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Abstract

An investigation of two and three-grid accelerator systems for

high power ion thruster operation has been performed. Two-grid translation

tests show that over compensation of the 30-cm thruster SHAG grids leads

to a premature impingement limit. By better matching the SHAG grid set

spacing to the 30-cm thruster radial plasma density varldtion and by incor-

porating grid compensation only sufficient to maintain grid hole axial align-

ment, it is shown that beam current gains as large as 50% can be realized.

Three-grid translation tests performed with a simulated 30-cm thruster dis-

charge chamber show that substantial beamlet steering can be reliably affected

by decelerator grid translation only, at net-to-tctal voltage ratios as low

as 0.05.
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Ion thrusters are continually being pushed to h'gh power levels of

operation in an effort to produce the most thrust for a given thruster

diameter, while still retaining acceptably long lifetimes with tolerable

heat rejection requirements. Most recently, several workers have docu-

mented J-series 30-cm mercury ion thruster operation at power levels

several times the baseline value for this thruster 1-3 . In general,

relatively minor thruster modifications were implemented to provide opera-

tion at these much larger power levels. During the course of these high

power ioi, thruster tests, excessive accelerator grid impingement currents

were encountered as the thruster beam current level was increased beyond the

nominal operating value of 2.0 ampere. To stay below this excessive accelera-

tor system impingement limit it was necessary to continually increase the

accelerator system electrode potentials as the thruster beam current

was increased. Ideally, accelerator system grid potentials should be

raised only when the extracted ion beam current would other wise exceed

the accelerator system perveance limit. Exceeding the perveance limit, or

over driving the accelerator system, simply means that repulsive ion space

charge forces become dominant within the grid set accelerating gap. These

forces result it! ion beamlet blow up and direct accelerator grid ion

interception. For the high power ion thruster tests, it was noted that the

onset of excessive accelerator grid ion impingement occurred at beam current

values less than expected from the design of the accelerator system with

the specified average grid set gap and applied accelerating voltages. Although

it was well known that the ion current density distribution across the 30-cm

diameter thruster was quite non-uniform, it was not apparent where across

2
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the diameter of this thruster the grid set was being over driven.

The first portion of this paper presents the results of a series of

experiments designed to determine that region of a Small Hole Accelerator

Grid (SHAG) 30-cm J- series thruster ion accelerator system where operation

is limited by excessive accelerator grid ion interception. Based upon the

results of these tests, an alternate two-grid accelerator system design

philosophy for the J-series 30-cm thruster is evolved. Comparisons of

simulated thruster performance at high beam powers with this alternate

accelerator system design and conventional SHAG optics are presented.

The final sections of this paper are concerned with the correct

application of a three-grid ion accelerator system to the J-series 30-cm

thruster and the behavior of this type of thrust system at high beam power

levels and very low beam energies (or specific impulse values). Knowledge

of high power thruster operation at low specific impulse values is important

because of the potential use of large thrust ion engines in the performance

of low earth orbit to geosynchronous earth orbit payload transfer missions.

Acceptably short trip times using electric propulsion for these missions are

possible only if reliable high thrust 30-cm thruster operation can be achieved

with values of specific impulse factors of several times lower than present

baseline values.

3



Apparatus and Procedure

All the experimental results presented in this paper were obtained

using a simulated J-series 30-cm thruster. This apparatus comprised an

8-cm diameter mildly divergent magnetic field filament cathode discharge

chamber which operated on irgon propellant. Coupled to this discharge

chamber was an accelerator system assembly which could accomodate either

a single hole two-grid or three-grid ion optical system. A resolving motor,

driving a precision lead screw and thrust carriage, was coupled to the

accelerator system assembly and allowed remote translation of the grid

electrodes in the accelerator system geometry under test. The ion beam

emerging from the accelerator system was scanned in a direction normal to

the beam axis by a guarded Faraday ion probe located 33.4 cm from the

accelerator system downstream surface. This probe was moved remotely

through the ion beam by an A.C. gear motor and precision lead screw drive.

