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ABSTRACT

The purpose of this investigation is to establish the probability
that thrust vector misalignment will occur in an ion thruster array.
To accomplish this it is necessary to establish first the probability
that any combination of a number of possible mechanical perturba-
tions in the system may occur, second to investigate the effect of
such perturbations on the ion trajectories, and finally to interpret
this information in terms of thrust variations for a single thruster
and the array of thrusters. This report discusses progress made
during the first three months of a nominal two year program to con-
duct the above investigation by a combined analytical-experimental

technique.
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I. INTRODUCTION AND SUMMARY

As a result of comprehensive studies over the past three years,
the design of solar powered electric propulsion systems for interplanetary
missions is becoming more crystallized. It is known, for example, that
the thruster array will involve a cluster of perhaps eight to twelve thrusters
arranged on a frame which can be translated in two directions {or other
suitable freedom of motion) relative to the spacecraft, This translational
motion is necessary in order to assure that the center of thrust will pass
through the center of mass of the spacecraft, for any configuration of
active and inactive thrusters. The thrust vector of an individual thruster
will not necessarily be along the thruster axis and could change slightly
in magnitude and direction with time. The effect of these misaligned
thrust vector components around the pitch and yaw axes can be negated
by the translation mechanism mentioned above; the component around
the roll axis, however, can be compensated only by the spacecraft atti-
tude control system. Therefore, it is of considerable importance to
SEP spacecraft design to know the expected thrust vector misalignment
as a function of various thruster operational parameters, mechanical
displacements, and time. Such knowledge is also fundamental to the
development of techniques for reducing the changes in the thrust vector.
The objective of this program is the establishment, by analysis and
subsequently by experiment, of an expected change in thrust vector
from an electron bombardment engine, as a result of all known or an-
ticipated causes. The first phase of this program is devoted to the
analysis of expected electrode displacements, determination of the
effects of these displacements on the ion trajectories and thereby on
the thrust vector, and the design of apparatus for experimental verifi-
cation, in Phase II.

This report covers the first three months of this contract. For
the purposes of conducting the program and reporting, the work is divided

into four major tasks: (1) the ion optical study, to be concerned with the

=

determination of ion trajectories as a function of electrode misalignment;




(2) analysis of the causes and magnitudes of the expected electrode mis-
alignment and later the determination of the total thrust vector as the
summation of the contributions of the individual holes; (3) the design of
the thruster to be used in Phase II for experimental verification, and

(4) the design of the instrumentation to be used in the experimental work
in Phase II; this last task includes the thrust stand and the electrode
position monitor and motion generator.

During this first quarter the electrolytic tank system was used
to conduct some initial studies on the effects of electrode placement on
the ion optical properties of the accelerator structure. The resulting
data were used as the basis for digital computer analysis of the ion
trajectories and shape of the ion source. A considerable effort was
expended in modifying the available digital computer program to make
it applicable to this problem. This program has been checked out and
is now running satisfactorily. In analyzing the effects and causes of
electrode misalignment, it was decided that more accuracy could be
achieved by determining certain of the thermal data needed in the an-
alysis from an experimental test. Thus, a thruster was instrumented
with simulated heat sources and thermocouples, and the experimental
test was started.

The design parameters of the thruster to be used for experimen-
tal verification of the analysis were chosen and the thruster designed.
Weight and performance were estimated.

The instrumentation to be used for the experimental verification
tests of thrust misalignment in a later program phase, includes the
thrust stand and the devices to simulate electrode motion and to measure
these displacements. After an analysis of a number of different tech-
niques for measuring thrust misalignment, the thrust stand was chosen
as the method best able to satisfy the accuracy requirements. A thrust
stand concept, based on the displacement of a thin quartz rod, with

error signals generated by the HRL bubble tilt sensor, was analyzed in

detail during this quarter. This concept was found to be quite satisfactory;




however, two separate experiments would have to be performed in order
to determine all desired components of thrust vector misalignment. Late
in the quarter a new thrust stand concept was conceived which is simpler
and is capable of measuring simultaneously all desired thrust components.
Detailed analysis of this device is being carried out. The electrode po-
sition monitor and motion generator are being designed; preliminary

tests have been conducted in order to aid in finalizing the choice and de-

tailed design.
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II. ION OPTICAL STUDY

A. General Objectives and Approaches

The total thrust from an ion engine consisting of an array of
apertures is given by the time rate of change of the momentum of the
ion particles exhausted from it. The velocity, and hence momentum,
of each ion is determined by the electric fields it experiences during
its motion. Thus a perturbation of these fields caused by an electrode
misalignment will perturb the total thrust (magnitude and direction) of
the engine. The ion optical study is directed toward determining the
exhaust momenta of the ions for various electrode perturbations, and
thus determining the variation in thrust vector caused by electrode
misalignment,

The approach for this study is to calculate the ion trajectories
for a single perturbed aperture and to obtain the total thrust vector by
summation for all apertures in the engine. A number of basic electrode
misalignments that can be considered are illustrated in Fig. 1.

In Fig, 1(a) the electrode spacing is decreased while the rotational
symmetry is preserved. This will result in an increase in the magnitude
of the thrust from this aperture, which may cause the direction of the
thrust vector from the engine as a whole to rotate. In Fig. 1(b) the elec-
trodes are displaced normal to the beam axis, thus destroying its sym-
metry and causing a change in the magnitude and direction of the thrust
vector, The case illustrated in Fig. 1l(c) can be considered as the sum
of the two effects above, which alters both the magnitude and direction
of thrust vector.

It can be seen that the rotational symmetry of the flow generally
will be destroyed and the perturbed flow will be noncircular, formed
about a curvilinear axis. It is not possible, in general, to determine
this type of flow exactly either with the analog or digital computer. It is
intended that a full solution be formed by a suitable combination of a

axisymmetric solution and a planar solution.



In most problems involving space charge flow the boundary con-
ditions are prescribed on a given surface on which the potential variation
or the normal derivative is specified. Problems involving plasma bound-
aries involve a 'free'' surface in the sense that the location of the boundary
must be found, given the nominal potential variation and the normal deriv-
ative. This problem can be solved only by specifying a boundary contour
and by refining it in an iterative manner., Experimental conditions can
be changed rapidly in the electrolytic tank; for this reason it is convenient
to use it to obtain an approximate solution which is subsequently refined

on the digital computer.

