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Internal Plasma Properties and Enhanced Performance
of 8-Centimeter Ion Thruster Discharge
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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 that ion production costs decreased by as much as 20% when the two most-downstream cusp electrodes were
allowed to � oat. Floatingthe electrodes did not give rise to a signi� cant increase in discharge power even though the
plasma density increased markedly. The improved performance is attributed to enhanced electron containment.

Nomenclature
D? = cross-� eld diffusion coef� cient
Er = radial electric � eld
e = electron charge
Mi = ion mass
ne = electron number density
n0 = plasma density
r = radial spatial coordinate
Te = electron temperature
0e = electron � ux
0i = ion current density
¹e = electron mobility

I. Introduction

T HERE is a need for a low-power (<0.5 kW), lightweight ion
thruster for low-cost, small satellite space sciencemissions.1¡3

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.4 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
dischargeplasma is particularlyimportant. Indeed, the primary goal
of ion thruster design is to optimize the tradeoff between discharge
power and propellant ef� ciency. An essential aspect of optimizing
the performance of an ion thruster is maximizing the discharge ef-
� ciency. The ef� ciency of an ion thruster discharge is characterized
by thepower requiredto producea givenbeamcurrent.5 This param-
eter depends to a large degree on how well the energetic electrons
are contained and utilized in the discharge chamber.

Containmentof these energeticelectrons is typicallyachievedby
using strong permanent magnets in a multipole con� guration. The
ring–cusp magnetic circuit is one such con� guration that has been
used effectively for energetic electron containment.5;6 This con� g-
uration consists of a series of magnet rings of alternating polarity.
This arrangementproducesa magnetic cusp at each magnet ring. In
the ring–cusp con� guration, electrons are prevented from reaching
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most of the dischargechamber surfacesdue to strong magnetic � eld
lines running nearly parallel to the chamber walls. Electrons with a
suf� ciently large velocity component parallel to the magnetic � eld
are collected at the cusps; otherwise, they are re� ected back into
the discharge by the magnetic mirror force.7 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 af� xed.

Plasma production was investigated in the discharge chamber of
the 8-cm ring cusp ion thruster to obtain a better understanding of
why the dischargelossesare so large (>300 W/A at 100 W) and how
to reducethem.The dischargeinvestigationwas carriedoutwith four
cusp electrodes, three ion wall probes, one langmuir probe, and an
ion collectinggrid, which replaced the high-voltageion optics used
for beam extraction.The cusp electrodes were used to measure the
currentdistributionat the cuspsas a functionof operatingcondition.
In addition,by electricallyisolatingone or more of these electrodes,
it was possible to force the discharge current to collect in a speci� c
cusp electrode con� guration.This capabilitywas used to externally
vary and subsequentlyoptimize 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
increasesabove the physicalopen area fraction during beam extrac-
tion, thereby increasingthe effective ion loss rate to the beam.8 This
is due in part to the ions leaving the dischargeat the Bohm velocity.
Without beam extraction, ions are simply collected at the grid and
reenter the dischargeas neutrals.However, because the physicalge-
ometry of the discharge chamber and the magnetic circuit do not
change, the trends measured in the case without beam extraction
should be re� ected under those conditionswith beam extraction. In
this respect, the studies performed without beam extraction should
yield much insight into plasma productionmechanisms that should
be applicable to thrusters with beam extraction.

