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Operation of a segmented Hall thruster with low-sputtering carbon-velvet electrodes

Y. Raitses,” D. Staack, A. Dunaevsky and N. J. Fisch

Princeton Plasma Physics Laboratory, Princeton NJ 08543

ABSTRACT

Carbon fiber velvet material provides exceptional sputtering resistance properties
exceeding those for graphite and carbon composite materials. A 2 kW Hall thruster
with segmented electrodes made of this novel material was operated in the discharge
voltage range of 200-700 V. The arcing between the floating velvet electrodes and the
plasma was visually observed, especially, during the initial conditioning time, which
lasts for an hour. The comparison of voltage-versus current and plume characteristics
of the Hall thruster with and without segmented electrodes indicates that the magnetic
insulation of the segmented thruster improves with the discharge voltage at a fixed
magnetic field. The observations reported here also extend the regimes wherein the
segmented Hall thruster can have a narrower plume than that of the conventional non-

segmented thruster.
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The Hall thruster' is a plasma discharge device with axial electric and radial
magnetic fields applied in an annular channel. Because of the small electron mobility
across the magnetic field, a substantial electric field can be maintained in quasineutral
plasma. The electric field accelerates the unmagnetized ions, without dissipating much
energy in the electrons. In conventional Hall thrusters (so-called stationary plasma
thrusters' (SPT)), the electric field distribution is controlled mainly by the magnetic
field profile along a ceramic thruster channel. However, the ion beam divergence is
large, leading to erosion of the channel walls and making difficult the integration of
the thruster with satellite.>* The magnetic field curvature and electron pressure are
among the factors, which can contribute to the beam divergence in Hall thrusters.’ A
relatively long (~ 2 cm) ion acceleration region with a large voltage drop is usually
located both inside the channel and outside the channel exit, where the fringing
magnetic field can lead to defocusing of the ion beam.>*

The use of segmented electrodes along the thruster channel can provide
additional control of the plasma flow in a Hall thruster.”® The plume narrowing effect
measured for molybdenum and carbon electrodes at low discharge voltages (<300
V)*" was attributed to the reduced voltage drop outside the channel exit.® This effect
on the voltage drop has been attributed to the lower secondary electron emission (SEE)
of the electrode materials compared to that of a boron nitride ceramic and due to a
shorting of the plasma electric field through the conductive electrodes.®® Without SEE,
electron energy losses at the walls are lower and contribution of electron-wall
collisions to the electron-crossed field mobility (so-called near-wall conductivity') is

negligible.”"! For a constant discharge voltage, the accelerating voltage drop inside the



channel with segmented electrodes is increased,” which may lead to erosion of the
electrodes due to ion-induced sputtering. In addition, ion-induced sputtering of the
electrodes causes the backflow of contamination, which produces a conductive coating
on the ceramic part of the thruster channel.*” Such a coating can significantly alter the
thruster operation, including an increase of the discharge current and instability of the
discharge. leading to a degradation of thruster performance.® Appropriate electrode
materials with a low sputtering yield are therefore important, especially for high
specific impulse (Isp = vje/g, Where vje is the jet velocity) applications,'? which
require a high discharge voltage operation of the Hall thruster.

In this work we investigate the operation of a Hall thruster with segmented
electrodes made from carbon fiber velvet bonded on carbon substrates.”> Sputter-
resistant properties of this novel material are exceptional, particularly, with respect to
the backflow of contamination.">"* This is because ions strike the velvet at grazing
incidence and because sputtered particles are trapped in the velvet texture.'® The total
sputtering vyield of carbon fiber velvet was shown to be several times lower than for
carbon-carbon composite materials and graphite.* However, the low density of the
velvet material may cause it to wear out faster than a denser carbon-carbon composite
surface and a high-density graphite surface.* Another important feature of carbon
velvet is that because of inter-fiber cavities with a large aspect ratio of ~10%-10°, it is
expected to suppress both ion-induced and electron-induced SEE from the electrode.'
At the same time, the electric field enhancement at a fiber tip may induce the electron
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field emission, which can, in principle, affect the plasma-wall interaction in a

similar manner as the SEE.


pplcc
Underline

pplcc
Highlight


pplcc
Underline



Previous studies reported the use of a similar carbon fiber velvet material for
short pulse cathodes of high power microwave tubes,'® for the SEE reduction from

plasma plume probes,"

and for the protection of vacuum chamber walls against
sputtering'® in plasma thruster facilities. Here, we discuss durability of the velvet
electrodes in a continuous plasma discharge of a Hall thruster and compare the
discharge and plume characteristics for segmented and non-segmented thruster
configurations.

