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The Effect of Discharge Chamber Wall Temperature
on Ion Thruster Performance

Paul J. Wilbur* and John R. Brophyt
Colorado State University, Fort Collins, Colorado

Experiments conducted on a ring cusp ion thruster that could be maintained at temperatures in the range
90-500 K during operation by cooling it with liquid nitrogen are described. The measured changes in perfor-
mance induced by discharge chamber wall temperature changes are compared to those predicted by a simple
discharge chamber model. Good agreement between the temperature-induced effects predicted by the model
and measured results are demonstrated. Decreases in wall temperature to ~ 90 K are shown to effect substan-

tial improvements in performance.

Introduction

OR many years it has been assumed that neutral atoms
in an ion thruster discharge chamber move at a velocity
determined by the mean discharge chamber wall tempera-
ture.!? By applying this assumption, it has been possible to
make useful predictions of neutral atom density levels and
charge exchange ion production rates in ion thrusters. This
assumption also makes it possible to predict that the perfor-
mance of a discharge chamber can be improved by lowering
the mean discharge chamber wall temperature. The extent of
the performance improvement that could be induced by such
a wall temperature reduction has, however, not been
demonstrated. Further, the validity of the presumed relation-
ship between discharge chamber wall temperature and
neutral atom velocity has not been verified experimentally.
The intent of the work described herein is to demonstrate
the extent of performance improvements induced by reduc-
tions in wall temperature and to show that a recently pro-
posed discharge chamber model* describes the magnitude of
these improvements correctly. Various perturbing effects that
might cause the atom temperature to differ from the mean
wall temperature are also examined theoretically.

Theory

The direct measurement of the velocity distribution func-
tion or the mean velocity of neutral atoms in an ion thruster
discharge chamber is difficult to accomplish; however, in-
direct measurements based on discharge chamber perfor-
mance can be used to infer the neutral atom velocities. In the
present case, it is assumed that the neutral atoms are in ther-
mal equilibrium with discharge chamber walls and that the
relationship between the neutral atom mean velocity and
measured discharge performance variables is described by
the simple discharge chamber model proposed in a compan-
ion article.* It is argued that agreement between measured
changes in performance induced by wall temperature changes
and those predicted by the model suggest both the model and
the neutral atom/wall thermal equilibration assumption are
correct.
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While the model in its complete form in intended to
predict complete discharge chamber performance curves,
only a portion of the model will be needed here. This portion
relates the energy cost of a plasma ion (ep) to the discharge
chamber neutral density parameter m(1 —1,) through

-1
ep=¢€p [l—e‘co""(l*ﬂu)] 1

where m1 is the propellant flow rate and 5, is the propellant
utilization efficiency. The primary electron utilization factor
C, in this equation is defined* to be

Co=4oyt,/evyA, b )

where ¢, is the total inelastic collision cross section for
primary electron-neutral atom collisions, £, the primary elec-
tron containment length, e the electron charge, 4, the grid
area, ¢, the grid transparency to neutral atoms, and v, the
velocity of the neutral atoms. None of these parameters
should depend on the discharge chamber wall temperature
except the neutral atom velocity. This velocity is the mean
velocity for a Maxwell-Boltzmann distribution function and
is given by

vy =V8kT,/7m 3)

where k is Boltzmann’s constant and m is the mass of a pro-
pellant atom. The neutral atom temperature 7 is determined
by the state of collisional equilibrium achieved between these
neutral atoms and the other particles or surfaces with which
they interact—in this case, the ions, electrons, and discharge
chamber wall surfaces exposed to the plasma. Because of the
low atom and ion densities in an ion source discharge
chamber (typically of order 102 cm~3 and 10" c¢m~3,
respectively), atoms will have frequent collisions with the
walls. One would therefore have the first-order expectation
of an atom temperature near the mean wall temperature
(Ty=Ty). Using this equality together with Eq. (2) yields

Co=(4oyl,/eA po)NTm/8KkTy @)

The suitability of Eqgs. (1) and (4) to describe correctly the
relationship between the energy cost of a plasma ion (ep) and
the neutral density parameter /(l—7,) has been demon-
strated experimentally in a companion article.?

Equation (4) indicates that the primary electron utilization
factor C, should be a function of the discharge chamber wall
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temperature. Consequently, the average plasma ion energy
cost ep given by Eq. (6) should also be a function of the wall
temperature. Further, it is postulated (and demonstrated ex-
perimentally later) that the baseline plasma ion energy cost
¢p is independent of the wall temperature. Thus, measured
changes in the plasma ion energy cost resulting from a
change in the discharge chamber wall temperature indicate a
change in the value of the primary electron utilization factor.
In this paper, changes in the primary electron utilization fac-
tor predicted by Eq. (4) are compared to the changes in this
factor measured in an operating ion source in which the
discharge chamber wall temperature is varied.

