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Numerical models of ion extraction used in the design of ion thrusters need to be validated by comparison with

experimental data; in particular, the magnitudes of ion-impingement currents as functions of screen and discharge

voltages should be quantified. This paper provides measurements whichmay be used to test numerical models of ion

extraction using twomultiple-hole grids. A grid set, inwhich an isolated gridlet was embedded in an accelerator grid,

was built to measure ion-impingement current distribution. The gridlet was composed of barrel and downstream

electrodes, electrically isolated from each other and the rest of the accelerator grid. The obtained measurements of

ion-impingement currents on the electrodes can be directly compared with numerical predictions. The barrel-

electrode current has been found not to be proportional to the downstream-electrode current, a fact which cannot be

shown by measurement of the total accelerator-grid current. This current was also observed to significantly depend

not only on screen voltage but also on discharge voltage, whereas the downstream-electrode current was found to be

insensitive to both voltages. The total accelerator-grid current was influenced by both of these.

Nomenclature

Ja = accelerator-grid current, Jg0 � Ja6
Ja6 = accelerator-grid current excluding Jg0
Jb = beam current
Jba = barrel-electrode current
Jb0 = beamlet current
Jds = downstream-electrode current
Jg0 = center-gridlet current, Jba � Jds
Jn = neutralizer’s electron-emission current
Jsp = beam-separator current
Jt = tank current
lg = screen-to-accelerator grid separation
Nn = neutral-atom number density
ta = accelerator-grid thickness
ts = screen-grid thickness
Va = accelerator-grid voltage
Vd = discharge voltage
Vs = screen voltage
�ce = charge-exchange cross section

I. Introduction

I ON thrusters are devices that propel spacecraft by using electrical
energy to produce high-speed, highly directional ions. Because

the speed of the ions is much greater than the exhaust velocities of
conventional chemical thrusters, efficiency is greater and significant
savings on propellant mass can be made. The ion-extraction system
is an important part of an ion thruster, and the accelerator grid is a
critical component of this. The accelerator grid is inevitably struck by
particles and eroded, and this erosion is a factor that can limit the life
of the ion thruster. Predicting or confirming the life of the accelerator
grid is therefore one of the most important issues in ion thruster
development. Determining this solely by experiment is possible, but
inefficient. Alternatively, computer simulations can be powerful

tools, but an important issue is qualifying the numerical models on
which they are based.

Numerical models are evaluated by comparing the results of
calculations with reference experimental measurements. However, a
question is which quantities (or qualities) should be compared. For
example, erosion-formed geometry is characterized by several
variables: pit depth, width, area, and volume. Such comparisons
usually require significant time and cost to obtain both eroded
reference samples and calculations. However, even if these are found
to be in good agreement, the numerical models are not necessarily
sufficiently qualified. If the models are to be reliable, internal
variables such as grid current distributions must also agree.
Comparison of geometrical quantities should thus be performed in
the final stage of model qualification, and other quantities must be
sought which are simpler and quicker to validate.

Ion current distribution offers an alternative which can make
model qualification simpler, quicker, and more fundamental.
Because many 3-D numerical models deal with a single gridlet using
periodic boundary conditions to reduce computation load [1–9],
contours would seem a convenient reference quantity. In previous
experiments by our group, ion beamlet contours downstream of
seven-hole grids have beenmeasured and published as reference data
for validating numerical calculations [10,11]. However, the
comparison of contours may not be as simple as expected, and
beam ions, which mainly comprise the contours, are not the only
particles that erode the grid. As a result, contours have not been used
as a reference quantity hitherto.

In this experiment, the center barrel of a seven-hole accelerator
grid was replaced by an isolated barrel electrode, so that the ion-
impingement current on it could be measured [12]. The obtained
current data may be the first set of measurements that can be easily
compared with numerical models. Comparing currents is quick,
simple, and fundamental, and both experiments and simulations do
not require either long periods of time or high costs to perform.

In this study, two electrodes, a barrel, and a downstream electrode,
were embedded in a seven-hole accelerator grid and together formed
the center gridlet. The number of test cases was increased from the
previous experiments [12] due to the addition of two operating
parameters: screen and discharge voltage.