II. Experimental Apparatus and Approach
These experiments were conducted in a 41-cm-diam£ 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 10¡6 Pa range. During discharge operation, the
bell jar pressure never rose above 6 £ 10¡3 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 accordingto location,as indicatedin
Fig. 1. Each ring, four in all, was electricallyisolatedfrom the anode
shell via a ceramic paste and polyimide � lm 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 independentlyswitched into or out of the dis-
charge circuit via single-poleswitches. Additionaldetails 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 ori� ce and a gas feed plenum.
For these experiments, the cathode and the gas feed plenum � ow
rateswere each � xed at 1 standardcm3/min.This � ow split is 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) con� guration.This con� guration,which increasesthe effective
discharge chamber length, has been shown to enhance propellant
utilization by as much as 5% (see Fig. 1).4;9

A single, multiaperturemolybdenumgrid was used to collect ion
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 measurementswas less than 5%. The ion grid was elec-
trically isolatedfrom the dischargechamberby 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
acceleratorgrid combination used during actual beam extraction in

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
� lm. 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
� eld parallel to the langmuir probe’s collection surface was roughly
5 £ 10¡3 T. The parallel � eld componentat the wall probes was well
over 3 £ 10¡2 T. Both the wall probes and the langmuir probe were
disks 0.635 cm in diameter, which correspondedto surface areas of
0.32 cm2 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
con� ning 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 electrodesare of differ-
ent diameters, thecurrentat each ring is dividedby its circumference
to removemisleadingeffectsassociatedwith 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 2.0A, whichcorrespondedto measureddischargevoltagesrang-
ing between 20 and 30 V. As expected most of the electron current
collection occurs at the cusps.

It is bene� cial 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
� ow rate. The cusp currentdistributionis a rough indicatorof the lo-
cation of the discharge.The discharge tends to be localized in those
regionswhere most of the current is collected.In general, it then fol-
lows that to assure discharge localizationnear the grid, the majority
of the discharge current must be collected at the most downstream
cusps.10 In the case of the four-ring thruster, as indicated in Fig. 2,
the highestcurrentdensitiesare measured at the cusps in the conical
section. Indeed, the higher current densitiesmeasured in the conical
section suggest that the plasma density is highest there. This ten-
dency to favorplasma 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 consistentwith ef� cient dis-
chargeoperationas determinedin earlierinvestigationsof 30-cmion
thrusters, where most of the discharge current was collected at the

Fig. 2 Normalized current collection at anode cusps and shell as a
function of discharge power; negative current value is associated with
ion collection.
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most downstreamcusps.10;11 The 8-cm dischargechamber’s current
distribution no doubt contributes to reduced discharge ef� ciency.

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 � eld 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 dominatedas dischargepower increases.This change in
polarity is due to a relative increase in ion � ux 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 saturationoccurredwhen the probes were biased
near cathode potential. The uncertainty in the measured current to
the wall probeswas less than 5%. Over thepower range investigated,
ion currentdensity at the wall probes in the conical section was con-
sistently higher than that collected by the cylindricalextension wall
probe 1. Using the wall probedata, 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 � nding is particularly interestingbecause the
magnetic � eld 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 currentdensitymeasurementsdiscussedearlier. 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 functionof the dischargecurrent is shown in Fig. 3.
Also shown in Fig. 3 is the ratio of the absolute value of the ion grid
currentto the totaldischargecurrent.The currentratio increaseswith
increasingdischargecurrent,which suggests that the dischargeelec-
trons are beingeffectivelyutilizedin 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 � uxes are proportional.This well-
known � nding indicates that the relative rates of ions lost to the wall
and at the grid do not change with power.10;11

B. Effect of Current Redistribution on Discharge Performance

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

Fig. 3 Ion grid current and ion grid current fraction as a function of
discharge current.

proach is complementaryto an earlier investigationin which the po-
tentialof electrodesplacedbetweencusps is varied to affect the cusp
collection width.12 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
current to collect at a given cusp combinationby � oating one or two
selected cusp electrodes. For reference, in the baseline con� gura-
tion no electrodes � oat. 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 consequenceof varying
the effective anode collection area.13¡15

