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Abstract:  A 200 W-class permanent-magnet Hall thruster – named PPI for “ Petit 
Propulseur Innovant ” – has been operated with xenon for three values of the channel width. 
The mean channel diameter, the channel length and the magnetic field topology are kept 
fixed. Series of experiments have been carried out for each geometry over a broad range of 
propellant mass flow rates and applied voltages to investigate the impact of a channel width 
variation on discharge and plume properties. The ion current profile was measured in the 
plume far field by means of a planar probe. The temperature of inner and outer Al2O3 
channel walls was determined by means of calibrated thermal imaging. The Xe+ ion velocity 
along the channel centerline was measured by near-infrared laser-induced fluorescence 
spectroscopy and repulsing potential analyzer. Measurements outcomes allow to compute 
several quantities, namely: the propellant utilization, the ion beam divergence angle, the 
equilibrium wall temperature, the energy flux towards walls and the accelerating potential. 
Data analysis indicates that a large channel width not only enlarges the whole current-
voltage domain but also reduces the thermal load, improves mass utilization and beam 
voltage and augments the thrust efficiency. 
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Nomenclature 
 
B = magnetic field [G] 
d = channel mean diameter [m] 
e = elementary charge [C] 
h = channel width [m] 
Id = discharge current [A] 
I i, I t = ion current, total ion current in the plume [A] 
j i = ion current density [A/m2] 
k = laser beam wave vector [m-1] 
L, Lloss = channel length, power loss length  [m], [m] 
M = atomic mass [kg] 

am&  = propellant mass flow rate (anode) [mg/s] 

im&  = ion mass flow rate [mg/s] 

Pwall = power losses at walls [W] 
qp = energy flux to the walls [W/m2] 
S = channel cross-section area, surface [m2] 
Uacc = accelerating potential [V] 
Ud = applied voltage [V] 
V = volume [m3] 
w = width of a Gaussian function [-]  
r, R = coordinate, distance [-], [m] 
T = thrust [N] 
Text(int) = outer (inner) channel wall temperature [K] 
v = velocity [m/s] 
x = position along the channel axis [m] 
α = ionization efficiency, thermal diffusivity [-], [m2/s] 
ηa = anode efficiency [-] 
θ, θd = angle, plume divergence half-angle [rad] 
φ = angle [rad] 

I. Introduction 
 Hall thruster is a discharge in a crossed electric and magnetic field configuration for spacecraft propulsion 
purposes 1,2. A low-pressure xenon discharge is confined within an annular chamber with dielectric walls. A set 
of coils or magnets provides a magnetic barrier with a maximum strength at the channel exhaust. The magnetic 

field is chosen strong enough to trap electrons, but weak enough not to affect ion trajectories. The potential drop is 
mostly concentrated in the final section of the channel owing to the low electron transverse mobility in this area. The 
corresponding axial electric field accelerates ions out of the channel, which generates thrust. Hall thrusters are 
currently employed for geosynchronous communication satellite orbit correction and station keeping. 

New fields of application are envisaged for electric propulsion systems that require low and high power devices. 
Low power Hall thrusters (~100 W) are suited for drag compensation of observation satellites that operate on a low-
altitude orbit in the earth atmosphere as well as for orbit corrections of satellite constellations. The use of 5 kW-class 
Hall thrusters for orbit raising and orbit topping maneuvers of geosynchronous satellites would offer benefits in 
terms of payload mass and operational life. In addition, orbit transfer of large platforms and journeys toward far-off 
planets and asteroids with robotic probes necessitate to build thrusters with an input power in the 10 – 100 kW 
range. It is therefore necessary to expand the operating envelope of existing Hall effect thruster technology to 
achieve the required performance level. 

