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Abstract
This paper presents recent efforts to better understand and quantify charged
particle transport in Hall effect thrusters (HETs). Particle-in-cell (PIC) models,
hybrid models, laser induced fluorescence (LIF) measurements and collective
scattering (CS) experiments are combined to get a better insight into anomalous
electron transport in HETs and to increase the predictive capabilities of
simulation codes.

PIC models have demonstrated that plasma turbulence associated with the
development of a high frequency, short wavelength azimuthal instability can
be responsible for anomalous transport. Scaling laws for anomalous electron
mobility have not yet been derived and hybrid models, which are more practical
than PIC models for parametric studies, must use empirical, adjustable transport
coefficients that can be inferred from PIC results or LIF measurements of the
ion velocity distribution function. CS experiments are aimed at validating the
PIC model predictions of the azimuthal instability. The CS results show the
first direct experimental evidence of the azimuthal instability predicted by the
PIC code. The paper illustrates the synergy between experiments and models
toward a complete and quantitative understanding of the physics of HETs.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction—electric propulsion and Hall effect thrusters (HETs)

1.1. Electric propulsion

Electric propulsion makes use of electrical power to accelerate a propellant. The propellant in
electric thrusters (charged particles) can be accelerated to velocities up to twenty times larger
than those of chemical thrusters. The higher exhaust velocity of electric thrusters reduces the
mass needed to provide a given impulse leading to reduction in launch mass and substantial
cost savings. A given space mission is characterized by the total impulse provided to the
space vehicle or by its total velocity increment. Integrating the total momentum conservation
of the satellite assuming a constant exhaust velocity ve of the propellant, the total velocity
increment �v of the vehicle between times 0 and t can be written, as a first approximation, as
�v = ve ln(m0/mt), where m0 is the vehicle mass at the beginning of the thrust period, mt is
its mass at the end of the thrust period. The mass consumption �m = m0 − mt at time t is
therefore:

�m = m0

[
1 − exp

(
−�v

ve

)]
. (1)

From this equation it is clear that larger exhaust velocities lead to smaller mass consumption.
For example, a total velocity increment of �v = 750 m s−1 is typically needed to maintain a
3 ton satellite on a geostationary orbit for 15 years. Using an electric thruster with an exhaust
velocity of 20 km s−1 would lead to a propellant mass consumption of about 100 kg, while
nearly 1000 kg would be required for a chemical thruster with an exhaust velocity of 2 km s−1.
On the other hand, the thrust generated by electric thrusters is limited because of the limited
available electric power, but the total energy available is not limited (energy from solar cells).
Electric thrusters are therefore well suited for low thrust, high velocity increment, long duration
applications such as [1]:

– Geostationary Earth Orbit communications (station keeping, orbit transfer)
– Low Earth Orbit communication constellations (orbit transfer, drag compensation, orbit

and attitude control)
– Interplanetary missions

Electric thrusters are generally classified into three main categories [2], electrothermal,
electrostatic and electromagnetic.

1.2. Hall effect thrusters

HETs, which are the subject of this paper, can be classified either in the second or third category.
The thrust in Hall thrusters can be viewed as being due to the electrostatic force generated by the
plasma electric field acting on the positive ions. In this sense HETs are electrostatic thrusters
(they are ‘gridless’ ion sources). The thrust can also be described as being due to the Lorentz
force acting on the Hall current, and in that sense, they can be classed as electromagnetic
thrusters.

A schematic representation of a HET is shown in figure 1(a). The plasma is formed in the
channel between two coaxial dielectric cylinders. The gas (xenon) is injected from the anode,
at one end of the channel. The ions are extracted at the other end of the channel (exhaust
plane) and the cathode (heated hollow cathode) is outside the channel. A radial magnetic field
Br is generated in the exhaust plane by several coils and a magnetic circuit. The magnetic
field is maximum around the exhaust plane (on the order of 2 × 10−2 T) and decreases to
smaller values (∼10−3 T) on length scales of the order of 1 cm (see figure 1(b)). The channel
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Figure 1. (a) Schematic of a HET, (b) external radial magnetic field and calculated axial electric
field as a function of axial position along a line passing through the middle of the channel. The
applied voltage is 300 V, the xenon mass flow rate is 5 mg s−1. The electric field is obtained from
a hybrid model and is averaged in time.

length is 2.5 cm and the radii of the concentric cylinders are 3.45 and 5 cm for the PPS®13503

thruster of Snecma. Under nominal operating conditions of the PPS®1350, the mass flow
rate of the xenon injected at the channel end is 5 mg s−1, the applied voltage is 300 V and
the electrical power is 1350 W. The generated thrust under these conditions is 80 mN, and the
average exhaust velocity is between 15 and 20 km s−1.

