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Numerical Model of Cesium Ion Beams in Field Emission
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A numerical model of the ion beam in field emission electric propulsion thrusters is presented. The
objective of the study is to develop a computational tool capable of predicting the effects of thruster
configuration parameters (geometry, voltage distribution between the electrodes) on thruster performance
(beam divergence, ion exhaust velocity). A two-dimensional, steady model has been adopted. A simple
emission model has been assumed, neglecting the detailed, microscopic description of the physical emission
mechanism. The electric field is evaluated by a finite element scheme; boundary conditions are provided
by an auxiliary technique based on the placement of fictitious charges in proximity to the electrode
surfaces. The beam is simulated through a discrete number of charged particles; the effects of the asso-
ciated space charge density distribution on the electric field is considered. The results of the simulations
of typical thruster configurations are presented and discussed. The need to take space charge effects into
account to attain a sufficiently accurate solution is indicated: the beam charge density modifies the electric
potential distribution generated by the electrodes voltage difference, causing a decrease in the local electric
field at emitter tip and an increase in beam divergence. Neutralization at a finite distance must be taken
into account to fully appreciate the effects of different voltage distributions between the electrodes: a
higher accelerator electrode voltage determines a lower ion exhaust velocity and a larger beam divergence.
The capability of an additional, decelerating neutral electrode to focus the ion beam is also investigated,

showing that only little improvement in beam containment is attained.

Nomenclature

influence coefficient matrix
emitter—accelerator axial distance
accelerator slit half-width

total emission current

electric current density vector
dimensionless current density per unit arc
length

transverse length of emitter slit

ion mass

electric charges vector

ion electric charge

ion position vector

assigned voltage at control points

electric potential at control points caused by
emitted charges

ion velocity vector

accelerator electrode voltage

additional electrode voltage

emitter voltage

width of emitter slit
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X, = distance of neutralization line from emitter tip
x, y, z = Cartesian coordinates

a = beam azimuthal divergence angle

B = beam lateral divergence angle

AU = total applied voltage

& = vacuum electric permittivity

6... = emision angular width

Pe = electric charge density

T = parameter in emission model

¢ = electric potential

Introduction

IELD emission electric propulsion (FEEP) is an advanced
electrostatic propulsion concept developed in Europe.' In
a FEEP emitter, a liquid metal (usually cesium) flows into the
slit between two metal blades under the action of capillary
forces. Figure 1 shows a photograph of the emitter. The free
surface of the liquid metal at the emitter tip assumes a near
cylindrical shape, with a radius of curvature in the order of 1
pm. In this configuration, the application of a voltage differ-
ence of about 10 kV between the emitter and an accelerator
electrode (Fig. 2) results in the onset of local instabilities of
the liquid metal surface because of the combined effects of
surface tension and electrostatic field, which leads to the for-
mation of the protrusions known as Taylor cones. If the electric
field is raised above a threshold value, liquid metal atoms are
ionized and accelerated away. Specific impulse is in the order
of 10* s. The thruster must be equipped with a neutralizer,
which prevents the buildup of electrostatic charge on the ve-
hicle and stalling of the beam. ’
Previously intended for attitude control and north-south sta-
tion keepsing (NSSK) of small satellites, FEEP thrusters have
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Fig. 2 Schematic of FEEP thruster assembly.

gained considerable attention as the ideal candidate for distur-
bance compensation systems on scientific spacecraft because
of their excellent operational characteristics in the micronew-
ton thrust range.”’ Presently, the FEEP system components
(thruster, feeding system, neutralizer, power conditioning unit)
are being down-scaled from the existing mN thrust level hard-
ware to meet the needs of the uN system. Application of these
thrusters as high-performance drag-free controllers for scien-
tific spacecraft would result in considerable advantages from
both weight and performance standpoints. While the intrinsic
high specific power (about 50 W/mN) of FEEP thrusters may
be a disadvantage when a mN thrust is required, it poses no
problem at the uN level. In this thrust range, FEEP features
unique controllability, resolution, and ease of operation; more-
over, the absence of moving parts eliminates the concern for
mechanical/gravitational disturbances in a delicate micrograv-
ity environment.*

This paper describes the techniques used and the results ob-
tained from a computational study aimed at the numerical
modeling of FEEP thrusters. The objective of this study was
the development of a computational tool capable of predicting
the effects of thruster configuration parameters (geometry,
voltage distribution between the electrodes) on thruster per-
formance (beam divergence, exhaust ion velocity). The process
of thruster optimization for a given propulsion task is greatly
simplified if experimental testing is preceded by a computa-
tional investigation. Moreover, a numerical simulation can help
investigate the shape of the ion beam and the associated cur-
rent distribution, which provides useful indications for thruster/
spacecraft integration.

