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Ion Extraction Capabilities
of Two-Grid Accelerator Systems

Dean C. Rovang* and Paul J. Wilburf
Colorado State University, Fort Collins, Colorado

An experimental investigation into the ion extraction capabilities of two-grid accelerator systems common to
electrostatic ion thrusters is described. A large body of experimental data that facilitates the selection of the ac-
celerator system geometries and operating parameters necessary to maximize the extracted ion current is
presented. Results suggest that the impingement-limited perveance is not dramatically affected by reductions in
the screen hole diameter to 0.5 mm. Impingement-limited performance is shown to depend most strongly on the
grid separation distance, accelerator hole diameter ratio, discharge-to-total accelerating voltage ratio, and net-
to-total accelerating voltage ratio. Results obtained at small grid separation ratios suggest a new grid operating
condition where high levels of beam current per hole are achieved at a specified net accelerating voitage. It is
shown that this operating condition is realized at an optimum ratio of net-to-total accelerating voltage ratio
which is typically quite high. The apparatus developed for this study is also shown to be well suited for measur-
ing the electron backstreaming characteristics of two-grid accelerator systems. Backstreaming data are presented

for a wide range of geometries and operating conditions.

Introduction

O reduce the number of electrostatic ion thrusters re-

quired for a space propulsion mission and hence the cost
and mass of the thruster subsystem, it is generally desirable to
increase the thrust densities of these devices above those at-
tainable with currently available ion thrusters. To keep the
thrusters operating at their optimum specific impulse, this
should be accomplished by increasing the ion beam current
density extracted through the ion optics system without in-
creasing the exiting ion velocity. However, previous
research!1% has generally focused on the ion beam divergence
characteristics of the accelerator systems rather than the
phenomena that limit the extractable ion current density. The
present investigation was undertaken to provide a more com-
plete understanding of the phenomena that limit the ion ex-
traction capabilities of two-grid accelerator systems. This in-
vestigation deals with the effects of variations in the ac-
celerator system geometry and operating conditions of the ion
thruster on these ion extraction-limiting phenomena. A rather
complete picture of the ion extraction capabilities of two-grid
accelerator systems is provided because of the extended range
of geometries and operating conditions over which these
limiting phenomena are investigated.

The geometrical and potential difference definitions used in
this study are defined in Fig. 1 where a single ion beamlet/grid
system cross section and typical axial potential profiles are
shown. Grid performance data will be presented in terms of
normalized perveance per hole defined by the equation

P=— 1
o) (1)

where J is the beam current per hole and the other quantities
are defined in Fig. 1. Equation (1) is based on a one-

Received July 30, 1984; revision received Feb. 18, 1985. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1985.
All rights reserved.

“Research Assistant (presently, Technical Staff Member, Sandia
Laboratories, Albuquerque, N. Mex.). Member AIAA.

tProfessor, Department of Mechanical Engineering. Member
AJAA.

dimensional analysis of the ion extraction process. Since both -
the beamlet suggested in Fig. la and the actual beamlets are

" not one-dimensional, some alteration of the one-dimensional

solution is required. Traditionally, this has been accomplished
by using an effective acceleration length®*® in place of the grid
separation distance £,. This length (shown in Fig. la) is de-

fined by

to=[g+ @m)” )

All of the tests were conducted on an ion source 8 cm in
diameter and 10 cm long with a mildly divergent magnetic
field. The magnetic field was derived from a long solenoidal
winding wrapped around the outside of the thruster body. Ex-
cept for a cylindrical copper anode, nonmagnetic stainless
steel construction was employed throughout the source.
Tungsten filaments heated by an alternating current were used
for both the neutralizer and discharge cathodes. This source
was designed to be stable and to provide the high current den-
sity capability needed to assure a proper test of the grids.

