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Abstract

Segmented electrodes with a low secondary electron emission are shown to alter
significantly plasma flow in ceramic channel of Hall thruster. The location of the axial
acceleration region relative to the magnetic field can be moved. The radial potential
distribution can also be altered near the channel walls. A hydrodynamic model shows that
these effects are consistent with a lower secondary electron emission of the segmented

electrode as compared to ceramic channel walls.



1. Introduction

A conventional Hall current plasma thruster is a crossed field discharge device with a
coaxial channel, in which the electrostatic acceleration of ions takes place in quasi-
neutral plasma. A significant axial electric field is established in the vicinity of the
maximum radial magnetic field, typically near the thruster exit. Thruster performance,
namely, jet velocity, acceleration efficiency and beam divergence are strongly affected by
the location of the acceleration region and therefore by the location of main axial electric
field. The length of the acceleration region and its location relative to the magnetic field
distribution depends mainly on the electron mobility and can be strongly affected by
material properties of the channel walls and plasma-wall interaction.'” Generally
speaking, a simple exchange of the channel materials, for example, from ceramic to
metal, may lead to a different acceleration regime or at least to a different spatial
distribution of plasma properties in the channel™*”, even if not necessarily to changes in
thruster performance. A possible reason for the thruster performance being similar is that
at a given discharge voltage a change in material properties of the entire channel walls,
namely the secondary electron emission (SEE) and conductivity, causes a change in the
ion flux to the walls, which is balanced by a change in a length of the acceleration region.
As a result, there are no substantial differences of the ion wall losses and thus, the

integral characteristics of the thruster.>’

The conventional Hall thruster channel is made entirely from either ceramic or metal.

However, in a segmented electrode Hall thruster, metal electrodes are placed along the



ceramic channel. It was shown in Refs. 6 and 7 that a Hall thruster of single and multi
segmented electrode configurations was able to reduce the exhaust plasma plume angle
by about 20% compared to a conventional non-segmented thruster configuration. The
mechanism that leads to the plume narrowing, as well as to the generally large plume
angle (~ 90°) for Hall thrusters in the first place is not clear yet. The object of the present
study is to examine in detail how the plasma responds to the presence of a segmented

electrode in the ceramic channel.

This paper is organized as following: The experimental set-up and results are described in
Section I. Section II devoted to the description of the theoretical approach and important
results of the simulation. In Section III we compare and discuss the measured and

predicted results.

I1. Experimental setup and results

The 9 cm laboratory Hall thruster and test facility used in this study has been described in
detail in Refs. 6 and 7. Fig. 1 shows this thruster with a 4 mm length segmented electrode
placed on the inner wall near the exit of the channel, which is made from boron nitride
ceramic. The segmented electrode is made from low sputtering carbon-carbon-fiber
graphite material. The placement of the electrode relative to the magnetic field
distribution is shown in Fig. 2. As shown in Ref. 6, this placement of a single segmented

electrode corresponds to the most substantial reduction of the plume angle.



In these experiments, we used a fast movable emissive probe setup to measure the plasma
potential distribution inside the thruster channel (Fig. 1). The floating potential of the
probe relative to the ground was measured using a 1:100 isolating amplifier and
monitored by a PC-based data acquisition system. The details of the emissive probe setup
are described in Ref. 8. In the present experiments, the residence time of the probe inside
the channel was shorter than 0.3 sec. The probe position relative to the thruster channel
was measured by a Rensishaw optical encoder with 20-micron resolution. Control and
measurement of this positioning system is performed by a PC-based data acquisition
system. Other measurements included mass flow rate, discharge current and voltage,

electromagnetic coils current. The thruster electrodes were floating relative to the ground.

