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An Experimental Investigation of Cusped Magnetic
Field Discharge Chambers

John R. Brophy* and Paul J. Wilburt
Colorado State University, Fort Collins, Colorado

Several features of a proposed model of ion thruster performance are tested experimentally. Experiments
demonstrate the effects of variation in thruster geometry and operating parameters on the average plasma ion
energy cost and extracted ion fraction. Results indicate that the model correctly predicts the variation in the
plasma ion energy cost resulting from changes in propellant flow rate, propellant utilization efficiency, pro-
pellant gas, grid system transparency to neutral atoms, beam extraction area, and discharge voltage. Results sug-
gest that to use the proposed thruster performance model as an aid in thruster design, the four thruster con-
figuration/propellant dependent parameters—C,, €5, fz, and f-—may be taken to be independent of the pro-
pellant utilization efficiency and flow rate. At low discharge voltages, however, this simple formulation begins
to break down. The discharge voltage at which this occurs is dependent on the propellant gas.

Introduction

HIS paper describes experiments performed to test the

validity of several features of the thruster performance
model developed in the preceding article.! Specifically,
measurements of the plasma ion energy cost e, were made as
a function of the neutral density parameter m(1—7,) and
are compared to the predictions of the model as given by

ep=ep[l—exp{ ~Coin(1—n,)}] ! (1

where C, is the primary electron utilization factor, e; the
baseline plasma ion energy cost, m the propellant flow rate
in units of equivalent amperes (A eq), and 5, the propellant
utilization efficiency. These experiments were conducted on
argon and krypton propellant gases, and the effects of varia-
tions in propellant flow rate, propellant utilization efficiency,
discharge voltage, grid system transparency to neutral atoms,
and beam extraction area were examined. In addition, the
extracted ion fraction f5, defined as the ratio of beam cur-
rent to total ion current produced, was measured over this
same range of operating parameters. Tests were performed
on both ring and line cusp thruster geometries.

Experimental Apparatus

The ion source shown schematically in Fig. 1 was designed
and built for this investigation. This source normally pro-
duces a 12-cm diam ion beam and provides the capability for
measuring the distribution of ion currents to the beam,
screen grid, and all internal thruster surfaces except the
anode and the cathode wires and support posts.

The magnetic field for this experimental ion source is
established through the use of an electromagnet located on
the upstream centerline of the discharge chamber and a
number of 1.9 cm X 1.3 cm X 0.5 ¢m samarium cobalt perma-
nent magnets. These permanent magnets are arranged end-
to-end to form ring magnets of alternate polarity in the man-
ner suggested by Fig. 1. The flux density at the surface of the
magnets is 0.27 T and the magnets are attached to the steel
discharge chamber housing by their own magnetic attraction.
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This arrangement allows the ion source magnetic field con-
figuration to be altered quickly and easily by simply adding,
removing, or changing the positicn of the magnets. For the
configuration shown in Fig. 1, the upstrecam magnet ring is
covered with a strip of 0.13 mm thick steel insulated from
the magnets themselves by a strip of 0.25 mm thick flexible
mica. This is done so that this surface can be maintained at
anode potential while the rest of the thruster body is biased
negative of cathode potential. The downstream magnet ring
is uncovered. The magnetic flux density at the surface of the
electromagnet can be adjusted from O to approximately 0.2 T
by adjusting the magnet current from 0 to 124 A,

The main discharge chamber cathode consists of seven
0.25-mm-diam tungsten wires connected in parallel and sup-
ported by two support posts that are electrically isolated
from the thruster body. Each cathode wire is approximately
2.8 cm long, so the total cathode emission length exposed to
the plasma is about 19.6 cm. These seven short wires in
parallel are used to minimize the voltage drop across the
cathode. A voltage drop of less than 3 V at the maximum
heater current used was achieved with this system. It is noted
that a small voltage drop across the cathode results in a
primary electron energy distribution that more closely
resembles the monoenergetic distribution produced by a
hollow cathode. The cathode wires were heated using direct
currents in the range 6 to 8 A per wire. Tests were conducted
using both argon and krypton propellants. Discharge
voltages were varied from 30 to 50 V for argon and 20 to 40
V for krypton. The discharge current was adjusted through
the range of 0.5 to 5 A for both propellants by controlling
the heater current through the refractory cathode wires.

