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Interesting discharge phenomena are observed that have to do with the interaction between the
magnetized Hall thruster plasma and the neutralizing cathode. The steady-state parameters of a
highly ionized thruster discharge are strongly influenced by the electron supply from the cathode.
The enhancement of the cathode electron emission above its self-sustained level affects the
discharge current and leads to a dramatic reduction in the plasma divergence and a suppression of
large amplitude, low frequency discharge current oscillations usually related to an ionization
instability. These effects correlate strongly with the reduction in the voltage drop in the region with
the fringing magnetic field between the thruster channel and the cathode. The measured changes in
the plasma properties suggest that the electron emission affects the electron cross-field transport in
the thruster discharge. These trends are generalized for Hall thrusters of various configurations.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3131282兴
I. INTRODUCTION

The Hall thruster1 共HT兲 generates thrust due to the electrostatic acceleration of ions in a quasineutral plasma with
crossed electric and magnetic fields. A low pressure crossfield discharge is sustained in the ceramic channel between
the anode and a thermionic hollow cathode, which also
serves as the ion beam neutralizer. The working gas flow is
usually highly ionized 共⬎80%兲 in the thruster discharge inside the channel. An additional smaller gas flow through the
cathode is ionized inside the hollow emitter. The ionic current flowing to the emitter provides enough heating to keep
it at the emission temperature. Gas discharges with such
self-heated thermionic cathodes are commonly referred to as
self-sustained.2 The typical parameters of the thruster
plasma are as follows: density ⬃1012 cm−3; electron temperature ⬃20– 50 eV; ion energy ⱕ103 eV; electric field
⬃102 V / cm; and magnetic field ⬃102 G.
Currently proposed theories of HTs predict that the
thruster discharge current is determined by the ionization of
the working gas, wall losses, and the electron conductivity
across the magnetic field.1,3–9 These parametric dependencies
suggest that at a given discharge voltage, when the gas flow
is fully ionized, the discharge current is limited by the magnetic field. However, recent experiments demonstrate a fundamentally different situation when the self-sustained magnetized thruster discharge is also limited by the electron
source.10–12 By increasing the cathode electron emission, the
discharge current is increased above its normal value required for self-sustaining the steady-state discharge 共at given
gas flow, magnetic field, and discharge voltage兲.10 Only
when the discharge current saturates with the electron emission, the thruster discharge, which is non-self-sustained now,
becomes limited just magnetically. The changes of the disa兲
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charge current are accompanied by the changes in the distributions of the thruster plasma parameters.11
The above results were demonstrated for low power
共100–200 W兲 cylindrical HTs 共CHTs兲 with a hollow
cathode10,11 and a hot filament cathode.12 With the hollow
cathode, the electron supply was increased by running an
auxiliary discharge, powered from a separate power supply,
between the cathode emitter and an intermediate electrode,
the so-called cathode keeper. The keeper current was several
times larger than the discharge current, which is an unusual
regime of the hollow cathode operation. In the filament cathode case, thermionic electron emission was controlled by
varying the temperature of the filament wire.12 The filament
heating was provided by an external power supply.
The sensitivity of the thruster operation and performance
to boundary conditions at the cathode side of the thruster
discharge and the cathode operating parameters was reported
in several experimental studies of different HTs,13–15 including high performance medium power 共1–8 kW兲 conventional
annular thrusters 关10–15 cm outer diameter 共OD兲 of the
channel filled with the plasma兴. However, the non-selfsustained operation of smaller, low power HTs with the enhanced electron emission makes a more dramatic impact on
the thruster performance.10 For the 100 W 共3 cm OD兲 CHT,
the enhancement of the electron supply with a keeper current
for the hollow cathode, and with a wire heating for the filament cathode, led to up to 30% narrowing of the plasma
plume and nearly twofold increase in the fraction of highenergy ions. These improvements in the production and focusing of energetic ions resulted in up to 20% increase in the
thrust.
The enhancement of the cathode electron emission also
leads to the suppression of the large amplitude low frequency
discharge current oscillations, which are ubiquitous in the
conventional HT discharge.16–18 Theories attribute these oscillations to various ionization mechanisms1,7,19,20 and to a
Buneman-type current instability.21 The present study points
to the correlation between these current oscillations and the
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negative differential resistance of the plasma in various regions of the thruster discharge.
In this paper, we generalize the effects of the cathode
electron emission to low power HTs of various geometries,
including annular and cylindrical, and various magnetic field
topologies, including mirror and cusp types, and the conventional configuration with a strong radial component of the
applied magnetic field. An important practical implication of
this work is that it demonstrates that in the normal selfsustained regime of the HT operation, the supply of electrons
from the cathode, the ionization of the working gas, and the
ion acceleration can be strongly coupled and, therefore, are
not easy to control and optimize. Three major issues, which
are difficult to treat because of such a coupling, are large
plasma plume divergence, enhanced electron cross-field
transport, and large amplitude discharge current oscillations.
Controlling the cathode electron emission independently of
the main thruster discharge is shown to affect the electron
cross-field transport, reduce the beam divergence, and suppress the low frequency discharge current oscillations.
The thruster configurations and the experimental setup
are described in Secs. II and III, respectively. The results of
the measurements are presented in Sec. IV. The main conclusions and some practical implications are summarized in
Sec. V.
II. THRUSTER CONFIGURATIONS

