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ABSTRACT

Techniques for ground-testing of ion engines
obtained since publication of AEDC-TDR-62-152 (Sept.
1962) are reviewed, This report discusses pro-
cedures for the neutralization of ion beams and the
results of experiments measuring the space charge and
current neutrality achieved. Results of experiments
with the window probe and a new probe for the meas-
urement of beam potential are also presented. Results
achieved with the methods described in the first Tech-
nical Documentary Report are discussed; more re-
cently developed methods and their results are also
reviewed,
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I INTRODUCTION

The first report* (September 1962) published under this con-
tract developed a philosophy for the achievement of the contract objectives;
this philosophy has remained unchanged. However, as more information
has become available, many of the technical details have been modified.
The computer studies have been discarded because of the inherent com-
plexity of the problem, which necessitated the adoption of unrealistic
simplifying assumptions, Because of its simplicity, a lithium ion beam
probe has been designed, built, and successfully placed in operation as
a diagnostic tool and replaces the electron beam probe described pre-
viously. Window probe studies revealed the presence of slow ions in
the high energy cesium ion beam; their source and their magnitude are
being studied., Current neutralization was examined in an isolated
engine experiment; it was found that it represents no problem to the
operation of ion engines in space.

II. NEUTRALIZATION STUDIES
A. Space Charge Neutralization-r
1, Definition and Experimental Techniques

Neutralization is divided into two distinct modes. The
first, space charge neutralization, requires equal numbers of ions and
electrons within the beam and is not concerned with any charging of the
vehicle which might occur. The second, current neutralization, re-
quires the emission of equal numbers of ions and electrons from the
vehicle and influences the ultimate potential of the vehicle. Adequate
space charge neutralization is necessary for two reasons., First, in
extreme cases excessive space charge can actually cause the beam to
turn arcound and return to the vehicle; in this case, no thrust results.
Second, in less extreme cases the unbalanced charge will interact with
the vehicle and cause a loss of thrust. A slight space charge imbalance
may exist, however, without severely limiting engine performance.

In all of the neutralization experiments performed to date (Refs.
1, 2), the ion beam has been pulsed tc minimize the interactions of the

*R. A. Hubach and G. B. Peppin. '"Analytical and Experimental Studies to
Develop Ion Engine Ground-Testing Techniques.'" AEDC-TDR-62-152,
September 1962.

TThe work reported in this section was partially supported by Contract
NAS 5-517 and is included here for completeness.
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beam with its non-space-like environment. The pulse length is kept
short compared with the engine-collector spacing, and measurements
are generally made near the engine before the beam impinges upon the
collector, B

To monitor the space charge imbalance in the plasma pulses,
two phenomena are utilized which are sensitive to the degree of im-
balance existing, The first, which has been monitored only crudely,
is the spread of the ion beam when the positive and negative ion den-
sities are not equal. In these experiments measurements have been
made only by observation cf the ion current which reaches the col-
lector after the electrons have been removed by a grid system. If
the beam is unneutralized it expands prodigiously, and very little
reaches the collector. If the beam is well neutralized, however, it
remains well collimated, and nearly all of it reaches the collector
in a properly designed experiment. The second method of detection
of a space charge imbalance has been used to gather more refined
data and to estimate the degree of neutrality achieved. In this method
a conducting hoop surrounds the pulsed beam and charges are induced
into it by any uncompensated charges which pass through it, If the
charges are in perfect balance, none will be induced in the hoop; when
neutralization is imperfect, a pulse of charge resembling a dispersion
curve will be exhibited at the hoop. Using these techniques space charge
neutralization greater than 99% has been measured.

2. Experimental Comparison of Different Neutralization
Schemes

The two main neutralization techniques employed at Hughes
can best be described by the terms pre-exit and post-exit neutralization
(Fig. 1), These terms refer to the position at which electrons are in-
jected with respect to the exit electrode, the electrode farthest from the
emitter. A pre-exit neutralizer usually consists of four button cathodes
placed symmetrically around the outside of the beam within the decel
region of the engine, In this system a decel voltage ranging from 20 to
200 V must be applied to the electrons tc achieve neutralization. The
post-exit system is composed of a length of thermicnically emitting tan-
talum wire about 0.010 in. in diameter placed just beyond the exit aperture
of the engine. In the post-exit neutralization system no injection voltage
has been found to be necessary. The length of the post-exit emitter is
apparently not critical; neutralization was achieved with two diametrically
opposed filaments, each surrounding only about 30° of the beam, as well
as with a single filament almost completely surrounding the beam, Neither
emitter was in such a position that it could be struck by ions in the beam.

Results of typical neutralization experiments are shown in Fig. 2
(a), (b), and (c), which correspond to post-exit neutralization, no neutral-
ization, and pre-exit neutralization, respectively, In each case the upper
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trace represents the collector current, the middle trace the induced
charge on the hoop, and the lower trace the pulse applied to the ionizer.
Although there are no significant differences between Figs. 2(a) and 2(c),
the lack of collector current and large induced hoop current, which are
characteristic of poor neutralization, appear in Fig. 2(b).

From these results it is concluded that space charge neutralization
was achieved equally well with both neutralization schemes under the con-
ditions prevailing in this experiment. It is still necessary to verify these
results in space and then to choose the method which is more reliable
and efficient for use in actual missions. It appears now that the post-
exit scheme will be used in the practical applications of surface contact
ion engines.