The interesting property of Hall thrusters is that positive ions are extracted from the plasma
without grids. The electric field (axial electric field, Ex) is generated in the plasma by the
drop in electron conductivity resulting from the presence of an external magnetic field in the
direction perpendicular to the electron current from cathode to anode (radial magnetic field, Br ).
In this cylindrical E ×B field configuration, an azimuthal (E ×B direction) electron current is
generated, the Hall current, which can be about ten times larger than the axial electron current
in the acceleration region. The electrons trapped by the radial magnetic field lines oscillate
back and forth between the Debye sheaths on the channel walls while rotating in the azimuthal
direction with a mean velocity on the order of Ex/Br . The efficient trapping of electrons
by the radial magnetic field increases the residence time of electrons in the exhaust region,
leading to practically full ionization of the gas flow which, in turn, decreases the collisional
electron transport across B and reinforces electron trapping by the magnetic field. Because
of the low neutral density in the acceleration and exhaust region collisional transport across
B is not sufficient to explain the experimental results and anomalous electron transport must
be invoked. Anomalous transport has been attributed to electron–wall scattering or to field
fluctuations. Understanding and quantifying anomalous electron transport is still an issue and
a fully self-consistent model able to accurately predict the operating of HETs and to help in
designing new thrusters is not yet available.

The ion beam extracted from the plasma is neutralized by part of the electron current
emitted by the external cathode. Since the axial electric field is generated in the plasma by
the drop in electron conductivity, the extracted ion current density is not space charge limited,
as in conventional gridded ion sources (Child–Langmuir law). Therefore, the thrust per unit
surface of the extracting region that can be achieved in HETs can be significantly larger than
in gridded ion sources.
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Figure 2. Distributions, along the channel axis of a HET of (a), the calculated electric potential,
V , and ionization rate, S, (b) the plasma density, ni , and atom density, na . The applied voltage is
300 V, the xenon mass flow rate is 5 mg s−1. The results are from a hybrid model and are averaged
in time.

More details on the basic properties of HETs and on the history of HET development can
be found in Morozov’s review papers [4, 5]. The paper by Kim [6] gives useful and simple
scaling laws that can be considered for the design of HETs.

1.3. Content of this paper

As mentioned above, the understanding and quantitative description of anomalous electron
transport in a HET is still an issue. Further progress toward reliable HET modelling and
simulation implies basic research efforts. This paper presents recent efforts of French
laboratories aimed at understanding anomalous transport in these devices and at providing
modeling tools allowing a self-consistent and sufficiently accurate description of HETs. The
aim is to reach a real predictive capability of the simulation codes in order to achieve reliable
aided design of HETs. Section 2 presents a short summary of previous work on anomalous
electron transport in HETs. Section 3 describes how particle-in-cells (PICs) and hybrid models
have been used in conjunction with plasma diagnostics to increase our insight into the physics
of HETs. Section 4 focuses on the laser induced fluorescence (LIF) diagnostic used to measure
the ion velocity distribution function (VDF), and to get indirect information about the electric
field and electron conductivity. Finally section 5 describes recent efforts toward characterizing
the plasma fluctuations by collective scattering (CS) experiments.

2. Anomalous electron transport in HETs

The main characteristics of the plasma of a HET are represented in figure 2. For a xenon mass
flow rate of ṁ = 5 mg s−1, as used in the simulations, full ionization (singly charged ions)
of the neutral flow would give an ion current eṁ/M = 3.7 A, where M is the xenon atom
mass. Time averaged plasma density, neutral atom density and ionization rate deduced from
a 2D hybrid model (see section 3) are plotted in figure 2 along a line parallel to the thruster
axis and at a radial position in the middle of the channel. The neutral atom density is on the
order of 1019–1020 m−3 in the injection region (anode), and drops by two orders of magnitude
in the ionization region. 90% or more of the xenon atom flux is ionized. The increase in the
atom density in the plasma jet away from the exhaust plane is due to the background pressure
of 2 mPa considered in the simulation. The plasma density reaches values of a few 1018 m−3

in the ionization region and decreases as the ions are accelerated in the acceleration region.
The axial electric field is concentrated in the region of large magnetic field, where the electron
conductivity is the lowest. A large part of the acceleration can take place outside the channel
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as seen in figure 2(a). The hybrid model results plotted in figure 2 are strongly dependent
on the assumptions that are made on the ‘anomalous’ transport coefficients (see below) and,
although this figure represents well the main plasma properties, some details of the space
distributions of the plasma properties of figure 2 may be not accurate. These ‘details’ may
however have a strong impact on the operation of the thruster. For example the exact location of
the acceleration region with respect to the exhaust plane has a strong impact on the divergence
of the ion beam and the sputtering of the ceramic channel wall and can significantly affect the
life time of the thruster.

