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2 The design, fabrication, and testingling 0£ thrust ve ctorable

ion optical systems capable of controlling the thrust direction from

both 5 . and 30-cm diameter ion thrusters is deecfibed. Both Systems
^

.	 are capable of greater than 10 0 thrust deflection in any azimuthal
 »

direction. The 5-cm system is electrostatic and Reece has a Short

. `	 response time and minimal power consumption. It has recently been

§	 tested for more than 7500 hours on an operational thruster. The 30-cm\ ^

>	 system is mechanical, has a response 'time of the order of ! min, and

\ consumes less than 0.3% of the total system input power at full

f \ deflection angle.	 .
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SUMMARY

I ts Both 5- and 30-cm thrust vectoring systems have been designed,

fabricated, and extensively tested under this prograrl-1.	 The 5-cm sys-

tem employs an interlocking matrix of electrodes in the accelerator

that is positioned so a transverse electrostatic force can be applied to

each beamlet as it is accelerated. 	 This gives high speed of response

(<I msec), precise pointing accuracy, and requires no moving parts,

The report describes in detail the effect of the ion optical system on the

thruster performance, the calibration curves for deflection versus vol-

tage, and the results of mechanical vibration tests on the	 ion optical

system.	 A deflection systemproduced under this contract has success-

fully completed 7500 hours of testing at deflection angles up to lo o at

the NASA Lewis Research Center as part of an ongoing thruster test.

It is considered ready for flight application.

'I
I i

The 30-cm thruster system employs a mechnically translating 
t

screen electrode system. 	 It was not possible to extend the 5-cm elec-

trostatic technology to the larger thruster because of the increased com-

ptexity resulting from the much larger number of apertures in the 30-cm.

system (10 4 apertures compared to 10 2 in the 5-cm system). 	 Two

mechanical designs were implemented and tested. 	 Each produced 10 0

deflection angles with no degrdation in thruster efficiency and minimal

increase in system weight.	 Neither design was structurally qualified.

Since each type of actuator was thermally controlled, there was an

interaction with the ambient temperature of the thruster shell that

proved difficult to compensate.	 While the thrust deflection principle

was proven in 30-cm size, it is desirable to improve the actuator

system prior to finalizing a flight design.

x il
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INTRODUC'T'ION

Mercury electron bombardment ion thrusters provide a number
of technical and financial system advantages when used for both pri-
mary propulsion of space vehicles or attitude control and stationkeeping
of synchronous satellite 1 ' 3 .	 It is necessary to control the precise
direction of the thrust vector in each system to compensate for initial
misalignment of the thruster, changes in thrust orientation during the
mission, or to control the attitude of the vehicle with respect to some
fixed reference, such as the earth or the sun. Several means of thrust
vector control, by conventional or mechanical means that move the
entire thruster or thruster array have been proposed. The goal of
the work reported here was to evolve means of controlling the direc-
tion of the ion beam from a fixed thruster, thereby eliminating the
weight, power, and complexity of auxiliary vectoring devices.

Successful prototype hardware was designed and tested under a
preceding contract, NAS 3-14058, which also compared possible alter-
native thrust vectoring techniques and surveyed previous activity in
this area.

During the present contract, thrust vectoring optics for both
5- and 30-cm ion thrusters were constructed and tested. These optics
interface directly with thrusters of these sizes constructed at HRL
(under Contracts NAS 3-15483 and NAS 3-14040) that have , been
employed as test vehicles for the optics system. Deflection angles of
±10 0 to any azimuthal direction have been demonstrated for both
thruster sizes. This should be adequate for all applications proposed
to dare.

The work described here is important because it describes
the only thrust vectoring system of any type for a 30-cm thruster and
the only electrostatic multiaperture deflection system that have been
built and tested.

}
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SECTION II

PART 1 - 5- cm SYSTEM

A.	 PROGRAM OUTLINE

The fundamental principles on which the 5-cm electrostatic
thrust vector grids are based were verified in an earlier contract.
The goal of the work reported here was to modify the basic design as
required to demonstrate both mechanical integrity during launch and

`
long, stable operational lifetime.	 The major steps in this procedure
are as follows;

1 .	 The design and fabr4 ation of the improved extraction
system dis^,ussed in the Final Report on Con-
tract NAS 3-14058 was completed.

{
2.	 The structural qualification of this prototype was

successful.

3.	 Two additional units incorporating minor design and
assembly improvements were fabricated. 	 These
electrode systems were delivered to NASA LeRC
for parametric and life testing.

4.	 A series of experiments were conducted to evaluate
both the performance of the electrodes themselves
and the effect that parametric changes of screenj
pole piece design and other minor discharge chamber
modifications would have on over-all, system
performance.

5.	 The results of the above tests and of life tests

^
conducted at LeRC were discussed in a design 	 4
review held at LeRC.	 Agreement was reached
on a design for the final electrode system that con-
servatively assured 104 hours of operation at the
expense of a small reduction in over-all efficiency.

6.	 Several sett, of electrodes of this final design were
fabricated and tested both at LeRC and HRL.	 In
a continuing test at LeRC, one set has accumulated
7500 hove r of operation (as of December 1972),
without, Significant change in performance or

C Contract NAS 3-14058 from LeRC, 1971. 
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appearance, as seen through a high power telescope
looking into the test facility, A second set was
extensively performance-mapped, as reported else-
where inthis report. A third act was successfully
qualified structurally as part of the SIT-5 thruster
package fabricated and tested under Contract NAS 3-15433,

B.	 MECHANICAL DESIGN - 5-cm SYSTEM

1.	 Design Details - 5-cm Deliverable 1-Tardwr re

The basic technique of electrostatically deflecting the beans
consists of imposing a transverse electric field across the ion beam
in the region of the negative accelerator electrode prior to neutraliza-
tion, This technique was applied first to cesium contact thrusters of
both single, circular aperture and linear-strip configurations. Exten-
sion of this concept to bombardment thrusters (whose ion extraction
system consists of a two -dimensional array of circular apertures) is
made _mechanically difficult, becau p e each aperture in the accelerator
must contain four deflection plates electrically isolated from each
other.