B. Choice of Ion Optical System

The basic factor in choosing the ion optical system to be analyzed
was that it should be representative of the current state of the art in terms
of both electrical performance and mechanical structure. This leads di-
rectly to the choice of round apertures in a hexagonal close packed array,
as described below. Such a system (in a number of forms) has been
standard for many years, has been studied both analytically and experi-
mentally, and has successfully passed many thousands of hours of life
testing. The exact dimensions were arrived at in conference with the
JPL program manager and were based on data available from HRL and
JPL programs, as well as the extensive parametric studies and life tests
conducted at L.eRC in the development program leading to the SERT II

’chruster.1 The main criteria were the following.

1. Maximum Open Area in Screen Electrode

SERT II investigations, recently confirmed at HRL, indicate
that maximizing the open area in the screen electrode improves thruster
performance. A practical upper limit is 70% open area; above this point
the apertures must be drilled so close together that the structure becomes
very fragile both to fabricate and to launch. Screen electrode apertures

of 0.187 in. diameter, spaced 0.210 in. on centers, were chosen.




EPt -/

1 YU U
1 a0 0
(a) b) (c)

Fig. 1. Basic electrode misalignments.,




2. Thin Screen Electrode

Studies at JPL have indicated that reducing the thickness
of the screen electrode results in improved performance. A thickness

of 0.030 in. was chosen as a practical minimum.

3. Tapered Screen Apertures

It has been shown that countersinking the screen apertures
on the plasma side results in an optical element whose perveance varies,
depending on the position of the plasma sheath, to accommodate varia-
tions in current density as a result of plasma density variations in the
discharge chamber. It is planned to countersink the electrodes used
here, although the thinness of the screen and thin web between apertures

will reduce the benefits of the countersinking.

4, Accelerator Aperture Size

It has been demonstrated that the apertures in the accel-
erator electrode may be smaller than those in the screen electrode and
still provide a high perveance design. This is desirable because the web
between apertures is then thicker than in the screen electrode. The ad-
ditional mass improves heat conduction and increases the electrode life-
time, which is limited ultimately by sputter erosion. Based on an
analytical HRL study the accelerator aperture diameter was chosen as

three-fourths of the screen electrode diameter (here 0,144 in.).

5. Accelerator Thickness

The accelerator must be massive enough to remain integral
under sputtering as a result of charge exchange ion bombardment for 104
hours — a typical mission duration. Because the aperture diameter and
center-to-center aperture spacing have been defined above, only the
thickness can be adjusted to provide the necessary mass. The following
assumptions were made:
. Thruster diameter, 30 cm

e Beam current = 1200 mA




° Beam voltage = 1100 V (Ispe = 3000 sec)

° Accelerator current = 0.5% = 60 mA

° Sputtering rate 3.5 g/A-hour (Ref. 2) .

Therefore, in 104 hours, 210 g of material will be sputtered away.

If it is further assumed that the beam intensity is four times as
great at the center as at the edge of the beam and that a safety factor of
2.5 is necessary to reliably prevent electrode failure, the accelerator
electrode thickness may be calculated to be 0,110 in. For weight re-
duction, the thickness of the accelerator electrode may be radially varied
to conform approximately to the radial plasma density variations — hence
the anticipated radial variation in sputter erosion. Under the above as-
sumed 4 to 1 plasma density variation, the accelerator is then 0.028 in,
thick at the circumference, providing a weight saving of slightly more
than 1 1b.

6. Screen-Accelerator Spacing

The spacing between the screen and accelerator electrodes
is nominally 0, 090in. This value was based on the HRL electrolytic tank
study completed prior to this contract, as well as experimental data, It
is desirable, however, to increase the perveance of the ion optical array
by reducing this distance to the point at which either the quality of the
ion optical system becomes unacceptably poor because of the large aspect
ratio or the electrodes actually touch or arc over under some operating
conditions, With these factors in mind, the ion optical array used here
is designed to have an insulating support at the center to provide more
structural support; in the analytical program, this spacing is considered
one of the variables. Because it is relatively simple to modify this spacing
in the hardware, the final choice of electrode separation need not be made

at this time.
7. Material

Because its high thermal conductivity, low sputtering co-
efficient, good strength characteristics at high temperatures, and fairly

good machinability, molybdenum was chosen as the electrode material.



C. Results from the Analog Computer Studies

The analog computer has been used in conjunction with the wedge
shaped electrolytic tank to determine the ion trajectories, the position
and form of the '"upstream' plasma boundary, as a function of electrode
displacement. The analog computer was used for initial studies so that
time might be saved on the digital computer by starting from a partially
converged solution.

The shape of the boundary for the unperturbed geometry was
found to be almost spherical, with a radius of approximately 2.7d,
where d is the screen-accel spacing. A further case with a 20% dis-
placement of the accel electrode toward the screen was also determined.
It was found that this movement caused the shape of plasma boundary to
deform to some extent and shift its position on axis by approximately
0.1d in the same direction. The downstream plasma boundary has not
yet been determined, and thus the change in total thrust cannot be cal-
culated. The information concerning the emitting plasma is now being

used to determine the downstream boundary.

D. Digital Computer Program and Result

A digital computer program which solves the trajectories of
electrons from guns with rotational symmetry has been obtained. This
program was originally written for NASA by C. Bogart in Fortran II
language. The program has since been translated into Fortran IV suit-
able for use on the GE-635. The basic program uses finite difference
techniques to solve Laplace's and Poisson's equations using boundary
data specified by the user. In order to specify these boundary data, the
area of the accelerator is overlaid with a suitable mesh and the potential
at each mesh point (up to 3600) is calculated in terms of its neighbors.

Hence the Laplace equation




at point R, Z within the problem becomes

RV + RV

R-1,2Z +(R-1/2)V

4RV =0

1T REY/2)V R, z+1  *RVg 7

R, Z R+1, Z
in terms of finite differences, where Vi’ is the potential at the mesh
point R, Z. The ion source is then divided into segments of equal length
and the emission is determined by Child's law, using the potential as
calculated above at a fixed distance (usually three mesh units) from the
surface., The trajectory of a characteristic ion from each segment is
then determined using the electric fields associated with the Laplace
solution. Charges appropriate to the current flow can then be set in at
each mesh point. The full Poisson solution can then be determined in
terms of finite differences. The above process is then repeated until
the solutions converge.

