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Abstract

Keldysh Research Center (KeRC) is currently
developing the low power ion thrusters for the small
sized spacecraft. The use of computer simulation
enables to investigate the ion source extraction
systems design choices and to estimate the life limit,
prior to costly production and testing. The paper
describes a two-dimensional planar and axisymmetric
code and its use in the simulation of ion thruster
extraction grid performance and erosion process. The
simulation procedure includes the calculation of beam
trajectories, neutral gas density distribution, charge
exchange processes and erosion rate. The paper
presents the comparison between computer modelling
and experimental results for extraction grids with
circular and slit apertures. The influence of discharge
plasma potential and grid size on the perveance is
considered. A simplified approach for prediction the
erosion pattern without fully 3-dimensional modelling
is also discussed.

Introduction

The actual KeRC activity in the field of electric
propulsion includes developing the low power ion
thrusters for the purposes of atmospheric drag
compensation, small spacecraft orbit raising and orbit
correction'. The important part of the program
development is the numerical investigations of
different extraction systems, using computer
simulations.

For this reason, the two-dimensional numerical code
GASEL has been developed. Like some recent ion
optics simulation codesz’s, it is intended to simulate:
the neutral gas flows; the electrostatic potential
distribution and the trajectories of charged particles
within this potential in a self-consistent way; the
charge exchange ion production; the motion of charge
exchange ions and fast neutral particles toward grids
and grid erosion rate.

This paper describes in brief the physics of GASEL
and some results, obtained with it.

In our numerical investigations we tried to find out
the influence of screen grid thickness and discharge
voltage upon the normalized perveance per hole in
grids with circular apertures.  This influence may
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acquire great significance when decreasing the hole
size and grid-to-grid gap for the purpose of
increasing the beam current with constant accelerating
voltage.

The second subject of our research was the level of
the accelerator grid current in ion optics with slit
apertures. The available experimental results, and the
experience, accumulated in KeRC, have shown the
high level of this current compared with optics with
circular apertures. There is some evidence that one of
the possible reasons of this current is a direct
impingement of the ion beam. The purpose was posed
to define the cause of the effect.

The third issue was the plausible modelling of the
erosion pattern in ion optics with circular apertures.
To explain the accelerator grid charge exchange
erosion patterns observed in the experiments, in
particular for the twin-grid configuration thrusters, a
three-dimensional simulation model is required.
However the use of 3-D models doesn’t warrant the
reliability of predictions of the erosion pattern. The
downstream conditions may exercise the principal
influence on this pattern. The parametric study of
downstream conditions to verify different physical
models requires a lot of simulations to be done. Since
two-dimensional model requires significantly less
computer time, than 3-D one, we tried to use an
approximate approach for prediction the erosion
pattern without fully 3-dimensional calculations.

The Numerical Model

The code GASEL includes three basic parts: the
neutral particle flow simulations; the electrostatic
field and charged particle flows calculations; charge-
exchange collisions and grid erosion rate calculations.

The neutral gas flow is calculated using Bhatnagar-
Gross-Krook equation (BGK-model)’. This kinetic
equation enables to take into account elastic collisions
between molecules and gives the possibility to
simulate neutral gas flow not only in collisionless
case, which takes place in ion thrusters, but also the
flows of rarefied gas with Knudsen number range
from 0.01 to infinity. The BGK-model is solved using
the method of integral iterations.

The Poisson equation is solved on a rectangular
mesh using finite differences iteration scheme with
successive overrelaxation. The equations of motion of
charged particles are solved using Leapfrog iteration
scheme. To calculate the charge density the flux tube
method is used. The thermal distribution of the initial
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velocities of charged particles in radial direction is
taken into account.