The grids were made from thin sheets of graphite. The grid
aperture pattern used a 19 hole hexagonal array with a center-
to-center hole spacing of 2.5 mm. This fixed hole spacing
resulted in a considerable reduction in the open area fraction
for the smaller screen hole diameters. While the experiments
were not designed specifically to study the effects of grid open
area fraction on ion extraction performance, no unusual
behavior that could be attributed to changes in the fraction
were observed. The extraction region of the grids was masked
down to a small area (~1 cm?) near the axis of the source to
help insure ion extraction from a uniform plasma over the
hole pattern. The geometries of the grids were varied by
selecting different diameter drills with which to machine the
hole patterns in the various thicknesses of the graphite sheets.

Because the grid separation distance is a very important
parameter, the test apparatus has been designed so that the
grid separation can be varied while the ion source is being
operated. This is accomplished, using the apparatus shown
schematically in Fig. 2, by moving the fork-shaped wedge in
the manner suggested by the large arrow. As this wedge is
moved toward the grids, it forces the accelerator and screen
grid support plates apart, thus separating the screen and ac-
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celerator grids attached to these plates. All of the materials
used in the construction of this apparatus are capable of with-
standing high temperatures. Graphite was used for both the
grids and grid support plates to minimize the differential ther-
mal expansion between these components that could cause
grid warpage. The distance between the points at which the
grids were attached to the support plates was also shortened to
minimize the effects of grid warpage and deflection due to the
attractive electrostatic forces between the grids. Alignment of
the grids, which is accomplished by positioning and clamping
each grid and then checking the alignment with a large il-
luminated magnifying glass, is maintained during operation
by the boron nitride guideposts shown in Fig. 2. Electrical
isolation is assured by the sheet of isomica between the screen
grid support plate and the wedge. The wedge is mechanically
connected to a micrometer used to measure and adjust its
translation from outside the vacuum system.

Immediately after each period of data collection, while the
source was still hot, the grid separation distance was reduced
until the measured electrical resistance between the grids
became essentially zero. This reference point on the microm-
eter (assumed to correspond to zero separation) along with the
geometry of the wedge could then be used to calculate the grid
spacing from the micrometer readings recorded during a test.
Because this procedure for defining the reference point was
conducted while the grids were hot, errors in the grid separa-
tion caused by thermal warpage were minimized.

The ion extraction performance of each grid was in-
vestigated over an essentially continuous range of net-to-total
accelerating voltages and grid separations and at the values of
the geometrical and operating parameters given in Table 1.

After allowing the source to warm up, data collection was
begun with the accelerator system operating at a large grid
separation and a high ratio of net-to-total accelerating
voltage, typically R=0.8. The propellant flow rate was ad-
justed to the minimum at which the source operated stably
over the full range of beam currents investigated. The conduct
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of the tests involved increasing the cathode emission current in
steps and measuring the beam and impingement currents at
each step until the impingement current reached a high value
(>10% of the beam current). The cathode emission current
was then reduced, the ratio of net-to-total accelerating voltage
lowered to the next value of interest, and the data collection
procedure repeated at the same propellant flow rate. After the
range of net-to-total accelerating voltage ratios of interest had
been investigated, the grid separation was reduced slightly and
the entire procedure repeated. The test was stopped when the
grids were so closely spaced that electrical breakdown between
them seemed likely. For all of the testing described here, the
magnet current was set to induce a magnetic field strength of
approximately 35 G at the screen grid and 45 G near the
upstream end of the discharge chamber. The bell jar pressure
was primarily a function of the propellant flow rate and varied
within the range of 1.0-5.0x 105 Torr for the tests. Un-
less stated otherwise, the discharge voltage was maintained at
45 V.

The collection of backstreaming data for each grid
geometry was accomplished by reducing the magnitude of the
accelerator grid potential while watching for the rather sudden
increase in beam current that is indicative of electrons back-
streaming into the discharge chamber. Care was taken to iden-
tify as closely as possible the exact accelerator grid potential at
which the slightest increase in beam current was observed.
Beam current increases of 1% were generally sufficient to in-
sure that backstreaming was occurring. The accelerator grid
voltage at the onset of backstreaming are considered accurate
to within a few volts.

