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Lewis Type Bombardment Ion Engine:
d.c. and Pulsed Operation

H. J. Kine* anp B. 8. QUINTAL}
ITon Physics Corporation, Burlington, Mass.

Introduction: d.c. Operation

N experimental program has been conducted to investi-
gate the fundamentals of operation of a Lewis type! elec-
tron bombardment ion engine. This program has provided
empirical evidence that either the arc or accelerating elec-
trodes can limit the beam current from the engine, depending
on operating conditions. It is found that, for an engine of a
particular size, the thrust level, specific impulse, and pro-
pellant efficiency are interrelated and thus cannot all be
chosen independently. It is shown that for a given specific im-
pulse and maximum propellant efficiency, the thrust is directly
related to engine size, being a linear function of beam area over
the range investigated.

Limits of Engine Operation

The mechanism by which an ion beam is formed by this de-
vice has been discussed in the literature.’~® It is sufficient to
say here, with reference to Fig. 1, that the propellant (i.e., mer-
cury) fed into the are chamber in vapor form is ionized by elec-
tron bombardment and fills the arc chamber with plasma.
Tons are extracted from this plasma at the downstream end of
the arc chamber and accelerated to the desired velocity by sev-
eral kilovolts imposed between the pair of beam-forming elee-
trodes. The magnetic field lines parallel to the axis of the en-
gine confine the electrons in the arc chamber to circular orbits
such as those found in a magnetron biased beyond cutoff, thus
increasing the electron path length and, hence, the ionization
efficiency.

Since it is desirable to maximize the beam current density,
hence, the thrust for any engine, an experimental investigation
was undertaken to determine how the various operating param-
eters interact to limit the output current. During all operat-
ing modes a small fraction of the ions extracted from the
plasma will be collected on the downstream beam-forming elec-
trode. This “intercepted current” directly determines the
lifetime of the electrode and thus must be minimized, or at
least limited to some small value, to give a best compromise of
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Fig. 1 Sectioned view of 13.7-cm diam ion engine.
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Table 1 Engine parameters

Beam diameter (beam forming 13.7 cm
electrodes 509, opaque)

Beam energy 3 to 6 kv

Accelerator electrode bias -1 kv

Arc voltages 0v
varied to produce the
desired output cur-
rent
970°C
© 75% to 859,
3to5 X 1076 Torr

Arc current
Magnetic field

Cathode temperature .

Total power efficiencies?

Pressure in vacuum tank during
operation

2 The are voltage could, if desired, be varied as well to change the operat-
ing conditions. Arecinstabilities are encountered at low propellant flow rates
and arc voltages below 30 v (for an engine of this diameter). The percentage
of Hg** in the beam increases with are voltage4 5 making operation above
~60 v undesirable.

¥ Total power efficiency = ( power in beam ) .

power in beam, arc, mag., cathode

engine lifetime and output thrust. This boundary condition
is important to the manner in which the experiment described
below was conducted.

The engine shown in Fig. 1 was used throughout. The pro-
pellant feed system was calibrated to determine the propellant
flow ratet as a function of boiler temperature. The engine
parameters listed in Table 1 were maintained while the arc
current was adjusted (by varying the magnetic field) to permit
the maximum allowable current to be drawn from the engine
at accelerating voltages of 3, 4, 5, and 6 kv.

The propellant flow rate was set at a series of discrete values
between 50 and 450 mamp equivalent. For reasons just dis-
cussed, the maximum allowable output current was defined as
that beam current at which the intercepted current on the ac-
celerator electrode was less than' 8 mamp.§ Results of this
experiment are plotted in Fig. 2.

Several interesting conclusions can be drawn from Fig. 2.
At low propellant feed rates the number density of neutral
propellant atoms in the arc chamber is apparently so low that
a true arc cannot form. The arc and beam currents are both
independent of magnetic field above a small threshold field
value. The intercepted current remains small.