Because of the small atom density, the electron mean free path is much larger than
the channel dimensions. The electron–atom collision frequency in xenon is about [7, 8]
νneutr ≈ 2.5 × 10−13na (na is the atom density) for a mass flow rate of 5 mg s−1. This
gives a collision frequency on the order of νneutr,anode ≈ 107 s−1 near the anode, and of
less than νneutr,exhaust ≈ 105 s−1 in the exhaust region, because of the neutral depletion due
to ionization. Assuming classical, collisional conductivity, the electron current density in the
axial and azimuthal directions, jex, and jeθ , can be written as

jex = e2

me
ne

νm

�2 + ν2
m

Ex ≈ ene
Ex

Br

νm

�
and jeθ = e2

me
ne

�

�2 + ν2
m

Ex ≈ ene
Ex

Br

. (2)

νm is the total electron momentum transfer frequency, � is the electron cyclotron angular
frequency and �/νm is the Hall parameter (ratio of the Hall current density to the axial current
density). In a HET the Hall parameter is generally much larger than 1 everywhere. The mobility
in the axial direction is µ⊥ ≈ 1

Br

νm
�

and the azimuthal electron drift velocity is VD ≈ Ex/Br

(on the order of 2 × 106 m s−1 at the exhaust, see figure 2(a)).
The electron cyclotron angular frequency in the exhaust region (typically Br ∼ 1.5 ×

10−2 T for a 1 kW thruster) is �exhaust ≈ 2.6 × 109 s−1. If electron–atom collisions were the
only mechanism responsible for electron transport across the magnetic field, the Hall parameter
in the exhaust region would be on the order of or larger than �exhaust/νneutr,exhaust ≈ 104.
This is much larger than what can be inferred from measurements of the Hall and axial
currents [6, 8], and leads to an effective axial mobility less than µ⊥ ≈ 0.007 m2 V−1 s−1

for the above conditions, more than one order of magnitude smaller than the mobility that can
be deduced from experiments [8, 10–12]. Two mechanisms can be responsible for anomalous
electron transport in the conditions of a HET and have been considered in the literature,
(1) scattering of electrons by the wall and secondary electron emission due to electron impact
on the wall (‘near wall conductivity’ [5]) and (2) plasma turbulence (‘Bohm-like’ conductivity
or diffusion).

Recent papers [13–16] have been devoted to the estimation of the contribution of electron–
wall collisions to the overall electron conductivity in the channel. These models are generally
based on a simple sheath theory (assuming a Maxwellian electron distribution function)
including the effect of secondary electron emission and providing an effective collision
frequency representing the effect of electron–wall scattering and secondary electron emission
[13–15]. Sydorenko et al [16] emphasize that the electron VDF is not Maxwellian in a HET
and that this has important consequences for the derivation of the electron conductivity due to
wall collisions. An exact or satisfying theory of near wall conductivity in a Hall thruster is not
yet available.

Fully kinetic models describing self-consistently electron–wall interactions as well as
possible turbulence are not available and would involve very time consuming 3D PIC
Monte Carlo collisions simulations. The possible role of fluctuations on electron transport
in HETs has been recently demonstrated by Adam et al [17] using a 2D (axial–azimuthal) PIC
model. The PIC simulations show the development of fluctuations of the azimuthal electric
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field with wavelength on the order of the electron gyroradius. These fluctuations induce a
diffusion across the magnetic field. Many features predicted by the PIC simulations are in
good agreement with experimental observations. More detailed results from PIC simulations
are presented in the next section.

PIC simulations are not practical for parametric studies in realistic geometry because of
the large computation time needed. The hybrid models described in the next section are much
less computation intensive but are based on simplifying assumptions on electron transport
and cannot describe self-consistently the effect of fluctuations. Anomalous electron transport
is taken into account in these models by considering a classical expression of the electron
mobility and diffusion, but using an ‘effective’ collision frequency including the effects of
electron–atom collisions νa, Coulomb collisions νC electron–wall collisions νw and Bohm-like
transport νB. Therefore we write: νm ≡ νeff = νa + νC + νw + νB.

We will see in the next section that the PIC simulations as well as LIF measurements
suggest that the anomalous electron mobility associated with νw and νB can actually not be
described by simple 1/B2

r or 1/Br laws.

