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Abstract

Time-resolved Langmuir probe measurements have been performed in the plume of the
1.5 kW class PPS® 1350-ML Hall thruster. The time-dependent electron energy distribution
function (EEDF) has been inferred from the probe current–voltage characteristic curves
obtained after active stabilization of the discharge. The distribution function changes in the
course of time at the breathing oscillation frequency (13.8 kHz). The EEDF is Maxwellian
with a depleted tail above the xenon ionization energy whatever the location and the time. The
electron density and temperature computed from the EEDF also oscillate at the breathing
mode frequency. Experimental outcomes indicate the existence of a low-frequency plasma
wave that propagates axially. The wave front speed (2700 m s−1 ) was found to be compatible
with the ion acoustic speed (2300 m s−1 ).
Keywords: electric propulsion, Langmuir probe, EEDF
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discharge chamber sizes, but weak enough not to affect ion
trajectories. The electric potential drop is mostly concentrated
in the final section of the channel owing to the high electron
resistivity. The corresponding local axial electric field drives
a large azimuthal electron drift—the Hall current—which is
responsible for the efficient ionization of the gas. The electric
field also accelerates ions out of the channel, which generates
thrust. The ion beam is neutralized by a fraction of the electrons
emitted from the cathode.
The magnetized plasma of a Hall thruster displays
numerous types of oscillations, which encompass many kind
of physical phenomena, each of them with its own length and
time scale [6, 7]. Plasma oscillations, of which the spectrum
stretches from the kHz to the GHz frequency domain, play a
major role in ionization, particle diffusion and acceleration.
Longitudinal oscillations in the direction of the electric field
in the 10–30 kHz band, however, largely dominate the power
spectrum. These oscillations, which originate in a prey–
predator-type ionization cycle inside the thruster channel,
are referred to as ‘breathing oscillations’ in the literature
[8, 9]. Time-resolved measurements of plasma parameters

1. Introduction

Hall thrusters are efficient plasma accelerators dedicated to
space applications [1–3]. Their configuration is based on
crossed magnetic and electric fields to ionize and accelerate
a propellant gas. Hall thrusters are currently employed for
geostationary communication satellites orbit correction and
station keeping. The next generation of Hall thrusters will be
devoted to maneuvers and missions that require a higher thrust
level like satellite orbit transfer and solar system exploration.
A Hall thruster is a magnetized low-pressure dc discharge
maintained between an external cathode and an anode [4, 5].
The anode, which often serves as a gas injector, is located
at the upstream end of a coaxial annular dielectric channel
that confines the discharge. Xenon is used as the propellant
gas for its specific properties in terms of atomic mass and
low ionization energy. A set of solenoids or permanent
magnets provides a radially directed magnetic field, the
strength of which is maximum in the vicinity of the channel
exhaust. The magnetic field is chosen strong enough to make
the electron Larmor radius much smaller than the thruster
0963-0252/14/065001+08$33.00
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at the breathing mode time scale are therefore necessary to
capture fine details about physical mechanisms that govern the
properties and the performance of the device. Experimental
data about discharge dynamics is also critical for the validation
of models and associated computer simulations that are
essential tools for the design of optimized thrusters. In recent
years, time-resolved measurements of the plasma potential
Vp , the electron temperature Te and the electron density ne
have been performed near the channel exhaust and far in the
plume of various Hall thrusters by Smith [10], Lobbia [11] and
Dannenmayer [12] using Langmuir as well as emissive probes.
All of these authors found oscillations of the parameters at
the breathing frequency. Changes in time of Te and Vp are
pronounced and correlated. The electron density also varies
during one period. In this contribution, we examine the
time-dependent electron energy distribution function (EEDF)
in the plume of a 1.5 kW-class Hall thruster. The EEDF
allows us to compute ne and Te without the assumption of a
Maxwellian distribution. As well as this, it gives information
about the thermodynamic state of the medium and collision
processes at stake. The EEDF(t) is captured by means of
a cylindrical Langmuir probe. The breathing oscillation is
stabilized by applying a sinusoidal voltage modulation on
a floating electrode in the vicinity of the cathode. This
specific approach warrants a high signal-to-noise ratio as
temporal coherence between cycles is enhanced and the
discharge frequency content does not change substantially
in time [12].

