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Ion-Thruster Propellant Utilization

Harorp R. KAUFMAN*
NASA Lewis Research Center, Cleveland, Ohio

Maximum propellant utilization in a mercury electron-bombardment thruster is evaluated. The primary-
electron region in the ion chamber of a bombardment thruster is analyzed at maximum utilization. Both the
analysis and experimental data from a range of ion-chamber configurations show a nearly constant loss rate for
un-ionized propellant at maximum utilization over a wide range of total propellant flow rate. The discharge loss

level of 1000 ev/ion was used to define maximum utilization.

The exact level of this definition has no effect on the

qualitative results and little effect on the quantitative results. The results obtained are particularly significant

whenever efficient throttled operation is required.

Introduction

HE thrust of a mercury electron-bombardment thruster is
Tprovided almost entirely by the ionized portion of the pro-
pellant. The un-ionized propellant thus constitutes a loss and
should be minimized. A residence-time approach for a neu-
tral in the ion chamber has been tried previously.! Although
this approach gave the correct qualitative trends for propellant
utilization, quantitative agreement was poor. This investi-
gation obtains a better quantitative agreement. An analysis
of maximum propellant utilization? is the foundation for the
theory which herein is compared with experimental data.

The thruster used was originally operated with a 20-cm-diam
accelerator system but was masked down to a 10cm system for
this investigation. This permitted tests over a wide range of
ion chamber configurations including ones with diameters
larger than the accelerator system. An electromagnet was
used to permit a range of field strengths to be investigated. A
strongly divergent magnetic field (with field shaping pole
pieces) was employed to be consistent with current designs.
Each ion-chamber configuration was operated over a wide
range of propellant flow rates from near the lower limit for a
sustained discharge to near the upper limit of frequent electrical
breakdowns. The thruster was operated both at Colorado
State University and at the NASA Lewis Research Center. SI
(mks) units are used throughout this paper.

Ion-Chamber Theory

Typical Operation

Electrons are emitted by the ion-chamber cathode, which is
maintained 3040 v negative of the anode. The electrons are
constrained by the magnetic field until they collide with pro-
pellant atoms. The cyclotron radius for high-velocity emitted
electrons is typically 0.1 to 0.5 of the ion-chamber radius.
Some of the ions produced by these collisions reach the screen
and accelerator grids, where they are accelerated to form the
ion beam.

Un-ionized propellant atoms also escape through the ac-
celerator and are the loss of particular interest in this investi-
gation. Thruster efficiency can be defined as the product of
utilization and power efficiencies
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The thruster efficiency is thus proportional to propellant utili-
zation, and an improvement in propellant utilization can be
translated directly into improved thruster performance.

Typical neutral density in the ion chamber is about 108
mercury atoms per m®. The ions are only about 109 as
as dense as the neutrals (~ 10'7/m3), and the electron density
equals that of the ions.>* The electron energy distribution
corresponds to roughly a 5 ev temperature, although there are
significant departures from a Maxwellian distribution that will
be discussed later in this paper.

Although the ion density is normally much less than the
neutral density in the ion chamber, far more ions than neutrals
leave through the accelerator system. This apparent discrep-
ancy is due to the difference in velocities for these two species
in the ion chamber. The neutral velocity distribution is es-
sentially Maxwellian and is controlled by the wall temperature.
The ions, on the other hand, have a directed velocity toward
the boundaries of the ion chamber. This directed velocity is
given by Bohm’s criterion for a stable sheath.?

The path length for the total collision cross section of elec-
trons with neutrals is about 1-3 meters for an electron energy
range of 5-40 ev. The large magnitude of this path length
compared with ion-chamber size is the reason for using a mag-
netic field to conserve electrons. The magnetic field is weak
enough (~1073 tesla, or ~10 gauss), though, that the ion
trajectories are essentially unaffected.