The CHT 共Ref. 22兲 共Fig. 1兲 features a combination of the
gridless Kaufman ion source23 共end-HT兲 and the conventional annular HT with ceramic channel walls 共stationary
plasma thruster or SPT兲.1 The detailed comparison of these
thrusters is presented in Ref. 24. The CHT has a lower
surface-to-volume ratio than the SPT and, thus, seems to be
more suitable for miniaturization, which is required for low
power space applications. The principle of operation of the
CHT is in many ways similar to that of the SPT, i.e., it is
based on a closed E ⫻ B electron drift in a quasineutral
plasma. However, the CHT differs fundamentally from the
SPT in that electrons in the cylindrical design provide charge
neutralization of ions not by not moving axially, but being
trapped axially in a hybrid magnetoelectrostatic trap.25 A
similar axial trap for electrons should exist in the mirror-type
magnetic configuration of the end-HT with conductive channel walls. However, the weaker insulating properties of the
magnetized plasma in this thruster limit operation to relatively lower discharge voltages 共⬃100 V兲 than in the CHT
and SPT.
In the described experiments, the 2.6 and 3 cm OD laboratory HTs were used. Both thrusters have similar flexible
and modular design. Figure 2 shows the schematic of the 2.6
cm CHT, which has two electromagnet coils, with the superimposed magnetic field. The main gas flow is supplied
through the anode 共Fig. 1兲, which serves also as a gas distributor. The thruster channel can be with or without a short
annular part 关Figs. 2共a兲 and 2共b兲, respectively兴, which serves
to maintain higher ionization.22 However, the presence of the
annular part has a small effect on the overall CHT performance, while its absence simplifies the thruster design.26,27

FIG. 1. 共Color online兲 共a兲 The CHT schematic and the principle of operation; 共b兲 the 2.6 cm laboratory CHT.

