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ABSTRACT

Full-aperture ion optics simulations have been conducted for the inhomogeneous plasma source of a miniature ion propulsion system (MIPS)
to design a high-efficiency accelerator grid that provides high degree of the neutral confinement and absence of direct ion impingement. The
designed accelerator grid has flat upstream and smoothly curved downstream surfaces with straight holes for easy low-cost manufacture.
The diameter of the accelerator aperture was changed from the nominal value of 0.40 mm to 0.25 mm, which decreased neutral leakage
and increased the propellant utilization efficiency from 31 to 50%. The direct impingement of ions caused by decreasing the accelerator
aperture diameter was compensated by reducing the thickness of the accelerator grid while taking into account the inhomogeneous ion beam
current density profile of the MIPS. An off-design performance simulation was conducted to validate the proposed grid design; the obtained
results showed that the ion beam could be accelerated smoothly even during throttling the beam current between 75 and 150%. A grid wear
simulation was also performed to compare the changes in the propellant utilization efficiency between the nominal and high-efficiency grids
caused by erosion. It was found that the propellant utilization efficiency of the high-efficiency grid was greater than that of the nominal grid
within the first 5,000 h of operation and that its lifetime exceeded 10,000 h of the accumulated operation time. By using the proposed high-
efficiency accelerator grid and MIPS plasma source, the propellant utilization efficiency was increased, while the accelerator impingement
current became negligible.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5090413

NOMENCLATURE r = radius of the centerline aperture
ta = accelerator grid thickness

c = conductance

I, = accelerator grid current

Li = direct impin.gement current generated in the Subscript

accelerator grid

Ja = accelerator grid current density BOL = beginning of life

Tb =  beam current density CE = charge exchange collision

Maperture = accelerator grid mass for the single-aperture region DI =  direct impingement

Merosion =  grid erosion rate for the single-aperture region EL = elastic collision
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I. INTRODUCTION

A gridded ion thruster is a form of electric propulsion that pro-
vides thrust by expelling high-speed ions electrostatically using a set
of multi-aperture electrodes (also called grids). Propellant savings
achieved by using ion thrusters are so large that high-delta V mis-
sions such as tandem GEO satellites insertions, very low altitude
flights, and deep space asteroid explorations have been realized in
the past two decades.'™ Currently, ion thrusters are employed in
microspacecraft missions; for example, a miniature ion propulsion
system (MIPS), which represented an electron cyclotron resonance
(ECR) discharge ion thruster, was developed at the University of
Tokyo and flight-tested in the PROCYON and Hodoyoshi-4 space
missions.>®

In gridded ion thrusters, the entire amount of propellant can-
not be ionized in the discharge chamber; as a result, the union-
ized (neutral) propellant gas leaks through the grid apertures.
In general, small propulsion systems (such as the MIPS) suffer
from low propulsion performance because of the relatively large
energy losses caused by their high area-to-volume ratios. There-
fore, the propellant utilization efficiency (defined as the ratio of
the ion beam flux to the total propellant mass flow) and the spe-
cific impulse of the MIPS are equal to around 30% and 1,200 s,
respectively, which are lower than those of the typical gridded ion
thrusters.

Both these parameters can be increased by improving the ion
production performance in the discharge chamber and reducing the
neutral leakage through the grid apertures. Various experimental
and theoretical studies aimed at the improvement of the ion produc-
tion in the MIPS have been conducted;”-® however, the present work
mainly focuses on designing grid optics that decreases the amount of
neutral leakage through the grid apertures.

A simple way to suppress neutral leakage is to narrow the
aperture diameter of the accelerator grid; however, it also increases
the probability of the direct impingement of mainstream ions that
causes severe grid erosion. In the p20 ion thruster, the initial aper-
ture diameter of the accelerator grid was designed to be small
(corresponding to an open area fraction of 9%) in order to cause
direct ion impingement and ion-machined to self-determine the
optimum shape of the accelerator aperture for 1,027 h of opera-
tion.” As a result of the ion machining process, the propellant uti-
lization efficiency increased from 66.7 to 82.4%; however, its pro-
duction cost and time were too prohibitive for micro-propulsion
developers.

