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ABSTRACT

Secondary electron emission in Hall thrusters is predicted to lead to space charge
saturated wall sheaths resulting in enhanced power losses in the thruster channel.
Analysis of experimentally obtained electron-wall collision frequency suggests that the
electron temperature saturation, which occurs at high discharge voltages, appears to be
caused by a decrease of the Joule heating rather than by the enhancement of the electron

energy loss at the walls due to a strong secondary electron emission.



I. INTRODUCTION

The plasma-wall interaction in the presence of strong secondary electron or thermionic
emission has been studied theoretically™? and experimentally®> both as a basic
phenomenon and in relation to numerous plasma applications, such as, for example,
fusion devices.*’ The electron emission from the wall greatly reduces the sheath potential
drop’* and, thereby, weakens thermal insulating properties of the sheath'®. When the
flux of secondary electrons from the wall is approximately equal to the flux of primary
electrons from the plasma, the sheath becomes space charge saturated (SCS). Any further
increase of the secondary electron flux into the plasma is restricted by a potential

minimum formed near the wall surface.®

A general description of the secondary electron emission (SEE) effects? on the plasma
flow has been recently included in fluid models of Hall thrusters.*** A Hall thruster is a
plasma discharge device with crossed fields, which is used for spacecraft propulsion. In a
Hall thruster, the axial electric and radial magnetic fields are applied in an annular
ceramic channel. The electric field supplies energy mainly to accelerate the unmagnetized
ions, but some energy goes also to heat the electrons, which diffuse across the radial
magnetic field.®>*® A typical Hall thruster operates in a sub-kilovolt discharge voltage
range using xenon gas as a propellant. Recently Barral et al.® and Ahedo et al.,’*** within
the framework of quasi one-dimensional fluid Hall thruster models, predicted the

dependence of the maximum electron temperature on the discharge voltage. The Joule

heating increases with the applied discharge voltage and so does the electron energy loss



at the walls, which becomes the dominant electron energy loss mechanism as the near-
wall sheaths approach the space charge saturation.**! In particular, the models by Barral
et al. and Ahedo et al. suggest the occurrence of the SCS regime of Hall thruster
operation at sufficiently high discharge voltages and show how the maximum electron
temperature grows upon the transition from the non-SCS regime to the regime with the
SCS near-wall sheaths. It is important to note also that strong SEE from the channel
walls may affect oscillatory behavior of the thruster discharge and induce the near-wall

conductivity.>**

Our recent experiments showed that the local electron temperature increases fairly
linearly with the local plasma potential inside the thruster channel and in the near-field
plasma plume.” The electron temperature inside a boron nitride channel was almost
twice larger than the critical value predicted for the SCS sheath regime under the
assumption of Maxwellian electron energy distribution function (EDF).*® Recent
kinetic studies suggested that the effective SEE coefficient is reduced because wall losses
depopulate the high energy tail of the electron EDF in a weakly collisional plasma of Hall
thrusters.*”*® A reduced SEE due to a depletion of electron EDF may occur similarly in
the collisionless regime of a divertor operation in fusion devices.”> However, the
departure of the electron EDF from Maxwellian does not necessarily mean that the SCS
sheath regime is impossible in Hall thrusters. In fact, measurements of the thruster

discharge characteristics** indirectly support the predicted transition to the SCS regime®.



The transition to the SCS regime appears at the discharge voltages higher than those used
in Ref. 15 (less than 400 V). We recently reported how the channel geometry (channel
width) might affect the acceleration region in a Hall thruster.® An increase of the
discharge voltage from 400 V to 500 V caused almost no changes of the maximum

electron temperature. This is in keeping with fluid models®**

, Which predict saturation of
the electron temperature due to SEE-enhanced wall energy losses. The location of the
acceleration region was shown to be sensitive to the channel width, but not so much to

the discharge voltage.

The present paper reports how Joule heating and electron cooling due to electron-wall
interaction controls the electron temperature. In particular, the physical mechanisms
causing the electron temperature saturation are investigated.

This paper is organized as follows. Sec. Il describes experimental setup and procedure.
Experimental results are presented in Sec. 111, and their implications are discussed in Sec.
IV. In Sec. V we summarize our main conclusions.

