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Ion Beamlet Divergence Characteristics of Two-Grid
Multiple-Hole Ion-Accelerator Systems

Yukio Hayakawa¤ and Shoji Kitamura¤

National Aerospace Laboratory, Tokyo 182-8522, Japan

An experimental investigation was performed to determine the divergence characteristics (distortion factor,
divergence angle, and divergence factor) of ion beamlets that were commonly formed using multiple-hole, ion-
accelerator systems of ion thrusters. An isolated ion beamlet was observed three dimensionally using arrayed
Faraday probes, and its divergence characteristics were determined as a function of geometrical grid parameters
and grid voltages. Because xenon was used as a propellant and the grid voltages were chosen being conscious of
a recent ion-thruster technology trend, the results can be used for designing ion thrusters by simply translating
geometrical grid parameters. The results did not contradict those in previous studies that used argon and one- or
two-dimensional beam diagnostics.

Nomenclature
da = accelerator-holediameter, mm
ds = screen-hole diameter, mm
dsp = beamlet-separator-holediameter, mm
Fd = distortion factor, s/ S
fD = divergence factor
Jb = beamlet current, A
Ji = i th probe current, A
L = axial distance between accelerator grid and probes, cm
lcc = hole center-to-centerdistance, mm
le = effective acceleration length, mm
lg = screen-to-accelerator-grid separation, mm
lsp = accelerator-grid-to-separator separation,mm
N P /H = normalized perveance per hole, A/V3/ 2

R = net-to-totalvoltage ratio, Vn / Vt

Ri = i th probe radial location measured from beamlet
center, cm

S = beamlet-pro�le area, standard-circlearea, mm2

s = area outside of standard-circlebeamlet pro� le, mm2

ta = accelerator-gridthickness, mm
ts = screen-grid thickness,mm
Va = accelerator-gridvoltage, V
Vd = discharge voltage, V
Vn = net accelerating voltage, V
Vt = total accelerating voltage, Vn ¡ Va , V
h i = i th probe elevation measured from beamlet center, deg

Introduction

A N ion thruster is equipped with an ion-acceleratorsystem that
is composed of screen and acceleratorgrids, and a decelerator

grid may be added to the system. Ions are extracted from discharge-
chamber plasma and accelerated downstream applying voltage be-
tween these grids. Because the accelerated ions are not uniform in
their � nal velocity vectors, they do not run in parallel. Many papers
whose subjects were on the divergence characteristics of the ions
were presented,1,2 and it is known that the parameters that affect the
divergence characteristics are grid-hole diameter, grid separation,
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grid thickness, and grid voltages. In most of the previous research,
an ion beamlet was assumed to be axisymmetrical on one hand.
On the other hand, the shapes of worn accelerator-gridholes3,4 and
three-dimensional ion-beamlet diagnostics5 suggest that hexago-
nally symmetric distortion of ion-beamlet current density pro� les
occurs. (Because the distortionsof each beamlet pro� le are in phase
azimuthally, the composite pro� le of the complete ion beam is also
distorted.6,7) This means that the ion-divergencecharacteristicsob-
tained using the prevailingone- or two-dimensionalbeam diagnos-
tics depend on the loci of probes (Fig. 1), that is to say, beam-
divergence angle was not clearly de� ned in the previous studies.
To estimate a beam-divergence angle correctly, three-dimensional
beam diagnostics are required.

What the three-dimensional analysis exclusively contributes to
ion-propulsion technology is the information on the behavior of
an ion beamlet in relatively low-perveance cases. The knowledge
given from this may not contribute to the innovative improvement
of ion-extractionsystems because the nominal operating point of a
well-established ion-extraction system is located at relatively high
perveance and the pro� le of an ion beam from it usually looks
undistorted. In fact, the ion-beamlet pro� les from circumstantial
grid holes are expected to be distorted because the perveance is ex-
pected to be low there as a result of low plasma density near the
discharge-chamberwall. The contribution from these beamlets to a
whole ion beamis usually small and a distortionof the pro� le can be
neglected. There are, however, two cases in which this knowledge
plays an important role. First is the case with derated operation in
which the perveance is apt to be low. The ion-beam pro� le tends to
be distorted under the derated operation, and this knowledge may
prevent diverged ions, that cannot be forecast otherwise, from im-
pinging on the surface of a spacecraft. Derating will be limited to
a given extent that is determined from the attitude and position of
a thruster on the spacecraft using this knowledge. Second is the
case with numerical ion-trajectoryanalysis. Many numerical codes
for the three-dimensional analyses of ion-extraction systems have
been developed.8 Though such codes must be validated using ex-
perimental data, there are no three-dimensional experimental data
available. Hence, two-dimensional data must be used. The results
presented enhance three-dimensional code performance by intro-
ducing a factor to quantify the degree of ion-beamlet distortion.
This will facilitate the comparison of numerical results with exper-
imental data.