II. Apparatus and Procedure

A cutaway drawing of the ion thruster used in this study is shown
in Fig. 1. This consisted of a discharge chamber, originally used in a
14-cm xenon ion thruster, equipped with both screen and accelerator
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grids with a centerline hole surrounded by six holes. A baffle was
placed in front of a hollow cathode to facilitate stable discharge at
very low discharge currents. A conical beam separator, with a 30-deg
half-angle with its apex cut off, was located downstream of the
accelerator grid and intercepted all beamlets except the one at the
thruster centerline. A flat beamlet target downstream of the separator
was used to measure the center beamlet current directly. The grids,
beam separator, and beamlet target were fabricated from stainless
steel. Table 1 shows the dimensions of the ion-extraction system. The
accelerator grid was thicker by 0.5 mm than that in the previous
experiment [12].

The separator and beamlet target were only installed in the thruster
when measuring the center beamlet current, because material
sputtered from these was deposited on the accelerator grid and
quickly destroyed the isolation between the gridlet electrodes and the
surrounding grid. Gridlet current measurement was not performed
simultaneously with beamlet current measurement. This particular
measurement related the center beamlet current to the whole beam
current. Though the center beamlet current could not be obtained
directly without the separator or target, it could be accurately
calculated from the beam current.

Figure 2 shows the structure of the accelerator grid, the center
gridlet of which was composed of a barrel electrode and a
downstream electrode. Each electrode was electrically isolated from
the other and the accelerator base. The gaps between themwere filled
with alumina-ceramic glue. The upstream surface of the gridlet
belonged to the barrel electrode because no sign of erosion has ever
been found except along the edge of an aperture of real accelerator
grids, and therefore no independent electrode was required. This grid
was composed of three layers, and two insulated wires individually
penetrated the middle layer. Each electrode was in contact with a
wire, the other end ofwhichwas connected to an ammeter outside the
vacuum tank. Figure 3 shows a close-up photograph of the
accelerator grid, and several voids are seen in the ceramic glue. The
resistances between the electrodes and gridwere severalmegohms or
greater, and leakage currents were thus negligible.

An electrical schematic of the thruster and its diagnostic
equipment is shown in Fig. 4. Several currents, including the beam

current, were measured with digital multimeters isolated from the
ground. The beam separator, beamlet target, vacuum tank, and
neutralizer were each grounded through an ammeter. Xenon was
used as propellant. The fixed operating parameters employed are
shown in Table 2. The beam current was altered by varying the
discharge current, and the cathode-heater current was regulated to
maintain a certain discharge voltage. Although the electron
temperature had not been measured in this series of experiments, a
former experiment suggests that a probable electron temperature
range is less than 4 eV [13].

Fig. 1 Thruster components.

Table 1 Dimensions of the ion-extraction system

Screen-hole diameter 10 mm
Accelerator-hole diameter 8 mm
Hole center-to-center distance 11 mm
ts 1.5 mm
ta 3.0 mm
lg 3.25 (3.75) mm

Fig. 2 Structure of accelerator grid.

Fig. 3 Close-up photograph of the accelerator grid.

Fig. 4 Electrical schematic.
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Sanwa PC5000 digital multimeters were used to measure beam,
barrel-electrode, and downstream-electrode currents. An estimation
of uncertainty is summarized in Table 3. Bias uncertainty is derived
from the accuracies of the digital multimeters used and the
uncertainty in the beamlet current was one-seventh of that in the
beam current. The adequacy of “one-seventh” is stated in the next
paragraph. Precision uncertainty is neglected because readings were
made after the digits settled.

III. Experimental Results

Figure 5 shows plots of a center beamlet current against a beam
current. The center beamlet current was directly proportional to the
beam current (close to one-seventh: 0.1429) so that it could be
calculated from it directly. A leakage current superposed on the beam
current was not negligible because the voltages applied were high
and the measured currents low, and so an amount equivalent to the
leakage current was subtracted from each beam current measure-
ment.