Table 1 Grid parameter values investigated

Screen hole diameter d,

Accelerator hole diameter ratio d,/d,
Screen grid thickness ratio #./d,
Accelerator grid thickness ratio 7,/d;
Discharge-to-total voltage ratio V/Vy

0.5, 1.0, 1.5, 2.0* mm
0.66, 0.81,2 1.0
0.13, 0.25,% 0.38

0.13, 0.25,2 0.38, 0.51
0.05, 0.10,2 0.15

3Designates value for standard configuration.
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Fig. 3 Typical impingement curve.

Ion Extraction Test Results
Definition of Impingement-Limited Operation

Figure 3 displays a typical curve showing how the impinge-
ment current (normalized by the corresponding beam current)
varied as a function of beam current. At low beam currents,
the curve is horizontal and the impingement-to-beam current
ratio is constant at a baseline impingement level determined by
the rate at which charge exchange ions strike the accelerator
grid. As the beam current is increased, the curve in Fig. 3
begins to depart from the baseline level and the impingement
current rises abruptly. This increase in impingement current
above the baseline level is due to the direct impingement of
high-velocity ions on the accelerator grid. Instead of pre-
senting all of the performance data in the form shown in Fig.
3, it is more convenient and more meaningful for comparison
purposes to define an impingement-limited beam current, i.c.,
the beam current at which the direct accelerator grid impinge-
ment current becomes excessive. For this paper, the
impingement-limited condition is said to occur when the onset
of direct ion impingement results in an increment of 0.005 in
the ratio of the impingement-to-beam current above the base-
line impingement level. The magnitude of this incremental in-
crease, although somewhat arbitrary, was selected as a com-
promise between two competing considerations. It is large
enough to insure that the increase in the impingement current
was indeed due to direct ion impingement and not a result of
impingement current noise. On the other hand, it is small
enough to insure that the direct ion impingement is sufficiently
low so as not to pose a problem for an operating grid set. The
beam current associated with this impingement-limited condi-
tion is denoted by the dashed line in Fig. 3.

For a given test, the total accelerating voltage, grid separa-
tion distance, and hole size are known. Therefore, the
impingement-limited beam current can be divided by the
number of apertures to obtain the current per hole. The
impingement-limited normalized perveance per hole is
calculated from this information using Eq. (1). The normal-
ized perveance based on this definition will be used to make
comparisons of the ion extraction capabilities of the various
grid geometries investigated over a large range of operating
conditions.

Effect of Net-to-Total Accelerating Voltage Ratio

When results such as those of Fig. 3 are obtained over a
range of separation distances and then impingement-limited
normalized perveances are computed in the manner just
described, one obtains curves like those shown in Fig. 4. In
this figure, the impingement-limited normalized perveance per
hole is plotted as a function of the grid separation normalized
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Fig. 4 Effect of net-to-total accelerating voltage ratio on ion extrac-
tion performance.

to the screen hole diameter for various ratios of the net-to-
total accelerating voltage ratio. It is observed that increases in
the ratio of net-to-total accelerating voltage always result in
increased perveance (improved extraction performance) at
close grid separations. However, it is seen that all of the curves
tend to converge to a single perveance at larger grid separa-
tions. If the impingement-limited normalized perveance per
hole were a perfect normalizing parameter over the complete
range of grid separations and net-to-total accelerating voltage
ratios, all of the curves would be coincident horizontal lines.
Figure 4 shows that this condition tends to occur only at large
grid separations. It is therefore argued that departures from
this single value at close grid separations represent departures
from the one-dimensional model on which the normalized per-
veance per hole is based. The reduction in perveance at low
values of R has also been observed by Aston et al.® Although
Aston et al. reported large variations in beam divergence with
R, his data did not indicate as dramatic an effect of R on the
impingement-limited perveance per hole as that suggested by
the results of Fig. 4. The main reason for this is considered to
be due to the fact that Aston’s investigation was conducted
primarily at the larger grid separation ratios where single
values of perveance are obtained.