3. Effects of Physical Probes in Beams

The effects on space charge neutralization of probes placed
in the beam were examined using the techniques described above. Two
metallic probes, one about 0.1 in. in diameter and the second about a tenth
that size, were swung through an unneutralized beam. Whenthe larger
probe entered the beam the collector current increased appreciably and the
hoop trace decreased, indicating that the state of neutralization was strongly
influenced by the presence of the probe within the beam. No such effect was
observed with the smaller probe.

This experiment indicates that large probes must not be placed in
the beamif realistic neutralization data are to be obtained; if their size
is kept sufficiently small, however, probes can probably be included with-
out detriment,

B. Current Neutralization

1. Definition and Experimental Techniques

Current neutralization differs from space charge neutralization
by integrating any imbalance of current leaving the vehicle; the manifestation
of the integrators is an increase in vehicle potential. For this reason a
very small imbalance can create very large vehicle potentials which may in
turn reduce or eliminate the thrust anticipated from the engine.

To examine this effect the integrating property can be made use of
to yield high sensitivity, that is, to obtain a measurable response to only
a very small current imbalance. This may be accomplished by isolating
the engine and its auxiliary equipment from the ground and allowing it to
charge to the voltage dictated by the leakage resistance and current imbalance.
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The experimental setup consists of two screen rooms, one
completely contained within the other (¥ig, 3). The inner screen
room is 7 ft high by 6 ft deep by 9 ft long and is separated from the
outer screen room by a l-ft spacing on all sides. All equipment
required to power the ion engine and the testing and measuring
apparatus is contained within and grounded to the inner screen room,
The ion engine, mounted inside a vacuum chamber, is connected
electrically to equipment in the inner screen room,

Electrical paths between earth-ground and the inner screen
room have been kept at a minimum and appear only as leakage paths
through the isolation transformer, the stand-off insulators, and the
capacitance between the two screen rooms. The double screen room
essentially appears as an RC circuit with the charging current fur-
nished by the charge imbalance in the pulsing ion beam of the engine.

When the ion engine pulse is initiated, the inner screen room
will begin to charge for about 50 psec, the duration of the ion engine
pulse. The RC circuit then discharges for 1 msec, the time interval
between ion engine pulses. The potential of the inner screen room
rises during an ion engine pulse to a maximum potential, discharges
to a lower potential, charges to the maximum potential again, and so
forth (Fig. 4). Factors controlling the maximum potential are ion
engine beam voltage, beam current, pulse length, pulse repetition
rate, resistance between ion engine (inner screen room) and ground,
and capacitance between ion engine (inner screen room) and ground.

The remaining pages of this section will discuss the relation
between the current imbalance (given in percent as 100 times the
ratio of the net current leaving the engine to the ion current being
emitted) and an easily measurable parameter., This measurement
is made by draining a small current through a known fixed resis-
tance R which is small compared with the isolation resistance,

Figure 4 gives the expected voltage versus time variations in
engine potential where V, and V_ represent maximum and minimum
potential, respectively, reached during one charge-discharge cycle;
tq represents the discharge time and t_. the charging time.

The equation describing the engine potential during the dis-
charge period is derived as follows (see Fig. 5(a)):

vV = ilR where i, is the measured current
through the fixed resistance R
q = VC
_ dgq _ dv. _ 'V
L = % * -"C°3F °x
av o _at
T RC



AEDC-TDR-63-245

. . t
Integration yields V = Kl exp <_ Iﬁ>
The boundary conditions are
V = Vl when t = 0

and

V = Vo when t =t

Then Vl = K1 and

v

V1 exp (— T%%) (1)
t

o V1 exp <—- —R_C(lf> , (2)

When the ion engine pulse is on, the charging equation is derived as follows
(see Fig. 5(b)}). Here the net current leaving the ion engine (ion current
plus electron current) is represented by i and the leakage current through
either a shunt resistance or the isolation resistance of the system by iZ .

‘VT

VzizR

q=CV

. dg _ V dv

i=L+x =gt Cx
dv_ _ dt

- C

. . . / t
Integration yields i - ] = KZ exp<— ﬁ>

and

<
il

S

:
o
o]
1

Therefore, < -—-——> = KZ and
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vV = RLi - <i - %’) exp ( ﬁtﬁ)} (3)

[ v t
V1 :Ri-<’——R—> exp <—§—(—:/ . (4)

.

The last of the general expressions we will need before consider-
ing the actual values of parameters which are expected to be encountered
in the experiment is an expression for V; - V5 . This is easily obtained
in the following form from (2).

< .
RC
V) -V, = Vy\l-e :

The following physical parameters are assumed

R = ].089

2x10°7 F (this value was computed
fromthe screen roomdi-
mensions; the measured
value is slightly less)

[

5

t = 5x10 ~ sec
c
td = 1072 sec
Therefore
RC = 0.2 sec
t
c -4
_R.—c = 2. 5 X 10
t
d _ -3
R—C = 5 X 10

Several simplifications in computation can be made because

- e = x for x < 0,1
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Equation (5) becomes, for td/RC =5 x 10“3 R

‘g -3

or AV =5x 10_3V , which is an insignificant variation. Therefore,
a constant voltage can be assumed,

If Ry is chosen at 107Q , then tq/RC = 0. 05; the expansion
approximation still holds and Vj - V, = 0.05 Vj, a tolerable 5%
variation. This indicates that if the experiment is to be conducted with
straightforward simplicity, the effective shunt or leakage resistance
must not be less than 10§ , an achievable value.