Figure 6 shows a plot of gridlet- (barrel and downstream
electrodes) to-beamlet current ratio at a discharge voltage of 33 V.
The plot has a flat bottom with steep slopes at both ends and is very
familiar in appearance. The gridlet-to-beamlet current ratio has two
components, a barrel-to-beamlet current ratio and a downstream-to-
beamlet current ratio, plotted also in Fig. 6, and these have different
appearances. The barrel-to-beamlet current ratio forms an upward-
sloping curve while the gridlet-to-beamlet current ratio has a flat
bottom. On the other hand, the downstream-to-beamlet current ratio
forms a downward-sloping curve in the same range. These combine
to yield the flat bottom observed in the gridlet-to-beamlet current
ratio plot.

When comparing numerical model results with experimental data,
currents are preferable to current ratios because the former are
simpler and the latter are strongly affected by beamlet current errors.
The current measurements are shown in Figs. 7–14. Bumps appear
on the plots in Fig. 9: Vs � 1000 V, Jb0 � 90 �A; Vs � 1100 V,
Jb0 � 105 �A, and Fig. 13 shows their reproducibility. The three
plots in Fig. 13 were obtained on different days, and the ion-
extraction system was reassembled between the measurement of

Table 2 Fixed operating parameters

Va �200 V
Main-keeper current 0.5 A
Neutralizer-keeper current 0.8 A
Discharge-chamber flow rate 38�40� � 13 mA eq:
Neutralizer flow rate 21�24� � 13 mA eq:

Table 3 Estimation of uncertainty

Item Uncertainty (bias)

Beamlet current 0:6 �A
Barrel-electrode current 0:21 �A
Downstream-electrode current 0:21 �A

Fig. 5 Relationship between beamlet and beam currents

(Vs � 1000–1200 V, Vd � 33 V).

Fig. 6 Gridlet-to-beamlet current ratio (Vs � 1000 V, Vd � 33 V).

Fig. 7 Barrel-electrode current (Vs � 1000–1200 V, Vd � 33 V).

Fig. 8 Downstream-electrode current (Vs � 1000–1200 V,
Vd � 33 V).

Fig. 9 Barrel-electrode current (Vs � 1000–1200 V, Vd � 30 V).
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plot 1 and the others. As a result of the bump, the current ratio plots
corresponding to the test runs in Fig. 13 do not form flat-bottomed
profiles like Fig. 6. Figure 14 shows plots under the conditions that
the grid separation was 3.75 mm, the discharge-chamber flow rate
was 40� 13 mA eq: (equivalent), and the neutralizer flow rate was
24� 13 mAeq:. The tank pressure for Figs. 9–13 was
5:3 � 10�4 Pa, and that for Fig. 14 was 5:6 � 10�4 Pa (both not
corrected for Xe). The no-load pressure for all figures was about
3 � 10�5 Pa.

IV. Discussion

In explaining the formation of the flat-bottomed profile shown in
Fig. 6, the results support a supposition that beam-ion impingement
is rare and charge-exchanged-ion impingement is almost exclusive,
as expressed by the formula

Jba / Nn�ce�ts � lg � ta�Jb0 (1)

In other words, the barrel-electrode current is proportional to the
beamlet current as long as beam-ion impingement is rare. To explain

the steep slopes at both ends of the flat bottom, it was supposed that
beam ions could impinge on the grid because the divergence of the
beamlet can be quite large at the left end of the flat bottom, and that
they could do the same at the right end of the flat bottom because the
outside diameter of the beamlet can be large in this region (see
Fig. 15). However, the first half of this hypothesis was proved not
always true because no ion trajectories hit the accelerator grid in the
simulation in a certain case [6]. The best guess at this time is that
elastic scatter changes the ion trajectories.

In explaining the appearances of the plots in Fig. 6, the previous
paper [12] introduced a hypothesis that if the beamlet current is lower
than a critical value, the ion trajectories concentrate (see Fig. 16).
This phenomenon can be reproduced in numerical simulations. The
number density of charge-exchanged ions can be very highwhere the
ion trajectories concentrate, and reducing the beamlet current below
the critical value moves the position of concentration upstream. If

Fig. 10 Downstream-electrode current (Vs � 1000–1200 V,
Vd � 30–32 V).

Fig. 11 Barrel-electrode current (Vs � 1200 V, Vd � 30–33 V).

Fig. 12 Barrel-electrode current (Vs � 1000 V, Vd � 30–33 V).