A 2 kW Hall thruster (Fig 1) was operated in a 28 m® vacuum vessel equipped
with cryogenic pumps. The thruster, facility and diagnostics used in these experiments
are described elsewhere.'® The thruster channel is made of a grade HP boron nitride
ceramic. For the segmented thruster configuration, two velvet electrodes with length of
4 mm and 6 mm (Figs. 1 and 2) are placed on the inner and outer channel walls,
respectively. Carbon fibers have a diameter of ~5x10° mm and a length of ~1.5
mm."*'* The separation distance between fibers is roughly 0.02 mm."* For the non-
segmented thruster configuration, the velvet electrodes are substituted with the boron
nitride spacers. In each configuration, the thruster was operated at a constant xenon
mass flow rate of about 2 mg/s. The background pressure did not exceed 6 ptorr. The
magnetic field (Fig. 1) was the same for all operating regimes and thruster
configurations.

In the experiments described here, the measured quantities are limited to the
discharge current and voltage, ion flux from the thruster, and floating potentials of the
electrodes with respect to ground. The total ion flux from the thruster is obtained by

integrating over the measured ion flux angular distribution. The ion flux is measured



with a guarding sleeve electrostatic probe'® at the distance of 730 mm from the
thruster. The probe rotates around the center of the thruster exit plane. From the ion
flux and discharge current measurements we deduced the current utilization, I;/lg,
which characterizes how effectively the magnetic field impedes the electron crossed-

field current."!"?

The plume angle was estimated for 90% of the total ion flux in a
similar manner as described in Ref. 6. The standard deviation of the ion flux and
plume angle measurements is generally less than £ 2.5 %.

For the segmented thruster, the measurements were carried out in the discharge
voltage range of 200-700 V. The electrodes were floating. The total operation time in
these regimes was roughly 50 hours. Post-run inspection of the thruster revealed no
presence of a low resistance coating on ceramic walls of the thruster channel. During
the thruster operation we encountered arcing between the velvet electrodes and the
plasma. The arcing was quite frequent at the beginning of the thruster operation (~1
hour), but then it ceased almost completely, except for a rare occurrence at discharge
voltages above 500 V. From a microscope analysis of the velvet electrodes, we found
that a time-dependent cessation of the arcing correlates in time with the removal of
protrusive fibers from the velvet surface. This observation suggests that the arcing is

probably initiated by field emission from individual fibers and micro-protrusions on

fiber surfaces.

We now consider a possible mechanism of the arcing from floating electrodes.
Because of large axial gradients in the thruster plasma, the sheath voltage drop, Vo,
between the plasma and equipotential electrode surface increases towards the

anode.>>?® For high discharge voltage regimes (>400 V). floating potentials of the
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segmented electrodes relative to the cathode are approximately equal to zero.
Therefore, we can expect that the sheath voltage on the anode side of each electrode
drop is comparable with the discharge voltage. Assuming a steady state sheath, we can
exploit Child’s law”' to obtain the sheath thickness. s. and the electric field. E =
4/3(Vols), at the electrode. For a typical Hall thruster operated at the discharge voltage
of 200-700 V. the plasma density is 10''-10"? cm™ and the electron temperature is 20-
60 eV. Under such conditions, the sheath thickness for the segmented electrode is
expected to be 0.1-1 mm. For a protrusion with a radius r and a length |, the electric

field enhancement.”* B~ I/r, reaches its maximum in the sheath when | ~ s. Then, the

maximum possible electric field at the protrusion, Ey & fE, is scaled as E_ oV /r.

According to the Fowler-Nordheim law.* the field strength of E > 10° kV/mm is
required to produce an appreciable field emission current. Thus, for field emission at
Vo ~ 200-700 V. micro-protrusions have to be less than 10° mm in diameter. that is

not unreasonable for the fiber velvet material used for the segmented electrodes.

