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Abstract
A particle simulation computational code has Experimental observations [1-3] have shown that
A particle simulation computational code has

the maximum accelerator grid erosion occurs at the ge-been developed to study the effect of charge exchange the maximum accelerator grid erosion occurs at the ge-
induced grid erosion in ion engines. The code is ometric center between apertures for a hexagonal sym-

based on the particle-in-cell (PIC) method to calculate metry geometry twogrid accelerator system. Since the
the ion ow and a Monte Carlo method to calculate velocities of the charge exchange ions are negligible
the ion flow and a Monte Carlo method to calculate g g g j

the cctwo- and three- when they are created by charge exchange collisions,
the charge exchange collisions. Both two- and three-dimensional versions of this code have been developed the charge exchange erosion pattern is eventually de-
dimensional versions of this code haves suessfully pre- termined by the electric field in the deceleration re-

termined by the electric field in the deceleration re-
The three- diemnsional version has successfully pre-
dicted the experimentally observed erosion pattern, gion. Because of the positive space charge inside the
dieted the experimentally observed erosion pattern, .

. ion beam, there is a potential gradient in the trans-
where maximum erosion occurs at the geometric center ion beam there is a potential gradient in the trans-

f te a r gd a s. Te t verse direction. This potential gradient tends to force
of the accelerator grid apertures. The two-diemnsional
version of the code has been used to evaluate the influ- charge exchange ions out of the primary beam and

into the geometric center between apertures. This is
ence of the assumed downstream boundary condition i t

where the lowest potential occurs, and therefore the
on the predicted potential field downstream of the ac-

erator grid. The predicted potentia field was fo maximum sputtering erosion occurs at those locations.
celerator grid. The predicted potential field was found ue.. Many numerical and analog methods have been used
to be insensitive to the choice of boundary condition Many numerical and analog methods have been used
Swhen the boundary condition was p d fr e h to study the ion optics and the accelerator grid erosion
when the boundary condition was placed far enough i p i tcaused by charge exchange ions. The problem with the
downstream of the accelerator grid. .methods developed during the 1960's and 1970's is that

I. Introduction it was difficult to determine the downstream plasma

Serious accelerator grid sputtering erosion has boundary where the potential gradient is small. There-

been observed during long term tests of ion engines fore, it was difficult to accurately simulate the electric

in ground test facilities [1-3]. It is well known that field in the region downstream of the accelerator grid

this accelerator grid sputtering erosion is caused by where most of the charge exchange collisions occur.

the formation of charge exchange ions. These charge In 1990, at the 21st International Electric Propul-
exchange ions are created by charge exchange collisions sion Conference, we presented our direct particle simu-
between the fast beam ions and neutral atoms. Since lation numerical code for the simulation of the ion op-
the ion source can not be perfect, it will always have tics and charge exchange collisions for a single aperture
some neutral efflux out of the ion thruster. The charge of a two grid system (two-dimensional axisymmetric
exchange collisions between beam ions and these neu- model) [4]. The simulation model uses the Particle-
tral propellant atoms are inevitable. In the case of In-Cell (PIC) method for the ion flow and a Monte
ground testing, the charge exchange collisions can also Carlo method for charge exchange collisions. How-
occur between beam ions and atoms of the residual ever, to simulate a pitted erosion pattern like that ob-
gas in the test facility. An important issue in the pre- served in the experiments, a three-dimensional (3-D)
diction of ion engine lifetime is the influence of the simulation model is required to include the geomet-
ground test facility on the accelerator grid erosion pro- ric effects of the hexagonal symmetry array of aper-
ceases. In other words, it is necessary to understand tures which comprise the screen and accelerator grids.
the erosion processes in order to interpret the results The 3-D model is also required to correctly simulate
of ground tests and to predict the ion engine lifetime the electric field in the downstream region of the ac-
in space operation. celerator grid. The preliminary calculation results of

our three-dimensional model was first given in Ref-
* Research Engineer, UTSI/CSTAR erence 5, and the direct quantitative comparisons of

" Research Engineer, Calspan/CSTAR, the results of our 2-D and 3- D models was given in
AIAA member Reference 6. However, those calculations were made

t Professor, Engineering Science & Mechanics, with an assumed neutralization plane boundary con-
AIAA member dition and assumed neutral downstream plasma den-

sity. This paper will consider the sensitivity of the
calculated downstream electric potential field and the
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predicted erosion pattern to the choice of the assumed
downstream boundary conditions and plasma density.