In order to be able to use the existing program for this study,
it has been necessary to modify it in a number of ways. It was neces-
sary to rewrite those sections dealing with rotational flow exclusively

so that cases of planar symmetry could also be solved. This has in-

volved rewriting the finite difference and the current continuity equations.

In addition, because the emitting surface in this case is a plasma,
sections had to be included which would allow the trajectories to be
started from a generalized nonspherical surface. In order to do this a
routine was written which first determines the length of the emitting
surface from the input parameters, then divides the surfaces into a
given number of segments, and finally calculates the normal direction
at the midpoint of each segment. Using this routine the trajectories
can be started at specified distances normal to the surface. An addi-
tional facility has been included so that the trajectories can be started
from user specified positions. The writing of the program took some-
what longer than had been anticipated because several rather subtle
errors were found in the program made available to us. This program

has passed through several hands since its inception.
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The location and shape of both the upstream and downstream
plasma boundaries must be determined before the complete geometries
can be run. The upstream boundary was determined in the analog com-
puter, using the requirement of zero current density variation across
the emitter as the boundary condition. The boundary thus found has
been run on the digital computer; Fig. 2 shows the extent to which uni-
form current density has been achieved. Trajectories calculated by the
computer are shown in Fig. 3, with an assumed downstream boundary.

Work is currently in progress to determine this downstream

boundary. An initial estimate of its location is obtained using the planar

diode formula3

1/2
(1-R'1/2)/ (1+2R"1/2

where

The dimensions and voltages are given in Fig. 4; the final shape and
position of the surface will be determined from the equipotentials in this
region. It has been found that the shape of the trajectories at distances
less than d from the emitting surface is unaffected by moderate changes
in the terminating conditions. This enables the downstream boundary to

be solved independently of the upstream portion of the beam.
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III. CAUSES AND MAGNITUDE OF ELECTRODE
MISALIGNMENT

This task is concerned with an analysis of the several factors
in thruster assembly and operation which can cause distortion and
misalignment of the electrodes, and a first order analysis of the
effect of these misalignments in beam direction. Subsequently, the
degree of electrode misalignment expected from this task will be
coupled with the data on beam direction and magnitude obtained from
the ion optical task to provide a complete analytic estimate of the
thrust vector misalignment.

In this task two guidelines become apparent and will be followed

whenever possible:

1. The analysis should be general enough to include

all of the significant causes of misalignment

2. The analytical models should provide solutions
which are sufficiently accurate to guide and

correlate with the future experiments.

The accuracies of measurements and calculations which are
required to be consistent with assumptions made in the analysis can be

checked as the analyses proceed. A simple example of such a check

on the magnitudes of grid displacements and rotations which are consis-

tent with small thrust vector deflections will be given when the first

ion optical model is available.

The electrode misalignments caused by thermal stresses appear

to be the most difficult to analyze. We wish to develop analytical models

which predict the misalignments which result from the asymmetric
heat loading of initially aligned grids and the symmetric heating of
initially misaligned grids. We begin by studying the thermal-stress

problem in a conventional (aligned) electric bombardment engine.

17



A, Grid Displacements Caused by Thermal Stresses

When a solid body is subjected to a heat load, thermal stresses
develop which tend to deform the body into a new shape. If the deforma-
tions are large they will seriously affect the equilibrium temperature of
the body and a coupled thermal-stress problem must be solved. How-
ever, if the deformations produced by the thermal stresses are small,
the thermal analysis and stress analysis become uncoupled and the
problem is simplified. In this case the temperature distribution pro-
duced by the heat load is found for the undeformed body. The stresses
and deformations are then calculated using this temperature distribu-
tion. The validity of the assumption of '"small deformations'' is easily
checked by showing that the deformations do not cause any appreciable
change in the temperature distribution of the body. In an operating
electric bombardment ion engine the largest deformations which occur
are the warping (bowing) of the electrodes. It will be assumed (and
later verified) that the deformation of the electrodes is small (in the
sense described above), so that an uncoupled thermal stress analysis

can be performed.

B. Thermal Analysis of an Electron Bombardment Ion Engine

Because no detailed analytical thermal analysis has ever been
carried out for the internal heat balance in an electric bombardment
ion engine and in addition because no detailed experimental data on
the temperature distributions on the component parts of such an engine
have ever been taken, a somewhat slow but careful approach to the
development of an analytical thermal model has been undertaken. The
heat transfer inside the engine is primarily by radiation; the main
sources of heat are the arc discharge and the cathode heater. An
analytical effort is now under way to determine the appropriate view
factors which come into the calculations of the radiative heat balance.

An example calculation is now given.




Anode to screen view factor

dAl

The view factor between the area element dA1 and the circular disc

of radius r is given by Eckert4 as

h h2+r2+1
F = 5 -1

12
M+ %+ 1)° - 4r?

By integrating F,, overa cylinder of unit radius and height h we obtain

the view factor

2 2

2+l)2-4r -(l—rz)z-h

— _ 1 2
Flz(hy r) - 4h (h + r

from a cylinder to a concentric disk of radius r. This result can be
checked against a previously known view factor f(h,R) which governs

radiation from the end of a cylinder of radius R and height h to its

walls:

/
w84 ()
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The reciprocity condition to be satisfied is that

Ay FlZ =A, f . (1)

It is easily shown that (1) is satisfied when r =1 = R. Because the
temperatures are not constant on the anode and screen, these sur-

faces must be subdivided. For an axisymmetric temperature distri-
bution the view factors from a cylindrical zone on the anode to an annu-
lar ring on the screen become relevant. Fortunately, these view factors
are easily derived from the formula F

12°

C. Thermal Mockup Study

As stated above, the objective of the thermal analysis is to
establish an accurate temperature pattern for the thruster under vari-
ous operating conditions. From this thermal picture the mechanical
stresses and finally the strains will be calculated. In principle, it is
possible to predict the location of all the heat sources for various operat-
ing conditions and then with only a knowledge of the geometry and sur-
face emissivities to calculate the resultant temperature distributions.

It was decided, however, to check these results with a simple thermal
mockup which could be readily instrumented to assure that the detailed
stress calculations would be based on thermal profiles which matched

the true operating conditions as accurately as possible.

