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Characteristics of Ring-Cusp Discharge Chambers
J. N. Matossian* and J. R. Beattiet
Hughes Research Laboratories, Malibu, California 90265
This paper describes comprehensive measurements of the operating characteristics of a 30-cm-diam ring-cusp
ion thruster, The dominant mechanisms responsible for its high level of performance are discussed, and per-
formance parameters are quantitatively compared with those representative of a 30-cm-diam, divergent-field J-
series thruster. For the same discharge-chamber operating conditions, it is shown that the baseline beam-ion-
production cost achieved by the ring-cusp thruster is 30 eV/ion lower than that of the J-series thruster. This high
level of performance is correlated with measurements of the discharge-chamber plasma properties and with
current-flow measurements to the anode- and cathode-potential surfaces of the discharge chamber. Compared
to the J-series thruster design, the ring-cusp thruster design is shown to maintain both a higher primary-electron
population and Maxwellian-clectron temperature as the beam-ion-production cest is reduced to its baseline
value. The role of the individual anode surfaces defining the discharge-chamber boundary is explored and it is
shown that ion losses to the discharge-chamber walls can be reduced by an applied electrostatic field. A perfor-
mance comparison of ring-cusp thruster operation on xenon and mercury propellants demonstrates that, for the
same discharge-chamber operating conditions, operation with xenon propellant results in a significant reduction
(= 15 eV/ion) in baseline beam-ion-production cost.
Nomenclature Introduction
B =magnetic field of strength, Wb/m? ING-CUSP thruster technology'? has had a significant
d/ =infinitesimal path length, m effect on the design and performance of electron-bom-
J4 =accelerator-electrode current, mA bardment ion thrusters. The inherent simplicity and demon-
Jas =net current to anode surface, A strated high level of performance characteristic of the ring-
Jg =bias current of sidewall/endwall-plenum, A cusp thruster design offers significant advantages over the
Jy =extracted ion-beam current, A divergent-field J-series thruster design.®* The high level of
Jp = cathode-emission current, A performance characteristic of the ring-cusp thruster is the
Jsg =current collected by the screen grid, A result of the magnetic-field distribution used to confine the
m =discharge-chamber propellant flow rate, equiva- discharge-chamber plasma, as well as the distribution of
~ lent A anode- and cathode-potential surfaces defining the discharge-
ny, =volume-averaged Maxwellian-electron density, chamber boundary. The strong magnetic fields at the bound-
m~3 ary of the discharge chamber inhibit energetic electrons from
n, D =volume-averaged primary-electron density, m 3" reaching the anode-potential surfaces anywhere except in the
R =net-to-total accelerating voltage, V,/V, cusp regions of the magnetic field defined by the three magnet
T, =volume-averaged Maxwellian-electron tempera- rings.’> Energetic electrons are prevented from crossing the
ture, eV magnetic flux lines that connect adjacent magnet rings by the
V4 =accelerator-electrode voltage, V large values of {Bd/ (typically on the order of 10-3 Wb/m =
Ve =bias voltage of sidewall/endwall-plenum, V 1000 G-cm).>¢ Plasma electrons bound to magnetic field lines
v, =beam voltage, V that intersect the anode are reflected from the magnet cusps
Vo =discharge voltage, V due to mirror effects and limited conduction area.?’
Ve =total voltage, |V, |+ Vy, V The magnetically shielded anode-potential surface of the
B =correction factor for doubly charged ions discharge chamber limits the amount of ion loss. Both analyti-
€; =beam-ion-production cost, JzV/J,, eV/ion cal® and experimental® investigations have shown that the ion-
N = discharge propellant-utilization efficiency, 8J,/m, SCREEN-ANODE

% (corrected for doubly charged ions)
(Mmadune =discharge propellant-utilization efficiency, J,/rm,
% (uncorrected for doubly charged ions)
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Fig. 1 Schematic diagram of the discharge chambers in ring-cusp
and J-series thrusters.
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arrival rate at these surfaces is consistent with the ions having
a velocity close to that of the slow-moving neutrals. With
nearly all of the discharge-chamber volume bounded by mag-
netically shielded anode-potential surfaces, ion loss in the
ring-cusp discharge chamber is relatively low.