By varying the relative polarity of the currents in the
thruster electromagnets, two magnetic field configurations
can be generated: “direct” 共or enhanced mirror兲 with an enhanced axial component of the magnetic field 关Fig. 2共a兲兴 and
“cusp” with an enhanced radial component 关Fig. 2共b兲兴 in the
cylindrical part of the channel. The results of the comprehensive studies of the CHT with cusp-type and mirror-type magnetic field configurations were reported elsewhere.22,25,28 For
the miniaturized low power CHT, the mirror-type magnetic
field configuration has a higher efficiency.28
By extending the central pole of the magnetic core and
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FIG. 2. 共Color online兲 The 2.6 cm thruster in three configurations used in
the experiments, and superimposed magnetic field lines: 共a兲 CHT with a
direct 共mirror-type兲 magnetic field, 共b兲 CHT with a cusp magnetic field and
with a short annular part of the channel, and 共c兲 the annular HT. The anode
is placed on the right-side wall of the channel and the cathode is placed
outside the channel exit 共left side兲 共Fig. 1兲.
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the 28 m3 vacuum vessel equipped with cryopumps did not
exceed 3 torr. A commercial thermionic hollow cathode30
was used as the cathode neutralizer. This cathode consists of
a hollow tube with a barium-impregnated porous tungsten
emitter, enclosed by an intermediate keeper electrode. The
cathode gas 共xenon兲 flow rate was maintained constant and
equal to 2 SCCM 共SCCM denotes cubic centimeter per
minute at STP兲. The thruster, cathode, and the thruster power
supplies were floating with respect to the ground. No passive
or active filters were used in the thruster or cathode electric
circuitries. For both annular and cylindrical thruster configurations the cathode position with respect to the thruster
was similar to that used in the previously reported experiments.11,25,27–29 The cathode-keeper electrode was used to
initiate the main discharge between the cathode and the
thruster anode. In addition, the keeper electrode was also
used to maintain the auxiliary cathode discharge in the nonself-sustained operation.10,11,27
The plasma diagnostics used in these experiments, including the planar plume probe with a guarding ring, retarding potential analyzers for measurements of ion energy distribution function 共IEDF兲, and the set of miniaturized planar
Langmuir probes for measurements inside the channel of the
CHT, are described elsewhere.10,12,31 For the annular HT, a
stationary floating emissive probe was used to determine the
plasma potential at the channel exit. The plasma potential
was deduced assuming space-charge limited emission from
the probe filament.32 Moreover, a movable cylindrical Langmuir probe was used to characterize plasma properties in the
near-field plasma plume.
The ion plume diagnostics were placed on rotating arms
to measure the angular distribution of the ion current and
IEDF in the far plume at the distance of 70 cm from the
thrusters. The plume angle, which is customary defined as
the angle that contains 90% of the total ion current, was
estimated from the measured angular ion flux distribution.
The ionization efficiency 共or propellant utilization兲 of the
discharge is characterized by the ratio of the total ion current
to the mass flow rate of the working gas in units of current.
The ratio of the total ion current to the discharge current is
used to characterize the insulating properties of the magnetized thruster plasma.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Thruster parameters and cathode operation

the central ceramic piece up to the exit plane of the channel,
the 2.6 cm CHT can be converted to the conventional annular thruster 关Fig. 2共c兲兴. The outer and the inner diameters of
the annular boron nitride channel are 2.6 and 1.4 cm, respectively. In previous studies,29 both annular and cylindrical
configurations of the 2.6 cm thruster demonstrated comparable performance.
III. EXPERIMENTAL SETUP

The thrusters were operated in the large PPPL Hall
Thruster facility. The thrusters, facility, and diagnostics used
in these experiments are described elsewhere.25 In all experiments, the working gas was xenon. The operating pressure in

Experimental results are presented for the following operating parameters of the annular and cylindrical HT configurations: the discharge voltage of 250 V and the anode gas
flow rates of 3.4 and 4 SCCM, respectively. The thrusters
were operated with and without the cathode-keeper discharge. Figure 3 shows illustrative curves of the V-I characteristic of the cathode-keeper discharge measured with and
without the thruster discharge. This shape of the V-I characteristic without the thruster discharge is typical for hollow
cathodes used for ion thrusters and HTs.33 The keeper discharge was usually in a stable current-limited mode when it
operated on the horizontal part of its V-I characteristic. For
the non-self-sustained operation, the keeper current was in
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FIG. 3. The voltage vs current characteristic of the auxiliary cathode-keeper
discharge used to maintain the non-self-sustained operation of the HTs. The
characteristic measured at the cathode xenon gas flow rate of 2 SCCM, with
and without the main thruster discharge. The former was obtained while the
CHT was operated in the direct configuration.

the range of 2–3 A. For different cathodes used in these
experiments, the keeper voltage at this current level could be
different, but usually within the range of 10–15 V 共Fig. 3 and
Ref. 27兲.
B. Plasma plume narrowing

For all three thruster configurations shown in Fig. 2, the
cathode electron emission has a striking effect on the angular
ion current distribution 共Fig. 4兲. With all thruster parameters
the same, the plume divergence of the generated plasma flow
decreases dramatically as the cathode-keeper current is increased 共Fig. 5兲. A similarly strong plume narrowing was
measured for the CHT with and without a short annular
part.27 Apparently, the changes in the thruster configuration
from the CHT to the conventional annular HT, of the magnetic field topology and thruster operating parameters, including the gas flow rate and the discharge voltage 关e.g., for
annular HT in Fig. 4共b兲兴 do not change the general trends of
the cathode effect on the plume angle. A relatively smaller
plume narrowing measured for the annular HT may be attributed to the defocusing shape of the magnetic field surfaces in
this thruster 关Fig. 2共c兲兴. The plume narrowing is evident not
only from the probe measurements but also from the observation of the plasma plume with the naked eye 共for the annular HT, Fig. 6兲.
Note that the ion flow in the thruster plume is well
charged neutralized for both normal and non-self-sustained
regimes. Plasma measurements in the plume of the annular
HT showed that the radial voltage potential drop, ⌬, in the
plume is varied from roughly 10 V at the distance of 10 cm
downstream from the thruster along the thruster symmetry

