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Ion of
Two-Grid

G. Aston,* H. R. Kaufman,f and P. J. WilburJ
Colorado State University, Fort CoUlns, Colo.

The first comprehensive experimental investigation of two-grid accelerator systems is presented, A wide range
of geometrical grid parameters and grid set operating conditions were investigated for their effect on ion beam
divergence. Ion beam divergence was found to depend most strongly on normalized perveance per hole, grid
separation -ratio, net-to-totai accelerating voltage ratio* and discharge-to-total accelerating voltage ratio
variations. The graphical results contained herein provide guidelines for the design of ion accelerator systems. A
general ion beam divergence angle correlation was developed to permit approximate beam divergence estimates,
at param'eteric values other than those tested, of present grid set designs. Although argon was the main test gas
used in this study, it Is shown that the results are applicable to other propciSanis.as well.

Nomenclature
tg = grid separation distance
ds = screen hole diameter
da = accelerator hole diameter.
dh — beamiet diameter
ts — screen grid thickness
ta = accelerator grid thickness
fe = effective acceleration length
VT = total accelerating voltage -
Vn - net accelerating voltage
VD — discharge voltage
Vs = sheath potential
Vp = plasma potential
R —net-to-total accelerating voltage ratio
a — ion beam divergence angle
fD = ion beam divergence factor
JB = beam current per hole
q = ion charge
e() = free space permittivity
Mi = ion mass . • •
&i = propellant first ionization potential

L Introduction
"NOWLEDGE of the ion§ beam divergence charac-
teristics of multiaperture accelerator systems is important

for both electric space propulsion and ground applications of
electron-bombardment ion sources. A highly coiiimated beam
(minimum off-axis ion velocity components} is generally
preferred for both space and ground applications. The
amount of ion beam divergence depends on the geometrical
grid parameters and operating conditions of the accelerator
system, Theoretical approaches used to date for predicting the
performance of multiaperture accelerator systems have shown
general trends only.1"4 These theoretical approaches have
dealt with single aperture accelerator systems. Previous ex-
perimental results have shown differences in the ion beam
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divergence characteristics of single and multiaperture ac-
celerator systems.5 A detailed experimental investigation was
therefore undertaken to determine ion beam divergence over a
wide range of geometrical parameters and operating con-
ditions for multiaperture accelerator systems. SI (rationalized
mks) units are used throughout this paper.

II0 Ion Beam Formation
The ion extraction system chosen for this study was the

two-grid accelerator geometry common to most electron-
bombardment ion sources. Figure la depicts a portion of this
multiaperture system showing the coaxial hole geometry and
ion beamiet formation. Figure 2 illustrates the variation in
electrical potential associated with the grid geometry of Fig.
la.

A low-density singly ionized plasma is generated within a
discharge chamber by electron-bombardment of neutral
propellant atoms. The discharge chamber is at a potential a
few tens of volts positive of the screen grid, which is at a high
positive potential (Fig. 2). Around each screen hole a stable
plasma sheath is formed. This sheath is a space charge limited
emissive surface of positive ions from the discharge plasma,
The ions reach the sheath with the Bohm velocity6 and are
accelerated by the strong electric field between the positive
sheath and negative accelerator grid hole (Fig. 2), Depending
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Fsg. ! Ion heamlet formation, a) normal-accelerator system opera-
tion, b) high impingement operation.
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upon the amount of focusing that occurs, most of the ions will
pass through the accelerator grid hole and be ejected at high
velocity into the downstream side of the grid.