As stated previocusly, the quantity desired is the net current
i from the ion engine through the isolation system. By charge con-
servation it is clear that in the equilibrium state the leakage current
is given by the net current times the ratio of the charging time to the
period of one cycle,

0.05 1

[

i, = — i

It has been shown that i, the net current, approximately equals
a constant times the measured leakage current, i.e., the average steady-
state engine potential divided by the total system-to-ground resistance.
Hence, the net current can be translated easily and directly from the
ammeter reading of the leakage current.

2, Experimental Results

The stray capacitance was calculated to be 2 x 10"9 F
and was measured in the fully instrumented screen room without an ion
engine to be 1,5 x 10-9F. The leakage resistance of the entire system

complete with an unheated ion engine was greater than 1092 . It was
decided that the fixed resistance should be an order of magnitude less
than the leakage resistance; thus it was set at 1082 , Most of the current

now flows through the fixed resistor, and measurement yields accurate
knowledge of the screen room potential, In the cw case an ammeter in
series with the fixed resistor is sufficient to measure the screen room
potential; in pulsed experiments an oscilloscope replaces the ammeter
to record the transient response. Results of the cw and pulsed experi-
ments are discussed below,
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a, The CW Experiments - The cw experiments
with the isolated engine designed to test current neutrality are more
meaningful than cw space charge neutrality experiments. In space
charge neutralization a single electron can contribute to the neutral-
ization of several ions merely by remaining in the vicinity of the ion
beam foralong period of time. Therefore, the yield of electrons
created by gas ionization or secondary emission from bombarded sur=~
faces can be quite small and space charge neutrality can still be achieved
if the electrons linger in the ion beam. Requirements for current
neutrality in the cw ion beam differ completely. If the engineis isolated
from its surroundings, each ion that leaves the engine must be either
accompahied by an electron or replaced by another ion, When this con-
dition is not fulfilled the engine will charge to the beam acceleration po-
tential or to whatever potential is dictated by the current imbalance and
degree of isolation achieved.

Post=-exit neutralization implemented by means of a 7-mil tantalum
wire heated to emit electrons thermionically was used; pre-exit neutral-
ization was not attempted. The electron emitter is stretched around the
entire periphery of the ion beam in such a position that it is not struck by
the ions as they pass. A voltage V. may be placed between the exit elec-
trode and the electron emitter, which is heated by a dc voltage of about 20V
(see Fig. 6).

The results of the cw experiments are shown in Fig., 7, where the
parameter is the neutralizer-exit voltage Vg . In all cases the engine
and screen room charged to the potential applied to the beam until elec-
trons were made available by the electron emitter., It was possible to set
the potential to nearly any desired value (within the limits shown in Fig. 7)
by varying the temperature of the electron emitter. In certain regions,
however, the engine potential was very sensitive to small changes in emitter
temperature; therefore it was difficult in practice to obtain particular vol-
tages between about =16 V and beam potential, This is not unexpected since
the electron emission is very strongly dependent on the thermionic emitter
temperature. For voltages more positivethan about -16 V , however, a
great many more electrons are apparently required and a change in Vyy of
1 or 2 V is necessary to make the screen room and engine appreciably
positive.

It is extremely important that the screen room and engine could be
driven positive at all by the emission of electrons; this removes the limi-
tations which might otherwise have been placed on the sensitivity of the
experiment, It was thought that if the engine remained a few volts nega-
tive it might draw slow ions from the plasma and contribute to the neutral-
ity., When the engine reaches 0 V it does not seem likely that this will
happen and it appears even less likely at +66 volts, the most positive
voltage reached in this experiment. At 0 V the leakage current must also
be zero; at positive voltages the leakage current does not limit the sensi=
tivity of the experiment. Notice in Fig. 7, however, that a positive potential
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was not reached when the neutralizer was positive with respect to the
exit electrode. The limitations mentioned above do apply in this case,
and more extensive experimentation on these effects is required.

On the basis of these and the space charge neutrality experiments
performed previously, it seems absolutely safe to state that the vehicle
can be maintained with a negligible amount of excess charge and that
there need be only a minute loss of thrust, if any, from a space charge
imbalance in the beam. These remarks only apply to post-exit neutral-
ization, since the isolation experiment has not been performed with a
pre-exit neutralizer. '

To the best of our knowledge this is the first time current neutral-
ization has been demonstrated in such a straightforward experiment.
The results appear unambiguous and allow us to contemplate the forth-
coming space tests with confidence,

b. The Pulsed Experiments — The pulsed experi-
ments are as yet perhaps less definitive than the cw ones, but they in-
dicate the same ease of neutralization and at least one other significant
result, It can be seen that electrons emitted from electrodes within the
engine, particularly the accel electrode, can contribute appreciably to
current neutralization., To demonstrate the results of the pulsed cur-
rent neutralization experiments a series of photographs of the scope
traces of screen room potential versus time are shown in Fig. 8. At
the initiation of each trace a sharp induced pulse corresponds to the
pulse applied to the ionizer,

Figure 8(a) shows a typical trace corresponding to an unneutral-
ized ion beam. In amplitude this potential does not reach the beam po-
tential but is limited by the pulse length, current flow, and capacitance
of the system. For this particular trace if the amplitude is taken to be
=650 V' and the capacitance 1.5 x 10-9F, the average current during a
pulse can be calculated to be 24.4 mA. This figure is only approximate,
however, since the capacitance is not accurately known and no check was
possible because the collector assembly was not completed. In Fig. 8(b)
the conditions are identical to those of Fig. 8(a) except electrons are in-
jected at the post-exit emitter. It is not possible to determine the vol-
tage level exactly, as in the cw case, but it is certainly very low and
neutralization must be nearly complete.