Adding grid-hole center-to-center distance to the preceding pa-
rameters, the manner in which variations in these parameters af-
fected the ion-divergence characteristics was investigated using
a single ion-beamlet generator and a three-dimensional beam-
diagnostic system.
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Fig. 1 Effect of probe locus on divergence angle.

Fig. 2 Single ion-beamlet generator.

Apparatus
Single Ion-Beamlet Generator

A cutaway drawing of the single ion-beamlet generator used in
this study is shown in Fig. 2. It consists of a discharge chamber
from a 14-cm-diam ion thruster equipped with screen and accelera-
tor grids that each have a centerline hole surrounded by six others.
All of the screen-gridholeswere electric-dischargemachinedso that
the distortionof mechanical drilling would be avoided. The conical
beamlet separator, which is shown downstream of the accelerator
grid, has a 30-deg half-angle and it intercepted all beamlets, ex-
cept the one at the thruster centerline. The separator was held at
ground potential so that it played a role similar to that of a de-
celerator grid in a three-grid system. Both grids and the separator
were made of stainless steel. Figure 3 de� nes symbols that represent
the dimensions of the ion-acceleratorsystem. The distancebetween
the accelerator grid and separator was not precisely controlled. A
standard geometry was de� ned to minimize the number of mea-
surements. To investigate the effect of a geometrical variation, all
dimensions except one were kept at the values shown next (in mm):
ds D 4.0, da D 2.4, dsp D 4.4, lcc D 4.4, lg D 2.0, lsp D »1, ta D 1.0,
and ts D 0.6.

Three-Dimensional Ion-Beam Diagnostic System

Thirty-two, 4-mm-diam-ori� ced Faraday probes (details in
Fig. 4), arrayed vertically at 1-cm intervals on an X –Y stage, were
used to measure ion-beamlet current density pro� les. The probes
were moved perpendicular to the beamlet axis in 1-cm increments,
forming a 32 £ 32 (1024 point) probe matrix to obtain ion-current
densitiesat each element of the matrix (Fig. 2). Measurementswere
made 25 cm downstream of the accelerator grid. This distance was
chosen through a previouswork.5 The probes and ori� ce plate were

Fig. 3 Ion-accelerator system dimensions.

Fig. 4 Ori� ced Faraday probes.

Fig. 5 Electric schematic of ion thruster and diagnostics.

held at the ground potential. Four ammeters (three Keithley 486s
and one 487) connected to a computer were used to measure and
record the probe currents. The ammeters were operated in paral-
lel and each was equipped with a mechanically relayed multiplexer
that switched it through the eight probes. Collection of a complete
data set required about 1 1

2 min. Probe currents were sensed by sin-
gle measurements made through in-line analog and digital � lters.
An electrical schematic of the ion source and test facility is shown
in Fig. 5. The ion-beamlet current was obtained summing the 1024
probecurrents.Ambient-ioncurrentwas insigni� cantandsecondary
electronemissioncausedby one-kiloelectron-voltenergizedxenon–

ion bombardment was expected to be insigni� cant.9



HAYAKAWA AND KITAMURA 379

Vacuum Facility

Both the ion-beamlet generator and diagnostics system were put
in an 1.5-m-diam vacuum chamber pumped using two 55-cm-diam
cryopumps. A typical base pressure reached after the experiment
was 2.1 £ 10¡5 Pa.

De� nitions
Normalized Perveance per Hole

There are threeways to de� ne normalizedperveanceper hole.10,11

In this study, it is de� ned as

N P/ H D
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where le is de� ned as
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.
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Distortion Factor

Distortions in the azimuthal uniformityof the ion beamlet are ex-
pressedusing the concept of a distortionfactor,which is determined
following the procedure shown next (Fig. 6):

1) Determine the area of the beamlet-pro� le pattern (DS), de� ned
as the equi-current-density contour that corresponds to 2.5% of the
maximum ion-currentdensity.

2) Draw a circle that is centered on the pattern at the maximum
ion-current density location and has the same area as the pattern.
This circle is named standard circle.

3) Determine the area of pattern that falls outside the standard
circle and inside the outline of the pattern (Ds).