Computational studies of a linear slit emitter configuration
were carried out in the late 1970s.® The model accounted for
such effects as space charge and neutralization; however, in
these early studies the solution presented limited accuracy in
the high gradient regions, as a boundary condition update was
not included in the iteration scheme. More recently, axisym-
metric geometries were investigated to assess the potential
benefits of annular-slit emitters.” Although very attractive from
a performance standpoint, axisymmetric-slit emitters are cur-
rently not being considered, due to the inherent difficulties in
the manufacturing process. However, the model employed in
this case presented several improvements with respect to ear-
lier models because it was based on an iteration procedure that
significantly increased accuracy.
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Fig. 3 Typical thruster configuration.

The mathematical model and the numerical techniques pre-
sented in this work are based on the model employed in axi-
symmetric geometry, with the governing equations properly
formulated in a two-dimensional, Cartesian reference frame.
Several aspects were improved or added, such as an increased
flexibility in handling the boundary conditions and in taking
into account neutralization effects, an improved ion emission
model, and an increased capability for easily varying the ge-
ometry, to provide a useful tool for preliminary design and
parametric analyses.

Model

Governing Equations

The analysis of the electric field around the thruster and of
the trajectories of the emitted ions is performed assuming a
steady, two-dimensional model, considering a domain in the
x—-z plane of symmetry of the emitter. A schematic of a typical
thruster configuration and of the domain assumed for most
calculations performed in this study is shown in Fig. 3. The
assumption of a two-dimensional model to simulate a linear
geometry of finite length implies that side effects at the edges
of the emitter slit need not be included in the model. Thus, the
effects of the lateral (B) divergence of the beam on thruster
performance should be accounted for separately; however,
such a contribution is known to be very small.® Furthermore,
a detailed, microscopic physical description of the emission
process is not considered, in accordance with the macroscopic
nature of the present model. The domain is represented by an
annulus sector with its center at the emitter tip, the inner circle
being located very close to the emitter and the outer boundary
extending to the region where either neutralization takes place
or the electric field becomes so weak that the ion trajectories
can be reasonably approximated as straight lines.

The electric field can be determined by solving the following
Poisson equation for the electric potential ¢:

Vi = —(p./eo) ¢9)
where p, is caused by the emitted ions. The electric current

conservation law for the ion beam and the assumed relation
between current and charge density are expressed as

V-J=0 )

J=pV 3

The ion trajectories are evaluated for a discrete number of
particles from the solution of the following equation of motion

for the ions:

M# = gV @)
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where M and g are the mass and electric charge of an ion,
respectively, and r indicates its position in space. Only singly
ionized particles are considered. With this approach the beam
is simulated using a finite number of charged particles. This
allows the evaluation of the trajectories in the discrete scheme,
with a substantial simplification of the governing equations,
but retaining a satisfactory level of accuracy.

Therefore, in the continuum/particulate approach of the
present model, Eqs. (1—4) represent a set of governing equa-
tions in the four unknowns ¢, J, p., and V, which fully define
the electric field and the ion trajectories in the region of inter-
est.

Boundary Conditions

The governing equations can be solved upon specification
of the appropriate boundary conditions at all required bound-
aries of the domain. These conditions are usually not known
a priori, as the four sides of the domain are represented by
free surfaces in a region near the two electrodes. In particular,
the Poisson equation for the electric potential ¢ requires that
suitable boundary conditions, in Dirichlet or Neumann form,
be supplied on the closed contour delimiting the domain; in
this study, the value of ¢ on the boundary is assigned through
an auxiliary technique usually referred to as the charge sub-
stitution method (CSM). Also, the initial position and velocity
of the ions must be specified at the inlet boundary to calculate
the motion of the particles; these values are determined from
the model of the emission process and the conservative nature
of the electric field. The CSM and the model assumed for the
ion emission are discussed in more detail in the following text.

