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Precursor Orbital Guidance
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A technique is presented which may facilitate the employment of atmospheric braking to
attain an orbit about a planet as the terminal phase of an interplanetary trajectory. The
proposed system comprises a set of small aerodynamic precursor vehicles, scaled to the same
M/CpA as the mothercraft, which will be launched at various angles in the planetary ap-
proach trajectory plane to acquire the atmospheric data needed by the mothercraft. Data
will be telemetered from each precursor, which will contain its own small rocket to allow a
trajectory change. Results of a preliminary feasibility study show that the precursor-atmos-
pherie braking technique could provide Martian-orbital payload factors of 4 to 5 compared

to a straight retropropulsion system.

Introduction

HE establishment of spacecraft orbits around the near

planets is an objective of high priority in our space ex-
ploration program. However, at the termination of the helio-
centric transfer orbit the hyperbolic excess velocity with
respect to the target planet is significant, and a substantial
amount of retropropulsion would be required to reduce the
energy to that of a low-altitude orbit most suitable for experi-
mental purposes such as mapping, etc. The payload weight
of the spacecraft in orbit is thus severely limited if the orbit
is established purely through propulsive braking. An im-
pressive gain in payload can be realized if the atmosphere of
the planet can be used to dissipate some of the excess energy.
The major difficulty in the attempt to use atmospheric braking
is the uncertainty in the characteristics of the atmospheres of
the near planets. One can readily show that for any reason-
able estimate of the range of uncertainty in the density vs
altitude characteristic for Mars or Venus, a vehicle making a
pass through such an atmosphere would have very little prob-
ability of leaving the atmosphere with an energy suitable for
efficient establishment of a prescribed orbit. Even if the
vehicle were controllable during the atmospheric flight, the
density uncertainty is so great as to yield only a moderate
probability of successful mission accomplishment. Clearly
what is needed to realize the advantage of atmospheric brak-
ing is timely information about the nature of the atmosphere
that the spacecraft will encounter.

A solution to this problem is proffered by a precursor system,
in which a number of very small entry vehicles, or precursors,
are deployed by the spacecraft during its approach to the
planet. Scaled to the same M/CpA as the spacecraft, they
pass through the atmosphere (impact the planet or skip out)
prior to the spacecraft entry, with a controlled range of entry
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conditions. A communication link relays information derived
from an accelerometer on each precursor back to the space-
craft, and from this record of the experience of the several
precursors in the actual planetary atmosphere, a computer on
board the spaceeraft can determine an appropriate adjustment
to the spacecraft velocity vector to give favorable initial condi-
tions upon entry into the atmosphere shortly thereafter.

This paper deseribes such a precursor system in the context
of its operational environment. Following a brief deseription
of the role of aerodynamic braking in attainment of a planeto-
centric orbit, the precursor system is described in detail.
The required initial condition information, the means for
deployment, the type and amount of information relayed
back to the spacecraft, and the means of processing this data
into the spacecraft velocity correction are discussed. A pre-
liminary estimate is given of the space and weight require-
ments and the propulsion requirement for the establishment of
a preseribed orbit after the atmospheric pass. Results of
an error analysis for the system are reported.

Aerodynamic Braking

The use of aerodynamic braking to attain an orbit about
a planet was apparently first suggested by Hohmann! and
later extended by others, notably Chapman.? The intent
of this section is to diseuss cursorily certain aspects of aero-
dynamic braking which relate to a precursor system. Two
cases are considered; the lifting overshoot, and the under-
shoot (Fig. 1). In the overshoot case, the planetary-atmos-
pheric entry angle is such that, with the lift vector directed to-
ward the planet (negative lift), the vehicle experiences a suffi-
cient velocity decrement to leave the atmosphere with a state
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Fig.1 Entry corridor flight geometry.
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Table 1 Martian atmosphere