4) Compute the distortion factor using Fd D s/ S.
It is noteworthy that distortionfactorsnever reachedzero because

data analyses were accomplishednumerically and circles were rep-
resented as polygons.

Divergence Angle

Divergence angles are represented as half-angles of cones that
enclose 95% of the beamlet current and is determined following
procedure:

1) Add up 1024 probe currents, thereby determining the beamlet
current as follows:

Jb D
1024X

i D 1

Ji

2) Select the largest probe current among 1024 probe currents
using the partial-averaging method and designate the position of
this probe as the beamlet center.

3) Arrange the 1024 probe currents in order of angle from the
beamlet center to the radial locationof the probe measured from the
beamlet center. The angle associated with the i th probe current is
de� ned as h i D arctan(Ri / L), and L remained at 25 cm throughout
this study.

Fig. 6 Distortion factor.

4) Add up the probe currents sequentially until the sum reaches
95% of the beamletcurrent, therebydeterminingthe angleson either
side of the one that corresponds to 95% of the beamlet current.

5) Determine the divergence angle interpolating between these
angles.

Divergence Factor

A divergent factor is determined as

fD D

Á
1024X

i D 1

Ji cos h i

!,
Jb

Procedure
The beamlet generator was operated with a constant propellant

� ow rate of 25 mA (equivalent) through a hollow cathode and the
neutralizerwith a 40-mA (equivalent) � ow rate. Some currentswere
always applied to both cathode heaters to maintain stable discharge
with small � ow rates, and a 0.2-A current was applied to the main
cathodekeeper.The beamletcurrentwasvariedbyalteringdischarge
current. Altering discharge current also varied the discharge volt-
age between 20 and 27 V through all experiments, though this was
not intentional. The discharge current was increased or decreased
between 0.1 and 0.6 A at 0.1 A intervals (0.1 ! 0.2 ! ¢ ¢ ¢ ! 0.6
! 0.5 ! ¢ ¢ ¢ ! 0.1) to avoid radical conditional variation of the
beamlet generator. When the beamlet current did not increase with
the increase of discharge current, the upper limit of the discharge
current was lowered. Net-acceleratingvoltage was altered between
1000 and 1200 V at 100-V intervals, whereas accelerator-gridvolt-
age was altered between ¡100 and ¡300 V at 100-V intervals.
Screen grid voltage was adjusted to keep the net-acceleratingvolt-
age constant while the discharge voltage was allowed to vary. The
total accelerating voltage was obtained as the potential difference
between the anode and accelerator grid ignoring the small sheath
voltage.A standardcase is de� ned as a combinationof the standard
geometry,1100-Vnet acceleratingvoltageand ¡200-Vaccelerator-
grid voltage.

The measurement was started after the beamlet-generatorwarm-
ing-up operation, which consisted of a > 1-h discharge operation
and > 5 min of beamlet extraction. Vacuum chamber pressure was
the highest at the beginning of the measurement and then gradu-
ally dropped. Lowest measured pressures were expected to be the
closest to true pressures and were 4.3–4.6 £ 10¡4 Pa (not corrected
for xenon). Highest pressures were about 3 £ 10¡5 Pa higher than
the lowest pressures.The effect of the ion-beamlet-generatoroper-
ational variation on the pressure was at most 1 £ 10¡5 Pa.

The probe currents were sensed at the 200-nA range. When the
current exceeded the range, the range was switched to higher ones
until it covered the current.The acquisitionof a set of probecurrents
was not started until the stability of the discharge voltage was con-
� rmed, except for a very gradual variation,every time the discharge
current was altered.

Error Estimation
The accuracy of probe-currentmeasurements depends on the ac-

curacy of the ammeters and the magnitude of noise current that
may originate from electrical noise and � uctuations in beamlet and
background-plasma conditions. The magnitude of the noise cur-
rent was always less than one-hundredth, and generally less than
one-thousandth,of the largest probe current. The inaccuracy of the
ammeters was insigni� cant compared with the noise magnitude. A
1% variation in the largest probe current has an insigni�cant effect
on the distortion factor. Although beamlet pro� les were not smooth
in low-perveance cases, the distortion factors were generally repro-
ducibleand the variationof beamlet currentdeterminedby summing
1024 probe currents was less than 1% of the beam current. Mea-
surementsaroundthe beamlet centermost affect the results,because
even a small variation in probe current may affect the determination
of the beamlet-center location.
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The spatial resolution of the measurement restricts both the res-
olutions of the distortion factor and divergence angle. Both resolu-
tions generally decrease as divergenceangle decreases if the spatial
resolutionis � xed. In this study,the resolutionerror in thedivergence
angle is theoretically less than 0.35 deg, when the divergence angle
is larger than 10 deg. In practice, the variation in beamlet-center
location must be also considered, and the errors caused by it are
estimated to be less than 1.5% for the distortion factor and less than
0.5 deg for the divergence angle. The error introduced representing
a smooth curve as segments in calculating the distortion factor is
included in the preceding value.

