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Origins of Accelerator Grid Current:
Analysis of TS Grid Test Results

Mark W. Crofton*
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Grid-current levels were obtained at various operating points of a TS ion thruster using flight-model extraction
grids. Because of the improved grid design and precision fabrication, better analysis of the dependence of grid
current on operating point could be performed. The decelerator current can be interpreted in terms of impingement
by charge exchange ions, although the dependence on operating point is not simple. The accelerator grid current
was found to have a major component that appears to be independent of charge exchange. A direct simulation
Monte Carlo-particle-in-cell model was constructed that includes the effects of momentum transfer, ion-neutral
charge exchange, coulomb collisions, and double-charge ions. Through the use of existing far-field data on the
energy distribution of beam ions, good relative and absolute agreement between theory and experiment has been
achieved. The results suggest a new erosion mechanism that depends on ion radial velocity distribution during
extraction. Ions with high radial velocity have relatively high probability of impinging on the accelerator grid
and will do so with larger sputter yield than charge exchange ions. Double-charge ions have a lower impingement
probability. The results have implications for the lifetime and contaminationeffects of ion thrusters using extraction

grids.

Nomenclature
C = mean molecular speed
E = Kkinetic energy
e = elementary unit of charge, coulomb
F = propellant mass flow rate through grids, mg/s
Fy = mass flow rate of neutral xenon through grids, mg/s
for = Xe?* fractional current
g = relative velocity
L. = total accelerator grid current, mA
IE = acceleratorcurrent due to charge exchange, mA
ly..m = beam current, mA
Lyee = decelerator grid current, mA
k = Boltzmann constant
m = particle mass, g
n, = electron density
Mot = reference plasma density
T = temperature, K
T, = electron temperature, eV
Ve = acceleratorgrid voltage
Vaode = anode to cathode voltage of discharge chamber
Vbeam = 1on beam voltage, Viode relative to absolute ground
Viee = decelerator grid voltage
r = particle flux
Ne = propellant mass utilization, corrected
N = propellant mass utilization
o = reaction cross section
¢ = local plasma potential, V
do = bulk plasma potential in the discharge, V
X = coulomb collision scattering angle, deg
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Introduction

OR ion engines, erosion of the accelerator grid is a principal

life-limiting process and a primary source of thruster-induced
spacecraft contamination (Refs. 1 and 2 and the references therein
and Refs. 3 and 4). The usual grid material, molybdenum, is sput-
tered into the ion engine plume. It deposits on neighboring surfaces
on contact, leaving a metallic coating that alters surface properties
and may affectthe performance of solar arrays, sensors, and thermal
control materials.

The limitation of lifetime due to accelerator grid erosion exerts
considerableinfluence on the choice of thrustertype and rated thrust
for spacecraft. The end of life is usually taken at the point of grid
mechanical failure due to extensiveloss of the webbing. This results
in the loss of beam current capability and the onset of electronback-
streaming into the discharge chamber. The erosion of grid material
may also produce flakes, which electrically short adjacent grids,
causing premature failure unless the short can be cleared. For the
more than 60ion-engineendurancetests thathave beenreported, the
majority of failure modes involved the acceleratorgrid.! To partially
mitigate grid erosion effects, significant effort has been expendedin
the development of grids using erosion-resistant materials (Refs. 5
and the references therein and Ref. 6).

Many studies have been devoted to the subject of accelerator
grid wear (for recent examples, see Refs. 7 and 8). During the past
decades of ion-engine research and development, the impingement
of charge exchange (CEX) ions has been accepted as the cause of the
erosion under normal operating conditions. It has been recognized
that under special circumstances, such as when the perveance limit
is exceeded, the grids are poorly designed, or grid apertures are
misaligned, direct impingement of ions at the ion beam energy or
above may occur. These energetic ions have a far higher sputter
yield than CEX ions,” which, with a typical —200 or —300 V on the
accelerator, impinge at a relatively low energy.

The impingement rate of CEX ions increases with background
pressure, necessitating the use of high pumping speeds during test-
ing. Reduction of the accelerator grid erosion rate is also achieved
by incorporating a negatively biased decelerator grid and operating
the accelerator grid at a negative potential of low absolute value to
limit the sputtering yield.!
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Considerable evidence exists that the impingement of CEX ions
may not be the only cause of accelerator grid erosion under normal
operating conditions. Several measurements on the T5 ion thruster,
whichhasbeen extensivelystudied > have shown that the accelerator
grid current and erosion rate is far from zero when the utilization of
xenon propellantis extrapolated to 100%.

One of these measurements consisted of directly monitoring
the laser-induced-fluorescence signal from T5 plume molybdenum
atoms as a function of 7,, (Ref. 11). A second monitored the rate
of mass gain, largely from molybdenum, at a quartz crystal mi-
crobalance (QCM) as a function of 7,,, obtaining a similar curve.!?
The rate of mass gain as a function of background pressure fur-
ther demonstrated that the grid erosion was only slightly affected
by CEX in the background gas.!? The accelerator current exhibited
similar dependence as the mass gain, whereas decelerator-current
percentage variation was much higher. All of these results taken to-
gether suggested that CEX ion impingement did not fully account
for I,.. at the higher n,, operating points. However, design and fab-
rication flaws of the triple grid set used in these studies [baseline
triple grid set (BTS)], and the known presence of decelerator direct
impingement presented a limitation to any attempt to elucidate a
secondary erosion mechanism. The flight-quality grids used in the
present study were needed to address the issue.