The following procedure for the probe measurements was followed: After the thruster
operation reached steady state, the fast probe was introduced into the channel first near its
outer wall with no heating, and then with gradually increased heating. At operational
heating power, the probe reached saturation values of its floating potential along its
trajectory. Keeping this power constant, the probe measurements were repeated several
times to characterize reproducibility and estimate average profiles. Next, the probe
position was changed in the radial direction and the procedure was repeated. In both
thruster configurations, potential profiles were measured for 9 radial positions of the
probe. Reproducibility of probe measurements was greater than 85%. The major source
of irreproducibility was probe-induced perturbations of the thruster discharge, which
tended to increase and then saturate as the probe moved toward the anode (Fig. 3). The

amplitude of the discharge current perturbations could reach 50% of its steady state



value. These perturbations appear less than 0.1 sec after the probe immersion and are
more substantial at the channel median than near the outer and inner walls. Therefore, it
is not clear if they result from probe heating and ablation by electron Hall current.” In
addition to these perturbations, uncertainties of the emissive probe measurements include
a voltage drop across the filament produced by the dc heating power supply (~10 V) and

a double sheath formed between the hot floating probe and plasma (A¢ = T,)."

Despite uncertainties due to probe-induced perturbations of the plasma, in the region near
the thruster exit plane and outside the thruster, these perturbations are not so appreciable.
Therefore, while comparing the measured results, we shall concentrate on this region.
Fig. 4 shows equipotential counter lines derived from measurements for segmented and
non-segmented thruster configurations. These results were measured at the same
operating conditions: discharge voltage of 250 V and Xenon gas mass flow rate of 1.7
mg/s. The magnetic field was also constant. Remarkably, the location of the acceleration
and ionization region relative to the magnetic field distribution is substantially affected
by the segmented electrode. It moves a few millimeters upstream of the channel, as
compared to non-segmented thruster configuration. As a result, there is a relatively
smaller fraction of the voltage drop left outside the thruster channel in the fringing
magnetic field. In the conventional configuration, about 40-50% of the measured voltage
drop is outside the thruster channel. As can be seen from the model described below, this
effect of the segmented electrode can be partially attributed to the dependence of the

plasma flow on the SEE of the wall materials.



I1. Model of the plasma flow in the Hall thruster with segmented electrode

In this section we describe the model of the plasma flow in a cylindrical channel as
shown in Fig. 2. The plasma flow starts in the near anode region and has the lateral
boundaries near the dielectric wall. The plasma presheath-sheath interface is considered
to be the lateral boundary for the plasma flow region. The entire quasi-neutral plasma
region is considered as a presheath in which the boundary conditions for the sheath
entrance are developed. Details of the model of the plasma-sheath transition region are
described elsewhere’. The sheath region in front of the dielectric surface is considered to
be collisionless. The dielectric wall effect is taken into account by introducing an
effective coefficient of SEE, s. Sectioned metal electrode is introduced in the model as a

region with smaller SEE as shown in Fig. 2.

A plasma is considered with magnetized’ electrons and ’unmagnetized’ ions, i.e.
Pe<<H<<pj, where pe and pj are the Larmor radii for the electrons and ions respectively,
and H is the channel characteristic length. It is assumed that the magnetic field has only a
radial component. Cylindrical coordinates will be used, as shown in Fig. 2, with angle 0,
radius r, and axial distance from the anode z, respectively. A hydrodynamic model is
employed in a 2-D domain assuming that the system reaches a steady state. The
momentum and mass conservation equations for electrons, ions and neutrals under these

conditions have the following form:
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where 1, a, e are subs for ions, neutral atoms and electrons, respectively, n is the plasma

density, [3 is the ionization rate, V is the velocity, Vris the effective collision frequency.

In order to simplify the problem, yet including the major physical effects, we consider
one-dimensional flow of the neutrals. Since only the radial magnetic field component is
considered in the model, the electron transport is greater in the azimuthal direction (ExB
drift) than in the axial direction (drift diffusion due to collisions). Electrons can freely
move along magnetic field lines and therefore the electric field potential is constant along
magnetic field lines within accuracy of the electron pressure gradient. If we assume that

the electron temperature is constant along each magnetic field line we obtain

kTe
¢ - o In(n) = const

The left-hand side of this equation is known as a thermalized potential'. This equation
makes it possible to reduce the two-dimensional calculation of the electric field to a one-
dimensional problem in the way similarly to Refs. 3,11,12. Calculating the potential
distribution along the channel centerline makes it possible to calculate the potential in the

entire domain. The electron temperature is calculated along the centerline as a balance



between the Joule heating, ionization and wall losses as described elsewhere™''. In this
model we consider that electron transport across the magnetic field is due several
collision mechanisms: electron-neutral collisions, electron-wall collisions and anomalous
(Bohm) diffusion: Ver =Ven + Vew + Vg , Where V¢ is the effective electron collision

frequency.