A practical design which has satisfied all electrical constraints
is the so-called "eggcrate" structure developed at HRL, that is
assembled from interlocking strip electrodes. Each aperture is
bounded by the necessary four electrically independent electrodes.
The individual strips are interconnected at the periphery of the
electrode. The screen is a sheet of molybdenum drilled by con-
ventional techniques to provide 0. 318-cm. diameter apertures on
0.445-cm centers in a square pattern. The accelerator consists of
a number of notched strip electrodes attached to four orthogonal
ceramic blocks by an array of leaf springs. The electrodes them-
selves are attached to the springs in such a way that the electrodes
are locked in place and held under a light tension that maintains
their position and alignment under varying thermal and dynamic loads.

a
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This system has been subjected to shake and shock tests

without incurring physical damage, The high degree of structural

integrity is due to the fact that the electrodes themselves are very

light and generate little force even at high 0 loads. Furthermore,

the interlocking structure limits the amplitude of vibration to less

than 0. 06 cm, thus preventing deformation that would exceed the

yield point.

The first grid system delivered to NASA LeRC under this

contract (SIN 201) was identical to the final system fabricated for

the previous Contract NAS 3-14058. The minor problems that

became apparent during assembly of this system were corrected with

minor design changes. These modifications are listed below with the

serial number of the grid assembly where the change was implemented.

ao	 Modification of spring strip bending die to make an
accurate 90 0 bend necessary for improved alignment
(SIN 202).

c. Improvement of bend on end of accel strips to more
closely conform to cross section of spring fingeri
(SIN 202).

C.	 Difficulty in alignment of spring strip-insulator
bars was reduced by providing more screw
clearance and by making an assembly fixture to
align the bars in the proper position. (SIN 202).

d. Spotwelding of sputter shields was eliminated by
redesigning to mount from existing screws at
screen positive potential (SIN 202).

e. Electrical termination was made more con-
venient by bending a portion of the spring strips
outward and providing a screw hole for lead attach-
ment (SIN 202).

f. Electrode spacin^ tolerance 0. 076/0. 090 cm
reduced to 0. 063 0. 076 cm to improve clearance
between strips and notches (SIN 203).

9 .	 Nonuniformity of accel strip straightness was
improved by adding stiffening rib to strips (SIN 203).

7



Number of doles 89
Screen aperture diameter 0. 318 cm	 -
Center-center spacing 0.444 cm
Accel aperture size 0.267 cm
Screen thickness 0. 051 cm
Accel thickness 0.254 cm
Screen-accel spacing 0.076 cm

8

F

;i

sj
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Grid system SIN 202 was used for the structural integrity
test described in the next section. SIN 203 was delivered to NASA
LeRC for parametric life testing. After several series of experi-
ments were conducted to evaluate the performance of the grid systems,
a design review was held at NASA-LeRC and the following changes
were made in the mechanical design to maximize the expected life-
time of the grid system and assure 10 4 hours of deflected operation:

as	 The accel strip thickness was increased from 0.01 cm
to 0. 05 cm. This change to thicker strips reduced
the accel aperture from 0. 343 cm to 0. 267 cm,
since the number of holes and center-center spacing
remained the same.

b.	 An improved acce), strip mounting scheme was
incorporated at this time. In addition, a sputter
.shield was added at each point where the accel
strips intersect to reduce charge exchange erosion
that became evident dearing extended life tests at
NASA LeRC.

The final grid system design is shown in rig. 1. The
dimensions are listed in Table I.

TABLE I

Dimensions of 5-Cm Dual Grid Electrostatic System

M
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2.	 Structural Te,3t Results	 5-cm Grid System

a.	 Test of Prototype System

The Thrust Vectoring System SIN 2OZ first was sub-
jected to the specified qualification level vibration and shock testing.
The grid system was then subjected to a series of sinusoidal vibration
tests at levels well above those anticipated in normal service tor
determine the margin of safety in the design and the failure limit
of the unit.	 This test program was conducted at the I1AC Space
Simulation Laboratory, El Segundo, California, during the period
June 28-30,	 1971.

t The thrust vecturing system was tested in the three principal
axes of the unit, of which one is parallel to the thrust axis, by applying
and controlling the shock and vibration, levels at the interface of the
unit and the vibration fixture. 	 The applied vibration levels were con-
trolled by the average of two accelerometers located 180 0 apart,
while the shock input was controlled using a single accelerometer.
Cross axes response at the fixture-thruster interface was monitored
during all tests by two accelerometers with their axes mutually per-
pendicular to the axis of excitation and to each other.

Accelerometers were located on the unit (to record the
response of the vectoring grid) and on the structure supporting the
vectoring grid.	 These response accelerometers (shown in Fig. 2)
were recorded on magnetic tape for all qualification vibration and
shock tests.	 The electrical continuity of the vectoring grid was
also monitored for each test throughout the test program.	 This was
accomplished by using a circuit to record on oscillograph paper any
shorting of adjacent grids during testing.	 The criterion for failure
was a permanently shorted circuit following test exposure. 	 Shock
test Nos. S1 through S7 were tested to the levels exceeding the

- qualification requirements by approximately 70%. 	 This overtesting
resulted from an incorrect calibration while setting up the shock pulse.
The error was corrected and tests S8 through S18 were within thei+
allowable tolerance.

10
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Fig. 2.	 Accelerometer Positions, 5 cm Thrust Vectoring
Optics.



'Pest No. Axis Type of Test

1 Y Low level (1. 0 g) sinusoidal

2 Y Qualification level sinusoidal

3 Z Low level (1. 0 g) sinusoidal

4 Z Qualification level sinusoidal

5 X Low level (1. 0 g) sinusoidal

6 X Qualification level sinusoidal

7A X -3dB random equalization

7 x Qualification level random

8A Z -3dB random equalization

8 Z Qualification level random

9 Y Qualification level random

T799

TABLE III

Shock Test

V

Test No. Axis Type of Test

S1-S3 +Y Qualification level

S4-S6 -Y Qualification level

S7-S9 +Z Qualification level

S10-S12 -Z_ Qualification level

S13-S15 +X Qualification level

S16-S18 -X Qualification level

;r

qk

J

f

i

4

The Thrust Vectoring System was tested to the levels presented

in Tables V through VIII in the sequence of Tables Il through IV.