Two ion accelerator systems were used in this study. The
first accelerator system consisted of a set of dished, small-
hole accelerator grids (SHAG) with a cold grid separation of
0.75 mm and screen and accelerator grid physical open-area
fractions of 0.68 and 0.30, respectively. The second system
consisted of a set of dished, large-hole accelerator grids
(LHAG) with a cold grid separation of 0.75 mm, and screen
and accelerator grid physical open-area fractions of 0.68 and
0.57, respectively. Both accelerator systems were normally
masked to produce a 12-cm-diam beam. One series of tests
was conducted, however, with the SHAG set masked to pro-
duce a 6-cm-diam beam. For the 12-cm-diam beam tests,
flow rates for both argon and krypton were varied from 500
to 1500 mA eq. For the 6-cm-diam beam test, the flow rates
were varied from 125 to 500 mA eq. All tests were conducted
in a 1.2-m-diam x4.6-m-long vacuum test facility. Tank
pressures ranged from approximately 2x 10~¢ Torr with no
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Fig. 2 Line cusp ion thruster schematic.

flow to approximately 3x 1073 Torr at a flow rate of 1500
mA eq.

A second series of tests were performed on the line cusp
thruster configuration shown schematically in Fig. 2. The
magnetic field for the configuration is established using eight
rows of samarium cobalt permanent magnets of alternating
polarity positioned along the cylindrical discharge chamber
side wall. Six of the magnetic rows were maintained at anode
potential, while the other two (diametrically opposite) rows
were biased negative of cathode potential along with the
back surface, side wall, and screen grid. Tests were con-
ducted over a range of argon propellant flow rates of 600 to
1600 mA eq, discharge voltages of 40 to 50 V, and discharge
currents of 0.5t04.0 A. The current through the electromagnet
was maintained at zero for these tests.

Procedure

The following set of experiments was designed to test the
suitability of the model just described to predict the func-
tional dependence of the parameter ¢, on the neutral density
parameter (1 —1n,). The model pedicts that the plasma ion
energy cost should behave according to Eq. (1). The value of
€, may be determined experimentally through the use of the
equation

e =1Jp—(Jc+Jp)1/Jp )

where Jp is the discharge current, J. the ion current to
cathode potential surfaces, Jy the beam current, and J, the
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total ion production current. Note that the power used to
operate the thermionic cathodes is not included in Eq. (2). In
order to use Eq. (2) one must be able to measure each of the
parameters on the right-hand side of the equation. Measure-
ment of the discharge current, discharge voltage, and beam
current is straightforward. To measure the ion currents J,
and Jp, the thruster configuration of Fig. 1 was operated
with only the upstream magnet ring at anode potential. All
other interior discharge chamber surfaces (with the exception
of the cathode support posts) were biased approximately 30 V
negative of cathode potential to repel the discharge chamber
electrons. At this bias the current to these surfaces consists
only of the incoming ion current. If the ion current to the
cathode supports posts and cathode wires is neg-
lected—which is permissible since the area of these surfaces
is relatively small—then the i~» current measured in the
manner describec above is equa Ic.

To determine Jp, it is noted that che total ion production
current may be given as the sum of the ion currents leaving
the plasma, i.e.,

Jp=Jdg+Jc+J, 3)

where J, is the ion current to anode potential surfaces. Since
the anode is exposed to the plasma only at a magnetic field
cusp, the effective area for ion loss to this surface is expected
to be less than the physical area.’® Rough calculations in-
dicate that the ion current to the anode with this configura-
tion should be less than a few percent of the total production
current. Thus, J, may be approximated as the sum of the
ion currents to the beam (including the impingement current)
and to the negatively biased discharge chamber surfaces
(including the screen grid).

Complete sets of data consisting of the beam current, pro-
pellant flow rate, propellant utilization, and total ion pro-
duction current were collected over the range of operating
conditions discussed earlier with the electromagnetic current
held constant at 57 A for the ring cusp thruster and at zero
for the line cusp thruster. At each condition tested, the
thruster was operated at flow rates of 500, 750, 1000, and
1500 mA eq. At each flow rate, the discharge voltage was
held constant, while the discharge current was varied. In-
creasing the discharge current increased the beam current
and propellant utilization, thus decreasing the neutral density
parameter m(1—y,). By operating in this manner, the full
range of neutral density parameters from close to zero to
nearly 1500 mA eq could be investigated. Thus, the plasma
ion energy cost was determined from Eq. (2) for a wide
range of operating conditions. The extracted ion fraction fg,
defined by

Je=Jp/Jp @
was also measured over this same range of conditions.