Apparatus and Procedure

In order to study experimentally the influence of discharge
chamber wall temperature on discharge chamber perfor-
mance, the ion source shown schematically in Fig. 1 was
built. It is similar to the source described in Ref. 5, which
was built to study the effects of discharge voltage, pro-
pellant, grid extraction area, and transparency on discharge
chamber performance. The primary difference between these
sources is the cooling coil installed for this experiment. This
coil, which was made using 1.3 cm diam copper tubing com-
pressed until it deformed plastically onto the steel shell, can
be connected to a liquid nitrogen source. The liquid nitrogen
flow rate through the coil is adjusted to control the steel
shell temperature at values ranging from ~80 to ~ 500 K.
The heat transfer area and contact thermal conductance are
sufficiently high so that wall temperature measured using the
iron-constantan thermocouples shown in Fig. 1 can be held
within ~10 K of the liquid nitrogen boiling point (77 K)
when the ion source is operated at maximum power.

The ion source of Fig. 1 has a 15 c¢m inside diameter steel
shell, but the screen grid is masked down by the magnet sup-
port flange so that the ion beam diameter is only 12 cm. The
magnetic field in the discharge chamber is produced by the
upstream 1.9 cm X 2.6 cm rectangular magnet, the central
ring magnet assembly, and the downstream ring magnet
assembly shown in Fig. 1. Each of the magnet assemblies
shown has been made by placing 1.9 cmx 1.3 cmx 0.5 cm
thick samarium cobalt magnets end to end and side to side to
form the ring and rectangular magnet assemblies, respectively.
The flux density at the surface of the magnet assemblies
is 0.27 T, and the magnets are arranged so that the inner sur-
face of the central ring magnet has a polarity opposite to
those at the inner surfaces of the rectangular and down-
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Fig. 1 Liquid nitrogen cooled ion source schematic.
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stream magnet assemblies. The central ring magnet assembly
is insulated from the strip of 0.13 mm thick steel that serves
as the discharge chamber anode shown in Fig. 1 by a piece of
0.076 mm thick flexible mica. Both the magnet assemblies
and the anode are held in place by magnetic attraction forces
between the magnets, the steel anode, and the steel shell.

In designing and building the discharge chamber, special
attention was given to features that would minimize
temperature differences between points on the discharge
chamber wall and between the walls and the grid assembly.
For example, the steel shell is 0.5 cm thick, and joints in the
shell are silver-soldered together. The magnet support flange,
which is made of 0.18 cm thick copper, is also soldered to
the shell. A 0.7 mm thick steel ring is sandwiched in good
mechanical contact between the copper flange and the
magnet ring. The screen grid is clamped directly to the cop-
per flange. The molybdenum screen grid is 0.43 mm thick
and has a physical transparency of 68%. The molybdenum
accelerator grid is 0.53 mm thick and has a physical
transparency of 57%. The screen and accelerator grids were
held at + 1 and —0.5 kV, respectively, during the conduct of
the tests.

A pair of 0.25 mm diam, 8 c¢m long tungsten wires, con-
nected in parallel and heated to thermionic emission
temperatures by passing an alternating current through
them, serves as the cathode. The maximum cathode power
applied at the highest electron emission condition required
for these tests was ~ 200 W. The source was designed so that
either argon or krypton propellant could be fed into it
through the reverse flow feed line shown in Fig. 1. Flow
rates of 500, 1000, and 1500 mA eq were used for both pro-
pellants. With argon the discharge voltage was maintained at
50 V, and with krypton 40 V was used. These voltages were
selected as sufficient to yield stable discharge operation yet
low enough to limit doubly charged ion production.