One of the most widespread approaches to
modelling the ion start conditions in codes, which
doesn’t directly simulates the plasma flows, uses the
emission surface that divides discharge plasma and
ion sheath. Ions are assumed to start their trajectories
at this emitting surface with the Bohm velocity and
given current density perpendicular to the surface.
Such approach, probably, contradicts a Bohm’s
criterion, according to which the ions, moving to the
plasma boundary, are obliged to get the energy of the
order of electron temperature in depth of plasma.
Thus the flow of directional motion of ions is formed
on rather large distances compared with the
characteristic shape size of the plasma boundary,
which is of the order of a single aperture diameter. On
such distances the ion flow is not capable noticeably
to be rebuilt. Therefore current density, emitted from
a surface of plasma, will be as a first approximation
proportional to a cosine of the angle between an
initial direction of motion of ions and local
perpendicular to the plasma boundary. The variation
of beam current density across the emitting surface
makes difficult to define the shape of this surface
using the Child’s law or more sophisticated models’ .

To simulate the flow of ions, extracted from the
discharge plasma, the procedure as close as possible
to direct plasma simulation is used. Ions are assumed
to start their trajectories in depth of plasma with the
Bohm velocity of directional motion. In each iteration
the space charge in each mesh element is corrected
according to the following rule: if the potential at
chosen point exceeds the given potential of plasma,
the charge is changed to zero, in conformity with the
condition of perfect neutralization; in opposite case
the negative electron charge is added with a number
density, given by the Boltzmann distribution.

Both the rarefied gas flow calculation and
Poisson’s equation solution are carried out on the
same mesh. Therefore, it is easy to calculate the
charge exchange rate in the region.

To calculate the grid erosion rate, we take into
account the ions of accelerated beam, the charge
exchange ions, fast neutral atoms, and the ions,
extracted from the downstream beam plasma. The
energy dependent model is used to calculate the
erosion rate. The basic method of erosion rate
modelling is two-dimensional. The separate part of
the code is intended to simulate the approximate 3-D
pattern for ion optics with circular apertures. It will be
described below.

Numerical Investigation of Accelerating System
with Circular Apertures

The ion extraction system chosen for this study was
the two grid accelerator geometry with circular
apertures. The main attention we have given to
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influence of screen grid thickness and discharge
voltage to an ion beam formation.

Figure 1 qualitatively demonstrates the behavior of
ion flow near the screen grid.
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Fig. 1  Ion trajectories near screen grid

The ions move through perfectly neutralized plasma
toward plasma sheath with Bohm velocity. The
difference between plasma potential and screen grid
potential approximately equals to discharge voltage.
Passing through a layer, in which this potential drop
occurs, some ions are attracted to a screen grid that
results in difference between the effective area

S, = 1tde2 /4 , from which the ion beam is ejected into
accelerating gap, and the area of screen hole
S,=nd’}/4 (d,d,are screen hole diameter and

effective emission diameter respectively). The ratio
K, =S,/S, can be used to describe the efficiency of

employment of the screen grid open area. This value
may be also introduced as the ratio of the beam
current extracted from the aperture to the current
entering it, where the entering current is defined as
the product of the plasma flux and the geometrical
area of the screen aperture’.

The calculations show, that K decreases  with

screen grid thickness increasing, while all other
parameters are constants. Increasing of total voltage
leads to increasing of K. Figure 2 qualitatively

demonstrates this effects. Near the edge of the hole
the competition between attraction to screen grid and
to accelerator grid takes place. Increasing of screen
grid thickness ¢ /leads to weakening of the

accelerating electric field and increases the share of
ions, attracted to screen grid (Fig. 2b). Increasing of
total voltage V, leads to opposite effect (Fig. 2c).

To check this conclusion and to validate the method
of plasma sheath modelling in GASEL, we conducted
an experiment using relatively thick screen grid. The
relevant grid dimensions and working parameters are
indicated in Table 1.

For this study a 10-cm Kaufman-type xenon ion
source with LaBg hollow cathode was used. The
beam current as a function of the total voltage with
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Fig. 2 Effects of total accelerating voltage and
screen grid thickness on ion beam formation. a)
starting variant with (V,), and (t;),.  b) (V) = (Vi)a,
(ts)b >(ts)a- C) (Vt)c > (Vl)a: (tv)( =(ts)a-

Table 1 The geometry and working parameters of
grid system with thick screen grid

Screen grid hole diameter, mm 2.0

Screen grid thickness, mm 1.0

Accel. grid hole diameter, mm 1.3

Accel. grid thickness, mm 1.0
Screen-accel. distance, mm 0.8

Beam voltage, V 900
Accelerator voltage, V -600 ... -1200
Beam current, mA 162 ...176
Discharge voltage, V 40

unchanged discharge voltage and current has been
investigated in the experiment and using computer
simulations. The results are shown in Figure 3.