The path length for excitation or ionization by 30-40 ev
electrons is about 20 m. The electron-electron, coulomb-
collision path length (90° collision) for 30-40 ev electrons is
about 200 m. Thus, the probability of energy loss due to
excitation and ionization for a 30-40 ev electron is much
greater than that due to coulomb collisions with background
electrons. The population of these energetic electrons, then,
is determined by cathode emission rather than a Maxwellian
“tail.” As a rough approximation perhaps 109, of the elec-
trons are usually found to be energetic “primaries,” while the
rest make up an essentially Maxwellian distribution. The
primary electrons have been found to produce about half the
ions in the ion chamber, while the Maxwellian tail produces
therest.® This division of ion production is for normal opera-
tion and will be a subject of discussion for conditions of
maximum utilization.

Residence-Time Approach

The residence-time approach was published in 1965.* It
assumes a cylindrical ion chamber with an accelerator system
covering one end of the cylinder and with uniform conditions
throughout the chamber. The utilization expression from the
residence time approach is

Mu =1 — exp(—Kjil) @
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where j; is the ion-beam current density, / is the ion-chamber
length, and K is a constant that depends on propellant choice.

For Eq. (2) to correlate the performance of different
thrusters, various conditions (such as ion-chamber wall tem-
perature and fraction blockage of the accelerator system) must
be nearly the same for different thrusters. In particular, the
use of a 20-cm chamber diameter with a 10-cm accelerator
system is a sharp departure from the conditions assumed for
this equation. In fact, only the 10-cm chamber data presented
herein are suitable for comparison with Eq. (2). Inasmuch as
these last mentioned data were found to correlate poorly with
the parameter j;/, there is no need to modify Eq. (2) for the
20-cm chamber data.

The reason for poor correlation of data from this investi-
gation by the parameter j,/ is believed to reside in the shape of
the primary-electron region. The residence-time approach
preceded the use of highly divergent magnetic fields, and the
primary-electron regions of that period extended the full length
of the ion chambers. Thus, a change in ion-chamber length
affected the primary-electron region and ion-chamber perfor-
mance. The primary-electron region in more recent divergent-
field designs (as described below) occupies only a fraction of
ion-chamber length. Changes in ion-chamber length should
therefore not be important for these recent designs unless the
chamber becomes very short.

Primary-Electron-Region Approach

This analysis is for high-propellant utilization and is con-
cerned mostly with primary electrons. The primary electrons
are concentrated in only a portion of the ion-chamber volume.
This portion is essentially the volume enclosed by the acceler-
ator system and magnetic field lines that intersect the anode.
The reason for this restriction of primary electrons to a small
volume is that the small plasma sheath on the anode does not
reflect energetic electrons that can reach it. The existence of a
primary electron region is experimentally evident when de-
tailed probe data are available.®>* At the high-utilization
condition of interest in this analysis, a high fraction of primary
electrons is expected. The high fraction is in turn expected to
result in primaries causing the bulk of ionizations. These
expectations will be supported by probe data. For the
thruster investigated herein, the primary-electron region is
indicated in Fig. 1. The primary-electron region indicated in
Fig. 1 is, of course, somewhat idealized. The finite cyclotron
radius of primary electrons leads to a boundary with finite
thickness instead of the line thickness of a limiting magnetic
field line indicated in the drawing.

MAGNETIC
FIELD LINE~_ /N

THROUGH l
COLLISIONS

Fig. 1 Primary electronregion (shown by cross-hatching) of divergent
field thruster used in this investigation. Letters indicate probe loca-
tions.
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The density of primary electrons increases with discharge
current. For a rough approximation, then, the limiting condi-
tion of all electrons being primaries can be assumed for
maximum utilization. Consider first the total ion production
rate N from primary electrons. Using mean values for the
primary-electron region,

N = no,n,0V, 3)

where n, and v, are the primary electron density and velocity,
n, and o are the neutral density and ionization cross section,
and ¥, is the volume of the primary-electron region. For the
total loss rate of ions from this region