Scaling laws can be used to get a first estimate of Hall thruster dimensions and to assess operating parameters 
and performances for a given input power or thrust. A critical examination of scaling laws and sizing methodology 
has recently been carried out in our team 3. The approach considers the three characteristic thruster dimensions all 
together, i.e. the channel length L, the channel width h and the channel mean diameter d as well as the magnetic field 
strength B. It is based on analytical relationships deduced from the main Hall thruster physical principles, i.e. 
propellant ionization, magnetic containment, ion acceleration and thrust generation. Elementary scaling laws are 
obtained from very general, yet elaborate, relations by means of simplifying hypothesis. Proportionality coefficients 
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are then determined by way of a vast database that comprises many single-stage Hall effect thrusters operating with 
xenon as propellant. The database covers a power range that stretches from 10 W to 50 kW and a thrust level 
domain from 1 mN to 1 N. The study on scaling relations reveals an important and interesting fact: the two 
dimensions h and d are in fact proportional. In other words, the h-to-d ratio is identical for all thrusters, whatever are 
the input power and thrust output. For the inclined reader, the channel width is plotted as a function of the mean 
diameter in Fig. 1 for various existing Hall thrusters operating with xenon and equipped with BN-SiO2 walls. The 
graph embraces a broad power range from 200 W up to 50 kW. As can be seen, the R ratio stays fixed. The origin of 
this surprising result, i.e. h/d is constant, is still unclear. It may arise from a technological constraint. Indeed, the 
magnetic flux needed to maintain the cross-field discharge is always generated by way of coils, which occupy a 
relatively large fraction of the thruster volume. Conversely, the use of permanent magnets allows to drastically 
reduce the volume required for the magnetic field generation 4,5. 

 
In this contribution, we examine the effect of changing the width of the dielectric chamber on discharge 

properties (Id – Ud curves, ionization efficiency, wall temperature, wall losses and ion velocity) and performances 
(thrust and efficiency) of a low-power Hall thruster while keeping L, d and the magnetic field strength unchanged. 
All experiments were performed in the NExET ground-test facility with the 200 W-class permanent-magnet PPI 
Hall thruster. Note that PPI is a French acronym for “ Petit Propulseur Innovant ”. 

II.  Experimental Arrangement 

A. The NExET test bench 
A ground-test facility named NExET for New Experiments on Electric Thrusters has recently been constructed at 

ICARE to carry out experiments in the field of electric propulsion. The facility is based on a 1.8 m in length and 
0.8 m in diameter stainless steel vacuum chamber. The chamber is equipped with a pump stack composed of a large 
dry pump, a 200 l/s turbomolecular pump to evacuate light gases, and a cryogenic pump to get rid of gases like 
xenon and krypton with a typical surface temperature of 35 K. A large water-cooled screen covered with graphite 
tiles is mounted at the back of the chamber. It absorbs a part of the ion beam energy therefore reducing the thermal 
load onto the cryogenic surface. A background pressure of 2×10-5 mbar-Xe is achieved with 1 mg/s xenon gas flow 
rate and 250 W input power. The heavy particle momentum exchange mean free path is, in this backpressure 
condition, in the order of the chamber length, which warrants a negligible impact of the residual gas. The chamber is 
equipped with several observation windows, portholes and diagnostic ports. The interior of the facility is easy to 
access thanks to a large door locate on the front side. 

 

  

Figure 1. Channel width h against channel mean diameter d 
for several Hall thrusters after Ref. 3 (dot). Stars indicate the 
three PPI thruster sizes investigated in this  work. 
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B. The PPI Hall thruster 
The PPI thruster is a 200 W type Hall thruster able to deliver a thrust of about 10 mN when operated at 250 V 

with 1 mg/s xenon mass flow rate4-6. A picture of the PPI thruster is shown in Fig. 2. This thruster exhibits three 
interesting features that make it highly versatile. First, the magnetic field is generated by way of small SmCo 
magnets brought together inside rings located on either side of the channel walls. A soft iron magnetic circuit with a 
back gap permits to drive the magnetic flux in order to obtain the desired topology. No magnetic screen is used. The 
magnetic field strength can easily be modified by varying the number of magnets. Second, the propellant gas is 
injected homogeneously inside the channel using a porous ceramic instead of a classical metal hollow gas injector. 
A stainless-steel ring placed at the back of the channel serves as anode. Third, a central copper heat drain is 
employed to evacuate heat towards a radiator placed behind the thruster. The radiator, which is a thin copper disk of 
25 cm in diameter, is necessary to diminish the thermal load onto dielectric walls and magnets. During operation at 
200 W, the magnet steady state temperature is ∼200 °C, well below the Curie point. Note that channel walls are 
made of alumina compound (Al203). Figure 3 is a full-face photograph of the PPI Hall thruster burning xenon in the 
NExET vacuum chamber. In that picture the PPI is operated with the narrowest channel. 