A current of about 37 mA must be responsible for the amplitude
of the unneutralized screen room pulse in Fig. 8(c) in which the ionizer
voltage pulse height has been increased to 8 kV. The trace in Fig. 8(d)
was recorded under identical conditions but with =300 V on the accel
electrode. Current neutralization is nearly achieved when the accel
electrode potential is added, apparently because electrons may now be
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ejected from the engine by fields which exist within it, These elec-
trons seem to be emitted thermionically from the hot cesium=coated
accel electrode.

In some cases the number of electrons emitted is insufficient
to cause current neutralization but will appreciably increase the rate
of decay of engine potential. Insufficient electrons are injected by the
neutralizer in Fig., 8(e), and the decay time is about a factor of five
shorter than that in Fig. 8(c), although the amplitude of the engine
potential pulse is very nearly the same. This same effect can be ob=
served in Fig. 8(f), (g), and (h) where thermionic electrons from the
accel electrode are being emitted. In Fig. 8(f) the cesium boiler
valve is open and the accel electrode probably coated with cesium,
causing enhanced electron emission and rapid decay of the engine
potential. In Fig. 8(g) and (h) the valve has been closed for 5 and
10 min, respectively, and the decay time has increased appreciably
in each instance as cleaning up of cesium from the accel electrode
proceeds.

As the pulse length is increased, a longer charge time is
provided and the maximum potential reached by the screen room
will increase almost in direct proportion., This is shown in Fig.
8(i) and (j), where all parameters are identical except the pulse
lengths, which are 40 and 20 pysec, respectively. The amplitude
of the screen room potential in the case of the 40-ysec pulseis nearly
double that of the 20-psec pulse, as was anticipated, (Pertinent
parameters for Fig., 8 are seen in Table 1. )

II1. MEASUREMENT OF BEAM POTENTIAL

A, Description of the Lithium Ion Beam Probe

In the first Technical Note a method of measuring beam po-
tential was described which involved the use of an electron beam modu-
lated at microwave frequency and the measurement of the phase shift
produced as the region of unknown potential was traversed. By the
use of high frequency modulation such a probe would potentially yield
excellent time and spatial resolution; its development, however, turned
out to be a rather major undertaking. The same information may be
obtained from a beam of lithium ions (Ref. 3) but some resolution is
sacrificed.

Operation of the lithium ion beam probe is extremely simple

in principle. Lithium ions are ejected from a gun with an energy
(in volts) of Vg and traverse a potential distribution within the cesium

10



TABLE I

Pertinent Parameters for Current Neutralization Experiments

Voltage
Time Voltage . Scale Cesium
Figure \I:luldili Between }l;u'ls;t on Accel 5'1;1:;: Ordinate Boiler Neutralizer D nstrates
Number ¢ ' Pulses, eight, Electrode, ! of Scope Valve Condition €mo
usec kV ; nsec cm e
msec v Trace, Condition
V'em
8(a}) 40 9 6.0 0 200 500 Open Off Unneutralized ion
‘ beam - 6 kV
8(b) 40 9 6.0 0 200 500 Open On Neutralized ion
beam - 6 kV
8{c) 40 9 8.0 0 1000 500 Closed Off Unneutralized ion
beam - 8 kV
8(d) 40 9 8.0 300 1000 500 Closed Off Shows neutralization by
electrons from the accel
electrode
8{(e) 40 2 8.0 0 1000 500 Closed Partially on Shows decrease in decay
time caused by injected
electrons
8(f) 40 9 8.0 0 1000 500 Open Off Short decay time with
valve open
8(g) 40 3 8.0 o 1000 500 Closed Off Longer decay time
for 5 min with valve closed
8(h) 40 9 8.0 0 1000 500 Closed Off Still longer decay time
for 10 min with valve closed for
longer period
8(i) 40 9 4.0 0 1000 100 Closed Off Effect of puise width on
amplitude of screen room
8(3) 20 9 4.0 0 1000 100 Closed off potential

Sye-£9-3al-24a3yv
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ion beam where they encounter some maximum positive potential

Ve The value of V) encountered depends upon many factors —
cesium ion density and energy, degree of neutrality, background
pressure, and other properties of the environment., Differing values

of V) will also be met, depending on where on the cross section

of the cesium beam the lithium ions make their traversal. Consider

the variation of the current to the lithium collector (which collects

ions after their traversal of the cesium beam) as Vp is increased

from zero. At first the lithium collector current is zero since the

ions have insufficient energy to overcome the potential barrier en-
countered, the peak of which is Vj . In fact no current reaches the
lithium collector until Vg equals the particular value of V), en-
countered. At this time there is a sharp increase to the value of
collector current experienced when there was no cesium beam present.
The value of Vg recorded at the time of the sudden increase in lithium
collector current is equal to the value of Vj; encountered by the lithium
ions., A schematic diagram of the experimental setup is shown in Fig. 9(a).