Both the experiment and calculations show the ion
beam current growth with accelerator voltage rising.
The growth rate in calculations is some higher, than
in the experiment. The possible cause for the
discrepancy is some inaccuracy in plasma simulation
model, in which the ion space charge is calculated
using the relatively rough flux tube method with zero
ion angular momentum. For more accurate simulation
the azimuthal component of the ion velocities may
have to be included to the numerical procedure.
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Fig. 3 Effect of accelerator voltage on beam current

The quantitative expression of researched effects
can be obtained with the help of normalized
perveance concept. The ion current density is space
charge limited. In case of small initial ion velocities, it
satisfies the Child’s law

%
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where V- total accelerating voltage, M, - ion mass,
1, - effective acceleration length. Assuming, that the

area of emission is md?/4, and the effective
acceleration length

lez,/1§+d3/4, Q)

where /, - grid separation distance, beam current

variations may be expressed in terms of normalized
perveance per hole®
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The use of this value as a parameter, which
characterizes the ion beam divergence, implies, that
similar accelerating systems have the same effective
open area fraction K, and similar shape of layers, in

I

which the discharge voltage drop occurs . However
both the value K, and the shape of discharge

voltage drop layer depend upon the screen grid
thickness and discharge voltage. So, instead of
normalized perveance per hole as a parameter used to
describe the ion extraction performance of each grid
set, it is convenient to introduce the correlated value

Kdvd

L

P =

corr

) SO ©)

np

where K ;,; - the factor, which describes the ion beam

divergence variation with change of configuration of
discharge voltage drop layer. The factor Ky is

putted to denominator to keep P, constant, when

corr
normalized perveance per hole variation is due to
variation of the effective open area fraction.

Parameter P,,,, for the first time was introduced to

generalize the results of comprehensive experimental
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investigation of two-grid accelerator systems®. In the
mentioned work the discharge-to-total accelerating
voltage ratio have been used to correlate the ion beam
divergence angle variation for a wide range of grid set
geometries and accelerating system operating
conditions. In our designations the result of this
correlation is expressed as:

y 0.2
K =(7"J : ®)

We have assigned the influence of discharge-to-
total accelerating voltage ratio only to K, , because

our numerical calculations show, that the effective
open area fraction K, suffers a little variation with

changing of discharge-to total accelerating voltage
ratio. The variation of correlated perveance is due
mainly to the discharge voltage drop layer
reconfiguration. The notable effect in this case is a
decreasing of ion beam divergence angle as the
discharge-to-total ~accelerating voltage ratio is
increased. This dependence is in agreement with the
experimental results®.

Figure 4 visually demonstrates this effect. The
reason for the reduction of the angular divergence is,
that more strong attraction of ions to screen grid with
discharge voltage rising, weakens the focusing forces
near the edge of screen grid aperture. This effect
decreases the overfocusing degree of  extreme
trajectories in the accelerating gap and leads to
decreasing of total angular divergence.

b)
Effect of discharge-to-total accelerating
voltage ratio on ion beam divergence angle. a)

Fig. 4

V4/V,=00035 b) V,/V,=00315.