The mockup used consisted of a sheet stainless steel structure
fitted with an existing set of 24 c¢cm diameter ion optics, which were
the largest size readily available. Coaxial resistance heaters were
installed to simulate the cathode and to heat the anode. Two anode
heaters were used; one was distributed over the whole length uniformly
and the other was concentrated at the screen end where the majority of
the discharge power is assumed to impinge. Twenty-four thermocouples
were installed to monitor the local temperatures on the thruster shell,

on the anode, and across the screen and accelerator electrode diameters.




To date, data from ten different operating conditions have been

tabulated and are currently being correlated with the analytical model.

21
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Iv. THRUSTER DESIGN

The purpose of this task is to design a thruster, to be used
later for experimental verification of the analytical results described
above. The results of this program are to be used in the design of
solar electric powered ion propulsion systems for unmanned missions.
Recent studies have indicated that the most probable thruster module
size for such a mission is in the 2 to 3 kW range and that the effective
specific impulse will be 3500 sec or lower, depending on the exact effi-
ciency curve for the thruster chosen. Based on current performance
data, a 30 cm diameter thruster will meet the lower limits set above,
while further improvements in thruster performance (particularly in the
perveance of the ion optical system) will make such a thruster cover
more of the above range. To assure that the design of the thruster used
in the experimental verification tests in Phase II is realistic, the
thruster used will be based on the above performance objectives and
furthermore will approximate the weight permissible for a flight design;
it will be fabricated using techniques similar to those used in the con-
struction of flight hardware.

Based on the above, it was decided in conference with the JPL
Program Manager to perform the experiments using a 30 cm thruster
of the design described in Section II-B, whose design weight should be
approximately 11 1lb. Construction should use sheet metal techniques
whenever possible. The design chosen employs a thermionic oxide
cathode as the primary electron source because current JPL mission
studies and in-house experiments primarily use this device. The
experimental thruster design is essentially a scaled version of the

SERT II thruster as described in a number of recent reports from

>'<Subs'ci’cution of a thermionic hollow cathode should not greatly alter
the design.

23



NASA-LeRC and is essentially cornplete.5 Provision is made in the
integration phase of the program to investigate briefly the more
critical parameters (i.e., shape of cathode pole tip and magnetic
collar) which are expected to affect the performance.

In order to minimize the weight, the use of aluminum compared
with stainless steel was considered for the discharge chamber shell,
anode, and other structural members. Stainless steel was chosen
because (a) it is known to resist attack by mercury; (b) it is readily
welded to the soft iron end plates, while aluminum must be rivetted;

(c) no weight penalty is associated with the use of stainless steel be-
cause it may be used in very thin sections. The design of the ion opti-
cal system and reasons for choosing molybdenum were presented in
Section II-B.

The estimated weights of the various components are listed in
Table I.

Based on the perveance of the SERT II ion optical system or
HRL data for the counter-sunk screen (which are very nearly identical),
the power handling capability of the proposed 30 cm design is shown in
Fig. 5 as a function of specific impulse k

The program plan calls for a detailed thruster design of the
type described above. Thermal and mechanical calculations to estab-
lish perturbations in the thrust direction will be based on this design.
The actual thruster to be constructed in the Phase II program will be
closely based on this design as well, but will be modified where neces-
sary to permit the instrumentation to perform the measurements to be

incorporated into the design.

>'<Assurnes n = 90%; accel/decel ratio is 2.5; and power condition-
. . . 'mas
ing efficiency = s90%

24




TABLE I

Component Weight

Weight, 1b
Part Material ﬁ%’i‘é’é’:ﬁéﬁf
0.010 in. } 0.020 in. of Sheet
Metal
Thickness

Screen Collar CR Steel 1.13
Lower Ring CR Steel 0.47
Outer Shell Stainless Steel 0.94 1.87
Anode Stainless Steel 0.98 1.95
Screen Pole Piece CRSteel 0.42
Screen Electrode TEM Molybdenum 0.71
Accel Electrode TEM Molybdenum 1.96
Back Plate CR Steel ‘0.51 1.02
Cathode Pole Piece | CR Steel 0.08 0.15
Magnets Alnico V 2.56
Insulator 0.49
Assemblies

Subtotal 2.51 4.99 7.74

Total 10.25 12.73

25
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V. INSTRUMENTATION

A. Thrust Stand

In order to carry out the experimental verification phase of
this program, a device is required to measure the location of the
thrust vector from the thruster described above to within + 1/40 of
angle and to determine whether any couple exists about the thrust
axis to an accuracy of 5 x 104 in. -lb. Competitive techniques of mak-
ing this measurement were analyzed. Conventional techniques for
measuring either thrust or ion trajectories were investigated first.
Each of these (viz., scanning Faraday cups, torsion wire suspension,
and ion beam collection reaction) were eliminated for this application.
At this point two new concepts of thrust measuring system were con-
sidered. It appears that each has sufficient sensitivity to measure the
thrust vector directly, but that one may possess some inherent advantages.

These two systems are discussed in detail below.

1. Survey of Possible Thrust Measurement Techniques

a. Stiff Column Design — The heart of this design

is an extremely sensitive tiltmeter recently developed at HRL which is

9

capable of resolving deviations of 10 ’ rad from the horizontal. The
basic concept is illustrated in Fig. 6. The thruster is so positioned

that both the gravitational vector and the nominal thrust vector are
parallel and lie along the axis of a slender hollow column which both
supports the test package and contains the necessary electrical leads to
operate the thruster. The base of the column is supported on a massive
platform stabilized by a servo loop which is controlled by a tiltmeter.

A second tiltmeter mounted on the platform supporting the thruster moni-
tors small angular fluctuations which occur when variations in thrust
direction cause the slender column to deflect.

The sensitivity of this system may be estimated as follows. The

angular deflection of a slender column is given by
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28




_ 1 Kt
8 = 5 &Y rad
where
F = force perpendicular to column
£ = length of column
E = modules of elasticity
I = moment of inertia of cross section of column

For a 6 in. long quartz rod, 1/4 in. in diameter, used in the pro-
posal, 0 = 1072 F. With the sensitivity of 1078 rad specified for the
tiltmeter, forces of 10.6 1b may be detected.

The basic concept of monitoring the position of a flat '"pancake"
shaped bubble formed in a liquid under a flat plate, which is the heart
of the tiltment design, may be employed in two ways to achieve the
desired result here. The first (Fig. 7) is to provide a servo system to
maintain the platform on which the thruster is mounted in a level posi-
tion using the bubble as an accurate null indicator. If the servo loop has
been precalibrated it may be used to directly read out the force necessary
to counteract that resulting from thrust deviations. The second (Fig. 8)
technique is to use a complete tiltmeter which includes not only the bubble
sensor but the necessary suspension and servo system to maintain the
bubble in a level position on a moving platform and to indicate table
declination directly.