I EXPERIMENT

A. Setup

The test facility and the thruster used in these experiments are described

elsewere. %2122 A 2 kW Hall thruster was operated at xenon gas flow of 19 sccm and



constant electromagnet coil currents. The magnetic field distribution is shown in Fig. 1.
During the thruster operation the background pressure in a 28 m® vacuum vessel
equipped with cryopumps did not exceed 6 microtorr. The thruster channel was made of
grade HP boron nitride ceramics. The diameters of the inner and outer channel walls are
73 mm and 123 mm, respectively. The channel length measured from the anode to the
channel exit is 46 mm. A commercial hollow-cathode is used as a cathode-neutralizer to
sustain the discharge and neutralize the charge and current of the ion beam. The cathode
was placed a few centimeters away from the thruster symmetry axis to avoid the cathode

bombardment by the energetic ions from the thruster.

The plasma potential and the electron temperature were deduced from the measurements
of the floating potentials of the emissive and cold (non-emissive) Langmuir probes. Fig. 2
shows a schematic of the probe setup. A positioning stage moves the probe rapidly back
and forth along the channel median across the radial magnetic field.™>**?! The probe wire
diameter is 0.1 mm. The probe has a segmented shield, which is made from equally
spaced carbon ringlets that surround an alumina ceramic tube. The shield reduces plasma
perturbations, which can be induced by high SEE from alumina ceramic.* For the results
presented in this paper, the probe-induced changes of the discharge current were less than

15%.

The plasma density was measured with a 0.1 mm diameter, 2 mm long cylindrical probe
biased -50 V with respect to ground. In addition, the angular distribution of the ion flux

from the thruster was measured using a 25 mm diameter planar guarding sleeve probe.



The plume probe was placed at the distance of 700 mm from the channel exit and rotated
+90° relative to the thruster axis.”® The plume probe was biased —30 V with respect to

ground.

The floating potential measurements were conducted first without the heating (cold
probe) and then with heating (emissive probe). The probe heating was gradually
increased during several probe insertions until the floating potential clearly saturated
along the travel path of the probe. Measurements with cold and saturated emissive probe
were repeated several times in each operating regime. All the probe potentials and the
discharge current were monitored and recorded by a PC control and data acquisition
system. Overall, the standard deviation of the floating probe measurements was in the

range of + 5-15%.

B. Determination of plasma parameters

A detailed procedure for determination of the plasma parameters from the floating

potential measurements is described in our previous publications'>*®24

and in Appendix
A. Essentially, we ascribed the change in the emissive probe potential as due to the effect
of space charge limited electron emission, under the assumption that the plasma electrons
are Maxwellian. The plasma potential, ¢y , and the electron temperature, Te, are obtained
from the measured floating potentials of the emissive and cold probes using Egs. (A-6)

and (A-7). Although a procedure using non-biased probes is Hall thrusters is clearly

advantageous, the assumption of the Maxwellian EDF may introduce an uncertainty in



the determination of the electron temperature. However, a comparison with other probe

16,21,24

techniques suggests that Eq. (A-7) does give an approximate value of the mean

electron energy in the thruster plasma.

Another uncertainty in the determination of the electron temperature stems from the fact
that in order for the unmagnetized probe theory to be valid, ?° it is necessary to keep the
probe wire diameter much smaller than the electron gyrodiameter. For Hall thrusters, this
makes the wire diameter comparable with the plasma Debye length and, therefore, the
floating probe may collect charge carriers in the orbital motion limited (OML) regime.
The analysis of this uncertainty is given in Appendix A. The maximum possible deviation
of the true electron temperature from the one calculated according to the procedure
described above is + 17%. Note that for a smaller Hall thruster the discrepancies between
the values of ¢, and T, determined from the V-I characteristics of a biased planar probe
(a/1¢>>1) and from the above procedure for a floating 0.1 mm diameter cylindrical probe
were less than 10% and 16%, respectively.?* In the experiments described here, the ratio

a/ A4 was smaller than that in Ref. 24.