CSM

The aim of this method is to obtain suitable boundary con-
ditions for the solution of Eq. (1). According to the superpo-
sition principle, the value of the electric potential at any one
point is obtained by expressing the solution to the linear dif-
ferential equation [Eq. (1)] as a linear combination of simpler
(known) solutions corresponding to elementary charge distri-
butions. The potential field generated by the actual voltages
applied to the electrodes in the configuration being examined
is reproduced by distributing (unknown) fictitious charges at
suitable collocation points inside the electrodes. The magni-
tude of these electric charges is determined by requiring that,
as a result of the combined effect of all charges at the collo-
cation points, the value of the electric potential at chosen con-
trol points on the electrodes surface be equal to the known
applied voltage. By choosing the same number of fictitious
charges and control points, the formulation leads to the follow-
ing set of linear, algebraic equations:

AQ=U+U. (5)

where A is the influence coefficient matrix, whose elements a;;
represent the value of the electric potential at control point j
caused by a unitary fictitious charge placed at collocation point
i; Q is the vector of the unknown electric charges; U is the
vector of the known voltage at the control points, and U, is
the value of the potential at the same points because of the
distribution of actual emitted charges (ion beam). In this work,
each unknown electric charge is represented by a uniform
charge distribution on a line segment both symmetric and per-
pendicular to the x—z plane. Once the magnitude of the
charges, Q, is determined, the value of the electric potential at
a generic point k (and, thus, also at a point on the domain
boundary) is calculated from the superposition of the potential
because of all charges (fictitious and real) in the field as

U= D auQi + Ul )

i

a,; being the influence coefficient between points k and i, and
U.. representing the contribution of the actual emitted charges.
An analogous relation can be written for the three components
of the electric field at point k.

Alternatively, the CSM could be employed to compute the
solution in the entire domain considered, and not just on its
boundary. However, considering the low level of accuracy
achieved with this method, particularly in high gradient
regions, the use of dedicated solution techniques such as finite
difference methods or finite element methods is strongly rec-
ommended, and is the approach adopted for this study.

Emission Model

The integration of the equation of motion and the evaluation
of the space charge density requires the specification of the
initial position and velocity of the emitted particles and the
distribution and magnitude of the total emitted current. These,
in turn, depend on the physical processes occurring locally
during emission, which would require the microscopic mod-
eling of such phenomena as the deformation of the liquid sur-
face and its development into an emitting source shaped like
a Taylor cone,” and the distribution of the emitting sites along
the emitter slit.'® However, such detailed microscopic model-
ing was beyond the scope of the present work, especially con-
sidering the complexity of the phenomena involved. Therefore,
a macroscopic approach was adopted, assuming that the emis-
sion of charged particles takes place from a hemicylindric sur-
face close to the emitter tip, specifically from points located
on an arc ranging from the centerline to an angular position
0...x and having a radius equal to the slit half width (Fig. 4a);
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Fig. 4 a) Schematic representation of assumed emission surface
geometry; b) distribution of dimensionless current density along
the inner arc of the mesh.
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ion emission has a continuous distribution on the specified arc
length (in the circumferential direction) and, consistently with
a two-dimensional model, remains constant in the transverse y
direction (along the emitter slit). This assumption is well jus-
tified by the high density of emission sites."'

The ions are released with zero velocity. Conditions on the
inner arc of the domain (inflow boundary) are determined as-
suming that the ion trajectories between the emitter tip and this
inner arc are straight lines, and recognizing that the electric
field is conservative. Velocity is assumed to be directed along
radial lines. This approach is in accordance with all the other
simplifying assumptions made on the emission process.

The distribution of the electric current density j associated
with the ion beam is assigned on the inner boundary of the
domain and is characterized by a parameter 7, which identifies
a distribution function from a given family of curves:

J(&) = + DA — &) @)

with & = 60/6,.... This distribution is shown in Fig. 4b. In ad-
dition, the value of the total emission current per unit (trans-
verse) length of the thruster, I,/l, must be given.

Hence, the characteristics of the emission model employed
in this study are defined completely through the three param-
eters O.... 7, and I./I; these parameters are derived from ex-
perimental data available for linear FEEP thrusters.'>”"* The
experimental measurements are also employed to define an
empirical relation between the electric current per unit length
and characteristic quantities such as the slit width and the local
electric field in the proximity of the emitter tip; thus, the cor-
rect value of I,/l can be estimated for thruster configurations
different from the current one. The values of 6., and 7, on
the other hand, are assumed to remain the same in other con-
figurations. Further details on the emission model can be found
in Ref. 15.

Procedure

The set of governing equations [Eqs. (1-4)], with boundary
conditions given by Eq. (6) and as specified by the emission
model, is solved numerically through the following iterative
scheme:

1) The CSM is applied to determine ¢ on the domain bound-
ary with no emitted charge; the Laplace equation, obtained
from Eq. (1) with p, = 0, is then solved, thus providing a first
approximation for the electric potential.