Several studies have compared the accelerator mass loss over an
extended period of operation with its calculated loss. The compar-
isons, based on current collection and the sputter coefficient for
an assumed impingement energy of CEX ions, have frequently ob-
tained puzzling results.”!3

SOLENOID

Experimental

Details of the facility have been described previously? The test
chamberis 5.5 m in length and 2.4 m in diameter. Two custom reen-
trant cryopumps of combined ~70,000 l/s pumping speed on xenon
hang inside the chamber, suspended from flanges. During thruster
operation at a nominal thrust level of 18 mN, the chamber pres-
sure was determined to be 1.5 x 107 torr, after applying a standard
xenon-sensitivity correction to the indicated ion gauge reading.

The thruster was mounted on a fixed stand in a side chamber
with the ion beam directed across the main chamber. The beam
dump consisted of aluminum plates covered with carbon-carbon
composite panels, without water cooling.

In the present study, two extraction grid sets of flight quality
(designated 003 and 004) were installed on the T5 ion thruster al-
ready characterized by past studies? to perform design validation.
Each grid set was subjected to a wear test of approximately 50 h in
duration.

The thruster is diagrammed in Fig. 1. The anode was biased at
the usual 1100-V operating point.> The screen grid and discharge
chamber wall were about 40 V lower according to the value of the
discharge voltage.

The grid sets were manufactured to identical specifications. The
screen and decelerator apertures were 2.15-2.18 mm in diameter,
with a hole pitch of about 2.44 mm. The acceleratoraperture diame-
ter was 1.75-1.78 mm with similar pitch. Grids were 0.25 mm thick
for screen and decelerator grids and 1.00 mm for the accelerator
grid, which was spaced 0.75 mm from the screen grid and 0.50 mm
from the decelerator grid. Alignment and concentricity of grid set
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Fig. 1 Schematic of TS ion thruster.
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(GS)003 and GS004 were perfect to the naked eye, and far better
than for the BTS grids.

GS003 had been previously operated for a period of roughly 50 h
at thrust levels <18 mN. There were no prior hours of operation
on GS004. The performance of the GS varied slightly at <22 mN,
with GS003 generally collecting a bit less accelerator current at a
given operating point. This can be attributed to its prior period of
operation.

The critical parameter of propellantutilizationefficiency, n,,, was
determined from calibrations of shunted flow rates with engine off,
monitoring the rate of pressurerise in a known volume. The ratio of
Lyeam to the electrical-currentequivalent of the propellant flow rate
was computed, assuming no multiple-charge states. The absolute
accuracy is better than 2% in each case. No correction to n,, was
made for multiply charged ions because only approximate values
for the charge state ratios were available over the range of operating
points. Neutralizer flow was not included in the calculation of 7,,,
because discharge chamber utilization was the relevant parameter
rather than overall engine utilization. It was assumed that the flow
rates measured with the engine off were identical to those obtained
with the engine on.

Experimental Results and Analysis

Performance of GS003

The observed thruster performance at several operating points
is shown in Table 1. Previous performance figures obtained on the
triple GS (BTS) used during the extensive prior characterization of
the T5 (Ref. 2) are given in Table 1 for comparison. Accelerator
grid currents at the nominal 18-mN thrust level are similar in the
two cases, although it appears to be about 10% higher for GS003
at 18 mN and mass utilization near 85%. Decelerator grid current
level was about 45% lower for GS003 than for the BTS grid for
the same 18-mN operating points. The deposition rate measured
by a QCM indicated that GS003 eroded much less rapidly than
BTS; GS003 deposition rate was about 50% less, and so its grid
erosion rate would be less by at least that amount.!? Because the
accelerator current of the two GSs was similar, it appears that the
reduced depositionrate could be explained by a reductionin GS003
decelerator-grid erosion rate. The presence of direct impingement
on the BTS decelerator grid had been documented previously.'
The major differences between the grid sets were 1) decelerator
grid thickness of 0.25 mm for GS003 vs 0.75 mm for BTS and
2) better aperture alignment and more uniform grid spacing for
GS003. Both factors are qualitatively consistent with a substan-
tial reduction in direct impingement by ions with energies deter-
mined by the full-voltagedifference between screen and decelerator
grids.

The propellant mass utilization efficiency, n,, is given by

its product with ly,, is a measure of the total rate of CEX ion
production. The proportionality constant was designated Pg.

A secondary contribution to the CEX current stems from the
backgrounddensity of neutral xenon in the test chamber. The base
pressure of the vacuum pumps is much lower than the background
pressure during thruster operation, and the term is proportional to
F o - The proportionality constant was designated Pgg.

To performleast squares fitting of the grid currentdata, additional
terms in Jye,, and its square were included. With these terms, and
a constant offset term, there were five parameters included in the
initial fits to I, and /4., according to the expression

I'=0—-n)F1 = f+/2)Upeam /329 P + (1 — f24/2)
X (Toeam /329) Pr + (1 = fo4 /2) (peam /329)* P12
+ F(1 = fo1+/2)(peam /329) Pep + C 1)

The functional forms of the Pr and Pgg terms were obtained from
first principles, but the remaining terms were chosen to improve the
quality of the fit. The inclusion of (1 — 0.5 f5, ), a correction factor
applied to I,.,, Whereverit appears, is equivalentto the assumption
that Xe?* ions have the same effect on impingementcurrentas Xe*
on a per particle basis rather than per unit of charge.