 
For the present study, a new version of the PPI thruster was especially designed and realized by the GEMaC 

team, in which the channel width h can be easily modified while keeping the mean diameter d unchanged. Three 
channel widths were realized by installing three sets of alumina rings, such as the channel cross section area is either 
S0, 2 times S0 or 3 times S0. In other words, three values of the h/d ratio were achieved. The value that corresponds to 
S0 is very close to the ratio of currently available Hall thrusters. In this paper, the three channel geometries are 
labeled S0, 2S0 and 3S0, respectively. The three configurations were successfully tested over a broad range of xenon 
mass flow rates [0.4 – 2.9] mg/s and applied discharge voltages [50 – 400] V. An external hollow cathode with a 
LaB6 insert is used as neutralizer with a xenon gas flow rate set as 0.2 mg/s. The cathode is placed 10 cm below the 
thruster axis in the plume near-field. The cathode position was unchanged during all experiments. 

III.  Current-voltage characteristics 

A. Discharge current waveform 
The anode current waveform of the PPI thruster was recorded by means of a DC coupled current probe (Tektronix 

TCP202) that offers a bandwidth up to 50 MHz. The current signal was sampled at 1.25 MHz. The length of each 
time series was typically 6 ms, which corresponds to about 100 breathing oscillations of the discharge. 

Five waveforms of the anode discharge current Id are displayed in Fig. 4 in the case of the PPI with the S0 
channel geometry. Similar time series are observed with the two other geometries. The associated Fourier power 
density spectra are also shown in Fig. 4. The current level as well as the shape of Id waveform depend critically on 
the thruster operating parameters, which is common for Hall thrusters. The current oscillations can be almost 
periodical with strong (panel 1) or weak (panel 2) changes in amplitude. As can be seen in panel 1 of Fig. 4, the 
discharge is almost extinguished during each oscillation cycle. On the contrary, discharge oscillations can be highly 
non stationary with many elementary frequencies that gives a broad Fourier spectrum (panel 3). At the extreme, 

Figure 2. Picture of the low-power permanent-magnet PPI 
Hall effect thruster. 

Figure 3. The 200 W-class PPI Hall thruster in S0 
geometrical configuration firing at 200 V and 1 mg/s in 
the NExET test chamber (front view). 
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oscillations can be so random that no specific frequency is visible (panel 4). Finally, in a few cases, two current 
oscillation regimes with different amplitude may coexist (panel 5). Notice that typically the breathing oscillation 
frequency lies around 20 kHz for the three h/d ratios. 

 
B. Current-voltage domain 

The current – voltage characteristic curves of the PPI Hall thruster are shown in Fig. 5 for the three value of the 
h-to-d ratio and for a large set of propellant mass flow rates. The background pressure was maintained within the 
range [1.5 – 5]×10-5 mbar-Xe for the whole set of conditions. For each curve, the current corresponds to the mean 
value of the acquired time series. This vast dataset was acquired in 2010 during a first test campaign. As can be seen 
in Fig. 5, the input electrical power was pushed up far above the normal value for the PPI (200 W). Nonetheless, the 
thruster core temperature never exceeded 200 °C. The thruster was always maintained above 350 W only for a very 
short duration in order to limit the thermal load and protect the magnets. Figure 5 illustrates the discharge current 
increases with both am&  and Ud, as expected. Two points must be emphasized here. First, it is easier to ignite the 

thruster with the 3S0 geometry, i.e. with the wider channel. A greater channel width leads to a lower surface-to-
volume ratio (S/V ≈ 2/h, see Ref. 3). Losses are therefore less and ignition is facilitated. Second, with the 3S0 
geometry, the thruster can be operated over a very wide range of xenon mass flow rate [0.5 – 3 mg/s]. For a wide 
channel, the critical atom density, which warrants a high ionization efficiency and a strong electron confinement, is 
exceeded for a large propellant flow 3. 

C. Current dispersion 
The corresponding current dispersion, i.e. the standard deviation of recorded current time series, is given in 

Fig. 6. The dispersion images the amplitude of the so-called breathing oscillations. The dispersion level is always 
large for voltages below 150 V. In contrast, the dispersion is low above 200 V meaning that current oscillation level 
is reasonable. Note that the PPI thruster operates nominally at 250 V. For a given operation point (Ud-Id pair), the 
h/d ratio clearly influences the dispersion level, then the current oscillation profile. To sum-up, for identical 
conditions, the breathing mode oscillation level decreases with the size. A more detailed analysis can be found in a 
previous paper 7. The breathing oscillation frequency lies in the range 15-25 kHz when the input power varies 
between 150 W and 250 W. For a given (Ud-Id) pair, the discharge current power spectrum changes with the channel 
width.  

