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Internal Plasma Properties and Enhanced Performance
of 8-Centimeter Ion Thruster Discharge

John E. Foster* and Michael J. Patterson™
NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135

There is a need for a lightweight, low-power ion thruster for space science missions. Such an ion thruster is
under development. In an effort to better understand the discharge performance of this thruster, a version of this
thruster with an anode containing electrically isolated electrodes at the cusps was fabricated and tested. Discharge
characteristics of this ring cusp ion thruster were measured without ion beam extraction. Discharge current was
measured at collection electrodes located at the cusps and at the anode body itself. Discharge performance and
plasma properties were measured as a function of discharge power, which was varied between 20 and 50 W. It was
found thation production costs decreased by as much as 20% when the two most-downstream cusp electrodes were
allowed to float. Floating the electrodes did not give rise to a significant increase in discharge power even though the
plasma density increased markedly. The improved performance is attributed to enhanced electron containment.

Nomenclature
D, = cross-field diffusion coefficient
E, = radial electric field
e = electroncharge
M; = ionmass
n, = electronnumber density
ng = plasmadensity
r = radial spatial coordinate
T, = electrontemperature
', = electronflux
I = ioncurrentdensity
M. = electron mobility

I. Introduction

HERE is a need for a low-power (<0.5 kW), lightweight ion

thruster for low-cost, small satellite space science missions.' =
Such a thruster is under development. This ion thruster, which gen-
erates an 8-cm-diam ion beam at the exit plane, is at present not
optimized.* Because at low input powers the discharge power is a
larger fraction of the total thruster power (sum of beam power and
discharge power), minimizing the power required to generate the
discharge plasma is particularlyimportant. Indeed, the primary goal
of ion thruster design is to optimize the tradeoff between discharge
power and propellant efficiency. An essential aspect of optimizing
the performance of an ion thruster is maximizing the discharge ef-
ficiency. The efficiency of an ion thruster dischargeis characterized
by the power requiredto produce a given beam current.’ This param-
eter depends to a large degree on how well the energetic electrons
are contained and utilized in the discharge chamber.

Containment of these energetic electrons is typically achieved by
using strong permanent magnets in a multipole configuration. The
ring-cusp magnetic circuit is one such configuration that has been
used effectively for energetic electron containment>-® This config-
uration consists of a series of magnet rings of alternating polarity.
This arrangement produces a magnetic cusp at each magnet ring. In
the ring-cusp configuration, electrons are prevented from reaching
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most of the discharge chamber surfaces due to strong magnetic field
lines running nearly parallel to the chamber walls. Electrons with a
sufficiently large velocity component parallel to the magnetic field
are collected at the cusps; otherwise, they are reflected back into
the discharge by the magnetic mirror force.” That most collection
occurs at the center of the cusps (along a line that bisects the mag-
net ring) is readily observable as a discolored line on the magnets’
surface or on the surface of the intervening material to which the
magnets are affixed.

Plasma production was investigated in the discharge chamber of
the 8-cm ring cusp ion thruster to obtain a better understanding of
why the dischargelosses are so large (>300 W/A at 100 W) and how
toreducethem. The dischargeinvestigationwas carried out with four
cusp electrodes, three ion wall probes, one langmuir probe, and an
ion collecting grid, which replaced the high-voltageion optics used
for beam extraction. The cusp electrodes were used to measure the
currentdistributionat the cusps as a function of operating condition.
In addition, by electricallyisolating one or more of these electrodes,
it was possible to force the discharge current to collect in a specific
cusp electrode configuration. This capability was used to externally
vary and subsequently optimize discharge performance.

Note that data taken in this study are without ion beam extrac-
tion. It is well known that discharge properties change when there
is beam extraction. Beam extraction tends to decrease the neutral
concentration in the discharge chamber. Grid transparency to ions
increases above the physical open area fraction during beam extrac-
tion, thereby increasing the effectiveion loss rate to the beam.® This
is due in part to the ions leaving the discharge at the Bohm velocity.
Without beam extraction, ions are simply collected at the grid and
reenter the discharge as neutrals. However, because the physical ge-
ometry of the discharge chamber and the magnetic circuit do not
change, the trends measured in the case without beam extraction
should be reflected under those conditions with beam extraction. In
this respect, the studies performed without beam extraction should
yield much insight into plasma production mechanisms that should
be applicable to thrusters with beam extraction.