When a parameter was found to make little difference to the
quality of afitit was eliminated. In the case of /4., a good fit required
a minimum of three parameters. The 3-parameter fit judged to give
the best results included the Py term as the dominant contributor,
plus the P; and P, terms. The result is indicated in Fig. 2 and
Table 2. The maximum residual was >30 pA. The source CEX term
accounted for an impingement current higher than the observed /4.
at most operating points. There are two operating points in Table 1
with similar Jpeay,. Scaling Ig. =0.46 mA of case (4) according
to (1 —n.)F(1—0.5f2,) Iyeam produces Ig.. =0.70 mA, just 10 A
higherthan the observedlevel of case (3). This resultand the fit itself
provide strong evidence that the decelerator current is primarily due
to impingement of CEX ions, of which little is associated with the
background gas.

The contributionsof P; and P, terms were positive and negative,
respectively, and their sum makes a small, negative correction (the
P, term is not shown in Fig. 2). It seems inevitable that CEX ions
formed downstream will not have quite the same probability of de-
celerator capture at different /e, settings. This probabilitydepends
on the electric potentialin the plume, since the potential distribution
determines the trajectories for CEX ions. According to the limited
data available, the plume plasma potential exhibits a slow increase

Table 2 Parameter coefficients determined by least squares
fitting of grid current data

(lyeam/F)(m/e) and is valid if the only charge state is +1. The NSTAR
presence of the +2 charge state cannot be ignored in the present T5 decelerator fit T35 accelerator fit accelerator fit
s1tuat101}. We define the corrected utilization, 7., as (1 — FU/F?. Coefficient  Value  Std.dev. Value Std.dev. Value Std.dev.
Neglecting all charge states except 0, +1, and +2, the result is
ne=(1—0.5f>,)n,. The fractional Xe>* current was estimated iE 4.117 030 5415 043 —1.823 2.81
fi Pollard’s data,'* and th Iti 1 f included EB
from Pollard’s data,™ and the resulting values of 7. are include P, 0344 0067 0441  0.062 0.073 0.44
in Table 1. For the source flow, the density of neutral xenon in the
R . . R . Pry —0.445 0.066 0.483 0.29
intergrid region and downstream is proportional to (1 — n.)F, and
Table 1 Operating parameters for selected operating points, GS003*
Operating Ibeama Vanodea Ianodea Iacc ’b Idec ’b Iacc + Ideca Nm Nes Fa

Case point mA \% A mA mA mA % % mg/s

1 11.9 mN 218 448 1.50 0.53 0.25 0.78 82.4 754 0.359

2 14.8 270 40.8 1.85 0.90 044 1.34 76.2 72.0 0482

3 17.9 327 37.2 2.90 1.43 0.69 2.12 71.0 68.5 0.626

4 17.9 328 40.7 2.50 1.10 046 1.56 81.0 759 0.551

5 19.0 348 43.0 —_— 1.05 0.38 1.43 859 79.0 0.551

6 19.9 363 38.9 2.90 1.37 0.55 1.92 78.8 75.1 0.626

7 21.8 399 43.0 2.90 1.25 040 1.65 86.7 79.8 0.626

8 18.0(BTS) 329 43.0 2.25 0.90 0.65 1.55 856 79.0 —

*Voeam = 1100V, Vyee = =225V, and Vgee = =50 V.

b Absolute accuracy is =10 pA.
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Fig. 2 Observed decelerator grid current for GS003 and results of the
least squares fit.
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Fig. 3 Observed accelerator grid current of GS003 and results of the
least squares fit.

with Iy (Ref. 14). Judging from the negative sum of P; and P;,
terms, CEX ions formed in the plume are apparently more likely to
avoid capture by the deceleratoras the beam currentis increased.

The accelerator current data yields a good fit with just the two
terms involving P and P;. The results are plotted in Fig. 3, where
the individual contributionsof the two terms are also plotted. While
the Pg term is sufficient to reproduce much of the variability of
I, the P; term provides an increasing “baseline” linearly depen-
dent on i,y . Like the decelerator fit, the term corresponding to
CEX with the background gas mattered little and the coefficient
was zero to within 3 standard deviations. The origin of the P; term
is uncertain, but its functional dependence is not consistent with
CEX.

In a preliminary analysis the empirical expression AIE =
1.5A 14 was utilized.”> This expression was obtained from direct
comparison of operating points 3 and 4 of Table 1, and the assump-
tion that decelerator grid current derives entirely from CEX ions,
to obtain an estimate for IZ,. The operating points of Table 1 were
extrapolated to 100% utilization (/4.c — 0) and an estimate for the
remaining accelerator grid current produced by processes indepen-
dent of charge exchange (PIE) was obtained from /.. — 1£c~ If the
decelerator impingement probability of CEX ions decreases with
Lveam as already discussed, this approach overestimates the rate at
which the PIE contribution rises with beam current. In the more
detailed analysis here, the P; term accounts for the PIE ions, which
increase linearly with beam current.