In the typical gridded ion thrusters, ion optics performance can
be predicted with relatively high accuracy using special ion optics
simulation codes.’®"?* In the MIPS, the plasma profile exhibits an
inhomogeneous ring-shaped distribution due to the compact design
for ECR plasma generation. Consequently, the extracted beam cur-
rent and its direction are highly inhomogeneous, and the single-
aperture and quarter-aperture ion optics simulations have limited
applications since no appropriate symmetry boundary conditions
can be applied. Therefore, full-aperture grid simulations were con-
ducted by the authors to incorporate the inhomogeneous beam
current and ion velocity distribution of the MIPS.?* The calcu-
lated accelerator grid current and ion beam profile downstream of
the thruster were in very good agreement with the experimental
data. The results of full-aperture simulations show that the direct
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impingement of ions occurs at the downstream side of the inner
barrel of the aperture in the center and periphery regions of the
accelerator grid of the MIPS. It causes severe sputtering and becomes
a source of spacecraft contamination. The grid material re-deposited
on the grid surface forms a flake and becomes a source of electrical
shortage. If this flake cannot be vaporized by electrical shortage, the
further thruster operation becomes impossible. Thus, when decreas-
ing the diameter of the accelerator grid aperture to enhance the
confinement of neutrals, its shape must be changed carefully to avoid
the direct impingement of ions.

Optimization of the grid shape has been conducted by several
researchers.'©1920 The optimized grid exhibits better propulsion
performance and higher lifetime; however, its shape becomes too
complicated to manufacture by simple drilling and milling. This
problem can be potentially solved by additive manufacturing; how-
ever, its cost is prohibitive for small organizations. The results of
grid simulations conducted up to date indicate that the predicted
lifetime of the grid fabricated from carbon-carbon (C/C) composite
materials is greater than 20,000-30,000 h.'®212? Generally, a trade-
off between the grid lifetime and propulsion performance exists. In
our case, the thickness of the accelerator grid can be decreased to
avoid the direct impingement of ions in exchange for shortening the
grid service life. Therefore, in this work, only the shape of the down-
stream face of the accelerator grid is changed to enable its simple
machining.

The objective of this study was to design and validate an accel-
erator grid that would exhibit high efficiency of the neutral con-
finement without the direct impingement of ions within the pro-
jected lifetime and could be easily manufactured. The MIPS grid
was used as an example of the grid design presented in this paper.
Full-aperture ion optics and grid wear simulations were conducted
to consider the highly inhomogeneous beam current and ion velocity
distributions of the MIPS discharge plasma source.

Il. NUMERICAL MODEL
A. Grid configuration and ion optics model

The MIPS grid system consists of two grids with 211 aper-
tures each; the diameter of the screen grid aperture is 0.8 mm, and
the thickness of the screen grid is 0.2 mm. The separation distance
between the screen and the accelerator grids is 0.25 mm. In the
nominal accelerator grid, the aperture diameter is 0.40 mm, and its
thickness is 0.40 mm. The screen and accelerator grid voltages are
equal to 1500 and —350 V, respectively. Xenon is used as the propel-
lant, and the nominal beam current is 5.5 mA, which includes about
15% of doubly charged ions.