II. Experimental Apparatus and Approach

These experiments were conducted in a 41-cm-diam x 43-cm-
long bell jar. The discharge chamber was mounted on a side port
of the bell jar. The cryopumped bell jar maintained a background
pressure in the high 107 Pa range. During discharge operation, the
bell jar pressure never rose above 6 x 10~ Pa.

A cross section of the 8-cm ion thruster’s discharge chamber is
shown in Fig. 1. The discharge chamber is cylindrically symmet-
ric. The discharge chamber, which consists of a conical section
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Fig. 1 Eight-cm ion thruster discharge chamber; position of wall ion
probes designated by numbers along discharge chamber wall.

with a cylindrical extension, was 9 cm long end to end. A keeper-
less hollow cathode served as the electron source for the discharge.
The discharge chamber was constructed of nonmagnetic stainless
steel (0.6 mm thick). Four evenly spaced rare-earth magnet rings
of alternating polarity were spot welded via nichrome straps to the
outer surface of the discharge chamber to form the ring-cusp mag-
netic circuit. Located on the inner surface of the discharge chamber
at each magnet ring was a 1.27-cm-wide, 0.16-cm-thick stainless-
steel ring. The rings are named according to location, as indicatedin
Fig. 1. Eachring, fourin all, was electricallyisolated from the anode
shell via a ceramic paste and polyimide film sandwich. This insu-
lating material is shadow shielded by the cusp electrode to reduce
the likelihood of a conducting layer forming between the ring and
the anode shell. The mechanical and electrical connection to each
cusp electrode is made via an alumina feedthrough located at the
anode shell wall. The current to each cusp electrode and the anode
shell was measured via a multimeter. Each cusp electrode and the
anode shell could be independently switched into or out of the dis-
charge circuit via single-pole switches. Additional details regarding
the 8-cm thruster may be found in Ref. 4.

The xenon gas used to create the plasma enters the discharge
chamber through the hollow cathode orifice and a gas feed plenum.
For these experiments, the cathode and the gas feed plenum flow
rates were each fixed at 1 standard cm®/min. This flow splitis similar
to that used the 8-cm thruster study discussed in Ref. 4. The main
plenum was oriented in the reverse-feed (directed toward the cath-
ode) configuration. This configuration, which increasesthe effective
discharge chamber length, has been shown to enhance propellant
utilization by as much as 5% (see Fig. 1).*?

A single, multiaperture molybdenum grid was used to collection
current at the exit plane where the thruster’s ion acceleration grids
would otherwise be located. The bias on this electrode was var-
ied relative to the cathode potential until the collected ion current
reached saturation. This ion saturation current represents the maxi-
mum ion current available for extraction. The uncertainty in the ion
grid current measurements was less than 5%. The ion grid was elec-
trically isolated from the dischargechamber by a 0.5-mm-thickmica
ring. The ion grid, which contains 1300 apertures, had a physical
open area fraction of 0.18. This open area was designed to simu-
late the open area fraction to neutrals presented by the screen and
accelerator grid combination used during actual beam extractionin

the 8-cm engine. Tantalum planar probes, located at the surface of
the anode shell midway between each magnet ring, were used to
measure ion current to the anode surface area between cusps. These
wall probes were electrically isolated from the wall via polyimide
film. The position of each probe is designated by numbers 1-3 as
shown in Fig. 1. The langmuir probe, which was located midway
between the cylinder and pole piece cusp, extended to the centerline
of the discharge chamber. The langmuir probe was located roughly
2.0 cm upstream of the ion grid. The component of the magnetic
field parallel to the langmuir probe’s collection surface was roughly
5 x 1073 T. The parallel field componentat the wall probes was well
over 3 x 1072 T. Both the wall probes and the langmuir probe were
disks 0.635 cm in diameter, which correspondedto surface areas of
0.32 cm? each.

III. Experimental Results and Discussion

A. Operating Characteristics of the Four-Ring Discharge Chamber

One objective of this study was to analyze the allotment of dis-
charge current to anode surfaces as a function of discharge power.
From this information, the effectiveness of the magnetic circuit at
confining the plasma could be assessed.

Figure 2 shows a plot of the current distribution to the various
cusps and the anode shell. Because the cusp electrodes are of differ-
entdiameters, the currentateachring is divided by its circumference
toremove misleadingeffectsassociated with such differences. Here,
the anode shell refers to the plenum and all of the surfaces between
the cusps. For these tests, the discharge current varied between 1.0
and 2.0 A, which correspondedto measureddischargevoltagesrang-
ing between 20 and 30 V. As expected most of the electron current
collection occurs at the cusps.