2) The equation of motion [Eq. (4)] is integrated for a dis-
crete number of ions.

3) The local charge density, p,, is obtained from Egs. (2)
and (3).

4) The CSM is applied again, taking the effects of the emit-
ted charge distribution into account. The Poisson equation is
solved using the known values of p, to obtain a new estimate
of the electric potential.

The preceding steps are then repeated until convergence, in
terms of ¢, is achieved. Each equation is solved through an
appropriate numerical technique that is briefly described in the
following text.

Finite Element Method

The finite element method (FEM) is adopted for the solution
of the Poisson equation. This numerical technique was pre-
ferred to other schemes such as finite difference methods be-
cause of its greater accuracy and flexibility for the problem at
hand. The mathematical problem leads to a variational for-
mulation in terms of minimization of the function representing
the total potential energy per unit length of the electrostatic
field. The domain is divided into subdomains, or elements,
through a certain number of radial and circumferential lines;
the grid becomes finer moving toward the emitter tip because
the electric field gradient is higher in this region. A typical grid
is shown in Fig. 5.
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Fig. 5 Computational grid.

Elements having four, eight, or nine nodes, along with dif-
ferent shape functions, can be employed, according to the de-
gree of accuracy required. This formulation leads to the solu-
tion of a set of algebraic equations, which determines the value
of the electric potential at the nodes. The value of ¢ at any
other point of the domain is computed through the shape func-
tions. The details of the analytical development of the method
are omitted here for brevity; considerable documentation on
the subject is available in the literature.'*"

Ion Trajectories

Once an estimate of the electric field has been obtained with
the FEM, the ion trajectories are determined through the so-
lution of Newton’s second law [Eq. (4)], projected accordingly
along the two coordinate axis x and z, employing the boundary
conditions derived from the emission model. The numerical
method adopted for the solution of Eq. (4) is based on Milne’s
predictor—corrector method.

Space Charge Density

After the trajectories and velocities of the emitted particles
have been determined, the associated space charge density can
be calculated from Eqgs. (2) and (3). Applying the electric cur-
rent density conservation law, in integral form, to each stream
tube defined by two adjacent trajectories, and assuming a one-
dimensional flow in the tube, the charge density p, is evaluated
from the known ion velocity and the assumed current density
on the inflow boundary of the domain. The value obtained is
assigned to the midpoint of the line segment representing the
outflow of the stream tube. The charge density at the nodes is
then calculated through interpolation, and the value at any
point inside the domain through the shape functions.

The contribution of the actual electric charges to the electric
potential U,. at a generic point, as required in the subsequent
application of the CSM, can be found from the estimated value
of p,. The potential at a point Py(xo, 2o), resulting from the
charge distribution in element m of the mesh, is obtained from

U.= j px, DF(x, z, Xo, 20, 1) dA ®)
A

where p, is at point P(x, z) of element m, A is the area of the
element, and F is the electric potential at P, because of a
unitary charge distributed on a line segment placed in P. This
integral is calculated performing a coordinate transformation
in which each element of the mesh in the x, z plane is trans-
formed into a unit square in the £ m plane, and then applying
a Gauss—Legendre quadrature.
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Neutralization

An important feature of the present model is represented by
its capability to account for the effects of the neutralization
process. The correct operation of an electrostatic thruster pro-
ducing thrust through the emission of charged particles (pos-
itive ions) requires that other particles with opposite charge
(electrons) be ejected downstream of the electrodes, to produce
a globally neutral beam. This requirement originates from the
need to prevent electrical charging of the spacecraft and to
avoid stalling of the ion beam. The presence of neutralization
substantially affects thruster performance, as the results pre-
sented in this paper will show.

Although the neutralization process may be quite complex,
a detailed description of the phenomena occurring in the region
of particle mixing is not required. A general analysis of neu-
tralization and its application to electrostatic engines has been
presented by Jahn.'® In this work, neutralization is simulated
through a zero-potential line downstream of the accelerating
electrode; in particular, an arc of circumference that is con-
centric with and has the same angular width as the computa-
tional domain has been adopted. This arc may coincide with
the outflow boundary of the domain itself or be placed down-
stream of it, and should roughly simulate the location of the
electron injection region in a real system.