For these experiments, the discharge performance was � rst as-
sessedunder conditionswhereonly one cusp electrodewas removed
from the discharge circuit. In all but one case did � oating 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 � oat. Similar results were observed when this electrode was al-
lowed to � oat in a 30-cm ion thruster investigation.11 The discharge
could not be sustained with three cusp electrodes � oating. Large
changes in performance were observed when two of the four cusp
electrodes were removed from the discharge circuit and allowed to
� oat. 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 con� gurations in which
two of the four cusp electrodes� oat. The con� guration in which the
cone and cathode cusp electrodes � oated was not stable, and there-
fore no data were collected at this condition.Apparently, collection
at the cusps in the conical section is necessaryfor themaintenanceof
the discharge. For all � oating cusp electrode con� gurations tested,
the ion saturationcurrent to the grid increased linearlywith increas-
ing discharge power. This � nding suggests that plasma density for

a) Ion grid current

b) Ion production cost

Fig. 4 Floating cusp con� gurations as a function of discharge power.
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all con� gurations increased linearly with discharge power. Note in
Fig. 4b that overall performance improved relative to the baseline
(no � oating cusps) when two cusps were allowed to � oat. Ion pro-
duction costs decreased from nearly 600 W/A to under 225 W/A
over the power range investigated.These � ndings suggest improved
ion production near the grid when two cusps � oat. Best discharge
performance was achieved when both the pole piece and the cylin-
der cusp electrodes � oat simultaneously. The mechanism behind
this improved discharge performance is discussed in Sec. III.C.

Note that those electrode combinations that included the pole
piece as a collectorwere the lowest performers.Because of its prox-
imity to the ion grid, it may be anticipated that variations in 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
propellant is injected in the vicinity of the pole piece ring, electron
cross-� eld diffusion probably occurs at a more rapid rate there. In
this respect, the pole piece cusp may have a parasitic effect on the
dischargeplasmalocal to the grid.Again, this reasoningis supported
by the noticeable increase in performancewhen the pole piece elec-
trode is allowed to � oat alone or � oat in combination with another
cusp.

C. Isolation of the Pole Piece and the Cylinder Ring

Operation with the pole piece and cylinder cusp electrodes � oat-
ing yieldeda signi� cant increasein performancerelative to the base-
line con� gurationand the many other cusp electrode con� gurations
tested. The increase in the ion grid current that results from � oating
the pole piece and cylinder cusp electrodes gives rise to roughly a
20% decrease in ion production costs relative to the baseline con-
� guration at similar discharge powers (see Fig. 4).

To obtain a better understanding of why this con� guration per-
formed best, langmuir probe data were acquired to measure trends
in the electrontemperatureand plasma density.The transversemag-
netic � eld component (parallel to probe surface, transverse to dif-
fusion) at the probe was approximately 5:0 £ 10¡3 T. Though this
� eld strength at the probe surface is signi� cant, the ratio of the
Debeye length to Larmor radius is less than one; therefore, basic
probetheorywas used to analyzethelangmuirprobecurrent–voltage
characteristic.16 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-
tributedto the elevatedpressurein the dischargechamberand a poor
signal-to-noise ratio in that region of the IV characteristic. Plasma
density was determined from the ion saturation current using the
relation:

0i D 0:61 ¢ n0 ¢ e ¢
p

kTe=Mi (1)

Because ion motion near the ion grid is not severely restricted by
magnetic effects (B < 3:0 £ 10¡3 T), 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 densitymeasurement
and the absolute electron temperature measurementwere estimated
to be of order 30 and 25%, respectively.As indicated in Figs. 5, the
ion density signi� cantly increases when the pole piece and cylin-
der electrodes � oat. Additionally, the electron temperature is larger
under the � oating conditions.

Under � oatingconditions, the measured increasein electron tem-
perature and plasma densitymay be the result of enhancedenergetic
electron con� nement, which gives rise to enhanced plasma produc-
tion. As shown in Fig. 6, the cylinder electrode � oats relative to the
anodeat potentialsabove the excitationenergyof xenonmetastables
(8.32 eV). The pole piece electrode � oats at potentials relative to
the anode above the ionization potential of xenon (12 eV). There-
fore, the negative potential of the � oating cusps has the capacity

a)

b)

Fig. 5 Variations as functions of discharge power with and without
� oating cusps in the cylinder section for a) ion number density and b)
electron temperature.