It is beneficial to have most of the plasma production occurring
near the ion grid. In relation to ion thruster operation, this condition
minimizes the power required to produce a given beam for a given
flow rate. The cusp currentdistributionis a rough indicator of the lo-
cation of the discharge. The discharge tends to be localized in those
regions where most of the currentis collected. In general, it then fol-
lows that to assure discharge localization near the grid, the majority
of the discharge current must be collected at the most downstream
cusps.'? In the case of the four-ring thruster, as indicated in Fig. 2,
the highestcurrentdensities are measured at the cuspsin the conical
section. Indeed, the higher current densities measured in the conical
section suggest that the plasma density is highest there. This ten-
dency to favor plasma productionin the conical sectionas compared
to the cylindrical section is most likely due to the close proximity
of the cathode cusp and the cone cusp to the cathode (see Fig. 1).
This distributionof cusp currents is not consistent with efficient dis-
charge operationas determinedin earlierinvestigationsof 30-cmion
thrusters, where most of the discharge current was collected at the
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most downstream cusps.'”!! The 8-cm discharge chamber’s current
distribution no doubt contributes to reduced discharge efficiency.

Another interesting point shown in Fig. 2 is the amount of cur-
rent collected at the anode shell. The net current collected at the
shell never exceeded 2% of the total discharge current. The rela-
tively small amount of electron current collected at the anode shell
is a consequence of the transverse magnetic field between cusps,
which severely limits electron diffusion to the walls. Also note that
the current to the anode shell changes polarity from electron domi-
nated to ion dominated as discharge power increases. This changein
polarity is due to a relative increase in ion flux to the walls. This po-
larity change is most likely attributableto an increasein the electron
repelling potential at the anode.

The ion wall probes provide direct measurement of the rate at
which ions are lost to anode surfaces between cusps (anode shell).
For these tests, ion saturationoccurred when the probes were biased
near cathode potential. The uncertainty in the measured current to
the wall probes was less than 5%. Over the power range investigated,
ion currentdensity at the wall probes in the conical section was con-
sistently higher than that collected by the cylindrical extension wall
probe 1. Using the wall probe data, the average ion current collected
at the shell in the conical section and the cylindrical extension was
estimated. It was found that the average ion current collected in the
conic region was over 40% higher than that collected in the cylin-
drical extension. This finding is particularly interesting because the
magnetic field component parallel to wall probes 2 and 3 in the
conical section were, respectively, 35 and 10% higher than that at
probe 1 in the cylinder section. The higher ion currents collected at
the probe in the conical section are consistent with the presence of
a higher density plasma located in that region as suggested by the
cusp currentdensity measurementsdiscussedearlier. In this respect,
ion loss to the walls appears to be dominated by collection in the
conical section.

Extractable ion current as a function of discharge power was
determined by biasing the ion grid 20 V below cathode potential
to achieve ion saturation. As expected, the ion current increased
monotonically with increasing discharge power. A plot of the ion
grid current as a function of the discharge currentis shown in Fig. 3.
Also shown in Fig. 3 is the ratio of the absolute value of the ion grid
currentto the total dischargecurrent. The currentratio increases with
increasingdischarge current, which suggeststhat the dischargeelec-
trons are being effectivelyutilized in the discharge. Additionally, the
ratio of ion wall probe current to grid ion current was determined.
This ratio, which was found to be roughly constant at each wall
probe, suggests that the two ion fluxes are proportional. This well-
known finding indicates that the relative rates of ions lost to the wall
and at the grid do not change with power.!*-!!

B. Effect of Current Redistribution on Discharge Performance

A series of experiments were undertaken to investigate the effect
of externally varying the current allotment at each cusp. This ap-
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discharge current.

proachis complementaryto an earlierinvestigationin which the po-
tential of electrodes placed between cuspsis varied to affect the cusp
collection width.'? In this study, it was found that biasing the inter-
cusp electrodes positive relative to the anode reduced the loss rate
of ions to the chamber wall, thereby improving discharge perfor-
mance. The experiments conducted in this work entail forcing the
currentto collectat a given cusp combination by floating one or two
selected cusp electrodes. For reference, in the baseline configura-
tion no electrodes float. The forced redistribution was expected to
give rise to variations in the ion production cost and the overall ion
current to the ion grid. Such changes are a consequence of varying
the effective anode collection area.!*~!*