The electron trajectories are not integrated, and their effects
on the charge distribution are modeled by assuming a space
charge density that decreases linearly along a radial direction
from its value on the domain outflow boundary to zero at the
neutralization line; the charge density is set to zero down-
stream of this line. If the neutralization line coincides with the
outflow boundary, then p, is assumed to decrease to zero from
the second to the last circumferential line of the mesh. Because
the evaluation of the electric field and the ion trajectories in
the region between the domain and the neutralization line is
not required to calculate the charge density, the position of this
line can be chosen independently from the dimensions of the
domain. However, with regard to thruster performance predic-
tions, the distribution of position and velocity of the ions at
the neutralization line must be known. These are obtained by
extrapolating the trajectories from the domain exit contour to
the neutralization line by simply assuming a uniform rectilin-
ear motion for the ions; this assumption is acceptable provided
that the neutralization line is placed downstream of the mesh
exit at a distance sufficient to keep the electric field at a low
level in this region. As far as the CSM is concerned, the sim-
ulation of the zero-potential line is carried out by treating it as
a virtual electrode; unknown electric charges, placed at col-
location points slightly downstream of the neutralization line,
are determined by requiring that the potential determined by
all charges at control points on this line be zero. Finally, it
should be noted that the ideal case in which neutralization
takes place at an infinite distance (a condition nearly attained
in a vacuum chamber during laboratory testing) can be simu-
lated simply by placing a line at a large, but finite, distance
from the thruster electrodes, to take into account the charge
density between the domain exit contour and this line. The
effects caused by the space charge outside this region are very
small and thus negligible.

Results and Discussion

A preliminary validation of the computer program was car-
ried out to check convergence and accuracy of the solution."
Several model parameters, which were seen to affect the so-
lution to some extent, were systematically varied and opti-
mized, including the kind of mesh adopted, the type of element
and shape function in the FEM, the choice of the location of
control and collocation points in the CSM, and the length of
the line segment over which the fictitious charges are distrib-
uted. A study of the grid influence on the solution was per-
formed, including variation of the mesh angle and of the mesh
extension (location of both inlet and outlet boundaries). Eight-

Table 1 Test classification

Voltage

applied to Distance of
Test Emitter Accelerator additional neutralization
case voltage voltage, electrode, line from emitter
no. kV kV kV tip, mm
1 8 —4 R o
2 6 -6 o
3 8 —4 —_— 30
4 6 -6 e 30
5 2 -10 30
6 8 —4 0 0

node quadrilateral elements, with a biquadratic Lagrangian
polynomial as the shape function, were chosen for all com-
putations. This is the most effective choice because the eight-
node elements, compared with the four-node elements, permit
a higher rate of convergence and an improved accuracy with
the given grid; alternatively, a much finer grid should be used
with four-node elements to achieve the same accuracy level
obtained with eight-node elements. The number of grid points
was progressively increased until no significant changes in the
solution were observed. The computational grid finally adopted
has a 60-deg angle, an inner and outer radii of 0.1 and 15 mm,
respectively, and a total number of 26 X 16 grid points. After
the final configuration of the model and computer code was
established, several test-cases were analyzed; in all cases, con-
vergence was quickly achieved in five or six iterations with a
satisfactory degree of accuracy.'” A selection of the most rep-
resentative cases, illustrated in Table 1, is presented. In all of
these test cases, the values adopted for the emission parameters
are O, = 40 deg, 7 = 2, and L./l = 0.4 mA/mm. A relative
comparison of these results allow some preliminary conclu-
sions on thruster configuration and performance to be drawn.

Reference Emitter—Accelerator Configuration

The first case analyzed was the typical emitter—accelerator
base configuration in the absence of a neutralizer, i.e., assum-
ing that neutralization takes place at an infinite distance; this
condition is very similar to that occurring during ground tests
in a vacuum chamber. The emitter slit width, emitter—acceler-
ator axial distance, and the accelerator slit half-width were
assumed to be w = 1 um, a = 0.6 mm, and » = 2 mm, re-
spectively; these are typical values of an experimental thruster
assembly. Case no. 1 was assumed as a reference case for
comparison with all other cases investigated.