TABLE II

Vibration -- Part I
Sinusoidal and Random Qualification Level



w

TABLE IV

Vibration -- Part lI
.	 Elevated Level Sinusoidal

9+'

` x

s`
1

Test No. Axis Type of 'Test

10 X 50 %9 of elevated level
11 X 75% of elevated level*
12 Z 500/6 of elevated level
13 Z 751% of elevated level

14 7 100% of elevated level.
15 Y 50% of elevated level
16 Y 757o of elevated level
17 Y 100% of elevated level

o;a
The limit of the vibration exciter was reached at 60% of
the X-axis elevated level.

T801

TABLE V

<.	 Sinusoidal Vibration Pant I
Qualification Level Sinusoidal Vibration Test Specification

Frequency (Hz) Level

5 -	 19

19 - 2000

0., 5 in, double amplitude
9. 0 g's (0-peak)



Pulses Weak Amplitude Duration

+3 and 3- half sine 30 g's 8 milliseconds
pulses in each of the
three orthogonal
directions

Total:	 18

,,	
f

t	 f

f

.4	 f

M

J

f

^i

TABLE VI

Random 'Vibration Test Specification

0*	 .

frequency (iiz) Power Spectral Density

20 - 340 0. 11 g2/TIz
340 - 400 Up 12 dB/octave
400 - 2000 0.22 g2/7Iz

Over-all level:	 19. 9 grms
Duration:	 5.4 min/axis

C

_i

T803
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TABLE VII

Shock Pulse Environment i

f	 iii



TABLE VIII

Sinusoidal Vibration — Part II
Elevated Sinusoidal Vibration Vest Levels

r'requency (I1z) Level

Lateral axes ("Y, Z) 5 - 19 0. 5 in. double amplitude
19 - 250 9. 0 g's (0-peak)

250 - 600 30. 0 g's (0-peals)
600 - 1200 70. 0 g's (0-peak)

1200 - 2000 9. 0 g's ( 0 -peak)

Thrust axis (X) 5 -	 19 0. 50 in. double amplitude
19 - 250 9. 0 g's (0-peak)

250 - 500 100. 0 g's (p-peak)
500 - 2000 9. 0 g's (0-peak)

Sweep rate: 2 octaves/min

T805
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Sinusoidal vibration tests were run in each axis to determine	 j
the fragility level of the test item. The fragility level was determined
by subjecting the test item to 50, 75, and 100' x/0 of the acceleration levels	 ^ y
above 9. 0 g's. In the case of the X axis, the acceleration limit of the
vibration exciter was reached at 60% of the specified 100 g level, and
therefore the 100% test was deleted. After each test, an inspection
of the test item was made and the oscillograph record.of grid electrical
continuity was reviewed to determine if a structural or functional
failure had occurred. The grid network shorted permanently during
test No. 15 (50% of maximum lateral test level, Y axis); however,
the remaining two tests (Nos. 16 and 17) were run to complete the
series.

b.	 Test of Final System'

A system of the final configuration illustrated in Fig. l
was integrated mechanically with the SIT-5 thruster as part o^ Con- 	 ,i

tract NAS 3-15483 for both performance and structural tests. While
these have been reported in detail in the final report under that con-
tract, they are noted here to verify the integrity of the system in its
a^-;tual system environment. 	 1	 '

The complete SIT-5 system was subjected to structural tests
similar to those described for the electrodes above. Even with the
amplification factor introduced by the system the only structural
damage incurred in the ion extraction system was the failure of the
sputter shields at their mounting points and loosening of one pin that had
been improperly brazed. The ends of the sputter shields were
increased in thickness to provide more rigidity and the brazing pro- 	 ^'z
cedure was modified slightly to effectively solve these two weaknesses
as proven in subsequent tests.

Conclusions

The Thrust Vectoring System has been successfully qualified
to the required vibration test levels and has demonstrated structural

16



4	 adequacy specified by the design requirements. After the qualification

r level tests, the vectoring grid network showed no permanent shorting.
Considering the overtesting during 7 of the 18 shock pulses

applied to the test item, no apparent damage was noted by close
physical inspection of the structure and continuity tests showed no
permanent shorting of the grid network.

C.	 SYSTEM PERFORMANCE TESTS

1.	 Short Term Tests

In arriving at a final optimized thrust vector optics design, a
number of short term tests were performed with the goal of maxi-
mizing the lifetime of the deflectable optics by reducing the ion
impingement currents to the lowest possible values. This was
accomplished in two steps; first, by adjusting the shape of the
screen magnetic pole piece and secondly, by a parametric study of
different ion optics element geometries. The latter experiments
included screen electrode modifications, grid spacings, and accel strip
geometries. After these short term tests, the final d6s,ign chosen
was performance-mapped during a 150-hour test which demonstrated
the deflection optics lifetime had been increased without sacrificing
the deflection sensitivay of previous designs.

a.	 Screen Pole Piece Variations

The initial series of experiments were conducted
j	 with conventional optics (dimensions in Table, IX) to find a pole piece

geometry to produce a uniform beam profile. The three most

f promising pole piece configurations that were tested are shown in
Fig. 3 and are designated E, H, and G. All of them produced a fairly
uniform beam profile at a fixed z position. A representative beam
profile for thin series of experiments is shown using the H configura
lion in Fig.  for a beam current of 40 mA at V = 1200 V andg	 f

e
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TAB LE IX

Parameters of Conventional Optics Used for Screen Pole
Niece Variations

Square Pattern 89 holes
Screen Aperture dia, 0. 391 cm
Screen Thickness 0.050 cm
Accel Aperture dia 0,345 cm

Accel Thickness 0,127 cm

Screen-Accel Spacing 0.119 cm
Cente r to Center Spacing 0.444 cm

T806

V = 1000 V. A perveance curve for the three different screen pole
piece variations tested was tal"en under similar operating conditions
and is shown in Fig. 5. It is seen that configurations IT and G have
essentially the same limiting perveance, while configuration E clearly
is lower. Thus, it is inferred that configurations II and G are producing
a flatter beam profile, indicating that the perveance curve with a plot
of ac"el current as a function of total voltage is a more sensitive
indicaicr of the beam shape than the beam profiles described above.