Figure 4. Waveform of the anode current and associated power spectrum density for various operating conditions in the 
case of the S0 geometry of the PPI Hall thruster. 
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a) 

b) 

c) 

a) 

b) 

c) 

Figure 5. Mean value of the PPI thruster discharge current 
Id as a function of the applied voltage Ud for several xenon 
mass flow rates ma. Panel (a) shows curves for the S0 
geometry. Panel (b) and (c) show curves for the 2S0 and 
3S0 configuration, respectively. 
 

Figure 6. PPI thruster discharge current standard 
deviation as a function of the applied voltage Ud for several 
xenon mass flow rates ma. Panel (a) shows curves for the S0 
geometry. Panel (b) and (c) show curves for the 2S0 and 
3S0 configuration, respectively. 
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IV.  Ion current in the plume far-field 

A. Current density angular distribution 
During a second campaign dedicated to examination of the PPI discharge properties, the ion current was 

measured in the thruster far-field plume by means of a planar Faraday probe equipped with a guard ring. The probe 
is made of graphite to withstand ion bombardment. Note that graphite also exhibits a low secondary-electron 
emission yield. The probe active area is 1 cm2. The gap between the ring and the collector is 1 mm. The probe is 
negatively polarized at -50 V. The current is captured with a 10 Ω load to minimize disturbance of the plasma 
sheath. A low-pass (35 kHz) amplifier with a gain of 10 dB delivers the output signal. The probe was located on the 
Hall thruster axis 40 cm downstream of the channel exit plane. The measured current density is typically below 
0.1 mA/cm2. 

Figure 7 shows the ion current density angular profile acquired in the (x,z) plane with the S0 geometry for several 
discharge voltages (am& = 0.8 mg/s). The wings observed at angle above 30° originate in charge exchange collision 

events between fast Xe+ ions of the beam and slow background gas Xe atoms as well as in scattering due to elastic 
collisions. The two processes take place in the surroundings of the channel exhaust, a region where both ion and 
atom density is large. As can be seen in Fig. 7, wings are especially strong here despite a low residual xenon gas 
pressure of ∼2×10-5 mbar in the tank. The reason is certainly the cathode located close to the thruster, which delivers 
a large amount of neutrals in the plume near-field as it is fed with 0.2 mg/s xenon gas.  

B. Total ion current 
 The total ion current in the beam I t can be computed from the experimentally measured ion current profiles. It 
equals the integral of the current density j i(r, θ, φ) over the elementary surface dS at the measurement location. In the 
case the ion sensor is located at a fixed distance R, the total ion current is defined in spherical coordinates as: 

 . )sin( ),(
0 0

2 φθθφθ
π π

ddjRI iSt ∫ ∫∫∫ =⋅= dSj i  (1) 

The quantity j i(r, θ, φ) is not directly measured in this work. Instead one measures j i(R, θ, π/2), see Fig. 7. The 3D 
ion current density distribution can, however, be easily retrieved assuming a cylindrical symmetry with respect to 
the thruster axis. Before computing the total ion current, the current flux distribution must be corrected to suppress 
the impact of charge exchange collisions and scattering effect, i.e. the formation of wings at large angles. In this 
study, the lateral spread of the ion beam profile is strongly reduced by fitting the central part of the ion distribution 

Figure 7. Plume ion current density angular 
profile of the PPI Hall thruster (S0 geometry) for 
several voltages (0.8 mg/s). The 90° angle 
corresponds to the thruster centerline. 
 

Figure 8. Plume ion current density angular 
profile of the PPI (S0 geometry, 300 V, 0.8 mg/s) 
and associated Gaussian fit (line). Corrected data 
removes the wings for angle greater than 30° 
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to a Gaussian function. An example of treatment outcome is given in Fig. 8 for the j i(R, θ, π/2) profile. Appendages 
are clearly eliminated. Note that the ion current density is forced to be zero at θ = 0 and π. Although our correction 
method is disputable, there is to date no strong experimental or numerical fact on which to rely to establish a reliable 
correction method for the wings of the ion profile8. Here the detector (planar probe) is assumed to have an apparatus 
function with no dependence on the angles. Figure 9 displays a reconstructed 3D ion current density profile from 
which one can compute the total ion current. According to our method, j i(θ, φ) reads: 
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where j i,0 = j i(π/2, π/2) in A/m2 and w denotes the width of the fitted Gaussian function. 