The electron emission from the segmented electrodes can significantly change
the global current balance, which governs the floating condition for each electrode.
Because of the axial sheath variation, the uniformity of the floating potential is
maintained by a short-circuit current through the electrode.*” In the absence of the
electron emission from the electrode, the maximum short-circuit current is limited by
the ion current to the electrode.*” With the electron emission. the short-circuit current
can increase above the ion saturation current until the sheath voltage drop is large
enough to sustain field emission and provided that the global floating condition is

satisfied. In experiments with a smaller size (9 cm diameter) 1 kW segmented Hall
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thruster.” the current measured in an electrical circuit of a cathode-biased emissive
electrode (thermionic emitter made of a dispenser tungsten) was an order magnitude
larger than that for a cathode-biased non-emissive electrode (~ 50 mA).

For the carbon velvet electrodes, the current through high resistance fibers is

accompanied with the Joule heating.'”**

In addition to ion-induced sputtering of the
protrusive fibers, excessive heating of these fibers may eventually lead to a destruction
of centers of field enhancement.** This may explain the arcing disappearance after the
initial conditioning time of the thruster operation. Among possible current-driven
distraction mechanisms are evaporation of micro-protrusions and entire protrusive
fibers.”* It is also possible that protrusive fibers with non-uniform electrical resistance
along the current path (e.g. fibers with non-uniform cross-sectional area or at locations

where the fibers are bonded to the substrate) can be lost from the electrode due to a

stronger Joule heating at higher resistance points.

Fig. 3 compares the voltage versus current (V-I) characteristics measured for
the segmented and non-segmented thruster configurations. The operation of the non-
segmented thruster at high discharge voltages exhibits a long (up to an hour)

transitional regime, which precedes a steady state operation.'>'®

During the
transitional operation, the discharge current is always larger than the steady state
value. It is actually not clear either the transitional regime is associated with a time
required for the thruster to reach a thermal steady state'? or one of these operating
regimes is affected by sputtering effects in laboratory environments.'® Similar

operating regimes'> and V-I characteristics” were also reported for the state-of-the-art

Hall thrusters. A strong SEE from ceramic channel walls was suggested as an
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explanation of the V-I characteristics at high discharge voltages.” There is a
disagreement between the theory’ and the experiment'® with respect to the SEE effects
on the electron temperature. Without going into details of this disagreement, we note
that, for the transitional regime, it is indeed the increase of the electron current that
leads to the increase of the discharge current and causes a degradation of the current
utilization. In the steady state operation, the reduction of the current utilization above

300 V is insignificant.

Interestingly, for the segmented thruster, there is no transitional regime. Even
during the conditioning time, the discharge current changes from its steady state value
only for a short time, when the arcing occurs. The discharge current does not grow
with the discharge voltage. Above 400 V, the current utilization increases to about 0.8
that is almost 40-50% and 10-15 % higher than that of the non-segmented thruster in
the transitional and steady state regimes, respectively. In addition, for the segmented
thruster operation above 200 V the ion flux is roughly constant, ~ 85% of the neutral
gas flow. The shortening of the plasma electric field through the conductive wall is
predicted to increase the discharge current in the segmented thruster, as compared with
the conventional thruster.*” The fact that this effect is not so evident from our
experiments is, probably, due to the relatively small surface area of the segmented
electrodes.” Finally, Fig. 4 demonstrates that the segmented thruster with the carbon
velvet electrodes produces a narrower plasma plume than the conventional thruster.
This result is qualitatively similar to the previous reported measurements®’ for a

smaller 1 kW Hall thruster with molybdenum and graphite segmented electrodes.



We now discuss the results of the experiments using the model of a
quasineutral plasma flow'' in the acceleration region and referring to recent
measurements of the plasma properties in the non-segmented thruster.'® Neglecting the
pressure gradient in Ohm’s law and assuming that the average electric field is E =

V4/L, we obtain the ratio of the electron cross-field current to the ion current:

Jo 13 ~(u )\WVe 1L, (1)

where [, is the electron cross-field mobility, Vg is the discharge voltage, L is the
length of the acceleration region, and () means averaging along the acceleration
region. For the non-segmented thruster operating at high discharge voltages, the
average electron mobility changes insignificantly in the steady state regime, but
increases in the transitional regime.'® In the latter case, the length of the acceleration
region increases slightly with the discharge voltage. Therefore, for the transitional
regime, the overall effect of the discharge voltage is the reduction of the current

utilization.