The subsequent profile of beam ion current density as a function of probe

position was recorded on an accompanying x-y recorder. . 7igure 1 illustrates

schematically the main 4eatures of this apparatus.

To duplicate 30-cm thruster operation, the single hole accelerator

systems were operated at beam current per hole values (corrected from Hg + to

Ar+ operation) and relative grid translations corresponding to different

locations between the axis and periphery of a 30-cm thruster accelerator

system. Accurate grid separation and translation values were ensured by

fabricating the simulated 30-cm thruster grid sets from graphite to a

size much larger than actually used on this thruster. As an example, the

simulated grid set screen hole diameter was 12.70mm compared to a SHAG

4
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grid set screen hole diameter of 1.905mm. Other simulated grid set

dimensions were increased by an equivalent amount. Although much larger in

size, these single hole grid sets still operated at the same beam current

per hole and accelerating voltages as a 30-cm thruster grid set.

To determine the variation in ion current per hole across the diameter

of a SHAG grid se':, the plasma density profile immediately upstream of the

grid set was required. Figure 2a shows the plasma density profile used for

this work. This profile was derived from an ion beam Faraday probe survey

close to the accelerator grid of a 30-cm thruster taken by Beattie 4 . Double

ions are included in this profile which represents thruster operation at a

2.0 ampere mercury beam current level. For the test results presented in

this paper all simulated 30-cm thruster operation at beam currents of 2.0

ampere and greater were assumed to have a plasma density profile identical

to that shown in Fig. 2a. The i:.rfect of the non-uniform radial plasma

density inherent in the 30-cm thruster discharge chamber is to produce a

rather peaked distribution in the fraction of total thruster beam current

emerging from the thruster grid set. Figure 2b plots this peaked beam

current fraction distribution and illustrates that most of the thruster beam

current originates from an annular region centered approximately 10cm from

the SHAG grid set axis.

Tests with both the two and three-grid simulated 30-cm thruster grid

sets were performed assuming a 0.3% grid set compensation. This value is

Equal to the amount of grid translation introduced during the fabrication

of the dished 30-cm thruster SHAG optical system. The intent of this com-

pensation has been to lessen the off-axis thrust loss by attempting to

4
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electrostatically stee p the otherwise skewed ion beamlets onto a path

somewhat parallel ti the thruster axis. For all the results presented

in this paper, the screen grid of the 30-cm thruster simulated grid sets

remained centered on the ion source axis while the necessary compensation

was achieved by translating either the accelerator or decelerator grid$.

Finally, it must b! noted that during the chemical etch process used to

form the holes in a set of molybdenum 30-cm thruster grids, the hole edges

are not straight but are scalloped in appearance 5 During the course of

this work it was observed that under some conditions, simulate+ grid sets

fabricated with straight edge holes exhibited noticeably larger levels of

impingement current than if these same grid set geometries were fabricated

with scalloped holes. Consequently, all the data in the f3llrwing sections

are for shaped grid set holes that are approximatley equivalent to the

scalloped molybdenum,,  thruster grid holes formed by a 50/50 chemical etch.

8



9

Two Grid rests

For the two-grid tests, the single hole grid set non-dimensionalized

accelerator system geometrical parameters were identical with those of the

J-series 30-cm thruster SHAG optics system. These grid set parameters were:

d
a

T 
= 0.60

s

t
s

— = 0.20
d
s

t

da = 0.20
s

Here, d is the accelerator hole diameter and ts and t are the screen and
a	 a

accelerator grid thicknesses, respectively. As previously mentioned, the

simulated grid set screen hole diameter 
e
  was 12.70mm. Unless noted other-

wise, all two-grid tests were performed at a total accelerating voltage VT

of 1420 volts, an arc discharge voltage V D of 30 volts and a net-to-total

accelerating voltage ratio R of 0.78. These parameter values represent

baseline J-series 30-cm thruster operation.