At the upstream boundary (anode plane, z=0, see Fig. 1) we specify the density and
velocity similarly to Ref. 1 assuming that the ion velocity V,=2x10° m/s near the anode
that corresponds to 3 eV. This upstream condition implies that we are considering only
supersonic plasma flow assuming that the transition from the subsonic to supersonic flow
occurs in the anode vicinity. The atom velocity near the anode is assumed to be
Voa=2x10> m/s (Ref. 13). At the downstream boundary (thruster exit plane, z=L), we
specify electron temperature, assuming, similarly to Ref. 13, that T.=5 eV which is close
to that measured in experiment'®. Results are presented for the following conditions:
Discharge current: 1.65 A (segmented electrode thruster case) and 1.6 A (conventional
thruster case), anode mass flow rate: 1.7 mg/s. We used the magnetic field axial profile

corresponding to the measured value along the centerline of the channel.

The numerical analysis is similar to that developed previously'’. We use the implicit two-
layer method to solve the system of equations (1)-(4). These equations are approximated
by a two-layer six point scheme. The electron temperature distribution in axial direction
is calculated by iteration. More details about this model and numerical solution can be

found in Ref. 3.



Calculated propellant utilization at the thruster exit plane, x=L, is shown in Fig. 5. For
comparison the measured propellant utilization is also shown®. One can see that the
magnitude as well as general trend predicted by the model is close to that observed

experimentally. It should be noted that the same agreement was obtained for the thrust.

Axial distribution of the electron temperature is shown in Fig. 6. It can be seen that the
electron temperature is higher in the case of the channel with segmented electrode and
peaks at about 18 eV in the acceleration region near the channel exit (the peak

corresponds to the segmented electrode position).

The potential distribution along the channel centerline for two thruster configurations is
shown in Fig. 7. In these calculations we employed the experimental fact (Refs. 6,7) that

the discharge is higher in the case of the thruster operated with segmented electrode.

II1. Discussion

We shall now discuss and compare our model prediction of plasma potential distribution
with experimental results. We will focus on two major experimentally observed effects,
the inward shift of the plasma potential distribution and the unexpected plasma potential
structure in the radial direction for segmented electrode thruster case as compared to

conventional case (Fig.4).



Both the experimental results and the numerical simulation show a shift in the
acceleration region towards the anode (Figs. 4 and 7). However the magnitude of the shift
in the model is less than the measured shift. Possible reasons for the discrepancy could be
both experimental and theoretical. For example, the probe-induced perturbations of the
plasma potential could be different in the segmented electrode configuration than in the
conventional thruster. Though the perturbations to the discharge current were similar in
both thruster configurations. On the other hand the theoretical model does not take into
account the 2D configuration of the magnetic field nor does it take into account ion
collecting role of the electrode. Additionally, the model employs local balance of the ion
and electron fluxes to the wall while in reality the only global balance of the ion and

electron fluxes (i.e. integrated over the length of the electrode) is taken place.

In the present model we assumed that the electron temperature is constant in the radial
direction, i.e., along magnetic field lines, and therefore the axial distribution of the
electron temperature shown in Fig. 6 has the meaning of some average 7, in the channel
cross section. However, in reality, the electron temperature field in the Hall thruster
channel is rather two-dimensional. Following results of Fig.6 and taking in to account
that metals have typically smaller SEE than ceramics at the same energy of primary
electrons, one can expect that the electron temperature will be higher near the graphite
segment placed in the boron nitride channel. On the other hand, there is no segmented
electrode on the opposite side of the channel (See Fig. 2). As a result, the presence of the
segmented electrode only on one side of the channel may create an electron temperature