A special feature of the thruster was that the screen grid,
downstream ring and rectangular magnet assemblies, steel
shell, and magnet support flange were all connected in
parallel to a power supply that could be used to bias these
surfaces relative to cathode potential. By biasing these sur-
faces ~30 V negative of cathode potential, essentially all
discharge chamber electrons could be repelled from these
surfaces and, as a result, the ion current to them could be
measured. By adding this current to the beam current, one
obtains a value for the ion production rate Jp. The error be-
tween this measured ion production rate and the true one is
equal to the ion losses to the anode that have not been in-
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Fig. 2 Plasma ion performance correlation for argon at 390 K.
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Fig. 4 Plasma ion performance correlation for argon at 90 K.

cluded in the measurement. This error has been estimated to
be less than a few percent, based on the effective area for ion
loss to the anode compared to other ion loss areas. Using the
measured ion production rate Jp, the energy cost of a
plasma ion ¢p can be computed using the following expres-
sion developed in the companion article’:

ep={(Jp—=Jp)Vp/Jp (5)

In order to conduct the tests, the ion source was first
allowed to stabilize thermally at a low discharge current level
and a fixed propellant flow rate and discharge voltage. The
discharge current was then increased in increments by in-
creasing the cathode filament current while the flow rate and
discharge voltage were held constant. At each discharge cur-
rent the beam current and ion current to the steel shell and
screen grid were recorded along with the discharge current.
This procedure was repeated at three different flow rates at
each wall temperature condition for argon and krypton pro-
pellants. The data were evaluated by computing the total ion
production current as the sum of the beam current and ion
current to the screen grid and shell. Equation (5) was then
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Fig. 5 Plasma ion performance correlation for krypton at 390 K.

used to determine the average energy cost of a plasma ion.
The neutral density parameter [m(1—n,)], which is propor-
tional to the neutral density, was also computed as the dif-
ference between the neutral propellant flow in A eq and the
beam current. The fraction of the ions produced in the dis-
charge chamber that are extracted into the beam f was also
computed as the ratio of beam current J to total ion pro-
duction current Jp.

Error Considerations

The temperature of propellant atoms in the discharge
chamber is determined by collisions with wall surfaces and
influenced by discharge plasma ions and electrons. There are
two general sources of errors that could cause the atom
temperature to differ from the measured mean wall
temperature. They are: 1) variations in wall temperature that
complicate the computation of the appropriate mean
temperature from the measured values and 2) perturbations
in the atomic temperature induced either by atomic collisions
with electrons and ions or an influx of atoms having energies
that differ markedly from those associated with the mean
wall temperature. The magnitude of errors that might be ex-
pected from these two effects are now considered separately.

Wall Temperature Variation Effects

The worst-case wall temperature variations are realized
when the discharge chamber and cathode are operated at
maximum power. At this operating condition it is estimated
that 200 W of power could be radiated from the cathode and
the plasma. This power is assumed to be distributed
uniformly over the interior surfaces of the chamber. Other
power inputs to the walls are associated with electron and
ion losses to these surfaces. Electrons are assumed conser-
vatively to have an average energy of 10 eV and to flow to
the anode at a rate given by the discharge current (4 A maxi-
mum). lons, on the other hand, are assumed to go primarily
into the beam, the grid webbing, and the grid support
flange.

A consideration of the thermal conduction characteristics
of the various component parts of the discharge chamber,
along with the heat loads on these parts, suggests that the
screen grid, anode, and cathode surfaces can be expected to
perturb the mean wall temperature away from the values
measured on the steel shell. The worst-case temperature pro-
files over each of the surfaces have therefore been deter-
mined, and the impact of these temperatures on the mean
wall surface temperature has been evaluated. The screen grid
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has the greatest effect because: 1) it has a low thermal con-
ductivity as a result of its thin, perforated configuration, 2)
it has a substantial area, and 3) it has a high distributed heat
load as a result of direct ion impact over its surface.

In modeling the grids thermally, it was assumed that the
extracted beam current was at its maximum value of 0.9 A.
Since the extracted ion fraction for this source was typically
60% of the total ion production, this means that 0.6 A of
ion current goes to interior surfaces of the discharge
chamber. Assuming a screen grid transparency to ions of
80% gives an ion current of 0.22 A to the screen grid web-
bing and the remainder (0.38 A)to other surfaces accepting
ions. It was also assumed that the ion current density to the
screen grid webbing was the same as that through the screen
grid holes and that ions striking the webbing had been ac-
celerated from a worst-case plasma potential (~50 V) to
screen grid bias potential (— 30 V). This heat load, combined
with the radiated one, induced a worst-case temperature at
the screen grid centerline that was ~125 K above the
temperature at the inner edge of the magnet support flange
(Fig. 1). It was next assumed that all ions produced in the
discharge chamber that did not go into the beam or onto the
screen grid webbing (0.38 A) were directed uniformly onto
the magnet support flange at an energy of 80 eV. Because
this plate was made of copper and was thicker than the
screen grid, the worst-case temperature difference computed
between its inside edge (6 cm radius) and its outer one (7.5
cm radius) was only ~7 K.