To insure that the lithium ions do not appreciably alter the
potential they are supposed to be monitoring, their density is kept
considerably below that of the cesium ion beam. For the data shown
in Fig. 10 the density difference was over four orders of magnitude.

Figure 9b) shows a cross section of a hypothetical potential
which might exist within the cesium ion beam; the cross section passes
through the center line of the beam. Let the boundaries of the lithium
beam traversing this potential distribution and traveling into the plane
of the paper be defined by points A and B, Since the cesium beam is
assumed to have cylindrical symmetry, the curve of Fig. 10(a) repre-
sents the maximum potential encountered by any portion of the lithium
beam. Clearly the maximum potential encountered by the lithium ions
on boundary A is different from that encountered by those on boundary
B, Such a variation in maximum potential observed across the width
of the lithium beam will cause a gradual rise in collector current with
increasing lithium ion energy, as was observed in the data of Curve II
on Fig, 10. The difference in maximum potential encountered across
the lithium beam can be decreased by moving points A and B closer
together, which may be accomplished by decreasing the size of the
lithium beam collected.

Even if the size of the beam could be made infinitesimal, there
would still be a finite slope of the collector current versus beam energy
curve. In this case the slope would be caused by variations in energy
of the lithium ions within the beam and temporal fluctuations in the po=
tential within the cesium beam.

12
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A great advantage in the use of the lithium beam probe over
the electron beam probe resides in its ability to measure unambig-
uously the potential variation across the cesium beam., This is
accomplished by mechanically moving the lithium beam in the direction
normal to both beams and monitoring the beam potential at regular
intervals, This is represented by moving points A and B along the
abscissa in Fig. 9(b); the potential distribution monitored is exactly
that represented by Fig. 9(b). Measurements to date have been made
only at random points on the cesium beam, and there has been no
attempt to record the potential distribution.

B. Results of Pptential Measurements

Preliminary experiments have been performed with the lithium
beam probe, both with and without a cesium ion beam. The results
are encouraging but are not exactly as anticipated, since it was ex=
pected that without a cesium beam the lithium collector current would
increase with Vg to some saturation value and remain nearly constant
at that level. This did not occur and one or more peaks were observed
(Fig. 10) at reasonably low voltages. We believe that this anomaly is
caused by the beam focusing effects of Vg , and the analysis of the
Appendix shows that this is probably the case.

Curve II of Fig. 10 was obtaired under exactly the same cir-
cumstances as Curve I, except that the cesium beam was intervening
between the lithium source and the collector. Notice that the current
increase occurred over a range of about 20 V, indicating that the
maximum potential encountered across the beam of collected lithium
ions varied by this amount, During this particular run the collimating
aperture was 1/2 in, in diameter, but it has since been reduced by a
factor of four to increase the sensitivity (as discussed in Section III-A).

The results of the measurements taken to date indicate that the
maximum beam potential is close to 100 V at a background pressure
of about 10=> mm Hg.

Iv. MEASUREMENT OF SLLOW ION DENSITY

In order to observe slow ions created in the beam by charge-
exchange or gas ionization, the window probe (Ref., 4) was biased nega-
tively, While searching for slow positive ions, the window was directed
away from the high energy cesium ions. Interpretation of the results is
extremely difficult, however, because of the complex characteristics

13
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(even under the most ideal conditions) of Langmuir type probes and be-
cause cf the decided lack of ideal conditions for these experiments,
Specifically, it is assumed that the slow ions result from gas ionization,
but the fact that they have undergone an ionizing collision implies that
their previous Maxwellian energy distribution has been seriously altered,
Thus, an adequate analysis of the window probe data would have to be-
gin with the assumption that the gas possesses a Maxwellian distribution.,
We must then take account of the modifications to this distribution by the
ionizing collision, and, finally, we must determine the response of the
probe to the modified velocity spectrum,

Fortunately, this analysis need not be performed in its entirety
for useful information to be gleaned from the experimental observations,
For instance, it is not unreasonable to assume that the residual gas
possesses a Maxwellian distribution prior to its disturbance by the ion
beam and that the net effect of the ionizing interactions is to superpose
a drift velocity on the newly ionized particles in the direction of travel
of the cesium beam. There will also be newly acquired transverse com-
ponents, but they would not enhance the window probe current. For this
reason the calculations of slow ion density from window probe measure-
ments based on a Maxwellian distribution of velocities will always be
smaller than the true density. It may be possible to estimate the extent
of the velocity changes which occur during the ionizing interactions to
obtain a better estimate of the actual slow ion density, but this has not
yet been attempted.

It has not been proven conclusively that the slow positive ions
are created by gas ionization, although it is difficult to explain their
existence by any other means. To firmly establish the source of the
slow ions, an experiment must be performed in which different gases
are used in the vacuum chamber and the variation of the positive ion
densities studied as a function of pressure., Because of the varying
masses and ionization cross sections, the response of the probe should
vary appreciably with different gases, In particular, a factor of more
then 10 exists (Table II) between the expected responses of helium and
xenon,

One striking aspect of these data, which has also appeared pre-
viously in data taken with the larger annular ion sources, is the exist-
ence of a fairly well-defined density level above which there are only
small changes in the window current (Fig., 11), From the preliminary
experiments, this critical point appears not to be a function of the gas
present in the chamber, but to be dependent on the size of the chamber
in which the experiments are being performed. Moreover, in the two
sets of data which have shown this critical density, it corresponds ap-
proximately to the point at which the mean free path of the ions becomes
equal to the distance between the engine and collector The two sets of
data were taken in different chambers where the engine-collector spacing,
and hence the critical density, varied by about a factor of three.
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Predicted Values of Probe Current for Various Gases

