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A semiempirical time-dependent thermal model of Hall effect thrusters was developed to compute
evolution of the thruster channel wall temperature during a transient regime. The model accounts for
heat conduction through dielectric walls and radiative transfer as the channel is considered as a
thermal enclosure. The graybody view factors are experimentally determined during the cooling
period that follows a power shutdown. The model permits the assessment of the amount of power
delivered to walls by fitting calculated temperature profiles to experimental profiles obtained by
means of calibrated infrared imaging. Plasma-surface interactions are examined in this contribution
for three types of thrusters, namely, SPT100-ML, PPS®1350-G, and the 5-kW-class PPSX000-ML.
The electrical input power range that is probed stretches out from 500 W to 5 kW. The energy flux
passed to the discharge chamber dielectric walls varies between 0.1 and 2 W / cm2. The overall
amount of power delivered to the external and internal walls is found to vary linearly with the
applied power. It is in favor of an energy loss mechanism driven by ion bombardment. A departure
from the linear trend is observed at high discharge voltage. Production of multiply charged ion
species could be an explanation. The impact of thruster design and wall material on power losses
inside the thruster channel is also investigated from both a technological and a physics standpoint.
© 2007 American Institute of Physics. 关DOI: 10.1063/1.2757716兴
I. INTRODUCTION

Hall effect thrusters 共HETs兲 are advanced electric propulsion devices for spacecrafts.1,2 The basic physics of a
HET consists of a magnetic barrier in a low pressure dc
discharge generated between an external hollow cathode and
an anode located at the upstream end of a coaxial annular
dielectric channel that confines the discharge.3 Along their
path, electrons encounter a region of high resistivity in the
vicinity of the channel exhaust due to a strong applied radial
magnetic field and they become trapped. The magnetic field
is chosen strong enough to make the electron Larmor radius
much smaller than the discharge chamber length but weak
enough not to affect ion trajectories. The electric potential
drop is, therefore, mostly concentrated in the final section of
the channel. The corresponding induced local axial electric
field has two main effects. First, it drives a high electron
azimuthal drift—the so-called Hall current—that is responsible for the efficient ionization of the supplied gas. Second,
it accelerates out of the channel the created ions, which generates thrust. While the specific design of a HET results in an
efficient low thrust, high specific impulse device suitable for
various space applications, physical phenomena and processes at work in such a device are still misunderstood, especially electron transport and plasma-wall interactions.
Plasma-surface interactions inside the channel govern to
a large extent the thruster thermal state, plasma properties, as
well as wear of walls. As a consequence, plasma-surface ina兲
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teractions have a drastic impact upon the operation envelope,
the overall performance level, and the thruster lifetime. One
way to gain insights into plasma-surface interactions is to
monitor the temperature of thruster components, especially
dielectric channel walls, during thruster firing. The thermal
behavior of HETs in steady state has been extensively examined over the last few years either by means of thermocouples embedded in the thruster structure4 or more recently
by means of infrared thermal imaging.5 Such studies are of
interest on a technological standpoint as they allow to design
the heat release system to warrant a broad operation domain.
On a more fundamental viewpoint, these studies allow a better understanding of the effect of thruster design, geometry,
input power, and channel wall material upon energy loss
mechanisms at work inside the discharge chamber. Nevertheless, this approach does not provide with quantitative data
about power passed to walls by way of ion and electron
bombardment.
In this contribution, we first describe then apply a
method that permits us to assess the energy flux passed to the
channel walls by the plasma. The goal is achieved, thanks to
a subtle combination of infrared thermal imaging with computational simulations. A semiempirical time-dependent thermal model of Hall effect thrusters was developed to compute
evolution of the thruster channel wall temperature during a
transient regime. The model allows us to determine the
amount of power delivered to walls by fitting calculated temperature profiles to experimental profiles. In this work
plasma-surface interactions are examined for three types of
thrusters, namely, SPT100-ML, PPS®1350-G, and the high
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FIG. 1. Simplified drawing of all components that make up the channel of a
Hall effect thruster: internal and external dielectric rings, bottom, and anode.
The anode, which also acts as gas injector, is, in fact, placed on the rear
ceramic disk 共bottom兲. Also shown are
the differential element and the flux
direction considered in the model to
establish the energy conservation
equation for a channel wall element.

power PPSX000-ML. Hence, the power range that is probed
stretches out from 500 W to 5 kW. In addition to studying
the impact of thruster design and size on power losses inside
the channel, the influence of gas flow, discharge voltage, and
wall material is also investigated.
II. TIME-DEPENDENT THERMAL MODEL OF A HET
A. Energy conservation equation