Figure 1. Layout of the experimental setup with the coordinate
system (not to scale).

(in the y-direction). A rotation stage at the end of the
diagnostics arm allowed us to set the probe angle in such a
way that the probes always pointed toward the thruster center.
A combination of the displacements of the probes in the y- and
θ -direction, together with the possibility of moving the thruster
along its axis, permits the cartography of the far-field plume
in polar coordinates [14]. The position x = 0 refers to the
thruster channel exit plane and the position y = 0 indicates
the thruster axis—see figure 1.
2.2. Langmuir probes and the measurement procedure

A single cylindrical Langmuir probe was used to acquire the
time-varying current–voltage characteristic curve necessary
for the determination of the time evolution of the EEDF. The
Langmuir probe was made of a 0.38 mm diameter tungsten
wire. The non-collecting part of the wire was insulated from
the plasma by a 100 mm long and 2 mm diameter alumina tube.
The length of the collecting part was 5 mm. The voltage sweep
and the resulting probe current measurement were performed
using the ALP System™ manufactured by Impedans. In order
to measure the time-dependent I –V characteristic, the probe
current was recorded over one oscillation period for a fixed bias
voltage. By repeating such measurements for a broad range of
probe voltages, one obtains a two-dimensional matrix of probe
currents with time and voltage as independent variables. The
time-dependent probe characteristics can be recovered from
this matrix. In this work, the time resolution was set to 0.5 µs
and the probe bias voltage step was 0.2 V. The time series
corresponded to an ensemble average over 1000 oscillation
cycles. Notice that the time resolution warranted unaffected
measurements. Firstly, the sampling frequency of the ALP
unit was 25 ns and the current measurement was performed
with a low impedance. The RC time constant of the system
was therefore below 0.1 µs. Secondly, the temporal response
of the probe was given by the ion plasma frequency. Under
our conditions (ne = 3 × 1016 m−3 ), the frequency was
around 3 MHz.
In order to guarantee repeatable measurement conditions,
the thruster has to be maintained in a quasiperiodic oscillation
regime. This was achieved by applying a sinusoidal potential

2. Experimental arrangement
2.1. Hall thruster

Experiments were carried out in the downstream plume of
the 1.5 kW class PPS® 1350-ML Hall. The PPS® 1350-ML
is the laboratory model of the PPS® 1350 thruster developed
by Snecma that successfully propelled the SMART-1 space
probe during its journey to the Moon [13]. The thruster
was fired in the PIVOINE-2g test-bench. The thruster was
equipped with BN-SiO2 channel walls. The magnetic field
stayed unchanged with a 4.5 A coil current. The applied
voltage Ud was kept fixed at (250 ± 3) V. The anode xenon
gas mass flow rate and the cathode mass flow rate were
(3.0 ± 0.1) mg s−1 and (0.40 ± 0.01) mg s−1 , respectively.
The discharge current, measured on the anode line with
a calibrated Tektronix TCP202 dc coupled current-probe
(dc to 50 MHz bandwidth), was (2.32 ± 0.02) A, meaning
the input electrical power reached (580 ± 12) W. Operating
conditions were chosen to avoid damaging the amplifier used
to stabilize the discharge. The cathode-to-ground potential
was −17 V. The background pressure inside the vacuum
chamber was maintained at (2 ± 1) × 10−5 mbar-Xe during
operation.
The layout of the experimental setup is shown in figure 1.
The thruster was mounted on a moveable arm, which allowed
a displacement along the thrust axis (in the x-direction). The
electrostatic probe was mounted on a second arm, the so-called
diagnostics arm, that moves perpendicular to the thrust axis
2
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Figure 3. The time evolution of the discharge current without (top)
and with (bottom) voltage modulation at 13.8 kHz (71 µs) applied
between the cathode and the keeper electrode. The modulation
waveform is shown here before amplification. The mean discharge
current was equal to 2.32 A in the two cases.