Beam Deflection and Impingement

Figure 3 shows the variation in 'on beamlet deflection and accelerator

hole ion impingement current for the simulated 30-cm thruster SHAG single

hole grid yet, with 0.3% grid compensation and an equivalent 2.0 ampere

Hg+ beam current. As shown in Fig. 3, a large range of screen-to-accelerator
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grid separation ratios, Rgjds , were investigated in an effort to examine

all grid gap spacing va.-iations expected to be encountered across the

diameter of o 30-cm SHAG accelerator system. The ion beamlet deflection

angles recorded in Fig. 3 were determined by taking Faraday probe beam

profiles at each simulated radial location and measuring the angular

shift of the peak current density point from the untranslated zero radius

location for each of these profiles. Inspection of Fig. 3 shows that ion

beamlet deflection increases approximately linearly with linear grid

translation increases (remember that 0.3% grid compensation means that at

any given radial location the accelerator grid hole is positioned radially

further out From the corresponding screen hole by a distance equal to

0.003 times the screen hole radial location). This linear increase in de-

flection angle appears to be essentially independent of beamlet current,

which decreased by approximately a factor of two for the single hole grid

sets in going from a simulated axial to a simulated 12cm radial grid location.

Several workers have investigated experimentally the effect of grid

translation on ion beamlet deflection for multiaperture and multiple

electrode accelerator systems 6"9 . The result, of these studies indicate

that the beam deflection angle S, for two grids with circular aperatures,

varies directly as the radial grid translation dr, and inversely as the

ion emitting surface to accelerator grid separation, R. A straight

forward derivation by Stewart et.al 8 , using the thin lens approximation

of Davi-son and Calbick 10 , provides some physical basis for this relation-

ship. Introducing the proportionality constant C, we may write

j£f

pi

3



Here, the ion acceleration length t, is equal to the sum of the screen-

to-accelerator grid separation Rg , and the average distance between the

downstream screen grid face and the ion emitting surface. A previous

ion extraction study 
11 quantifies this latter separation. distance.

During this study it was observed that screen grid thickness variations

did not affect the average ion emitting surface location. In addition, this

surface was more planar in shape than had been thought previously and

different screen-to-accelerator grid separations did little to affect the

location of this emitting surface. Only beam current variations were ob-

served to substantially effect the ion emitting surface location. However,

even for the beam current density variations across a 30-cm thruster, these

emitting surface location changes are relatively minor. Consequently, as

indicated by the data in Ref. 11, an essentially constant value of 0.3d s can

be ascribed to the average distance between the downstream screen grid face

and the ion emitting surface. Using these expressions for the ion acceleration

length t, and expressing the radial grid translation in terms of the degree of

grid compensation d, and radial grid location r, the ion beam deflection

angle takes on the form

dr
Q - C tg+ 0.3ds .

From Fig. 3 the constant C was evaluated to give the ion beam deflection

angle, in degrees as

6 =	
36.66r

X9 + 0. 3d

Although semi-empirical in form, Eq. (1) may be used to quickly obtain

approximate ion beamlet deflection angles for most two-grid accelerator

system geometries of interest in ion thruster applications. For

12	 ,,.



values of the net-to-total accelerating voltage ratio R. much less than

the value of 0.78 used here, Eq. 1 ceases to provide reasonably accurate

deflection angle predictions. This occurs because at lower R values a

two-grid accelerator system really operates like a three-grid system,

with the missing third grid defined by the neutralization surface located

at some distance downstream of the accelerator gri.i. Recent two-grid

translation work by Homa 9 shows the effect of R on the measured ion beamlet

deflection angles. While the accelerator grid to neutralization surface

separation distance does depend on the value of R, this relationship remains

unspecified due to the tenuous nature of the neutralization surface. An

analytical expression for this deceleration length inherent in a two-grid

accelerator system has been suggested by Kaufman 12 . It was beyond the scope

of the present work to incorporate such an expression into a three-grid

beamlet deflection model of two-grid low R value operation.

Figure 3 also shows the variation in accelerator grid hole impingement

current across the diameter of the simulated 30-cm thruster SHAG accelerator

system for different grid separation values. For these curves, the accelera-

tor grid impingement current has been expressed as a percentage of the total

ion beamlet current passing through the screen and accelerator grid hole

pair at the given radial location. Over the range of grid separation dis-

tances investigated direct accelerator hole ion interception increases

substantially at increasing radial distances from the grid set axis.