As we are interested in examining plasma-surface interactions and related power losses inside the thruster discharge
chamber, or channel, we need first to give a short overview
of the channel geometry and properties. The channel is composed of two concentric cylinders of length l and thickness h
and fabricated of nonconducting material, e.g., BN – SiO2. It
is closed on one side and open on the other side to let the
plasma expands into a vacuum. The channel bottom is fabricated with ceramic. A ring-shape hollow anode, which also
acts as gas injector, is located at the very back part of the
channel. It may or not entirely cover the channel dielectric
bottom, depending on the exact thruster architecture. The
channel geometry is sketched in Fig. 1. For a SPT100-type
thruster, usual dimensions are l = 25 mm, h = 4.5 mm, rext
= 50 mm, and rint = 35 mm, where rext and rint are, respectively, the channel external and internal wall radii.
A time-dependent thermal model of a Hall effect thruster
channel is naturally based on the energy conservation equation. As shown in previous works, the channel wall temperature does not vary much with the azimuthal angle.6,7 Therefore, the first assumption is to consider the problem as
axisymmetric. The differential element of interest is then the
elementary ring shown in Fig. 1. The same equation applies
for an element of the external wall and for an element of the
internal wall. However, as we will see, boundary conditions
for the two elements differ. Let T be the temperature of the
elementary volume dV, E its energy,  its density, and i the
outgoing energy rates through the corresponding surfaces
dSi. The energy equation for the control volume dV reads



dE
dV = − 兺 i · ni dSi ,
dt
i

共1兲

where t is the time.8 The considered volume being motionless, the energy reduces to the enthalpy H, dE = dH = c p dT,
where c p is the specific heat. Using the sign convention of
Fig. 1, the energy conservation equation takes the form

c p

T
dV = − r,out · nr,outdSr,out − r,in · nr,indSr,in
t
− z,out · nz,outdSz − z,in · nz,indSz ,

共2兲

where the subscripts out and in refer to the outer and inner
sides of a channel wall element, respectively. The channel
walls’ thickness h is small in comparison with the internal
and external channel wall radii. We can therefore consider
that dSr,out ⬇ dSr,in = dSr. Previous equation then takes the
simpler form

c p

T
dV = − 共r,out · nr,out + r,in · nr,in兲dSr
t
− 共z,out · nz,out + z,in · nz,in兲dSz .

共3兲

At that point, one must list the different heat rates involved in energy transfer processes inside the channel of a
Hall effect thruster and discuss their respective magnitude in
order to be able to simplify the right-hand side 共RHS兲 term in
Eq. 共3兲. Five cases must be envisaged here, each related to a
specific physical mechanism. First, Hall effect thrusters operate in a rarefied environment and the plasma inside the
channel is at a low pressure 共typically 1 Pa兲. As a consequence convective heat flux can be neglected. Second, at
high temperature and in the case of dielectric walls, the
amount of power transferred along the z direction by heat
conduction9 is much less than the power lost by way of
radiation.10 Third, in radial direction, one must distinguish
between two kinds of elements. For a bulk element, conductive heat transfer across the wall must be taken into account.
For a boundary element, heat is exchanged, thanks to radiative processes. The exact mathematical description of the
radiative heat flux rad will be developed in Sec. II C. In
short, rad depends on T 4, and radiation exchange between
surfaces is taken into account using geometric configuration
factors. Fourth, energy exchanges at the edge of the channel
walls are neglected in view of the small area into play
共⬇2rh as r Ⰷ h兲. Fifth, plasma-surface interactions play a
key role in energy exchange processes inside the channel;
they are characterized here at a macroscopic level by the
energy flux deposited onto a surface element q p. As we will
see later in the text, the magnitude of q p will be inferred from
direct comparison between numerical outcomes and experimental data.
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Finally, neglecting convective effects, heat conduction in
the z direction, and boundary effects, the energy conservation
equation for a HET channel wall element reads

c p

T
dr = − 共r,out · nr,out + r,in · nr,in兲,
t

共4兲

with dV = 2drdz and dSr = 2rdz. Note that this equation
solely depends on the r direction even if the influence of the
whole thruster structure is, in fact, hidden within configuration factors. In the next sections we address the problem of
finding the solution to Eq. 共4兲 and we describe two solving
methods that both allow us to determine q p.

B. A simple way to solve the problem

At thruster ignition, heat conduction dominates energy
exchange processes in view of the low channel temperature.
The energy conservation equation then reduces to Fourier’s
law of heat conduction and, at first sight, the channel wall
can be considered as an infinitely thick plane plate.6 However, this very simple model is solely valid for a short time
period in the order of 10 s since the relation h ⬍ 冑␣t, where
␣ is the thermal diffusivity, must be satisfied. At thruster
ignition, due to outgassing phenomena the discharge current
varies in time, meaning that plasma properties are not stationary, especially q p, and Fourier’s law cannot be solved.
Therefore in most cases this model cannot be used right after
ignition. Moreover, this rough model assumes that the wall
can store an infinite amount of energy. As a consequence,
when applying this approach for a long time period ⌬t
⬎ h2 / ␣ during which q p does not vary, the value of q p obtained from a comparison between calculations and measurements is overestimated.
Instead of considering a wall of infinite thickness, a better assumption is to consider that the temperature gradient
through the wall is always zero. This assumption seems reasonable in view of the relatively low ceramic wall thickness.
Let us now consider heat transport mechanism during a very
short period of time. At high temperatures, the radiation
characteristic time scale is far smaller than the conduction
characteristic time scale.10 Heat conduction can then be canceled out. Under this assumption, the energy conservation
equation can be written as

c p

T
dr = − rad + q p − outside ,
t

共5兲

where outside stands for the energy evacuated outward and
q p is the energy flux lost at the wall by the plasma 共see Fig.
2兲. The last term only appears in the equation that concerns
the external wall. Indeed, the internal ceramic wall does not
evacuate power through its inner side since it radiates on
itself 共the existence of a magnetic coil is neglected in this
picture兲. Equation 共5兲 allows us to extract the value of q p in
an elegant manner when considering either a thruster shutoff
stage or a hot ignition stage, i.e., starting from a warm
thruster, far from thermal equilibrium. Indeed, one can easily
demonstrate that q p can be expressed as