3. PIC and hybrid models and comparisons with experiments

The 2D PIC model developed by Adam et al [17] is two dimensional, in the axial and
the azimuthal directions. The geometry is actually further simplified by using a Cartesian
simulation domain, the azimuthal direction being represented by the direction y perpendicular
to E and B (which is a good approximation for large enough channel radii). In spite of this
Cartesian domain, we will continue to use the word ‘azimuthal’ to characterize the y direction.
The model does not resolve the radial direction, and the plasma properties are calculated as a
function of (x, y).

In order to reduce the computational cost, periodic boundary conditions are used in the
y direction, with a total simulated length in this direction much smaller than 2πR where R

is the mean channel radius. The length of the simulation domain in the x direction is 4 cm,
shorter than in the hybrid simulations of figure 2, to reduce computational costs. The PIC
model is implicit [17], which allows to overcome the time step limitation related to the plasma
frequency, but the electron cyclotron frequency must be resolved. The applied magnetic field
is purely radial (perpendicular to x, y) and its dependence on x is given.

Figure 3(b) shows the calculated time averaged axial electric field and the rms value of
the electric field for an applied potential of 300 V together with the applied radial magnetic
field (figure 3(a)).

Figure 4 displays pseudocolour maps of the axial and the azimuthal components of the
electric field. In figure 4(a) we have suppressed the average value along the y direction of
the axial electric field Ex in order to make fluctuations visible. Figure 4(b) corresponds to
the azimuthal electric field Ey . We see in this figure strong oscillations of both components
of the electric field in the azimuthal direction. This fluctuations are correlated with azimuthal
oscillations of the electron density as it should be for an electrostatic model solving the Poisson
equation. The source of these fluctuations has been shown to be the cyclotron electron drift
instability [33]. It should be noted that their amplitude is fairly large, of the order of 104 V m−1,
a significant fraction of the axial electric field.

The electron mobility perpendicular to B can also be deduced directly from PIC simulation
by calculating the ratio µ⊥ ≈ jex/eneEx as a function of the axial position. This mobility is
represented in figure 5 and has been obtained by averaging Jx and Ex along the y direction
and over 1 µs. We see in figure 5 that the calculated mobility is on the order of 0.1 m2 V−1 s−1

at the minimum, i.e. where the magnetic field is maximum. Close to the anode the mobility
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Figure 3. Axial distribution of (a) the applied radial magnetic field and (b) the calculated time
averaged electric field components obtained with the 2D PIC simulation. The mass flow rate is
5 mg s−1, and the applied voltage is 300 V. The length of the simulation domain is 4 cm, the exhaust
plane is located near the maximum of the magnetic field, i.e. around x = 2.5 cm and is marked as
a dashed line.

Figure 4. 2D structure of the fluctuating components of the electric field. The color scale is in
V m−1.
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Figure 5. Effective mobility across the magnetic field obtained from the PIC simulations by
µ⊥ ≈ jex/eneEx , as a function of axial position.

is given by the classical mobility, but outside the channel in the region where electron–atom
collisions are negligible it varies with the magnetic field much faster than 1/B or 1/B2.

It should be pointed out however that this mobility while useful in the hybrid model is
a poor representation of the true physics of anomalous conductivity. This is demonstrated in
figure 6 which shows two computations of the energy deposition by the Joule effect. Figure 6(a)
is a fluid approximation based on the preceding evaluation of the mobility while figure 6(b) is
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Figure 6. Energy deposition by Joule effect in the PIC code, (a) as calculated by the fluid
approximation and (b) directly obtained from the particles.

Figure 7. 2D structure of the current as seen in the reference frame rotating at the electron drift
velocity.

obtained by computing this term particle by particle in a PIC code.
The observed discrepancy can only be explained by the presence of strong correlations

between E and J at the macroscopic level. The complexity of the flow is displayed in figure 7
which shows the structure of the current in the system. For readability the average value of the
current density in the y direction has been removed. This is equivalent to a change in reference
frame: it is the picture of the current as seen by the electron in the drift velocity frame. Well
organized structures can clearly be seen with an average component in the axial direction only
clearly visible in the collisional region close to the anode.