N =nwA, 4)
where n; and v; are the ion density and velocity toward the
outer boundary of the primary-electron region, and A4, is the
area of this outer boundary. The ion velocity toward the
outer boundary can be estimated from the Bohm criterion for
a stable sheath, in which a Maxwellian electron distribution
is assumed. The limiting condition of all electrons being
primaries would probably depart from a Maxwellian distri-
bution, but the Bohm criterion should still approximate the
sheath ‘stability limit. With the mean primary energy used
for T., the electron temperature, the minimum ion velocity
from the Bohm criterion is

v = v(me2m;)*'? ©)

All electrons in the primary-electron region are assumed to be
primaries, so that

n,=n; (6)

With the substitution of Egs. (5) and (6) into (4), and the
equating of ion loss and production rates [Egs. (3) and (4)],
one finds

He = (me/zmt‘)‘/z/a( VP/AD) (7)

With mercury used for m; and 5 X 10-2° m? used for the
jonization cross section o (40-ev electrons), this becomes

n, =2.34 X 10*S/(V,/A,) ®)

A constant neutral density upstream of the accelerator system
implies a constant loss of neutrals at maximum propellant
utilization regardless of the total mass flow.

The preceding part of this approach [Egs. (3-8)] was made
first.> The following extension has been made in an attempt
to approximate more closely the effects of a non-Maxwellian
electron distribution. This extension unfortunately results in
a more complicated expression.

A modified Bohm criterion has been derived by Masek to
give the combined effect of monoenergetic primary and Max-
wellian electron populations.®>® This modified Bohm cri-
terion can be written (at the minimum ion energy) as

Ui = Unmenn, + 1) 2min,1'"2 ©

where n, and n, are the Maxwellian and primary electron
densities, and v, is the most probable Maxwellian electron
velocity. Equation (9) can be rewritten as

Uy = vp[(mE/zmi)(Tm/(g)p)(l + ny/ng)]H? 10)

where v, is the primary electron velocity, and T, and &, are
the Maxwellian electron temperature and primary-electron
energies—both in ev. The charge neutrality can be expressed
in terms of primary and Maxwellian electron populations as

n = ny(1+ ”p/”m)/(np/nm) (11)

Substitution of Egs. (10) and (11) into the loss-rate equation
[Eq. (4)] yields

. (m T...)”’ A + ny/nm)??

- e m A 12
N =nyv, Im. &, o P 12
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Equation (3) can be used again for the production-rate equa-
tion. Equating the loss and production rates

m(me/zml)uz T, 1/2 (1+np/nm)3/z
(Vi) \6, Tyl

The mass of a mercury ion can be assumed for m;, and
5 X 1072° m? used for 0. A value of 5 ev is reasonable for
T, while ~40 ev would be expected for &, in a 40 volt
discharge (used throughout this investigation). Equation (13)
can then be written as

a3

]

_ 0.827 X 106 (1 + ny/na)*'>
Vp/Ap nﬂ/n"‘

o (14)
The neutral density of Eq. (14) decreases rapidly with increas-
ing n,/n., up to about 0.4, and then decreases slowly with
further increases in n,/n,. The neutral density at an n,/n,, of
1.0 is in exact agreement with the value predicted by the
simpler Eq. (8).

Use of the Bohm Criterion

The original relationship given for the Bohm criterion of
sheath stability was?

U; 2(qiTe/mi)1/2 (15)

That is, the directed velocity of ions toward a collisionless
sheath must be equal to, or greater than, a critical value. In
making ion-flux calculations for a sheath, however, it is cus-
tomary to assume a simple equality. The best justification
for such an assumption is that it gives results in agreement with
experiment.®® Another assumption in the preceding analysis
is the use of the Bohm criterion at the upstream boundary of
the primary-electron region. This boundary is not a sheath in
the ordinary sense. It is, instead, a boundary thatseparatesthe
primary-electron region with its high ion production rate from
the rest of the ion chamber with a much lower ion production
rate. This assumed difference in ion production rate is sup-
ported by Langmuir probe data. To show the effect of local-
izing the ion production region, consider Fig. 2. In Fig. 2a
the ion production extends throughout the region between two
walls, and shows the customary gradual transition from
plasma to sheath. In Fig. 2b the ion production has been
localized to a central portion of this region. The solution
shown in Fig. 2b has been obtained analytically.” The ions
where found in this analysis to have close to the critical velocity
of (g:T./m.;)''* throughout the two regions of nearly uniform
potential shown in Fig. 2b. From Fig. 2b, then, one would
expect the Bohm criterion to apply to the entire boundary of
the primary-electron region.