For these experiments, the discharge performance was first as-
sessed under conditions where only one cusp electrode was removed
from the discharge circuit. In all but one case did floating only one
cusp electrode result in a noticeable change in performance. This
noticeable change, which resulted in an 8% reduction in ion pro-
duction costs, occurred when the pole piece electrode was allowed
to float. Similar results were observed when this electrode was al-
lowed to floatin a 30-cmion thruster investigation.! The discharge
could not be sustained with three cusp electrodes floating. Large
changes in performance were observed when two of the four cusp
electrodes were removed from the discharge circuit and allowed to
float. Figures 4a and 4b show the effect of current reallotment on
grid ion current and ion production costs (ratio of discharge power
to grid ion current) for a number of notable configurations in which
two of the four cusp electrodes float. The configurationin which the
cone and cathode cusp electrodes floated was not stable, and there-
fore no data were collected at this condition. Apparently, collection
atthe cuspsin the conical sectionis necessary for the maintenanceof
the discharge. For all floating cusp electrode configurations tested,
the ion saturation current to the grid increased linearly with increas-
ing discharge power. This finding suggests that plasma density for
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all configurations increased linearly with discharge power. Note in
Fig. 4b that overall performance improved relative to the baseline
(no floating cusps) when two cusps were allowed to float. Ton pro-
duction costs decreased from nearly 600 W/A to under 225 W/A
over the power range investigated. These findings suggestimproved
ion production near the grid when two cusps float. Best discharge
performance was achieved when both the pole piece and the cylin-
der cusp electrodes float simultaneously. The mechanism behind
this improved discharge performance is discussed in Sec. II1.C.

Note that those electrode combinations that included the pole
piece as a collector were the lowest performers. Because of its prox-
imity to the ion grid, it may be anticipated that variationsin current
collected at the pole piece cusp should have a measurable effect
on ion grid current. Pole piece collection may contribute to the re-
duction in ion current at the grid. Plasma losses to this cusp may
actually deplete the plasma near the grid. Additionally, because the
propellantis injected in the vicinity of the pole piece ring, electron
cross-field diffusion probably occurs at a more rapid rate there. In
this respect, the pole piece cusp may have a parasitic effect on the
dischargeplasmalocalto the grid. Again, thisreasoningis supported
by the noticeableincrease in performance when the pole piece elec-
trode is allowed to float alone or float in combination with another
cusp.

C. Isolation of the Pole Piece and the Cylinder Ring

Operation with the pole piece and cylinder cusp electrodes float-
ing yieldeda significantincreasein performancerelative to the base-
line configuration and the many other cusp electrode configurations
tested. The increase in the ion grid current that results from floating
the pole piece and cylinder cusp electrodes gives rise to roughly a
20% decrease in ion production costs relative to the baseline con-
figuration at similar discharge powers (see Fig. 4).

To obtain a better understanding of why this configuration per-
formed best, langmuir probe data were acquired to measure trends
in the electron temperatureand plasma density. The transverse mag-
netic field component (parallel to probe surface, transverse to dif-
fusion) at the probe was approximately 5.0 x 10~ T. Though this
field strength at the probe surface is significant, the ratio of the
Debeye length to Larmor radius is less than one; therefore, basic
probetheory was used to analyze the langmuirprobe current-voltage
characteristic!® An average electron temperature was determined
from the linear portion of a logarithmic plot of electron current vs
probe voltage. Evidence of a second linear region associated with
the high-energy primaries was not clearly observed. The absence
of the second linear portion in the logarithmic plot is primarily at-
tributed to the elevated pressurein the discharge chamber and a poor
signal-to-noiseratio in that region of the IV characteristic. Plasma
density was determined from the ion saturation current using the

relation:
I =0.61-ny-e-kT,/M,; 1)

Because ion motion near the ion grid is not severely restricted by
magnetic effects (B < 3.0 x 1073 1), Eq. (1) should also be appli-
cable to current collected there. The electron temperature was used
along with the ion saturation current measured at the grid to esti-
mate the ion density local to the grid. The ion density and the elec-
tron temperature for a series of operating conditions are shown in
Figs. 5a. and 5b. The uncertaintiesin absolute density measurement
and the absolute electron temperature measurement were estimated
to be of order 30 and 25%, respectively. As indicated in Figs. 5, the
ion density significantly increases when the pole piece and cylin-
der electrodes float. Additionally, the electron temperature is larger
under the floating conditions.