In the next section, we present a brief description
of our 3-D model, and then an example calculation us-
ing this 3-D model will be given. A parametric study
of the effects of the downstream boundary conditions
on the electric field in the downstream region and the
erosion rate of the accelerator grid was carried out us-
ing our 2-D model. The 2-D model was chosen for this
study because it requires significantly less computer
time and is less expensive to run than the 3-D model. () (b)

II. 3-D Simulation Model

Ion optics Figure 1: Minimum cell computational cross-
section for a hexagonal aperture grid (a), and nonuni-

To simulate the electrostatic problem, the Poisson form triangular mesh on this minimum cell (b), for a
equation screen grid open fraction of 0.67.

V 2
4 = - (1) SCRa ACCSERATOR

is to be solved over the computational domain shown y 7 I
in Figs. 1 and 2, where 0 is the electric potential, p 1
is the charge density, and co is the permittivity of free
space. The cross section of the computational domain / / s s
is chosen as small as possible: a 30 degree by 60 degree
right triangle. The computational domain in the trans-
verse direction is subdivided into smaller nonuniform o
triangular cells. The finite difference equations for I
Eq. (1) are derived using Winslow's scheme [7]. The / i
Particle-In-Cell (PIC) method is used to determine the
particle charge which appears on the right-hand side
of Eq. (1). The PIC method utilizes a large number of Figure 2: View of the entire three-dimensional,
simulation particles to simulate the charge flow. Each edge-shaped computational domain. Ion flow is from

simulation particle represents a large number of ions left to right.
and carries a corresponding electrical charge. The typ-
ical simulation procedure of the PIC method consists Therefore, we used a null collision Monte Carlo tech-
of the following principal steps: nique to simulate this time dependent charge exchange

1. Assign particle charges to the mesh. collision. The essence of this technique is that it ac-
2. Solve Poisson's equation on the mesh. counts for the change in the charge exchange collision
3. Obtain the mesh-defined electric field and inter- rate as an ion particle is accelerated during a computa-

polate forces at particle positions. tional timestep. The charge exchange rate for xenon,
4. Move each of the simulation particles, as a function of velocity, was obtained from Reference

In our particular problem, the procedure includes 25. For simplicity, the background neutral gas was
the injection of new particles from an upstream plasma assumed to have a constant density throughout the
boundary at each time step and the calculation of the computational domain. Details of the Monte Carlo
sputtering which occurs when an ion strikes a grid sur- simulation procedure in the code are given in Refer-
face. Further details of the PIC method for the non- ences 4 and 5.
uniform triangular mesh are given in Reference 6. Finally, sputtering rates for xenon ions impinging

on a molybdenum surface were obtained from Refer-
Charge Exchange Collisions and Sputterint ence 8. It was assumed that the sputtering process

Charge exchange collisions between fast moving was independent of the angle of incidence of the ion.
beam ions and slow neutral particles are the princi- IH. Example Computation
pal cause of accelerator grid erosion. Most of those
charge exchange ions which reach the accelerator grid Calculations were performed for operation of the
and cause the grid erosion are produced between the ion thruster with xenon propellant, one of the pro-
downstream surface of the accelerator grid and the pellants of choice for an actual space mission. It was
downstream plasma boundary. Because of the exis- assumed that a neutral plasma exists at the upstream
tence of an electric field, the charge exchange collision boundary of the computational domain, which has an
rate is both energy dependent and time dependent. ion density of 1.X101' m-3, a mean extracted ion ve-
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locity of 300. m/s, an ion temperature of 1000 K and tric potential contours inside the screen grid aperture
an electron temperature of 1.5 eV. The plasma poten- is shown in Fig. 3b. It can be seen that the beam
tial is assumed to be at 1828 V, the screen grid is at ions are continuously focused through the apertures
a potential of 1800 V, the accelerator grid is at a po- and the potential gradient in the transverse direction
tential of-510 Vand the downstream boundary is at is much greater than in the upstream region of the
a potential of 0 V (the neutralization plane). Screen screen grid.
and accelerator grid hole diameters are 1.91 mm and The transverse electric potential gradient changes
1.14 mm, respectively, with a 0.51 mm gap between its direction somewhere between the screen grid and
apertures, grid thicknesses of 0.51 mm each, and a the accelerator grid. This is shown in the progres-
distance of 2.57 mm between two adjacent aperture sion of Figs. 3c, 3d, and 3e proceeding from 0.3825
centers, corresponding to a screen grid open fraction mm, 0.2550 mm, and 0.1275 mm upstream from the
of 0.67. accelerator grid. In Fig. 3c, the electric potential gra-