ION-PRODUCTION REGION

POTINTIAL, V

DISTANCE, x
AJ 10N PRODUCTION THROUGHOUT.

10N-PRODUCTION REGION

POTENTIAL, V

DISTANCE, x
B) LOCALIZED 1ON PRODUCTION,

Fig.2 Form of potential solutions for low-density plasma.
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Apparatus

The mercury propellant thruster used is shown in Fig. 3.
The magnetic field is determined by a ring shaped, soft-iron
pole piece near the accelerator and a cylindrical soft-iron pole
piece near the cathode. These pole pieces are connected by
four soft-iron paths on which the field windings are mounted.
The cylindrical pole piece has about the same cross section as
the total of the four paths and also has a field winding for most
of its length. Experimental data were taken at various mag-
netic field currents, but most of the data were obtained at a
current of 1 amp. At this current the typical magnetic field
in the ion chamber (assumed to be midway between probes A
and B in Fig. 1) was about 3 X 1073 tesla (30 gauss). This
field was somewhat nonlinear with current, rising to about
5 x 1073 tesla for a current of 2 amp.

A 71% open area screen was used to reduce ion recombina-
tion on the screen. A tungsten wire cathode was used to avoid
both: 1) the uncertainty in propellant utilization that can occur
when an oxide cathode is inadvertently overheated, and 2) the
effect of localized propellant concentration associated with a
hollow cathode.

Ion-chamber probes were made using tantalum wire inside
aluminum-oxide tubes. Thelocations of the probes are shown
in Fig. 1. Quartz tubes were used for one set of probe data in
an attempt to extend the range of the probe data to higher
propellant mass flows by reducing outgassing. Probe location
selections were made based on published probe surveys.6-®
Probe A intersected a magnetic field line near the edge of the
cathode and was thought to be representative of the primary-
electron region. Probe B intersected a magnetic field line at
the boundary of the primary-electron region, while probe C
was well removed from that region.

The thruster was operated in vacuum chambers at Colorado
State University and at the NASA Lewis Research Center.
Pressures in the 109 torr range were obtained in both facili-
ties.

Procedure

All steady-state operation was at an anode potential of
+3000 v and an accelerator grid potential of —1500 v. The
total acceleration potential difference of 4500 v was sufficient
to bandle ion-beam currents of at least 150 ma without any
substantial rise in impingement.

The discharge chamber was operated at a potential difference
of 40 v for all data presented herein. A range of cathode
emissions was obtained for each of several mass flow rates.
The cathode emission was limited on the high end of the range
by an extinguished discharge, reaching the space-charge emis-
sion limit of the cathode, or simply approaching the heater
power limit of the cathode. Propellant flows were limited on
the low end by inability to sustain a discharge at 40 v and at
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the high end by repeated electrical breakdowns between the
screen and accelerator grids.

Ion-chamber configurations with three different lengths
(7.2, 10.8, and 14.4 cm) were used with a 10-cm diam and two
different lengths (9.4 and 14.4 cm) were used with the larger
20-cm diam. These configurations provided a range of about
4:1 for ion chamber wall area, and about 8: 1 for volume.
The propellant introduction to the ion chamber was controlled
by baffles of polyimide sheet. Most of the data were obtained
in the usual mode of straight-through flow from one end of
the ion chamber to the accelerator on the other end. This
mode is called “forward feed.” For comparison, one config-
uration was operated with “‘reverse feed,” where the propel-
lant was introduced through the gap between the ring shaped
pole piece and the anode.