The numerical modeling procedure of the full-aperture simu-
lation of the MIPS is described in a previous study.?* The area of
the simulation domain is 1/12 of that of the region with 211 aper-
tures and hexagonal symmetry; it consists of 24 open and 11 blind
apertures (see Fig. 1). The beam current density and ion velocity dis-
tributions in the discharge chamber depicted in the bottom left cor-
ner of Fig. 4 were obtained by particle in cell-Monte Carlo collision
(PIC-MCC) analysis.® The maximum beam current is extracted
from aperture #7, and the minimum beam current is extracted from
aperture #21. The incident angle of ions has local minimums at aper-
tures #1 and #7. The ion beam trajectories at apertures #7 and #21 are
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shown in Fig. 2 for reference. The extracted ion beam current of the
MIPS is low, and the MIPS operates in the range near the cross-over
limit. Thus, the ion beam trajectories are similar in shape. In both
apertures, the crossover point is located near the upper face of the
accelerator grid, and the ion beams diverge in the downstream direc-
tion. The ion beam divergence angle is slightly larger at aperture
#21, and direct impingement on the inner barrel of the accelera-
tor aperture is observed. These results are in good agreement with
the relatively high accelerator grid current in the MIPS measured
experimentally. They show that the utilized MIPS grid system can
be further improved and optimized.

In the simulation, electrostatic potential distribution is deter-
mined by Poisson’s equation using a finite element method. Singly
and doubly charged ions are considered and tracked by a flux-tube
method. Both charge exchange and elastic collisions between the

Screen grid ~ Accel grid Direct impingement

Crossover point

(@) (b)

Crossover point

FIG. 2. lon beam trajectories at the (a) high-current aperture #7 and (b) low-current
aperture #21.

Screen grid  Accelerator grid The accelerator grid diameter is reduced

im0 b

Direct impingement

Nominal grid

¥
ila

The accelerator grid thickness is reduced
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FIG. 1. Simulation domain utilized in the full-aperture anal-
ysis. The PIC-MCC calculation results served as the input
of the ion optics calculations (left image). Hexagonal sym-
metry was used to reduce the simulation domain of 211
apertures to 24 open and 11 blind apertures (right-bottom
image).

Simulation domain and aperture numbering

mainstream ions and leaking neutrals were taken into account. The
main computational parameters such as the boundary conditions
and number of mesh divisions were determined and validated in a
previous study.?*

B. Grid shape optimization

Since the distance between the screen and the accelerator grids
has been experimentally optimized in previous works,>” only the
diameter of the accelerator grid aperture and grid thickness distri-
bution were optimized in the present study. The conductance of an
orifice in the molecular regime is proportional to its area; therefore,
the aperture diameter of the accelerator grid is decreased. The opti-
mization process depicted in Fig. 3 consists of the following steps.
1) The diameter of the accelerator grid aperture is reduced as much
as possible not to cause the direct impingement on the upper surface
of the grid. In this process, the direct impingement on the inner bar-
rel of the accelerator aperture is permitted (Fig. 3, middle). 2) The
accelerator grid thickness of each aperture is reduced until direct
impingement is no longer observed (Fig. 3, right). The grid opti-
mized by this process is hereafter called a no-direct impingement
grid.

Decreasing the accelerator grid thickness reduces the lifetime
of the grid. Thus, during modeling, the index I = 115}11214 taj/Toj

was maximized under the constraint 3, ;4 ij = 0 because, in
the two-grid optics, the lifetime of the grid was determined by the
structural failure in the pit and groove region, and its theoretical
value was roughly proportional to #aperture/ferosion < ta/Jp,aperture-
Although the number of open apertures has been already reduced

FIG. 3. A diagram illustrating the grid shape optimization
process.
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to 24 due to hexagonal symmetry, it was too computationally expen-
sive to include 24 variables in the analysis. Therefore, the shape of
the downstream face of the accelerator grid was approximated using
two cubic functions of the radius from the centerline aperture of the
accelerator grid by taking into account the shape of the beam current
density distribution of the MIPS (see Fig. 4).