The ion, or beam current, leaving the accelerator system is
space charge limited, so that the accelerator system resembles
a vacuum diode. The perveance for a parallel plate diode can
be obtained from Child's law7

(1)
VT

Here the length £ refers to the plate separation. The assump-
tion has been made that the area of ion emission is Trc/f/4.
This planar expression has been found to agree fairly well
with the maximum beam current capacity per hole for a two-
grid accelerator system if the effective acceleration length 4 4

is used in place off , where

(2)

With this substitution, beam current variations may be ex-
pressed in terms of normalized perveance per hole

^B_(^\2^^0_ f2<l_\

V3^2 \dJ ~ 9 W,/ (3)

Equation (3) indicates that there is an upper limit to the
normalized perveance per hole for a particular propellant. For
mercury, the propellant of interest for electric space
propulsion, this maximum value is 3.03x 10~9 A/V3/2. For
argon, the test gas used in this study, this maximum value is
6.79x!0 9 A/V3/2. Normalized perveance per hole,
(JBIV^2} ( ^ / d s ) 2 , will be used to describe the ion extraction
performance of each grid set investigated.f

Ion focusing effects occur in two regions of the accelerator
system: between the grids and just downstream of the grids.
Ions between the grids tend to follow the electric field lines
passing from the screen hole plasma sheath through the ac-
celerator hole. This tendency to follow electric field lines is
most evident near the plasma sheath, where the ion velocity is
small. The position and shape of the screen hole plasma
sheath is crucial to this phase of the ion focusing process
because it determines the local accelerating electric field
distribution. Both screen hole plasma sheath position and
shape depend on the ion current being extracted and the
accelerator system geometry. In normal operation, the shape
of the plasma sheath is similar to that shown in Fig. la. As
plasma density increases, the sheath moves further into the
screen hole to satisfy the requirement of space charge limited
ion current emission from the discharge chamber plasma. The
sheath shape becomes flatter and direct ion impingement
upon the accelerator grid begins to occur (Fig, ib). Further
plasma density increases only result in further ion focusing
degradation. In practice, high impingement limits the ion
current which can be extracted from an accelerator system,

As the focused ions leave the accelerator system, electrons
are injected into the beam to maintain a neutral charge efflux.
These neutralization electrons spread rapidly throughout the
beam producing a neutral plasma. Because of the negative
accelerator grid potential, neutralization electrons which
approach the accelerator holes are repulsed by electrostatic
forces. The result is a neutralization, or equipotential, surface
created slightly downstream from the accelerator grid which is

lit has beer, suggested by a reviewer that the fraction F, of the
maximum possible Child's law current, be used to describe the ion
extraction performance of each grid set. For argon, F would be
defined as F= (6.79 x 10-"V1 (JB/V^T

/2) (?e/ds)2 and would be
expected to range from 0 to 1. The approximations used in applying
Child's law to this system can result in values of F somewhat greater
than 1.0,lo but use of F would permit all propeilants to be put on one
scale.
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Fig. 2 Accelerator system potential variation.

at approximately facility ground potential (Fig. la). Between
the accelerator holes and the neutralization surface the ions
are decelerating through a region of retarding electric field
(Fig. 2). Although the deceleration incurred is less than the
acceleration imparted by the grid set, it is still sufficient to
defocus the ion trajectories significantly. However, once these
ions reach the neutralization surface, electrostatic shielding by
the beam plasma nullifies the accelerator grid effect, and little
additional change in ion trajectories occurs. The amount of
ion defoeusing in this downstream region depends on the net-
to-total accelerating voltage ratio R (Fig. 2), Ion defoeusing
decreases as R increases, so it would appear desirable to have
R as near unity as possible. In practice, however, a value of
/? = 1.0 cannot be reached because neutralization electrons
will backstrearn to the discharge chamber plasma when the
negative accelerator grid potential is sufficiently small.

Both regions of ion focusing mentioned earlier were
examined for their contribution to the overall ion beam
divergence. Ion focusing between the grids was varied by
changing the beam current (i.e., the ion current leaving the
accelerator system), the accelerator system geometry, and the
total accelerating and discharge voltages. Ion defoeusing was
varied by changing the net-to-total accelerating voltage ratio.