The plasma density along the channel median was obtained from the measurements of the
ion current collected by the movable biased probe. The OML approximation [Eg. (A-3)]
was used to interpret the data. The probe voltage with respect to the surrounding plasma
was calculated from the measured plasma potential distribution. Note that Eq. (A-3)
determines the maximum ion current that can be collected by a cylindrical probe with a

given collection area. Therefore, the value of the plasma density obtained from this



equation is likely to give the upper bound of the possible (true) plasma density. In
addition, the plasma density distribution was deduced from the plume probe
measurements. The total ion flux in the plume, I, was obtained by integrating the

measured angular distribution of the ion current. Assuming a continuous one-dimensional
axial flow of monoenergetic ions with velocity v,(z) = [2e(¢§, — P, (z))/M]O'S, one can

get the plasma density distribution along the channel median from the total ion flux as

N;(z)=1, /ev,(z)A(z). Here N; is the ion density, ¢ is the plasma potential at the

pl
anode side, and A(z) is the cross-section area of the ion beam. A(z) was estimated
assuming the beam divergence half-angle to be constant along z. The values of the
divergence half-angle were deduced from plume measurements using the procedure of
Ref. 23. In these experiments, the half-angle was in the range of 50°-57° in the discharge
voltage range of 200-700 V. Since there are presumably no significant particle sinks or
sources in the plasma plume, such estimation of the plasma density gives an approximate

lower bound of the true plasma density near the channel exit.

C. Thruster operational procedure

At the beginning of each set of probe measurements, in order to reach a steady state the
thruster was continuously operated at the discharge voltage of 200 -300 V for
approximately 1-2 hours. The steady state was monitored by measuring the discharge
current. Then the discharge voltage was changed to the desired operating level and the
probe measurements were performed. When increasing the voltage to 400 V and higher

we encountered two steady state regimes of the thruster, one of which appears to be



transitional. The transitional regime occurs after the discharge current initially increases
to a high value and then saturates at this value for a few tens of minutes. After that the
discharge current slowly reduces to a smaller value, which corresponds to the second
steady state regime. The duration of this transition was usually longer for higher
discharge voltages and could take between 30 minutes and about an hour. In the present
work we discuss experimental results obtained mainly in the transitional regime, but a
comparison of key results for both steady state regimes is given in Appendix B. It appears
that the main conclusions of this paper on the role of SEE in high discharge voltage

thruster operation are valid for both steady state regimes.

I EXPERIMENTAL RESULTS

Fig. 3 shows the voltage—current characteristic of the thruster. Results of the plasma
measurements are shown in Fig. 4. A significant voltage potential drop is localized in the
region with a strong radial component of the magnetic field. This region is usually
referred to as the acceleration region. The voltage drop in the acceleration region is 80-
90% of the applied discharge voltage, Vq4. The electron temperature has a local maximum

in the acceleration region.

Fig. 5 shows how the maximum electron temperature depends on the discharge voltage.
The discharge voltage threshold, V4 ~ 400 V, separates two temperature regimes: i) below
the voltage threshold Temax increases almost linearly with the discharge voltage and iii) in

the range 400 V < V4 < 600 V, the electron temperature saturates at about 50 — 60 eV.
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Some increase of Temax IS also observed at Vg > 550 - 600 V, which may manifest a
transition to the third temperature regime. According to the plume measurements, the
increase of the discharge current at Vg4 > 400 V is due primarily to the increase of the

electron current.

In general, these experimental results appear to agree with the theoretical predictions of
Barral et al.” and Ahedo et al.’®**. The transient fluid model ° assumes the cathode plane
to be located at the channel exit and includes the effective anisotropy of the electron
temperature. Alternatively, Ahedo et al. consider the near-field plume region and use
exact solutions from the radial model. The magnetic field in this fluid model increases
with the discharge voltage in order to maximize the thruster efficiency. In spite of these
different approaches, both models predict the same trends in the dependence of the
electron temperature on the discharge voltage. They predict three regimes separated by
two discharge voltage thresholds: Below the first voltage threshold, which is less than or
equal to about 200 - 250 V, SEE does not significantly affect the electron temperature
and Temax grows with Vg. At V4 > 400 - 450 V the near-wall sheaths appear to be space
charge saturated due to strong SEE, and Temax grows with Vq again. The intermediate
regime between the two voltage thresholds is characterized by the temperature saturation
due to the electron energy loss at the walls, which is enhanced by SEE. In Fig. 5 we

attempted to identify these three regimes for the experimental dependence of Temax 0N V.

The linear dependence of the local Te on the local ¢y at Vq < 400 V shown in Fig. 6a,

supports the prediction that there are no SEE effects below the first discharge voltage
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threshold. The electron energy gain dT./dgy is nearly constant, ~ 0.15, both inside and
outside the channel exit. It is worth mentioning that although the existence of a constant

electron energy gain, which was first reported by Staack et al.,®

is not predicted by the
fluid models, the linear relationship between the macroscopic parameters Temax and Vg
was also found in simulations of Ahedo et al.'* Kim? also reported earlier

~ (0.07-0.09)eV, for the state-of-the-art Russian Hall thrusters.