ARTICLE scitation.org/journall/adv

The shape of the cubic function is controlled by the thickness
at the centerline aperture (aperture #1 at r = 0), thickness at the peak
current density (aperture #7 at r = ry), and thickness at the most dis-
tant aperture (aperture #21 at r = rg) under the constraint dt./dr =0
atr =0, ry, re. The thickness of the accelerator grid can be expressed
as

2(ta(0) - l‘a(rM))(é)3 -3(ta(0) - ta(rM))(#)2 +1,(0),0<r <y

Pas
Il

r—rum
TE—T™M

2(ta(r) - ta(re)

In the preliminary calculations, the value of t./J}, tends to have
minimums at apertures #1, #7, and #21. Thus, the index can be
rewritten using the three control parameters ,(0), ta(rm), and ta(rg)
as

I'= min((0)/75(0), ta(ra) /Jo (rm), ta (re ) /o (rE) )»

which is maximized under the constraint 3, jc54 Lij = 0. In these
calculations, a brute-force approach was used; they were conducted
for all possible combinations of #,(0), ta(rum), and t.(rg) by changing
their values in 0.1-mm intervals.

Direct impingement

Inner barrel gement

PIC-MCC results

)" = 3(t(m) - 1)

r—rm
TE—TM

2
) +ta(rm), M <r<TE

C. Grid wear analysis

The change in the grid shape caused by erosion was taken
into account using the method described in Refs. 18 and 21. The
accelerator grid of the MIPS was assumed to be fabricated from a
C/C composite, whose sputtering rate was evaluated by the method
presented in Ref. 25. In this method, the sputtering rates of C/C
composites are modeled based on Yamamura’s formula?® incor-
porating the shapes of carbon fibers. Model validation was per-
formed via the ground-based endurance tests of the u10EM, ul0PM,
and p20 ion thrusters.'®?127.28 For example, the experimental

No direct impingement

J.

ar

Incident angle of ions

(=]

y

Ton current density \

Optimization of downstream face

#1

0.5F

#1

#1
|| TR
_ 0 \}M/ PR—

Modeling by cubic functions

#21

Normalized ion current densit

(=]

0 M

Radial distance from centerline

ﬂncidence angle of ions (d%
g D

I'e
Radial distance from centerline/

FIG. 4. Surface shape modeling of the downstream face of the accelerator grid using cubic functions.
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accelerator grid current in the p10PM ion thruster measured over
the period of 0-20,000 h was 0.5+0.05 mA,?” and its calculated
value was 0.50+0.02 mA. The calculation uncertainty mainly results
from the uncertainty of the sputtering rates. The experimental accel-
erator grid mass change after 20,000 h of operation was —0.49 g.
The measurement error of the experimental data was not evaluated
accurately during the endurance testing of the p10PM ion thruster;
in contrast, the estimated accelerator grid mass change during the
18,000-h endurance test of the p10EM ion thruster varied between
+0.11 g and —0.53 g.?® The accelerator grid mass change calculated
by the model was —0.39+0.10 g, which agreed with the experimental
data within the uncertainties of the model. From these results, the
estimated uncertainty of the accelerator grid current was 5%, and
those of the grid mass change and lifetime of the accelerator grid
were equal to 25%.

In this study, the MIPS was assumed to be operated in a con-
stant beam current mode, in which the propellant mass flow rate was
controlled to keep the beam current constant at a pre-determined
value. The neutral mass flow rate was estimated from the conduc-
tance of the grid system determined via free molecular neutral par-
ticle calculations. Assuming that the neutral number density in the
discharge chamber is fixed during operation, the neutral mass flow

rate can be expressed as #, = #inBor X G

Ill. RESULTS AND DISCUSSION
A. Grid profile

First, the accelerator aperture diameter was decreased from
0.40 to 0.20 mm at a 0.05-mm interval. Figure 5 compares the
direct impingement currents on the inner barrel and upstream
face of the accelerator grid, indicating that the accelerator aperture
diameter can be decreased to 0.25 mm without causing the direct
impingement of ions on the upstream face of the accelerator grid.