This series of tests indicated the following:

1. The nearly identical beam profiles moaqured for the
different pole piece configurations show that the
thruster beam profile is relatively insensitive to
pole piece variation.

2. Using the onset of the accel current increase when
taking a perveance curve as a criterion of plasma
uniformity, pole piece configuration H and G are
substantially equal and clearly superior to con-
figuration E.

b.	 Ion Optical Geometry Investigations

A summary of the five different ion optical geometries
thatwere evaluated to provide comparative operating data is shown in
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Table X.	 The first four configurations used the standard thrust vector
optics of the same type previously delivered to LeR.0 under Con-
tract NAS 3-14058. 	 These optics have a deflection structure 0. 254 cm
Long constructed of 0. 0127 cm wide strips forming 0. 343 cm 	 apertures
while the last configuration (and the final design) used 0. 267 cm
apertures formed by 0. 051 cm wide strips. 	 The first four co, figura-
Lions used the type G pole piece configuration, while the fifth con-
figuration used the type H configuration. 	 All of these tests included
measurements of the accel drain current as a function of deflection
voltage for different beam current, and measurements of the optics
perveance for different beam currents. 	 This data is summarized in
Table X.	 Figure 6 shows the dependence of the undeflected accel
current as a function of beam current for a total voltage of 2200 V. R
This curve shows that the resultant undeflected accelerator currents

r

increase approximately linearly with beam current.	 Approximately
75% of this current is calculated to be charge exchange current, which 1
is also shown plotted in Fig. 6,

. The difference between the measured and calculated current
is thought to be due to secondary electrons which would increase
this component.

The total measured accel current is plotted versus the
deflection voltage for nominal beam currents of 25-30, and 35 mA in
Figs. 7 through 9.	 At a beam current of 35 mA, a sharp decrease

t in accel drains as the total voltage is raised from 2000 to 2400 V.
For a beam current of 25 mA (Fig. 7), there is hardly any change in
going from 2000 to 2400 V. 	 The perveance curve shown in Fig. 10

s

indicates the deflecting operating point must lie far enough to the
right of the limiting perveance line to be in the regime when the

µ;f

accel drain curve has reached its minimum value. 	 Thus, the
total voltage must be raised as the beam current level increases to
maintain low drains when the beam is deflected. 	 This means the
deflection sensitivity necessarily will decrease as the beam current

a
level is increased.
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A comparative summary of the different optics tested is
exhibited in Table X.

This data shows the following:

1. Comparing configurations 1 and 2, which have the
same grid spacing, there is no apparent advantage
in going from the round- to square-type screen
aperture.

2. Comparing configurations 2 and 3 (or 4 and 5), the
0. 076-cm grid spacing is clearly superior to the 0. 119-cm
grid spacing. Measurements of the actual beamlet
size using thin foil (see the appendix) showed that the
closer spacing was producing a smaller beamlet size.

3. Comparing configurations 4 and 5, it is obvious that
the 0. 317-dia screen hole should not be used with an
accel aperture larger than the screen hale.

4. Since configuration 5 has the lowest drain currents
and uses the thick accel strips (0.05 cm versus
0.012 cna) that should result in a longer life, it was
chosen as the final design. An extensive perform-
ance map of this final design is described in the
following subsection.

2.	 Performance Map

This section contains a summary of the special report sub-
mitted following the rather extensive performance map of the final
5-cm Thrust Vector System fabricated under this contract.

a.	 Introduction

The system is comprised of a SIT-5 thruster and thrust
vector optics system developed under the present contract (NASA 3-15335).
The thruster tests include perveance curves, thruster performance,
beam profiles, and beam deflections for beam currents of 20, 25, 30,
and 34 mA, respectively. The thruster was operated for approxi-
mately 150 hours with no observable changes in deflection system
sensitivity or thruster performance. The purpose of these tests was
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to demonstrate that the deflection optics lifetime has been maximized
by reducing the ion impingement without sacrificing the deflection
sensitivity of previous designs.

b.	 Thruster and Test Facilities

The SIT-5 thruster that was integrate,, with the thrust vector
optics for these tests was developed under Contract NASA 3-15483.
The dimensions of the dual grid electrostatic system are shown in
'fable XI.

TABLE XI

Dimensions of Dual Grid Electrostatic System

Number of holes 89
Screen aperture diameter 0. 318 cm 0. 125 in.
Center-to-center spacing 0.444 cm 0.175 in.
Accel aperture diameter 0.267 cm 0. 105 in.
Screen thickness 0.051 cm 0.020 in.
Accel thickness 0.254 cm 0. 100 in.
Screen-ac:cel spacing 0.076 cm 0.030 in.
Pole PIP.C9 H (see Fig.	 3)

T808

Figure 11 gives the dimensions on an individual hole. Figure 1 is a
photograph of the optics system prior to mounting on the Ihr, uster,

The test apparatus consists of a 1. 5-m diameter by 4. 6-m long
vacuum chamber, equipped with a cylindrical cryoliner and water-cooled
beans collector. The thruster is mounted from the end bell so it is
completely Exposed to the cryoliner, and the beam is not apertured by
any port or valve. A conventional electronic test setup was used with

29
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f

the common point of the positive and negative high voltage supplies and
the neutralizer ^oupled to ground through an SCR to assure a neutralizer
emission equal to the beam current without permitting this common point
to float to high voltage in the event of a neutralizer failure.

The deflection supply was especially constructed for this type of
optics system. It consists of four supplies, ganged in pairs to provide
differential voltages in both the x and y directions. The circuit and
metering are illustrated in Fig. 12. A current sensing circuit is
included in each output to provide overload protection by tripping off
the supply.

A rather sophisticated beam probe was used on this program.
The 65-cm long probe contains 35 individual faraday cups behind
0. 16-cm diameter apertures. (In this test, only 13 cups were used to
reduce the data collection time. ) The probe carrier runs on two
tracks that allow it to be positioned in the z direction (parallel, to
chamber centerline) and the x direction (horizontal and perpendicular
to the chamber centerline); positioning is accomplished by two pulse-
driven stepper motors actuated from outside the tank. Thus, the beam
intensity may be sampled within the volume downstream of the thruster
ranging from x = ±33. 4 cm, y = ±30. 5 crn, and z = 3. 2 to 64. 8 cm
from the accelerator electrode.