The hybrid model is a simpler and much less computationally intensive model that could
be used for parametric studies. It is two dimensional in (x, r). Ions and atoms are described
kinetically while electrons are described as a fluid. The plasma is supposed to be quasi-neutral
and the electric potential distribution is obtained by writing a simplified momentum transfer
equation where electrons are in Boltzmann equilibrium along the magnetic field lines. The
consequence of this is that the electric potential at a given location can be written as (Morozov
assumption)

V (x, r) = V ∗(λ) +
kTe(λ)

e
ln

n(x, r)

n0
, (3)

where V ∗ is a function, Te is the electron temperature, n0 is a reference density and λ a stream
function constant along the magnetic field lines. While the electric potential V , and the plasma
density n vary over all space, V ∗ and Te depend only on the stream function λ. V ∗(λ) and the
potential distribution V (x, r) are obtained by solving the differential equation resulting from
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Figure 8. Measured (LIF) and calculated (PIC and hybrid models) xenon ion velocity as a function
of axial position (along a line going through the middle of the channel). The conditions for the
experiments and the hybrid model are the same as in figure 2. The hybrid model results have
been obtained for two different assumptions on the electron mobility (see text and figure 9). The
conditions for the PIC simulations are the same as in figure 3, i.e. the simulated domain is shorter
for the PIC model (to save computation time). The LIF measurements and PIC simulation results
are taken from [21].

the combination of the current continuity equation between two stream lines (the ion current is
deduced from the particle description of ion transport) and the electron momentum equation in
the direction perpendicular to the magnetic field (drift–diffusion form). The plasma density is
deduced from the simulation of ion transport while the electron temperature is obtained from
an electron energy equation assuming a Maxwellian distribution. A detailed description of
the model can be found in Hagelaar et al [18], and Bareilles et al [19]. Finally, the neutral
atom transport model includes the description of neutral atom injection from the anode, atom
collisions with walls, generation of atoms at the walls due to recombination of ions with
electrons and atom losses due to ionization.

The hybrid model cannot describe self-consistently anomalous transport, and the mobility
perpendicular to the magnetic field in the electron drift–diffusion momentum equation is
represented as µ⊥ ≈ 1

Br

νeff
�

, where νm ≡ νeff = νa + νC + νw + νB is an effective momentum
transfer frequency as discussed in section 2. We have tried in previous papers to represent
anomalous transport by a combination of wall effects and Bohm-like transport (e.g. νw = ανref ,
νB = K�/16, as in [7, 18–20], where α and K are adjustable coefficients and νref = 107 s−1).
Although such a representation of anomalous transport was sufficient to reproduce many
features and properties of the thruster (current amplitude and oscillation frequency, part of
the potential distribution inside and outside the channel, thrusters performance), we recently
realized, by using more detailed comparisons with experiments, that this representation is
actually not accurate.

Comparisons between the hybrid model results and experimental measurements of the
space distribution of the xenon ion velocity (see figure 8) show that it is quite difficult to
reproduce a realistic profile of xenon ion velocity along the thruster axis by assuming a 1/B2

(or 1/B) mobility inside the channel and a 1/B mobility outside the channel. Reproducing the
measured ion velocity profile was possible by adjusting the anomalous mobility as shown in
figure 9(a) (corresponding to the calculated velocity profile indicated ‘hybrid (1)’ in figure 8).
1/B2 and 1/B mobility profiles inside and outside the channel respectively, as shown in
figure 9(b) (and used in previous work [7, 18, 19]) led to the ion velocity space distribution
indicated ‘hybrid (2)’ in figure 8, very different from the LIF experiments and PIC simulation
results.
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Figure 10. Time averaged electric potential (contours) and ionization rate (grey scale) calculated
with the hybrid model in the conditions of figure 2, and for two different assumptions, (a), and (b),
on the ‘anomalous’ mobility indicated in figures 8(a) and (b), respectively.

The PIC simulation results of figure 8 (taken from [21]) give a velocity profile in good
agreement with the experiments but shifted toward the inside of the channel, probably because
of the fact that the extension of the external region of the thruster taken into account in the
simulation was short (to limit the computational cost). Note that Koo and Boyd [8] performed
similar comparisons between experiments (space resolved probe measurements) and hybrid
models for different assumptions on the anomalous mobility. Their conclusions are consistent
with results shown in figures 8 and 9.

Finally, we present in figure 10 the calculated, time averaged, electric potential contours
and ionization rate distribution in the thrusters for the two anomalous mobility profile used in
figure 8 and represented in figure 9. The large difference between the two results illustrates
the importance of a good characterization of the anomalous mobility to be able to predict the
beam divergence and the channel wall erosion due to ion sputtering.