Alt, Density, Alt, Density
kft slug/ft? kft slug /ft3
0 19 X 1075 440 61 X 10
40 12 X 10— 480 49 X 107°
80 73 X 106 520 41 X 107°
120 33 X 10-¢ 560 34 X 107°
160 14 X 108 600 28 X 10
200 54 X 107 640 22 X 10~?
240 16 X 1077 680 16 X 10—°
280 44 X 108 720 10 X 10-¢
320 18 X 108 760 73 X 10~10
360 11 X 1078 800 53 X 10~
400 76 X 1079

which permits a transfer into the desired planetocentric orbit
with a prescribed propulsive AV. In the undershoot case, the
entry angle is sufficiently steep that the lifting vehicle just sue-
ceeds in leaving the atmosphere with a state which permits a
subsequent transfer into the desired orbit with the prescribed
propulsive AV. The lift vector is initially directed away
(positive lift) from the planet to prevent impact; however, at
a suitable point the direction of the lift vector is reversed to
effect those atmospheric exiting conditions which will minimize
the required correction AV necessary to attain the desired
vacuum orbit. The technique used to calculate these
optimally controlled lifting trajectories is reported in Ref. 3.

The orbit entry corridor is defined as the difference between
corresponding trajectory parameters for the extreme over-
shoot and undershoot cases, e.g., the difference in atmospheric
entry angles or virtual periapses for given conditions. The
atmospheric model used is presented in Table 1. Figure 2
defines the orbit entry corridors for Mars as a function of pro-
pulsion system AV capability for various values of M/CpA,
L/Duax = 0 and 0.5, and an entry velocity of 25,000 fps at
800 kit alt. A circular orbit of 200-mile alt is the end condi-
tion. The increase in corridor width with available propul-
sion capability is impressive; however, it is essentially re-
stricted to the undershoot region and reaches a limit slightly
beyond a AV = 3000 fps. Further increases in propulsion
capability are ineffectual, because the vehicle lift capability
can no longer effect atmospheric exit. By comparison, the
ballistic (L/D = 0) corridor is quite small. In terms of
virtual periapses it is approximately 25,000 ft wide; in terms
of flight-path angle it is approximately 0.4° wide. It is
interesting to note that the available corridor width for a
drag-modulated vehicle may also be deduced from Fig. 2.
If we consider a 20:1 modulation ratio (0.5 < M/CpAd < 10
slug/ft?), then the available corridor ranges from —14° to
—16.5° for a width of approximately 175,000 {t or 2.5°.

Since there is an equivalence between M/CpA and con-
stant percentage density changes, Fig. 2 may also be consid-
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Fig. 2 Thrust-augmented aero orbit corridor: Mars.
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Fig. 3 Precursor concept.

ered as applicable to M/CpA = 1 slug/ft? (constant) and the
ordinate now represents density profiles that vary from
nominal by a constant percentage: M/CpAd = 5 slug/ft?
corresponds to 0.2 nominal density, ete. If flight were to
continue to impact, then an interpretation of this nature
perhaps would be unjustifiable. However, the altitude region
for significant flight dynamies is high (150 to 250 kft), and this
fact, coupled with the present conjectural knowledge of the
Martian atmosphere, suggests that such interpretation is
reasonable.

Precursor System

The proposed system is depicted in Fig. 3. In sequential
detail, operation is as follows. At a predetermined range
from the target planet, the spacecraft is aligned to some
suitable reference attitude. The precursor vehicles§ (Fig.
4) are spun up in launch fixtures to 150-250 rpm and are
gently T ejected at various angles from the spaceeraft in the
trajectory plane, i.e., the plane defined by the planet and the
spacecraft velocity vector. After a suitable time delay, a
solid rocket attached to each precursor is fired to increase the
precursor velocity. The precursors fan out in the trajectory
plane, and their resultant flight paths are essentially perturba-
tions of the mothercraft trajectory. The position and velocity
of the spacecraft relative to the target planet at precursor
launch are known. Knowledge of the AV applied to the
precursors permits inference of their vacuum trajectories
relative to the spacecraft trajectory. Since some error can
exist in the knowledge of these quantities, the spacecraft con-
tinues its navigation function as it approaches the planet, in
order to improve the definition of the state conditions at the
time the precursors were launched. The velocity differentials
possessed by the precursors relative to the spacecraft permit
them to precede it to the planet, enter** (or miss) the plane-

SIGNAL CONDITIONER DESPIN YO-YO

BATTERY

TRANSMITTER

ENTRY VEHICLE

ACCELEROMETER WEIGHT 17 TO 20 LB
LENGTH 15 TO 20 FT

DIAMETER 0.5 TO 0.75FT

ANTENNA

Fig. 4 Precursor vehicle.