FIG. 2. Energy balance for the external channel wall used in the semiempirical time-dependent thermal model. The internal wall, on the contrary, is
assumed to be adiabatic and outside = 0.

q p =  c ph

冉冏 冏 冏 冏 冊
dT
dt

−

t−0

dT
dt

,

t+0

共6兲

where t−0 and t+0 are the very moments just before and just
after a power shutdown.11
Thus the energy flux deposited by the plasma onto a wall
element is given by the slope difference of the temperature
curves before and after the shutdown. The same technique
applies for a hot ignition stage; however, terms in the RHS of
Eq. 共6兲 must be inverted. This method, the so-called “go and
stop” approach, is attractive as it is perfectly adapted to the
infrared imaging technique.11 Moreover, this approach can be
applied to any operating conditions. Nevertheless, this easy
way of extracting data has some drawbacks. First, shutoff
and ignition of the thruster can be at the origin of phenomena
such as wall outgassing and ejection of matter from surfaces
that are not taken into account. Second, slopes can only be
determined with a good accuracy if a high temporal resolution is set, which necessitates a high data storage capacity.
Notice that under identical thruster operating conditions the
slopes are found to slightly vary from one measurement to
another. Third, this method requires a dedicated operation on
the thruster, i.e., shutdown or ignition. To sum up, as shown
in a preceding work with the PPSX000-ML thruster,11 this
method, though simple and fast, solely permits us to determine rough values of q p and to observe trends. For all aforementioned reasons, it appears of great interest to develop a
more elaborated method to solve the thruster channel energy
conservation equation, a method which, in addition, would
permit us to accurately estimate q p at any moment without
modifying thruster working parameters.
C. The semiempirical approach

As a next step in building toward a more complex treatment that can fulfill all requirements, the channel will now
be taken as a whole and we will develop a simple, though
reliable, method that allows us to reproduce the observed
temperature fields and ultimately to determine q p. Instead of
performing full calculation of energy transfer between all
thruster components, a complex and cumbersome task, an
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冏 冏


=0

T
r

= − outside

for the external wall,

共9兲

r=h

共10兲

for the internal wall,

where  is the thermal conductivity. At that point a formula
is needed to describe rad, and the reason why the expression
“semiempirical model” is employed must be explained.
2. Thermal enclosure and radiative heat flux

FIG. 3. Radiative enclosure used to solve the energy conservation equation
of the thruster channel 共shown in cross section for simplicity兲. The enclosure
is divided into six-isothermal surfaces. A virtual surface that surrounds the
enclosure simulates the channel environment.

option consists in treating the problem of radiation exchange
in a thermal enclosure. The latter will be defined by the
channel walls, and the impact of other thruster components
共e.g., coils, housing, and cathode兲 will be simulated by an
isothermal surface surrounding the channel, as can be seen in
Fig. 3.

1. Assumptions and energy equation

Whatever the approach, a thermal model is naturally
based on Eq. 共4兲. In order to derive the appropriate form of
the energy conservation equation, the following assumptions
are made: heat conduction along the z and  directions is
neglected, the environment is at a low pressure and it exhibits a fixed temperature Tenv, the atomic plasma is optically
thin for thermal radiation wavelengths, the external channel
wall radiates part of its energy outward, the internal wall
loses no energy through its inner side 共adiabatic wall兲,
plasma properties are stationary 共q p does not depend on
time兲, and the thermodynamic parameters do not depend on
the temperature. Therefore, the remaining energy rates involved in our study are a conductive heat flux through the
channel walls, a radiative flux for all surfaces, the energy
deposited by the plasma q p, which is an unknown variable,
and for the outer side of the external dielectric wall, a thermal radiation heat flux toward the outside 共outside兲. The
drawing in Fig. 2 indicates all energy fluxes taken into account in the thermal model.
With these assumptions, the energy conservation equation reduces to the well-known unsteady heat-conduction
equation with no sources or sinks,

2T共r,t兲
T共r,t兲
=␣
.
r2
t

共7兲

The appropriate boundary conditions depend on both the
considered element and surface, as depicted in Fig. 3,