CEX ions formed in the intergrid region are much more likely
to impinge on the accelerator grid than the decelerator because the
accelerator grid potential is normally 175 V more negative (see

Table 1). CEX ions formed downstream from the decelerator may
strike its downstream face, but produce little erosion when they
do so. The issue of downstream CEX trajectories and their rela-
tive probability of impinging on accelerator and decelerator grids
is an important one, but beyond the scope of this study. However,
experimental data concerning the rise in accelerator and decelera-
tor current levels with background pressure are available and rel-
evant. The TS data, obtained with the BTS grid set, show the de-
celerator current rising nearly an order of magnitude faster than
accelerator current.!> Although the BTS decelerator thickness was
3 times greater and possibly more effective at screening the ac-
celerator potential, this is strong evidence that the contribution of
downstream CEX current to I,.. is minor. The adequacy of two
terms to fit the data provides further support. In addition, a study of
a 30 cm ion engine of entirely different grid design obtained com-
parable data concerning the effect of background pressure on 7.
and I (Ref. 13).

Some of the CEX ions striking the accelerator grid will do so
at an energy substantially exceeding 225 eV. This is because the
CEX probability decreases with Xe™ energy, so that CEX is more
likely per unit time during the acceleration phase than the extraction
phase. For example, a CEX ion formed when a xenon ion has tra-
versed 50% of the screen-accelerator gap can impinge on the accel-
erator grid with an energy of about 0.50[1100 — (—225)] = 668 eV.
As a result, for a properly designed, properly operated extraction
GS with accelerator/decelerator grid voltages of —225/—50, accel-
erator erosion rate is expected to dominate over decelerator erosion
rate.

One possible origin of PIE ions below the perveance limit was
considered to be the coulomb scattering of the ions. Impingement
current due to such a process would depend on the square of beam
current. Both coulomb and ion-neutral scattering were included in
the modeling effort.

Performance of GS004

As already stated, GS004 and GS003 were fabricated according
to the same design specifications, but GS003 had undergone a brief
earlier period of testing. GS004 was operated at 25 mN (see Table 3)
during the majority of the test period, which occupied portions of
four successivedays. Itsinitial performanceat 22 mN was similar to
GS003; however, both accelerator-and decelerator-gridcurrentlev-
els were quite high at the 25 mN operating point. The accelerator-
and decelerator-grid currents were highly sensitive to adjustment
of the accelerator voltage at 25 mN (see Table 3), indicating direct
impingement on each grid by energetic ions. At a beam current of
457 mA, a reduction in discharge current on the third day of opera-
tionresultedin a substantialrise in both accelerator-and decelerator-
grid current levels (see operating points 7 and 8). The reduced
discharge current is compensated by increases in magnetic field
strength and discharge voltage. Increased magnetic field strength
improves electron confinement efficiency, whereas increased dis-
charge voltage raises the Bohm velocity and electron energy. These
effects help to compensate for a reduced ion productionrate associ-
ated with decreaseddischarge current. The ratio Xe?*:Xe* increases
rapidly with discharge voltage.'*

Table3 Operating parameters for selected operating points, GS004*

: b b
Operatmg Ibeama Vanodea Ianodea Vacca Iacc ’ Idec ’ Iacc + Ideca Nm>

point mA \Y% A V. mA mA mA %
1 398 442 2.65 —225 127 0.36 1.63 —
2 457 420 2.65 -225 250 1.18 3.68 80.3

3¢ 456 422 265 225 327 1.6l 4.87 80.1
4 458 427 265 —175 481 2.20 7.01 80.5
5 458 421 265 -250 224 0.92 3.16 80.5
6 457 419 265 -225 247 1.13 3.60 80.3
7 457 407 3.00 —225 2.20 0.80 3.00 80.3
8 457 422 265 225 2.64 1.13 3.77 80.3
BTS 457 435 3.00 —225 1.20 0.90 2.10 88.0

*Voeam = 1100V and Vygee = =50 V.
b Absolute accuracy is £10 pA.
¢Cathode current set to 1.00 A rather than normal 0.65 A setting.
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Fig. 4 Grid currents at the normal 25 mN operating point (see Table 2)
during the four days of GS004 wear testing.

The effect of main cathode current on grid current levels is even
more pronouncedthan discharge voltage. This accounts for the high
grid currents of operating point 3, for which the cathode current was
1.00 A rather than 0.65, the normal setting. In conjunction with the
higher cathode current setting, AV between cathode and keeper
increased about 1.3 V, whereas V,y.qe increased only 0.4 V. Given
the energy dependence of emitted ions on cathode current level
measured in other studies,'¢ the elevated grid currents of operating
point 3 may result from an upward shift in the cathode ion en-
ergy distribution and flux level. The cathode ion flux will increase
rapidly with cathode current,!” and these ions by virtue of their
high initial velocity and broad velocity distribution, assuming they
arrive at the grids with these same initial properties, could have
a greater probability of accelerator/decelerator grid impingement.
Based on these considerations, the velocity distribution function for
ions entering the extraction grids may be quite important in deter-
mining grid impingement currents. As far as we are aware, neither
the width of this distributionnor the effects of ion-ion (coulomb) and
ion-neutral scattering have been considered in previous ion engine
models.

Figure 4 shows the grid currents observed during stable opera-
tion at the 25-mN operating point during most of the GS004 wear
test. Grid currents during warmup and performance mapping are
not shown. The trend is clearly down, except for an upward spike
at about 1500 min. This spike was associated with increased recy-
cling activity. The downward trend in grid currentis consistent with
previous BTS experience and is believed to arise from gradually
increasing aperture size. This trend would be expected to continue
over the course of several hundred hours of operation and beyond,
with the slope gradually flattening 2 The slopein Fig. 4 gets its large
negative value as a result of thruster operationin the vicinity of the
perveancelimit, but after an extended run at such an operating point,
BTS experience shows that acceleratorimpingement currentis also
reduced at operating points far from the perveance limit. CEX cur-
rent will drop with enlargement of the accelerator-grid apertures
because the product of neutral xenon density and beamlet ion flux
decreases more rapidly than the increase of aperture cross-sectional
area. The magnitude of this effect does not appear to be sufficient
to explain observed results, however.