FIG. 4. Plume narrowing effect of the cathode electron emission for the
CHT thruster with direct and cusp magnetic field configurations at the discharge voltage of 250 V and xenon gas flow rate of 4 SCCM 共a兲, and for the
annular HT at different discharge voltages and the flow rate of 3.4 SCCM
共b兲. The ion angular current distribution measured in the far-field plume 共70
cm from the thruster兲 by the planar probe with a guarding sleeve.

axis to less than a volt in the far-field plume 共70 cm from the
thruster兲. The reduction of the potential drop with the electron emission did not exceed a couple of volts at the distance
of 10 cm from the thruster and much less at larger distances.
For an ion accelerated to ion = 250 eV, the maximum
change in the divergence angle due to this reduction,
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FIG. 5. The effect of the auxiliary discharge between the cathode emitter
and the cathode-keeper electrode on the 共a兲 discharge current, 共b兲 plasma
plume, 共c兲 propellant utilization, and 共d兲 the electron cross-field current. The
thruster operating conditions: the discharge voltage of 250 V and the xenon
flow rate of 4 SCCM. In each thruster case, the magnetic field is unchanged.

0.5
0.5
共⌬0.5
n − ⌬ns 兲 / ion, should be around 1°, while the measured plume narrowing is 7°–8° for a half plume angle.
The narrowing of the plume is accompanied by an increase in the average energy and the number of energetic
ions at the thruster symmetry axis 共Fig. 7 for the annular HT
and Refs. 10 and 27 for the CHT兲. At the same time, the
number of high-energy ions flying at large angles to the axis
decreases. The peak ion energy shifts toward higher energies
with the increasing keeper current. For the annular HT, this
shift is slightly larger than 5 and 10 eV for the centerline and
the larger angles, respectively 共Fig. 7兲, while for the CHT,
the peak ion energy was shifted 20–30 eV with the keeper
current.10,27 Such modifications of the IEDF means that, in
the non-self-sustained regime, ions are born at higher
potential.12 Integrated over the azimuthal angle, these
changes in the distribution of the ion current density and
average ion energy lead to the increase in the thrust.25 This
result is in an agreement with the thrust measurements 共for
the CHT, up to a 20% thrust increase兲.10,27

C. Transition from electron source-limited to
magnetically limited discharge

Both annular and cylindrical HTs produce highly ionized
plasma flow.29 It seems therefore surprising that the increase
of the cathode electron emission can still cause changes of
the discharge current and parameters of the plasma flow 共Fig.
5兲.11 What is also interesting is that the discharge current, Id,
the ion current Iion, and the electron cross-field current, Ie⬜
⬇ Id − Iion, 关Fig. 5共d兲兴 in the cusp and direct magnetic configurations of the CHT exhibit different behaviors as the
cathode electron emission increases. Namely, the discharge
current initially grows in the direct configuration and decreases in the cusp one, but saturates starting the keeper current ⬃2 – 2.5 A 关Fig. 5共a兲兴. The same threshold value of the
keeper current was obtained for both magnetic field configurations and various electromagnet coil currents 共i.e., various

FIG. 6. 共Color online兲 Plasma plume from the annular HT in the selfsustained and non-self-sustained regimes. The emissive probe is used to
measure the plasma potential at the channel exit. A movable Langmuir probe
is used to measure plasma properties in the near-field plume.

magnitudes of the magnetic field兲. In both the self-sustained
and non-self-sustained regimes, the discharge current tends
to increase when the magnetic field is reduced. Thus, at sufficiently large values of the keeper current, the thruster discharge is, indeed, magnetically limited11 and not controlled
by the electron emission.
Recent time-of-flight measurements27 in the 3 cm CHT
of the direct configuration confirmed the presence of multicharged xenon ions in the thruster plume, which explains
large values 共⬎1兲 of the propellant utilization in Fig. 5共c兲.
For example, at 40° from the thruster centerline, the partial
fluxes of doubly and triply charged ions increased from
roughly 10% and 2% of the total ion flux at no keeper current to, roughly, 30% and 20%, respectively, at the keeper
current of 2–3 A.27 The formation of multiply charged ions in
the CHT is believed to be due to the increased residence time
of slow ions born in the near axis region of the cylindrical
channel.25 These ions are trapped in the radial direction by an
ambipolar potential hill that is predicted to appear at the
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FIG. 8. Results of measurements in the annular HT. The effect of the cathode electron emission 共keeper current兲 on the discharge current and the
plasma potential 共with respect to the cathode兲 at the channel exit.