Most of the data were obtained at a magnetic field current
of 1 amp, which provided a compromise between good per-
formance at high-mass flow and ability to operate at low-mass
flow. Some data were also obtained at higher fields. The
theory of plasma probes and their use in ion thrusters has been
adequately described in literature,®*'® and will not be re-
peated here. i

Results and Discussion

Ton Chamber Performance

Typical ion-chamber performance data are shown in Fig. 4.
The shapes of the performance curves shown in Fig. 4 (as well
as the shapes of similar curves not included in that figure) are
typical of electron bombardment thrusters. Each curve has a
relatively flat portion below the “knee.” The location of the
knee and the near vertical portion above the knee depend on
propellant flow rate. Comparisons of performance for the
near vertical portions of the curves will be adequately covered
by subsequent parts of this section. Some comparison of the
near horizontal portions below the “knee” is also of interest,
however, and will be covered here. Data for the five different
configurations are plotted in Fig. 5. The neutral flows for
these data range from 142 to 166 ma equivalent (the current
that would be measured if each propellant atom carried one

electronic charge). This small variation has little effect on the
performance below the knee, so that performance in this region
can be compared directly. The variation between configura-
tions below the knee is only -£15%,. In addition, there is no
clear trend with ion-chamber volume or surface area. One
can conclude that variations in ton-chamber configuration out-
side of the primary-electron region have no large effect on
performance below the knee. Comments by Poeschel et al.*
indicate that knowledgeable workers in the ion-thruster field
would expect such a result.

One might expect a discharge-loss sensitivity to changes in
the primary-electron region. This expectation is borne out by
the lower losses found at higher magnetic field currents. The
higher magnetic field decreases the losses, of course, by making
it more difficult for the high-velocity primaries to reach the
anode. The use of reverse feed gives a small further decrease
in losses, presumably through a change towards a slightly more
uniform distribution of ion production in the primary-electron
region.

Double valued ion-chamber performance data were not
found, except for a small region at high utilization with high
magnetic field currents. The extended double valued per-
formance data described in an earlier publication? were not
encountered after an intermittent magnet winding short was
fixed.

d, 1,  mA,
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°© W 7214
o 10 10.8 162
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= v 2 14.4 166
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& b )
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< l | [ | J
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) Propell'ant utilizéiion, nl;

Fig.5 Comparison of performance for different ion chamber confi-
gurations. Forward feed, 1 amp magnet,
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maximum. The use of some other high level of loss would = oL I I | I

have had no effect on the qualitative results presented, and
little effect on the quantitative results. Operation at higher
magnetic field strength gave close to vertical lines for operation
above the knee, so a similar arbitrary choice was not needed.
For consistency, though, the same 1000 ev/ion definition was
used.

Maximum utilization data are plotted against total propel-
lant mass flow in Fig. 6a for five forward-feed configurations
operated at a magnetic field current of 1 amp. The un-ionized
propellant mass flow was calculated for the data in Fig. 6a,
and plotted in Fig. 6b. This calculation is defined by

Jo Iun—innizd = (1 - 7]U,max)Jo I total (16)

From Fig. 6b, the maximum utilization data correspond to a
constant un-ionized loss rate of 52 ma equivalent, +8%.
This result has considerably less scatter than the previously
published maximum utilization data.? The reduced scatter is
felt to be due to improved experimental techniques, particu-
larly those techniques associated with the long time constants
of the thuster used.

The effects of a higher magnetic field and reverse feed of pro-
pellant are shown in the maximum utilization data of Fig. 7.
Reverse feed gave slightly higher maximum utilization of pro-
pellant, but again indicated a near constant loss of un-ionized
propellant (about 6-14 % lower than Fig. 6). The data for the
2-amp field current (forward feed) agreed more closely with the
data shown in Fig. 6, but also showed a slightly lower loss of
un-ionized propellant (G-10 %, lower).