III. Apparatus and Procedure
For this study, a mildly divergent magnetic field 8-cm-diam

electron-bombardment ion source was constructed. Tungsten
wire filaments were used as both the main and neutralizer
cathode emitters. The magnetic field was derived, from a long
solenoidal winding extending the length of the discharge
chamber, with additional coil windings positioned at the
chamber's upstream end, The coil geometry was such that the
field strength at the downstream end of the discharge chamber
was 60% that of the upstream end, A cylindrical anode was
employed and nonmagnetic stainless steel construction used
throughout the source. Further design details and operating
characteristics for this type of source can be found in the
literature,8'9 Mercury is the propellant of principle interest for
electric space propulsion, but because of the difficulty in
changing ion source operating conditions rapidly with
mercury it was not used for this study. Argon was chosen as
propellant because of its availability and the ease and speed
with which flow rates could be set and altered.

The screen and accelerator grids were made from thin flat
sheet graphite. The grid aperture pattern used comprised a 19-
hoie hexagonal array with a center-to-center hole spacing of
2.54 mm. It was felt that this number of holes adequately
modeled the adjacent screen hole interactions found in full
size grid systems. Variable grid separation was accomplished
by using various numbers of thin mica washers (0.254-mm
thick). The grid sets were fastened together with four in-
sulated stainless steel bolts. Alignment of the screen and
accelerator grids was done by hand beneath a large
illuminated magnifying glass; this straightfoward technique
was found to produce good data reproducibility. The
assembled accelerator system (measuring 5-cm square) was
placed on a masked down discharge chamber, which insured
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ion extraction from a near uniform plasma. Calculations
predicted the greatest spatial variation in discharge chamber
plasma density across the 1-cm2 hexagonal hole array would
be less than 5%. Grid separation could be checked with feeler
gages when cold, but while the source was operating and the
grids were hot they could only be examined visually. While
some grid war page could occur during operation, the
magnitude of this warpage should be small because the grids
were made of carbon, and the greatest distance between grid
supports was less than 2 cm. Ail source operation was con-
ducted in a 30-crn pyrex bell jar. Average bell jar pressure was
lx lO ' 4 Torr .

Beam divergence measurements were accomplished using a
movable probe rake containing 20 individual Faraday ion
current sensors. A more complete discussion of the Faraday
probe rake design and construction Is contained in a previous
publication.I0 This probe rake was positioned normal to the
beam axis and 16.7 cm downstream of the accelerator system.
(The grid set-to-probe rake separation distance actually varied
from 8.5 to 22,5 cm, with most of the data obtained at a
separation of 16.7 cm..Grid set-to-probe rake separation
variations did not seem to affect the beam divergence angle
measurements.) Figure 3 shows the ion source and probe rake
in position. The probes were screened and biased to reflect
neutralization electrons and low-energy charge exchange ions
present In the beam plasma. After stable source operation was
obtained, the probe rake was centered along the beam axis.
Beam current was varied by adjusting the refractory cathode
current and hence electron emission and discharge chamber
plasma density. Each grid set geometry investigated was
operated over a range of increasing emission levels to the
maximum beam current obtainable from that grid set. The
approach to this maximum was usually characterized by a
rapid increase in accelerator grid impingement current and a
negligible beam current increase. Ion beam profiles were
obtained at selected beam currents leading up to this
maximum. Each profile consisted of 20 ion current density
measurements, corresponding to the ion current received by
each Faraday probe as a function of its position normal to the
beam axis. Figure 3 shows a typical ion beam profile. From
these profiles ion beam divergence could be measured
quantitatively by calculating the ion beam divergence angle a.
(Fig. 3). The ion beam divergence angle was defined as the

TYPICAL BEAM
PROFILE

ION ACCELERATION
GRID SYSTEM

truncated cone angle enclosing 95% of the total integrated
beam current. The total integrated beam current, after ap-
propriate corrections, always agreed closely with the
measured accelerator system beam current. Another less
obvious parameter for determining ion beam divergence is the
ion beam divergence factor fD. This quantity is of con-
siderable interest for ion thruster applications of electron-
bombardment ion sources. The divergence factor is the ratio
of the net axial thrust produced by the divergent ion beam to
the thrust that would be produced if the ion beam were
perfectly collimated. Both ion beam divergence angle and ion
beam divergence factor were the calculated parameters (based
on experimental measurements) of primary interest to this
study. The following equations were used in their deter-
mination:

(4)

(5)iRitosOi E JiRi
' _ ;

where

Fig, 3 Method of obtaining ion beam profiles,

Ra= radius normal to the beam axis defining a cone en-
closing 95% of the total integrated beam current

RB — ion beam radius at accelerator grid
L = grid set-to-probe rake separation distance
Jj = probe current for the /th probe (an interpolation

routine was used to increase the number of probe data points
from 20 to 77)

Ri = distance from ion beam axis to /th probe
0/ = angle formed by intersection of a line extending from

the edge of the grid set hole array to the /th probe and the ion
beam axis.

IV. Results and Discussion
The effect of grid geometry variations on ion beam

divergence was determined by independently varying the grid
separation distance ^, accelerator hole diameter /4, screen
grid thickness ts> and accelerator grid thickness ta. To non-
dimensionalize the geometrical grid parameters they were
divided by the screen hole diameter ds, which remained at
2.06 mm throughout this study. The precision of the data
obtained was verified by repeatedly testing various grid set
geometries at different times with the grids reassembled and
realigned for each test. The results of these tests showed a
maximum variation in a and /# of ±0.5 deg and ±0.001,
respectively. The absolute accuracy of the data is thought to
be better than ± I deg for a, and better than ±0.002 for//?.
A tabular listing of ail the experimental results obtained
during this study is contained in a previous publication. * ]

Figure 4 shows the effect of propeliant flow rate variation
on ion beam divergence for a particular grid geometry. This
grid geometry, the total accelerating voltage, discharge
voltage, and net-to-total accelerating voltage ratio are typical
of values presently used in mercury ion thrusters ] 2 > 1 3 and
ground-based argon ion sources.14'15 An almost fivefold
variation in flow rate is seen not to alter substantially the grid
systems divergence characteristics. A small, consistent, beam
divergence angle decrease with increasing propeilant flow rate
is, however, shown in Fig. 4. This trend has been reported
previously by Alterburg et al.!6 The present data verify those
observations. For very small flow rates the discharge became
unstable and extinguished before any accelerator system
limitation was reached (circles in Fig, 4), Large electron
temperature increases, as the beam current was increased at
low flow rates, may be responsible for the discharge ex-
tinguishing. It is sufficient, though, to note that the source
would not operate when the propeliant flow rate, or neutral
atom discharge chamber pressure, was too low. In practice,
the ion source was operated at the minimum flow rate which
would give stable source operation up to the maximum beam
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Fig. 4 Effect of propcilasil flow rale variations on ion beam diver-
gence.

current obtainable from the grid set being tested. This
resulted in a propeliant flow rate which varied from 0.075 to
0.125 standard cubic centimeters per minute (S.C.C.M.) over
the range of grid set geometries and operating conditions
investigated. Figure 4 shows that these How rate variations
should produce a negligible effect on the ion beam divergence
characteristics of a particular grid set geometry.

Figure 4 shows also that there is an optimum perveance
corresponding to an optimum screen hole sheath position and
shape which gives the lowest ion beam divergence angle. This
minimum divergence angle defines the accelerator system
operating condition most desirable from an ion focusing
viewpoint. It is interesting to note that grid set operation at
the minimum beam divergence angle is also close to the
maximum beam current at which one would usually operate.
Increasing the beam current further, and thereby allowing the
screen hole sheath to become flatter in shape (Fig. ib), results
in an increasing fraction of accelerated ions impinging
directly upon the accelerator grid. The associated increase-in
ion sputtering damage seriously degrades accelerator grid
lifetime.