To get the implications of these results in perspective, several comments

concerning the interpretation of these data must be made. First, it should

be noted that the impingement current levels shown in Fig. 3 are artificially

high. This is a consequence of intergrid charge exchange ion production

1

13



scaling linearly with acceleration length, while extracted ion current

density scales as acceleration length squared. In going from the much small-

er hole 30-cm thruster grid set to the large single hole simulated SHAG ac-

celerator systems used for this work, charge exchange ion proo_ction becomes

significant. This effect is further compounded by a minimum propellant flow

needed to sustain the dilute argon plasma discharge used during this study.

In addition to this charge exchange effect, which influences the baseline

impingement values shown in Fig. 3, the onset of direct accelerator

grid ion interception occurs very abruptly beyond a certain value of grid

translation. As a result, small errors in the grid translation positioning

apparatus can have a large effect on the observed simulated 30-cm thruster

grid set impingment values. Also, for t le sizable grid translations

inherent in the 30-cm thruster SHAG accelerator system at large radial

locations, small beam current per hole changes can substantially affect direct

ion impingement current changes. Consequently, the absolute impingement

current values observed with the simulated grid set apparatus are very depend-

ent upon the absolute accuracy of the J-series 30-cm thruster radial plasma

density profile assumed for this study. Finally, while a grid compensatior

value of 0.3% was used for the single hole simulated SHAG grid set tests,

there is still some uncertainty as to the actual compensation value and the

radial uniformity of this value in a set of hot J-series thruster optics

extracting a 2.0 ampere mercury ion beam.13

The net result of all of the effects discussed above is that the

impingement current curves shown in Fig. 3 should be thought of as depicting

a qualitative trend only. The extreme sensitivity of direct accelerator

gMid ion interception to these cummulative effects, implies that simulated grid

14



set operating conditions only a few percent different from those used to

obtain the results of Fig. 3 could easily show a flat unchanging impinge-

ment current level with grid set radial location.

Recent work indicates that a 30-cm thruster SHAG accelerator system

operating at a 2.0 ampere beam current level has a grid gap spacing that

varies linearly from t g/ds = 0.227 at the thruster axis to Rg /ds = 0.267

at the grid set periphery 14 . Using this information and the data presented

in Fig. 3, the simulated grid set apparatus estimates of the 30-cm SHAG grid

set beamlet deflection and accelerator hole impingement as a function of

radial grid set location were determined. Figure 4 illustrates these trends.

The impingement current variation shown in Fig. 4 indicates that the 30-cm

SHAG optics system is over compensated. As a result, beyond a radial

distance of about 5cm the screen and accelerator grid translations are

increasing faster than the beamlet diameters passing through the accelerator

holes are decreasing due to the reduced plasma density and ion beamlet current.

With this design error, the 30-cm SHAG grid set will experience excessive

accelerator grid impingement currents over the outer annular grid set area

as thruster operation beyond approximately 2.0 amperes is attempted. This

situation is doubly unfortunate because the major fraction of total thruster

beam current originates in the central portion of this impingement plagued

region of the SHAG accelerator system (Fig. 2b). Finally it should be noted

that the error bands on the deflection angle and impingement current curves in

Fig. 4 are for the simulated grid set apparatus random electrical and mechanical

uncertainties only. These error bands pertain to all the data presented in this

paper. Because of the cummulative effects described earlier, the impingement

current error band is not intended to encompass actual 30-cm SHAG grid set

operation.

15
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Uniform Perveance Limit Grid Set

From the results presented in Figs. 3 and 4 it became apparent that

significant beam current gains might be possible if the J-series 30-cm

thruster were fitted with a minimally compensated accelerator system which

reached its perveance limit uniformly across the grid set area. To assist

in the design of such an accelerator system, a semi-empirical model was

formulated to describe the anticipated accelerator system behavior. As a

starting point in the model development, the radial plasma density distribut-

ion of Fig. 2a was assumed for the 30-cm thruster at higher levels of beam

current operation. The second piece of required information was the maximum

accelerator system gap electric field stress, this maximum stress being

experienced by the grid set center line hole pair. Beattie and Poeschell

have demonstrated reliable 30-cm thruster accelerator system operation at a

cold average gap field stress of 5.8 KV/mm. A central hole gap field stress

E, of 5.0 KV/mm was selected for the model calculations. Because of the

peaked plasma density profile (Fig. 2a) and low beam current fraction con-

tributed by the central grid holes (Fig. 2b), the model predictions are not

overly sensitive to the central hole gap field stress choice.