Circuitry was provided to automatically step the probe carrier
in the x and z directions. The magnitude of the beam current samples
collected in the probe cups was automatically recorded on punched
tape, which could be fed directly into the computer for analysis. In
operation, a typical scan consisted of setting the probe carriage at the
desired z distance and then scanning each of 13 faraday cups at
13 preselected, equally spaced positions in the x direction. Such a
scan takes approximately 6-1/2 min to perform.

The data was analysed by using the computer to fit a three-
dimensional surface to the beam intensity measurements taken in a
particular surface to the beam intensity measurements taken in a
particular plane. The computer calculates the position of the centroid
of the volume defined by this surface, the magnitude of the total current
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represented by the surface, and the location of the curves of equal
current intensity over the surface. These latter contours can be
plotted automatically by the computes, using a Calcomp plotter if
desired. This was done periodically to check the beam shape, but was
too time-consuming (-20 min/plot) to do each of the scans taken during
the testing.

C. Test Procedure

Deflection data and thruster performance information was
obtained for beam currents of 20, 25, 30, and 34 mA, respectively.
Selected beam and accel voltages are described in the results in the
following pages. The thruster was operated overnight, between
deflection experiments, to obtain mass flow data. All data were taken
with chamber pressure in the 10 -7 to 10 -8 Torr range.

d. Perveance Curves

Pervearice curves were taken for the SIT-5 thruster at
four different beam levels. When V+ = 1600 V and V - = -800 V, the
beam values were nominally 20, 25, 30, and 34 mA, respectively.
Figure 13 shows the perveance data along the corresponding accel
current. It can be seen that this system adequately handles a beam
current of 34 mA at a total voltage of 2000 V, and a beam of 20 mA at
1350 V. Note that for the 25 mA planned operating current for this
thruster, the accel current starts to increase when the total voltage
drops to 1650 V. This is 750 V below the 2400 V nominal total
voltage. A plot of beam current versus accel drains (V *	1600 V;
V - = -800 V) shows a linear 'relationship in Fig. 14.

e. Thruster Performance

The performance values in Table XII were obtained at
the beam current levels of 20. 25, 30, and 34 mA. Mass utilization
values were obtained from runs of 20 hours or greater. The ,SIT-5
thruster discharge performance is shown in Fig. 15 for four propel-
lant flow rates. These correspond to ion beam currents of 20, 25,
30, and 34 mA.
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Beam Voltage, Vt , V 1600 1200 1200 1600

Beam. Current, I B , mA 20 25.5 30, 1 34

Accel Voltage, V	 V -800 -1160 -.1160 -800

Discharge Chamber Voltage, VD' V 45 45 45 45

Discharge Chamber Current,
Ili , mA 200 300 380 435

Neutralizer Coupling Voltage,
VC , V 12 25 78 40

Neutralizer Coupling Current,
I C , mA 20. 5 25.5 30. 6 34.5

Main Keeper Voltage, V MK, V 20 16.5 16 1 Ei

Main Keeper Current, I MK' mA. 370 370 370 370

Neutralizer Keeper Voltage,
VNK' V 21 22 23 20

Neutralizer Kee-3pex Current,
INK' mA 360 360 400 450

Discharge Energy/Ion, VDISCH'
0 eV/Ion 450 529 568 575

Discharge Mass Utilization,
Nm, % 68 69 65 72

Neutralizer Flow, INHg, mA 2.1 3.6 3.4 4. 2
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TABLE XII

SIT-5 Thruster Performance with
Thrust Vector Optics
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£.	 Beam Profiles and Deflection Results

The beam profiles and deflections were taken for 20 ;. 25, {
30, and 34 mA beams with the beam scanner.	 Various beam and

t accel voltages were used to demonstrate their effect on the beam
` deflection.	 Table XIII contains the data that was taken. 	 The sig-

nificance of the positive and negative signs of the V X and V 	 deflection
voltages was merely the sign convention for the center zero voltmeter
used to measure the deflection voltage.

The most detailed deflection curves were obtained for V + = 1600 V, -
V	 - -800 V, at the four beam currents mentioned earlier. 	 The
results of the X deflection are shown in Figs. 16 through 19. 	 The
deflections are similar.	 The sensitivity obtained from these figures J
is shown in Table XIV as obtained from the slope of the curves.
Generally speaking, a slightly larger deflection angle is obtained for
larger beam currents. 	 This is because the broader beams experience
a larger deflection force.	 As illustrated, 	 the Y deflection sensitivity
is slightly higher than the X deflection sensitivity.	 Previous experi-
ments, with the same notch orientation as these experiments in which
the notches in the Y strips (which deflect the beam in the X direction)
were oriented downstream, had a higher deflection sensitivity in the
X direction.	 Evidentally the downstream sputter shields (which were
not present in the previous experiments) have increased the Y sensi-
tivity enough to reverse the previously observed behavior.

Tables XV and XVI show the deflection angle for various
voltages at limiting beam currents of 20, and 34 inA, respectively.
These tables verify that the sensitivity is less for the more energetic
ion beams.	 Table XVII shows the deflection angle for V f = 1400 V,
V - = -700 and V+ = 1800 V, V - = -900 V, at various beam levels.