As a general conclusion, then, a highly divergent field
thruster shows a near constant loss of un-ionized propellant at
maximum utilization. This result can be obtained from either
Eq. (8) or Eq. (14) with the proper selection of constants. In
agreement with either of these equations of the primary-
electron-region approach, the changes outside of the primary-
electron region have no significant effect on the loss of un-
ionized propellant. Further, even changes that do affect the
primary-electron region can have a small effect on this value
of propellant loss if the magnetic field shape is constant (which
is substantially true of the 1-2 amp range included in Figs. 6
and 7). An interesting point was brought up by a reviewer.
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Equation (8) can be derived as the limiting case of zero utiliza-
tion for the residence time model {Eq. (2)]. This analytical
result would suggest that Eq. (2) should be more valid than
Eq. (8), particularly for high utilization. Comparison of the
maximum utilization data of Fig. 6 or 7, however, will clearly
show that Eq. (2) (with the best fit value of constant) is in
poorer agreement with experimental data than either Eq. (8)
or (14), and that the lack of agreement is well outside experi-
mental error.  This lack of agreement indicates: 1) the deriva-
tion of Eq. (8) from the limiting case of zero utilization is ac-
cidental with compensating errors in theory, or 2) ion-chamber
theory is far from complete. The author is certain the second
is true, but not necessarily the first.

Ion-Chamber Probe Data

Thorough Langmuir probe surveys have been made of cur-
rent divergent field, ion-chamber designs at certain selected
operating conditions.*® The objective in obtaining the probe
data of this investigation was not to duplicate the published
ion-chamber surveys, but to obtain data at a few selected probe
locations over a wide range of propellant flow rates and ion-
chamber configurations. Probe A (Fig. 7) was selected as a
representative sample of the primary-electron region. Probe
B was located on the “critical field line” that separates the
primary-electron region from the rest of the chamber. Probe
C was selected as a representative sample of the ion chamber
outside of the primary-electron region.

The ion-chamber probe data were obtained at several emis-
sion currents for each of several mass flows. Typical data
from probe A are shown in Fig. 8 for one propellant mass flow.
The density of Maxwellian electrons first increased with dis-
charge, reached a maximum near the knee of the curve for
ion-beam current, then slowly decreased at higher discharge
currents. The ratio of primary-to-Maxwellian electron densi-
ties increased continuously with discharge current throughout
the range investigated. The electron temperature also in-
creased with discharge current, but much less rapidly.

The probe data were cross plotted to determine ion-chamber
parameters for the 1000 ev/ion condition defined as maximum
propellant utilization. For the data in Fig. 8 the value of
1000 ev/ion is reached at a discharge current of about 2.1 amp.
These cross-plotted values are presented in Fig. 9. The scatter
in the data of Fig. 9 is to a large extent a measure of the un-
certainties involved in obtaining and analyzing ion-chamber
probe data. The over-all uncertainty was estimated by Strick-
faden and Geiler® as being about 309/, with most of the error
attributed to the assumption of monoenergetic primary-elec-
tron contribution. Frequent replacement of probes was neces-
sary due to cathode sputtering and no doubt added to the total
scatter. The cathode sputtering also limited the maximum
neutral flow rates at which probe data were obtained.
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The temperature of the Maxwellian electrons in the primary
electron region (probe A, Fig. 9a) averaged about 5 ev, which
agrees closely with values obtained previously at lower utiliza-
tions.> This temperature drops slightly to about 4 ev at the
critical field line and is only about 2.5 ev outside the primary-
electron region.

The ratio of primary-to-Maxwellian electron densities aver-
ages about 0.4 for the primary-electron region (probe A, Fig.
9b). This ratio drops to about 0.1 for the critical field line.
Similar data are not shown for the ion chamber outside the
primary-electron region (probe C) because the ratio was too
low to measure accurately (<0.02). It should be noted that
the primary-to-Maxwellian density ratio in the primary-electron
region is well above the 0.1 value found previously at more
normal operating conditions. This high value is due to the
1000 ev/ion discharge losses used for Fig. 9. One should also
note that the electron parameters for this high-discharge loss
indicate that most of the ionization will take place in the
primary-electron region, as assumed in the analysis. The
mean energy of the primary electrons ranged from about
3540 ev at probe A, 30-35 ev at probe B, and <30 ev at
probe C.