To complete the necessary model input information, a series of curves

describing the ion beam divergence angle a, as a function of the normalized

perveance per hole NP/H, were derived from previous ion optics work15.

These curves are shown in Fig. 5a. In this figure, the line of maximum

normalized perveance per hole (NP/Hmax ) pertains to that point at which

excessive accelerator grid impingement currents (for a non translated grid

set) prevent further beam current increases. Similarly, the maximum safe

operating limit line references that beam current beyond which further

17



32

Vw

a 28
rn

M
d
uiJ
Z 24
Q
W
V
Z
W

0ce
> 20

W
Co

0 le

OGINAL PACE i.;
OF POOR QUALITY

36

12

VT = 1420 volt

R = 0.77
ARGON
t	 t
d = d = 0.200

s	 s
d
d= 0.600

s

MAXIMUM SAFE
OPERATING LIMIT

D. 08

I
9

ds

8L
0 1.0	 2.0	 3.0	 4.0	 5.0

NORMALIZED PERVEANCE PER HOLE, NP/H,

	

J /H	 ' ; 2

V 3 2 d x 109 amp/volt3/2
T

Fig. 5a. Generalized SHAG Divergence Angle and Normalized
Perveance Characteristics

18

6.V



berm current increases no longer result in a linear impingement current

increase because of the onset of direct accelerator grid ion interception.

Figure 5b plots the maximum safe normalized perveancr per hole value

against the accelerator system grid separation ratio. It should be noted

that argon ion normalized perveance per hole values have been used in Fig. 2

because the simulated 30-cm thruster grid set apparatus uses an argon plasma.

From Fig. 5b a straight line equation was determined to be a good

approximation to the curve shown. This equation and Childs' 16 one-dimensional

space charge limited ion flow equation are written below:

NP/H = -2.0340-9 ( 1
9
/ds )+ 4.14x10-9
	

(2)

NP/H = 
Jg/H	 i
V---372 ((Rg/d s ) +0.25).. (3)

i

Here, JB /H is the grid set beam current per hole (A/m2 ) and VT is the total
(

ion accelerating voltage. Equations (2) and (3) describe the operation of a 	 3

SHAG accelerator system assuming no grid translation and a total accelerating

voltage of 1420 volts. These equations were solved for NP/H and Rg/ds

given the calculated grid set centerline beam current per hole, J6/H. To

calculate this latter parameter, the axial grid separation k g , was found from

the field stress relation
V

E = 1 _	 5x103 v/m.

9	 g

From Eq. (4) the axial grid set separation ratio was 1
9
/d s = 0.15. Using

this number in Eq. (2) to solve for the corresponding safe maximum NP/H

value and then substituting the result in Eq. (3), gave an argon ion center

(4)

19
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line JB/H of 0.76 mA. In solving Eqs. (2) and (3) for NP/H and Ag/ds,

subsequent J B/H values were evaluated by modifying the 0.76 mA value by

the plasma density distribution in Fig. 2a.

Table 1 documents the calculated solutions to Eqs. (2) and (3) for

the initial conditions discussed abave. Included in Table 1 is the average

ion beam divergence angle. per annu hr grid segment, as described by Fig. 5a.

From these model predictions it was cpparent that a 50% mercury beam current

increase (from 2.0 to 3.0 ampere) was possible as a consequence of relatively

minor changes to the present 30-cm thruster SHAG accelerator system design.

These modifications include a carefully prescribed grid spacing variation

across the grid diameter and grid compensation sufficient to ensure all

beamlets emerge normal to the dished accelerator system surface.