Fig. 13 Reproducibility of bumps in the barrel-electrode current

(Vs � 1000 V, Vd � 30 V).

Fig. 14 Barrel- and downstream-electrode current (lg � 3:75 mm,

Vs � 1000–1200 V, Vd � 33 V).

Fig. 15 Critical beamlet current conditions.
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ion–ion collisions were ignored, some of the charge-exchanged ions
would have their own trajectories to the accelerator grid that would
be determined by both electric field and their origins. Ion–ion
collisions make the beam ions push charge-exchanged ions
downstream, and some of the charge-exchanged ions, which would
otherwise have impinged on the barrel if collisions did not occur,
consequently impinge on the downstream face of the grid.

Figures 7 and 9 suggest the following two points, Fig. 7 more
strongly so than Fig. 9.

1) The increase in ion speed reduces the barrel-electrode current.
This coincides with the fact that an increase in ion-neutral relative
speed decreases the charge-exchange cross section [14,15].

2) The increase in screen voltage increases the critical beamlet
current, where the inclination of each plot abruptly rises, and this
reduces the outside diameter of a beamlet.

Both Figs. 11 and 12 suggest that an increase in discharge voltage
decreases the diameter of the beamlet, and has no effect on the
quantities of the barrel-electrode current unless beam ions impinge
on the barrel electrode. This leads to the following hypothesis and
fact:

Hypothesis: The geometry of the plasma boundary depends on the
discharge voltage. An increase in discharge voltage deepens the
concavity of the boundary and accordingly makes the beamlet
slenderer (see Fig. 17).

Fact: A slight difference in discharge voltage changes the ion
speed a little so that the charge-exchange cross section also changes
slightly.

This hypothesis suggests that raising the discharge voltage is a
way to increase ion beam current density, although it may shorten the
life of the thruster. Martin and Latham [16] reported on an ion
thruster with a grid diameter of only 10 cm that has produced an
extraordinarily high thrust of 71 mN. The very high discharge
voltage (originally described as “anode voltage”) of 54 V may have
made this possible.

Although the barrel-electrode current was usually very stable
except near both limits, the downstream-electrode current was
usually unstable when the beamlet current was approximately over
100 �A. This instability resulted from ions from when the
neutralizer and the current depended on the neutralizer condition at
the measurement. In each of Figs. 8 and 10, no apparent differences
among the downstream-electrode current plots can be found over the
uncertainty due to the instability, whichmeans that neither the screen
nor the discharge voltages affect the current. However, this current
may depend on the screen voltage because an increase in ion speed
decreases the charge-exchange cross section. The effect of the
discharge voltage on the charge-exchange cross section can be
neglected as it does not change the ion speed much. The net result is
that both discharge voltage and screen voltage have slight influences
on the downstream-electrode current.

The bumps that appear on certain plots have yet to be explained. It
seems difficult to find the mechanism without making special
assumptions. A possibility is that something peculiar to this thruster,
such as discharge plasma nonuniformity, occurs.

An increase in grid separation narrows the range of beamlet
currents at which the ion beamlet can pass through the accelerator
hole without impingement. Though the relationship between screen
voltage and critical beamlet current in Fig. 14 seems contrary to that
in Fig. 7, the characteristics in Fig. 14 are too weak to make any
claims. The downstream-electrode current seems extraordinarily
high, and this may be caused by beam ions directly impinging on the
wire through an insufficiency of insulator glue or some other
anomaly.

Because the barrel electrode occupies part of the downstream
surface of the grid, the measured barrel-electrode current might have
some characteristics of both the barrel-face and downstream-face
currents. Because the downstream-electrode current was unaffected
by either screen or discharge voltage, the measured trend in the
barrel-electrode current might be weak compared to the trend in the
barrel-face current.

A. Error Factors

This series of experiments included the following error factors:
1) Noise and instability: In general, the barrel-electrode current

exhibited much less fluctuation than the downstream-electrode
current, and consequently is more suitable as a reference for
comparisonwith numerical model calculations. In addition, the latter
was more affected by neutralizer activity than the former, and its
electron-emission current, in fact, had both fluctuations and jumps.
The barrel-electrode current generally was settled down to the order
of 0:01 �A unless the beamlet impinged the electrode. On the other
hand, the downstream-electrode current was usually settled down to
the order of 0:1 �A over the region.