To define the effect of screen grid thickness on
normalized perveance per hole a series of calculations
with xenon as propellant was performed. The base
geometry and working parameters chosen for this
study are summarized in Table 2.
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Table 2 The geometry and working parameters of
accelerating system with variable screen grid

thickness

Screen grid diameter, mm 1.9

Screen grid thickness, mm 0.02..1.16
Accelerator grid diameter, mm 1.14
Accelerator grid thickness, mm | 0.36
Screen-accelerator distance, mm | 0.6

Beam voltage, V 1225
Accelerator voltage, V -200

Beam current density, A/m® 48.9
Discharge voltage, V 25

The calculated effective open area fraction Koy as

a function of screen grid thickness-to-diameter ratio is

shown in Figure 5.
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Fig. 5 Effect of screen grid thickness-to-diameter
ratio t./d, on the effective open area fraction K o

The dependence obtained is well approximated by
exponential function

t
Koy =16-exp| —1.7—= 6)
dS
Figure 5 represents also the result of this
approximation. The constants, included in this

expression, of course correspond to chosen ion optics
geometry, but the exponential character of the
dependence is seemed to be rather general.

For typical value of screen grid thickness-to-
diameter ratio of now in use accelerating systems,
which makes about 0.2, the value of Keﬂ is in the

range 1.1..1.2. According to our simulations for
t,/d;>0.27 this value must drop below unit.

Thus, scaling of accelerating system keeping
constant all dimensionless parameters except for the
discharge-to-total ratio, leads to variation of angular
divergence and changes the value of optimum
normalized perveance. Decreasing of screen hole
diameter without proportional changing of screen grid
thickness conducts to decreasing of the effective open
area fraction K. This conclusion is in agreement

with AXCEL code simulations® and may explain the
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well known experimental fact of normalized
perveance-per-hole reduction with decreasing screen
hole size. The correct scaling of extraction systems
with constant normalized perveance-per-hole, implies
all dimensionless parameters, including screen grid
thickness-to-diameter ratio and discharge-to-total
voltage ratio, essentially unchanged.

The future investigations of extraction systems with
circular apertures using GASEL will include more
detailed analysis of factors, which influence on
correlated normalized perveance per hole. Careful
validation of the code with experimental data is
assumed.

Numerical Investigation of Accelerating System
with Slit Apertures

lon optics with slit apertures is formed by a large
number of long and narrow rods with rectangular or
circular cross section. Grids with slit apertures have a
number of advantages compared with circular
apertures. These are higher transparency of screen
grid, high stability of geometrical parameters at
operation mode, increased mechanical strength at use
of carbon-carbon electrodes and small angle of beam
divergence in longitudinal direction.

However in majority of known experiments™'® the
considerable current on accelerator grid was
observed. In particular, the accelerator grid current
after passing a minimum reveals relatively quick
growth with increasing of total voltage. The most
probable reason is direct ion impingement. The
experimental test and series of calculations using
GASEL have been undertaken to wverify this
assumption.

The experimental test of accelerating system with
slit apertures were conducted with 5-cm laboratory
model'' of Kaufman-type ion thruster. The screen
grid was performed with set of parallel tungsten
strings. The accelerator grid was fabricated from
molybdenum plate with rectangular slots. The grid

dimensions and working parameters are indicated in’

Table 3.

Table 3 The geometry and working parameters of

accelerating system with slit apertures
Screen grid string diameter, mm 0.2
Center-to-center string spacing, mm | 1.5
Accel. grid thickness, mm 1.0
Accel. grid slot width, mm 0.5
Screen-accel. grid gap, mm 0.5
Beam voltage, V 500...1500
Accelerator voltage, V -20
Beam current, mA 60...70
Discharge voltage, V 42

Figure 6 shows the measured ratio of accelerator
grid current to beam current as a function of total
voltage compared with numerical simulations. The
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curves are rather similar. Along with some inaccuracy
of plasma modelling method, mentioned above, the
possible causes for the discrepancy are not uniform
plasma density distribution across discharge chamber
and some misalignment of accelerator grid slits
relative to screen grid strings.
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Fig. 6 Accelerator-to-beam current ratio versus
total voltage

In accordance with simulations, experiment show
the absence of total voltage range, in which the
accelerator grid current is small enough to be
explained only by charge exchange ions. Figure 7
illustrates the result of numerical simulation for
minimum accelerator grid current.