200
21 < Upstream face
5 150 |
=
G
5
§ 100 ¢ S~
g Inner barrel of aperture
g
g 50 f A/ / \
a % v
0

0.20 0.25 0.30 0.35 0.40
Accel aperture diameter (mm)
FIG. 5. Direct impingement currents generated at the upstream face and inner

barrel of the aperture of the accelerator grid. At accelerator aperture diameters
smaller than 0.20 mm, direct impingement occurs on the upstream face.
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Next, the following three cases were considered: (a) a nominal
grid (da = 0.40 mm and ¢, = 0.40 mm), (b) a high neutral confine-
ment, nominal thickness grid (d, = 0.25 mm and f, = 0.40 mm),
and (c) a high neutral confinement, no-direct impingement grid (d,
= 0.25 mm and t, was optimized using the method described in
the previous section). The downstream surface profile of grid (c) is
depicted in Fig. 6 (here, the no-direct impingement profile for the
nominal diameter of d, = 0.40 mm is shown for reference). The
thickness of the high neutral confinement, no-direct impingement
grid is about 50% of that of the nominal grid; its inner and outer
regions were depressed because the ion beams had large divergence
angles and tended to impinge on the edge of the downstream side of
the aperture inner barrel due to the small beam current density of
the MIPS.

B. Propellant utilization efficiency, accelerator grid
current, and number of sputtered atoms

Figure 7 compares the propellant utilization efficiencies of the
(a) nominal, (b) high neutral confinement, nominal thickness, and
(c) high neutral confinement, no-direct impingement grids. It shows
that the propellant utilization efficiencies of the high neutral confine-
ment grids are significantly increased to (b) 51% and (c) 49% from
31% obtained for of the nominal grid, respectively. In addition, a
slight decrease in the propellant utilization efficiency is observed for
the high neutral confinement, no-direct impingement grid since the
accelerator grid thickness is reduced.

Figure 8 compares the accelerator grid currents (direct
impingement current, DI, and charge exchange and elastic collision
ion currents, CE+EL) for each aperture between the (a) nominal, (b)
high neutral confinement, nominal thickness, and (c) high neutral
confinement, no-direct impingement grids. For the nominal grid,
the current due to charge exchange and the elastic collisions of ions
reaches the maximum value of 5% at a radial distance of 4 mm.

1.2
Nominal downstream face profile
I x No direct impingement profile (d, = 0.40lmm)
E o8 [ X
é | . __ __— __._ ? omeme
S 0603 T o
% Accel grid T
AT
T 04 7
é : l No direct impingement profile (d, = 0.30{mm)
No direct impingement profile (d, = 0.25 mn})
0.2
Screen grid
0 2 4 6 8

Radial distance from centerline aperture (mm)

FIG. 6. Surface profiles of the nominal (solid line) and high neutral confinement
(da = 0.25 mm), no-direct impingement (dashed line) grids. The no-direct impinge-
ment profile for d; = 0.40 mm is added for reference (dotted line). The axial
scale is magnified by a factor of 5 with respect to the radial scale for easy
viewing.
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100

High neutral confinement,
no direct impingement grid

73 [ High neutral confinement,
nominal thickness grid

50

25

Propellant utilization efficiency

FIG. 7. Propellant utilization efficiencies of the (a) nominal (da = 0.40 mm, t; =
0.40 mm), (b) high neutral confinement, nominal thickness (da = 0.25 mm, t, =
0.40 mm), and (c) high neutral confinement, no-direct impingement (d, = 0.25
mm) grids.

A small direct impingement current of less than 1% of the beam
current is observed for the inner region of the grid, and a relatively
large direct impingement current, which amounts to around 3% of
the beam current, is obtained for the outer region of the grid. In grid
(b), the currents due to charge exchange and the elastic collisions
of ions were smaller with the maximum of 3%; however, the direct
impingement current increased significantly to 9-15%, which com-
pletely offset the improvement of the propellant utilization efficiency
(see Fig. 7). In grid (c), the direct impingement current was success-
fully reduced to zero, and the currents due to charge exchange and
the elastic collision of ions decreased reaching the maximum value
of only 2.5% at a radial position of 4 mm, which was the smallest one
among grids (a)-(c).