gradient in radial direction and lead to electron current along the magnetic field lines, j.'.
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Then, current conservation implies that the electron current in the axial direction near the
ceramic wall opposite to the segmented electrode must increase. Using the plasma
parameter distribution from our 2D fluid simulation, a possible potential distribution near
the outer wall can be calculated assuming that the current density there is higher than that
in the middle of the channel. In this case, the potential distribution depends on the
parameter o, which is defined as ratio of the axial electron current density near the wall
to the axial electron current density along the midway. Illustrative results of these
calculations for different a are shown in Fig. 8. Here we assumed that the potential
distribution in the radial direction at the thruster exit plane (z=L) is uniform. As can be

seen, higher current density leads to steeper potential distribution.

Note, that a non-uniform distribution of the axial electron current density in the radial
direction may be responsible for unusual concave shape of equipotentials measured for
the segmented electrode case (Fig. 4). Indeed, Fig. 9 compares measured and calculated
potential profiles along the channel median and near the outer wall. Assuming electron
current density near the outer wall higher than the axial electron current density at the
middle we can get a qualitative agreement between theory and experiment. In addition,
these theoretical predictions are also supported by the results measured with the second
segmented electrode placed on the outer wall of the ceramic channel, opposite to the
inner segmented electrode (Fig. 10). In this two-segmented thruster case, no concave
shape of equipotential was observed and the measured plasma potential changes are
insignificant in the radial direction as compared to the single segmented electrode

configuration of Fig. 4. These results suggest that electron temperature gradient in radial

11



direction may be responsible for developing unusual concave shape of equipotentials

observed in these experiments with single segmented electrode.

Concluding remarks

A segmented electrode Hall thruster channel leads to some interesting phenomena
measured experimentally and partially explained by a hydrodynamic plasma model. Two
major effects of the segmented electrode include the inward shift of the acceleration
region and the changes in the shape of equipotentials. These effects might be due to a
lower secondary electron emission of the segmented electrode as compared to ceramic
channel walls. Therefore, the shape of equipotentials should depend strongly on physical
properties of the channel materials, in particular, at intersections of the magnetic field
lines with the outer and inner channel walls. On the other hand, an ion collecting role of
the segmented electrode, which was not considered in the present model, might also

contribute to these effects.

It is interesting to note that these results were obtained using only passive segmented
electrodes, i.e., without electron emission and no bias. Such passive electrodes were
proved to be an important tool for control plasma potential distribution in the Hall
thruster channel. In addition, the model predicts and our recent experimental results have
indicated, that use of segmented rings made from ceramic materials with different SEE
properties instead of metal electrodes can also affect the plasma potential distribution (see
for example Ref.16). On the other hand, the differences of SEE between metals and

boron nitride ceramic are more substantial than between ceramics suitable for harsh

12



thruster operating conditions. Therefore, it seems that segmented electrodes are still

preferable tool for control of plasma potential distribution.
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Figure Captions

Figure 1: Segmented electrode Hall thruster and probe setup

Figure 2: Magnetic field distribution, placement of the graphite segmented electrode and

coordinate system.

Figure 3: Probe floating potential and discharge current measured during probe insertion

along the channel median.

Figure 4: Plasma potential distribution measured relative to the ground for non-

segmented (a) and segmented thruster configurations at the same operating conditions

(b). The channel exit is at 46 mm. The inner wall at Rj, = 27 mm and outer wall at R,=

45 mm.

Figure 5: Calculated propellant utilization at the thruster exit plane and comparison with

measurements.

Figure 6: Calculated axial distribution of the electron temperature.

Figure 7: Calculated potential distribution along the channel median for two thruster

configurations.
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Figure 8: Calculated plasma potential profiles for different ratios of the axial electron

current.

Figure 9: Measured and calculated potential profiles along the channel median and outer

wall for the segmented electrode case.

Figure 10: Plasma potential distribution measured for two-segmented thruster

configuration. An additional 8§ mm length segmented electrode is placed on the outer wall

near the exit opposite to the inner segmented electrode.
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