Te max

Above the discharge voltage threshold the local temperature maximum shifts outside the
channel exit (Figs. 4 and 6b). In the temperature saturation regime, 400 V< V4 <600 V, a
fraction of the voltage drop between the location of Temax and the cathode side of the
acceleration region remains almost constant and approximately equal to 300 V.

According to the model,*

the outward shift of Temax OCCurs as the energy loss at the walls
exceeds the Joule heating in the channel with SCS wall sheaths. Interestingly, in the
experiments with a narrow thruster channel, which we described in Ref. [16], the local
temperature maximum remained in the near-field plasma plume as the discharge voltage
was increased from 150 to 500 V, while the temperature saturation still occurred above
the voltage threshold of about 400 V. An enhancement of the electron mobility inside the
narrow channel was suggested by a hydrodynamic model as an explanation to the
outward shift of the acceleration region, and the local maximum of the electron
temperature. Therefore, the outward shift of the local temperature maximum, which is

shown here for the temperature saturation regime, may not necessarily result from the

enhancement of electron energy losses at the channel channel.
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It is important to emphasize that the models®™

considered the types of boron nitride
ceramic material that have lower SEE yield than grade HP boron nitride, which was used
in our experiments. For the “low SEE” materials used in the modeling, the effective SEE
coefficient o, averaged over the Maxwellian EDF, approaches the critical value & .1 at T
~30 - 40 eV.** Therefore, according to the models, Temax in the temperature saturation
regime is also equal to 30 - 40 eV. For grade HP boron nitride the critical SEE is
achieved at Te ~ 18 eV, while the measured Temax i two to three times larger than

Te. The transition to the temperature saturation occurs at the discharge voltage almost

twice larger than that predicted by the model of Ahedo et al.****
IV. DISCUSSION.
A. On the possibility of space charge saturated sheath regime.

The electron energy loss at the walls can be used to calculate an effective electron-wall
collision frequency. We consider only i) the electron temperature saturation regime ( Vg4 >
400 V) and ii) the region just outside of the channel exit, where the electron temperature
has a local maximum. The model'®** predicts that this maximum is likely to appear due
to the balance of the Joule electron heating and electron energy losses to the channel

walls. The 1-D electron energy balance equation in this model reads'®

Adz| 2 2 w>m. dz dz

ce "'e

uiﬁm+A(_§&£D29Neved_¢_NMWQ). ®
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Here, A is the cross section of the ion flux, wy is the electron-wall collision frequency, I'e
is the electron flux across the radial magnetic field, and &, is the energy loss at the wall
per one electron; v and & are the ionization frequency and energy loss per one ionizing
collision, respectively. Let us denote the location of the Temax @S z: dTe/dz(z)=0.

Simplifying Eq. (1) at z=z, we obtain

T, dI T, d°T
VWSWZEVed—¢— ViE| +E e W 3 Vele e,
dz 2N,A dz 2p2im, dz?

@)

This equation allows one to estimate the maximum possible electron-wall collision
frequency. The term in the brackets in the right hand side of Eqg. (2) represents the
combined effect of the heat conduction and the energy losses for ionization. This term is
positive near z=z" under typical operating conditions. Thus, the maximum electron-wall
collision frequency is obtained by equating the electron energy loss at the walls and Joule

heating P;:

Vaéw =Py = ©)

where l¢(z) = l4—li(z) is the cross-field electron current and I4 is the discharge current.

In the commonly accepted model of electron-wall interaction, the electron energy loss at

the walls for the Maxwellian electrons can be expressed as ®°

14



i = e (2T, + (-l 4, ). (4)

where v is a numeric factor about 1, h is the channel width, §is the SEE coefficient of
the channel walls, and @, is the potential drop between the plasma and the wall. It is
instructive to compare two opposite limiting cases: SCS regime with 6 = & and the
regime with no SEE (6<<1). In the SCS regime, the electron energy removed from the

plasma is 2Te + (1-0)e|4w|, and the theoretical electron-wall collision frequency is

Vin =T ' (5)

where & ~ 0.983 for xenon plasma. Hence, we can obtain the experimental electron-wall

collision frequency as

SCS ~ PJ ) (6)