(c) High neutral confinement,
A no direct impingement grid (d,=0.25 mm)

| | DI A CE+EL
0

0 2 4 6 8 10
Radial distance from centerline aperture (mm)

Q 100 T T T T T T T T
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FIG. 8. DI and CE+EL accelerator grid currents obtained for each aperture of the
(@) nominal (d; = 0.40 mm, t, = 0.40 mm), (b) high neutral confinement, nominal
thickness (da = 0.25 mm, t; = 0.40 mm), and (c) high neutral confinement, no-direct
impingement (da = 0.25 mm) grids.
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Figure 9 compares the numbers of sputtered atoms due to the
direct impingement of ions, charge exchange, and elastic collisions
of ions and neutrals obtained for each aperture of the (a) nominal,
(b) high neutral confinement, nominal thickness, and (c) high neu-
tral confinement, no-direct impingement grids. Since the energies of
directly impinged ions are much larger than those of the ions and
neutrals generated due to charge exchange and elastic collisions, the
impact of direct impingement on the grid erosion is enhanced. In
grid (a), the periphery region exhibits severe sputtering due to the
direct impingement of ions, which is four times stronger than the
sputtering processes caused by the charge exchange and elastic colli-
sion of ions and neutrals. In grid (b), the sputtering due to direct
impingement is more than ten times stronger than the processes
resulting from the charge exchange and elastic collisions, which
shows that the reduction in the number of directly impinged ions
is essential for suppressing the grid erosion. In grid (c), the num-
ber of sputtered atoms is successfully reduced reaching the smallest
value among the three grids.

C. Off-design performance

Since the high neutral confinement, no-direct impingement
grid produced the optimal results under the nominal operating
conditions, its off-design performance analysis was conducted.
The effect of the beam current throttling was analyzed by vary-
ing the beam current between 50 and 150% of its nominal value.
Figures 10(a) and (b) show the beam current profiles and inci-
dence angles of ions obtained by PIC-MCC simulations at plasma
absorption powers of 300, 500, and 700 mW, which corresponded to
approximately 50%, 100%, and 150% of the nominal beam currents,
respectively. Due to the similarity of the resulting curves shapes,
the plasma parameters such as the beam current profile and inci-
dence angles of ions were assumed to be close to those obtained by
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FIG. 9. Numbers of sputtered atoms due to the direct impingement of ions, charge
exchange, and elastic collisions of ions and neutrals obtained for each aperture
of the (a) nominal (da = 0.40 mm, ¢, = 0.40 mm), (b) high neutral confinement,
nominal thickness (da = 0.25 mm, t; = 0.40 mm), and (c) high neutral confinement,
no-direct impingement (d, = 0.25 mm) grids.
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the calculations performed at the nominal conditions. Figure 10(c)
displays the ratio of the accelerator impingement current to the
beam current (here, the DI and CE+EL currents are shown sep-
arately). In the throttling range between 50 and 150%, very weak
direct impingement is detected at a throttling level of 50-75%, which
is around 1/10 of the maximum value of the total accelerator cur-
rent. No direct impingement is observed at a throttling level of
75-150%.

D. Grid wear

The endurance performance of the high neutral confinement,
no-direct impingement grid was examined since the accelerator
grid thickness was reduced after optimization. Figure 11 compares
the changes in the propellant utilization efficiency exhibited by the

60 T T - .
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FIG. 11. Change in the propellant utilization efficiency due to grid erosion as a
function of the accumulated operation time.

nominal and high neutral confinement, no-direct impingement
grids at various accumulated operating times. For reference, the
changes in the aperture diameters of the accelerator grids due to
erosion observed from the downstream for the nominal and high
neutral confinement, no-direct impingement grids are shown in
Figs. 12(a) and (b), respectively. Considering the uncertainties of
the sputtering and re-deposition rates employed in the numerical
model, the estimated uncertainties of the grid mass loss and grid
lifetime amount to 25%.

