APPLIED PHYSICS LETTERS 95, 141501 共2009兲

Empirical electron cross-field mobility in a Hall effect thruster
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Electron transport across the magnetic field in Hall effect thrusters is still an open question. Models
have so far assumed 1 / B2 or 1 / B scaling laws for the “anomalous” electron mobility, adjusted to
reproduce the integrated performance parameters of the thruster. We show that models based on
such mobility laws predict very different ion velocity distribution functions 共IVDF兲 than measured
by laser induced fluorescence 共LIF兲. A fixed spatial mobility profile, obtained by analysis of
improved LIF measurements, leads to much better model predictions of thruster performance and
IVDF than 1 / B2 or 1 / B mobility laws for discharge voltages in the 500– 700 V range. © 2009
American Institute of Physics. 关doi:10.1063/1.3242336兴
Hall effect thrusters 共HETs兲 are nowadays employed on
board of geostationary satellites for station keeping and orbit
control. In a HET, the thrust is provided by the acceleration
of xenon ions generated by the efficient ionization of a xenon
neutral flow in a E ⫻ B field discharge. A 5 kW class Hall
thrusters is now developed in order to achieve orbital maneuvers for the next generation of large geosynchronous
satellites.1
One-dimensional 共axial2,3兲 and two-dimensional
共axial-radial4–7兲 models have been developed to simulate the
HET behavior for various operating conditions. Most of
these numerical models use a hybrid approach, where ions
and neutrals are simulated with particle methods, whereas
electrons are treated as a collisional fluid. Because the xenon
density drops by two orders of magnitude due to the strong
ionization of the xenon flow, the classical collisional mobility cannot explain the electron transport across the magnetic
field barrier in the exhaust region of the thruster channel.
Anomalous transport has been put forward to explain the
electron cross-magnetic field mobility. Fully kinetic particlein-cell 共PIC兲 simulations in the axial and azimuthal directions have demonstrated the existence of a turbulent azimuthal electric field that leads to a cross-magnetic field
transport of the electrons.8 Recently, a collective light scattering diagnostic has evidenced azimuthal fluctuations of the
electron density in the same wavelength range as in PIC
simulations.9 However, a scaling law of the anomalous transport has not yet been proposed. Consequently, most of the
hybrid models have adopted elementary formulas with tuned
parameters to account for the anomalous electron
transport.5,6,10–12
The electron mobility perpendicular to the magnetic field
e,⬜ under the drift-diffusion approximation used in hybrid
models is defined as

a兲
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e,⬜ =

je,⬜
,
eneE⬜ + eⵜ⬜共neTe兲

共1兲

where e is the elementary electron charge and ne, Te, and
je,⬜, are the electron density, temperature, and cross-field
current density, respectively. ⵜ⬜ symbolizes the cross-field
gradient and E⬜ is the electric field perpendicular to the
magnetic field. The direct determination of the electron mobility in Eq. 共1兲 through the measurements of plasma properties is questionable. Intrusive probes may perturb the
thruster operation, the data that are difficult to interpret in the
region of strong magnetic field can also yield very noisy
results.13 The accuracy of the measurements is insufficient to
extract a quantitative axial profile of the electron mobility.
The elementary theory links the electron mobility to the
total electron momentum transfer frequency m and to the
cyclotron angular frequency ⍀,

e,⬜ =

1
e
,
mem 1 + 共⍀/m兲2

⍀=

eB
,
me

共2兲

where me is the electron mass and B is the magnetic field
magnitude. Up to now, in hybrid models, the total electron
momentum transfer frequency m is an effective collision
frequency including the electron-atom collisions 共frequency
a兲, electron-ion collisions 共frequency c兲, electron-wall collisions 共frequency w兲, and Bohm-like transport 共frequency
Bohm兲. The total electron momentum transfer frequency in
Eq. 共2兲 is written as the sum of each contribution; therefore,
m = a + c + w + Bohm.5,6,10–12 Elementary laws 共with coefficients tuned to reproduce thruster performance兲 are used to
account for electron-wall collisions as well as Bohm-like
transport, leading to a mobility varying as 1 / B2 and 1 / B,
respectively.
In this letter, we show that nonintrusive laser induced
fluorescence 共LIF兲 measurements of the ion velocity distribution function 共IVDF兲 allow us to infer the space distribution of the electron mobility in the direction perpendicular to
the magnetic field. The results show that models assuming
simple elementary scaling laws for the electron mobility are
not able to reproduce experimental observations.
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FIG. 1. Time-averaged profiles along the PPS®X000-ML thruster channel
axis of 共a兲 the electric field deduced from LIF measurements and the computed electric field profile and the calculated ionization source term and 共b兲
the electron mobility perpendicular to the magnetic field and most probable
ion velocity. 共c兲 Electron mobility variations as a function of the magnetic
field strength B; 1 / Bn laws with n = 1 and n = 2 are also presented. Conditions are Ud = 500 V and ma = 6 mg s−1. The coil current is fixed at 17 A. The
channel exit is at x = 0.