A final check on the axis of the thruster with respect to the
normal of the scanning collector plane was made by obtaining non-

{ deflection readings at three distances from the thruster.	 These
results showed that the thruster was pointed upwards approximately 40 . µ
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TABLE XIV

Deflection Sensitivity for V + = 1600 V, V- = -800 V

V+

V
V_
V

I+
mA

VX
V

VY
V

d6
dVX

degree
V

de
dVy

deg re

1600 -800 20 + 0 0.0179

1600 -800 25 + 0 0.0170

1600 -800 30 + 0 0.0184

1600 -800 34 + 0 0.0186

1600 -800 20 - 0 0.0179

1600 -800 25 - 0 0.0184

1600 -800 30 - 0 0.0192

1600 -800 34 - 0 0.0191

1600 -800 20 0 + 0.0181

1600 -800 25 0 + 0.0188

1600 -800 30 0 + 0.0200

1600 -800 34 0 + 0.0224

1600 -800 20 0 - 0.0181

1600 -800 25 0 - 0.0224

1600 -800 30 0 -

1600 -800 34 0 - 0.0193

T811
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TABLE XV

I'	 Deflection Data for a 20 MA
Beam and Various Total Voltages

F

s

V+
V

V-
-V

VT
V

1+
mA

IAC
mA

V 
V

V
V

 0X

degrees
0Y

degrees

1400 700 2100 20 0.075 600 0 12.3 0

1600 800 2400 20 0.08 600 0 11.3 0

1800 900 2700 20 0.08 500 0 8.4 0

1400 700 2100 20 0.07 -600 0 -12.2 0

1600 800 2400 20 0.08 -600 0 -10.9 0

1800 900 2700 20 0.08 -600 0 -	 9.4 0

1400 700 2100 20 0.07 0 600 0 14.6

1600 800 2400 20 0.07 0 600 0 12.4

1800 900 2700 20 0.075 0 600 0 10.9

1400 700 2100 20 0.075 0 -600 0 -12.4

1600 800 2400 20 0.07 0 -600 0 -11.0

1800 900 2700 20 0.07 0 -600 0 -	 9.9

N

T812



V*

V
V-
-V

VT
V

I+

mA
IAC
mA

V
V
 V

V

 OX

degrees
OY

degrees

1600 800 2400 34 0.14 600 0 11.0 0

1800 900 2700 34 0.13 600 0 10.0 0

1600 800 2400 34 0, 13 -600 0 -11.1 0

1800 900 2700 34 0.125 -600 0 -	 9.7 0

1600 800 2400 34 0.13 0 600

1800 900 2700 34 0.125 0 600 0 12.4

1600 4 00 2400 34 0. 13 0 -600 0 -11.4

1800 900 2700 34 0.14 0 -600 0 -	 9.9

E
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TABLE XVI

Deflection Data for a 34 mA
Beam and Various Total Voltages
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TABLE XVII

Deflection Data for Similar Voltages
and Various Beam Currents

V+ V- VT I* I AC V x V y 0x 0y

V -V V mA mA V V degrees degrees

1400 700 2100 20 0.075 600 0 12.3 0

1400 700 2100 25 0.11 600 0

1400 700 2100 30 0.13 600 0 12.9 0

1400 700 2100 20 0. 07 -600 0 .-12. 2 0

1400 700 2100 25 0.09 -600 0 -13.8 0

1400 700 2100 30 0.11 -600 0 -13.1 0

1400 700 2100 20 0.07 0 600 0 14.6

1400 700 2100 25 0.09 0 600 0 12.9

1400 700 2100 30 0.12 0 600 0 13.8

1400 700 2100 20 0.075 0 -600 0 -12.4

1400 700 2100 25 0.10 0 -600 0 -11.0

1400 700 2100 30 0.11 0 -600

T814
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This would give an error of less than ^;0. 5 o to the deflection data.
Based on this and an estimate of other possible errors,, the accuracy
of the measured deflection angles can be said to be better than Flo.

g. Conclusion

The results of the deflection studies show that for the design
operating point (i. c., V + = 1600, V - = -800, and I+	25 mA)
deflection angles of :h10 o can be obtained readily with deflection volt-
ages of ,600 V or less. The accel currents are quite low (0. 10 mA) and.
promote long lifetimes. These tests also provide useful deflection
data for off-design operating points.

D.	 CONCLUSION

1.	 5-cm Electrostatic Thrust Vector Systetr;t

A structurally sound, high-resporise thrust vectoring system
has been constructed for the 5-cm SIT-5 thruster system. The sys-
tem easily produces ± 10 0 deflection to any azimuth without reducing
the system lifetime. Life tests approaching 10 4 hours duration are
currently underway at the NASA Lewis Research Center. The only
detriment of the system is an apparent 5 to 10% degradation in thruster
mass utilization as compared to performance measured with a conven-
tional two-electrode system. Tests are currently underway to optimize
the discharge chamber for the vectorable electrode geometry to elimi-
nate this performance penalty.
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SECTION II I

PART II - 30-cm SYSTEM

A,	 PROGRAM OUTLINE

The initial task under this phase of the p rogi: ivio ikas to fabr•"cate
and test a movable grid, 30-cm thrust vectoring system pattern-d
after a similar 5-em system that had been developed previously old
successfully tested under Contract NAS 3-14058. .Aia1:p or.ea P?rray
of faraday cups was constructed to facilitate 	 tt,nalyzAs of Vft
ion bean. shape and profile in the 9-ft space simFbldtJOfx fa gll.ihp. The}

test results demonstrated that the moving screen concept worked
satisfactorily in the 30-cm size, but that an improved grid support-
and actuator syste.rn ,,vere required for mechanical stability.

A survey of other possible actuators was conducted and sub-
mitted to NASA LeRC with proposed structural design modifications
to improve the integrity under launch conditions. This design was
approved and the request was made that the final system incorporate
dished electrodes to eliminate the need for a central interelectror',,
support.

Two sets of electrodes were built to t1ds design and satisfactorily
tested to experimentally demonstrate the ability to vector a broad
2-A'ion beam with an ion optical system of the same apertured con-
figuration, perveance, and general mechanical structure as currently

4,5
used in optimization programs and life tests at NASA LeRC and at HRL.
While no vibration tests were made, the much tA.,iffer mounting struc -

ture and the dished electrodes used in the latest design appear to have
a mechanical integrity equal to the rest of the thruster structure.
The grids ware delivered to LeRC for further testing.
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B.	 MECHANICAL DESIGN - 30-cm SYSTEM

Design Details - 30-cm Deliverable Hardware
h

f

The initial 30-cm vectorabl,e grid system was fabricated and
tested on the GFE thruster designed and fabricated under Con-
tract NAS 3-14140.

The entire optics system, including the grid supporting hard-
ware, is a complete bench subassembly and is demountal 	 from the M

thruster.	 The screen and accelerator electrodes are supported from
a lightweight annular ring, which provides a stable mounting base for „n
Ooi optics and a convenient interface to the mounting brackets on the

7
{ uvj,uster outer housing.