Results and Discussion

Plasma Ion Energy Cost

Measurement of the plasma ion energy cost for operation
of the ring cusp thruster with argon propellant at a 50-V
discharge over the range of neutral flow rates from 500 to
1500 mA eq yielded the results shown in Fig. 3. Here the
measured values of the energy cost of a plasma ion ep are
plotted as a function of the neutral density parameter
m(1—m,) associated by Eq. (1). The solid line in Fig. 3 is
the curve given by Eq. (1), when the parameters C; and ¢p
have been selected to give the best fit to the data. The
parameter €5 was taken to be the value of ¢, measured at
large values of the neutral density parameter. The reason for
this can be understood by considering Eq. (1), which shows
that when Cym(1—y,) is large, the exponential term is small
compared to unity and one obtains e, =¢}. Having established
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Fig. 3 Reference plasma ion energy cost curve.

the value of the baseline plasma ion energy cost, the value
of the primary electron utilization factor C, is varied until
the best fit is obtained. The agreement between the func-
tional form of Eq. (1) and the experimental data is seen to be
quite good. This indicates that the parameters C, and ¢} may
be taken to be independent of the neutral density parameter.

A value of Cy=3.1 (A eq)~!, which is applicable to the
ion source of Fig. 1 operating at the conditions defined in
the legend for Fig. 3, has now been established. New values
of the primary electron utilization factor applicable to other
operating conditions may be calculated from this value using
the definition of C,

Cy=40pl,/evyA, 0, 5)

For example, changing grid sets from SHAG to LHAG
should change the value of C, through the parameter ¢,
which is the effective transparency of the grids to neutral
atoms. This effective transparency parameter may be
calculated for each grid set, according to the equation

Po=sb,/ (b + ,) Q)

where ¢, and ¢, are the modified transparencies for the
screen and accelerator grids, respectively. The modified
transparency may be calculated as the physical open-area
fraction of a grid times the appropriate Clausing factor.” For
the two grid sets used in this study,

0.16, 0.27 @)

Posiac = Do piac =

Thus, the new value of the primary electron utilization factor
applicable to the LHAG optics with all other conditions held
constant is given by,

®q
S (Co)ig. 5 ®)
¢0LHAG

which yields (Cp)pe = 1.8 (A eq) 1.

The measured values of ¢, obtained under the same set of
conditions defined in the legend of Fig. 3, except for the
change in optics from SHAG to LHAG, yielded the results
shown by the data points in Fig. 4. The solid line is the
prediction of the model based on the value of C; calculated
from Eq. (8). The value of the baseline plasma ion energy
cost was held constant at ¢} =57 eV since changing the optics

(CO)ncw =
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Fig. 4 Plasma ion energy cost curve for high accelerator grid
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Fig. 5 Plasma ion energy cost curve for krypton.

should not affect this parameter. The degree of agreement
between the data points and the curve in Fig. 4 shows clearly
that the model correctly predicts the variation in the plasma
ion energy cost with the neutral density parameter when the
grid system transparency to neutrals is changed.

The same procedure of calculating a new value of the
primary electron utilization factor from the old value accord-
ing to Eq. (5) was followed for the analysis of the data
displayed in Figs. 5 through 8. For the data in Fig. 5, the
thruster was operated with krypton propellant and SHAG
optics at a discharge voltage of 40 V. The primary electron
utilization factor corresponding to this operating condition
was calculated using the value of C, obtained from Fig. 3,
together with Eq. (3) in the form

(UO)kr my,
Y0k TR oy 9
(OO)Ar My, ( O)Flg. 3 ( )
In this case, both the change in propellant properties and the
change in discharge voltage must be accounted for. That is,

( CO)new =



24 J. R. BROPHY AND P. J. WILBUR

180 KRYPTON
Vg = 40.0v
180 - {0 LHAG OPTICS

12cm dia. BEAM

140 }+
120 | € = 51.0av FLOW RATE (mA e
Co= 3.4Aap™! O 1500
O 1000
100 - <o A 750
< soo

80

40 +

20

PLASMA ION ENERGY COST, €p ,. (@V/plasma iom)

4] n I " A L L J

0.0 .2 .4 .6 .8 1.0 1.2 1.4
NEUTRAL DENSITY PARAMETER, m(1-7,), (A eq.)