Over the past 10 years, the time-averaged LIF technique
has been extensively used and many measurements of the
IVDF have been performed along the thruster channel centerline both inside and outside the thruster over a broad range
of electrical power.14–18 Recent improvements in the signalto-noise ratio have been achieved.19 In parallel, a technique
based on the calculations of the moments of the Boltzmann
equation has been recently proposed to extract the on-axis
distribution of the electric field from well-defined LIF
measurements.20
In Fig. 1共a兲, the experimental as well as the simulated
time-averaged on-axis profiles of the axial electric field are
shown together with the computed ionization source term.
The results were obtained for the PPS®X000-ML thruster
with a discharge voltage of 500 V and a xenon mass flow
rate of 6 mg s−1. In the calculations indicated as hybrid 1, we
represent the anomalous electron transport mechanisms taking into account wall effects inside the channel with a collision frequency equal to w = ␣ref 共with ref = 107 s−1兲 and
outside the channel Bohm-like transport with an equivalent
collision frequency Bohm = K⍀ / 16. The adjustable coefficients are ␣ = 1.45 and K = 0.2, as in Ref. 10. The electron
mobility profile calculated with Eq. 共1兲 is plotted in Fig. 1共b兲.
The use of empirical laws with 1 / B2 共or 1 / B—not shown
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FIG. 2. IVDFs obtained by LIF measurements and calculated with the
PPS®X000-ML at x = 4 cm for 共a兲 Ud = 500 V, 共b兲 Ud = 600 V, and 共c兲 Ud
= 700 V, and for ma = 6 mg s−1 共Ref. 19兲. The coil current is 17 A. The
theoretical maximum axial velocity vmax is also shown.

here兲 mobility inside the channel and 1 / B outside the channel, as we have previously done with tunable coefficients, do
not allow us to reproduce the measured profile of axial ion
velocity. Koo and Boyd arrived at identical conclusions, in
the context of the study of the University of Michigan/US
Air Force P5 thruster.5
In the calculations labeled as hybrid 2, we have adjusted
the anomalous electron mobility profile in order to match the
experimental profile of the axial ion velocity 关see Fig. 1共b兲兴.
The shape of the calculated axial electric profile presented in
Fig. 1共a兲 is now in agreement with the profile deduced from
LIF measurements. Integrating the measured axial electric
field profile leads to a potential drop much smaller than the
discharge voltage 共sheath falls兲. This explains the shift between the simulated and the measured most probable velocity 共see Fig. 2兲. The fitted electron mobility profile 共depending on the axial position兲 shown in Fig. 1共b兲 is in qualitative
agreement with the measured profile in the P5 thruster.5,21
We have represent in Fig. 1共c兲 in log scale the variation
in the adjusted electron mobility as a function of the magnetic field strength 共normalized by the maximum of the magnetic field where the electron mobility is minimum兲. We also
present in the same figure the 1 / Bn laws for n = 1 共Bohm
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diffusion兲 and n = 2 共classical and electron-wall diffusions兲.
We can remark that inside the channel in the region of low
magnetic field, the electron mobility profile follows a law
very close to n = 2; surprisingly, it is also the case outside the
channel 共beyond x = 3 cm兲. In the region of high magnetic
field, the variation in the adjusted electron mobility varies
more quickly that 1 / B2 or 1 / B.
The choice of tuned coefficients in the elementary laws
共1 / B2 or 1 / B兲 used so far in hybrid models has influenced
the dynamic behavior of the discharge, especially the magnitude of transit-time oscillations. The transit-time oscillations 共100– 500 kHz兲 are associated with the time needed by
the ions to cross the acceleration layer. The visible consequence was noticed in the shape of IVDFs at the end of the
acceleration layer where a large velocity dispersion was
obtained.11,12 In Fig. 2共a兲, we show the calculated and the
measured IVDFs of the PPS®X000-ML thruster at x = 4 cm
共at the end of the acceleration layer, the reference axial position x = 0 is at the exit plane兲 for discharge voltages in the
range of 500– 700 V, keeping the coil currents and the mass
flow of neutrals constant. The empirical mobility profile is
the same as in Fig. 1共b兲. The calculated IVDFs now match
the measured IVDF 共especially the broadening of the distribution兲. This suggests that the high-frequency dynamic behavior is correctly represented in the model. The theoretical
maximum axial velocity an ion can reach for a given discharge voltage Ud is vmax = 共2eUd / mXe+兲1/2, where mXe+ is the
ion mass. Both model and experiments confirm the existence
of very fast ions with a velocity larger than vmax in the final
part of the acceleration layer. This is clearly attributed to a
“wave riding” phenomenon that makes possible for the ions
to acquire a kinetic energy larger than the given potential
energy e ⫻ Ud.11,12,17,19
In this letter, we have demonstrated that laser spectroscopy is able to provide indirect information on the axial electron mobility profile. The results show that previous elementary laws 共1 / B2 or 1 / B兲 with adjusted coefficients in order to
match the correct “macroscopic” properties of the thruster
共current, power, and performance兲 used so far in hybrid models fail to reproduce experimental observations such as the
measured ion velocity profile. Fitting the calculated ion velocity profiles with the LIF measurements obtained at 500 V
leads to a empirical steady spatial profile of the axial electron
mobility that is able to reproduce the thruster properties and
the measured ion velocity distribution functions, in the wide
range of discharge voltages for the PPS®X000-ML thruster.
The adjusted electron mobility profile in this letter is in
qualitative agreement with the calculated electron mobility
from PIC simulations.22 We now plan to use the PIC model
in order to identify and understand the physical parameters

that govern the anomalous electron transport. We also want
to deduce from these calculations scaling laws of the electron
mobility as a function of the discharge parameters in order to
propose a less empirical description of the electron mobility
in the hybrid model.
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