2) Leakage current: The wiring, which was held at the accelerator-
grid voltage, was partially exposed to open space and so ions could
be attracted by it. However, the leakage current is thought to be very
small because the exposed wiring was located far from the ion
beamlets.

3) Isolation gaps: There may be influences due to the gaps, which
would not exist in a real thruster. However, these influences can be
estimated in the process of comparison with calculations, as
discussed below.

4) Configuration errors: The dimensional tolerances of
components, changes in component alignment during assembly,
and the effects of erosion result in errors. Thermal deformation is also
included in this category. The data obtained were usually different
before and after reassembly. However, no twomeasurements in each
graph were separated by reassembly except those in Fig. 13, and

Fig. 16 Charge-exchanged ion flow (hypothesis).

Fig. 17 Effects of discharge voltage on plasma boundary and beamlet
diameter (hypothesis).
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hence the influences of these errors on the characteristics of the plots
can be ignored.

B. Comparison with Calculations

Because of the errors that inevitably accompany experiments, the
obtained measurements are not perfect references for numerical
models. In addition, the neutral-atom density distribution near the
grids is not measurable, and so must be guessed. Even though
comparing the magnitudes of currents between experimental and
simulation data is meaningful, it is not sufficient. Identifying the
qualitative characteristics of the experimental plots and verifying that
these characteristics also appear in the numerical calculations is also
important.

Before remarking on the characteristics individually, the
following proposals are made regarding the treatment of the
isolation gaps on the accelerator grid:

1) Treating them as insulators: This choice most closely models
the gaps and would therefore yield the best results, but makes the
simulations more difficult to implement.

2) Putting a virtual border in themiddle of each gap, and assuming
the gap as both a conductor and a part of the grid: The current due to
ions which would impinge on the gap if the gap were electrically a
part of the grid does not necessarily separate into halves.

3) Putting virtual borders on both edges of each gap, assuming the
gap as both a conductor and a part of the grid, and assuming the
current to where the gap is supposed to be as an error current for each
electrode current: The error bars in this method will be the tallest
among these three methods, but numerical models will not be made
complicated, and the error is treated properly.

C. Statistical Analysis

The barrel-electrode and downstream-electrode currents are
expressed by using a multiple regression analysis method, as
follows;

Jba � 6:46 � 0:00236Vs � 0:130Vd � 0:00202Jb0 (2)

Jds � 2:28� 0:00135Vs � 0:0435Vd � 0:00181Jb0 (3)

Here the data beyond the perveance limits have been excluded before
analyzing. The coefficient of determination adjusted for the degrees
of freedom is 0.854 for both equations and they are significant at the
1% level. Every multiple regression coefficient in Eq. (2) is
significant at the 1% level. On the other hand, in Eq. (3), the
coefficient for the screen voltage is significant at the 5% level; that for
the discharge voltage is not significant at the 5% level; that for the
beamlet current is significant at the 1% level.

Several facts have been found in the series of experiments as
follows:

1) The greatest beamlet current at which beam-ion impingement
on the grid does not occur is higher at a discharge voltage of 33V than
30 V.

2) The greatest beamlet current at which beam-ion impingement
on the grid does not occur is higher at a screen voltage of 1200V than
1000 V.

3) An increase in the screen voltage decreases the barrel-electrode
current, and this is apparent at a discharge voltage of 33 V.

4) There is a bump on the current plots at a screen voltage of
1000 V and a discharge voltage of 30 V.

5) No apparent differences are found between downstream-
electrode plots at different screen and discharge voltages.

6) Increasing grid separation to 3.75 mm reduces the beamlet
current operation range by half compared to a separation of 3.25mm.

V. Conclusions

This paper presents measurements of ion-impingement currents
on the electrodes which can be used as reference data for validating
numerical models. A barrel-electrode current was observed to be
significantly dependent not only on screen voltage but also on
discharge voltage, while a downstream-electrode current was found
to be insensitive to both voltages. Probable sources of measurement
errors are mentioned, and comments are made on points to be
considered in comparing the measurements and numerical
calculations.
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