The total errors are estimated to be less than 1.5% for the distor-
tion factor and less than 0.85 deg for the divergence angle over all
perveancevalues.

Experimental Results
To nondimensionize the geometrical grid parameters, they were

divided by the screen-hole diameter (ds ) which remained at 4 mm
throughout this study. Neither the net-acceleratingnor accelerator-
grid voltages were nondimensionized.All of the following � gures
showing the beamlet-divergencecharacteristics include data points
at the standard case, although they are expressed in different ways.
Because the divergence factor is similar to the inverse of the diver-
gence angle, it is not commented on in the following text.

Effect of Grid Voltages

Figure 7 shows the effect of grid voltagevariationson the beamlet
divergencecharacteristics.The distortion is observed to decreaseas
perveance is increased, and because all of the data points fall along
a common curve, it can be concluded that the distortion factor is
independent of both the net accelerating and accelerator-grid volt-

Fig. 7 Effect of net accelerating and accelerator-grid voltages on di-
vergence characteristics.

ages.This fact is common throughoutthis study.The data show that
the general trend for divergence angle decreases with perveance to
a minimum value and then rises slightly as perveance is increased
further.All of the divergence-angledata points, except those for the
case (Vb D 1100 V, Va D ¡100 V), fall along a common curve. The
divergence angle is weakly dependent on both the net accelerating
and accelerator-gridvoltages. This fact is also common throughout
this study.

Effect of Screen Grid Thickness

Figure 8 shows the effect of screen-grid thickness variations on
the beamlet divergence characteristics.The distortion factor is de-
creasedas screen thicknessis increasedin the low-perveanceregion.
When the thickness is 1.0 mm (ts / ds D 0.25), the distortion factor
decreaseswith perveanceto a minimumvalue, and then rises to a lo-
cal maximum value as perveance is increased even more. The local
maximum of the distortion factor and the minimum of the diver-
gence angle are located closely in perveance.This is a general trend
when the distortion factor is small, even in the low-perveance re-
gion.Although the real beamlet pro� le is circular, a smaller circle is
expressed as a rougher circle in data processingbecause of the lim-
itation of the probe spatial resolution. Three groups of divergence-
angle data points fall along three independentcurves, although they
are very close to one another. Because the de� nition of normalized
perveanceper hole used in this study includes the screen grid thick-
ness, the thicknesshas a great effect on the magnitudeof perveance.
If another de� nition is used, the three curves will fall apart. When
geometrical grid parameters other than screen-grid thickness are
changed, the altering de� nition causes few conceivable variations
in the relative location of the curves. It is noted, however, that the
horizontal axis must be rescaled when the de� nition is altered.

Fig. 8 Effect of screen-grid thickness on divergence characteristics.
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Fig. 9 Effect of grid separation on divergence characteristics.

Effect of Grid Separation

Figure 9 shows the effect of grid-separation variations on the
beamlet-divergence characteristics. Both the distortion factor and
divergence angle are decreased as grid separation is increased. In-
creasingthegridseparationmoves the minimumdivergenceangle to
a lower valueof normalizedperveanceper hole. It is noted,however,
that the beamlet current is decreasedas grid separationis increased.

Effect of Accelerator Grid Thickness and Hole Diameter

Figure 10 shows the effect of accelerator-grid thickness and
accelerator-hole diameter variations on the beamlet-divergence
characteristics.Both the distortion factor and divergence angle are
independent of the accelerator-grid thickness and accelerator-hole
diameter.

Effect of Hole Center-to-Center Distance

Figure 11 shows the effect of hole center-to-centerdistancevaria-
tionson thebeamlet-divergencecharacteristics.The distortionfactor
is decreased as distance is increased because the effect of the adja-
centholeson thecenterbeamlet is weakened.Each set ofdivergence-
angledata points fall on an independentcurve.The divergenceangle
is not linearly related to the distance.