Figures 5 and 6 show the beam divergence variation for
changes to the grid separation ratio L/ds and net-to-total
accelerating voltage ratio R. For these data, the accelerator
hole diameter ratio da/dS9 screen grid thickness ratio ts/ds,
and accelerator grid thickness ratio ta /ds were held constant
at values of. 0.642, 0.185, and 0,370, respectively.
Qualitatively, all curve shapes are similar. This similarity in
curve shape and the fact that variations, in the maximum
normalized perveance per hole** are small indicates the
usefulness of normalized perveance per hole as a correlating
parameter. Increasing the grid separation ratio for a constant
net-to-total accelerating voltage ratio, decreases ion beam
divergence angles, with corresponding ion beam divergence
factor increases. This results from the more planar
equipotential surfaces asssociated with a longer grid
separation distance. Similarly, increasing the net-to-total
accelerating voltage ratio for a constant grid separation ratio
decreases overall ion beam divergence, as was mentioned
previously in Sec, II. This effect was greatest for the smallest
grid separation ratio tested and decreased with grid separation
ratio increases. Also, the effect beam current variations have
on ion beam divergence decreases with decreasing values of R,

**It is important to realize that constant normalized perveance per
hole does not mean constant beam current. If the total accelerating
vokage, VT, is held constant, the beam current will increase as the
grid separation ratio is decreased [Eq. (3)].
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Fig. 5 Effect of R on ion beam divergence (small grid separation
ratio, £ ? /d v = 0.247).

Figures 5 and 6 show that large ion beam divergence
variations are possible with two-grid accelerator systems. A
reduction in the minimum ion beam divergence angle from
25.1 deg to 4.9 deg is observed when going from values of
Vt =0.247 and R = 0.5 to ( g / d s = 1.000 and R = 0.9,

Figure 7 shows the effect variations in the accelerator hole
diameter ratio da/ds have on ion beam divergence. Only slight
beam divergence angle changes are observed for large
variations in this parameter. However, decreasing the ac-
celerator hole diameter ratio substantially decreases the
maximum normalized perveance per hole, or beam current,
obtainable from the grid set. A larger accelerator hole allows
the screen hole plasma sheath to penetrate further into the
screen hole, with reduced ion focusing (Fig. Ib), before an
excessive accelerator grid ion impingement current is reached.
Larger accelerator holes result therefore in increased beam
currents. Of particular interest in Fig. 7 are the results ob-
tained with the smallest accelerator hole diameter ratio tested.
Here, the beam divergence angle actually goes through a
maximum with increasing beam current. The accelerator grid
impingement current observed with this grid set was large at
the smallest beam current, went through a minimum as beam
current was increased, and then rose sharply as the maximum
beam current was approached. These characteristics suggest
ion trajectory crossover may be occurring at low beam current
levels.17 If this is occurring, the apparent decrease in
divergence angle at very low perveances could be caused by
ions that leave the screen hole sheath edge and impinge
directly upon the accelerator grid. Hence, the accelerator grid
is acting as a beamlet mask for severe off-axis velocity ions at
very small accelerator hole diameter ratios.

Figure 8 shows the effect variations in the accelerator grid
thickness ratio ta/ds have on ion beam divergence. Only-
slight beam divergence angle changes are observed for large
variations in this parameter. These beam divergence angle
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Fig. 7 Effect of accelerator hole diameter ratio da/ds on ion beam
divergence.

changes increase with increasing normalized perveance, or
beam current. A thicker accelerator grid means a longer
distance for each beamlet ion to travel in a region where little,
if any, axial acceleration is being imparted to it. While the
central region of a thick accelerator grid hole is fairly uniform
in potential, the edge regions are not and produce electric
fields directed towards the accelerator hole edge. The larger
the accelerator grid thickness ratio, the longer each beamlet
ion is subjected to these edge, or fringe, fields. At low nor-
malized perveance-per-hole values, the beamlet diameter
passing through the accelerator hole is small, so that the
beamlet ions are in a region of near uniform potential and

VT = HOO voits

VQ = 40 volts

R = 0.7

5.0

NORMALIZED PERVEANCE PER HOLE, —f- f-j5-), omp/voll* /2 x 10*3/2 \ ds /

Fig, 8 Effect of accelerator grid thickness ratio ta/ds on ion beam
divergence.