This paper describes the results of an investigation to sup-
port this description of the operating characteristics of the
ring-cusp discharge chamber, including a comparison with the
J-series thruster. The basic features distinguishing each
thruster design are described, and the performance of each
design is correlated with measurements of its discharge-
chamber plasma properties. Current flow to the anode- and
cathode-potential surfaces defining the ring-cusp discharge
chamber is quantitatively correlated with thruster perfor-
mance. By modifying the potential of each separate anode, the
role of these surfaces on thruster performance is explored. A
comparison of ring-cusp thruster operation on xenon and mer-
cury propellants is presented to show that, for the same
discharge-chamber operating conditions, thruster operation
with xenon propellant results in a significant reduction (= 15
eV/ion) in baseline beam-ion-production cost.

Discharge-Chamber Design

Figure 1 shows a schematic diagram of a 30-cm-diam
laboratory-model ring-cusp thruster. For comparison, a sche-
matic diagram of a 30-cm-diam divergent-field J-series
thruster®* is also shown. The ring-cusp discharge-chamber
design of Fig. 1 evolved as a result of a systematic investiga-
tion®!® aimed at simplifying the original Sovey design! while
maintaining a high level of performance.

The ring-cusp discharge chamber is comprised of a cylin-
drical sidewall and circular endwall, both of which are made
of soft iron and maintained at anode potential. The cathode
and screen electrode are the only electrodes operated at
cathode potential. The cathode and cathode keeper are posi-
tioned in the discharge chamber with no structure surrounding
them.

The J-series discharge chamber, by contrast, is comprised of
a circular endwall and a cylindrical outer shell that are oper-
ated at cathode potential, and a cylindrical inner liner that is
operated at anode potential. The cathode is surrounded by a
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magnetic-baffle coil that can be energized to control the im-
pedance between the cathode and main-discharge plasmas.
The entire cathode assembly (consisting of the cathode and
cathode keeper) is located within a baffle/pole-piece assembly
that isolates the cathode and main-discharge plasmas.

The nature of the magnetic-field distribution for both
thruster designs is suggested by dashed lines in Fig. 1. The
cusp magnetic-field distribution within the ring-cusp discharge
chamber is generated by three SmCos permanent-magnet
rings, two single-layer rings on the cylindrical sidewall, and
one double-layer ring on the endwall. The magnets are held in
place only by their magnetic attraction to the soft-iron bound-
ary, which provides a low-reluctance path for closing the
magnetic-flux lines.

By contrast, the divergent magnetic-field distribution within
the J-series discharge chamber is generated by Alnico V per-
manent magnets arranged axially and radially along the out-
side of the chamber. The discharge-chamber boundary of the
J-series thruster serves as a structural member and is not a part
of the magnetic circuit.

Figure 2 compares the scalar magnetic-field distribution for
the ring-cusp and J-series discharge chambers. The 0.0025-,
0.0050-, 0.0075-, and 0.01-Wb/m? (25-, 50-, 75-, and 100-G)
contour lines are indicated. The most sigrificant feature of the
ring-cusp design is the existence of strong magnetic-field inte-
grals (on the order of 10~3 Wb/m; 1000 G-cm) at the boun-
daries of its discharge chamber. By contrast, the J-series
thruster exhibits a much weaker and nearly uniform scalar
magnetic-field distribution.

Thruster Performance Measurements

The performance of an ion thruster is given by the variation
of beam-ion-production cost with propellant-utilization effi-
ciency. Figure 3 shows performance measurements (corrected
for doubly charged ions) of the ring-cusp thruster operated on
mercury propellant. Both the accuracy and precision of the
performance measurements are greater than or equal to =2%.
For each operating point along the performance curve, the
beam current and discharge voltage are maintained constant
within 1% of their values of 2 A and 32 V, respectively (the
standard operating conditions for the majority of the results
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Fig. 2 Comparison of the scalar magnetic-field distributions in the ring-cusp and J-series thrusters.
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Fig. 4 Volume-averaged primary-electron fraction and discharge-
chamber performance for the ring-cusp and J-series thrusters.

presented in this paper). For comparison, performance mea-
surements for the J-series thruster (serial number S/N J2) op-
erated at the same conditions as the ring-cusp thruster are also
presented. Both thrusters used similar ion-optics assemblies in
order to ensure that performance differences between the two
thrusters were due solely to the discharge-chamber designs.
Figure 3 shows that the ring-cusp thruster can achieve a
baseline beam-ion-production cost that is 30 eV/ion lower
than it is for the J-series thruster. For a beam current of J, =
2 A, this corresponds to a 60-W reduction in discharge power.
The dominant factors responsible for this high level of per-
formance include the magnetic-field distribution used to con-
fine the discharge-chamber plasma and the distribution of
anode- and cathode-potential surfaces defining the discharge-
chamber boundary. In the sections to follow, we present ex-
perimental data (in the form of discharge-chamber plasma
properties and current distribution) to support these results.