C. Propellant utilization 
The ion mass flow rate generated by the thruster reads: 

 

 ti I
e

M
m =& , (3) 

 
where M and e denotes the atomic mass and the elementary charge, respectively. The ionization efficiency α, also 
called the propellant utilization, correspond to the fraction of propellant gas flow rate converted into ion flow. It is 
given by the ratio of im& to am& . The quantity α is plotted as a function of the discharge voltage in Fig. 10 for the three 

PPI thruster channel geometries. Reconstructed ion current profiles were employed for the calculation. First, α 
increases with the voltage for all geometries. The increase with Ud has three main origins: the gain in ion kinetic 
energy, the gain in ionization probability and the growth of the multiply-charged ion species fraction, especially 
Xe2+. Second, for a given mass flow rate the ionization efficiency increases drastically with the channel width h. 
With the 3S0 configuration, α is above 0.9 for Ud > 200 V. Error bars are certainly large for calculated values of α 
due to the arbitrary correction method for the appendages. However, it is clear that the ionization efficiency 
increases with the channel width h. 
 
 
 
 

Figure 9. Reconstructed 3D ion current density distribution in 
the plume of the PPI thruster (S0 geometry, 300 V, 0.8 mg/s). 
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V. Channel wall temperature 

A. Equilibrium temperature 
The equilibrium temperature of both the internal and external Al2O3 dielectric channel walls was determined by 

means of calibrated thermal imaging. The discharge voltage was set to 200 V and the xenon flow was adjusted 
around 1 mg/s to keep the discharge current constant at 1.1 A. Experiments were therefore performed at a fixed 
input power of 220 W. The cathode potential was around -12 V for the three series. Hall thruster infrared image 
acquisition was accomplished with a calibrated infrared camera suited for the in the 8-9 µm domain9. The camera 
covers a temperature range from -20°C to 1500°C with a frame rate up to 750 Hz. Experiments were conducted in 
the NExET test bench with the infrared camera located in front of the PPI thruster at 1.5 m. Observation was carried 
out through a CaF2 window. In order to enable absolute temperature determination for the thruster channel walls the 
normal spectral emissivity of the Al2O3 ceramic material was measured in air as a function of temperature. Within 
the 8-9 µm spectral band the emissivity does not change much with temperature. The mean emissivity is ∼1. 

A thermal image of the PPI Hall thruster is shown in Fig. 11. The most intense infrared radiation sources are 
obviously the channel walls. The steady-state temperature of the inner and outer walls is given in Tab. 1 for the three 
values of the channel width. The temperature of the internal wall Tint is always higher than the external wall one Text 
because it is more difficult for the former to evacuate heat. The temperature of the two walls decreases with the size. 
For instance, the temperature difference between the S0 and the 3S0 configurations is 90 K for the internal wall. A 
low temperature means less thermal constraint on the thruster components. Besides, a low chamber wall temperature 
may lead to an increase in the thruster lifetime. The drop of the wall temperature with the channel width is first a 
direct consequence of a geometrical effect. As confirmed by numerical simulations with a simplified thermal model 
of the thruster assembly, keeping the energy flux to the walls unchanged, the equilibrium temperature decreases 
when h increases due to a change in the geometrical view factors. The latter govern heat exchanges in a Hall thruster 
as only radiative transfers play a role. Simulations also confirm Text < Tint. Moreover they indicate the temperature 
gap between S0 and 3S0 is much larger than the gap between 2S0 and 3S0. The next step consists in carrying out 
computer simulations to extract the magnitude of the energy flux deposited by the plasma onto the wall as a function 
of the channel size. 

B. Power losses onto channel walls 
A time-dependent thermal model of a Hall effect thruster channel relies on the energy conservation equation and 

a set of simplifying assumptions10. Instead of performing a full calculation of energy transfers, an option consists in 
treating the problem of radiation exchange in a thermal enclosure. The latter is defined by the channel walls and the 

 

Figure 10. Propellant utilization αααα as a function of the discharge voltage for 
the three PPI thruster geometries. 
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impact of other thruster components are simulated by an isothermal surface surrounding the channel. Our physical 
model then reduces to the well-known unsteady heat-conduction equation with no sources or sinks: 