To test the model predictions for uniform perveance limited grid set

operation, a series of experiments were performed to verify the maxil ':;Jm safe

ion current per hole values for this modified 30-cm thruster SHAG accelerator

system geometry. Figure 6 shows the results of these experiments, which

covered accelerator system total voltage operation from 1420 to 2500 volts.

Comparison of the model predictions in Table 1 with the VT n 1420 volt curve

in Fig. 6, shows good agreement with the simulated accelerator system

experimental results. The only significant discre pancy between these results

was for the center line grid set separation necessary to obtain a maximum

safe beam current per hole J B/H, of 0.76 mA. In the experiment, an axial

grid set separation ratio of 89/ds • 0.20 was actually required rather than

the value of tg/d n 0.15 predicted by the model. The consequence of this
s 

difference is that the center line electric field stress for the modified
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Table 1: Projected Uniform Perveance Limit
Grid Set Performance (Argon)

Annular Holes Current t /d
9

NP/^ a
Region in- per s x10 Divergence
Radius Region Hole
(cm) (M) (amp/volt3/2 ) (degrees)

0.5 67 0.760 0.144 3.847 12.8

1.5 202 0.760 0.144 3.847 12.8

2.5 337 0.751 0.152 3.832 12.7

3,5 472 0.732 0.167 3.801 12.5

4.5 607 0.700 0.192 3.751 12.3

5.5 742 0.657 0.224 3.685 12.0

6.5 877 0.617 0.254 3.625 11.7

7.5 1012 0.573 0.287 3.558 11.4

8.5 1146 0.533 0.318 3.495 11.1

9.5 1281 0.490 0.352 3.425 10.8

10.5 1416 0.447 0.389 3.351 10.6

11.5 1551 0.406 0.416 3.275 10.3

12.5 1686 0.354 0.479 3.169 9.9

13.5 1821 0.260 0.595 2.533 9.1

14.5 1950 0.108 0.931 2.249 r.1

Total Ar+ current = 6,619 ampere

Equivalent Hg+ current = 2.955 ampere.
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SHAG accelerator system is only 3800 volts/mm rather than the 5000 vc

originally specified for the model. This lowered peak electric field stress

requirement is not much different from the peak stress of 3300 volts/mm recently

determined for the present 30-cm thruster SHAG accelerator system. 14

From the modified SHAG accelerator system beam current per hole test

results shown in Fig. 6, a plot of total grid set beam current as a function

of total accelerating voltage was determined. Figure 7 plots this relation-

ship and compares the resultant beam current trend (corrected from argon to

mercury ions) with data from Rawlin 3 for 30-cm thruster operation with a

standard SHAG accelerator system. An essentially 1.0 ampere mercury ion beam

current increase is observed for the uniform perveance limited grid set over

the standard SHAG grid set for the total accelerating voltage range investi-

gated. This result is important because it shows that significant 30-cm thruster

beam current gains, for the same specific impulse value, can be realized with

the modified SHAG accelerator system design proposed here.

It is interesting to note that although the ion beamlets in the uniform

perveance limited grid set design emerge perpendicular to the dished grid set

curved surface, the thrust loss incurred by doing this is small. Figure 8

plots the 30-cm thruster modified SHAG accelerator system thrust loss for

these off-axis ion trajectories as a function of the grid set radius of

curvature. To calculate these thrust loss factors, the beamlet divergence

angle for each radial grid set location shown in Table 1. was converted

into the corresponding beamlet thrust loss factor by using a generalized con-

version curve derived during an earlier study 17 . The appropriate numerical

integrations were then performed using these individual beamlet thrust loss
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factors, the grid set beam current variation and the inherent geometrical

thrust loss due to the curved accelerator system surface. The results

of these integrations determine the whole grid set thrust loss factors shown

in Fig. 8. Inspection of this figure shows that for a modified SHAG accelera-

tor system radius of curvature of approximately 60 cm, the thrust loss factor

is only about 1% less than the flat grid asymptotic value of 0.9907. It

should be noted that above about 1500 volts this result is independent of

accelerator system total voltage operati3n.15

While taking the data contained in Fig. 6 to derive the performance

trends shown in Figs. 7-8, the maximum amount of grid translation induced

beamlet deflection for the modified SHAG accelerator system was determined.