potential [16, 17]. The so-called Druyvesteyn relation reads:




d 2 Ie
e3 S
e3 S f e(Vp − V )
= √
= √
g e(Vp − V ) ,

2
dV
2 2me
2 2me
e(Vp − V )
(1)
wherein e is the elementary charge, S the probe collection
area, me the electron mass, Vp the plasma potential and V the
probe potential. The quantity g(ε) is frequently referred to
as the electron energy probability function. It is expressed in
m−3 J−3/2 , whereas the unit of the EEDF is m−3 J−1 . For an
isotropic plasma, the EEDF and the EEPF contain an identical
amount of information. Note that the probe potential is below
the plasma potential: V < Vp . In fact, the probe acts as an
electron energy filter in the electron-retarding region. The
value of the plasma potential is thereby the proper zero of
the energy scale of the EEDF. The second derivative of the
I (V ) trace necessary for the estimation of the EEDF can be
either measured directly (online methods [18]) or numerically
computed from the experimental data (offline methods). In
the present work, the second derivative of the probe I –V
characteristic curve was obtained by numerical differentiation
using the Start program developed by Pavel Kudrna at the
Charles University in Prague. For convenience the EEDF, as
well as the EEPF, is normalized to the electron density ne in
the program. Figure 4 shows in a semi-log scale an EEDF.
The associated EEPF is also plotted. The measurements have
been performed on the thruster centerline at x = 250 mm. The
EEPF is fairly a straight line in this graph, which means the
electron distribution function is close to Maxwellian. The time
scale used in this study is illustrated in figure 5. The time origin
t = 0 is set arbitrarily at the maximum of the harmonic voltage
applied to the keeper electrode.
The electron density ne , as well as the electron temperature
Te , can be obtained from the EEDF or the EEPF. Contrary to
the standard Langmuir probe theory, this approach is valid
for any arbitrary EEDF shape. In other words, it does not

Figure 2. Schematic view of the electrical circuit for the keeper
electrode voltage modulation. The two power supplies are floating.
The keeper load resistor R is 1 k.

modulation between a floating electrode placed in the plasma,
here the cathode keeper, and the negative pole of the cathode
heating circuit. A schematic view of the electrical circuitry
is shown in figure 2. A detailed description of this method
can be found in [12]. It has already been successfully applied
to investigate the time evolution of electron parameters [12]
and ion velocity [15] in the plasma of a low-power Hall
thruster. The influence of the voltage modulation on the
discharge current is shown in figure 3. The thruster was
maintained in a quasiperiodic oscillation regime with a 200 V
peak-to-peak 13.8 kHz modulation applied to the keeper. This
frequency corresponds to the breathing mode frequency under
our operating condition. The associated period is 71 µs. A
0.2 A current flowed through the keeper, which means about
40 W of power was supplied to the discharge. Notice the timeaveraged value of microscopic and macroscopic quantities is
not affected by the modulation [12, 15].
3. The electron energy distribution function

For an isotropic plasma, and in the case of a convex small probe,
the EEDF f (ε) can be obtained from the second derivative
of the probe I –V characteristic with respect to the applied
3
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EEDF displayed in figure 4 (x = 250 mm and t = 0 µs).
In the remainder of the paper, ne and Te are determined using
previous equations unless specified otherwise. The uncertainty
associated with these two quantities is around 20% due to
the I –V curve measurement error bar combined with the
computation of the second derivative.
4. Results and discussion
4.1. Time evolution of the EEDF