As indicated by Fig. 11, the difference in the propellant utiliza-
tion efficiency between the nominal and high neutral confinement
no-direct impingement grids is largest at the beginning of opera-
tion; it decreases gradually and becomes negligible after 5,000 h of
use because their aperture diameters are almost identical (Fig. 12).
Compared with the nominal grid, propellant savings can be as high
as 18% at an accumulated operating time of 5,000 h and 10% at an
accumulated operating time of 10,000 h.

The rightmost image in Fig. 12(b) depicts the end of life of the
high neutral confinement, no-direct impingement grid caused by
the structural failure at an accumulated operating time of 12,500 h.
The erosion pattern containing pits and grooves is partially formed
on the accelerator grid surface at an accumulated operating time of
around 10,000 h, and the bridges between the innermost and adja-
cent apertures are completely eroded at an accumulated operating
time of 12,500 h. In contrast, no structural failures were detected for
the nominal grid at an accumulated operating time of 12,500 h. This
relatively short lifetime of the high neutral confinement, no-direct
impingement grid is a compensation for the high degree of neu-
tral confinement and absence of direct ion impingement; however, it
exhibits superior neutral confinement performance during the first
5,000 h of operation and maximum lifetime as high as 10,000 h.

E. Experimental validation

For the validation of the designed high-efficiency accelera-
tor grid, the accelerator impingement current was measured as a
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function of the operating time using flat (SUS304, d. = 0.30 mm,
t, = 0.30 mm) and no-direct impingement (SUS304, d, = 0.30 mm)
grids. The aperture diameters of the grids were decreased to 0.30 mm
from that of the nominal (d, = 0.4 mm) grid to confirm that the
propellant utilization efficiency could be increased by decreasing
the aperture diameters of the accelerator grids. To elucidate the
effect of direct impingement, the accelerator grids were made of
SUS304 steel, which could be eroded relatively fast by the direct
impingement of ions.

In the experiments, the MIPS discharge chamber with the 211-
aperture grid set was employed as the plasma source. The beam
current was set to 5.50 mA, and the screen and accelerator grid volt-
ages were 1500 and -350 V, respectively (which were identical to
those utilized in the numerical calculations). Measurements were
conducted in a vacuum chamber evacuated by a turbo-molecular
pump at a background pressure of 1.0x10™> Pa. The accelerator
impingement current was monitored for 16 h, which was equiva-
lent to around 100 h of the operation using C/C grids because the
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FIG. 12. Changes in the aperture diameters of the (a) nom-
inal (da = 0.40 mm, t; = 0.40 mm) and (b) high neutral
confinement, no-direct impingement (da = 0.25 mm) grids.
The bridges between the innermost and adjacent apertures
in the high neutral confinement, no-direct impingement grid
are completely eroded at an accumulated operating time of
12,500 h.

12500 h

12500 h

sputtering rate of SUS304 was almost six times higher than that of
C/C (SUS304 consisted of 74 wt.% Fe, 18 wt.% Cr, and 8 wt.% Ni,
and the sputtering rates of Fe, Cr, Ni, and C during the Xe bombard-
ment at 1850 eV calculated using Yamamura’s formula were 3.0, 3.4,
3.0, and 0.51, respectively?®).

Figure 13(a) shows the downstream surface profile of the no-
direct impingement grid computed at d, = 0.30 mm. A flat 211-
aperture grid (d, = 0.30 mm, f, = 0.30 mm) was machined to
follow this profile and attached to the accelerator grid position of
the MIPS, whose downstream surface is photographed in Fig. 13(b).
Figure 14(a) shows the change in the accelerator impingement cur-
rent as a function of the accumulated operating time. After 16 h
of operation, the downstream surface of the no-direct impingement
grid was inspected and photographed in Fig. 14(b).