 ,
),(),(

2

2

r

trT

t

trT

∂
∂=

∂
∂ α  (4) 

where α is the thermal diffusivity. The energy rates are: a conductive heat flux through the channel walls, a radiative 
flux for all surfaces, the energy deposited by the plasma qp, which is an unknown variable, and for the outer side of 
the external dielectric wall, a thermal radiation heat flux towards the outside. The inner ceramic ring is assumed to 
be adiabatic. Besides, a loss term is added into the equation that governs the thermal behavior of the external wall in 
order to account for the thruster radiator. The appropriate boundary conditions can be found in Ref. 10. The thermal 
enclosure is simply composed of 3 surfaces that are individually isothermal: inner wall, outer wall and back wall. 
Radiative fluxes are then computed by means of grey body configuration factors (view factors). To compute the 
temperature of a given channel section implies to know at each time step the temperature of all other parts as well as 
the distribution of the energy flux qp. Here, numerical simulations use, as input data, measured temperature fields. 
Advantages of this semi-empirical approach are twofold, namely: it allows to drastically reduce the number of 
parameters and it brings closer the simulations to the real thermal behavior of the thruster. The unknown quantity qp 
is obtained by adjusting in an iterative manner the calculated temperature profile to the one measured by means of 
calibrated infrared imaging10,11.  
 For a fixed input power, the energy flux deposited by the plasma onto channel walls qp decreases with h for both 
the internal and the outer wall as can be seen in Tab. 2. Results demonstrate the observed decrease in wall 
temperature (see section V.A) is not only due to a change in geometry (view factors) but also in a change in energy 
flux. The amount of power lost onto walls can easily be computed from qp: Pwall = qp,ext×Sext + qp,int×Sint. The surface 
onto which the power is deposited by charge particles is given by S = πdLloss, where Lloss is the length along which 
ion and electron bombardment occurs. It is well known that for a Hall effect thruster plasma-wall interaction is 
concentrated in the final section of the channel, i.e. in the acceleration layer. For the PPI, one finds Lloss = 3 mm. 
Results are shown in Tab. 2. Power losses decrease when h increases. With the S0 configuration, Pwall reaches 40 % 

Figure 11. Calibrated infrared image of the low-power 
permanent magnet PPI Hall effect thruster for Ud = 200 V 
and ma = 1 mg/s (front view). 

TABLE 2. Energy flux to the walls qp and power losses for the three PPI Hall thruster 
geometries (200 V, 220 W). 
 

Geometry 
qp (W/cm2) 
inner wall 

qp (W/cm2) 
outer wall 

Power losses 
(W) 

S0 19.8 7.0 87 

2S0 18.0 6.0 72 

3S0 16.5 5.7 63 

 

TABLE 1. Equilibrium temperature of the Al 2O3 channel walls for 
the three PPI thruster geometries (200 V, 220 W). 
 

Geometry 
Inner wall 

temperature (K) 
Outer wall 

temperature (K) 
S0 860 722 

2S0 796 666 

3S0 770 605 
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of the input power whereas Pwall represents 29 % of the applied power for the 3S0. The origin of the decrease in wall 
losses when h growths is twofold: i) the surface-to-volume ratio drops with h (S/V = 2/h, see Ref. 3), ii) the plasma 
confinement inside the channel improves with h due to a stronger magnetic field in front of the walls. 
 

VI.  Axial ion velocity 

A. Laser spectroscopy measurements 
The time-averaged axial component of the Xe+ ion velocity was measured by means of Laser-Induced 

Fluorescence spectroscopy at 834.72 nm along the PPI channel centerline. The experimental setup is described in 
great details in Ref. 12,13. A tunable single-mode high power diode laser generates a laser beam in the near infrared 
spectral range. The beam illuminates the thruster front passing through a quartz window located at the back of the 
NExET vacuum chamber in such a way that k·v < 0, where k is the laser beam wavevector and v the ion velocity 
vector, respectively. The 542 nm fluorescence radiation is detected at 90°. The signal delivered by the optical sensor 
is analyzed with a lock-in amplifier set to the laser beam intensity modulation frequency. The laser wavelength is 
monitored with a high-precision wavemeter. The optical bench therefore allows to construct the ion velocity 
distribution function, a fundamental quantity from which a large amount of information about the physical 
mechanisms that govern the cross-field discharge of a Hall thruster can be extracted, see e.g. Ref. 12 and references 
herein. In this work we solely considered the most probable ion velocity, i.e. the highest value of the measured 
velocity distribution. 
 The development of the Xe+ ion most probable velocity along the channel axis is depicted in Fig. 12 for the three 
geometries (see Ref. 13 for more details). The discharge voltage and the mass flow rate were set to 200 V and 1.0 
mg/s, respectively. The cathode potential was around -20 V. The final velocity increases with h. At 200 V, the 
maximum velocity that can be achieved when the whole potential energy is converted into kinetic energy is 
17316 m/s. In all case, the final velocity is below this value, which reveals a poor energy conversion through the 
acceleration process. It is a general characteristic for small Hall thrusters. As can be seen in Fig. 12, the shape of the 
velocity profile depends upon the channel geometry, especially in the vicinity of the channel exit plane. At 
x = 0 mm, the Xe+ ion velocity is relatively low for S0, that means a large part of the potential drop responsible for 
acceleration occurs outside the channel. This fact is confirmed in Fig. 12 wherein the accelerating potential Uacc is 
plotted against the axial position. Uacc reads: 