The evolution in time of the anode discharge current and of
the cathode potential versus ground during acquisition of the
Langmuir probe I –V curve is shown in figure 5. The two traces
are a temporal average over 30 periods. Also shown is the
modulation signal applied to the keeper electrode. In figure 5,
the span of time corresponds to one breathing oscillation. The
time scale, especially the origin, is similar for all datasets. The
starting point (t = 0) is defined arbitrarily at the maximum
amplitude of the modulation waveform. As can be seen in
figure 5, the discharge current waveform and cathode potential
waveform are in phase.
Figure 6 shows the evolution in time of the EEPF measured
at four positions in the plume far-field. The position x = 0 mm
and y = 0 mm corresponds, respectively, to the channel exit
plane and the thruster centerline. As can be seen in figure 6, the
EEPF does not vary very much in the course of time, whatever
the location in the plasma plume. Changes, both in amplitude
and shape, are relatively small; however, measurements
indicate the EEDF does oscillate at the breathing frequency.
Note that a large fraction of the electron population has a
kinetic energy below 10 eV. This is not surprising as the plume
is an expanding recombining plasma [14]. In fact, the EEDF
is Maxwellian. This is better seen in figure 7. The EEPF
is linear until the energy reaches the Xe atom first ionization
energy (12.1 eV). The tail of the EEPF is seemingly depleted
above the ionization energy. Plots indicate the depletion is
more pronounced far away from the exit plane in the sense that
the energy threshold shifts toward a lower value. For instance,
the EEPF is an undisturbed Maxwellian at x = 250 mm. At
a large angle (large y), the EEPF seems to be depleted for an
energy below the ionization energy. The signal-to-noise ratio
is, however, in the order of the statistical noise at high energy
and additional data is necessary to validate this fact.

Figure 4. EEDF and corresponding EEPF measured on the thruster
axis 250 mm downstream from the channel exit plane (t = 0 µs; see
figure 1). The noise level of the EEPF was assessed to be around
10−4 . The dashed line indicates the xenon ionization potential.

Figure 5. Anode discharge current trace (triangle) and cathode
potential trace (line) during one breathing oscillation period. Also
shown is the modulation signal. The time scale is the one used for
all datasets.

require the assumption of an equilibrium Maxwellian EEDF.
The electron density is found by integrating the EEDF over all
possible energies:
 ∞
 ∞
√
ne =
f (ε)dε =
εg(ε)dε.
(2)
0

4.2. Electron density and temperature

0

As explained in section 3, both the electron density and the
electron temperature can be inferred from the EEDF—see
equation (2) and equation (4). The evolution in time of the
electron density ne is displayed in figure 8. The time-series
corresponds to EEDF(t) measurements carried out 250 mm
downstream of the thruster exit plane on the thruster axis
(y = 0). The density oscillates at 13.8 kHz with a ≈10%
change in magnitude, above our measurement accuracy, which
is 2%. The change in density is relatively low compared
to other works [11]. It, however, certainly depends on the
thruster design and on the operation regime. Note that here
the fluctuation level of ne and Id are in the same order of

The average electron kinetic energy ε is given by the firstorder moment of the EEDF. An effective electron temperature
can be defined from ε. The following expressions hold:

1 ∞
ε =
ε f (ε) dε
(3)
ne 0
and

2
kB ε ,
(4)
3
wherein kB is Boltzmann’s constant. Equations (2) and (4)
give ne = 1016 m−3 and Te = 4.3 eV, respectively, for the
Te =

4
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Figure 6. The evolution in time of the EEPF for four positions in the plume during one breathing oscillation period. The EEPF are
normalized to the electron density and expressed in eV−3/2 .