Plasma Properties
Plasma-property measurements provide a useful tool for ex-
plaining the performance differences between thrusters. In a
previous publication,!! we described a model for computing
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Fig. 5 Volume-averaged Maxwellian-electron temperature and
discharge-chamber performance comparison for the ring-cusp and J-
series thrusters.
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Figure 4 shows the variation of the average primary-electron
fraction (ratio of primary-electron density to plasma density)
with beam-ion-production cost for both thrusters obtained us-
ing the volume-averaging technique.!! For comparison, per-
formance measurements for both thrusters are also shown (the
performance data from Fig. 3 have been replotted in Fig. 4 with
the propellant-utilization efficiency as the dependent variable).

The data presented in Fig. 4 are a comparison of the
primary-electron fraction representative of each discharge-
chamber design for the same primary-electron energy and
beam current. The primary-electron energy is equal to the dif-
ference in energy between the cathode-keeper plasma potential
and the discharge-chamber plasma potential. In a previous
publication,!! the primary-electron energy was measured for
both thrusters and found to be nearly the same for operation
at the same discharge voltage (32 V) and beam current (2 A).

For constant primary-electron energy, the primary-electron
density is a function of only the propellant-utilization effi-
ciency for a given thruster design.!"12 Figure 4 demonstrates
that for a constant propellant-utilization efficiency of 85%,
for example, both thrusters achieve approximately the same
primary-electron fraction. However, the ring-cusp thruster is
able to operate at a beam-ion-production cost that is over 20
eV/ion lower than that of the J-series thruster. For a beam
current of 2 A, this corresponds to a 40-W reduction in dis-
charge power. (At the baseline beam-ion-production cost there
is a 60-W reduction in discharge power compared to the J-
series thruster.) Alternatively, for the same beam-ion-
production cost of 160 eV/ion (the same discharge power) the
ring-cusp thruster achieves a higher primary-electron fraction,
consistent with its higher propellant-utilization efficiency.
These results suggest that the ring-cusp discharge chamber is
more efficient in confining primary electrons as the beam-ion-
production cost is reduced to its baseline value. Although the
primary-electron fraction is low, primary electrons are known
to be responsible for up to 15% of the total ion production.>!!

The Maxwellian electrons are responsible for the balance of
the ion production. The spatially varying Maxwellian-electron
temperature for the ring-cusp and J-series thrusters was mea-
sured and found to be constant along the magnetic-field lines,
with the isotherms having very nearly the same shape as the
magnetic-field lines.?>!3 The volume-averaged Maxwellian-
electron temperature was obtained from these measurements
for each thruster design and the results are presented in Fig. 5.
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For constant primary-electron energy and beam current, the
Maxwellian-electron temperature is a function of only the
propellant-utilization efficiency for a given thruster de-
sign.!112 Figure 5 demonstrates that at a propellant-utilization
efficiency of 85%, for example, the two thrusters achieve the
same electron temperature. However, the ring-cusp thruster is
able to operate at a beam-ion-production cost that is over 20
eV/ion lower (a 40-W reduction in discharge power) than that
of the J-series thruster. Alternatively, for the same beam-ion-
production cost (¢; = 160 eV/ion), the ring-cusp thruster
achieves a higher Maxwellian-electron temperature than the
J-series thruster does, which is consistent with its higher
propellant-utilization efficiency. These results suggest that the
ring-cusp thruster is more efficient than the J-series thruster in
confining Maxwellian electrons.

Discharge-Chamber Current Distribution

The plasma-property measurements presented in Figs. 4 and
5 help to understand the performance improvement of the
ring-cusp thruster compared to the J-series thruster. For the
same discharge-chamber operating conditions, primary and
Maxwellian electrons are more efficiently confined by the
ring-cusp design, resulting in a lower beam-ion-production
cost (discharge power) to achieve a given propellant-utilization
efficiency.