4. Experimental investigation of the Xe+ ion transport properties

4.1. Measurements of the ion VDFs

The Xe+ ion VDF is a useful quantity to be measured in a HET because it can be directly
compared with the outcomes of simulations and increase our insight into the physics of the
thruster. In this contribution, we report on measurements by LIF spectroscopy of the Xe+

ion VDF in the plasma of the PPS®X000 HET over a broad range of discharge voltages. The
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PPS®X000 is a laboratory model based on the 5 kW class Snecma-built PPS®5000 thruster [22].
During the measurements campaign, the discharge voltage was varied from 300 up to 700 V
while the xenon mass flow rate through the anode and the cathode as well as the magnetic
field were kept unchanged at 6 mg s−1, 0.5 mg s−1 and about 150 G (17 A flowing through the
coils), respectively. The non-intrusive LIF spectroscopy technique has been used in the past
few years to measure the velocity of metastable Xe+ ions in the plasma of several Hall thrusters
[21, 23–26]. The transition used in this study is the 5d 2F7/2 → 6p 2D5/2 at λ = 834.7233 nm,
which has been chosen due to a large population in the 5d 2F7/2 metastable state of Xe+ ion and
due to the favorable branching ratio of the λ = 541.915 nm line originating from its upper state.
Measuring the frequency at which the laser beam energy is absorbed permits to determine the
ion Doppler shift and to subsequently calculate the ion velocity component along the laser
beam direction [21].

The LIF optical bench along with the methodology is extensively described in [21, 23]. We
here shortly outline the setup. The laser beam used to excite Xe+ metastable ions is produced
by an amplified tunable single-mode external cavity laser diode (MOPA) that can deliver up
to 700 mW of power in the near IR spectral domain. The wavelength is accurately measured
by means of a calibrated wavemeter whose absolute accuracy is better than 100 MHz. A plane
scanning Fabry–Pérot interferometer is used to real-time check the quality of the laser mode and
to warrant mode-hop free operation of the laser. The laser beam is modulated by a mechanical
chopper at ∼400 Hz before being coupled into a single-mode optical fiber to carry the light
into the PIVOINE-2g ground-test facility [22]. Collimation optics are used to form a narrow
beam that passes through a hole 2.2 mm in diameter located at the back of the PPS®X000
thruster. The laser beam propagates along the channel axis in the direction of the ion flow.
About 3 mW mm−2 of power is deposited into the detection volume to limit the saturation
effect. Fluorescence collection optics are mounted onto a travel stage perpendicular to the
channel axis. A slit 16 mm in length was made in the channel dielectric outer wall in order
to carry out measurements inside the channel. The LIF light is transported by a 200 µm fiber
toward the entrance slit of a 20 cm focal length monochromator equipped with a PMT. A lock-
in amplifier operating at the chopper frequency is used to discriminate the fluorescence light
from the intrinsic plasma emission. As explained in previous papers [21, 23], the fluorescence
profile images the local Xe+ ion VDF. Four raw Xe+ ion axial VDF are shown in figure 11.

4.2. On-axis velocity profile and electric field distribution

The evolution of the Xe+ ion mean axial velocity component as a function of the axial position x

is displayed in figure 12 for a set of discharge voltages, others parameters being kept fixed.
The mean velocity is computed from the first order moments of the VDF. Also shown in

figure 12 is the ion velocity obtained assuming a full conversion of the potential energy eUd.
The mean velocity approaches the theoretical limit in the plume near field, which means a
large part of the applied potential is converted into ion axial motion [21, 23, 26]. The shape of
the velocity profile depends on the applied voltage, see figure 12: the gradient is steeper when
Ud is ramped up and the whole profile is shifted toward the anode. A striking feature is the
existence of Xe+ ions with a kinetic energy above eUd. In figure 12, we also plotted the on-axis
profile of the maximum ion velocity vmax; this is the velocity for which the amplitude of the
distribution drops to 10% of its maximum value on the high velocity side [21, 23]. As can be
seen, there is a non negligible fraction of Xe+ ions with a velocity greater than the theoretical
limit. Such very fast ions were also detected by means of mass spectrometer [27] and repulsing
potential analyzer [28]. Naturally, to fulfil the energy conservation principle, very slow ions
also exist in the discharge of a Hall thruster [21, 23]. PIC and hybrid simulations suggest that
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Figure 11. Examples of raw Xe+ ion VDF obtained by LIF spectroscopy at various positions along
the channel axis of the PPS®X000 thruster. The position x = 0 mm corresponds to the channel
exit plane. The thruster operating conditions are: 500 V applied voltage, 6 mg s−1 xenon flow at
the anode and 17 A in the coils.
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Figure 12. Xe+ ion axial velocity component as a function of the position x along the channel axis
of the PPS®X000 thruster for several values of Ud (6 mg s−1, 17 A). The mean velocity (square) and
the maximum velocity (circle) are plotted. The dashed line corresponds to the velocity achieved
after full conversion of the potential energy eUd.

the presence of ions with energy larger than the applied potential is associated with the space
and time oscillations of the electric field.