Figure 12. Top: Development of the Xe+ ion axial velocity along the channel 
axis for the three PPI thruster channel geometries (Ud = 200 V, ma = 1 mg/s). 
Bottom: Corresponding profile of the accelerating potential. The position 
x = 0 mm refers to the channel exit plane. 
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 2
acc 2

v
e

M
U = , (5) 

 
where M is the ion mass, v the velocity and e the elementary charge. For the S0 geometry, 90 % of the potential drop 
is downstream the channel exhaust (against 66 % and 74 % for the 2S0, respectively the 3S0), i.e. most of the ion 
acceleration process occurs outside the channel in a diverging electrostatic lens. It is likely that a significant fraction 
of the ionization also takes place outside the channel for the S0 design. In terms of accelerating potential, one obtains 
147 V, 161 V and 162 V for respectively the S0, 2S0 and 3S0 geometry. The conversion of electrostatic energy into 
kinetic energy clearly improves with a broad channel. It certainly indicates less energy is used to maintain a radial 
electric field into the plasma sheath when h increases. 

B. Repulsing potential analyzer measurements 
A Repulsing Potential Analyzer (RPA) is a gridded probe that uses electric fields to act as an energy filter14. A 

RPA is typically used to determine the ion energy distribution function (IEDF)15,16. The probe acts as a high-pass 
filter: only ions with voltages, that is energy-to-charge ratios, greater than the repeller grid voltage can pass and 
reach the collection electrode. The potential of the ion retarding grid is then varied while monitoring the ion current 
incident on the collector; thus data are obtained as I versus V. The negative derivative of the I(V) trace is then 
directly proportional to the IEDF14. As a RPA is an electrostatic device, it cannot distinguish between singly charged 
and multiply charged ions. The current measurement of a RPA is not dependent on the ion energy, but rather the 
energy per unit charge of the ion. Thus a singly-charged ion with 300 eV of energy and a doubly-charged ion of 
300 eV of energy will be filtered identically by the probe. The RPA used in this work contains 4 grids and a 
collector: 

- The first grid at the entrance serves to shield the plasma from the field inside the probe in order to minimize 
plasma disturbance. The grid is grounded: the plasma potential is then accounted for. 

- The second grid is negatively polarized (-10 V) with respect to the plasma potential. It permits to repel 
electrons ensuring only ions enter the instrument. 

- The third grid is an ion repeller. This grid has a variable positive potential applied to it. By adjusting the 
potential one can scan the ion energy distribution. Ions with energies below the grid potential are repelled 
and prevented from being detected. 

- A fourth grid is added behind the ion repeller, which is biased negative (-5 V) to prevent secondary 
electrons emitted by the current collector from escaping. 

- The collector is a grounded W disk (low SEE yield material). 

Figure 13. RPA current trace (circle) and 
corresponding energy distribution function (line). 
Measurements were performed in the plume at 
x = 70 cm (3S0, 250 V, 1.2 mg/s). 
 

Figure 14. Evolution of the ion energy measured at 
250 V and 1 mg/s with the PPI Hall thruster 
channel geometry. 
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The grid mesh size is 380 µm. The grid assembly overall transparency is 40 %. The gap between each grid is 
1.5 mm. The grid mount is built to avoid short-circuit due to grid material sputtering and subsequent conducting-
coating formation. A 7 mm inner diameter and 50 mm long ceramic collimator is used to limit the ion flux and to 
better select the ion entry angle. The RPA device was placed 70 cm behind the PPI thruster exit plane along the 
thruster centerline. 