The curves in Fig. 4 characterize the ion extraction perfor-
mance of the accelerator system geometry defined by the
parameters d,/d;, t./d,, t,/d,, d;, and the ratio of discharge-
to-total voltage V5,/V; noted at the top of Fig. 4. The effect
of variations in these parameters on the ion extraction perfor-
mance will be considered below. Instead of trying to compare
the ion extraction performance using all of the ratios of net-to-
total accelerating voltage shown in Fig. 4, representative high
(R=0.8), medium (R=0.5), and low (R=0.2) ratios have
been selected to indicate the general trends.

Effect of Discharge-to-Total Voltage Ratio

The effect of the ratio of discharge-to-total voltage on ion
extraction performance is shown in Fig. 5. At large ratios of
net-to-total accelerating voltage (R =0.8), it is seen that lower
ratios of discharge-to-total voltage result in increased per-
veances over the entire range of the grid separations in-
vestigated. Similar trends hold true for the lower values of R,
but it is observed that at close grid separations the curves con-
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verge onto a single curve. In general, lower ratios of discharge-
to-total voltage result in improved ion extraction perfor-
mance. This trend has been reported previously by Aston et
al.8 and explored in more detail by Kaufman.!! Kaufman
theorized that the relative effects of the discharge and total ac-
celerating voltage on the plasma sheath cause the sheath to
flatten out at high ratios of discharge-to-total voltage and thus
result in the onset of impingement at lower perveances. Sheath
profile data obtained by Aston and Wilbur'? confirm this
relative effect of discharge voltage on the contour of the
sheath upstréam of the screen hole. '

Additional tests!? showed the ion extraction performance
data obtained at a particular ratio of discharge-to-total
voltage was independent of the total accelerating voltage.
Consequently, the ion extraction performance data obtained
at one total voltage may be assumed to apply for any total
voltage as long as the ratio of discharge-to-total voltage re-
mains the same. Recently, this invariance of the impingement-
limited perveance with total voltage for a fixed geometry and
discharge-to-total voltage ratio was verified in an independent
investigation.!*

Effect of Accelerator Aperture Diameter

Figure 6 shows the effect of variations of the accelerator
_hole diameter ratio d,/d, on impingement-limited perveance.
In general, it is observed that larger accelerator holes facilitate
operation at higher perveances and therefore higher beam cur-
rents. The largest differences are seen over the entire range of
grid separations for a net-to-total accelerating voltage ratio
equal to 0.8. At this same net-to-total accelerating ratio, it is
observed that the curve for the largest accelerator hole
diameter ratio (d,/d, =1.0) does not extend to very low grid
separations. In this case, it is not possible to operate at grid
separation ratios below ~0.4 because of the occurrence of
electron backstreaming. It should be noted that some of the
other geometries were near the electron backstreaming limit at
very close grid separations when operating at a net-to-total ac-
celerating voltage ratio of 0.8. However, it is emphasized that
caution was exercised not to include any data in the ion extrac-
tion performance results that might have been influenced by
electron backstreaming.
The data of Fig. 6 also show that for R =0.8 the perveance
for the smallest accelerator hole diameter ratio (0.66) re-
mained relatively constant as a function of grid separation in-
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Fig. 5 Effect of discharge-to-total voltage ratio.
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stead of increasing to larger perveances at close grid separa-
tions, as was the case for the medium ratio (d,/d, =0.81). It is
noteworthy that a similar trend to larger perveances at close
grid separations was observed for the smallest accelerator hole
diameter ratio (d,/d,=0.66), but only at ratios of discharge-
to-total voltage below the 0.1 value appropriate to the data of
Fig. 6.