The results of these beam deflection measurements are shown in Fig. 9. For

these data, the maximum permissible beamlet deflection was defined as that

amount of grid translation which increased the prevailing accelerator grid

hole ion impingement current by ten percent. From Fig. 9 it is apparent

that the small beam deflection which actually occurs (approximately 1.5 
0)

means grid translation is not a worthwhile pursuit in the uniform perveance

limited grid set design. Inherent in the results presented in Fig. 9 are

values of the maximum off-axis grid translation error that can he tolerated

by the uniform perveance limited SHAG grid set design. This maximum grid

translation error can be evaluated by determining the a value for the xg/ds

value in question from Fig. 9, then entering Fig. 3 with these values of $

and Rg/d s and evaluating the translation error nr by multiplying the implied

grid set radial location by the compensation factor 0.003.
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Three Grid Tests

For the three-grid tests the simulation apparatus single hole grid

sets had screen and accelerator electrodes with a non-dimensionalized

accelerator hole diameter ratio da/d s , of 0.6, and a screen grid thickness

ratio t
s s	 a
/d , and accelerator grid thickness ratio t /d , of 0.20. A previous

s

three-grid ion beam divergence studyl7 had indicated that minimum beam

divergence angles, minimum grid impingement currents and maximum beam currents

were achieved for specific decelerator grid geometry values. Those values

which optimized three-grid performance, for the above screen and accelerator

grid parameters, were a decelerator grid hole diameter ratio d d/ds of 0.80,

an accelerator-to-decelerator grid separation ratio j d/ds of 0.18 and a

decelerator grid thickness ratio td /ds of 0.20. All three-grid operation

was with the screen and accelerator hole axis aligned. Beam deflection tests

were performed by translating the decelerator grid only.

Beam Deflection and Impingement

Figure 10 shows the variation in ion beamlet deflection and decelerator

hole ion impingement current for the previously described three-grid accelerator

system as a function of variations in the screen-to-accelerator grid separation

ratio Rg/ds , and the net-to-total accelerating voltage ratio R. Fcr these

data, the single hole grid set simulated a 30-cm thruster three-grid

accelerator system, operating at an equivalent 2.0 ampere mercury beam current,

with the screen and accelerator grid holes coaxially aligned and with 0.3%

decelerator grid compensation. It should be noted that to achieve beamlet

deflection in.the same direction, the decelerator grid compensation was
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opposite in sign to the accelerator grid compensation used for the two-grid

tests discussed earlier. This change in effect results from the attractive

forces acting on an ion as it approaches an accelerator grid in contrast to the

repulsive forces acting on an ion as it approaches a decelerator grid.

Inspection of Fig. 10 shows that large beam deflection angles are

obtainable by decelerator grid translation alone and that beam deflection in-

creases with decreasing values of the net-to-total accelerating voltage

ratio R. Comparing Figs 10 and 3, it is apparent that comparable amounts of

beam deflection may be achieved with either two or three-grid accelerator

systems. However, the results presented in these figures also illustrate

that for a common grid compensation value of 0.3%, beam deflection by de-

celerator grid translation does not lead to excessive impingement currents

on the decelerator grid. Although not shown in Fig. 10, the accelerator hole

ion impingement current was approximatley 4% of the ion beamlet current across

the 30-cm thruster simulated three-grid set radius. This value represented the

baseline pressure induced impingement level of the simulated grid set and was to

be expected, since the screen and accelerator grid holes remained coaxially

aligned across the thruster radius.