Figure 7. The EEPF and EEDF at successive moments during one breathing oscillation period for two positions. Distributions are
normalized to the electron density. The dashed line indicates the ionization energy for the xenon atom.
5
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Figure 8. Time evolution of ne (left) and Te (right) at x = 250 mm and y = 0: from the I –V characteristic (circle) and from the EEDF

(square).

dataset. Assuming a constant velocity between x = 250 mm
and x = 400 mm, one finds v = (2700 ± 700) m s−1 using
ne and Te time series. This value is well above the neutral
gas speed (≈200 m s−1 ) measured by laser spectroscopy in the
plume near the field [20]. But it is close to the ion acoustic
speed vs . The latter reads [21]:

ZkB Te + 3kB Ti
vs =
,
(5)
m

magnitude. One can plot the time evolution of the electron
temperature computed from the EEDF. The result is shown
is figure 8. The temperature also oscillates at the breathing
mode frequency with about 10% of amplitude change. Note
that Te is minimum when ne is minimum at this position.
The electron parameters can also be obtained from the probe
I –V characteristic curve assuming a Maxwellian electron
distribution function [19]. The electron temperature was
determined from the slope of the logarithm of the electron
current in the transition region. The electron density was
calculated using the orbital motion limited (OML) assumption;
the slope of the Ie2 against V plot is proportional to n2e . Results
are displayed in figure 8 for comparison. In this case, the
temporal behavior of the two quantities does not depend on
the method. It is due to the fact that the EEDF does not
depart much from a Maxwellian function. However, there is a
difference in amplitude. The temperature is somewhat lower
and the density somewhat higher when using the I –V curve.
The difference remains in the error margin associated with
the data extraction process, which can exceed 20% because of
the numerical calculation of the EEDF and the theory behind
analysis of the I –V curve.
Figure 9 presents the electron density and temperature
time series during one breathing period for three positions
along the thruster centerline. As can be seen, both ne and
Te decrease when moving downstream. The plasma plume
of an HT is an isentropic expansion, as shown in a preceding
work [14]. More interesting is the fact that there is a spacedependent phase-shift, which is clearly seen in the temperature
graph. Besides, the phase difference between ne and Te
seems to increase with the position x along the axis, although
the error bar is large for x = 300 and 400 mm. A spacedependent phase indicates that the discharge does not oscillate
as a bulk. In other words, the breathing oscillation propagates
in the plasma plume toward the outside. Such a phenomenon
has previously been observed and succinctly described by
Lobbia [11]. A propagation velocity v can be inferred from our

wherein Z is the ion charge, Ti is the ion temperature and m
is the ion mass. When solely considering singly charged Xe+
ion species (Z = 1), the acoustic speed is 2300 m s−1 with
Te = 4 eV and Ti = 1 eV. Note that Ti cannot be neglected
compared to Te in a Hall thruster discharge [22]. Our EEDF(t)
measurements therefore suggest there is a wave at the breathing
frequency traveling in the plasma with the ion acoustic velocity.
Longitudinal propagation of plasma disturbances with the ion
acoustic speed in a Hall thruster discharge has recently been
highlighted by means of collective Thomson scattering on the
electron fluid [23].
5. Conclusion

Time-resolved Langmuir probe measurements performed in
the plume of the 1.5 kW-class PPS® 1350-ML Hall thruster
allowed us to compute the time-varying EEDF. The distribution
function changes periodically in the course of time. As
expected, the period corresponds to the breathing oscillation.
The EEDF is Maxwellian with a depleted tail above the
xenon ionization energy whatever the location and the time.
The electron density and temperature have been computed
from the EEDF. The two quantities oscillate at the breathing
mode frequency. Our data analysis seems to confirm the
existence of a low-frequency plasma wave, which has been
previously observed by probes on a different thruster and
on the same thruster by coherent Thomson scattering. The
6

Plasma Sources Sci. Technol. 23 (2014) 065001

K Dannenmayer et al

Figure 9. Time evolution of ne (left) and Te (right) for various positions along the thruster axis (y = 0). Traces show a space-dependent
phase-shift.

wave front propagates axially with a speed compatible with
the ion acoustic speed. However, other measurement series
are necessary to get more information about the plasma wave
propagation. For instance, the time-dependent EEDF must be
captured for various thruster operating conditions. In addition,
probe measurements must be carried out in the vicinity of the
channel exit plane.
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