Fig. 6 Plasma ion energy cost curve for krypton and a high ac-
celerator grid transparency.

180 &

~ KRYPTON
5 vp = 40.0v
= )
o 1801 SHAG OPTICS
& Bem dia. BEAM
Q
-a_ 140 H
~
2
~ 120 H € = 51.0aV FLOW RATE (mA aq)
. Lo = 22.8¢A ag) ! O 500
WQ. O 375

100 A 250
o O 1es
[
8 sao
>
&
L 80
r4
w UUh
3
S8 4wl
«<
&
2 a0}
-
a

0 I i I i =N 1 ")
0.0 .2 .4 .6 .8 1.0 1.2 1.4

NEUTRAL DENSITY PARAMETER, m<1-7,>, (A eq.)
Fig. 7 Plasma ion energy cost curve for a small-diameter ion beam.

(0g)i: is the total inelastic collision cross section for 40-eV
primary electron/krypton atom collisions, whereas (o¢)a,
refers, in this case, to 50-eV primary electron/argon atom
collisions. The cross-section data needed in this equation
were obtained from de Heer et al.® The new value of the
primary electron utilization factor calculated from Eq. (9)
was C,=5.7 (A eq)™!, and the corresponding prediction of
the model is compared to the measured values in Fig. 5. A
new value of the baseline plasma ion energy cost e} was also
required to fit the data of Fig. 5, since this parameter should
be a function of both the discharge voltage and the pro-
pellant type. This new value was selected in the manner sug-
gested previously as the measured plasma ion energy cost at
high neutral density levels. Results similar to those of Fig. 5,
showing that the model correctly describes the performance
on xenon propellants, are presented in Ref. 2.

Continuing the procedure of predicting a new primary
electron utilization factor using the model and comparing the
model prediction to the experimental results yields the com-
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Fig. 8 Plasma ion energy cost curve for 40-V argon discharge,.

parison of Fig. 6 for operation with LHAG optics, krypton
propellant, and V=40 V. Again, the agreement between
the predicted curve and the experimental data is seen to be
good.

From Eq. (5) it is seen that the primary electron utilization
factor depends inversely on the area of the grids through
which the beam is extracted, A,. This area may be varied
without changing the discharge chamber diameter by mask-
ing down the screen grid to produce ion beams of different
cross-sectional areas. In this case, the screen grid for the
SHAG optics set was masked down from a beam diameter of
12 cm to one of 6 cm. This fourfold reduction in beam area
should produce a corresponding fourfold increase in the
primary electron utilization factor. Taking C, for Fig. 4 and
multiplying by four yields the new value of C,=22.8 (A
eq)~!. The model prediction for the plasma ion energy cost
vs neutral density parameter curve obtained using this value
of C, is compared to the measured values of these quantities
in Fig. 7. Remarkably, the agreement between the model and
the experiment is excellent. Similar agreement was obtained
for operation with argon using the masked-down grid set.

Next, the dependency of the plasma ion energy cost on
discharge voltage for a given propellant is investigated. For
operation with argon at V,=40 V, a new value of the
primary electron utilization factor was calculated from the
value given in Fig. 3, which was based on a discharge voltage
of 50 V. Again the model agrees well with the measured
values as shown in Fig. 8, provided a new value of the
baseline plasma ion energy cost of 60 eV is used.

For opeération at a 30-V discharge voltage with argon,
however, the situation is quite different, as seen in Fig. 9.
Here a systematic difference in the data taken at different
flow rates is observed. Clearly a single equation such as Eq.
(1) is not sufficient to explain this behavior if C, and ¢} are
taken to be independent of the neutral flow rate and the pro-
pellant utilization. Expressing the neutral density parameter
as m—Jp suggests that a given value of this parameter ob-
tained at different propéllant flow rates corresponds to dif-
ferent beam currents. Further, the different beam currents
may be roughly translated into different plasma densities.
Thus, a possible theoretical interpretation of the data in Fig.
9 might be found by looking for the primary electron utiliza-
tion factor and/or the baseline plasma ion energy cost to be
functions of the plasma density at low discharge voltages.

For krypton propellant, this separation with flow rate was
found to occur at a discharge voltage of ~ 20 V rather than
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Fig. 10 Plasma ion energy cost curve for line cusp configuration.

the ~30 V value observed for argon. This indicates that the
separation phenomenon depends on the properties of the
ions (or neutrals) in the discharge chamber as well as the
discharge voltage.