The difference in temperature between the anode surface
and the steel shell was computed by considering the heat flux
to the interior surface of the anode resulting from both the
electron current and radiated power from the cathode and
plasma. It was assumed that the relatively soft mica was
pressed firmly enough between the magnets and the anode
itself so that contact thermal resistances were small and the
major resistance to heat transfer occurred in the mica. Under
these conditions the temperature difference between the
anode and the steel shell was approximately I K. The
cathode wire temperature was assumed to be the value re-
quired to assure thermionic emission (~ 1475 K).

When the area-weighted mean temperature of the surfaces
exposed to the plasma was computed from the worst-case
component temperatures just cited, it was found to be only
~7 K above the mean steel shell temperature. Hence, under
worst-case thermal loading conditions, the mean wall
temperature would be expected to be 7 K above the mean
steel shell temperature. During the actual conduct of the test,
the two thermocouples shown in Fig. 1 agreed to within
about 5 K, and they were found to exhibit worst-case drifts
of ~ 10K during the conduct of a test in the temperature range
80 to 160 K, and ~35 K during the conduct of the higher-
temperature tests. Based on these measurements and calcula-
tions, it is suggested that mean wall temperatures agree with
measured ones to within + 10 K for low-temperature tests and
+ 5 K for higher temperature ones.

Collisional Effects

The neutral atom temperature could conceivably differ
from the mean wall temperature because of collisions with
electrons and ions that have energies substantially different
from those associated with the unperturbed atom
temperature. Electrons, because of their mass mismatch with
the atoms, would not, however, be expected to perturb the
atomic temperature significantly, even though their
temperature is typically quite high (~10 eV =110,000 K).
Ions, on the other hand, could affect the atom temperature
because they have a larger elastic, energy transfer cross sec-
tion; they can undergo charge exchange reactions with
atoms; and they can be accelerated to substantial energies by
electric fields in the plasma. For typical discharge chamber
configurations the ion energies can generally reach the elec-
tron temperature (<10 eV), as determined by the Bohm
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criterion,® but will probably not exceed it. Typical elastic
collision cross sections between argon or krypton ions and
atoms lie below 10A2 at the low (< 10 eV) energies in-
volved.” For a typical ion density of 10! cm~3, this cor-
responds to a mean free path greater than 100 m, which is
700 times the discharge chamber dimensions. Hence, colli-
sions with walls should dominate and elastic collision effects
should be negligible. For the charge exchange process,®? the
argon and krypton cross sections are higher (of the order of
50 A?), but this still implies mean free paths of the order of
100 times the discharge chamber dimensions so that this col-
lisional event would also be unlikely compared to wall
collisions.

Finally, it is noted that ions that go to discharge chamber
walls rather than being extracted into the beam are ac-
celerated into the walls through plasma-to-wall potential dif-
ference of the order of several tens of volts. These ions,
while they could recombine and come into thermal equili-
brium with the wall before they leave it, might also be ex-
pected to recombine and recoil from it with some fraction of
their incident energy. While it was hoped that the error due
to recombined ions recoiling from the walls with energies
above those expected for particles in thermal equilibrium
with the walls would be small, no conclusive evidence was
found in the literature to substantiate a supposition that this
would or would not be the case.

Results

When the ion source was operated on argon at a wall
temperature of 390 K and a discharge voltage of 50 V, the
plasma ion energy cost and neutral density parameter data
pairs indicated by the data symbols of Fig. 2 were computed
from the measured data. Through trial and error selection of
the parameters ep and C,, Eq. (1) was fitted to these data.
The fit, shown by the solid line in Fig. 2, was obtained for a
primary electron utilization factor C, of 3.0 (A eq)~! and a
baseline plasma ion energy cost ef of 56 ¢V. The baseline
plasma ion energy cost is determined to first order by the
propellant and the energy of the primary electrons (i.e., the
discharge voltage), so that one would not expect it to be af-
fected by changes in wall temperature. Changes in wall
temperature should, however, cause the primary electron
utilization factor to change in accordance with Eq. (4), and
this equation could be applied directly if values for all of the
quantities appearing in it were known. While most of the
values are known, a validated model for the primary electron
containment length ¢, has unfortunately not been developed
at this point. One can still see if the model describes the
physical situation adequately, however, by determining the
value of the primary electron utilization factor appropriate
to one wall temperature, then changing the wall temperature
while holding all else constant and determining if the
predicted change in C, is consistent with Eq. (4). This has
been done here by taking the value of the primary electron
utilization factor obtained by curve-fitting the data of Fig. 2
(Cy «s) and computing new values of the factor appropriate
to any new wall temperature from the following equation,
which has been derived from Eq. (4):

Co=Cores V390/Ty, (6)

Doing this, one predicts that the primary electron utilization
factor should be 3.7 (A eq)~! for the case where argon pro-
pellant is used at a mean wall temperature of 255 K. Using
this value of C,, the solid line shown on Fig. 3 is predicted.
When the ion source was operated at this wall temperature,
the data points shown on Fig. 3 were measured. The agree-
ment between these measured data points and the predicted
curve is observed to be excellent. Applying Eq. (6) for a
mean wall temperature of 90 K one obtains C;=6.2
(A eq)~!. This corresponds to the solid curve shown in Fig.
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Fig. 6 Plasma ion performance correlation for krypton at 255 K.