The trend of decreased ion extraction performance with
decreased accelerator hole diameter was expected and has been
reported in previous experimental and theoretical investiga-
tions.>® There is, however, an exception that is of particular
interest. At close grid separations for R =0.5, it is seen that the
impingement-limited perveance for the largest accelerator hole
diameter ratio tested (d,/d, = 1.0) falls slightly below that for
the medium ratio (d,/d;=0.81). This is believed to be a real
effect and will be discussed in greater detail later in this paper.
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Effects of Grid Thickness

The effects of variations in screen grid thickness were also
investigated.'® In general, the results showed that variations in
grid thickness do not have a significant effect on ion extrac-
tion performance. A consistent trend toward decreased per-
veance levels with increased screen grid thicknesses was
observed. For both the screen and accelerator grid, the most
noticeable effect of thickness was observed at close grid
separations operating at high ratios of net-to-total accelerating
voltage. Even in this operating regime, however, the results
show that there is relatively little effect with changes in grid
thicknesses for ¢,/d; <0.25 and ¢,/d, < 0.38.

Effect of Screen Grid Hole Size

A major consideration of this study was the investigation of
the effect of operating with screen grid hole diameters below
2.0 mm on ion extraction performance. In Figs. 7-9 the
impingement-limited perveance levels obtained with screen
grid hole diameters smaller than 2.0 mm are compared to
those obtained with 2.0 mm diameter holes. Figures 7 and 8
compare the performance of 1.0, 1.5, and 2.0 mm diameter
holes for accelerator hole diameter ratios of 0.66 and 1.00,
respectively. These figures do not appear to show any consis-
-tent trends that would indicate a decrease in performance with
decreasing hole size. This observed independence of ion ex-
traction performance with hole size for diameters as small as 1
mm confirm the preliminary results from this study that were
reported in a previous paper.!S Similarly, this observation has
been verified recently in an independent investigation for
screen grid hole diameters as small as 1.0 mm. !¢ It should be
noted that the grids with 1.0 and 1.5 mm diameter screen grid
holes were manufactured and aligned in a similar fashion to
those with 2.0 mm diameter holes. Using this conventional
method of construction and alignment, attempts were made to
extend the operation to screen grid hole diameters of 0.5 mm.
These results suggested a decrease in ion extraction perfor-
mance below the levels obtained for the large-diameter holes.
The inability to align these smaller holes was suspected to be
the cause of the poor performance. In order to insure align-
ment, in a separate test the accelerator grids were ion ma-
chined in situ.'” This machining process yielded a slight spread
(£0.05 mm) in accelerator hole diameters with an average
diameter of 0.4 mm. In Fig. 9, the perveance levels obtained in
this test are compared to those of the 2.0 mm diameter holes
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for an accelerator hole diameter ratio of 0.81 and a discharge-
to-voltage ratio of 0.15. The similarity of perveance levels
shown in Fig. 9 suggest that accelerator system operation
without reductions in ion extraction performance is possible
with screen grid hole diameters as small as 0.5 mm. This obser-
vation differs from what was expected based on previous ex-
perimental investigations®!1320 that reported a decrease for
screen grid hole diameters below 2.0 mm.? The reason for this
disparity remains uncertain. However, based on the results
and observations made during this investigation, certain possi-
ble explanations can be theorized.

It was noted above that only after hole alignment was in-
sured for the 0.5 mm diameter screen grid holes did the perfor-
mance return to the levels obtained with the larger diameter
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holes. Based on this observation, it is proposed that mis-
alignment of the screen and accelerator holes represents a like-
ly explanation for the reductions in performance observed
previously. It is also noteworthy that the conventional hole
alignment technigue used in this study differed somewhat
from that of the previous investigations reporting reductions
of 2.0 mm. The variable grid spacing apparatus used in this
study allowed the holes to be aligned with the grids touching;
they were separated for testing later. In the previous investiga-
tions, the grid systems required alignment of the holes with the
grids separated. Another consideration is that other investiga-
tions, except for one by Aston et al.,® were conducted with
large-diameter accelerator systems with thousands of holes.
Their complexity makes the alignment of smaller holes more
difficult. In any case, it should be emphasized that hole align-
ment is considered crucial to the success of operating with
small screen hole diameters.