To provide additional understanding of the operating char-
acteristics of the ring-cusp discharge-chamber, we measured
the ion and electron currents to the anode- and cathode-
potential surfaces of the discharge chamber and then corre-
lated them with thruster performance measurements. For the
ring-cusp discharge chamber, there is excellent electron con-
finement to the three anode-potential magnet rings. Net ion
current is collected by the magnetically shielded anode-
potential boundary of the discharge chamber. As the beam-
ion-production cost is reduced to its baseline value, the current
collected by the cathode-potential screen electrode makes a
transition from net-electron to net-ion current, which corre-
lates well with the behavior of the Maxwellian-electron tem-
perature with thruster performance. In the sections below, we
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provide further description of these results. Details of the
measurement techniques used can be found elsewhere.?

Anode-Potential Electrodes

Figure 6 shows the variation of the net currents collected by
the five anode-potential surfaces as a function of cathode-
emission current. For constant discharge voltage and beam
current, the cathode-emission current determines the value of
the beam-ion-production cost (see Nomenclature). The varia-
tion of total anode current (the sum of the individual anode
currents) is also presented, showing that all net currents are
satisfactorily accounted for.

The plenum and sidewall/endwall each collect a small net-
ion current, on the order of 10 mA for the plenum and 60 mA
for the sidewall/endwall. For clarity, the sum of these two cur-
rents is shown. By contrast, the screen-, sidewall-, and
endwall-anode magnet rings collect net-electron current.
These results suggest excellent electron confinement to the
three magnet rings that define the cusp regions of the magnetic
field.

The ion current collected by the sidewall/endwall and
plenum surfaces was measured by simultaneously biasing
these surfaces negative with respect to the remaining anode-
potential surfaces. Figure 7 shows the variation of the net cur-
rent collected by these surfaces with bias voltage for several
thruster operating points. The ion current collected by the
sidewall/endwall-plenum surface is about 145 mA (= 7% of
the 2-A beam current). The electron current collected by the
sidewall/endwall-plenum surface, obtained by subtracting the
net-ion current collected at zero bias, is about 75 mA. The ion
current saturates at a relatively low value of applied bias volt-
age (= 2 V), confirming that the electrons flowing to the
sidewall/endwall-plenum surface have low energy.

The sidewall/endwall-plenum satisfies the definition of a
magnetically shielded anode-potential surface. The small cur-
rent of low-energy electrons collected by this surface confirms
the confinement of high-energy electrons to the cusp regions
of the magnetic field. The small ion current collected by this
surface is consistent with the concept of reduced ion transport
to a magnetically shielded anode-potential surface.®® Both
analytical® and experimental® investigations have shown that
the ion-arrival rate at these surfaces is consistent with the ions
having a velocity close to that of the slow-moving neutrals.
With nearly all of the discharge-chamber volume bounded by
magnetically shielded anode-potential surfaces, ion loss in the
ring-cusp discharge chamber is relatively low.

J. PROPULSION

Although we did not measure the ion loss to the three
magnet rings, the concept of reduced ion transport to magnet-
ically shielded anode-potential surfaces can be used to infer a
small ion loss to the cusps as well. Kaufman?® argues that the
use of a strong, cusped magnetic field creates a density gradi-
ent of electrons which directs ion flow away from cusp re-
gions, as well as from magnetically shielded anode-potential
regions. Performance modeling of the ring-cusp thruster using
the experimental data presented in this paper and the thruster
performance model of Brophy!? predicts that the calculated
ion loss to all of the anode-potential surfaces of the ring-cusp
discharge chamber is about 5% !4 of the total extracted ion-
beam current of J, = 2 A. The small ion current collected by
the sidewall/endwall-plenum surface (= 7% of the 2-A beam
current) is consistent with this result.

Cathode-Potential Electrodes

The cathode and screen electrode are the only cathode-
potential surfaces within the ring-cusp discharge chamber.
The screen electrode is a loss surface for ions, as well as en-
ergetic electrons capable of overcoming the potential differ-
ence between it and the plasma. The ion current collected by
the screen electrode was determined by biasing it negative with
respect to the cathode. The saturated ion current measured in
this manner was 500 mA when the beam current was 2 A, im-
plying an ion transmission of 80% for the particular ion-
extraction assembly used in the test (serial number S/N 914).