accelerator grid thickness ratio variations would not be ex-
pected to affect ion beam divergence. However, at high
normalized perveance-per-hole values the beamlet diameter is
approaching that of the accelerator hole and those ions along
the beamlet edge would be deflected more towards the ac-
celerator hole edge with increasing accelerator grid thickness
ratio. This effect would lead to larger ion beam divergence
angles and increased accelerator grid impingement currents,
causing decreased maximum normalized perveance-per-hole
values as the accelerator grid thickness ratio is increased (Fig.
8). Variations in the screen grid thickness ratio ts/ds were
investigated also for their effect on ion beam divergence.
Changes to the minimum ion beam divergence angle were
small as the screen grid thickness ratio varied from 0.062 to
0,247. The greatest normalized perveance-per-hole value was
obtained with a value of ts/ds=Q.123. ion recombination
along the screen hole wall altering the local ion density and
screen hole plasma sheath shape is believed to be the
mechanism by which screen grid thickness variations slightly
affect beamlet ion trajectories.

In summary, Figs. 5-8 show that ion beam divergence
depends most strongly on normalized perveance per hole, grid
separation ratio, and net-to-total accelerating voltage ratio
changes. Also, the maximum normalized perveance per hole
depends most strongly on the accelerator hole diameter ratio.
Variations to the other geometrical grid parameters have a
small effect on ion beam divergence. These same trends have
been reported previously for 600 V total accelerating voltage
operation,1K indicating their general nature.

Figure 9 shows the effect of discharge voltage variations VD
on ion beam divergence for a total accelerating voltage VT of
600 V. The grid geometry parameters remained at the values:
es/ds -0.494, da/ds =0.642, ts/ds -0.185, and ta/ds=Q.37Q.
Increasing the discharge voltage, for a constant total ac-
celerating voltage, shifts each beam divergence curve to lower
normalized perveance-per-hole and ion beam divergence angle
values. This effect is quite pronounced in Fig. 9 where a 3 deg
average beam divergence angle decrease is observed for a
discharge voltage increase from 32 to 50 Vff . Higher total
accelerating voltages of 1100 and 1500 V were investigated
also over the same discharge voltage range. The angular
spread caused by discharge voltage variations decreased with
increasing total accelerating voltage. Figure 10 combines
beam divergence data from from four different total ac-

f jit should be noted that argon double ion production within the
discharge chamber plasma has been shown to be small for discharge
voltages up to 50V.19
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Fig. 9 Effect of discharge voltage VD on ion beam divergence (total
accelerating voltage VT = 600 V).

celerating voltages using a 40 V discharge. Increasing the total
accelerating voltage is shown to shift each beam divergence
curve to higher normalized perveance-per-hole values. This
effect decreases with increasing total accelerating voltage. The
data contained in Figs. 9 and 10 show that neither total ac-
celerating voltage nor discharge voltage alone adequately
describe the beam divergence variations. From the observed
opposite trends that increases in VT and VD produce, together
with dimensional considerations, the ratio of these two
parameters VD/VT is believed to be the most important
quantity to describe the overall effect. Discharge and total
accelerating voltage variations are believed to alter the screen
hole sheath shape and position. However, the manner in
which these changes occur to produce the results shown in
Figs. 9 and 10 is still open to conjecture and is the object of
further study. It can be said, though, that these changes have
less effect on the beam divergence characteristics of a par-
ticular grid geometry as the discharge-to-total accelerating
voltage ratio is decreased. Figure 10 shows also theoretical
results obtained by Kaufman.4 These theoretical results were
based on a zero discharge voltage, and this is believed to be a
major reason for their inability to model the experimental
results adequately. Figure 10 indicates closer agreement
between experiment and theory, as to location of the
minimum beam divergence angle, as the experimental
discharge-to-total accelerating voltage ratio approaches zero.