Under floating conditions, the measured increasein electron tem-
perature and plasma density may be the result of enhancedenergetic
electron confinement, which gives rise to enhanced plasma produc-
tion. As shown in Fig. 6, the cylinder electrode floats relative to the
anode at potentialsabove the excitationenergy of xenon metastables
(8.32 eV). The pole piece electrode floats at potentials relative to
the anode above the ionization potential of xenon (12 eV). There-
fore, the negative potential of the floating cusps has the capacity
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to reflect those electrons with energies capable of ionizing xenon
either directly by impact ionization or indirectly by ionization of
excited xenon metastable states. The negative floating potential is
established by the arrival rate of ion and electrons to the electrode
and is, therefore,a function of the magnetic field strength at the cusp
and the local electron temperature. Thus, the benefit of the floating
cusps becomes clear. This reflection mechanism has the effect of
increasing the residence time of the hot electrons in the discharge,
which in turn increases the likelihood of such electrons undergoing
inelastic collisions with neutrals. Additionally, it is likely that this
enhancedcontainment of hot electrons also givesrise to the increase
in the measured electron temperature.
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It is not surprising that floating the cylinder and pole piece cusp
electrodes gives rise to the largest decrease in ion production costs.
The electrostaticpluggingeffect at the floating cusps combined with
the strong transverse magnetic field between the cusps give rise to
enhanced energetic electron containment in the volume (the cylin-
drical extension) of the discharge chamber closest to the optics,
thereby synergisticallyenhancing plasma productionrates immedi-
ately upstream of the ion grid.

Furtherevidencein supportof enhanced plasma productionin the
region between the floating cusps is provided by the wall probes.
The ion current density collected at the wall probe between the two
floating electrodes significantly increases when the electrodes are
allowed to float. This finding has also been observed in an earlier
study where the pole piece cusp was allowed to float.!! The wall
probeion currentdistributionalso changes when the cusp electrodes
float. When the cusp electrodes float, the current density is largest at
the wall probein the cylindricalextensionas opposedto wall probe 3,
which was the largest under baseline conditions. The ion flux to the
wall probes 2 and 3 in the conic section shows reductionsin ion flux
when the cusps float. Because the ion flux is directly proportional
to the plasma density, it may be inferred that the increases in the
ion current collected at wall probe 1 are due to increases in plasma
density (to first order) in the region. This increase in density in
this region also increases the ion flux to the grid. Reductions in
current collected at wall probes 2 and 3 may be a consequence shift
in the discharge plasma toward the cylindrical extension. Because
significantly more electron currentflows to the conical section cusps
when the cylinder section cusps float, neutral heating in the conical
section due to collisions can be expected to increase. Such heating
would tend to rarify the gas in this region. The gas rarification would
in turn lead to areductionin plasma density and, thus, a reductionin
ion current to the wall probes in the conical section. The reductions
in density in the conical section are made up by increased electron
collection at the anode shell. The increase in electron current to
the anode shell when the cusps in the cylindrical extension float is
shown in Fig. 7. The polarity of the shell current changes from ion
dominated to electron dominated when the cusp electrodes float. As
shown, electron current to the shell increases rapidly initially only
to saturate at larger discharge powers. In general, the electron flux to
the anode shell is the sum an electric field term and a diffusion term:

on,
or

re:_ﬂe'ne'Er_DJ_' (2)

The diffusion term, as indicated in Eq. (2), is directly proportional
to the electron density gradient. Again, because electron collection
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at the floating cusps is significantly reduced, the electron density
gradient will increase and, thus, drive electrons into the shell. In
this regard, the shell plays a larger role in electron collection when
the cusps float. This behavioris a direct consequenceof anode area-
limited collection.

IV. Conclusion

Dischargeplasma propertiesof an 8-cmion thrusterwithout beam
extraction were investigated using isolated electrodes at the anode
cusps, wall ion probes, and a Langmuir probe. As determined from
cusp electrode measurements, most of the discharge current was
collected at the magnetrings. Less than 2% of the discharge current
is collected at the wall surfaces between cusps. Altering the current
distribution by floating the cusp electrodes was found to give rise
changesin discharge performance. It was found that floating the pole
piece and cylinder cusps gave rise to significant increases in perfor-
mance as measured by reductionsin the ion productioncost. This in-
crease in performanceis believedto be due to enhanced confinement
of energetic electrons by the floating potential at the floating cusps.
This enhanced confinement increases the ionization efficiency of
hot electrons. These findings point to a relatively straightforward
way to improve performance of the 8-cm ion thruster.
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