§ The precursors are atmospheric-entry vehicles which possess
the same aerodynamic similarity to the spacecraft as ballistic
missile decoys do to the ballistic missiles they simulate.

T The purpose of gentle ejection is to minimize spacecraft
attitude perturbations and tipoff errors.

** Shortly prior to atmospheric entry, a yo-yo despin system
reduces precursor spin rate to 5 to 10 rpm to permit angle-of
attack-convergence.
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Fig. 5 Signal processor.

tary atmosphere, and pass through peak deceleration well be-
fore spacecraft atmospheric entry.

Each precursor is instrumented with a longitudinal accel-
erometer and a transmitter located such that transmission of
certain characteristics of the sensed specific force is directed
out of the base of the precursor to the spacecraft. Figure 5
is a symbolic representation of a possible data processing
scheme. The quantities with subseripts refer to indices of
the total velocity change which each precursor has experi-
enced due to aerodynamic forces. (It will be recalled that
each will have a different virtual periapsis or entry angle.)
Those precursors lying in the cross-hatched undershoot region
will land, because their velocity changes are too great for
them to orbit or eseape. The precursor in the overshoot
region has not lost enough energy to be captured by the planet;
therefore, it escapes. Precursor no. 2 has been captured by
the planet and will orbit before landing. Through extrapola-
tion or interpolation of these load indices and the knowledge
of where the mothereraft load index would lie were it to con-
tinue on its unaltered course, the mothercraft, still several
thousand miles away from atmospheric entry, can determine
and effect that flight-path angle change most suitable for its
atmospheric entry.

Launch Considerations

The major factor influencing precursor design for launch
and vacuum flight is the required maintenance, with respect
to an inertial reference, of the precursor attitude during its
thrust phase such that the desired orientation of the velocity
perturbation is achieved. No significant precursor attitude
errors are expected to result from soft ejection of the spinning
precursors from their launching tubes. More significant errors
can be expected from thrust offset and prineipal axis misalign-
ment of the precursor during the thrust phase. Reference 4
establishes a dynamic equivalence between prineipal axis mis-
alignment and thrust offset which facilitates analysis of this
problem. Judicious manipulation of the parameters involved,
such as thrust level, burning time, spin rate, and roll moment
of inertia, coupled with precision requirements on nozzle
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SPACECRAFT Vo = 10,000 FT/SEC
VACUUM PERIAPSIS ALTITUDE =400,000 FT
PRECURSOR  LAUNCH RANGE 75,000 MILES
LAUNCH VELOCITY 500 FT/SEC

Fig. 6 Precursor: spacecraft terminal phase geometry.
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alignment and vehicle design, may be expected to result in an
aceuracy of about 0.1° for the orientation of the vector AV
achieved by the precursor.

Propulsion requirements were investigated to the extent
that a high degree of confidence was established with respect
to the attainment of precursor requirements. A preliminary
rocket design obtained from Atlantic Research Corporation
indicated that weight, envelope, and performance requirements
are well within the realm of practicality.

Aerodynamics and Flight-Path Geometry

The aerodynamic criterion associated with the simulation
of a space vehicle entering either Mars or Venus is the accurate
prediction of the M/CpA for both the space vehicle and the
precursor. Factors which affect this performance parameter
are:

1) Drag coefficient
a) Mach number, compressibility effect
b) Reynolds number, viscous effect
¢) Ablation, shape variation and also induced pressure

“drag

2) Mass variations due to ablation

3) Reference area variation due to ablation

4) Vehicle dynamies (increased drag due to angle of attack
and also effect of lift introduced during angle-of-attack
flight)

The factors affecting the drag coefficient are very closely
coupled, but they can be handled by test and analytical tech-
niques. Considerable experience has been achieved at Avco
in terms of simulating re-entry vehicles by means of subscale
flight testing and decoys. In these cases simulation is not
restricted solely to trajectory history but also to vehicle
observables. Experience indicates that the precursor aero-
dynamic design and the criteria for satisfactory simulation can
be established from the presently available technology.