Modeling

Computer models of flow through ion grid apertures have been
developedpreviouslyby Arakawa and Ishihara'® and by Pengetal.!®
In Ref. 18, a particle description of the ions was employed. Neutral
flow was neglected as was CEX. In Ref. 19, the ions were again
treated using particles, but in this case CEX was included by as-
suming a constant neutral flowfield. In both Refs. 18 and 19, only
single-chargedions were considered. In the present work, the ions
and neutrals are treated in detail using a combination of two particle
methods. The particle-in-cellmethod (PIC)*° is employed to model

the plasma dynamics. In the present study, ions (both single and
double charges) are treated as particles. Following the work of Peng
et al.”” electrons are only assumed to exist in the region upstream
of the screen grid. A fluid approach is employed for the electrons
in which their temperature 7, is assumed to be constant, and their
number density n, is given by the Boltzmann relation:

Ne = Nyef eXP[(¢ - ¢U)/Te] (2)

where ¢, is about 1100 V. The reference density n,¢ is taken to be
the total ion charge density employedin the upstream boundary con-
ditions (see subsequentdiscussion). The Poisson equationis solved
on arectangulargrid, where the ion density is given by the particles
and the electron number density is given by the above equation. Fol-
lowing the approach of Samanta Roy et al.* an alternating direction
implicit method is employed to solve the Poisson equation, which
is nonlinear due to the presence of ¢ in the preceding equation for
the electron number density.

The second particle technique employed is the direct simulation
Monte Carlo method (DSMC),?! which is used to model collision
phenomena. Thus, the neutral atoms are also treated as particles,and
three differenttypes of collisions are modeled: 1) momentum trans-
fer using the cross sections of Dalgarnoet al.,?? 2) CEX between Xe
and Xe™" usingthe cross sectionsof Sakabe and Izawa? and between
Xe and Xe** using the following curve fit to the measurements of
Hasted and Hussain®*:

o = [3.4069 x 107 —2.7038 x 10~ log(g)]* m* 3)

and 3) coulomb collisions. For coulomb collisions, the equations
from classical plasma physics for cross section and scattering an-
gle are employed (e.g., see Ref. 24). However, the scattering angle
for a particular collision is sampled statistically from the distribu-
tion suggested by Nanbu.?> This procedure is necessary because
DSMC-PIC is a statistical approach and the method does not com-
pute intersecting particle trajectories deterministically. In Fig. 5,
a selection of the collision cross sections employed in the present
study is shown for the xenon systemas a functionofrelative velocity.
It can be concluded that coulomb collisions dominate at low colli-
sion energies. At high energy, the CEX cross section dominates. In
Fig. 6, the variation of coulomb scattering angle with relative veloc-
ity is shown. Here, it is evident that only very glancing interactions
occureven at the low relative velocities that provide the largestcross
sections (again see Fig. 5).

The upstream boundary conditions for the DSMC-PIC approach
involve specification of species number densities, velocities, and
temperatures. The temperature of the neutral atoms is assumed to
be 500 K. The temperature of the ions is taken to be 4 eV based on
a fit to the measurements of Pollard (see data of Ref. 14, Fig. 15).
The electron temperature is not well known, and a value of 5 eV
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Fig. 5 Collision cross sections as function of relative velocity.
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is assumed here. These temperatures are employed to calculate the
atom and ion velocities of particles entering the flow domain from
the discharge chamber. In each case, the flux of species i across a
radial surface upstream of the screen grid is given by the standard
result from kinetic theory:

Iy =4n;C 4)

Ll
4

where the mean molecular speed is given by

C; = /8T, /mm;

®)

magnitude smaller than the mean free paths for all flow conditions.
The time step employed in the simulations falls in the range 0.1-
0.4 ns and is the reciprocal of the plasma frequency. The surfaces of
the three screens are at fixed potentials and are assumed to have a
constant temperature of 500 K. Ions striking any of the screens are
assumed to recombine to neutral atoms. The facility back pressure
is sufficiently low such that it has virtually no effect on the flow
through the screens. It is, therefore, neglected in the computations.

The main purpose of the computationsis to predictthe ion current
to the acceleration grid. This is computed by directly counting the
number of ion particlesimpacting on any surface of the acceleration
grid over a finite period of physical time. The current collected by
the deceleration grid is not considered here because an adequate
treatment of the neutralized plasma downstream of the thruster exit
plane is required. This is left for future study.

Computational Results

Six operating points of GS003 cataloged in Table 1 are investi-
gated computationally,cases 1-3 and 5-7.

For each of these cases, three simulations are computed in which
the fraction of double-charged ions is set to 0.0, 0.1, and 0.2. In
addition, further computations are performed for cases 3 and 7 to
assess the sensitivity of the solutions to the value of the electron
temperature assumed and to test the effect of the different types of
collisions.

In Fig. 8, contours of plasma potential are shown for a com-
putation of case 3 with 10% double-charged ions. These have the
expected shape seen in previous computational studies,'®!° which
result in the ions first being accelerated away from the screen grid
and finally pulled up toward the accelerationand deceleration grids.