FIG. 7. Ion energy distribution function measured for the annular thruster in
the far-field plume 共70 cm from the thruster兲 at different angular positions of
the retarding potential analyze: 共a兲 centerline and 共b兲 30° and 60° with the
respect to the centerline. In both self-sustained and non-self-sustained regimes the thruster was operated with the same operating parameters 共250 V
and 3.4 SCCM兲 and the same magnetic field.

thruster axis due to ion beam focusing. This mechanism is
indirectly supported by the experimental data of Ref. 27,
which showed that the fraction of multiply charged ions increases with decreasing energy-to-charge ratio. Apparently,
the increase of the production of these ions with the cathode
electron emission leads to the increase of the propellant utilization in the direct configuration of the CHT 关Fig. 5共c兲兴.
Finally, for the annular HT, the discharge current increases
共Fig. 8兲 mainly due to the increase in the electron cross-field
current with the electron emission.

To summarize, these results imply that with all thruster
parameters the same, there can be more than one thruster
steady state, which for a given cathode placement with the
respect to the magnetic field, depends on the cathode electron emission or, more generally, on the boundary conditions
imposed by the cathode. This dependence is strong while the
discharge is the electron source limited. Once it has evolved
to the magnetically limited mode, the discharge current is no
longer affected by the increase in the electron emission. It is
this particular case that is considered by a majority of the
existing HT models.
The cathode position relative to the magnetic field can
also affect the discharge current and the plasma plume.
These effects were observed for high performance conventional HTs equipped with thermionic hollow cathodes13–15
and for a low power CHT thruster operated with a thermionic
filament cathode.12 The discharge current and performance
共in particular, the plume angle and utilization efficiencies兲
improved gradually with the increasing temperature of the
filament wire, until reaching the saturation. The saturated
values of these parameters were sensitive to the cathode
placement. Optimization of the cathode position at a given
filament temperature led to the plume narrowing. However,
the magnitude of this effect was less than that due to the
increase of the electron emission.12 It is likely that the cathode placement and the electron emission affect the boundary
conditions at the cathode by different means: injection of
electrons into the magnetized plasma and the supply of electrons 共or electron density兲, respectively.
D. Discharge structures and plasma properties

The variations of the thruster steady state with the cathode electron emission are reflected in changes in the distributions of the plasma parameters.11 For the annular HT,
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FIG. 9. 共Color online兲 Results of the plasma probe measurement in the CHT
for the direct and cusp magnetic field configurations. The thruster was operated in the self-sustained 共keeper current= 0 A兲 and non-self-sustained
共keeper current= 2.5 A兲 regimes at the discharge voltage of 250 V and the
xenon gas flow rate of 4 SCCM. The plasma potential 共a兲 and the electron
temperature 共b兲 were deduced using standard procedures for a biased Langmuir probe 共Ref. 24兲. The annular part of the channel is 0 ⬍ z共mm兲 ⬍ 6; the
cylindrical part of the channel is 6 ⬍ z共mm兲 ⬍ 22.