The data shown in Fig. 9 show no significant trends with

-propellant mass flow or ion-chamber surface area. The use
of the mean values of 5 ev for Maxwellian-electron temperature
T. and 0.4 for primary-to-Maxwellian density ratio »n,/n, ap-
pears justified for the primary-electron region values of Eq.
(14). (T and n,/n, enter with considerably less than linear
effects in Eq. (14), so that the scatter for these parameters
shown for probe A in Fig. 9 is not important.) The values of
T and n,/n,, together with a value of 0.011 m for V,/A4, (which
can be obtained from a magnetic field map such as shown in
Fig. 1), give a neutral density of 3.11 x 10'%/m3.

An unpublished analysis by W. R. Kerslake indicated an
effective flow factor of about 0.5 for the open area of a SERT II
accelerator grid. The thruster used herein had the same screen
and accelerator grid thicknesses and hole diameters, and thus
should have the same flow factor. The accelerator open area
was 509 of a 10-cm diam beam, so that this factor of 0.5
resulted in an effective sharp edged orifice area of 0.00196 m?2.
This effective orifice area, the neutral density of 3.11 x 10'8/m?
and an assumed wall temperature of 500° K result in a neutral
loss rate of 56 ma equivalent. This value is quite close to the
experimentally determined value of 52 ma (Fig. 6). This
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close agreement is well within the possible error of the analyti-
cal model and constitutes an independent check on the ana-
lytical model.

Comparison with SERT-II Data

It is of interest to compare the results of this investigation
with published data. Probably the most documented thruster
of divergent-field design is the one used on the SERT-II
flight.!* The SERT II throttling data'? were reviewed, and
found to show the same nearly constant loss rate for un-ionized
propellant that was found in this investigation. The com-
parison was not possible for the full throttling range above
250 ev/ion. But this value was high enough to be in the
knee of the loss curve, and thus be substantially proportional
to maximum utilization as defined herein. The un-ionized
propellant loss ranged over 45-50 ma equivalent for 250 ev/ion
and a total propellant flow range of 2.5 to 1.+ The level of
un-ionized propellant loss rate predicted from thetheory of this
investigation, however, was substantially above the observed
range of 45-50 ma equivalent. An unusual aspect of SERT I1
ion-chamber operation (with the accelerator system used for
the throttling data!!) was for formation of several volt ridges
in plasma potential near the anode.*® Although the cause of
these potential ridges is not clear, their presence probably re-
duced radial ion losses in their vicinity. If one neglects the
boundary area of the primary-electron region near these

+ From private communication with Byers, Fig. 6b'2 is incorrect.
The utilization at 250 ev/ion and a beam current of 0.20 amp was
close to 0.80.
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ridges, the calculated neutral loss becomes much closer to the
experimental values. Also, the introduction of propellant
through the hollow cathode (about % of the total propellant
flow at SERT-II design conditions) was a departure from the
uniform conditions assumed for the theory derivation. Thus,
although SERT-II data is in good qualitative agreement with
the theory of this investigation, it is apparently possible to
obtain special plasma conditions that will affect the quantitative
agreement of experimental data with the theory presented here.
There is no evidence for reduced radial ion loss in the present
investigation, inasmuch as probes A and B had an average
potential difference of less than 1 v.

Conclusions

The results of this investigation can be expressed simply: the
loss rate of un-ionized propellant at maximum utilization is
nearly a constant over a wide range of total propellant
flow rate, permitting rapid prediction of total flowrate
effects from operation at one total flow rate. These
results are particularly significant for throttled operation of a
fixed configuration thruster. Because of variations in avail-
able power, many missions require operation at less than
maximum thrust. To avoid large power losses or propeliant
losses, such part-thrust operation should be near the knee of
the ion-chamber loss curve. This knee will shift substantially
in the same manner as maximum propellant utilization. Inas-
much as the un-ionized propellant loss rate will be a larger
fraction of total flow rate at part-throttle operation, one can
expect the most difficult requirement for utilization to be at
the lowest thrust level to be used. Without any configuration
changes accompanying thrust reduction, then, a thruster with
good part-thrust performance would be expected to have very
high utilization at full thrust. Good qualitative agreement of
these results was found with published SERT-II throttling data.
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