冏 冏


T
r

= − rad + q p

for both the internal

r=0

and external walls,

共8兲

The conductive heat flux is obtained by locally applying
Fourier’s law of heat conduction. In radiation, the problem of
heat transfer is far more complex as it is nonlocal leading to
heat balances in the form of integral equations.12 Numerous
efforts are devoted to computation of thermal radiation heat
transfers using, for instance, ray tracing schemes or statistical
methods.12,13 We propose here a more simple approach by
describing the thruster channel as a thermal enclosure and
using geometrical factors to compute energy exchanges.12
As can be seen in Fig. 3, the channel is considered as an
enclosure composed of several surfaces that are individually
isothermal. Moreover, it is assumed that within the enclosure
energy is emitted diffusely and the incident energy flux is
uniform over each individual area. The exact shape and properties of the enclosure are, in fact, directly linked to configuration of the infrared thermal imaging experimental
arrangement.5 Indeed, the angle shot solely permits us to
observe five major parts 共see Fig. 3兲: The external wall back
共1兲 and fore 共2兲 parts, the internal wall 共3兲, the anode 共4兲, and
the bottom 共5兲. The back part of the internal wall being not
accessible with our setup, the entire internal wall surface is
assumed to be isothermal. The enclosure is completed with
the ejection face 共6兲, which is considered as a blackbody at
the uniform temperature Tenv. Yet, in the case of both the
SPT100 and the PPS®1350 thrusters, the channel bottom is
not accounted for as the anode covers the whole end side of
the channel. Only five areas are then considered.
Radiation exchanges in an enclosure are calculated by
means of geometrical configuration 共or view兲 factors F. Such
factors define the fraction of heat exchanged between each
individual surface.12 For an enclosure shape as simple as the
one we proposed, the view factors can be found in
literature.14 Note that parts 1, 2, and 3 are cylinders and parts
4, 5, and 6 are either ring or disk in view of the cylindrical
geometry of the channel 共see Fig. 1兲. Theoretical values of
some view factors are given in Table I for the PPSX000-ML
thruster.
Within an enclosure, radiative heat flux 共in W / m2兲 for an
element k of area Ak can be written as

冉

冊

rad共z兲 ⬇  kT 4k − 兺 iFkiT 4i ,
i

共11兲

where  is the Stefan-Boltzmann constant,  is the normal
spectral emissivity,5 Tk is the element surface temperature, Ti
is the temperature of the ith surface facing the considered
element, and Fki the blackbody configuration factor between
the element k and the environment element i.12 Radiation
exchange is considered here within an enclosure composed
of gray isothermal surfaces with finite areas neglecting re-
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TABLE I. Theoretical blackbody 共Fki兲 and graybody 共Fki兲 configuration factors for the rear part of the external
ceramic wall 共k = 1兲 and the internal ceramic wall 共k = 3兲 of the PPSX000-ML thruster equipped with a carbon
anode. The fitted G factors are obtained from the observed wall temperature temporal evolution after thruster
shutoff. Note that Gk6 factors cannot be experimentally determined.
i index

1

2

3

4

5

6

Theoretical F1i
Theoretical G1i
Fitted G1i

0.0531
0.0508
0.09

0.0932
0.0917
0.12

0.3924
0.3706
0.43

0.2556
0.1792
0.36

0.1031
0.1005
0.13

0.1026
0.1017
…

Theoretical F3i
Theoretical G3i
Fitted G3i

0.283
0.2673
0.28

0.283
0.2673
0.28

0
0
0

0.0876
0.0731
0.11

0.1292
0.1242
0.12

0.2172
0.2132
…

flected energy 共 close to 1兲. In the RHS of Eq. 共11兲, the first
term corresponds to the amount of thermal radiation evacuated by the element surface, whereas the second term corresponds to heat flux received from surrounding surfaces.
To allow in a realistic way for departure from blackbody
properties, it is better to use graybody configuration factor G
instead of F factors. The radiative heat flux then becomes

冉

冊

rad共z兲 =  kT 4k − 兺 iGkiT 4i .
i

共12兲

The theoretical expression of G factors will be given in Sec.
III. Combining Eqs. 共7兲–共10兲 and 共12兲 one notices that to
compute the temperature of a given channel wall parts implies to know at each time step the temperature of all other
parts as well as the spatial distribution of the energy flux q p.
In other words, bearing in mind that the objective is to assess
the value q p, the determination of the latter necessitates to
know about the evolution through time of all channel component temperature fields and vice versa.
3. Adding the measured temperature fields

In order to solve the paradox and to determine q p, numerical simulations of the thruster channel thermal behavior
use, as input data, measured temperature fields. The adjective
semiempirical is then well suited as for an enclosure element
k at the unknown temperature Tk, the values of other elements’ temperature Ti are the ones recorded by means of
infrared imaging.5 Advantages of this semiempirical approach are twofold, namely, it allows us to drastically reduce
the number of parameters, as Tk and q p remain the only variables, and brings closer the simulations to the real thermal
behavior of the thruster.
At calculation launch 共t = 0兲 we assume that the temperature of the walls is equal to the surface’s temperatures, which
are recorded by infrared imaging. Having a small initial gradient through the wall, however, does not change the
results.10 In Fig. 4, the measured mean temperature of various parts of the PPSX000-ML thruster channel dielectric
wall is plotted as a function of time. Such series of temperature profiles are used in the simulations. The experimental
setup and thermogram acquisition have been extensively described elsewhere.5,11 The IR camera is equipped with a
GaAs quantum well infrared photodetector 共QWIP兲 that collects thermal radiation in the 8 – 9 m domain. A temperature range from −20 to 2000 ° C can be probed with a frame

rate up to 750 Hz. The latter allows us to perform timeresolved measurement with a good accuracy, as characteristic
time scales for both conductive and radiative heat exchanges
are longer than 0.1 s under our conditions. For the various
materials, the spectral emissivity  was measured as a function of both the wavelength and the temperature. A statistical
analysis reveals that the error in the wall temperature is below ±4%.5
All the necessary elements are now available to write
down the form of the energy conservation equation, which
must be solved for a given enclosure part. For the sake of
clarity heat conduction is neglected here. The equation is
given for the back part of the external channel wall 共see Fig.
3兲,

c p

dT1共t兲
h = 1T1共t兲4共G11 − 1 − Fout兲 + 2G12T̄12共t兲4
dt
+ ¯ + 6G16T̄env共t兲4 + q p ,

共13兲

where T̄ refers to the surface average temperature, which is
experimentally determined by infrared imaging, and Fout is a
view factor that characterizes heat losses toward the outside,
as explained in the next section. Even if two variables re-