A three-dimensional representation of the distribution of the
electric potential inside the domain is illustrated in Fig. 6. A
projection on the x—z plane of the portions of the electrode
profiles that were modeled and the outline of the mesh are also
shown. The electric potential decreases very rapidly in the re-
gion near the emitter tip, indicating a very strong electric field
that determines the emission and initial acceleration of the
ions. Past the accelerator electrode plane, the value of ¢ con-
tinues to decrease at a lower rate until a minimum is reached;
beyond this point, the potential gradually increases and tends
to attain a zero value asymptotically at an infinite distance.
A saddle point can be noted, where the minimum is reached
along the x axis, denoting a zero value for the electric field. It
should also be noted that the electric potential is not constant
at the exit of the mesh, as it is nearly zero at the axis of
symmetry but still has quite large negative values at the op-
posite end.

An electric potential contour plot is shown in Fig. 7, with
250-V equipotential line increments; their spacing provides a
clear indication of the potential gradient, and thus of the in-
tensity and direction of the electric field. Figure 8 shows the
rectangle in Fig. 7, enlarged 5 times, with the details of the
solution near the emission zone. An increase of the electric
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Fig. 6 Perspective representation of the electric potential distri-
bution. .

1250
-1250
-1000

-500

Fig. 7 Electric potential contours (case no. 1: V,= 8 kV, V, = —4
kV).

field near the emitter tip can be observed; also, note that the
inflow boundary of the mesh is close to, but does not coincide
with an equipotential line, thus indicating that the assumption
that emitted particles enter the domain with zero circumfer-
ential velocity is only approximately correct. No appreciable
variation in the solution is attained changing the position of
the inlet boundary, unless the radius of the inner arc is de-
creased down to the value of approximately 1 u, which would
require unacceptably large computational resources. The ion
trajectories are illustrated in Fig. 9; the electric field vector
plot for the outer region of the domain is also shown. The
beam was discretized by 21 particles, suitably spaced at the
inlet boundary so that each stream tube determined by two
adjacent particles carries the same fraction of the total current
intensity, equal to 5% in this case. Thus, the picture of the
beam gives a qualitative indication of its spreading and of the
associated charge density distribution. The azimuthal diver-
gence angle «, measured at the exit boundary of the mesh, is
42.5 deg, compared with the value of 40 deg assumed for 6,,,,
at the inlet boundary; hence, it would seem that the spreading
of the ion beam is quite limited, and that the particles tend to
move along radial straight lines. Most of the deviation takes

-3000

U -2000

V\
o O o (=3 (=]
Fig. 8 Detail of equipotential lines (case no. 1: V, = 8 kV, V, =

—4 kV).

Fig. 9 Ion trajectories and electric field vectors (case no. 1: V, =
8 kV, V, = —4 kV).

place in the region past the accelerator plane and is more pro-
nounced for the external particles.

The assessment of the effects of the space charge density
distribution on the electric field and on the particle trajectories
can be obtained by comparing the solution previously dis-
cussed with the results of the first iteration of the numerical
scheme, in which the Laplace equation for the electric potential
is solved (p. = 0). This initial iteration provides the distribution
of the potential when no emission (or emission with a very
weak intensity) occurs. The results show that the main effect
of a space charge distribution is an attenuation of the electric
field close to the emitter tip, and an increase in the field
strength in the region beyond the accelerator electrode, thus
implying a higher azimuthal divergence angle. In Fig. 10, the
electric potential distribution along the x axis of symmetry is
illustrated for the two cases of no emission and of ion emis-
sion. Figure 11 shows the two trajectories comprising 50 and
100% of the total current intensity, relative to the first iteration
(dashed lines) and to the converged solution (solid lines), re-
spectively. The larger beam divergence caused by the space
charge distribution is clearly evident. Therefore, the analysis
of these results emphasizes the need of taking into account the
charge density distribution to attain a realistic and sufficiently
accurate solution.

Test case no. 2 refers to the same thruster configuration as
the one adopted in the reference case, with the only difference
that, for the same total voltage drop, AU, the electrode voltages
were set to 6 and —6 kV for the emitter and the accelerator,
respectively. The calculated results, in terms of electric field
and ion trajectories, are quite similar to those obtained in case
no. 1. As neutralization takes place in both cases at an infinite
distance, a significant part of the ion deceleration occurs out-
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Fig. 10 Electric potential as a function of the distance from the
emitter tip along the positive x axis: a) with space charge and b)
without space charge.

Fig. 11 Effects of space charge on beam divergence: comparison
of ion trajectories comprising 50 and 100% of total current den-
sity (case no. 1: V, = 8 kV, V, = —4 kV): ——, converged solution;
- — ——, first iteration.

side the mesh, in as much as the value of the electric potential
at the outflow boundary is still quite different from the as-
ymptotic value. Therefore, to obtain a realistic evaluation of
the effects of the distribution of the potential between the elec-
trodes, a neutralization surface at a finite distance from the
emitting unit must be included in the model.