In the regime without SEE, the theoretical electron-wall collision frequency is

AT (7)
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while the energy carried by an electron to the wall is rather difficult to quantify, because
it depends on the shape of the electron distribution function, in particular, on the effective
temperature of the tail and bulk electrons.?” We note that for Maxwellian electron EDF

and xenon plasma, &y =7.77T. and the experimental electron-wall collision frequency is

Voo ® P 1 T.77T,.

exp

To compare the experimental and theoretical values of the electron-wall collision

SCS
exp

frequency, in Fig. 7 we plot v °° [Eq. (6)] normalized to v,*° [Eq. (5)]. The two limiting

regimes are represented by the straight lines in Fig. 7. The SCS regime corresponds to the

normalized frequency v = 1, and the regime with zero SEE is shown by

v=vo lvye® =(1-6,). For each discharge voltage, the experimental frequencies are

given for the measured and estimated values of the plasma density. In calculations of

v we assumed that electrons are bouncing along the magnetic field lines and also took

into account that the local maximum T, is outside the channel exit. Therefore, in Eq. (5) h
was taken roughly as the distance measured along the magnetic field line passing through
Z" (See Figs. 1 and 3b) between the intersections of this field line with the thruster end
walls. The electric field was obtained by numerically differentiating the measured plasma

potential distributions.
We note that under the assumption of the space charge saturated sheath, the frequency

ratio is below unity for all discharge voltages. The value of the collision frequency

obtained from the experiment approaches the theoretical value only at V4 =700 V. The
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estimated plasma density ~ 5-10'° cm™, is almost twice smaller than the measured density
and gives a better agreement of experimental collision frequency with the theoretical
value. In the temperature saturation regime (400 V < Vg4 < 600 V) the experimental
frequency is about an order of magnitude lower than the theoretical SCS limit.
Therefore, the SCS regime of the wall sheaths is unlikely realized even at such high

electron temperature, T, ~ 55-60 eV, as measured in this voltage range.

If we assume that SEE from the walls is weak and electrons are Maxwellian we can
estimate the ratio of the experimental electron-wall collision frequency to the theoretical
frequency in the regime without SEE (Eq. 7), vexpolvtho. For the discharge voltage of 700
V, the experimental frequency is about an order of magnitude higher than the theoretical
frequency in the regime without SEE. In the discharge voltage range of 450-600 V,
vexpolvth0~ 0.9 for measured plasma densities and ~ 2-3 for estimated plasma densities.
However, it is unclear what physical mechanisms could keep SEE low when the electron
temperature is so high. A truncation of the electron EDF at high energy is known to affect
the sheath potential drop.?® Kinetic studies of electron dynamics in Hall thrusters showed
that the temperature of tail electrons is 2-3 times smaller than the temperature of the bulk
electrons.’” In this case, the electron energy removed from the plasma due to wall losses
is smaller than 7.77 T.. Taking into account this effect in the above estimations should
lead to larger values of the experimental electron collision frequency in the regime

without SEE.
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It is important to mention here that the measured ratio of the total outgoing ion flux to the
input flux of neutral gas atoms (the thruster propellant utilization) was in the range 0.8-
0.9, which is typical for the state-of-the-art Hall thrusters.”®*° The presence of slow
charge-exchange ions in the plume and multi-charged ions from the thruster® could still
lead to the overestimation of the plasma density. However, a reduction of ~ 70% of the
total ion flux is required for the experimental frequency to match the theoretical SCS

limit at, for instance, V4= 550V.

B. Temperature saturation regime

In this section we discuss the physical mechanisms that can possibly cause the observed
saturation of the maximum electron temperature. In Fig. 8 we plot the Joule heating per
one electron P;. It is evident that the Joule heating reduces towards the thruster exit
starting from some location z’ > z*. The experimental data inside the channel is subjected
to the probe-induced perturbations and therefore is not considered here. The reduction of
the Joule heating is due to the decrease of the electric field (see Fig. 4), which, in its turn,
occurs probably because of a local increase of the electron cross-field mobility. The
growth of the electron cross-field mobility might explain also the observed saturation of
the voltage drop in the part of the acceleration region outside the channel exit. As a result
of the reduced electric field, the Joule heating in the near-field plume is not as large as in
the models. In order to balance the Joule heating at z', the electron energy loss at the
walls does not have to be enhanced due to SCS sheaths. An electron cooling, which

occurs between z* and the channel exit, brings the electron temperature to the values
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lower than the maximum electron temperature measured inside the channel in the regimes

without SEE effects (V4< 350 V in Fig. 4).