For the segmented thruster, the current ratio Je/J; decreases with the discharge
voltage. Note that in keeping with our previous studies® the plasma plume narrowing
effect of the segmented electrodes is likely associated with an increase of the electric
field inside the channel leading to a reduction of the ion residence time in the
acceleration region and thereby, possibly, reducing defocusing effect of radial pressure

gradients and magnetic field curvature on ion trajectories.” If the electric field



increases equal to or faster than /V, , then it is a reduction of the electron mobility at

high discharge voltages that can explain the measured V-I characteristic of this
thruster. Plasma measurements are necessary for more consistent analysis of the
electron mobility, which cannot be predicted by the existing Hall thruster models.

Such measurements will be reported in a separate paper.

In conclusion, we demonstrated the use of low-sputtering and low-SEE carbon
velvet material in the continuous plasma discharge of a Hall thruster. A certain
conditioning procedure of the carbon velvet material is required in order to prevent the
arcing between the electrodes and the plasma. It is particularly interesting that the
magnetic insulation properties of the thruster discharge with segmented electrodes
tend to improve with the discharge voltage. Note that for the state-of-the-art Hall
thrusters, a typical operating procedure requires an increase of the magnetic field with
the discharge voltage in order to suppress the increase of the electron current.'
Theoretical models predict the need for this procedure in order to maximize the
thruster performance.''” Apparently, for the segmented thruster this is no longer a
requirement. The plume narrowing effect of the carbon velvet electrodes is
qualitatively consistent with the previously reported results® obtained for a 1 kW Hall

thruster with low SEE carbon and molybdenum segmented electrodes.
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List of Figures

Figure 1. Schematic of the thruster channel of a 2kW segmented Hall thruster with
superimposed magnetic field lines. The magnetic field distribution was simulated for
the experimental conditions. A 4 mm long inner and 6 mm long outer segmented

electrodes are made of a carbon velvet material.

Figure 2. The outer segmented electrode made of the novel material-carbon fiber
velvet bonded on a carbon substrate- before (a) and after (b) thruster operation.
Typical dimensions of carbon fibers are ~5 10° mm diameter, ~1.5 mm length and
0.02 mm separation distance between the neighboring fibers. The length of protrusive

fibers can be up to 5 mm (top figure).

Figure 3. The voltage versus current (V-I) characteristics for the two configurations of
the 2 kW Hall thruster, segmented and non-segmented. For the non-segmented
thruster, the V-I characteristics were measured in the transitional and steady state
regimes. For the segmented thruster, multiple data points are due to the

irreproducibility of the discharge current after variations of the discharge voltage.

Figure 4. The plume narrowing effect of the segmented electrodes. A comparison of
half plume angle estimated for 90% of the total ion flux measured for the non-
segmented thruster in a steady state regime and for the segmented thruster with velvet

electrodes. The standard deviation of the plume measurements is less than + 3%.
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Figure 1. Schematic of the thruster channel of a 2kW segmented Hall thruster with

superimposed magnetic field lines. The magnetic field distribution was simulated for

the experimental conditions. A 4 mm long inner and 6 mm long outer segmented

electrodes are made of a carbon velvet material.
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(b)

Figure 2. The outer segmented electrode made of the novel material- carbon fiber
velvet bonded on a carbon substrate- before (a) and after (b) thruster operation.
Typical dimensions of carbon fibers are ~5 10° mm diameter, ~1.5 mm length and
0.02 mm separation distance between the neighboring fibers. The length of protrusive

fibers can be up to 5 mm (top figure).
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Figure 3. The voltage versus current (V-I) characteristics for the two configurations of
the 2 kW Hall thruster, segmented and non-segmented. For the non-segmented
thruster, the V-I characteristics were measured in the transitional and steady state
regimes. For the segmented thruster, multiple data points are due to the

irreproducibility of the discharge current after variations of the discharge voltage.
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Figure 4. The plume narrowing effect of the segmented electrodes. A comparison of
half plume angle estimated for 90% of the total ion flux measured for the non-
segmented thruster in a steady state regime and for the segmented thruster with velvet

electrodes. The standard deviation of the plume measurements is less than + 3%.
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