Figure 6 depicts, to scale, the flight paths of two precursors
entering the Martian atmosphere. These precursors represent
typical ballistic(L/D = 0) overshoot and undershoot extremes;
although they were launched simultaneously, their trajectories
are different and they enter at different times. The time at
precursor entry, however, is taken as zero for both cases, and
these time scales indicated on the mothercraft trajectory.
The undershoot precursor reaches the planet approximately
400 sec prior to the overshoot precursor; the spaceship is at
the position marked ¢, = 0 when the undershoot precursor
enters and is at the position marked t, = 0 when the overshoot
precursor enters.

There has been no attempt to optimize these trajectories
with respect to any of the numerous parameters involved, yvet
the geometry of communication, as well as the available flight
time for the spacecraft to process data and effect a correction,
are seen to be favorable. Should the vehicle that impacts
experience a period of blackout, there remains ample time in
low-speed flight prior to impact for the communication of data.
For the conditions selected, the flight time remaining to the
mothereraft, after signal reception from the last precursor, is
at least 1000 sec and may be as high as 1300 sec or 15-20 min.
This seems to be more than adequate time to process data,
effect mothercraft trajectory correction. and rig for entry.

Data Acquisition and Communications

Typical deceleration curves for precursors entering the
atmosphere of Mars are shown in Fig. 7. An accelerometer
could sense this deceleration and relay this information to the
mothercraft. However, to maintain simplicity, it appears
desirable to limit the amount of information required from the
precursor. The transmission of peak deceleration, the peak
rate of change of deceleration, or the integral of deceleration
for a given time may prove to be sufficient. The minimum
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amount of data required from the precursor remains to be
determined; once this is known, exact design of the precursor
instrumentation can be resolved. The blackout of trans-
mission does not appear to be a problem at present; however,
should this become a problem, the time of tranmission will
have to be chosen to insure the data acquisition by the mother-
craft. Hence the type of data available may be affected.

The instrumentation and transmission system for the pre-
cursor vehicle was examined to establish the weight required.
A transmitting frequency of 1500 Mc was selected to optimize
the over-all system gain. The transmitting antenna on the
base of the precursor vehicle has been limited to 6 in. to
minimize the precursor vehicle size and weight. An estimate
of the size of the receiving antenna on the spacecraft was
made; a 2-ft diameter appears quite feasible. A detailed anal-
vsis of this communication link indicates that a 1 w (input
power) transmitter on the precursor driving the antenna,
which has a 90° half-power beam width, will yield a satis-
factory S/N ratio. The total weight estimate for trans-
mitter, antenna, signal conditioner, and battery for 2-hr
operation is 3 1b.

Information Processing

One can imagine the use of a single precursor, launched
toward a steep entry condition in order to realize a sufficiently
high probability for entry and traversal of all altitudes, from
which complete deceleration and altitude-velocity histories
could be derived. From these the density vs altitude curve
for the planet at the local position and time could be con-
structed. This extreme, however, presents an imposing re-
quirement for data sensing, communication, and processing.
The other extreme would be the use of a large number of
precursors and the recovery of just a single word of informa-
tion, such as the integrated longitudinal specific force, from
each. If precursors were deployed through a wide range, with
a fine spacing between the entry conditions for adjacent
vehicles, several of them would yield useful values of inte-
grated specific force. By interpolation, the desired space-
craft entry condition could be determined. Note further
that if the initial trajectory of the spacecraft is inaccurately
known, this inaccuracy will influence the calculated entry
conditions for both the precursors and the spacecraft in nearly
the same way, so the first-order effect of inaccurate trajectory
data is compensated.