In Fig. 9, the variation of current collected on the acceleration
grid as a function of total beam current is shown. The experimental
accuracy of the grid currentis £10 nA. The computational results
indicate a sensitivity to the fractionof double-chargedions assumed
in the dischargeplasma. It is found that higher fractions of Xe** lead
to smaller current being collected on the acceleration grid. Close
examination of the computational results revealed the explanation
for this phenomenon. When there is a significant fraction of Xe?* in
the plasma, the average ion velocity is increased because the electric
fields accelerate the double-chargedions to higher velocities than
the single-chargedions. In terms of the current collected by the ac-
celeration grid, this effectis most importantin the region next to the
screen grid, where the ions are acceleratedby the potential gradients
in the direction toward the centerline of the aperture. Hence, in the
case where there is a finite fraction of Xe?*, more of the plasma is
accelerated toward the centerline in comparison to the case where

15

1.0

0.5

The atom and ion fluxes are computed so as to be consistent with
the experimentally measured values of total beam current and pro-
pellantefficiency. Thus, through the use of Eq. (4), the atom and ion
number densities are determined. One further parameter that cannot
be determined from the measured systems parameters is the frac-
tion of ions that are double charged. Based on the measurements of
Pollard,'* it is expected that current fraction lies between 0.05 and
0.20. Various values are employed in the computations.

The computational grid employed in all simulations is shown in
Fig. 7. The cell size is less than the smallest Debye length consid-
ered in these investigations. The cell sizes are 40-50 pum, orders of
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Fig. 8 Contours of plasma potential for case 3.
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Fig. 9 Variation of current collected on accelerator grid as a function
of total beam current.

Returning to the data shown in Fig. 9, in general, the computa-
tional results using 20% of ions having double charge offer good
agreement with the experimental data at high Vj,0qe settings, ~43-
45 V. At the lower V4. settings, the experimental data are usually
found above the 20% double-chargecomputational results, in good
agreement with the 10% case. These values are consistent with the
general trend, not absolute values of multiple-chargedion fractions
as a function of thruster operation conditions reported by Pollard.!*
The lveam = 363 mA operating point is an exception, with the ex-
pected /.. significantly below the trends considering the relatively
low Vanoqe value of 38.9 V.

The computational results shown in Fig. 9 include all collision
mechanisms and employ an electron temperature of 5 eV. Further
computationsindicated that omission of the CEX collisionsleads to
a reduction in the accelerator grid current by values lying between
15 and 45% depending on the specific conditions. Omission of the
coulomb collisionshas no effect on the currentcollected. For operat-
ing point 3, increasing the electron temperature to 10 eV decreased
the current collected by 23%. For the same case, decreasing the
electron temperatureto 4 eV increased the acceleration-gridcurrent
by 13%. These results are because ¢, the local plasma potential,
is directly proportional to the electron temperature. This is clearly
seen by inverting the Boltzmann relation of Eq. (2). Because in our
model 7, is a constant, the spatial derivatives of potential (that is,
the electric fields) are also proportional to the electron temperature.
At higher electron temperature, there is a greater acceleration of
ions away from the screen grid than is simulated at lower electron
temperature. Thus, as the electron temperature is increased, there is
a decrease in current collected on the acceleration grid.

The calculated energy spectrum of ions impinging on the accel-
erator grid, for case 3 with 10% Xe**, is plotted in Fig. 10. The
dominant peak is Xe™ centered at Viean — Vace. A very small Xe**
feature occurs at twice this value. These peaks are produced by the
PIE ions. The impingement flux of CEX ions has a broad feature
below250eV and atail on the high-energyside. In terms of flux con-
tributions, 28% of the impingement current derives from CEX ions
and 0.5% from Xe>*. The rest is due to PIE ions. Even before factor-
ing in the increased sputter yield with impingement energy, this re-
sult predicts that most of the accelerator grid erosionis producedby
Xe™ ions at a kinetic energy determined by Vieam — Viacee, With CEX
playing a minor role. For comparison, the Pr term-representingthe
CEX associated with the source flow-accounts for about 71% of
the total observed I, (see Fig. 3). It is possible that the model un-
derestimates the CEX current because it does not include ions that
originate downstream from the decelerator grid and migrate up-
stream to the accelerator grid. We have already presented evidence
that the downstreamions are a minor contributor, but including such
ions may improve agreement between the experimental results and
theoreticalpredictions.In addition, the selectedion temperature was
a bit high and the radial variations of ion flux and utilization across
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Fig. 10 Computed energy spectrum of the accelerator ion impinge-
ment for case 3, with 10% Xe?*.

the grids are not accurately known, and were neglectedin the model.
Finally, it should be noted that /,.. dependencieson f>, and 5, are
correlated. The fit to experimental data ignores the lower impinge-
ment probability of Xe?*, which tends to cause an overestimate of
the magnitude of the Pr term.

Although the agreement obtained between experimentand com-
putationas showninFig. 9 is good, there is some level of uncertainty
in the simulation results particularly in terms of specifying the dis-
charge plasma parameters of electron temperature,ion temperature,
and fraction of double-chargedions.