Discussion
It is noteworthy that the distortion factor is independent of grid

voltages, although it is likely that the variationsof the voltageswere
too small to affect the divergence characteristics. The divergence-
angle data obtained in this study can be compared with those in the
previous studies.1,11 In particular, the de� nition of normalized per-
veance per hole being in common with Ref. 11, both sets of data can
be directly compared with each other. Table 1 shows principal dif-

Table 1 Differences in apparatus

Item References1,11 This study

Propellant Ar Xe
Discharge chamber � eld Divergent Cusp
Cathode Filament Impregnated
Discharge voltage, V 40 20–27a

Pressure, £10¡4 Pa 73–113 (Ref. 1) 1.7–1.8b

8.0–10.6 (Ref. 11)

aNot controlled. bCorrected for Xe.

Fig. 10 Effect of accelerator-grid thickness and accelerator-hole di-
ameter on divergence characteristics.

ferences in apparatus between this and the referenced studies. Two
things must be remembered when the results of this work are com-
pared with the previous ones. First is that the results of the previous
works are with regard to an assembly of plural beamlets. When the
number of beamlets is small, the in� uence of circumstantial beam-
lets that are not surroundedby six beamlets becomes signi� cant and
the pro� le of the beamlet assembly does not coincide with that of a
beamlet that is surrounded by six beamlets. Second is that a probe
rake was located on a line that included the center of an ion beam
in the previous works. As was mentioned with Fig. 1, the relation
between the line and grid-holepattern must be clari� ed to de� ne the
divergenceangle. Because of these two things, the divergenceangle
cannotbe clearlyde� ned when the pro� le is distortedin the previous
works. In other words, this work clari� es the extent in which the re-
sults in the previousworks are available,and the comparisonof both
results is possible when the perveance is suf� ciently high. In Fig.
7, the variations in net-to-total accelerating voltage ratio are from
0.786 to 0.917. The divergence-angle variation caused by altering
the net-to-totalacceleratingvoltage ratio in this study looks slightly
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Fig. 11 Effect of hole center-to-center distance on divergence charac-
teristics.

smaller than that in Ref. 1, whereas it shows a good agreement
with that in Ref. 11. The divergenceangles in this study are slightly
smaller, within a few degrees, than those in the references, and this
is probably a result of pressure differences.

The divergence-angle variation caused by altering screen-grid
thickness or grid separation in this study looks similar to that in
Ref. 1. Because both net-to-total accelerating voltage ratios do not
coincide with each other, their magnitudes cannot be compared.

The divergencecharacteristicsare independentof the accelerator-
hole diameter and accelerator-grid thickness, and these trends are
in common with Ref. 1. Their magnitudes cannot be compared. A
smaller hole or a thicker grid is expected to decrease the upper limit
of perveance.

Because recent xenon ion-thruster technology requires a dis-
charge voltage between 28 and 30 V, it is preferable that the dis-
charge voltage remains in this range. It was, however, impossible
to raise the discharge voltage up to 28 V with the ion-beamlet
generator used in this study. Reducing propellant � ow rate might

raise the discharge voltage, but it simultaneously caused unstable
discharge operation. The variation in the discharge \ voltage by
alteringcathode-heatercurrent was quite small. As a result, control-
ling the discharge voltage was abandoned.The effect of discharge-
voltage variations on the divergence characteristics is expected to
be insigni� cant. Because of low discharge voltage, the effect of
doubly-charged ions on the results is expected to be insigni� cant.
Because the propellant utilization ef� ciency, which was calculated
excluding the neutralizer � ow rate, was at most, 9.2%, a signi� cant
amount of charge-exchanged ions were expected to be produced,
and thus, probe currents may have been reduced. If the effect of
charge-exchangecollisions is assumed to be directionallyuniform,
the effect of the probe-current reduction on the divergence char-
acteristics is canceled, although it may still affect beamlet current
determination.

Conclusions
The following facts are con� rmed concerning the effects of grid-

voltage and geometrical grid-parameter variations on the beamlet-
divergence characteristics:

1) Distortion factor is independent of grid voltages, accelerator-
grid thickness, and accelerator-holediameter, and is dependent on
screen-grid thickness, grid separation, and hole center-to-center
distance.

2) Divergence angle is independentof accelerator-gridthickness
and accelerator-hole diameter, and is dependent on grid voltages
(weakly), screen-gridthickness,grid separation,and hole center-to-
center distance.

3) Divergence-angledata in this study did not contradict those of
the previous studies,which used argon and one- or two-dimensional
diagnostics, although they cannot be compared with one another in
the low-perveance region.
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