The most favorable system will lie between these extremes.
The work completed to date has been directed primarily
toward finding parameters that are both convenient to meas-
ure and indicative in a simple way of the important effects of
the atmosphere on the vehicle. A very desirable character-
istie of such measured parameters is that they have quantita-
tively useful values for trajectories that impact, as well as
for those which leave the atmosphere. One such parameter is
the maximum deceleration experienced by the precursor. Its
usefulness was indicated by a study of a simplified situation—
the establishment of an orbit around Mars. Atmospheric
uncertainties were embodied in four different density-altitude
models, which differed by as much as a factor of 100 in density
in the altitude range at which significant deceleration is ex-
perienced. One of these models was treated as the nominal
or expected atmosphere, the others as perturbed actual atmos-
pheres. From the values of maximum deceleration re-
covered from the precursors, the desired entry-flight-path
angle, and thus the velocity correction, for the spacecraft was
caleulated using formulas based on influence coeflicients linear-
ized about the nominal situation. The resulting entry-flight-
path angles for the spacecraft into the three perturbed atmos-
pheres differed from the most desirable entry angle in each
case by less than 0.4°, which is a small enough deviation to be
accommodaled by a modest amount of lifting control during
the atmospheric pass. A total of nine precursors was required
to span the range of atmospheric uncertainty in this example.
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Fig. 7 Precursor deceleration histories for Martian at-
mosphere.

This test is only a first step.  Additional infermation can be
derived from each precursor to reduce the number of precur-
sors required, and other parameters should be studied. How-
ever, this example demonstrates the significant information
content of simple parameters such as maximum deceleration.

Error Analysis

A digital computer program® was written to carry out a
complete planar (error) analysis to determine: 1) the influence
coefficients, 2) desirable precursor launch and spacecraft
positional fix conditions, and 3) uncertainties in the space-
craft flight-path angle relative to the precursor flight-path
angle at a reference altitude approximating the top of the
sensible atmosphere. The program is based on the parametric
evaluation of partial derivatives (derived analytically) of a
sequence of equations which are equivalent to a set which
might be used for guidance. The primary outputs are the
quantities in the equation determining the uncertainty of the
spaceship flight-path angle Avygs relative to the precursor
flight-path angle at the reference range. This equation is

(A'YES) = Z(AGia'YE.\'//aGi) 2

i

where the various parameters represented by @, and the
corresponding uncertainty AG are as follows: Rar, Vs, vus
are the spaceship range, velocity, and flight-path angle rela-
tive to the planet at the time of the last measurement used
for retrocomputation of precursor launch parameters; ¢ is
the central angle subtended at the planet by the portion of
the spaceship trajectory from precursor launch to the last
measurement range; Vop is the velocity perturbation applied
to a precursor at launch; 6,p is the application angle (relative
to the spaceship velocity vector) of the velocity perturbation
applied to a precursor at launch; Vesis the velocity correction
added to the spaceship velocity vector at the correction point
to change its flight-path angle; and fcs is the application
angle (relative to the spaceship velocity vector) of the velocity
correction applied to the spaceship at the correction point to
change its flight-path angle.

In Fig. 8, the root sum square (RSS) value of the entry
angle uncertainty is plotted as a function of the entry angle
for a launch range of 50,000 miles and a last measurement
range of 10,000 miles. In this case, the planetary approach
velocity to Mars of the spacecraft is 20,000 fps, with a peri-
apsis equal to the planet radius, and the precursors are
launched with a velocity perturbation of 1000 fps relative to
the spacecraft. The upper curve gives the RSS value of the
uncertainty in the absolute value of the spacecraft entry
angle. In the region of interest, this varies from 0.03 to 0.018
rad (1.7° to 1.0°). The lower shows the RSS value of the un-
certainty of the spacecraft entry angle relative to the precursor
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Fig. 8 Uncertainty in spacecraft entry angle, ;.