V. Correlated Results
In the previous section it was shown that ion beam

divergence, from two-grid multiaperture accelerator systems,
depends primarily on the normalized perveance per hole, grid
separation ratio tg/ds, net-to-total accelerating voltage ratio
/?, and discharge-to-total accelerating voltage ratio VD/VT.
These four parameters have been used to correlate the ion
beam divergence angle variation for all grid set geometries
and accelerator system operating conditions examined during
this study. Figure lla shows the result of this correlation.

VT, volts
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Fig. 10 Effect of total accelerating voltage VT on ion beam
divergence (discharge voltage VD - 40 V).

Here the simple Child's law normalized perveance-per-hole
expression has been modified to include the effect of
discharge-to-total accelerating voltage ratio variations. The
ion beam divergence angle correlation is fairly good, with
most of the data lying within a band ± 1 l/i deg (actual
degrees) of the indicated line of best fit. The parameter
NP/Ham.n occuring in the beam divergence angle correlation
refers to the normalized perveance per hole at the minimum
beam divergence angle. It is plotted as a function of the
discharge-to-total accelerating voltage ratio VD/VT and
shown in Fig. l ib. It was necessary to introduce normalized
perveance per hole as a parameter in the correlated beam
divergence angle expression acorr because of the decreased
effect net-to-total accelerating voltage ratio variations have
on the ion beam divergence angle at low normalized per-
veance-per-hole values (Figs. 5 and 6). Figures lla and l i b
allow ion beam divergence angles to be determined for a wide
variety of grid geometry and accelerator system operating
conditions. However, as mentioned previously in Sec. IV,
there is an absolute beam current limit, related directly to the
accelerator hole diameter ratio, for each grid set geometry.
This limit is shown graphically in Fig. 1 Ic. Figure 1 Ic may be
interpreted also as describing the beamlet diameter ratio
dblds at the accelerator hole entrance as a function of the
correlated normalized perveance per hole. This is because the
beamlet diameter is approximately equal to the accelerator
hole diameter at the maximum normalized perveance-per-hole
(or beam current) condition. Figures 1 la, 1 Ib, and 1 Ic should
be used in the following way. First, the values of JBf te!ds>
YD, VT, and R must be known. The value of NP/HCOTl is then
calculated from the following expression:

NP JB W KQ\
s ) \vT)

0.2

(6)

This calculated value is used to obtain the value of acorr from
Fig. 1 la. The value of NP/Ham]n is then found from Fig. l i b
and used to calculate the actual beam divergence angle a,
from the expression

R

Finally, Fig. lie should be used to determine the minimum
value of da to attain the desired beam current. To avoid
excessive accelerator grid ion impingement this minimum da
value should be increased by about 20%. If accelerator system
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Fig. 11 a) Ion beam divergence angle correlation for all accelerator system operating conditions, b) Variation of the normalized perveance per hole
at the minimum beam divergence angle NP/Ham-m for discharge-to-totai accelerating voltage ratio (VD/VT)®-2 changes, c) Maximum normalized
perveance per hole for accelerator hole diameter ratio da/ds changes.

operation over a range of beam currents is proposed, Fig. 1 Ic
should be used to determine the value of da (by the method
outlined earlier) necessary to attain the maximum beam
current desired. The procedure outlined previously will then
establish the range of divergence angles to be expected for the
desired beam current operating range.

Figure 12 shows the minimum ion beam divergence angle
that can be obtained as a function of grid separation ratio and
net-to-total accelerating voltage ratio. A straight line was
chosen as a conservative fit to the extrapolated regions which
are considered to be good for a first approximation of the
minimum beam divergence angle when operating at these
extreme conditions. The data shown in Fig. 12 are most ac-
curate for the discharge voltage and total accelerating voltage
indicated. However, previous results (Figs. 9 and 10) have
shown that varying VD and VT either side of 40 and 1100 V,
respectively, produced a variation of ± 1 j/2 deg only in the
minimum beam divergence angles given in Fig. 12. Hence,
Fig. 12 may be used to obtain fairly representative minimum

beam divergence angle trends for a wide range of discharge
and total accelerating voltage ratios.