Discussion

The density of neutral xenon in the intergrid region and thruster
near-field is dominated by the density of the source flow rather
than the density of background gas. A few mm downstream from
the decelerator the computed source flow density is 5 x 10!! cm~3
for case 7, whereas background density is about 6 x 10'® cm™3.
The density between screen and accelerator grids is typically about
2 x 102 cm™3. From the neutral density, grid geometry, and CEX
cross sections, it is apparent that intergrid CEX cannot readily ac-
countfor the observed ... Other mechanismsof currentproduction,
including the photoelectric effect associated with the impingement
of short-wavelength photons from the discharge, also appear too
small in magnitude. However, the experimental data can be repro-
duced quite well upon assuming that ions have a radial velocity
distribution during extraction that is consistent with an ion temper-
ature of 4 eV, and reducing this would improve the agreement.

All of the previous modeling studies of ion engine plasma and
ion extraction appear to have assumed ion temperature similar to
neutral atom or wall temperature, far below the electron tempera-
ture. Similarly, ion temperature was not determined in the Langmuir
probe study of the discharge chamber, and it was thought to be two
orders of magnitude below 7, (Ref. 26).

Recently, experimental and theoretical evidence has become
availableindicating that the ion temperaturein low-density plasmas
canbe very substantial. Numerical models of plasma jet propagation
for the stationary plasma thruster have utilized ion temperatures be-
tween 4 and 40 eV to reach agreement with experiment?”-*8 Some
recent studies of plasma reactors and the ion etching process have
found ion temperature to be far above the wall temperature 2%-3

Because of the potential gradien®® in the discharge chamber and
the need for highion migrationrates to the screen grid during thruster
operation, most ions may be expected to have kinetic energies of
1-5 eV at the time they encounter the plasma sheath. This kinetic
energy will have a radial component as well as an axial component,
because the screen grid and discharge wall are at the same potential
and both radial and axial potential gradients exist.”® Whereas the T5
far-field measurementof ion energy distribution' is consistent with
an ion temperature of 4 eV, direct measurements of the ion velocity
distribution and other properties inside the discharge plasma and
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intergridregions would be valuable. The radial velocity distribution
may be less energetic than the axial distribution.

There is the furtherissue of whether the ion radial velocity distri-
butionis the same in the intergridregion as in the dischargechamber,
andeven whetheritis axially symmetric within a given grid aperture.
While it has to be symmetric at the grid center for a cylindrically
symmetric thruster, for apertures away from the axis of symmetry
mostions are expectedto approachon the side nearestthe grid center.
This is due to the radial potential gradientand distribution of plasma
in the discharge chamber. With a non-symmetricand off-normal dis-
tributionof ion trajectoriesinto a screen aperture (relative to the axis
of symmetry of a given screen-accelerator-decelerator combination
of apertures), the radial velocity distribution may be large and non-
axially symmetric even after the ions are accelerated. If this is the
case, ion temperature as high as 4 eV is not required to obtain high
radial ion velocities during extraction.

The PIE current may depend on various parameters of the dis-
charge plasma, shape of the plasma sheath associated with individ-
ual screen grid apertures, geometry, and extraction voltages of the
extraction grid set. PIE ions will impinge at high energy and pro-
duce much more erosion and grid damage per ion than typical CEX
ions. Given this and the possible influence of PIE ions in previous
studies of accelerator-grid erosion, prior experimental and theoret-
ical work on accelerator-grid wear may need to be reevaluated for
all ion engines. Performance characteristics that may imply a sig-
nificant role for PIE ions include extrapolation to nonzero erosion
rate or nonzero I, at n. =100%, scattering in the plot of /. vs
(1 =1 )Flyean (1 — f>,/2) P, nonlinear dependenceof grid erosion
rateon accelerator-gridvoltage,and low fractionalchange in erosion
rate or grid current with background pressure or 7,.

Inspection of results for other thrusters**> suggests that grid
impingement of non-CEX ions may be of general importance for
ionengines. The fit of Eq. (1) to I, forthe 30-cmNSTAR ionengine
(seeRef. 32 fordata; see Fig. 11 and Table 2 for fit results) has typical
residuals greater than 100 ©A using all 5 parameters, and several
hundred A forthe best 3-parametercase. The valueof f,, had been
measured at each operating point®? so that . was accuratelyknown.
The P, term was the largest contributor (see Fig. 11). Source and
background CEX terms had little effect on the quality of fit, with
each term zero to within a standard deviation. The source term was
of greater importance to the fit, but its coefficient was negative (see
Table 2 and Fig. 11). The reason for a negative value is obvious from
a comparison of the two operating points at /yeam = 1760 mA with
nm = 0.89 and 0.94 (see Table 1 of Ref. 32). I, is differentat these
points by about 9%, with Al,../An. having the wrong sign if CEX
impingementaccounts for /... Differencesin V,,4e and I ;04¢ at the
1760 mA operating points are below 10%, but the cathode flow rate
is 23% higher for the case with lower values of I,.. and 7,,. The
energy, charge state distribution, and flux of ions from the hollow
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Fig. 11 Observed accelerator grid current for the 30-cm NSTAR ion
thruster (data from Ref. 32), and results of the least squares fit.

cathode might be a factor here in determining the /,.. levels. Using
Pr and Pgg, or P; and P, terms of Eq. (1), the general upward
trend of /.. can be readily obtained but considerablescatter of data
points is inevitably present. Clearly, CEX in itself is not providing
an adequate explanation of the observed /,.. of the NSTAR thruster.