Other than the propellant ions and the electrons, dient is about 378 Volts and tends to focus beam ions
the only other species that was taken into account in toward the axis of the apertures. While the electric
the code was the neutral propellant atom. It is obvious potential gradient shown in Fig 3d still shows the ten-
that the higher background neutral gas density in the dency to force the ions toward the axis of the aper-
ground test facility, compared to space conditions, may tures, the potential gradient has dropped to about 91
enhance the charge exchange collisions. These colli- Volts. The complete opposite electric potential gra-
sions between fast beam ions and slow moving resid- dient appears in Fig. 3e because it is closer to the
ual neutral atoms will provide additional slow moving accelerator grid and because of the existence of the
charge exchange ions, and the grid erosion rate will positive ions. Therefore, the transverse electric field
increase. At the present time, we have assumed that changes its direction from focusing to diverging the
the number density of these background neutral parti- ion beams at a position somewhere between the screen
cles is constant throughout the computational domain, and accelerator grids.
Actually, it is only the neutral gas density inside of the A set of typical electric potential contours inside
ion beam between the downstream side of accelerator the accelerator grid aperture is shown in Fig. 3f. The
and plasma boundary that is important to the acceler- potential gradient does not have a very large value.
ator grid erosion, since the most of the charge exchange Thus, if charge exchange ions are created inside the
ions which reach the accelerator grid and cause grid aperture, they will not gain sufficient energy to cause
sputtering are created in this region. Therefore, the much damage to the accelerator grid.
constant neutral gas density is actually assumed for The transverse electric potential contours in the
the downstream region between the accelerator grid region downstream of the accelerator grid are shown
and the downstream plasma boundary, in Figs. 3g through 3j. As shown in these figures, the

The main purpose of this paper is to study how ac- downstream electric fields influence the performance
celerator grid erosion is affected by hexagonal symme- of the thruster in two ways. First, the transverse elec-
try geometry apertures and the choice of downstream tric field tends to diverge the ion beams which results
boundary conditions. Therefore, only electric poten- in decreasing the vector thrust of the engine. Sec-
tial contours and the downstream side of the accelera- ond, the effect on slow charge exchange ions by such
tor grid erosion contours will be discussed. For results electric fields is to accelerate these ions back upstream
of the previous, 2-D axisymmetric computations and toward the grids and to focus them onto the geometric
the preliminary 3-D calculations, we refer the reader centers between apertures. This accounts for the pit-
to References 4,5 and 6. ted erosion spots that are observed to occur between

Electric Potential Contours apertures, and explains the sputtering erosion patterns
observed on the downstream surface of the accelerator

The electric potential contours at different trans- grid in the experiments [1,2,3].
verse cross-sections along the thruster axis are shown
in Fig. 3. To aid in the visual interpretation of these Contours of Accelerator Grid
results, each of following figures is a composite of six of The erosion pattern of the accelerator grid is pri-
the basic computational cross-section, arranged sym- marily determined by the electric field in the down-
metrically around the geometric center of three adja- stream deceleration region (between the accelerator
cent apertures (thus, each of the three corners of the grid and the plasma boundary), because charge ex-
equilateral triangles constitutes one one-sixths of an change ions are relatively stationary when they are cre-
aperture cross-section). ated by charge exchange collisions. Therefore, charge

Fig. 3a shows the potential contours 0.05 mm exchange ions which are created in the downstream
upstream from the screen grid. The electric potential deceleration region inside the ion beam plume will be

gradient shown in this figure focuses the beam ions accelerated back toward the accelerator grid and cause

through the screen grid aperture. A set of typical elec- sputtering erosion to occur there. To quantify this ero-
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Figure 3 Electric potential contours at different transverse cross-section along the thruster axis.
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sion rate, the energy-dependent sputtering yield for 0.95 and 0.55 mm, respectively. The outside radius
xenon atoms on molybdenum was obtained from a of the computational domain is 1.11 mm, yielding the
General Mills Report [8]. Fig. 4 shows the resulting desired screen open fraction of 0.67. The thickness

number of molybdenum atoms sputtered per unit area of both grids is 0.38 mm, and distance between two

for the downstream surface of the accelerator grid (to grids is 0.76 mm. The plasma boundary is at 0.095
aid in the visual interpretation, several cross-sections mm upstream from the screen grid. It is assumed
are shown together). In Fig. 4, the concentration that a neutral plasma exists at the upstream bound-

of sputtering between grid apertures is clearly visible, ary of the computational domain with an ion density
This figure has been shown in our previous paper [6], of 1.34x1018 m- 3 , an ion temperature of 1000 K, a
where a more complete discussion can be found. mean ion extraction velocity of 400 m/s, and an elec-

tron temperature of 1.5 eV. The plasma potential is
, assumed to be at 1544 V, 28 V more positive than the

o a *o ?screen grid which is at a potential of 1517 V. The ac-
celerator grid is at a potential of -331 V. Downstream