Fig. 7 Potential contours and ion beam
trajectories for minimum accelerator grid current

To avoid the permanent direct impingement the
improved version of accelerating system was
numerically investigated. Accelerator grid was
replaced to set of parallel rods with circular cross
section with the diameter of 1 mm. The center-to-
center rod spacing and screen-to-accelerator grid gap
were left without changes. It was found, that in this
case there exist a total voltage range without direct
impingement.

Further simulations were performed to define the
range of ion beam current density at which there is no
direct impingement on accelerator grid. This range
superimposes limitation on an allowed non-
uniformity of plasma density across discharge
chamber. Evaluations of minimum and maximum
allowed ion current density were performed for three
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different screen-to-accelerator grid gaps /, =0.5, 1.0
and 1.5 mm, with constant total voltage V, =1100 V.
For screen-to-accelerator grid gap /,=1.0 mm

calculations were performed also with screen strings
diameter of 0.4 mm.
The results of simulations are presented in Figure 8.
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Fig. 8  Minimum and maximum allowed ion beam
current density as a functions of grid separation
distance for screen strings diameter 0.2 mm (white
markers) and 0.4 mm (black markers)

The geometry with the diameter of screen grid
string of 0.2 mm has the maximum-to-minimum
current density ratio of 1.5, and lets in 0.94 of total
ion current coming from the discharge plasma. For
the geometry with the diameter of screen grid string
of 0.4 mm these values are respectively 2.2 and 0.7.
Figure 9 illustrates the behavior of ion trajectories for
the cases of low, middle and high current density.

For a comparison the analogous calculations were
performed for accelerating system with circular
apertures with parameters given in Table 2 (with
screen grid thickness of 0.36 mm). The maximum-to-
minimum current density ratio in this case makes 40
or greater. The screen grid open area fraction of 0.67
with the effective open area fraction K, = 1.1 allows

screen grid to let in 0.74 of total ion current coming
from the discharge plasma.

The direct impingement current on accelerator grid
is also influenced by a misalignment of screen and
accelerator grid slits ( Figure 10a represents the case
of 0.05 mm shift), and by difference between
direction of ion motion with Bohm velocity in
upstream plasma and perpendicular to screen grid
surface, which may takes place far from axis of the
thruster ( Figure 10b represents the case of 24°
velocity direction-to-perpendicular angle). Both
effects more decrease the allowed plasma density
range.

So, even in case of the same effective transparency
of screen grid, the ion optics with slit apertures
compared with circular apertures has narrower range
of allowed current densities. This feature places
exacting demands upon the uniformity of discharge
plasma density and restricts the possibilities of
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c)
Fig. 9 Beam trajectories for three current
densities: a) ji < jmin ’ b) jmin < ji < jmax ’ C)
jmwr < ji

Fig. 10

Effects of a) grids misalignment and b)
initial ion velocity direction on beam trajectories

working parameters control.

The reason for the mentioned deficiency of ion
optics with slit apertures may be explained as follows.
Long slit aperture compared with circular hole is
more open for the spread of electric field. Figure 11
demonstrates this distinguished feature.

The electrostatic potential contours in absence of
discharge plasma and ion beam were calculated for
circular hole ( Figure 11a) ) and infinitely long slit
(Figure 11b) ) for the same total voltage. Slit width is
equal to hole diameter.
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In case of slit aperture the electric field spreads
deeper into discharge chamber than in case of circular
hole, therefore if there is discharge and plasma
current density change, the adjustment of plasma
sheath occurs in more wide spatial range. It resuits at
stronger changes of plasma sheath curvature
especially near the edge of screen grid aperture. This
effect lead to a stronger beam angle divergence
dependence upon plasma current density and restricts
the plasma density range, at which the direct
impingement does not occur.

/////////%

Fig. 11  Potential contours in absence of discharge
plasma a) circular hole b) long slit

In this section we have investigated only one
particular case of accelerating system configuration.
Further experimental and numerical investigations of
various types of the accelerating system with slit
apertures are supposed.