The electric field in the axial direction Ex can be obtained from the measured axial velocity
profile [21, 23]. The electric field distribution along the channel axis is shown in figure 13 for
various voltages. In this figure, the electric field is calculated from the Xe+ ions mean velocity
profile. As the mean velocity accounts for ions created in the acceleration layer, this approach
leads to an underestimated electric field. On the contrary, using the maximum velocity vmax,
one favors very fast ions and the electric field is overestimated.

A proper way to extract the distribution of Ex is to compute the moments of the Boltzmann
equation using the experimental VDFs. This approach is accurately described in [30]. As
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Figure 13. On-axis development of the PPS®X000 thruster acceleration electric field Ex as a
function of the applied voltage (6 mg s−1, 17 A). The electric field is computed from the mean ion
velocity.

seen in figure 13, when Ud is ramped up the magnitude of Ex increases and the field shifts
upstream [23]. A large fraction of the electric field profile of about 60–70% is situated outside
the channel whatever the voltage. Moreover, the electric field on-axis distribution seems to
spread out when the voltage rises.

5. Diagnostics of the turbulence

The observed electron anomalous transport as well as the predictions of the PIC model point
to the role of E-field high frequency and small-scale fluctuations in the thruster plasma. To
check the existence and properties of such volume fluctuations, collective light scattering from
the expected density irregularities is most appropriate.

5.1. Scattering device

The CS optical bench PRAXIS (PRopulsion Analysis eXperiments via Infrared Scattering)
has been specifically built to investigate the thruster plasma. It uses a single-mode CO2 laser
of 42 W continuous power, a sensitive heterodyne detection device, Gaussian profile beam
optics with a beam size of w = 2.5 mm in the observed region, a scattering angle θ between 8
and 21 mrad. The signal is proportional to the spatial Fourier transform of the electron density
fluctuations [30–32] at a wave vector k equal to the difference between the ‘scattered’ and the
‘incident’ electromagnetic wave vectors, ks and ki, respectively,

�k = �ks − �ki (4)

and

θ = angle(�ki, �ks). (5)

The primary and scattered beams enter and exit the PIVOINE thruster test chamber through
two transparent ZnSe windows that are placed opposite each other, on each side of the thruster
axis. Each window is at a distance of 1.2 m from the chamber axis. The small scattering angle
allows for the two beams to enter and exit within the constraints of the window diameter. The
optical beams cross the thruster axis perpendicularly and at the same height. The observed
volume is a cylinder of diameter 2.5 mm and length 250 mm perpendicular to the thruster axis.
This volume crosses the annular thruster plasma in two symmetrical regions. The observation
wave vector direction k is vertical, corresponding to the direction of the E × B drift in the
annular plasma.

13



Plasma Phys. Control. Fusion 50 (2008) 124041 J C Adam et al

-3 -2 -1 0 1 2 3

-2

0

2

4

6

8

N
or

m
al

iz
ed

 s
ig

na
l (

10
-4
 s

-1
)

Frequency (107 Hz)

Figure 14. Collective light scattering frequency spectrum in the thruster plasma. k is along the
E × B drift; the frequency analysis is performed from −25 to +25 MHz, over a large number
of repeated sequences of 200 consecutive data obtained at a rate of 50 MHz. The plasma signal
spectrum is obtained as a difference between the total (plasma-plus-background) spectrum and the
background spectrum. The line frequency is of the order of that of an ion acoustic wave.

5.2. Signal processing and spectra

The photocurrent which issues from the detector is amplified in a low noise pre-amplifier
and demodulated into its real and imaginary parts by the second, analogous stage of the
heterodyne detection. These two parts are simultaneously recorded at a rate of 50 MHz into
two memory buffers each of 6.5 Mega-samples. The samples are transferred to a laptop
computer. A complex Fourier spectral analysis of these signals is performed. The weak
scattered signal spectral density is extracted by repeating the signal frequency analysis a large
number of times. The plasma scattered part is obtained as the difference between this spectral
density and the spectral density obtained by a similar long recording but with the plasma off.
This way a plasma signal amplitude as small as 1/100 of the background photon noise can be
appreciated.