At high feed rates the arc current can be driven to values
greater than 10 amp by increasing the magnetic field. Such
high values must be avoided during operation since the output
beam associated with these are currents exceeds the current
handling capabilities of the beam-forming electrodes, thus
causing large interception on the accelerator electrode. Limit-
ing this interception to the forementioned 8 mamp, of neces-
sity, limits the output for any given accelerating voltage as
seen in Fig. 2. These limiting beam currents very closely fol-
low the relation I o V%2

Thus, two extremes of operation are observed: the pro-
pellant limited and accelerator limited modes. Operating
points a few percent below the knee of the curves in Fig. 2 were
normally chosen for extended runs. At this point the pro-
pellant efficiency goes through a broad maximum (maximum
values to 909%), and very stable engine operation is observed.
These results indicate that an increase in thrust from an engine
of a given size (at a fixed I,,) depends directly on increasing
the current handling capabilities of the ion optical structures,
either by using more complicated electrode geometries or by
using a structure composed of more than two elements (i.e.,
an accel-decel arrangement).

1 Propellant flow rate in amperes is the current that would be
carried by a given mass flow if each atom is singly ionized.

§ The value of 8 mamp maximum allowable intercepted current
was chosen arbitrarily. This value corresponds to ~2%, of the
beam current from the engine at I, = 8000 sec and represents a
point where the accelerator electrode is not seriously damaged dur-
ing several days of data taking. A lower value would most cer-
tainly be chosen in the design of a flight model engine.
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"Fig. 2 Output current vs propellant flow rate (boiler
temperature) measured during tests.

Scaling Relations

Engines producing beams varying in diameter from 4.5 to
13.7 cm have been studied. All had similar operating charac-
teristics to the forementioned and produced the same limiting
current densities at approximately 29, interception. It was
found that the smaller the engine the lower the arc voltage re-
quired for stable operation. Small engines, however, required
a larger value of [arc current/beam current], thus keeping the
arc power required to produce a given beam current approxi-
mately constant. The linear relation between thrust (at a
given I,;,) and beam area permits design of an engine to meet
specific requirements. The power efficiencies should be al-
most independent of engine size assuming the cathode and
magnet are tailored to the specific engine under consideration.
Structural problems associated with very large or very small
engines may well limit the useful range over which the fore-
mentioned relation may be applied. It was also found during
the course of the studies that higher propellant efficiencies
were attained with the largest engine studied (13.7-cm diam.).
A clearcut variation of propellant efficiency with size was not,
however, established, and the forementioned result may well
have been either fortuitous or a result of the fact that the op-
erators had a better “feel” for the performance of this engine
because of its extensive use during the tests.

Pulsed Operation

The pulsed operation of a Lewis type! ion engine was stud-
ied in an attempt to determine the feasibility of developing
such a device for precise thrust vectoring or positioning of
space vehicles. The engine used was very similar in structure
to that shown in Fig. 1, except that the anode diameter was 4.5
em and that a gas feed system was used. Argon and xenon
were used as propellants. These studies proved that beam-
current pulses could be produced by the simple expedient of
pulsing the arc voltage with the cathode, magnet, propellant
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Fig. 3 Pulse shapes observed during engine operation.
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Fig. 4 Leading edge of beam pulse measured at calorim-
eter 30 em from engine.

flow, and high voltage in the “operate” mode. These latter
parameters may be adjusted to their correct values while the
arc is off and, thus, will not affect the transient response of the
thrust pulse.

D.c. beam currents of 40 mamp of xenon were established at
5 kv. Operation was then changed to the pulsed mode by
pulsing the voltage on the grids of the series tubes in the are
supply with a pair of time delay relays. Pulse lengths and
repetition rates were adjustable from 10 msec to 3 sec. The
current and voltage pulses from the arc supply could be moni-
tored on an oscilloscope (with no acceleration voltage on the
engine). The intercepted current on the acceleration elec-
trode, as well as the current pulse reaching the beam collector
30 em downstream, could be monitored during engine opera-
tion. Oscilloscope traces of these measurements are shown in
Fig. 3 and Fig. 4. Oscillations are evident on the leading and
mid-portion of the pulse. These are inherent in the power
supply pulsing mechanism rather than the engine.

The d.c. operating point is reproduced to within the ac-
curacy of the measurements during pulsed operation. No in-
crease in interception was attributed to pulsed operation. In
all, 250,000 pulses were produced with no apparent damage to
the accelerator electrode.