FIG. 4. Evolution through time of the temperature of various parts of the
PPSX000-ML thruster channel when varying the gas flow rate 共Ud
= 400 V兲: back 共dot兲 and fore 共dash dot兲 parts of the external wall, internal
wall, 共dash兲 and bottom 共solid line兲. The last sequences correspond to
thruster shutoff. Measurements are performed with a calibrated infrared
camera 共BN – SiO2 ceramic,  = 0.92兲 共Ref. 5兲.
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mains, i.e., Tk and q p, varying q p in an iterative manner permits us to compute Tk in such a way that a good agreement
between numerical profile and measured profile is reached.
The thermal model gives satisfactory results for external
and internal wall temperatures. However, it fails in correctly
reproducing the anode and bottom temperature profiles. Indeed we do not consider heat exchange between the anode,
the ceramic channel bottom, and the thruster rear parts. As a
remedy, an adjustable parameter ␤ is introduced into the anode and bottom energy equation to account for outward energy losses. The outward energy flux is written in the form
4
outside = ␤4,54,5T 4,5
. Hence, according to Eq. 共5兲, the energy equation without heat conduction reads

c p

dT4,5共t兲
h = − 4,5T4,5共t兲4共1 + ␤4,5兲 + ¯ + q p .
dt

共14兲

The value of ␤ typically lies in the range 共1–1.5兲. The use of
␤ permits us to obtain proper computed temperature profiles.
Yet, it shows the intrinsic limit of our thermal model. It also
means that the amount of energy lost by the plasma onto
both the anode and the channel bottom cannot so far be
determined with a good accuracy.

FIG. 5. Mean temperature of the internal channel wall as a function of time
after shutoff of the PPSX000-ML thruster. 共a兲 Comparison between experimental data 共solid line兲 and numerical outcomes 共triangle兲 using theoretical
graybody view factors G. 共b兲 The computed curve is fitted to the measured
profile by changing G factor values. The obtained set of fitted G factors is
then used to carry out thruster thermal behavior simulations.

perature measured by thermocouples embedded in the
thruster structure for moderate applied power 共⬃2 kW兲. The
net radiation exchange ⌽outside between the outer surface of
the external wall and its virtual environment can be treated
as heat exchange between two bodies at uniform temperature,
4
4
4
⌽outside ⬇ Fout共T 1,2
− T env
兲A1,2 ⬇ FoutT 1,2
A1,2 ,

III. CONFIGURATION FACTORS

共17兲

A. G factor calculation and outward losses

At that point, Eq. 共13兲 cannot yet be solved. Indeed,
values of graybody configuration factors Gki have first to be
calculated for the chosen enclosure. In contrast to view factors Fki, they do not only depend on the geometry of the
surfaces but also on their radiative properties. For two isothermal surfaces Sk and Si, respectively, at temperatures Tk
and Ti, the net radiation exchanged ⌽ki between k and i is for
a blackbody,
⌽ki = Fki共T 4k − T 4i 兲Ak .

共15兲
15,16

In a similar manner, for a graybody,
⌽ki = Gki共kT 4k − iT 4i 兲Ak
=

with

Gki

1
.
共1 − k兲/k + 1/Fki + 关共1 − i兲/i兴共Ak/Ai兲

共16兲

This is the formula we will use in this work to calculate
graybody view factors of the enclosure elements. Computed
values of some Gki factors are given in Table I for the
PPSX000-ML thruster.
There is a last factor which must be determined: The
heat flux radiated outward by the external dielectric wall
through its outer surface. The external wall is surrounded by
thruster elements such as coils and magnetic circuit pieces as
well as the vacuum vessel. A full modeling of heat exchange
between the external wall and its vicinity is far too complex.
Instead, the environment of the external wall is simulated by
a virtual surface located at 21 rext from the external ring, where
rext is the external wall radius. The length of this imaginary
surface is twice the length of the channel. As can be seen in
Fig. 3, this virtual cylinder solely extends beyond the end
共bottom兲 of the channel. The temperature Tenv of the virtual
cylinder is kept constant at 450 K, in agreement with tem-

where Fout is the view factor between the external wall and
the virtual cylinder and A the area of the outer side of the
channel external wall. As Tenv Ⰶ T1,2, the amount of heat generated by the virtual surface is neglected, the latter being
then seen as a heat sink. The Fout factor can be calculated
theoretically:14 one finds Fout = 0.6 for the PPSX000-ML
thruster.14 To include the impact of the thruster environment
in the thermal model, the Fout factor must be added to G11 or
G22, as shown in Eq. 共13兲. Outward losses are also taken into
account for the anode and the channel bottom, however, in
an indirect manner, as shown in Eq. 共14兲.
With such complicated boundary conditions and geometry, Eq. 共7兲 cannot be solved analytically and one must turn
toward a numerical approach. We used a finite element
method, each part of the channel wall being divided into ten
cells with a dimension ⌬r = h / 10.10 The time step is around
10−2 s to warrant convergence.
B. Fitting the configuration factors