It is clearly seen that the accelerator impingement current in
the no-direct-impingement grid is smaller (producing less sput-
tering contamination) and decreases rapidly to the steady state as
compared to that in the flat grid with the same aperture diameter.

FIG. 13. (a) A computed profile of the
downstream surface of the no-direct
impingement (da = 0.30 mm) grid. (b) A
photograph of the downstream surface of
the no-direct impingement grid installed
on the MIPS.
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In Fig. 14(b), the aperture shape in the medium and peripheral
regions remained almost circular after 16 h of operation, indicat-
ing that direct impingement was negligible or very small as designed;
however, the central region of the grid was eroded following a hexag-
onal shape pattern, which was likely caused by direct impingement
(typical grid erosion patterns produced by direct impingement are
provided in Ref. 29). The latter is the main reason for the initial
higher accelerator impingement current measured for the no-direct
impingement grid in Fig. 14(a). Improvement of the modeling pro-
cedure (especially for the central region of the grid) is currently
underway to enable prediction of the no-direct impingement surface
profile with high precision.

In the experiment, the propellant flow rate of 16.9 ug/s was uti-
lized to extract the beam current of 5.50+0.04 mA in the no-direct
impingement grid, whereas the propellant flow rate in the nomi-
nal thickness (d, = 0.40 mm, ¢, = 0.40 mm) grid was 24.1 pg/s.
The propellant flow rate was proportional-integral-derivative con-
trolled by LabVIEW-based software using a mass flow controller
calibrated within the error of +0.98 ug/s. At these values, the cal-
culated propellant utilization efficiency was 0.443+0.003, which was
higher than the magnitude obtained for the nominal thickness grid
(0.311+0.003). This enhancement resulted from the improved neu-
tral confinement performance achieved by reducing the accelerator
aperture diameter from 0.40 to 0.30 mm.

Although some improvement of the model for the prediction
of the no-direct impingement surface profile is required, it is experi-
mentally validated that the accelerator grid with high propellant uti-
lization efficiency and no-direct impingement performance can be
designed by conducting full-aperture ion-optics simulations coupled
with PIC-MCC calculations for the MIPS plasma.

IV. CONCLUSIONS

A computational study was conducted to improve the propel-
lant utilization efficiency of the MIPS by reducing the diameter of the
accelerator aperture and optimizing the accelerator grid thickness
distribution to prevent the direct impingement of ions from occur-
rence considering the inhomogeneous plasma distribution of the
MIPS plasma source. This high-efficiency accelerator grid possessed
the flat upstream and smoothly curved downstream surfaces with

ARTICLE scitation.org/journall/adv

Center

Medium

FIG. 14. (a) Accelerator impingement to
beamlet current ratio as a function of
the accumulated operating time. (b) Pho-
tographs of the downstream surface of
the no-direct impingement grid obtained
after 16 h of operation.

straight holes for easy low-cost manufacture. After optimization, the
propellant utilization efficiency was increased from 31 to 49% at the
beginning of the thruster operation. The results of off-design per-
formance analysis showed that this ion optics could accelerate ions
smoothly even during throttling the beam current between 75 and
150%.

Full-aperture grid wear simulations were performed to evalu-
ate the grid wear. For this purpose, the change in the propellant
utilization efficiency and grid surface profile were investigated as
functions of the accumulated operating time. The obtained results
showed that the optimized ion optics exhibited higher propellant
utilization efficiency as compared to that of the nominal grid at
accumulated operating times below 5,000 h and then remained at
the level corresponding to the efficiency of the nominal grid until a
structural failure occurred at an accumulated operating time of over
10,000 h.

The results of experimental validation showed that the high-
efficiency accelerator grid possessed higher propellant utilization
efficiency and smaller probability of direct impingement as com-
pared with those of the nominal accelerator grid. Although more
precise modeling of the accelerator surface is required, it was con-
cluded that the high-efficiency accelerator grid could be designed
by conducting full-aperture ion-optics simulations coupled with
PIC-MCQC calculations of the MIP plasma.
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