Tests also showed the stability of the discharge chamber
plasma influenced ion extraction performance. During a seg-
ment of the tests, the discharge chamber was changed to a

" design that operated less stably (arc discharge noise was ap-
parent on an oscilloscope). The onset of high impingement
currents occurred at lower perveance levels with this design
than it did with the more stable one. This suggests that
previous attempts to operate with smaller holes' and higher
current densities may have resulted in decreased performance
due to unstable discharge chamber operating conditions.
Other parameters related to the discharge chamber that were
determined to influence the ion extraction performance were
the condition of the anode surface and the propellant flow
rate. Their respective effects on the ion extraction perfor-
mance results are discussed in more detail in Ref. 13.

Application to Design .

Although the impingement-limited normalized perveance
per hole is useful for correlating data, it is not easy to use
directly to describe at what grid separation ratio and ratio of
net-to-total accelerating voltage one should operate in order to
maximize the beam current or beam current density for a
specified net accelerating voltage. This information can,
however, be obtained from curves similar to those shown in
Fig. 4, if one assumes that, for a particular ratio of discharge-
to-total voltage, these same curves would be obtained at other
total accelerating voltage levels. ' Fortunately, this  in-
dependence of the impingement-limited normalized perveance
curves from the total accelerating voltage has been
demonstrated.!* Thus, for source operation at the minimum
flow rate required for stable operation, the impingement-
limited normalized perveance per hole P; is primarily a func-
tion of the net-to-total accelerating voltage ratio, the ratio of
the discharge-to-total voltage, and the grid geometry, i.e.,

Dy 4 d, 4 1 J (ee )2 '
)= —=) @3
Fr= P’(R d,"7d, "d, 4, ) TV @

Dividing Eq. (3) by R32 and (¢,/d,)? yields

J/z =P, (R, V_Di_‘?f_ls_ﬁ) R-3/2 (JE_) @
> VT ds ds ds ds ) ds

The term on the left, which will be referred to as the
impingement-limited current parameter, is useful because it
facilitates a comparison of the maximum current per hole as a
function of the net accelerating voltage rather than the total
accelerating voltage. Typical results showing impingement-
limited current parameter as a function of R are shown in Fig.
10 for three different grid separation ratios. These particular
. results are based on data taken from Fig. 4 plus additional
data collected at net-to-total accelerating voltage ratios of
0.45, 0.55, 0.65, and 0.75. Figure 10 shows that the highest
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beam currents per hole are achieved at the lowest net-to-total
accelerating voltage ratios and that the magnitudes of these
currents are relatively independent of the grid separation. At
small grid separation ratios, high current levels are also
achieved at an optimum ratio of net-to-total accelerating
voltage. The peaks in the curves of Fig. 10 at these optimum R
values represent the maximum currents achievable at close
grid separations and high ratios of net-to-total accelerating
voltage. It should be noted that even higher beam currents
could presumably be realized at the peak by further reducing
the grid separation and operating at R values above ~0.70
where the £,/d,=0.2 curve peaks. The grid separation could
presumably continue to be reduced until the onset of electron
backstreaming or electrical breakdown occurred.

For operation at high beam current density levels, the
results of Fig. 10 seem to suggest the choice of operating at
low ratios of net-to-total accelerating voltage or at high ratios
of net-to-total accelerating voltage and small grid separation
ratios. However, because of some other considerations, this
observation is not as straightforward as it may first appear. To
illustrate, a design exampie using the results of Fig. 10 is
considered. ;