Model outcomes must now be compared with thermal
imaging recordings to check the validity of all assumptions
as well as to verify whether the geometry of the thermal
enclosure permits us to stick to reality. In order to cancel out
the impact of the plasma, the comparison must be carried out
with a data set collected after a power shutdown, in such a
way that q p vanishes into equations. The result of the comparison can be seen in Fig. 5共a兲 for the PPSX000-ML
thruster. The graph shows that the simulation mimics the
measured temperature drop with a good accuracy. The slight
temperature difference is mostly due to the fact that nearby
heat sources or sinks, e.g., coils and magnetic circuit elements, are not considered in the thermal model.
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FIG. 6. Evolution in time of the channel
wall
temperature
for
a
PPSX000-ML thruster operating at
3.3 kW 共400 V and 9 mg/ s兲: thermal
imaging data 共line兲 and numerical outcome using fitted G factors 共circle兲.
From left to right: back and front sections of the external dielectric wall and
internal dielectric wall. The corresponding values of q p are 0.1, 1.4, and
0.5 W / cm2, respectively.

One way to get closer to the real HET thermal behavior
is to subtly modify the value of G factors to account for
additional heat exchanges. The method is the following, data
sets recorded after thruster shutdown are used to fit G factors
in such a way that measured and calculated temperature profiles do match each other. Figure 5共b兲 shows an example of
fitting procedure outcome. To calculate Gki, the average temperature T̄i of the surface i is used. As can be verified in
Table I, the gap between theoretical and fitted G factors is
rather low but for Gk4 due to the introduction of the parameter ␤. Furthermore, for a given thruster configuration, the G
factor values do not differ when using several data sets. Note
that Gk6 factors cannot be experimentally determined; however, the ejection side plays a minor role in view of its low
temperature.

IV. POWER LOSSES ON THE THRUSTER CHANNEL
WALLS
A. Extraction of qp

The time-dependent semiempirical thermal model, based
on measured temperature fields and experimental view factors, is then used to assess the energy flux or power per unit
area q p delivered by the plasma to the inner and outer walls
of the thruster channel. The quantity, which is the only unknown parameter in the model, is obtained by adjusting in an
iterative manner the calculated temperature profile to the one
measured by means of calibrated infrared imaging until a
satisfactory agreement is reached. An example of data extraction process is shown in Fig. 6 for the PPSX000-ML
thruster operating at 3.3 kW input power. As can be seen, the
calculated mean temperature curve matches up the measured
curve for the three BN – SiO2 channel wall parts. In the range
of input electrical power covered in this work, i.e.,
500– 5000 W, typical values for q p lie in the range of
0.1– 2 W / cm2, whatever the thruster.
A sensitivity analysis was carried out in order to estimate
the error bar magnitude for the q p quantity.10 The impact of
wall temperatures and view factors upon q p was investigated
using the thermal model. For several operating conditions of
the PPSX000-ML thruster the temperature of enclosure elements was changed by ±50 K keeping G factors fixed. In a
similar manner, G factors were simultaneously or alternately
changed by ±20% keeping the temperature unchanged. Combining all results, the uncertainty introduced by the semiempirical approach was estimated as ±25% at maximum for

the experimental value of q p. Note that energy losses onto
the anode and/or the channel bottom are not reported here, as
discussed in Sec. II C 3.
B. Evolution of qp with applied voltage and input
power

In Fig. 7 the amount of power lost per unit area q p is
plotted as a function of the applied voltage for three channel
wall parts of the PPSX000-ML thruster. The latter was magnetically optimized during the measurement series. First, q p
depends strongly on the applied voltage Ud. Second, most of
the power is delivered to the front part of the external dielectric wall, whatever the propellant mass flow rate, as can
clearly be seen in Fig. 7. These two points are in favor of an
energy deposition mechanism dominated by ion impact onto
the final section of the wall.5,17 Ions are strongly accelerated
at the channel outlet where the axial electric field is high.18
Moreover, the ion velocity magnitude is related to Ud.18 As
shown in Fig. 7, the quantity q p also increases with the injected xenon mass flow rate due to an increase in the amount
of ions produced inside the channel.
Another way to present the obtained data is to plot q p as
a function of the input electrical power P = Ud ⫻ Id, where Id
is the discharge current. The resulting graph is shown in Fig.
8. The trend is naturally similar to the one observed previ-

FIG. 7. Amount of power per unit area q p delivered by the plasma onto the
channel dielectric wall of the PSSX000-ML thruster as a function of the
applied voltage: back 共square兲 and front 共circle兲 sections of the external wall
and internal wall 共triangle兲. The propellant mass flow rates were changed:
4 – 5 mg/ s 共open symbols兲, 6 – 7 mg/ s 共full symbols兲, 7.5– 9 mg/ s 共symbols
with a cross兲, and 11 mg/ s 共half filled symbols兲.
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FIG. 8. Q p vs input electrical power for the PPSX000-ML thruster: back
共square兲 and front 共circle兲 sections of the external wall and internal wall
共triangle兲. The propellant mass flow rates were varied: 4 – 5 mg/ s 共open
symbols兲, 6 – 7 mg/ s 共full symbols兲, 7.5– 9 mg/ s 共symbols with a cross兲,
and 11 mg/ s 共half filled symbols兲. Black symbols are for a carbon anode
and gray symbols are for a stainless steel anode.