The approximate approach
to erosion pattern modelling

The flow of charge exchange ions striking the
accelerator grid in two-grid ion optics may be
conditionally divided into two groups. One is formed
from the ions, arising in accelerating gap and
decelerating layer between accelerator grid and
downstream plasma. If the neutral gas density is
known, the charge exchange collision rate for these
ions and corresponding current density to accelerator
grid can be relatively easy calculated. The second
group is the flow of ions, arising in the downstream
plasma. Accurate calculation of the current density of
this group is more difficult problem. The downstream
plasma potential and the distribution functions of
ions and electrons can be found only as a result of
solution of exact plasma equations. There are some
evidences indicating the principal influence of the
second group on formation of accelerator grid erosion
pattern'”,

At present a large amount of experimental data
concerning the erosion patterns and accelerator grid
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currents for various vacuum conditions is
accumulated in technical literature. It enables to
investigate different physical models of downstream
plasma by means of comparison of experimental data
with the results of numerical simulations. This
approach requires a large number of calculations with
different boundary conditions on downstream plasma
sheath to be done. However 3-D simulations are too
long-term to be used for this purpose. Therefore the
attempt to use the results of two-dimensional
modelling for prediction 3-D erosion pattern was
undertaken.

To do this the special separate part of GASEL was
developed. As an input data it uses the results of two-
dimensional calculation, namely the electric potential
distribution in the region.

The cross section of the computational domain is a
standard for 3-D simulation: a 30 degree by 60 degree
right triangle. The trajectories of both the charge
exchange particles and downstream plasma ions are
calculated with three spatial and three velocity
components. To determine the axial and radial
components of the electric field the result of two-
dimensional solution is used. The azimuthal
component is assumed to be equal zero. Because of
the absence of the azimuthal component of electric
field, there is no need to subdivide the computational
domain in the transverse direction. In reality, the only
difference between 2-D simulation and this
approximate approach is the presence of three
additional mirror planes in computational region.

Figure 12 illustrates the representative erosion
pattern as a result of numerical simulations for the
geometry described in Table 2 using the approximate
approach. In this simulation the downstream plasma
sheath was modeled in the same way as the upstream
one. Figure 13 represents the erosion pattern in 3-D
view. The concentration of sputtering between
apertures with pits and grooves are as observed in the
experiments and in the accurate 3-D simulations.
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Fig. 12 Representative erosion pattern of the
downstream surface of accelerator grid for a two-grid
system
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There is no confidence at present, whether this
method allows to obtain correct results. The
significance of the azimuthal component of the
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electric field in simulating the ion motion from the
downstream plasma sheath to accelerator grid is not
clear. Comprehensive comparison of GASEL

simulations with the results of 3D-simulations have to
clarify this question.

Fig. 13 3-D view of representative erosion pattern
of the downstream surface of accelerator grid for a
two-grid system

Conclusion

This paper has described in brief the numerical code
for simulating the accelerating systems of ion
thrusters. The preliminary comparison with
experimental data has shown that the code is able to
describe the main behavior features of accelerating
systems with circular and slit apertures.

The results of calculations have revealed the
influence character of near accelerator grid processes
on ion beam formation in ion optics with circular
apertures. The form of correlated perveance-per-hole
including the effective open area fraction factor has
been proposed.

Obtained relation between ion beam angle
divergence and discharge-to-total accelerating voltage
ratio is in agreement with experimental data. It has
shown, that the screen grid effective open area
fraction and  normalized  perveance-per-hole
exponentially depend upon the screen grid thickness-
to-diameter ratio. These effects may explain the
experimental fact of normalized perveance-per-hole
reduction with decreasing screen hole size.

It has shown, that the upstream plasma sheath shape
and position in ion optics with slit apertures is more
sensitive to ion beam current density variations
compared with circular apertures. This sensitivity to
some extent restricts the plasma density range, at
which the direct impingement does not occur. The
results of accelerator grid current calculations are in
satisfactory agreement with experimental data.

The approximate approach for prediction the
erosion pattern of accelerator grid with circular
apertures without fully 3-dimensional calculations
allows to achieve the plausible results. The
comprehensive examination of the approach is still

“ required.
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