Measurements of the variation of the net screen-electrode
current with cathode-emission current (beam-ion-production
cost) were obtained with the screen electrode connected to the
cathode through an ammeter. Figure 8 shows that, as the cath-
ode-emission current is reduced, the screen electrode under-
goes a transition from net-electron to net-ion current collec-
tion. For comparison, calculations of the volume-averaged
Maxwellian-electron temperature shown previously in Fig. §
are also included in Fig. 8.

The transition from net-ion to net-electron current can be
understood from the behavior of the Maxwellian-electron
temperature. As the cathode-emission current is increased, the
Maxwellian-electron temperature becomes high enough for
electron collection by the cathode-potential screen electrode to
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be energetically possible. For a 32-V discharge, this requires
an electron temperature in excess of about 4 eV.5 Measure-
ments of the spatially varying Maxwellian-electron tempera-
ture upstream of the screen electrode show good correlation
with this result,’ as do the volume-averaged electron tempera-
ture measurements included in Fig. 8.

Role of Anodes on Thruster Performance

Measurements of the discharge-chamber current distribu-

tion in the ring-cusp thruster indicate that electron current
flow is primarily confined to the three anode-potential magnet
rings. The magnetically shielded anode-potential discharge-
chamber boundary collects a small net-ion current. We sought
to explore the role of each of these anode-potential surfaces on
thruster performance in order to gain additional physical in-
sight into the operating characteristics of the ring-cusp dis-
charge chamber. This was accomplished by allowing each sep-
arate anode surface to electrically float by disconnecting it
from the discharge power supply, and then measuring the ef-
fect on thruster performance. The results of this investigation
indicate that the sidewall- and screen-anode magnet rings are
the dominant anode surfaces affecting thruster performance.
The endwall-anode magnet ring was found to have little effect
on thruster performance. The magnetically shielded discharge-
chamber boundary (sidewall/endwall-plenum) significantly
affects ion loss within the discharge chamber. Electrically
floating this anode surface reduced the baseline beam-ion-
production cost by 6 eV/ion.’ This is believed to be due to a
reduction in ion loss to its surface. The sidewall/endwall-
plenum normally collects net-ion current (cf. Fig. 6). How-
ever, when this surface is allowed to float, its floating poten-
tial is positive relative to anode potential, which should retard
ion flow to its surface.

We explored whether this result could be exploited to
achieve an improvement in thruster performance by biasing
the discharge-chamber boundary (sidewall/endwall-plenum)
positive with respect to the three magnet rings. This is a tech-
nique known as ‘‘electrostatic ion plugging,’”’ which has been
used by several researchers'*>-!” to improve the performance of
electron-bombardment-type ion sources.

Figure 9 shows the variation of accelerator-electrode current
with beam-ion-production cost for different discharge volt-
ages and sidewall/endwall-plenum bias voltages. The varia-
tion of accelerator-electrode current with beam-ion-produc-
tion cost can be used as a fast technique to infer thruster
performance. The reason for this is that the acceler-
ator-electrode current primarily results from charge-exchange
ion current produced in the inter-electrode and downstream
regions of the ion-extraction assembly, and this current is
directly proportional to the neutral loss rate from the dis-
charge chamber. As the propellant-utilization efficiency is
reduced with the beam current held fixed, the neutral loss rate
increases, resulting in an increase in accelerator-electrode cur-
rent. The variation of accelerator-electrode current with
beam-ion-production cost can therefore be used as a relative
indication of maximum propellant-utilization efficiency and
as an absolute indication of baseline beam-ion-production
cost.

The beam-ion-production cost was computed from the fol-
lowing relation:

JeVp + JgVe
Jb Jb

0))

€ =

The results of Fig. 9 demonstrate that for thruster operation at
the nominal discharge voltage of ¥V, = 32 V, the baseline
beam-ion-production cost can be reduced by 10 eV/ion (a
20-W reduction in discharge power) for a 4.5-V bias voltage.
With this bias voltage, the baseline beam-ion-production cost
is reduced by 20 eV/ion (40-W reduction in discharge power)
for thruster operation at a discharge voltage of V, = 26 V.

