the primary electron current values in the noncusp
regions are found to be zero. This occurs because of the strong
magnetic field lines at the backwall surface. As shown in Fig. 12a the
Xe� ion current density value is found to be 500 times smaller
than the secondary electron current density value. The Xe�� and
Xe� current density results show that both ions are lost at all
locations of the back wall surface. TheXe�� current density value is
found to be smaller than Xe� for most of the radial locations along
the backwall. The peak current density values of all species are listed
in Table 7.

Figure 12b shows the species current density results collected at
the axial locations of the slanted wall and the side wall of the
discharge chamber. The species current density results on the axial
wall surfaces are smaller comparedwith the other radial wall surfaces
(see Figs. 12a and 12c). All species current density results are found
to peak at three locations as identified in Fig. 12b. The first peak
is at the hole region of the slanted wall surface (at z� 0:27
nondimensional units), the second peak is at the cusp region of
magnet-2 (at z� 0:51 nondimensional units), and the third peak is at
the hole region of the side wall (at z� 0:72 nondimensional units).
Out of these three peaks, all species are found to have the maximum
current density values at the cusp location. The secondary electron is
found to have the largest current density value in all of these three
peaks. The maximum current density values for each species in the
slanted wall hole region, sidewall cusp region, and the sidewall hole

Fig. 12 Current density profiles along the walls of the discharge
chamber for each of the four different charge particles at steady state for

the NSTAR TH-15 operating condition.

Table 6 Percentage of inelastic collision processes for electrons at steady state

Inelastic collision processes Xe Exc. Xe Ionz. Xe� Exc. Xe� Ionz. Xe� Recomb. Xe�� Exc. Xe�� Recomb. Wall Losses

Primary electrons 29.8 15.8 0.66 2.16 0.8 0.22 0.1 16.0
Secondary electrons 4.54 0.75 0.06 0.012 4.76 0 0.58 23.8
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region are listed in Table 7. The observation of peak current density
results in the slanted wall hole region and the side wall hole region
further support the findings of the magnetic field strength study
conducted by Bennett et al. [53]. Only ion currents are found on the
slanted wall surface axially from the discharge chamber to 0.1
nondimensional units. This indicates the magnetic field is suffi-
ciently strong over this portion of the wall to stop electrons from
reaching the slanted wall surface. At the slanted wall hole region the
current density values of both positive and negative charged particles
are found to be high. This indicates a hole in the magnet field. The
species current density results axially between 0.37 to 0.5
nondimensional units are found to sharply drop from the slantedwall
hole region current density results. The slanted wall’s total electron
current density is found to be 200% higher than the side wall hole
region’s total electron current density. The slanted wall hole is more
critical to discharge chamber performance than the side wall hole.
Design changes can bemade to plug these holes in themagneticfield.
All species current density results at the sidewall region closer to the
screen grid (axially between 0.86 to 1 nondimensional unit) indicate
that this portion of the sidewall is well covered by the magnetic field
lines from magnet-3.

Figure 12c shows the species current density results collected at
the radial locations of the sidewall flange where magnet-3 is placed.
The electron current density results are found to be large at the
magnet-3 cusp location (at r� 0:625 nondimensional units). Only
secondary electron currents are observed radially after the cusp
location on the side wall flange. Both Xe� and Xe�� ion current
density results are found to be large for the regions radially between
r� 0:61 nondimensional units and r� 0:625 nondimensional units.
These ion current density results are found to bemuch higher than the
ion current density results observed in the magnet cusp locations on
the back wall and the side wall of the discharge chamber. This
large increase in ion current density could be due to the proximity
of the side wall flange to the screen grid. The maximum species
current density values collected at the side wall flange are listed in
Table 7.

V. Conclusions

A particle-based plasma model has been developed to model the
ion engine discharge chamber plasma in detail. The full kinetic
approach used in this work eliminates the typical assumptions
considered in fluid based discharge chamber models related to the
plasma distributions and particle transport coefficients. Neutrals,first
ions, second ions, secondary electrons, and primary electrons are
tracked in a detailed PIC fashion. Electric and magnetic field effects
on the charged particles are included in the analysis along with a
number of inelastic collision types. A new approach has been
considered for including the electric field effects in the particle-based
plasma simulations for an ion engine discharge chamber. Our PIC-
MCC model is benchmarked on the three-ring NSTAR discharge
chamber at the TH-15 operating condition. The numerical results
such as currents, particle distributions and thruster performance
parameters are both in qualitative and quantitative agreement with
experimental results. Numerical results such as single and double
xenon ion distributions, primary and secondary electron distributions
and particle loss mechanisms inside the discharge chamber obtained
from this work will be useful to ion thruster designers to understand
and predict the lifetime of discharge components such as the cathode
and the cathode-keeper assembly.
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