VI. Screen Hole Size and PropeSIant Variations
Figures 13 and 14 show the results of varying the two

parameters held constant throughout this study: screen hole
size and propellant gas. A constant grid aperture array size,
similar nondimensionalized grid geometry parameters, and
the same argon propellant mass flow rate were used for each
screen hole size. Similar discharge chamber neutral number
densities with the same grid system geometry were used for the
different propellants. (An exception was neon which required
twice the neutral number density of the other gases, a 46 V
discharge, and a discharge chamber magnetic field reduction
before a stable discharge plasma could be maintained.)
Normalized perveance per hole for the different propellants
shown in Fig. 14 was corrected for use with argon. This was
done by multiplying each calculated normalized perveance-
per-hole value [Eq. (3)] by the square root of the ratio of the
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GRID SEPARATION RATIO,

Fig. 12 Minimum ion beam divergence angle for grid separation
ratio tg /ds and net-to-total accelerating voltage ratio /? changes.
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Fig. 13 Effect of screen hole diameter on ion beam divergence
(similar nondimensionalized geometrical grid set parameters).

propeliant atomic weight to the atomic weight of argon, (at.
wt. prop,/at. wt. argon)'2 . The normalized perveance-per-
hole reduction with decreasing screen hole size has been
observed previously with two-grid electron-bombardment ion
thrusters.17 The present data verify those observations but do
not shed new light on the cause of the effect.

Figures 13 and 14 show that screen hole size and propeliant
gas changes do not alter substantially the beam divergence
variation found characteristic of a particular grid set
geometry. Therefore, the data and correlation parameters
presented in this report, while being most accurate for argon,
are considered to hold generally for other propellants and
screen hole sizes also. For instance, if knowledge of the ion
beam divergence characteristics of a particular grid geometry
operating with mercury rather than argon propeliant is
desired, then the following procedure should be used. From

VT = ii 00 volts

= 0.7

-̂ - = 0.370
GS

O NEON 46 21.56
O ARGON 40 15.76
A KRYPTON 4O 14.00

7̂ XENON 40 i Z , i 3

-i—\——\——\——I i i i i i i——1—i——i——i——i i
0 LO 2.0

NORMALIZED PERVEANGE PER HOLE,

3.0

-4- (
V/*

t » t i .._J_L__!

i amp /volt*" x !0*/

Fig. 14 Effect of propellanf gas on ion beam divergence.

Eq. (3) the normalized perveance per hole is calculated for the
grid set operating condition of interest (where M- is now the
atomic weight of mercury). This calculated normalized
perveance-per-hole value is multiplied by the square root of
the ratio of the atomic weight of mercury to the atomic weight
of argon, (at. wt. mercury/at, wt. argon}'2 =2.241. Now.
having corrected the original value of normalized perveance
per hole for mercury operation to a normalized perveance-
per-hole value for use with argon, the data and correlation
parameters presented in this report may be used.

VII. Conclusions
This work represents the first comprehensive experimental

investigation of two-grid accelerator systems. A wide range of
geometrical grid parameters and grid set operating conditions
were investigated for their effect on ion beam divergence. Ion
beam divergence was found to depend most strongly on
normalized perveance per hole, grid separation ratio, net-to-
total accelerating voltage ratio and discharge-to-total ac-
celerating voltage ratio variations. The maximum normalized
perveance per hole (or beam current) obtainable from a
particular grid set. at a constant discharge-to-total ac-
celerating voltage ratio, was found to depend most strongly
on the accelerator hole diameter ratio. Variations of the other
geometrical grid parameters have a small effect on ion beam
divergence. The graphical results contained in this report
provide guidelines for the design of ion accelerator systems. A
general ion beam divergence angle correlation was developed
to permit approximate beam divergence estimates, at
parametric values other than those tested, of present and
future grid set designs. All of the results contained in this
report are considered of sufficient reliability to allow in-
terpolation between specific experimental results and the use
of limited range extrapolations. Although argon was the main
test gas used in this study, the results are applicable to other
propellants when the correction to normalized perveance per
hole (as outlined in Sec. VI) has been made,
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