Neutralization at a Finite Distance

The effects of neutralization at a finite distance were ex-
amined in three different test cases, maintaining the same
thruster geometry as in the reference case but adding a neu-
tralization line at a distance x, = 30 mm from the emitter tip.
The three cases, no. 3, no. 4, and no. 5, differ only in the
distribution of the same total electric potential between the two
electrodes, given by 8/—4, 6/—6, and 2/—10 kV, respectively.
A typical electric potential contour plot (8/—4 kV case) is
shown in Fig. 12. In the rectangular region near the emitter tip
(not shown) the differences among the three cases are very
small; the accelerator electrode acts as a shield beyond which
the presence of the neutralization line is not felt. This confirms
that the distribution of the electric potential between the elec-
trodes has a very weak influence on emission and initial ac-
celeration of the ions, which depend only on the value of the
total applied voltage AU, and on the local geometry of the
thruster. In the outer region of the domain, external to the
accelerator electrode, the solutions for the three cases are con-
siderably different. Now the presence of the neutralization line
forces the solution to a zero potential value; therefore, in going
from case no. 3 to case no. 5, the spacing of the equipotential
lines becomes progressively finer and, consequently, the inten-

Fig. 12 Electric potential contours (case no. 3: V, = 8 kV, V, =
—4 kV).

Fig. 13 Effects of neutralization on beam divergence, for differ-
ent voltage distributions between the electrodes (AU = 12 kV). Ion
trajectory comprising 100% of total current density for a) case
no.3: V,=8KkV,V,=—4KkV; b) case no. 4: V, = 6 kV, V, = —6
kV; ¢) case no. 5: V, =2 kV, V, = —10 kV.

sity of the electric field increases, slowing down the ions and
increasing the divergence of the beam. Figure 13 illustrates the
beam divergence through the representation of the trajectories
comprising 100% of the total current density for the three
cases, no. 3—no. 5. As can be observed from this figure, the
trajectories tend to approximate straight lines toward the exit
of the mesh, indicating a proper choice of the neutralization
line distance from the mesh exit. Hence, if on the one hand a
smaller value of the emitter voltage reduces the exhaust ve-
locity and, thus, the specific impulse and the specific power,
on the other hand it also causes a larger beam azimuthal di-
vergence_angle.

It should be noted that, although the velocity at the exit of
the mesh differs considerably in all three cases examined, the
presence of a neutralization surface at a finite distance does
not change the final value of velocity (at ¢ = 0), as compared
with the value obtained with neutralization at infinite distance.
In fact, the final velocity depends only on the value of the
emitter potential. The position of the neutralization line, how-
ever, has a marked influence on how the final ion exhaust
velocity is achieved, with shorter neutralization distances in-
creasing electric field and velocity gradients, and beam diver-
gence.

Decelerating Neutral Electrode

To assess the potential benefits of multielectrode configu-
rations in terms of beam containment, a thruster geometry em-
ploying an additional electrode at zero potential, placed a short
distance downstream from the accelerator, was investigated in
test case no. 6. This neutral electrode should shield the ions in
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the outer region from the attracting/deflecting effect of the
accelerator. With respect to the reference case, the profile of
the accelerator is inverted, its slit half-width reduced to b =
1.5 mm, and it is moved closer to the emitter tip. The addi-
tional, neutral electrode has the same profile as the accelerator
but with a slit width of 6 mm, and is placed at a distance of
1 mm from it. All the other features are unchanged with respect
to the reference case, including the emitter geometry, the volt-
ages applied to the electrodes, and the emission parameters,
with the exception of a reduction of the mesh angle to 52.5

100%

75%

\ 50%
/ 25%

Fig. 14 Schematic of thruster configuration with neutral elec-
trode and ion trajectories with values of comprised percentage of
total current density (case no. 6: V., =8 kV, V,= —4 kV, V4, =0
V).
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Fig. 15 Electric potential as a function of the distance from the
emitter tip along the positive x axis with neutral electrode.

Fig. 16 Effects of neutral electrode on beam divergence: com-
parison of ion trajectories comprising 50 and 100% of total cur-
rent density (case no. 6: V, =8 kV, V, = —4 KkV, V44 =0 V): ——,
with neutral electrode; - - — — without (case no. 2).

deg, because of the smaller accelerator slit half-width. A sche-
matic diagram of the thruster configuration for this case is
shown in Fig. 14; the ion trajectories, calculated including the
effects of the space charge density, are also shown.