The effect of PIE ions may be substantial despite the relatively
low NSTAR discharge voltage,~26 vs 240 V forthe T5. The 90+%
utilization (7,,) results in low impingement rates by CEX ions. In
addition, the larger grid diameter (30 vs 10 cm) will reduce the to-
tal production rate of CEX ions by a factor of about 9 at a given
flow rate, utilization, and beam current, in the region just down-
stream from the grids. Because the accelerator aperture diameter is
only 1.1 mm at the NSTAR beginning of life, the total inter-grid
CEX production rate for NSTAR (same F, 1., and Iy, as in the
T5 case) is lower by a smaller factor than 9. The low CEX pro-
duction rate may increase the fraction of /.. correspondingto PIE
ions at the lower lye,m settings. Even allowing for the collection
of more CEX ions from downstream because of the elimination of
the decelerator grid, the 1.5 mA of accelerator current at the lowest
NSTAR beam current setting of 540 mA seems high. Scaling the
sum of acceleratorand deceleratorcurrent for the T5 operating point
Lyeam =399 mA accordingto F, Ly, 1. and grid geometry leads to
a substantially lower figure than observed, providing further confir-
mation that NSTAR 7. isnot 100% CEX impingement. A tentative
conclusion was reached in the analysis of the NSTAR lifetest that
the acceleratorimpingementenergy or sputter yield was one-fourth
the published value for molybdenum.*?

CEX productionin the source flow will increase according to the
square of In.,m at constant utilization, but the NSTAR I,.. depen-
dence on Iy, was between first and second order, and the expo-
nent seems to increase with Iye,m. The observed wear pattern on the
NSTAR accelerator grid indicates that CEX impingement on the
downstream face is an important erosion mechanism at the nominal
operating point. The 2 mA reduction in /.. during the first 2000 h
of operation and the large increase in accelerator aperture diame-
ter over the duration of the NSTAR lifetest are consistent with a
non-CEX erosion mechanism.

For the NSTAR case, Vy,04e Was nearly constant while 7,04 Was
varied to obtain the desired Ipeam, suggesting that Iynede, like Vanode,
may have considerableinfluence on I, . This is indicatedalso by the
comparison of operating points 7 and 8 of GS004 (where I,,04. S€t-
tings differ and V4. Was free to adjust, see Table 2). However, here
the thruster is at the perveance limit and the sign of AZyc/ A Vanode
is opposite to the normal result, indicating that the effect of Xe?*
fractionon /.. becomes minor compared to the effect of another pa-
rameter, perhaps the ionradial velocity distribution, at the perveance
limit.

Decelerator current for GS003 is dominated by CEX ions over
the range of operating points in Table 1, whereas acceleratorcurrent
also has a large contribution from PIE ions. PIE ion impingement
will primarily erode accelerator grid barrels, whereas CEX ions may
erode the grid face as well and, on twin GS, produce pit and groove
features. In comparison to the accelerator grid, the decelerator-grid
aperture is considerably larger (see Fig. 7), which may reduce its
collection of PIE ions.

Both impingement and erosion rate can readily be dominated by
CEX ions at low utilization, when the accelerator-grid operating
voltage is at high absolute value.!? The effects of PIE ions are likely
to dominate at high utilization with a low absolute voltage on the
accelerator grid.

Conclusions

This study purports to show that CEX ions do not fully account
for the collected extraction grid current in ion thrusters. The re-
sult is of considerable potential importance for the improvement
of ion engine lifetime and reduction of contamination effects be-
cause it may be possible to tailor grid set and/or discharge chamber
design to reduce ion impingement and its associated grid erosion.
Although the agreement between theory and experiment is better
for this more detailed treatment than for previous modeling stud-
ies, a number of uncertaintiesremain to be resolved.In addition, the



CROFTON AND BOYD 211

experimentaldata suggesta greaterrole for CEX ions than the model
predicts.

The use of flight-model grids was essential for this study. Pre-
vious TS GS were inadequate for study of impingement current
because of the inferior grid concentricity and direct impingement
commonly collectedby the deceleratorgrid. The performanceof the
flight-model grids was very good, with accelerator and decelerator
impingement current as low as 0.24 and 0.10%, respectively, of the
beam current. This is comparable to the accelerator grid to beam
current ratio of the NSTAR thruster at similar beam current levels,
despite the lower propellant utilization of the TS thruster and its
smaller size.

The Xe* flux at ion beam energy is known to drop by roughly an
order of magnitude per 10-deg angularrotation away from the thrust
axis, in the far field, with no sharp discontinuities. This behavior
is qualitatively consistent with the influence of various scattering
processes or a radial ion velocity distribution far more energetic
than the wall temperature of the discharge chamber would produce.
Scattering effects were found to be minor in this study.

The variation of accelerator grid current levels with propellant
mass utilizationand parameters of the dischargeis inconsistentwith
the accepted view that the current is entirely due to CEX ions. The
collected T5 grid currents have been attributed to two main sources,
one of which is determined by the details of CEX ion formation and
migration, and the other by PIE. Both sources are important for the
acceleratorgrid, whereas decelerator-gridcurrent was interpretedin
terms of CEX ions only. In addition,double-chargeions were found
to have a low impingement probability,so thatchangesin the charge
state ratio significantly affect the collected accelerator grid current.

At the operating points of this study, PIE ions may dominate the
erosion of the accelerator grid. The erosion by PIE ions should be
selflimiting to adegreebecause the enlargementof acceleratoraper-
tures will tend to slow the erosionrate if the screen apertures remain
constant. The production of CEX ions will also decrease with aper-
ture enlargement. These observationsare expected to accountfor the
downward, gradually flattening trend of collected accelerator-grid
current and recorded QCM mass gain over long periods of thruster
operation.
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