We note that Barral et al. predict an increase of the electron mobility due to the near-wall
conductivity, which requires a significant SEE to enhance electron collisions with the
walls. The latter is not evident from the analysis of the experimental wall collision
frequency. Ahedo et al. increases the magnetic field strength with the discharge voltage
and thus, effectively controls the electron transport, which, in their case, is dominated by
anomalous Bohm-type diffusion. Therefore, in spite of the qualitative similarities
between the experimental and theoretical results, the physical mechanisms, which cause
the temperature saturation, are likely to be different from those predicted by the existing

models.

Finally, other mechanisms might lead, in principle, to the temperature saturation in the
near-field thruster plume. One such mechanism is the electron energy loss due to
ionization and excitation of neutral atoms. We can estimate the neutral gas density that
would be sufficient to balance the Joule heating with the electron energy losses due to
inelastic electron-atom collisions at z". Neglecting the wall energy losses and heat
conduction in Eq. (2), for V4 = 450-550 V and 19 sccm xenon flow we get the required
neutral density to be about 1-3-10'2 cm™, which is not unreasonable. Thus, energy loss
due to inelastic electron-atom collisions may, in fact, make a significant contribution to

the overall electron energy balance in the near-field plume.
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C. On the constant electron energy gain

Fig. 6a shows that below the discharge voltage threshold roughly similar energy gain is
obtained in the acceleration region and in the far-field plasma plume of the Hall thruster.
Above the voltage threshold (Fig. 5b), the constant energy gain holds also in the far-field
plume and in part of the near-field plume for Te < Temax. In the far-field plume, where the
magnetic field B~0, the plasma jet expands freely. In this case expansion of the electron

component can be described by the fluid momentum equation

V(N,T,)=eN,Vg. (8)

In plasma expansion problems it is customary to use the polytropic equation of state,

TN,/ = const, (9)

where y is the polytropic index. This approach is widely used for plasma plume

modeling in Hall thrusters.*** From Eq. (8) and (9) we find that the electron temperature

is proportional to the plasma potential:

VT, =eVe, (10)

where /=(y-1)/y. This fact agrees with the results of the measurements. It is important to

emphasize here that the effective polytropic index y that corresponds to the measured
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coefficient 8 ~0.13-0.15, is y = (1-/)"~1.15-1.18. The notion of the effective polytropic
exponent is used extensively in the problems of astrophysical, solar, and magnetospheric
plasmas.®*® In our case, the effective yfalls quite reasonably between the limiting values
that correspond to the isothermal (y=1) and adiabatic approximations (y=5/3). This
implies that the electron heat conduction is neither zero nor infinite, but takes a finite
value. Possibly it is controlled by some anomalous process, such as, for instance,

electron-wave scattering.>

We note that Eq. (10) holds also in the near-field thruster plume, where the strong radial
magnetic field impedes the axial electron motion and Eq. (8) is inapplicable. The same
dependence of T, on ¢ with and without the magnetic field suggests that the physical
mechanism that governs the electron temperature is likely to be independent of B.
Therefore, one may speculate that the anomalous electron heat conduction is either
independent of B, or determined by some non-local process that establishes the same heat

conduction value over the entire Hall thruster plume.

V. CONCLUSIONS

Macroscopic effects of the wall energy losses and Joule heating on the electron
temperature in a Hall thruster were analyzed using the measured plasma potential,
electron temperature and plasma density. We future investigated the discharge voltage
threshold above which the maximum electron temperature saturates at about 50 - 60 eV.

The analysis of the experimental electron-wall collision frequency suggests that the
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electron temperature saturation is caused by an increase of the electron cross-field
mobility and is likely unrelated to the space charge saturation of the wall sheaths as it is
described by the fluid models of Hall thrusters. Possible energy loss mechanisms
balancing the Joule heating in the very near-field plasma plume include electron
collisions with the channel end walls (without strong SEE) and energy losses due to

inelastic electron-atom collisions (excitation and ionization).

The reduced sensitivity to the SEE observed above the discharge voltage threshold
indirectly supports recent kinetic studies, which suggest that the electron distribution
function is depleted at high energy due to electron-wall collisions in the thruster channel.
In this case, the effective secondary electron emission coefficient is lower than that for
the Maxwellian EDF. The reduced SEE may also explain why the transition to the space
charge saturated sheath regime may only occur at higher discharge voltages (> 700 V)

and electron temperatures (> 60 eV) than those predicted by the fluid models.