The results of Fig. 10 suggest that similar values of the
impingement-limited current parameter (~22.5x107?
A/V3¥2y would be obtained by operating either at the peak of
the curve for £,/d;=0.2 where R=0.7 or at a net-to-total ac-
celerating voltage ratio of 0.15. The interesting thing to note
about operating at R =0.15 is that for the range of normalized
grid separation appropriate to Fig. 10 (0.2<,/d;<0.65) the
impingement-limited current parameter appears.to be in-
dependent of the grid separation ratio. Because of manufac-
turing and mechanical design constraints, one of the first
dimensions usually specified in the design of a large-diameter
accelerator system is the grid separation distance necessary to
maintain a minimum span-to-gap ratio. Under the constraint
of maintaining this design-limited grid separation distance,
operation at larger grid separation ratios could be accom-
plished by selecting smaller screen grid holes. These smaller
screen grid holes would facilitate more holes per unit area of
the grids and thus higher beam current densities. In the par-
ticular case under consideration here, for a fixed grid separa-

_tion distance, an increase in the grid separation ratio from 0.2

to 0.65 translates roughly into a screen hole diameter three
times as small. Since the area of the hole scales with the square
of hole diameter, this means that approximately nine times as
many holes could fit into the same size accelerator system and,
as a result, a ninefold increase in current density could be
achieved. From the standpornt of obtaining higher densities,
the preceding comparison suggests that, when the grid separa-
tion distance is fixed, it is advantageous to operate with
smaller holes at low ratios of net-to-total accelerating voltage
and large grid separation ratios as opposed to high ratios of
net-to-total accelerating voltage and small grid separation
ratios.

Besides current density, there are other consrderatrons that
need to be addressed when trying to decide between operation
at high or low values of R. Some disadvantages of operation at
low net-to-total accelerating voltage ratios with two grids are:
1) higher total voltages that increase the likelihood of electrical
breakdown, 2) more divergent ion beams, 3) a greater sen-
sitivity of impingement current to changes in beam current,!

4) higher baseline 1mp1ngement current levels,'® and 5) more
energetic charge exchange ions that shorten the accelerator
grid lifetime.

All of these disadvantages must be weighed against the ad-
vantage of obtaining higher beam current densities by
operating with low ratios of net-to-total accelerating voltage
and large grid separation ratios as compared to operating at
high ratios of net-to-total accelerating voltage and small grid
separation ratios. The only perceived disadvantage of
operating at high ratios of net-to-total accelerating voltage is
the greater likelihood of electron backstreaming. A detailed
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Fig. 11 Effect of accelerator hole diametér on impingement-limited
current parameter.

example of how to use ion extraction performance data to
design a grid system is presented in Ref. 13.

The usefulness of the impingemient-limited current param-
eter as a design tool is further demonstrated in Fig. 11. In this
figure the impingement-limited current parameter is plotted as
a function of the ratio of net-to-total accelerating voltage for
three different accelerator hole diameter ratios operating at
the same normalized grid separation. The most interesting
point to be made concerning the results shown in Fig. 11 is
that, at larger ratios of net-to-total accelerating voltage, the
highest impingement-limited current levels are obtained not
with the largest accelerator hole diameter but rather with the
second largest. This is an important result because it is
preferable from the discharge chamber viewpoint to operate
with smaller accelerator grid holes in order to minimize the
loss of unionized propellant. Heretofore, it has generally been
accepted that grids should be operated with the largest possi-
ble accelerator grid holes (d,/d, =1.0) to achieve the highest
beam currents. Hence, the objectives for high beam currents
and low neutral propellant loss are in conflict. However, the
results of Fig. 11 suggest that at small grid separations ratios
and medium-to-high ratios of R, it is sometimes unnecessary
and even self-defeating to try to achieve higher beam currents
by utilizing very large accelerator hole diameter ratios
(d,/d,=1.0). It should be noted that the data point for
d,/d;=1.0 and R=0.8 was not included in Fig. 11 because of
the occurrence of electron backstreaming.