TABLE II

a

Mml/2 ¢ 2 at 500 V (Ref. 5) M 1/2,0-8 pos 3

ELEMENT . . I .
(atomic weight) (cross section) (probé current)

Helium 0.45 0.1 0. 36
Neon 1.00 1.00 1. 00
Argon 1.40 5.0 2.6
Krypton 2.02 7.0 2.3
Xenon 2.54 22.0 4.7

aRela.tive to neon at 1. 00

SyZ-€9-44@l-2Q3v
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While it is impossible to draw firm conclusions from such data,
the implication is clear that there is a significant contribution to the
probe current from portions of the beam up to one mean free path from
the probe, and that as the mean free path becomesless than the engine-
collector distance, the attenuation of the slow ion flux by scattering
roughly compensates for the increase in current caused by the increased
gas density. Many more experiments will be necessary, however, be-
fore this hypothesis will be confirmed or denied.

In the region surrounding an annular ion beam there appear to
be two distinct regions of slow positive ions, one of which shows a
definite pressure dependence. The pressure dependent portion occurs
within the hollow of the annular beam where the beam does not actually
strike the probe. The pressure independent portion is that which actually
lies within the beam of cesium ions and may be caused by a phenomenon
other than slow ions, In order to calculate the density of slow ions from
the current measured by the window probe it is necessary to make sever-
al assumptions. The equation employed in these studies, (eq.(6)), is one
derived by Schulz and Brown (Ref, 6) in which grossly simplifying assump-
tions are made. It is used because the data obtained in these preliminary
studies probably do not merit a more sophisticated treatment, and accuracy
better than a factor of two would be fortuitous.

) IW kT= -1/2
"B T A e M (6)
W €
where
I = window current
W
A = area of window
w
e = electronic charge
€ = base of natural logarithms
T. = electron temperature (taken to be
12, 000°K)
k = Boltzmann constant
M = mass of positive ion

We will first consider the pressure independent part which appears
at the two positions where the high energy ions actually strike the probe
as it is swept through the beam (Fig. 12). Since there is no pressure de-
pendence, itis unlikely that these slow ions are created by interaction of
the cesium ions with the residual gas. A possible explanation is that the
charge-exchange process creates slow positive ions which might be collected
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at the window of the probe. In this process a high energy cesium
ion interacts with a neutral cesium atom which was emitted un-
ionized from the hot tungsten surface, removing an electron from
the atom to replace the ion's missing electron,

After the interaction there remains a slow cesium ion and a
high energy cesium atom; the slow ions will certainly contribute to
the background plasma if they are sufficiently abundant. The cross
section for this process is reasonably well known (Ref. 7) and from
the measured window currents it is possible to calculate the density
of neutrals necessary to create the observed plasma, Such a cal-
culation is not extremely accurate because of simplifying assumptions
which must be made concerning the energy distribution of the slow
ions, Values of the neutral cesium density necessary to produce
the observed plasma density are calculated from (7), below, and a
typical result corresponding to the data of Fig. 12 yields a neutral
particle density of about 5 x ],Oll/crn3o This is much higher than
the neutral density anticipated, making charge exchange an unlike-
ly contributor to the observed currents,

where

g = neutral cesium density

ng = random plasma density

v = velocity of slow ions (taken to cor-
respondto a Maxwellian temperature
of 15000K)

L = a characteristic dimension of the ion
beam (2 cm)

J = high energy cesium ion current density

Cpx = cross section for charge exchange.

Some typical data, presented in Table III, show the random plasma
density np varying with beam density; this was to be expected for any

reasonable process., In all cases, however, the neutral particle density

would have to be extremely high to account for the presence of such a
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dense plasma of slow ions. It appears that, for the time being, the
presence of the pressure independent portion of the plasma must re-
main without adequate explanation,

TABLE III

Dependence of Slow Ion Density on Cesium Ion Beam Density

Density of High Energy (1.2 kV) Density of Slow
Ion Beam, l/cm3 Ions ng l/cm3
3.3 x 10° 1.4 x 10°
1.3 x 108 0.6 x 10°
0,7X108 : O.,2X108

The portion of the plasma inside the annulus shows a distinct
pressure dependence which probably results from gas ionization. To
check this hypothesis it is necessary to calculate the cross section for
gas ionization of air by cesium ions and to compare the value deduced
with values ascertained by other methods. The cross section for gas
ionization is calculated from

L. enp
I " NJ~
o 1
where N _ is the density of particles in the residual gas, and T] is

the length of time a newly created gas-ion lingers in the vicinity of the

ion beam., To establish T,, a characteristic dimension of the ion beam
(8 cm) is divided by the velocity of a 300°K air molecule. The results

of such calculations based on the data of Fig. 12 are presented in Table IV,
Remarkable consistency of the calculated values of ¢ results when the
possible large errors in nearly all the quantities used in the calculations
are considered. From these data a value of a7 equal to 4 x 10"17cm
might reasonably be adopted for comparison with previously determined
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This result is presented in Fig, 13 and is certainly
On the basis of these

data it seems safe to conclude that the pressure dependent part of
the slow ion plasma is the result of ionization of the residual gas,