entry angle. In the region of interest, this varies from
0.0072 to 0.0039 rad (0.41° to 0.22°). Table 2 gives
the influence coeflicients for a typical point on the lower
curve showing the relative importance of the various
parameters. For a particular set of launch and fix-state
conditions, a comparison of the uncertainty in space-
craft flight-path angle relative to the precursor flight-path
angle at the reference altitude with the available entry corridor
will indicate the feasibility of the precursor guidance tech-
nique. (As the uncertainty increases, compared with the
available entry corridor, the data supplied the spacecraft
by the precursors begin to lose significance for the space-
craft). For M/CpA = 1 slug/ft?, L/D = 0.5, AV = 1000
fps, Fig. 3 shows that the corridor width is approximately 7°
centered around —16.5°. At this entry angle, Fig. 8 gives the
30 value of the uncertainty in the spacecraft entry angle
relative to the precursor as 1.0°.  The spacecraft is considered,
then, to have been placed within the actual corridor to this
accuracy irrespective of the uncertainty in the absolute entry
angle.

Atmospheric Flight Guidance

Depending on the results of an error analysis for the entire
aerodynamic braking system, either a lifting or nonlifting
aerodynamic configuration may be indicated. The nonlifting
vehicle poses no guidanece or control requirements during its
atmospherie flight, but the ability of such a system to tolerate
errors is small. With a lifting configuration, the entry corri-
dor is considerably broadened and the control of the aero-
dynamic trajectory can be used to relieve the specifications
on other parts of the system. The control of a high-velocity
lifting vehicle is a problem that has been studied at length

Table 2 Relative importance of error components
for yps = 0.275 rad (=~15.75°)

Influence coefficient® Error, rad

0z0vEs/OR M 1.08 X 1077
Ovdyes/OVars 7.13 X 10°
ov0vEs/QvMs 3.77 X 1077
0307 13/0¢ 1.78 X 1077
ovordyes/OVop 1.16 X 1073
o90pOy s /80P 3.79 X 103
ovesOves/OVes 1.21 X 103
08050V Es/O8cs 2.26 X 10!

¢ The one-sigma values used were: op = 2 X 108 ft; oy = 25 fps;

oy =0¢ = 0hpp = 0.1°; 0/vop = 10 tps; d¢cs = 0.05°; and 0/ves =
0.2 fps.
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Fig.9 Orbit payload weight comparison of aero-precursor
vs retropropulsion braking to establish 200-mile circular
orbit around Mars.

by many organizations, including Aveo. There is no need
for a complete discussion of this matter here; however, since
control of the spacecraft during its pass through the planetary
atmosphere may be an essential part of a system utilizing
aerodynamic braking, it is pertinent to point out that a feasi-
ble solution to this problem is in hand. Studies including
computer tests of approximate formulations of the spacecraft,
trajectory equations and of specific numerical procedures for
integrating these equations have demonstrated that a com-
puter-predictor final state control philosophy is entirely feasi-
ble in this application. An arithmetic-type digital computer
of modest performance can perform the navigation function
for the spacecraft and provide predicted trajectories at a
sufficiently high frequency.

Payload Performance

Results are presented in Fig. 9 comparing the efficacy of
aerodynamic braking vs pure retropropulsion in placing a
payload in a 200-mile circular orbit around Mars from hyper-
bolic approach (V. = 20,000 fps) conditions. It can be seen
that for any given initial vehicle weight, the use of atmospheric
braking based on precursor information can result in payload
factors of 4 to 5 compared to retropropulsive braking. The
magnitude of the payload with atmospheric braking depends
on the velocity increment required to achieve a stable orbit
after leaving the Martian atmosphere; the curves for AV =
2000 and 500 fps are considered to bracket this requirement.
For both the aeroprecursor system and the retrosystem, a
propellant specific impulse of 310 sec and a propellant mass
fraction of 0.865 for the rockets were assumed. In addition,

Table 3 Weight parameters used for aeroprecursor
system

Parameters Value

Ratio of spacecraft structure and heat shield

weight to initial spacecraft weight
Precursor weight breakdown

Accelerometer

Communications

Structure and heat shield

Rocket,

Miscellaneous (yo-yo despin weights, ete.)