Fig. 8 shows the dependences of plasma potential at the
channel exit and the discharge current on the cathode-keeper
current. The distributions of the plasma potential and the
electron temperature measured in the CHT channel and in
the near-field plume are shown in Fig. 9.
For all three thruster configurations, the changes in the
plasma potential distribution with the keeper current correlate with the attained plume narrowing. For each thruster
configuration operating with the non-self-sustained discharge, the voltage drop outside the channel is two to three
times smaller than that for the self-sustained discharge. Because the discharge voltage is constant, the larger voltage
drop is developed inside the thruster channel. In addition, the
acceleration region is getting narrower in the CHT channel,
especially for the direct configuration 关Fig. 9共a兲兴.
The magnetic field inside the thruster channel, especially
for the annular HT, has a stronger radial component than that
outside the channel in the fringing magnetic field 共Fig. 2兲.
Therefore, the ions might have a larger axial velocity component inside the channel and spend less time in the defocusing fringing magnetic field outside the channel.34 This
might explain the plume narrowing effect with the increase
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in the voltage drop inside the thruster channel. Indeed, a
rough estimate of the ion trajectories in the annular thruster
suggests that the reduction in the outside potential drop from
70 to 40 V might explain the observed plume narrowing
0.5 0.5
共⌬s0.5 / is0.5 − ⌬ns
/ ins ⬃ 10°兲.
Interestingly, a quantitatively similar plume narrowing
was obtained for the larger HTs by controlling the electric
field profile through the use of segmented electrodes.35 This
plume narrowing was also attributed to the increase in the
voltage drop inside the thruster channel. This increase was
explained by the reduction of the electron cross-field transport associated with the wall-induced mechanism 共near-wall
conductivity兲. The near-wall conductivity is predicted to be
strong when the secondary electron emission 共SEE兲 from the
channel walls is strong.1,3,6 Floating and cathode biased segmented electrodes placed in the thruster channel have much
smaller SEE than the ceramic walls of the conventional HT.
In the present experiments, the same ceramic wall material is
used for all thruster configurations and operating conditions.
Because the SEE is a strong function of the energy of primary electrons, a contribution of the near-wall conductivity,
if it takes place in the miniaturized thrusters, might still vary
with the electron emission due to differences in the electron
temperature 关Fig. 9共b兲兴.
It should be noted that in the described experiments, the
electron temperature was deduced from the probe measurements under the assumption of the Maxwellian electron energy distribution function31 共EEDF兲. For a collisionless
plasma of the annular HT and CHT thrusters, the EEDF is
predicted to depart from Maxwellian.36,37 Presumably, the
measured reduction in the electron temperature with the electron emission reflects the reduction of the mean electron energy. This reduction may be a signature of the electron kinetic effects, which are predicted to occur in the magnetic
mirror and are associated with the cooling of E ⫻ B rotating
particles moving along the equipotential magnetic field
surface.38
In Ref. 11, the differences in the plasma potential distributions observed with and without the keeper current were
analyzed for the direct configuration of the CHT. The measured plasma and plume parameters were used together with
the generalized Ohm’s law in the direction across the magnetic field. Previous studies of the CHT suggested that the
electron cross-field transport in this thruster is anomalous
and mainly by fluctuation-enhanced mechanism.25,37 Therefore, Ref. 11 used the Bohm-like scaling for the anomalous
collision frequency, B = Bc / 16,25 which determines the
electron cross-field mobility, ⬜ ⬀ B / 2c . Here, B is the dimensionless parameter and c is the electron gyrofrequency.
The results of this analysis showed that the anomalous collision frequency is almost twice times smaller for the direct
CHT operating with the non-self-sustained discharge in the
magnetically limited mode. The same analysis can be applied
for the cusp configuration of the CHT. The average values of
the electron current and plasma density 共not shown in this
paper兲 in the cylindrical part of the channel differ slightly for
the self-sustained and non-self-sustained discharges, while
the electric field is almost twice greater in the latter case.
Therefore, the anomalous collision frequency parameter ob-
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tained from the Ohm law, B ⬃ IeB / 共NeEA兲, where B is the
magnetic field, Ne is the plasma density, and E is the electric
field, is likely smaller for the non-self-sustained discharge.
Here, for the sake of simplicity, we neglected pressure term,
which is smaller than the electric field term inside the channel, and assumed uniform distribution of the electron crossfield current across the channel with the cross-sectional area
A.11 Using the measured profiles of the plasma properties in
the self-sustained and non-self-sustained discharges, the ratio
of the anomalous collision frequency parameters for the cusp
configuration is