ously. The amount of power delivered to the dielectric wall
increases with the input power. Losses occur mostly in the
far end of the channel. The graph also shows that for a fixed
input power, seeded mass flow rate and applied voltage do
not have the same impact on q p. Power losses are mainly
driven by applied voltage. In Figs. 7 and 8 the evolution of
q p changes suddenly when Ud is above ⬇600 V. The large
value of q p in the high discharge voltage domain could be
explained by the production of multiply charged ion species.
Several works have shown that the creation of multiply
charged ions inside the thruster channel, especially Xe2+ and
Xe3+ ions, is favored at high voltage.19–22 For instance, measurements carried out by means of an E ⫻ B probe in the
plasma plume of a 5-kW-class NASA-173Mv2 thruster indicate that the on-axis Xe2+ and Xe3+ ion fractions are 0.12 and
0.02, respectively, at 900 V for a 10 mg/ s gas flow.21 Traces
of Xe4+ ions have also been detected.20 As ion kinetic energy
is proportional to the electric charge, production of multiply
charged ions contributes to increasing the amount of energy
delivered to the channel walls. In other words, thermal losses
of a multiply charged ion beam are larger than that of a
singly charged ion beam. In addition to reducing the thrust
efficiency, production of multiply charged ions is responsible
for thruster lifetime decrease as wall sputtering is favored at
high ion energy. Other mechanisms could yet be at the origin
of the observed drastic increase of q p when a thruster is
operated at high voltage. For instance a change of the plasma
sheath properties at high electron energy could cause the ion
current losses onto walls to increase.23 It may then be necessary to adapt the magnetic field topology for high voltage
operations in order to limit plasma-wall interactions.24 Note
that the anode material does not play any role in the value of
q p, as the anode was either made out of stainless steel or
made out of carbon 共see Fig. 8兲.
C. Influence of thruster design

Instead of studying power losses per unit area, another
approach consists in examining power losses on the entire

J. Appl. Phys. 102, 023304 共2007兲

FIG. 9. Power losses on BN – SiO2 channel walls as a function of the input
electrical power: PPSX000-ML 共square兲, PPS®1350 共circle兲, and
SPT100-ML 共triangle兲. Lines are linear fits to SPT100 and PPSX000-ML
datasets.

channel wall area. The total power delivered to external and
internal discharge chamber walls Pwall is computed as follows:
1
Pwall = Aext ⫻ 共q p,1 + q p,2兲 + Aint ⫻ q p,3 ,
2

共18兲

where A refers to area. The calculation is dictated by the
thermal enclosure geometry 共see Fig. 3兲.
In Fig. 9, the amount of power passed to the dielectric
BN – SiO2 channel walls is plotted as a function of the input
electrical power P for the PPSX000-ML, PPS®1350-G, and
SPT100-ML thrusters. All points are magnetically optimized
to minimize discharge current. First, Pwall varies linearly
with the applied power as long as voltage and gas flow are
not well above standard values. Second, Pwall is solely a
small fraction of the applied power, whatever the thruster:
Pwall ⬇ 6.5%, 7%, and 12% of the input power for the
PPSX000-ML, PPS®1350-G, and SPT100-ML thrusters, respectively. In a recent work, Kim et al. estimated the amount
of energy released by the plasma at the channel wall of a
PPS®1350 Hall thruster operating in a high specific impulse
domain.17 They used a method very similar to the one described in Sec. II B, as it is based on temperature changes
due to power interruption. They found power losses of
205 W at 1500 W input power 共350 V and 4.28 A兲, which
means about 14%. Accounting for a ±25% uncertainty for
the value of q p, one finds Pwall = 91± 23 W at 1600 W applied electrical power in this work. The agreement between
outcomes of the Russian study and results shown in Fig. 9 is
poor; however, several remarks are worth making. The result
of Kim et al. relies on measured dielectric wall thermal capacity. They used only two thermocouples embedded in the
dielectric walls. Their technique suffers from a low accuracy
level such as the go and stop approach described in this
contribution. On the contrary, the value of power losses obtained with the semiempirical time-dependent thermal model
is identical to the one estimated from electron properties and
ion current measurements.5,17 In the case of a PPS®1350
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thruster operating at 1350 W the thermal model gives 56 W
and plasma parameter measurements yield 60 W for the final
section of the external wall.
A linear law for the evolution of Pwall with P is not really
a surprise. A first-order approximation, i.e., a picture in
which only one type of ions is considered and in which the
electron contribution as well as plasma sheath formation is
neglected, indicates that the amount of power passed to the
channel walls depends on both the ion kinetic energy and the
ion current to the walls.5 The former is roughly proportional
to the discharge voltage Ud, and the latter can be expressed
as a fraction of the discharge current Id. Hence, Pwall varies
as Ud ⫻ Id. The real behavior is, in fact, more complex as one
must account for sheath formation in a magnetized plasma,
ion internal energy, production of multiply charged ions,
electron current to the wall, secondary electron emission, and
wall erosion. Nevertheless, experimental data reveal that a
picture solely based on Xe+ ion bombardment is valid for
reasonable input power levels. At high input power, departure from the initial trend is expected in view of the abundant
production of multiply charged ion species. For the
PPSX000-ML, above 4.5 kW Pwall is in excess of 6.5% of
the input power, as shown in Fig. 9. It reaches up to 19.5%
when the thruster is operated at 900 V discharge voltage. In
the case of the SPT100-ML thruster, Pwall is found to reach
21% of the input power at 2100 W.
As can be seen in Fig. 9, power losses are much less for
the PPS®1350-G in comparison with the SPT100-ML,
whereas the two thrusters exhibit almost identical dimensions. The optimized magnetic field line topology of the
former limits plasma-surface interactions while allowing to
reach a high efficiency. Furthermore, the good thermal design of the PPS®1350-G thruster allows operation at high
power, as it was fired up to 3200 W without suffering from
the heat load.25 At a given input power, losses at walls are
almost identical for the PPSX000-ML and the PPS®1350-G
thrusters. However, the energy flux q p is higher for the
PPS®1350-G by about a factor of 2. It explains the higher
steady state wall temperature in the case of the PPS®1350-G
thruster.5 The thermal design of the PPSX000-ML enables
operation at power above 5 kW despite the high value of
Pwall. Radiators have an optimized architecture. The thruster
body and magnetic circuit are open to enable the external
dielectric wall to evacuate most of its thermal power outward
without heating too much its surroundings. In such a way the
amount of power stored in secondary heat sources such as
metal elements and coils is limited. Note that the small surface to volume ratio of the PPSX000-ML restricts energy
losses through walls.
A last point must be outlined. The amount of power
passed to Hall thruster dielectric channel walls is between
5% and 15% of the applied power. Neglecting losses at the
channel bottom, the overall power losses inside the channel
are obtained by accounting for the amount of power lost by
electrons at the anode Panode. Such a term can be written as
Panode = Id ⫻ 25 T̂e, where T̂e is the electron temperature in eV
in the anode vicinity.5 Panode typically represents less than
10% of the applied electrical power since under standard