Total 1
Allowance for 6 precursors in IFig. 4

at nominal 17.5 lb each 105 1Ib
Miscellaneous equipment weight attributed

to 6 precursors: spinup motors, power,

launch tubes, etc. 1301b

=]
[\
2

oo otwo
[ e BEN VU e
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the weight parameters, shown in Table 3, were used for the
aeroprecursor system.

Figure 9 suggests an answer to the question whether pre-
cursors are necessary if ‘“‘adequate atmospheric information is
available.” Tt isnot difficult to postulate a future time period
in which uncertainties in our knowledge of the Martian atmos-
phere are possibly reduced to the point where the atmosphere
can be wused for braking purposes without data aug-
mentation. However, the desirability, as opposed to the
necessity, of incorporating precursors should be considered.
Uncertainties in the knowledge of the atmosphere will still
remain, and the propulsive requirements to attain the pre-
seribed orbit after the atmospheric flight are a strong function
of these uncertainties. Significant increases in payload can
also result from reductions in these propulsive requirements,
as may be inferred from Fig. 9.

Conclusions

The use of precursor vehicles to probe planetary atmos-
pheres prior to the entry of a spacecraft appears to make
possible the use of atmospheric braking in spite of substantial
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uncertainties in knowledge of the atmospheric characteristics.
A feasibility study of the complete system indicates a very
attractive potential for the concept; a more detailed design
study seems warranted.
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Hall-Current Accelerator Utilizing Surface Contact Ionization

Epwarp A. PinsLeY,* CLYypE O. BRownN,t AND Conrap M. BanNas]
United Avreraft Corporation, East Hartford, Conn.

Analyses and experiments were performed on a Hall-current accelerator in which ion ac-
celeration occurs in an annular region filled with a neutral, fully ionized, nonequilibrium
cesium plasma. Cesium ions are formed by both surface contact and volume ionization, and
electrons are introduced by a downstream cathode. Acceleration is achieved by interaction of
a radial magnetic field and an impressed axial electric field producing azimuthal electron
drifts. Magnetic field strength is adjusted such that «,7.>> 1, and the ion cyclotron radius is
large compared with accelerator length. Accordingly, axial electron currents are inhibited by
the magnetic field, whereas ion currents are unaffected. Constraints on accelerator per-
formance and design imposed by the onset of a two-stream instability are considered. Losses
due 1o this instability can be avoided by properly choosing operating variables and accelerator
size. [Efficient, high-thrust-density performance is theoretically achievable at moderate
specific impulse with large accelerators and high thrust levels, provided that electron backflow

can be held to tolerable limits. Potential advantages include high tolerance to neutral efflux
and low ionizer heater requirements. Preliminary tests have been conducted on an experi-
mental aceelerator and ion source under conditions of exhaust beam current neutrality.

Introduction

SE of a low-density Hall-current accelerator to circum-
vent the space-charge-limited current operation of con-
ventional ion accelerators has been suggested! as a means of
obtaining high-performance electric propulsion thrustors in
the moderate (2000-5000 sec) specific impulse regime. Neu-
tralization of the ion space charge in this device is achieved by
the introduction of an equal number density of electrons in an
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annular accelerating region. Electrons are constrained to
azimuthal Hall-current drift motions by a radial magnetic
field and an impressed axial electric field that also provides a
means of adding directed kinetic energy to the ions. The
Hall-current Lorentz force couples the jon reaction force to
the accelerator structure. The accelerating region is filled
with a low-density, collisionless (w.r. >> 1) plasma, in which
the ion cyclotron radius is large and the electron cyclotron
radius is small with respect to accelerator dimensions. This
so-called ‘“EM-region” plasma, in principle, permits electro-
static acceleration of ions while electrons are constrained to
E X B drift motions.

Previous experimental investigations?™® have been con-
ducted on devices in which argon ions are formed by volume
ionization in the accelerating region. To sustain the dis-
charge it has been necessary to operate such accelerators at
rather high neutral gas pressures (over 10=3 mm Hg). The
presence of background neutrals at these pressures can de-