This basic concept has sufficient sensitivity to measure thrust
direction with the desired accuracy. A detailed analysis is necessary to
choose the best physical design and to establish the sensitivity and
stability of the system. Different mechanical configurations are required
to measure angular deviations of the thrust vector from its desired posi-

tion and couples about the thrust axis.
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b. Floating Suspension — This concept is an out-

growth of the thrust stand described above. By a different suspension
mechanism it permits the three components of the thrust and the
torques about the three mutually perpendicular axes to be rneasured>:<
at the same time. The thruster platform is floated in a mercury pool
and is free to drift horizontally or to lean away from the vertical,
depending on forces applied. It'is also possible for the system to rotate
about its vertical axis if a couple exists about this axis. As discussed
below, the suspension must be carefully designed to assure stability
and to assure that the suspension itself introduces minimum perturba-
tions into the system.

The operation of the system may be understood by referring to
Fig. 9, which shows a two dimensional sketch of the essential elements
of the device, and Fig. 10, which illustrates the two types of thrust mis-
alignment which may occur. The mercury surface remains horizontal,
thus removing the necessity of placing the whole apparatus on a stable
table as in the previous design. In operation the table is releveled by
the force motors FZ, using the tiltmeter as a reference, while hori-
zontal and rotational motion is arrested by the force motors FX and
Fr’ respectively. The position monitors which establish these null
positions are not shown.

Consider first case 1 of Fig. 10. Here the thrust vector is at
an angle ¢ with the desired direction along the centerline. It is appar-
ent that such a force tends both to tilt the platform and to move it
horizontally. To resolve such a force, force motors F_ level the plat-
form and the force motor Fx compensates for the horizontal drift.
Next, consider case 2 of the same figure which illustrates a situation
in which the thrust vector has moved laterally while remaining parallel
to the centerline. Notice that if ll = 12, the same torque is produced

about the center of rotation, as in case 1. However, there is no lateral

>ﬁThe total thrust is calculated from electrical measurements.
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force in the second case. The ability to resolve these two cases is a
distinct advantage over the stiff column design which can measure only
the torque component and thus not distinguish between the two types of
perturbation.

Measurement of the torque about the centerline tending to rotate
the system is easily accomplished by the force motor Fr and a null
sensor.

Thus, this system measures enough parameters to simultaneously
determine all three orthogonal force components and all three orthogonal
torques. A brief analysis of a practical design is outlined in Section
V-A-2-b. However, because this system is a recent outgrowth of the
stiff column design, its analysis is not yet complete.

In summary, this proposed system is superior to all others
considered because it may simultaneously measure all six thrust and

torque parameters that completely define the system.

c. Scanning Faraday Cup — The basic concept here

is to use a Faraday cup to establish the number and direction of the ions
at each point in the beam and from this information to infer the thrust
direction. As with all the methods compared the limiting accuracy must
be = 1/40. A fundamental problem associated with the various ways in
which this general technique may be applied is that the ions in the beam
do not follow laminar trajectories. For this reason, it is necessary
actually to measure the direction that the ions are traveling at each point.
The most direct way to accomplish the above is to make the mea-
surements at a point sufficiently far downstream that the actual source
may be approximated bya point source. With the above required accuracy,
the source must subtend an angle less than 1/2° at the cup. For a 30 cm
diameter thruster this gives a beam path length well over 100 ft. Not only
are facilities of this size not available, but scattering in the beam would

make the results uncertain.




: The second possibility is to employ a Faraday cup relatively
! close to the thruster. The cup must now be designed to accept only

ions which have emanated from an area on the source which subtends

a 1/20 angle or less at the collector. In other words, the cup must
be preceded by a very narrow angle collimator. In principle at least,
this device may now be used to measure experimentally the beam
intensity as a function of angle (between Faraday cup beam axis) at
each point in the beam. This measurement technique of course would
generate an enormous amount of data. The experiment is difficult not
only because of the accuracy required to position and control the loca-
tion of the cup, but also because of the low signal level available
(~1078

thrust vector from such measurements would no doubt require consider-

A) after the selective collimation. Actually reconstructing the

able computer analysis.

Another important factor which mitigates against this method is
that collection of the data to establish a single thrust vector might re-
quire several hours, a period which is much longer than the stability
of either the measuring equipment or the thruster.

In summary, it does not appear practical to construct the thrust
vector to the desired accuracy from detailed measurements of ion

trajectories in the beam. The principal difficulties arise from the very

large amount of information requiredtodefine the beam with sufficient

accuracy .

r
|

l d. Torsion Wire Systems — The basic concept

| here is to hang the thruster from a thin wire and then measure the angle

| through which the wire twists because of the torque created by unbalanced
l forces. A number of variations of this general idea, such as suspending

the thruster between two wires (as in a taut wire galvinometer) and using
nulling techniques to maintain the net angular deflection at zero, all

fall into this same general category.
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With this type of suspension system it is conceptually possible

to measure torques of the magnitude of interest here (5 x 10-4 in. -1b).

However, there are a number of practical difficulties which seriously

limit the application of the technique.

Electrical L.eads — A number of electrical con-
nections must be made to the thruster. Each of
these will stiffen the suspension and reduce
sensitivity. A possible solution is to allow each
lead to dip into a separate mercury pool, thus
providing a friction free contact. It is very diffi-
cult to estimate the chance of success of this

technique; it is at best a very cumbersome one.

Stability — this arrangement is very susceptible
to pendulum type instabilities. In principle, these
can be damped out, but only with a sacrifice in

over-all system response.

Nulling Mechanism — Considering the device as
a simple pendulum, it may be shown that the
engine thrust (25 mlb) will cause motions of the
thruster system of the same order of magnitude
as those created by the torsional forces about
the wire axis which we are trying to measure.
This system thus requires a relatively sophisti-
cated nulling system which automatically balances
the main thrust vector at all times while at the
same time measuring the much smaller (by a
factor of approximately 100) force necessary to
compensate for the thrust variation which we

wish to measure.