FIG. 10. Power losses on SPT100-ML thruster channel walls for various
materials: BN – SiO2 共square兲, AlN 共triangle兲, and graphite 共circle兲. Also
shown are power losses for the PPS®1350 thruster equipped with BN – SiO2
walls 共star兲.

conditions T̂e is less than 15 eV.26 Therefore the overall
power losses in the channel are below 25% of the applied
power. The thrust efficiency of modern Hall effect thrusters
is around 60% over a broad range of power. Hence, plasmawall interactions inside the channel cannot explain the efficiency level even when accounting for ionization losses.
Other loss mechanisms must then be put forwards such as
beam divergence, scattering in ion kinetic energy, and energy
dissipation owing to transport of electron through the magnetic barrier.
D. Wall material effect

Figure 10 displays the power losses on STP100-ML
walls as a function of the applied electrical power for various
materials: BN – SiO2, AlN, and graphite. As a matter of fact,
results shown in Fig. 10 indicate that the material has a
strong impact on Pwall. It is in good agreement with previous
studies in which it was shown that the wall material deeply
influences the steady state channel temperature.5 Naturally,
material properties such as electric conductivity, secondary
electron yield, as well as sputtering rate determine plasma
sheath properties, which in turn influence discharge behavior
and subsequently the current level.5,27 It was, for instance,
shown that for a given seeded xenon mass flow rate the discharge current is higher when AlN is used.5,27 As a consequence, the ion flux to the walls is higher due to either a
larger number of ions directly impinging onto walls or a
larger electron current to the walls. In both cases plasmasurface interactions are more important when AlN is employed, as can be seen in Fig. 10. Also visible in this figure is
the fact that the Pwall is a linear function of P, whatever the
material. Pwall reaches 22% of the input power with AlN,
whereas it is only 12% with BN – SiO2.
V. CONCLUSION

The approach described in this article is promising for
both engineers and scientists as it allows us to assess with a
reasonable accuracy the power per unit area q p, as well as the
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total power, delivered by the plasma to HET channel walls.
In spite of a relative lack of spatial resolution, as the discharge chamber can solely be divided into a few elementary
surfaces to warrant small error bars for q p, and notwithstanding the fact that heat exchanges between the channel and its
direct surrounding are treated in a simple manner, this
method furnishes valuable data in terms of energy flux that
can be compared to outcomes of hybrid Hall thruster model.
A primary challenge in the comparison between numerical simulations and experimental data is the understanding of
mechanisms responsible for energy transfer to channel walls.
This work tends to demonstrate that energy losses are mostly
due to ion bombardment. However, the role of electrons must
be clarified as hot electrons could deliver a non-negligible
amount of energy. Furthermore, interaction between electrons and walls upstream of the channel exit plane could
explain the relatively low electron temperature measured in
the core of the plasma. In a similar manner the role of UV
radiations has to be investigated. A second aspect applies to
plasma sheath. Experimental values of q p can naturally be
used to refine modeling of plasma sheath. Indeed, the fraction of input power transfer to walls strongly depends on
sheath properties at dielectric channel walls. Additionally,
the study on plasma-surface interactions inside a HET gives
useful information about the plasma properties. Present results show that multiply charged ion species are produced
under high voltage and that they collide with walls, which
leads to a drastic increase in power losses. Such a phenomenon must of course be reproduced by hybrid models.
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