The results show that the equipotential lines in the inner
region close to the emitter tip present a greater curvature and
a finer spacing, thus denoting a stronger electric field than in
the reference case. This is attributed to the accelerator elec-
trode being closer to the emitter, as a given potential drop
taking place over a shorter distance determines a higher elec-
tric field which, in turn, determines a higher emission and ac-
celeration of the ions. On the other hand, the presence of the
neutral electrode does not have any substantial effect on the
field in this region. Again, the inflow boundary was moved
closer to the emission surface, but only negligible differences
in the solution were observed.

The electric field in the gap between the accelerator and
neutral electrodes has a magnitude of about 4 kV/mm; this is
well below the value at which an electric discharge is assumed
to occur between the two conductors (about 10 kV/mm), thus
assuring correct operation of the unit.

The electric field is rather strong in the region immediately
beyond the accelerator electrode, causing a greater deviation
of the particle trajectories than in the reference case. On the
other hand, in the far field toward the exit of the mesh, the
electric field is fairly weak, whereas the ion velocity is still
high. It should be noted that the electric potential attains pos-
itive values at the outflow boundary, as shown in Fig. 15; thus,
the deceleration of the ions is followed by an acceleration
phase. If neutralization takes place at a finite distance, the elec-
trons injected into the field would be accelerated toward the
electrodes, thus altering the calculated charge density distri-
bution and affecting somewhat the final solution. Because the
motion of the electrons is not accounted for, this effect is not
included in the model.

Hence, the addition of a neutral decelerating electrode
downstream of the accelerator appears to be only of limited
effectiveness in focusing the ion beam. The deflection of the
trajectories is more localized between the accelerator and the
neutral electrode, and the value of the divergence angle a has
increased with respect to the reference case, as illustrated in
Fig. 16. On the other hand, the relative position between emit-
ter and accelerator appears to be of far more importance in
determining the electric field.

Conclusions

A two-dimensional, steady model of the electric field and
cesium ion beam associated with the operation of a linear
FEEP thruster has been developed. The main purpose of the
work is to develop a computational tool to investigate the ef-
fects of geometrical and operational parameters on thruster
performance through a series of parametric studies. Such pre-
dictions should provide useful insights on the optimum thruster
configuration with respect to its relevant performance require-
ments in terms of ion exhaust velocity, emission current level,
beam divergence, and autofocusing capabilities. A selection of
preliminary test cases directed at assessing the capability of
the model to accurately simulate the electric field patterns and
particle trajectories has been presented. The solution is ob-
tained in a region close to the electrodes through the applica-
tion of the FEM together with the CSM, and the integration
of a discrete number of particle trajectories. Effects such as
the emitted charge density, the distribution of the total applied
voltage between the electrodes, and neutralization at a finite
distance are accounted for in the model.

Despite the simplified, macroscopic modeling of emission
and neutralization processes, some useful indications can be
derived from the test cases examined. The electric charge den-
sity modifies the electric potential distribution, slightly reduc-
ing the intensity of the local electric field at the emitter tip,
and increasing the beam azimuthal divergence angle. Neutral-
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ization at a finite distance must be taken into account to cor-
rectly evaluate the effects of voltage distribution between the
electrodes. The presence of a neutralization line does not affect
the electric field distribution in the region close to the emitter
tip appreciably; on the contrary, the electric field patterns and
the motion of the ions are modified significantly in the outer
field (with respect to the case of neutralization at infinite dis-
tance), with the result of an increased beam divergence. The
closer the neutralization line to the electrodes, the stronger the
effects on the field. The distribution of the total applied voltage
between emitter and accelerator strongly affects thruster per-
formance; a lower ion exhaust velocity (and thus a lower spe-
cific power) is attained by increasing the voltage applied to
the accelerator electrode. Unfortunately, this favorable effect
is accompanied by an undesired increase in beam divergence.
Finally, it has been shown that the use of an additional, neutral
electrode downstream of the accelerator does not change the
field patterns significantly and, thus, does not result in any
beneficial effect for the beam containment.

Despite its limitations, the present model represents a val-
uable tool that can be very useful in the optimization of a
FEEP thruster configuration and operating conditions. A sys-
tematic comparison with the available experimental results
must be carried out to further improve the current model.
Moreover, additional investigations of the focusing capabilities
of multielectrode configurations must be performed.
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