] Interpretation of Data — A system such as this
would be designed to measure only the torque
about the axis of the suspension wire. Inherent
in the system are a number of other degrees of
freedom which may be excited by perturbations
in the thrust direction. Coupling between these
may make interpretation of the experimental

results very difficult.

In summary, while this type of system conceptually has just
sufficient sensitivity to measure the torque specified (5 x 10—4 in. -1b),
a number of practical problems make application of the basic principle

difficult, if not impossible.

e. Collectors — Under ideal circumstances it is
possible to measure thrust produced by an ion thruster by measuring
the effect that the impinging ions have on a collector. The principal

practical difficulties which arise are associated with the dissipation of

the beam power (~2 kW must be carried away from the collector by some

type of forced cooling system, usually water). It is impractical to con-
sider water leads with sufficient flexibility to permit the collector to
respond to thrust levels of the magnitude of interest here. Therefore,
it is not possible to measure the thrust direction by observing the reac-

tion of the collector to the thrust.

2. Detailed Analysis of Two Most Promising Designs

a. Stiff Column Table Design — Even though the

complete mechanical design is not yet specified, a number of param-
eters exist which are common to all concepts. The following example

illustrates several of these points.
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° resolution of thrust deviations of + 1/40

for a 25 mlb thrust level, this is ~10"* 1b

of thrust transverse to the primary thrust

vector.
° long term stability
° compatibility with the thruster operating
environment
° direct readout (if possible).
Tiltmeter Sensitivity — The rated sensitivity of

the standard 4 in. tiltmeter is 10-8 rad with higher sensitivity possible
by using digital recording and time averaging. A very crude experi-
ment with an "off the shelf'' demonstration device indicated that a reso-
lution of 5 x 10-8 rad was readily achievable with no special equipment.
It will be shown in the following calculations that a sensitivity of 10-7 rad

is adequate to measure a thrust component of 10-4 1b.

Design Equations — For the setup shown in Fig. 7

2
0 = % _TElI rad (2)
3
1 T
A = 3 gy in (3)
2
- LB @
4t
1/2[ 4 q1/2
1 1 r'E
f = 5— (2.38) —4— - Mg!] (5)
2w [(M+o.z3 m)lz]

where

angular deviation (rad)

total deflection (in.)

critical buckling load (lb)

fundamental frequency (cps)

H [ O‘IU D o
1

[}

force 1 to column (lb)
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~
N

column length (in.)

E = modulus of elasticity of column
material (psi)

I = moment of inertiz of cross section of
column = 1/4 w r* for round column
(in. %)

g
I

mass supported on the column (slugs)

3
m

mass of column (slugs)
r = radius of column (in.)

g = gravitational constant

Design Example — Assume

0 = 10 radfor T =10"%1p

=
n

3x 107 psi (stainless steel)
£ = 12 in.
Solving (2),
1=2.4x10">in% . (6)
For a mass of 1 slug (32.2 1b), the natural frequency, is, from (5),

f=1.8cps . (7)

If we further assume that the supporting column is actually a

tube with a wall thickness of 0.020 in., eq. (6) gives

r = 0.35 in., or a tube with

o.d. =0.74 in.

i.d. =0.70 in. (8)
The critical buckling load is a 12 in. long tube described by (6) is,
from (4),

PC = 1250 1b . (9)
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This first cut gives a design acceptable in all respects for the
proposed task. There is, of course, a good deal of flexibility to
choose other parameters should more detailed design place further
constraints on the physical size or frequency response of the system.

There are two basic types of nulling actuators device which
may be used to return the table to a level position as defined by the
bubble: (1) a force motor, which is a device such as voice coil-magnet
combination which generates a force which is independent of position;
(2) a displacement motor, such as a magnetostrictive or thermally con-
trolled element which changes in length in a controllable manner.

The distinction between these two types of device is important
here because of the different manner in which they affect the suspension
system. For example, in the system shown in Fig. 7, where both the
bubble indicator and the table on which the thruster is mounted are sup-
ported on the flexible column and continuously leveled, it is important
that a force motor be used because the inherent high compressive
strength of the displacement type device will make the suspension sys-
tem very stiff and seriously reduce the accuracy of the system. On
the other hand, the leveling mechanism in the tiltmeter in a system of
the type shown in Fig. 10 would likely employ a bubble system supported
on three magnetostrictive rods which serve the dual purpose of supporting
and leveling the bubble.

A voice coil consists basically of a current carrying coil sus-
pended in the annular gap of a permanent magnet. The force equation
is

F = BiI

where

force

magnetic field

length of wire in field

N
i}

]

current flowing in wire




For a typical 5000 G field, a current of 1 mA flowing through 3 ft of
wire produces the desired 10-4 1b of restoring force.

The change in length for magnetostrictive materials is given

by

Al INB

"

where

Af = change in length
= length of material in magnetic field
A = magnetostrictive coefficient (usually a function
of B)
B = magnetic field strength.

Values of A vary widely for different materials ranging from 10-8/G
for cobalt over a range from 0 to 4 kG to approximately 40 times this
value for nickel over a range from zero to 100 G. As an example of
the application of this principle, consider the restoring mechanism

which levels a 2 in. diameter bubble that is tilted 10-6 rad. One sup-

port leg must then compensate by a change in length of 2 x 10-6 in.
Assuming that a 1 in. long pure cobalt leg is used, it must be immersed
in a field of 200 G.

As indicated above, the choice between these two types of device
depends primarily on the total system design and the functional role
that the nulling mechanism must play.

The system as described in Section V-A-1-a basically measures
the deflection of a slender column caused by the component of thrust
perpendicular to the column. It is important that extraneous torques

caused by lateral displacements of the center of gravity of the system

or of the thrust vector not invalidate the accuracy of the measurements.
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Figure 11 depicts these perturbing forces. Ideally, the forces
due to the thrust vector and the center of gravity should act along the
axis of the supporting column. Displacements of these two forces
from the ideal position are represented by x and y, respectively,
in Fig. 11. The column of length £ is supported on an accurately
level table and makes an angle B with the horizontal. Assume first
that B = 90° and that the two perturbing torques (taken about point
A at the base of the column) are

L

1 (T cos a) (x)

i

H

L2 Mgy

where

M = mass of the system (assume 25 1b)
T = total thrust (assume 0.025 1b)
a = thrust deviation (> 1/40)

The torque produced by the thrust component that we wish to measure
is

L3 = T(sin a) £

where { = column length (assume 12 in.). To assure that L3 > L1

and L3 > LZ’ we must have

(T _sin a)t
(T cosa)

x < 0.050 in.

x <

and
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(T sin a)f
y < Mg
(25 x 10°%) (4 x 1073

25

(12)

<

y < 5x107° in.