Experiments performed on the line cusp configuration of
Fig. 2 indicated that the model is applicable to line cusp as
well as ring cusp thruster designs. An example of the results
obtained with the line cusp discharge chamber is given in
Fig. 10 for operation with argon propellant at a discharge
voltage of 50 V. Good agreement between the model and the
experiment is obtained for values of Cy=1.6 (A eq)~! and
€5 =50 ¢eV.

Extracted Ion Fraction

Aside from the plasma ion energy cost, the other
parameter that has a major effect on thruster performance is
the extracted ion fraction fp. It is of little use to create ions
efficiently in the discharge chamber if the fraction of these
ions extracted into the beam is small. The extracted ion frac-
tion, which is defined as the beam current divided by total
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ion production current [Eq. (4)], was measured over the
same set of operating conditions described earlier. The
resulting extracted ion fraction data were found to correlate
poorly with the propellant utilization, where a systematic dif-
ference between data taken at different flow rates was
observed for all cases. The extracted ion fraction data were
found, however, to correlate well with the neutral density
parameter. The reason for this correlation is not known. In
any case, the data will be presented here as a function of
this parameter, as shown in Fig. 11.

In this figure, values of f, are given for operation with
argon propellant at discharge voltages of both 30 and 50 V
over a range of flow rates from 500 to 1500 mA eq. Several
things are evident from these data. First, the degree of cor-
relation for the data taken at different flow rates and a fixed
discharge voltage is quite good. Second, the extracted ion
fraction is greater at the lower discharge voltage. These con-
clusions were found to be true for all sets of data taken. The
data taken under the same conditions but at a 40-V discharge
voltage fall between the two curves shown in Fig. 11. Third,
fp is seen to increase slightly with decreasing values of the
neutral density parameter. Finally, it is noted that the ex-
tracted ion fraction data in Fig. 11 taken at a 30-V discharge
voltage still correlate well with the neutral density parameter
at this low discharge voltage, even if the corresponding
plasma ion energy cost data of Fig. 9 did not.

The extracted ion fractions for argon propellant are com-
pared to those for krypton at a discharge voltage of 40 V in
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Fig. 12. The values of f; for argon are seen to be generally
higher than those for krypton.

It should be pointed out that none of the effects exhibited
in Figs. 11 and 12 are understood at this time. Earlier studies
indicate that the extracted ion fraction is strongly dependent
on the magnetic field configuration.”!® However, since it is
not a strong function of the neutral density parameter, in-
creasing only slightly with decreasing values of this
parameter, a simple design approach would be to take f5 to
be a constant for a given discharge chamber design (magnetic
field configuration), propellant, and discharge voltage.

Conclusions

Several features of a proposed model of ion thruster
operation have been tested experimentally. The model
predicts the functional dependence of the plasma ion energy
cost on the neutral density parameter m(l—1n,). Ex-
periments indicate good agreement between the predicted
functional form of the model and the experimental data.
These data also suggest that the primary electron utilization
factor C, and baseline plasma ion energy cost are relatively
independent of the neutral density parameter.

The model correctly predicts the variation in plasma ion
energy cost for changes in propellant gas, grid transparency
to neutrals, beam extration area, and discharge voltage. In
addition, the model is shown to be applicable to both ring
and line cusp thruster designs.

Measurements of the extracted ion fraction indicate that
this parameter correlates well with the neutral density
parameter, although the physical basis for this correlation is
not understood. The extracted ion fraction tends to increase
with decreasing discharge voltage and tends to increase for
operation with argon as opposed to krypton propellant.

To use the proposed model for design purposes, it is sug-
gested, on the basis of the results in this paper, that the
parameters Cy, €5, fz, and f- be taken to be constants for a
given thruster design. That is, these parameters should be
taken to be independent of the neutral density parameter,
and dependent only on the thruster geametry, magnetic field
configuration, propellant gas, and discharge voltage. Com-
parison of thruster design for operation at the same
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discharge voltage and propellant gas would eliminate the last
two parameters from consideration.

For operation at low discharge voltages the simple model
with C, and e} as constants begins to break down. The
discharge voltages at which this occurs depends on the pro-
pellant gas. For argon this occurred at a discharge voltage of
around 30 V, for krypton it was closer to 20 V.
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