The screen electrode is supported by six helical springs
attached to the screen electrode mounting brackets and is also held
Uc	 support wires at the pe ipbQry and by a center support. 	 The helical
springs, when heated by passing current through them, serve as the
motion generating device. 	 The flexible columns provide the proper

'f

axial spacing while allowing flexibili 'r in the transverse direction with
a minimum of resisting force.	 The grid center support design con-.

` sists of a 0. 05-cm diameter x 2..8—cm long molybdenum wire with a
^

i
'	 yY flange electron beam welded to the upstream end.	 A screw is beam

welded to the downstream end, which attaches to the accel grid by an
insulated cap.	 The cap is the only portion of the center support down-
stream of the accelerator grid.	 An outer tube is brazed to the screen

F grid and is machined on the upstream end to accommodate the flange,
insulators, and retaining screw.

The calibration of the screen electrode motion versus power
was accomplished (in vacuum) by mounting two linear differential
transformers on the X and Y axis of the thrust vectoring optics
assembly.	 The output of these transducers was displayed with a
digital 	i pra g wing a direct readout of the X and Y motion to a cif

^. -- esoluti,on of 0. 0001 in.	 Since the spring orientations were as shown
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in Fig. 20, different groupings of springs were used for the X and Y
directions.	 Thus, for the Y direction, either sprang numbers 6 and 5,
or 2 and 3 were heated, while for the X direction, spring numbers 1,
2 and 6, or 3, 4 and 5 were heated. 	 Figure 20 shows the resulting
measured screen translation as a funr yion of the total input power fori
various spring orientations.	 This figure shows that using either two
or three adjacent springs, depending on the direction desired, a screen
movement of 0. 2 xnm can be obtained with about 0. 8 W total heating
power.	 From the recent results of Lathem, 6 this should result in a
beam deflection angle of approximately 10°. 	 During these tests, the
maximum translation obtained was about 0. 35 mm, which corresponds
to a deflection angle of approximately 17 0 .

This grid system demonstrated the applicability of vectoring
a large beam by the moving screen technique; however, it indi.,
that structural modifications were required for improvement of the
system mechanical and thermal st,.b-?LVty to achieve reliable operation
over the full power range and'"du ring launch conditions.	 Several alternate
designs were analyzed, and the most promising was implemented into
test harc.ava'r'"e.	 Basically,	 this design consists of a reservoir filled
with liquid mercury which is coupled. to actuator bellows that elongate
when the reservoir is heated. 	 This device is shown schematically
in Fig. 21.	 The fluid (liquid mercury) fills the region between
bellows A and the outer container, the connecting tube, and 'bellows B.
As the system heats up to the nominal operating temperature, the mer-
cury expands and compresses bellows A (which has a lower spring
rate than bellows B) until it is constrained by the stop screw. 	 The
stop screw is adjustable to compensate for variable ambient
temperatures.

The completed system is shown in Fig. 22.	 Work on related
30-cm programs had progressed so it was possible to incorporate
hydrostatically formed dished grids for the final deliverable hardware,
thus eliminating the need for a central interelectrode support. 	 In
this design, a single reservoir is used to drive two bellows at
diametrically opposite points, as shown schematically in Fig. 23.
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Fig. 20.	 Screen Translation as Function of Total Input
Power for Different Spring Orientations.
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Fig. 21.	 Schematic of Expanding Fluid Motion Generator.
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Fig. 22.	 30-cm Thrust Vectoring System.
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Fig. 23.	 Thrust Vectoring Actuator Concept.
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If only single bellows were used on each axis, the screen electrode:
would rotate due to the lateral instability on compression springs
(bellows).

C,	 SYSTEM PERFORMANCE EVALUATION

All thruster tests were made on a 30-cm thruster of the type
developed under Contract NAS3.14140. The tests were run in the
3-m diamr6ter space simulation facility, which had been equipped with
an array of 177 small faraday cups spaced 15-cm apart. The beam
current entering these cups was sequentially monitored with a digital
voltmeter to provide a data format similar to that described in
Section II-C for the 5-cm tests. The ds.ta was recorded on punched
tape and analyzed by computer to provide beam centroid location and
an integrated value for t;,,e total collected ion beam current. If desired,
the beam contours at each of the 10% intensity levels can be presented
graphically at the recorder output of the computer. The lateral motion
of the electrodes was measured with a linear differential transformer.

1.	 Test of the Prototype System (SN 50)

As described above, the prototype system employed flat grids
with a single central interelectrode support. The screenwas actuated
by controlling the temperature of the support springs, which provided
its mechanical lateral support.

The measured beam deflection is shown in Fig. 24.
During the tests, several observations were made, as follows:

a. The beam deflection angle was 0. 7 0 /0. 001 in. of
electrode motion that is in agreement with the design
predictions.

b. Thruster performance with the vectorable optics was
equivalent to that with the original non-vectorable grids,
as had been expected.
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c,	 Although several attempts were made to adjust the
electrode spacings, the maximum stable beam current
that could be extracted was -1. 0 A.	 Above this value,
interelectrode shorting and arcing occurred.	 This
problem also arose in non-vectorable electrode sys-
tems fabricated at this time and it has been traced
recently to the accelerator mounting structure.

d,	 The weight of the screen electrode caused observable
grid misalignment as the thruster orientation was
changed.	 This indicated that a :modified mounting
arrangement was required — particularly to withstand
launch conditions. }

e.	 The power required to move the electrode a given
r

amount increased as the ambient thruster temperature
Pincreased.	 This is due to the increased heat loss

from the springs as the thruster temperature was
raised.	 At maximum deflection, the spring tempera-

J, 	 ture increased to the point where a permanent mech-
anical set could take place.