Below the discharge voltage threshold we further demonstrated a linear relationship
between the local electron temperature and the local plasma potential in the acceleration
region both inside and outside the channel exit, first reported in our previous
publication.” Here, we showed that the linear dependence also holds in the far-field
plume, as well as in the regimes above the discharge voltage threshold between the
cathode side of the acceleration region and the local maximum of the electron
temperature. The mechanisms governing the electron temperature in the acceleration

region may be independent of the magnetic field or non-local processes.
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The important implications of this work include: one, that the theoretical modeling of
thruster processes need to account better for the sheath physics in the presence of
secondary electron emission, and particularly for kinetic effects such as the depletion of
the electron EDF; and, two, that in light of the effects on the electron temperature, by

4041 or material properties® of the walls in the acceleration region,

adjusting voltages
further optimizations are possible both in controlling the plume and in reaching higher

efficiency in the Hall thruster.
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APPENDIX A

The method of determining the electron temperature T, from the floating potentials of the
cold and hot cylindrical emissive probe relies on our knowledge of the electron and ion
currents drawn by the probe at a given potential. In general, the floating potential of a
probe adjusts itself so that the probe draws no net current in a steady state. Thus, the

floating probe retards the incident electrons and attracts the ions. In the case of the
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retarding potential, the electron current to the cylindrical probe is well known and given

43

by

eN A, [8T eV
1.(V)= P I7€ exp| — |, A-1
)= ‘{Tej (A-D)

where V is the probe potential with respect to the surrounding plasma, Ne is the electron
density in the unperturbed plasma, and A, is the probe collection area and m is the
electron mass. This current is completely independent of the sheath size, which is not the
case for the ion current to the attracting probe. In general, the current of charge curriers to
the attracting probe depends on the ratio a/Ap, where a is the probe radius and Ap is the

plasma Debye length.***

For the probe radius large with respect to the Debye length (a>>1p), we are in the well-
known thin (planar) sheath limit, which requires that ions be accelerated to the Bohm
velocity before entering the sheath.”*’ In this case all ions entering the sheath are
collected by the probe and, equating the ion and electron fluxes, we obtain the floating

potential of a cold probe:

o g T, |n£0.61 , /Zv’zmj ~ ¢, —5.7TT, (A-2)
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where M is the mass of a xenon atom. In the opposite limiting case of a thick sheath
(a<<Ap), the simple analytical expressions exist if the potential around the probe
decreases more slowly than r2. Under these assumptions, we are in the orbital motion
limited (OML) regime.* In this regime, for every ion energy there exists an impact
parameter that makes the ion hit the probe with a grazing incidence. The maximum
impact parameter for hitting the probe is then a simple function of the ion initial energy

and the probe potential. The ion current to the probe is given in this case by:

2eN.A [
1,(V)= e\/';" 2;'\\/'/. (A-3)

It is important to emphasize that the OML current is the maximum ion current that can be
collected by a cylindrical probe with a given collection area. Then, by equating the
electron and ion currents, we find that the floating probe potential satisfies in this case the

equation

4m _ —exp(2¢) (A-4)
M 4

where ¢ = g2 — o1 - The numerical solution of this equation for xenon plasma is

cold ¢, —5.24T,. (A-5)
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Thus, we observe that the absolute value of the floating potential in the thick sheath case
is about 10% smaller than that in the thin sheath case. The floating potential shifts closer

to the plasma potential.

As the ratio a/Ap increases and becomes a/Ap ~1, the OML theory breaks down. This
happens because of specific potential distribution around the probe which can reflect ions
that would not be reflected in the simpler, e.g. Coulomb-like potential. The case of
arbitrary ratio a/Ap is very complex and can be treated only numerically. The
corresponding problem was formulated and studied by Bernstein and Rabinowitz*® and
Laframboise.”® The numerical results®® were later fitted with rather simple analytical
expressions by Steinbriichel.”> According to Steinbriichel, the OML current (A-3)
remains a very good approximation to the numerical results for a/Ap .3. We notice,
however, that for arbitrary a/Ap the value of the floating potential of a cold probe lies

between the upper and the lower bounds given by Egs. (A-5) and (A-2), respectively.