TABLE IV

Calculation of oy from Plasma Density Measurements

Cesium Beam Voltage = 1,2 kV
Data from 3 2 7
Fig. 2 N , 1/cm T., sec J, A/em“ln_, 1/cm7 ¢;, cm
) o 1 B I
Curve
a 3.5 x 1000 [1L7x107% 1. 2x 10745, 6 x 10° 8.2 x 107}
b l.7x1012 1.7x10'4 1..2x10‘47..2x106 3.4x10-17
c 3.5 x10% [1L7x10° % 1.1 x107% 7. 2x10°% |1.8 x 10717
d 9.8 x10'% [1.7x10"% 1. 5x107% .6 x 107 |2.2x 10" %7

Regardless of the cause of the slow ion plasma, it presence is
obviously of great importance to simulation considerations, The exist-
ence of a plasma of density comparable to that of the ion beam will dras-
tically alter the potential distribution across the beam and will therefore
affect the distribution of electrons responsible for the neutralization of
the ion beam. Although the level of slow ion density which can be toler-
ated while still maintaining an adequate state of simulation has not been
demonstrated analytically, it would seem safe to operate with the slow
ion density at less than 1 % of the beam density, Based on this criterion
and on the data presented here, it appears that the pressure must be main-
tained below 5 x 107 mm Hg to assure a sufficiently low level of slow
ion density.

It is also possible to obtain the cross section for the interaction
which liberates electrons to neutralize the ion beam by measuring the
fill-up time — the length of time required for a completely unneutralized
beam to become neutralized by these spurious electrons. The cross
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section obtained in this manner will be greater than the actual gas
ionization cross section for two reasons. First, it is difficult to be
sure that all the electrons have been removed from the ion beam, and
second, other sources such as interactions with the vacuum chamber
walls and collector may contribute electrons. The cross section for
gas ionization by cesium ions of argon and neon has been investigated
(Refs, 5, 8) and the values obtained are shown in Fig. 13. While these
curves are not directly applicable to the interaction being investigated
because the residual gas had approximately the composition of air, it
might be expected that the corresponding curve for cesium ions in air
would be between those for neon and argon since the molecular weight
of air lies roughly halfway between neon and argon.

If we represent the fill-up time by 7, the density of the resid-
ual gas by N, , and the velocity of the cesium ions by v, then the cross
section for production of the neutralizing electrons is given by (Ref, 9)

Table V gives values of o calculated for N, varying by more
than an order of magnitude. The values of T in Table V were taken
from the data displayed in Fig. 14. It is encouraging that the o1's thus
tabulated show such remarkable consistency despite the possibility of
appreciable errors in both N, and 7¢ These results would lead to
the adoption of a value of 1.5 x 10-16 ¢cm?2 for o, at 4.0 kV, about
a factor of two higher than anticipated, The consistency of the results,
however, is encouraging and the high values obtained for ¢; are not
inconsistent for the reasons already noted,

TABLE V
Cross Section for Liberation of Neutralizing Electrons

Calculated from Fill-up Time Measurements

No’ l/cm?J : T, Sec . v, cm/sec ops Cm

1 _ _
l.4x 10t 4x107° 7.6 x 10° (4 kV) 2.3 x 10716
4,,6x10“ 2x10°3 706x106 l°5x10-16
1.8 x 1012 51074 7.6 x 10° 1.5 x 10716
3.5 x 101 ° 351074 7.6 x 10° 1.3 x 10710
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A AUXILIARY EQUIPMENT

In the performance of these experiments certain items are
taken for granted which have been developed under this contract with
considerable effort., The source of ions used in many of these ex-
periments is a cesium contact button engine capable of current
densities up to 15 mA/cm2 at about 10 kV total accelerating voltage.
This source has proven to be quite reliable and has been through
several temperature cycles and operated satisfactorily for many
hours,

For the support and movement of probes under vacuum, a
probe stand which can reproducibly position a probe within 0, 005 in,
is in operation in the 5-ft diameter vacuum chamber, With this de-
vice probes can be moved about 16 in, in either the transverse or
longitudinal direction and can be rotated through 3609,

VI, RESULTS AND CONCILUSIONS

Many of the experiments being performed under this contract
are in the preliminary state and will be reported more fullyin later
reports. The results gathered to date are listed below and thosez that
are prelimrinary are indicated as such,

1. Laboratory experiments have been performed on space
charge neutralization which indicate that there is nothing to distinguish
pre- and post-exit neutralization,

2, The experiment designed to study current neutralization
has been performed and it has been demonstrated as conclusively as
possible in the laboratory that this factor will not present an obstacle
to the successful operation of an ion engine in space,

3. Preliminary measurements of the cesium ion beam poten-
tial have been made,

4, The density of slow ions presumably created by gas ioniza-
tion has been measured and it has been concluded that they do not create
a problem as long as the pressure is maintained at less than 5 x 10-6mm Hg.
This result will be investigated further in the beam potential experiments,

5. A button ion source and extremely accurate probe stand
have been constructed and are in operation,
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Fig. 1. Pre- and post-exit
neutralization schemes.

Fig. 2.