The conclusion to be drawn from these prototype system
tests is that the basic concept is good, but that the structural design f

and the method of moving the screen electrode should be improved.
Spe cillically, the improved design should: 1

a, Provide a more positive mount for the screen elec-
trode, particularly with the thruster off, as it would 1f

+
1

be during launch.

b,	 Provide a positive displacement motion generator
rather than the present variable force system. 	 With
the latter, the electrode motion is a function of the
resisting force, thus making it difficult to precali- 1

brate this motion prior to launch. #
A

C.	 Eliminate the need for a center support without sacri-
;# fice of interelectrode spacing accuracy.

d ,	Not be sensitive to the temperature change incurred
fk

R when the thruster is first turned on or when adjacent
thrusters are switched on, thus making the thermal
environment around the thruster nonuniform.

e ,	Assure that both the screen and accelerator take on ;(
the same direction of curvature as they expand due

rytothe temperature gradient from center to edge.
Failure to do this was identified as the cause of
interelectrode arcing at 1. 0-A beam current.
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2,	 Test of Final Delivered System (SN's 503 and 504)

n

f.

f

is

a. Bench Tests

Prior to integration with the thruster, the ion optical
systems were thermally tested on the bench to establish the motion
generated for a given temperature increment. These results are
shown in Fig. 25 and indicate that, as desired, the response is the
same for both the ?X and Y translators. Figure 26 also compares the
sensitivity of the two assemblies. Initial data was taken with the
actuator set to make no provision for an ambient temperature increase
prior to the start of translation. When the stop in the actuator is
backed off to permit the accumulator bellows to compensate for an
ambient temperature increase, curves with a distinct knee are
recorded, as shown in Fig. 25. The knee may occur at a slightly
different temperature when the extractor system is on the thruster,
because each of the various mercury-containing elements will rise
to its own ambient temperature and affect the mercury volume.

b. Thruster Tests

The thruster and vectorable optics were mounted in
the 3-m diameter by 6-m long space simulation facility for tests.
The multiple-probe array was set at the maximum distance, approxi-
mately 4 m downstream of the thruster. With the much broader
beam produced by Elie dished optics, the beam at this location proved
to be very flat and the centroid could not be determined with suf-
ficient accuracy to precisely define the thrust vector. The collector
was next moved to a location 127 cm downstream, with the much more
definitive results reported below. All transverse motions are
measured in this plane.

The test data are illustrated graphically in Figs. 26 through
2$. Figure 26 shows the inter-relationship of ion beam current
(discharge chamber power), actuator temperature, and actuator
heater power (actuator heater resistance -1 SZ). The actuator ambient
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temperature ranges from 130 to 178 0 C, as the beam current is
increased to 2. OA. These temperatures are consistent with temperature
measurements of the optics support ring reported elsewhere. 7 The
rise in actuator temperature above this ambient is -37 0 C/A,. of actuator
heating current, regardless of beam current. Unfortunately, during
these tests, the set point, on the accumulator bellows stop was adjusted
so this rise in thruster temperature produced a shift in the thrust
direction without application of actuator power. The scheduled delivery
date did not permit readjustment and further testing to verify that these
cross-coupling tei ins could be eliminated; however, the bench test
data shown in Fig. 27 illustrates how this can be done. Figure 28
shows the motion of the thrust vector in a plane 127 cm downstream
and perpendicular to the beam direction as the beam is increased.
Figure 29 shows the translation in this same plane as the actuators
are heated after the ambient temperature has been reached. All slopes
are in the range 7 to 8 cm motion/A actuator current.

In terms of angular displacement, the results indicate a value
of -l o deflect-,2 for each 0.005 cmof transverse accelerator motion. The
maximum deflection angle measured was 9. 7 o at 2. 0 A beam. At this
point, the accelerator current was 5. 0 mA, which is within experi-
mental error of the nominal value at zero deflection angle, indicating
that no direct interception had occurred as a result of this screen
electrode motion. A typical beam profile is shown. in Fig. 30.

D.	 CONCLUSION

a.	 30-cm Mechanical Thrust Vector System

Two different 30-cm thrust vector systems have been
successfully fabricated and tested. Each has demonstrated that the
beam can be vectored up to ±10 0 by moving the screen electrode rela-
tive to the accelerator. 'These tests also have indicated that the total
system would be improved by an actuator concept which would shorten
the response time and assure that the vector angle is insensitive to
both thruster ambient temperature and operating power level.
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Fig. 30.	 Typical Beam Profile.
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APPENDIX

, BEA	 ET	 Z	 DMEASUREMENT OT'	 ML	 SIZE AN SHAPE

In the course of investigating different optics geometries, an
interesting technique was used to determine the variation in the

shape across the discharge chamber at both thebeamlets size and	 g
t• upstream and downstream sides of the deflecting accel electrode.

The method used was one that Byers and Banks 	 used in investigating
different grid aperture shapes and it was accomplished by placing thin
tantalum foil strips inthe apertures and letting the beamlets sputter
holes away.	 Tantalum strips, 0. 05-mm thick by 4-mm wide, were
placed on both sides of the deflecting accel and were oriented in the
vertical and horizontal planes and crossed in the central hole. 	 This
experiment was conducted for the configuration 2 and 3 screen
geometries (see Table X, Section II), which Ref. 8 showed produced
square beamlets.	 The results of this experiment are illustrated in
Fig. 31, which shows the tabulated beam size for grid Spacings of
0. 076 cm and 0. 119 cm.	 The data is also plotted in Fig. 32.	 These
measurements show the beamlets are almost perfectly square-shaped
on the upstream size of the accel electrode, with only a small size
variation in the radial direction. 	 The downstream holes do show an
appreciable size variation,. which indicates the square structure
becomes trapezoidal toward the edges.. 	 Note that the downstream
beam size is smaller for the closer grid spacing, even though the
upstream beamlet size is larger for this case. 	 This arises from the
fact that the minimum beam size (the beam waist) occurs farther
into the deflecting accel for the closer spacing. 	 The optimum. condi-
tion would occur if the beam waist was halfway down the deflecting
accel for the central region holes, which have the largest beam sizesy
and limit the. deflection angle. 	 The bea,mlet sizes tabulated in Fig. 31
show the beamlets are smaller in the X direction. 	 This probably
results from the fact that the notches in the Y strips (which deflect
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the beam in the X direction) are oriented, downstream. This absence
of notches facing the plasma boundary in the Y strips evidently pro-
vides a stronger converging effect in the X direction with the resulting
smaller beam size in this direction. This notch orientation is also
responsible for the experimentally measured higher deflection sensi-
tivity in the X direction (-0. 015 0 117 versus 0. 0110/V at 2400 V).
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