Electron Backstreaming Resuits

Because the variable grid spacing apparatus facilitated
operation over a wide range of grid separations, this apparatus
was found to be well suited for measuring the electron back-
streaming characteristics of the various grid pairs used in this
investigation. All of the experimiental electron backstreaming
data obtained with the different grid geometries for a screen
grid hole diameter of 2.0 mm are correlated in Fig. 12. These
data were obtained at beam currents near the impingement
limit. In Fig. 12, the backstreaming limit R ,,, is plotted as a
function of the effective normalized length £,/d, -exp(¢,/d,).
This effective length developed by a previous researcher? is
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Fig. 12 Backstreaming correlation.

seen to correlate the data from a wide range of geometries
quite well. Also shown in Fig. 12 is the theoretical design curve
proposed by Kaufman’ and given by the equation

_ 0.2
L/d,- exp(t,/d,)

(5)

Rmax =

Qualitatively, the experimental and theoretical curves have the
same shape. At values of the effective normalized length
above ~0.8, the theoretical curve is seen to be more conser-
vative. Because the data were collected over a wide range of
operating conditions and because the geometric effects seem
to be reflected properly in the effective length parameter, Fig.
12 can be used as a design curve. Accelerator system operation
without electron backstreaming could be expected by
operating in the area below and to the right of the experimen-
tal curve; operation above it would result in electron back-
streaming. The effect of the ion beam current or perveance on
the electron backstreaming limit was investigated.!® It was
found that operation at reduced perveance levels permitted
operation at slightly higher ratios of net-to-total accelerating
voltage than those indicated in Fig. 12 before electron back-
streaming occurred. The data of Fig. 12 were collected at 400
V net accelerating voltage and it is noted that other data'
showed that increases in this voltage to 600 V .did not change
the results. Decreases in net accelerating voltage to 200 V
caused a slight increase in the backstreaming limits shown in
Fig. 12 at low normalized grid separations. The screen grid
hole size, while having a minor effect on the backstreaming
results, did tend to allow operation at slightly higher ratios of
net-to-total accelerating voltage before electron back-
streaming occurred. It was also observed that the magnitude
of increases in the electron backstreaming limit became signifi-
cant (above the spread of data shown in Fig. 12) only for
screen hole diameters below 1.5 mm. While the reason is
uncertain, it is possible this trend toward higher back-
streaming limits with decreasing hole size might be related to
an increase in the grid webbing area between the hole that ac-
companied reductions in the screen hole diameters in the pres-
ent experiments. This occurred because the hole-to-hole spac-
ing was held fixed while the diameter was varied. It is also
possible that this effect of hole size on backstreaming might
somehow be related to the plasma sheath thickness down-
stream of the accelerator grid. It is speculated that the distance
‘between the accelerator grid and neutralization surface did not
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scale in proportion to the dimensions of the smaller grid
geometries.

Conclusions

The basic relationships defining the current extraction
capabilities of ion optic systems appear to be valid for screen
grid hole diameters as small as 0.5 mm. It is expected that
these relationships would be valid for even smaller holes, pro-
vided the ion source discharge operated stably and the ac-
celerator system were sufficiently sound so that proper hole
alignment and grid separation could be maintained. The ion
extraction performance of two-grid accelerator systems is a
strong function of the net-to-total accelerating voltage ratio,

discharge-to-total voltage ratio, grid separation ratio, and ac-

celerator hole diameter ratio. The ion extraction performance
generally increases with increased ratios of the accelerator hole
diameter ratio; however, when operating in the range of
medium-to-high ratios of net-to-total accelerating voltage at
small grid separation ratios, the highest beam current densities
are observed at accelerator-to-screen grid hole diameter ratios
less than unity. Levels of high beam current per hole are real-
ized for a specified net accelerating voltage at low net-to-total
accelerating voltage levels for all grid separation ratios. At
small grid separation ratios, there is another high beam cur-
rent per hole operating point that is realized at an optimum
net-to-total accelerating voltage ratio in the range R =0.5-0.8.
The clectron backstreaming data obtained in this study
resulted in a simple design curve that can be used to predict
electron backstreaming in two-grid accelerator systems.
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