An example of RPA current trace is shown in Fig. 13 for the 3S0 geometry together with the corresponding far-
field ion energy distribution function (250 V, 1.2 mg/s). The most probable ion energy is 235 eV. The highest ion 
kinetic energy measured by means of LIF spectroscopy under identical conditions is 191 eV. The gap (44 V) mainly 
corresponds to the plasma potential within the region wherein ions are created. Like LIF measurements, RPA 
measurements indicate there is no impact of the xenon mass flow rate upon the ion highest energy. The plot in 
Fig. 14 shows the influence of the PPI Hall thruster channel geometry on the ion energy (most probable energy of 
the ion EDF). The ion energy increases with h. 

VII.  Thrust – Anode efficiency 

A. Thrust assessment 
The thrust delivered by the PPI thruster has not yet been measured with a thrust stand for the three channel 

geometries. The thrust can nevertheless be inferred from ion current and velocity data. The thrust reads: 

 vmT i ×= & , (6) 

 
where im&  is the total ion current in the plume expressed in mg/s instead of C/s and v the mean ion velocity. The 

latter is here assumed to be given by the maximum ion axial velocity measured by laser spectroscopy on the channel 
centerline in the plume far-field. Note that multiply-charged ion species are not accounted into the calculation of the 
thrust level. Thrust values computed with Eq. 6 are plotted against the input power in Fig 15 for the three channel 
geometries. The thrust increases with the input power as expected. The largest thrust level is produced with the 3S0 
configuration as it can tolerate large mass flow rates and high input power, see Fig. 5. 

B. Anode efficiency 
 The thrust efficiency can be determined form thrust data. It corresponds to the ratio of the mechanical power to 
the applied electrical power. The anode efficiency η therefore reads: 

 

Figure 15. Computed thrust level as a function of the 
input power for the three PPI thrusters channel 
configurations. 

Figure 16. Anode efficiency ηηηη as a function of the 
input power for the three PPI channel 
configurations. The star symbols correspond to 
thrust measurements carried out in 2008 in the 
Pivoine test-bench with the S0 channel geometry6. 
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This quantity does not account for the gas flow rate supplied through the cathode. 
 Figure 16 illustrates the evolution of the anode efficiency with the input power for the three channel geometry. 
The efficiency drastically increases with the channel width h. It is around 10 % for the S0 geometry whereas it is in 
excess of 50 % with the 3S0 channel. Note that in Fig. 16, the star symbols correspond to thrust measurements 
carried out in 2008 in the Pivoine ground-test facility with the S0 channel geometry and BN-SiO2 as wall 
material6.Although uncertainty is large for the anode efficiency, graph in Fig. 16 clearly demonstrates performances 
of a Hall effect thruster can be improved by solely increasing the width of the channel. 

VIII.  Conclusions 
 In this study, we have investigated the effect of a change in the channel width h on discharge properties and 
performances of a low-power permanent-magnet Hall thruster operating with xenon. The channel length L, the 
channel mean diameter d and the magnetic field strength were kept fixed. Three channel geometries have been 
examined: S0 < 2S0 < 3S0. Overview of the experimental outcomes is the following: 

 Ignition is easier with 3S0, 

 The Ud-Id envelope is broader with 3S0, 

 Propellant utilization is larger with 3S0, 

 Channel wall temperature is lower with 3S0, 

 Power losses at walls are lower with 3S0, 

 Accelerating potential is higher with 3S0, 

 Thrust is greater with 3S0, 

 Anode efficiency is larger with 3S0. 

Therefore, the highest performance level is attained with the largest value of h. 
 
 Two main mechanisms can be put forward to explain the impact of the channel geometry upon a Hall thruster 
discharge properties and performance level. Firs t, it is related to a purely geometrical effect. The surface-to-volume 
ratio, which is 2/h, corresponds to a good approximation to the ratio of losses to the walls to plasma production. 
When increasing the channel width h charged-particle current to the walls drops, hence a larger fraction of the 
supplied energy is used for ion production and ion acceleration. The second mechanism is linked to the magnetized 
area the plasma is exposed to. Stretching the channel in radial direction makes the magnetic field intensity larger in 
the wall vicinity as one gets closer to the magnetic source. The magnetic field gradient in radial direction is therefore 
stronger, which enhances the magnetic mirror effect. The latter reduces the electron current to the walls and the 
magnitude of the electric field within the plasma sheath decreases. Once again, a large amount of energy is then 
available for thrust and specific impulse generation. 
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