In the case of the emissive probe, simple analytical expressions for the floating potential
do not exist even in the planar model. Numerical solutions for the experimental
conditions T¢>>T;, Ts (here, T is the temperature of the emitted electrons) were obtained

by Schwager.? It was shown that the in the case a>>p the floating potential saturates at

7 =@, —15T

e '

(A-6)
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with respect to the plasma potential. It is physically obvious that in the case of the
emissive probe, similarly to the cold probe case, the floating probe potential shifts closer
to the plasma potential as the sheath becomes thicker. However, the change of the
floating potential may be smaller in this case, because the collected electron current is
compensated primarily by the current of the emitted electrons, not by the ion current as in
the cold probe case. Anyway, there are no readily available formulae for calculation of

the emissive probe floating potential in the thick sheath case.

For the typical HT plasma parameters Ne ~5x10™ cm™ and T, ~20 eV, the Debye length is
about Ap ~0.05 mm. The hotter or less dense the plasma is, the larger the Debye length is.
If the emissive probe diameter is ~ 0.1 mm, a/Ap ~1, and the planar probe approximation
does not apply. In fact, according to Steinbriichel, the OML theory is more appropriate to
calculate the ion current and the floating potential. In the following, we estimate the
maximum uncertainty which is introduced in the value of T, when one uses the planar
probe model to determine T, from the measured floating potentials of the cold and hot
cylindrical emissive probe. In the planar probe model, the electron temperature can be

found from Egs. (A-2) and (A-6):

em cold

Al fl

A-7
¢ 4.27 (AD)

We denote this temperature T,”® to distinguish it from the true value of the electron

temperature T.. Now, the real Te should be determined from the appropriate formulae for
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the cylindrical probe. For the cold probe in the case a ~ Ap we can use Eq. (A-5), while

for the hot emissive probe we write:

?Im ~ ¢pl - aTe : (A'8)

Here, coefficient « is larger than zero, because the floating potential of the emissive
probe should be less than the plasma potential. On the other hand, as follows from the

comparison with the thin sheath case, « <1.5. Thus, we obtain

g e 42770

: - . (A-9)
524 -« 524 — ¢

The maximum possible value of T is Te(e=0)=0.815T,*, whereas the minimal value of

Te is Te(a=1.5)=1.142T". Therefore, the gross formula for the uncertainty of the

electron temperature is

AT, ~+0.17T5° (A-10)

This formula gives the maximum possible deviation of the real electron temperature from

the one calculated in the planar probe model.

APPENDIX B
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The thruster operation at high discharge voltages usually exhibits long transitional
operation, which precedes a steady state operation. During the transitional operation, the
discharge current is always larger than the steady state value. A similar behavior was
observed first by Hofer et. al.>® for a different Hall thruster. Morozov et. al.>® showed
how a coating of the channel walls with sputtered materials from the vacuum vessel walls
might affect the discharge current and, in particular, the time needed to reach a steady
state. For high discharge voltages, this sputtering by energetic ions from the thruster is an
issue. The coating of the thruster channel may result in changes of SEE properties of the
channel walls. Therefore, it is actually not clear which of these operating regimes is more
affected by sputtering effects in laboratory environments. In our experiments, the vacuum
vessel walls were protected with a low sputtering carbon foil. Nevertheless this protection

might not be enough for long thruster operation at high discharge voltages.

Fig. B-1 shows the dependence of the local electron temperature on the local plasma
potential measured for the transitional and steady state operations at the same discharge
voltage of 500 V. The magnetic field was similar to the one used in our previous study.
It was different from the magnetic field distribution shown in Fig 1. The channel width
was 25 mm. A quasi steady state value of the discharge current during the transitional
operation was 1.97 A, while in the “true” steady state it was 1.63 A. For both operating
regimes, the saturation of the maximum electron temperature was observed above the
discharge voltage threshold of 400 V. The saturation temperature was approximately ~
50-60 eV (Fig. B-1). For the steady state operation, the maximum electron temperature is

located inside the channel. A linear dependence of the local electron temperature on the
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local potential is seen inside the channel as well.*® For the transitional operation, the local
electron temperature peaks outside the channel similarly to the results shown in Fig. 6.
Fig. 7 shows that the experimental frequencies obtained for the estimated values of the
plasma density are still below the theoretical frequency for the SCS sheath (Fig 7). Thus,
despite the differences in the distributions of the local parameters, for both operating
regimes the electron energy loss at the walls does not have to be enhanced due to SCS

sheaths in order to balance the Joule heating.
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