Fig. 6 Variation in the � oating potential of the cylinder and pole piece
cusp electrodes as a function of discharge power.

to re� ect those electrons with energies capable of ionizing xenon
either directly by impact ionization or indirectly by ionization of
excited xenon metastable states. The negative � oating potential is
established by the arrival rate of ion and electrons to the electrode
and is, therefore,a functionof the magnetic � eld strengthat the cusp
and the local electron temperature.Thus, the bene� t of the � oating
cusps becomes clear. This re� ection mechanism has the effect of
increasing the residence time of the hot electrons in the discharge,
which in turn increases the likelihoodof such electrons undergoing
inelastic collisions with neutrals. Additionally, it is likely that this
enhancedcontainmentof hot electronsalso gives rise to the increase
in the measured electron temperature.
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It is not surprising that � oating the cylinder and pole piece cusp
electrodes gives rise to the largest decrease in ion productioncosts.
The electrostaticpluggingeffect at the � oatingcuspscombinedwith
the strong transverse magnetic � eld 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 synergisticallyenhancingplasma productionrates immedi-
ately upstream of the ion grid.

Further evidencein supportof enhancedplasma productionin the
region between the � oating cusps is provided by the wall probes.
The ion current density collected at the wall probe between the two
� oating electrodes signi� cantly increases when the electrodes are
allowed to � oat. This � nding has also been observed in an earlier
study where the pole piece cusp was allowed to � oat.11 The wall
probe ion currentdistributionalso changeswhen the cusp electrodes
� oat. When the cusp electrodes� oat, the current density is largest at
thewallprobein thecylindricalextensionas opposedto wallprobe3,
which was the largest under baseline conditions.The ion � ux to the
wall probes 2 and 3 in the conic section shows reductionsin ion � ux
when the cusps � oat. Because the ion � ux 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 � rst order) in the region. This increase in density in
this region also increases the ion � ux to the grid. Reductions in
current collected at wall probes 2 and 3 may be a consequenceshift
in the discharge plasma toward the cylindrical extension. Because
signi� cantlymore electroncurrent� ows to the conicalsectioncusps
when the cylinder section cusps � oat, 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 rari� cation would
in turn lead to a reduction in 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 � oat is
shown in Fig. 7. The polarity of the shell current changes from ion
dominated to electrondominatedwhen the cusp electrodes� oat. As
shown, electron current to the shell increases rapidly initially only
to saturateat largerdischargepowers. In general, the electron � ux to
the anode shell is the sum an electric � eld term and a diffusion term:

0e D ¡¹e ¢ ne ¢ Er ¡ D? ¢ @ne

@r
(2)

The diffusion term, as indicated in Eq. (2), is directly proportional
to the electron density gradient. Again, because electron collection

Fig. 7 Variation in current collected by the anode shell with and with-
out cusps in the cylinder section � oating; negative currents refer to ion
collection.

at the � oating cusps is signi� cantly 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 � oat. This behavior is a direct consequenceof anode area-
limited collection.

IV. Conclusion
Dischargeplasma propertiesof an8-cm ion 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 magnet rings. Less than 2% of the discharge current
is collected at the wall surfaces between cusps. Altering the current
distribution by � oating the cusp electrodes was found to give rise
changesin dischargeperformance.It was found that � oating thepole
piece and cylinder cusps gave rise to signi� cant increases in perfor-
mance as measuredby reductionsin the ion productioncost. This in-
crease in performanceis believedto be due to enhancedcon� nement
of energetic electrons by the � oating potential at the � oating cusps.
This enhanced con� nement increases the ionization ef� ciency of
hot electrons. These � ndings point to a relatively straightforward
way to improve performance of the 8-cm ion thruster.
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