Comparison of pre-exit and post-exit
neutralization. Upper trace is collec-
tor current, scale = 1 mA/div; middle
trace is induced hoop current, scale
= 0.5 mA/div; time scale = 10 psec/
dib. Neutralization is indicated in (a)
and (c) by the presence of collector
current and by the lack of induced hoop
current. Lower trace is pulse applied
to ionizer, scale = 1 kV/div.
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ENGINE POTENTIAL

AEDC-TDR-63-245

EIS8—1I

Fig. 4,

TIME

Variation of potential on the isolated engine during several
charge-discharge cycles.
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Fig. 6. Schematic of post-exit neutrali-
zation scheme.
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Fig. 7. BScreen room potential as a function of neutralizer temperature.

At V_ less than 17 V, the screen room potential rose rapidly
to ionizer potential, - 3.2 kV.
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E239-8

Fig. 8. Traces of screen room voltage versus time after
pulse. For pertinent parameters see Table I
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(a) Diagram of lithium beam probe for measurement of cesium beam
potential,

| £250-1

POTENTIAL

i‘OF CESIUM
BEAM

(b) Hypothetical beam potential of a cross section of the ion
beam. Points A and B represent the boundary of the por-
tion of the lithium beam which reaches the collector.

Fig. 9.
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Fig, 10. Lithium collector response with and without cesium ion beam.
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Fig. 12. Profiles of slow ion concentration in
the annular ion beam with the window
probe facing away from the engine.
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(o)

(b)

(c)

(d)

E-64/2

PRESSURE:4.0 x 10"% mmHg

PRESSURE = 1.3 x 10" 3mm Hg

PRESSURE 5.0 x 10" mm Hg

PRESSURE = |.0 x 10"*mm Hg

Fig. 14. Effect of pressure on fill-up time,

Collector distance = 10 ft,
Collector potential = 90V
Pulse length = 5 psec
Pulse amplitude = 600V

Scope setting:
collector current = 2 mA/div.
time scale = 0.5 msec/div
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APPENDIX — LITHIUM GUN COLLECTOR RESPONSE

The shape of the current-voltage curve of the lithium gun can
be explained by considering two effects., The first is the effect of
thermal velocities at low longitudinal velocities, and the second is the
lens effect of the accel-decel system,

The lens system works as shown in Figs, A-1 and A-2, For
the anode lens

o= = Lo
B
r 0.1 x 0'260
f = —r—. = 0'029 = 0, 066,11‘1.

where r_, is the distance of the particular ion from the center line as
it passes the first grid, and r' is the rate at which it diverges from
the center line. For the aperture-cylinder lens™

V_A - 10
B
fl = O.5xD1 = 0.5x0.125 = 0,063 in.

The focal length of the aperture-cylinder lens does not change appreciably
with further increase of voltage ratio., This indicates that the maximum
transmitted current from focusing considerations should occur at V /V = 10,
Consideration of this lens effect leads to a current-voltage characteristic

such as that shown in Fig. A-3,

The following analysis shows that thermal velocities also can affect
the current voltage characteristic of the lithium gun. Assume that the
average transverse velocity is entirely determined by kT and that the
temperature is 1400°K,

>‘<K. R. Spangenberg, Vacuum Tubes (McGraw-Hill, New York, 1948),
p. 343, Fig. 13. 34.
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23

1.38 x 10 “~ x 1400 = 1.93x10'20

kT

It

0.12 eV,

If we consider a point source emitting from the bottom of a cylinder,
we find that the collector current for a given beam voltage is inversely
proportional to the thermal energy.

1 VB

Teomw ™~ 2 ~ 0.12
T
Vz

This also shows that at low values of Vp the current measured at the
collector should be directly proportional to VB (from thermal velocity
considerations alone), as demonstrated in Fig, A-4.

When these two effects are considered simultaneously, a current-
voltage characteristic such as that of Fig. A-5 may result. This is pre-
cisely the type of response which is most generally observed, and con-
sequently the proposed explanation may be correct.

To make this a more constant current (with respect to Vp) source
it is proposed to make the drift space within the gun, between grids two
and three, longer and narrower. This modification is being made in the
new gun being designed for the small glass system.
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E239-3
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Fig. A-3, Current characteristics due to the lens
effect.
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E239-4
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Fig. A-4. Current characteristic due to thermal velocities.
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Fig. A-5. Superposition of the effects displayed in Figs, A-3 and A-4,
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LIST OF SYMBOLS

area of aperture of window probe
ratio of r, to r'

measured current through the fixed resistance in the isolated
engine experiment (IEE)

leakage current in IEE

lithium collector current

current through the aperture of the window probe

high energy cesium ion current density

a characteristic dimension of the ion beam

mass of positive ion

random plasma density

neutral cesium density

density of particles of the residual gas in the vacuum
rate at which the ion diverges from the axis of symmetry

distance of a particular ion from the axis of symmetry of the
lithium gun

shunt or leakage resistance between engine and ground in IEE
charging time in EDD

discharge time in IEE

electron temperature

velocity of slow ions, velocity of ions in cesium beam
transverse velocity of a lithium ion

axial velocity of a lithium ion

potential between lithium ion source and the first grid
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LIST OF SYMBOLS (cont'd)

VB energy of the beam of lithium ions in volts
VE potential placed between the exit electrode and electron emitter
in IEE
VM maximum potential in the cesium beam encountered by the lithium
beam
N electron emitter heater voltage
o minimum potential reached during discharge cycle in IEE
V1 maximum potential reached during charge cycle in IEE
CEx cross section for charge exchange
oy cross section for gas ionization
T length of time an ion created by gas ionization lingers within the
beam
cwW continuous wave = dc
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