B_s
Je⬜_s
Ne_ns Ens
⬀
⫻
⫻
⬇ 2,
B_ns Je⬜_ns
Ne_s
Es
where s and ns are the indexes standing for self-sustained
and non-self-sustained discharges, respectively. This ratio is
larger than the change in the average magnetic field in the
acceleration region of the CHTs with the self-sustained and
non-self-sustained discharges. Thus, the electron cross-field
mobility apparently becomes smaller with the cathode electron emission. This observation implies that in spite of the
differences in the behavior of the discharge parameters with
the electron emission, the general trend for both CHT configurations is that the insulating properties of the magnetized
thruster plasma are stronger when the discharge current is
not limited by the supply of electrons from the cathode. The
modification of the distribution of the electron cross-field
mobility with the cathode electron emission is likely responsible for the observed restructuring of the thruster discharge
at different steady states.
The results of the above analysis are applicable if the
cathode electron emission does not alter the distribution of
the electron cross-field current across the channel 共A
⬃ constant兲. In principle, following Ohm’s law, the existence
of the stronger electric field in the non-self-sustained discharge could be obtained if the electron current density
across the channel were locally increased without alteration
of the total electron cross-field current. However, in this
case, the enhanced Joule heating would lead to a higher electron temperature, whereas what is observed is the cooling of
electrons observed for the non-self-sustained discharge
关Fig. 9共b兲兴.
E. Discharge current oscillations

A remarkable feature of the non-self-sustained thruster
discharge is that in the magnetically limited mode, it is free
of large amplitude low frequency discharge current oscillations 共Figs. 10 and 11兲. These oscillations with the frequency
of 10–30 kHz are usually observed in the conventional
HTs.16–18 They can cause a mismatch between the power
supply and the thruster discharge, induce a source of electromagnetic interference, and contribute to the plume
divergence.7,20 For the CHTs, the large amplitude discharge
current oscillations are not always featured,22,26,29 but when
they appear, their characteristic frequency is typically lower
共⬃10 kHz on Fig. 11 and Ref. 22 and ⬃15 kHz in Ref. 26兲
than measured for the miniaturized annular HT 共⬃20 kHz
on Fig. 10兲.

FIG. 10. 共Color online兲 The oscilloscope traces of the discharge current
oscillations 共a兲 and corresponding frequency spectrum 共b兲 for self-sustained
and non-self-sustained regimes of the annular HT.

Physical mechanisms responsible for generating low frequency oscillations in the HTs are not well understood. Several numerical studies reproduced and provided different interpretations of these oscillations. The possible explanations
include 共1兲 the motion of the ionization front7 due to the
periodic depletion of neutral atoms in the ionization region
with the characteristic frequency  ⬃ 2共va / L兲, where va
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FIG. 11. 共Color online兲 Frequency spectrum measured for the self-sustained
and non-self-sustained regimes of the CHT in the direct 共a兲 and cusp 共b兲
magnetic field configurations.

⬃ 104 cm/ s is the velocity of atoms and L ⬃ 1 cm is the
characteristic length of the region, 共2兲 an ionization predatorprey cycle19,20,39 with the characteristic frequency 
= 共vionva / L2兲0.5, where vion ⬃ 106 cm/ s is the ion velocity,
and 共3兲 the Buneman-type current instability,21 which is due
to the coupling between the ion current and the selfconsistent electric field. Finally, it is also known that the
azimuthal waves, which can become unstable when