4. When plasma ion energy cost/neutral density parameter
data pairs were measured with the ion source operating at 90
K, the results shown by the data points on Fig. 4 were ob-
tained. Again, the agreement between theory (solid line) and
experiment (data points) appears to be good.

The ion source was also operated on krypton propellant at
a mean wall temperature of 390 K. In order to predict the
performance with this new propellant, the primary electron
utilization factor was computed from the expression

(1)) m
C.=C Kr Kr
0 = “~0ref e

OAr

)

Mar

where the subscripts Kr and Ar pertain to krypton and
argon, respectively. Using the appropriate atomic.masses and
total inelastic collision cross sections for argon at 50 V and
krypton at 40 V as obtained from deHeer'® in Eq. (7), one
finds that C,;=5.6 (A eq)~! should be appropriate. The
baseline energy cost per plasma ion e} would also be ex-
pected to change with the propellant and discharge voltage.
Its value was selected in the present case for krypton from
experimental data as the plasma ion energy cost at a high
neutral density parameter, i.e., high flow rate/low beam cur-
rent operating condition and was found to be 48 eV. Using
Cy=5.6 A eq! and ¢5=48 eV in Eq. (1), the solid line
shown in Fig. 5 was predicted for operation on krypton at
390 K. The discharge chamber performance data measured
with krypton at 390 K are shown by the data symbols on Fig.
5. Once again, the agreement between the predicted and
measured performance is good. For a krypton-fed discharge
chamber cooled to 255 and 155 K, values of the primary
electron utilization factor C, equal to 6.8 and 8.7 (A eq) !,
respectively, are predicted by Egs. (6) and (7). Using these
values as input to Eq. (1), the solid lines of Figs. 6 and 7 are
predicted. Measured data for these temperatures are again
shown by the data symbols in these two figures. As in all
previous cases, the measured data agree well with the
predicted curves. It is noted that discharge chamber wall
temperatures could not be reduced to ~90 K when krypton
propellant was being used because the propellant tended to
condense.

The results shown in Figs. 3 through 7 all show suffi-
ciently close agreement between predicted and measured per-
formance results to suggest that the effect of wall
temperature is properly modeled in Egs. (1) and (4). Changes
in the primary electron utilization factor C;, of +10% were
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generally sufficient to cause predicted curves in the figures to
depart from the measured data to a degree that could be
recognized readily. As a result, it is suggested that values of
this factor are accurate to within about +10% and that the
wall temperature, which is proportional to the square of C,,
is therefore modeled by Eq. (4) to an accuracy within about
+20%.

The fraction of the ions produced in the discharge
chamber that were extracted into the ion beam was also
measured at each operating condition for these tests. Typical
extracted ion fraction data are shown in Fig. 8 for argon
propellant and discharge chamber wall temperatures of 90 K
and 390 K. The data show the trend pointed out in Ref. 5,
namely, that the extracted ion fraction is dependent on the
neutral density parameter only at low values of this para-
meter. While there is some scatter in the data of Fig. 8, it is
not actually very substantial, considering the expanded ver-
tical scale used. More importantly, Fig. 8 shows no separa-
tion of the data caused by changes in wall temperature. This
leads to the conclusion that the extracted ion fraction is in-
dependent of discharge chamber wall temperature as one
would expect.

Conclusions
Substantial improvements in discharge chamber perfor-
mance are induced by reductions in the mean discharge
chamber wall temperature. The extent of these improvements
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are predicted by the simple discharge chamber model
described by Egs. (1) and (4). Based on the high degree of
agreement realized between the predictions of this model and
experimental results, it is concluded that the assumptions of
the model are valid. These assumptions are 1) that the atoms
present in a typical ion thruster discharge move at a mean
thermal velocity determined to first order by the mean dis-
charge chamber wall temperature and 2) that this mean
velocity is not perturbed significantly by collisional or re-
combined-ion recoil effects.
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