An example of a plasma scattered frequency spectrum is shown in figure 14. It is calibrated
in units of ‘seconds’ as the ‘dynamic form factor’ S(k, ω) by using the known optical bench
and plasma parameters [31, 32]. Its integral over frequencies provides the dimensionless ‘form
factor’,

S(k) =
∫

dω

2π
S(k, ω). (6)

5.3. Fluctuations propagating along E × B

The spectrum in figure 14 shows a well-defined peak at a frequency of about 4.5 MHz, and a
less intense symmetric band at −4.5 MHz. The wave vector is vertical, and the wave number
k is 9630 rad m−1. The scattering volume is at a distance of 7.5 mm from the thruster output
plane. The optical sensitivity in the observation volume is non-uniform, varying as a Gaussian
as the position is moved from the center of the volume. The volume center is not on the thruster
axis, but about 15–20 cm before it, at the same vertical level. Thus the observed fluctuations
are situated on one side of the plasma ring. On this observed side, the E × B drift is upward
and parallel to the wave vector. The positive line frequency means a phase velocity pointing
in the same direction as E × B.
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Figure 15. Variation as a function of k of the form factor for fluctuations propagating along the
E × B drift.

The plasma is situated in a magnetic field of 15 mT, the extracting E-field is about
10 kV m−1. The corresponding drift velocity E/B is 6.7 × 105 m s−1. The drift-cyclotron
wave number kD = �VD is 3960 rad m−1, thus kVD/� = 2.4. The observed wavelengths are
of the order of, or smaller than, the drift-cyclotron wavelength.

The same kind of single line spectrum as in figure 14 has been observed at different wave
numbers. The ratio of the angular frequency to the wave number shows a phase velocity of
3.5 × 103 m s−1. This is much smaller than the ExB drift velocity. Although ion acoustic
waves are not expected to propagate in this cross-B direction, the phase velocity lies in the
range of that of an ion acoustic wave in a 16 eV electron temperature plasma.

The direction of the analyzing k vector has been changed, from the E ×B direction to that
of the thruster (and ion beam) direction. The most intense fluctuations are seen in the E × B

direction.

5.4. Form factor

In order to look at the amplitude of these fluctuations and their variation with scale, the
frequency spectrum was integrated over the main peak to obtain the form factor. This was
done for different wave numbers, the k vector being kept parallel to the E × B drift. The
result is shown in figure 15. The fluctuation intensity is large. The form factor is measured
(under an assumed electron density of 1018 m−3) at a factor 104 above the thermal noise at large
scales, then it decays almost linearly in the observed range. No periodicity can be observed;
the characteristic wave number increment over which the form factor decays by a factor 2 is
3000 rad m−1.

The same data as in figure 15 were plotted on log–log scales. Unlike for turbulent
fluctuations, this does not show a unique power index variation.

The form factor intensity is maximum near the thruster and decays as the distance between
the thruster front plane and the observation region is increased.

5.5. Observed fluctuation and their expectations

The fluctuations observed by CS show interesting similarities with, and deviation from,
expectations.

A linear theory of the fluctuations in a Hall thruster was presented in Adam et al [17] (see
also Ducroq et al [33]). Unstable branches of the dispersion relation were found near discrete
values of the perpendicular wave number k, each corresponding to an integer value of k/kD.
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For each of these k-values, the unstable frequencies were expected in the 1–10 MHz range,
with a very large group velocity.

This is indeed the observed frequency range, except the observed spectrum is made of a
single line at a well-defined frequency. As for variation with k, in figure 15 the parameter k/kD

was varied from 1.2 to 3.1 and does not show a discrete behavior. The expected k-periodicity
may be smoothed by the k-resolution �k of the scattering device, since �k is 1.14 × 103

(FWHM), such that �k/kD ≈ 0.3. As for electron transport, the fluctuation amplitude spatial
distribution obtained is comparable to that of the expected anomalous electron mobility region
required by the hybrid model (figure 8(a)).

Fluctuations in the range predicted by the PIC codes with a behavior that is close to
the expected anomalous transport have thus been observed by CS. Further observations for
different wave numbers and directions will likely provide a more precise picture of the electron
transport.

6. Conclusions

The scaling and optimization of HETs requires detailed and accurate modeling. Modeling can
help in designing the magnetic field distribution that controls the divergence of the ion beam
in the exhaust region and thus the efficiency and lifetime of the thruster.

Hybrid and PIC models and LIF and CS experiments have been combined to improve our
insight into the physics of a HET, especially anomalous electron transport. Results show that
the LIF measured ion velocity distribution can be reproduced in hybrid models using anomalous
transport coefficients that are consistent with PIC model predictions. The anomalous mobility
cannot be fitted by 1/B2 or 1/B laws.

We have also presented in this paper the first direct experimental evidence (using CS
measurements of the electron density fluctuations) of the azimuthal drift instability predicted
by PIC simulations that contributes to anomalous electron transport in the thruster. This is a
very promising result and more work will be devoted in the future to a better understanding,
characterization and scaling of this instability.
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