CHARACTERISTICS OF RING-CUSP DISCHARGE CHAMBERS 973

Discharge-Chamber Performance with Different
Propellants

The performances of the ring-cusp and J-series thrusters
have been compared for similar discharge-chamber operating
conditions. For the same propellant, the performance mea-
surements presented in Fig. 3 showed that the ring-cusp
thruster can achieve a baseline beam-ion-production cost that
is 30 eV/ion lower than that of the J-series thruster. To
understand the effect of propellant type on the baseline beam-
ion-production cost, we compared the performance of the
ring-cusp thruster operated on mercury and xenon propel-
lants. Measurements were conducted using a 30-cm-diam ring-
cusp thruster that allowed operation with either mercury or
xenon propellant. Discharge-chamber performance compari-
sons were conducted at the same discharge voltage (same
primary-electron energy) and beam current to ensure that per-
formance differences were due to propellant type only.

Figure 10 shows a comparison of measured performance
(uncorrected for doubly charged ions) for thruster operation
at two different beam-current levels with xenon and mercury
propellants. The performance measurements were obtained
with an ion-extraction assembly that employed a 0.254-mm-
thick (10-mil) screen electrode, whereas the performance
measurements presented in the previous sections of this paper
were obtained using a 0.381-mm-thick (15-mil) screen elec-
trode. For thruster operation at 2 A of beam current, a signifi-
cant reduction in baseline beam-ion-production cost was
achieved using the grid set with the 0.254-mm-thick screen
electrode. This performance improvement can be seen by com-
paring the baseline beam-ion-production cost for the ring-cusp
thruster shown in Figs. 3 and 10. For a beam current of 2 A,
Fig. 10 demonstrates that there is a reduction of about 12
eV/ion in the baseline beam-ion-production cost using the
0.254-mm-thick screen electrode. This behavior was previ-
ously documented®1? and is due to increased deflection of ions
into the apertures of the screen electrode.!®

For thruster operation at the baseline beam-ion-production
cost, the doubly charged ion fraction is known to be negligible
due to the low propellant-utilization efficiency.>®1%12 Under
these conditions, a valid performance comparison of the effect
of propellant type can be made using the results shown in Fig.
10. As the figure shows, the baseline beam-ion-production cost
is dependent on propellant type, but relatively independent of
the beam current. Thruster operation on xenon propellant
results in a reduction of about 15 eV/ion in the baseline beam-
ion-production cost compared to operation on mercury.

The reduced baseline beam-ion-production cost can be ex-
plained using the thruster-performance model of Brophy,'? on
the basis of either a higher extracted beam-ion fraction, or a
reduced baseline plasma-ion-production cost for xenon com-
pared to mercury. The physical basis for the latter interpreta-
tion lies in the fact that while it takes less energy to ionize mer-
cury compared to xenon, mercury has a lower threshold for
excitation, which contributes to a lower threshold for energy
losses. Theoretical modeling'* to support this interpretation
has been verified using the experimental results presented in
this paper and the performance model of Brophy.'?

Conclusions

The operating characteristics of the 30-cm-diam ring-cusp
thruster have been described, including a comparison with the
J-series thruster. The high level of performance characteristic
of the ring-cusp thruster is the result of the magnetic-field dis-
tribution used to confine the discharge-chamber plasma as
well as the anode- and cathode-potential surface distribution
defining the discharge chamber. The ring-cusp discharge
chamber confines plasma electrons more efficiently than the J-
series thruster. For the same beam-ion-production cost, the
average Maxwellian-electron temperature and primary-
electron energy in the ring-cusp thruster is higher than it is in
the J-series thruster. Ion loss in the ring-cusp discharge cham-
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ber is low, consistent with its magnetically shielded anode-
potential boundary.

The role of each separate anode surface defining the ring-
cusp discharge chamber was explored. The magnetically
shielded boundary significantly affects ion loss within the dis-
charge chamber. By modifying the potential of this surface,
enhanced thruster performance at reduced discharge voltage
was realized. A performance comparison of ring-cusp thruster
operation on xenon and mercury propellants was conducted.
Thruster operation with xenon propellant results in a reduc-
tion of about 15 eV/ion in the baseline beam-ion-production
cost compared to operation with mercury. This can be ac-
counted for by a lower threshold for excitation with mercury
which contributes to higher energy losses in the discharge
chamber. .
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