A comprehensive theoretical treatment of beamlet steering by grid

translation of three-grid accelerator systems has been presented by Conrad.18

Although primarily derived for neutral beam injector ion source accelerator

systems, the results are quite general in nature and with appropriate variable

re-definition can be applied to the accelerator systems studied here. For beam-

let steering resulting from decelerator grid translation only, Conrad shows that

the ion beamlet deflection angle s, is expressed by the following relation
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Figure it plots the ion beamlet deflection angle and decelerator and

accelerator hole ion impingement current variations for the simulated 30-cm

thruster three-grid accelerator system, assuming the screen and accelerator

grid separation varied from t g/ds = 0.227 at the thruster axis to t g/d s = 0.267

at the grid set periphery. Also plotted in Fig. 11 are the beamlet deflection

angle predictions for this accelerator system calculated using Eq. (5). As

can be seen from this figure, agreement between the experimental results

and the deflection angle predictions of Eq. (5) is good at moderate R values

but becomes poor for very low values of R.

Uniform Perveance Limited Operation

A series of experiments were performed to determine the amount of beamlet

deflection a translated decelerator grid could produce if it were mated to

the uniform perveance limited SHAG grid set design presented earlier. Figure

12 shows the results of these tests. To obtain these res<<lts the simulated

30-cm thruster three-grid accelerator system was operated at the maximum

safe ion current per hole values defined by Fig. 6. In addition, the maximum

permissable beamlet deflection was defined as that amount of decelerator grid

translation which increased the prevailing decelerator grid impingement current

en percent. From Fig. 12 it is apparent that a decelerator grid may be

pl, id downstream from the uniform perveance limited SHAG accelerator system

and that, at low R values significant decelerator grid translation induced

f
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beam deflection can be realized. The amount of decelerator grid

translation inherent in the results shown in Fig. 12 may be determined by

substituting these ion beam deflection angles into Fig. 10, then changing

the indicated radial grid locations to the corresponding values of de-

celerator grid translation by multiplying by the compensation factor 0.003.

During this study it was observed that for identical values of grid trans-

lation, total voltage changes did not change the measured ion beamlet de-

flection angle.

In an effort to pursue the lower R value (or specific impulse) limits

of three-grid ion thruster operation, a few beamlet deflection tests at net-

to-total accelerating voltage ratio values of R - 0.075 and 0.05 were examineo;

these tests are also documented in Fig. 12. It is interesting to note that

while very low R value grid system operation was possible, the maximum safe beam

current levels before excessive accelerator grid impingement currents developed

were somewhat less than those values indicated in Fig. 6. In addition, the

amount of beamlet deflection attaina.,le at these very low R values was not as

great as might have been assumed from the trends of the other data presented in

Fig. 12. It is thought that at these very low ion energy levels, electric field

abberatiuns, caused by mechanical imperfections in the accelerator system

and by slight grid miss-alignment errors, can result in off-axis ion velocity

components which are no longer negligible. These effects result in a smearing

of trajectories as the ions pass through the accelerator system with sub-

sequent poorer beam quality and earlier onset of significant direct accelerator

hole and decelerator hole ion interception. Finally, it should be mentioned

that at very low R values and high values of the total accelerating voltage VT,

the accelerator-to-decelerator grid electric field stress can be excessive.
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As an example, for R - 0.05, V T = 2500V, Rd/ds n 0.18 and a screen hole

diameter ds , of 1.405mm, the field stress is approximately 7.0 KV/mn.
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Summary

The results of a detailed study of two and three-grid accelerator

systems for high power 30-cm thruster operation has been presented. An

excessive accelerator grid ion impingement current condition with the present

30-cm thruster SHAG accelerator system was identified as being caused by

overcompensation of this grid set. An alternate two-grid accelerator system

design for this thruster was proposed to overcome this probelm while providing

substantial thruster performance gains. During the course of developing this

alternate grid set design it was shown that, a, ,ith a correctly matched dished

two-grid accelerator system, electrostatic beamlet steering is not necessary

to reduce off-axis ion thrust loss. This modified SHAG accelerator system

design was further extended to include a decelerator grid for successful

high power low R 30-cm thruster operation. At very low R values it was

shown that electrostatic beamlet steering by decelerator grid translation only

is significant.

Although the results of this work were applied specifically to a J-series

30-cm thruster, they are quite general in nature and may be used to evaluate

the performance of ion source discharge chambers with more uniform plasma

density profiles. It is felt that the large non-uniformity of the present

30-cm thruster discharge chamber plasma significantly lowers the thrust

potential of this diameter ion engine.
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