The only appreciable time delay in producing a thrust pulse
starting with all systems in the “off” position is the thermal
time constant of the cathode. Investigation of the effects that
accelerated cathode warmup have on cathode lifetime has not
been completed, so it is presently not possible to estimate fully
the capabilities of such a bombardment thrustor in attitude
control application. Trends toward increased cathode effi-
ciencies and reliabilities give promise that it may soon be feas-
ible to run the cathode at operating temperature for the useful
life of the system, thus reducing the total time to ready the
engine for a thrust pulse to a matter of milliseconds.
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Effect of Transient Creep on the
Collapse Time of Cylinders and Cones

under External Pressure

E. Z. StowsLrL* anp E. M. Bricast
Southwest Research Institute, San Antonio, Texas

Nomeneclature

cross-sectional area, in.?

elastic tensile modulus, ksi

thickness of solid wall, or distance between facings in
sandwich wall, in.

applied load, 1b

material constant, hr~!-deg—1-°K

material constant, cal-mol—!

material constant, ksi

temperature, °K

temperature constant = 2sTe—AH/RT hr—1

time, hr

nondimensional material constant for transient creep de-
fined in text as E1/(E1 + Enr)

= nondimensional material constant for transient creep
defined in text as M1/ M

deflection, in.

strain

stress, ksi

mean stress = P/A, ksi

elastic critical stress, ksi

time constant, hr
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Subscript

IIT = referring to different parts of the material
1,2 = referring to different sandwich facings

Introduction

EASUREMENTS of the creep collapse times of long

cylindrical shells under external pressure! and of finite
cylindrical shells and cones®® have been reported in the
literature.

On the assumption that creep collapse occurs as a result
of growth of the initial imperfections with time, a theory
using steady-state creep has been developed, and a formula
for the time to collapse has been derived. Comparisons of
these theoretical results with experiment have been made!—*
which showed the basic soundness of the theoretical founda-
tion. In Ref. 4, for example, it was found that columns and
cylindrical shells, with their widely different initial imper-
fections, could be handled by the same formula and plotted
on the same chart.

The accuracy of the prediction of collapse time, however,
in some cases left something to be desired. It was felt that
one of the principal reasons for this lack of accuracy was the
neglect of the transient component of creep. The theory
assumed a constant creep rate throughout, whereas it was
inevitable that the creep rates would be much higher than
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Fig.1 Transient creep of 3003-H14 aluminum alloy shown
as dashed curves superimposed on Fig. 1a of Ref. 5.

this constant value for a time following the application of
external pressure. The question arose as to how much the
time to collapse would be affected by the inclusion of the
transient component of creep. _

Fortunately, the mechanism for handling this problem
was available.5 Although three constants are sufficient to
determine completely the steady-state creep, two additional
constants, making five in all, are required to include the
transient component. This generalization was employed
in the attempt to improve the accuracy of collapse time pre-
dictions.

Analysis

In Ref. 5, a phenomenological theory was developed to
account for the phenomena of transient creep. The dis-
tinguishing characteristic of this theory is that after a time
the creep becomes steady, and so the theory includes within
itself both the transient and the steady creep. The theory
shows that by knowledge of five constants, it is possible to
describe the entire family of creep curves for any material
up to the beginning of tertiary creep. Three of the constants
are those associated with the steady state of creep, whereas
the remaining two serve to specify the transient state of creep.
In Ref. 5, it was shown that the families of creep curves for
four different materials (pure aluminum, gamma iron, lead,
and 7075-T6 aluminum alloy) could be described completely
by these five constants.

The theory assumes that any given material is split into
two parts, each of which is itself viscoelastic with its own
elasticity and its own viscosity. It is the interaction of these
two parts which produces the transient creep. As time
progresses, the interaction between the parts becomes of
less and less importance, until the interaction substantially
ceases, and the material then creeps at a steady rate.

The notation is the same as that used for steady state creep,
with the addition of subscripts I and II for the two parts of
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Fig. 2 Transient creep of 6061-T6 aluminum alloy shown
as dashed curves superimposed on Fig. 1b of Ref. 5.