Phys. Plasmas 16, 057106 共2009兲

共B / Ne兲 / z ⬍ 0, where z is the axial coordinate, give rise to
low frequency oscillations in the thruster discharge.1 This
particular mechanism may be relevant to the miniaturized
cylindrical HT, where the magnetic field has the maximum at
the anode. Active and passive filters in the external electric
circuitry of the discharge, and specially designed magnetic
field profiles were proposed and used in order to mitigate
these oscillations in the thruster.1,21,39 Apparently, the increase in the cathode electron emission can suppress these
oscillations without circuit filters or the change of the magnetic design 共Figs. 10 and 11兲.
In a typical HT, the discharge current is almost unchanged with the discharge voltage. However, as it is shown
in this study, at the given discharge voltage, the discharge
current can be regulated by the cathode electron emission.
For the miniaturized annular HT and direct CHT configurations, the enhancement of the electron emission correlates
with the increase of the discharge current and the reduction
of the voltage potential drop in the region of the fringe magnetic field 关Fig. 8 for the annular HT and Figs. 5共a兲 and 9共a兲
for the CHT兴. For the cusp configuration, the discharge current reduces with the electron emission, while the voltage
drop inside the thruster channel increases. Thus, for each
thruster configuration, there is a discharge region with a local
negative differential resistance, dU / dI ⬍ 0. For the annular
HT and direct CHT, this region is located outside the thruster
channel, while for the cusp CHT, this region is inside the
thruster channel. It is well known that self-sustained discharges and plasma-beam systems with such a voltageversus-current characteristic may exhibit relaxation
oscillations.2,40 The suppression of the current oscillations
with the cathode electron emission coincides with the saturation of the potential drops inside and outside of the thruster
channel i.e., with dU / dI ⬃ 0.
The existence of the local negative differential resistance
in the self-sustained thruster discharge implies that the current oscillations should be accompanied by the oscillatory
behavior of the plasma potential distribution. For example,
for the annular HT, the increase in the discharge current
should lead to the increase in the voltage drop inside the
channel. If, as predicted by numerical simulations,7 the neutral depletion caused by ionization of the working gas is
responsible for the next phase of oscillations when the discharge current reduces, the non-self-sustained regime should
also be subjected to this process. Apparently, this is not the
case observed in these experiments. Therefore, other physical mechanisms independent of the neutral transport are
likely responsible for low frequency oscillations.
Note that, the cathode-keeper discharge also has a downward sloping V-I characteristic with dU / dI ⬍ 0 at low keeper
currents 共Fig. 3兲. The increase in the cathode heating with the
keeper current leads to the flattening of the V-I characteristic
共dU / dI ⬃ 0兲. When the cathode operates together with the
main thruster discharge, the saturation of the cathode-keeper
voltage occurs at smaller values of the keeper current 共Fig.
3兲. Apparently, this is due to the combined cathode heating
by both the thruster and keeper discharges. For all three
thruster configurations, the changes of the cathode-keeper
voltage with the keeper current up to 3 A are less than a half
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of the reduction of the voltage drop outside the thruster channel 关Figs. 8 and 9共a兲兴. Moreover, the keeper-cathode voltage
drop saturates usually at the keeper current of ⬃1 A, while
the thruster discharge parameters continue changing at larger
values of the keeper current 共Figs. 5 and 8兲. These results
suggest that if the presence of the discharge region with a
negative differential resistance is associated with the low frequency current oscillations, the observed changes in the
plasma potential distribution with the cathode electron emission play a major role in their suppression.
V. CONCLUSIONS

The cathode electron emission is shown to have profound effects on the efficient and stable generation of the
focused plasma flow in HTs of various geometries and magnetic field topologies, including cylindrical HTs with the
cusp and mirror magnetic fields and the conventional annular
HTs. Although the detailed physics of these effects is still not
fully understood, we summarize below the main observations and their possible explanations.
In the non-self-sustained thruster discharge, the electron
emission is controlled independently of the main thruster discharge. Decoupling of the cathode electron emission from
the main plasma processes, namely, ionization of the working gas and the ion acceleration, leads to a better focusing of
the plasma flow, enhances the insulating properties of the
magnetized plasma, and suppresses the ubiquitous large amplitude, low frequency discharge oscillations. These improvements are achieved in the limit of a strong electron
emission from the cathode, when the thruster discharge current at a given gas flow rate becomes limited just magnetically as opposed to the normal mode, limited also by the
electron source.
Plasma measurements suggest that the significant plume
narrowing, which is observed for the non-self-sustained discharge in all thruster configurations, is due to a stronger electric field inside the thruster channel and a smaller electric
field in the region of the defocusing fringe magnetic field.
The non-self-sustained discharge is also associated with the
changes of the electron anomalous cross-field transport. In
particular, the electron cross-field mobility appears to decrease in the region with a strong magnetic field 共inside the
thruster channel兲 and increase in the weaker, fringe magnetic
field between the cathode and the channel exit. The reduction
in the electron transport inside the thruster channel correlates
with the electron cooling, which may be a manifestation of
the recently predicted electron kinetic effects in E ⫻ B rotating plasmas characteristic of the mirror and cusp configurations of the cylindrical HT.
Finally, the non-self-sustained regime of the thruster discharge breaks a chain of plasma processes leading to the
large amplitude discharge oscillations. The suppression of
these oscillations at a constant discharge voltage correlates
with change in the local V-I characteristics of the plasma
discharge inside and outside of the thruster channel. For both
annular and cylindrical thrusters, this change always involves the reduction in the outside voltage drop with the
increase of the cathode electron emission. In this regime,

there are no plasma regions with the negative differential
resistance, which are normally observed for the selfsustained operation. More work has to be done in order to
understand the mechanisms of these oscillations and their
suppression observed in these experiments.
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