) 0 . o .' . plasma conditions are taken to be equal to those of

a oL -  the upstream plasma, except for the ion density. The

o Q go o (0 D neutral gas density is assumed uniform throughout the
S'" {computational domain at a density of 5xl018 m- 3 , and

represents a residual facility background, rather than
Sa 0 efflux from the thruster.

Several choices can be made for the downstream
Q. -3.30E+12 boundary condition. A fixed potential can be assumed

2.23E+12 at the downstream end of the computational domain
Sa . 1.17E+12 if this potential is known. It may also be assumed

o / .OOE+11 that the electric field approaches zero at the bound-
ary. This corresponds to setting the potential deriva-

S\ * * A, tive equal to zero. It may also be assumed that the
plasma approaches charge neutrality at the boundary.

Figure 4: Sputtering contours on the down- This corresponds to setting the second derivative of

stream surface of the acceleraotr grid (values are num- potential equal to zero. Each of these assumptions

ber of atoms per square meter per 5.44 psec). Note has been used in the calculations discussed below.

the concentration of sputtering between apertures. Figs. 5 and 6 show electric potential contours cal-

As discussed above, the charge exchange grid ero- culated using different downstream boundary condi-

sion is determined by the downstream electric field. tions. In both figures the boundary conditions are: (a)

Therefore, we must determine how the assumed down- electric potential equals zero, 0 = 0; (b) electric field
stream conditions in our simulation model influence equals zero, 84/9z = 0; and (c) the second derivative
the electric potential field and, therefore, the erosion of electric potential equals zero, 2,z/8z2 = 0. The

rate of the accelerator grid. In the next section we assumed boundary positions in Fig. 5 and Fig. 6 are
investigate the effect of different downstream bound- located at 3 mm and 5 mm downstream from the ac-

ary conditions using our two-dimensional model, since celerator grid, respectively. Comparing Figs. 5 and
it requires significantly less computer time than the 6, it can be seen that if the assumed boundary is too
three-dimensional model. close to the accelerator grid, the shape of the poten-

tial contours near the boundary is sensitive to which
Parametric Study of Downstream Conditions boundary condition is chosen. However, the shape and

The shape and location of the downstream plasma location of the potential contours and the peak value

boundary is important to explain the accelerator grid of the potential hill are not sensitive to the different

charge exchange erosion patterns observed in the ex- boundary conditions if the assumed boundary posi-
periments. Therefore, by choosing different down- tion is far enough from the accelerator grid, as shown

stream boundary conditions and varying the distance in Fig. 6.
between the accelerator grid and the assumed bound- Figs. 7 an 8 show the erosion rates which result
ary position, the sensitivity of the downstream electric from using the different downstream boundary condi-
potential field and the shape and location of the po- tions. Figures 7 and 8 correspond to Figures 5 and
tential contours can be assessed. 6, respectively. In both figures, again, the bound-

The geometry and plasma conditions in the fol- ary conditions are: (a) electric potential equals zero,

lowing calculations were chosen to correspond to the 4 = 0; (b) electric field equals zero, o/az = 0; and

experimental configuration used by Patterson and Ver- (c) the second derivative of electric potential equals

hey [1] The screen and accelerator grid radii are zero, O24/z& = 0.
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In Fig. 7, case (a) is different from the other two plasma condition may require the detailed simulation
cases, because the shape of the potential contours for of the neutralization processes and the downstream
case (a) is different than cases (b) and (c), as shown in plasma.
Fig. 5. Only those charge exchange ions which are cre- Acknowledgment
ated in the region between the accelerator grid and the
upstream side of the potential hill will be accelerated This work was jointly supported by Boeing De-
back to the grid and cause sputtering erosion. There- fense and Aerospace Company, Seattle, WA and the

fore, when the potential contours are similar, as shown University of Tennessee-Calspan Center for Space
in Fig. 6, it is expected that the erosion rates will not Transportation and Applied Research under NASA

show significant differences, which is confirmed by Fig. Grant NAGW-1195. The contract monitor was Dr.

8. J. S. Meserole.
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