These calculations show that there is a relatively large tolerance on
the alignment of the thrust vector with the axis of the supporting column,
while very little shift in center of mass position is permissible.

Consider first the thrust vector misalignment. For a perfectly
symmetrical thruster the thrust vector should pass through the exact
center of the ion optical system. This can certainly be specified to
better than the 0.050 in. permissible error calculated above. Deter-
mining the probability that a shift of this magnitude will occur during
testing should be one of the goals of the analytical study. It is fortunate
that reasonable tolerance to lateral shifts in the thrust vector location
are tolerable, because it is not possible to separate the two torques L1
and L3 by varying the total thrust, since each varies directly with the
thrust magnitude and angle. The only other variable which even in princi-
ple permits the separation of the two effects is the misalignment x. As
shown below, this cannot be adjusted during a run because of the very
large effects associated with shifting the position of the center of mass.

As shown above, the force on the thrust table due to gravity
acting on the center of mass of the table and its load (the thruster, etc.)
must pass accurately through the pivot point A at the base of the sup-
port column. Since neither the center of mass nor the pivot point can
be located to the necessary accuracy, a technique for mechanically
balancing the system is required. The location of the thrust vector
physically defines where the thruster must be located with respect to
point A; therefore, balancing must be done by the addition of weights
to the table, possibly using one of the many techniques developed for

modern analytical balances. Final precision balancing may be done with



automatic nulling incorporated into the system (of the type shown in
Fig. 9) to maintain the bubble level during the test. This would show
up as a zero offset at the no thrust condition.

Small shifts in the center of mass may occur during operation
because material is being removed from or deposited on the ion source
or its supporting structure. Other center of mass shifts may inevitably
occur when the electrodes are moved with respect to each other as
part of the experimental program. Assuming that the accelerator

electrode is 1/20 the weight of the total system and that it is moved

0.010 in. during the experiment, this in effect shifts the center of

mass 5 x 10-4 in., thus producing an effective torque an order of
magnitude larger than the minimum to be measured. Fortunately this
effect can be calculated and also measured directly by shifting the elec-
trodes with no beam extraction and thus may be subtracted from the
observed thrust deviation to give the true reading. Because the electrode
mass and the amount of motion will be known, it is also possible to
compensate for the center of mass motion by moving an equivalent

weight in the opposite direction. The permissible tolerance for angle

B may be directly calculated once the column length £ is fixed.

We now develop a mathematical analog of the stiff column sys-
tem and calculate from it the system output and frequency response. ‘
The results of this analysis indicate that the example system designed
above provides a 19 mV signal when the thrust vector is perturbed
1/40. The frequency response is linear up to approximately 1 cps.

As stated above, the two axis level sensor is based on the

kinetic properties of a gas bubble in a liquid confined under an optical

flat. This sensor has demonstrated resolution on the order of 10—9
rad. The output of one axis of this sensor is given by
X +g0 1
V. = )\ 4 (10) |

b b S(s + fb/mb)
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where heavy bodied letters denote the Laplace transform of a time

variable and

S = complex frequency variable

Vb =  output signal, V

)\b = gain constant

X = one of the two horizontal coordinates of the
bubble

8 = angular tilt of the optical flat measured from
the X axis

g = gravitation acceleration

fb = viscous damping coefficient

m = effective mass of the bubble (considered as

positive).

This sensor serves as the detector in a sensitive force measuring system
shown in Fig. 12, Assuming small deflections, the differential equation
for this system can be stated as
S°M+X+Sf_X+R_X+F_+F_= 0 . (11)
m m m e

The system shown above consists of a test table mounted on a
flexible cantilever strut. Fe, the force to be measured, produces
linear and angular motion of the table which is sensed by the bubble.
The output of the bubble is fed back to the table by a force motor Fm.
Spring rates associated with the force motor- and the cantilever strut
are shown as km while all viscous losses are lumped under fm

The table tilt is related to the table deflection by the law of the

uniform cantilever beam

8 = = X . (12)
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Fig. 12. Analog of thrust meter.
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If the force motor output Fm is proportional to the bubble sensor

output Vb, i.e.,

F =K V. ; (13)
m

if a cascade lead compensating network is added such that the bubble

sensor output (10) is now given by

2 ,tgh
v, =g 22X

b b 5 (14)

the transfer function relating Vb to the force Fe is

Kb (2, 38
Vb Mt <S ¥ 21) (15)
F 2 _f__rg km Kb Km 2 3g

€ S(S YS& T mr) Y T e (S + 21)

This transfer function is stable for all values of gain. A quantitative
estimate of system performance may be obtained by selecting numeri-
cal values as follows.

In the weight of the table Mt the length and stiffness of the
cantilever strut £ and km were dictated by mechanical design
considerations (see above). The gain factors Km and Kb were
selected to optimize the shape of the frequency response curve of
the system. fm was selected based on a force motor with 10% of
critical damping. IFe[ is the magnitude of the minimum force to
be resolved and ’ VbI is the magnitude of the system output signal
under a steady state condition. With the numerical values listed
below, the characteristic equation of the system can be factored to

determine the location of the poles.

K_=2.32x107°N/V 3£ - 482 rad?/sec?
km _ 2 2 fm _
Mt 128 rad“/sec Mt 2.26 rad/sec




Kb _ 2 _
e = 552 V/N sec Mt = 14.6 kg
IF | 4.45x107%N
[
s’ +1
Vb _ 182
— = 3
Fe s\ . 6.6
<ﬁ+1 [<é7>'> +—'—Zs+1]
: /7 L\*- 8.6 J

-4
At |F_| =4.45x107%, |v, |
quency response, as shown in Fig. 13, is 3 dB down at approximately
0.5 Hz.

As described above, the system is sensitive to tilt and acceler-

=19.2mV for S =0. The system fre-

ation of the mounting base. Errors resulting from this sensitivity can
be avoided by measuring the differential output of two identical systems,
one carrying the equipment under test and the other carrying a dummy
set of equipment. To the extent that the two systems have identical
frequency response curves, motion of the mounting base causes no
differential output (provided, of course, that this motion does not

cause either system to saturate).

b. Floating Suspension — As stated above, this

concept is a recent outgrowth of the stiff column design analyzed in

the preceding section. Its primary advantages are (1) that it resolves
the two possible types of thrust misalignment illustrated in Fig. 10
and (2) that a single experimental setup measures both angular deflec-
tions of the thrust vector and torques set up about the centerline or
nominal thrust axis. Figure 14 illustrates the proposed suspension
mechanism which provides the additional degrees of freedom.

It is desirable to design the floating suspension system so that
the buoyant force of the mercury supports the platform but does not
tend to force it to maintain a particular position. In other words, by
proper mechanical design the system may be made critically stable

so that the buoyant forces neither tend to right it or to upset it.
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Reference to Fig. 14 will make this more clear. In the upright float-
ing body (Fig. 14 (a)) the weight w of the body acts through the center
of gravity G and the buoyand force Ve through B the center of
displaced liquid. If the body is tipped as in Fig. 14(b), the volume

of displaced liquid remains the same but the center of bouyancy
moves to B' and the couple formed by W and Vw tends to right
the body. The line of action of the bouyant force passes through

the center line (BG) at m. As the angle of tilt approaches zero,

m approaches a limiting position above G known as the metacenter.
The distance Gm is known as the metacentric height. It is apparent
from Fig. 14 that the greater as value of Gm increases, the couple
which tends to right the body increases. Elementary tests on floating
bodies show that for small angles of tilt the metacentric height is given

by

Gm = —\I/,— - P
where
P = distance between the center of gravity and center
of bouyancy
V =  volume of displace liquid
I = area moment through a water line section of the

floating body (=2 [x“ d A of Fig. 13(a)).

For our application we wish the metacentric height (hence the
force tending to right a displaced floating body) to be zero. Therefore,

from the above

All quantities may be calculated from a knowledge of the shape and
specific gravities of the materials involved. Once this condition is

achieved, the body is neutral.

i3
Vw= product of displaced volume V and specific gravity of liquid w.




Electromagnetic force motors of the type described earlier
are suitable for use here as well. They are positioned to compensate
the thrust components as described in Section V-A-1. A small tilt-
meter of the type described in the same section will be used to deter-
mine when the thrust platform is parallel to the mercury surface.

The null meters necessary to determine when the side thrust compo-
nent and torque have been exactly compensated have not yet been
chosen. A high degree of sensitivity is not required because any
continuous unbalanced force acting over a period of time will generate
enough motion to exceed the deadband of even a relatively crude system.
A complete mathematical analysis of this system similar to that
described above for the stiff column system will be completed during

the next quarter.

B. Electrode Position Monitors and Motion Generator

Two types of experiments are planned in the experimental verifi-
cation phase of this program. The first is to precisely move the elec-
trodes with respect to each other to generate the perturbations con-
sidered in Section II in a known manner. This requires mechanisms to
precisely control the relative angular and lateral positions of the
screen and accelerator electrodes. The second phase of the experi-
ment is to run the thruster for a 50 hour period while monitoring both
the direction of the thrust vector as well as the electrode misalignments
that naturally occur as the run progresses. These tests require
mechanisms to measure the relative positions and shapes of the elec-
trodes. Final design of both the position monitor and motion generator
awaits outputs from the study phase of this contract which will approxi-

mately define the range over which motion must be generated.
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1. Position Monitor

Two types of position monitor are required. The first
must measure the axial alignment of individual apertures in the
screen and accelerator electrodes and the second and actual contour
of the electrode surfaces. These measurements must be made in
vacuum on a thruster while it is operating.

It was initially proposed that a light beam be used for each of
these measurements. Differential detectors are ava.ilable6 which
may be used to monitor the motion of a collimated beam of light to a
few thousands of an inch. Further investigation indicated, however,
that the task can be more simply done with a differential transformer
of the type sold by Automatic Timing and Controls Inc., Type 6234,

One such transformer was purchased, tested, and found to provide a

response of

1.8 mV
(1.001 in.) (primary volt)

Further experiments indicate that cross coupling between motions in
the orthogonal direction is attenuated by at least an order of magnitude.
Measurement of the electrode surface contours while the

thruster is operating represents a relatively difficult task. It is pro-
posed to accomplish this as shown in Fig. 15. A series of short pins
will be set in the accelerator surface across a diameter. The relative
positions of these pins will be observed from outside the vacuum
chamber with an alignment telescope* capable of directly reading
position to 0.001 in. over a *0.050 in. range. The screen position
may be similarly monitored by mounting pins on the existing holes in
the accelerator electrode. By blocking 10 to 15 of the nearly 3000
holes in the electrodes, a reasonably good measure of the electrode
profile is possible. It will be necessary, of course, to block apertures

symmetrically about the centerline so that thrust perturbations do not

result.

“K&E type 712020 available at HRL.
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Fig. 15. System to measure electrode warping.

55



56

2. Electrode Motion Generator

Details of the motion generator have not yet been worked
out. It is tentatively decided to employ a mechanism based on the

differential expansion of dissimilar metals.




VI. CONCLUSIONS

All elements of the program are on schedule according to the
original program plan. The digital computer program used in the ion
trajectory determination required somewhat longer than anticipated
for debugging, but it is now running satisfactorily. A new concept for
a thrust measuring system has been conceived and is being evaluated.
Although certain parts of the analysis of the slender rod thrust stand
may be inapplicable, it is felt that the floating table system will prove
more effective and economical for the experimental phase. No prob-
lems of significance, other than those mentioned above, have arisen.

It is anticipated that the program will be completed on schedule.
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VII. PROGRAM FOR NEXT QUARTER

The ion optical study will be completed during the next quarter.
The analog computer technique will be phased out early in the quarter,
after completing its objectives, and the main body of data desired from
this effort will be generated by the digital computer.

The analysis of causes and magnitudes of electrode misalign-
ments will be carried out, based partly on the results of the thermal
simulated-thruster tests.

The design of the thruster system, to be used in the experimental
verification tests and including the thruster and the electrode position
adjustment and monitoring devices, will be essentially complete by the

end of the next quarter.
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VIII. NEW TECHNOLOGY

In the first three months of the contract period two novel tech-
niques for thrust measurement have been studied and evaluated. To
date no hardware has been constructed to actually demonstrate the

technology.
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